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H+-transporting F1Fo ATP synthase catalyzes the synthesis of ATP via coupled rotarymotors within Fo and F1. H+

transport at the subunit a–c interface in trans-membranous Fo drives rotation of the c-ringwithin themembrane,
with subunit c being bound in a complex with the γ and ε subunits extending from the membrane. Finally, the
rotation of subunit γ within the α3β3 sector of F1 mechanically drives ATP synthesis within the catalytic sites.
In this review, we propose and provide evidence supporting the route of proton transfer via half channels from
one side of the membrane to the other, and the mechanism of gating H+ binding to and release from Asp61 of
subunit c, via conformational movements of Arg210 in subunit a. We propose that protons are gated from the in-
side of a four-helix bundle at the periplasmic side of subunit a to drive protonation of cAsp61, and that this gating
movement is facilitated by the swiveling of trans-membrane helices (TMHs) 4 and 5 at the site of interactionwith
cAsp61 on the periphery of the c-ring. Proton release to the cytoplasmic half channel is facilitated by the move-
ment of aArg210 as a consequence of this proposed helical swiveling. Finally, release from the cytoplasmic half
channel is mediated by residues in a complex of interacting extra-membraneous loops formed between TMHs
of both subunits a and c. This article is part of a Special Issue entitled: 18th European Bioenergetic Conference.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The F1Fo-ATP synthase of oxidative phosphorylation utilizes the
energy of a trans-membrane electrochemical gradient of H+ or Na+ to
mechanically drive the synthesis of ATP via two coupled rotary motors
in the F1 and Fo sectors of the enzyme (ref. [1] and Fig. 1). H+ transport
through the transmembrane Fo sector is coupled to ATP synthesis or hy-
drolysis in the F1 sector at the surface of the membrane. Homologous
ATP synthases are found inmitochondria, chloroplasts, andmanybacte-
ria. In Escherichia coli and other eubacteria, F1 consists of five subunits in
an α3β3γδε stoichiometry. Fo is composed of three subunits in a likely
ratio of a1b2c10 in E. coli and Bacillus PS3 [2,3] or a1b2c11 in the Na+

translocating Ilyobacter tartaricus ATP synthase [1,4] and may contain
as many as 15 c subunits in other bacterial species [5].

Subunit c spans themembrane as a hairpin of twoα-heliceswith the
first TMH1 on the inside and the second TMHon the outside of the c ring
[1,4]. The binding of Na+ or H+ occurs at an essential, membrane
embedded Glu or Asp on cTMH2. A high resolution X-ray structure of
the I. tartaricus c11-ring revealed a Na+ binding Glu at the periphery of
side of the membrane; P-side,
, trans-membrane; TMH, trans-
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the ring with chelating groups to the bound Na+ extending from two
adjacent subunits in an extensive hydrogen bonding network [1,4,6].
A high resolution X-ray structure of the H+-translocating c15-ring of
Spirulina platensis revealed a similar geometry for the H+ binding site
[5,7]. Several other neighboring residues form a hydrogen bonding
network between TMHs 1 and 2 of one subunit and TMH2 from the
adjacent subunit. In slight contrast, a recent structure of the c13 ring
from Bacillus pseudofirmus OF4 [8] revealed a more hydrophobic H+

binding site in which a water molecule is coordinated by the H+-
binding Glu and the backbone of the adjacent cTMH2. This H+ binding
mode is likely to also be found in E. coli subunit c, given the lack of
hydrogen bonding side chains surrounding the Asp61 H+-binding site.
In the H+-translocating E. coli enzyme, Asp-61 at the center of cTMH2
is thought to undergo protonation and deprotonation as each subunit
of the c ring moves past the stationary subunit a. In the functioning en-
zyme, the rotation of the c ring is proposed to be driven by H+ transport
at the subunit a/c interface. Subunit γ physically binds to the cytoplas-
mic surface of the c-ring, which results in the coupling of c-ring rotation
with rotation of subunitγwithin theα3β3 hexamer of F1. The rotation of
subunit γ then forces conformational changes in the catalytic sites atαβ
subunit interfaces that lead to synthesis of ATP (reviewed in ref. [1]).

E. coli subunit a folds in themembranewithfive TMHsand is thought
to provide aqueous access channels to the H+-binding Asp-61 residue in
the c-ring [9,10]. Interaction of the conserved Arg-210 residue in aTMH4
with cTMH2 is thought to be critical during the deprotonation–
protonation cycle of cAsp-61 [1,11,12]. Presently, only fragmentary
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Fig. 1.H+-transporting F1Fo ATP synthase catalyzes the synthesis of ATP via coupled rotary motors within Fo and F1. H+ transport at the subunit a–c interface in Fo drives rotation
of the c-ring-γ–ε complex, and rotation of subunit γwithin theα3β3 sector of F1 thenmechanically drives ATP synthesis within the catalytic sites. In this review, we propose the route of
proton transfer via two separate half-channels extending from the periplasmic (P) or cytoplasmic (N) sides of themembrane to cAsp61 at the center of themembrane. The half channels
are gatedwith the H+ binding to and release from cAsp61 being coupled to conformationalmovements of Arg210 in subunit a. The structuralmodel of F1Fo shown is reproduced from ref.
[1] with permission, and the structural model for the E. coli c10 ring is that predicted from the X-ray structure of the I tartaricus c-ring [4,26].
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information is available on the three-dimensional arrangement of the
TMHs in subunit a. TMHs 2–5 of subunit a pack in a four-helix bundle,
which was initially defined by cross-linking ([13]; Fig. 2), but now
such a bundle, packing at the periphery of the c-ring, has been viewed
directly by high resolution cryo-electronmicroscopy in the I. tartaricus
enzyme [14]. Previously published cross-linking experiments support
the identification of aTMH4 and aTMH5 packing at the periphery of
the c-ring and the identification of aTHM2 and aTMH3 as the other
components of the four helix bundle seen in these images [13,15,16].
More recently published cross-linking experiments identify the N-
terminal α-helices of two b subunits, one of which packs at one sur-
face of aTMH2 with close enough proximity to the c-ring to permit
COOCOO

COOHCOOH

-

Fig. 2. The predicted cross-sectional packing of TMHs 2–4 of subunit a into a four helix
bundle and the predicted faces of helix–helix interaction with the peripheral helices
of the c-ring as viewed from the cytoplasm. The eight cross-links formed in high yield
between pairs of Cys introduced into different TMHs of subunit a are indicated by the
lines between the cross-linkable residues [13]. The predicted packing of TMH2 of subunit
cwith TMHs 4 and 5 of subunit a is also based upon Cys–Cys cross-linking [15,16]. Arrows
indicate the direction of c-ring rotation during ATP synthesis. This figure is modified from
that shown in ref. [32].
cross-linking [17]. The other subunit b N-terminal helix packs on the
opposite peripheral surface of aTMH2 in a position where it can also
be cross-linked to aTMH3 [17]. The N-terminal helix of subunit b (res-
idues 1–34) appears to play an important structural role in formation
of a functional F0 [18]. The last helix density shown in Hakulinen et al.
[14] packs at the periphery of the c-ring next to aTMH5 and is very
likely to be aTMH1. If aTMH1 is packing at this position, the long cyto-
plasmic 1-2 loop must extend across aTMH5 before reaching aTMH2
(see Fig. 3).

Cross-linking experiments have also defined the juxtaposition of
aTMH4 and cTMH2 over a span of 19 amino acids, a span that would
nearly traverse the lipid bilayer [15]. The cross-linkable faces of these
helices would include Asp-61 in cTMH2 and residues of aTMH4 sur-
rounding the conserved Arg-210. Cross-linking experiments have also
established the close packing proximity of aTMH5 and cTMH2 from
the center of the lipid bilayer to the cytoplasmic surface of the mem-
brane [16]. The cross-linkable face of aTMH5 includes Gln252, which
has been proposed to be proximal to Arg210 because of retention of
function in aR210/Q252R second site suppressor mutants [19,20]. The
importance of precise vertical positioning of the interacting residues
was addressed by Langemeyer and Engelbrecht [21].

The aqueous accessibility of Cys residues introduced into the 5 TMHs
of subunit ahas been probed based upon their reactivitywith and inhib-
itory effects of Ag+ and other thiolate-reactive agents [22–24]. Two re-
gions of aqueous access were found with distinctly different properties.
One region in TMH4, extending fromAsn-214 andArg-210 at the center
of the membrane to the cytoplasmic surface, contains Cys substitutions
that are sensitive to inhibition by both NEM and Ag+ ([22–24]; Fig. 3).
These NEM and Ag+ sensitive residues in TMH4 pack at or near the
peripheral face and cytoplasmic side of the modeled four-helix bundle
[11,13]. The route of aqueous access to the cytoplasmic side of subunit
c packing at the a–c interface has also been mapped by the chemical
probing of Cys substitutions and more recently by molecular dynamic
simulations ([25–27]; Fig. 2).

A second set of Ag+-sensitive substitutions in subunit a mapped to
the opposite face and periplasmic side of aTMH4 [22,23], and Ag+-
sensitive substitutions were also found in TMHs 2, 3, and 5 where
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Fig. 3. The predicted topology of subunit a in the E. coli inner membrane with location of the most Ag+-sensitive Cys substitutions highlighted in red (N85% inhibition) and some of the
more moderately sensitive residues highlighted in orange (66–85% inhibition). The numbered residues are discussed elsewhere in the text. TMHs 1–5 are shown in boxes within the
lipid bilayer. Periplasmic loops 1–2 and 3–4 extend from the C-terminal end of TMH1 to the N-terminal end of TMH2, or from the C-terminal end of TMH3 to the N-terminal end of
TMH4, respectively. This figure is modified from that shown in ref. [34].
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they extend from the center of themembrane to the periplasmic surface
([23,24]; see Figs. 2 & 3). The Ag+-sensitive substitutions on the peri-
plasmic side of TMHs 2–5 cluster at the interior of the four-helix bundle
predicted by cross-linking (Fig. 2), and could interact to form a continu-
ous aqueous pathway extending from the periplasmic surface to the
central region of the lipid bilayer [11,13,23,24].

The experiments described in the sections below, focus mainly on
work done in our own lab over the last decade. Together with work
from other labs, the experiments suggest a stepwise pathway/route of
proton movement through the Fo sector of the ATP synthase including:
(1) proton movement from the periplasmic (P-side) of the inner mem-
brane to the center of themembrane's lipid bilayer via residues centered
in the four helix bundle within subunit a; (2) the gating of movement of
a single proton from the periplasmic half channel to cAsp61 via swivel-
ing of TMHs at the a–c subunit interface; (3) the release of the proton
from cAsp61 into a cytoplasmic half channel at the interface of the a
and c subunits; and finally, (4) the gating of proton release at the
cytoplasmic (N-side) of the membrane via residues in interacting cyto-
plasmic loops connecting TMHs within both the a and c subunits.
The movement of a single proton across the membrane via the four
steps listed above is expected to result in the ratcheted rotation of
the c-ring by 36°, a prediction that is now experimentally verified
[28–30], with a total of ten such ratcheted steps being required for
complete rotation of the c-ring.

2. Periplasmic channel at the center of a four helix bundle within
subunit a

Sites of interaction of the TMHs of subunit a were defined by zero-
length cross-linking with pairs of Cys introduced into different TMHs
[13]. The initial regions of interaction tested were those suggested by
second site suppressor mutations that restore function to the primary
mutants. Eight of the 84 double Cys pairs constructed formed high
yield cross-links, and these high yield cross-linkable pairs are represent-
ed in Fig. 2. The proximities of interaction agreewellwith the position of
second site suppressor pairs, i.e. residue 218 (TMH4) with residue 245
(TMH5), residue 219 (TMH4) with residue 145 (TMH3), and residue
245 (TMH5) with residue 119 (TMH2) respectively [9,31]. The Cys sub-
stitutions at the periplasmic side of subunit a that proved to be most
sensitive to inhibition by Ag+ are located at the interior of this proposed
4 helix bundle (Fig. 2). The Ag+ sensitivity of the Cys substitutions at the
interior of the four helix bundle indicated aqueous access to this region,
but did not prove that access was from the periplasm. A subsequent
study testing the Cd+2 sensitivity of these residues did prove that the
aqueous access pathway was from the periplasm. In contrast to Ag+,
Cd+2 proves to be membrane impermeant, and when inside-out inner
membrane vesicles were treated with Cd+2, the Cys substitutions sub-
ject to inhibition all mapped to the cytoplasmic side of the membrane
(ref. [32] and see Fig. 3). However, when membrane vesicles from Cys
substitutions at positions 119, 120, 214, 215 and 252 were sonically
disrupted during Cd+2 treatment to permit Cd+2 access to the interior
of the vesicle, the ATP-driven proton translocation activity was
inhibited. The accessibility of the N214C and Q252C substitutions from
the periplasm is particularly notable since both residues must also
have access to a region around Asp61 for reasons described in the
following section.

3. TM helix swiveling and the gating of H+ from the periplasmic half
channel to cAsp61

We have proposed that aTMHs 4 and 5 may swivel or twist in re-
sponse to acidification of the periplasmic half-channel in the TMH 2–5
four-helix bundle, and in so doing gate entry of one H+ into the cyto-
plasmic half-channel with a subsequent protonation of cAsp61 [16].
The suggestion was provoked by experiments where cross-link forma-
tion between three specific pairs of Cys substitutions in aTMH5 and
cTMH2 was promoted by decreasing the buffering pH (ref. [16]). The
ionized Cys thiolate is the reactive group in these reactions and
one would therefore expect that cross-linking should decrease with
acidification of the medium. The position of the Cys pairs undergoing
H+-promoted cross-linking is shown in Fig. 4; acid-promoted cross-
linking was not seen in the case of 10 other cross-linkable aTMH5/
cTMH2 Cys pairs. On visualizing Fig. 4, it is apparent that the turning
of aTMH5 in a clock-wise direction should bring aY263C and aQ252C
closer to the Cys residues to which they cross-link in cTMH2.

To test whether TM helical movement, perhaps swiveling, was nec-
essary during F1Fo function, we cross-linked aTMH2 or aTMH4 to
aTMH5 via Cys substitutions locating to the middle of the lipid bilayer
and then tested for function. The cross-linking of the Cys pairs aG218C
(TMH4) and aI248C (TMH5), or aL120C (TMH2) and aH245C (TMH5),



Fig. 4. Acidification of the periplasmic half channel centered in the four helix bundle of
subunit a is predicted to promote helical swiveling of TMHs 4 and 5 to facilitate cross-
linking of Cys252 and Cys263 in aTMH5 with Cys substitutions on the peripheral face of
the c-ring [16]. The aCys263–cCys54 and aCys252–cCys62/65 cross-links are indicated
by dashed lines. This figurewas drawn by Dr. KyleMoore, the lead author of the reference
cited here [16].
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inhibited H+ pumping by 85–90% and support the idea that mobility of
the helices is required for function [33]. H+ pumping function was
largely unaffected by the identical chemical modification of the same
Cys residues in the absence of cross-link formation. In additional control
experiments, we assessed the effects on function of Cys–Cys cross-
linking in other regions of the protein. As is discussed below, the
cytoplasmic loops of subunit a had previously been implicated in gating
H+ release to the cytoplasm, and previous Cys–Cys cross-linking
experiments indicated that the chemically reactive regions of the
loops packed together as a single domain [34]. In these cases, Cys substi-
tutions in these domains could be cross-linked with retention of
function and hence any conformational movements, which would be
restricted by these cross-linking reactions, are not necessary for func-
tion in at these domains of the enzyme. In summary, the inhibition
observed on cross-linking Cys within TM regions is consistent with
the proposed requirement for TMH movements during the gating of
periplasmic H+ access to cAsp61. This movement is presumed to be
related to the movement of aArg210 away from cAsp61 to allow its
protonation on gating access of one proton from the periplasmic half
channel.

We suggest here that the swiveling of aTMH4 in the counter-
clockwise direction and aTMH5 in the clockwise direction moves
N214 in TMH4 and Gln252 in TMH5 to a position close to cAsp61 and
provides a conduit for a H+ within the periplasmic half channel to ac-
cess and protonate the ionized cAsp61 residue. We also propose that
the protonation of ionized cAsp61 would be facilitated by the breaking
of the salt bridge with aArg210, which would be forced by the H+-
driven counter-clockwise swiveling of aTMH4. In addition, we propose
that the H+ binding site within the periplasmic channel likely involves
the interaction of aH245 and aD119 side-chains. The His side-chain re-
quirement is supported by the need for second site suppression of the
aH245C substitution by the aD119Hmutation for functional activity [9].
And, as likened to a ratchet tool, the swiveling must be reversed back to
the original positions for the next gating event to occur.

4. Release of H+ from cAsp61 into the cytoplasmic half channel

We propose that the release of H+ from the protonated cAsp61
occurs concurrently with the closure of the H+ gate of protons from
the periplasmic half channel by the reversed helical swiveling of
aTMH4 and aTMH5. These movements would take place concurrently
with the rotation of the c-ring and a new aArg210/cAsp61 salt bridge
would form at the position of the cAsp61 that has just undergonedepro-
tonationwith release of H+ to the cytoplasmic half-channel. The H+ re-
leased into the cytoplasmic half-channel would flow to the cytoplasmic
side of the membrane via an aqueous access pathway defined by the
Ag+-sensitive residues at this side of the membrane in subunit c and
the interacting face of aTMH4 (Figs. 3 and 5). In Fig. 5, the Ag+ sensitive
residues surrounding Asp61 include residues that are oriented towards
cTMH1. A recent crystal structure of the yeast c-ring revealed inter-
helical watermolecules at this interface [35]. Such aqueous penetration,
at least when the binding site is in the open state, may explain the Ag+

sensitivity, where the Ag+ likely finds access after dissolving in the
membrane as described in ref. [22]. The much more limited access of
the membrane impermeant Cd+2 to these residues provides further
support for the idea that the H+ exit pathway to the cytoplasm is

image of Fig.�5
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primarily at the a–c interface, i.e., the only TM Cys that are sensitive to
Cd+2 are at positions 28 in TMH1 and 57–59 and 63 in TMH2 [26].
The aqueous pathway from the cytoplasm includes three Cys substitu-
tions that are uniquely sensitive to inhibition by N-ethylmaleimide
(NEM), i.e. the G58C substitution in subunit c and the S206C and
N214C substitutions in subunit a [22,25,26]. These are the only NEM-
sensitive Cys substitutions in subunits a and c, which suggests that
they lie in a chemically unique cavity surrounding the cAsp61 carboxyl-
ate. When we recall that the aN214C substitution is also accessible to
Cd+2 [32], but only from the periplasm, it further fortifies the role of
this residue in gating H+ movement to cAsp61 from the periplasmic
half-channel to the cytoplasmic half- channel.
5. H+ gating to the cytoplasm via interacting extra-membranous
loops of subunits a and c

The exit of H+ to the cytoplasmic side (N-side) of the inner mem-
brane utilizes a channel at the interacting faces of aTMH4 and cTMH2
that continues into cytoplasmic domains extending beyond the surface
of the lipid bilayer. The Ag+-sensitive residues in both the 1-2 loop and
the 3-4 loop of subunit a appear to be involved in gating H+ transloca-
tion to the cytoplasm ([34]; see Fig. 3), and by experiments that are
described below have now been shown to interact with residues in
the polar loop region of subunit c that is directly implicated in proton
translocation. Cys substitutions within the polar loop of subunit c are
inhibited by two distinct mechanisms upon treatment with Ag+. For
most substitutions in the loop showing moderate to strong inhibition
by Ag+, the Ag+ treatment resulted in perturbation of the interaction
of F1 with Fo, which was often accompanied with dissociation of F1
from the membrane [36]. In these cases, the inhibition cannot be
reversed by treatment with dithiothreitol, which chelates the Ag+

bound to the inhibitory Cys substitution. In a second class of Ag+-
sensitive Cys substitutions in the polar loop region, Ag+ inhibition was
largely reversed by dithiothreitol treatment, and this was also true for
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Fig. 6. Schematic model for how changes in TMH interactions at the subunit a–c interface pro
c-ring. The peripheral ring of cTMH2's (in green), numbered from1 to 10, is shown packing prox
with cAsp61 following H+ exit to the cytoplasm and coupled c-ring rotor movement in the
swiveling of aTMH4 and aTMH5 to gate H+ access to cAsp61. C. aTMH4 swiveling drives form
cTMH2 (#1) and release of its bound H+ to the cytoplasmic half channel, while simultaneous
aTMH5 back to their original positions results in the dragging of the c-ring in the clockwise
E. Final state, equivalent to that in state A, after translocation of one H+ and 36° movement of
the trans-membrane Cys substitutions that are thought to line the cyto-
plasmic H+ channel within subunit c (Fig. 5). In the select cases exam-
ined, where the DTT-reversible Cys substitutions were also sensitive to
Cd+2 inhibition, the treatment with Cd+2 was shown by direct assays
to inhibit passive H+ translocation through Fo. In the case of subunit c,
this was shown not only for TM Cys substitutions (at positions 28 and
59), but also for the Cys46 and Cys 48 substitutions in the polar loop.

The cytoplasmic loops of subunit a also appear to directly participate
in proton transport and release to the cytoplasm (P. R. Steed, K. Kraft
and R. H. Fillingame, in preparation). The inhibition of passive H+ trans-
location through Fo by Cd+2 was directly shown for not only the trans-
membrane Cys214 substitution, but also for Cys 199 and 202 in the 3-4
loop and Cys263 within the cytoplasmic domain following aTMH5. In
each of these cases, the inhibitory effects of Cd+2 or Ag+ were fully re-
versed by DTT. Based upon the criteria of DTT-reversibility, the Ag+-
sensitive but Cd+2 insensitive Cys substitutions at positions 93, 195,
196 and 203 are also thought to directly participate in proton transloca-
tion. Within subunit a, the aM93C substitution in the 1-2 cytoplasmic
loop was previously shown to cross-link with aL195C in the 3-4 loop
region and suggested that these Ag+-sensitive residues interacted in a
single domain to gate proton transport to the cytoplasm [34]. This
proposed gating domain can now be extended to the polar loop of
subunit c with the finding that either cI46C or cL48C can be cross-
linked to the aM93C substitution in subunit a (P. R. Steed, K. Kraft and
R. H. Fillingame, in preparation). Previous experiments with photo-
activatable cross-linkers support the proximity of the 3-4 loop in
subunit a to cytoplasmically exposed regions of subunit c [37].
6. How does H+-transport driven helical swiveling within subunit a
drive c-ring rotation?

In Fig. 6 we present a schematic model summarizing how helical
movements at the subunit a/c-ring interface might be coupled with
the stepwise rotation of the c-ring by 36° as each proton is translocated.
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the c-ring rotor.



1068 R.H. Fillingame, P.R. Steed / Biochimica et Biophysica Acta 1837 (2014) 1063–1068
Some of the amino acid residues participating in each step were at least
tentatively identified in Sections 2–5 above. The protonmotive force is
thought to drive the initial swiveling of helices in step 2 with conse-
quent translocation of the proton to the cytoplasm. In step 4, the swivel-
ing of aTMH4 and aTMH5 back to their original position generates
sufficient torque to move the c-ring by 36° and generates a new set of
interactions with the next c subunit in the ring and subunit a that are
comparable to those in the starting state. The key unanswered question
relates to how these swiveling movements might generate the torque.
We now have multiple estimates of the magnitude of the torque
required [30,38], and kinetic measurements showing that the 36° sub-
steps are sufficiently fast such that they should not be rate limiting in
either the ATP synthesis or hydrolysis mode [29], given the elasticity
of the system [38].What are the key structural features in the a–c helical
interactions that force movement of the rotor with TMH swiveling?
Certainly the aArg210-cAsp61 salt bridge could be a key component,
but theremust be others, with additional salt bridges at the cytoplasmic
a–c interface being suggested to likely be important by others [29]. Ulti-
mately we might expect that future crystal structures will define close
packing interactions between the TMHs of cTMH2 and TMHs 4 and 5
of subunit a. Hopefully, other future crystal structures will show how
these packing interactions change in response to changes in pH, as
does the rate of select cross-linking reactions between these helices,
and give the first structural clues as to how the protonmotive force
physically drives c-ring rotation. With a single crystal structure, molec-
ular dynamics analyses might provide early insights into the possible
changes in packing interactions, which together with thermodynamic
analyses might indicate whether the proposed changes in packing pro-
vide sufficient torque energy to drive the c-ring rotation. We look for-
ward to these future key developments.
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