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Sequence of subunit ¢ of the Na*-translocating F1Fo ATPase of
Acetobacterium woodii: proposal for determinants of Na™ specificity as
revealed by sequence comparisons
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Abstract A 3.2 kb EcoRI fragment carrying genes for Na™-
F,Fy ATPase was cloned from chromosomal DNA of Ace-
tobacterium woodii. DNA sequence analysis revealed the
presence of an open reading frame which was identified by data
base searches and comparison with the experimentally derived N-
terminal amino acid sequence to code for subunit ¢ of Na*-F,F,
ATPase. A comparison of the primary sequences of the two well
established Na*-translocating F;F, ATPases from Acetobacte-
rium woodii and Propionigenium modestum with H*-translocat-
ing enzymes indicates the length of the C-terminus as well as
specific residues located in the cytoplasmic membrane to be
important for Na* transport.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

F1Fy ATPases are reversible enzymes which couple ATP
synthesis in the F; domain with the flow of ions through the
Fo domain [1,2]. Although the enzymes have been known for
decades, the mechanism of ion transport as well as the cou-
pling of ATP synthesis with ion flow is far from being settled.
An alternative approach to elucidate their function is to per-
form a comparative study with enzymes exhibiting an altered
ion specificity. The anaerobic bacteria Propionigenium modes-
tum and Acetobacterium woodii are the only well established
examples of organisms having ATPases which, as revealed by
inhibitor studies, subunit composition, primary sequences and
electron microscopy, are typical F1Fg enzymes but use Na*
instead of H* as coupling ion [3-5]. The Fo complex was
shown to determine the ion specificity of the enzyme [6] and
the ‘active carboxylate’ of subunit ¢ was shown biochemically
to contribute to Na't liganding [7,8]. As a first step towards a
better understanding of Na' transport through the FiFg
ATPase from A. woodii we cloned and sequenced the gene
encoding subunit ¢. This sequence is now the second sequence
available for subunit ¢ from Nat-F;Fy ATPases. A compar-
ison of these two sequences to those from H-F;Fy ATPases
revealed determinants probably responsible for Na™ specific-

ity.
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2. Materials and methods

2.1. Organism and plasmids

A. woodii (DSM 1030) was obtained from the Deutsche Sammlung
fiir Mikro-organismen und Zellkulturen, Braunschweig, Germany,
and grown under strictly anaerobic conditions on carbonate-buffered
medium supplied with 0.4% glycine [9]. E. coli DHSo (supE44
AlacU169(D80lacZAMLS) hsdrl7 recAl endAl gyrA96 thil relAl
[10]) was grown on LB at 37°C. Plasmids used were pSE420 [11],
pHSG 398 and 399 [12], and pBluescript IT SK and KS (Stratagene,
San Diego, CA, USA).

2.2. Molecular procedures

Chromosomal DNA of A. woodii was isolated by a modified Mar-
mur preparation [13]. Cells were grown to late logarithmic growth
phase, pelleted by centrifugation and lysed by alkaline SDS solution.
The protein was precipitated with 6 M guanidinium thiocyanate and
isobutanol, and the DNA was bound to glasmilk in the presence of
NalJ (90.8 g NaJ, 1.5 g Nay,SO;3, HoO ad 100 ml). After washing with
ethanol (50%), NaCl (0.1 M), Tris-HCI (0.02 M, pH 7.5) and EDTA
(1 mM), the DNA was eluted with TE buffer. The DNA was then
restricted, size fractionated by gradient centrifugation and cloned into
pSE420. All procedures used were standard techniques [10]. Oligonu-
cleotides were synthesized on a Gene Assembler Plus apparatus as
recommended by the manufacturer (Pharmacia LXB). DNA sequence
was determined by the chain termination method of Sanger and an-
alyzed on a VAX computer using the Wisconsin genetics computer
group sequence analysis software package, version 8.1 (University of
Wisconsin Biotechnology Center, Madison, WI, USA).

3. Results and discussion

A homologous probe covering the DNA region upstream of
the EcoRI site in atpA [5] was amplified by PCR with oligo-
nucleotides derived from the known DNA sequence in atpA
and from the N-terminal amino acid sequence of the 19 kDa
subunit. Southern blot analysis of genomic DNA restricted
with EcoRI revealed a 3.2 kb fragment that hybridized with
the homologous probe. This fragment was cloned in pSK™,
designated pSR4 and partially sequenced.

At the 5" end of pSR4 an open reading frame of 270 bp was
found. This ORF was identified by data base searches as atpE
which encodes subunit ¢ of F;Fg ATPases. The identity of the
gene was verified by comparison of the deduced amino acid
sequence which matched the experimentally derived N-termi-
nal sequence of subunit ¢ of the Na™-F;Fo ATPase from 4.
woodii [4]. atpE starts with an ATG codon and encodes a
strongly hydrophobic protein with a molecular mass of 8.96
kDa (Fig. 1). 60, 47, and 23% of its residues are identical with
subunit ¢ from the Nat-FFo ATPase from P. modestum, the
H*-FFo ATPase from Synechocystis 6803 and the H"-F;Fq
ATPase from Escherichia coli, respectively.

A comparison of the deduced amino acid sequences with
H"-translocating F;Fo ATPases revealed the following un-

0014-5793/97/$17.00 © 1997 Federation of European Biochemical Societies. All rights reserved.

PIIS0014-5793(97)00088-4


mailto:wmuelle2@gwdg.de

270
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GGAGGAAAACATAATTATGGAAGGTTTAGATTTTATTAAAGCATGTTCAGCCATTGGAGC
M E G L DF I KA C S AT G A
?7 E(I) L D F (I) K

61

TGGGATTGCéATGATCGCTéGGGTTGGACéTGGGATTGG%CAGGGTTTTéCCGCCGGTAA
G I A M I A GV G P G I G Q F A A G K

121 B . . . .
AGGCGCCGAAGCCGTTGGCCGCCAGCCGGAAGCGCARAGTGATATTATCAGAACCATGCT
G A E A V G Q P E A Q S DI I RTMTL

181 . . . . .
TTTGGGTGCAGCAGTTGCTGAAACCACTGGTATTTATGGTTTGATTGTGGCATTGATTTT
L G A AV A ETTGTI Y G vV A L I L

241 . . . .
ATTATTTGGCAAACCCATTTTTTTAAAAACAGTAACGGATAGATAA
L F G K P I F L XK TV T DR Z

Fig. 1. Nucleotide sequence and deduced amino acid sequence of
atpE of A. woodii. The sequence was obtained by primer walking.
Shine-Dalgarno sequences are underlined, and the experimentally
derived N-terminal amino acid sequence is given below the trans-
lated sequence. The sequence has been submitted to GenBank and
is available under accession number U63995.

usual features in subunit ¢ from 4. woodii and P. modestum
which we propose are relevant for Na*t transport:

(1) Subunit ¢ folds in the membrane like a hairpin with its
N- and C-termini being located in the periplasm [14]. Inter-
estingly, the size of subunit ¢ in 4. woodii is increased by two
residues at the N-terminus and, more important, nine residues
at the C-terminus; this enlarges the hydrophilic, periplasmic
portion of the polypeptide (Fig. 2). As expected, such an in-
crease is also observed with the Nat ATPase from P. modes-
tum. Therefore, this feature can be considered significant in
determining the ion specificity. As discussed before for P.
modestum [15], the enlargement of subunit ¢ might alter the
geometry of the Fo complex facing the periplasm, by altering
the interaction either of multiple copies of subunit ¢ or of
subunit ¢ with other membrane-integral subunits. Taking
into consideration the presence of a selectivity filter at the
mouth of the Fo complex, as envisaged by Fillingame [16],
the additional residues in subunit ¢ of P. modestum and A.
woodii might constitute (or contribute to) such a filter which
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widens the mouth and allows the passage of the large sodium
ion into the Fo complex. This assumption is corroborated by
the finding that random mutagenesis of subunit ¢ of P. mo-
destum led to mutants which lost Na* but retained H* trans-
port by exchange of the bulky residues F84 and L87 against
smaller residues [15]. Based on these findings we predict that
deletion of the periplasmic C-terminus of A. woodii and P.
modestum would result in a loss of Na'* with a retention of
H* pumping.

(2) Residues able to ligand the Na™ ion should be present in
Na™ but not Ht ATPases. In the membrane spanning regions
of subunit ¢ of 4. woodii six residues are present which have
the potential ability to ligand ions by use of their free electron
pair: M19, P25, Q29, E62, T63 and T64. A multiple alignment
revealed that only P25, Q29, E62, T63 and T64 are conserved
or functionally substituted in Nat-F;Fo ATPases from A.
woodii and P. modestum and in the second half of subunit ¢
of the Na*t-V; Vg ATPase from Enterococcus hirae but not in
H*-translocating F{Fo ATPases (Fig. 2). E62 and Té63 but
not T64 were shown by site directed mutagenesis to be essen-
tial for Li* binding in the F1Fo ATPase from E. coli [17].
Therefore, we predict that P25, Q29, E62 and T63 constitute
(or contribute to) the Na' binding site of the Na* ATPase of
A. woodii. These four residues are located at approximately
the same distance from the surface of the cytoplasmic mem-
brane, and therefore would also physically be able to build at
least part of the cavity in which the Na* ion is coordinated
(Fig. 3). Experimental evidence for a close proximity of A24
and 128 of helix one (corresponding to P25 and Q29 in A.
woodii) to D61 of helix two (corresponding to E62 in 4. wood-
i) in E. coli is available [18,19].

In conclusion, the data available now revealed two deter-
minants for Na* specificity of the F1Fo ATPase of 4. woodii:
an enlargement of the C-terminus of subunit ¢ accompanied
by a change in the geometry of the complex and the presence
of the sodium ion binding motif P25, Q29, E62 and T63;
residues in this motif can be substituted by functionally iden-
tical residues, i.e. those of appropriate size and bearing a free
electron pair. Although one or the other determinant is

periplasm membrane
AwoO 1 . . .MEGLDFIK ACSAIGAGIA M.IAGVGPGI GQGFAAGKGA 37
Pmo 1 M DMVLAKTVVL AASAVGAGAA M.IAGIGPGV GQGYAAGKAV 40
Ehi 69 GFVIAF LIFINLGSDM SVVQGLNFLG ASLPIAFTGL FSGIAQGKVA 114
Eco 1 .. ....MENLNM DLLYMAAAVM MGLAAIGAAI GIGILGGKFL 36
Val 1 e ....METL.L SFSAIAVGII VGLASLGTAI GFALLGGKFL 35
Ps3 1 e e M SLGVLAAAIA VGLGALGAGI GNGLIVSRTI 31
Bme L e e e e .MGLIASAIA IGLAALGAGI GNGLIVSKTI 29
Sec 1 o ....MDSTVA AASVIAAALA VGLGAIGPGI GQGNASGQAV 36
cytoplasm membrane periplasm

Awo 38 EAVGRQPEAQ SDIIRTMLLG AAVAETTGIY GLIVALILLF GKPIFLKTVT DR 89

Pmo 41 ESVARQPEAK GDIISTMVLG QAIAESTGIY SLVIALILLY ANP.FVGLLG 89
Ehi 115 AAGIQILAKK PEHATKGIIF AAMVETYAIL GFVISFLLVL NA........ 156
Eco 37 EGAARQPDLI PLLRTQFFIV MGLVDAIPMI AVGLGLYVMF AVA....... 79
Val 36 EGAARQPEMA PMLQVKMFII AGLLDAVPMI GIVIALLFTF ANPFVGQLG. 84
Ps3 32 EGIARQPELR PVLQTTMFIG VALVEALPII GVVFSFIYLG R......... 72
Bme 30 EGTARQPEAR GTLTSMMFVG VALVEALPII AVVIAFMVQG K......... 70

Sec 37 SGIARQPEAE GKIRGTLLLT LAFMESLTIY GLVIALVLLF ANPFA

..... 81

Fig. 2. Alignment of subunit ¢ from A. woodii with subunit ¢ from P. modestum [20], E. hirae [21], E. coli [22], V. alginolyticus [23], thermo-
philic bacterium PS3 [24], Bacillus megaterium [25], and Synechocystis 6803 [26]. The topology of subunit ¢ is indicated.
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Fig. 3. Hairpin folding model of subunit ¢ of the Nat-F,;Fg
ATPase of A. woodii. A potential sodium ion binding motif is indi-
cated.

present in certain other enzymes (i.e. an enlarged C-terminus
in V. alginolyticus and a sodium ion binding motif in Syne-
chocystis 6803), both are present only in Na*-F;Fy ATPases
from A. woodii and P. modestum.
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