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Abstract A model is described of a dodecameric complex
consisting of the integral membrane component subunit ¢ of the
H"-transporting F, domain of Escherichia coli F-ATPase. A
high-resolution partial structure of monomeric subunit ¢ resulting
from TH-NMR studies [1] was used for constructing the model.
The validity of the proposed arrangement of protomers in the
dodecameric complex was tested by amino acid substitution
analysis and chemical, biochemical and genetic data on subunit c.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

The Ht-transporting F-ATPases from eubacteria, mito-
chondria and chloroplasts, and their cousins, the Ht-trans-
porting V-ATPases found in the membranes of a variety of
vesicular structures and in Archaebacteria, are multisubunit
enzymes with a globular catalytic domain attached by a stalk
to a integral membrane sector that transports protons. The F-
ATPases use energy from a transmembrane proton motive
force generated by respiration or photosynthesis to make
ATP from ADP and inorganic phosphate, whereas V-ATP-
ases use energy released by ATP hydrolysis to generate a
proton motive force across the membrane. The Escherichia
coli enzyme, a complex of eight different polypeptides, is
amongst the simplest known F-ATPases. Its F; catalytic do-
main contains subunits o, B, v, 6 and €, and subunits «, b and
¢ make the F, membrane sector. Subunits ¢ and ¢ are both
hydrophobic proteins that are essential for transmembrane
proton transport [2]. Subunit ¢ may have 5, 6 or 7 transmem-
brane spans [3-5], and subunit ¢ forms a hairpin of antipar-
allel o-helices across the membrane, the connecting loop mak-
ing contact with the y-subunit in F; [6]. Each F, contains one
copy of subunit a, 10-12 copies of subunit ¢, and two copies
of subunit b, which provide an important connection between
the F; and F, domains [7]. The b-subunits have a hydropho-
bic N-terminal region, probably folded into a single trans-
membrane o-helix, followed by a highly charged region of
about 120 amino acids outside the lipid bilayer [7].

An atomic structure of bovine F;-ATPase has re-awakened
the idea that the enzyme might operate by a rotary mecha-
nism in which the properties of the three catalytic sites of the
enzyme are interconverted through a cycle of different binding
states, described in a binding change mechanism [§], by the
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rotation of a central o-helical coiled-coil in the y-subunit in-
side the o3B3 assembly. Recent data support a rotary mecha-
nism of this type [9,10]. The formulation of mechanisms of
rotary motion generated by the transport of protons through
the F, membrane domain would be helped by an atomic
structure, but none is available at present. However, the struc-
ture of the 79 amino acid E. coli c-subunit has been studied by
NMR in chloroform/methanol mixtures, resulting in a partial
structure containing residues 9-25 and 52-79 [1]. As described
below, we have used this structure to build a model of the
oligomeric structure of 12 c¢-subunits. The validity of this
model has been examined by consideration of other chemical,
biochemical and genetic data.

2. Structural model

The molecular model described in this work was con-
structed at a Silicon Graphics workstation using the macro-
molecular crystallographic modelling programme ‘O’ [11].
Transmembrane helices of adjacent protomers were aligned
by hand basing on steric restrictions assuming that the contact
of adjacent helices is dominated by strong hydrophobic inter-
actions. Helix-helix packing of protomers in the complex was
not refined by molecular modelling calculations.

A priori, three circular models can be envisaged which place
the 12 ¢-subunits in equivalent positions. In these models, the
protomers either interact through their C-terminal a-helices or
vice versa, or the C-terminal helix of one protomer interacts
with the N-terminal helix of an adjacent protomer. However,
the model with interacting C-terminal o-helices is preferred
(see Fig. 1) as other arrangements of protomers that have
been constructed lack strong hydrophobic contacts and tight
packing between adjacent helices.

The inner diameter of the constructed circular model varies
between 3.26 nm (bottom) and 2.79 nm (top). The main in-
teractions in the ring are via two hydrophobic clusters of
amino acids (residues 52-53, 65-66, 70, 74, 77 and 58-59,
64, 68, 72, 75 in the adjacent protomer). The N-terminal o-
helices are peripheral and do not interact with each other, but
contacts between adjacent C- and N-terminal helices, via
Met% and Ala®* and Met!”, and Tyr”® and Met!®, might
give additional stability to the complex.

The conserved essential carboxyl-group of Asp® is thought
to undergo cycles of protonation and deprotonation during
proton transfer through F,. Proton transport is prevented by
covalent modification of its side chain with hydrophobic car-
bodiimides, such as DCCD. This aspartate is in the middle of
the C-terminal helix [12], and in the model is, as would be
required by its properties, oriented towards the lipid phase
(see Fig. 2A). However, its carboxyl lies in a pocket where
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Fig. 1. Peptide backbone model of a dodecameric ring of c¢-subunits of E. coli F-ATPase. The model, which is based on the structure of resi-
dues 9-25 and 52-79 determined by "H-NMR [1], is viewed perpendicular to the plane of the membrane from the side to which F;-ATPase is
attached in the intact enzyme. The main interactions between adjacent protomers are via the C-terminal a-helices (blue) with the N-terminal o-
helices (green) placed peripherally. The o-carbon atom of residue Asp®! is shown in red. Hydrophobic interactions between adjacent C-terminal
o-helices involve the side chains of the following amino acids: Phe®-Gly®®, Leu’-GIn®2, Pro%*-I1e%, Met®-Ala? and Met'?, Leu™-Val®® and
Leu™, Tyr®-Met!$ and Met™-Val™, Ala™ and Phe™. Leu® interacts with the peptide backbone of Phe®. The tight packing of the helices in
the dodecamer forms a structure exposing a hydrophobic surface to the external membrane phase which is formed by residues Leu®, Tyr'0,
Met!l, Alal?, Ala™, Val'®, Gly'®, Leu!?, Ile??, Gly?, 11e*®, GIn®?, Val®® and the partially buried residues Tyr™® and Phe’™. Hydrophilic clusters
formed by the backbone are exposed to the interior of the dodecameric complex. However, hydrophobic residues are also found at the internal

surface of the modelled structure.

it is accessible from the lipid phase without being completely
exposed. In F,, this arrangement may help to avoid the en-
ergetically unfavourable exposure of the negative charge re-
sulting from deprotonation to the hydrophobic environment
of the membrane. In the double mutant of subunit e,
Asp® Gly/Ala**Asp, the essential carboxyl was transferred
from the C- to the N-terminal o-helix, with retention of
H*-transport coupled to ATP hydrolysis [13]. A carboxyl
group at position 24 would also be in a pocket and be acces-
sible from the external lipid phase (see Fig. 2B). However, in
the model the carboxyl oxygens of Asp®' and Asp? are both
also accessible from the inside of the dodecameric ring. There-
fore, H*-transport could occur inside the ring up to the con-
served carboxyl group of Asp®. Alignment of water molecules

at the inside of the ring due to co-ordination by the carbonyl
oxygens of Val™, Ala™, Met™, Gly™', Val®, Cys® and Ile®
would form the surface along which protons would be trans-
ferred. Tons other than hydrogen would be also transported
by such a water-coated pore and account for Na*-transport
related to the ATP synthase of Propionigenium modestum. The
ion specificity of the ATP synthase, however, would be con-
trolled by the structural motif around the DCCD-reactive
carboxyl group at position 61 [14].

The exposure of amino acids in E. coli subunit ¢ in intact F-
ATPase and in F, to the surrounding membrane has been
studied by photochemical reaction with the lipophilic, photo-
reactive agent TID [15]. Residues 4, 8, 10, 11, 15, 19, 54, 57,
65, 73 and 76 were labelled. In agreement with these findings,
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Fig. 2. Van der Waals surface representation of the modelled dodecameric ring of c-subunits. Side view of the predicted complex as it would
appear from the membrane phase drawn as van der Waals surface plot. For simplicity only three protomers of the modelled dodecamer are
shown. A: The C-terminal helices which are exposed to the inside of the modelled ring-shaped complex are coloured blue, the N-terminal heli-
ces which are facing the membrane phase are drawn in green. The essential carboxyl group of Asp® which is shown in red, is buried in a
pocket formed by adjacent protomers, but still accessible from the lipid phase. B: Van der Waals surface plot of the modelled complex for
double mutant A24D/D61G. Equivalent to the situation found for the wild type the carboxyl group essential for proton translocation across
F, (red) is lying in a pocket which is shielded, but still accessible from the membrane phase. C: Surface plot for three adjacent protomers of
the modelled c-subunit complex. Side chains which are labelled by '?°I-TID in intact F, are shown in yellow. D: Van der Waals surface repre-
sentation of the modelled c-dodecamer after replacing Ala?® by threonine as in proton transport deficient mutant Ala?Thr. The hydrophilic
threonine side chain which is intercalating between N-terminal (green) and C-terminal (blue) helices of adjacent proteolipid monomers is shown
in magenta.

in the model of the ¢ dodecamer, residues 10, 11, 15, 19, 73 accessible to TID reaction (see Fig. 2C). The only disagree-
and 76 are all exposed to the membrane phase, and Met?” is ments concern residue Met%, which is partially shielded by
exposed to the internal surface of the ring, where it would be I1e® in the model, and Phe®* (a site of relatively lower reac-
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Fig. 3. Predicted orientation of side chains in a transmembrane complex formed by subunit ¢. Amino acid substitution tables for lipid accessi-
ble and buried residues were used in combination with an alignment of 37 different c-subunits (Table 1) to calculate the probability that a cer-
tain side chain is located at the interface between two adjacent monomers or exposed to the lipid phase. Only residues resolved by "H-NMR
[1] were considered in the calculation. The tendency that a certain residue is found in a lipid accessible or a buried environment is expressed by
calculating the ratio of the individual probabilities. Lipid exposed residues show ratios > 1, buried residues < 1. Different colours were used to
emphasise the orientation of the residues predicted in the model. Side chains which are placed in the model at the interface between adjacent
monomers are coloured blue. Lipid accessible, external residues are coloured red and residues located inside the ring-shaped complex are col-

oured green.

tion with TID), which could be shielded by the N-terminal
helix (assuming that it continues in the same direction beyond
Tle” as reported for the resolved residues Ala??-Ile?). A dif-
ferent labelling pattern was found after subunit ¢ had been
solubilised in SDS. Solubilisation exposes those residues
which have been buried or shielded by others in the native
structure providing information about the interface of adja-
cent, interacting subunits in the complex. Residues Met!®,
Met'", Tle?2, Te®, Gly¥, Ile®, Gly*, 1le?®®, Phe®, Gly™,
Gly®® and Gly™ which are not labelled in functional, mem-
brane integral subunit ¢ are marked at a relative intensity of
100, 48, 10, 4, 2, 4, 2, 4, 27, 27, 23 and 14. In the proposed
model Met' and Met!” are both deeply buried at the interface
between adjacent subunits. The side chain of Phe™ is partially
shielded by Met’" and 11e%®, and residue Gly®, which is lying
in a groove, is covered by Phe®, 11e%® and Met®. The glycine
in position 69 is also buried in the structure. Only residues
Ile??, 1le?® and Gly™ are exposed towards the external or
internal side of the ring-shaped complex. The overall error
in assignment resulting from comparison of the labelling
data obtained with solubilised EF, to the alignment of the

residues in the model is in the order of 10%. Thus both label-
ling studies, those of native and those of solubilised subunit ¢,
are basically in agreement with the proposed model.

Several non functional mutations have been reported for
subunit ¢ of E. coli in the literature [see [16] for review].
Some might be understood in the framework of the proposed
model. Mutants, such as Gly®Asp and Gly*®Asp, which fail
to assemble subunit ¢ in the membrane are expected to change
the interacting surface of adjacent protomers. In the proposed
oligomeric complex the aspartyl side chain of Gly*®Asp mu-
tants would interfere with the aromatic ring system of Phe"
of an adjacent ¢-subunit. In Gly** Asp mutants, where subunit
¢ is not integrated into the membrane, the proposed c-dodeca-
mer would be destabilised by exposure of a potentially
charged residue towards the lipid phase. Other mutants still
allow assembly of the transmembrane F,-sector but affect H*-
translocation probably by structural restrictions. The muta-
tion Pro%Leu in subunit ¢ eliminates a kink in the C-terminal,
transmembrane helix. Residue 64 plays a crucial role in sta-
bilising the proposed dodecamer complex by its direct inter-
action with 11e% in the adjacent protomer. Changing this in-
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teraction might result in rearrangements within the structure
— maybe in the alignment of the proposed, internal water
cluster — which modify proton transport across the F-sector.
In another non-functional mutant Ala®® was replaced by
threonine. Fig. 2D illustrates the modified structure of the
mutant which is deduced from the proposed model. A hydro-
philic side chain is placed into a buried, hydrophobic environ-
ment which is located between N- and C-terminal helices and
adjacent N-terminal helices. This replacement should destabi-
lise the c-dodecamer and result in a different local folding
pattern or a different alignment of adjacent protomers which
might affect proton translocation in the transmembrane re-
gion.

The alignment of the protomers predicted by the model was
tested by substitution analysis. Amino acid substitution tables
calculated for residues in membrane proteins [17] were used in
this approach to discriminate buried and exposed surfaces in
the ¢ dodecamer. Substitution tables for external, lipid acces-
sible residues were calculated on the basis of the three-dimen-
sional structure of two homologous bacterial photosynthetic
reaction centres [18,19] and an alignment of their sequences
with sequences of related proteins [17]. Tables for buried res-
idues were computed from aqueous proteins [20] as the inte-
rior structure of aqueous and membrane proteins is similar
[21]. Thus, data based on the specific interior fold of the re-
action centre and restrictions resulting from bound cofactors
were avoided. We used an alignment of 37 homologous se-
quences of ¢ subunits (see Table 1) to compare the proposed
orientation of the residues in the model with the alignment
predicted from substitution analysis. The assignment resulting
from these substitution patterns is shown in Fig. 3. In general,
the predicted orientation of the residues is in agreement with
the modelled structure. However, significant contradiction is
found for residues Ala'?, Ala'* and Gly'8, Gly*, Gly%®. While
the model suggests a lipid-accessible orientation for Ala'?,
Ala'®, Gly®™ and Gly?, their substitution pattern puts these
residues into a buried environment. On the other hand, Gly®
which is a residue that is buried in the modelled complex turns
out to be lipid accessible from the data obtained by substitu-
tion analysis. The side chains of Tyr'?, Met'!, Leu!® and
Phe™, which are all accessible by TID in the native F,-com-
plex and therefore probably accessible from the membrane
phase, are placed in a buried environment by the prediction.
Isoleucines in positions 22 and 26, residues which are acces-
sible towards TID only after solubilisation of EF, in SDS, are
also assigned to a buried surface by substitution analysis. In
the modelled complex they are located at the external lipid
accessible phase. In summary, the disagreement between mod-
elled and predicted assignment is in the order of 20%. Con-
trary assignments occur mainly for small residues located in a
lipid accessible orientation in the model which is placed in a
buried environment by the substitution analysis. The contra-
diction might be resolved by using substitution tables ob-
tained from membrane proteins for buried residues. These
tables should be available soon by using the molecular struc-
ture of cytochrome oxidase [22,23] as a reference resulting in a
more accurate substitution analysis.

3. Conclusion

The proposed model of a transmembrane sub-complex of
the membrane sector of F-ATPases is in agreement with most
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of the data reported in the literature. Constructing the model
we assumed a stoichiometry of 12 c-subunits per complex
based on data reported by [24]. A stoichiometry of 10 proto-
mers per complex as suggested by [25], however, would not
alter the proposed model substantially as a slight turn of
adjacent C-terminal helices would correct the lower number
of subunits per complex and maintain the proposed contacts
between adjacent monomers. Contrary orientations compared
to labelling studies are proposed for Ala'?, Ala'4, Ile?? and
Ile?® which are placed in a lipid-accessible orientation in the
modelled complex. The insufficient reactivity of TID towards
alanine might explain why no label was incorporated at these
positions. Weak labelling if Ile?? and 1le?® was found after
solubilisation and suggests a buried orientation of these resi-
dues. However, the absence of any label in experiments with
unsolubilised F,-complex might results from the low reactivity
of the probe towards isoleucine.

Problems resulting from a different reactivity of residues
towards probes are avoided if internal probes are used in
labelling studies. Mutagenic introduction of cysteines at spe-
cific sites within a protein was applied to resolve the structure
and arrangement of membrane-spanning segments in a num-
ber of membrane proteins [26,27]. Sulfhydryl reagents of dif-
ferent hydrophobicity and disulfide cross-linking were used in
these studies to resolve the position of modified residues.
Tryptophan scanning mutagenesis was used to reveal the
structure of the transmembrane proton channel MotA and
MotB [28,29] by introducing single tryptophan residues at
consecutive positions within the transmembrane segments.
The bulky, hydrophobic tryptophan is only tolerated in posi-
tions facing the lipid phase, but not at buried, interacting
surfaces of the transmembrane segments. Both approaches,
cysteine and tryptophan mutagenesis, are under investigation
at the moment to test the proposed model for the membrane
integral proteolipid complex of E. coli.
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