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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 thee, and ¢ 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 (LDAQO), which
uncouples active transport and disables the inhibitory effect of gubunit. At 5 mM LDAO or greater,

the inhibitory effects ofe subunit are abrogated in both purified &nd membranous.Fi. In these
conditions, LDAO solubilized §1 has a highekg,: for ATP hydrolysis than E These results indicate an
influence of |5 on F even though catalysis is uncoupled from transport. d#sy complex free of the

€ subunit is activated at a lower concentration of 0.5 mM LDAO. Significantly, tf@05C mutant
enzyme is similarly activated at 0.5 mM LDAO, suggesting that the mutant enzymedankgition.
TheyY205C RF, which has &:qfor 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 freeecgubunit inhibition have a different transition-state structure from
those under the influence of thesubunit. We propose that tikesubunit is one of the factors that determines
the proper transition-state structure, which is essential for efficient coupling.

Coupled transport in the F; ATP synthase involves the efficient coupling between them. Substitution of these
rotation of they (1—3) ande (4—6) subunits and the ring of  amino acids perturbs rotestator interactions occurring
10—-12 c subunits 7, 8; for reviews see ref9—13). In the between thes and$ subunits {4, 30—33) and the a and ¢
catalytic domain, steady-state ATP hydrolysis or synthesis subunits 84—36). The altered interactions have been shown
involves the rotation of they subunit relative to thexsss to affect the rate-limiting transition state of steady-state
complex (see refd0 and 13—15 for discussions). Steady- catalysis of ATP hydrolysis and synthesi31( 33, 36).
state catalysis, which involves participation of all three Because steady-state catalysis is concomitant with rotation,
catalytic sites, is concomitant with rotation because rotation the rate-limiting step of catalysis involves rotation of the
is blocked by inhibitors of cooperative steady-state ATP sybunit (.3, 14). Interactions among the rotor subunits e
hydrolysis (—3), and steady-state hydrolysis is blocked by and c, also influence catalysi87—48). Association of i
chemical cross-linking of or e (rotor) andg (stator) subunits  wjith the transport fsector results in activation of the enzyme
(16, 17). The transport mechanism in the Sector is not  (31), while ¢ subunit association with thes3sy catalytic
well understood, but models also employ a rotational gomain inhibits ATP hydrolysis ratedg, 50). Perturbations
movement of the ¢ subunit oligomer relative to the a subunit jn each of these intersubunit interactions affect the rate-
(18-20). Importantly, inhibition of transport attenuates |imiting transition state and coupling efficiency, which

rotation of they subunit in the catalytic domair4(6, 7, suggests that the catalytic transition state and coupling are
21). Itis reasonable that the transport and catalytic mecha- . iarrelated.

nisms are coupled by the rotor subunits. Recent results from

several laboratorie2@—29) have demonstrated that thg)b

peripheral stem fixes the stator elements, a@gid, together.
Mutagenic, kinetic, and thermodynamic approaches have

shown that several amino acids in tBecherichia coliFoF;

are involved in intersubunit, roteistator interactions im-

portant for the mechanisms of transport and catalysis, and

A critical region for the coupling mechanism resides at
the interface between thg and e subunits, and the J§
probably with the ¢ subunits. This region has been structur-
ally defined by cross-linking studies that have implicated at
leastyTyr205,yTyr207, severat subunit residues, and the
polar loop of thec subunits 89, 42—44, 47, 48). Furthermore,
genetic studies established that these interactions play a role
in coupling. Uncoupling mutations in this region have been
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Taken together, these results define regions in each of theLowry et al. €0). The membrane vesicles were finally

three subunits that interact to maintain efficient coupling.

This region, which is not in physical contact with theand

suspended at 2040 mg/mL in a buffer consisting of 5 mM
Tris-HCI, 70 mM KCI, 0.5 mM DTT, and 55% glycerol at

f subunits, is partially modeled into the recent crystal- pH 8.0.

lographic structure of the yeastHr complex (2). The

Purification of FLAG-R was performed as previously

structure suggests that the coupling domain modulatesdescribed46). € subunit was purified from wild-type Foy

catalysis through indirect conformational effects via the

subunit. Cross-linking studies suggest direct interactions

betweene subunit and theo and 8 subunits and these
interactions may also participate in couplirgy 16, 51, 52).

the method of Smith and SternweB1j.

Determination of Fcontent in membrane preparations was
performed by a quantitative immunoblot assay described
previously B1). Purified R was used as a reference standard.

Here, we assess the influence of transport and coupling Enzymatic Assay&ormation of an electrochemical gradi-

on the catalytic mechanism. tszher et al. §3) and Dunn
et al. 64) previously showed that the detergent lauryldi-
methylamine oxide (LDAG)releases the ;;complex from
the inhibitory effects of the subunit, even thoughsubunit

ent of protons was followed by use of acridine orange at pH
7.5 as previously describe@). ATP hydrolysis rates were
determined as previously describdd)at 30°C by addition

of 0.1-0.3 mg/mL membrane protein or 0.5 or 26 nM

remains associated with the complex. Similarly, replacement rified F, to a buffer containing 50 mM HEPESKOH,
of yTyr205 with cysteine causes a 3.5-fold increase in steady-19 mm ATP, 5 mM MgSQ, and 1uM carbonyl cyanide

state hydrolytic activity of IF(44) and may provide a mutant
form in which thee subunit inhibition is abrogated. We take

m-chlorophenylhydrazone (CCCP), pH 7.5, with 5 mM
phosphoenolpyruvate, 5@/mL pyruvate kinase, and-®2

advantage of these properties to characterize the influencegn LDAO as ‘specified. Four time points were taken and

of the transport Fsector and thg—e—c interface on steady-

the amount of Pgenerated was determined as previously

establish that the—e—c interface plays a role in determining

the transition-state structure of the rotational catalytic mech-

time. If the rate fell during the course of the assay, the
enzyme was considered unstable in those conditions. In the

anism and that the proper transition state is critical in case of the Arrhenius analysis, the pH was adjusted to 7.5

achieving maximal coupling efficiency.
EXPERIMENTAL PROCEDURES

Strains and Plasmid&Vild-type and mutant forms ofJF;
ATP synthase were expressed from plasmid-boume
operon on pACWU1.255) in strain DK8 pgIR thi-1 rel-1
HfrPO1 A(uncB-uncQ ilv::Tnl0; 56). Construction of
variants of pACWUL1.2 carrying the mutatiopg208K (46)
and aG213N-aL251V (36), with or without the amino-
terminal3-FLAG affinity tag (65), was previously described.
The yM23K mutation from pBWU13.4 33) was isolated
on the Kpnl—Spé restriction fragment and ligated into
pACWUL.2. The yY205C mutation was introduced by
oligonucleotide-directed mutagenesis. PlasmigigB (55)

was the template for the mutagenesis reactions to introduceS

yY205C by polymerase chain reactiof7f with the Pfu
thermophilic polymerase (Stratagene, La Jolla, CA) with
primers 5-AAATCCTGGGATtgcCTGTACGAAC-3 (sense
strand; cysteine codon in lowercase letters) ar@BTCG-
TACAGgcaATCCCAGGATTT-3 (antisense strand). After
sequencing of the entire insert, tkpnl—Spe fragment was
ligated into pACWUL.2 containing the-FLAG tag.

at the appropriate temperatuBl). ATP synthesis rates were
determined as previously describetid) at 30 °C. The
concentration of free Mg and MgATP was calculated with
the algorithm of Fabiato and Fabiat®4j.

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 Pharmazie, Friedrick-Schiller Universifa
Germany. All other reagents were of the highest grade and
purity available.

RESULTS

Activation of ATP Hydrolytic Actiity by LDAO. Steady-
tate ATP hydrolytic rates dE. coli FoF; in membranes or
purified F, were determined iWmax conditions at pH 7.5 in
the presence of 10 mM ATP and 5 mM Mgséat 30°C. A
strong ADP trap or ATP-regenerating system was always
present to avoid possible complications from AR
inhibition (65). LDAO activated steady-state hydrolysis of
membranous §F; to a turnover of 890 § with 10 mM
LDAO, which was an approximately 3-fold increase over

Molecular biology procedures were performed according enzyme without LDAO (Figure 1A). Similarly, purifiedsF
to manufacturers’ instructions or as detailed by Sambrook \yas activated to 5108, an almost 4-fold increase. The

et al. 68). Restriction and DNA-modifying enzymes were

obtained from Roche Molecular Biochemicals (Indianapolis,

IN), Gibco—BRL (Rockville, MD), or New England Biolabs
(Beverly, MA).

Enzyme Preparationdlo prepare FF;-containing mem-

activations occurred over a similar range of LDAO concen-
trations and were in agreement with those reported by
Lotscher et al. §3) and Dunn et al. §4). Because §F; is
activated over a similar LDAO concentration range as F
the results indicate thatF; is also e-inhibited and the

brane vesicles, strains were grown until mid-log phase in inhibition is disabled by LDAO. This interpretation is

minimal medium containing 1.1% glucose at 3C, and
membranes were isolated as previously descrit&eg). (

consistent with the findings of Schulenberg and Cap#&@i (
and Kato-Yamada et al67). Previously, we and other81,

Protein concentrations were determined by the method of 46, 68) suggested that-inhibition of F, was released upon

1 Abbreviations: CCCP, carbonyl cyanidechlorophenylhydrazone;
LDAO, lauryldimethylamine oxide.

binding to ks because the turnover of ATP hydrolysis by F
was increased approximately 4-fold upon binding i¢dee
below).
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FIGURE 1: k.gat 30°C for ATP hydrolysis as a function of LDAO
concentration. ATP hydrolytic activities were determined in the
presence of 822 mM LDAO as described under Experimental
Procedures. The enzyme preparations were as follo®3: FgF;
enzyme in membrane vesicles)(F, enzyme at a concentration
of 26 nM; (a), F, dissociated frome subunit by dilution (k
concentration was 0.5 nM; th&; for € to theaBzy complex~ 3
nM; 31, 37, 68). (A) Wild type is shown by the solid symbols and
yM23K FoF by (). (B) yY205C enzymes. The dilutegdy205C
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FiIGURE 2: LDAO-dependent uncoupling: Effect of LDAO on the
aG213N+ aV251L mutant membranousf (36) (a), on wild-
type KF: inhibited by 5 ug/mL venturicidin @), and, for
comparison, on wild-type §F; without inhibitors ).

mechanism (compare the, 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 ‘ltscher et al. §3), the
presence of less than 0.4 mM LDAO caused inhibition of
wild-type RF; activity (Figure 2). This effect appears to be
due to the F sector because purified; Factivity is not
inhibited at low LDAO concentrations (data not shown). This
inhibition is likely caused by disruption of the membranous

enzyme 4) was unstable in 1 mM LDAO or greater. The rates of F_ structure, which creates a similar attenuation of catalytic

hydrolysis decreased during the time course of the measurement

and could not be determined. This was also the casgM#3K
F;, in LDAO.

Létscher et al. §3) and Dunn et al. §4) reported that
subunit remains associated with Eomplex even in the
presence of 9 mM LDAO, a concentration that completely
eliminatede inhibition. Furthermore, loss of inhibition did
not involve thed subunit because LDAO activation of F
was independent of this subunfid). To test the effect of
LDAO on F; in the absence of subunit, purified k was
diluted to 0.5 nM, a concentration below tkg for ¢ subunit,
which is~3 nM (31, 37, 68). In thee-dissociated form, the
enzyme was also activated by LDAO but at a much lower
concentration€0.5 mM versus £2 mM; Figure 1A). Thus,

Sctivity as venturicidin or thefaG213N+al.251V mutation.
We note that the aG213NaL251V RF; enzyme does not
have altered unisite catalytic parameters indicating that the
effect of transport is only on steady-state rotational catafysis.
The above results show that the presence,attimulated
a higher turnover than that for 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 theHr complex was still
intact. Efforts to assay the association gfwith F; 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

there is a pronounced effect by the detergent on the minimalthe R and kF. complexes, at least some portion @frust

catalytic complexasfsy, an effect that is different frora
inhibition. This observation is also consistent with previous
results for activation oé-depleted by LDAO (54).
Significantly, association of Fwith F, stimulated even
higher catalytic turnover. With increasing concentrations of
LDAO and the release efinhibition, the hydrolytic turnover
of membranous §F, was at least 70% higher than for F
alone and slightly higher than the LDAO-activateg3sy
complex (Figure 1). This activation remained even in the

remain associated with,F

Effects of LDAO oryM23K andyE208K Mutant Enzymes.
We previously showed that theM23K mutation alters
interactions betweep andf subunits 14, 31, 32). yM23K
F1 has the same inhibition constant fersubunit as wild
type @31); however, the LDAO activation of the mutant
enzyme is partially blocked (Figure 1A). Turnover of the
yM23K FoF; is activated 2-fold at 0.5 mM LDAO but is
not further increased at higher LDAO concentrations. These

presence of up to 22 mM LDAO and occurred at concentra- data indicate that theM23K mutation prevents the LDAO
tions much greater than that required to uncoup|e the activation and suggest that the perturbatlon caused by LDAO

transport mechanism from catalysis.

cannot overcome the increased energy of interaction between

Coupling in this case was assessed by the inhibition of ¥ @nhdf subunit caused by the mutatidilj. PurifiedyM23K

ATP hydrolytic activity by either the transport inhibitor,
venturicidin @9, 70), or a double subunit a mutation,
aG213Nt+al 251V 36), both of which attenuate the transport

F1 is unstable in LDAO and activity disappears with time.

2Y. B. Peskova and R. K. Nakamoto, manuscript in preparation.
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Table 1: Kinetic Parameters for'Y205C Mutant versus Wild-Type 25

Enzymes at 30C?

ATP ATP
synthesi® hydrolysis ATP synthesis/
preparation (s (s ATP hydrolysi$

WT FoFy 25 336 0.074
yY205C RF; 8.0 599 0.013
WT Fy (+e) 149
yY205C R, (+¢) 346
yY205C R + 20 nMe 292
WT F; dilute (—¢) 440
yY205C R, dilute (—¢) 297

2 All values reported are the averages of at least three tFiNADH-
driven ATP synthesis was measured at°80as previously described
(14). ©The ATP synthesis/ATP hydrolysis ratio is tike, of ATP
synthesis divided by th&:, of ATP hydrolysis determined forF, 0
enzyme in membrane vesicles at 3D. ¢ The concentration of Fin 0.00320 0.00325 0.00330 0.00335 0.00340
the assay was 26 nM.The concentration of Fin the assay was 26
nM plus 20 nM additional purified subunit.f The concentration of 1T (°K)
in the assay was 0.5 nM.

1‘5..

(umole Pi/min/mg)

i

log ATPase activity

0.5 +

Ficure 3: Effect of LDAO on KF; and R Arrhenius plots. ATPase

activities were determined as described under Experimental Pro-
We also assessed the effect of LDAO on tie208K cedures between 22 and 3C. All enzymes shown here are wild

mutant enzyme. This mutation, which is in the-e—c type with RF; in native membrane vesicles or Burified as
interface, causes inefficient coupling between transport andpreviously described 46). The data are from the following
catalysis and reduced steady-state catalytic rat€s (n preparations: 1,dF;in membranes€); 2, FF; plus 10 mM LDAO
contrast to yM23K, the yE208K mutant enzyme was (X); 3,26 nMF (W) 4, 0.5nM R (4); 5, 0.5 nM F plus 20 nM

. - . . addede subunit (); and 6, 26 nM Fk plus 10 mM LDAO @).
activated by LDAO very similar to wild type; however, the The data are plotted as specific activity for clarity. The lines are

Keat O the yE208K enzyme was always about half of the |inear regression fits over the temperature range of each preparation.
equivalent wild-type form (51, Fy, or e-free k) and at all

LDAO concentrations up to 10 mM (data not shown). activity represents the catalytic competency of the enzyme,
Clearly, the yE208K amino acid substitution influences then the ratio of ATP synthesis to hydrolysis is an indicator
catalytic turnover even though its location is distant from of coupling efficiency 81). The ratio for the mutant enzyme

the catalytic domain12, 71). The effects of theyE208K is almost 6-fold lower for the mutant enzyme complex (Table
mutation indicate the importance of the-e—c interface in 1).
controlling catalysis. Effect ofe Subunit on the Transition Stat&o provide

The yY205C Substitution Abrogates the Effectseof information on the effect of LDAO and thesubunit on the
Subunit.n contrast toyE208K, the nearbyY205C mutant rate-limiting step of ATP hydrolysis, we determined the
enzyme behaved quite differently and as though ¢he  thermodynamic parameters of the steady-state transition state
inhibition was abrogated (compare Figure 1 panels A and (14). The Arrhenius plot of LDAO-treated erfree enzymes
B). The mutant enzyme, in membranes grafone, had a  from 22 to 37°C had different slopes comparedd¢aeplete
higherk.,:for ATP hydrolysis (Table 1). Addition of excess enzymes (Figure 3). We note that the ATP hydrolytic rates
€ subunit toyY205C R had only a small effect on activity, =~ remained constant over time at all temperatures, indicating
which indicated that theY205C R still hade subunit bound that the enzymes were stable in the assay conditions.
and that the lack of inhibition was not due to a lower affinity Furthermore, each Arrhenius plot remained linear, indicating
of € subunit for F complex. Moreover, dilution of the mutant  that the rate-limiting step did not change over the temperature
F. to dissociate: subunit did not result in activation of the range for a given LDAO concentration. Calculation of the
enzyme, suggesting that the already highof the mutant thermodynamic parameters of the steady-state transition state
F1 was not subject te inhibition. showed that elimination of the subunit inhibition on

The yY205C R and RF; response to LDAO was very [by diluting the enzyme to 0.5 nM to dissociatesubunit
similar to wild type,e-free R, with the mutant B having (Figure 3, line 4) or by adding 10 mM LDAO, (Figure 3,
higher turnover rates (Figure 1B). These results suggestedines 2 and 6)] resulted in a significantly highex. Although
that the mutantyY205C enzyme complexes were already these data are difficult to interpret because of the multiple
free of e inhibition. The dilutedyY205C R (to releases effects of LDAO on the enzyme, the results suggest ¢hat
subunit) became unstable at greater than 1 mM LDAO. has an effect on the steady-state transition state.

In addition to higher turnover, thgY205C substitution We assessed the effects of theubunit on the transition
also caused less efficient coupling. Thgfor NADH-driven state by isokinetic analysis. Previously we have shown that
ATP synthesis was significantly lower than wild type even the thermodynamic properties of theHr and R steady-
though thek.: for ATP hydrolysis was much higher (Table state transition state from a variety of sources or carrying
1). Control experiments were done with acridine orange different mutations conform to a linear relationship (Figure
fluorescence to determine the extent of NADH proton 4A; 14, 31, 36). This linear isokinetic relationship indicates
pumping (see Experimental Procedures). These experimentshat each of the enzymes utilizes the same transition-state
showed that the mutant membranes achieved a similar extenstructure at the rate-limiting step. The position along the line
of NADH-driven electrochemical gradient of protons as the indicates differences in the number of bonds between the
wild-type membranes (data not shown). If the ATP hydrolytic substrates and enzyme or within the enzyme that must be
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FiGure 4: Isokinetic correlations of various and R enzymes
carrying different amino acid substitutions or from different
sources: enzymes without the influence sibunit have a different
linear relationship. (A) Logkeaat 20°C versus logk at 25 @),

30 @), and 35°C (a). See refsl4, 31, and 80 for a list of the
enzymes included in the plot. (B) Isokinetic correlation of enzymes
withoute, treated with LDAO or carrying thgY205C substitution.
Only the 20°C versus 35C comparison is shown for clarity®):

1, wild-type RF; in 10 mM LDAO; 2, wild-type k at 0.5 nM
(diluted); 3, wild-type kr at 26 nM in 10 mM LDAO; 4,yM23K
FoF1 in 10 mM LDAO; 5, yM23K F; at 0.5 nM (diluted); 6,
yE208K RF1in 10 mM LDAO. (O): 7,yY205C RF;; 8, yY205C

F, at 26 nM. @): 9, wild-type RF;; 10, wild-type R at 26 nM;
11, wild-type R at 0.5 nM plus 20 nM subunit; 12 yM23K FgFy;

13, yE208K RF;. Lines are linear regression fits: the upper line
was fit to points +7 (r = 0.981), and the lower line was fit to all
other points ( = 0.976).
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Table 2: Activation Energie€,a, at 30°C of Wild-Type Enzymes
in LDAO Derived from the Arrhenius Plots Described in Figure 3

preparation

activation energiga (kJ/mol)

FoF1 in membranes 45.8
FoF1 plus 10 mM LDAO 42.8
F1 (26 nM) 59.3
F. (0.5 nM) 98.6
F1 (0.5 nM) plus 20 nMe subunit 47.7
F; (26 nM) plus 10 mM LDAO 755

instability, the temperature dependence of thdepleted
yY205C enzyme could not be determined.

To confirm that the effect on the thermodynamic param-
eters was due to thesubunit, we were able to reverse the
effect by addinge subunit back. When wild-type;Fwas
diluted below theKp for € to 0.5 nM and excess subunit
was added to 20 nM, the activation energy was similar to
that for the i + € enzyme (Figure 3 and Table 2) and the
temperature dependence returned to the regression line for
e-replete enzymes (Figure 4, point 11).

DISCUSSION

In the results presented in this paper, we show thatthe
subunit and Fsector have control on the catalytic mecha-
nism. The influence of theFsector was an approximately
2-fold activation of hydrolytic turnover over that of Blone.
The ket Of the RFy complex uncoupled and activated by
LDAO exceeded that of thegSsy catalytic domain complex
and gave the highest, for ATP hydrolysis obtained (890
st at 30 °C; Figure 1A). This may be an effect of
interactions with the ¢ subunit interface because amino acid
substitutions at the—c interface, such ggY205C,yY207C,
and yE208K @4, 46, 48), affect catalytic turnover. The
activation by k5 does not appear to alter the rate-limiting
transition-state structure because &nd FKF; enzymes
conform to the same isokinetic relationship. Furthermore,
catalysis inhibited by the transport mutant aG2#3M 251V
or by venturicidin also falls on the original isokinetic
relationship; therefore, attenuation by transport does not alter
the transition-state structure eith@&6y.

In contrast, the influence of the subunit is to decrease
hydrolytic turnover of lr and RF.. The inhibitory effect of

broken or made in order to achieve the transition state. Thise subunit on catalysis was alleviated by LDAO or by the

isokinetic correlation shown in Figure 4A verifies the
relationship described above.

Significantly, enzymes without thesubunit, carrying the
yY205C substitution in B, or RF; and R enzymes in the
presence of high concentrations of LDAO fall on a distinctly
different line for each temperature comparison (point§ 1
in Figure 4B; for clarity, only one temperature comparison,
20 versus 35C, is shown). These points conform to a new
linear relationship with an excellent linear regressionffit (
value for the linear regression is 0.976). This includes the
LDAO-treatedyM23K and yE208K mutant enzymes. The
enzymes treated with 10 mM LDAO fell on the same line
as the enzymes depletedeo$ubunit, indicating that LDAO
disabled thes subunit influence on the transition state. We
emphasize that thecontaining enzymes or those not treated
with LDAO fell on the original line @). Interestingly, the
yY205C R enzyme fell closer to the-replete line (point
8). This is likely due to a specific characteristic of this mutant
enzyme or because of instability. In fact, because of

yY205C substitution. In agreement with previous studs; (
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 thensB3y complex, and less than 0.4 mM LDAO
uncouples and inhibits membranoug-F The latter effects
appear to be due to disruption of the Btructure. The
characteristics of Y205C mutant enzymes were consistent
with abrogation ofe subunit inhibition: (1) BF. and R
enzymes had higher hydrolytic turnover, (2) the turnover of
F1 did not increase wher subunit was dissociated by
dilution, and (3) the dependency on LDAO of th#205C
FoF1 and F turnover (with bound) was very similar to that
of wild-type R without e (Figure 1B and Table 1).

Most importantly, whereas association with thesEctor
does not alter the structure of the rate-limiting transition state
of the catalytic reaction, release efinhibition does. As
shown in Figure 4B, the enzymes free of thesubunit,
treated with 10 mM LDAO, or carrying the/’Y205C
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mutation fell on different isokinetic lines. The isokinetic
temperaturef, calculated for this line is 48C versus 87
°C for enzymes under the influence of thesubunit (4).
The g value may indicate the temperature of reversibility
but its physical significance is debatab®). Nevertheless,
the excellent fits to the two different isokinetic lines
combined with the consistent correlation with the release of
€ subunit inhibition give a strong indication that the transi-
tion-state structure is different. We propose thatetiseibunit
inhibition of catalytic turnover is a manifestation of the
different transition-state structure.

Another property that correlates withsubunit inhibition
and the different transition-state structure is coupling ef-
ficiency. The role of the subunit in coupling is difficult to

assess because low concentrations of LDAO uncouple the

transporter (Figure 2) and the. coli F; sector will not
associate with §in the absence of (49). Fortunately, the

yY205C mutant enzyme provides a system for assessing the

role of thee subunit in coupling. The’'Y205C substitution
causes reducdd,: for ATP synthesis while th&., for ATP
hydrolysis is increased, which together indicate lower
coupling efficiency (Table 1). We suggest that the proper
transition state structure, and therefaranhibition, is a
critical feature of efficient coupling.

The partial X-ray structure of the yeast mitochondrigttF
complex shows that the mitochondriakubunit (equivalent
of E. coli€) interacts with thes and ¢ subunits and is not in
physical contact with thg subunits. Several residues in the
e-subunit amino-termingd-sandwich region that are involved
in the interactions with the subunit have been identified
(39, 43, 44, 73). The lack ofe inhibition in the yY205C
mutant enzyme, an amino acid substitution in fhee—c
interface, suggests that the influencescfubunit is mostly
through its interactions with the subunit. Furthermore, the
e-subunit carboxyl-terminal region can be deleted and the
enzyme complex retains active transport functi6, (74).
However, other results suggest that direct interactions
between thes carboxyl-terminal region and the and j
subunits may also have a role énnhibition and coupling
efficiency. Cross-linking studies have demonstrated that the
carboxyl-terminal region of the subunit contacts the and
S subunits during the course of steady-state activigy 43,

52, 75—77). Moreover, Kato-Yamada et abT) showed that
the Bacillus PS3 BF; with a carboxyl-terminal truncated
subunit behaved like theY205C 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 ther subunit. Thes subunit and Fhave been
shown to influence catalysis indirectly via conformational
effects on they subunit @7, 73, 78). In turn, they subunit
influences catalysis through its intimate interactions with the
catalytic 8 subunits 14, 31-33, 62). Such effects were
observed in theyE208K mutant 46) and indicated by
changes in the reactivity ofY205C with maleimides that

were dependent on the nucleotides and the presence of the

€ subunit @4). The dynamic conformation in the interface
among they, €, and ¢ 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 T2@alytic
rotation @, 13, 79). We suggest that the conformational

Biochemistry, Vol. 39, No. 38, 2001835

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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