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ABSTRACT The structure of the subunit c oligomer of the
H1-transporting ATP synthase of Escherichia coli has been
modeled by molecular dynamics and energy minimization
calculations from the solution structure of monomeric sub-
unit c and 21 intersubunit distance constraints derived from
cross-linking of subunits. Subunit c folds in a hairpin-like
structure with two transmembrane helices. In the c12 oligomer
model, the subunits pack to form a compact hollow cylinder
with an outer diameter of 55–60 Å and an inner space with a
minimal diameter of 11–12 Å. Phospholipids are presumed to
pack in the inner space in the native membrane. The trans-
membrane helices pack in two concentric rings with helix 1
inside and helix 2 outside. The calculations strongly favor this
structure versus a model with helix 2 inside and helix 1
outside. Asp-61, the H1-transporting residue, packs toward
the center of the four transmembrane helices of two interact-
ing subunits. From this position at the front face of one
subunit, the Asp-61 carboxylate lies proximal to side chains of
Ala-24, Ile-28, and Ala-62, projecting from the back face of a
second subunit. These interactions were predicted from pre-
vious mutational analyses. The packing supports the sugges-
tion that a c–c dimer is the functional unit. The positioning of
the Asp-61 carboxyl in the center of the interacting trans-
membrane helices, rather than at the periphery of the cylin-
der, has important implications regarding possible mecha-
nisms of H1-transport-driven rotation of the c oligomer
during ATP synthesis.

H1-transporting F1Fo ATP synthases use the energy of a
transmembrane electrochemical H1 gradient to catalyze for-
mation of ATP. Closely related enzymes are found in the
plasma membrane of eubacteria, the inner membrane of
mitochondria, and the thylakoid membrane of chloroplasts (1).
The enzyme is composed of distinct extramembranous and
transmembrane sectors, termed F1 and Fo, respectively. Proton
movement through Fo is reversibly coupled to ATP synthesis
or hydrolysis in catalytic sites of F1. Each sector of the enzyme
is composed of multiple subunits with the simplest composi-
tion being a3b3gd« for F1 and a1b2c12 for Fo in the Escherichia
coli enzyme (2). Homologous subunits are found in mitochon-
dria and chloroplasts. An atomic resolution x-ray structure of
the a3b3g portion of bovine F1 shows the three a and three b
subunits alternating around a centrally located g subunit, with
the g subunit interacting asymmetrically with the three b
catalytic subunits (3). Subunit g was subsequently shown to
rotate with respect to the three b subunits during catalysis
(4–6). Rotation of g is thought to change the binding affinities
in alternating catalytic sites to promote tight substrate binding
and product release during catalysis (7). During ATP synthesis,
the rotation of g must be driven by proton translocation

through Fo. The structure of Fo remains to be determined.
Electron and atomic force microscopic studies suggest that the
a and b subunits pack at the periphery of a ring of multiple
subunit c (8–10). The subunit c oligomeric ring is proposed to
rotate with respect to a static a1b2 subcomplex to drive rotation
of subunit g in F1 (4, 11–13). Proton binding and release from
a conserved carboxylate side chain in the center of the
membrane (Asp-61 in the case of E. coli subunit c) is proposed
to drive rotation of the c oligomer.

A high-resolution NMR structure for monomeric subunit c
was recently determined (14). The structural model shows that
subunit c folds as a hairpin of two transmembrane a-helices
with interacting residues in the two helices located at positions
predicted from genetic and chemical studies of Fo in situ (14).
Based on the positions of functionally interacting residues of
the proton binding site, the protein was proposed to associate
in the oligomer with the flattened ‘‘front’’ face of one subunit
packed against the flattened ‘‘back’’ face of a second subunit
to form a functional dimer. Such packing would maximize
intersubunit contact. The prediction of front-to-back packing
of subunit c in Fo was verified by an extensive cross-linking
analysis with singly and doubly Cys-substituted variants of
subunit c (15). The position of cross-linkable residues fit the
packing predicted by the NMR model and provided support
for the applicability of the model to the structural analysis of
oligomeric subunit c in Fo. Several doubly Cys-substituted
mutants formed extensive multimeric ladders on cross-linking
with multimeric products extending to c10 and quite probably
c12. The number of subunit c in the Fo ring could not be
established with exactness from previous studies due to ex-
perimental uncertainties but is now proposed to be precisely 12
(16). Genetically fused dimers and trimers of E. coli subunit c
are functional, indicating that the final stoichiometry must be
a multiple of 2 and 3. On introduction of Cys at specific
positions in the first and last helices of monomeric, dimeric,
and trimeric subunit c, disulfide cross-linking led to multimers
that maximized at the position equivalent to c12 for all three
species (16).

In sum, the studies above indicate that the c subunits in the
Fo oligomer interact with the front face of one subunit packed
against the back face of the next. The oligomer is packed so
that the a-helical segments form two concentric rings with the
N- and C-terminal helices located to the inner and outer ring,
respectively. In this paper, we have used the NMR model of
monomeric subunit c and distance restraints from the afore-
mentioned cross-linking studies to model the oligomeric ring
by molecular dynamics and energy minimization. In the mo-
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lecular model of the c oligomer, the side chain of Asp-61 packs
toward the center of the four transmembrane helices of two
interacting subunit c in a position shielded from the lipid
environment that is expected to surround the surface of the
cylinder. The important functional implications of this place-
ment of Asp-61 to the mechanism of rotary motion are
considered.

MATERIALS AND METHODS

Rationale. Based on the structural considerations described
in the Introduction, the input model for calculation of struc-
ture was a ring of 12 c subunits positioned with the N-terminal
helices closer to the central axis and the C-terminal helices on
the outside. The distance between the center of mass of each
monomer and the central axis was varied over a range of 20–40
Å, the distance not proving to be critical, 25 Å being used in
the final simulation (Fig. 1). The monomeric structure used
was the lowest energy model from the ensemble deposited at
Protein Data Bank as 1A91 (model 1). The defined elements
of secondary structure in the NMR model are likely to remain
unperturbed in the oligomer in that the lipid environment
should stabilize the hydrogen bonding characteristic of an
a-helix. On the other hand, the NMR-derived distance and
angle restraints allow for significant variation in the overall
bending and crossing angle of the a-helices. Accordingly, two
kinds of intramolecular restraints were used in the modeling
calculations made in this paper: (i) Relatively strong distance
restraints were imposed to maintain proper geometry for (i, i
1 4) hydrogen bonding. The distances between the carbonyl
oxygen of residue i and backbone nitrogen or amide proton of
residue i14 were restrained to a range of 2.7–3.2 Å and 1.8–2.3
Å, respectively, for the segments of a-helix i 5 residues 3–35,
i 5 residues 47–59, and i 5 residues 61–74. (ii) Backbone
angles were more weakly restrained to their values in the NMR
structure. This created a bias in the folding of the monomeric
units in the model toward the solution structure but permitted
variation in the bending and packing of helices.

Intermolecular distance restraints were derived from the
extensive data on Cys–Cys cross-linking (15). Restraints were
imposed on the distances between the a carbons of the
cross-linkable Cys–Cys pairs based on the distances observed
between the a carbons of Cys residues forming disulfide
bridges in natural proteins, the distance ranging from 4 to 7.5
Å (17). A systematic procedure was devised for incorporating
cross-linking data into distance restraints. First, the cross-
linking data used came only from mutants showing reasonably
robust growth via oxidative phosphorylation on succinate (i.e.,
colony size $1.2 mm versus 2.5 mm for wild type) to avoid
structural distortions that were more likely to occur in non-
functional or poorly functioning ATP synthase mutants. A
number of double Cys substitutions in the cross-linking study
generated high-yield cross-link products composed of multiple
subunit c up to a maximum of 12. In these cases, the initial

cross-link is likely to have had minimal perturbing effects on
the structure because additional identical cross-links could be
formed. For these cross-links the a carbon distances were
restrained to a range of 4–8 Å (Table 1). For double Cys
mutants forming dimers only, the range was restrained to 4–11
Å, because in these cases the initial cross-link is more likely to
perturb structure andyor may have resulted initially from
larger thermal motions. The data from single Cys substitutions
forming dimers were used if the yield of cross-link product was
$50% and the distance was restrained to 4–11 Å. The a carbon
distances for residue 8–89, 11–119, 15–159, 26–269, and 30–309
were restrained to 4–8 Å because each residue when combined
with one of the other formed a multimeric ladder (15), which
indicated that the initial cross-link had minimal perturbing
effects on structure.‡ Finally, the restraints for residues 74–749,
75–759, and 78–789 were set as high as 14 Å because of
indications that this terminal region of the protein is more
mobile, perhaps because it extends from the lipid bilayer. In
this region, a continuous stretch of singly substituted residues
form dimers that must indicate rotation or mobility of the
observed a-helix (15).

Calculations. The structure calculations were done with the
INSIGHTIIyDISCOVER-3 suite (BiosymyMSI, San Diego) using
the Consistent Valence Forcefield (CVFF). All the ionizable
groups were modeled in their uncharged forms. All the
restraints were quadratic; i.e., the energy penalty was propor-
tional to the square of the deviation from the target value. The
restraint function force constants for intramolecular hydrogen
bonds were 100 times those used for the upper limit of
intermolecular distance restraints set from cross-linking data.
In the final model, the energy contribution of the distance
restraint violations was small compared with dispersive and
repulsive components of the van der Waals potential and
covalent geometry terms. After the initial energy minimiza-
tion, the input structure was subjected to 5 ps of molecular
dynamics simulation at 1,000 K with subsequent slow cooling
to 100 K, followed by the steepest descents and conjugate
gradients minimization. Inspections of the trajectory during
this simulation showed that the thermal fluctuations of the
protein molecules at 1,000 K are large enough to sample the
conformational space of all NMR structures reported in the
Protein Data Bank file. The resulting structure was cloned to
12 identical structures, which were then best-fitted in a circular
shift fashion; i.e., if the oligomeric structures are lettered A to
L and monomers in the ring are numbered 1 to 12, then
structure B would be fitted to structure A so that c monomers
are aligned in the order A1 to B2, A2 to B3, . . . , A12 to B1
and structure C would be fitted to structure A so that the
monomers are aligned in the order A1 to C3, A2 to C4, . . . ,
A11 to C1, A12 to C2, and so on. At this stage the rms deviation
(rmsd) for backbone atoms was 2.3 Å. A mean structure of the
oligomer was then calculated. This procedure is similar to
symmetrization of an image by calculating an average of 12
superpositions related to each other by rotation in 30° incre-
ments. The whole cycle including molecular dynamics, gradi-
ent minimization, and averaging was repeated on the mean
structure, except that molecular dynamics simulation was run
at 600 K. The best fit rmsd for backbone atoms for a circular
shift alignment was 1.1 Å. The cycle was repeated again on the
mean structure with the molecular dynamics simulation at 300
K. No averaging was done after this cycle. The resulting
structure was minimized by using a conjugate gradient proce-
dure to a maximum derivative of 0.1 kcalymolzÅ2. The final
structural model was evaluated by using PROCHECK (18) and
WHAToCHECK (19) and shown to meet normal standards of
structure determination. Because no explicit symmetry con-

‡The residues cross-linked are designated with and without prime (9)
to indicate that the cross-links are between different subunit c.

FIG. 1. Backbone trace of input model (Left) and final model of
subunit c oligomer (Right). Blue and yellow colors distinguish indi-
vidual monomers.
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straints were imposed in the procedure and because the final
structures were not averaged, the method allows for structural
variability within an oligomer meeting the imposed experi-
mental restraints. The procedure is similar to that used in
solving NMR structures with a final product being an ensemble
of 12 monomeric structures packed in a low-energy oligomeric
complex. The MOLMOL program (20) was used for visual
analysis of the structure and in preparation of molecular
graphics figures.

RESULTS AND DISCUSSION

General Features of the Model. In the final model the c12
complex is a compact hollow cylinder with an outer diameter
of 55–60 Å and inner cylindrical space with a minimum
diameter of 11–12 Å (Fig. 2).§ In comparison, Birkhenhäger et
al. (8) have estimated the diameter of the Fo complex, in
perpendicular view to the plane of the membrane, to be 60–75
Å by electron microscopy. Most of the intersubunit cross-
linking distance restraints were satisfied by the model (Table
1), the exceptions being those from residues 53 to 539 and
residues 63 to 639. Both exceptions involve residues with bulky
side chains (i.e., Phe and Ile), the replacement of which may
result in altered local packing, abnormal thermal motions and
perhaps aberrant cross-linking. We should emphasize that
cross-linking between identical residues in helix 2 cannot in any
case be explained by the simple ring model of Jones et al. (15).
These cross-links are suggested to result from structural f lex-
ibility in helix 2 that may relate to changing the protonationy
deprotonation accessibility of Asp-61, perhaps as a result of
interactions with subunit a (15).

A ring model of the subunit c oligomer was suggested by
Groth and Walker (21) where, in contrast to our model, the
C-terminal helices are located in the inner ring and the
N-terminal helices on the outside. We attempted to apply our
modeling procedure to an input structure where subunit c
monomers were oriented in such way. A 1,000 K molecular

dynamicsyminimization cycle (see Materials and Methods)
produced a highly asymmetric structure. The nonbond energy
was 11,348 kcalymol versus 2287 kcalymol in a comparable
simulation performed with our input structure. The energy
contribution from violated distance restraints was 14,637
kcalymol in Groth–Walker type of the model compared with
1545 kcalymol in our study. Clearly, an orientation of the c
monomers with the N-terminal helices forming the inner ring
provides the best fit for the monomeric structure resolved by
NMR, as well as the experimental cross-linking data. The
placement of helix 2 on the outside is supported by the
cross-linking experiments of Jiang and Fillingame (22), who
have shown that multiple Cys residues in helix 4 of subunit a
were cross-linked to multiple sites in helix 2 of subunit c, but
no cross-links from helix 4 were formed to multiple Cys
residues introduced in helix 1 of the subunit c.

The average rmsd to mean structure for the backbone atoms
(of residues 3 to 77) of the 12 monomers in the ring was 0.58 6
0.10 Å. Not surprisingly, the general area of the polar loop
(residues 39 to 49) where distance restraints were absent had
a higher rmsd of 1.01 6 0.27 Å than the rest of molecule
(0.46 6 0.08 Å). Superposition of the solution NMR structure
on the best-fit ensemble of the 12 c monomers from the
oligomeric model is shown in Fig. 3. Backbone rmsd between
the mean structure in the oligomeric model and the NMR
structure was 2.6 Å. This value is accounted for primarily by
differences in the overall curvature of the molecule and
changes in orientation of the N- and C-terminal helical seg-
ments as they pack against each other. Such changes in packing
were anticipated due to the relatively weak restraints on
backbone angles. Because the NMR-derived distance con-
straints between helices were not explicitly applied during the
simulation, the final model is largely independent of the NMR
monomeric structure. Alignment of the N-terminal helices
(residues 3–38) or C-terminal helices (residues 50–77) sepa-
rately results in lower backbone rmsds of 1.9 Å in both cases.
The most notable difference in structure of the monomer
versus oligomer is found in the bending of the C-terminal helix
around Pro-64. The angle between the helical segments of
residues 48–62 and 65–78, calculated by fitting cylinders to the

§A coordinate file of the final model is available by e-mail at
dmitriev@iris.bmolchem.wisc.edu.

Table 1. Cross-linking distance constraints used in modeling the c oligomer

Residue pair Cross-linking properties
Distance constraint

range, Å
Final

distance, Å

Helix 1 to helix 1
8–89 Dimer; multimers with 30 4–8 7.2–7.8

10–109 Dimer 4–11 9.0–10.3
11–119 Dimer; multimers with 15 4–8 7.2–7.8
15–159 Dimer; multimers with 11, 26, 30 4–8 6.4–7.1
26–269 Dimer; multimers with 15, 30 4–8 6.5–6.8
30–309 Dimer; multimers with 15, 26 4–8 6.8–7.2
14–169 High-yield multimers 4–8 5.6–5.8
16–189 High-yield multimers 4–8 4.1–4.3

Helix 1 to helix 2
13–689 Dimer 4–11 10.1–10.9
14–729 High-yield multimers 4–8 7.0–7.6
16–689 Dimer 4–11 10.5–11.0
20–629 Dimer 4–11 9.2–10.1
21–659 High-yield multimers 4–8 5.4–5.9

Helix 2 to helix 2
53–539 Dimer 4–11 11.3–14.8
63–639 Dimer 4–11 11.9–13.2
66–669 Dimer 4–11 11.3–11.4
68–719 Dimer 4–11 11.4–11.5
70–729 High-yield multimers 4–8 8.1–8.2
74–749 Dimer at C-terminus 4–14 13.7–14.0
75–759 Dimer at C terminus 4–14 14.1–14.4
78–789 Dimer at C terminus 4–14 14.1–14.4
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a carbon trace, is 27° in the initial NMR structure. It is reduced
to 16° 6 3° (mean 6 SEM) in the oligomeric model. The
change is not surprising in that new residue–residue interac-
tions introduced by the packing of subunits in the oligomer
would be expected to change the orientation of optimal helix
packing from that calculated with the monomer, where pro-
tein–protein interactions are minimal.

Structural Features of the Oligomer. The van der Waals
interactions achieved through packing of complementary sur-
faces are believed to play a major role in maintaining the
structure of oligomeric membrane proteins (23). A pattern of
interdigitation of long and short side chains is observed
between interacting c monomers. Examples of such pairs
include Gly-18yMet-169, Gly-18yLeu-199, Gly-23yIle-229, Gly-
27yIle-269, Gly-29yLeu-319, Gly-32yPhe-549, Gly-33yPhe-359,
Gly-33yLys-349, Gly-38yGlu-379, Gly-58yIle-289, and Gly-69y

Met-179. It is not certain whether salt bridges play a major role
in maintaining the structure of membrane proteins. In our
model, side chains of Lys-34 and Glu-379 on the neighboring
subunits are found in close proximity to each other, so that
hydrogen-bond or salt-bridge formation is possible (Figs. 2 and
4A). The calculations were carried out with ionizable groups in
their uncharged forms to prevent artifacts arising from strong
unscreened electrostatic interactions. In a simulation where
final energy minimization was carried out with the charged
species of Lys-34 and Glu-37, in 10 of 12 neighbor pairs, the
minimal distance between the «-amino proton of Lys-34 and a
side-chain oxygen of Glu-379 was in the range of 1.6–2.0 Å, a
distance expected in an ionic interaction. Another intersubunit
interaction that may contribute to the stabilization of c oli-
gomer is between Asp-449 and Arg-50 (Figs. 2 A and 4B).
Hydrogen bonds between the uncharged Asp-44 and Arg-50
side chains were found for 10 of 12 neighbor pairs in the model,
and distances consistent with ionic bonds were found in 10
pairs when the simulation was done with charged residues.

Groth et al. (24) have recently constructed single Trp
substitutions in residues 61–72 of helix 2 in an attempt to probe
the arrangement of c subunits. The activities of most of the
substitutions were severely compromised or nil. Some activity
was observed with substitutions centered around Pro-64, i.e.,
at residues 62, 63, and 65, which may reflect structural
f lexibility in this region. Because tryptophan residues in
membrane proteins are typically observed at the hydrocarbon–
polar head group interface of the lipid bilayer (25), the
explanation for some of these substitutions may be more
complex than simple steric hindrance. The effects of substi-
tutions at positions 69–72, which are expected to be located
near the hydrocarbon–head group interface, are consistent
with an a-helical periodicity and the model presented herein.
The G71W mutant exhibits a wild-type phenotype and the Trp
side chain would be expected to project directly from the
periphery of the ring into the phospholipid bilayer. The G69W
mutant is completely inactivated and in the model Gly-69 lies
in a tightly packed interface between subunits, neighboring
Met-179. The L70W and L72W substitutions retain partial
activity and the bulkier Trp side chains would be expected to
project to the inside or outside of the ring.

FIG. 2. Space-filling model of subunit c oligomer with shaded
colors distinguishing individual subunits. (A) View looking down from
the polar loop end of the molecule. (B) View from the side with polar
loops at the top of the cylinder. The Asp-61 residue is shown in yellow.

FIG. 3. Superposition of the backbones of the 12 individual sub-
units of the c oligomer (blue) and of the input NMR structure of
monomeric subunit c (green) in stereo. The mean structure in the c
oligomer, calculated from the best fit of the 12 structures, was aligned
with the NMR structure by best-fit calculations. Backbone positions of
Ala-24, Asp-,61 and Pro-64 are magenta.
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The front-to-back packing of flattened surfaces of c subunits
in a cylindrical ring inevitably leads to a central hole, with a
minimal diameter of 10–12 Å, extending the length of the
cylinder. A closure of the hole is obviously necessary to
maintain the semipermeable properties of the E. coli inner
membrane. Similar holes are seen in the crystal structure of the
Rhodopseudomonas acidophilia LH2 light-harvesting complex
(minimal diameter 5 approximately 24 Å) (26) and in the
lattice of bacteriorhodopsin trimers in the purple membrane of
Halobacterium halobium (minimal diameter 5 8–9 Å) (27).
The holes of both structures are presumed to be filled with lipid
in the native membrane environment (26–28); lipid has been
visualized by high-resolution electron or x-ray crystallography
in the purple membrane (27, 28). In the bacteriorhodopsin
trimer, three ether-linked glycerol lipids with isoprenoid hy-
drocarbon chains are packed into the hole from each mem-
brane surface. Based on the similar dimensions of the hole in
the modeled subunit c oligomer, we conclude that least three,
and perhaps as many as six, E. coli phospholipid molecules with
unbranched acyl chains could pack into the hole from each
membrane surface. It is also possible that a portion of the g
subunit of F1, which is not resolved in the crystal structure (3),
could extend into a part of the hole.

Functional Implications of the Model. The packing of
helices in the oligomer allows close contact between the
‘‘front’’ face of one monomer and the ‘‘back’’ face of its
neighbor. As shown in Fig. 5, Asp-619 at the front face of one
monomer packs in close proximity to Ala-24, Ile-28, and
Ala-62 of the neighboring monomer with the side chains of
these residues facing toward each other (Fig. 5). The proximal
positioning of residues 24 and 619 provides an explanation for
the observed function in the A24DyD61G and A24DyD61N
aspartate-interchange mutants (29, 30) in that the H1 trans-
porting carboxylate could pack in essentially the same position
whether attached to the b carbon of either residue 24 or 619.
The proximal positioning of residues 24, 28, and 619, as shown
in Fig. 5, was also expected from the dicyclohexylcarbodiimide
resistance of the A24S and I28T mutants (31). Replacement
modeling indicates that a hydroxyl from Ser-24 could poten-
tially hydrogen bond with the Asp-61 carboxylate to change its
pKa and reactivity, although purely steric explanations for the
dicyclohexylcarbodiimide resistance are also possible. The

predicted structure is also consistent with the proposed role of
Gln-32 of subunit c in the Na1-translocating F1Fo of Propi-
onigenium modestum in Na1 binding (32). P. modestum Gln-32
lies at a position equivalent to Ile-28 in E. coli subunit c, a
position from which it could easily participate in binding Na1

with the essential carboxylate. Finally, Ala-62 is located in
close proximity to Asp-619 of the neighboring subunit in the
oligomeric model. Ala-62 is the equivalent of residue Ser-66 in
P. modestum subunit c, the Ser-66 residue being necessary for
binding of Na1 or Li1. For E. coli subunit c, the A62S mutation
confers Li1 sensitivity to the enzyme when it is made in
conjunction with other enabling substitutions in this region,
including an Asp-613 Glu substitution (33). A seryl hydroxyl
at this position could easily participate in binding of the cation.

The proximal positioning of residues 24, 28, and 62 with 619
in the model is somewhat remarkable in that there were no
distance constraints imposed between these residues in the
calculation procedure. On the other hand, one of the strong
distance constraints (range 5 4–8 Å) imposed was between
the a carbons of residues 21 and 659 (Table 1). To test whether
the proximity of residues shown in Fig. 5 was dictated largely
by this constraint, the calculations were repeated with omission
of this one constraint. No differences were obvious on com-
paring the backbone packing of the oligomer in the two
models. The packing of side chains in the region of Asp-619 and
residues Ala-24, Ile-28, and Ala-62 in the neighboring mono-

FIG. 4. Electrostatic potential surfaces in the polar loop region of two subunit c of the oligomer. Subunits have been manually moved apart
at the plain indicated by the black line to emphasize their complementary interacting surfaces and individual electrostatic potentials. (A) Two
subunits viewed from the inside of the oligomeric ring. (B) Two subunits viewed from the outside of the oligomeric ring after 180° rotation of the
image shown in A.

FIG. 5. Stereo representation of orientation of Asp-619 of one
subunit relative to Ala-24, Ile-28, and Ala-62 of a neighboring subunit
in the c oligomeric ring.

Biochemistry: Dmitriev et al. Proc. Natl. Acad. Sci. USA 96 (1999) 7789



mer were compared in detail, and again no major differences
were apparent. The average distances between the Asp-619 g
carbon and the b carbons of Ala-24, Ile-28, and Ala-62 for the
12 interacting pairs were 4.22 6 0.04 Å, 4.46 6 0.26 Å, and
5.50 6 0.50 Å for the original model and 4.17 6 0.17 Å, 5.10 6
0.25 Å, and 5.29 6 0.25 Å for the model derived with omission
of the 21–659 restraint.

Rotational models of Fo function suggest that the trans-
membrane proton path may be formed by an interaction
between the Asp-61 side chain carboxylate and inlet and outlet
channels formed at the interface of subunits a and c (4, 11–13).
This necessitates an access to the Asp-61 carboxylate from the
outer surface of the cylinder, where interaction with subunit a
is known to take place (21). The positions of the Asp-61 side
chains within the oligomer are shown in Fig. 6. Asp-61 was
modeled in the protonated form in this structure since the
NMR structure was solved under these conditions. The pro-
tonated carboxyl is clearly lodged at the center of the four
a-helices of a functional dimeric unit. The modeling indicates
that the protonated state could be stabilized by hydrogen
bonding between the protonated Asp-619 carboxyl and back-
bone carbonyl of Ala-24 or Ala-21 of the neighboring c
subunit. In the rotational model, the state shown may corre-
spond to that in which the outer surface of the oligomeric
cylinder is rotating through and exposed to the hydrocarbon
milieu of the lipid bilayer. During the proposed interaction
with subunit a, in which deprotonation and reprotonation
takes place, the carboxyl group might be expected to move
more toward the periphery of the ring by the opening of the
c–c interface by the swiveling of adjacent helices 1 at the center
of the ring. Such a swiveling and opening of the c–c interface
was predicted from the cross-linking studies of helix 4 of
subunit a with helix 2 of subunit c (22). An opening of the c–c
interface would also be required for interaction of subunit a
with the functional Asp-24 carboxylate in the A24DyD61G
and A24DyD61N aspartyl-interchange mutants. The pre-
dicted swiveling and repositioning of helices during the step-
wise movement of the rotor may prove to be an important facet

of the rotary mechanism. The structural model presented
herein contrasts with the previous hypotheses, which place the
essential carboxylate at the periphery of the ring (4, 11–13).
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