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The Oligomeric Subunit ¢ Rotor in the F, Sector
of ATP Synthase: Unresolved Questions in Our
Understanding of Function

Robert H. Fillingame,'? Weiping Jiang,! and Oleg Y. Dmitriev!

We have proposed a model for the oligomeriotor of the |5 sector of ATP synthase and its interaction

with subunita during H"-transport driven rotation. The model is based upon the solution structure

of monomeric subunit, determined by NMR, and an extensive series of cross-linking distance
constraints betweeti subunits and between subunitanda. To explain the complete set of cross-
linking data, we have suggested that the second transmembrane helix rotates during its interaction
with subunita in the course of the Htranslocation cycle. The Htransport coupled rotation of this

helix is proposed to drive the stepwise movement otttiigomeric rotor. The model is testable and
provides a useful framework for addressing questions raised by other experiments.

KEY WORDS: F,F1-ATP synthase; frotary motor; subunit; subunita; transmembrane helices; NMR; cross
linking.

INTRODUCTION H*-transport driven rotation of theoligomer (Jiang and
Fillingame, 1998; Fillingamest al., 2000). In one form

In F,F1-ATP synthases, Htransport coupled ro-  of the model, a conformational change and approximately
tation of an oligomeric rotor ot subunits is proposed 180 rotation of TMH-2 within one subunit is coupled
to drive ATP synthesis via the coupled rotation of sub- to the 30 stepwise movement of theoligomeric rotor
unit y within the o3B3 catalytic hexameric unit of relative to the stationary TMH-4 of suburt in analogy
(Engelbrecht and Junge, 1997; Elstenal., 1998; Noji to the mechanically coupled rotation of two meshed gears
et al, 1997; Sambonggt al, 1999; Rihkeet al., 2000). of unequal size (Rastogi and Girvin, 1999; Fillingagate
Based upon the NMR structure of purified, monomeric al., 2000). In presenting and discussing the model, we
subunitc (Girvin et al,, 1998), and an extensive set of dis- have emphasized a series of functional correlations with
tance constraints derived by cross linkingitu (Joneset the predicted structure. However, several uncertainties and
al., 1998; Jiang and Fillingame, 1998), we have proposed a discrepant experimental observations remain to be clari-
structural model for the oligomeric organization of subunit fied. It is these key unanswered questions that we will
c(Dmitrievetal, 1999) and its interaction with a function- ~ focus upon in this essay.
ally important transmembrane helix (TMH) of subuait
(Jiang and Fillingame, 1998). The credibility of the model p|SCUSSION
is strengthened by its prediction of a closeness of residues
that are thought to functionally interact during proton NMR Structure of Subunit ¢ and Experimental Basis
transport. In order to explain the complete set of cross- of Oligomeric Model
linking constraints between subunéandc, we have also
predicted that thea—c helical interactions change during The solution structure of monomeric suburmit

P _ ) N ) . a protein of 79 residues, was determined in a monopha-
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Arg41-GIn42—-Pro43 sequence at the apex of the hair- dimers, which suggests considerable structural flexibil-
pin. Residues 24 and 28 in TMH-1 lie close to Asp61 ity in these regions, both of which are projected to ex-
in TMH-2. These residue-residue interactions had beentend into the polar head group region of the lipid bi-
predicted from a variety of functional studies of the com- layer (Fillingameet al, 2000; Jonest al, 2000b). A
plete BKF1 complex. In one such study, it was shown thatit number of cysteines introduced near the center of TMH-
was possible to switch the position of the essential, proton- 2 (i.e., in the region of residues 58-66) can also be
binding aspartyl from position 61 in helix 2 to position 24 cross linked to formc—¢c homodimers. The cross link-
in helix 1 and maintain function (Milleet al,, 1990). One ing of these residues cannot be explained by the cylindri-
of the surprises of the NMR structure was that the side cal model described above with TMH-2 packing to form
chains of Ala24 and Asp61 packed on different sides of the outer ring. Cysteine introduced at some of these po-
the molecule. This led to the prediction that the subunits sitions were also shown to formc heterodimers, via
might pack in a “front-to-back” manner in the functional a second cysteine introduced into TMH-4 of subwit
oligomer, such that the essential carboxyl group would oc- which led to the suggestion th&TMH-2 might turn
cupy the same structural position whether linked to residue when packed at suburatinterface (Jiang and Fillingame,
61 at the front of one subunit or residue 24 at the back of 1998).

the adjacently packed subunit. The general prediction of

a front-to-back packing was confirmed by an extensive

cross-linking study between Cys genetically introduced Correlations with the Crystal Structure of a

into the protein (Jonest al, 1998). Mitochondrial F ;1-c19 Subcomplex
The stoichiometry oft subunits inE. coli F, was
initially estimated by radiolabeling and yielded a value Stocket al.(1999) have noted the obvious correlation

with an experimental uncertainty in the range of 9 to 12 between the electron density of theligomer in a crystal-
(Foster and Fillingame, 1982). Subsequently, genetically lized F,—c;¢ subcomplex from yeast mitochondria and the
fused proteins were generated by introduction of a loop NMR structure and oligomeric model &:. coli subunit
between the C-terminus of the first subunit and the c. Although the exact position of individual side chains is
N-terminus of the next subunit (Jones and Fillingame, uncertaininthe 3.8\ resolution structure, the extended
1998). The genetically fused dimers ana; trimers were helices and hairpin turn seen in the NMR modeEotoli
both functional, which suggested that the functional unit subunitc closely overlay the published electron density.
was a multiple of 2x 3. Further, on introduction of appro-  As in theE. coli oligomeric model, the shorter, somewhat
priate Cys into the fused dimers and trimers, cross-linked kinked, TMH-2 was concluded to pack atthe outer circum-
products that maximized at the position@f were ob- ference of the oligomeric ring. On the other hand, the long,
served. Based upon these experiments, the stoichiometryextendedr-helices seen in the Stoekal. structure do not

of ¢ subunits in 5 was concluded to be 12 (Jones and correlate with the suggested foldingfmodestunsub-
Fillingame, 1998). Based upon 21 intersubunit distance unitc (Dimrothet al, 1999, 2000), which was based upon
constraints, derived from cross linking, a model for the determination of its secondary structure in SDS micelles
c12 oligomer was constructed by use of molecular me- (Mattheyet al, 1999). The major difference between the

chanics and energy minimization (Dmitrieval., 1999). Stock et al. structure and thé&. coli oligomeric model
The key features of the model are a front-to-back packing is the presence of 10 versus 12 subunih the oligo-
of the flattened faces of 12-subuaiin a hollow cylindri- meric ring, an issue which will be addressed in the next

cal structure with TMH-1 and TMH-2 forming the inner  section.

and outer rings, respectively. The Asp61 side chain lies at Hermolin et al. (1999) have proposed a model for
the center of the four tightly packed TMH'’s of two inter-  the packing ofE. coli subunite between polar loops of
acting subunits, in a position where it would be shielded subunitc, a model based again upon NMR structures and
from the phospholipid phase of the membrane, where itis cross-linking distance constraints. An antiparallel loop of
also closely juxtaposed to the side chains of residues 24 8 sheet of subunitis proposed to insert between the polar

and 28 at the back face of the next subunit. loops of adjacent suburitin the oligomer. The proposed
structure, and the residues subject to cross linking, are not

Observations Not Accounted for By the Simple easily reconciled with the proposed docking of subunit

Oligomeric Model ¢ with the c oligomer in the coordinates 1qol deposited

by Stocket al. (1999). Further refinements of the crys-
Cysteine in consecutive strings of residues at the tal structure will hopefully clarify the seriousness of the
N- and C- termini can be cross linked to formc discrepancy.
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cl2=c3+c3+c3 +c3 cl2=c4+c4+c4 cl0=c3+c3+c4

Fig. 1. Possible oligomeric rings formed by the mixing of genetically fusgedndc, subunits. Each fused subunit has an 1le80ys substitution in
the first and last unit for cross linking to the neighboring fused subunit. The approximate position of the Cys residues in a cross section of tiee oligome
ring model is shown. TMH-1 lies on the inside and TMH-2 lies on the outside of the ring.

The Preferred Stoichiometry of Subunits in thec plex, indicating that; oligomers were a natural product.
Oligomer of E. colils Ten Lesser amounts of larger oligomers corresponding 40

15, andcig were also observed in the membrane fraction

The report of Stoclet al. (1999) led us to reexam-  of cells expressingz andc,, but these did not copurify

ine the issue of subunit stoichiometry, specifically to  with the functional EF, complex and were concluded to
test whether;o oligomers formed naturally in the mem- be aberrant products of assembly in the membrane. We
brane. The basic idea behind the experiment is illustrated have concluded that the function measured previously on
schematically in Fig. 1. Mixtures of genetically fused, expressings, and in this mostrecent study on expressing

cysteine-substituted trimersg] and tetramerscg) of sub- C4, was due to incorporation of threx or two ¢4 fused
unitc were coexpressed and tbeubunits cross linked in  subunits into an §; complex with partial activity. How-
the plasma membrane (Jiaeg al, submitted). Promi-  ever, the formation of predominantly dimers andc;o
nent products corresponding to oligomerscefand cio trimers, wherc; andcy were coexpressed, indicates that
were observed in the membrane and purifighl;Fcom- the preferred stoichiometry in thglR complex is clearly

Fig. 2. Comparison ot;o andc;» oligomeric rings predicted using the cross-linking distance constraints of Dmétiriglv(1999). The oligomeric
cylinders are viewed from polar loop end of the subueriirpin.
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10. We have examined the effect o€g versuscy, stoi- Cross-Linking Pattern of cTMH-2 with aTMH-4 Is
chiometry on the packing of subunits in an oligomericring Not Easily Accommodated by NMR Structure
by the same procedure described in Dmiteeal.(1999). of Subunit ¢
Predictably, the decameric ring is smaller, the maximal
diameter forcyg ring being 51-55 versus 5668 for In the study of Jiang and Fillingame (1998), cross
thecyo ring (Fig. 2). The position of key residues, which linking was observed between Cys introduced at a single
are predicted to interact, is minimally affected, as illus- face of the putativaTMH-4 to Cys at both the “front” and
trated in Fig. 3. For example, the distance between the “back” faces ofcTMH-2, as defined in the NMR model.
Asp61 carboxylate carbon and Ala@4carbon is 4.23: To interpret the observed pattern of cross linking with the
.05A inthe c12 model and 4.43 .06A inthe C10 model. information from the NMR model, two possibilities were
In conclusion, the change in stoichiometry of subunits in suggested: (1) that at some point in cycle of the enzyme,
the ring has little affect on the predicted juxtaposition of TMH-4 of subunita would insert betweer subunits of
interacting residues. the oligomeric ring and thus be capable of reacting with
both the front and back faces; and (2) totdaMH-2 would

Is the Asp61 Proton/Cation-Binding Site Located
betweenc Subunits?
128

The structural model discussed above suggests that
the H"-binding Asp61 carboxylate side chainis positioned
between subunits in the oligomeric ring. Others have
suggested that the carboxylate might be positioned at the
outer surface of the cylinder where it would more read-
ily be exposed to the lipid soluble inhibitor dicyclohexyl-
carbodiimide (DCCD) (Engelbrecht and Junge, 1997,
Elstonet al,, 1998). In theP. modestunenzyme, residues D61’
Glu65, Ser66, and GIn32 (which correspond to residues
Asp61, Ala62, and lle28 in thie. colienzyme) have been
implicated in N& binding (Kaimet al, 1997). A sim-
ilar cation-binding pocket seems to exist in a variant of A24
theE. colienzyme with substitutions of Asp64Glu and
Ala62— Ser (Zhang and Fillingame, 1995). The proton-
translocating activity of this enzyme is inhibited by"Li
The three aforementioned residues would fall of the front
and back face of interacting subunits in the oligomeric
model. On the other hand, Matthey al. (1997) have
suggested that monomeric subuaiis capable of bind-
ing Na© based upon Nainhibition of reaction of DCCD

A62

128

with dodecy! sulfate-solubilize®. modestunsubunitc, \
which is assumed to be in a monomeric state. If the con-

clusion that a single subunitcan bind N& proves cor-

rect, where one alternative explanation is that multimeric

species of subunit persist in dodecyl sulfate, the bind- D61’

ing could be accommodated by a swivelingodiMH-2

relative tocTMH-1 by approximately 70in the native

oligomer relative to the NMR model. Since we do now

know that the monomeric structure of subunitdoes A24

change dramatically on ionization of Asp61 (Rastogi and

Glr.vm' 19.99)’ Suc.h structural rearrange.mems In.mtrasup_ front face of one subunit to the Ala24, lle28, and Ala62 side chains
unit packing of helices seem more plausible, particularly if at the back face of an interacting subuaiin ci1o andci2 oligomeric
these rearrangements were stabilized by new intersubunitrings. (A) Overlay of interacting subunits & (black) andcyz (grey)
contacts. oligomeric ring. (B) Positions of the interacting residues indhgring.

Fig. 3. Comparison of the relative positions of Asp61 side chain at the
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rotate as it passes subuaite.g, in response to proto- 1998). The second suggested mechanism rotation of
nation/deprotonation (Fig. 4). Such an event would also cTMH-2, would also provide an explanation for low yield
permit the predicted functional interaction between the c—cdimer formation seen between singly substituted Cys
conserved Arg210 residue of subumand the Asp61 car-  in TMH-2 of subunitc (Joneset al,, 1998). For example,
boxyl group, an event predicted to promote proton/cation as depicted in Fig. 4, dimer formation between Cys66 in
release (Valiyaveetil and Fillingame, 1997; Elstetral,, ¢ subunits 1 and 2 might take place during the proposed

Fig. 4. Model for the suggested rotation of TMH-2 of subuaitiuring deprotonation of Asp61 via interaction with Arg210 on TMH-4 of subanit
(modified from Fillingameet al, 2000). The surfaces of the helices subjectto cross-link formation is indicated by the grey shading. (A) Position

of helices when Asp61 af subunit No. 1 is protonated. Rotation of the helix in the direction indicated is proposed to occur as Asp61 deprotonates and

forms a salt bridge witlaArg210. (B) Position of helices with Asp61 deprotonated. On reprotonation the TMH:8wdfunit No.1 will rotate back to

the original position. One of the helical rotations (the second in the model shown) is proposed to be coupled with the movement of the oligomeric rotor

in the counterclockwise direction by 3@hen the rotor has 10subunits. The first helical rotation would not be accompanied by rotor movement.
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rotation from position A to B, asTMH-2 swiveled from rather than at residue 61. The turningoddMH-2 would

one side to the other of its junction witTMH-1. With do not be expected to bring Asp24dfMH-1 to the pre-

the publication of a new NMR structure of subunit pH dicted proximity with Arg210 iraTMH-4. However, the

8 (Rastogi and Girvin, 1999), whecd MH-2 was shown turning of the helix might still disrupt the Hbinding site

to rotate by approximately 140@elative to the pH 5 struc-  enough to promote proton release to the outlet channel.

ture, the suggested helix-rotation explanation is clearly One could dismiss rationalization of the Asp24 mutants

plausible. as being unimportant, because of the generally poor func-
tion of the Asp24Gly61 mutant (Milleet al., 1990), but
some Asp24-substituted mutants with secondary, optimiz-

DoescTMH-2 Turn during the ing mutations grow nearly as well as wild type (Fragal.,
Protonation/Deprotonation Step While Interacting 1994). The mechanism by which these mutants function
with Subunit a? warrants further study in the context of current structural

proposals for the rotary motor.

From the titration studies of Assadi-Porter and
Filingame (1995) we know that the major structural
changes occurring between pH 5 and 8 in monomeric sub- CONCLUSIONS
unit c are due to ionization of Asp61 and not to changes
in the ionization state of other carboxyl groups in protein. The rotary model discussed here provides an expla-
Based upon large chemical shift changes in the vicinity nation for structural and other experimental observations
of Pro43, a major structural rearrangement of the loop Mmade withE. coliF, and suggests a testable mechanism by
region was predicted with the change in pH from 5 to Which H* transport drives rotary catalysis. Several appar-
8 and that change has now been described in detail byently discrepant experimental observations are addressed
Rastogi and Girvin (1999). Rastogi and Girvin (1999) here. These and other questions will be addressed in new
and Fillingameet al. (2000) have both suggested that a €Xperiments designed to test the validity of the model.
protonation/deprotonation coupled turning of helix 2 with
respect to helix 1 could be mechanically coupled to the
rotation of thec oligomeric ring. Although we find the hy-

pothesis attractive, we presently have no direct evidence . )
to support such movements in the functiongFFcom- The research described here was supported by Public

plex. One could argue that the structural changes seentiealth Service grant GM23105 from the National Insti-

with the monomeric protein in solution might be muted tutes of Health.
by subunit—subunit interactions within the oligomer and
notoccur in the functional complex. Two discrepant obser-
vations require further consideration. In the rotary motor
hypothesis for ATP synthesis,=transport coupled rota- _ - . ,

. . . . Assadi-Porter, F. M., and Fillingame, R. H. (1998)jochemistry34,
tion of the c-oligomeric rotor is proposed to be coupled 16186-16193.

to rotation of they subunit via a fixed linkage between Dimroth, P., Wang, H., Grabe, M., and Oster, G. (199%pc. Natl.

subunitsy ande and a set of subunits in the rotor. The ~_ Acad. Sci. USA6, 4924-4929. _
Dimroth, P., Kaim, G., and Matthey, U. (2000).Exp. Biol.203 51-59.

idea of a fixed linkage is now supported by cross linking pitriev O. ., Jones, P. C., and Filingame, R. H. (1993pc. Natl.
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