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The Catalytic Transition State in ATP Synthase

Alan E. Senior?2 Joachim Weber? and Sashi Nadanaciva

The catalytic transition state of ATP synthase has been characterized and modeled by combined use of
(1) Mg-ADP—fluoroaluminate, Mg-ADP—fluoroscandium, and corresponding Mg-IDP—fluorometals

as transition-state analogs; (2) fluorescence signgbsTrp331 ands-Trpl148 as optical probes to
assess formation of the transition state; (3) mutations of critical catalytic residues to determine side-
chain ligands required to stabilize the transition state. Rate acceleration by positive catalytic site
cooperativity is explained as due to mobility @Arg376, acting as an “arginine finger” residue,
which interacts with nucleotide specifically at the transition state step of catalysis, not with Mg-ATP-

or Mg-ADP-bound ground states. We speculate that formation and collapse of the transition state may
engender catalytic site/8 subunit-interface conformational movement, which is linkeg tsubunit

rotation.
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INTRODUCTION experimentally proved, but is generally assumed to oc-
cur. How rotation and proton transport are interconverted
In mitochondria, chloroplasts, and bacteria, ATP syn- and how enzymic events in catalytic sites and rotation are
thase uses transmembrane proton gradient energy to driventegrated, are two major questions.
ATP synthesis. In bacteria it can also use ATP hydroly- In order to understand how catalysis in the three cat-
sis energy to generate a transmembrane proton gradientalytic nucleotide-binding sites is integrated with subunit
Energy coupling between catalytic sites located in the F rotation, well-defined and detailed descriptions of the cat-
sector and the proton pump machinery in the membranealytic pathways of ATP synthesis and ATP hydrolysis will

bilayer is achieved at a distance of around ﬁOby sub- be required. This has not yet been achieved and, indeed,
unitrotation. Direct, visually striking experiments showed remains controversial. The reader isreferred to arecentre-
physical rotation of subunitg (Noji et al,, 1997) ¢ (Kato- view (Weber and Senior, 2000) for analysis and diagrams

Yamadeet al, 1998), and (Sambongget al, 1999; Panke  of currently proposed mechanisms. In actuality none of the
etal, 2000; but see also Tsunoetal., 2000), atthe same  currently available models, or a composite thereof, is of
speed, in response to ATP hydrolysis, indicating that these sufficient detail or sophistication to allow an understand-
three subunits together form a rotary transmission device. ing of how ATP synthesis is driven by rotation or how ATP
Proton transport-linked subunit rotation has not yet been hydrolysis drives rotation. For this, expanded mechanistic
models must be developed, that, starting at one point in
the catalytic cycle and returning to the same point, include
1 Key to abbreviations: BeFx, beryllium fluoride (fluoroberyllate) (the as many d?fmed enzyme mtermed_mte Stat.es as possible.
exact composition of this complex in fATPase is not yet known, see New techniques are needed to define and isolate enzyme
Henryet al, 1993; Marutat al, 1993); AIFx, aluminum fluoride (flu- intermediates, to characterize each intermediate in terms
oroaluminate) (in different enzymes this has been seen by X-ray crys- of enzyme structure(g, spatial relationship of /s sub-
tallography to involve either Algor AIF, (Schlichting and Reinstein, units vis-a-visa/A subunits), and to determine energetic

1999); Vi, orthovanadate; ScFx, scandium fluoride (fluoroscandium). : : _
2 Department of Biochemistry and Biophysics, Box 712, University of and chemical status along the reaction pathway. Deter

Rochester Medical Center. Rochester. New York 14642. mination of the reaction status of each catalytic site in
3 To whom all correspondence should be addressed: e-mailsalaior temporal comparison to the other two sites will also be an
@urmc.rochester.edu important task.
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The catalytic transition state is an important interme- plified into larger conformational movements, including
diate of any enzyme reaction and is of particular interest subunit rotation.
in an enzyme engaged in energy coupling. In this paper,
we describe work on the transition state of ATP synthase
and present proposals as to how it might relate to subunit Trapping the Catalytic Transition State of ATP
rotation. Synthase

AlFx was shown to inhibit ATP hydrolysis in the F

STUDIES OF THE CATALYTIC TRANSITION sector of bovine mitochondrial arigl coli ATP synthase
STATE IN ATP SYNTHASE by trapping ADP in catalytic sites (Lunardi al., 1988;
Issartektal, 1991). The inhibition was quasi-irreversible,
Tight Binding Inhibitors Which Mimic and Trap with a half-time for reactivation of 38 days at@. Two
Intermediates of ATPase and GTPase Enzymes moles of ADP-AIFx were bound per molg.F.ater work

confirmed that ADP—AIFx became bound at two sites co-

Work on myosin and G-proteins, two of the best- operatively, although binding at only one site was found
understood NTPase enzymes, has exemplified the majorsufficient for full inhibition (Douet al., 1997). A recent
utility of tight-binding inhibitors in establishing the mech- F;X-ray structure shows ADP-AlFbound in just one
anism of catalysis and energy coupling. These inhibitors catalytic site (the8DP site), but the stoichiometry of one
work by tenaciously trapping the hydrolysis product, NDP, mole/mole was thought to be due to loss of ADP-AIFx
in the catalytic site. For each of these enzymes, much during crystallization (Braiget al., 2000). A second X-
biochemical evidence and several different X-ray struc- ray structure with ADP-AIFx bound at two catalytic sites
tures have been obtained by trapping the enzyme at dif-and ADP at the third site has also been obtained (A.G.W.
ferent stages of the catalytic pathway. Examples of the Leslie and J.E. Walker, personal communication). In both
inhibitors used are fluoroberyllate (BeFx), which mimics structures, the ADP—AIFx appears to represent a transition
the ground-state bound Mg-NTP complex, and fluoroalu- state.

minate (AIFX), fluoroscandium (ScFx), and orthovanadate Vi has been shown to inhibit rat mitochondriaj-F
(Vi), all three of which mimic the catalytic transition state ATPase by trapping ADP. Photochemical activation facil-
(Colemaret al, 1994; Sondelet al, 1994; Fisheet al,, itated by bound Vi cleaved one of the thr@esubunits,

1995; Gopal and Burke, 1995; Smith and Rayment, 1996; within the Walker A sequence; photoactivation of the
Rittingeret al, 1997; Scheffzelet al,, 1997; Schindelin myosin—ADP-Vi transition state complex cleaves myosin
etal, 1997; Schlichting and Reinstein, 1997; Tesete,, at the homologous position (K&t al., 1997). However, we
1997; Xuet al., 1997; Maruteet al., 1998). Ithas emerged  could not detect inhibition d&. coliF; by Vi (unpublished
that the catalytic transition state is critically involved at work). ScFx was shown to inhibE. coli F; potently by
the stage of energy transduction, generating major do- trapping ADP in catalytic sites, forming an ADP—ScFx
main movement in myosin and signaling in G-proteins complex, which mimics the transition state (Nadanaciva
(Rayment, 1996; Rees and Howard, 1999). Interestingly, et al, 2000). Reactivation of ATPase activity after ScFx
the degree of domain movement in myosin was seen toinhibition occurs with a half-time of 12 h at 20 (with

be correlated with the ADP-O to me'gal bond distance AlFxthet;;,; was 100 h). In summary, AlFx, ScFx, and Vi
(Parket al, 1997). This distance is 1.5X in the ADP— are established as transition-state probes of ATP synthase,
BeFx complex (similar to the ADP-O tp-phosphorus  with some interspecies variation.

bond distance in ATP itself), increasing to 2.0—-2A2n

the transition state with bound ADP-AIFx, ADP-ScFx,

or ADP-Vi, exemplifying how subtle changes in spatial Fluorescence Measurements of Nucleoside

separation of thgg andy phosphates of ATP during the  Diphosphate Trapped in Catalytic Sites by

chemical reaction may be amplified into larger, distant, Fluorometals

conformation changes. The conclusion that energy cou-

pling occurs at the stage of attainment of the catalytic g8-Trp331 Fluorescence

transition state is also supported well in the case of ni-

trogenase (Rees and Howard, 1999) and P-glycoprotein Use of substitutegg-Trp331 in the BY331W mu-
(Senioret al,, 1995, Deyet al, 1997; Ramachandet al,, tant enzyme (Webeet al, 1993) is an established tool
1998). Thus, in ATP synthase, it is pertinent to consider

how small spatial changes in the catalytic sites, involving

ligands that stabilize the transition state, might be am- #E. coliresidue numbers are used.
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Fig. 1. Combined use of the fluorescence signal of inserted Trp regidirp331, MgADP. ScFx, and mutagenesis of critical catalytic residues, to probe

the catalytic transition state. (A) Titration 8 331W mutan€.coliF; with Mg-ADP in presence&) or absencel( ) of fluoroscandium (ScFx). Quench

of B-Trp331 fluorescence at 360 nm was measured to monitor nucleotide binding. The lines are fits to a model assuming three binding sites of different
affinities. Greatly enhanced affinity for Mg-ADP at catalytic sites one and two is evident in presence of ScFx. (B) TitraKas5Q/8Y331W mutant

F1 with Mg-ADP in presence&) or absencel{) of fluoroscandium (ScFx). Conditions are as in (A). It is evident that removal g84hes155 side

chain prevents enhancement of Mg-ADP bindifg.ys155 is the Walker A Lys, known to be critical for catalysis.

for measurement of nucleotide equilibrium-binding pa- inhibitors. Such an intermediate requires stabilization by
rameters at catalytic sites of Frhe introducegs-Trp331 ligands to the equatorial oxygens and an apically bonded
has a large fluorescence signal, which is fully quenched water. X-ray structures (Abrahares al., 1994; Bianchet
upon addition of nucleotide. Titration with Mg-ADP— et al, 1998) had given strong clues where to look for side
AlFx demonstrated a very large increase in binding affin- chains that stabilize the transition state and previous muta-
ity for Mg-ADP at catalytic site 1, with a significant, but  genesis experiments had already revealed critical catalytic
less substantial increase at site 2, and no effect at site 3residues. A series of appropriate mutations were combined
(Nadanacivat al., 1999a). Titration with Mg-ADP-ScFx  with 8Y331W and the resultant double-mutantgtepa-
yielded similar data (shown in Fig. 1A) except that in this rations were examined for Mg-ADP binding in presence
case the affinity increase was very large at both sites 1 of AlFx or ScFx. An example is given in Fig. 1B, where
and 2 and, again, site 3 was unaffected (Nadanatisd, itis seen that thgK155Q mutation totally eliminates the
2000). Table | show&, values obtained. In absence of

Mg?*, the fluorometals had no effect on ADP binding.

These results were consistent with earlier data showing Table |. Binding of Mg-ADP to Catalytic Sites of

binding of 2 mol Mg-ADP—AIFx per mole of £ They in- E. coliFy and Its Enhancement by AIFx and SEéFx

dic_a'.[e thgt a transitipn state certainly forms at the highest Ligand Ka1 (uM) Kaz (M) Kqgs (1M)

affinity site 1 and either a partial or complete transition

state can form at site 2, but not at site 3. Mg-ADP 0.04 18 34.8
Earlier work (Webbet al, 1980; Senteet al., 1983) Mg-ADP-AIFx  <0.001 006  40.0
" . Mg-ADP-ScFx <0.001 <0.01 20.5

suggested that the transition state involved a pentacova-

lent, bipyramidal, phosphorus intermediate; this is but- aBinding parameters were calculated from fits to titra-
tressed by the fact that Vi, AlIFx, and ScFx are potent tion curves as shown in Fig. 1A.
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Fig. 2. The catalytic transition state of ATP synthase and the catalyficubunit interface. (A) Model of the catalytic transition state of ATP synthase.
«-Subunit residues are shown in gregnsubunit residues are shown in grey; ¥gis the green sphere, the attacking water is cyan. (B) ditte
subunit interfacex-Subunit residues are shown in green grsuibunit residues are shown in grey. Possible H-bonds betgr#g182 and main chain
carbonyl oxygens of-1le348 andx-Thr349 are shown in black. We postulate tiaf\rg182 may amplify small conformational movements generated
at the transition state into largefs subunit interface conformational movements. As noted in thedeA,g376 may play a similar role.



Catalytic Transition State in ATP Synthase

effect of ScFx to increase Mg-ADP binding affinity at
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of B-Trpl48. This was useful experimentally, because it

catalytic sites 1 and 2. Using this approach, we identified allowed us to determine whether the whole enhancement

four residues that are critical for transition-state stabiliza-

was due to binding at just site one, or to binding at sites one

tion and proposed a model for the transition state shown in and two. Titration with Mg-IDP—AIFx and Mg-IDP—-ScFx

Fig. 2A. The X-ray structure of the Mg-ADP—AdRran-
sition state (Braiget al, 2000) concurs with the model.
It may be remarked that the finding thaE181Q muta-

tion abolishes transition-state formation providesindepen-

demonstrated that approximately half of tHeTrp-148
fluorescence enhancement occurred upon filling of site 1,
the other half was realized upon filling of site 2, and no
further increase occurred on filling of site 3 (Nadanaciva

dent evidence for an associative mechanism of hydrolysis. et al,, 2000).

In addition to ligands to the phosphate oxygens and the

attacking water, ligands orienting Mg are also critical

for catalysis and transition-state formation, although not Two Sites Can Assume a Transition State

shown in Fig. 2A. These arg-Thr156, 8-Glu185, and
B-Asp242 (Webekt al,, 1998).

B-Trp148 Fluorescence

We found that the fluorescence signapefrp148in
the BF148W mutant was enhanced #28% upon addi-
tion of Mg-ADP-AIFx or Mg-ADP-ScFx (see Fig. 3),
providing the first direct optical probe of the transi-
tion state. Just as Mg-IDP binds less tightly than Mg-
ADP (by a factor of about 100-fold), so the Mg-IDP—
fluorometal complexes were found to bind less tightly
than the corresponding Mg-ADP—fluorometal complexes,
while yielding the same-28% fluorescence enhancement

14 F -

12

Relative Fluorescence

320 340 360
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Fig. 3. The fluorescence signal of insert@elrp148 provides a direct
optical probe of the transition state. Fluorescence spectgrafi8W
mutantE.coli F; are shown. (Curve 1) dotted lingF148W F; alone;
(Curve 2) BF148W R with Mg-ADP-ScFx; (Curve 33F148W R
with Mg-AMP—PNP; (Curve 48F148W F with Mg-ADP.

Conformation Simultaneously?

The work described above leads to the conclusion
that two catalytic sites can form a transition state con-
formation simultaneously. This appears to contradict ac-
cepted dogma that in the ATP synthase catalytic mecha-
nism, only one site is catalytically active at any one time.
All current postulated mechanisms make this assumption
(Weber and Senior, 2000). Of course, it need not be that
sites 2 and 2 contribute equally to turnover, evenif both are
active simultaneously—they differ considerably in nucle-
oside diphosphate—fluorometal binding affinity, for exam-
ple (Table I). It could also be that AlFx and ScFx are forc-
ing the second site into a conformation that it would not
normally assume, at least until it undergoes the “binding
change.” Nevertheless, this work introduces a new con-
ceptual aspect into study of the ATP synthase mechanism.

Positive Catalytic Cooperativity

F1 hydrolyzes Mg-ATP in three different modes. The
first is by unisite catalysis, when Mg-ATP occupies a sin-
gle site, and a single turnover event occurs with bond
cleavage rate of 0.1, and net turnover rate of 0.001%s
because of slow product release (Al-Shawi and Senior,
1992). The second is by bisite catalysis, where two sites
are occupied by Mg-ATP, yielding a net turnover rate of
around 1 s?; the third is the physiologicaMpay) mode,
with all three sites occupied by Mg-ATP, occurring with
net turnover rate of around 100%s(Weberet al., 1993;
Lobauet al, 1998). True rate constants for the bond
cleavage step are not known for bi- and trisite cataly-
sis, however, it is obvious that acceleration from unisite
mode toVmayx requires at least £ofold acceleration of
the chemical bond-cleavage rate. This strong positive cat-
alytic cooperativity requires that the transition state must
change in structure to effectuate rate acceleration from
unisite up toVmax rate. We found that residue-Arg376
does not interact directly with nucleotide in either the
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Mg-ATP-or Mg-ADP-bound ground states, butis required (Garcia and Capaldi, 1998), whereas steady-state cataly-
for Mg-ADP-AIFXx and Mg-ADP-ScFx binding, and we  sis doesg /B conformational movement is also correlated
proposed (Nadanaciw al., 1999c) thate-Arg376 inserts to rotation.
into the catalytic site specifically to contribute to stabiliza- ResiduggR182 is also a stabilizing ligand of the tran-
tion of the transition state, analogous to the “arginine fin- sition state (Fig. 2A). Studies of the mutamf®182Q
ger” residues of G-proteins and their cognate GAPs. Sup- and SR182K revealed that while both inhibited steady-
port for this idea comes from two other sources First, inthe state catalysis stongly, there were differential effects on
F1 X-ray structure, significant movement@fArg376 oc- transition-state stabilization, with the latter mutant ap-
curs betweeDP and8 TP sites, showing thatthisresidue pearing to support normal transition state formation as
is mobile (Abrahamst al, 1994); second, in recentwork judged by Mg-ADP-AIFx binding (Nadanacivet al,
it was found that mutations of residueArg376 abolish 1999b). Scrutiny of the X-ray structure showed that the
steady-state catalysis, but have no effect on unisite catal-8-Arg182 guanidinium lies close to the/B interface,
ysis (Leet al, 2000). Thusg-Arg376 is not involved in within H-bonding distance af Thr349 andx-1le348 main
the unisite transition state, but moves into the catalytic site chain carbonyl oxygens (see Fig. 2B). ThisArg182
to form the complet&/ .« transition state. It is, therefore, may play a dual role, namely transition-state stabiliza-
a major, perhaps sole, determinant of positive catalytic tion and interaction with the: subunit to generate/j
cooperativity. interfacial conformational movement. We speculate that
the BR182K mutant supports the former, but not the lat-
ter function. Proximity of thex-Arg376 guanidinium to
Role of the Catalytic a/3 Interface in Catalysis a-subunit residue atoms is also evident, notably to the car-
bonyl oxygen ofx-1le346, and a similar dual role for this
Nearly all the direct ligands to bound nucleotide in residue is likely (Nadanacivet al, 1999c).
catalytic sites are derived frofirsubunit residues. Never-
theless, X-ray structures show that the catalytic sites occur
ata /B subunitinterfaces, with bound nucleotide facingthe Speculation: Links between the Transition State, ATP
« subunit across a cleft. Conformational movement at the Binding, and Subunit Rotation
a/B subunit interface has long been known to be essential
for positive catalytic cooperativity and steady-state catal- The foregoing discussion draws attention to the pos-
ysis. The evidence for this was derived from studies of a sibility that mechanical events occurring in the catalytic
number of mutants in which smaltsubunitresidueswere  sites at the catalytie /g interface during ATP hydrolysis,
changed to bulky residuesG351D,«S373F,aS375F, at the steps of formation, stabilization, and breakdown of
and «S373C reacted with NEM). The X-ray structures the transition state, are linked to rotation jfsubunit.
demonstrate that these residues linedf)g catalytic site Formation of the pentacovalent intermediate will gener-
interface. Figure 9 of Weber and Senior (1997) shows the ate negative charge, drawing positive side chains into the
a/ B catalytic interface and the position of these mutations, site; subsequent collapse of the transition state will gener-
and the same reference describes their functional effects inate mutually repulsive Mg-ADP and,Rvhich will move
detail. Inthese mutants, unisite catalysis is unimpaired, but apart and take engaged side chains with them. Side chains
steady-state catalysis is abolished, while catalytic site Mg- that are linked both to reactants andxsubunit residues
ATP and Mg-ADP cooperative binding characteristics re- could force larger domain movements to occur involving
main unchanged. An analysis of potential steric clashes us-initially the /g interface and thea subunits.

ing the tool “Swiss-PdbViewer” (Guex and Peitsch, 1997) The possible role of binding of Mg-ATP to the cat-
reveals thateG351D,«S373F, andS375F all engender  alytic site comprised by the “openB¢) g subunit as a
serious clashes with nearhysubunit residues at the/ 8 driving force for rotation ofy has also been discussed

interface of theSDP site.«a-Arg376 is contiguous with (Wang and Oster, 1998; Masai&eal., 2000). Binding of
these mutation sites and a likely scenario is that introduc- Mg-ATP to this site is expected to close thie subunit,
tion of additional bulk by mutation impedes movement partly or fully, by an upward hinging of the C-terminal
of «-Arg376 toward the catalytic site-bound nucleotide to domain, and might initiate -rotation during ATP hydro-
form the transition state (Fig. 2A). Thus acceleration of lysis throughg/y subunit interactions. Functional inter-
unisite to steady-state catalysis rate cannot oaeys. actions between regions ¢f and y subunits are well
interface conformational movement can be seen to be established and shown to be required for rotational cou-
directly linked throughx-Arg376 to transition-state for-  pling (Nakamotcet al, 1999). However the affinity of the
mation. Since unisite catalysis does not involve rotation Bg site is expected to be relatively loiK§ ~100 uM),
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since this is presumably the site of lowest affinity. Thus
the energy available from the binding event alone is rel-
atively small. Binding of Mg-ATP to the highest affin-
ity site (unisite catalysis) does not elicit rotation (Garcia
and Capaldi, 1998). Thus, binding of Mg-ATP may be a
factor, but it cannot be the only factor, in generating sub-
unit rotation.

A speculative temporal sequence could be as follows.
Enzyme that has just released product Mg-ADP has two
catalytic sites filled and the low-affinity site is empty. (1)
Binding of Mg-ATP to the empty catalytic sit@£) causes
a conformational change in thg subunit and sets off a
partialy rotation, such that moves and changes its aspect
towarda subunits. (2) Acceleration of hydrolysis occurs
as a conformational change of thesubunit at thex/g
interface propels-Arg376 into the catalytic site, com-
pleting the transition state fofax Mg-ATP hydrolysis.

(3) Collapse of the transition state generates Mg-ADP and
P;, which move away from each other. Residuearg376

and 8-Arg182 move with the Pand, engaged in H-bond
contact withw subunit residues, moveaway fromg. (4)
Conformational torsion i subunits is transmitted tp,

and moveg to complete a 120arc. Release of products
to form an empty site is required at this step and is thus
accelerated when rotation occurs.
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