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Structural aspects of proton-pumping ATPases

By J. E. WALKER, I. M. FEARNLEY, R. LUTTER, R. J. Topp aAnND M. J. Runswick
Medical Research Council Laboratory of Molecular Biology, Hills Road, Cambridge, CB2 2QH, U K.

[Plate 1]

ATP synthase is found in bacteria, chloroplasts and mitochondria. The simplest
known example of such an enzyme is that in the eubacterium Escherichia coli; it is a
membrane-bound assembly of eight different polypeptides assembled with a
stoichiometry of o;B,7,9,€; a;0,¢,9_12- The first five of these constitute a globular
structure, F,-ATPase, which is bound to an instrinsic membrane domain, F,, an
assembly of the three remaining subunits. ATP synthases driven by photosynthesis
are slightly more complex. In chloroplasts, and probably in photosynthetic bacteria,
they have nine subunits, all homologues of the components of the E. coli enzyme; the
additional subunit is a duplicated and diverged relation of subunit 4. The mammalian
mitochondrial enzyme is more complex. It contains 14 different polypetides, of which
13 have been characterized. Two membrane components, a (or ATPase-6) and A6L,
are encoded in the mitochondrial genome in overlapping genes and the remaining
subunits are nuclear gene products that are translated on cytoplasmic ribosomes and
then imported into the organelle. The sequences of the proteins of ATP-synthase have
provided information about amino acids that are important for its function. For
example, amino acids contributing to nucleotide binding sites have been identified.
Also, they provide the basis of models of secondary structure of membrane
components that constitute the transmembrane proton channel. An understanding of
the coupling of the transmembrane potential gradient for protons, Agiy+, to ATP
synthesis will probably require the determination of the structure of the entire
membrane bound complex. Crystals have been obtained of the globular domain,
F,-ATPase. They diffract to a resolution of 3-4 At and data collection is in progress.
As a preliminary step towards crystallization of the entire complex, we have purified
it from bovine mitochondria and reconstituted it into phospholipid vesicles.

1. INTRODUCTION

The ATP synthases (also known as proton translocating ATPase, H*-ATPases, or F, F,-
ATPases) found in the cytoplasmic membranes of eubacteria, the thylakoid membranes of
chloroplasts and the inner membranes of mitochondria have a common function and closely
related structures. They catalyse the synthesis of ATP from ADP and phosphate (Pi) by
employing the proton electrochemical potential gradient, Afiy+, across the membrane to drive
the reaction forward. Under normal physiological conditions in aerobic bacteria and
mitochondria, Ajiy+ is generated by respiration, and in chloroplasts and anaerobically growing
photosynthetic bacteria, by photon capture. In anaerobic bacteria, Afiy+ is maintained by
hydrolysis of ATP generated by glycolysis, and in this case the ATP synthase works in reverse
(Mitchell 1966 ; Nicholls 1982). Related ATP synthases are also present in archaebacteria, and
the enzymes in Halobacterium halobium (Mukohata et al. 1986) and Sulpholobus acidocaldarius
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(Anemiiller et al. 1985) may have simpler subunit compositions. The archaebacterial enzymes
are more closely related to H"-ATPases that are found in secretory vesicles (see Denda et al.
(1988); Bowman et al. (1988)); for example, the enzyme in coated vesicles or the Neurospora
vacuole, which hydrolyses ATP and establishes a proton gradient across the membrane. In this
article, we review structural work that we have carried out on ATP synthase. Extensive
sequence analyses have been performed on the subunits of the enzyme and on their genes, in
eubacteria, chloroplasts and mitochondria. These have demonstrated close relations between
the enzymes from these various sources, and have helped to identify regions of the proteins that
are important to the function of the enzyme. To extend these observations and to obtain a fuller
understanding of the enzyme, a high resolution three-dimensional structure is needed, and we
also present our progress towards this goal.

2. EUBACTERIAL ATP syNTHASES
The Escherichia coli enzyme

The E. coli ATP synthase, the simplest member of the F, F, family to be defined, is a complex
of eight different polypeptides; five of them (a, B, v, & and €) constitute F,, the extrinsic
membrane domain of the enzyme, and the remainder (a, 4 and ¢) make up the membrane
sector, F,. Their stoichiometries are oy B, v, 8, €,a; b, ¢,y ;, (Fillingame 1981). Basic information
concerning the structure of the E. coli enzyme has been derived by a combination of protein
sequence studies of the subunits (Walker ef al. 19824), and of DNA sequence studies of the
corresponding genes (reviewed in Walker ¢f al. (1984)). In E. coli, the genes are co-transcribed
from the unc or atp operon. The operon contains two sub-clusters of genes: the promoter
proximal sub-cluster contains the three genes for F; subunits and is followed by five genes for
F, components (see figure 1). These clusters are preceded in the operon by a ninth gene, uncl,
that encodes a membrane protein of unknown function (Gay & Walker 1981; Gay 1984).

b F,
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Ficure 1. Arrangement of subunits in E. coli ATP synthase and of corresponding genes in the unc operon.
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Ficure 2. Predicted secondary structures of the three membrane components of E. coli ATP synthase. The shaded
regions represent transmembrane o helices. The second a helical stretch in the a subunit is not as hydrophobic
as the other six. In the ¢ subunit, COOH represents a buried carboxyl moiety, the site of reaction of
dicyclohexylcarbodiimide (DCCD).

From the primary structures of the membrane components g, b and ¢, secondary structure
models, shown in figure 2, can be deduced. These models derive from the presence of stretches
of about 22-25 hydrophobic amino acids in the sequences that could be folded into membrane
spanning a-helices. These spans are detected by calculations of hydrophobicity made, for
instance, with the computer program soap (Kyte & Doolittle 1982). So, it appears that the a
subunit contains six or seven transmembrane segments (Walker ef al. 1984), that the ¢ subunit is
folded into a hairpin structure made of a-helices linked by a turn segment (Sebald & Hoppe
1981; Walker ef al. 1984) and that the & subunit is anchored in the membrane by a single o-
helix near to its N-terminus (Walker et al. 1982); the remainder of the 4 protein is proposed
to lie outside the lipid bilayer (see figure 2) and is thought to be important in the transmission
to the catalytic sites in F, of conformational changes brought about by protons. This model for
the & subunit is supported by experimental evidence (Hoppe & Sebald 1984). All three
constituent chains of F, appear to be required for a functional proton channel (Hoppe &
Sebald 1984 ; Schneider & Altendorf 1985), although it has been claimed that the a subunit
can pump protons (Meyenburg et al. 1985). The subunit ¢ contains an essential carboxyl group,
the site of reaction with dicyclohexylcarbodiimide (DCCD), and the proposed model for this
protein (figure 2) places this carboxyl group within the lipid bilayer.

The sequences of the F, subunits a, B, v, § and € are typical of globular proteins, and those
of a and B are homologous (Walker ¢t al. 1982¢), which suggests that they will be folded in a
similar way. The B-subunits have been demonstrated to bind adenine nucleotides, and the
sequences of o and B both contain a primary sequence motif that has been shown to be
associated with purine binding sites in a wide range of proteins (figure 3; Walker ¢t al. 1982¢;
Gorbalenya et al. 1985 ; Higgins ef al. 1986; Doolittle ef al. 11986). It is clear that the catalytic
sites of the enzyme are found in the B (and possibly the o subunits) and in the bovine enzyme
chemical labelling studies have identified specific amino acids in the B-chains that are involved
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consensus x X x X G K T
« 169-176 GIDRQT|GKT
B 159-163 G|[GAGU|GKT

Ficure 3. The purine nucleotide binding sequence motif in the a- and B-subunits of ATP synthase. The numbering
refers to the E. coli enzyme, but the residues are completely conserved in all species investigated. The motif has
been found in many other nucleotide binding proteins (Walker et al. 1982¢).

TABLE 1. ACTIVE SITE AND NUCLEOTIDE BINDING RESIDUES DETECTED BY CHEMICAL LABELLING
STUDIES OF BOVINE F,-ATPAsE

Reagents: Nbf-Cl, 4-chloro-7-nitrobenzofurazan; FSBA, 5'-p-fluorosulphonylbenzoyladenosine; FSBI, 5-p-
fluorosulphonylbenzoylinosine; DCCD, dicyclohexylcarbodiimide. For references, see Walker et al. (1987¢).

residue reagent conservatism
Tyr311 [ invariant®
Lys162 Nbf-CI* invariant®
Lys401 J 1 Arg in chloroplasts and some bacteria
Lys301 not conserved
I1le304 8-azido-ADP invariant
Try311 ’ invariant
Leu342 invariant
Ile344 . invariant
Tyr344 2-azido-ADP { invariant
Pro346 invariant
His427 { not conserved
Tyr368 FSBA invariant
Tyr345} FSBI invariant
Glu199} DCCD* invariant

# Under alkaline conditions Nbf migrates from Tyr311 to Lys162 and/or Lys401.
b Invariant means completely conserved in all 12 species investigated.
¢ Thermophilic ATPase.

either in the catalytic mechanism or are associated with the substrate binding sites of the
enzyme (see table 1).

ATP synthases from photosynthetic bacteria

The genes for subunits of the enzymes have been studied in two members of the
Rhodospirillaceae (purple non-sulphur bacteria), Rhodopseudomonas blastica and Rhodospirillum
rubrum and in two unicellular cyanobacteria. In the former group, the five genes for F,
components form an operon, the order of the genes being the same as in the F, cluster of the
unc operon (figure 4). However, F, genes are not associated with them (Tybulewicz et al. 1984;
Falk et al. 1985), and in R. rubrum the genes for membrane subunits have been found at a second
independent locus. Again they are organized as in the E. coli F locus (Falk & Walker 1988),
but an important difference is that there are two related but different genes for the b subunit
arranged in tandem. That implies that, rather than assembling two identical 4 subunits as in
the E. coli ATPase, the R. rubrum enzyme contains one subunit per complex of each of the non-
identical homologues b and &’.

In the unicellular cyanobacteria, Synechococcus 6301 and Synechococcus 6716, the genes for ATP
synthase are grouped at two and three loci, respectively. They code for homologues of all eight
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FiGurke 4. Organization of genes for subunits of ATP synthase in mitochondria, chloroplasts and eubacteria. The
arrangement of genes for the a subunit in mitochondria and chloroplasts. In the operons for ATP synthase
subunits in eubacteria, the gene for the a subunit is preceded by the uncI gene, encoding a 14 kDa protein of
unknown function. In mammalian mitochondria, the gene for the homologous a subunit (ATPase-6) is
preceded by the gene for AGL. A similar arrangement exists in fungal mitochondria with an analogous subunit
aapl preceding the a (ATPase-6) subunit. No analogous gene precedes the a subunit in chloroplasts. The data
are taken from Grisi e al. 1981 ; Novitski et al. 1984; Falk et al. 1985; Cozens & Walker 1987; Walker et al.
19874, b; Falk & Walker 1988; Ohta e al. 1988; H. S. van Walraven & J. E. Walker, unpublished work. The

scale is kilobases.

of the subunits of the E. coli enzyme (figure 4; Cozens & Walker 1987; H. S. van Walraven &
J. E. Walker, unpublished work). In both species are found two related genes that encode
proteins with similar structures to the E. coli Fy component, subunit b, again implying a nine
subunit enzyme. The cyanobacterial homologues 4 and & differ from E. coli b in so far as the
N-terminal hydrophobic domains encoded in the genes are considerably longer. This is
reminiscent of the equivalent subunit in chloroplast ATP synthase, subunit I, where it has also
been shown to have an extra N-terminal hydrophobic extension relative to the E. coli b subunit
(Bird et al. 1985). Sequence analysis of the gene product isolated from the chloroplast enzyme
complex has demonstrated that the extra extension is removed in a post-translational
processing event, although the functional significance of this finding is unknown (Bird et al.
1985). However, it suggests that the cyanobacterial homologues will be similarly processed.
One possibility is that the extra domain serves to direct the pre-protein to the thylakoid
membrane in the chloroplast or to the specialized photosynthetic membrane of the
cyanobacterium, although it should be emphasized that this process is not thought to involve
transfer of the complete protein across a membrane.

At present, these proposed features of the R. rubrum and cyanobacterial enzymes lack protein
chemical support, as no ATP synthase has been characterized fully from these sources,
although the enzyme from the thermopbhile, Synechococcus 6716, has been purified and appears
to contain nine subunits as predicted (H.S. van Walraven, R. Lutter and J. E. Walker,
unpublished results).

The DNA sequences of the genes for ATP synthase in both R. rubrum and the cyanobacteria
reveal another interesting feature: in all three cases the subunit a gene is preceded by a
homologue of E. coli unc I and so there is considerable evolutionary pressure to conserve this
gene, although its function is obscure.

[ 31]
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TABLE 2. EQUIVALENT sUBUNITS IN ATP SYNTHASES

Subunits on the same horizontal line are believed to be equivalent in bacteria (exemplified by E. colz), in bovine
mitochondria and in chloroplasts. A dash indicates absence of a subunit from the complex. For references, see
Walker et al. 1987¢).

E. coli chloroplasts  bovine mitochondria
o o o
B B B
Y Y Y
] o o oscP
< £ € 8
> > — — €
O = a X a (or ATPase-6)
L b I and II b
Cd e ¢ ¢ ¢
O — — e
: O — — inhibitor
— — F
= — — A6L

— e

TABLE 3. COMPARISON MATRICES FOR 0, 3 AND ¢ SUBUNITS OF ATP sYNTHASES

PHILOSOPHICAL
TRANSACTIONS
OF

(i) a-subunits (1) wheat chloroplast 0 - - - — — —
(2) Synechococcus 6301 71 100 — — — — —
(3) E. coli 52 53 100 — — — —
(4) R. rubrum 59 61 57 100 — — —
(5) R. blastica 57 59 54 75 100 — —
(6) bovine mitochondrion 57 59 57 71 69 100 —
(7) maize mitochondrion 57 58 53 70 68 71 100
() (2 @ @ 6 6 O
(ii) B-subunits (1) tobacco chloroplast 00 - - — - — —
(2) Synechococcus 6301 79 100 — — - — —
(3) E. coli 62 63 100 — — — —
(4) R. rubrum 64 65 66 100 — — —
(5) R. blastica 64 65 65 72 100 — —
(6) bovine mitochondrion 66 63 66 72 72 100 —
(7) tobacco mitochondrion 67 64 62 71 71 74 100
(H 2 @B @ 6 © @
(iii) ¢-subunits (1) wheat chloroplast 0 - - - - - - — —
(2) Synechococcus 6301 8 100 — — - — — — —
(3) Bacillus acidocaldarius 40 40 100 — — — — — —
(4) PS3 36 4 38 100 — — — — —
_ (5) E. coli 29 33 30 40 100 — — — —
(6) R. rubrum 34 29 26 25 20 100 — — —
@ (7) yeast mitochondrion 28 23 25 25 18 44 100 — —
(8) bovine mitochondrion 33 29 31 28 21 44 56 100 —
(9) tobacco mitochondrion 20 20 30 23 21- 39 4 52 100

n @ ¢ @ 6 .6 O 6
3. CHLOROPLAST ATP SYNTHASE

Gel electrophoresis, in the presence of urea, of ATP synthase isolated from spinach and bean
chloroplasts indicates that the chloroplast enzyme is similar to those in photosynthetic bacteria
in so far as it is a complex of nine different polypeptides (Pick & Racker, 1979 ; Westhoff ef al.
1985 ; Stiss 1986). Five of them have been identified as the o, B, v, § and € subunits of coupling
factor, cr, (chloroplast F;-ATPase), and their sequences show that they are equivalent to their
bacterial homonyms (see table 2). Two further components are the homologues of bacterial
subunits b (known as subunit I in chloroplasts (Bird et al. 1985)) and ¢ (chloroplast subunit
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III), and a third component with molecular mass of 20 kDa, known as subunit X, has been
shown to be equivalent to bacterial subunit a (Cozens ef al. 1986). The ninth component,
subunit II, has a molecular mass of 15 kDa and is related to the photosynthetic bacterial
subunits &’.

So the body of available evidence suggests a rather close similarity between chloroplast and
cyanobacterial ATP synthases and this is further illustrated, for example, by binary
comparisons of sequences of &, B and ¢ subunits from eubacteria, mitochondria and chloroplasts
(see table 3). They clearly demonstrate that the cyanobacterial and chloroplast subunits are
more closely related to each other than to homologues from other sources. Also, their close
evolutionary relation is emphasized by the similarity between the arrangement of the six genes
for ATP synthase subunits that are found in chloroplast DNA and the two clusters in the
genome of Synechococcus 6301 (figure 4). The three remaining subunits y, 8 and II, of the
chloroplast enzyme are encoded in nuclear genes.

" 4. MiTocHONDRIAL ATP SYNTHASE
Subunit composition

The bovine mitochondrial ATP synthase is more complex than either bacterial or chloroplast
enzymes and contains 14 different subunits (figure 5). Five of them, a, B, v, 8 and €, make up
the F,-ATPase complex. Sequence analysis of these polypeptides has shown that the o, B and
¥ subunits are homologous to bacterial homonyms, and that (confusingly) the bovine & and &
subunits are not (see table 2). Rather, bovine 8 is equivalent to bacterial g, bovine € has no
bacterial (or chloroplast) counterpart (Walker et al. 1982 d). The equivalent subunit of
bacterial 8 is another subunit of bovine ATP-synthase, the oscp (oligomycin sensitivity
conferring protein), which is not released from the membrane complex as a component of the

a —
g —
‘y —
b
OSCP
~ a(ATPase-6)
5 —

Ficure 5. Gel electrophoresis of the bovine mitochondrial ATP synthase complex. The positions of subunits are
indicated.
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F,-ATPase. It is required with a second protein, Fg, for correct binding of F, to the membrane
sector (MacLennan & Tzagoloff 1986; Knowles e al. 1971). Thus oscp appears to play a
functionally similar role to bacterial & (Hundal et al. 1983), as the homology implies (Walker
et al. 1985).

Homologues of bacterial F subunits a4, & and ¢ have been characterized also in the bovine
mitochondrial enzyme. Two of them, ATPase-6 (equivalent to bacterial a) and bovine ¢ (the
DCCD-reactive proteolipid ; Sebald & Hoppe 1981), are soluble in mixtures of chloroform and
methanol and can be extracted with the organic solvent from both mitochondria and the
purified ATP synthase complex (Fearnley & Walker 1986). A third component of F, with
relative molecular mass (M) 24570 has been sequenced. It has a hydrophobic profile similar
to the 4 subunits in other species, although its amino acid sequence is not evidently homologous
to them. The protein is a membrane component of the enzyme and it seems very likely that this
is the mitochondrial 4 subunit (Walker ¢t al. 1987 4a). This proposed relation is strengthened by
the sequence of a protein isolated from yeast ATP synthase, which is related to both bacterial
and bovine 4 subunits (Velours et al. 1988).

Two additional components also have been isolated from the membrane sector of bovine
mitochondrial ATP synthase and their amino acid sequences have been determined. The
sequence of the larger, M, 19000, called subunit d (see figure 2), is not particularly
hydrophobic, but the protein remains with the membrane sector when F, is released (Walker
et al. 1987a). This sequence is not related to any other ATP synthase subunit, and it probably
has no counterpart in either bacteria or chloroplasts. The smaller, known as A6L, is the third
component of the enzyme complex to have been isolated from the chloroform: methanol
extract of mitochondria (Fearnley & Walker 1986). Its function is unknown, but it may be
analogous (although it is not significantly homologous) to the aapl protein, which is found in
yeast mitochondrial ATP synthase (Velours e al. 1984), where it is required for assembly of the
enzyme complex (Macreadie et al. 1983).

The final component to have been characterized from the bovine ATP synthase is the
inhibitor protein, a small basic protein that binds to the F, sector. It may be important in the
physiological regulation of the enzyme (Ernster e al. 1979; Pedersen et al. 1981). This leaves
an unidentified component (M 14000) for future investigation. It is referred to as subunit e.

Moitochondrial and nuclear genes

As in the case of the chloroplast ATPase, genes for subunits of mitochondrial ATPase are
found both in the nucleus and in organellar DNA. In mammals and invertebrates two subunits,
ABL and ATPase-6, are encoded by overlapping genes in mt-DNA (figure 4; Fearnley &
Walker 1986), and the remainder are nuclear gene products. Both ATPase-6 and aapl are also
mitochondrial gene products in fungi. In Saccharomyces cerevisiae subunit ¢ (the DCCD-reactive
proteolipid) is a mitochondrial gene product (Macino & Tzagoloff 1979) in addition to
ATPase-6 and aapl, whereas in-all other species studied it is encoded in the nucleus.

cDNAs corresponding to 10 of the 12 nuclear encoded subunits of the bovine ATPase have
been characterized (the exceptions are the d-subunit and subunit ¢). They have been isolated
from a bovine cDNA library by using mixed synthetic oligonucleotide probes, 17 or 18 bases
in length, designed on the basis of known protein sequences in the subunits. These experiments
have confirmed the sequences of the subunits of the enzyme from bovine mitochondria (Gay
& Walker 1985 ; Walker et al. 1987; Walker et al. 1987 a, b; Walker et al. 1989 ; Dyer et al. 1989).

[ 34 ]
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Ficure 6. Crystals of F;-ATPase from bovine heart mitochondria. They belong to the orthorhombic spacegroup.
They were grown by microdialysis and reached their full size (250-300 x 250-300 x 50-100 pm) within 3—4
weeks.

(Facing p. 374)
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5. TOWARDS UNDERSTANDING THE MOLECULAR MECHANISM OF THE ENZYME

From the foregoing description, it is evident that the H*-ATPases have been well studied at a
primary structural level. Conserved features of their sequence have been delineated (see Cozens
& Walker (1987); Falk & Walker (1988)) and amino acids that are involved in catalysis have
been identified. None the less, our knowledge of the structure of the enzyme is still rather
superficial, and important basic facts have not been established. For example, the
stoichiometries of subunits in the membrane sector of the mitochondrial and chloroplast
enzymes have not been established with any certainty, and such estimates as have been made
are at variance with those made on homologues in the E. coli enzyme. This deficiency needs to
be corrected. Progress has been made by electron microscopy in defining the gross arrangement
of subunits within the complex (Gogol et al 1987; Boekma et al. 1988). This shows that o and
B subunits alternate in a hexagonal arrangement, with the minor subunits occupying the
central region of this assembly; the bulk of the F; domain is distanced from the membrane by
a stalk. However, it is unlikely that a fuller understanding will come about until a high
resolution structure of the enzyme has been determined.

In an attempt to approach this goal, we have been studying the crystallization of F,-ATPase
from bovine heart mitochondria, and crystals have been obtained under a wide range of
conditions. Routinely, an orthorhombic and a monoclinic crystal form can be grown by
precipitation with polyethylene glycol (PEG 6000). Crystals belonging to the orthorhombic
space group grow more reproducibly and overall have better crystallographic properties (see
table 4 and figure 6, plate 1). Data collection and the search for suitable heavy atom derivatives
are currently in progress. The solution of this structure would provide important information,
but would be no more than a first step towards understanding the enzyme. However, it would
provide an important framework for mutagenesis experiments on subunits of F,-ATPase that
present attempts lack. Indeed, the lack of a high-resolution structure seriously undermines
current attempts to probe the function of the enzyme by mutagenesis (see, for example,
Parsonage et al. (1988)) as the observed effects of mutations on function cannot be interpreted
unambiguously. The main task, however, is to reach a molecular mechanism of the coupling
of Ajig+ to ATP synthesis. Current models propose a binding change mechanism for ATP
synthesis in which energy is required to release newly synthesized ATP from the enzyme (Cross
1981). This mechanism proposes that the F; domain contains three catalytic sites (called tight,
open and loose) that are non-equivalent at any time. Catalysis requires interconversion of these
sites and implies a rotation of a particular type of site around the F,-head. This, if is proposed,
is brought about by conformational changes transmitted from the membrane domain via the

TaBLE 4. PROPERTIES OF CRYSTALS OF F;-ATPASE FROM BOVINE HEART MITOCHONDRIA

crystal type

property monoclinic  orthorhombic
space group . P2, P2,2,2,
Unit cell dimensions/A

a 141.0 280.3

b 136.8 110.2

¢ 109.9 138.4

g 101.10° 90°
solvent content (%) 56.0 57.0
maximum diffraction/A 6.0 3.0
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stalk to the head (F,). The structure of the proton channel and the stalk region are crucial to
understanding this process, and here also a high-resolution structure of the complete complex
should help. This is a much more difficult task than structural analysis of F,, requiring, as it
does, the crystallization and structural analysis of a membrane bound complex. Recent
successes with analysis of photosynthetic proteins (Deisenhofer et al. 1985) provide encourage-
ment that this is an attainable prospect, and as a first step we have purified to homogeneity the
bovine mitochondrial complex. The purified enzyme is sensitive to the action of oligomycin
and, after reconstitution into phospholipid vesicles, is capable of ATP synthesis. This indicates
that the purified protein complex is correctly arranged in the membrane. The critical step is
now to crystallize either this complex or an ATPase from another source.
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1GURE H. Gel electrophoresis of the bovine mitochondrial ATP synthase complex. The positions of subunits are
indicated.
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They were grown by microdialysis and reached their full size (250-300 x 250-300 x 50-100 pm) within 34
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