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ABSTRACT: Previously we have shown that the Nfranslocatingescherichia col(F,—d)/Propionigenium
modestuniF,+9) hybrid ATPase acquires a Nandependent phenotype by the ¢ subunit double mutation
F84L, L87V that is reflected by Naindependent growth of the mutant strain MPC8487 on succinate
[Kaim, G., and Dimroth, P. (199%). Mol. Biol. 253 726—738]. Here we describe a new class of mutants
that were obtained by random mutagenesis and screening fomdapendent growth on succinate. All

six mutants of the new class contained four mutations in the a subunit (S89P, K220R, V264E, 1278N).
Results from site-specific mutagenesis revealed that the substitutions K220R, V264E, and 1278N were
sufficient to create the new phenotype. The resulfingoli mutant strain MPA762 could only grow in

the absence but not in the presence of Mms on succinate minimal medium. This effect offNans

on growth correlated with a Naspecific inhibition of the mutant ATPase. THgfor NaCl was 1.5 mM

at pH 6.5, similar to thé,, for NaCl in activating the parent hybrid ATPase at this pH. On the other
hand, activation by Li ions was retained in the new mutant ATPase. In the absence™bNa*, the

mutant enzyme had the same pH optimum at pH 6.5 and twice the specific activity as the parent hybrid
ATPase. Inaccordance with the kinetic data, the reconstituted mutant ATPase catalyardd Hransport

but no Na transport. These results show for the first time that the coupling ion selectivigFoPH Pases

is determined by structural elements not only of the ¢ subunit but also of the a subunit.

The RF, ATPases are responsible for ATP synthesis from ATPase hybrid11, 12. Remarkably, these hybrid ATPases
ADP and inorganic phosphate in mitochondria, chloroplasts, exhibited the same coupling ion specificity as the
or bacteria{—5). These enzymes consist of a water-soluble modestunATPase, showing that the, Ppart is exclusively
headpiece, £ with the subunit compositionsfsyde and a responsible for the recognition of the coupling ions. Im-
membrane-integral sector,,Ehat in bacteria has the subunit  portant insights into the mode of ion translocation have been
composition alrg—12. The R sector contains the catalytic obtained withP. modestuni, reconstituted into proteoli-
machinery for the ATP synthesis and thg dector for the posomes. These proteoliposomes catalyxgedependerit
coupling ion movement across the membrane, and bothNa' transport following saturation kinetics or Naounter-
processes are intimately coupled events. flow (13). A transporter type mechanism was therefore

Most RF, ATPases including that frorEscherichia coli ~ €nvisaged employing a binding site that becomes occupied
use protons as the exclusive coupling ions and have thereforevith the coupling ion from one side of the membrane and
been classified as FP ATPas&. (F.F, ATPases, that use  releases it to the other side after a conformational switch
Na* as the physiological coupling ion, were classified as had altered the accessibility of this site.
FS ATPasesf]). The paradigm of this group is the ATPase ~ The Na& binding site was subsequently defined to be at
of Propionigenium modesturfy—9). An important early the DCCD-reactive glutamate-65 residue of subunit c of the
finding made with this enzyme was the use of'IN&i*, or P. modestumATPase, because Ndons specifically pro-
H* as alternative coupling ions in a competitive manner, tected the enzyme from the reaction with the carbodiimide
indicating the same translocation mechanism for either of (14, 19. These conclusions were confirmed and extended
these cations9). The operation of all fF, ATPases by the by a mutational approach showing that cQ32 and cS66 were
same principle mechanism was further corroborated by theadditional N& binding ligands §). Extensive mutational
construction of functional hybrids. First, & coli F./P. analysis data obtained with coli subunit ¢ {(—4) could be
modestunt, hybrid was obtained by in vitro reconstitution ~Well fitted into this model of ion translocation, but the
(10), and later molecular biology techniques led to the in conclusiveness of the model rests to a great deal on the data
vivo synthesis of arE. coli (F;—6)/P. modestun{F,+6)  obtained with theP. modestunATPase §).

1 Abbreviations: Ay, transmembrane electrical potential; ACMA,
* To whom correspondence should be addressed. Phone: (41) 1 6329-amino-6-chloro-2-methoxyacridine; DCCD, dicyclohexylcarbodiim-
33 21. Fax: (41) 1 632 13 78. ide; PCR, polymerase chain reaction(s).
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Table 1: Bacterial Strains and Plasmids Used in This Study

strains/plasmids relevant characteristics source/reference
strains

E. coli DH5a SupE44AlacU169 ¢p80lacZAM15) hsdR17 recAl endAl gyrA96 i relAl Bethesda Research Laboratories

E. coliDK8 bgIR HfrPO1 thi-1 relAl ilv::-Tn10 (AuncIBEFHAGDC) refl7

E. coliPEF42 CM1470 withatp]BEFHAfrom P. modestum ref11

E. coliMPC8487 PEF42 witlatpE F84L L87V ref 16

E. coliMPA762 PEF42 withatpB K220R V264E 1278N this study
plasmids

pBluescriptks ApR; cloning vector Stratagene

pMAS851 AR (pKS); containing 584 bptpBfragment withS89P K220R V264E 1278N this study

pMA762 AR (pPKS); containing 193 batpB fragment withK220R V264E 278N this study

pMA542 AR (pKS); containing 654 bptpBfragment withV264E 1278N this study

pMA498 AR (pPKS); containing 199 batpB fragment withk220R 278N this study

pMA484 AR (pKS); containing 161 bptpBfragment withK220R V264E this study

pHEP100 AP (pKS); containingatplBEFHA from P. modestunanduncAGDCfrom E. coli ref12

Based on a random mutational approach, a double muta-After transformation intde. coli DK8 (17), the mutants were
tion in the C-terminal tail of thé. modestune subunit has screened for growth on succinate minimal agar plates with
been identified (F84L, L87V) that caused a switch fromtNa  low Na' content (below 4Q«:M) as described1(6).

to H'-coupled ATP synthesis in tHé. coli host cells £6). Site-Specific Mutagenesis of the P. modestum a Subunit
But these mutants were not the only ones which could grow and Introduction of the Amino Acid Substitutions into the
on succinate without Naaddition. We report here on a Hybrid ATPase. In the first step, the mutations S89P,
triple mutation in the a subunit which grows on succinate kK220R, V264E, and 1278N were introduced into tRe
minimal medium in the absence of N&ns. A character-  modestunyene for the a subunit in different combinations

istic of this new mutant is its growth inhibition by Naons by polymerase chain reaction with specific oligonucleotides
which correlates with a specific inhibition by Naof the (see legend to Figure 1). Genomic DNA Bf modestum
mutant ATPase. was amplified as depicted in Figure 1, and the mutated PCR
products were cloned into the vector pBluescriptiESdRV)
EXPERIMENTAL PROCEDURES (22). Together with the mutation&caRl restriction sites

were introduced that allowed the identification of the plasmid
harboring the mutated a subunit gene. The newly constructed
Bacterial Strains, Plasmids, and Medialhe bacterial plasmids were designated pMA851 (584 bp insert; S89P,

strains, cloning vectors and recombinant plasmids used iNK220R, V264E, 1278N), pMA762 (193 bp insert; K220R,
this work are listed in Table 1. For routine cloning V264E, 1278N), pMA542 (654 bp insert; V264E, 1278N),
procedureskE. coli DH5a was applied. AlIE. coli strains PMA498 (199 bp insert; K220R, 1278N), and pMA484 (161
were cultivated in M13 minimal medial6) supplemented  bp insert; K220R, V264E), respectively. In the second step,
with thiamin (0.1 mg/L) and 35 mM succinate or 10 mM  the introduction of the mutations into the hybrid ATPase was
glucose. E. coli strain DK8 (L7) harboring ilv::Tn10 was  accomplished by transforming. coli PEF42 expressing a
additionally supplemented with leucine, isoleucine, and functionally active Na-dependent hybrid ATPase with each
valine at concentrations of 0.2 mM each. The same strain of these plasmids. The mutants were screened fof- Na
showed the Té&tphenotype, and selection with 3@/mL independent growth on succinate agar plates containing
tetracyclin was convenient. For the screening of mutants, minimal amounts of Na salts (insufficient for the growth
succinate minimal agar plates without NaCl were used. To of E. coli PEF42) and no ampicillin to select for homologous

reduce the internal Naconcentration below 52M, com- recombination of the mutated plasmids into the genome of
mercially available agar was purified as describ&6).( E. coli PEF42 (6).
Cloning and DNA SequencingRecombinant DNA pro- Biochemical ProceduresPurification and determination

cedures were carried out according to established protocolsof the ATPase, the fluorescence quenching assays for ATP-
(18). DNA fragments were isolated from agarose gels with dependent F translocation, and the determination’&fla*
QIAEX (Diagen). DNA sequences were determined by the transport were performed as describédl,(12. The ATPase
chain-termination method in combination with site-specific was reconstituted into proteoliposomes according to estab-
primers (9, 2Q. The protocols and equipment for automated |ished protocols1, 19. Li* transport into proteoliposomes
DNA sequencing were applied (Sequenator 370Aaad  was measured by flame emission analy$B).( Protein was
dye-Deoxy Terminator Sequencing Kit from Applied Bio- determined as describe®3) with bovine serum albumin as
systems). standard. Samples containing Triton X-100 were determined
Random Mutagenesis and Screening of Random Mutantsby comparison with protein standards containing the same
For random mutagenesis, plasmid pHEP10®) (vas used, amount of Triton X-100.
and the in vitro mutagenesis with hydroxylamine was carried
out as describedl6, 2]). The mutated pHEP100 derivatives
(pHM plasmid series) were constructed by replacing the
nonmutated 2.8 kEEcoO1091Kpnl DNA fragment (contain-
ing atplBEFHA' from P. modestumfrom pHEP100 with Random Mutagenesis, Screening, and DNA Sequence
the mutated 2.8 kliEcaO1091Kpnl DNA fragments (6). Analysis of the MutantsWe have previously shown that

RESULTS
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Ficure 1: Construction of plasmids pMA762, pMA851, pMA542, pMA498, and pMA484. ChromosBmalodestundNA was amplified
by PCR with the primer pairs indicated. The following oligonucleotides were used for PCR (the mutated bases are undeiindd| the
restriction site is shown in italics): Mpa220F (GRATTGSCAAGACCAACGAACATT), Mpa2542R (TTGATTATAAACCATTGT-
CAGCATGATGAATACGAAACTTTGTTCCAC), Mpa89F (TTAGATGGAGTCCAAAGAATCTGAA), Pmal80F (CCCCAAATGC-
CTAAGGGC), Mpa278R (CAATAGATCCTTGATTATAAACCATTGT), and Mpa264R (ACGAAACTTTGTTCCACACCACTGAA). The
mutated PCR products were cloned into the vector pBluescriptKS. Mutations are indicated by an asterisk.

[ Vet23e
D
Helix | Helix Il Helix Il Helix IV Helrix \" IHelix \
NH, I » o B e B e N | — f— COOH
Phe4/1 HIQSO val77 /Pfheéo >al95 A5p1n1 E'Ei;w 15 Ala251 Pheéé ‘
Ser89 Lys220 Val264 1le278

pHM1 Pro|aa serl Glu @sn
pHM2 N2 |Pro|aa Glu |Asn
pHM3 Pro Gu A Glu |Asn
pHM11 Tyr Pro aa Glu'|Asn
pHM12 ser Pro Glu A Glu |Asn
pHM18 Leu Pro|aa Glu‘ Asn

Ficure 2: Random mutations in the gene of the a subunit of the pHM plasmids containing the mutatedalyybpéron. The upper lines
show the putative helices of tHe modestuna subunit and the distribution of the random mutations. The amino acid residues Arg227,
Met236, and Asp259 iR. modestunfblack underlayed ovals) correspond to residues Arg210, Glu219, and His245Bn¢bka subunit,
respectively. The lower section summarizes the amino acid replacementsin thedestuna subunit.

after transforming plasmid pHEP100 into tlke coli atp mutations in the a and ¢ subunits. It was shown previously
deletion strain DK8, N&-dependent growth on succinate was that the double mutation in subunit c is sufficient to confer
acquired 12). Plasmid pHEP100 harbors the ATPase genes the Na-independent phenotype to tRe coli host cells 16).

for subunits a, b, ¢, and from P. modestunand those for The F84L, L87V double mutation was absent in the
o, B, y, ande from E. col. Random mutagenesis of the remaining six mutants with the phenotype offNadepen-
hybrid atp operon with hydroxylamine and screening for dent growth on succinate. DNA sequence analyses of the
Na-independent growth on succinate allowed the isolation gene for the a subunit of these mutants revealed a total of
of 18 transformantsi). Based on DNA sequence analysis 38 mutations (Figure 2). Of these mutations, 18 were found
of these mutants, two families could be distinguished. The between residues 41 and 115 in putative helices 1 and 2,
12 mutants of the first family contained the F84L, L87V and 20 were located between residues 220 and 278 in putative
double mutation in the ¢ subunit besides various other helices 5 and 6. Importantly, all mutants contained the four
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amino acid substitutions S89P, K220R, V264E, and 1278N. Y e
These were therefore the key candidates for generating the 12 12

new phenotype.
Site-Specific Mutagenesis of aS89P, aK220R, aV2&dE

al278N. To investigate whether the four mutations inthe a £ °? g *

subunit are sufficient for the Naindependent growth o8 o8

phenotype, these were introduced into the plasmid pMA851 04 04

(Figure 1) by PCR-based site-specific mutagene&sds The 02 02

plasmid was then transformed irffo coli PEF42 that harbors o

the genes for the Nadependent hybrid ATPase on the 0 4 8 12 1620 24 28 32 36 0 4 8 12 16 20 24 28 32 36
chromosome. The transformants were screened fdr Na Time (h) Time (h)

independent growth on succinate minimal agar plates to Ficure 3: Effect of Na on growth ofE. coli strains MPA762 (A)
identify clones in which the a subunit mutations had been and_PE|F42 é_B)- Th‘teh%rljmtﬂegéglri;mﬁre(gcggg% i5n I%/IO/?\IZUCClCinate
introduced into the genome by homologous recombination. ET;"Tam”,\‘/? II\JUaIHVI(A) 5 mM Nacl, 0? om) 10 r#M NaGl

To verify the mutations, chromosomal DNA fragments respectively.

comprising the gene of the a subunit were amplified by PCR

and sequenced on both strands. As a result, only the three 0.8
mutations aK220R, aV264E, and al278N could be identified,
whereas the aS89P mutation was not found on the genome
of the transformants analyzed.

The aS89P substitution is therefore obviously not required
to determine the Naindependent growth phenotype. Con-
sequently, the crossovers leading to homologous recombina-
tion (11) could have occurred downstream of aS89. Trans-
formants with the N&-independent growth phenotype were
also obtained with plasmid pMA762 that contains only the
three mutations aK220R, aV2654E, and al278N (Figure 1). 0 A .
The introduction of all three mutations into the chromosome 45 55 65 75 85 95
of these transformants was confirmed by DNA sequencing ’ ’ ’ oH ’ ' ’
as de.scribed abo"?' We ConCIUd.e from these. results thatFIGURE 4: Dependence of ATPase activity from variols coli
the triple mutation in thg a subumt of the hybrld ATPase grains on pH: PEF42N), MPC8487 ®), and MPA762 4). The
(K220R, V264E, 1278N) is exclusively responsible for the ATPase activities were determined with purified enzyme in a buffer
phenotype of N&independent growth on succinate and that consisting of 20 mM each of K-glycine, K-MOPS, and K-tricine,
no further mutations are required. This conclusion was 100 MM K;SQ,, and 0.05% Triton X-100 at the pH indicated. The
confirmed with plasmids pMA542, pMA498, and pMA484, estimated endogenous Naoncentration was below S0M.
which contained the three possible combinations of double Na*
mutations (aK220R/aV264E; aK220R/al278N; aV264E/
al278N), respectively (Figure 1). After the transformation

of these plasmids intR. coli PEF42, no transformants were Biochemical properties of the mutant ATPase were inves-

obtained after screening for Nandependent growth on  yinateq to assess the phenotypic alterations on the enzyme
succinate minimal medium. The new mutant strain with the itself. The pHirate profile of the ATPase from strain

aK220R, aV264E, al278N triple mutation was designated \1pa762 measured in the absence of Nia Li* ions. shows
E. coli MPA762 and was used for all further characteriza- a rather sharp optimum at pH 6.5 (Figure 4). With the

tions. purifed enzyme, the specific ATPase activity at this pH was
Growth Characteristics of E. coli MPA762Growth about 0.5 unit/mg of protein and decreased abotd-3old
curves in succinate minimal medium with and without NaCl at 1 pH unit difference to either side. The same specific
addition were recorded with the mutant strah coli activities as for this mutant ATPase were found for that from
MPA762 and the parent straif coliPEF42 (Figure 3A,B). the parent strain PEF42 at pH value5.5 and>7.0, again
In the absence of Na strain MPA762 grew on succinate without Na" or Li* addition, but the sharp rise in activity at
minimal media, as expected. The growth curves were thepH 6.5 was not observed. The optimum activity of this
same as that of strain PEF42 in the presence of 10 mM NaCl.ATPase at pH 6.5 was therefore with 0.2 unit/mg of protein
Both strains reached the stationary phase after about 35 h atess than half that of the new mutant ATPase. lItis interesting
an optical density at 600 nm of 1.2. Quite surprisingly, the that the shift in the pH optimum to 7.5 that is observed for
growth of strain MPA762 was gradually diminished in a the ATPase of the ¢ subunit mutant strain MPC8487 is not
NaCl-dependent manner, and virtually no growth could be observed in the ATPase with the triple mutation in the a
observed in the presence of 10 mM NaCl. Please recall thatsubunit. This shift of the pH optimum is therefore not
Na' ions affect the growth of strain PEF42 on succinate absolutely essential for an efficient proton-coupled ATP
exactly opposite to strain MPA762; i.e., growth of PEF42 is synthesis that can support growth of thecoli cells by virtue
Naf-dependent, and no growth occurs in its absence [Figureof a P. modestum/E. cohiybrid ATPase.
3 and (1)]. Hence, the new mutant strain MPA762 has  The effect of LiCl on the ATPase activity from the mutant
gained the ability to grow on succinate in the absence of strain MPA762 and the parent strain PEF42 at three different
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ions and simultaneously has acquired a specific growth
inhibition by this alkali ion.
Effect of pH and Alkali lons on the New Mutant ATPase.
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Ficure 5: Activation profiles of the ATPase frof. coli PEF42 @) andE. coliMPA762 (a) by LiCl at pH 8.5, pH 7.5, and pH 6.5. The

ATPase activities were determined with purified enzyme in a buffer consisting of 20 mM each of K-glycine, K-MOPS, and K-Tricine, 100

mM K,SQ,, and 0.05% Triton X-100 adjusted to the respective pH with KOH.

pH values is shown in Figure 5. At pH 8.5, the activity of
the mutant ATPase increased from 0.05 unit/mg in the
absence of LiCl to 0.75 unit/mg at 20 mM LiCl and above.
At this pH, the activation profile was very similar to that of
the parent hybrid ATPase from strain PEF42. At pH 7.5,
the Lit-independent ATPase activity was 0.2 unit/mg of
protein, and saturation with the alkali ion was reached above
50 mM LIiCI. At pH 6.5, the ATPase was already quite
active in the absence of Lions (0.5 unit/mg) and maximal
activation to 0.75 unit/mg of protein required LiCl concen-
trations of about 100 mM. For saturation at this pH, similar
LiCl concentrations are required for the parent hybrid
ATPase. However, the tiindependent ATPase activities
from the PEF42 ATPase were about 2.5-fold less than that
with the a subunit triple mutation, as already reflected by
the pH profiles (Figure 4).

The effect of NaCl on the activity of the ATPase with the
triple mutation in subunit a and the parent ATPase is shown
in Figure 6. At pH 6.5, the MPA762 ATPase activity
observed in the absence of alkali ions of 0.5 unit/mg of
protein decreased with increasing NaCl concentrations to
about 10% of its initial value at 10 mM NaCl. These results
clearly show that Naions act as specific inhibitor for this
mutant ATPase, while the parent ATPase was specifically
activated by this alkali ion (Figure 6). Analysis of the data
of Figure 6 revealed K; for NaCl of 1.5 mM for the mutant
ATPase which is similar to thE, of 1.4 mM that has been
observed for the activation by NaCl of the parent hybrid
ATPase of strain PEF42 under similar conditiorfsl)(
Sodium ions are therefore bound with similar affinity to the
Na' binding site(s) of the ¢ subunits of the parent hybrid
ATPase or of the ATPase with the a subunit triple mutation.
This is reasonable because the"Nending site(s) on the c
subunits should not be affected by the mutations in the a
subunit. However, the binding of Nato the ¢ subunits
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Ficure 6: Effect of NaCl on the ATPase froa. coli MPA762
(a) andE. coliPEF42 #). The ATPase activities were determined
with purified enzyme in 50 mM potassium phosphate buffer
containing 100 mM KSO,, 0.05% Triton X-100 adjusted to pH
6.5 with KOH, and the NaCl concentrations indicated.
by H*, Li*, and Nd& transport experiments. Proton transport
was studied at pH 7.5 by ACMA fluorescence quenching
with proteoliposomes containing the mutant ATPase from
strain MPA762 and the parent hybrid ATPase fr&mncoli
PEF42. The results, shown in Figure 7, indicate ATP-driven
proton uptake into the proteoliposomes which was inhibited
in both cases to about the same extent with the same
concentrations of LiCl and NacCl, respectively. The results
are in accord with a competition of i Li*, and N& to
bind to the coupling ion binding site on subunitls). The
validity of these conclusions was corroborated by" Li
transport experiments with reconstituted proteoliposomes
containing the mutant or the parent ATPases at pH 7.5. The
results of Figure 8A show a rapid accumulation of igns

causes the most possible adverse effect, i.e., activation ofihsige the proteoliposomes containing either the mutant or

the parent hybrid ATPase vs inhibition of the new mutant
ATPase.

H*, Lit, and Na" Transport ExperimentsThe coupling
ion specificity of the mutant ATPase was further investigated

the parent ATPase following ATP addition. Again, the
presence of 2 mM NaCl drastically decreases th& Li
transport, and with 10 mM NacCl, the titransport was
reduced to the level of the control reaction, i.e’, transport
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Ficure 7: Effect of Na or Li™ on ATP-driven fluorescence quenching of ACMA by reconstituted proteoliposomes at pH 7.5. ACMA
quenching was initiated by adding 2.5 mM K-ATH {o reaction mixtures containing the mutant ATPas& ofoli MPA762 (A, B) or the
purified parent ATPase @&. coli PEF42 (C) reconstituted into proteoliposomes and the concentrations of NaCl or LiCl indicated. Quenching
was released by the addition ofu®1 CCCP ¢).
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Ficure 8: Comparison of LT (A) and Na (B) transport into reconstituted proteoliposomes containing the parent or the mutant ATPases
at pH 7.5. The same amounts of purified enzymes were reconstituted by the-fteaae-sonication method. The assay contained (A) 20
mM LiCl or (B) 2 mM 22NaCl and 3QuM valinomycin: (open symbols}. coli PEF42 and (closed symbolE) coli MPA762. In (A), LiT
transport is shown: D) PEF42, A) PEF42 with 2 mM NaCl,l) MPA762, (o) MPA762 with 2 mM NaCl, and®) MPA762 with 10 mM

NaCl. In (B), N& transport is shown: ) PEF42, ©) PEF42 with 20 mM LiCl, and) MPA762. Controls without ATP or with 20M

DCCD did not catalyze any Lior Na* transport (not shown).

without ATP. The specific inhibition of the mutant ATPase uptake was observed with proteoliposomes containing the
by Na* ions (Figure 6) indicated that this enzyme is unable mutant ATPase, while in control liposomes containing the
wild-type enzyme?Na" was accumulated??Na’ transport

to pump Nd ions. This was confirmed by the Naransport

experiments shown in Figure 8B. No ATP-drivétNa’

by this enzyme was inhibited by LiCl as expected because
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Ficure 9: Comparison of amino acid sequences of the predicted transmembrane helices 5 and 6 of the a subunits flgrATRase
of P. modestunandE. coli. Critical residues for coupling ion translocation are circled; the three residues Bf thedestuna subunit that
were mutated in the enzyme with the Nimhibited phenotype are underlayed in black.

Li* competes with Na for binding to the coupling ion  are most conspicuous to play a critical role i Hanslo-

binding site on subunit c. cation (R210, E219, H245, Q25E, coli numbering) 40,
41) are circled, and those within thie modestuna subunit
DISCUSSION giving rise to the N&-inhibited growth phenotype are

underlayed in black. It should be noted that the acidic
residue is not conserved at position 219, but moved in some
TPases to position 245. Accordingly, ATP-driven"H
ranslocation is significantly diminished by E219 or H245
(24, 25. Evidence for such a rotation was obtained by single mutations but not by the E219H, H245E double

biochemical and biophysical techniques as well as by direct mu'tatio_n 42). According to amino acid alignments, the
visualization (26—28? yAs the dri?/ing force for A?/TP coli residues aR210, aE219, and aH245 correspond to the
synthesis is the electrochemical gradient of protons or sodium'?' modestum_e_5|dues a_R227, aM236,_and aD259, respec-
ions across the membrane, the rotation has to be driven by“VEIy' The critical positively and negatively charged amino

the downhill movement of these coupling ions through the acids are theref_or_e con_serve(_j in hemodestura sub_umt,
F, sector of the enzyme. How this is accomplished is although the acidic amino acid that can be moved inEhe

essentially unresolved coli a subunit from helix 5 to helix 6 is already in the latter

All three types of subunits oE. coli F, (ab,ce-12) are position in theP. modgstuman;yme.

required to form a functional proton-translocating particle ~ The mutational studies of this work strongly support and
(29). Most researchers believe that the b subunits are partextend the functional role of subunit a in the process of ion
of the stator and that the a and ¢ subunits take an active parfranslocation across the membrane. The three mutations
in the ion translocation itself. The ¢ subunits are present in (K220R, V264E, 1278Q) that cause the Nmdependent
9-12 copies 80) and form strong aggregates in some growth phenotype on succinate are within the critical
ATPases, even resisting dissociation by boiling in SBS (  C-terminal region of the a subunit. It is interesting that
A ring-like structure of ¢ subunits in the membrane has neither of the mutations found by the random approach
therefore been postulated, and images gbyFelectron and affected the putatively functionally critical residues R227 or

Structural analysis of most of the; Ppart of the ATP
synthase from bovine heart mitochondria together with
biochemical data suggested an ATP synthesis mechanis
via rotation of the centrgl subunit inside thez3; hexagon

atomic force spectroscopy support this vie®1( 32. D259. Therefore, these residues are probably equally
Evidence is also available that the a subunit is located outsideimportant for the translocation of Naons or protons. The
the ring of ¢ subunits33). triple mutation in subunit a causes a change in the coupling

Subunit a is highly hydrophobic, and according to recent ion specificity of the ATPase from NaLi™, or H" to only
topological studies, it may consist of six membrane-spanning L1~ of H". These results show for the first time that the ion
a-helices 84). Extensive mutational analyses of tBecoli selectivity of RF, ATPases is determined by specific
a subunit identified the C-terminal portion comprising the structural elements not only of subunit ¢ but also of subunit
last two membrane-spanning helices as critical for H &
translocation §5—39). The amino acids forming these two We have convincingly demonstrated in our previous work
helices are schematically drawn for both themodestum  that subunit ¢ of thé. modestunTPase carries a binding
and theE. coli a subunit in Figure 9. The amino acids that site for the coupling ions Na Li*, or H" (6). This site
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comprises the conserved acidic residue in the C-terminal
membrane-spanning helix of the hairpin (E65). The adjacent
S66 residue serves as an additional ligand for MaLi,

and Q32 on the opposite helix is specifically required for
Na" binding. A cQ32l mutation, therefore, abolished all
Na-dependent activities of the ATPase with full retention
of Lit-dependent or Htranslocating activitiesd). A similar
phenotype was also observed with a F84L, L87V double
mutation in the C-terminal tail of the proteiri). A
reasonable explanation for the properties of this mutant is
the alteration of interhelix interactions within subunit ¢ by
which Q32 becomes displaced from the binding sphere and
is therefore no longer capable to serve as d Niding
ligand.

With these results in mind, we would like to propose an
additional binding site for the coupling ions on subunit a. In
our model, this binding site would consist of a carboxylate,
perhaps the conserved acidic amino acid in helix 5 offghe
coli a subunit (E219) or in helix 6, respectively, of tRe
modestuna subunit (D259). The acidic residue would be
sufficient to accommodate proton binding, whereas for metal
ion binding by theP. modestuma subunit additional
liganding amino acids must be present. The triple mutation
in the P. modestuna subunit might perturb the coordination
sphere for N4 liganding, especially if liganding groups are
distributed to two different helices, while tbinding which
requires less ligands is not changed, very similar to the
situation already worked out for subunit @) (

The characteristics of the a subunit triple mutation
described here are completely compatible with this model:
(i) the mutant ATPase is fully functional with tior H* as
coupling ion, but has lost the capacity for N@manslocation;

(ii) furthermore and importantly, the mutant ATPase is
activated by Lt ions such as the wild-type enzyme, but is
inhibited by Na ions; (iii) the K; for Nat inhibition of the
mutant ATPase is the same as #igfor Na™ activation of
the wild-type enzyme under otherwise identical conditions.
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ion translocation, and during this rotation the coupling ions
would be occluded by the ¢ subunits. Such a model is also
not compatible with DCCD-labeling studies: subunits ¢ can
be labeled with this compound, and Naons provide
complete protectionlf).

As ATP hydrolysis turns the subunit, it is attractive to
hypothesize that this motion is mechanically coupled to the
rotation of the ¢ subunit ring. In this way, all ¢ subunits
would make phase-shifted the same contact with the fixed a
subunit. Once in contact with a, the coupling ion could no
longer dissociate to the n-side but would be released through
the a subunit to the p-side of the membrane. Please recall
that at pH>8.0 the binding sites on subunits ¢ have to be
occupied with Na for ATP hydrolysis to occurX4) and
according to our model for the ring of ¢ subunits to rotate.
In the a subunit triple mutation, ATP is hydrolyzed, if the ¢
subunit binding sites are occupied with*Lor H but not
with bound Nd& ions. In our view, the triple mutation
destroys the Nabinding site on subunit a which prevents
release of the Naion from the ¢ subunit at the contact site
to the a subunit to the p-side of the membrane. It is quite
interesting that ark. coli ATPase mutant in which four c
subunit residues were replaced by the corresponding ones
from P. modestun{V60A, D61E, A62S, 163T) was func-
tional as a proton pump but was specifically inhibited by
Li* ions @5). As the a subunit from th&. coli enzyme
probably does not accommodate’ lliinding and transloca-
tion, these observations are completely compatible with ours
on the a subunit triple mutation and therefore in accord with
the model.

In summary, we propose that the ATPase functions as a
perfectly coupled molecular machine in which ATP hydroly-
sis moves the ring of ¢ subunits versus the a subunit, but
only if the following conditions are met: the binding sites
on the ¢ subunits that are accessible from the n-side have to
be occupied with the coupling ions and the coupling ions
have to be released via the a subunit to the p-side of the

Please note that at pH 6.5 where these experiments had tanembrane. Fully in accord with this model are recénga’”
be conducted for technical reasons, there is no apparenbcclusion experiments. We discovered an ATP-dependent

cooperativity neither for Naactivation nor for N& inhibition

occlusion of oné?Na' per ATPase harboring the a subunit

by the appropriate enzyme. We conclude from these resultstriple mutation, while n?®Na* was occluded by the wild-

that the Na binding sites on the multimeric ¢ subunits are
not affected by the triple mutation in the a subunit.

If there is a binding site for the coupling ions not only on
subunit ¢ but also on subunit a, this has a significant impact
on the ion translocation mechanism. In the following, we

propose a model that takes present and previous results into 2.

account; the Na(Li*™ or H") binding sites of most ¢ subunits

of the ring are freely accessible from the n(negative)-side
(cytoplasmic side in bacteria), whereas the corresponding
binding site on subunit a is accessible from the p(positive)-
side of the membrane. The active-site carboxylates of the ¢
subunits have akpof 7.0 in the absence of Ndons that is
shifted to X 6.0 in the presence of 1 mM Ng14). At pH
>8.0, ATP hydrolysis is N&-dependent in a highly coopera-
tive manner (n = 2.6), indicating occupancy of at least three
sites simultaneously for maximal activatidd. This would

be difficult to explain by models in which the binding sites
on subunits ¢ are loaded and unloaded via two different
channels in subunit a that communicate with the two different
sides of the membran@, 43, 44. In these models, the ¢
subunit ring would have to rotate in order to complete the

type enzyme or in the absence of AT#5).
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