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ABSTRACT. Steady-state ATP hydrolysis in the-ATPase of the 5 ATP synthase complex involves
rotation of the centray subunit relative to the catalytic sites in thgss; pseudo-hexamer. To understand

the relationship between the catalytic mechanismjasdbunit rotation, the pre-steady-state kinetics of
Mg-ATP hydrolysis in the soluble;FATPase upon rapid filling of all three catalytic sites was determined.
The experimentally accessible partial reactions leading up to the rate-limiting step and continuing through
to the steady-state mode were obtained for the first time. The burst kinetics and steady-state hydrolysis
for a range of MGATP concentrations provide adequate constraints for a unique minimal kinetic model
that can fit all the data and satisfy extensive sensitivity tests. Significantly, the fits show that the ratio of
the rates of ATP hydrolysis and synthesis is close to unity even in the steady-state mode of hydrolysis.
Furthermore, the rate of Pi binding in the absence of the membranggedtor is insignificant; thus,
productive Pi binding does not occur without the influence of a proton motive force. In addition to the
minimal steps of ATP binding, reversible ATP hydrolysis/synthesis, and the release of product Pi and
ADP, one additional rate-limiting step is required to fit the burst kinetics. On the basis of the testing of
all possible minimal kinetic models, this step must follow hydrolysis and precede Pi release in order to
explain burst kinetics. Consistent with the single molecule analysis of Yasuda et al. (Yasuda, R., Noji,
H., Yoshida, M., Kinosita, K., and Itoh, H. (200Nature 410, 898-904), we propose that the rate-
limiting step involves a partial rotation of thesubunit; hence, we name this step Moreover, the only

model that is consistent with our data and many other observations in the literature suggests that reversible
hydrolysis/synthesis can only occur in the active site ofdeconformer (Abrahams, J. P., Leslie, A. G.

W., Lutter, R., and Walker, J. E. (199#8)ature 370 621—-628).

Steady-state ATP hydrolysis in thg-BTPase involves  subunits are also important in defining the conformation of
rotation of the centrgl subunit relative to the catalytic sites each site and the interactions with substrates and products.
in the a3 pseudo-hexamer (see reifs 7 for reviews). At Several mutations in the subunit have been characterized
any point in time, the three catalytic sites, which are that block the transmission of information between sites
predominantly within the3 subunits, are in different con-  (18—22).
formations, depending on the specific interactions with the  Despite the considerable information from high-resolution
y subunit. The X-ray crystal structure of boving(B) shows structures and other types of analyses, coordination of the
that two of the catalytic sites are in closed conformations catalytic mechanism and rotation is not well understood. The
with the bound nucleotides confined in a cleft inaccessible rotational mechanism carries out energy coupling between
to solvent, and the third site is open to solvent. In addition, the chemistry of ATP hydrolysis or synthesis and the
there are three noncatalytic nucleotide sites predominantlymechanical and conformational coupling to direct” H
in the oo subunits. During ATP hydrolysis, the catalytic transport across the membrane through theéttor of the
reaction forces the rotation of thesubunit and the rotation = complex. Several lines of evidence indicate that catalysis of
invokes conformational changes in all three catalytic sites. ATP hydrolysis that is efficiently coupled tg subunit
Generally, chemical cross-links between rotor and stator rotation only occurs during steady-state turnover when all
subunits §—12) or between stator subunit$3, 14) impede three catalytic sites are involved. Even though two of the
rotation and catalysis. Perturbation of some specific interac- catalytic sites bind ATP with high affinity<1 x 108 and
tions between the rotor subunit and the statgt subunits 8 x 107 M), Weber et al. 23) demonstrated that rate
cause inefficient coupling between catalysis and rotation, enhancement of ATP hydrolysis coincides with the oc-
which indicate the critical role of the rotor in coordinating cupancy of the third catalytic site, which hakafor Mg-
the catalytic mechanisni%—17). Furthermore, interactions  ATP of 2—5 x 107> M. The very similar values for the
among the sites that are mediated in part throughothe steady stateky for Mg-ATP hydrolysis and theKy for
activating rotation of they subunit @4) indicate that rota-
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Significantly, such uni-site catalysis is not associated with determined by the method of Lowry et aB5). Passing the
rotation @9). multisubunit enzyme over centrifuge columns results in the
To gain a mechanistic understanding of the coupling loss of a small portion of the subunit from k. To
between catalysis and rotation, we have dissected thecompensate, 23 uM (approximately one-half the molar
elementary rate constants of experimentally accessible reacconcentration of Fj e was added to fafter each passage
tions leading up to the rate-limiting step and the onset of over the centrifuge columns; Was then diluted to M in
steady-state hydrolysis. We fit and simulated the pre-steady-the same buffer as described above and used within 2 h.
state and steady-state kinetics for a wide range of substrate Determination of Bound Nucleogd A known amount of
concentrations using a minimal kinetic model. Through these F1 enzyme was precipitated by the addition of 0.12 M
studies, we find that the pre-steady-state kinetics of ATP perchloric acid and allowed to incubate on ice for 10 min.
hydrolysis upon rapid filling of all three catalytic sites The protein was subsequently removed by centrifugation and
indicates that ATP undergoes reversible hydrolysis and the supernatant neutralized by the addition of Trizma base
synthesis with ADP and Pi at one site and that a rate-limiting (Sigma-Aldrich) to a final concentration of 107 mM. An
conformation change occurs kinetically before the release aliquot of the sample was subjected to ion exchange HPLC

of Pi. The results fit uniquely to a rotational catalytic scheme
involving all three catalytic sites in the following order: (1)
Mg-ATP binds to the low affinity siteffg, (8)); (2) nucleotide
bound at the high affinity siteffr) undergoes reversible
hydrolysis/synthesis;, (3) a rate-limiting step occurs, which
likely involves the partial rotation of thg subunit that drives

using a Titansphere Tigxolumn (Alltech Assoc., Deerfield,

IL). The chromatographic assay was performed in a manner
similar to that used by Kimura et al3§) using a mobile
phase composed of 50 mM NgPD, buffer at pH 8.0 in
50% v/v acetonitrile with a flow rate of 1 mL/min at 4C.

The ADP and ATP-associated absorbance at 259 nm was

changes of the catalytic sites into the next conformational integrated and the amount of nucleotide determined against
states; and (4) products Pi and ADP generated in the previousstandard amounts of ADP or ATP chromatographed over
cycle are released from the site, switching from the inter- the same matrix.

mediate affinity pp) site to the low affinity open sitefg).

EXPERIMENTAL PROCEDURES

Enzyme PreparationdheE. coli F; complex was purified
as previously describe®B@) from the unc operon deleted
strain DK8 1) harboring the high copy number plasmid
pBWU13 (32). F, preparations were replete with and ¢
subunits as verified by SDSPAGE analysis and the

Pre-Steady-State Hydrolysis of/-f?PJATP. The mil-
lisecond time courses of {*P]JATP hydrolysis were gener-
ated using a Kintek (Austin, TX) RQF-3 rapid quench-flow
apparatus with circulating water temperature control. Mixing
and quenching times were verified by carrying out the
following calibration reactions: (1) for times less than
40 ms, hydrolysis of benzylidenemalononitrile by NaOH at
20 °C was followed according to the Kintek instruction
manual. We observed la,, of 147 st for the first-order

expectedc, for steady-state ATP hydrolysis rates as reported reaction, which was quite close to the expected 140(8)

by Al-Shawi and Senior30). The fY331W mutant was

For times longer than 25 ms, we followed the hydrolysis of

expressed from the same plasmid except for the i”trOdUCtionz,4-dinitrophenylacetate by NaOH to produce 2,4-dinitro-

of the tryptophan codon (from TAC to TGG) as previously
described 22). Thee subunit was expressed with an amino
terminal polyhistidine tag (Hig) in the strain BL21(DE3)-
pLysSas described by Andrews et é33). His« was purified

in a manner similar to that previously describ&8)(except
that the cell lysate was applied to a Ni-NTA resin column
(Qiagen Inc., Valencia, CA) and washed initially using buffer
with no imidazole and then using an imidazole gradient of
0—40 mM over four column volumes. Elution of Hiswas
achieved using another gradient (4860 mM imidazole)
over four additional column volumes. Incubation with rTEV

phenol and acetate at 2&. This was necessary to avoid
instrument artifacts that frequently appear in the intermediate
times (Scanlon, J. A. B., Al-Shawi, M. K., and Nakamoto,
R. K., unpublished data). We found that a thorough calibra-
tion of the instrument required that these reactions cover all
time phases. Therefore, different concentrations of NaOH
were used to give the appropriate rate for the desired time
range. A second-order rate constant of 57.61 M was
obtained for this reaction, which was in good agreement with
previously published valuesg7).

The components of each syringe in the rapid mixing device

protease (Life Technologies, Gaithersburg, MD) cleaved the (1:1 mixing volume ratio) were as follows: syringe A

polyhistidine tag. The free His-tags, the His-tagged rTEV
protease, and uncleaved subunit were separated from
purified € by passage over a Talon affinity column (Clontech,
Palo Alto, CA). A greater yield ot is achieved with the
use of Talon resin at this stage rather than Ni-NTA resin
because there is less nonspecific binding of cleaviedthe
Talon column.

The R enzyme was prepared for kinetic experiments by
dilution to ~2 mg/mL in 25 mM TES-KOH, 0.244 mM
MgSQ;, and 0.2 mM EDTA at pH 7.5 at 25C, and passage
through two Sephadex G50 centrifuge columa4) equili-

contained purified F(with an additional equimolar concen-
tration ofe subunit), prepared as described above, and syringe
B contained 25 mM TES-KOH, 0.2 mM EDTA at pH 7.5 at
25°C, and varying concentrations gf-f?P]JATP and MgSQ.
The following Mg ATP concentrations were obtained with
the indicated §-32P]JATP and MgSQ concentrations after
mixing in the chemical quench instrument: 268 Mg-
ATP final, 1.266 mM }-32P]ATP, and 0.764 mM MgSg)
106 uM Mg-ATP final, 1 mM [y-*?P]ATP, and 0.46 mM
MgSQy; 62 uM Mg-ATP final, 0.245 mM |-32P]ATP, and
0.33 mM MgSQ; 29.2uM Mg-ATP final, 0.267 mM §-3%P]-

brated with the same buffer. The protein concentration was ATP, and 0.23 mM MgS@ 17.8uM Mg-ATP, 0.087 mM

1 Abbreviations: TES, 2-[(2-hydroxy-1,1-bis(hydroxymethyl)ethyl)-
amino]ethanesulfonic acid; MSC, model selection criterion.

[y-*2P]ATP, and 0.278 mM MgSg and 4.8uM Mg-ATP,
0.011 mM [-32P]JATP, and 0.252 mM MgS® Reactions,
which were run at 25°C, were quenched by the rapid
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Scheme 1 ATP) and MgSQ (0.245-0.764 mM) to ensure a final low
ATP + Fy <Xy FrATP 2, £ nDppi e s ADP-Pieits F ADP <505 F, free Mg?™ concentration of approximately 5£M at pH 7.5_
ke Kz “-’:Pi “\A«Dp at 25°C. ATP hydrolysis rates were determined from time
Step1 Step2 Step33 Stepa Step5 points measured from-110 s.

- _ ) o The inhibitory constant of ADPKAPP) was determined
addition of 1 mM KHPQ, in 0.033 N perchloric acid (final  j, puffer where MgATP was held constant at 108/, and

concentration). A two step procedure was developed 10 App was increased from 0 to 1 mM. The buffer contained
minimize problems with the high background due to the high o5 \n\wm TES. 0.2 mM EDTA. 0.35 mM MgS© and

concentration of)f-*2P]JATP used in these experiments. First, 0.25 mM ATP, and to keep the free Rfgconstant, additional
an equal volume of 1% (w/v) ice-cold acid-activated charcoal MgSQ; was s’upplemented with ADP in a co'nstant molar

suspension (Norit, Sigma Chemicals, .St' Louis, MO)_ Was ratio. ATP hydrolysis rates were determined for a time course
added to the quenched sample and incubated on ice for;

. : . in each reaction condition of-110 s.
10 min. The charcoal was removed by centrifugation at 22,- . o . o
000g for 10 min, and 40QiL of the cleared supernatantwas P re-Steady-State Nucleotide Bindimgucleotide binding
centrifuged at 426,0@pfor a further 7 min to remove any  © the catalytic sites was mo.n|tored by the decrease in
finer particles. This treatment removed 96% of the unreacted 'YPtophan fluorescence intensity of {A¥331W mutant fr
ATP. Then, 30QuL of the final supernatant was diluted with ~ @S previously described®). The kinetics of fluorescence
300 uL of 0.6 N perchloric acid plus 1 mM KHPO,. The guenching were followed in an Applied Photophysics
second step was the precipitation of inorganic phosphate bySX.18MV-R stopped-flow spectrometer (Surrey, U.K.). The
the addition of 60QuL of acid molybdate solution3g). After ~  €xcitation wavelength was 295 nm, and emission was
incubating on ice for 20 min, the precipitate was centrifuged monitored through a 320 nm cutoff filter in the stopped-
at 22,00¢ and the supernatant removed. The pellet was flow apparatus (or at 360 nm in the steady-state fluorimeter).
washed once with 1 mL of 0.16 N perchloric acid. The final The syringe contents were essentially the same as those for
pellet was dissolved by the additiof ® M NaOH and the  the rapid quench flow experiments except for the lack of
radioactivity determined by Cherenkov counting in 15 mL radioactivity. The conditions for the Mg TP titration were
of 0.2 M Trizma base. Background samples were preparedas follows: syringe A contained/M purified F,, prepared
by adding quench solution to the protein before the addition as described above, and syringe B contained 25 mM TES-
of substrate and radioactivity. These samples were processetOH, 0.2 mM EDTA at pH 7.5 at 25C, and ATP and
in the same manner and subtracted from the time point MgSQ, concentrations that resulted in a final free Mg
samples. concentration of 5«M and the following MgATP con-
Determination of Kinetic Constants for ATP Hydrolysis, Céntrations: 519uM Mg-ATP, 1.26 mM ATP, and
Steady-state ATP hydrolysis was measured in essentially theQ-764 MM MgSQ; 260uM Mg-ATP, 0.63 mM ATP, and
same conditions as those of the pre-steady-state experiment8-204 MM MgSQ; 104 uM Mg-ATP, 0.252 mM ATP,
described above, usingF?PJATP and measuring Pi produc-  and 0.348 mM MgS@ 40 uM Mg-ATP, 0.097 mM ATP,
tion. All buffers were designed so that the concentration of and 0.284 mM MgS@ 17.3uM Mg-ATP, 0.042 mM ATP,
free Mg" was constant at approximately 5. A bent- and 0.261 mM MgS@ 10.4uM Mg-ATP, 0.025 mM ATP,
tipped syringe was used for rapid mixing of 18 of and 0.254 mM MgS@ 4 uM Mg-ATP, 0.0097 mM ATP,
substrateg9) with an equal volume of kM F; in avortexed ~ and 0.248 mM MgS@ and 1xM Mg-ATP, 0.0025 mM
tube. The reaction was quenched at various time points with ATP, and 0.245 mM MgS® The ADP titration conditions
1 mM KH,PQ; in 0.03 N perchloric acid (final concentra- were the same for syringe A, and syringe B contained
tions). Samples were processed following the same two step25 MM TES-KOH, 0.2 mM EDTA at pH 7.5 at 2%, and
protocol developed for samples in the pre-steady-statevarying concentrations of ADP and MgsQO he following
experiments for the removal of excess backgroyndp]- combinations resulted in the indicated ADP concentration
ATP. Zero time points were acquired by mixing quench and a final free Mg" of 50 uM: 2000 uM ADP and
solution and protein before the addition of substrate. The 0.326 mM MgSQ; 1000«M ADP and 0.285 mM MgS@
reaction medium for the determination of kinetic constants 500 uM ADP and 0.264 mM MgS@ 250 uM ADP and
as a function of MgATP contained 25 mM TES, 0.2 mM  0.254 mM MgSQ; 250 uM ADP and 0.254 mM MgS@
EDTA, and varying concentrations of ATP Q.26 mM 100 uM ADP and 0.248 mM MgS@ 50 uM ADP and

Table 1: Rate Constants Derived from Kinetic Fits

[Mg 'ATP] k+1 kfl Ky KQTP k+2 kfz Ky kV k+3 k73 Kz K[F;i k+4 k74 Ka KQDP R? MSCP

WM Mist os1 M1 ouM stost st st Mist ML M sl Mis! M1 uM
x107 x10* x10° x1072 x1F x10
4.8 4.0 2.0 2.0 50 94 95 1.0 24 200 8.9 4.4 22 250 3.0 1.2 83 0.997 4.92
17.8 3.0 1.6 1.9 53 100 98 1.0 29 210 12 5.8 17 380 4.0 1.0 95 0.997 5.08
29.2 4.5 1.8 2.5 40 140 140 1.0 30 210 12 5.8 17 380 45 1.2 85 0.997 5.08
62.0 4.2 2.1 2.0 50 140 140 1.0 30 210 14 6.7 15 380 45 1.2 85 0.998 5.56
105.6 4.2 2.1 2.0 50 170 110 15 29 210 14 6.7 15 380 45 1.2 85 0.998 5.56
259.9 4.0 2.1 1.9 53 170 110 1.5 30 200 13 6.6 15 380 45 1.2 85 0.994 4.40
average 4.0 1.9 2.0 49 140 120 1.2 29 210 12 6.0 17 360 4.2 1.2 86

+SE +02 +£01 +01 +2 +13 +8 +01 +£09 +2 +£.08 +04 +£1.1 +£22 +£02 +£00 =£2
aRate constants refer to Scheme® See Experimental Procedures for the definition of MSC, the model selection criterion.
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Table 2: Sensitivity Analysis of Kinetic Constants: Model Selection Criterion (MSC) Values for Fits Using Alternative Kinetic Cénstants

best fit Kyo:

MSC: 5.56 Kiq k-1 Ko k- kfzb ky Kis k-3 Kia K_4
10-fold N.Fd N.F. N.F. N.F. 2.96 N.F. 4.45 5.30 4.56 3.87
10-fold} N.F. N.F. N.F. N.F. 1.30 N.F. 3.12 5.30 2.38 5.09
2-fold t 2.35 2.31 N.F. 1.46 3.93 N.F. 4.85 5.30 5.39 5.39
2-fold ¥ 2.29 2.37 1.13 1.18 3.76 1.08 5.44 5.44 5.38 5.20

aThe 62uM [Mg-ATP] data set was used for the sensitivity analysis of the rate constants. Details of the procedure are described further in
Experimental ProceduresBoth parameters are increased/decreased simultaneously, thus retaining the ratio of the p&arh&tes, MSC @2),
which is defined in Experimental Procedures, is a highly sensitive parameter for distinguishing between models and selects the best model that fits
with simplicity and parsimony. The MSC is a relative value and should be compared to the best fit MSC of 5.56 for this data set (the higher the
MSC value, the more appropriate the mode\NF: no fit because of undefined parameters, negative MSC values, or rate constants that were
unrealistic.

0.246 mM MgSQ; 20 uM ADP and 0.245 mM MgS@ or more dependent variables depend on the independent
10 uM ADP and 0.2444 mM MgS@ and 5uM ADP and variable, e.g., kinetic rate constants with large differences
0.2442 mM MgSQ The kinetic fluorescence curves shown in rates). The analytic Jacobian matrix was used internally
in Figure 4 were generated from 2 to 4 stopped-flow mixing in the EPISODE integrator so that at each step of the
experiments. Nucleotide occupancy was determined on thecorrector iteration it solves systems of nonlinear equations
basis of the affinity constants f@gtY331W as described by  that arise. Parameters were initially estimated on the basis
the Senior laboratory2Q). of the experimental evidence described in this article and
Model Fitting and Sensitity Analysis.Differential equa- from previously published work. These initial parameters
tion integration, location of the region of the minimum, fitting were refined using the simplex techniquid) in Scientist
of experimental data, model simulations, and statistical v2.0, which searches the parameter space to locate the region
analyses were performed using the experimental data fitting of the local minima. A nonlinear least-squares fit was then
program Scientist, version 2.0 (Micromath Research, Inc., performed using the refined parameters. The least-squares
St Louis, Missouri). The Scientist program solves systems minimization in Scientist v2.0 is based on the algorithm by
of model equations, generates fits to the data, and simulatesPowell @1), but it is altered to automatically include the
all other parameters, yielding progress curves for all species.scaling of variables and also systems with more unknowns

Differential equations for the whole reaction scheme than equations. The two steps, simplex searching to improve

(Scheme 1) were set up as follows:

d[F,)/dt = — k; [FLJIATP] + k_ [F;-ATP] +
Kiq [F1"*ADP] — k4 [F,][ADP]

d[ATP]/dt= — k,, [F,][ATP] + k_, [F;*ATP]

d[F;-ATPJ/dt = k,, [ F{][ATP] — k_, [F;-ATP] —
ki, [F;*ATP] + k_, [F,-ADP-Pi]

d[F,-ADP-Pil/dt = k., [F,"ATP] — k_, [F,-ADP-Pi]

d[F,"-ADP-PiJ/dt = k, [F,-ADP-Pi] —
K. [F,"-ADP-Pi] + k_, [F,"-ADP][Pi]

d[F,"-ADP)/dt = K, 4 [F,"-ADP-Pi] —
k_5 [F,"-ADP][Pi] — k.4 [F,"-ADP] + k_, [F,][ADP]

d[Pil/dt = k, 5 [F,"-ADP-Pi] — k_4 [F,"-ADP][Pi]
d[ADP]/dt = k. , [F,"-ADP] — k_,[F,][ADP]

Q = [F,*ADP-Pi] + [F,"-ADP-Pi] + [PIi]

parameter estimates followed by least-squares minimization,
were performed until the best fits were determined for each
[Mg-ATP] condition.

The goodness-of-fit of the simulations to the data were
determined partly by thB? parameter, but the more sensitive
parameter used for most evaluations was the model selection
criterion (MSC; see re#2). The MSC is a modified Akaike
information criterion (AIC) 43, 44). The AIC is a statistical
method that objectively distinguishes between different
models, selecting the model that fits well but with the fewest
parameters, i.e., it selects for simplicity and parsimony. In
this way, it attempts to represent the information content of
a set of parameter estimates (relating the fraction of vari-
ability to the number of parameters used to obtain the fit).
The AIC and MSC give the same rankings between models,
but the AIC is dependent on the number of observations and
the magnitude of the data points. The MSC is a reciprocal
form of the AIC and has been normalized so that it is
independent of the scaling of the data poid®) (Essentially,
the larger the MSC value, the more appropriate the model.

A sensitivity analysis of each parameter was performed.
The data set for 62M Mg-ATP was used for the analysis
because it gave an excellent fit to our model (MSC: 5.56).
The partial rate constants represented those of the other

whereQ represents the quench-flow data, that is, the amountconditions very well, and it was the highest [MJP]

of Pi generated. Ffand R" represent the enzyme in different

concentration with minimal scatter of the data points. The

conformational states, which is necessary to distinguish theparameters for the best fit to this data set are listed in

concentrations of FADP-Pi, the state before the putatiye
subunit rotation stegk,, and K''-ADP-Pi, the state aftek,.

Table 1 and were used for the sensitivity analysis. Each rate
constant was perturbed individually (10-fold or 2-fold) as

The numerical integration of the differential equations was listed in Table 2, while the other rate constants were not
performed using the EPISODE integrator package for stiff varied. These parameter sets were used as seed values for a
systems (where there are large differences in the way twominima-seeking simplex algorithm, which improved initial
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30 Procedures are a compromise to satisfy these requirements

A T T T I;

(3]
T

. 12 and to ensure that the enzyme is working in a multisite
L_-Fzs = catalytic mode maximally coupled to rotation.

2 2 2 s The large background dye tp-f?P]ATP levels compared '
3 3 to the small amounts of Pi produced and the nonenzymatic
E 5} E hydrolysis of |-3P]JATP during downstream sample pro-
2 g e cessing were reduced by developing a protocol for quantita-
S 10¢ <M e2uM tive separation of Pi produced from the total background
_§ § 08 Bam ] ATP. A two-step procedure was used to remove ATP from
. o

: the acid quenched solution (see Experimental Procedures):

e
IS
T

>

. ) . Y first, treatment with acid-activated charcoal and its subse-
0.0 05 1.0 15 20 0.00 0.02 0.04 0.06 0.08 0.10 guent removal by centrifugation and second, precipitation

Time (s) Time (s) of Pi with acidic molybdate solutiorBg). This allowed the
Ficure 1: Pre-steady-state hydrolysis by &fter fast addition of effective separation of Pi produced from background ATP,
various concentrations of M4TP. (A) The complete time course  \which was typically 106-1000-fold in excess.

up to 2.0 s. Purified Fwas prepared for each MTP condition . L .
as described in Experimental Procedures and diluted A11in Another consideration is the nucleotide occupancy of the

25 mM TES-KOH, 0.244 mM MgS@ and 0.2 mM EDTA at pH enzyme at the beginning of the reaction. ADP bound to all
7.5 at 25°C and loaded into syringe A of the chemical quench three catalytic sites may slow the onset of catalydig),(
instrument. Thef-*PJATP and MgSQ concentrations in syringe  whereas an enzyme completely devoid of nucleotide may
B resulted in the following final [MgATP]: 260 uM Mg-ATP behave differently because the noncatalytic sites will need
(0);106 uM Mg-ATP (®); 62 uM Mg-ATP (O); 29.2uM Mg- ¢ fill bef th | . th | stead
ATP (a); 17.84M Mg-ATP (a); and 4.8uM Mg-ATP (m). The 'O '€l before the complex reacquires the normal steady-
lines show the best fit to each condition based on Reaction Schemestate load of nucleotide. Purifieci was gently treated by

1 and the constants in Table 1. (B) The early time points up to 0.1 passage through two centrifuge columns as described in the

o

iﬂfok%geé‘.'\;' '\("g)'ﬁ_ﬁp (.)'I 2?.-2P‘M M%‘ATPt(A())' 1andf4.8€NM Experimental Procedures to remove the nucleotide from two
g . e early time points up to 0.1 s for P . . . . 3

Mg-ATP (O) and 17.84M Mg-ATP (a). The early time course c_atalytlc sites while leaving nucleotides in the nonca_ltalytlc
for the 260uM Mg-ATP data set is omitted for clarity. sites. An ion exchange HPLC assay (see Experimental

Procedures) was used to determine whether the starting

parameter estimates for the subsequent nonlinear least€NZyme contained 4.% 0.1 bound nucleotides pen,Fof
squares analysis that fit the parameter set to the experimentalVhich 2.9+ 0.1 mol were ATP and 1.3 0.03 mol were
data. The simplex search and least-squares analysis coulf\DP (from three independent determinations). On the basis
not be completed for the most sensitive parameters becaus®f Previous determinations, we assumed that three ATP are
of undefined numbers. In cases where the model fit was N noncatalytic sites and one ADP is in a catalytic site
performed successfully, the deviations of the model curves (48, 49). _ .
from the data were assessed visually and by performing a_ Pre-Steady-State Measurement of ATP Hydrolysis at H!gh
statistical analysis to determine the MSC values of the fits. [Mg*ATP]. The pre-steady-state kinetics of ATP hydrolysis
Other ProceduresExcept where f-PJATP was used, was analyzed to determine the rate constants of the partial

steady-state ATPase activities were determined colorimetri- "€actions of the enzyme in catalytic mode involving the

I iouslv d ibed®). C trati f f rotation of they subunit..The dgta sets and fﬂ'éigure_l, .
;\;/Iagzxr afs;ep;re'&q_; s'\%g :?E,” aend@Mg :S(I;e\r/]vé?éocna;slcala{:s Table 1, and discussed in detail below) show the activation

using the algorithm of Fabiato and Fabiatd5) All of steady-state ATP hydrolysis rates for a range of NigP

chemicals and reagents were of the highest quality available concentrations from 4.8 to 26@.'\/" These data sets are
representative of several experiments repeated at ail Mg

RESULTS ATP concentrations and with several different enzyme
preparations. As can be clearly seen in the faster time frame
Design of Experimental Conditions for Pre-Steady-State (Figure 1B and C, separated into two frames for clarity),
ATP Hydrolysis by E As discussed in the Introduction, ATP hydrolysis occurs with an initial burst within the first
experimental results from several laboratories contribute to 10—20 ms and then enters into the slower steady-state phase.
the hypothesis that ATP hydrolysis is coupledytsubunit (The enzyme enters the steady-state modeit ms under
rotation only at ATP concentrations high enough to occupy all conditions.) The scatter in the data at the early time points
all three catalytic sites. Consequently, the determination of of the higher concentrations (Figure 1B and C) was unavoid-
pre-steady-state kinetics of the rotational catalytic pathway able because of the high background. Despite this limitation,
must be initiated with MEATP concentrations similar to the  the higher quality data for the lower concentrations and for
Kwu for steady-state ATPase activity, that is, in the range of the longer time points of the higher concentrations, allow
10°5-10* M. The true substrate of;Hs Mg-ATP, and us to obtain confident fits including the initial burst of

excess free MY is well known to be inhibitory 46). hydrolysis of MgATP.

Conditions were therefore chosen with an excess of ATP  The number of sites involved in the burst was determined
over total M@", with free Mg" buffered at 50uM. using the individual fits for each condition, back extrapolating

Furthermore, it was necessary to use radioactiv&P]ATP the steady-state rates (from 50 ms onward) to zero time and

because we needed to be able to detect stoichiometricfitting these values to the Michaetid/ienten equation to give

amounts of Pi in the first few turnovers of the enzyme. an active site titration (Figure 2). This analysis gave a
Reaction conditions used for the time course of ATP stoichiometry of 0.5, indicating that one active site per F
hydrolysis given in the legend to Figure 1 and Experimental molecule gives rise to the burst and additionally that the ATP
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Ficure 2: Analysis of the burst of hydrolysis. The active site
titration described in Results was a back extrapolation to zero time
of the steady-state rates for the individual fits to the pre-steady-
state data in Figure 1. The solid line shows the fit to the data using
the Michaelis-Menten equation and gives a stoichiometry of 0.5
sites per - molecule.
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Ficure 3: Titrations to determine the steady-state kinetic constants
of Mg-ATP hydrolysis F; was prepared in the same way as the
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FiIGURE 4: Pre-steady state association of ¥gP and ADP with

the fY331W mutant . The binding of MGATP or ADP to the
BY331W mutant kr was followed by the decrease of tryptophan
fluorescence as previously describ@@,(23). Details are given in
Experimental Procedures for the stopped-flow setup.was
prepared as described in the Experimental Procedures and contained
3.8+ 0.2 mol nucleotide bound per mol.FSyringe A contained

pre-steady-state experiments described in Experimental Proceduresl uM F; in 25 mM TES-KOH, 0.2 mM EDTA, and 0.244 mM

Initial steady-state rates of hydrolysis of MgIrP were measured
over a range of concentrations using3P]JATP and measuring Pi
production. All buffers contained 25 mM TES-KOH, 0.2 mM
EDTA, and 0.244 mM MgS@at pH 7.5 at 25C. ATP, ADP, and

Pi were added in increasing concentrations with additional MgSO
to ensure a final free [Mg] of approximately 50uM for all
conditions. The lines drawn are fits to the data using the Michaelis
Menten equation. (A) @) ATP hydrolysis rates for varying
concentrations of MAATP (1-519 uM). Parameters for the fit:
appareny for ATP = 44.8uM and Vimax = 25.6 s1. (B) ATP

MgSQOy at pH 7.5 at 25C. (A) The ATP and MgS@concentrations
in syringe B resulted in a final free Mg of 50 uM and the
following [Mg-ATP]: 519 uM Mg-ATP; 260 uM Mg-ATP;
104 uM Mg-ATP; 40uM Mg-ATP; 17.3uM Mg-ATP; 10.4uM
Mg-ATP; 4 uM Mg-ATP; and 1uM Mg-ATP. (B) The ADP and
MgSQ, concentrations in syringe B resulted in a final free g
of 49 uM and the following [ADP]: 2000uM ADP; 1000 uM
ADP; 250uM ADP; 100 uM ADP; 20 uM ADP; 10 uM ADP;
and 5uM ADP.

hydrolysis rates measured with increasing concentrations of ADP tg validate model fits to the pre-steady-state rapid kinetic

(#). The [MgATP] was held constant at 106M, ADP was
increased from 0 to 1 mM, and MgQ@as supplemented with
ADP at a constant molar ratio. Parameters for the fitfor ADP
=119uM and ke = 18 s%.

and ADP + Pi bound to the enzyme are carrying out
reversible hydrolysis/synthesis. An appar&ht of 51 uM

data, it was important to determine the steady-state kinetic
constants of MEATP hydrolysis and ADP inhibition under
the same conditions. ThH&y andVnax for Mg-ATP steady-
state hydrolysis were determined from the fit to the data in
Figure 3A. In Figure 3B, thé, for ADP was determined

by measuring the initial rates of M§TP hydrolysis (Mg

was calculated from the steady-state rates in the quench flowATP] = 1054M) under conditions with increasing concen-
instrument, which was essentially the same as the apparentrations of ADP. TheK, for ADP was determined from the

Km of 45 uM for the steady-state hydrolysis of METP

data fit to be 119:M, which is in good agreement with the

determined in hand-mixing measurements under the sameKy value determined from experiments of ADP binding to

conditions (Figure 3A) and by Weber et al. usipg331W
F1 (23, 50). TheseKy values also match thi€, for the third
low affinity site measured in Figure 4A. The agreement of

the SY331W mutant discussed later. The values of steady-
state kinetic constants measured under the conditions stated
here are similar to published values and the steady-state

these values strongly suggests that the pre-steady-state burgtarameters determined in the rapid quench flow experiments.

of hydrolysis is due to the binding of M4TP to the third
catalytic site.

Kinetic Constants Determined for M&TP and ADP under
Conditions Used for Pre-Steady-State Experimdntsrder

Pre-Steady-State Binding of MgTP and MgADP Moni-
tored by Fluorescence Quenching of {f¥331W Mutant.
In order to establish that binding of MTP to the three
catalytic sites occurs with compatible kinetics to the rapid

to ensure the veracity of pre-steady-state experiments andourst of MgATP hydrolysis, the fluorescence quenching of
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the SY331W mutant i (23) was followed in the stopped-  sis/synthesis, and releases from the enzyme in each cycle.
flow spectrometer. The experiments in Figure 4 were Even though these steps occur in different catalytic sites and
performed under the same conditions as those of the quencho different nucleotides, which is an essential aspect of the
flow experiments, and th&Y331W mutant fwas prepared  rotational catalytic mechanism as will be described in the
in the same way as wild-type;Fas described in Experi-  Discussion section, only single nucleotide binding and release
mental Procedures. Again, the nucleotide occupancy of thesteps in each cycle are necessary for the purposes of
enzyme at the beginning of the reaction was important to simulating the kinetic model. As will be described in detail
determine and was measured by the ion exchange HPLCin the following section, we emphasize that both the pre-
assay to be 3.8 0.2 mol nucleotide bound per moh F  steady-state and steady-state data are critical in constraining
(similar to that of the wild-type enzyme). the possible kinetic steps and their values. Initial estimates

The rate of binding of M@ATP to F, under the conditions  of the rate constants for the model were determined as much
used for the quench-flow experiments is very rapid, as canas possible from the experimental results shown above.
be seen from Figure 4A. The fluorescence stopped-flow Importantly, both pre-steady-state and steady-state phases
traces were used to calculate nucleotide occupancy aswere fit by a single kinetic model and set of rate constants.
previously described by Weber et €3]. Second-order fits (i) The described model is a minimal model with the least
of the data indicate that binding to all three catalytic sites is number of steps required to achieve a confident fit. The basic
diffusion-limited (~1 x 10° M~1 s7%). Clearly, the binding  steps of ATP binding, hydrolysis, and Pi and ADP release
of Mg-ATP is not rate limiting to the rest of the reaction. were taken from a scheme used to describe the reaction at a
Using the extent of sites filled at 5 ms, tig/, for rapid single catalytic site, also known as the uni-site conditief (
binding of MgATP to all three sites was approximately 27), although we emphasize that the multisite, steady-state
13 uM in the same low free Mg conditions used in the  kinetics are different from the uni-site reaction. All of the
quench-flow experiments described above. The addition of rate constants used to fit the data in Figure 1 are faster than
higher Mg (up to 0.89 mM free Mg") did not strongly those determined in uni-site condition&5( 52, 56). In
affect the binding affinity (data not shown). The binding addition, a model with only the four uni-site steps was not
stoichiometry was calculated from the extent of quenching adequate to simulate the data. An additional slow step
of AY331W fluorescence, and we note that for the 104 (Scheme 1, Step 3) was required to achieve a good fit to the
Mg-ATP concentration 2.6 sites were filled within the 1 ms data, the position of which in the order of the reaction was
dead time of the instrument. Binding of MTP to the first critical and will be discussed later. This minimal model
site is known to occur with high affinity51, 52). A value uniquely simulates both the pre-steady-state and steady-state
for Kq; of 5 nM was used to fit the M@\TP binding titration phases of hydrolysis.
to a model with three sites of differing affinities, which gives  (ii) The binding of MgGATP was very rapid as determined
the following values:Kg, = 2.4 uM and Kg3 = 44.8 uM. in Figure 4A. Thek,, in the model fits is an apparent binding
This agrees with th&q, = 0.9uM and Ky = 33 uM values constant and is not quite as fast as the diffusion-limited rate
that were previously determined@3, 53). These data greatly  determined from Figure 4A. We hypothesize, and it is shown
strengthen our hypothesis that the initial burst of ATP in our model (discussed below), that this is due to-MGP
hydrolysis is driven by the binding of the nucleotide to the binding at one site and hydrolysis occurring at another site,
third, low affinity catalytic site with &gy for Mg-ATP that requiring transmission of information between the two sites.
is very similar to theky, for steady-state M@\ TP hydrolysis This cooperativity occurs in a finite time and therefore slows
((50) and Figure 3A) and the rotation of thesubunit @4). the apparent binding rate of M§TP in the model. The ratio

A titration with ADP using thesY331W mutant I, under of k_1/ky1 was approximated both from th€é, values and
the same low free MiJ conditions as those of the quench- the Ky value for MgATP calculated from Figures 1, 3A,
flow experiments, was also performed (Figure 4B). Binding and 4A. The close similarity of thKy value for MgGATP
of ADP to the enzyme is rapid, and second-order fits of the hydrolysis and theKys; value indicates that catalysis is
data show that the rate is slightly slower than diffusion triggered by MgATP binding to the third site.
limited (on the order of Ix 10'—1 x 10® M~ s71). Using (iii) The forward and reverse constants for the step of ATP
the extent of sites filled at 5 ms, ti@,, for the rapid binding hydrolysis k2 andk-,) were not constrained in model fitting.
of ADP to all three sites was approximately 12V under The best fits were achieved when the forward and reverse
these conditions. These data could be fit to a model assumingconstants were approximately equal. Even when initial seed

a single class of binding site, withk; for ADP of 80 uM. values were chosen where the two parameters differed, after
This value is used for the initial starting value fors/k_4 in performing the simplex and least-squares minimization with
modeling (Table 1) and is in very good agreement with the high stringency, thé.,/k_, ratio tended toward unity. This
previously reported values of 83 and 10M (54, 55). In is in agreement with the model of Boyer and othe&7){(

addition, it is similar to the, value of 120uM determined see ref2 for a review), indicating that ATP is undergoing
for the inhibition of steady-state hydrolysis due to increasing reversible hydrolysis/synthesis with ADP and Pi at the site
ADP concentrations (Figure 3B). These results indicate that of chemistry. The sensitivity analysis (Table 2, and described
under the conditions used for our experiments, where ADP below) validates this notion in that the ratio of the forward
and free M@* concentrations are low, there is not enough and reverse reactions is a highly sensitive parameter, and
Mg-ADP present to drive the enzyme into a M@P small changes in the ratio greatly decreased the quality of
inhibited form. the fit.

Modeling Data Fits and Simulations of Pre-Steady-State  (iv) As described above, the rate-limiting step (Step 3)
ReactionsOur kinetic model, as shown in Scheme 1, shows was required to account for the observed initial burst of
that a single nucleotide binds, undergoes reversible hydroly-hydrolysis. The seed value for this step was approximated
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by theVmax (25.6 s1) for Mg-ATP under the same conditions
(Figure 3A). This step was not constrained in model fitting,
although it tended not to vary greatly. The order of this
step in the reaction scheme was also directly tested:{see
below for description). This step could only follow hydrolysis

=
(4]

=y
o

(Step 2) and precede Pi release (Step 4). Previously, it has o

been argued that a partial rotation of tlresubunit in ° 5

ATP hydrolysis is associated with the decrease in affinity é

for Pi, allowing Pi release, a major energy yielding step in g 0

hydrolysis (68); reviewed in ref2). The requirement for a - 0.0

slow step in the model, prior to Pi release, further supports ® 1.6

this hypothesis. This rate-limiting step is therefore termed §.

k, . 9 12
(v) One Pi is released per cycle of the enzyme in the e,

o
©

steady-state mode of the model. Pi reledss, is not the
rate-limiting step; therefore, a relatively fast seed value
(compared td,) was used. If it were too slow, there would
be significant product inhibition as the steady-state progresses,
and this is not seen in the data. Also, Pi release is constrained
by the steady-state hydrolysis rate. It has been shown that
Pi does not bind productively to the enzyme in the absence
of the transport sectordand a proton motive forceg, 25, Ficure 5: Comparison of alternate kinetic models. The data points

. ; O ML (®, same as those shown in Figure 1) of the pre-steady-state
28, 30, 59); therefore, an arbitrary slow value of 1 hydrolysis of i at 62uM Mg-ATP final concentration are used to

was used fo_r thé 5 Se_ed value and does not affect progress aitempt fits using alternate kinetic models. (A) The complete time
of the reaction, and in fact, very much smaller values for course upto 2.0 s. (B) The early time points up to 0.1 s. The solid

k-3 did not negatively affect the fitting of the model to the line is the bestfit for our model using the parameters listed in Table

; ; i ; 1 for the 62uM Mg-ATP data set (MSC (see Experimental
data (described further in Sensitivity Analysis below). Procedures fgr defi%ition), 5.5682, 0(.998). (The oth%rs lines

(vi) The rate of ADP bindingk_4, was shown to be rapid  represent the best fits to alternate models as described in detail in

from theSY331W titration in Figure 4B yet was slower than tl'\;]esultts. ITh% dasrtmedkgne é.‘“ﬁ).is the b‘te.St”ﬁttL(’r a '.“O.?e' Iacdki?g
X e e rate-limiting stepk,, which is essentially the uni-site mode
Mg-ATP binding; therefore, the seed value flr, was described elsewher@%, 27) (MSC, 4.40;R?, 0.994). The dot and

slower than the value oky;. The ratio of kis/k-4 was dashed line ¢-+-) is the best fit for a model whete occurs before
approximated from experimentally determined affinities. Step 2, the hydrolysis/synthesis of ATP (MSC, 2.84; 0.964).
The K, APP was determined under the same conditions The dotted line {--) is the best f_lt;or a model where Pi release,
(Figure 3B), and thé&y for ADP was calculated from the ks, oceurs before, (MSC, 3.03;R’, 0.978).

PY331W fitration (Figure 4B, and also reéB®andS3). Using ¢ these data using our model (Scheme 1) is indicated by
these data along with the determined, a seed value was  ihe solid line in Figure 5.

calculated for the dissociation rate constant These values The first model tested was essentially the uni-site model
were consistent with the requirement for a relatively fast rate of catalysis 25, 30), without the rate-limiting stepk,. As

of ADP releaseK;4). Similar to Pi, if the release of either  can be seen from Figure 5B (----), the model cannot simulate
product were too slow or rate limiting the steady-state would the burst of ATP hydrolysis in the pre-steady state. This
slow down because of product inhibition. Clearly, ADP emphasizes the need for a rate-limiting step after hydrolysis
release is not rate limiting in the steady-state conditions in the reaction scheme in order to fit the burst. However, if
shown in Figure 1. k, andk.s, the release of Pi, are combined in a single rate-

(vii) It is important to note that the pre-steady-state and limiting step, the burst can be fit, but the steady state is not
the steady-state phases of hydrolysis are fit using the samdresult not shown). _
rate constants. In addition, excellent fits to the data for a "€ order ofk, within the reaction scheme was also
wide range of substrate concentrations were achieved withVerified using the following two test models: (1) placement
remarkably little variation in the rate constants (Table 1). Of K before Step 2, the hydrolysis/synthesis of ATR-J-

These two facts emphasize the simplicity of the model and ©F (2) placement ok, after Pi release-(--). The first model
generate a high level of confidence in its validity. with k, before Step 2 also cannot account for the burst of

. hydrolysis, and there is actually a slight lag evident in the
(viii) Various alternate models were tested, and the resultsg |y time course of Pi generated (Figure 5B). The second
of the best attainable fits are shown in Figure 5. One model withk, after Pi release can simulate a burst, but the
Stipulation placed on these tests was that the eXperimenta”yburst is too slow and overshoots the data (Figure SB)
determined parameters were not allowed to vary to unrealisticFyrthermore, this model fails to fit the steady-state rate
values. The 62«M Mg-ATP data set was used to fit the (Figure 5A).
alternate models, although other data sets at different Mg~ We also tested a model where the hydrolysis of ATP is
ATP concentrations were also used to validate the resultsirreversible (ndk_,), and Pi releasex.s, is fast. This possible
and ensure that the results were not particular to onereaction scheme would imply that the rate-limitikgstep
condition (results not shown). For comparison, the best fit occurs with hydrolysis of ATP. In this case, the steady-state

0.4

0.0 §
0.00 0.02 0.04 006 0.08 0.10
Time (s)
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rate could be approximated, but the burst could not be fit 10-fold perturbations, the parameters leading up to and
(result not shown). This result was similar to the model where including k, were very sensitive to perturbation. The
k, occurs before the step of chemistry. Our data are thus parameters after the rate-limiting step were almost insensitive
inconsistent with the model of Weber et ab0j, a key to the 2-fold perturbation, with the exception kfs, Pi
element of which is the simultaneous release of phosphaterelease. This shows that the rate of Pi release does affect
with a ki,-driven rotational conformational change. the rate of the reaction.

The fits to a model where the rate-limiting step, is The fact that the rate constants ugkiavere more sensitive
several fold faster thak-, were of good quality; however,  than those after this step gives credence to the fackitiat
the model wherd, is essentially irreversible achieved the the rate-limiting step and emphasizes that its order in the
best fit (Figure 5A and B-{); R* = 0.998; MSC= 5.56). reaction is critical. Significantly, it has the smallest window
In comparison, the quality of the fit wheke andk-, were within which its value can accurately describe the data.
constrained to equal values was much worse (MSE.03; Overall, even the relatively non-sensitive parameters do not
data not shown), and whén,, was large compared witk, tolerate a 10-fold change, which in enzymatic terms is
(e.g., 4-fold greater), the model fit to the data was very poor relatively small. The more sensitive parameters (those
(MSC = 1.56) and resulted in pre-steady-state and steady-occurring before and including,) do not tolerate even a
state rates that were far too slow. Althoughmay not be 2-fold change in the rates, thus giving us a high level of
irreversible, these analyses show that the reverse rate is muclonfidence in our model.
smaller than the forward reaction. This conclusion is
consistent with the observations of single molecule behavior, DISCUSSION
where the rotor very rarely takes a backward s&h 62). o o

In summary, a minimal number of partial reactions provide _1Nhe pre-steady-state kinetics of ATP binding and hydroly-
an excellent it to the pre-steady-state and steady-state dataSis Of the Fi-ATPase in the rotational catalytic mode have
We emphasize that the order of the partial reaction stepsbeen determined for the first time. A.hlgh concentration of
shown in Scheme 1 is a unique solution to all of the data M3-ATP was used to start the reaction in order to fill all
and is consistent with observations in the literature. three catalytic sites, which was required to achieve full

Sensitiity Analysis. The sensitivity of each of the rate Promotion of ATP hydrolytic activity and to efficiently
constants was determined (as described in ExperimentalcoupleV s_ubunlt rotation to.hydroly3|s for the reasons already
Procedures) as a means to analyze which constants ar@utlined in the .Introductlon. Experimental results from
important for fitting the model to the data and determining several Iaborat'orles were taken together to conclude that Mg
the rate of the reaction. Each of the constants was perturbedATP was required at high enough concentratier1@° M)
one at a time (except where noted), and the new set ofto occupy the Io_w aff|n|_ty site in or_der for the enzyme to
parameters was refined using the simplex technigue to locateENter a cooperative rotational catalytic mode. The data clearly
a region of minima. Following the parameter refinement, the showed that upon rapid mixing of the enzyme with high
nonlinear least-squares minimization algorithm was per- concentrations of M@ATP, it immediatelyentered into a
formed to finalize the model fit. The fit was analyzed rotational catalysis mode.
statistically to determine the MSC value, which is the most  In multisite catalysis, all of the rate constants are much
sensitive way to evaluate the goodness-of-fit of the model faster than those determined for uni-site conditions, and an
using the new parameter set. Although an infrequent occur-additional rate-limiting step must be added, which comes
rence, model fits to the data that changed experimentally prior to Pi and ADP release (see Results and B&s27,
verified parameters to unrealistic values were considered badb8, and63). The faster rate constants necessitated the use of
fits. millisecond mixing, which was apparent from the time course

Table 2 shows the results of the analysis. A 10-fold Of hydrolysis shown in Figure 1B and C. Resolution of the
increase or decrease of each parameter individually, up toburst of ATP hydrolysis provided constraints that were
and including the rate-limiting stefx,), was a perturbation critical in defining the kinetic model and rate constants of
not tolerated by the model. A change of 10-fold of those the partial reactions. Importantly, the same kinetic model
rate constants occurring after the rate-limiting step in the and rate constants could be used to fit and simulate both
reaction was not as detrimental to achieving a fit, although pre-steady state and steady-state phases accurtttely, we
the quality of the fits were substantially decreased. The found that it wasvalid to use the pre-steady-state rate
exception was_s, Pi binding, which was almost unaffected. constants to describe partial reaction rates in the steady
This is consistent with previous studies that show Pi does state.A variety of models were tested systematically, and a
not bind in a productive manner in the absence of a proton unique solution was found that was able to fit all of the data
motive force and the & sector, that is, that Pi release is from a wide range of substrate concentrations. Furthermore,
essentially an irreversible reaction in the hydrolysis mode. the kinetic model presented in this article is consistent with
A 10-fold increase or decreaselof, andk_, together, thus ~ important properties of the enzyme characterized in previous
retaining the ratio between ATP hydrolysis and synthesis, publications (reviewed in re2).
failed to fit. Although the change in thle,, and k-, rates Several lines of evidence indicate that M@P inhibition
was more sensitive than any of the other constants occurringis not observed in the pre-steady-state hydrolysis data
afterk,, it was not as sensitive as forcing the ATP hydrolysis/ presented here. First, the active site titration of the pre-steady-
synthesis ratioK,, away from unity. state burst shows that the enzyme is essentially 100% active

In order to establish a more rigorous criterion for sensitiv- with one site per F molecule carrying out reversible
ity, the analysis was performed once more, but with a 2-fold hydrolysis/synthesis of ATP immediately after rapid mixing
increase or decrease of the parameter values. Similar to thewith the substrate. Second, the kinetics of the longer steady-



8794 Biochemistry, Vol. 46, No. 30, 2007 Baylis Scanlon et al.

state hand-mixing measurements were the same as the steadpreceded,, or ki3 was much faster, failed to give satisfac-
state kinetics of the rapid-mixing experiments. The data could tory fits to either the pre-steady-state or steady-state phases.
not be fit if the rate constant for ADP release was slower, Consistent with this conclusion, Masaike et(&B) detected
as shown by the sensitivity analysis. Finally, a single set of an ATP-dependent fluorescence intensity change of a tryp-
rate constants would not be adequate to describe both theophan near the catalytic site, which indicated a conforma-
pre-steady-state and steady-state data if there was a convetional shift. The fluorescence changed with a rate slower than
sion between the M@\DP-inhibited and -uninhibited forms  that of nucleotide binding but occurred with the same kinetics
of the enzyme. as that of Pi release. Previously, we presented an extensive
The experimentally demonstrated reaction sequence andArrhenius analysis of steady-state data oftMet23 to Lys
kinetic rate constants were incorporated into a rotational mutant enzyme, which perturbed the interactions between
catalytic model shown in graphical form in Figure 6. the statop and rotory subunits §8). Our results suggested
Although the same rate constants were used to describe bottthat the rate-limiting transition state occurred durngubunit
the pre-steady state and the steady state, the first cycle igotation between hydrolysis and release of Pi, and we now
presented separately from the subsequent steady-state cyclggesent pre-steady-state kinetic data that show that the
because two ATP and one ADP are bound rather than theconformational change must occur after hydrolysis. Taken
one ATP and two ADPF Pi bound in the steady-state mode together, itis clear that the rate-limiting transition state occurs

(see below). Rapid addition of M§TP to the enzyme shows

during the 40 partial rotation observed by Shimbakuro et

that the substrate associates with all three sites in a diffusion-al. (64), which we now calk,. It is likely thatk, involves

limited manner (Figure 4). Binding of the higher MgrP
concentrations to the catalytic sites of {f¢331W enzyme

several partial reactions, but the chemical approach used in
this article cannot distinguish these steps, and modeling the

in the fluorescence stopped-flow traces shows that the initial step as a single rate constant is sufficient for the purposes

binding is completed within the 1 ms dead time of the

instrument. This is faster than the calculated rate constant

for binding, k1, determined from the model fits (see Table
1).

The slightly slower than expectdd,; probably reflects
the partial rotation that takes place to g4t in a state that

of fitting the kinetic data.

Furthermore, the data presented show khaind Pi release
are essentially irreversible because it is likely that they are
the major energy-producing steps of the hydrolysis pathway.
This is in agreement with experimental evidence in the
synthesis direction, where an input of energy from the proton

undergoes reversible hydrolysis/synthesis. Previous kineticmotive force is required for Pi binding8). This is also in

analysis of the submillisecond rotational behavior of single
molecules resolved a brief pausejirsubunit rotation that
defined two partial rotation step24, 64). The first substep,
corresponding to the 8Qotation 64), occurred in an ATP

agreement with the rotational behavior of, Rvhich is
observed not to reverse the direction of rotation in the
presence of high M@\TP concentrationss({l, 69). The model
indicates thay subunit rotation, in the direction of hydroly-

dependent manner and was assigned to ATP binding. In thesis, drives the conformational change, which leads to a

pre-steady-state cycle (shown in the top two rows of

decrease in affinity for Pi and converts thig conformation

Figure 6), we hypothesize a sequential cooperative bindingto jg, allowing the release of products. Depicted in the first

of ATP. In our model, ATP binding to the third sit@k,
drives the partial 80y subunit rotation and forces the change
of the e conformer (red) into the half-close@{c, purple)
conformer, which was structurally observed by Menz et al.
(65) and incorporated into a catalytic model by Senior et al.
(4). In the hydrolysis direction, this partial rotation is not a
rate-limiting step, but it activates th#&p site by putting it

in a conformation that can carry out reversible hydrolysis/
synthesisk;./k_,. The similar value for th&y of Mg-ATP
binding to the low affinity site and thKy for the extent of
the burst of MGATP hydrolysis (Figures 1 and 2) support
this notion, as does the fact that ATP hydrolysis is clearly
not rate limiting to the reaction (Figure 1B and C, and
Table 1). In addition, the ratio of ATP hydrolysis/synthesis
rates K;) at the active site was found to be close to unity in
the rotational catalytic mode, similar to the uni-site mode of

cycle of the model (Figure 6, asterisk at the fikst), there

is no Pi released because jyofotation because there is no
Pi in the fpp site from a previous cycle of hydrolysis. Mg
ATP binds to the newly vacatei to trigger the next round

of hydrolysis. We also note that product release, either Pi or
ADP, cannot be rate limiting, otherwise a product bound
form of the enzyme would accumulate during the steady
state, slowing down the steady-state rate.

One catalytically competent site is expected on the basis
of the many uni-site studies that have unequivocally estab-
lished that a catalytically active, high affinity site is available
for ATP binding and hydrolysis. In the pre-steady state and
steady state, our data (Figure 1) show that only one site is
hydrolyzing ATP per cycle. However, earlier reports have
hinted that a second site is catalytically competent. A second
site was implied by the X-ray crystallographic structure of

the enzyme, and consistent with the binding change mech-bovine R obtained in the presence of ADP and AlFby

anism of Boyer §6, 67). In the synthesis direction, we

Menz et al. 65). In this structure, the two catalytic sites in

hypothesize that the partial rotation is the energy-requiring the Stp and Spp subunits had very similar conformations,

step that changes the conformational state ffmto [,
thus decreasing the affinity for ATP and allowing its release
from the enzyme§59).

We needed to add a kinetic stdp, to account for the
burst of ATP hydrolysis. Moreover, to simulate both the pre-
steady state and steady-state phases of the Hataust
follow hydrolysis and precede the release ofi®s, Models
in which k, andk,; were combined into the same stép;

and both had ADRAIF,~ bound. Similarly, Nadanaciva et
al. (70) found that two of theE. coli F; catalytic sites could
attain transition state conformations using MBP plus
fluoroscandium. In addition, Weber et alf1), using the
BF148W mutant, whose fluorescence differentiates between
bound ADP and ATP, found one mole of ATP and two moles
of ADP were bound in conditions of maximal ATPase rates.
The only model consistent with all of these results is that
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Ficure 6: Graphical representation of the rotational catalytic pathway from pre-steady state into steady-state hydrolysis. The three site
rotational reaction scheme is depicted for theeRzyme in the hydrolysis mode of catalysis. The model is discussed in detail in the text.

The relative arrangement of thlesubunit conformations are as viewed from the top of the complex toward the membrane. The three site
conformationsfpp (green),Btp (yellow), andfe (red) are as presented by Abrahams et&)l. §ndyc (purple) refers to the half-closed
intermediate conformation structure described by Menz e68).dnd incorporated into a mechanistic model gfrGtational catalysis by

others (e.g., Senior et al.; réj. In the starting conformation (upper left), the exact conformation of the initial state of the enzyme is rather
ambiguous; therefore, dashed lines are used to indicate the likely conformations. The noneasijtimits are omitted for clarity. The

central asymmetric shape represents the position of thebunit during the course of catalysis. The intermediate rotation ©a80 the
completion of rotation to the next 12@osition correspond to the observed dwell positia2d 64). The brackets on the left indicate the

mode of kinetics corresponding to the data presented in this article. The steps of the first cycle responsible for the pre-steady-state kinetics
are represented by the top two rows. The burst of hydrolysis occurs through the relatively rapid bindikg:$teptiie step of chemistry

(k+2). The binding of two ATP tg3tp and e only occurs in the first turnover, and the asterisk for the firstindicates that there is no Pi

to release in the pre-steady state. In the steady state (surrounding the circular blue arrows in the third and fourth rows), only one ATP binds
per cycle to thefe site. We also note that thérp site does not hydrolyze bound ATP unless ATP is also bound tg¢hsite, thus
converting it to theB,c conformation (betweek; andky). The position of they subunit is offset 120for each cycle in the steady-state

mode of the enzyme. The rate-limiting transition state for pre- and steady-state catalysis as described in Al-Sh&8) ahdlNakamoto

et al. @) occurs during the, rotation step.

one site is in the process of hydrolyzing ATP and the other chemistry. Such models do not account for the cooperativity
is holding ADP+ Pi that was produced in the previous cycle. of the three sites or the average occupancy of the sites, almost
In this caseftp must be the site of catalysis. This conclusion three, in steady-state conditior3]. The sequence order of

is in contrast to other models including those of Menz et al. § subunit conformations through a rotation cycle in the
(65) and Senior et al.4) that suggest thaipe is the site of direction of hydrolysis ie-uc-fre-for; therefore, the site
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of catalysis cannot b@pp; otherwise, there would be two
sites containing ATP and one site with ADP. It was
previously hypothesized that sitpr also has bound Pi on
the basis of the apparent positive cooperativity of phosphate
in the activation of ATP synthesi$®). ATP synthesis has

a sigmoidal dependence upon Pi concentration with a Hill
coefficient close to 2, suggesting that there are two molecules
of Pi bound during steady-state ATP synthesis. We hypoth-

esized earlier that the conserved and essential amino acid 12-

aArg376 (22) plays the critical role of retaining product Pi
in the catalytic site until it is released as g is converting

to the S site. These results suggest that Pi is released from 13.

Boe; therefore, it follows that Pi is not released until the cycle

after which it was produced. In this manner, we suggest that 1,4

the enzyme is able to utilize the binding energy of Pi to
maintain efficient coupling between catalysis and rotation.
The order of the partial reactions presented above provides
us with a framework to understand howA&TPase maintains
coupling between catalysis and rotation. The enzyme requires

that the rate-limiting stepk,, occurs after the reversible 16.

hydrolysis/synthesis reaction and prior to Pi release. Clearly,
if Pi is released without coupling to rotation, coupling

efficiency decreases. This is the case with the replacement 17.

of the conserved subunit Met23 with Lys. The mutant
enzyme allows a pathway where Pi can be released without

rotation 68). This same mutant enzyme also had a higher 18.

Ku for Pi in ATP synthesis, which implied that the
perturbation of the interaction betweenand 8 subunits
blocked the ability of the catalytic site to achieve the proper
conformation for binding Pi. Furthermore, an Arrhenius
analysis of the mutant enzyme showed that the amino acid
replacement directly affected the rate-limiting transition state
of steady-state ATP hydrolysid¥). Taken together, our
analyses show that the; Fenzyme maintains efficient
coupling by requiring that Pi can only be released after the
rate-limiting 40 rotation stepk,.
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