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Escherichia coli FOF1 ATP synthase, a rotary nanomachine, is composed of eight different subunits in a �3�3���ab2c10 stoichi-
ometry. Whereas FOF1 has been studied in detail with regard to its structure and function, much less is known about how this
multisubunit enzyme complex is assembled. Single-subunit atp deletion mutants are known to be arrested in assembly, thus
leading to formation of partially assembled subcomplexes. To determine whether those subcomplexes are preserved in a stable
standby mode, a time-delayed in vivo assembly system was developed. To establish this approach, we targeted the time-delayed
assembly of membrane-integrated subunit a into preformed FOF1 lacking subunit a (FOF1-a) which is known to form stable sub-
complexes in vitro. Two expression systems (araBADp and T7p-laco) were adjusted to provide compatible, mutually indepen-
dent, and sufficiently stringent induction and repression regimens. In detail, all structural atp genes except atpB (encoding sub-
unit a) were expressed under the control of araBADp and induced by arabinose. Following synthesis of FOF1-a during growth,
expression was repressed by glucose/D-fucose, and degradation of atp mRNA controlled by real-time reverse transcription-PCR.
A time-delayed expression of atpB under T7p-laco control was subsequently induced in trans by addition of isopropyl-�-D-thio-
galactopyranoside. Formation of fully assembled, and functional, FOF1 complexes was verified. This demonstrates that all sub-
units of FOF1-a remain in a stable preformed state capable to integrate subunit a as the last subunit. The results reveal that the
approach presented here can be applied as a general method to study the assembly of heteromultimeric protein complexes in
vivo.

The FOF1 ATP synthase catalyzes the formation of ATP from
ADP and inorganic phosphate by utilizing the energy stored in

the ion motive force of the cytoplasmic membrane. In many bac-
teria, the reaction is reversible dependent on the physiological
conditions and can generate a transmembrane ion gradient at the
expense of ATP. In Escherichia coli ATP synthase, the membrane-
embedded FO complex (ab2c10) couples proton translocation to
ATP synthesis and hydrolysis within the peripherally associated
catalytic F1 complex (�3�3��ε) via a rotary mechanism. The
transmembrane flow of protons through two half-channels of
subunit a drives the rotation of the rotor c10�ε due to protonation
and deprotonation of carboxyl groups of the subunit c ring. Sub-
unit �, which rotates inside a molecular bearing composed of the
alternately arranged �3�3 hexamer, generates cyclic conforma-
tional changes due to its eccentric rotation within the three cata-
lytic nucleotide binding sites, thereby allowing the synthesis of
ATP. The �3�3 hexamer of F1, as well as subunit a of FO, is con-
nected to the stator stalk composed of b2�, thereby forming a
stabilizing stator part counteracting the rotating c10�ε unit (1, 2).

Whereas ample knowledge is available regarding the insertion
of FO subunits into the membrane, only a few facts are at hand as
to how a functional FOF1 complex is assembled in E. coli. The FOF1

complex consists of 22 polypeptide chains, which are expected to
contain interaction areas with various affinities. Insertion of sub-
unit c into the membrane involves YidC insertase and subunit b is
dependent on the SecYEG translocon and the signal recognition
particle pathway (Ffh), whereas subunit a requires all three sys-
tems for membrane insertion (3–5). In addition, subunits b and c
are both essential for a stable incorporation of subunit a into the
membrane in vivo (6, 7); otherwise, subunit a is rapidly degraded
as a substrate of the membrane-integrated, ATP-dependent met-
alloprotease FtsH (8, 9). In contrast, subunits b and c insert into
the membrane independently of other FO subunits (6) and the c10

ring is formed in a manner independent of the presence of other
FOF1 subunits (10). For the Na�-pumping FO complexes of Pro-
pionigenium modestum and Acetobacterium woodii, a chaperone-
like assistance of AtpI for the formation of the c ring has been
shown to be essential (11–13). However, in E. coli, AtpI, a mem-
brane-integrated protein of 14 kDa present in the membrane in
substoichiometric amounts compared to FOF1 (14, 15), is not re-
quired for the assembly of a functional ATP synthase (16). How-
ever, studies of the H�-translocating ATP synthase of alkaliphilic
Bacillus pseudofirmus OF4 revealed slightly reduced stability of the
rotor as well as reduced ATPase activity (17). In the absence of
subunit a, membrane-bound ATPase activities indicate an assem-
bly of F1 to the subunit c ring (6), as has also been proposed for the
assembly of the ATP synthase of yeast mitochondria (18, 19). The
minimal catalytic unit stably present in the cytoplasm is composed
of �3�3� (20, 21), and complex formation of subunit � with other
F1 subunits is a prerequisite for the binding of subunit � to the
N-terminal region of subunit � (22). In the case of both thermo-
philic Bacillus PS3 and human �0 cells, a stable FOF1 subcomplex
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lacking subunit a can be purified (23–25), clearly indicating that
the F1 subunits are associated with the subunit c ring and the
peripheral stalk prior to attachment of subunit a.

The analysis of partially assembled subcomplexes is a prereq-
uisite for defining the sequence of events in the assembly process
of the ATP synthase. In single-subunit knockout or deletion mu-
tants, in which the synthesis of one of the subunits of the hetero-
multimeric complex is prevented, an accumulation of partially
assembled subcomplexes can be expected until a status is reached
at which the missing subunit has to be inserted into the preformed
ensemble (6, 26, 27). To determine the stability of those pre-
formed, partially assembled subcomplexes and, furthermore, to
determine the preservation of their native molecular conforma-
tion in a standby mode ready for use, an in vivo assembly system
was developed in which the missing subunit is synthesized in a
time-delayed mode, thereby excluding de novo synthesis of FOF1.
In addition, due to the formation of those subcomplexes under
physiological conditions within the living cell, disintegration of
unstable subcomplexes formed as intermediate states is mini-
mized, since manipulations such as cell disruption by sonication
or high shearing forces are avoided.

To establish this new approach, we targeted the time-delayed
assembly of membrane-integrated subunit a into preformed FOF1

complexes lacking subunit a (FOF1-a) in vivo as an example. For
FOF1 of thermophilic Bacillus PS3, it has been shown that a func-
tional in vitro reconstitution of both components into liposomes
was successful (23, 24). In detail, we established a system in which
all structural atp genes except atpB (atpEFHAGDC) were ex-
pressed under the control of the tightly regulated araBAD pro-
moter by induction with arabinose (28, 29). After synthesis of
FOF1-a during growth, further expression of atpEFHAGDC was
completely repressed by the catabolite repressor glucose and the
anti-inducer D-fucose (28, 30). Complete degradation of the atp
mRNA was controlled by real-time reverse transcription-PCR
(RT-PCR), and the expression of atpB encoding subunit a was
subsequently started in trans via induction of a isopropyl-�-D-
thiogalactopyranoside (IPTG)-controlled T7-laco promoter (31).
The time delay of the IPTG-controlled expression is the center-
piece of the in vivo assembly system introduced, since a complete
degradation of the atp mRNA of the araBADp-controlled expres-
sion prior to IPTG induction is essential to exclude the formation
of a functional enzyme complex by de novo protein synthesis from
still-existing mRNA. In addition, the stringent repression of the
T7-laco promoter prior to induction was controlled. The forma-
tion of a functionally assembled FOF1 complex was verified by
N,N=-dicyclohexylcarbodiimide (DCCD)-sensitive ATPase activ-
ity and ATP-driven proton translocation as well as ATP synthesis,
clearly demonstrating that all subunits of FOF1-a remain in a pre-
formed state with stability comparable to that of the wild-type
(WT) enzyme and are ready to integrate subunit a as the last sub-
unit into the enzyme complex.

MATERIALS AND METHODS
Mutagenesis. In most cases, a two-step PCR method that utilizes two
mutagenic primers (see Table S1 in the supplemental material) and two
wild-type primers with the corresponding restriction sites was used to
generate stop codons in atpB (aY11amber or aW231opal) or an atpB de-
letion, which comprises the atpB coding region as well as the intergenic
region between atpI and atpB (Table 1; see also Table S2 in the supple-
mental material). In addition, a KpnI site was introduced 49 bp upstream

of the stop codon of atpI, i.e., downstream of the weak, constitutive atp
promoter P3 (32). The atp genes present in pKH4 derivatives (33, 34)
carrying one of the different modifications of atpB were subsequently
cloned into the multiple-cloning site of pBAD33 via KpnI within atpI and
XbaI being present 320 bp downstream of the 3= end of the atpC gene,
thereby allowing its expression under the control of the tightly regulated
promoter araBADp. The atpB gene carrying variations in the start codon
was cloned into plasmid pET-22b as described here (Table 1; see also
Table S2 in the supplemental material). The presence of each mutation
was confirmed by DNA sequencing.

(The following generalizations were chosen to facilitate reading. The
term FOF1 is used for E. coli DK8 cells bearing plasmids pBAD33.atp,
pET-22b, and pT7POL26 as well as for the enzyme complex synthesized
by these cells, whereas the term FOF1-a is used for DK8 cells bearing
plasmids pBAD33.�a3, pET22-atpB-GTG, and pT7POL26 as well as for
the enzyme complex lacking subunit a. The term FOF1-a � a denotes
enzyme complexes obtained after time-delayed incubation of cells con-
taining FOF1-a with IPTG during growth. The term WT [wild type] is used
for ATP synthase complexes synthesized by DK8/pBWU13.)

Bacterial strains and growth conditions. The genotype of E. coli
strain DK8 (35) is described in Table 1. DK8 transformed with three
different plasmids [pBAD33.atp, pET-22b, and pT7POL26 (FOF1)] or its
derivatives (Table 1) were grown in 700 ml Luria-Bertani (LB) medium
(36) at 37°C with 100 �g/ml ampicillin (Ap), 30 �g/ml chloramphenicol
(Cm), and 50 �g/ml kanamycin (Kan) as selection markers. In each case,
prior to cell growth, the LB medium was incubated for 10 to 16 h with 10
U/ml �-galactosidase (�-Gal) from Kluyveromyces lactis (Sigma G-3665),
thereby degrading the lactose present in various concentrations in the
yeast extract used for preparing LB medium (37). Additionally, the me-
dium was supplemented with 0.03% (wt/vol) arabinose for induction of
araBADp-controlled atp genes prior to inoculation of the medium to an
optical density (OD; measured at 578 nm) of 0.05 with overnight cultures
also grown in the presence of 0.03% (wt/vol) arabinose. At OD 	 0.3, the
araBAD promoter was repressed by the simultaneous addition of 0.5%
(wt/vol) glucose and 0.045% (wt/vol) D-fucose (28, 29). After natural
degradation of the atp mRNA during an additional incubation time of 30
min, the expression of atpB, being under the control of the IPTG-induc-
ible T7 promoter, and of T7 gene1 coding for T7 RNA polymerase, being
under the control of an IPTG-inducible T5N25 promoter, was induced by
addition of 0.1 mM IPTG for 1 h.

TABLE 1 E. coli strain and plasmids used in this study

Strain or plasmida Genotype/descriptionb

Reference
or source

E. coli strain
DK8 hfrPO1 bglR thi-1 relA1 ilv::Tn10

(Tetr) �atpBEFHAGDC
35

Plasmids
pBAD33 Cmr araC pACYC184 ori 29
pBAD33.atp pBAD33::atpBEFHAGDC This study
pBAD33.�a pBAD33::atpBEFHAGDC, aW231end This study
pBAD33.�a2 pBAD33::atpBEFHAGDC, aY11end This study
pBAD33.�a3 pBAD33::atpEFHAGDC This study
pBWU13 Apr pMB1 ori atpI=BEFHAGDC 66, 67
pET-22b Apr lacI pMB1 ori Novagen
pET22-atpB pET-22b::atpB, start codon ATG This study
pET22-atpB-GTG pET-22b::atpB, start codon GTG This study
pET22-atpB-TTG pET-22b::atpB, start codon TTG This study
pJGA1 Apr pMB1 ori atpI=EFHAGDC This study
pT7POL26 Kanr T7 gene 1 lacI pSC101 ori 51

a Construction of plasmids is described in Table S2 in the supplemental material.
b Ap, ampicillin; Cm, chloramphenicol; Kan, kanamycin; Tet, tetracycline; T7 gene 1,
T7 RNA polymerase.
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RNA extraction, cDNA synthesis, and real-time RT-PCR. Cells
(2.5 
 108) of E. coli strain DK8 transformed with three different plasmids
[pBAD33.atp, pET-22b, and pT7POL26 (FOF1)] or its FOF1-a derivatives,
e.g., pBAD33.�a3, pET22-atpB-GTG, and pT7POL26, were mixed with 2
vol of RNAprotect bacteria reagent (Qiagen), incubated for 5 min at room
temperature, harvested at 5,000 
 g, and stored at �20°C. The amount of
cell culture needed was calculated according to the determination of
Neidhardt et al. (38) that 1 ml of cells contains 109 viable cells at OD 	 1.0.
The different steps necessary were performed essentially as described by
Strahl and Greie (39) with slight modifications. Total RNA was isolated by
use of an RNeasy minikit (Qiagen) following the instructions of the sup-
plier. RNA was diluted with RNase-free water to obtain 10 �g/ml and
subsequently treated with DNase I (New England BioLabs) as indicated by
the supplier to remove residual DNA contaminations prior to reverse
transcription. Total RNA (65 ng) was reverse transcribed by use of a Re-
vertAid First Strand cDNA synthesis kit (Fermentas) using the random
hexamer primers supplied. For detection of gene expression levels, real-
time RT-PCR was performed on a Bio-Rad iCycler with Bio-Rad iQ-SYBR
green Supermix, 1 �l of cDNA, and 0.2 nmol of each primer. The primer
pairs atpE’F (1 and 2) and atpA (3 and 4) (see Table S1 in the supplemental
material) generate PCR products of approximately 200 bp. PCR was per-
formed using an initial denaturation at 96°C for 1 min followed by 40
cycles of denaturation at 96°C for 15 s, annealing at 59°C for 30 s, and
extension at 72°C for 20 s. The calculated threshold cycle (CT) values were
normalized against CT values of reactions using a primer pair annealing
within the rpsL gene as the housekeeping gene (primers 5 and 6; see Table
S1 in the supplemental material) and analyzed with the program iCycler
from Bio-Rad. As negative controls, reaction mixtures containing H2O
(no template) or DNase I-treated RNA (without reverse transcription)
were included. The data represent average values obtained in three inde-
pendent measurements.

Preparative procedures. Inverted membrane vesicles were prepared
according to Krebstakies et al. (40) using 50 mM Tris-HCl (pH 7.5)–10
mM MgCl2–10% (vol/vol) glycerol as a buffer system.

Analytical procedures. Protein concentrations were determined with
the bicinchoninic acid (BCA) assay as recommended by the supplier
(Pierce). Proteins were dissolved in SDS-PAGE sample loading buffer
(41) and separated by SDS-PAGE using 10% separating gels (42) with a
PageRuler prestained protein ladder (Fermentas) as the standard. Immu-
noblotting was performed according to Birkenhäger et al. (43) using 10
mM NaHCO3–3 mM Na2CO3 (pH 9.9)–20% (vol/vol) methanol as the
transfer buffer (44). Blot membranes were incubated with corresponding
primary antibodies raised in mice or rabbits (see figure legends), with
IRDye800DX-labeled goat-anti-mouse IgG (H�L) or IRDye700DX-la-
beled goat anti-rabbit IgG (H�L) (Rockland or LI-COR) as the secondary
antibody, and were finally detected with a two-channel Odyssey infrared
detection system (Li-COR). Both secondary antibodies are affinity puri-
fied for low crossreactivities with serum proteins of other species and,
therefore, allowed the simultaneous detection of fluorescence (shown in
red for IRDye700DX and in green for IRDye800DX) after immunodeco-
ration of two proteins on one blot membrane.

DCCD-sensitive ATPase activities of membrane vesicles were deter-
mined as described previously (45). ATP-driven proton translocation via
9-amino-6-chloro-2-methoxyacridine (ACMA; Sigma A-5806) fluores-
cence quenching was performed according to Deckers-Hebestreit et al.
(46) using only half of the volume specified and 400 �g membrane pro-
tein. In the case of NADH-driven proton translocation, 200 �g of inverted
membrane vesicles was applied. As an uncoupler, 20 �l of a saturated
ammonium sulfate solution was used. ATP synthesis activity was mea-
sured at 37°C with 30 �g of membrane vesicle protein in 500 �l of buffer
(25 mM Tris-HCl [pH 7.5], 5 mM MgCl2, 10% [vol/vol] glycerol, 5 mM
ADP, 5 mM K2HPO4) (47). The reaction was initiated by addition of 2
mM NADH and terminated after 0, 1, 2, and 3 min with 50 �l of 0.5 M
trichloroacetic acid. Aliquots (1 �l) of the reaction mixture were diluted
100-fold in 0.1 M Tris-acetate (pH 7.8)–2 mM EDTA. In 10-�l samples of

this dilution, ATP was determined luminometrically using a Promega
Enliten luciferin/firefly luciferase system. Due to contamination of ADP
with ATP, ADP was purified via anion-exchange chromatography on a 5
ml Hi-Trap-DEAE FF column (GE Healthcare). ADP (50 mg) was dis-
solved in 20 mM Tris-acetate (pH 8.5), loaded onto the column, and
eluted with a linear NaCl gradient (0 to 400 mM). The eluted ADP was
directly used for buffer preparation. The data represent average values
obtained in three independent measurements.

RESULTS
FOF1-a is known to form a stable subcomplex. Consistent with
previous work (6, 23, 48), we observed stable synthesis of all FOF1

subunits except subunit a in cells of single-subunit knockout
(aW231end or aY11end; data not shown) or deletion (�atpB; Fig.
1A) mutants expressing the atp genes from the corresponding
plasmids. Evidence for a stable subcomplex formation resulted
from the observation that FOF1-a can be isolated via a His6 tag
fused to the N terminus of subunit � from E. coli membranes (68).
In our setup for the in vivo approach, the single-subunit deletion
mutant �atpB was applied, since in the knockout aY11 end mu-
tant the amount of FOF1 protein present in the cell is comparably
low (data not shown), probably due to a polar effect on the ex-
pression of the atp genes located downstream of atpB. On the
other hand, the aW231end mutant, well described in the literature
(6, 49, 50), showed a truncated subunit a in immunoblots, when
expression of the mutated atp operon was under the control of the
araBAD promoter. In contrast, during constitutive expression un-
der the control of the weak atp promoter P3, the truncated subunit
a product could not be detected (data not shown), a discrepancy
that has been previously discussed in detail (6).

In membrane vesicles of the atpB deletion mutant (DK8/
pBAD.�a3), ATPase activities comparable to those seen with the
corresponding wild-type enzyme (DK8/pBAD33.atp) were ob-
served (Fig. 1B), an activity that can be detected only when cata-
lytically active F1 or at least an �3�3� subcomplex has been bound
to membrane-integrated FO subunits, indicating the assembly of a
stable subcomplex. Similar results have been obtained by Hermo-
lin and Fillingame (reference 6 and references therein), whereas
comparable studies on Bacillus PS3 FOF1-ATP synthase revealed
that no ATPase activity could be detected in the absence of subunit
a (23). Nevertheless, as expected, no ATP-driven proton translo-
cation measured with the pH-sensitive dye ACMA could be ob-
served due to the absence of the two half-channels within subunit
a essential to enable proton translocation across the cytoplasmic
membrane (Fig. 1C). Therefore, ATP-driven proton translocation
has been used as the measure to discriminate between FOF1-a and
intact FOF1.

In vivo system for time-delayed assembly of membrane-in-
tegrated subunit a into preformed FOF1-a. The system used is
based on the combination of two tightly regulated expression sys-
tems that work almost independently of each other and can be
induced as well as completely repressed. For genes atpEFHAGDC,
expression was controlled by the araBAD promoter (araBADp)
chosen due to its specificity for induction with arabinose and,
more importantly, its tight repression by a combination of the
catabolite repressor glucose and the anti-inducer D-fucose, a non-
metabolizable methylpentose (6-deoxygalactose) (28–30). For
atpB, expression was controlled by the lac operator-controlled T7
promoter (T7p-laco). The T7 promoter is not recognized by E. coli
RNA polymerases but needs a separate source coding for T7 RNA
polymerase (31), which is provided by plasmid-encoded expres-
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sion of T7 gene1 under the control of the lac operator-controlled
T5N25 promoter (51). To guarantee complete repression of the
IPTG-inducible promoters, lactose present in LB medium was
removed. In addition, the start codon of the atpB gene present
under the control of T7p-laco was exchanged from ATG to GTG in
order to prevent the synthesis of subunit a under noninduced
conditions (see below).

Figure 2 shows the configuration of the test system and its
different states during cell growth. The atp deletion strain DK8
was transformed with three different plasmids bearing different
resistance cassettes and origins to generate compatibility within
one cell: (i) a pBAD33 derivative (p15A ori; Cmr) carrying the
structural genes of the atp operon with a deletion of the atpB gene
(atpEFHAGDC) under the control of araBADp, (ii) a pET-22b
derivative (pMB1 ori; Apr) encoding the atpB gene under the con-
trol of the IPTG-inducible T7-laco promoter, and (iii) a pSC101
derivative (Kanr) containing gene1 of phage T7, which codes for
the T7 promoter-specific RNA polymerase, present under the
control of the IPTG-inducible promoter T5N25-laco. The cartoon
illustrates the induction or repression states of the different pro-
moters present. As shown in the left panel, after addition of arabi-
nose to cells inoculated at an OD of 0.05, araBADp was induced and
allowed expression of the atpEFHAGDC genes such that all FOF1 sub-
units except subunit a (FOF1-a) were synthesized. Due to the absence

of IPTG and further precautions, the lac operator-controlled pro-
moters were completely repressed. As shown in the middle panel, at
OD 	 0.3, araBADp was repressed by the simultaneous addition of
glucose and D-fucose, thereby stopping the transcription of atpEF-
HAGDC; furthermore, after incubation for 30 min, the atp mRNA
present within the cell was completely degraded as indicated by real-
time RT-PCR results (see below). Due to this time delay, the de novo
biosynthesis of FOF1 subunits and, therefore, the formation of new
FOF1-a complexes as well were completely prevented. As shown in the
right panel, the delayed induction of the lac operator-controlled T7
and T5N25 promoters with IPTG then enabled the individual syn-
thesis of subunit a, which can be integrated only into preformed par-
tially assembled FOF1-a complexes present within the cytoplasmic
membrane (referred to as FOF1-a � a). To control the synthesis of
FOF1 subunits, subunit b as a representative for FOF1-a and subunit a
itself were detected by immunoblotting. The formation of a function-
ally assembled FOF1 complex is controlled by assaying DCCD-sensi-
tive ATPase activity and ATP-driven proton translocation as well as
ATP synthesis. To facilitate reading, DK8/pBWU13 (atpBEF-
HAGDC, the expression system usually applied for studies of E. coli
ATP synthase [10, 40]) is always referred to here as WT, whereas DK8
transformed with pBAD33.atp, containing the structural wild-type
atp genes, as well as plasmids pET-22b and pT7POL26, is termed
FOF1. FOF1 contains plasmids pET-22b and pT7POL26 in addition,

FIG 1 Characterization of the FOF1-a subcomplex. (A) Cells of E. coli DK8 transformed with pBWU13 (WT) or pJGA1 (�atpB) were grown in LB medium with
ampicillin and harvested at OD 	 0.8 to 1.0. After resuspension in sample loading buffer, cells were incubated for 5 min at 99°C. The amount of cell extract
applied per lane (20 �g) was calculated according to the determination of Neidhardt et al. (38) that 160 �g of protein was present per ml cell culture at OD 	 1.0.
Immunolabeling was performed using mouse (anti-�, anti-�, anti-ε) or rabbit (anti-�, anti-�, anti-b) polyclonal antisera or mouse monoclonal antibodies
(anti-a, anti-c) raised against the individual subunits of the ATP synthase. (B and C) ATP hydrolysis (B) and ATP-driven proton-pumping activity (C) of
membrane vesicles of DK8/pBAD33.atp and DK8/pBAD33.�a3, respectively, determined using the WT as a control. Cells were grown in LB medium with
chloramphenicol in the presence of different arabinose concentrations for induction of the araBADp expression system or in the presence of glucose for
repression as indicated. Cells were harvested at OD 	 0.8 to 1.0, and inverted membrane vesicles were prepared. ATP-driven proton translocation was measured
via ACMA fluorescence quenching. The relative magnitudes of quenching induced by addition of ATP are shown. ara, arabinose; glu, glucose.
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in order to facilitate resemblance of the corresponding subsequent
expression of FOF1-a by use of pBAD33.�a3, pET22-atpB(-GTG),
and pT7POL26.

Tightly regulated expression of atpB. DK8 transformed only
with pBAD33.�a3 was not capable of ATP-driven proton translo-
cation (Fig. 1C). However, in FOF1-a, in which plasmids pET22-
atpB and pT7POL26 are also present, a signal comparable to that
seen with the WT was observed (Fig. 3A), indicating that the lac-
controlled promoters T7 and T5N25 were not completely re-
pressed. To gain complete repression, in a first step, the LB me-
dium used for growth was preincubated with �-Gal to remove
residual lactose molecules (Fig. 3A) known to be present in vari-
ous amounts in yeast extracts used for preparation of LB medium
(37). With increasing amounts of �-Gal (up to 10 U/ml LB me-
dium), a significant reduction of levels of subunit a present in
membrane vesicles as well as a reduction of ATP-driven proton
translocation could already be observed. However, the fluores-
cence quenching of FOF1-a in the absence of IPTG (see Fig. 3A; see
also Fig. S1 in the supplemental material) revealed that complete
repression could not be obtained. In a second step, the ATG start
codon of atpB was exchanged to the weaker start codon GTG or
TTG to reduce in general the synthesis of subunit a. In both cases,
a further reduction in synthesis of subunit a, as well as of the
ATP-driven proton translocation, could be observed (Fig. 3B; see
also Fig. 6). Therefore, the following experiments were performed
with preincubation of LB medium with �-Gal and the start codon
of atpB being changed to GTG. For induction of lac-controlled
promoters, an IPTG concentration of 0.1 mM was determined,
allowing a synthesis rate of subunit a comparable to that seen with
the WT or FOF1 as revealed by immunoblotting with anti-a anti-

bodies as well as by ACMA fluorescence quenching (Fig. 3B; see
also Fig. S1 in the supplemental material).

Tightly regulated expression of atpEFHAGDC. During glu-
cose repression in LB medium, neither target protein nor ACMA
fluorescence quenching could be observed, whereas with increas-
ing concentrations of arabinose (up to 0.03% [wt/vol]), the ATP-
driven proton translocation as well as the presence of subunits a
and b increased to values comparable to those seen with the WT
(see Fig. S2 in the supplemental material).

The centerpiece of the in vivo assembly system is the time-
delayed synthesis of subunit a to allow its integration into pre-
formed FOF1-a subcomplexes. To prevent simultaneous de
novo biosynthesis of FOF1, the complete degradation of the
atpEFHAGDC mRNA prior to induction of atpB expression by
IPTG is a prerequisite. The level of atp mRNA was measured by
real-time RT-PCR using sequence-specific primer pairs atpE’F (1
and 2) and atpA (3 and 4) annealing in different genes of the atp
operon. To verify the specific annealing of the primers, total RNA
of the plasmid-free atp deletion strain DK8 was used as a control
(data not shown).

For a complete repression of the araBADp expression system,
FOF1-a was grown in the presence or absence of arabinose for
induction (�ara) up to an OD of 0.3 before glucose or D-fucose or
both (�glu or �fuc or �glu/fuc) were added for another 30 min.
Cells were harvested in the late exponential phase, and total RNA
was purified for analysis of atp mRNA by real-time RT-PCR. For a
complete repression of the araBAD promoter, the addition of glu-
cose as a catabolite repressor as well as of D-fucose as an anti-
inducer was essential (Fig. 4). In the absence of arabinose, a back-
ground of atp mRNA within the range of 0% to 2% compared to

FIG 2 In vivo system for time-delayed assembly of membrane-integrated subunit a into preformed FOF1-a. A detailed description is given in the text.
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the level seen with the system fully induced by arabinose could be
observed in the presence of glucose or D-fucose or of both repres-
sors (Fig. 4A). Nevertheless, under these conditions, ATP-driven
proton translocation could not be observed (see Fig. S2 in the
supplemental material), indicating that the amount of FOF1 sub-
units synthesized was extremely small. However, in the presence
of arabinose, a comparable repression of the araBAD promoter
could be obtained only by simultaneous addition of glucose and
D-fucose (Fig. 4). Glucose was added at the concentration usually
applied for growth of cells in minimal medium with glucose as the
sole carbon and energy source (0.5% [wt/vol]) to maintain the
repressed status also during the residual growth phase in the time-
delayed in vivo assembly experiments (degradation of atp mRNA

for 30 min and subsequent incubation with IPTG for 1 h), since
glucose is metabolized in glycolysis. D-Fucose, a nonmetabolizable
methylpentose (6-deoxygalactose), functions as a competitor to
arabinose, resulting in a repression of araBADp when added in a
slight molar excess over arabinose (52). In addition, IPTG is
known to be an inhibitor of the araBADp expression system.
Crosstalk between araBADp and lac operator-controlled promot-
ers prevents them from being used simultaneously in the same cell
(53). Under the time-delayed in vivo assembly conditions, this
inhibitory effect of IPTG was advantageous, since the repression
of the araBAD promoter was further strengthened.

To determine the time delay necessary for a complete degrada-
tion of the atp mRNA, cells were grown in the presence of arabi-
nose at up to OD 	 0.3 before glucose/D-fucose was added as
described above. Total RNA was purified from samples taken after
several time intervals after the addition of glucose/D-fucose. In
FOF1, the atp mRNA was rapidly degraded, revealing a half-life for
its stability of approximately 3 min as shown by real-time RT-PCR
with primer pairs atpE’F and atpA (Fig. 5A), which correlates well
with the half-live of atpE mRNA determined to be 5 to 6 min with
independent methods (54).

A complete degradation of atp mRNA with a background level
below 2% was always obtained within much less than 30 min
(compare Fig. 5A to Fig. S3 in the supplemental material). In

FIG 3 T7p-laco-driven expression of atpB. (A) �-Gal incubation for removal
of lactose present in LB medium. DK8 transformed with pBWU13 (WT, con-
trol) or with pBAD33.�a3, pET22-atpB, and pT7POL26 (FOF1-a) was grown
in LB medium supplemented with antibiotics and, in the case of FOF1-a, with
0.03% arabinose for induction of araBADp-controlled atpEFHAGDC expres-
sion. Prior to cell growth, the LB medium was incubated overnight with �-Gal
concentrations as indicated. (B) Variation of the IPTG concentration and the
start codon of T7 promoter-controlled atpB. DK8 transformed with
pBAD33.atp, pET-22b, pT7POL26 (FOF1), pBAD33.�a3, pET22-atpB,
pT7POL26 (FOF1-a; ATG), pBAD33.�a3, pET22-atpB-GTG, pT7POL26
(FOF1-a; GTG), or pBAD33.�a3, pET22-atpB-TTG, pT7POL26 (FOF1-a;
TTG) was grown in �-Gal-preincubated LB medium supplemented with an-
tibiotics, 0.03% arabinose, and IPTG as indicated. Cells were harvested at
OD 	 0.8 to 1.0 and membrane vesicles prepared. Upper panels, immunoblot
analysis of membrane vesicles (20 �g/lane). Immunolabeling was performed
using monoclonal mouse anti-a antibodies. Lower panels, ATP-driven proton
translocation of membrane vesicles measured via ACMA fluorescence
quenching. The relative magnitudes of quenching induced by the addition of
ATP are shown. unsp., unspecific immunolabeling.

FIG 4 Repression of araBADp by glucose/D-fucose determined by real-time
RT-PCR. Cells were grown in �-Gal-preincubated LB medium supplemented
with antibiotics in the presence (�) or absence (�) of arabinose as an inducer
up to OD 	 0.3 before glucose/D-fucose was added as indicated for another 30
min. Total RNA was isolated from DK8 bearing pBAD33.�a3, pET22-atpB-
GTG, pT7POL26 (FOF1-a), and primer pair atpE’F (1 and 2) was applied for
real-time RT-PCR. (A) Repression of the araBADp by glucose and D-fucose.
(B) Determination of the D-fucose concentration necessary for repression. ara,
arabinose; fuc, D-fucose; glu, glucose.
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addition, the degrees of degradation of atp mRNA were compara-
ble in FOF1 and FOF1-a as shown for primer pair atpE’F (Fig. S3),
although, in general, the amount of atp mRNA present in FOF1-a
under fully arabinose-induced conditions was always reduced
compared to that present in FOF1 (compare Fig. S3 in the supple-
mental material to Fig. 6A).

Stability of FOF1 under araBADp-repressed conditions. Due
to the time delay necessary for removal of atp mRNA as well as the
incubation time with IPTG for expression of the missing subunit,
the stability of the ATP synthase complexes present in the mem-
brane had to be guaranteed at least for the next 90 min in order to
allow a subsequent analysis of the functional status of the enzyme
complexes. To study the stability of FOF1, cells were grown in the
presence of arabinose to an OD 	 0.3 before addition of glucose/
D-fucose. Subsequently, samples were taken after several time in-
tervals and the cell lysates analyzed by immunoblotting. For im-
munolabeling, antibodies against subunit b and � were applied. As
shown in Fig. 5B, both subunits were highly stable for at least 60
min after the addition of glucose/D-fucose. After 90 min, a reduc-
tion of both subunits could be observed, whereupon subunit b
appeared to be more degraded as subunit �. While the b dimer was
exposed at the periphery of the enzyme complex, subunit � was
embedded within its center, shielded by the �3�3 hexamer, sub-
unit ε, and the c10 ring and, therefore, possibly more protected
against proteolytic degradation. A comparison with Fig. 6B re-

vealed that the degradation rate of subunit a, which was also lo-
cated at the periphery of FOF1, was comparable to that of subunit
b. Nevertheless, the amount of FOF1 still present in the membrane
was sufficient to allow determination of its functional capabilities
in ATP hydrolysis as well as ATP synthesis (compare Fig. 6C to E).
A quantification using DCCD-sensitive ATPase activity revealed
that approximately 30% of the enzyme complexes were still func-
tional after 90 min of repression (compare Fig. 6C).

Time-delayed in vivo assembly of subunit a into preformed
FOF1-a. After determination of all parameters necessary, the fol-
lowing test procedure was applied. LB medium preincubated
overnight with 10 U/ml of �-Gal, supplemented with antibiotics
as well as 0.03% arabinose, was inoculated to OD 	 0.05 with
FOF1-a. At OD 	 0.3, 0.5% glucose and 0.045% D-fucose were
added and, after complete degradation of atpEFHAGDC mRNA
within 30 min, 0.1 mM IPTG was added for 1 h to enable time-
delayed synthesis of subunit a (compare Fig. 2). Subsequently,
cells were harvested, usually at an OD of about 1, total RNA as well
as inverted membrane vesicles was prepared, and the activity of
the ATP synthase was analyzed. As a control, FOF1 samples were
handled correspondingly except for the addition of IPTG. All in
all, seven different cell batches were grown, each with the additives
noted in Fig. 6 added at the time points indicated above.

Real-time RT-PCR revealed that under arabinose-induced
conditions, atp mRNA was present within the cells, whereas in
FOF1-a, the amount was slightly reduced compared to that seen
with FOF1 (Fig. 6A). In samples containing glucose/fucose, the atp
mRNA had been completely degraded, revealing that de novo syn-
thesis of FOF1 subunits was no longer possible (Fig. 6A).

The immunoblot analysis showed a strong synthesis of subunit
b under arabinose-induced conditions (Fig. 6B). After addition of
glucose/D-fucose in the absence of arabinose, no subunit b could
be detected in FOF1-a. Only in the case of FOF1, possibly due to the
slightly increased stability of the atp mRNA, a small amount of
subunit b could be detected, further promoted by the high avidity
of the polyclonal antiserum with respect to its antigen. However,
no subunit a could be observed in FOF1 under these conditions.
The samples first induced with arabinose and then repressed by
glucose/D-fucose showed significant bands for subunits a and b in
the case of FOF1 and a comparable band for subunit b in the case of
FOF1-a, thereby revealing that the enzyme (sub)complex was still
present in membrane vesicles after 90 min. After addition of IPTG
to FOF1-a, subunit a was slightly overproduced beyond its stoichi-
ometric ratio. Nevertheless, all components necessary to allow the
generation of a functional FOF1 complex, namely, FOF1-a � a,
were present within the cytoplasmic membrane.

Bacterial ATP synthases can function either as ATP synthase or
as ATP hydrolase in a manner dependent on the physiological
status of the cells. Therefore, the functionality of FOF1-a � a was
analyzed with respect to its DCCD-sensitive ATPase activity,
ATP-driven proton translocation, and ATP synthesis (Fig. 6C, D,
and E, respectively). As expected, both FOF1 and FOF1-a showed
high levels of ATPase activities under arabinose-induced condi-
tions. Under repressing conditions, only extremely low levels of
ATPase activities could be observed in the case of FOF1, which
correlates well with the amount of subunit b observed by immu-
noblotting. The ATPase activities observed in the samples, which
were first induced with arabinose and then repressed with glucose/
D-fucose, were also in good agreement with the immunoblot data
and could, therefore, be used as a quantitative measure for protein

FIG 5 Degradation of atp mRNA (A) and stability of FOF1 (B) after repression
of araBADp controlling expression of atpEFHAGDC. DK8 carrying plasmids
pBAD33.atp, pET-22b, and pT7POL26 (FOF1) was grown as described in the
Fig. 4 legend. At each time point indicated, cells were harvested for isolation of
RNA (A) or immunoblot analysis (B). (A) Real-time RT-PCR was performed
using primer pairs atpE’F (1 and 2) (dark gray) and atpA (3 and 4) (light gray).
(B) Cell lysates were prepared and applied as described in the Fig. 1 legend. For
immunolabeling, monoclonal mouse anti-b and polyclonal rabbit anti-� an-
tibodies were applied. ara, arabinose; fuc, D-fucose; glu, glucose.
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stability. The results indicate that for FOF1 as well as for FOF1-a,
about one-third of the enzyme complexes were still present in the
membranes after repression for 90 min. ATPase activities of mem-
brane vesicles were measured with or without pretreatment by
DCCD. DCCD is known to label specifically the carboxyl group of
cD61, thereby blocking the rotation of the subunit c ring and the
proton translocation. Due to the inhibition of the rotation by
DCCD, ATP hydrolysis cannot occur in coupled FOF1 complexes
and, therefore, ATP hydrolysis is inhibited. Whereas the DCCD
sensitivity of the ATPase activity was 80% to 85% in FOF1, a value
usually observed in membrane vesicles (46, 55), FOF1-a showed
comparably low sensitivity toward DCCD (Fig. 6C). In the sample
synthesizing FOF1-a � a, the ATPase activity was comparable to
FOF1-a activity, as expected; however, the DCCD sensitivity was
increased from 29% to 71%. This indicates a functional incorpo-
ration of subunit a into FOF1.

In the next step, ATP-driven proton translocation was tested
(Fig. 6D). Proton translocation into membrane vesicles was mon-
itored by acidification of the lumen leading to fluorescence
quenching of the pH-sensitive dye ACMA. Membranes contain-
ing FOF1 under arabinose-induced conditions generated a fluores-
cence quenching of 71%, whereas under repressed conditions no
proton pumping could be observed. In the sample first induced by
arabinose and then repressed by glucose/D-fucose, FOF1 produced
a fluorescence quenching of 41%, with only one-third of FOF1

present in the membrane (compare Fig. 6C). In general, the
quenching of ACMA fluorescence by proton gradients is known to
be nonquantitative, so the ratios need not correspond exactly. In
the case of ATP-driven proton pumping, results depend on the
amount of FOF1 present in the membrane as well as on the proton
permeability of the membrane itself (in this context, compare ref-
erences 40 and 56). In the case of membranes containing FOF1-a,
no ACMA fluorescence quenching could be detected in the ab-
sence of subunit a. To verify the functionality of inverted mem-
brane vesicles, proton translocation through the respiratory chain
energized by oxidation of NADH was monitored. NADH-driven
proton translocation with and without pretreatment by DCCD
was measured and revealed fluorescence quenching of 70% to
80% in both cases (data not shown). The protons pumped into the
vesicles were retained in the lumen, thereby showing that FOF1-a
does not increase proton leakage of the vesicle membrane. In con-
trast, membranes with FOF1-a � a showed ATP-driven proton
translocation with a fluorescence quenching of 32%, again sup-
porting the idea of functional assembly of subunit a into pre-
formed FOF1-a complexes. Furthermore, FOF1-a � a restored
proton translocation activity to the value observed for FOF1. For

FIG 6 In vivo assembly of subunit a into preformed FOF1-a complexes.
DK8 carrying plasmid pBAD33.atp, pET-22b, pT7POL26 (FOF1),
pBAD33.�a3, pET22-atpB-GTG, or pT7POL26 (FOF1-a) was grown in LB
medium preincubated with �-Gal in the presence of antibiotics. Seven inde-
pendent cell batches were prepared in parallel containing the additives as in-
dicated. �ara or �glu/fuc, the addition of inducer or repressor, respectively,
occurred directly after inoculation of the medium. �ara �glu/fuc, cells were
grown in the presence of arabinose up to OD 	 0.3 before addition of glucose/
D-fucose. In the case of FOF1-a � a, 0.1 mM IPTG was added subsequently for
1 h as described in Materials and Methods. All cells were harvested at the same
time, membrane vesicles were prepared, and a small volume of cell culture was
used for isolation of total RNA. (A) Level of atp mRNA. The amount of atp
mRNA was determined via real-time RT-PCR using primer pairs atpE’F (1 and

2) (dark gray) and atpA (3 and 4) (light gray). The amount of atp mRNA
present in the samples grown with arabinose was set to 100% for FOF1. (B)
Immunoblot analysis of membrane vesicles (20 �g protein/lane). Immunola-
beling was performed using monoclonal mouse anti-a (green) or polyclonal
rabbit anti-b (red) antibodies. (C) ATPase activity of membrane vesicles. The
gray and white portions of the bars represent the DCCD-sensitive and DCCD-
insensitive fractions of ATP hydrolysis, respectively. (D) ATP-driven proton
translocation of membrane vesicles measured by ACMA fluorescence quench-
ing. The relative magnitudes of quenching induced by the addition of ATP are
shown. (E) ATP synthesis of membrane vesicles driven by NADH oxidation.
The amount of ATP synthesized after addition of NADH was determined
luminometrically with a luciferin/firefly luciferase system and corrected for
nonspecific background activity. Experimental details are described in Mate-
rials and Methods. ara, arabinose; fuc, D-fucose; glu, glucose.
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FOF1-a � a as well as FOF1, the proton-translocating activity was
completely abolished after preincubation of the membranes with
DCCD (data not shown).

For the synthesis of ATP, the proton motive force was gener-
ated by the respiratory chain upon oxidation of NADH (Fig. 6E).
Under normal growth conditions, the ATP synthase is mainly
used as an ATP-generating machine instead of hydrolyzing ATP to
generate a proton motive force. Therefore, it is essential to verify
that the assembly of subunit a into preformed FOF1-a complexes
yielded an enzyme also functional in this aspect. Membrane vesi-
cles containing FOF1-a � a exhibited ATP synthesis with a 90%
yield compared to membranes with FOF1. This clearly demon-
strates the presence of FOF1 complexes with tightly coupled pro-
ton translocation in FO and catalysis in F1. At first glance, the ATP
synthesis rate obtained seems to be unusually high compared to
the amount of functional FOF1 present in the membrane. How-
ever, the rate of ATP synthesis by the ATP synthase is generally
limited by the rate of energy production via the respiratory chain
in membrane vesicles, as has been shown by fractional inactiva-
tion of FOF1 with DCCD (57). Under these conditions, the rate of
ATP synthesis per mol of FOF1 remaining active in the membrane
is increased, using the ATP hydrolysis rates as the defining param-
eter for calculation of active ATP synthase complexes (57). In
summary, all results obtained are consistent and demonstrate a
functional time-delayed in vivo assembly of subunit a into pre-
formed FOF1-a complexes.

DISCUSSION
Time-delayed in vivo assembly. In the present work, a general
approach to study the assembly of membrane-integrated as well as
soluble heteromultimeric protein complexes in vivo has been es-
tablished by the use of two independent expression systems as
described in Results. Due to the time-delayed synthesis of at least
one of the subunits, partially assembled complexes can be gener-
ated and studied with respect to stability and functionality and the
missing subunit(s) subsequently synthesized and possibly inte-
grated to obtain a functional enzyme complex. As an ideal tool to
determine the essential parameters, the assembly of the mem-
brane-integrated subunit a into preformed FOF1-a subcomplexes
has been chosen due to the known stability of this subcomplex (23,
24, 68). Furthermore, the in vivo assembly system has already suc-
cessfully been transferred to a FOF1-� construct. A functional FOF1

complex could be assembled after time-delayed synthesis of miss-
ing subunit �, thereby indicating that under these conditions also,
the conformation of the preformed subcomplexes ab2 and
c10�3�3�ε, present in the membrane, remained in a ready-to-use
state (68).

In vivo versus cell-free protein synthesis. A major advantage
of an in vivo system is the possibility to enable a sequential synthe-
sis of proteins without any further manipulation. Recently, ap-
proaches involving cell-free protein synthesis have emerged as a
promising tool for the study of membrane protein complexes,
including the ATP synthase (24, 58, 59). However, in order to
obtain sequential protein synthesis, a purification step of the par-
tially assembled protein complex or at least of membrane vesicles
has to be included, which is then followed by cell-free protein
synthesis as described in detail by Kuruma et al. (24). In that
approach, E. coli membrane vesicles or liposomes containing Ba-
cillus PS3 FOF1-a subcomplexes were isolated or generated and, in
a subsequent second step, applied to the cell-free PURE system in

order to generate functional FOF1 by in vitro cell-free synthesis of
subunit a (24), a procedure yielding results similar to those de-
scribed in the text. However, under such conditions, the stability
of the partially assembled subcomplex(es) is a prerequisite to al-
low for purification and subsequent reconstitution or for manip-
ulation of cells by sonication, high pressure, and centrifugation,
which is at hand in the case of FOF1-a, but not a general feature of
partially assembled subcomplexes.

ATPase activity of partially assembled FOF1-a. The presence
of ATP hydrolysis in FOF1-a, at rates similar to those seen with
wild-type FOF1, strengthens the view that comparable conforma-
tions at least of the catalytically active, membrane-bound core
complex composed of c10�3�3�ε are maintained in the two com-
plexes. Whereas ATPase activities of E. coli FOF1-a have been de-
termined in inverted membrane vesicles in a manner independent
of their plasmid- or chromosome-based expression (compare ref-
erence 6), no ATPase activities could be observed for Bacillus PS3
FOF1-a (23). However, in the latter case, the FOF1-a complex had
been solubilized from E. coli membranes, purified by affinity chro-
matography via His-tagged subunit �, and reconstituted into li-
posomes prior to ATPase activity measurements. Although a sta-
ble complex can be isolated under these conditions, the removal of
the complex from its natural membrane environment might
change the conformation or positioning of one or some of the
partially assembled FOF1 subunits, thereby possibly inhibiting
ATPase activity. Nevertheless, this process can be reversed by ad-
dition of subunit a (23). However, a putative function of the b
dimer as an anchor rail to prevent the rotation of the c10 ring in the
absence of subunit a, thereby inhibiting the ATPase activity of the
partially assembled FOF1 complexes as proposed by Ono et al.
(23), can be excluded for the ATP synthase of E. coli.

In FOF1, ATP hydrolysis in F1 is tightly coupled to proton
translocation in FO and is, therefore, sensitive to DCCD inhibi-
tion. In the absence of subunit a, the two half-channels essential
for proton translocation are missing and proton translocation
across the cytoplasmic membrane is no longer possible. There-
fore, with the common understanding of the rotary mechanism of
the enzyme, the robust structure of FOF1-a as well as the observed
ATPase activity implies that either the rotation of the central stalk
(subunits � and ε) is uncoupled from the subunit c oligomer or
that the c10 ring remains coupled and corotates with subunits �ε
during ATP hydrolysis, thereby supporting a free rotation without
proton translocation of the rotor part of the enzyme (c10�ε)
within the membrane. The latter interpretation could be favored,
since free rotation without proton translocation has already been
demonstrated for FOF1 purified from a mutant in which cD61 was
exchanged to asparagine or glycine (60). Furthermore, the ob-
served partial inhibition of the ATPase activity of FOF1-a by
DCCD can be explained by sterical hindrance of the rotation due
to the bulky structure of the hydrophobic carbodiimide but simul-
taneously indicates a tight coupling between F1 and the c10 ring in
the membrane. In addition, it implies that the carboxyl groups of
cD61 are in a protonated state at least in some of the c subunits,
since binding of carbodiimides requires protonation as a prereq-
uisite (61). Furthermore, the data support the view that no appre-
ciable contact sites between the rotor and stator, namely, b2 and
c10, are present in the FO part in the absence of subunit a.

Subunit a, the last subunit being assembled into FOF1? All of
these observations clearly demonstrate that a controlled synthesis
of subunit a as well as a tightly regulated interaction with the other
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FOF1 subunits is essential for the viability of the cell. Subunit a is a
protein of high hydrophobicity, and overexpression of the atpB
gene causes growth inhibition of E. coli cells associated with cell
elongation and an altered septum structure (62) and has been
shown to dissipate the electrical potential of the membrane, prob-
ably due to an improper insertion of subunit a into the membrane
(63). To avoid cell toxicity resulting from the presence of subunit
a, in vivo overexpression is prevented by a rather unstable atpB
gene transcript (54, 64) and a translational frameshifting at an
additional ribosome binding site within the atpB reading frame
(65) and, furthermore, improperly membrane-inserted subunit a
is rapidly degraded by the membrane protease FtsH (8, 9).

The successful time-delayed assembly of subunit a into pre-
formed FOF1-a complexes in vivo supports the view that subunit a
is the last subunit being integrated into the enzyme complex (23–
25), thereby finally generating a functional ATP synthase. From an
energetic point of view, it appears favorable that the formation of
the proton-conducting unit by interaction of subunit a with the
c10 ring is the last step during assembly, ensuring that partially
assembled subcomplexes do not result in proton leakage, which
might be lethal for the cell. However, one has to keep in mind that
the use of knockout or deletion mutants arrests the assembly path-
way at a certain point to enable the investigation of intermediate
states. Recent studies on FOF1 missing subunit � revealed that also
subunit � can be integrated as the last subunit to assemble FOF1

from ab2 and c10�3�3�ε using the same experimental design, a
contradiction only at first glance, as discussed in detail elsewhere
(68). Furthermore, for yeast mitochondria, a modular assembly of
the ATP synthase has also been demonstrated which includes sub-
complex formation between subunit a and the peripheral stalk
prior to its binding to an FOF1 core complex consisting of F1 and
the c ring (18). Nevertheless, also under these conditions, the for-
mation of the proton translocating unit is the last step in assembly.
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