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ABSTRACT. The conserved glutamate residue at position 65 oPttopionigenium modestumsubunit is
directly involved in binding and translocation of Nacross the membrane. The site-specific introduction
of the cQ32l and cS66A substitutions in the putative vicinity to cE65 inhibited growth of the single-site
mutants on succinate minimal agar, indicating that both amino acid residues are important for proper
function of the oxidative phosphorylation system. This growth inhibition was abolished, however, if the
cF84L/cL87V double mutation was additionally present in fiemodestunt subunit. The newly
constructedescherichia colistrain MPC848732I, harboring the cQ32I/cF84L/cL87V triple mutation,
revealed a change in the coupling ion specificity fromNa H*. ATP hydrolysis by this enzyme was
therefore not activated by NaCl, and ATP-driver tlansport was not affected by this alkali salt. Both
activities were influenced, however, by LiCl. These data demonstrate the loss of thieidiing site

and retention of LT and H" binding sites within this mutant ATPase. In tBecoli strain MPC848766A
(cS66A/cF84L/cL87V), the specificity of the ATPase was further restrictedtagthe exclusive coupling

ion. Therefore, neither Nianor Li* stimulated the ATPase activity, and no ATP-drivert liansport

was observed. The ATPase of tke coli mutant MPC32N (cQ32N) was activated by NaCl and LiCl.
The mutant ATPase exhibited a 5-fold high&g for NaCl but no change in thi€, for LiCl in comparison

to that of the parent strain. These results demonstrate that the bindingtafoNke ¢ subunit ofP.
modestunrequires liganding groups provided by Q32, E65, and S66. For the coordinatiort,aina
liganding partners, E65 and S66, are sufficient, ardttdnslocation was mediated by E65 alone.

The central enzyme for energy conservation in mitochon- the coupling ions and in bacteria has the subunit composition
dria, chloroplasts or bacteria is the ATP synthase #itF  abCs-12(9). The globular Fhead piece is connected to the
ATPase {—4). Two different subgroups of the iy ATPase Fo part by a narrow stalk that contains subunits provided by
family have been recognized that differ with respect to the F; and k (10, 11).
coupling ion employed. While the mitochondrial, chloro- The high-resolution structure of most of thepart of the
plast, and most bacterial ATPases catalyze ATP synthesisATPase from bovine heart mitochondria has suggested a
from ADP and inorganic phosphate withuH* ! as the catalytic mechanism involving rotation of the centnal
driving force,Propionigenium modestuisithe representative  subunit relative to theas8; hexagon, and experimental
for bacterial ATPases that ugeuNa" as the driving force  evidence in favor of this rotation was obtained recertB
for ATP synthesis §—7). Except for this difference, the  14). High-resolution structural information on the stalk
ATPases of the two subgroups are remarkably similar with region and the & part of the molecule is lacking, and
respect to structure and function which was convincingly therefore, the molecular details of the ion translocation
demonstrated by the formation of functional hybrids between mechamism and of the coupling between vectorial and
P. modestuni and Escherichia coliF; moieties 8). To chemical events remain elusive.
easily discriminate between these subgroups, we propose to A significant contribution to the solution of these problems
designate the proton- and sodium ion-translocatinBp F  has come from biochemical and molecular biological studies
ATPases as FP-ATPases and FS-ATPases, respectively. Botbf the Na'-translocating ATPase frof. modestum These
ATPase subgroups consist of the water-solublamBiety investigations have clearly shown that the Ppart is
that harbors the catalytic sites for ATP synthesis/hydrolysis exclusively responsible for recognition and transport of the
and has the subunit compositiog3syde and the membrane-  coupling ions and that the direct coupling hypothesis, where
bound k5t moiety that is responsible for the translocation of the coupling protons directly participate in the chemistry of

ATP synthesis at the active site(s) of, ks not valid (L5).

* Author to whom correspondence should be addressed. Phone: (41)Furthermore, a carrier mechanism (not a channel me.Chqnlsm)
1632 33 21. Fax: (41) 1 632 11 48. was shown to apply for the transport of the (_:ou_plmg ions

® Abstract published irAdvance ACS Abstractsuly 1, 1997, through k. The transport therefore involves binding of the

! Abbreviations: AuH", electrochemical gradient of protons across  coupling ions from one side of the membrane, followed by

the membraneAuNa', electrochemical gradient of sodium ions across ; ; ; ;
the membrane: DCCD, dicyclohexylcarbodiimide: ACMA, 9-amino- & conformational switch that makes the ions accessible to

6-chloro-2-methoxyacridine; CCCP, carbonyl cyanidehlorophen- the opposite side of the m?mbran_ev to Wh_iCh they are
ylhydrazone. subsequently released ). Biochemical studies further
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Table 1: Bacterial Strains and Plasmids Used in This Study

strains/plasmids relevant characteristics source/reference
strains
E. coliDH5a supE44AlacU169 ¢p80acZAM15) hsdR17 recAl endAl Bethesda Research
gyrA96 thi-1 relAl Laboratories
E. coliDK8 bgIR HfrPO1 thi-1 relAl ilv::-Tn10 A uncIBEFHAGDC) ref 25
E. coliPEF42 CM1470 wittatplBEFHAfrom P. modestum ref 21
E. coliMPC32I PEF42 withatpE Q321 this study
E. coliMPC32N PEF42 wittatpE Q32N this study
E. coliMPC8487 PEF42 witlatpE F84L L87V ref 21
E. coliMPC848732I PEF42 withtpE Q321 F84L L87V this study
E. coliMPC848766A PEF42 withtpE S66A F84L L87V this study
plasmids
pBluescriptkS ApR; cloning vector Stratagene
pMC32I AR (pKS); containing 833 bptpE fragment withQ32I this study
pMC32N AR (pKS); containing 833 bptpE fragment withQ32N this study
pMC66A AR (pKS); containing 735 bptpE fragment withS66A this study
pMC203lI AR (pKS); containing 180 bptpE fragment withQ32I F84L L87V this study
pMC237A AR (pKS); containing 82 batpE fragment withS66A F84L L87V this study
pHEP100 AP (pKS); containingatplBEFHA from P. modestunanduncAGDC ref 20
from E. coli
pMC166A pHEP100 wittatpE S66A this study

indicated that the Nfa(or H") binding site is at the DCCD-  functions, and these could be improved by additionally
reactive conserved acidic residue in the C-terminal membraneintroducing the F84L/L87V double mutation into the c
domain of subunit ¢ (CE65 in the case of themodestum  subunit.

ATPase) 17, 18). Mutational analyses performed with

subunit ¢ of theE. coli ATPase are in accord with these EXPERIMENTAL PROCEDURES

findings (19). The genetic approach has recently become

. . _ Bacterial Strains, Plasmids, and Mediarhe bacterial
available to iy from P. modestum E. coli clones harboring

X strains, cloning vectors, and recombinant plasmids used in
the genes for thegpart and the) subunit fromP. modestum .o \work are listed in Table 1. For routine cloning

and for the remaining Fsubunits fromE. coli expressed a  roceduresk. coli DH50 was applied. AlIE. coli strains
functional N&-dependent ATPase (FS-ATPase) and con- \yere cultivated in M13 minimal medi2{) supplemented
ferred to these cells Nadependent growth on succinafi( with thiamine (0.1 mg/L) and 35 mM succinate or 10 mM
20). Following mutagenesis, a mutant was isolated, for gj,cose. E. coli strain DK8 @5) harboringil »::Tn10 was
which the Na-dependent growth was impaired and the aqgitionally supplemented with leucine, isoleucine, and
ATPase functioned as a proton punfii). The new strain  yjine at concentrations of 0.2 mM each. The same strain
had a _doubIe mutation (cF84L/cL87V) in t_he e_xter_lded showed the T&tphenotype, and selection with 3@/mL
C-terminal portion of theP. modestunt subunit which is tetracyclin was convenient. For the screening of mutants,
lacking in the corresponding. coli protein. This mutation  gyccinate minimal agar plates without NaCl were used. In
with the specificity change for the coupling ions further order to reduce the internal Naoncentration to below 50
corroborates the model where the ¢ subunits harbor the,\ commercially available agar was purified as described
binding sites for the coupling ions during transport. (21).

The operation of th®. modesturdTPase with N4, Li, Cloning and DNA SequencingRecombinant DNA pro-
or H' as alternative coupling ions offered unique possibilities cedures were carried out according to established protocols
for discerning the molecular basis for the selection between (26). DNA fragments were isolated from agarose gels with
these cations. Clearly, cE65 is an appropriatetihding QIAEX (Diagen). DNA sequences were determined by the
site, but for Nd or Li* binding, additional liganding groups  chain-termination method in combination with site-specific
in an appropriate spacial vicinity are required. Remarkable primers @7, 28).
differences in the primary structures of the ¢ subunits are a  Site-Specific Mutagenesis of the P. modestum ¢ Subunit
serine residue at position 66 and a glutamine residue atThe mutations Q32l, S66A, F84L, and L87V were introduced
position 32 of theP. modestunenzyme versus a conserved into the P. modestungene for the ¢ subunit in different
alanine and an isoleucine residue at the correspondingcombinations by polymerase chain reaction (PCR) with
positions of theE. coli ATPase. As these residues are in specific primers (Table 2). Genomic DNA & modestum
close vicinity to the conserved acidic residue in thecoli was amplified as depicted in Figure 1, and the mutated PCR
¢ subunit, for which part of the structure was determined in products were cloned into the vector pBluescriptESdRV).
chloroform/methanol/bD (4:4:1) @2—24), S66 and Q32 of  Together with the mutations, different restriction sites that
the P. modestunt subunit are key candidates for Nar allowed the identification of the plasmid harboring the
Li* binding ligands. We show here that the Nar Li*- mutated subunit ¢ gene were introduced (Table 2). The
dependent ATPase functions were completely abolished innewly constructed plasmids were designated pMC32I (Q32I),
all mutants with a cS66A substitution. The cQ32I mutation pMC32N (Q32N), pMC66A (S66A), pMC203I (Q32I1/F84L/
abolished Na-dependent but not ttidependent ATPase L87V) and pMC237A (S66A/F84L/L87V).
functions, and in the ATPase with a cQ32N mutation, its  Introduction of the Site-Specific Amino Acid Substitutions
Nat- and Lit-dependent functions were retained at a reduced into the Hybrid ATPase The introduction of the mutations
affinity for Na™ and no change in the affinity for i All into the hybrid ATPase was accomplished as previously
mutants in addition retained the fHlependent ATPase described 21). In detail, E. coli PEF42 expressing a
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Table 2: Oligonucleotides Used for PER

primer sequence (53') position mutation
Pmal80Vv CCCCAAATGCCTAAGGGC uncB none
bp 180-197
Mpc32VI GGAATAGGGTATGCAGCCGGMA\AA unckg Q321
Nad bp 94-117
Mpc32VN GGAAACGGGTATGCAGCCGGMAAA unckg Q32N
Nad bp 94-117
Mpc66VA CGATCCECGGAAGCTACTGGTATCT uncg S66A
Poul bp 184-207
Mpc8487R CCCAGTACTCCAACAAGTGCCTT unck F84L
Scd bp 243-267 L87v
Pmb507R TAGCTTCTGCATATCTTCTAC spacancF-H none
bp 13-33

a All oligonucleotides bind to thatp operon ofP. modestunas target DNA. The mutated bases are underlined, and the corresponding restriction
sites are shown in italics.

0 0.2 04 0.6 0.8 1.0 kb
] . genomic DNA
c > b (P. modestum)
Mpc32v.ll?c332l) 833 bp m?om pMC32
MpcSZVINjTO&N) 833 bp :;E?om oMC32N
MpcB6VA (cS66A) 736 bp PmbS07R
b " pMCB6A

Mpc32vl (cQ321) MpcB487R (cF84L; cLB7V)

g pMC203
o - -
MpcB6VA (0868;\2) bl:pcM87R (cF84L; cL87V) pMC237A

Ficure 1: Construction of plasmids pMC32I, pMC32N, pMC66A, pMC203I, and pMC237A. The mutated PCR products were cloned into
the vector pBluescriptKS. Mutations are indicated by an asterisk. ATPase genes are designated as the corresponding subunits.

functionally active Na-dependent hybrid ATPase was mutation. The new strain was namedcoli MPC32l. In
transformed with plasmids pMC32l, pMC32N, pMC66A, all mutants described above, the presence of the intended
pMC203l, and pMC237A. The mutants were screened on substitutions and the absence of additional mutations were
succinate agar plates containing minimal amounts of Na confirmed by DNA sequencing.

salts (insufficient for the growth dE. coli PEF42) and no Construction of Plasmid pMC166ASince attempts to
ampicillin to select for homologous recombination of the construct the S66A amino acid substitution in the
mutated plasmid inserts into the genomesofcoli PEF42. modestumc subunit of E. coli PEF42 via homologous

After incubation for 48 h at 37C, colonies were obtained recombination failed (see above), we used the previously
with plasmids pMC203l and pMC237A. The resulting established pHEP100 plasmid system for the construction
mutant strains were termed MPC8487321 and MPC848766A, of this mutant 20). For this purpose, the “megaprimer”
respectively. method, based on site-directed mutagenesis by PCR, was
Since no colonies could be detected for plasmids pMC32I, used 29). The strategy for the mutant construction is shown
pMC32N, and pMCG66A, the screening was performed on in Figure 2. The first PCR was performed using the mutant
succinate plates containing 10 mM NaCl. The transformants primer (Mpc66VA) and the flanking primer (Pmb507R). The
were incubated at 37C and scored for growth after 48 h, resulting 735 bp product was purified and used as one of
yielding small colonies§ < 1 mm) and large colonieg( the primers (“megaprimer”) in the second PCR with the other
> 2 mm) for PEF42/pMC32N. Fourteen of the small flanking primer (Pmal80V). Genomic DNA & modestum
colonies were analyzed. The coli strain with the Q32N was used as the template in both polymerase chain reactions.
mutation was named MPC32N. As no colonies were The final 1673 bp product was isolated and digested with
obtained for plasmids pMC32l and pMC66A, we screened the restriction enzym8frl. The restriction yielded a 1152
for recombination events on minimal agar plates with glucose bp DNA fragment containing the S66A mutation on both
as substrate. After incubation for 24 h at 3C, large strands. Théfrl restriction of plasmid pHEP100 produced
colonies ¢ > 2 mm) and small coloniesp(< 1 mm) could an 11 889 bp and a 1152 bp DNA fragment. The latter was
be distinguished for PEF42/pMC32I, but not for PEF42/ replaced with the mutated 1152 bp (cS66A) PCR product in
pPMCG66A (uniform coloniesigp > 2 mm). Six of the small the subsequent ligation. The resulting plasmid was named
colonies were isolated and shown to harbor the Q32 pMC166A. The exclusive S66A mutation in tie modes-
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I I I [ | I I I | I I
0 05 1 1.5 2 2.5 kb
Blﬁ‘l Blfr1
N\ genomic DNA
a e b > delta > b modestum)
MpcBEVA (cS66A) Pmb507R
o 735bp fragment 1. PCR
Pma180V 735bp fragment
= o = 2. PCR
Blm 1673bp fragment B}”
lcut with Bfd
B;H 1152bp ’f}agment BIH

ligate into 11.889 bp Bfrl fragment
of pHEP100 to construct pMC166A

Ficure 2: Construction of plasmid pMC166A. PCR products were amplified and cloned as described in the text. Mutations are indicated
by an asterisk. ATPase genes are designated as the corresponding subunits.

tumc subunit gene of the hybrid ATPase was demonstrated candidates for the additional Ndiganding amino acids were

by DNA sequencing.

Fluorescence Assay for NADH-Dependent Franslo-
cation Membranes were prepared with a French press in
P-buffer [50 mM potassium phosphate (pH 7.5), 5 mM
MgCl;, 1 mM dithiothreitol, and 10% (v/v) glycerol]. After
fractional centrifugation, the;Fmoiety of the ATPase was
stripped from the membranes by washing with E-buffer [1
mM Tris-HCI (pH 8.0), 0.5 mM K-EDTA, 1 mM dithio-
threitol, and 10% (v/v) glycerol]. The stripped membranes
were directly assayed by NADH-driven ACMA fluorescence

S66 and Q32 because these are probably in an appropriate
spatial vicinity with respect to E65 and because most proton-
translocating ATPases contain apolar residues at the equiva-
lent positions. To investigate the role of these amino acids
in Na™ binding, we changed ¢S66 to A and cQ32to |l and N
as described in Experimental Procedures.

Neither strain MPC32l nor DK8/pMC166A was able to
grow on succinate minimal medium with or without NaCl
addition (Table 3). As the two parent strains grow well in
succinate minimal medium supplemented with NaCl but not

quenching. The standard reaction mixture contained in 1.5 on succinate without NaCl addition, the reason for the growth

mL at 25°C 50 mM potassium phosphate buffer (pH 7.5),
5 mM MgCl,, 1.3uM ACMA, and 200ug of protein. After

impairment of the mutants could be the loss of the"Na
binding site in the mutant ATPases. In contrast to these

the signal had stabilized, the reaction was initiated by addlng mutantsE. coliMPC32N could grow on succinate minimal

25 uM potassium-NADH (Sigma). Fluorescence was mea-

medium, but only at 10 mM NaCl, whereas 2 mM NaCl

sured with a Shimadzu RF-5001 PC spectrofluorometer usingwas sufficient to support growth of the parent strain PEF42
410 nm as excitation and 480 nm as emission wavelengths.(19). The most obvious explanation for these results is a

Biochemical ProceduresPurification and determination

decrease in the Nabinding affinity of the ATPase elicited

of the ATPase and the fluorescence quenching assays folhy the cQ32N mutation.

ATP-dependent H translocation were performed as de-
scribed (9). Reconstitution of ATPase into proteoliposomes
was performed according to established protocd® 20).

The P. modesturie. coli ATPase hybrid is optimized for
protons as coupling ions by introducing the F84L/L87V
double mutation into the ¢ subunit (strain MPC8487))(

Li* transport into proteoliposomes was measured by flame e efore, of interest was the study of the cQ321 and cS66A

emission analysi2(). Protein was determined as described

substitution in the MPC8487 background. Resulting strains

(30) with bovine serum albumin as the standard. Samples \1pcg487321 and MPC848766A harboring the triple muta-

containing Triton X-100 were determined by comparison
with protein standards containing the same amount of Triton
X-100.

RESULTS

Growth Characteristics of E. coli Strains with Mutations
in the ¢ Subunit of a P. modestum/E. coli ATPase Hybrid
As described in the introductory section, cE65 of e
modestunATPase comprises part of the Nainding active
site for the transport of this coupling ion. Prominent

tions grew on succinate which was independent of NaCl
addition. Hence, oxidative phosphorylation in these strains
obviously operates with Has the coupling ion. The ATPase
became optimized for this function by the cF84L/cL87V
double mutation, irrespective of whether cS66 was addition-
ally mutated to A or whether cQ32 was additionally mutated
to I. In summary, these results demonstrate that cS66 and
cQ32 play an important role in the Naoupled ATP
synthesis mechanism but can be replaced by other residues
in a Hf-coupled ATP synthase.
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Table 3: Phenotypic Properties of Chromosomal and Plasmid-Harboring Strains with Mutations in the ¢ Suburi. afofiilE. modestum

F1Fo ATPase Hybrid

growth on growth on ATPase activity

succinate succinate (membranes) activation activation
strain/plasmid mutations (no NaCl} (%) (10 mM NaCl} (%) (mU/mg) by Na* by Li*
PEF42 none 24 100 400 + +
MPC8487 F84L/L87V 95 96 390 - +
MPC32I Q32I 20 22 100 - +
MPC32N Q32N 21 79 320 + +
DK8/pMC166A S66A 14 15 80 - -
MPC848732I Q32I/F84L/L87V 61 63 240 - +
MPC848766A S66A/F84L/L8TV 92 94 380 - -

aGrowth yield in 1% succinate minimal medium, calculated relative.tooli PEF42.P The ATPase activities in membranes were corrected for
residual activities obtained frof. coli strains with aAunc genotype. For maximum ATPase activities, cells were grown in succinate minimal
medium. The ATPase activities of all membranes were recorded in the presence of 10 mM NaCl.
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Ficure 3: Dependence of ATPase activity from variuBs coli
strains on pH: PEF42€), MPC8487 @), MPC848766A A4),
MPC848732I ¥), and MPC32N ¢). The ATPase was assayed
after extraction from the membrane at the pH indicated. The
estimated endogenous Naoncentration was below 50M.

Biochemical Characterization of Mutant ATPaseghe
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FiGurRE 4: Activation profiles of the parent ATPase froi coli
PEF42 @) and the mutated ATPase frof coli MPC32N @) by
NaCl at pH 6.5 and 8.5. The ATPase activities were determined
with purified enzymes and the buffer consisted of potassium-
glycine, potassium-MOPS, and potassium-tricine (each at 20 mM),
100 mM K;SO,, and 0.05% Triton X-100 adjusted to the respective

ATPase activities in the membranes of various mutant strainsPH with KOH.

varied between 80100 mu/(mg of protein) for cells harbor-
ing the cQ32l or cS66A single mutations and 400 mu/(mg
of protein) for the parent strain PEF42 (Table 3). Activities

between 240 and 390 mu/(mg of protein) were found, if these
¢ subunit mutations were added to the cF84L/cL87V double

mutation or for strain MPC32N with the cQ32N single
mutation. It is also apparent that the succinatg ©r (+)-
phenotype correlates with ATPase activities<df00 or 240
mu/(mg of protein), respectively.

We have previously shown that introduction of the F84L/
L87V double mutation into the ¢ subunit shifts the pH
optimum of the ATPase from 6.5 to 7.5 concomitant with a
significant (Na-independent) activity increas2l). These
properties reflect an improvement of tHoupled ATP

The ATPase with the cQ32N mutation was the only one
which retained the activation by Naons (Table 3). In
contrast, the cQ32l or the cS66A mutation completely
abolished this characteristic property of tRe modestum
ATPase. These results therefore suggest that the hydroxyl
group of S66 and the amide groups of Q32 or N32 ar&-Na
binding ligands. Further support of this supposition was
obtained by studying the effect of Nan the ATPase with
the Q32N substitution in more detail. The Nactivation
profiles at pH 6.5 and 8.5 are shown in Figure 4. At both
pH values, the mutant ATPase required"N@ncentrations
about 5 times higher for half-maximal or maximal activity,
respectively, than the parent ATPase of strain PEF42. On
the other hand, Hill plot analyses revealed that the cooper-

synthesis so that the double-mutant strains acquire theativity of both ATPases with respect to Nactivation was

succinate {)-phenotype. The results of Figure 3 show
similar pH profiles for ATPases from the single-mutant

the samerfy = 1.0 at pH 6.5ny = 2.2 at pH 8.5). These
results indicate that reduction of the side chain by one CH

strains and from the parent strain PEF42 (in the absence ofgroup in going from Q32 to N partially deteriorates the'Na

Na"). Likewise, the pH profiles from the ATPases with

binding site, requiring increased Naconcentrations for

triple mutations resemble that from the ATPases with the binding, while the substitution by | knocks out Nhainding

double mutation in the C-terminal tail of its ¢ subunit. These
data thus indicate the inevitability of the cF84L/cL87V
double mutation for the improvement of the {doupled ATP
synthase activity of th. modesturdTPase that is required
for Na-independent growth on succinate.

completely. These findings are completely in accord with
the growth studies described above.

Activation by Lit was observed with all mutant ATPases
except those with a cS66A substitution (Table 3). The
hydroxyl group of S66 is therefore clearly required as a
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FiGUrRe5: Activation profiles of ATPase from variod coli strains
by LiCl at pH 6.5 and 8.5: PEF4®), MPC8487321 &), MPC32N
(®), MPC32I (v), and MPC848766AM). The ATPase activities

Kaim et al.

be required for Naor Li* binding, and cQ32 appears to be
additionally required for Nabinding but not for Li binding.

This conclusion is in accord with the effect of NaCl or
LiCl on proton pumping by the ATPase with the cQ32N
mutation (Figure 6). This activity was clearly inhibited by
either of these alkali salts. Mutant and parent ATPases
corresponded similarly to 20 mM LiCl, but NaCl concentra-
tions required for comparable inhibition of proton pumping
were about 5 times higher for the mutant than for the parent
enzyme. These results support our conclusion that cQ32 is
not a Lit binding ligand and further indicate that the amide
group of this residue is involved in the liganding of Na
ions. The decreased Nainding affinity in the ATPase with
the cQ32N mutation probably results from a less perfect Na
binding geometry due to the smaller chain length of the N
compared to the Q side chain.

To determine whether the poor proton pumping activities
of the ATPases with the ¢ subunit mutations Q32| or S66A
were due to an inhibition of proton translocation through

were determined with enzymes purified from different strains. The Fo, we investigated the passive proton permeability of F
buffer consisted of potassium-glycine, potassium-MOPS, and stripped bacterial membranes. The kinetics and the extent

potassium-tricine (each at 20 mM), 100 mM30O,, and 0.05%
Triton X-100 adjusted to the respective pH with KOH.

ligand not only for Na but also for Lit binding. Activation
profiles for several mutant ATPases by LiCl at pH 6.5 and
8.5 are shown in Figure 5. As expected from the results of
Na' activation, the ATPase with the Q32N substitution was
also well activated by Li ions. In contrast to the Na
activation profiles, however, the tconcentrations required
for half-maximal activation were not significantly different
for this mutant ATPase with respect to that from the parent

strain PEF42. This result could indicate that the amide group

of Q or N at position 32 of the ¢ subunit is not required as
ligand for Lit binding. This view is corroborated by a
distinct Li* activation of the ATPases with a Q32| substitu-
tion. Interestingly, the maximal activity of the t-stimulated
ATPase harboring the F84L, L87V double mutation in
addition to the Q32I substitution was higher by a factor of
more than 2 than that of the ATPase with the Q321 mutation
only. We have previously shown that the F84L/L87V double
mutation does not alter the Liactivation profile of theP.
modestumATPase 21). Hence, introduction of the Q32I
substitution in the vicinity of the Ui binding site severely
affects the maximal velocity of the tistimulated ATPase,
and this effect can be cured by the additional introduction
of the double mutation.

H* and Lit Transport Experiments To determine the
coupling ion specificity of the mutant ATPases! Eind Li*

of ACMA fluorescence quenching elicited by NADH addi-
tion are a measure of the tightness of these membranes for
protons. If the quenching data with and without DCCD (an
Fo-specific inhibitor) are compared, it is evident that passive
proton flux occurs through all three Foieties investigated,
albeit with different activities (Figure 7). Clearly, the passive
proton permeability increased from wild-typg &ver that
with the Q32I mutation to that with the S66A mutation. In
accord with previous results, the proton permeability through
P. modestunf, was disrupted in the presence of Nar

Li* ions (16). Interestingly, NaCl addition had no effect on
the proton fluxes through ¢Fcontaining the c¢ subunit
mutations Q32| (strain MPC32l) or S66A (strain DK8/
pMC166A). LiCl blocked the passive proton permeability
through k with the cQ32I mutation and did not affect proton
flux through R with the cS66A substitution. These results
are completely compatible with the effect of Nar Li*™ on
ATP-driven H" movement by the various mutant ATPases
described above. Hence, NaLit, or H* competes for
binding and transport in wild-type oF Na* binding is
abolished by mutating cQ32 to I, and Nand Li* binding

are abolished by mutating ¢cS66 to A. At present, the
mechanism for the increased proton permeability by the F
moieties with the Q32l or S66A mutation is unknown.
Please note that the increased passive proton conduction
through h is in contrast to the low proton pumping activity
of F1Fy, indicating perhaps that these mutations affect the
coupling between proton movement andinctions or lead

transport experiments were performed. Proton transport byto an unphysiological path for the protons through the
a selection of ATPases reconstituted into proteoliposomes,isolated fy moieties.

monitored by ACMA fluorescence quenching, is shown in
Figure 6. The highest proton pumping activities were
observed with the ATPase with the cQ32N mutation
(MPC32N) and those with the triple mutations (MPC848732I
and MPCB848766A), while those with the corresponding
single mutations (cQ321 in MPC32| or cS66A in pMC166A)
were poor proton pumps only (not shown in part). Proton
pumping by the ATPases with a cS66A mutation (DMC166A
or MPC848766A) was not affected by Nar Li* ions,
indicating the loss of the binding site for either of these alkali
ions. In ATPases with a cQ32l substitution (MPC32I or
MPC848732l), NaCl still did not affect proton pumping but
LiCl clearly reduced this activity. Hence, cS66 appears to

The validity of these conclusions was further investigated
by Li* transport experiments. The results of Figure 8 show
ATP-dependent Li ion transport into proteoliposomes
containing the ATPase from the parent strain PEF42 with
an initial rate of about 5 nmol mit mg of (lipids)™. The
Lit* transport decreased to 60 and 30%, respectively, of this
value if cQ32 was mutated to | in the cF84L/L87V or in the
wild-type background, respectively. Only residual®Li
transport into liposomes containing the poorly coupled
ATPase of strain DK8/pMC166A occurred, and nd influx
could be determined for the enzyme of strain MPC848766A.

A comparison of Li transport into proteoliposomes
containing the parent ATPase or that with the cQ32N
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Ficure 6: Effect of Na and Li" on ATP-driven fluorescence quenching of ACMA by reconstituted proteoliposomes at pH 7.5. ACMA
guenching was initiated by adding 2.5 mM K-ATH {o reaction mixtures containing the purified hybrid and mutant ATPase reconstituted
into proteoliposomes and the concentrations of NaCl and LiCl indicated. Quenching was released by the addjtehQECP {).
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Ficure 7: Comparison of proton permeabilities of parent and
mutant membranes by NADH-driven ACMA quenching. The
reaction mixture contained in a total of 1.5 mL 50 mM potassium ] )
phosphate buffer (pH 7.5), 0.2 mg of-Bepleted membranes of Time {min)
the strains indicated, and 50 NADH, added at the arrow (Na FIGURE 8: Comparison of L transport into reconstituted proteo-
content of the reaction mixtures was below sM). Increased liposomes of parent and mutant ATPases at pH 7.5. The same
proton permeability through the, Bart of the ATPase is indicated ~ amounts of purified enzyme were reconstituted according to the
by a diminished fluorescence quenching reaction. The reversal of freeze-thawing method. The assay contained 20 mM LiCl and 30
the quenching response is due to exhaustion of the substrate NADHuM valinomycin: @), E. coli PEF42 @), E. coli MPC848732|

(a), E. coliMPC32I, ) E. coli DK8/pMC166A, and #) E. coli

substitution is shown in Figure 9. In the absence of Na 'V'PC84E?766A- Coﬁntrols without ATr']’ or with 26M DCCD did
the mutant enzyme transported libns almost as effectively ~ Ot catalyze any Li transport (not shown).
as the parent enzyme. In the presence of 2 mM NaCl, Li
transport by the mutant enzyme was hardly affected, but that
catalyzed by the parent ATPase was significantly inhibited.
For a similar inhibition of Li transport by the mutant
enzyme, the NaCl concentration had to be increased to 1
mM. Hence, the Naconcentrations required for inhibition measured more accurately than proton movements, and the

of Li* transport by the two ATPase specimens match those Putative binding site for alkali ions can be more conclusively
causing similar effects on Htransport (see above, Figure ©xPlored using a mutational approach. While the essential
6). These results add to the evidence for competition féature of a proton binding site is a group that can be
between Na, Li*, and H- for the same binding site, which protonated or deprotonated under physiological conditions,

translocatingP. modestumATPase can therefore be em-
ployed as a model system, with which the ion translocation
mechanism can be probed. This system has obvious
oexperimental advantages. Nar Li" movements can be

is at cE65 and involves cS66 as a ligand for'Nar Li* an alkali ion binding site requires a set of liganding groups

ions and cQ32 as an additional ligand for"Nans. with an appropriate spatial geometry to trap the ion within
this binding pocket. The knowledge of the liganding amino

DISCUSSION acids therefore indicates that these are in close spatial vicinity

There is now compelling evidence which shows that the providing distinct distances between the liganding groups
two types of fFy ATPases (S and P type, see the introductory and the alkali ion. Furthermore, as Nd.i*, and H have
section), which can be distinguished by their coupling ion been shown to compete for the same binding sitd®in
specificity, perform the same principle mechanism of ion modestunfr, (17, 31), the proton binding site must contribute
translocation and coupling between vectorial and chemical part of the liganding groups for the alkali ions and can
events (for reviews, see 6 and 7). The™Na.it-, or H*- therefore be identified, too.
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across the fsector of the ATPase. Clearly, in the three-
dimensional structure of the ¢ subunit, the carboxylate of
E65 and the hydroxyl group of the adjacent S66 must be
oriented to give appropriate distances for the binding of Na
or Li* ions. In addition, the amide group of glutamine 32
must complete the coordination sphere for the ens and
must therefore also be an appropriate distance from this ion.
An overview of the N& or Li* binding ligands and of the
mutational alterations of the liganding groups is shown in
Figure 10.

In a second series of mutations, potential alkali ion-
liganding residues were altered in the background of the
cF84L/cL87V double mutation. This double mutation has
previously been demonstrated to impair the"Nependent
properties of thd®>. modestur\TPase with retention of the

Time (min) Lit-dependent properties. In addition, the mutation led to
Ficure 9: Comparison of LT transport into reconstituted proteo- an improvement of the proton-coupled ATP synthase func-
liposomes of the parent ATPase frai coli PEF42 and of the tion as shown by Naindependent growth of the mutant
ATPase fromE. coli MPC32N at pH 7.5. The same amounts of  yain on succinate. This is reflectd sitro by an about
purified enzyme were reconstituted according to the fre¢zawing - . e
method. The assay contained 20 mM LiCl and;3@ valinomy- 3-fold increase of the Naindependent specific ATPase
cin: (O) E. coli PEF42 with 38&:M and (d) 2 mM NaCl and @) activity in combination with a shift of the pH optimum from
E. coli MPC32N with 43uM, (M) with 2 mM, and @) with 10 pH 6.5 to 7.5 in going from the wild-type ATPase to that
mM NaCl. Controls without ATP or with 26M DCCD did not  jth the double mutation. The molecular basis for these
catalyze any L transport (not shown). properties could be a more global structural change of the ¢
subunit, possibly initiated by a different interaction of the
altered amino acids in the C-terminal part of the molecule
with amino acids on the opposite strand of the helical hairpin,
thereby affecting the geometry of the Nainding sphere
around E65. Specifically, one could imagine that Q32 is
sufficiently displaced in the mutant from its original location
so that it is no longer capable of acting as a"Nending
ligand (Figure 10). E65 and S66 are on the other hand
adjacent residues of a putative-helical structure. An
alteration of the geometry of the liganding groups provided
by these residues is therefore less likely. Our results on the
retention of Li* binding and impairment of Nabinding by
d - S the F84L/L87V double mutation are completely in accord
with the ,Q32N sulbstltut|on, the Ntaj-ep.enden.t _act|V|t_|es with this model. The model is further corropboratyed by triple
were retained albeit at a decreased Nanding affinity. This ) ytations. The Li-dependent activities were thus retained
is exe_lctly what one would expect, if f[he amide group of Q32 by changing Q32 to | and were abolished by changing S66
contributes ligands for the coordination of the'Nans. The to A, both in the background of the F84L/L87V double
larger distance between the Nen and the amide group,  tation, Please note that the parent ATPase and those with
resulting from the Q32N mutation, obviously affects the single amino acid exchanges around E65 have the same pH
binding affinity to this alkali ion, while a residue without ,yation profile with an optimum at pH 6.5, whereas for
the amide ligand (Q32I substitution) completely abolishes 4| ATpases harboring the F84L/L87V double mutation, the
Na" binding. activation profile was shifted to yield an optimum at pH 7.5.

It is also interesting that the tidependent properties of  The shift of the pH profile in ATPases with the double
the ATPase were retained in both Q32N or Q32| mutations. mutation probably reflects a global structural change of the
The smaller Li ion is therefore evidently liganded without ¢ subunit affecting the environment of E65 (see above). Upon
the participation of the amide group of Q32. From these displacement of Q32, the environment around E65 may
results, one would predict that the Q32N and Q32| single become more hydrophobic which should lead to an increase
mutations do not significantly affect the global structure of of the (K of the E65 carboxylate, in accordance with the
the molecule but rather are of local significance. This observed shift of the pH optimum by 1 unit to alkaline. The
prediction can likely be extended also to the S66A single identical pH profile of the parent ATPase and that with the
mutation with arguments discussed below for the double and Q32N single mutation on the other hand argue against a
triple mutations. The most likely interpretation of these global structural change elicited by this mutant. For the
results is that S66 of the. modestune subunit contributes  S66A single mutant, the pH profile was difficult to determine,
an essential liganding group for Nand Lit binding and because of the low ATPase activity of this mutant, but the
that the amide group of Q32 contributes an additional ligand data indicate a profile similar to that of the parent ATPase
for Nat but not fot Li binding. Together with our previous and certainly not shifted to that of the ATPases harboring
discovery that glutamate 65 is the essential residue promotingthe double mutation.

Na' or H* binding during the translocation of these cations  These results provide compelling evidence of how the
(17, 18), these results provide important insights into the specificity for the coupling ions by 1F, ATPases is
mechanism for selecting and translocating the coupling ions determined. Essential for Ndranslocation is a coordination

- n [\ w
o o (&) o

-
o

Li*-uptake (nmol/mg lipids)

Two sets of mutants have been employed to determine
the binding site for the different coupling ions. In the first
series of single mutants, we observed impairment or alter-
ation of various N&- or LiT-dependent activities of thie.
modestunATPase, such as growth on succinate, activation
of the ATPase activity by alkali ions, interference of alkali
ions with proton transport, Lfitransport, and interference
of Na* ions with Li* transport (see Results). The congruent
results of these studies were an impairment of alfNar
Li*-dependent activities upon substituting S66 with A. The
Na'-dependent activities of the ATPase were also abolished
by mutating Q32 to I. Importantly, however, in the ATPase
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Ficure 10: Model of the cation binding site of tHe. modestunt subunit. The center panel illustrates the coordination of the itdia

within the wild-type ¢ subunit involving residues Q32, E65, and S66. The introduced amino acid substitutions are indicated by an arrow,
and the effects on cation binding are summarized in the neighboring panels. Please note" thiatdiig likewise includes Li and H"

binding and that Lf binding also includes Hbinding.

sphere for this cation including cE65 and additional amino hexagon that has been noticed for thepkrt of the ATPase
acids ¢S66 and cQ32. For the smallert Lions, the (12—-14).

coordination sphere consists of cE65 and cS66, and for Some observations reported for tke coli ATPase are
proton translocation, cE65 is sufficient as a binding site. To congruent with the model for the ¢ subunit function described
accomplish the translocation of these coupling ions, they here. Determination of part of ti& coli c subunit structure
must reach their binding site from one side of the membrane by NMR indicated two antiparallel membrane-spanning
and must eventually be released to the other surface, which®-helices that are connected by a hydrophilic loagt24).
obviously requires a switch in the accessibility of the binding The conserved DCCD-sensitive acidic residue in the C-
site. The most simple way for the three different ions to erminal membrane-spanning helix (D61), which is at a
reach their binding site is via a water-filled access channel. POsition equivalent t&. modestunsEES, is essential for H
The alkali ions hydrated by (partial) stripping off their water translocation (for a review, see ref 3). TBecoli ATPase,
shell will be coordinated by the liganding groups described WWhich is specific for protons, lacks the Nainding ligands

; ; : f the P. modestunt subunit (S66 is replaced by A and
above. Likewise, the carboxylate of E65 might take over a © . :
proton from a water molec)L/JIe or from SB%_ As the Q32 is replaced by I). According to the structure, the

. . . . L isoleucine residue of thE. coli ¢ subunit is located in the
Eﬁdsr?;yzlic;);pp\eraiixl/se ?ﬁgﬁfnifzhgha%;‘ \% Tircll_ulde vicinity to D61 on the opposite helix. Upon mutation of

S : . .._residues neighboring D61 of the. coli ¢ subunit to the
that at least thrge of_these binding sites atdlffergntc Supu_n'tscorresponding ones of the. modestunt subunit, a Lt
must be occupied simultaneously to reach maximal activity.

o 7 ; . binding site was create@2). Unlike that of theP. modestum
These results indicate that the binding sites at these ¢ subumt‘%nzyme however, Liibinding produced a dead end complex
are probably accessible without the participation of another . '

X - - It X -~ . that was unable to translocate this alkali ion across the
subunit.  Subunit a which is believed to participate in the memprane. A Na binding site was not acquired by the
ion transport besides subunit ¢ could have a specific role in yytatedE. colic subunit. In light of our present study, this
releasing the bound coupling ions from the binding site on can pe readily explained by the absence of & Kmding

the ¢ subunit and in guiding them to the other side of the ligand on the opposite helix (Q32 in tHe. modestunt
membrane (in the ATP hydrolysis mode of the enzyme). This subunit).

process may include ion exchange with a specific arginine  |f all oxygen and nitrogen atoms of the amino acid side
residue {8) and may involve rotation of the ring of ¢ subunits  chains identified to participate in Nainding would provide
relative to the a subunit. lon translocation through the F ligands for this alkali ion, it would be coordinated by five
part may thus lead to a rotation that could be connected todifferent ligands. This number is in the range expected for
the rotational movement of thesubunit relative to the3; this alkali ion 33), especially within a protein, where the
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number of liganding groups should be at the low end of the
range covered by the same alkali ion in small molecule
structures such as crown ethers, because of sterical restric-
tions. We cannot exclude, however, the fact that additional
ligands are derived from oxygen atoms of the backbone or

from bound water molecules. As in the case of hinding,

the amide group of Q32 is not involved; this is left with
only three oxygen atoms from the side chains of E65 and
S66 as potential ligands. Therefore, for proper coordination
of this alkali ion, water molecules may be included. An
example of replacing a ligand provided by the protein for
coordinating a large alkali ion (K by a water molecule for
coordinating a smaller alkali ion (Naor Li™) has been
described for the alkali binding dialkylglycine decarboxylase
for which the structure was determined with different alkali
ions bound 84). For this enzyme, it was shown that the

basis for activation by the largertkand inhibition by the

smaller N& ion is a different conformation of the protein

assumed upon binding of either of these alkali ions.

In summary, these results demonstrate that the molecular
basis for the coupling ion specificity ofil; ATPases is a
cation binding site in subunit c that includes the conserved
acidic residue in the C-terminal helix (E65 in the case of
P. modestumand in case of alkali ion binding additional
liganding groups in the appropriate spatial vicinity. After
binding of the coupling ion to this site, the next step of the
transport must be a conformational switch by which the
binding site becomes accessible to the opposite surface of 22.
the membrane. After releasing the coupling ions to this side,
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