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The Fo Complex of the ATP Synthase of Escherichia coli Contains
a Proton Pathway with Large Proton Polarizability Caused by
Collective Proton Fluctuation
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ABSTRACT The Fo complex of the Escherichia co/iATP synthase embedded into cardiolipin liposomes was studied by FT-IR
spectroscopy. For comparison, respective studies were performed with dried Fo liposomes and with Fo liposomes treated with
N,N'-dicyclohexyl-carbodiimide (DCCD), which binds to Asp-61 of subunit c. Furthermore, the effect of H20-* D20 exchange
on the infrared spectrum was investigated. With Fo liposomes an infrared continuum is observed beginning at about 3000 cm-1
and extending toward smaller wavenumbers. In the DCCD-treated sample, this continuum is no longer observed. It vanishes
also with drying of the liposomes. After H2O- D2O exchange, this infrared continuum begins at about 2350 cm-1 and is less
intense. All of these results demonstrate that a proton pathway in native Fo is present, in which the protons are shifted in a
hydrogen-bonded chain with large proton polarizability due to collective proton tunneling. With the D20-hydrated system, deu-
teron polarizability due to collective deuteron motion is observed, but the polarizability due to collective deuteron motion is
smaller. Such pathways are very efficient, because they conduct protons or deuterons within picoseconds. These pathways lose
their polarizability if the Fo complex is blocked by DCCD or if the liposomes are dried. On the basis of our results on the proton
polarizability of hydrogen bonds and hydrogen-bonded systems and on the basis of structural data from the literature, the nature
of the proton pathway of the Fo complex of E. coli is discussed.

INTRODUCTION

For ATP synthesis via the FOF ATP synthase, the free en-
thalpy is supplied by proton and field gradients. The protons
flow through Fo from the periplasmic to the cytoplasmic
space of the cell. The Fo complex is embedded into the mem-
brane and contains a proton pathway conducting the protons
to F1, in which the ATP synthesis reaction takes place. In the
last years several review articles were published regarding
this enzyme (Ovchinnikov et al., 1982; Hoppe and Sebald,
1984; Schneider and Altendorf, 1987; Senior, 1988; Futai
et al., 1989; Fillingame, 1990; Senior, 1990; Fillingame,
1992; Deckers-Hebestreit and Altendorf, 1992; Boyer,
1993). E. coli Fo contains the subunits: a, 2 b, and 10 ± 1
c (Hoppe and Sebald, 1984; Foster and Fillingame, 1982;
Hermolin and Fillingame, 1989). The subunits a and c are
essential for the proton-conducting mechanism (Senior,
1988; Fillingame, 1990, 1992). If only one of the c subunits
is labeled with DCCD, proton conduction through Fo is
blocked (Fillingame, 1992; Hermolin and Fillingame, 1989).

Hydrogen bonds with double minimum proton potentials
or broad flat proton potentials show polarizabilities that are
1-2 orders of magnitude larger than the usual polarizabilities
due to distortion of electron systems. These proton polariz-
abilities arise because of shifts of the protons within these
hydrogen bonds. All of these results were obtained by theo-
retical treatments (Weidemann and Zundel, 1970; Janoschek
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et al., 1973; Zundel, 1976; Eckert and Zundel, 1987; Borgis
et al., 1992; Zundel and Eckert, 1989) based on and proven
by a very large number of infrared (Zundel (1976), Zundel
(1992a), and references therein) and Raman Danninger and
Zundel (1980) studies. These proton polarizabilities are par-
ticularly large in the case ofhydrogen-bonded chains because
in such chains a collective proton-tunneling occurs (Zundel,
1976; Eckert and Zundel, 1988a, b; Zundel, 1992b; Zundel
and Brzezinski, 1992). In the infrared spectra these hydrogen
bonds or hydrogen-bonded chains cause continua because
they interact very strongly with their environments because
of their large proton polarizabilities. Vice versa hydrogen
bonds and hydrogen-bonded chains with large proton po-
larizabilities are indicated by these infrared continua
(Zundel, 1976; Danninger and Zundel, 1980; Eckert and
Zundel, 1988a, b; Zundel, 1992b; Lindemann and Zundel,
1977a; Zundel et al., 1993; Zundel and Brzezinski, 1992).

Also, a large number of hydrogen bonds formed between
side chains of proteins and hydrogen-bonded chains between
side chains and phosphate groups of phospholipids show
large proton polarizabilities due to collective proton-
tunneling (Zundel (1992b), Zundel and Brzezinski (1992),
Zundel (1988), and references therein). These proton fluc-
tuations in hydrogen bonds occur faster than within pico-
seconds. Thus, such hydrogen-bonded chains are very ef-
fective proton pathways (Zundel and Brzezinski, 1992).
They conduct protons within picoseconds.

Recently, we have shown that a proton pathway as de-
scribed above is present in the L550 intermediate of the bac-
teriorhodopsin molecule (Olejnik et al., 1992). The presence
of this pathway was proven by an infrared continuum ob-
served in FT-IR difference spectra between the intermediates
BR570 minus L550. This continuum begins at 2800 cm-1 and
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extends toward smaller wavenumbers. Via this pathway the
protons are conducted from the active center to the outside
of the membrane in the step L550 to M412 (Olejnik et al., 1992).

In this paper, we investigate by FT-IR spectroscopy
whether the proton pathway in Fo of E. coli is also a proton
pathway with the above-mentioned properties. It was pre-
viously proposed by Howitt et al. (1988) that His-254 a,
Glu-219 a, Asp-61 c, and Arg-210 a are involved in such a
pathway.

Water molecules are highly ordered because of entropic
reasons if they are in a hydrophobic environment (Zundel and
Brzezinski, 1992). Therefore, they build up a particularly
stable pathway. In this discussion, it must be taken into ac-
count that water molecules can be inserted between groups,
forming a polarizable hydrogen-bonded chain without dis-
turbing the proton polarizability (Eckert and Zundel, 1987,
1988a; Kristof and Zundel, 1980a).
The fact that monomeric molecules can replace a pro-

ton side chain of the pathway must be taken into account
considering genetic engineering experiments. If the
modified group is smaller than the respective group in the
wild type, a monomere can replace the modified group in
the pathway. These monomeres must have hydrogen bond
donor and acceptor properties being comparable with the
groups that were modified. Then the pathway remains
active after modification.

MATERIALS AND METHODS

Purification of Fo
E. coli strain KY7485, which carries a A prophage containing the complete
atp operon and which overproduces the ATP synthase several times after
heat induction, was grown as described in Deckers-Hebestreit et al. (1992).
The F. complex of the ATP synthase was prepared according to the pro-

cedure described in Schneider and Altendorf (1984).

Reconstitution

The reconstitution of F. of the ATP synthase into cardiolipin liposomes was
carried out by suspending 3 mg of cardiolipin in 300 ,ul of buffer (Tricin-
NaOH pH 8.0) + 2.5mM MgSO4 + 0.2mM EDTA pH 8.0 + 0.2 mM DTT
(dithiotreithol). The mixture was shaken until clear. 300 ,g of the purified
F.-subunit were then added, and the reconstitution was performed by passing
the sample through a 27 cm long G-50 sephadex column (diameter 1.5 cm)
at a flow rate of 2 ml/min. This procedure is described in Goormaghtigh et al.
(1979) and references therein.

DCCD treatment and activity

The inhibition of the activity by DCCD (250 ,uM) was achieved by sus-

pending the Fo containing liposomes in 2 ml of 50 mM Tricin-NaOH pH
8.0, 2 mM MgCl2 for 30 min at 35°C (Steffens et al., 1984). The activity
of the Fo containing and of the DCCD-treated liposomes before and after
the measurement was checked by the procedure given in Schneider and
Altendorf (1982).

the F.-containing and of the DCCD-treated liposomes were spread and dried
on this internal reflection element under a stream of nitrogen and then hy-
drated in a desiccator with H20-saturated N2 for 6 h. The sample was deu-
terated with D20-saturated N2 for 7 h.

RESULTS

Fig. 1 shows infrared spectra of Fo prepared from E. coliATP
synthase embedded in cardiolipin liposomes. In Fig. 1 A the
infrared spectra of the hydrated samples, and in Fig. 1 B the
spectra of the dried samples, are shown. In both cases, the
infrared spectra of liposomes with the native Fo complex
(solid line) are compared with liposomes, in which the Fo
complex is blocked by the covalent reaction with DCCD
(dashed line) (Hoppe and Sebald, 1984; Fillingame, 1990;
Hermolin and Fillingame, 1989).

Fig. 1 A shows that with the native Fo complex (solid line)
an infrared continuum is observed beginning at about 3000
cm-l and extending toward smaller wavenumbers over the
whole region studied. This infrared continuum vanishes
completely if Fo is blocked by DCCD (Fig. 1 A, dashed line).
Fig. 1 B shows that this infrared continuum also vanishes
completely if the liposomes are dehydrated. The observed
infrared continuum demonstrates that in the native hydrated
Fo complex a proton pathway with large proton polarizability
due to collective proton-tunneling in a hydrogen-bonded
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The spectra were recorded with a Bruker IFS 113v FT-IR spectrometer with
a resolution of 2 cm-'. As an internal reflection element, a germanium
crystal (52X 18X2 mm) with an aperture angle of 450 was used. 100 ,lI of

FIGURE 1 Fourier transform spectra in the region 4000-800 cm-' of
films of the Fo complex embedded into cardiolipin liposomes. (A) (-)
Native, hydrated; (-----) DCCD-blocked, hydrated. (B) (-) Native,
dried; (-----) DCCD-blocked, dried.
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chain is present that conducts protons within picoseconds.
Hydrated vesicles of cardolipin without F.-subunit cause no
continuous absorption.
The spectrum of the F. cardiolipin liposomes after

H20-*D20 exchange is shown in Fig. 2 A (dotted line). For
comparison, the spectra of the native H20-hydrated lipo-
somes (solid line), and of F. liposomes blocked with DCCD
(dashed line), are given. The exchange of H20 against D20
in the samples is proven by a strong decrease of the v(OH)
stretching vibration of H20 in the region 3500-3200 cm-'
and a strong increase of the respective v(OD) stretching vi-
bration of D20 at 2490 cm-'. At the same time, the masked
bending vibration of H20 8(OH) at 1645 cm-1 vanishes and
the respective 8(OD) bending vibration arises at 1206 cm-'.
These changes of bands mask the changes of the continuum
in these regions. Fig. 2 B shows that the infrared continuum
also vanishes if the deuterated sample is treated with DCCD.
All results taken together show that after H20-*D20 ex-
change the continuum begins at 2280 cm-1 and extends to-
ward smaller wavenumbers. Its intensity decreases to about
50% with deuteration. From experimental results as well as
theoretical treatments (Zundel et al., 1993; Zundel, 1969;
Janoschek, et al., 1978), it is well known that the infrared
continua caused by polarizable deuterium bonds begin at the
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FIGURE 2 Fourier transform spectra in the region 4000-800 cm-1 of
films of the F. complex embedded into cardiolipin liposomes. (A) (-)
Native, hydrated; (... ) native, after H20-*D20 exchange; (-- -)
DCCD-blocked, hydrated. (B) (-) Native, after H20-*D20 exchange;
(----) DCCD-blocked, after H2O0D2O exchange.

v(OD) band and their intensity is less than that of polarizable
hydrogen bonds. Thus, the observed infrared continuum
demonstrates that in the pathway H+ is exchanged against
D+. The deuterium bonds of this pathway show deuterium
polarizability due to collective deuteron fluctuation. The
deuteron polarizability is, however, lower compared with the
proton polarizability.

DISCUSSION

Our FT-IR experiments demonstrate that the proton pathway
in Fo is a hydrogen-bonded chain with large proton polar-
izability due to collective proton tunneling, which conducts
protons within picoseconds (Eckert and Zundel, 1988a, b;
Zundel, 1992b; Zundel and Brzezinski, 1992; Zundel, 1988).
The proton polarizability of hydrogen-bonded chains van-
ishes if the Fo complex is blocked by labeling of Asp-61 of
subunit c with DCCD. Furthermore, it vanishes if the F
liposomes are dried. Hence, the conductivity vanishes as
well. In the D20-hydrated Fo, a deuteron-bonded chain with
large deuteron polarizability is observed due to collective
deuteron motion. The deuteron polarizability vanishes, also,
if F0 is blocked by DCCD.

Nature of this pathway

The question arises which side chains in Fo are able to build
up a hydrogen-bonded chain with such properties. From mu-
tation studies (Senoir (1988), Fillingame (1990), and refer-
ences therein), it is well known that in subunit a, His-245,
Glu-219, and Arg-210 are essential for H+ conduction. Resi-
dues of subunit b are not directly involved in the conducting
pathway (Senior, 1988; Fillingame, 1990; Cox et al., 1986;
Setffens et al., 1987). In subunit c, Asp-61 is involved in
proton conduction as shown by DCCD blocking (Hermolin
and Fillingame, 1989) and genetic means (Wachter et al.,
1980; Hoppe et al., 1982). Furthermore, it was shown by
chemical modification (Moody et al., 1987) that at least one
tyrosine residue is necessary for the proton-conducting
mechanism.
NMR studies (Moody et al., 1987; Norwood et al., 1992)

have proven that the pK, value of Asp-61 is increased. The
same is true for Glu-2, Asp-7, and the carboxyl group of the
C-terminal Ala-79. An increase of the pKa value indicates
that these groups are involved in intra- or intermolecular
hydrogen bonds (Brzezinski et al., 1992) or at least stabilized
by a hydrophobic environment. In addition, in Fraga and
Fillingame (1991) and Hatch et al. (1993) it is demonstrated
that Arg-41, which is strictly conserved in all c subunits
studied so far, is absolutely necessary for the function of the
ATP synthase. However, because of incomplete assembly of
F1 and an affected assembly of subunit b into the Fo complex
it remained unclear whether this basic residue is involved in
the proton-conducting pathway. Also, the C-terminal car-
boxylic group of subunit c seems to be involved in proton
translocation (Iitscher et al., 1984). In Deckers-Hebestreit
and Altendorf (1992), it is shown that in subunit c Tyr-10,
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Lys-34, Arg-41, Asp-61, and Ala-79 with the C-terminal
carboxylic group are conserved. Recently, it was shown that
the substitution of Lys-43, the only lysine residue of sub-
unit c, has no effect on the function of the ATP synthase
(Norris et al., 1992). As already mentioned in the intro-
duction, a monomeric molecule may substitute a modified
residue in the chain. According to Burget and Zundel
(1986) a Lys residue present in the pathway may be sub-
stituted by a dihydrogen phosphate because the hydrogen
bond donor and acceptor properties are similar to those
of the lysine.

Furthermore, a class of subunit a mutants exists, where
substitutions reduce but do not abolish proton conductance
activity, such as Asp-44, Asp-119, Pro-190, Glu-196, Ser-
206, and Asn-214 (Howitt et al., 1988; Vik et al., 1988; Cain
and Simoni, 1989; Paule and Fillingame, 1989). However, in
the latter cases a conformational change affecting the func-
tion of Fo due to the substitution or modification is a highly
probable explanation.

All of these results taken together suggest the following
pathway: - C02- of Ala-79 c, Tyr-10 c, Glu-219 a, His-245
a, Asp-61 c, Lys-34 c, Arg-210 a, Arg-41 c.

This chain starts with the carboxylate group of the
C-terminal Ala-79, the phenolic group of Tyr-10, and the
carboxylic acid group of Glu-219. We already studied such
a chain corresponding to the first section of the pathway by
an intramolecular model system (Zundel, 1992b; Brzezinski
et al., 1987), using infrared spectroscopy. This hydrogen-
bonded chain shows large proton polarizability due to col-
lective proton fluctuation.
The next two hydrogen bonds of the pathway are car-

boxylic acid-histidine bonds. From infrared spectroscopic
studies with model systems, it is well known that these bonds
show large proton polarizability due to proton tunneling.
The protons can easily be shifted within these bonds
(Lindemann and Zundel, 1977b; Rastogi et al., 1981). In
addition, Lys-Arg hydrogen bonds and the system
N+-- OH2-'N-=N.OH2'- . N shows also large
proton polarizability (B. Vogt, B. Brzezinski, and G. Zun-
del, unpublished data). In carboxylic acid-lysine bonds,
a double-minimum proton potential is present with a
much deeper well at the lysine (Kristof and Zundel
1980b). Thus, in this step a particularly large amount of
energy becomes available that may be converted into con-
formational energy and may cause the conformational
change or provide the energy necessary for rotation of the
10 ± 1 copies of subunit c along subunit a as discussed
in the literature (Schneider and Altendorf, 1987; Fill-
ingame, 1990; Fillingame, 1992; Cox et al., 1986; Hoppe
and Sebald, 1986).
From cryomicroscopic measurements, it is known that the

Fo complex is about 60 A long (Gogol et al., 1987). The
number of hydrogen bonds discussed above is not sufficient
to build up a proton pathway of this length. It is easily pos-
sible, however, that structural water is included in this chain
of hydrogen bonds without loss of the proton polarizability

carboxylic acid-carboxylate hydrogen bonds show large pro-

ton polarizability because they cause intense infrared con-

tinua (Kristof and Zundel, 1980a; Rastogi and Zundel, 1981).
Furthermore, we have shown by theoretical treatments
(Eckert and Zundel, 1988a) that if between the carboxylic
acid and the carboxylate groups one or two water mol-
ecules are inserted, the large proton polarizability does
not vanish, because large proton polarizability arises due
to the strongly coupled, collective tunneling of the pro-

tons (Eckert and Zundel, 1988a). Herewith the polariz-
ability increases with increasing chain length (Eckert and
Zundel, 1988a, b).

Thus, the above-mentioned residues, together with struc-
tural water may form a very effective proton pathway, which
conducts protons within picoseconds due to collective pro-

ton-tunneling. This pathway is very sensitive to electrical
fields caused by its large proton polarizability. If the proton
is present at Lys-34 c, the positive charge could be conducted
via Arg-41 c, water, and Arg-210 a to the F1 complex, be-
cause hydrogen bonds between such residues also show large
proton polarizability. The chemical potential of a proton at
an Arg residue is, however, relatively low. Furthermore, it
was already mentioned that it is questionable whether Arg-41
c is present within this pathway. Therefore, the following
mechanism has to be considered: the positive charge could
be shifted directly from Lys-34 c via hydrogen bonds to the
F1 complex because this lysine residue is in the neighborhood
of F1 (Deckers-Hebestreit and Altendorf, 1992). During the
presence of the positive charge at the lysine residue, the
proton in a N+- * *OH2-* *N=N*.. OH2 * *+N hydrogen-
bonded system formed between Arg-41 c, water, and Arg-
210 a could be shifted to subunit a because this structurally
symmetrical hydrogen-bonded system shows very large pro-

ton polarizability. Thus, if the proton transfers from Asp-61
to Lys-34 or to a dihydrogen phosphate the energy gained
could be used for the translocation of the subunits c along the
subunit a. Such a translocation has been postulated in the
models discussed in Schneider and Altendorf (1987),
Deckers-Hebestreit and Altendorf (1992), and Henderson
et al. (1990). Of course, such translocations are necessary

because only one subunit a exists and 10 ± 1 subunits c are

present in Fo of E. coli. Hence, it becomes understandable
that, as shown by Hermolin and Fillingame (1989), the block-
ing of only one subunit c of Fo is sufficient to block the whole
mechanism.

Finally, two view points have to be discussed. 1) The en-

zyme can function in opposite direction depending on the
physiological conditions (Maloney, 1982). 2) The hydrogen-
bonded chain is asymmetrical because in the Asp-
61-Lys-34 hydrogen bond an asymmetrical double-
minimum with deeper well at the lysine residue is present
and, hence, no infrared continuum should be observed. In the
case of hydrogen bonds with large proton polarizability a

double-minimum potential with deeper well at the acceptor
can easily be changed by local fields to a hydrogen bond with
the deeper well at the donor (Zundel and Eckert, 1989). Thus,

(Eckert and Zundel, 1988a, b). We have demonstrated that
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liposomes, their local field or specific interactions may
reverse the shape of the proton potential discussed above.
This also explains that the enzyme may work in opposite
direction.

In the last years, a FOF,-type ATP synthase has been
isolated and characterized from the strictly anaerobic bac-
terium Propionigenium modestum, where the synthesis of
ATP is driven by an electrochemical gradient of Na+ ions
(Laubinger and Dimroth, 1987, 1988; Dmitriev et al.,
1993). Because of the high degree of homology in pri-
mary and secondary structure, it has to be favored that the
mechanism of ion translocation is the same in H+-
pumping as well as in Na+-pumping systems (Laubinger
et al., 1990) and, furthermore, the F.Fl-ATPase of P. mod-
estum can switch from a Na+- to a H+-translocating mode
in the presence of low Na+ concentrations (' 1 mM)
(Laubinger and Dimroth, 1989c). In addition, in the pres-
ence of Na+ ions the ATP synthase is specifically pro-
tected from inactivation by DCCD, and a characterization
of the inactivation kinetics showed that the DCCD-
binding carboxylic acid residue of subunit c (Asp-61 in
E. coli, Glu-65 in P. modestum) is the binding site for the
coupling ions (Kluge and Dimroth, 1993a; Kluge and
Dimroth, 1993b). In this context, it is particularly no-
ticeable that also Li' and Na+ bonds with double-
minimum potential may show large cation polarizability
(Zundel et al., 1993). Recently, it was shown (Brzezinski
and Zundel, 1994) that also channels of such bonds may
show large cation polarizabilities due to collective cation-
tunneling and, hence, they may conduct these cations.

CONCLUSIONS

Infrared continua observed with the F. complex of E. coli
embedded into cardiolipin liposomes demonstrate that the
proton pathway in F. is a hydrogen-bonded chain. This chain
shows large proton polarizability due to collective tunneling
of the fluctuating protons. The conduction of protons in such
chains proceeds within picoseconds. Thus, such chains are
very effective proton pathways. On the basis of our results
and structural data from the literature, a proton pathway with
large proton polarizability due to collective fluctuation is
proposed in which side chains of subunits a and c as well as
structural water and perhaps also dihydrogenphosphates are
involved. Because of the large proton polarizability of this
chain, it can easily be regulated by local electrical fields.

We thank the Deutsche Forschungsgemeinschaft and the Fonds der
Deutschen Chemischen Industrie for their support of this work.
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