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Abstract Members of the FoF1, AoA1 and VoV1 family of ATP
synthases and ATPases have undergone at least two reversals in
primary function. The first was from a progenitor proton-
pumping ATPase to a proton-driven ATP synthase. The second
involved transforming the synthase back into a proton-pumping
ATPase. As proposed earlier [FEBS Lett. 259 (1990) 227], these
reversals required changes in the Hþ/ATP coupling ratio from an
optimal value of about 2 for an ATPase function to about 4 for
an ATP synthase function. The doubling of the ratio that
occurred at the ATPase-to-Synthase transition was accom-
plished by duplicating the gene that encodes the nucleotide-
binding catalytic subunits followed by loss of function in one of
the genes. The halving of the ratio that occurred at the Synthase-
to-ATPase transition was achieved by a duplication/fusion of the
gene that encodes the proton-binding transporter subunits,
followed by a loss of function in one half of the double-sized
protein. These events allowed conservation of quaternary struc-
ture, while maintaining a sufficient driving force to sustain an
adequate phosphorylation potential or electrochemical gradient.
Here, we describe intermediate evolutionary steps and a fine-
tuning of the Hþ/ATP coupling ratio to optimize synthase
function in response to different environments. In addition, we
propose a third reversal of function, from an ATPase back to an
ATP synthase. In contrast to the first two reversals which
required a partial loss in function, the change in coupling ratio
required for the third reversal is explained by a gain in function.
� 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

One of the best characterized members of the F-, A- and V-

type family of ATP synthases and ATPases is the FOF1-ATP

synthase from Escherichia coli (Fig. 1). The hydrophilic F1

domain of this energy-transducing, membrane-embedded

complex contains three catalytic b subunits that synthesize

ATP from ADP and Pi during oxidative phosphorylation. The
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hydrophobic Fo domain conducts protons, or in some pro-

karyotes, sodium ions,1 across the bilayer, down an electro-

chemical gradient. In coupling proton transport to ATP

synthesis, the Fo and F1 domains function as a pair of rotary

motors linked by a common central rotor (cec10-14) and a pe-

ripheral stator ðb2dÞ. In the model shown in Fig. 1, rotation of

the c-ring in Fo allows protons to be carried by essential, c-

subunit, mid-membrane carboxylates (cAsp61 in E. coli) be-

tween two partial subunit-a channels that lead to opposite

sides of the membrane. As a result of the presence of the stator

and the existence of a stable interaction between ce and the top

of the c-subunit oligomer, rotation of the c-ring forces c to

rotate in the center of the F1 domain. The rotation of c indi-

rectly drives net ATP synthesis by inducing cyclical confor-

mational changes in the three alternating cooperative b
subunits that result in the tight binding of substrate and release

of product [1].

In 1990, Cross and Taiz [2] proposed a means by which this

basic structure may have adapted, at critical points in its evo-

lution, to reversals in primary function from a progenitor

ATPase to an ATP synthase and then back to an ATPase. Two

assumptions were made. The first was that in interconverting

energy stored in the electrochemical gradient with that stored in

ATP, the Hþ/ATP coupling ratio, ‘‘n’’, should equal the ratio of

proton-translocating carboxylates in the c-rings of Ao, Fo and

Vo (i.e., with each 360� rotation of the ring, each carboxylate is

expected to transport 1 Hþ) to the number of catalytic subunits

in A1, F1 and V1 (i.e., with each 360� rotation of c, each cat-

alytic site is expected to produce or consume 1 ATP). The value

of ‘‘n’’ determines the thermodynamic relationship between the

two pools of stored energy according to the equation,

DGðATPsynthÞ ¼ �nDlHþ. The second assumption was that in

order to function primarily as a synthase, a larger value for ‘‘n’’

(about 4) would be desirable as more protons consumed per

ATP synthesized would assure maintenance of a high phos-

phorylation potential. In contrast, when functioning exclu-

sively as an ATPase, a smaller ‘‘n’’ value (about 2) would be

optimal as a larger electrochemical gradient would be main-

tained if less protons were pumped per ATP hydrolyzed.

To achieve a transition from its original role as a proton-

pumping ATPase in an anaerobe (Table 1, stage 1) to an ATP
1 No species-specific distinctions are made between the transport of
protons or sodium ions in the remaining text and the term ‘‘Hþ/ATP
coupling ratio’’ is applied to the transport of either ion.
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Fig. 1. A rotary binding-change model for the E. coli ATP synthase: In
this model, the a-subunit contains two partial channels, each connected
to a different side of the membrane. For a proton to traverse the
membrane, it must move through one channel to the middle, bind to
one of the c subunits and then be carried to the other partial channel
by rotation of the c-ring. The c subunits are anchored to the c-subunit
(part of the rotor), whereas the a-subunit is anchored through b2d to
the a3b3 hexamer (part of the stator). Hence, rotation of the c-ring
relative to the a-subunit in Fo will drive the rotation of c relative to the
a3b3 hexamer in F1. Rotation of c in turn drives conformational
changes at the catalytic sites on the b subunits promoting the release of
product and binding of substrates.
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synthase in prokaryotes that had acquired electron transport

chains or photosystems (Table 1, stage 2), it was proposed that

the gene for the catalytic subunit (Fig. 1, b) underwent

duplication with a loss of function in one of the two gene
Table 1
Evolution of the F-, A-, and V-type family of ATPases and Synthases

Stage Function
(examples)

Catalytic
subunits

Functional
c-subunit
carboxylates

1 Progenitor anaerobic
ATP-driven Hþ-pump
(probably no survivors)

6 12

2 ATP Synthase
(AoA1/FoF1/MFoF1/CFoF1)

3 12a

3 ATP-driven Hþ-Pump
(VoV1/Some anaerobic
AoA1 such as
Enterococcus hirae)

3 6a

4 ATP Synthase
(Pyrococci, C. fervidus?)

3 6

a The c-subunit stoichiometries of 12 and 6 listed for stages 2 and 3 are avera
products (Fig. 1, a). This reduced the number of catalytic

subunits from 6 in the progenitor ATPase to the 3 observed in

extant synthases found in archaea and bacteria, as well as in

mitochondria and chloroplasts. By halving the ATP synthe-

sized during each revolution of the motor, the Hþ/ATP ratio

was doubled from 2 to a value of 4. It was further proposed

that, at a later point on the evolutionary scale, some synthases

reverted to ATPases. To meet the thermodynamic and kinetic

requirements of its new role, the Hþ/ATP ratio was halved

(from 4 back to 2) by a duplication and fusion of the gene for

the c-subunit with a loss of the functional carboxylate from

one half of the double-sized protein. This functional transition

appears to have occurred during the evolution of eukaryotic

cells where an aerobic or photosynthetic symbiont assumed

responsibility for synthesizing ATP, allowing the host archaeal

ATP synthase to be transformed into an endomembrane vac-

uolar ATPase (Table 1, stage 3).

Today, the basic tenets of this hypothesis remain viable.

However, as discussed below, additional structural informa-

tion is now available that provides further detail and suggests

two intermediate steps, as well as the possibility of a third

reversal of function.
2. Gene duplication events likely occurred well before the

ATPase fi Synthase and Synthase fi ATPase transitions

Originally, it was thought that gene duplication with loss of

function in one of the duplicated genes occurred at the time of

each reversal of function. It now appears that the gene dupli-

cation events occurred much earlier, driven by other selective

pressures.

Duplication of the gene for the catalytic subunit may have

conveyed two advantages. First, it would aid in achieving ex-

pression of a sufficient number of catalytic subunits (six copies

per progenitor ATPase, Table 1). Second, a doubling of the

number of complementary surfaces between catalytic subunits

would be expected to accelerate the rate of evolution of a stable

hexamer. Stability is an important feature considering the

mechanical stress exerted on the hexamer during rotation of its

asymmetric core. This stabilizing process would have resulted
a subunits Hþ/ATP ratio
(n)

Evidence

1 2 a and b subunits arose from gene
duplication. Thus, originally there
were 6 catalytic subunits.

1 4 Synthases that function in oxidative
phosphorylation and photophos-
phorylation are well characterized.

1 2 Vacuolar ATPases have double-sized
c subunits containing a single func-
tional carboxylate as do some anaer-
obic AOA1.

2 4 Multiple stators have been observed
for Cf. Synthases having double-sized
c’s containing a single functional car-
boxylate might be expected to have a
second a-subunit containing stator.

ge values for illustrative purposes. See Section 3 for further discussion.
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in an alternating hexamer of the two catalytic-gene products.

Thus primed, a subsequent ATPase! Synthase transition may

have required only a single point mutation of a catalytically

essential residue in one of the two genes. This would have re-

sulted in a hexamer, where functional and non-functional

subunits alternate as found in the a3b3 complex of extant ATP

synthases (Fig. 1). A possible candidate for the mutated es-

sential amino-acid residue that rendered a subunits non-func-

tional was suggested by the high-resolution structure of bovine

MF1 [3]. In the catalytic b subunits, E188 hydrogen bonds to a

water molecule positioned for an in-line nucleophilic attack on

the c-phosphoryl of ATP. The equivalent a-subunit residue,

Q208, cannot function as an acid–base catalyst.

The evidence for gene duplication preceding the second re-

versal-of-function transition (Synthase ! ATPase) is even

more compelling. Indeed, the atp operon of the hypertherm-

ophilic sulfate-reducing archaeon, Archaeoglobus fulgidus

contains two identical gene copies, each encoding a normal

sized c-subunit with a proton-translocating carboxylate [4].

Furthermore, a double-sized c-subunit (c–c) retaining both

proton-translocating carboxylates is seen in the ATP synthase

from the archaeon, Methanothermobacter thermoautotrophicus

[5]. Again, ease in achieving expression of a sufficient number

of subunits would have been a selective advantage because

only 6 of the double-sized c’s would be needed per c-ring in-

stead of the original 12 copies. Also, the use of a double-sized

fused protein as the building block might make it easier to

avoid incorporating a non-optimal stoichiometry of subunits

during assembly of the c-ring. A third advantage would be

increased stability of the c-ring as half of the interfaces are now

fused. A final advantage would be the potential for fine tuning

the Hþ/ATP coupling ratio in synthases as discussed below.

When organisms with a c-c fusion returned to anaerobic

fermentation as their primary ATP source, as in Enterococcus

hirae [6], or became hosts for ATP-producing symbionts, as in

eukaryotes [7], all that was needed to lower their Hþ/ATP

coupling ratio from 4 to 2 was a single point mutation resulting

in loss of the functional carboxylate from one half of the c-c

molecule.
3. Fine tuning the Hþ/ATP coupling ratio in ATP synthases

In addition to halving or doubling the Hþ/ATP coupling

ratio at times of change in primary function, smaller changes

in the ratio appear to have occurred as synthases optimized

performance in response to the thermodynamics dictated by

their unique environments. One way to accomplish this would

be to alter the number of subunits in the c-ring [8]. Since the

size of the ring appears to be determined solely by the in-

trinsic properties of the c-subunit [9], this would have in-

volved mutations in c-subunit interfaces that altered the

number of units incorporated during assembly. Yeast MFo

has been reported to contain 10 c’s per ring [10], as is likely

the case for E. coli Fo [11]. In contrast, Ilyobacter tartaricus

[12] and Propionigenium modestum [13] Fo’s have 11 c’s per

ring, and chloroplast CFo has 14 [[14], but see [15]]. The

stoichiometry of the c-ring in the synthase from the archaeon

Methanopyrus kandleri was recently, and surprisingly, re-

vealed by the gene sequence. This organism’s supersized c-

gene shows 13 fused c subunits with each unit retaining the

functional carboxylate [16,17].
The c-ring stoichiometries discussed above predict Hþ/ATP

coupling ratios of 10/3, 11/3, 13/3, and 14/3. The different

coupling ratios derived for mitochondria (10/3) and chloro-

plasts (14/3) may reflect differences in the organelles’ topog-

raphy. MF1 is attached to the inner surface of the inner

mitochondrial membrane facing the matrix space. During one

complete turnover of the synthase, membrane transporters use

3 Hþ to move 3 ADP/Pi into, and 3 ATP out of, the matrix

against concentration gradients. This results in a higher

phosphorylation potential in the cytosol than in the matrix

space. Hence, the effective coupling ratio in yeast, with respect

to cytosolic ATP, would be (10 + 3)/3. In contrast, thylakoid

membranes have the opposite orientation, placing CF1 to-

wards the cytosol and eliminating the need for active transport

of substrates and product. Because of this, an additional 3 c’s

would be required in CFo to maintain the same cytosolic

phosphorylation potential [18]. Thus, when comparing Hþ/
ATP coupling ratios with respect to cytosolic ATP, the yeast

(13/3) and plant cell (14/3) values are very similar. The higher

coupling ratio for M. kandleri (13/3) compared to E. coli (10/3)

may be necessitated by the environment in which this extreme

thermophile lives. At high temperatures, the magnitude of the

electrochemical gradient will be reduced due to increased

leakage rates [19]. With less energy available per proton

transported, the Hþ/ATP coupling ratio would need to be

higher to maintain the same phosphorylation potential.

A second means of optimizing the Hþ/ATP ratio in syn-

thases would be through duplication of the c-subunit gene with

partial loss of function, although, in this fine-tuning process,

less of a loss would occur than that which accompanied the

Synthase ! ATPase transition. Multiple gene duplication

events have occurred in the anaerobic bacterium Acetobacte-

rium woodii to give two 8-kDa c’s of identical amino acid

sequence, as well as one 16-kDa fused dimer [20]. The double-

sized subunit, c–cx, has a single functional carboxylate in the

N-terminal half (‘‘x’’ indicates the absence of a functional

carboxylate in the second c unit). Although the stoichiometry

of c-subunit gene products in the assembled c-ring is not

known [21], an Hþ/ATP ratio of 10/3 or 8/3 would be achieved

if they assemble as five or four repeats of c/c–cx, respectively.

Similarly, a triple-c fusion with loss of the N-terminal car-

boxylate, as found in synthases from the methanogenic ar-

chaea Methanococcus maripaludis (GenBank Accession

member NC_005791) and M. jannaschii [22], would give a

coupling ratio of 10/3 or 8/3 depending on whether five or four

of the cx–c–c’s assemble to form a ring.

Although an average value of 12 was used for the c-subunit

copy number in illustrating how the Hþ/ATP coupling ratio

may have been halved or doubled at times of reversal of

function (Table 1, stage 2), there are, in fact, no confirmed

examples of a dodecameric c-ring. Taking into account the fact

that ATP synthases function as rotary motors, it has been ar-

gued that ‘‘mismatched symmetry’’ between the hexameric

rings in F1 and A1 and the c-rings in Fo and Ao may help avoid

rate-limiting energy minima that could conceivably occur with

a symmetrical 6:12 ring-component ratio [10]. In the case of

vacuolar ATPases (Table 1, state 3), it had long been thought

that the c-ring consisted of 6 double-sized c’s [23]. However,

recently the possibility of 7cx-c’s per Vo has been considered

[24] and a stoichiometry of 7cx–c’s per ring has been demon-

strated for the AoA1 ATPase from the anaerobic bacterium,

Enterococcus hirae [25]. This is equivalent to the 14 regular-
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sized c’s found in CFo [14]. Although too few c-rings have been

characterized to drawn any final conclusions, the fact that rings

of known structure containing 10, 11, 13, and 14 c-subunit units

skirt the value of 12, suggests that kinetics, as well as thermo-

dynamics, may be an important determinant of ring size.
4. A third reversal-of-function transition (ATPase fi Synthase)

may have occurred

In V- and A-type complexes, the gene for the a-subunit is

fused with a hydrophilic peptide that appears to function as

part of the peripheral stator [26,27]. Having part of the stator

covalently tethered to a large hydrophobic subunit, would in-

crease its stability and eliminate the need for the hydrophobic

transmembrane helix in the b-like subunit [28]. Electron mi-

croscopy images showing two stators in AoA1 from the bacte-

rium C. fervidus [29] allow for the possible presence of two a

subunits. This is supported by an estimate of subunit stoichi-

ometry which gave a cx-c to a ratio of about 5 to 2 and led the

authors to propose a model for Ao that includes two a subunits

[30]. A second a-subunit would provide a second proton con-

duction pathway, thus doubling the Hþ/ATP ratio. This might

allow greater efficiency in pumping protons against the smaller

electrochemical gradients that can be maintained at very high

temperatures [19]. Alternatively, a second a-subunit would al-

low C. fervidus to make ATP using a DlHþ established by

electrogenic end-product efflux or antiport mechanisms as ob-

served in lactic acid bacteria [31]. The same may be true for

Pyrococcus furiosus which has a cx–c type proteolipid but is

apparently able to synthesize ATP. The acquisition of a proton-

translocating hydrogenase by this organism may have led to a

reversal of function from an ATPase ! Synthase [32]. Con-

sidering the size of the c-ring and that of the a-subunit (Fig. 1),

there should be an ample room to accommodate a second

a-subunit. It is of interest that there is a precedent for multiple

a-like subunits (MotA) in the bacterial flagellar motor [33].
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From these considerations, it appears that this versatile complex has

proven remarkably adept over the last few billion years in responding
to changes in environment and function, thereby enabling it to main-
tain a continuous and significant role in cellular bioenergetics.
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