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The Na*-translocating ATPase of Acetobacterium woodii is a F,F-type
enzyme as deduced from the primary structure of its 8, v and €
subunits *

Astrid Forster, Rolf Daniel, Volker Miiller *

Institut fiir Mikrobiologie, Georg-August-Universitiit Gottingen, Grisebachstr. 8, 37077 Géttingen, Germany
Received 18 January 1995; revised 2 March 1995; accepted 6 March 1995

Abstract

A 4.5 kbp EcoRI fragment hybridizing to a fragment of uncD (coding for subunit 8 of F,F,-ATPases) was cloned from chromosomal
DNA of Acetobacterium woodii. The nucleotide sequence was determined and revealed five open reading frames (ORF), four of which
were identified to code for subunits of the Na*-ATPase. The deduced amino acid sequences of these ORF’s are homologous to subunit «
(partial coding sequence, C-terminal end), ¥, B and € of F,F,-ATPases from various organisms; furthermore, the organization of the
genes in the order uncA (a), uncG (y), uncD (B), uncC () is identical to the structure of unc operon as present in most bacteria.
Downstream of uncC is an ORF whose deduced amino acid sequence has 53% sequence homology to AlgD from Pseudomonas
aeruginosa. The structure and organization of the unc genes are the final proof that the Na*-ATPase from A. woodii is a member of the
family of F,F,-ATPases.
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The homoacetogenic bacterium Acetobacterium woodii
is a strictly anaerobic bacterium whose bioenergetics are
based on a sodium ion cycle across the membrane [1]. The
Na*-translocating ATPase has been purified and was, by
biochemical and immunological criteria, identified as a
F,F,-ATPase [2]. However, despite these similarities the
ATPase from A. woodii differs from other F,F,-ATPases,
including the Na*-translocating enzyme from Propionige-
nium modestum [3), in three regards: as judged from an
SDS-PAGE of the purified complex it contains just 6
subunits, the F,~F; interaction is different and it is inhib-
ited by nitrate [2]. Therefore, in order to clearly assign the
Na*-ATPase from A. woodii as a F,F,-ATPase it was
necessary to determine the DNA sequence of its major
subunits and compare the deduced amino acid sequence
with those of different ATPases.

In order to clone the genes coding for the ATPase from
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A. woodii we took advantage of the fact that subunit 8 of
F,Fy-ATPases is very well conserved among various or-
ganisms [4]. Therefore, a homologous subunit 8 fragment
was amplified by means of the polymerase chain reaction
(PCR) using degenerated oligonucleotides corresponding
to amino acids 54-58 and 208-214 of subunit 8 of
Escherichia coli. The identity of this fragment was verified
by sequencing and it was further used as a homologous
probe. All techniques used were standard methods [5].
Southern blot analysis of genomic DNA restricted with
different enzymes revealed a 4.5 kbp EcoRI fragment that
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Fig. 1. Pysical map of plasmid pAF1 and organization of genes in the unc
operon of A. woodii. The EcoRI fragment was cloned into the EcoRI
site of pUC18. Genes are indicated by boxes and the direction of
transcription is indicated by the arrows. E, EcoRIL
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GAATTCGAAAAAGGACTAATTAAATTTGCACAAAAGAAATACCCTGAAATCATGACTAAG
E F E K G L I K F A Q K K Y P ETIMT K
o subunit —

GTTAAGGGTAAGGATGGCCTTTCAGATGAGGTCGTCGCAGCTTTTGCTGAATGTATTGAG
vV K 6 KD GL $§$DEV V A AFAETCTIE

GCTTATAAAAAAGTTTTCAGTAAATCTGTA
A Y K K V F 8 K § V

GCAGAGAATGTACAAGATATAAARACCTCGGATAAAGAGTGTAAATAGTACAATGCAAATC
A E NV QDI K P R I K S VNS TMMAZQTI

ACCCA’I‘GCCATGGMT’IGGTGGCA‘TCGGCAAAGCTGCGAAAAAG’I‘CGTGAGC’I"I‘GCTGAA
T H A M EL V A S A K VLRI KSR RTETLAE

GGTCGTCGACCTTATTTTGAGGCTATGATAGAAAGTATTGGGCGGATTGTCGAGAAAAGT
G R R P Y F EAMTIESTIGU RTIUVEZKS

GGAAACGCCCGCAATATTTTCATGGATCAGCGAGAAGTTAAAAAAACTGCTTATATTATC
G N AR NI F M D QREV KIKTAYTII

ATTACCGGAGATAAAGGTCTGGCTGGTGGATACAATGTAAATGTTGCAAAATTGGTTGAA
I T G D X G L A G G Y NV NV A KL V E

GAACATATAACCGATAAAGAGAATGCTGTTTTATTTACAGTTGGATCACGGGGCCGCGAT
E H I TDKENAVVLFTUVGSRGRD

CATTTTAGAAATCGTGAATACCATATTCAGGGTGACTATCTCGGAATTTCGGAACGACCA
H F RNREYHTI QG E Y L G I S ER P

AACTTTTTTAATGCCAAAGAAGTAACGGCTATTGTTATGGAAGGGTTTAARRATGGGGAG
N F F N A KEUVTATIUVMETGT F KNG E

TATGACGAAGTTTATATTGCCTATACCAAGTT TGTTTCGACCATTACGCAGCATGCTCAA
Y D E VY I A Y T X F Vv s T I T QQH A Q

ATGATGAAATTGTTGCCGCTTTCGCGCGARGAGTTGATAACTTCAGGTARAGTGAAAACA
M M K L L PL S RETETULTITS G KV KT

ACTGAAGAAACGAAAGAAGAARAATCAAAAATGTCGGATCGAGAACTAACAATCATGACA
T EET XK E E K S KM s DRETILTTIMT

TATGAACCGGAACCGGAAGRACTTTTAAAGTATCTGATYCCGAATCTTGTCAGTAGTACC
Yy EP E P E EL L K Y L I PNLV S S T

GTATATGGTTCAATGATTGAARGCGCCGCCAGTGAACAA(
vV ¥ G S M I E S A A S EQQ G ARUZ RTAM

GAATCGGCAACCACCAATGCCAATGAAATGATTGATGGGTTAACACTTCAATATAACCGT
E S AT TN ANZEMTIDGTLTTLQ Y N R

GTACGACAGGCGCCAATAACCCAGGAAATATCCGARATTGTCGGTGGTGCGGAAGATTAA
vV R QAP TI T ETI S EI V G G A E D

ACTAATAAAATAAAACGATTTGCAAAAAARGACTGAAGATTATTTAGATAGAAGGGTGAC

60 1141 TAAAAATGAGTGCAAATTAATTTGTACAAGGAGGT ATGGCCCAAA,
peubunit » M A Q N I G
120 1201 GAAGGTTGTTCAGGTTATTGGACCAGTAGTCGATGTTAAATTTCAARAAGACAAACTGCC
K v v ¢ v I ¢6 P V V DV K F Q KD K L P
1261 AARATTGAACAACGCAGTAAATATTGAGCTTAATGGACACACCCTGGTAATTGAGGTAGC
TGTCAGCGGAGGTGATTITCGAGTG 180 K LNNAVNTITETLTSNTGSGHTTLTYTIEJ VA

Y subunit — M
240 1321 TCAGCAACTGGGAGACGACATTGTCAGATGTATTGCCATGGATTCAACAGACGGTTTGAT
Q QL GDDTIVRGCTIAMDTESETHDGTL M
1381 GAGAAATCAGGAAGCTGTGGATACAGGGTCAGCGATTCAAGTACCCGTTGGGRAAGCAAC
300 R NOQOEAVDTGSATIGQYTPVGKAT
1441 CCTAGGAAGAATGTTTAACGTTTTGGGTGAACCAATTGATGGCAAGCCATTTGATACGAA
360 L G R M F NV LGTETPTIDTGEKTPTFTDT K
1501 AGATGTCGTTATGCATCCGATTCATCGGCATCCACCCAGTTTTGAAGAACAACARACGCA
420 D VVMHPTIHTERIETPPSTFTETET QS QT Q
1561 ACCAGAAATGTTTGAAACCGGAATTAAAGTCGTTGACTTAATTTGTCCTTACGTTCGTGG
480 P EMPFETGTIKTYVJVDTLTITCGCT®PZYVRG
1621 TGGTAAGATTGGTCTTTTCGGTGGTGCC PTGGTARAACCGTATTGATTCAGGARTT
540 G K I GLF GG AGVGE KTVTLTIOQEL
1681 AATTAATAATATTGCAACCCAACACGGTGGTTTATCGGTATTTGCCGGTGTTGGAGAACG
600 I NN I ATGQQHGGTUL SV F AGUV G E R
1741 GACCCGTGAAGGGAATGACCTTTATTATGAARTGATGGAGTCTGGCGTTATTAACAARAC
660 T R E G N DL Y Y EMME S§ G V I N KT
1801 AGCGCTTTGCTTTGGTCAAATGAATGAGCCTCCTGGAGCCAGAATGCGGATTGCATTAGC
720 AL CPFGQMNET®PPGARMEBRTIRATLA
1861 TGGACTGACGATGGCTGAATATTTCCGGGATGATGARGGACAGGATGTGTTATTGTTCAT
780 6 L TMAETYTFRTDTDETGGQTDVTLTLTFTI
1921 TGATAACATTTTCCGCTTTACTCAAGCTGGTTCAGAAGTTTCAGCACTTTTGGGTCGGAT
840 D NIFRTFTOQAGSESTEVSALTLTGT RHM
1981 GCCAAGTGCCGTTGGTTACCAACCAACACTGGCARCTGRAATGAGTGCTTTACAGGAACG
300 P S AVGYOQPTLATEHMS® G ATLTG QER
2041 AATTACATCAACCAGTAAGGGTTCAATTACCTCGGTTCAGGCCGPTTACGATCCAGCCGA
GCGCCGARCAGCGATG 960 I TS TS KGSTITSVQAVYDTPATD
2101 TGACTTAACTGACCCTGCTCCGGCAACTACTTTTGCGCATTTGGATGCAACGACAGTATT
1020 DLTDFPATPATTFA AHTLTDATTUVTL
2161 AAGTCGTGCCATTACCGAAAAAGGTATTTATCCOGCTGTTGATCCATTGGATTCARCTTC
1080 S RAITETZ KT GTITYTPAVDZPILTDST S
2221 ACGTATTCTTGATCCTAAAATAGTTGGACAGGAACATTATGAAACAGCTCGAGAAGTGCA
1140 R I LDGPEXTIVGOQETHTYETA AREVRQ
2281 GGAAATTTTGCAACGATATAMAGAGTTGCAAGATATTATCGCAATTTT GGATGA 2340

E I L @ R Y K E L Q D I T

A I L G M D E

2341 GITGTCAGATGCCGATARAATTACAGTATCTCGTGCGCGTAAGGTTGAACGTTTGITIGE 2400
L S DA DIEXK I TV SR RARIKVYVETRIULTF A

2001 GAACCATTTAATGTTGCGGAACAGTTTACCGGTACGCTGGGGTATATGTAAACGATTTGG 2460
N H L M L RN S L PV RWG I CZKRF G

2461 TGATACAATTAAAGGATTTAAAGAAATCCTTCAAGGACAACATGATGATTTACCGGAAAG 2520
D T I K 6 F KEI UL QGOQUHDUDULPE §

2521 TGCTTTCCTTTTGGTAGGTACGATCGAAGACGCTGTAGTAAAAGCAAAAAAAATCARAGG 2580
A F L L V6T I EDA AUV UV KA AZ KIKTIZKG

2581 TTAGTTGAGGTGAGTTTTAATGGCTGAAACTTTCAGATTAAAAATCATTGCTCCTACTGG 2640

gwsubunit > M A E T F R L K I I A P T G

2641 TGTTTTCTTCGACGATGATATTGAACGGGTTGTTATTCGCGGAATCGAAGGAGARCTTGC 2700
v F F D pbpbI ERUVV IRGTIZEGTETL A

2701 AATACTTGCCGAGCATACTCCGCTGACAACCAATGTTGCCATTGGTACGTTTAATATTAT 2760
I L A EH T PUL TTWNUVATIGTFN I I

2761 TTTTGCGGATAAAAAGAAAAAAAATGGTACCCTTTTAGGGGGCATTGCTACCATTAATCC 2820
F A D K K K K NG T ULL G G I A T I NP

2821 CAGAGAGACCATTATTTTAACTGATGCGGCGGAATGGCCGGAAGAAATTGATATTAAACG 2880
R E T I I L. T D A A E WP EUZETIUDTI K R

2881 AGCTCAGGAAGCCABAGAACGGGCACTTAAGCGGATTCATGATGATAAATTCGATACCGC 2940
A Q E A XK E R AL KU RTIUHBDUDIEKFDT A

2941 TCGGGCACGGGCAGCACTGGAAAGAGCAATTGCTCGGATCAACTCAAAAGAAAATGTATA 3000
R AR A AL ERA ATIA AURTINSIKENUWVY

DEISBEBBEISEBFIIEEBI>D> CLLLLLLLLCLCLLLLCLL LR

3001 ATTAAAAAAAAGAAAGTCAGGATGCTACTTAGAATGCTGGCTTTCTTTTTTTTCTCCCGG 3060

3061 GCAAGTATTTTARAGCAAGTTTTICTGTGAIATARTITATGTTGAATAATAGGGACATTG 3120

3121 TGTATCAACAAAGGAATGATAATCGTTTATAATGTAAARARGCAATAGAACGCGAACGACCA 3180

3181 GATCAAACGGAGGATAAGGAATG 3203
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Fig. 3. Alignment of the deduced amino acid sequence of uncG with uncG from P. modestum (Pmo) [13], E. coli (Eco) [14], Vibrio alginolyticus (Val)
{15], thermolphilic bacterium PS3 (PS3) [16], Bacillus megaterium (Bme) [17), Spinach chloroplasts [9] and Synechocystis 6803 [11]. Residues identical
and homologous are indicated by asteriks and points, respectively. The region responsible for thiol modulation in CF,F,, is boxed. Important residues in

this region are highlighted.

Fig. 2. Nucleotide sequence of the 3’ end of the unc operon of A. woodii and deduced amino acid sequence of subunit v, 8 and e. Only basepairs 1-3203
of the EcoRI fragment are shown. The sequence of both strands was obtained by primer walking. Shine-Dalgarno sequences are underlined, promotor

structures are boxed and stem-loop structures are marked by arrows. The sequence has been submitted to Genbank (accession number U10505).
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hybridized with the homologous probe. Therefore, ge-
nomic DNA of A. woodii was restricted with EcoRI and
size-fractionated by sucrose density centrifugation. Frag-
ments ranging from 3 to 6 kbp were cloned into the EcoRI
site of pUC18 and transformed into E. coli DHS5«, and
transformants were subjected to colony hybridization. One
clone contained a plasmid with a 4.5 kbp EcoRI insert
which in Southern blots hybridized with the probe. This
plasmid was named pAF1 (Fig. 1).

The nucleotide sequence (4514 bp) of the EcoRlI frag-
ment in pAF1 was completely determined and the se-
quence relevant to the ATPase is shown in Fig. 2. Genes
were identified by data bank searches which revealed that
the fragment contained, in that order, the C-terminus of
subunit a (uncA) as well as the complete coding sequence
for the subunit y (uncG), B (uncD) and € (uncC) homo-
logue of F F,-ATPases. The coding sequence for each
gene starts with the initiation codon ATG, except for the
gene coding for subunit ¥y which uses GTG as the initia-
tion codon. Each of these codons is preceded by a Shine-
Dalgarno sequence [6]. Three basepairs downstream of the
stop codon of uncC is an inverted repeat which most
likely functions a transcriptional terminator. Downstream
of the inverted repeat is a sequence resembling the —35
and —10 region, respectively, of a prokaryotic promoter
which is followed by a Shine-Dalgarno sequence preced-
ing ORF1 (of which only the start codon is shown in Fig.
2). ORF1 is 392 bp long and the deduced amino acid
sequence has 53% sequence homology to the GDP-man-
nose-dehydrogenase (encoded for by algD) from Pseu-
domonas aeruginosa (sequence identity 29%) [7].

The deduced amino acid sequences were compared to
subunits of F,F,-ATPases using the programm BESTFIT
[8]. These comparisons revealed that subunit y of A.
woodii has 31 and 40% sequence identity to subunit y
from E. coli and P. modestum, respectively, subunit 8 65
and 68% sequence identity to subunit 8 from E. coli and
P. modestum, respectively, and subunit € 33 and 32%
sequence identity to subunit € from E. coli and P.
modestum. These data clearly assign the cloned genes as
coding sequence for subunits of a F,F-ATPase. A multi-
ple alignment of the respective sequences did not reveal
any significant differences between Na* and H*-trans-
locating enzymes. However, alignment of the y subunits
(Fig. 3) revealed the presence in A. woodii of a region
otherwise present only in photosynthetic organisms and
which is known to be responsible for "thiol modulation"”
in chloroplast F,F,-ATPase (CF,F,) [9,10]. Cys-199 and
Cys-205 in CF,F, are known to form a disulfide bridge in
the dark which gives rise to an inactive enzyme; activation
can be brought about by a ferredoxin-dependent reduction
of the disulfide bond in the light. Artificially, activation
can be achieved by trypsin cleavage at Lys-204 (site I) and
Arg-215 (site II). In cyanobacteria, the region including
the two cysteines and site I is not maintained but, site II is.
The enzyme therefore corresponds to the reduced form of

Table 1

Comparison of N-terminal amino acid sequences of subunits of the
Na*-ATPase from A. woodii with those deduced from cloned genes

b

Subunits ?, gene products N-terminal sequences

35 kDa subunit (A) E N V. QD O K
Subunit y, deduced M A E N V QDI K
52 kDa subunit X Q N I X K V V
Subunit 8, deduced M A Q N I G K V V
16 kDa subunit X (B (T - R L K
Subunit e, deduced M A E T F R L K

® The experimentally derived N-termini of the subunits are from Ref. [2].
b X, no unequivocal signal was obtained; ( ), other amino acids were
detected in minor amounts, —, no amino acid detected.

CF,F,, but maintenance of site II is sufficient to retain
trypsin activation [11,12]. Interestingly, this regulatory re-
gion in its full extent is also present in A. woodii; the
cysteine residues are not conserved, but the potential trypsin
cleavage sites I and II are conserved. However, ATPase
activity as catalyzed by the enzyme from A. woodii is not
latent, but in light of this comparison it would be worth-
while studying the effect of trypsin on the ATPase from
A. woodii.

The identities of the genes are confirmed by a compari-
son of the deduced with the experimentally derived N-
termini. The deduced N-termini of subunits y, 8 and €
are identical to the experimentally derived N-termini of the
35, 52 and 16 kDa subunit of the Na*-ATPase of A.
woodii, respectively (Table 1) and the deduced molecular
masses of subunit y (33.8 kDa), 8 (51 kDa) and € (17.5)
correspond well to the experimentally derived values for
the subunits of the purified protein. Interestingly, the N-
formylmethionine has been cleaved off the polypeptides in
all cases.

From the data reported in this communication it is now
evident that the Na*-ATPase of A. woodii is of the
F,F,-type. The 52 kDa subunit corresponds to subunit 3,
the 35 kDa subunit to subunit y and the 16 kDa subunit to
subunit €. So far, the organization of the genes (Fig. 1) is
identical to the unc operon of E. coli but the unravelling
of the complete subunit structure of this Na*-ATPase has
to await the cloning and sequencing of the entire operon
which is now under way in our laboratory.

This work was supported by a grant from the Deutsche
Forschungsgemeinschaft. We are indebted to Prof. G.
Gottschalk for generous support and to Dr. W. Ludwig,
Miinchen, for helpful advice and for his generous gift of
the uncD probe from E. coli.
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