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Abstract

The homoacetogenic bacterium Acetobacterium woodii relies on a sodium ion current across its cytoplasmic membrane for
energy-dependent reactions. The sodium ion potential is established by a yet to be identified primary, electrogenic pump
connected to the Wood-Ljungdahl pathway. Reactions possibly involved in Na* export are discussed. The electrochemical
sodium ion potential generated is used to drive endergonic reactions such as flagellar rotation and ATP synthesis.
Biochemical and molecular data identified the Na*-ATPase of 4. woodii as a typical member of the F;F class of ATPases.
Its catalytic properties and the hypothetical sodium ion binding site in subunit ¢ are discussed. The encoding genes were
cloned and, surprisingly, the atp operon was shown to contain multiple copies of genes encoding subunit c¢. Two copies
encode identical 8 kDa proteolipids, and a third copy arose by duplication and subsequent fusion of two genes. Furthermore,
the duplicated subunit ¢ does not contain the ion binding site in hair pin two. Biochemical and molecular data revealed that
all three copies of subunit ¢ constitute a mixed oligomer. The evolution of the structure and function of subunit ¢ in ATPases
from eucarya, bacteria, and archaea is discussed. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction Hexoses are oxidized via the Embden-Meyerhof

pathway to pyruvate which is then oxidized by pyr-

Acetobacterium woodii is a Gram-positive, strictly
anaerobic bacterium which grows on a number of
substrates, including hexoses and C1 compounds
such as methanol or Hy+CO,; [1]. Because 1 mol of
hexose is converted to 3 mol of acetate according to
Eq. 1, this fermentation is referred to as homoacetate
fermentation:

1 C¢H1205 — 3 CH;COOH (1)

* Corresponding author. Fax: +49-89-2180-6127;
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uvate:ferredoxin oxidoreductase to acetyl-CoA, re-
duced ferredoxin and CO;. Acetyl-CoA is converted
to acetate via acetyl phosphate. The reducing equiv-
alents gained during glycolysis and pyruvate:fer-
redoxin oxidoreductase are reoxidized by reducing
2 mol of CO, to another mol of acetate via the
so-called acetyl-CoA pathway (or Wood-Ljungdahl
pathway). First, CO; is reduced to formate by action
of formate dehydrogenase, then formate is activated
and bound to tetrahydrofolate (H4F), giving rise to
formyl-HsF (Fig. 1). Water is split off, and the re-
sulting methenyl group is reduced via methylene-Hy4F
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to methyl-HyF. The methyl group is then transferred
to a protein containing a corrinoid cofactor and iron
sulfur clusters, the so-called Co/FeS protein (Co/FeS-
P). From there, the methyl group is transferred to
the enzyme acetyl-CoA synthase (also called carbon
monoxide dehydrogenase or CO-DH) and condensed
on the enzyme with carbon monoxide, derived from
another mol of CO; oxidized by the CO-DH activity
of the acetyl CoA synthase, to acetyl-CoA [2-4].
Acetate is produced by action of phosphotransacety-
lase and acetate kinase. During growth on ferment-
able sugars, the Wood-Ljungdahl pathway serves as
a sink for electrons, thereby allowing the organisms
to produce 4 mol of ATP/mol hexose by substrate
level phosphorylation; this is one of the highest ATP
yields encountered by fermentative bacteria [5].
Apart from carbohydrates, homoacetogenic bacte-
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4 H, +2 CO, — 1 CH;COOH + 2 H,0 (2)
4 CH;0H + 2 CO, — 3 CH;COOH +2 H,0  (3)

During growth on H,+CO; according to Eq. 2, CO,
is reduced to acetate via the Wood-Ljungdahl path-
way (Fig. 1) with electrons gained from hydrogen
oxidation by action of hydrogenases. This pathway
is not coupled to net ATP formation by substrate
level phosphorylation: one ATP is gained in the ace-
tate kinase reaction, but one ATP is consumed in the
formyl-H4F synthetase reaction. Therefore, the
Wood-Ljungdahl pathway has to be coupled to addi-
tional ATP synthesis by ion gradient-driven phos-
phorylation [6]. Today, 11 genera of homoacetogens
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Fig. 1. Pathway of acetate formation from fructose (A) and H,+CO, (B) in 4. woodii. The A fin,+ generating reaction is not known
but it is assumed that a methyl transfer reaction (grey box) is involved in Na‘t export. HyF, tetrahydrofolate; Co/FeS-P, corrinoid/
iron sulfur protein; CO-DH, carbon monoxide dehydrogenase; CoA-SH, coenzyme A; 1, formate dehydrogenase; 2, formyl-HsF syn-
thetase; 3, methenyl-H4F cyclohydrolase; 4, methenyl-H4F dehydrogenase; 5, methylene-Hy4F reductase; 6, methyltransferase; 7, car-
bon monoxide dehydrogenase; 8, phosphotransacetylase; 9, acetate kinase. [H] denotes reducing equivalents (two electrons). Panel A

was adapted from Drake [70].



110 V. Miiller et al. | Biochimica et Biophysica Acta 1505 (2001) 108—120

are distinguished [7], but they fall into only two
classes with respect to their energy metabolism: the
proton organisms and the sodium ion organisms.
The former have cytochromes, and a proton motive
electron transport chain is postulated [8]. The latter
group, for which 4. woodii is a model organism, is
devoid of cytochromes, but contains membrane-
bound corrinoids [9]. The Wood-Ljungdahl pathway
is strictly sodium ion dependent in these organisms
[10-12]. In recent years it turned out that a sodium
ion cycle is operative in A. woodii. A sodium motive
force is generated by a yet to be identified primary
pump and the Ay, established is then used to
drive flagellar rotation, but more important, ATP
synthesis [13,14].

2. Generation of a sodium motive force in A. woodii

From studies with cell suspensions of A. woodii it
is apparent that the Wood-Ljungdahl pathway is so-
dium ion dependent and accompanied by the gener-
ation of a sodium motive force across the cytoplas-
mic membrane. Inhibitor studies clearly revealed that
A [ing+ 18 generated by a primary, electrogenic pump
connected to the Wood-Ljungdahl pathway. Further
studies using substrates which are fed into the Wood-
Ljungdahl pathway at different levels identified the
reaction sequence leading from methylene-HyF to a
methylated intermediate as Na* dependent [10]. This
reaction sequence contains the methylene-HyF reduc-
tase, and one (or two) methyltransferase reactions
according to:

Methylene — HyF + 2[H] — Methyl — H4F (4)
Methyl — H4F + Co/FeS — P — Methyl—

Co/FeS — P + H4F (5)
Methyl — Co/FeS — P 4+ CO — DH — Methyl—

CO — DH + Co/FeS — P (6)

Eq. 4 is catalyzed by the methylene-H4F reductase.
Because the enzyme was found to be localized to
100% in the cytoplasm (R. Heise and V. Miiller, un-
published data), we do not consider this reaction se-

quence to be sodium motive. Furthermore, studies
with the sodium ion-dependent homoacetogen Pep-
tostreptococcus productus also made an involvement
of the methylene-H4F reductase in Na™ transport
unlikely [15,16]. This leaves reactions 5 and 6 as
most likely candidates for Na*t transport. This reac-
tion sequence has never been studied in sodium ion-
dependent homoacetogens; all we know are results
from studies with proton organisms. Since these do
not have a primary Na* pump, it might turn out that
sodium ion-dependent homoacetogens use a modifi-
cation of the pathway. However, in proton organ-
isms such as Moorella thermoacetica the methyl
group is first transferred to the Co/FeS-P by action
of a soluble methyltransferase (Eq. 5) [17]. Subse-
quently, the methyl group is transferred to the final
acceptor, a subunit of the CO-DH (Eq. 6) [18]. In the
sodium ion-dependent methanogenic archaea, an
analogous reaction takes place [19-21]. There, the
methyl group from methyltetrahydromethanopterin
is also transferred to a corrinoid, but in contrast to
M. thermoacetica, the corrinoid is not part of a sec-
ond protein but a cofactor of the multisubunit, mem-
brane-bound methyltetrahydromethanopterin:coen-
zyme M methyltransferase [22-24]. This enzyme
also catalyzes the second partial reaction, the demeth-
ylation of the corrinoid. The acceptor of the methyl
group is a small coenzyme (coenzyme M; 2-meth-
ylthioethane sulfonate) which can be chemically
synthesized and used as natural methyl group accep-
tor in enzyme assays. In contrast, the methyl group
acceptor in homoacetogens is a protein, a major
drawback in the setup of an enzyme assay. This is
one of the reasons why this reaction has not been
studied in sodium ion-dependent homoacetogens.
However, in methanogens the demethylation (analo-
gous to Eq. 6) of the methyl-corrinoid intermediate
was shown to be Nat dependent and therefore sug-
gested to drive Na™ transport [21]. The analogy of
the pathways in homoacetogens and methanogens as
well as the finding of membrane-bound corrinoids in
sodium ion-dependent homoacetogens led to the pro-
posal that the methyl transfer from methyl-H4F to
CO-DH is the site of Na*t extrusion in homoaceto-
gens. However, this still has to be verified by exper-
imental analyses.
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3. A. woodii synthesizes ATP by means of a
reversible, Na* translocating ATP synthase

Upon addition of H,+CO;, A. woodii produced
acetate and Na™ was extruded from the cells giving
rise to a chemical Na't potential (ApNa™) of —90
mV. Experiments with cell suspensions revealed
that the Na®™ gradient drives phosphorylation of
ADP [10]. ATP synthesis was not inhibited by pro-
tonophores but by sodium ionophores, indicating a
direct coupling of ATP synthesis to the Wood-Ljung-
dahl pathway by Aflina+ [25]. Resting cells of 4.
woodii synthesized ATP in response to an artificial
ApNa; the rate and extent increased by addition of
tetraphenyl borate which eliminates the electrical
charge generated by the influx of Na™ [14]. When
proton diffusion potentials were applied, ATP syn-
thesis was also observed. Proton diffusion potential-
driven ATP synthesis was strictly dependent on Na™
and inhibited by sodium ionophores. Furthermore,
ATP synthesis was inhibited by N,N’-dicyclohexyl-
carbodiimide (DCCD) or venturicidin, but not by
vanadate, which is in accordance with the action of
a F{F,-ATP synthase. The reverse reaction, Na™
movement coupled to ATP hydrolysis was studied
in inverted membrane vesicles. The ATPase activity
at low Na® (100 uM Na™) and high proton concen-
tration (pH 4.9) was 70 mU/mg protein, indicating
that the enzyme also translocates H™ at low Na™
concentrations. However, ATPase activity was stimu-
lated 1.4-1.6-fold by Na™. Upon hydrolysis of ATP,
Na™ was actively transported into the lumen of the
inverted vesicles. In the presence of 0.2 mM NaCl, a
24-fold accumulation of Na® was achieved. The
ATP-dependent accumulation of Na® was inhibited
by sodium ionophores but not by protonophores,
indicating a primary event. Furthermore, Na™ trans-
port was stimulated after dissipation of the mem-
brane potential, indicating that the primary Na™
transport was electrogenic. ATP hydrolysis as well

i a c € o b -]

as Na™ transport was inhibited by DCCD, venturi-
cidin, and azide, but not by vanadate [26]. Alto-
gether, this is conclusive evidence for the presence
of an ATP synthase in 4. woodii which uses Na™
as coupling ion.

4. The ATPase from A. woodii is a F1Fyp-ATPase

The ATPase was purified to apparent homogeneity
after solubilization of membranes with Triton X-100
by (poly)ethyleneglycol precipitation and gel filtra-
tion. This preparation contained (only) six subunits
with apparent molecular masses of 57 (o), 52 (B), 35
(1), 19 (8), 16 (¢), and 4.8 (cy/3) kDa [27]. It should be
noted that subunits ¢, and c; are absolutely identical
but encoded by two genes (see below). Their molec-
ular mass was underestimated in previous studies
(4.8 kDa); the apparent molecular mass in 10%
polyacrylamide gels according to Schiagger and von
Jagow [28] is 7 kDa. The 52 kDa subunit cross-re-
acted with antibodies against the B subunit of the
FFo-ATPase of Escherichia coli, and the 7 kDa sub-
unit was labeled by [*C]JDCCD [27]. Later studies
using separation of membrane protein complexes
by blue native-PAGE and subsequent SDS-PAGE
in the second dimension revealed the presence of
three additional subunits of 19 (b), 18 (@), and 16
(c1) kDa [29]. These experiments gave biochemical
and immunological evidence that the ATPase is of
the F Fy class. This was corroborated by analyzing
the structure of the six-subunit enzyme by electron
microscopy. Electron micrographs of negatively
stained specimens revealed the typical structure of
two domains connected by a stalk. The dimensions
of the two domains and the stalk are comparable to
F1Fy-ATPases from other organisms, and the F;
part of the isolated enzyme showed a hexagonal sym-
metry suggesting an o33 structure [30].

The final proof that the ATPase of A. woodii is a
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Fig. 2. Comparison of the atp operons from A. woodii and E. coli. atp genes and the corresponding subunits are indicated.
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F1Fy-ATPase was obtained after cloning and se-
quencing the encoding genes which revealed an atp
operon in A. woodii very similar to other organisms
(see below) [31-34]. The atp operon contains homo-
logues of the nine genes present in the E. coli atp
operon (Fig. 2). The order of the genes is atpIB-
E\E>,EsFHAGDC. Northern blot analyses revealed
that the genes form one polycistronic message [33].
In contrast to any other known F;Fy-ATPase oper-
on, the atp operon from A. woodii contains three
tandemly organized genes (atpE,, atpE,, atpEs) en-
coding proteolipids (subunit ¢, see below).

5. The F Fy-ATPase from A. woodii is a primary Na*
pump

The following kinetic data were obtained with the
six-subunit complex which apparently lacked (or had
substoichiometric amounts of) subunits @, b, and ¢,
[27]. ATP hydrolysis was strictly dependent on the
presence of Nat. At pH 7.5, ATP hydrolysis in the
absence of Na't was virtually zero, but was stimu-
lated 6-fold by addition of Na™. Maximal hydrolysis
was obtained at 1.5 mM Na™, the K, for Nat was
0.4 mM [27]. Li* is known to substitute for Na™ in a
number of Na™ translocating proteins; this was also
the case for the ATPase from A. woodii. However,
the apparent Ky, for Li* was 2.5 mM and the max-
imal activity was only 74% of the one obtained at
saturating Na®™ concentrations [35]. KCl did not
stimulate ATP hydrolysis. Of interest was the effect
of the pH on the sodium ion dependence. At pH 5.3,
the enzyme had a significant activity even in the ab-
sence of Na™. This indicates that the enzyme couples
to protons at low Na*™ and high H™ concentrations.
This hypothesis was confirmed by the observation
that the enzyme had two different pH optima de-
pending on the Na® concentration (pH 5.5-6.0 at
0.1 mM Na*; pH 7-9 at 5 mM Na™) [27].

To unequivocally prove that the F;Fy-ATPase
from A. woodii is a primary electrogenic Na™
pump, the purified ATPase was incorporated into
liposomes. Upon addition of ATP, 2?Na*t was rap-
idly transported into the lumen of the proteolipo-
somes. The rates of ATP hydrolysis and Na* trans-
port were 1 umol and 0.27 pmol min~! (mg
protein) !, respectively, indicating a suboptimal cou-
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Fig. 3. Na* transport catalyzed by proteoliposomes containing
the purified ATPase of A. woodii. The six-subunit enzyme [27]
was incorporated into liposomes, incubated for 30 min in the
presence of 2 mM Na*, and the reaction was started by addi-
tion of K,-ATP. The assay contained protonophore SF6847
(@), Na* ionophore ETH 2120 (a), DCCD (m), or no addition

@.

pling of ATP hydrolysis and Na* transport. The low
coupling efficiency might be due to the fact that the
ATPase preparation lacked (or had only substoichio-
metric amounts) of subunits @, b, and ¢;. However,
inhibitor studies clearly demonstrated that the Na™
transport was a primary, electrogenic event directly
coupled to ATP hydrolysis (Fig. 3) [27].

6. Kinetic properties of the Na™-F;F;-ATPase from
A. woodii

The following kinetic data were obtained with the
six-subunit complex in which subunits a, b, and ¢
were not detected [27]. The ATPase had a high spe-
cificity for ATP; other nucleotides were hydrolyzed
with lower rates and compounds such as pyrophos-
phate, ADP or AMP were not hydrolyzed (Table 1).
With respect to divalent cations, the enzyme had a
lower substrate specificity; however, the absence of
Mgt abolished ATP hydrolysis completely. For
MgATP, an apparent Ky, of 0.4 mM was determined.
The pH optimum was 7-9 at physiological sodium
ion concentrations. The enzyme could not be stimu-
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Table 1
Kinetic properties of the Na*-F;Fy-ATPase from A. woodii
Property Values
Molecular mass (kDa) 590

Subunits and their molecular masses (kDa)?
Substrate specificity (relative specific activity (%))
Apparent K, (Mg-ATP) (mM)

Activating cations (apparent K, in mM)

04

Activating anions® SO3%~

Coupling ion
pH optimum

o (57), B (52), ¥ (35), & (19), b (19), a (18), € (16), ¢| (16), ¢5 (7), ¢35 (7)
ATP (100)>ITP (39)>GTP (31)>CTP (9)> UTP (2)

Na* (0.4), Li* (2.5)

Na* at physiological conditions; H* at low Na* and high H"
7-9 (5 mM Na*), 5-6 (0.1 mM Na*)

2The masses of & and b and € and ¢; are not absolutely identical and depend on the gel system used [27,29]. Rounded values are

given. Subunits ¢, and c¢3 are identical.
®Not stimulated by HCO5, SO%~, PO, , and CH;COO™.

lated by addition of different alcohols, and of the
anions tested, only sulfite stimulated ATP hydrolysis
(Table 1) [27]. ATP hydrolysis was inhibited by typ-
ical inhibitors of F;Fy-ATPases such as DCCD, di-
ethylstilbestrol (DES), tributyltin (TBSn), N-ethyl-
maleimide (NEM) or azide (Table 2). Surprisingly,
the enzyme was also inhibited by nitrate (Table 2),
which was believed to be specific for V;Vy- and
A1A(-ATPases. In addition to the classical inhibi-
tors, N-10-benzylamiloride (benzamil), a compound
known to inhibit Na® channels in eucaryotes [36]

Table 2
Inhibitor sensitivity of the Na*-F,F,-ATPase of A. woodii

and the sodium ion-driven, bacterial flagellar motor
[37] also inhibited ATPase activity. Of its analogues
tested, 5-(NV,N-hexamethylene)amiloride (HMA), 5-
(N-ethyl-N-isopropyl)amiloride (EIPA), and N-10-
phenylamiloride (phenamil) but not amiloride inhib-
ited the enzyme. Surprisingly, the ATPase was pro-
tected by Na™ or Li™ from inactivation by DCCD,
DES, TBSn and the amiloride derivatives, while Na™
or Li* had no effect on inhibition by NEM or azide
[35]. This observation led to experiments in which the
Nat binding site was probed (see below).

Inhibitor Concentration (UM) Activity after preincubation Activity after preincubation
without NaCl (%)»" with 5 mM NacCl (%)*

DCCD 5 52 97
20 18 95
100 0 80
Azide 10 48 48
50 17 17
Amiloride 100 100 100
Benzamil 100 32 60
Phenamil 100 38.5 100
EIPA 100 58.5 85
HMA 100 28.5 60
Vanadate 500 97 97
Nitrate 104 49 49
DES 12.5 70 100
100 35 100
TBSn 10 15 35
Venturicidin 10 50 50

2The ATPase was preincubated with the inhibitor and in the presence or absence of NaCl for 30 min. The reaction was then started
by addition of 5 mM Na,-ATP. 100% activity corresponds to the activity that is reached when the enzyme is preincubated for 30 min

without inhibitor under otherwise identical conditions.

PThe contaminating Na* concentration in the preincubation was 0.1 mM.
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Fig. 4. Hypothetical structure of the Na*-F;Fy-ATPase from A. woodii. The model is based on biochemical and molecular data and
comparisons to known high resolution structures of F;Fy-ATPases. Transmembrane helices of subunits ¢ and ¢ are numbered and res-
idues hypothetically involved in Na™ transport are indicated. Arrows denote directions of rotation. The number of subunits in the en-

zyme as determined in various studies is given in parentheses.

7. Subunit composition and function of the Fy domain

From the biochemical and molecular data it is
obvious that the ATPase from A. woodii is a member
of the F|F, class. The overall structure as revealed
by primary sequence comparisons [31-34], subunit
composition analyses [27,29] and electron microscop-
ic studies [30] is similar to other F;F,-ATPases.
Therefore, it is reasonable to assume that the molec-
ular architecture and function of the enzyme from A.
woodii is similar to those from other organisms. A
hypothetical model is depicted in Fig. 4. Three copies
of each subunit o and P alternate around a central
stalk built by subunit y. Subunit € is part of the
central stalk and connects it with the membrane do-
main via subunit ¢. A ring of subunit ¢ (9-14 copies),
subunit a (one copy), and subunit b (two copies) are
localized in the membrane. It has been clearly shown
that the F1Fy-ATPase is a rotary device [38-41]. Ion
flow through the membrane along the a-c-interface is
most likely coupled to a rotation of the ring of pro-
teolipids, and this rotation concomitantly leads to a
rotation of the central stalk (subunit y) [41-43]. Ro-
tation of subunit y within the o3B3 headpiece results
in the liberation of ATP from the B subunits [44].
Such a mechanism requires a stator, which is most
likely built by subunits » and o (Fig. 4).

7.1. The c-oligomer is a heterooligomer of 8 and
16 kDa proteolipids

The F1Fy-ATPase operon from A. woodii differs
from all other F{Fy-ATPase operons known by the
presence of multiple genes encoding proteolipids
(Fig. 2). AtpE, (subunit ¢;) and AtpE; (subunit c¢3)
are 100% identical on the amino acid level and only
18 substitutions occurred on the DNA level. This is
strong evidence for a duplication of an ancestral
gene. The deduced molecular mass of the polypep-
tides is 8.18 kDa. As their bacterial homologues, they
are supposed to be organized in the membrane like a
hair pin with two transmembrane helices connected
by a polar loop. For the sake of simplicity, these two
identical subunits and their genes are abbreviated as
Cy/3 or AtpEy/3 and ApE,3, respectively. Most in-
terestingly, atpE; with 546 base pairs is more than
double the size of atpE,;3. The first and second
halves are 66% identical on the DNA level, indicat-
ing a duplication of a precursor gene and subsequent
fusion of the two gene copies. The deduced molec-
ular mass of AtpE; (subunit ¢;) is 18.37 kDa with
four predicted transmembrane helices arranged in
two hair pins. Only 60% of the residues of hair
pins one and two are identical. 70 and 72% of the
residues of hair pins one and two, respectively, are
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Gene Peptide Deduced molecular mass

(kDa)
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©
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Fig. 5. Gene-polypeptide correspondence of subunits ¢, ¢;, and
¢3 from the Nat-FFy-ATPase of A. woodii. The hypothetical
Na' binding motif is indicated.

identical in AtpE, 3. However, the membrane-buried
Na™ binding residue (Glu62 in AtpE,;;; Glu79 in
hair pin one of AtpE;), which is also conserved
and involved in HT transport in H*-F;Fy-ATPases,
is substituted by a glutamine residue in hair pin two
(Fig. 5). AtpE; contains an enlarged N-terminus of
17 residues which is not present in AtpE, 3 [34].

Since the finding of a duplicated proteolipid en-
coding gene in a FF;-ATPase operon has important
consequences for our understanding of the evolution
of structure and function of ATPases, it had to be
verified that atpE; indeed encodes a duplicated pro-
teolipid. Therefore, atpE; was cloned into an expres-
sion vector. When atpE; was expressed in an ATP-
ase-deficient mutant of E. coli, a polypeptide with an
apparent molecular mass of 16 kDa was synthesized.
However, this experiment did not rule out a possible,
specific splicing of the primary 16 kDa product into
two 8 kDa polypeptides in A. woodii. To test this, a
specific polyclonal antiserum was generated against
subunit ¢;. Western blot analyses of membranes from
cells grown on fructose revealed that atpE| encodes a
polypeptide with an apparent molecular mass of 16
kDa in A. woodii [33].

The proteolipid oligomer of A. woodii is very sta-
ble and withstands usual denaturation conditions
such as heating at 100°C in SDS buffer. N-Terminal
sequence analyses revealed the presence of subunit
¢33 in the oligomer, but ¢; could not be detected
this way. However, Western blot analyses with an
antiserum against ¢ revealed its presence in the olig-
omer. Upon autoclaving the sample for 3 min the
proteolipid oligomer was disrupted, the monomers

were released, and subunits ¢; and ¢;/3 were unequiv-
ocally detected by Western blot analyses [29]. That
proves that ¢; is a genuine subunit of the ATPase
from A. woodii. The proteolipid oligomer of the
F1Fo-ATPase from A. woodii is the first known to
contain a mixture of 8§ and 16 kDa polypeptides. The
stoichiometry of the different polypeptides in the c-
oligomer has not yet been determined.

Subunit ¢; is not only duplicated but also does
contain a glutamine residue (GIn162) instead of the
membrane-buried glutamate in hair pin two which is
essential for ion transport since it is part of the pro-
posed sodium ion binding site (Gln-Glu-Thr) in sub-
unit ¢ (see below). Although the free electron pair of
the amino group of GIn162 could in principle ligand
the sodium ion (as does GIn46 in helix one and
GIn129 in helix three), the substitution might have
consequences for the coupling efficiency of the rotary
motor of the ATPase. Current views on the function
of the motor assume an electrostatic attraction of
Na't (H') by a highly conserved Glu (Asp) in sub-
unit ¢ [45,46]. Due to the neutralization of the charge
of Glu (Glu62 in ¢;3 and GIu79 in ¢; of 4. woodii)
by Na* (H"), the c-ring may cross the electric barrier
and rotate into the hydrophobic zone, driven by the
electrostatic interaction of an Arg of subunit a with
another free Glu on the next monomer of the c-ring.
This leads to a rotation of the c-ring relative to sub-
units ¢ and b. For the F,Fy-ATPase of E. coli it was
demonstrated that the ATPase can tolerate the ex-
change of one Asp61 in the c-oligomer with an Asn
residue and is still able to translocate H* [47]. The
ATPase from Methanococcus jannaschii contains a
triplicated proteolipid with only two proton translo-
cating groups, but still this enzyme functions as an
ATP synthase [48]. In view of this discussion the
determination of the exact stoichiometry of the pro-
teolipid monomers in the c-oligomer of 4. woodii is
of great interest; this remains a challenging task for
the future.

7.2. The sodium ion binding site in Fy

Substrate protection from inhibitor action is a use-
ful tool to determine substrate-protein interactions
and to determine ion (=substrate) binding sites.
Na™ protected the ATPase against inactivation by
the Fy-directed inhibitors DCCD, DES, TBSn, and
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the amiloride derivatives phenamil, benzamil, EIPA,
and HMA (Table 2) [35]. On the other hand, inacti-
vation by azide or NBD-Cl was not prevented by
Na™, indicating that sodium ions protect the Na*-
ATPase from inhibition by reagents acting on Fj.
The DCCD-Na* interaction was analyzed in more
detail. DCCD is known to react with the proton
translocating (Na*t binding) residue (Glu62 in A.
woodii subunit ¢,/3) giving rise to a dicyclohexylurea
bound via an N-acyl bond to the protein. Upon in-
cubation of membranes from A4. woodii with
['*CIDCCD in the absence of Na*, the c-oligomer
and subunit ¢,/; were labeled. When the Na* con-
centration was increased to 10 mM, the enzyme was
no longer labeled by ['*C]DCCD, indicating that the
presence of Na™ abolished the reaction of DCCD
with subunit ¢ [35]. The rate of reaction of DCCD
with the enzyme was pH dependent; correspond-
ingly, the protective effect of Na* was pH dependent.
At pH 7.5, the apparent concentration of Na* re-
quired for half-maximal protection from DCCD in-
hibition was estimated to be 0.2, 0.4, 0.7 or 1.0 mM
Na* at 8, 20, 50 and 100 uM DCCD. On the other
hand, there was no protection against 100 uM
DCCD at pH 6.5 [35]. The same Na™-DCCD inter-
action was observed with the ATPase from Propio-
nigenium modestum [49].

It was already mentioned above that the amiloride
derivatives benzamil, HMA, EIPA, and phenamil are
potent inhibitors of the ATPase from A. woodii. Di-
lution experiments revealed that they do not bind
covalently to the enzyme [35]. 5 mM Na™ completely
protected against inactivation by phenamil, whereas
Na™ protection from benzamil, HMA, and EIPA
was significant but less pronounced [35]. The func-
tional group in the amilorides is the guanidinium
group which is also present in the side chain of argi-
nine. Therefore, it is assumed that an arginine resi-
due of the enzyme and Na*t compete for a common
binding site. That this common binding site may be
Glu62 of subunit ¢ is an attractive idea, since the
amiloride derivatives also protect the enzyme from
inactivation by DCCD. This is in accordance with
the model of ion transport, in which Glu62 of sub-
unit ¢ and Argl58 (A. woodii numbering) of subunit
a play a crucial role [45].

The Na' binding site in subunit ¢ of F{F,-ATP-
ases was elucidated by various techniques. First, the

group of Fillingame created a mutant version of sub-
unit ¢ of H"-F{Fg-ATPase in E. coli in which Ala62
was changed to Ser. This enzyme was able to bind
but not to translocate lithium ions. Although Na™
was not bound, this was the first evidence for the
involvement of Ser62 (corresponding to Thr63 in A.
woodii) in Lit/Na™ binding [50]. The group of Dim-
roth defined, in addition, GIn32 (corresponding to
GIn29 in A. woodii subunit ¢,;3, and GIn46 and
GInl129 in subunit c¢;) as part of the binding site by
site-directed mutagenesis [51]. The residues Glu62,
Thr63, and GIn29 are conserved in A. woodii. Fur-
thermore, Pro25 (4. woodii numbering) of subunit ¢
is only conserved in the two Na™-F;Fy-ATPases [32].
This might indicate the involvement of Pro25 in Na*
binding, but this has to be verified by site-directed
mutagenesis.

Apart from subunit ¢, a second subunit, subunit a,
is required for ion transport; both are envisaged to
make the ion channel of the ATPase. Three residues
of subunit a from H'-F;Fy-ATPases, Arg2l10,
Glu219, and His245 (E. coli numbering), were indi-
cated by mutant studies to be directly involved in H*
transport but recent studies demonstrated that
Glu219 and His245 are not essential for H' trans-
port [52-54]. The residues involved in Na™* binding
of subunit ¢ from Na*t-F{Fyo-ATPases are unknown
but a comparison of the sequences of subunit ¢ from
the Nat-F;Fo-ATPases from P. modestum [55,56]
and 4. woodii to those from H'-F;Fy-ATPases re-
vealed determinants likely to be important for Na*t
binding [34]. Whereas subunit ¢ of the Na*-F;F,-
ATPases of P. modestum [57] and A. woodii are
more closely related to each other than to subunit
¢ from H*-F{F,-ATPases (60% identity versus 23%
to E. coli), this is not the case with subunit a: 30—
45% of the residues from A. woodii are identical in
subunit a from other enzymes, irrespective of
whether they transport Na® or H'. However, the
similarity increases if only single transmembrane
helices are compared, and the degree of similarity
increases towards the C-terminus. A striking 71%
of the residues of helix 5 of subunit a are identical
in Na®-FFy-ATPases whereas only 30-50% of the
residues are identical when Na*- and H'-ATPases
are compared. This high degree of structural conser-
vation of helix 5 of Na™-F;Fy-ATPases is indicative
for a conservation of function and might indicate a
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participation of helix 5 in Na™ transport. The high
degree of conservation of helix 5 of subunit ¢ in
Na'-FFg- compared to HT-F|Fj-ATPases might
be due to the fact that the liganding of Na™ requires
more amino acids in a critical spatial organization
than the binding of H*. Helix 4 of subunit « harbors
the residue Arg210 (E. coli numbering) which was
shown to be absolutely essential for H* transport
in E. coli [52]. This residue is strictly conserved
among species (Argl58 in 4. woodii). A mutation
of three residues of subunit a of the Na*-F;Fy-ATP-
ase of P. modestum (Lys219, Val263, 1le277) led to
altered Na't binding. With the exception of I1e277
these are not conserved in A. woodii. However,
even in P. modestum they were not envisaged to be
involved directly in Na™ liganding but their mutation
was seen to result in a more global structural change
of subunit ¢ leading to a perturbation of the Na*
binding pocket [58]. From sequence comparisons
the group of candidates involved in Na™ transport
could be limited to Argl58, Thr174, Ser175, His192,
Tyr194, Aspl196, Ser199 and Ser204 (4. woodii num-
bering) [34]. However, their role in Na™ transport
still has to be determined by experimental analyses.

8. Why multiplication and duplication of the
proteolipid encoding gene?

One of the most striking and unique features of
the atp operon of 4. woodii is the presence of multi-
ple copies of proteolipid encoding genes. Multiplica-
tion of proteolipid encoding genes has been found
before only in V| Vy-ATPases from eucarya [59-61]
and AjA¢-ATPases from archaea [62]. What could
be the selective pressure for multiplication of proteo-
lipid encoding genes? One has to keep in mind that
the subunits of the ATPase are present in different
stoichiometries (a;bacy_148053YP3€), and the proteoli-
pid (subunit ¢) has by far the highest copy number in
the complex. Most of our knowledge concerning the
regulation of the synthesis of the proteolipid derived
from the paradigm E. coli. There, the proteolipid
encoding gene is part of a polycistronic message,
and enhanced synthesis of the proteolipid is achieved
by enhancement of translation. In addition, but to a
lesser extent, regulation by differential mRNA stabil-
ity contributes to differential gene expression [63,64].

Apparently, multiplication of the atpE gene and em-
bedding the copies into the operon is another way to
increase the concentration of subunit ¢. This strategy
is apparently realized by 4. woodii, but this does not
exclude additional mechanisms.

The duplication of the proteolipid encoding gene
per se is not of great consequence for the function of
the ATPase. It was shown recently, that genetically
engineered duplicated proteolipids from E. coli are
functional in H' transport and ATP synthesis
[65,66]. The striking feature, however, of subunit ¢
is not its size but rather the fact that the ion trans-
locating residue is not conserved in helix two. A loss
of one ion translocating residue is also encountered
in the ‘16 kDa proteolipids’ from eucarya and this
loss has the dramatic consequence that the V;Vj-
ATPases are not able to synthesize ATP in vivo.
The capability to synthesize ATP is directly depen-
dent on the number of ions translocated per ATP
synthesized. According to AG, = _nXFXAp, a phos-
phorylation potential (AG,) of approx. 50-70 kJ/mol
is sustained by the use of n=3-4 ions/ATP at a
physiological electrochemical ion potential of —180
mV (Ap). However, if the number of protons is low-
er, then ATP can no longer be synthesized. Although
it was demonstrated that the number of monomers in
the c-ring may vary from nine to 14 [43,65,67,68], for
the following calculation it is assumed that like in the
case of the bacterial and archaeal ‘8 kDa proteo-
lipids’ with two transmembrane helices, 12 mono-
mers and 12 proton translocating carboxyl groups
are present per oligomer. Taking into account three
ATP synthesizing or hydrolyzing centers, this gives
a stoichiometry of four ions/ATP. In contrast, six
copies of the ‘16 kDa proteolipid’ with four trans-
membrane helices constitute the proteolipid oligomer
of VVo-ATPases [69]. Since the ion translocating
group is lost in the first pair of transmembrane heli-
ces, the stoichiometry is only two ions/ATP, which is
too low to allow ATP synthesis. On the other hand,
if the number of ions is low, the same AG, can ac-
count for a much higher Ap, making the enzyme a
better proton pump, a function required by the phys-
iology of the eucaryotic cell. In general, the smaller
the number of carboxylates per ring, the worse is the
coupling efficiency. Taking this into account it is now
reasonable to assume that a cell could, depending on
the cellular needs, alter the function of the ATPase
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Fig. 6. Evolution of structure and function of subunit ¢ of ATPases. M. mazei, Methanosarcina mazei.

between ATP synthesis and ATP hydrolysis by vary-
ing the number of proton (ion) translocating resi-
dues. This is a very attractive idea for A. woodii,
which can grow by fermentation or by anaerobic
respiration or by using pathways which do neither
involve substrate level phosphorylation nor respira-
tion but methyl transfer-driven Na™t extrusion (dur-
ing the operation of the Wood-Ljungdahl pathway).
During fermentation the enzyme has to work as an
ion pump generating the membrane potential where-
as during autotrophic growth on H,+CO; it has to
work as a synthase. The switch from pump to syn-
thase could be performed by changing the ratio of ¢/
¢23. This hypothesis is a challenging task for future
experimments.

9. Evolutionary consideration

The finding of a duplicated proteolipid in a F;Fy-
ATPase is without precedence in bacteria. Dupli-
cated proteolipids were, for a long time, regarded
as an exclusive feature of eucaryal V;Vy-ATPases
[69,70]. Duplication and triplication of proteolipid
encoding genes with subsequent fusion of the genes
was described very recently for the archaea Metha-
nobacterium thermoautotrophicum and M. jannaschii
([48]; C. Ruppert and V. Miiller, unpublished data).

Therefore, it is now evident that multiplied and fused
proteolipid encoding genes are not exclusively
present in members of the domain Eucarya, but
also in the other domains of life. This does not nec-
essarily argue against the commonly favored view of
evolution of ATPases, but could result from horizon-
tal gene transfer which is very often underestimated
in natural systems. A view of the evolution of struc-
ture and function of subunit ¢ of ATPases is depicted
in Fig. 6.
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