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The proton pore of the F,F,-ATPase of Escherichia coli: Ser-206 is not required
for proton translocation
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A series of experiments was carried out to investigate the role of some polar amino acids in the a-subunit of

the ATP syntl of Escherichia coli. Site-di d ited in the amino acid substitutions
Ser-199 — Ala, Ser-202 — Ala, Ser-206 — Ala, Arg-61 - > GIn or Asp-44 — Asn. None of these amino acid
substitutions affected the ability of the cells to carry out oxidati horylation. It was juded

therefore that the effect of the substitution of leucine for Ser-206 reporhed prevu)usly (Cain, B.D. and
Simoni, R.D. (1986) J. Biol. Chem. 261, 10043-10050) was due to the presence of the leucine rather than
the absence of serme Even though cells carrying the Asp-44 - Asn substitution were able to carry out
oxidative p h from such cells i ble after 1 of the
F,-ATI’ase It appears llkely that the proton pore of the F, of the ATP synthase of E. coli consists of four

amino acids, namely Arg-219, Glu-210 and His-245 of the z-subunit and Asp-61 of the c-subunit.

Introduction

The FyF,-ATPase enzyme complex catalyses the
terminal step in oxidative phosphorylation and
photophosphorylation and is located in mitochon-
drial, chloroplast and bacterial membranes. The
structure is highly conserved and the complex can
be readily dissociated into two portions, the
water-soluble F,-ATPase and the membrane-
bound F; portion which forms a proton pore [1].
In Escherichia coli the F, comprises the a-, b- and
c-subunits, encoded by the uncB, uncF and uncE
genes, respectively [2], all of which are required
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for proton transiocation [2, 31 The a-, b- and
¢-subunits are p ina yof 1:2:
6-12 and secondary and tertiary structures of
these subunits have been proposed [4-6].

The conserved helix 4 of a putative ag-subunit
structure has been suggested as having a major
role in proton translocation [5] and a current
model of the proton pore includes three amino
acids from this helix (Ser-206, Arg-210 and Glu-
219) as well as His-245 of helix 5 of the g-subunit
and Asp-61 of the c-subunit [7]. However, some
doubt over the role of Ser-206 exists. An une
mautant, isolated following random mutagenesis, in
which leucine was substituted for Ser-206 resulted
in partial loss of ATP-dependent proton translo-
cation [8] whereas mutations affecting the other
four amino acids of the proton pore resulted in
total loss of proton translocation [7-9). The sub-
stitution of amino acids by those with bulkier
side-chains in subunits of the F, have been shown
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to result in impaired F, function [10-12]. There-
fore, to clarify the role of Ser-206, thiis anino acid
was replaced by alanine which is a similar size to
serine.

Two other sering residues on helix 4 are in the
region of Ser-206 and one of them is conserved in
the homologous subunits from other organisms
{8]. To examine their roles, alanine was substituted
for Ser-199 and Ser-202.

In our current model [7] of the a-subunit, Asp-
44 of helix 1 is located in the hydrophobic part of
the membrane and Arg-61 lies just outside the
hydrophobic portion of the membrane. The high
energy cost of burying charged residues in the
membrane means that charged residues are un-
likely to be present in the membrane unless they
are functional. This suggests that either Asp-44 or
Arg-61 has a functional role in proton transloca-
tion. To test this proposition, Asp-44 was replaced
by asparagine and Arg-61 by glutamine.

Materials and Methods

E and chemicals. All chemicals and en-
zymes used were of the highest quality available.
Oligc feotides were synthesized by K. Newell,

TABLE I
STRAINS OF E. COLI AND PLASMIDS USED

KA

C.8.LR.O., Division of Plant Industry, Canberra.
T4 polynucleotide kinase and T4 DNA ligase were
obtained from Amersham (Australia) Pty. Lid. as
was {a-2P|dATP and [a->°S]dATPaS.

Bacterial strains and plasmids. All of the
bacterial strains used were derived from E. cok
K-12 and are described, iogether with the plas-
mids used. in Table 1.

Genetic technig The technig used for
genetic experiments were as outlined previously
[17].

Preparation of plasmids. Plasmid DNA was iso-
lated by the method of Selker et al. {18} The
isolation of single-stranded M13 phage DNA was
done by using the method of Schreier and Cortcse
{19].

DNA sequencing. Nucleotide sequences were
determined by the dideoxy chain-terminating
method of Sanger et al. [20] using a Bresa Pty.
Lid. (Adelaide, S. Australia) dideoxy nucleotide
sequencing kit with [a-*PHATP or [«-SSJATP
aS.

Media and growth of organisms. The mineral
salts minimal medium used and additions were as
described previously {21). Cells for the preparation
of membranes were grown in 14-1 fermenters as

‘Chromosome nomenclature is that used by Bachman [13); plasmid nomenclature is that used by Novick et al[14]).

Bacterial strain Relevant genotype Notes and Refs.

or plasmid

AN727 uncB402 argH pyrE entA recA s

ANG43 uncE429 argH pyrE emtA recA {16}

AN2832 PANAY/ uncB402 argH pyrE entA recA ANT27 transformed to Cm’ by pAN490
AN2833 PANA91/ uncB402 argH pyrE emiA recA AN727 transformed to Cm" by pAN491
AN2834 PAN492/ uncB402 argH pyrE entA recA ANT27 transformed to Cm' by pAN492
AN283S PANA492/ uncB402 argH pyrE entd recA ANT727 transformed to Cm® by pAN493
AN2839 PANA94/ uncB402 argH pyrE entA recA ANT27 transformed to Cm® by pAN494
AN2840 PANA95 / uncB402 argH pyrE entA recA AN727 transformed to Cm" by pAN495
AN2736 PAN174/ uncB402 argH pyrE entA recA AN727 transformed to Cm® by pAN174
pAN174 Cr'Te® 19

PAN490 Cm"Tc® uncBS9IE* F* This paper

PAN491 Cm'Tc® uncBS94 E* F* This paper

pAN492 Cm"Tc® uncB39S E* F* This paper

PAN493 Cm'Tc® uncB396E* F* This paper

PAN494 Cm' Tc® uncBI98E* F* This paper

PAN49S Cm'Te* uacB*E* F* ‘This paper
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described previously {22]. The wminimal salls
medium in the fermenters was supplemented with
5% (v/v) Luria broth [23).

Turbidities of cultures were measured with a
Kiett-Summerson colorimeter. Growth yields were
measured as turbidities after growth had ceased in
medium containing limiting (5 mM) glucose.

Preparation of subcellular fractions. The pre-
paration and trcatment of subcellular fractions
were as previously described [24].

Site-directed mutagenesis. Mutants were ob-
tained as outlined in the Amersham handbook
“Oligonucleotide-directed in vitro mutagenesis sys-
tem’.

Other methods. ATPase and atebrin fluores-
cence-quenching activities were assayed as previ-
ously described [21}. Dicyclohexylcarbodiimide
(DCCD) sensitivity was measured as described by
Cox et al. [24]. Protein concentrations were de-
termined using Folin’s phenol reagent [25] with
bovine serum albumin as standard.

TABLE I!

Results

Substitution of alanine for Ser-199, Ser-202 and
Ser-206, asparagine for Asp-44 and glutamine for
Arg-61

‘For all nucleotide substitutions, the Amersham
‘Oligonucleotide-directed in vitro mutagenesis sys-
tem’ was used. The oligonucleotides carrying the
appropriate substitutions are shown in Table II. A
2.8 kb HindllI-EcoRI fragment carrying the uncB,
uncE, uncF and uncH genes was cloned into the
multiple cloning site of phage M13mp18 and this
plasmid was used as the template for mutagenesis.
After mutagenesis, plaques carrying each mutation
were identified by DNA sequencing. Sequencing
with the appropriate mutant oligonucleotide used
as a primer confirmed that the oligonucleotide had
annealed to only one site. The replicative form of
the vector carrying the mutated insert was di-
gested with restriction endonucleases HindI1I and
Clal, mixed with HindIII-Clal digested vector

OLIGONUCLEOTIDES USED IN THE PREPARATION OF MUTANTS

Underlined ides denote di from normal sequence [4].

Oligonucleotide Amino acid substitution

5'-CCTT ‘GAAGGGGTAGCCCTGCTH 'GTCC-3' Ser-199 — Ala
5'.GCCTGCTGGCCAAACCAGT.3 Ser-202 -+ Ala
5-AACCAGTTGCACTCGGTTT-3" Ser-206 —+ Ala
5-GGTTTTATICCAAAGCGTAGCC-3" Arg-61 - Gln

5 TCAATATTAACTCCATGTT-3 Asp-44 — Asn

TABLE NI

PROPERTIES OF uncB MUTANT STRAINS OF £. COL!

Bacterial Plasmid-encoded Growth on Growth yield on ATPase aclivity
strain amino acid succinate § mM glucose {pmol /min per
(plasmid) substitution (Klett units) mg protein)
AN2839% Ser-199 — Ala + 213 09

AN2835 Ser-202 - Ala + 224 38

AN2333 Ser-206 — Ala + 228 08

AN2834 Asp-44 —» Asn + 232 0.5

AN2832 Arg-61 — Gln + 234 i0

AN2736 * - 10 0.2

AN2840 ° + 236 08

2 Uncoupled control strain.
® Coupled contro) strain.
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PAN174 and then ligated with T4 DNA ligase. formcd inic strain ANAR (ume£429) and trans-
The HindIII-Clal digestion released a 2.2 kb frag- formants selected for growth on sucmnate minimal
ment carrying the uncB, urncE and uncF genes. A dium in the p of chlor |

similar plasmid, carrying the normal uncB, uncE Plasmids were isolated from purified transfor-
and uncF genes, was also made in order to con- mant colonies for each mutant and were screened
struct a control strain. Ligation mixes were trans- for the presence of the insert by gel clectrophore-
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i d from various strains of E r.‘all Atebrin was added to give a final
concentration of 4 uM, NADH to 2 mM NaCN to 2.3 mM ATP to 1 mM and carb lhyd (CCCP)
to 2 uM. (ay Membranes from strain AN2834 (Asp-44 — Asn); (b) stripped membranes from strain AN2834; (c) membr:nes from
the coupled control strain, AN2840; (d) stripped membranes from strain AN2840; (e) membranes from the uncoupled controi strain,
AN2736; (D) stripped membranes from strain AN2736. The results obtained with membranes and stripped membranes from strains
AN2839 (Ser-199 — Ala), AN2835 (Ser-202 — Ala), AN2833 (Ser-206 -+ Ala) and AN2832 (Arg-61 —» Gln) were the seme as those

for the membranes from strain AN2340.
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sis after digestion with HindI1. Plasmids contain-
ing the insert were transformed into strain AN727
(uncB402). Transformants were selected on rich
medium containing chloramphenicol and one
transformant from each was purified and retained
for further work. These were strains AN2839
(uncB598, pAN494), AN2835 (uncB596, pAN493),
AN2833 (uncB594, pAN491) AN2832 (uncB593,
pAN490) and AN2834 {uncB595, pAN492). For
clarity, these strains will be referred to as strains
AN2839 (Ser-199 — Ala), AN2835 (Ser-202 —
Ala), AN2833 (Ser-206 — Ala), AN2834 (Asp-44
— Asn) and AN2832 (Arg-61 — Gin).

Growth properties of strains AN2839 (Ser-199 —
Ala), AN2835 (Ser-202 — Ala), AN2833 (Ser-206
— Ala), AN2834 (Asp-44 — Asn) and ANZ832
{Arg-61 — Gin)

Strains AN2839 (Ser-199 — Ala), AN2835 (Ser-
202 - Ala) AN2833 (Ser-206 — Ala), AN2834
{Acp-14 — Asn) and AN2832 (Arg-61 — Gln) grew
normally on succinate minimal medium and had
normal growth yields on limiting concentrations
of glucose (Table III).

ATPase activities

Subcellular fractions were prepared from the
mutant strains, a coupled control strain and an
uncoupled control. The ATPase activities of the
membranes from all strains were measured and
strains AN2839 (Ser-199 - Ala), AN2835 (Ser-
202 — Ala), AN2833 (Ser-206 — Ala) and AN2832
(Arg-61 - Gln) were indistinguishable from the
coupled control strain, while strain AN2834 (Asp-
44 — Asn) had about two thirds the activity of the
coupled control strain (Table HI). All five strains
showed normal sensitivity to DCCD (results not
shown).

Atebrin fluorescence-quenching

The membrane preparations from the mutant
and control strains were assayed for ATP-depen-
dent and NADH-dependent atebrin fluc
quenching activities both before and after removal
of the F,-ATPase (Fig. 1).

Strains AN2839 (Ser-199 — Ala), AN2835 (Ser-
202 - Ala), An2833 (Ser-206 — Ala) and AN2832
(Arg-61 = Gln) were not significantly different

from the coupled control strain. However, strain
An2834 (Asp-44 -» Asn) had a slightly lower
ATP-dependent atebrin fluorescence-quench than
the coupled control strain and retained full
NADH-dependent quenching after removal of the
F,-ATPase.

Discussion

Strains AN2839 (Ser-199 — Ala), AN2835 (Ser-
202 - Ala) and AN2833 (Ser-206 — Ala) are wild
type in all respects, indicating that Ser-199, Ser-202
and Ser-206 are not part of the proton pore. The
mutation reported by Cain and Simoni [8] result-
ing in Ser-206 being replaced by leucine, which
partially disrupts proton translocation, was prob-
ably due to some conformational change in the F
resulting from the larger side-chain of leucine. In
strain AN2833, Ser-206 was changed to alanine
which is similar in size to serine and no disruption
due 10 size alone would be expected.

A picvious model of the proton pore consisted
of five amino acids, including Ser-206, each sep-
arated by about one turn of the helix [7}. This
resultedina panning helix of 25 amino
acids. However, the width of the hydrophobic
portion of the membrane is about 3.0 nm, which is
equivalent to a helix of about 20 amino acids [26].
Furthermore, the side-chains of the amino acids
involved in the proton pore should remain buried
in the hydrophobic portion of the membrane to be
functional and therefore would be unable to reach
the hydrophilic phospholipid head group region.
This means that the outer amino acids of the
proton pore should be at least one turn of the
helix away frcm the phospholipid head group
region. Given these constraints, only four amino
acids may be required to form a proton pore
traversing the hydrophobic region of the mem-
brane (Fig. 2).

All four amino acids in the proposed proton
pore are charged. Theoretical models of
hydrogen-bonded chains allowing proton transto-
cation have been suggested. Around 20 uncharged,
polar amino acids have been postulated to form a
chain of hydrogen bonds which would allow pas-
sage of protons across the membrane in a similar
manner to the movement of protons through ice
{27,28). The proposed proton pore of the
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Fig. 2. (a) Proposed transmembrane helices of the a- and ¢-subunits from E. coli Fy-ATPasc. The N-terminal and C-terminal residue

numbers for each helix are indicated. All charged residues are indicated, as are the three serine residues altered in this study: D,

aspartic acid; E, glutamic acid; H, histidine; K, lysine; R, arginine; S, serine. The residues involved in the proton pore are indicated

by a star (*). (b) Proposed packing of the transmembrane helices of the a- and b-subunits of the F-ATPase of £. coli. These helices
have been proposed to be packed within a ring of c-subunits |5

F,F;-ATPase, involving only four charged amino
acids, is clearly not consistent with this model.

Strain AN2832 (Arg-61 - Gln) was normal in
all respects. It is concluded, therefore, that Arg-61
is not involved in proton translocation and, given
the difficulty of burying charged residues in the
membrane, is unlikely to be iocated in the hydro-
phobic portion of the membrane. This would mean
that Asp-44 must be located within the membrane
(Fig. 2).

Strain AN2834 (Asp-44 — Asn) has membranes
which are impermeable to bulk phase protons, as
indicated by the retention of NADH-dependent
atebrin fluorescence-quenching after removal of
the F)-ATPase. However, it is able to grow on
succinate and has a normal growth yield, indicat-
ing that it is able to carry out oxidative phos-
phorylation. Other mutants have similar proper-
ties and 1t has been suggested thal protons from

within the membrane or at the surface of the
membrane, rather than bulk phase protons, are
used for oxidative phosphorylation {24,29,30].
Strain AN2834 (Asp-44 — Asn) has only a small
reduciion in ATPase activity and ATP-dependent
fluorescence-quenching and the ATPase activity is
sensitive to DCCD, suggesting that no gross
structural or assembly defects exist. This is in
contrast to previously described mutants with sim-
ilar properties (see above): properties which were
attributed to the structurat effects of the particular
amino acid substitutions [24,29,30]. The substitu-
tion of asparagine for Asp-44 appears to specifi-
cally affect movement of bulk phase protons
through the proton pore. Thus, two pathways
feeding protons into the porc may exist, as has
been suggested for chloroplast thylakoid mem-
branes [31-33]. Protons from the membrane
surface {34] may feed direcilv into His-245, while
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Asp-44 may be required to pass protons from the
bulk phase to His-245. However the possibility
~lso exists that the Asp-44 — Asn conversion re-
sults in instability of the F, structure on removal
of the Fi-ATPase such that the proton pore is
inactivated.
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