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ABSTRACT: The rate-limiting transition state of steady-state ATP hydrolysis and synthesis reactions in the
FoF1 ATP synthase involves the rotation of theγ, ε, and c subunits. To probe the role of the transport and
coupling mechanisms in controlling catalysis, kinetic and thermodynamic parameters of ATP hydrolysis
were determined for enzymes in the presence of the detergent lauryldimethylamine oxide (LDAO), which
uncouples active transport and disables the inhibitory effect of theε subunit. At 5 mM LDAO or greater,
the inhibitory effects ofε subunit are abrogated in both purified F1 and membranous FoF1. In these
conditions, LDAO solubilized FoF1 has a higherkcat for ATP hydrolysis than F1. These results indicate an
influence of Fo on F1 even though catalysis is uncoupled from transport. TheR3â3γ complex free of the
ε subunit is activated at a lower concentration of 0.5 mM LDAO. Significantly, theγY205C mutant
enzyme is similarly activated at 0.5 mM LDAO, suggesting that the mutant enzyme lacksε inhibition.
TheγY205C FoF1, which has akcat for ATP hydrolysis 2-fold higher than wild type, has an ATP synthesis
rate 3-fold lower than wild type, showing that coupling is inefficient. Arrhenius and isokinetic analyses
indicate that enzymes that are free ofε subunit inhibition have a different transition-state structure from
those under the influence of theε subunit. We propose that theε subunit is one of the factors that determines
the proper transition-state structure, which is essential for efficient coupling.

Coupled transport in the FoF1 ATP synthase involves
rotation of theγ (1-3) andε (4-6) subunits and the ring of
10-12 c subunits (7, 8; for reviews see refs9-13). In the
catalytic domain, steady-state ATP hydrolysis or synthesis
involves the rotation of theγ subunit relative to theR3â3

complex (see refs10 and13-15 for discussions). Steady-
state catalysis, which involves participation of all three
catalytic sites, is concomitant with rotation because rotation
is blocked by inhibitors of cooperative steady-state ATP
hydrolysis (1-3), and steady-state hydrolysis is blocked by
chemical cross-linking ofγ or ε (rotor) andâ (stator) subunits
(16, 17). The transport mechanism in the Fo sector is not
well understood, but models also employ a rotational
movement of the c subunit oligomer relative to the a subunit
(18-20). Importantly, inhibition of transport attenuates
rotation of theγ subunit in the catalytic domain (4, 6, 7,
21). It is reasonable that the transport and catalytic mecha-
nisms are coupled by the rotor subunits. Recent results from
several laboratories (22-29) have demonstrated that the b2δ
peripheral stem fixes the stator elements, a andR3â3, together.

Mutagenic, kinetic, and thermodynamic approaches have
shown that several amino acids in theEscherichia coliFoF1

are involved in intersubunit, rotor-stator interactions im-
portant for the mechanisms of transport and catalysis, and

the efficient coupling between them. Substitution of these
amino acids perturbs rotor-stator interactions occurring
between theγ andâ subunits (14, 30-33) and the a and c
subunits (34-36). The altered interactions have been shown
to affect the rate-limiting transition state of steady-state
catalysis of ATP hydrolysis and synthesis (31, 33, 36).
Because steady-state catalysis is concomitant with rotation,
the rate-limiting step of catalysis involves rotation of theγ
subunit (13, 14). Interactions among the rotor subunits,γ, ε

and c, also influence catalysis (37-48). Association of F1
with the transport Fo sector results in activation of the enzyme
(31), while ε subunit association with theR3â3γ catalytic
domain inhibits ATP hydrolysis rates (49, 50). Perturbations
in each of these intersubunit interactions affect the rate-
limiting transition state and coupling efficiency, which
suggests that the catalytic transition state and coupling are
interrelated.

A critical region for the coupling mechanism resides at
the interface between theγ and ε subunits, and the Fo,
probably with the c subunits. This region has been structur-
ally defined by cross-linking studies that have implicated at
leastγTyr205,γTyr207, severalε subunit residues, and the
polar loop of thec subunits (39, 42-44, 47, 48). Furthermore,
genetic studies established that these interactions play a role
in coupling. Uncoupling mutations in this region have been
characterized and intergenic second-site mutations suppressed
their deleterious effects (40, 46). In addition, a cross-link
betweenγY207C andcQ42C causes reduced coupling (48).
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Taken together, these results define regions in each of the
three subunits that interact to maintain efficient coupling.
This region, which is not in physical contact with theR and
â subunits, is partially modeled into the recent crystal-
lographic structure of the yeast FoF1 complex (12). The
structure suggests that the coupling domain modulates
catalysis through indirect conformational effects via theγ
subunit. Cross-linking studies suggest direct interactions
betweenε subunit and theR and â subunits and these
interactions may also participate in coupling (6, 16, 51, 52).

Here, we assess the influence of transport and coupling
on the catalytic mechanism. Lo¨tscher et al. (53) and Dunn
et al. (54) previously showed that the detergent lauryldi-
methylamine oxide (LDAO)1 releases the F1 complex from
the inhibitory effects of theε subunit, even thoughε subunit
remains associated with the complex. Similarly, replacement
of γTyr205 with cysteine causes a 3.5-fold increase in steady-
state hydrolytic activity of F1 (44) and may provide a mutant
form in which theε subunit inhibition is abrogated. We take
advantage of these properties to characterize the influence
of the transport Fo sector and theγ-ε-c interface on steady-
state catalysis. The kinetic and thermodynamic analyses
establish that theγ-ε-c interface plays a role in determining
the transition-state structure of the rotational catalytic mech-
anism and that the proper transition state is critical in
achieving maximal coupling efficiency.

EXPERIMENTAL PROCEDURES

Strains and Plasmids.Wild-type and mutant forms of FoF1

ATP synthase were expressed from plasmid-borneunc
operon on pACWU1.2 (55) in strain DK8 (bglR thi-1 rel-1
HfrPO1 ∆(uncB-uncC) ilV::Tn10; 56). Construction of
variants of pACWU1.2 carrying the mutationsγE208K (46)
and aG213N+aL251V (36), with or without the amino-
terminalâ-FLAG affinity tag (55), was previously described.
The γM23K mutation from pBWU13.4 (33) was isolated
on the KpnI-SpeI restriction fragment and ligated into
pACWU1.2. The γY205C mutation was introduced by
oligonucleotide-directed mutagenesis. Plasmid pBγKS (55)
was the template for the mutagenesis reactions to introduce
γY205C by polymerase chain reaction (57) with the Pfu
thermophilic polymerase (Stratagene, La Jolla, CA) with
primers 5′-AAATCCTGGGATtgcCTGTACGAAC-3′ (sense
strand; cysteine codon in lowercase letters) and 5′-GTTCG-
TACAGgcaATCCCAGGATTT-3′ (antisense strand). After
sequencing of the entire insert, theKpnI-SpeI fragment was
ligated into pACWU1.2 containing theâ-FLAG tag.

Molecular biology procedures were performed according
to manufacturers’ instructions or as detailed by Sambrook
et al. (58). Restriction and DNA-modifying enzymes were
obtained from Roche Molecular Biochemicals (Indianapolis,
IN), Gibco-BRL (Rockville, MD), or New England Biolabs
(Beverly, MA).

Enzyme Preparations.To prepare FoF1-containing mem-
brane vesicles, strains were grown until mid-log phase in
minimal medium containing 1.1% glucose at 37°C, and
membranes were isolated as previously described (59).
Protein concentrations were determined by the method of

Lowry et al. (60). The membrane vesicles were finally
suspended at 20-40 mg/mL in a buffer consisting of 5 mM
Tris-HCl, 70 mM KCl, 0.5 mM DTT, and 55% glycerol at
pH 8.0.

Purification of FLAG-F1 was performed as previously
described (46). ε subunit was purified from wild-type F1 by
the method of Smith and Sternweis (61).

Determination of F1 content in membrane preparations was
performed by a quantitative immunoblot assay described
previously (31). Purified F1 was used as a reference standard.

Enzymatic Assays.Formation of an electrochemical gradi-
ent of protons was followed by use of acridine orange at pH
7.5 as previously described (62). ATP hydrolysis rates were
determined as previously described (14) at 30°C by addition
of 0.1-0.3 mg/mL membrane protein or 0.5 or 26 nM
purified F1 to a buffer containing 50 mM HEPES-KOH,
10 mM ATP, 5 mM MgSO4, and 1µM carbonyl cyanide
m-chlorophenylhydrazone (CCCP), pH 7.5, with 5 mM
phosphoenolpyruvate, 50µg/mL pyruvate kinase, and 0-22
mM LDAO as specified. Four time points were taken and
the amount of Pi generated was determined as previously
described (63). Pi production was required to be linear over
time. If the rate fell during the course of the assay, the
enzyme was considered unstable in those conditions. In the
case of the Arrhenius analysis, the pH was adjusted to 7.5
at the appropriate temperature (31). ATP synthesis rates were
determined as previously described (14) at 30 °C. The
concentration of free Mg2+ and Mg‚ATP was calculated with
the algorithm of Fabiato and Fabiato (64).

Materials.ATP, LDAO, NADH, and acridine orange were
obtained from Sigma Chemical Co. (St. Louis, MO), and
pyruvate kinase was from Roche Molecular Biochemicals.
Venturicidin A was obtained from Dr. Bernhard Liebermann
at the Institut fu¨r Pharmazie, Friedrick-Schiller Universita¨t,
Germany. All other reagents were of the highest grade and
purity available.

RESULTS

ActiVation of ATP Hydrolytic ActiVity by LDAO.Steady-
state ATP hydrolytic rates ofE. coli FoF1 in membranes or
purified F1 were determined inVmax conditions at pH 7.5 in
the presence of 10 mM ATP and 5 mM MgSO4 at 30°C. A
strong ADP trap or ATP-regenerating system was always
present to avoid possible complications from ADP‚Mg
inhibition (65). LDAO activated steady-state hydrolysis of
membranous FoF1 to a turnover of 890 s-1 with 10 mM
LDAO, which was an approximately 3-fold increase over
enzyme without LDAO (Figure 1A). Similarly, purified F1

was activated to 510 s-1, an almost 4-fold increase. The
activations occurred over a similar range of LDAO concen-
trations and were in agreement with those reported by
Lötscher et al. (53) and Dunn et al. (54). Because FoF1 is
activated over a similar LDAO concentration range as F1,
the results indicate that FoF1 is also ε-inhibited and the
inhibition is disabled by LDAO. This interpretation is
consistent with the findings of Schulenberg and Capaldi (66)
and Kato-Yamada et al. (67). Previously, we and others (31,
46, 68) suggested thatε-inhibition of F1 was released upon
binding to Fo because the turnover of ATP hydrolysis by F1

was increased approximately 4-fold upon binding to Fo (see
below).

1 Abbreviations: CCCP, carbonyl cyanidem-chlorophenylhydrazone;
LDAO, lauryldimethylamine oxide.
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Lötscher et al. (53) and Dunn et al. (54) reported thatε
subunit remains associated with F1 complex even in the
presence of 9 mM LDAO, a concentration that completely
eliminatedε inhibition. Furthermore, loss of inhibition did
not involve theδ subunit because LDAO activation of F1

was independent of this subunit (53). To test the effect of
LDAO on F1 in the absence ofε subunit, purified F1 was
diluted to 0.5 nM, a concentration below theKD for ε subunit,
which is∼3 nM (31, 37, 68). In theε-dissociated form, the
enzyme was also activated by LDAO but at a much lower
concentration (<0.5 mM versus 1-2 mM; Figure 1A). Thus,
there is a pronounced effect by the detergent on the minimal
catalytic complexR3â3γ, an effect that is different fromε
inhibition. This observation is also consistent with previous
results for activation ofε-depleted F1 by LDAO (54).

Significantly, association of F1 with Fo stimulated even
higher catalytic turnover. With increasing concentrations of
LDAO and the release ofε inhibition, the hydrolytic turnover
of membranous FoF1 was at least 70% higher than for F1

alone and slightly higher than the LDAO-activatedR3â3γ
complex (Figure 1). This activation remained even in the
presence of up to 22 mM LDAO and occurred at concentra-
tions much greater than that required to uncouple the
transport mechanism from catalysis.

Coupling in this case was assessed by the inhibition of
ATP hydrolytic activity by either the transport inhibitor,
venturicidin (69, 70), or a double subunit a mutation,
aG213N+aL251V (36), both of which attenuate the transport

mechanism (compare thekcat of enzymes at 0 LDAO). This
indirect attenuation on catalysis was eliminated with as little
as 0.4 mM LDAO (Figure 2). At higher LDAO, the
activation of the mutant enzyme was nearly identical to the
wild-type enzyme with or without venturicidin.

Similar to that observed by Lo¨tscher et al. (53), the
presence of less than 0.4 mM LDAO caused inhibition of
wild-type FoF1 activity (Figure 2). This effect appears to be
due to the Fo sector because purified F1 activity is not
inhibited at low LDAO concentrations (data not shown). This
inhibition is likely caused by disruption of the membranous
Fo structure, which creates a similar attenuation of catalytic
activity as venturicidin or the Fo aG213N+aL251V mutation.
We note that the aG213N+aL251V FoF1 enzyme does not
have altered unisite catalytic parameters indicating that the
effect of transport is only on steady-state rotational catalysis.2

The above results show that the presence of Fo stimulated
a higher turnover than that for F1 even though LDAO caused
the loss of functional coupling between transport and
catalysis. We note, however, that it was not possible to
demonstrate directly whether the FoF1 complex was still
intact. Efforts to assay the association of Fo with F1 in high
concentrations of LDAO by sucrose density gradient cen-
trifugation gave only ambiguous results (data not shown).
In light of these technical difficulties, we must assume that,
because of the obvious difference between the behavior of
the F1 and FoF1 complexes, at least some portion of Fo must
remain associated with F1.

Effects of LDAO onγM23K andγE208K Mutant Enzymes.
We previously showed that theγM23K mutation alters
interactions betweenγ andâ subunits (14, 31, 32). γM23K
F1 has the same inhibition constant forε subunit as wild
type (31); however, the LDAO activation of the mutant
enzyme is partially blocked (Figure 1A). Turnover of the
γM23K FoF1 is activated 2-fold at 0.5 mM LDAO but is
not further increased at higher LDAO concentrations. These
data indicate that theγM23K mutation prevents the LDAO
activation and suggest that the perturbation caused by LDAO
cannot overcome the increased energy of interaction between
γ andâ subunit caused by the mutation (31). PurifiedγM23K
F1 is unstable in LDAO and activity disappears with time.

2 Y. B. Peskova and R. K. Nakamoto, manuscript in preparation.

FIGURE 1: kcat at 30°C for ATP hydrolysis as a function of LDAO
concentration. ATP hydrolytic activities were determined in the
presence of 0-22 mM LDAO as described under Experimental
Procedures. The enzyme preparations were as follows: ([) FoF1
enzyme in membrane vesicles; (9) F1 enzyme at a concentration
of 26 nM; (2), F1 dissociated fromε subunit by dilution (F1
concentration was 0.5 nM; theKD for ε to theR3â3γ complex∼ 3
nM; 31, 37, 68). (A) Wild type is shown by the solid symbols and
γM23K FoF1 by (]). (B) γY205C enzymes. The dilutedγY205C
enzyme (4) was unstable in 1 mM LDAO or greater. The rates of
hydrolysis decreased during the time course of the measurements
and could not be determined. This was also the case forγM23K
F1 in LDAO.

FIGURE 2: LDAO-dependent uncoupling: Effect of LDAO on the
aG213N+ aV251L mutant membranous FoF1 (36) (2), on wild-
type FoF1 inhibited by 5 µg/mL venturicidin ([), and, for
comparison, on wild-type FoF1 without inhibitors (9).
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We also assessed the effect of LDAO on theγE208K
mutant enzyme. This mutation, which is in theγ-ε-c
interface, causes inefficient coupling between transport and
catalysis and reduced steady-state catalytic rates (46). In
contrast to γM23K, the γE208K mutant enzyme was
activated by LDAO very similar to wild type; however, the
kcat of the γE208K enzyme was always about half of the
equivalent wild-type form (FoF1, F1, or ε-free F1) and at all
LDAO concentrations up to 10 mM (data not shown).
Clearly, the γE208K amino acid substitution influences
catalytic turnover even though its location is distant from
the catalytic domain (12, 71). The effects of theγE208K
mutation indicate the importance of theγ-ε-c interface in
controlling catalysis.

The γY205C Substitution Abrogates the Effects ofε

Subunit.In contrast toγE208K, the nearbyγY205C mutant
enzyme behaved quite differently and as though theε

inhibition was abrogated (compare Figure 1 panels A and
B). The mutant enzyme, in membranes or F1 alone, had a
higherkcat for ATP hydrolysis (Table 1). Addition of excess
ε subunit toγY205C F1 had only a small effect on activity,
which indicated that theγY205C F1 still hadε subunit bound
and that the lack of inhibition was not due to a lower affinity
of ε subunit for F1 complex. Moreover, dilution of the mutant
F1 to dissociateε subunit did not result in activation of the
enzyme, suggesting that the already highkcat of the mutant
F1 was not subject toε inhibition.

The γY205C F1 and FoF1 response to LDAO was very
similar to wild type,ε-free F1, with the mutant FoF1 having
higher turnover rates (Figure 1B). These results suggested
that the mutantγY205C enzyme complexes were already
free of ε inhibition. The dilutedγY205C F1 (to releaseε
subunit) became unstable at greater than 1 mM LDAO.

In addition to higher turnover, theγY205C substitution
also caused less efficient coupling. Thekcat for NADH-driven
ATP synthesis was significantly lower than wild type even
though thekcat for ATP hydrolysis was much higher (Table
1). Control experiments were done with acridine orange
fluorescence to determine the extent of NADH proton
pumping (see Experimental Procedures). These experiments
showed that the mutant membranes achieved a similar extent
of NADH-driven electrochemical gradient of protons as the
wild-type membranes (data not shown). If the ATP hydrolytic

activity represents the catalytic competency of the enzyme,
then the ratio of ATP synthesis to hydrolysis is an indicator
of coupling efficiency (31). The ratio for the mutant enzyme
is almost 6-fold lower for the mutant enzyme complex (Table
1).

Effect ofε Subunit on the Transition State.To provide
information on the effect of LDAO and theε subunit on the
rate-limiting step of ATP hydrolysis, we determined the
thermodynamic parameters of the steady-state transition state
(14). The Arrhenius plot of LDAO-treated orε-free enzymes
from 22 to 37°C had different slopes compared toε-replete
enzymes (Figure 3). We note that the ATP hydrolytic rates
remained constant over time at all temperatures, indicating
that the enzymes were stable in the assay conditions.
Furthermore, each Arrhenius plot remained linear, indicating
that the rate-limiting step did not change over the temperature
range for a given LDAO concentration. Calculation of the
thermodynamic parameters of the steady-state transition state
showed that elimination of theε subunit inhibition on F1
[by diluting the enzyme to 0.5 nM to dissociateε subunit
(Figure 3, line 4) or by adding 10 mM LDAO, (Figure 3,
lines 2 and 6)] resulted in a significantly higherEA. Although
these data are difficult to interpret because of the multiple
effects of LDAO on the enzyme, the results suggest thatε

has an effect on the steady-state transition state.
We assessed the effects of theε subunit on the transition

state by isokinetic analysis. Previously we have shown that
the thermodynamic properties of the FoF1 and F1 steady-
state transition state from a variety of sources or carrying
different mutations conform to a linear relationship (Figure
4A; 14, 31, 36). This linear isokinetic relationship indicates
that each of the enzymes utilizes the same transition-state
structure at the rate-limiting step. The position along the line
indicates differences in the number of bonds between the
substrates and enzyme or within the enzyme that must be

Table 1: Kinetic Parameters forγY205C Mutant versus Wild-Type
Enzymes at 30°Ca

preparation

ATP
synthesisb

(s-1)

ATP
hydrolysis

(s-1)
ATP synthesis/
ATP hydrolysisc

WT FoF1 25 336 0.074
γY205C FoF1 8.0 599 0.013
WT F1 (+ε) 149d

γY205C F1 (+ε) 346d

γY205C F1 + 20 nM ε 292e

WT F1 dilute (-ε) 440f

γY205C F1 dilute (-ε) 297f

a All values reported are the averages of at least three trials.b NADH-
driven ATP synthesis was measured at 30°C as previously described
(14). c The ATP synthesis/ATP hydrolysis ratio is thekcat of ATP
synthesis divided by thekcat of ATP hydrolysis determined for FoF1

enzyme in membrane vesicles at 30°C. d The concentration of F1 in
the assay was 26 nM.e The concentration of F1 in the assay was 26
nM plus 20 nM additional purifiedε subunit.f The concentration of F1
in the assay was 0.5 nM.

FIGURE 3: Effect of LDAO on FoF1 and F1 Arrhenius plots. ATPase
activities were determined as described under Experimental Pro-
cedures between 22 and 37°C. All enzymes shown here are wild
type with FoF1 in native membrane vesicles or F1 purified as
previously described (46). The data are from the following
preparations: 1, FoF1 in membranes ([); 2, FoF1 plus 10 mM LDAO
(×); 3, 26 nM F1 (9); 4, 0.5 nM F1 (2); 5, 0.5 nM F1 plus 20 nM
addedε subunit (4); and 6, 26 nM F1 plus 10 mM LDAO (b).
The data are plotted as specific activity for clarity. The lines are
linear regression fits over the temperature range of each preparation.
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broken or made in order to achieve the transition state. This
isokinetic correlation shown in Figure 4A verifies the
relationship described above.

Significantly, enzymes without theε subunit, carrying the
γY205C substitution in FoF1, or FoF1 and F1 enzymes in the
presence of high concentrations of LDAO fall on a distinctly
different line for each temperature comparison (points 1-7
in Figure 4B; for clarity, only one temperature comparison,
20 versus 35°C, is shown). These points conform to a new
linear relationship with an excellent linear regression fit (r
value for the linear regression is 0.976). This includes the
LDAO-treatedγM23K andγE208K mutant enzymes. The
enzymes treated with 10 mM LDAO fell on the same line
as the enzymes depleted ofε subunit, indicating that LDAO
disabled theε subunit influence on the transition state. We
emphasize that theε-containing enzymes or those not treated
with LDAO fell on the original line (4). Interestingly, the
γY205C F1 enzyme fell closer to theε-replete line (point
8). This is likely due to a specific characteristic of this mutant
enzyme or because of instability. In fact, because of

instability, the temperature dependence of theε-depleted
γY205C enzyme could not be determined.

To confirm that the effect on the thermodynamic param-
eters was due to theε subunit, we were able to reverse the
effect by addingε subunit back. When wild-type F1 was
diluted below theKD for ε to 0.5 nM and excessε subunit
was added to 20 nM, the activation energy was similar to
that for the F1 + ε enzyme (Figure 3 and Table 2) and the
temperature dependence returned to the regression line for
ε-replete enzymes (Figure 4,4, point 11).

DISCUSSION

In the results presented in this paper, we show that theε

subunit and Fo sector have control on the catalytic mecha-
nism. The influence of the Fo sector was an approximately
2-fold activation of hydrolytic turnover over that of F1 alone.
The kcat of the FoF1 complex uncoupled and activated by
LDAO exceeded that of theR3â3γ catalytic domain complex
and gave the highestkcat for ATP hydrolysis obtained (890
s-1 at 30 °C; Figure 1A). This may be an effect of
interactions with the c subunit interface because amino acid
substitutions at theγ-c interface, such asγY205C,γY207C,
and γE208K (44, 46, 48), affect catalytic turnover. The
activation by Fo does not appear to alter the rate-limiting
transition-state structure because F1 and FoF1 enzymes
conform to the same isokinetic relationship. Furthermore,
catalysis inhibited by the transport mutant aG213N+aL251V
or by venturicidin also falls on the original isokinetic
relationship; therefore, attenuation by transport does not alter
the transition-state structure either (36).

In contrast, the influence of theε subunit is to decrease
hydrolytic turnover of F1 and FoF1. The inhibitory effect of
ε subunit on catalysis was alleviated by LDAO or by the
γY205C substitution. In agreement with previous studies (53,
54), LDAO was found to activate hydrolytic turnover at
concentrations of LDAO greater than 1 mM. In addition,
LDAO has other effects: 0.5 mM LDAO activates hydrolytic
turnover of theR3â3γ complex, and less than 0.4 mM LDAO
uncouples and inhibits membranous FoF1. The latter effects
appear to be due to disruption of the Fo structure. The
characteristics ofγY205C mutant enzymes were consistent
with abrogation ofε subunit inhibition: (1) FoF1 and F1

enzymes had higher hydrolytic turnover, (2) the turnover of
F1 did not increase whenε subunit was dissociated by
dilution, and (3) the dependency on LDAO of theγY205C
FoF1 and F1 turnover (with boundε) was very similar to that
of wild-type F1 without ε (Figure 1B and Table 1).

Most importantly, whereas association with the Fo sector
does not alter the structure of the rate-limiting transition state
of the catalytic reaction, release ofε inhibition does. As
shown in Figure 4B, the enzymes free of theε subunit,
treated with 10 mM LDAO, or carrying theγY205C

FIGURE 4: Isokinetic correlations of various FoF1 and F1 enzymes
carrying different amino acid substitutions or from different
sources: enzymes without the influence ofε subunit have a different
linear relationship. (A) Logkcat at 20°C versus logkcat at 25 ([),
30 (0), and 35°C (2). See refs14, 31, and80 for a list of the
enzymes included in the plot. (B) Isokinetic correlation of enzymes
withoutε, treated with LDAO or carrying theγY205C substitution.
Only the 20°C versus 35°C comparison is shown for clarity. (b):
1, wild-type FoF1 in 10 mM LDAO; 2, wild-type F1 at 0.5 nM
(diluted); 3, wild-type F1 at 26 nM in 10 mM LDAO; 4,γM23K
FoF1 in 10 mM LDAO; 5, γM23K F1 at 0.5 nM (diluted); 6,
γE208K FoF1 in 10 mM LDAO. (O): 7, γY205C FoF1; 8, γY205C
F1 at 26 nM. (4): 9, wild-type FoF1; 10, wild-type F1 at 26 nM;
11, wild-type F1 at 0.5 nM plus 20 nMε subunit; 12,γM23K FoF1;
13, γE208K FoF1. Lines are linear regression fits: the upper line
was fit to points 1-7 (r ) 0.981), and the lower line was fit to all
other points (r ) 0.976).

Table 2: Activation Energies,EA, at 30°C of Wild-Type Enzymes
in LDAO Derived from the Arrhenius Plots Described in Figure 3

preparation activation energy,EA (kJ/mol)

FoF1 in membranes 45.8
FoF1 plus 10 mM LDAO 42.8
F1 (26 nM) 59.3
F1 (0.5 nM) 98.6
F1 (0.5 nM) plus 20 nMε subunit 47.7
F1 (26 nM) plus 10 mM LDAO 75.5
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mutation fell on different isokinetic lines. The isokinetic
temperature,â, calculated for this line is 48°C versus 87
°C for enzymes under the influence of theε subunit (14).
The â value may indicate the temperature of reversibility
but its physical significance is debatable (72). Nevertheless,
the excellent fits to the two different isokinetic lines
combined with the consistent correlation with the release of
ε subunit inhibition give a strong indication that the transi-
tion-state structure is different. We propose that theε-subunit
inhibition of catalytic turnover is a manifestation of the
different transition-state structure.

Another property that correlates withε-subunit inhibition
and the different transition-state structure is coupling ef-
ficiency. The role of theε subunit in coupling is difficult to
assess because low concentrations of LDAO uncouple the
transporter (Figure 2) and theE. coli F1 sector will not
associate with Fo in the absence ofε (49). Fortunately, the
γY205C mutant enzyme provides a system for assessing the
role of theε subunit in coupling. TheγY205C substitution
causes reducedkcat for ATP synthesis while thekcat for ATP
hydrolysis is increased, which together indicate lower
coupling efficiency (Table 1). We suggest that the proper
transition state structure, and thereforeε inhibition, is a
critical feature of efficient coupling.

The partial X-ray structure of the yeast mitochondrial FoF1

complex shows that the mitochondrialδ subunit (equivalent
of E. coli ε) interacts with theγ and c subunits and is not in
physical contact with theâ subunits. Several residues in the
ε-subunit amino-terminalâ-sandwich region that are involved
in the interactions with theγ subunit have been identified
(39, 43, 44, 73). The lack ofε inhibition in the γY205C
mutant enzyme, an amino acid substitution in theγ-ε-c
interface, suggests that the influence ofε subunit is mostly
through its interactions with theγ subunit. Furthermore, the
ε-subunit carboxyl-terminal region can be deleted and the
enzyme complex retains active transport function (67, 74).
However, other results suggest that direct interactions
between theε carboxyl-terminal region and theR and â
subunits may also have a role inε inhibition and coupling
efficiency. Cross-linking studies have demonstrated that the
carboxyl-terminal region of theε subunit contacts theR and
â subunits during the course of steady-state activity (16, 43,
52, 75-77). Moreover, Kato-Yamada et al. (67) showed that
the Bacillus PS3 FoF1 with a carboxyl-terminal truncatedε
subunit behaved like theγY205C mutant in that it had higher
ATPase activity. An interesting question is whether this
enzyme will also fall on the new isokinetic line.

The influence of the transport mechanism on catalysis is
also through theγ subunit. Theε subunit and Fo have been
shown to influence catalysis indirectly via conformational
effects on theγ subunit (37, 73, 78). In turn, theγ subunit
influences catalysis through its intimate interactions with the
catalytic â subunits (14, 31-33, 62). Such effects were
observed in theγE208K mutant (46) and indicated by
changes in the reactivity ofγY205C with maleimides that
were dependent on the nucleotides and the presence of the
ε subunit (44). The dynamic conformation in the interface
among theγ, ε, and c subunits may be a part of the proposed
elastic strain in the rotor, which is believed to be necessary
to store energy from the multiple rotation steps produced
by the transport mechanism that occur for each 120° catalytic
rotation (9, 13, 79). We suggest that the conformational

effects play an important role in determining the proper
coupled kinetic pathway during active transport. These
factors are essential not only for the transmission and
conversion of energy from the transport mechanism to that
of catalysis but also for its exquisite efficiency.
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