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The F0F1-ATP synthase couples the functions of H� trans-
port and ATP synthesis/hydrolysis through the efficient
transmission of energy mediated by rotation of the centrally
located �, �, and c subunits. To understand the � subunit role
in the catalytic mechanism, we previously determined the
partial rate constants and devised aminimal kineticmodel for
the rotational hydrolytic mode of the F1-ATPase enzyme that
uniquely fits the pre-steady state and steady state data (Baylis
Scanlon, J. A., Al-Shawi, M. K., Le, N. P., and Nakamoto, R. K.
(2007)Biochemistry 46, 8785–8797). Here we directly test the
model using two single cysteine mutants, �D380C and
�E381C, which can be used to reversibly inhibit rotation
upon formation of a cross-link with the conserved �Cys-87.
In the pre-steady state, the �-� cross-linked enzyme at high
Mg�ATP conditions retained the burst of hydrolysis but was
not able to release Pi. These data show that the rate-limiting
rotation step, k�, occurs after hydrolysis and before Pi release.
This analysis provides additional insights into how the
enzyme achieves efficient coupling and implicates the �Glu-
381 residue for proper formation of the rate-limiting transi-
tion state involving � subunit rotation.

The F0F1-ATP synthase, located in energy-transducing
membranes, utilizes the electrochemical gradient ofH� orNa�

to synthesize ATP from ADP and Pi. Under anaerobic condi-
tions, the bacterial enzyme can function as an ATPase, coupled
to pump protons across the membrane to generate a ��H�.
Proton transport is mediated by the membrane-embedded F0
sector (ab2c10) and is separated by a distance greater than 120Å
from the three catalytic sites where ATP hydrolysis/synthesis
occurs on the membrane extrinsic F1 segment (�3�3���) (for
reviews see Refs. 1–5). This distance indicates a complicated
mechanism for effectual, efficient transmission between the
two disparate functions. It is now well established that the
enzyme functions as a molecular motor (6–8), transmitting
energy between F1 and F0 through rotation of the central
stalk subunits, �, �, and the ring of c subunits (for reviews see
Refs. 9, 10).

The F1 complex can be reversibly stripped from the mem-
brane and functions as a soluble ATPase. In describing the first
high resolution x-ray structure, Abrahams et al. (11) named
each catalytic � subunit for the nucleotide bound at that site as
follows: �TP for the ATP analog AMPPNP,2 �DP for ADP-
bound, and the structurally open �E empty site (Fig. 1). The
three sites have vastly differing affinities for Mg�ATP (12), Kd1 �
10�10, Kd2 � 10�6, and Kd3 � 10�4 M�1, exhibiting negative
cooperativity in nucleotide binding. At low substoichiometric
Mg�ATP concentrations, characteristics of the basic catalytic
reaction have been elucidated in unisite catalytic conditions
(13, 14). At higher substrate concentrations, the enzyme enters
the multisite hydrolysis mode, which is 105–106 times faster
than unisite catalysis because of the high positive cooperativity
among the sites with respect to promotion of catalysis (15–17).
The Kd value for the binding of Mg�ATP to the low affinity
catalytic site (12) matches the Km value for Mg�ATP hydrolysis
(18, 19) and the Km value for rotation in the direct observation
of single F1 molecules (20). Rotational catalysis requires the
concerted, sequential participation of all three catalytic sites as
they pass through the three different conformations (18, 21,
22). For these reasons, we have argued (23) that reversible
hydrolysis/synthesis of ATP occurs in the �TP site, and product
Pi and ADP are released after the site converts from �DP to �E
(18). Further evidence using fluorescence resonance energy
transfer confirmed that the �TP site is the high affinity site (24).
Single molecule experiments have observed that each major

120° step in� subunit rotation occurs in two substeps as follows:
the 80° substep that is dependent on Mg�ATP concentration,
followed by a 40° substep that is not affected by Mg�ATP con-
centration (25). Attempts to elucidate the role of rotation in the
enzymatic mechanism using the single molecule approach
include analysis of � subunit substeps (20, 25) and concurrent
visualization of the binding and release of fluorescent nucleo-
tide (26). However, the structural and mechanistic coordina-
tion of � subunit rotation and the kinetics of the elemental
chemical hydrolysis reaction steps cannot be delineated by
these studies, and the chemomechanical coupling of the
enzyme remains not fully understood.
Using pre-steady state analysis, we recently determined the

partial reactions of the multisite ATPase hydrolytic pathway
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and that the rate-limiting step occurs after the reversible
hydrolysis/synthesis step and just prior to release of Pi (18).
Scheme 1 adequately describes the multisite kinetic pathway
(18):
We conjectured that the rate-limiting step involves the 40°

rotation, and therefore we called it k�. The pre-steady state
kinetics of this step were critical in allowing us to determine its
order in the reaction scheme, which provided tremendous
insight into the rotational catalytic mechanism. Even though
we could directly determine several of the partial reaction rate
constants, assignment of k� to the rotation step in the pre-
steady state was not confirmed.
In this study we test our model that the rate-limiting step k�

involves rotation of the � subunit. To assay the rotation steps,
we decided to use a rotor-stator, � subunit to � subunit, disul-
fide bond, with the premise that a cross-link would block rota-
tion and therefore stop the partial reactions involving rotation.
Such disulfides have been previously observed between the
native Cys at position 87 in the Escherichia coli � subunit and
Cys substitutions in the conserved 380�DELSEED386 motif,
either at �Asp-380 (27) or �Glu-381 (28) (Fig. 1). For example,
Garcia and Capaldi (29) reported that the �-�-cross-linked F1
had nearly normal unisite kinetic behavior demonstrating that
unisite catalysis is independent of the � subunit rotation. We
reasoned that cross-linking the rotor to the stator would lock
the position, or at least greatly restrict the rotation of the �
subunit, and therefore prevent the kinetic steps that require
rotation.We report here that our data do indeed show this to be
the case. Preventing the rotation results in a slower pre-steady
state burst of ATP hydrolysis and blocks the release of Pi. These
data are consistent with the functional assignments of the cat-
alytic siteswhere�TP is the high affinity site carrying out revers-
ible hydrolysis/synthesis, and �DP is the site from which prod-
uct Pi and ADP are released after it converts to �E (18).We also
found that mild perturbations of the �DELSEED function by
�E381C causes uncoupling of catalysis and rotation by affecting
the establishment of the optimal catalytic conformation result-
ing in a bypass in the reaction pathway. In the alternative path-
way, � subunit rotation becomes disengaged from hydrolysis
thus perturbing its ability to pump protons.
Evidence presented in this study suggests the 40° rotation is

associated with k�, and the enzyme needs to acquire the con-
formation after the 80° rotation substep to achieve positive
cooperativity for the promotion of catalysis.

EXPERIMENTAL PROCEDURES

F0F1 Strains and Plasmids—The single cysteine mutations
(�D380C and �E381C) were introduced into plasmid pU�SE
derived from a modified pUC18 vector containing a portion of
uncD (�-subunit gene) between SacI and Eco47III restriction
sites (30). Site-directed mutagenesis was performed with the
QuickChange kit from Stratagene (La Jolla, CA), using the fol-
lowing primers: �E381C, 5�-CTGAAAGACATCATCGCCA-

CCCTGGGTATGGATTGCCTTTCTGAAGAAGACAAAC-
TGGTGG-3�, and �D380C, 5�-CGCCATCCTGGGTATGTG-
TGAACTTTCTGAAGAAGACAAACTGG-3� (where the
underlined letters show the converted � subunit codons
GAA3TGC and GAT3TGT, respectively). Both mutations
were isolated on the SacI to Eco47III fragment and ligated indi-
vidually into the high copy number plasmid pBWU13 (31). Col-
onies were screened for the insert with a PCR approach using
Taq Master Mix (Qiagen, Valencia, CA). Introduction of each
mutation in the expression plasmid was verified by DNA
sequencing. Mutant F0F1 complexes were expressed in the atp
operon-deleted strain, DK8 (32).
The amino-terminal polyhistidine-tagged � subunit (His-�

was expressed in E. coli strain BL21(DE3)pLysS (33) and puri-
fied as described previously (18). All molecular biology manip-
ulations were done according tomanufacturers’ instructions or
according to procedures described in Sambrook et al. (34).
Preparation and Characterization of Mutant F0F1 En-

zymes—Oxidative phosphorylation-dependent growth of
mutant strains was determined onminimal definedmedia con-
taining 0.2% sodium succinate as a sole carbon source (31, 35).
Membrane vesicles containing F0F1 were prepared as

described previously (36) from cells grown to mid-log phase in
aminimal saltmedium supplementedwith 1.1% glucose, amino
acids, thiamine, and 50 �g/ml ampicillin at 37 °C (31). F1
expression levels in the membrane preparations were analyzed
using a quantitative immunoblot assay using polyclonal anti-
bodies against E. coli F1 � subunits (kindly provided byDr. Alan
Senior, University of Rochester). Purified F1 was used as a
standard as described previously (37). The formation of ATP-
or NADH-dependent electrochemical gradients of protons
across inside-out inner membrane vesicles was assessed by
monitoring acridine orange fluorescence quenching at 530 nm
as described previously (31, 38).
Preparation of F1 Enzymes—Cells for F1 purification were

grown at 37 °C in minimal media supplemented with 1.1% glu-
cose, amino acids, thiamine, and 50 �g/ml ampicillin. F1 was
isolated and purified as described (14). The purity and subunit
composition of F1 preparations were checked by SDS-PAGE
analysis (39) and by comparison of steady state ATP hydrolysis
rates with those reported previously (28, 33, 40).
Cross-linking of F1 Mutants—The �D380C mutant F1 was

cross-linked by reacting with 5,5�-dithiobis-(2-nitrobenzoate)
(DTNB) based on conditions described previously (40). The
enzymewas thawed and stored at room temperature, diluted to
�2.5 mg/ml, treated with 1mM tris(2-carboxyethyl) phosphine
hydrochloride (TCEP) for 20min, and then passed over a Seph-
adex G-50 centrifuge column (41) to remove TCEP and nucle-
otides and to exchange the buffer into Buffer 1 (25 mM TES-
KOH, pH 8.0, 1 mM MgSO4, 10% glycerol). Mutant F1 was
incubated with 2.5 �M DTNB for 1 h to induce cross-linking.
After incubation, the enzyme was again passed over a centri-
fuge column to remove oxidizing reagent and exchange the
buffer intoBuffer 2 (25mMTES-KOH, 0.244mMMgCl2, 0.2mM
EDTA, pH 7.5, at 25 °C) in preparation for pre-steady state
measurements. The �E381C mutant was treated in the same
manner as the�D380Cmutant, but to induce the�-� cross-link
50 �M CuCl2 was used for 1 h (29). Incubation with DTNB or
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CuCl2 overnight did not significantly increase cross-linking
efficiency nor affect ATPase activity of wild-type F1. Interest-
ingly, neither mutant F1 achieved amaximal cross-linking yield
when treated with the oxidizing reagent optimized for the
other.
Pre-steady State Multisite Hydrolysis of ATP—[�-32P]ATP

hydrolysis was measured in the millisecond time range using a
Kintek RQF-3 rapid quench-flow apparatus (Austin, TX) with
circulating water temperature control. The uncross-linked F1
was prepared for pre-steady state experiments by removing
bound nucleotides and exchanging the enzyme into Buffer 2 as
described previously (18).
In the rapid mixing device (1:1 mixing volume ratio), syringe

A contained purified F1 (with an additional equimolar concen-
tration of � subunit) (18) in Buffer 2, and syringe B contained 25
mM TES-KOH, 0.2 mM EDTA, 0.5 mM [�-32P]ATP, and 0.46
mMMgSO4, pH7.5, at 25 °C, resulting in final concentrations of
104 and 50 �M for Mg�ATP and free Mg2�, respectively. The
samples were processed according to the two-step procedure
described previously (18) to minimize the background due to
the high concentration of [�-32P]ATP in the experiments. The
amount of 32Pi generated was determined by Cerenkov count-
ing in 0.2 M Tris base.
Unisite Binding and Hydrolysis of ATP—F1 was prepared as

described above for the pre-steady state multisite experiments
except that the final centrifuge column was equilibrated with
unisite buffer (50 mM Tris base, 50 mM MOPS, 4.5 mM K2SO4
and 0.5 mM MgSO4 adjusted to pH 7.5 with H2SO4). Reactions
were performed at 23 °C and were initiated by adding 15 �l of
[�-32P]ATP to F1 while rapidly mixing. The final molar mix
ratio of ATP to F1 was �0.1. The reactions were quenched at
varying times with 550 �l of 50 mM Tris-SO4, pH 8.0, 1 mM
KH2PO4, 4.5 mM ATP, 2.8 mM MgSO4, 8.2% v/v HClO4. The
total 32Pi generated was determined by the acid molybdate pre-
cipitation method of Sugino and Miyoshi (42) and Cerenkov
counting in 15 ml of 0.2 M Tris base. The rate of [�-32P]ATP
bindingwasmeasured by the hexokinase trapmethodmodified
slightly from that described previously (29, 43). Briefly, the
unisite reactions were started as described above, but at times
shown 200 �l of hexokinase solution (unisite buffer with 2
mg/ml hexokinase (purified from Baker’s yeast at �170 units/
mg), 4.4 mg/ml glucose, and an extra 2.5 mM MgSO4) were
added, and the reaction was allowed to proceed for 10 s before
quenching with 2 N HCl containing 1 mM Pi. Samples were
boiled for 7 min to hydrolyze the unreacted [�-32P]ATP, and
the 32Pi was removed by acid molybdate precipitation. The
amount of glucose 6-[32P]phosphate formed was determined
by measuring the radioactivity of the supernatant by Cerenkov
counting in Tris base.
Pre-steady State Pi Release—Pi release was followed by the

fluorescence intensity change of (7-diethylamino-3-((((2-male-
imidyl)ethyl)amino)carbonyl) coumarin)-labeled phosphate-
binding protein (MDCC-PBP (44, 45)). Phosphate-binding pro-
tein was expressed from E. coli strain ANCC75 (leu purE trp his
argG strA phoS64 met thi) harboring plasmid pSN5182/7
(kindly provided by Dr.MartinWebb,MRC,Mill Hill, London,
UK) and prepared as described previously (45). Unreacted label
was separated from MDCC-PBP by passage over a PD-10

desalting column (all chromatography materials were from
AmershamBiosciences). Unlabeled phosphate-binding protein
and Pi-insensitiveMDCC-PBPwere removed by passage over a
Q-Sepharose column and aMono-Q column, respectively (45).
The final preparation had a 12–15-fold increase in fluorescence
at 465 nm on binding Pi, indicating that the protein was largely
Pi-free.
Removal of contaminating inorganic phosphate from buff-

ers, the final enzyme preparation, and the stopped-flow spec-
trometer required a “Pi mop,” assembled as described by Nixon
et al. (46). The Pi mop sequesters Pi into the stable ribose
5-phosphate molecule through a coupled enzyme system. Bac-
terial purine nucleoside phosphorylase and 7-methylguanosine
converts phosphate and ribose to ribose 1-phosphate, which is
then modified by phosphodeoxyribomutase (PDRM) in the
presence of MnCl2 and �-D-glucose 1,6-bisphosphate to form
the stable ribose 5-phosphate.
Purine nucleoside phosphorylase, 7-methylguanosine, and

�-D-glucose 1,6-bisphosphate were purchased from Sigma.
Purified PDRMwas made by amplifying the E. coli PDRM gene
from strain XL1 blue genomic DNA by PCR using primers 5�-
ACTCCATGGAACGTGCATTTATTATGGTTCTGGACT-
CATTCGG-3� and 5�-ATGCTCGAGTCAGAACATTTGCT-
TTGCCATATTCCATATCAG-3�. The primers included an
NcoI site over the ATG start codon and an XhoI site down-
stream of the native stop codon (the restriction sites are
depicted by the underscored sequences). The open reading
frame was verified by sequencing the entire insert, which was
then ligated into the pHIS-Parallel1 vector (47) and used for
expression in BL21(DE3) cells (Invitrogen). The PDRMprotein
was purified from cell lysates via an amino-terminal His6 affin-
ity tag.
The kinetics of Pi release were followed in an Applied Pho-

tophysics SX.18MV-R stopped-flow spectrometer (Surrey,
UK). The fluorescence change ofMDCC-PBPwasmonitored at
the excitation wavelength of 425 nm with a 455-nm emission
cutoff filter. The syringe contents, listed in the figure legends,
were essentially the same as for the rapid quench flow experi-
ments except for the lack of radioactivity and the addition of 20
�M MDCC-PBP. The Pi binding response of MDCC-PBP fluo-
rescence was calibrated using known Pi concentrations in the
stopped flow at fixed photomultiplier voltage.
Kinetic Analysis—The experimental data fitting program,

Scientist version 2.0 (Micromath Research, Inc., St. Louis), was
used to fit the experimental data by numerical integration of
differential equations described in detail previously (18). The
calculated rate constants were evaluated based on the least
squares regression value, R2, and model selection criteria) (see
Ref. 48 and Baylis Scanlon et al. (18)) values from statistical
analyses performed to determine the goodness-of-fit.
General Methods and Materials—Except where [�-32P]ATP

was used, steady state ATPase activities were determined as
described previously (37) using the Taussky and Shorr colori-
metricmethod (49). The nucleotide content of cross-linked and
uncross-linked F1 was determined by an ion exchange high
pressure liquid chromatography assay using a Titansphere
TiO2 column (Alltech Assoc., Deerfield, IL) as described previ-
ously (18). Protein concentrations were determined using the
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method of Lowry et al. (50) and in most instances cross-
checked by the Amido Black protein assay (51). The algorithm
of Fabiato and Fabiato (52) was used to determine the concen-
trations of Mg�ATP and free Mg2�. Gel electrophoresis was
performed according to Laemmli (39) using the NuPAGE gel
system (Invitrogen) and Tris/glycine 4–12% gradient gels.
[�-32P]ATP was purchased from GE Biosciences. All other
chemicals were the highest grade commercially available.

RESULTS

Characterization of Cys Mutants and Cross-linked En-
zymes—It was previously shown that a disulfide bond can be
induced between the native � subunit Cys-87 and a Cys substi-

tution in place of either � subunit Asp-380 (27, 40) or Glu-381
(28) (Fig. 1). The � subunit residues are part of the conserved
380�DELSEED386 motif, the loop near the carboxyl terminus
that interacts directly with the � subunit which, in part, estab-
lishes the conformational asymmetry of the catalytic sites dur-
ing the course of rotational catalysis (53). Perturbations of
the �-� interaction affect steady state catalysis as well as
coupling efficiency between ATP hydrolysis/synthesis and
rotation (37, 54).
Growth yields of �E381C and �D380C mutant strains on

minimally defined solid medium, with sodium succinate as the
sole carbon source, were similar to wild type, indicating func-
tional F0F1 enzymes competent enough to achieve net synthesis
of ATP by oxidative phosphorylation. The expression levels of
�E381C and �D380C F0F1 complexes in the inner membranes
were measured quantitatively by immunoblot and were similar
towild-type F0F1 expression (Table 1). The steady state ATPase
activities of F0F1-containing membranes of both mutants were
also comparable with wild type (Table 1). Proton pumping of
mutant F0F1 into inside-out innermembraneswasmeasured by
acridine orange fluorescence quenching and is shown in Fig. 2.
The NADH-driven �pH for �E381C and �D380C membranes
were similar to wild type (Fig. 2A) indicating the membranes
from the mutant strains were not intrinsically more permeable
to protons than wild-type membranes. This assay verifies that
mutant F1 binds to F0 and is stable but is also used to determine
the quality of themembrane preparations as a control for ATP-
driven�pH. ATP-driven fluorescence quenching was only 25%
for the�E381Cmembranes comparedwith 85 and 82% for wild
type and �D380C, respectively. The �E381C mutant is able to
sustain growth on succinate because its proton pumping ability,
although impaired, is not completely abolished. The reduced
ability of the �E381Cmutant to form an ATP-driven pH gradi-
ent, despite similar expression level andATPase activity to wild
type, indicates that catalysis and transport are not efficiently
coupled in this mutant. In contrast, the �D380C mutant
enzyme is functionally similar to wild type in H� pumping abil-
ity, and appears to have well coupled catalysis and transport.

FIGURE 1. The 380�DELSEED386 motifs relative to the catalytic sites. Two of
the � subunit conformers, �DP (red) and �E (blue), and the coiled-coil region of
the � subunit (space-filling representation) from the x-ray structure of Abra-
hams et al. (69) are shown. ADP bound to �DP is shown in the space-filling
model (cyan arrow). �Asp-380 and �Glu-381 (E. coli numbering) are shown in
green space-filling representation near the “bottom” of the � subunits in the
�DELSEED loop. �Cys-87 is indicated by the yellow arrow.

TABLE 1
ATP hydrolysis activities of membranes containing F0F1 and purified F1 before and after induction of the �-� cross-link by oxidizing reagent
Conditions of assays are as described under “Experimental Procedures.”

Mutation F0F1 expressiona

ATP hydrolysisa

Membranesb
Isolated F1

Untreatedc After induction of
�-� cross-linkc,d

After treatment
with 20 mM DTTc

Untreated
Km

e
Untreated
kcat/Km

e

% �mol Pi/min/mg s�1 s�1 s�1 �M s�1 M1

Wild type 12 � 3 8.0 � 0.9 95 � 3 NDf NDf 45 5.9 � 105
�E381C 20 � 4 8.0 � 1.9 120 � 4 4.0 � 0.9g 130 � 2 42 1.0 � 106
�D380C 15 � 2 5.0 � 0.9 84 � 2 1.2 � 0.02g 77 � 3 37 1.1 � 106

a Expression of F0F1 onmembraneswas determinedby quantitative immunoblot as outlinedunder “Experimental Procedures,” and valueswere expressed as%of totalmembrane
protein, n � 4.

b Membrane assays contained 1 �M carbonyl cyanide 3-chlorophenylhydrazone.
c ATPase activities, under saturating ATP conditions, were measured in 50 mM HEPES-KOH, 10 mM ATP, 5 mM MgSO4, pH 7.5, at 30 °C, with an ATP-regenerating system of
5 mM phospho(enol)pyruvate and 50 �g/ml pyruvate kinase.

d The �-� cross-link was induced by treatment with 50 �M CuCl2 for �E381C-F1 and by treatment with 25 �M DTNB for �D380C-F1.
e Values for Km and kcat were determined by measuring ATPase activity as a function of Mg�ATP concentration under conditions maintaining a low freeMg2� concentration of
50 �M. The buffer consisted of 25 mM TES-KOH, 0.2 mM EDTA, and varying amounts of Na2-ATP (25 �M to 10 mM) andMgCl2 (0.269 mM to 4.57 mM), pH 7.5, at 25 °C, with
an ATP-regenerating system of 2 mM phospho(enol)pyruvate, 50 �g/ml pyruvate kinase.

f NDmeans experiment was not repeated here. Duncan et al. (27) have already shown there is no effect of either DTNB or DTT on wild-type activity.
g Activity was fully inhibitable by 1 mM sodium azide, indicating the extent of uncross-linked enzyme.
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Steady state ATP hydrolysis rates of �E381C-F1 and
�D380C-F1 were measured as a function of Mg�ATP concen-
tration (10 �M to 4.3 mM) under conditions of a low free Mg2�

concentration of 50 �M, in the presence of an ATP-regenerat-
ing system, at 25 °C and pH 7.5. �E381C-F1 had a kcat of 41 s�1

and Km of 42 �M. �D380C-F1 had a kcat of 41 s�1 and Km of 37
�M (Table 1). These were similar to wild-type values measured
under the same conditions (kcat of 26.6 s�1 and Km of 45 �M).
The specificity constants (kcat/Km: �E381C-F1, 1.0 � 106 s�1

M�1; �D380C-F1, 1.1 � 106 s�1 M�1) were also similar to wild
type (5.9� 105 s�1 M�1), hence verifying that themechanismof
ATP hydrolysis in F1 is not drastically altered by the cysteine
substitutions.
Formation of the Cross-link between �Cys-87 and �E381C or

�D380C—The disulfide bond forms to a slight degree without
the presence of oxidizing agents in the �E381Cmutant but not
in the �D380C mutant (Fig. 3, A and B, lane 1). To maximize
cross-linking, 50 �M copper chloride or 25 �MDTNB was used

to induce cross-linking of �Cys-87 to �E381C-F1 or �D380C-
F1, respectively. A small percentage (�0.5%) of the � subunits
cross-link to form a homodimer (Fig. 3); however, this level is
insignificant comparedwith the �-� dimer, and it is not enough
to affect the kinetic analyses described below. Consistent with
previous studies (29, 55), the formation of the �-� disulfide
bond is effective in inhibiting the steady state turnover of both
mutant enzymes (Table 1). There still remained �1% of the
maximal activity for the cross-linked �D380C-F1 and �5% of
activity for �E381C-F1. We questioned whether this slow rate
of hydrolysis was because of the slow unisite mode of catalysis
(29) or because of the small amount of uncross-linked enzyme.
The residual activity for each enzyme was examined by treat-
mentwith 1mM sodiumazide (NaN3), as this compound appar-
ently affects catalytic site cooperativity, and thus only inhibits
F1-ATPase multisite activity with no effect on unisite activity
(56). The NaN3 treatment verified that the activity measured
after cross-linking was due almost entirely to uncross-linked
enzyme. This corroborates observations that the level of inhi-
bition of activity for �Cys-87-�E381C-F1 correlated with the
yield of cross-linking (29). Addition of 10mMDTT removed the
disulfide bond and restored steady state activity for both
mutants (Table 1). In the case of �E381C, the activity level for
the DTT-treated enzyme was higher than the initial rate
because of complete reduction of the small fraction of cross-
linked enzyme present prior to addition of CuCl2. There was no
effect on wild-type steady state membrane ATPase activity by
CuCl2, DTNB, or DTT, as shown previously (27).
Unisite Binding and Hydrolysis of [�-32P]ATP—The unisite

kinetic activity was examined to determine the elementary rate
constants, and thuswhether either�DELSEEDmutation or�-�
cross-link perturbed the mechanism of the enzymatic reaction
at the high affinity catalytic site, which is believed to be the �TP
conformer (18, 24). Unisite parameters for �E381C-F1, both
cross-linked and uncross-linked, were determined by Garcia
and Capaldi (29), and their rate constants are listed in Table 2.
Their omission of values for k�2 and k�2 necessitated a refitting

FIGURE 2. NADH- or ATP-dependent proton electrochemical gradient for-
mation by mutant F0F1 in membranes. 200 �g of membrane vesicle protein
from strain DK8, harboring plasmid pBWU13 wild type or carrying the muta-
tions for �E381C or �D380C, were suspended in 2 ml of buffer containing 10
mM HEPES-KOH, 300 mM KCl, 5 mM MgCl2, 1 �M valinomycin, and 1 �M acridine
orange at pH 7.5, with vigorous mixing. Fluorescence intensity at 530 nm
(excitation at 460 nm) was monitored at 25 °C. A, NADH-driven quenching.
Proton pumping was initiated at the indicated time (arrow) by addition of 1
mM NADH. B, ATP-driven quenching. Proton pumping was initiated at the
indicated time (arrow) by addition of 1 mM ATP. 1 �M carbonyl cyanide
m-chlorophenylhydrazone (CCCP) was added, as indicated (arrows) to abolish
the proton gradient and establish the maximum fluorescence value. The flu-
orescence traces are depicted as follows: wild type (blue), �D380C (red),
�E381C (green). The traces are representative of those from several trials.

FIGURE 3. Reversible �-� disulfide bond formation between native
�Cys-87 and �E381C or �D380C. A, �E381C-F1 was treated with 50 �M

CuCl2, and aliquots were taken for SDS-PAGE and ATPase assays (activities
listed in Table 1). Lane 1, initial sample, no treatment. Lane 2, �E381C-F1 after
1 h of incubation with CuCl2. Lane 3, �E381C-F1 incubated for 30 min with 10
mM DTT following the reaction with CuCl2. B, �D380C-F1 was treated with 25
�M DTNB and aliquots were taken for SDS-PAGE and ATPase assays (activities
listed in Table 1). Lane 1, initial sample, pretreatment. Lane 2, �D380C-F1 after
15 min of incubation with DTNB. Lane 3, �D380C-F1 after 60 min of incubation
with DTNB. Lane 4, �D380C-F1 incubated for 30 min with 10 mM DTT after the
reaction with DTNB. Note that the gels are slightly overloaded to emphasize
the complete disappearance of the � subunit into the �-� cross-linked
product.
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of their primary data, which was achieved without much
change in the other rate constants. They noted an increased
rate of ATP binding (k�1) compared with their measurements
for wild-type F1, although the value was comparable with other
previously published results for the wild-type enzyme (14), also
listed in Table 2 for reference. The �E381C-F1 enzyme had an
ATP off rate, k�1, 24-fold faster than wild type, and a lower
affinity for ATP. It also showed slightly increased rates of
unisite activity compared with wild type, due mostly to higher

rates of ATP hydrolysis (k�2) and Pi release (k�3), although
importantly, the hydrolysis/synthesis ratio, K2, was essentially
unchanged either by the mutation or by cross-link formation.
Fig. 4 shows the hydrolysis of substoichiometric amounts of

[�-32P]ATP by �D380C-F1 and �-� cross-linked �D380C-F1.
The total 32Pi (enzyme-bound 32Pi plus 32Pi released to the
medium) was determined by directly quenching samples with
acid. The glucose/hexokinase trap additionally measured
[�-32P]ATP bound to F1. These two experiments allow deriva-
tion of ATP binding (k�1), ATP release (k�1), the ATP hydrol-
ysis/synthesis rates (k�2, k�2), and Pi release (k�3) from fits of
the data using aminimal unisite reaction scheme (ATP binding
through Pi release) (14). The elemental rate constants are listed
in Table 2. The parameters for both the �D380C-F1 and �-�
cross-linked �D380C-F1 enzymes were very similar to those
measured for thewild-type enzyme,with the exception of faster
rates for ATP release (k�1), resulting in a lower affinity for ATP,
even greater than the effect described above for the �E381C
mutant. Results from cold chase experiments corroborated this
finding where addition of excess unlabeled ATP failed to pro-
mote ATP hydrolysis in �D380C-F1 previously incubated with
[�-32P]ATP, and actually decreased bound [�-32P]ATP (data
not shown). This is consistent with a fast ATP off rate, k�1,
which allows the excess cold chase of ATP to displace the
enzyme-bound [�-32P]ATP. Importantly, the ATP hydrolysis/
synthesis equilibrium constant, K2, was not changed by the
�D380C mutation nor by the �-� cross-linked enzyme, with
values close to unity in accordance with Boyer’s binding change
mechanism (57, 58). In summary, unisite analysis shows that
neither Cys mutation disrupts the mechanism of ATP hydrol-
ysis at the high affinity catalytic site, although there is a
decreased affinity forATP. In addition, the�D380Cunisite rate
constants are essentially unaltered upon formation of the �-�
cross-link, in agreement with measurements of the �E381C
enzyme (29), and verifying that the mechanism of unisite
hydrolysis of ATP at the high affinity catalytic site does not
involve � subunit rotation.
Pre-steady StateMultisite Hydrolysis of [�32P]ATP—Wepre-

viously determined the partial reaction rate constants of the

FIGURE 4. Unisite hydrolysis of �D380C-F1 and �-� cross-linked �D380C-
F1. F1 was prepared either by exchanging into unisite buffer or by treatment
with DTNB and then exchanging into unisite buffer, as described under
“Experimental Procedures.” Hydrolysis was initiated by adding 0.1 �M

[�-32P]ATP to 1 �M F1 (with equimolar � added) in unisite buffer (50 mM Tris-
OH, 50 mM MOPS, 4.5 mM K2SO4, and 0.5 mM MgSO4 adjusted to pH 7.5 with
H2SO4 at 25 °C). A, the early time points. B, complete time course for the
�D380C-F1 acid-quenched hydrolysis (F) and bound [�-32P]ATP (E) meas-
ured in parallel by the hexokinase trap method. C, early time points. D, com-
plete time course for the �-� cross-linked �D380C-F1 reactions. At the times
indicated samples were quenched directly with acid (f), and bound
[�-32P]ATP (�) was measured in parallel by the hexokinase trap method. The
lines indicated are the best fits to the data, and the parameters are listed in
Table 2.

TABLE 2
Rate constants and kinetically calculated binding constants of cross-linked and noncross-linked enzymes

k�1 k�1 K1 k�2 k�2 K2 k� k�3 k�3 K�3 k�4 k�4 K�4
Turnover
(Vmax)

R2
Model

selection
criteria

M�1s�1 s�1 M�1s�1 s�1 s�1 s�1 s�1 M�1s�1 M�1 s�1 M�1s�1 M1 s�1

Unisite
Wild typea 1.1 � 105 2.5 � 10�5 4.4 � 109 0.12 0.043 2.8 1.2 � 10�3 4.8 � 10�4 0.4 1.6 � 10�3 1.8 � 102 1.1 � 105
�E381Cb 5.3 � 105 6.0 � 10�4 8.8 � 108 1.2c 1.2c 1.0 2.2 � 10�2 NDd ND 2.2 � 10�3 ND ND 0.998c 3.23c
�E381C(�-�)b 6.1 � 105 3.1 � 10�2 2.0 � 107 1.3c 0.5c 2.6c 2.8 � 10�2 ND ND 7.7 � 10�3 ND ND 0.998c 3.96c
�D380C 6.5 � 105 7.3 � 10�2 8.9 � 106 1.8 1.2 1.5 2.5 � 10�3 ND ND ND ND ND 0.997 3.31
�D380C(�-�) 1.8 � 105 2.4 � 10�2 7.5 � 106 0.54 0.15 3.6 6.4 � 10�4 ND ND ND ND ND 0.998 4.27

Multisite
Wild-typee 4.0 � 107 1.9 � 103 2.1 � 104 140 120 1.2 29 210 13 0.062 360 4.2 � 106 1.2 � 104 27 0.997 5.10
�E381C 5.5 � 107 3.7 � 103 1.5 � 104 150 110 1.4 426 220 17 0.077 540 8.2 � 106 1.5 � 104 41 0.998 5.47
�E381C(�-�) 2.2 � 105 6.1 � 10�3 3.6 � 107 120 80 1.5 0 0 (1.5) f 0 0 0 0 0 (0.44) f 0.958 1.77
�D380C 4.4 � 107 2.1 � 103 2.1 � 104 270 150 1.8 38 267 26 0.1 826 4.0 � 105 4.8 � 102 41 0.999 6.30
�D380C(�-�) 2.3 � 105 5.2 � 10�3 4.4 � 107 63 17 3.8 0 0 (0.8) f 0 0 0 0 0 (0.16) f 0.972 2.60

a Values taken from Ref. 14.
b Values taken from Ref. 28.
c Values calculated from primary data (28).
d N.D., not determined.
e Values taken from Ref. 18.
f In parentheses is the value of azide-inhibitable Pi release due to a small fraction of non-cross-linked enzyme. See “Results” for details.
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catalytic pathway involving � subunit rotation by analyzing the
pre-steady state kinetics of multisite ATP hydrolysis (18). Our
data showed that rapid mixing with high Mg�ATP concentra-
tions put the enzyme immediately into a rotational catalytic
mode. Similar conditions were used in this study, for the same
rationale. Briefly, nucleotide occupancy of all three catalytic
sites is needed to ensure the enzyme enters the rotational cata-
lytic mode (12, 20), and low free Mg2� conditions are used to
avoid the inhibitory effects of high concentrations of this ion
(59, 60). Reaction conditions used for the time course of ATP

hydrolysis are a compromise to satisfy these requirements, but
also necessitate use of radioactive [�-32P]ATP because of the
small amounts of substrate hydrolyzed in the first few turn-
overs.We also wished to limit the total radioactivity to keep the
background at a reasonable level. The final concentrations after
mixing are 0.5 �M F1, 0.352 mM MgCl2, and 0.25 mM
[�-32P]ATP to give [Mg2�

free] � 49 �M and [Mg�ATP] � 105
�M at pH 7.5 and 25 °C. This Mg�ATP concentration is �2.5-
fold higher than the Km value for steady state ATP hydrolysis
(42 and 37�M for�E381Cand�D380C, respectively, and 45�M
for wild-type F1, see Table 1). Based on the affinity constants
from Senior and co-workers (61, 62), and our previous work
monitoring pre-steady state nucleotide binding (18), this is an
adequate concentration of Mg�ATP to fill two sites completely
and the third site partially.

FIGURE 5. Pre-steady state hydrolysis of �E381C-F1 before and after
induction of �-� cross-link. A, complete time course up to 2.0 s. Inset,
early time points up to 0.1 s of uncross-linked sample. B, complete time
course with expanded y axis to show the �-� cross-linked sample. Purified
F1 was prepared as described under “Experimental Procedures” giving
4.0 � 0.1 mol of nucleotide bound per mol of F1; equimolar � was added,
and the sample was diluted to 1 �M in 25 mM TES-KOH, 0.244 mM MgCl2, 0.2
mM EDTA, pH 7.5, at 25 °C and loaded into syringe A of the chemical
quench instrument. Syringe B contained 25 mM TES-KOH, 0.46 mM MgCl2,
0.20 mM EDTA, 0.50 mM [�-32P]ATP, pH 7.5, at 25 °C (final concentrations:
0.5 �M F1, 0.352 mM MgCl2, 0.25 mM [�-32P]ATP; [Mg2�]

free � 49 �M,
[Mg�ATP] � 105 �M). 32Pi produced is reported in moles of Pi per mol of F1
for untreated F1 (�), F1 incubated with 50 �M CuCl2 to form the �-� cross-
linked sample (f), and F1 incubated with 10 mM DTT after CuCl2 treatment
(�). The solid lines are the best fits of each data set to our model, using the
parameters listed in Table 2.

FIGURE 6. Pre-steady state hydrolysis of �D380C-F1 before and after
induction of �-� cross-link. A, complete time course up to 2.0 s. Inset, early
time points up to 0.1 s of uncross-linked sample. Note the y axis scales com-
pared with Fig. 5. B, complete time course with expanded y axis to show the
�-� cross-linked sample. Preparation of F1 and reaction conditions are essen-
tially the same as the experiments in Fig. 5, except that �D380CF1 is treated
with 25 �M DTNB to induce the �-� cross-link formation. Untreated F1 (E)
initially contained 4.0 � 0.1 nucleotides; F1 after DTNB incubation induced
the �-� cross-link (F), containing 3.9 � 0.1 nucleotides; and DTT-treated F1
reduced the �-� cross-link (�). The solid lines are the best fits of each data set
to our model, using the parameters listed in Table 2.

Kinetic Analysis of Cross-linked F1-ATPase

26234 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 38 • SEPTEMBER 19, 2008



We previously showed that the rate-limiting step, k�, can be
distinguished by pre-steady state analysis ofMg�ATPhydrolysis
in the millisecond time regime (18). The pre-steady state
hydrolysis of�E381C-F1 and�D380C-F1 before and after treat-
ment with the oxidizing reagent and the curve fits to the data
are shown in Fig. 5 and 6, respectively. After preparation of the
F1 for the reaction, the nucleotide contents of each sample were
determined to be close to 4.0 mol of nucleotides bound permol
of F1, and are listed in the appropriate figure legends. We
assume that 3mol of nucleotide are bound to the noncatalytic�
subunits, and 1 mol of ADP is bound to the �DP site (18).
As described under “Experimental Procedures” and

explained in our previous analysis (18), the pre-steady state
kinetics of ATP hydrolysis provide adequate constraints to
define a unique model for the partial reaction pathway. The
same model (see Scheme 1 and Table 2) was used to fit the
kinetics of the cross-linked enzymes. Rate constants for the fits
are listed in Table 2. Our rate constants for ATP binding for
wild-type and both untreated mutants are consistent with the
ATP kon value of 2.6 � 107 M�1s�1 determined from single
molecule experiments (20). The total time courses of the reac-
tions (Fig. 5A and Fig. 6A) show the cross-link was effective in
inhibiting the steady state turnover in both mutants (closed
symbols). The very slow hydrolysis and Pi production by the
cross-linked enzymes, observed in the longer time course, are
completely azide-inhibitable and because of the small amount
of uncross-linked complex. The steady state hydrolysis was
restored upon addition of 10mMDTT for both enzymes (“�” in
Fig. 5 and and “�” in Fig. 6). The �E381C enzyme hydrolytic
activity, after addition of DTT, was increased to a rate �10%
faster than the untreated sample (Fig. 5A), because of the pres-
ence of �10% of cross-linked enzyme in the untreated sample
(Fig. 3A, lane 1). The steady state hydrolysis rates under the
quench flow conditions are consistent with those under maxi-
mal ATP hydrolysis conditions, listed in Table 1, such that the
activity of the DTT-treated sample is �10% faster than
untreated sample.
Further examination of the untreated �E381C enzyme

(before addition of CuCl2) yields important insights into the
coupling function of the enzyme. As seen in the inset of Fig. 5A,
depicting the early time course of the reaction, the untreated
�E381C has no initial burst of hydrolysis and therefore no sub-
stantially slower step after hydrolysis, which would cause prod-
uct accumulation. The rate constants for the data fits are listed
in Table 2, and comparison of the �E381C enzyme to wild type
shows similar rates for ATP binding and unbinding (k�1 and
k�1), which reflects the affinity for ATP of the low affinity cat-
alytic site, �E (see Introduction). The hydrolysis and synthesis
rates (k�2 and k�2) are also similar, yielding a K2 value close to
unity and showing the hydrolysis reaction at the active site is
essentially unperturbed. Themajor functional difference of the
�E381C mutant becomes evident when comparing rates of k�,
previously defined as the rate-limiting step and attributed, at
least in part, to� subunit rotation (18). The�E381Cenzymehas
an extremely fast k�, which is not rate-limiting to the reaction.
This is very different from thewild-type enzyme,which displays
an initial burst of hydrolysis (18), and can only be fit by a reac-
tion scheme that includes a relatively slow step after hydrolysis

and before product release (18). The �E381C enzyme proceeds
through a different catalytic pathway where k� is not the
rate-limiting step, which we hypothesize is not associated
with � subunit rotation (see “Discussion”). Our results con-
firm the importance of the �-�DELSEED interaction in cou-
pling efficiency.
In contrast to the �E381Cmutant, the pre-steady state activ-

ity of the uncross-linked �D380C-F1 is very similar to wild type
with an initial burst of hydrolysis in the first few milliseconds,
after which the enzyme enters the steady state Fig. 6A (inset).
The parameters for the fits are also very similar to the wild-type
rate constants as follows: 1) the affinity for ATP, giving a
Kd(ATP) for the third site similar to theKm value forATPhydrol-
ysis; 2) the hydrolysis/synthesis ratio, K2, close to 1, and 3) the
value of k�, the rate-limiting step of the reaction.
Fig. 5B and Fig. 6B each have an expanded y axis to allow clear

illustration of the time course of Mg�ATP hydrolysis by the
cross-linked enzymes. Both enzymes exhibit a burst of hydrol-
ysis despite the �-� rotation-inhibiting cross-link. Thereafter,
the hydrolysis is severely abrogated. The initial burst is slower
but of a similar amplitude as wild type, showing that inhibition
of rotation does not prevent the first turnover of Mg�ATP
hydrolysis. Moreover, the burst amplitude shows that simulta-
neous hydrolysis at multiple sites does not occur, and thus
hydrolysis follows a sequential mechanism involving only a sin-
gle site at any instant during catalysis.
It is also important to note that the rate constants for the fits

of both cross-linked enzymes are similar suggesting that the
functional uncoupling between catalysis and proton pumping
observed in the steady state for the �E381C enzyme (Fig. 2B) is
because of perturbation of � subunit rotation, which presum-
ably does not occur in the cross-linked enzyme (see “Discus-
sion”). This is consistent with our previous thermodynamic
analyses that suggested that the transition state for the steady
state reaction occurs during� subunit rotation between hydrol-
ysis and release of Pi (23, 30).
The cross-linked enzymes had an ATP on rate (k�1), which

was 2 orders of magnitude slower, and an ATP off rate (k�1),
which was 5 orders of magnitude slower compared with the
untreated enzyme. The hydrolysis/synthesis ratio, K2,
remained close to that for wild type, still showing no great per-
turbation of the catalytic mechanism. Importantly the rates of
ATP hydrolysis (k�2) and resynthesis (k�2) are similar to the
untreated mutant enzymes and wild type under multisite con-
ditions, indicating that the positive cooperativity for ATP
hydrolysis (16) remains essentially intact despite inhibition of �
rotation.
Pi Release for �D380C-F1—We will now focus on the

�D380C enzyme because it is better coupled and therefore is
more representative of the coupled pathway. We showed pre-
viously that the order of k� in the reaction was critical and
occurs after hydrolysis but before Pi release (18). The prediction
fromourmodel was that all steps after rotation should be inhib-
ited in the �-� cross-linked enzyme. To test this directly, we
followed the release of Pi from the �D380C enzyme by meas-
uring the fluorescence intensity change of the MDCC-labeled
phosphate-binding protein (MDCC-PBP, see “Experimental
Procedures” and Ref. 45). This protein binds Pi very fast (kon �
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1.36 � 108 M�1s�1) with high affinity (Kd is �0.1 �M) and is an
accurate probe for Pi in solution at low concentrations (63). The
release of Pi from�D380C-F1 wasmonitored by 20�MMDCC-
PBP in the fluorescence stopped-flow spectrometer (see
“Experimental Procedures”) using essentially the same reaction
conditions as the quench flow experiment. Calibration experi-
ments demonstrate that the fluorescence response of MDCC-
PBP to rapid addition of 1–20 �M Pi is within the 1–2-ms dead
time of the stopped-flow instrument (data not shown). Ideally,
the rate of Pi release fromF1would be directly determined from
this experiment; however, upon further examination it was evi-
dent that the PBP interacts both directly and indirectly with F1,
resulting in a slight inhibition of ATP hydrolysis (data not
shown). Although this negates quantitative analysis of the data,
qualitative analysis can still yield valuable information. The Pi
release data are valid up to�16�M of released Pi because of the
limiting amount ofMDCC-PBP.Around this point, the fluores-
cence signal begins to saturate and no longer follows the
hydrolysis kinetics. It is clear that upon formation of the rota-
tion-inhibiting �-� cross-link, the enzyme is prevented from
releasing product Pi (Fig. 7). There is a very slow residual rate of
Pi release, but this is because of a small amount of uncross-
linked enzyme in the sample. Upon addition of DTT, the rate of
Pi release increases and approaches the initial rate before treat-
ment with DTNB. In this particular case the DTT-treated
enzymehad a slightly slower steady state rate because of incom-
plete reduction of the �-� cross-link. This demonstrates the
reversible nature of the blockage of Pi release and that it is
dependent on disulfide bond formation.

In the cases of the noncross-linked enzymes, we note that
there is no burst of Pi release as shown for �D380C-F1 (Fig. 7),
but rather a lag before Pi is released, which indicates a delay
between hydrolysis of Mg�ATP (Fig. 6A) and the release of Pi,
and it emphasizes the hydrolytic step is kinetically distinct from
k� and Pi release. Above all, these results show that � subunit
rotation, although not essential for the first cycle of ATP
hydrolysis, is absolutely integral for decreasing the enzyme
affinity for Pi, thus enabling F1 to release Pi and enter into the
steady state mode of hydrolysis.

DISCUSSION

�-� Cross-link Blocks the Rotation Step, k�—The �87Cys-�
cross-link is effective in inhibiting steady state activity for both
the�D380C and�E381C enzymes (Table 1, Figs. 5 and 6) under
high Mg�ATP conditions, consistent with the notion that inhi-
bition of rotation prevents the enzyme from entering the steady
state mode. It is obvious from the multisite fit parameters in
Table 2 that the steps most affected by cross-linking are k� and
steps subsequent to k� in the reaction scheme. k� is arrested,
and aside from a low rate of Pi release, which was shown to be
due to a very small fraction of uncross-linked enzyme, the data
could bewell fit to aminimalmodelwith no steps subsequent to
the hydrolytic step (k�2). Pi release is themajor energy-produc-
ing process in the hydrolysis mode based on evidence from the
synthesis direction that productive Pi binding requires an input
of energy (23), and it does not occur without the F0 transport
moiety and a protonmotive force (12–14, 64, 65). Concurring
with this is the unidirectional rotation of F1, which does not
rotate in reverse under high Mg�ATP conditions (6, 66). Prod-
uct Pi is not released from the�-� cross-linked enzyme, as dem-
onstrated by use of the PBP-MDCCPi detection system (Fig. 7),
indicating that the � subunit cannot rotate to carry out the
power stroke that is required to release Pi. Clearly the enzyme is
stuck at the hydrolysis step. Additional evidence that k�

involves � subunit rotation step is provided by unisite analysis,
which does not require a rate-limiting step to fit the data, and
shows no change in the rate constants upon �-� cross-link for-
mation (Table 2) (29).

�-� Cross-linked Enzymes Assume the 80° Conformation and
Allow Assignment of Catalytic Sites—The �-� cross-linked
enzymes retain the burst of ATP hydrolysis (Fig. 5B and Fig.
6B), showing that the enzyme can hydrolyze substrate during
the first cycle despite the rotation-inhibiting cross-link. How-
ever, direct effects on the rotational behavior of single mole-
cules of F1 incubated with the slowly hydrolyzable substrate,
ATP�S (25, 26), and of F1 complexes containing the hydrolysis-
impeding �E190D mutation (21), show that hydrolysis occurs
during the dwell time after the 80° � subunit rotation, and
before the 40°� subunit rotation.We can reconcile these results
by considering the conformational state of the cross-linked
enzyme. The data are consistent with the �-� cross-link rigidly
locking the enzyme in a conformation similar to that achieved
after the 80° rotation, depicted by the red § in Fig. 8. This is in
agreement with the conclusion from the fluorescence study by
Yasuda et al. (67) that the crystal structures solved by the
Walker group (68–71) are more similar to the 80° conforma-
tion of the enzyme.

FIGURE 7. Pre-steady release of Pi by �D380C-F1. Details are given under
“Experimental Procedures” for the stopped-flow set up. F1 was prepared as
described under “Experimental Procedures,” giving 4.0 � 0.1 mol of nucleo-
tide bound per mol of F1, equilibrated with 25 mM TES-KOH, 0.244 mM MgCl2,
0.2 mM EDTA, pH 7.5, at 25 °C, diluted to 1 �M with the same buffer, and loaded
in syringe A. The ATP and MgCl2 concentrations in syringe B resulted in a final
free Mg2� of �50 and 105 �M Mg�ATP. The stopped-flow syringe also con-
tained 20 �M MDCC-PBP. The traces of MDCC-PBP fluorescence show Pi
released from the enzyme and were calibrated by measuring the fluores-
cence response to known concentrations of Pi. The response loses linearity
above �16 �M because of saturation of Pi binding. Each trace is the average of
at least three stopped-flow mixing experiments. The noise in the averaged
data is within the thickness of the lines shown. The solid line shows the Pi
release from the untreated F1; the dashed line depicts that from the �-� cross-
linked F1; and the dotted line is the Pi release from the partially reduced cross-
linked sample after incubation with 5 mM DTT.
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In fact, the conformation of the cross-linked enzyme allows
us to distinguish between unisite andmultisite rotational catal-
ysis. Under multisite conditions, when rotation is inhibited by
the �-� cross-link, the rate of the hydrolytic burst is slower (Fig.
5B and Fig. 6B), due to 2 orders of magnitude slower ATP bind-
ing (k�1) and 5 orders of magnitude slower ATP unbinding
(k�1), compared with the uncross-linked and wild-type
enzymes (Table 2).We note that these rates for k�1 and k�1 are
similar to all enzymes in unisite conditions; therefore, unisite
experiments and cross-linked multisite behavior reflect bind-
ing of Mg�ATP to the same site, �TP. This is in contrast to the
rates of ATP binding and unbinding in the multisite uncross-
linked and wild-type enzymes that we have shown previously
are because of binding to the low affinity �E site (18).
Effect of �DELSEEDMutations on the High Affinity Catalytic

Site, �TP—The parameter fits to the unisite data of the �E381C
and �D380C enzymes elucidate slight but significant differ-
ences between the two mutants. Based on the unisite experi-
ments (Table 2), the �E381C mutant has an affinity for ATP
that is similar to wild type, whereas the effect of the �D380C
mutation is to decrease the affinity of the �TP catalytic site for
ATP by about 500-fold. Upon formation of the �-� cross-link,
differences between the mutants are no longer apparent. Both
cross-linked enzymes exhibit a decreased affinity for Mg�ATP
at the �TP site, compared with wild type, because both have 2

orders of magnitude lower affinity
(k�1/k�1) in unisite conditions
(Table 1).
The two �DELSEED Cys muta-

tions examined here have increased
unisite rates of ATP hydrolysis, k�2,
and resynthesis, k�2 (Table 2); how-
ever, they do not have a drastic
effect on altering the catalytic
mechanism, because the catalytic
equilibrium constant, K2, and the
specificity constant, kcat/Km, remain
unaltered from wild-type values.
The �E381C and �D380C muta-
tions appear to affect the conforma-
tion of the high affinity catalytic site,
�TP, as indicated by the lower affin-
ity in unisite conditions and in the
cross-linked enzyme under multi-
site conditions. In contrast analysis
of multisite catalysis shows these
mutations do not seem to have
much influence on �E (Table 2)
because k�1 and k�1 of uncross-
linked and wild type enzymes are
not affected. These results demon-
strate the role of specific �DEL-
SEED residues, and their interaction
with the � subunit, in establishing
the proper conformation of the cat-
alytic site at the proper time during
rotational catalysis. This conclusion
was previouslymade by analysis of �

subunit mutations (37) and is particularly interesting consider-
ing that the �DELSEED motif is physically distant from the
nucleotide-binding sites (Fig. 1).
Role of the �Glu-381 of the DELSEED Motif in Chemome-

chanical Coupling—The marked functional differences
between the two �DELSEED single Cys mutants become more
apparent in the multisite mode of rotational catalysis and are
particularly interesting because of their adjacent positions in
the sequence. The �D380C mutant has very similar character-
istics to wild type, and the transmission of coupling energy
between the two distinct functions of proton translocation and
ATP hydrolysis/synthesis is intact, i.e. it is a well coupled
enzyme. This mutant can be used as a close representation of
the activity and behavior of thewild-type enzyme. In contrast to
the �D380C mutant, the �E381C mutant behaves in a manner
dissimilar to the wild-type enzyme with characteristics indicat-
ing that catalysis and rotation are not efficiently coupled in this
enzyme. Interestingly, Garcia and Capaldi (29) used the
�E381C enzyme and must have been measuring an uncoupled
enzyme. Thiswould not affect their conclusions asmost of their
measurementswere of unisite kinetics and transmission of cou-
pling information requires � subunit rotation and consequently
participation of all three catalytic sites (12). Indeed, functional
differences in coupling between the �E381C and �D380C
mutants are alleviated when the �-� cross-link is induced, val-

FIGURE 8. Graphical representation of the pre-steady state to steady state pathway. See text for discus-
sion of the model. The relative arrangement of the � subunit conformations are as viewed from the bottom of
the complex from the membrane. The conformations of the catalytic sites are labeled as �DP, �TP, �E, and �HC
(the half-closed conformation described in Menz et al. (77)). The � subunits were omitted for clarity. The central
arrow represents the relative position of the � subunit during the course of multisite catalysis. The intermediate
rotation of 80° and the completion of rotation to the next 120° position corresponds to the dwell positions
observed by Yasuda et al. (20). The red § depict the steps in the pathway we propose are closest to the
conformation of the cross-linked enzyme. We propose that unisite hydrolysis of ATP by the wild-type enzyme
occurs in a conformation similar to that depicted prior to the 80° rotation step where ATP is bound only to the
�TP site, and no nucleotide is bound to the �E site. In the steady state, the position of the � subunit is offset 120°
for each cycle in the steady state. The asterisk indicates that there is no Pi release in the first pre-steady state
cycle (see Ref. 18 for discussion).
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idating the conclusion that the high energy transition state
involves the power stroke rotation of the � subunit, and specific
interactions at the�-� interface are critical for proper transmis-
sion of coupling energy (37).
The multisite kinetic rate constants of the uncross-linked

�E381C-F1 were very similar to wild type, with the exception of
k� (Table 2). This enzyme hydrolyzes ATP faster than wild type
because of a much faster k� (Table 2), which is no longer the
rate-limiting step of the reaction. The power stroke is not fully
engaged in this mutant as it likely slips frequently and goes
through a different pathway, allowing the enzyme to release Pi
without complete rotation of �. An analogy for this fast yet
unproductive hydrolysis is the revving of a car engine with a
partially disengaged or slipping clutch. The �DELSEED loop in
a sense is the clutch motif that engages the � subunit to cause
rotation.
The uncoupling between the catalytic reaction and the rate-

limiting rotation step, k�, is likely the cause of inefficient trans-
mission of information to the F0 transport sector (Fig. 2B). We
propose that the alternative uncoupled pathway does not
involve full rotation of the � subunit. The � and � subunits are
not mutated and neither is the F0 complex; therefore, for each
ATP hydrolyzed, a complete 120° rotation of � should drive the
H� transport. The 80° ATP-dependent rotation step is unaf-
fected in the �E381Cmutant, based on the similar rates of ATP
binding and unbinding (k�1 and k�1) and ATP hydrolysis and
resynthesis (k�2, k�2). In contrast, k�, the rate-limiting step
correlated with the 40° substep, is severely perturbed such that
it is 2 orders of magnitude faster and appears to be the step that
slips. Complete inhibition of rotation by the �Cys-87-�E381C
cross-link prevents Pi release and abrogates enzyme activity
after the first cycle. The alternative pathway is also inhibited by
the cross-link showing that partial rotation is necessary for
activity. In the alternative pathway, it is likely that the slip of the
rotation allows the � subunit to fall back to the position prior to
the 80° substep for a new cycle of hydrolysis (23). We speculate
the mechanism for this involves Pi release from the �TP site
instead of the �DP site (Fig. 8), without the 40° rotation of �,
thereby altering the timing and coupling between rotation and
Pi release.

The much higher rate constant for k� implies a lower transi-
tion state for the alternative uncoupled pathway so the �E381C
mutation has made this bypass pathway in the reaction more
likely. This is reminiscent of the�M23Kmutation, which estab-
lished that an alternative pathway of hydrolysis can exist (72).
Thermodynamic analysis of the �M23Kmutation revealed that
inefficient communication of coupling energy, from the cata-
lytic sites to the F0 transport sector, was because of increased
energy of interaction between � and � possibly caused by an
extra ionized hydrogen bond between the mutant and �Glu-
381 (37). The �M23K mutant impeded k�, the rate-limiting
transition state, and resulted in a slip or branch in the pathway
allowing unproductive dissipation of energy (30, 37, 73). Impor-
tantly, this resulted in a 50-fold increase in the rate of Pi release
(73), emphasizing that the very tight association between k� and
Pi release is required for efficient coupling.

�E381C-F1may rotate under a load as seen byHara et al. (74)
who observed similar torque generation by the Bacillus PS3

thermophilic enzyme with an Ala mutation at the �381 posi-
tion. Hara et al. (74) suggested that the side chain charges of the
�DELSEED motif do not play a role in torque generation and
proposed a stearic role for the loop in driving the � subunit
rotation.However, it is expected that a slippingmutationwould
either generate full torque or not at all during a slip. In the single
molecule studies, slip events cannot be distinguished. In other
words, the limitation of thesemeasurements is that the catalytic
reaction, especially release of products, cannot be observed
concurrent with observations of rotation.
Implications for Our Model of Rotational Catalysis—Our

model remains essentially the same as that published previously
(18). We have modified the graphical representation to show
only the pre-steady state steps of the reaction, and to illustrate
enzyme rotation as viewed from the “bottom” or direction of
the membrane for consistency with model illustrations pre-
sented by investigators measuring single particle rotation
behavior (Fig. 8). Our analysis in this study clarifies the roles of
each site where binding of ATP to �E promotes the hydrolysis/
synthesis rates occurring in �TP, which occurs even in the
cross-linked enzymes. �DP retains products of hydrolysis from
the previous cycle and releases them after it changes conforma-
tion to �E. Our results indicate that perturbation of the 40°
rotation step leading to product release is responsible for the
alternative uncoupled pathway of the �E381C enzyme. This is
consistent with observations of others (21, 26, 75) that ATP
bound to the �E site in the first cycle, when � is at 0°, is hydro-
lyzed during the second 120° cycle, specifically after � has
rotated through 200° (120° � 80°) (Fig. 8). However, our model
differs from theirs in that we propose that ADP is released after
�DP converts to �E (after completion of the third cycle when �
has rotated through 360°). This is in keeping with the results of
Weber et al. (12) that the three catalytic sites are almost always
occupied with nucleotide during steady state. A temperature-
sensitive, ADP-dependent reaction intermediate for the Bacil-
lus PS3 thermophilic enzyme was recently detected at low tem-
peratures. This intermediate occurred before the 80° substep
during the ATP binding dwell time and was assigned to ADP
release (76). These results are in agreement with our model
where ADP is released after the � subunit has completed a 360°
rotation cycle, before binding of another ATP molecule to that
site.
A recent study of the timing of Pi release and � subunit rota-

tion (75), in contrast to our data, suggests that Pi is released
before the 40° rotational substep, based on the effects on the
substeps upon incubationwith Pi. Althoughwe agree with their
conclusion that the Pi release reaction is directly coupled to the
40° rotation, our data suggest that Pi is not released before the
rate-limiting rotation step k�. We could only fit the pre-steady
state data with k� preceding k�3 (18). In addition, if Pi were
released before the k� step, we would expect that K2 would be
dramatically altered. Blocking k� by the cross-link did not per-
turb the K2 ratio; therefore, there must be an intervening ener-
gy-producing step between hydrolysis, k�2, and Pi release, k�3.

This analysis further elucidates the role of each partial rota-
tion in themultisite reaction. The 40° rotational substep is asso-
ciated with k�, the rate-limiting step, and the 80° substep with
the conformation required for the promotion of catalysis. Sev-
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eral lines of evidence lead to these conclusions. k� was previ-
ously determined to occur after hydrolysis and before Pi release
(18), and single molecule studies place the 40° substep after
hydrolysis (25). Here we showed k�, and steps subsequent to k�,
were severely perturbed when rotation was blocked by the �-�
cross-link under multisite conditions. In the unisite mode,
which does not involve � subunit rotation, there was no change
in the rate constants upon formation of the �-� cross-link.
Analysis of the�E381Cuncouplingmutant revealed that k�was
affected by the cysteine replacement, consistent with previous
studies that implicated the specific interaction between this
residue and the � subunit at Met-23 and Arg-242 for proper
formation of the rate-limiting transition state hypothesized to
involve � subunit rotation (30, 37). Essentially in each case
where k� is perturbed,K2 is unaffected showing k� is independ-
ent of hydrolysis. The 80° rotational substep allows the enzyme
to achieve the conformation required for the promotion of
catalysis. Thiswas shownby the cross-linked enzymes,which in
multisite conditions show unperturbed positive catalytic coop-
erativity with promoted rates of hydrolysis and resynthesis of
ATP (k�2 and k�2) similar to uncross-linked enzymes and wild
type. Further evidence comes from the uncross-linked F1 with
the �E381C mutation in which the ATP binding/unbinding
(k�1, k�1) and ATP hydrolysis/resynthesis (k�2, k�2) parame-
ters are unaltered, even though k� was strongly perturbed.
Together, these results link the 80° ATP-dependent substep to
the promoted catalytic rates.
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