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ATP synthase uses a unique rotarymechanism to couple ATP
synthesis and hydrolysis to transmembrane proton transloca-
tion. As part of the synthesismechanism, the torque of the rotor
has to be converted into conformational rearrangements of the
catalytic binding sites on the stator to allow synthesis and
release of ATP. The � subunit of the rotor, which plays a central
role in the energy conversion, consists of two long helices inside
the central cavity of the stator cylinder plus a globular portion
outside the cylinder. Here, we show that the N-terminal helix
alone is able to fulfill the function of full-length � in ATP syn-
thesis as longas it connects to the restof the rotor.This connection
can occur via the � subunit. No direct contact between � and the c
ring seems to be required. In addition, the results indicate that the
� subunit of the rotor exists in two different conformations during
ATP synthesis and ATP hydrolysis.

F1Fo-ATP synthase is responsible for the bulk ofATP synthe-
sis from ADP and Pi in most organisms. F1Fo-ATP synthase
consists of the membrane-embedded Fo subcomplex with, in
most bacteria, a subunit composition of ab2cn (with n� 10–15)
and the peripheral F1 subcomplex, with a subunit composition
of �3�3���. The energy necessary for ATP synthesis is derived
from an electrochemical transmembrane proton (or, in some
organisms, sodium ion) gradient. Proton flow, down the gradi-
ent, through Fo is coupled to ATP synthesis on F1 by a unique
rotary mechanism. The protons flow through channels at the
interface of a and c subunits, which drives rotation of the ring of
c subunits. The cn ring, together with F1 subunits � and �, forms
the rotor. Rotation of � leads to conformational changes in the
catalytic nucleotide-binding sites on the� subunits, whereADP
and Pi are bound. The conformational changes result in forma-
tion and release of ATP. Thus, ATP synthase converts electro-
chemical energy, the proton gradient, into mechanical energy
in the formof subunit rotation and back into chemical energy as
ATP. In bacteria, under certain physiological conditions, the
process can run in reverse. ATP is hydrolyzed to generate a
transmembrane proton gradient that the bacterium requires
for such functions as nutrient import and locomotion (for
reviews, see Refs. 1–6).

F1 (or “F1-ATPase”) has three catalytic nucleotide-binding
sites, located on the � subunits, at the interface with the adja-
cent � subunit. The catalytic sites have pronounced differences
in their nucleotide-binding affinity. During rotational catalysis,
the sites switch their affinities in a synchronized manner; the
position of � determines which catalytic site is the high affinity
site (Kd1 in the nanomolar range), which site is the medium
affinity site (Kd2 � 1 �M), and which site is the low affinity site
(Kd3 � 30–100 �M; see Refs. 7, 8). Only the high affinity site is
catalytically active (9). In the original crystal structure of bovine
mitochondrial F1 (10), one of the three catalytic sites was filled
with the ATP analog AMPPNP,3 a second one with ADP (plus
azide; see Ref. 11), and the third site was empty. Hence, the �
subunits are referred to as �TP, �DP, and �E, respectively. The
high affinity site is located on the �TP subunit (12).
The coupling process between ATP synthesis or hydrolysis

on � and rotation of � is not yet fully understood on a residue
level. A number of point mutations at the interfaces between �
or � and � and between �, �, and c have been described that
result in varying degrees of uncoupling (13–17). Some muta-
tions at these interfaces were found that abolish ATP synthesis
or hydrolysis activity or both (18–20). Considering the pro-
nounced effect of these point mutations, some of which were
even conservative substitutions, it came as a surprise when it
was recently shown that an “axle-less” �, consisting just of the
globular portion, with the portions of the N- and C-terminal
helices that reach into the �3�3 cylinder removed, displayed
ATP-driven rotation in the correct direction (21).
Some reports have implicated the � subunit (corresponding

to the � subunit in themitochondrial enzyme) as being involved
in coupling (15, 22–25). It was shown that � exists in different
conformations that vary in the folding and positioning of the
C-terminal domain. The x-ray structure of the mitochondrial
enzyme (26) shows the two helices of the C-terminal domain
folded back on each other like a hairpin and positioned close to
the interface between � and the c ring (“down” conformation).
In the crystal structure of a �� complex from Escherichia coli
the hairpin is unfolded (27); when integrated into F1 or F1Fo, the
C terminus would reach “up,” coming close to the DELSEED-
loop of the � and/or � subunits. While in this up conformation
the angle between both helices of the C-terminal domain of � is
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a fully extended up conformation, stretching close to the N
terminus of �, with helical regions replacing the turn between
the two helices (28). Fixing � in either up conformation by
cross-linking to � has been shown to impair ATP hydrolysis but
not synthesis. Freezing � in the down position inhibited neither
reaction (29, 30).
Here, we report a finding that is arguably just as surprising as

the rotation of an axle-less �. In ATP synthase from the ther-
mophilic bacterium Bacillus PS3, enzymes with � subunit con-
structs where the globular domain and the C-terminal helix
were eliminated, consisting of just the N-terminal 35 or 42 res-
idues, TF1Fo(�Q36stop)4 and TF1Fo(�P43stop), were able to
catalyze significant rates of ATP synthesis. According to the
crystal structure (26), the shorter of the two� constructs should
not make any contact either with c or with � in the down con-
formation. Thus, the fact that ATP synthesis was observed sug-
gests that � in an up conformation forms a complex with the
truncated �, which is able to catalyze ATP synthesis. Indeed,
when the �Q36stop truncation was combined with an � trun-
cation where the C-terminal domain was removed, ATP syn-
thesis was abolished. The functions of the � and � subunits will
be discussed in light of the new findings.

MATERIALS AND METHODS

Bacterial Strains and Plasmids—Plasmid pTR19-ASDS,
which carries the genes for the F1Fo-ATP synthase from ther-
mophilic Bacillus PS3 (31), was used to generate the mutations
�K7stop, �Q36stop, �P43stop, and �I88stop. In initial experi-
ments to generate �-less TF1Fo (TF1Fo��) by introducing the
�K7stop mutation, we observed that the E. coli host produced
small amounts of full-length PS3 �, probably caused by a termi-
nation suppressor mutation in a tRNA. To eliminate this prob-
lem, an NheI site was introduced downstream of the stop
codon. This allowed removal of the remainder of the gene for �
on anNheI-NheI fragment (the secondNheI site is between the
genes for � and �). For construction of the �Q36stop and
�P43stop truncation mutants, the same strategy was used. The
mutagenic oligonucleotideswere designed in such away that, in
addition to the desired mutation, a restriction site would be
eliminated or generated to facilitate screening. Deletions were
introduced by PCR using the QuikChange II XL mutagenesis
kit (Stratagene). Wild-type and mutated plasmids were trans-
formed into E. coli strain DK8, which does not express E. coli
ATP synthase (32).
Isolation of Inverted Membrane Vesicles, Determination of

F1Fo Content in E. coli Membranes—E. coli strain DK8, harbor-
ing wild-type or mutated pTR19-ASDS plasmids, was aerobi-
cally cultivated at 37 °C for 18 h in 2� YT medium containing
100 �g/ml ampicillin. Inverted membrane vesicles from E. coli
cells expressing thermophilic F1Fo were prepared as described
(31, 33). The amount of wild-type F1Fo in E. coli membrane
preparations was determined by SDS-PAGE, as visualized by
staining with Coomassie Brilliant Blue. The relative amount of
mutant F1Fo the membranes was estimated via Western blot-
ting, using an anti-� antibody (Agrisera, Vännäs, Sweden) or an
anti-�/anti-� antibody (a kind gift from Bill Brusilow, Wayne

State University, Detroit, MI). The staining intensity was quan-
tified using a Photodyne imaging systemand ImageJ acquisition
software (National Institutes of Health). The antibody against
the globular portion of �, used to confirm the absence of this
portion of the protein in the truncationmutants, was a kind gift
from Toshiharu Suzuki and Masasuke Yoshida (Japan Science
and Technology Agency, Tokyo).
Functional Analysis of Mutant Strains and Enzymes—

Growth of strains expressing wild-type or mutant PS3 ATP
synthase in limiting glucose was determined as described pre-
viously (34). ATPase activities weremeasured as described pre-
viously (35).
ATP synthesis activity in vitro was measured as follows. The

batch assay used to obtain the data in Table 1 allowed running
of the assay at a different temperature (42 °C) than the luciferin/
luciferase reaction (room temperature) because the luciferase
turned out to be very unstable at 42 °C. For this assay, inverted
membrane vesicles were suspended in a solution containing 20
mM Hepes/KOH, 100 mM KCl, 5 mM MgCl2, 2 mM ADP, 5 mM

KPi, 2 �M Ap5A, and 10% glycerol (pH 7.5) and incubated at
42 °C; Ap5A was included to suppress adenylate kinase activity
of the membranes (36). The reaction was initiated by the addi-
tion of 2 mM NADH. After 10, 40, and 70 s, aliquots of the
reactionmixture (each containing 20 �g of membrane protein)
were transferred into boiling buffer of 100 mM Tris/H2SO4,
4 mMEDTA (pH 7.75) for heat denaturation. The samples were
incubated at 100 °C for 2min, cooled on ice, and centrifuged for
1 min at 1000 � g. The amount of ATP produced was deter-
mined by the luciferin/luciferasemethod (CLS II ATP biolumi-
nescence kit, Roche Applied Science). Light emission was
measured at 562 nm in a spectrofluorometer type Fluorolog 3
(HORIBA Jovin Yvon, Edison, NY). In control experiments in
the presence of the inhibitor oligomycin (20 �g/ml), no ATP
synthesis was observed (Table 1).4 Bacillus PS3 numbering is used throughout.

TABLE 1
Oxidative phosphorylation in vivo and ATP synthesis activities
in vitro
Oxidative phosphorylation in vivo and ATP synthesis activities of membrane prep-
arations of mutants and controls were measured as described under “Materials and
Methods.” When indicated, 20 �g/ml oligomycin was present in the ATP synthesis
assay. The given values represent the average of at least four independent measure-
ments � S.D. The positive control was strain pTR19-ASDS/DK8, which expresses
Bacillus PS3 ATP synthase in E. coli; this strain served as background for the dele-
tions. The negative control was strain pUC118/DK8, which expresses neither PS3
ATP synthase nor the endogenous E. coli enzyme. The amount of F1Fo in the mem-
brane preparationswasmeasured by quantitative immunoblot analysis, as described
under “Materials and Methods.” Turnover rates were calculated using a molecular
mass of 531 kDa for the holoenzyme, taking into account the differing amounts of
ATP synthase in the individual membrane preparations.

Strain/mutation
Growth yields
in limiting
glucose

Amount of
F1Fo on

membranes

NADH-driven
ATP synthesis

ctivity
Turnover
rate kcat

% of wild-type %of total protein milliunits/mg s�1

Wild-type 100 � 4 20 � 5 60 � 22 2.7
	 oligomycin 1.35 � 0.50 
0.1
�I88stop 101 � 4 21 � 6 151 � 33 6.4
�� 65 � 2 9 � 4 0.62 � 0.97 
0.1
pUC118/DK8 (unc�) 65 � 3 0 0.17 � 0.85
�Q36stop 75 � 2 9 � 2 7.5 � 2.6 0.7
	 oligomycin 0.13 � 0.93 
0.1
�Q36stop/�I88stop 62 � 2 10 � 2 1.03 � 0.86 
0.1
�P43stop 76 � 3 13 � 4 14.1 � 3.4 1.0
	 oligomycin �1.05 � 1.26 
0.1
�P43stop/�I88stop 71 � 2 12 � 4 9.5 � 4.5 0.7
	 oligomycin 0.04 � 0.90 
0.1
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The real time ATP synthesis assay was performed in a buffer
containing 20 mM Hepes/KOH, 100 mM potassium acetate, 5
mMmagnesium acetate, 2mMADP, 5mMKPi, and 10% glycerol
(pH 7.5) at 37 °C. Membrane vesicles (containing 100 �g of
membrane protein/ml) and 1/20 volume of the luciferin/lucif-
erase mix were added. The reaction was initiated by the addi-
tion of 5 mM succinate. The slow but steady decrease in the
signal of the negative control is caused by instability of the lucif-
erase at 37 °C.
NADH- andATP-drivenH	-pumping inmembrane vesicles

was measured via fluorescence quenching of ACMA at 42 °C.
To a buffer of 10 mM Hepes/KOH, 100 mM KCl, 5 mM MgCl2
(pH 7.5), 0.5 mg/ml membrane vesicles and 0.3 �g/ml ACMA
were added. Proton pumping was initiated by adding NADH or
ATP to a final concentration of 1mM and terminated by adding
carbonyl cyanide m-chlorophenylhydrazone (final concentra-
tion 1 �M). The excitation wavelength was 410 nm, and the
emission wavelength was 480 nm. Protein concentrations of
membrane vesicles were determined by the Lowrymethod (37)
using bovine serum albumin as standard.

RESULTS

Overview of � and � Truncation Mutants—The �Q36stop
and �P43stop truncation mutants remove the globular portion
of � and the C-terminal helix, leaving just a large fragment of
the N-terminal helix (Fig. 1). With �P43stop, the contact site
between the truncated � (abbreviated �� in the following) and
the N-terminal domain of � would be reduced to a small patch;
with �Q36stop, there would be no interaction between �� and
the N-terminal domain of � (Fig. 1, B–E). Neither � truncation
mutant should be able to reach the ring of c subunits (which
would be located directly below � and � in Fig. 1A). To obtain an
� subunit consisting of just the N-terminal domain, the C-ter-
minal domain was removed using an �I88stop mutation.
Expression and Purification of Truncation Mutants—

E. coli membrane vesicles containing TF1Fo, TF1Fo��,
TF1Fo(�Q36stop), TF1Fo(�P43stop), TF1Fo(�I88stop), TF1Fo
(�Q36stop/�I88stop), and TF1Fo(�P43stop/�I88stop) were pre-
pared as described under “Materials andMethods.”Western blot-
ting using an anti-� antibody raised against a peptide from the
globular domain of� confirmed that this domainwas absent from
the � deletion and truncation mutants (for TF1Fo��, see Fig. 2).
Western blotting using an anti-� or an anti-�/anti-� antibody
was used to quantify the amount of TF1Fo in the membranes;
the results are included in Table 1. The data (Fig. 2) show that it
is possible to generate a �-less ATP synthase. In contrast, it has
been reported, based on in vitro experiments, that � and � sub-
units are required for binding of TF1 to TFo (38).
Oxidative Phosphorylation in Vivo and ATP Synthesis in

Vitro—To analyze the ability of the truncation mutants to cat-
alyze ATP synthesis in vivo, wemeasured growth yields on lim-
iting glucose of E. coli cultures containing strain pTR19-ASDS/
DK8 with the desired mutation. As expected, growth of the
strain expressing a �-less enzyme was the same as that of the
negative control strain, pUC118/DK8, which does not express
ATP synthase. In contrast, very surprisingly, TF1Fo containing
either truncation mutant, �Q36stop or �P43stop, supported
significantly higher growth than the negative control (Table 1),

demonstrating that� requires only itsN-terminal helix to effect
the conformational changes in � (and perhaps �) required to
catalyze ATP synthesis. To confirm these findings, we meas-
ured ATP synthesis by membrane vesicles in vitro. Again,
although the �-less enzyme did not show any synthesis activity,
both � truncation mutants displayed significant ATP synthesis
rates, corresponding to 25–35% of the activity of the wild-type
enzyme (Table 1; for �Q36stop, see also Fig. 3).

Given the small size of the contact area between � in the
down conformation and �� in the �P43stop mutant, and the
complete absence of any interaction with �� in the �Q36stop
mutant, it seemed possible that a complex between �� and the
C-terminal domain of � in the up conformation might be
responsible for the observed ATP synthesis in the truncation
mutants. To test this possibility, we combined the � truncation
mutants with a truncation of the C-terminal domain of �, using
an �I88stop mutation. As shown before (25), in wild-type
enzyme with full-length � the C-terminal domain of � is not
necessary for ATP synthesis; actually, removal of the domain in
the �I88stop mutant resulted in increased ATP synthesis rates
(Table 1). TF1Fo(�P43stop/�I88stop) was able to catalyze ATP
synthesis, demonstrating that in this case the interaction
between�� and theN-terminal domain of � is sufficiently strong
to couple proton flux-driven rotation of the c ring to ATP syn-
thesis. In contrast, TF1Fo(�Q36stop/�I88stop) had lost the abil-
ity to catalyze ATP synthesis (Table 1 and Fig. 3). The fact that
the TF1Fo(�Q36stop) single mutant catalyzed ATP synthesis
showed that, in the absence of any direct interaction between��
and theN-terminal domain of �, theC-terminal domain of � can
connect the N-terminal domain and �� so that �� can perform
its functional role in ATP synthesis.
ATPase Activity and ATP- and NADH-driven Proton

Pumping—Compared with their ATP synthase activity, the
ATP hydrolysis activity of the truncation mutants was low. In
membrane vesicles the ATPase activity was less than 10% of
that of the wild-type control. Still, at least in the case of the
�P43stop mutant, this was somewhat higher than found for
the �-less enzyme (Table 2). Membrane vesicles containing the
truncation mutants did not exhibit any ATP-driven proton
pumping (data not shown). The ATPase activity is too low to
build up a proton gradient against the natural leak rate of the
membranes. NADH-driven proton pumping in vesicles con-
taining mutant ATP synthase resulted in the same degree of
quenching as observed for the wild-type enzyme, indicating
that truncation or elimination of the � subunit and/or trunca-
tion of the � subunit does not cause assembly problems associ-
ated with increased proton leak rates of the membranes.

DISCUSSION

The results of the present study demonstrate that the globu-
lar portion and the C-terminal helix of �, together accounting
for about 80% of the molecular mass of �, are not required for
ATP synthesis activity. The N-terminal domain of � alone is
sufficient to generate the conformational changes in the cata-
lytic sites necessary for ATP synthesis and release. If � is com-
pletely absent, in TF1Fo��, ATP synthesis is abolished.

Recently it was shown that another radically reduced � con-
struct, this one consisting of just the globular portion, thus

ATP Synthesis with Truncated � Subunit

SEPTEMBER 25, 2009 • VOLUME 284 • NUMBER 39 JOURNAL OF BIOLOGICAL CHEMISTRY 26521



missing both the N-terminal and the C-terminal helix inside
the�3�3 cylinder (�-�N22C43), did indeed rotate in the correct
direction upon ATP hydrolysis (21). ATPase activity of �3�3��
subcomplex containing�-�N22C43was not higher than that of
�3�3 (21), and the torque generated by ATP hydrolysis seemed
rather low.When a small portion of both helices inside the�3�3

cylinder was preserved, in the �-�N11C32 construct, the
torque reached 50%of that ofwild-type (39). This prompted the
authors to conclude that “neither helix in the coiled-coil region
of the axle of F1-ATPase plays a significant role in torque pro-
duction” (39). The results presented here contradict this con-
clusion because a significant amount of torque is required to

FIGURE 1. Structure of the F1 portion of ATP synthase. A, side view. The � subunit in the foreground of the �3�3 stator cylinder has been omitted for clarity.
The remaining � subunits are shown in light gray. �TP, �DP, and �E are colored yellow, green, and orange, respectively, with the DELSEED-loop (see under
“Discussion”) in the C-terminal domain in a darker shade than the rest of the molecule. Up to residue 35, � is colored medium blue; this portion of � is preserved
in the �Q36stop truncation mutant. Residues 36 – 42 are colored purple, the rest of the subunit is light blue. The medium blue and purple portions together
correspond to the �P43stop truncation mutant. The � subunit (� in the mitochondrial enzyme) is depicted in reddish tones, the N-terminal domain (corre-
sponding to the �I88stop truncation mutant) in bright red, the C-terminal domain in pink. It should be noted that in the structures shown here the � subunit is
in the down conformation. B, �P43stop mutant. Color coding is as in A. C, �Q36stop mutant. D, �Q36stop mutant, rotated by 120° from the position in C. Again,
the � subunit in the foreground has been omitted. E, �Q36stop/�I88stop mutant. F, view of F1 with �Q36stop, as seen from the membrane. Residues 11–35 of
��, which interact with the DELSEED-loop of the � subunits, are shown in spacefill. � is omitted for clarity. A 120° rotation in synthesis direction (clockwise) will
bring �� in contact with �TP and convert it into �E. All pictures were generated using PyMol (DeLano Scientific).
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effect the conformational changes in the � (and perhaps �)
subunits necessary to synthesize and release ATP, and this
torque is transmitted just using theN-terminal helix of �. Com-
bining the outcome of the mentioned studies (21, 39) and the
results presented here, it appears that the portion of � that is

most involved in coupling of catalysis and rotation is the stretch
of the N-terminal helix between residues �20 and �40.

According to the x-ray structures (10, 26, 40), the contacts of
the N-terminal helix of � with the �3�3 ring are with the
DELSEED-loop, a helix-turn-helix structure named after the
conserved DELSEED motif, in the C-terminal domains of �DP
and �E, as well as with the �E subunit. The finding that the �
truncation mutants catalyze ATP synthesis underlines the
importance of the DELSEED-loop for mechanochemical cou-
pling of rotation and catalysis. There is very little, if any, contact
between the N-terminal helix of � and �TP, which carries the
catalytically active high affinity nucleotide-binding site (9, 12,
41). In some models of the enzyme mechanism (5, 42, 43), a
major function of the � subunit in ATP synthesis is to convert
the torque produced by proton gradient-driven rotation to
force the �TP subunit open, to release the newly formed ATP.
Our results offer strong support for this hypothesis. Rotation of
theN-terminal helix of� by 120° inATP synthesis directionwill
bring the convex portion of the helix in contact with the �TP
subunit and press against it (Fig. 1F). This should rotate the
DELSEED-loop and push it downward, to open the subunit and
bring it into �E conformation, thereby releasing product ATP.
No other parts of � except for the N-terminal helix seem to be
required for this step, just as observed here.
Another important outcome of the present study concerns

the role of the � subunit. It had been shown before that the
C-terminal domain of � can assume different conformations,
with different properties (see the Introduction). Transition
between the different conformations was found to be regulated
by nucleotides (44). Here, we present evidence that � is indeed
in an up position during ATP synthesis. �� in the �Q36stop
truncation mutant makes no contact with the N-terminal
domain of � (Fig. 1, C–E). Still, the TF1Fo(�Q36stop) enzyme
can synthesizeATP, suggesting that theC-terminal domain of �
in the up conformation might connect �� to the rest of the
rotor. Indeed, removal of the C-terminal domain of � abol-
ished ATP synthesis. Of the two up conformations of the
C-terminal domain of � observed or postulated, the half-
extended conformation seen by x-ray structure analysis (27)
is less likely to form a complex with ��. Unless the N-termi-
nal domain of � by itself assumes a different position than in
the presence of the rest of �, it seems to have very little
contact with the C-terminal domain of � in this conforma-
tion. In contrast, cross-linking experiments (30) support the
notion that the C terminus of � in a fully extended confor-
mation comes close to the extreme N terminus of �. Very
recently, an antiparallel coiled-coil between the C-terminal
helix of � and the N-terminal helix of � has been detected in
the E. coli enzyme (45). As mentioned above, the experi-
ments with TF1Fo�� indicate that � alone, in the absence of
any portion of �, cannot catalyze ATP synthesis.

It is more difficult to assess whether the C-terminal domain
of � also stabilizes the interaction between �� and the N-termi-
nal domain of � in the �P43stop mutant. TF1Fo(�P43stop/
�I88stop) synthesizes ATP at rates slightly lower than those for
TF1Fo(�P43stop). However, it should be taken into account
that for the wild-type enzyme removal of the C-terminal
domain of � actually accelerates ATP synthesis, at least in the in

FIGURE 2. Quantification of � in TF1Fo. E. coli membrane preparations con-
taining wild-type TF1Fo (lanes 1–5), TF1Fo�� (lane 7), and no TF1Fo (pUC118/
DK8; lane 8) were run on an SDS gel and developed by Western blotting using
an antibody against the globular portion of �. The amount of wild-type TF1Fo
in the membranes loaded into lanes 1–5 was as follows: lane 1, 40 ng; lane 2,
100 ng; lane 3, 200 ng; lane 4, 400 ng; lane 5, 1 �g. Lane 6 was empty. Lane 7
contained membranes with 1 �g of TF1Fo��. Lane 8 contained the same
amount of total membrane protein as lane 7 but without any TF1Fo. The
nature of the two faint bands below � that are visible at the highest concen-
tration of wild-type TF1Fo is not known.

FIGURE 3. Time course of ATP synthesis. The light output at 562 nm from the
luciferin/luciferase reaction is shown as a function of time. The reaction was
started at t � 0 s (indicated by the arrow) by the addition of succinate.1,
wild-type TF1Fo; 2, TF1Fo(�Q36stop); 3 (solid line), TF1Fo(�Q36stop/�I88stop); 4
(dotted line), pUC118/DK8 (no F1Fo). The bar in the upper left shows the light
output of a 2-nmol ATP standard. Details of the reaction conditions are
described under “Materials and Methods.”

TABLE 2
ATPase activities of membrane vesicles of deletion mutants
ATPase activities of membrane preparations of mutants and controls were meas-
ured as described under “Materials and Methods.” The given values represent the
average of at least three independentmeasurements� S.D. The positive control was
strain pTR19-ASDS/DK8, which expressesBacillus PS3ATP synthase inE. coli; this
strain served as the background for the deletions. The negative control was strain
pUC118/DK8, which expresses neither PS3 ATP synthase nor the endogenous
E. coli enzyme. Turnover rates were calculated as described in the legend to Table 1.

Strain/mutation Membrane ATPase activity Turnover rate kcat
units/mg s�1

Wild type 2.4 � 0.6 102
�I88stop 2.5 � 0.3 106
�� 0.051 � 0.020 5
pUC118/DK8 (unc�) 0.012 � 0.011
�Q36stop 0.075 � 0.052 7
�Q36stop/�I88stop 0.076 � 0.043 7
�P43stop 0.102 � 0.020 7
�P43stop/�I88stop 0.106 � 0.012 8
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vitro assay. While TF1Fo(�P43stop) has about 35% of the syn-
thesis activity of the wild-type enzyme, TF1Fo(�P43stop/
�I88stop) has �10% of the activity of TF1Fo(�I88stop). Thus,
one could argue that in this case as well the C-terminal domain
of � contributes to the stability of the rotor construct. Based on
the crystal structure of the E. coli �� complex (28), direct con-
tacts between �� and the N-terminal domain of � might involve
residues �N37, �S40, �F41, �P11, �D12, and �P14. Formation
of hydrogen bonds appears possible between the hydroxyl
group of �S40 and the main chain oxygen of �D12, and
between the amide nitrogen of �N37 and the carboxyl group
of �D12. It should be noted that the � truncations remove
two residues, �F205 and �E206, which were identified as
important for high affinity binding of � to the c ring (46). As
noted before for other protein-protein interactions in ATP
synthase (47), the high binding affinity between full-length �
and the c ring appears to be not absolutely necessary, but an
example of “overengineering.”
ATP stabilizes the down conformation of �, probably by

direct binding to � (28). Fixating � in this position by cross-
linking eliminates inhibition of the ATPase activity by � (29).
Thus, the down conformation appears to be the one that �
assumes during ATP hydrolysis. Having two different struc-
tures of � for ATP synthesis and hydrolysis has far reaching
consequences. Above all, it means that the pathways for ATP
synthesis and hydrolysis do not necessary have to be the exact
reversal of each other (48, 49). Among others, this could solve
one of the main problems encountered during ATP synthesis,
the necessity to bind ADP in the presence of an excess of ATP
(2, 50). Under ATP hydrolysis conditions, there is no catalytic
site that binds ADP with a higher affinity than ATP, at least in
the absence of Pi (51). � in the up position might change the
affinities for nucleotides, generating a site that preferentially
binds ADP.
It is sometimes stated that � does not inhibit ATP synthesis

by F1Fo (28, 52), although it is difficult to find experimental data
in support of this claim. As discussed above, we show here that
TF1Fo(�I88stop) has significantly higher ATP synthesis activity
thanwild-typeTF1Fo, suggesting that theC-terminal domain of
�, which is removed in the mutant, is indeed inhibiting ATP
synthesis. In general, one difficulty in assessing the role of the �
subunit is the fact that � from different organisms behaves dif-
ferently. Even among bacterial ATP synthases, the function of �
in the enzymes fromE. coli andBacillusPS3 is not the same. For
instance, in E. coli ATP synthase or F1-ATPase the degree of
inhibition of ATPase activity is constant over a large range of
ATP concentrations, up to millimolar (25, 53). In contrast, in
the PS3 enzyme the inhibition is much more effective at low
ATP concentrations (54).
Finally, it should be noted that the results presented recently

(21) and here support the notion ofATP synthase being evolved
from RNA helicases and RNA or protein translocases (55, 56).
Both studies demonstrate that ATP synthase maintains some
functionality with fragments of �, showing that proteins of
much simpler structure than full-length� can serve as a rotor in
ATP synthase.
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