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F,F, ATP synthases function by a rotary mechanism. The enzyme’s peripheral stalk serves as the stator that
holds the F, sector and its catalytic sites against the movement of the rotor. In Escherichia coli, the peripheral
stalk is a homodimer of identical b subunits, but photosynthetic bacteria have open reading frames for two
different b-like subunits thought to form heterodimeric b/b’ peripheral stalks. Chimeric b subunit genes have
been constructed by substituting sequence from the Thermosynechococcus elongatus b and b’ genes in the E. coli
uncF gene, encoding the b subunit. The recombinant genes were expressed alone and in combination in the E.
coli deletion strain KM2 (Ab). Although not all of the chimeric subunits were incorporated into F,F, ATP
synthase complexes, plasmids expressing either chimeric by39.155 OF b’ 30156 Were capable of functionally
complementing strain KM2 (Ab). Strains expressing these subunits grew better than cells with smaller
chimeric segments, such as those expressing the b’ 3953 Or by 54156 Subunit, indicating intragenic suppres-
sion. In general, the chimeric subunits modeled on the 7. elongatus b subunit proved to be more stable than the
b' subunit in vitro. Coexpression of the bp;q 156 and b'y39.15¢ Subunits in strain KM2 (Ab) yielded F,F,
complexes containing heterodimeric peripheral stalks composed of both subunits.

F,F, ATP synthases generate the majority of ATP con-
sumed by living organisms and are found in the plasma mem-
brane of bacteria, the inner membrane of mitochondria, and
the thylakoid membrane of chloroplasts. All F,F, ATP syn-
thases function by a conserved mechanism in which the elec-
trochemical energy of a proton or sodium gradient is harnessed
to synthesize ATP from ADP and inorganic phosphate (for
reviews, see references 3, 22, and 30). In Escherichia coli the
membrane-embedded F, sector housing the proton channel is
composed of three different subunits in the stoichiometry
ab,c,,. The F; sector consists of five subunits in the stoichi-
ometry a;B5yd€. F,F, ATP synthase functions as a rotary mo-
tor. The translocation of protons through the F, channel re-
sults in movement of the rotor stalk consisting of the ¢, ye
subunits relative to the remainder of the complex. The rotation
drives ATP synthesis via conformation shifts in the catalytic
sites located at the interfaces between the o535 subunits. The
a5B5 subunits are held in place against the rotation of the rotor
stalk by the peripheral stalk composed of the b,3 subunits.

In E. coli, the peripheral stalk is an extended homodimer of
identical b subunits (2, 9, 35). Each b subunit has an N-terminal
transmembrane domain and stretches the length of the F,F,
complex, making direct contact with the & subunit perched
atop and to one side of the F; sector (8, 19). Three distinct
functional domains have been defined within the hydrophilic
portion of the b subunits (26). First, the tether domain roughly
corresponds to the segment between the surface of the mem-
brane and a position beneath the F, sector. Both large dele-
tions and insertions can be readily accommodated in this do-
main (32, 34), and functional F,F, complexes with peripheral
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stalks containing two b subunits with tether domains differing
in length have been engineered (15). The dimerization domain
extends up into one of the noncatalytic «f interfaces in F; (18).
This section is essential and sufficient for the formation of a
dimer of the soluble form of the b subunit (26). A high-reso-
lution structure of a polypeptide modeling the dimerization
domain from amino acids 62 to 122 revealed a linear a-helix
(6). Recent analysis of disulfide cross-link formation within
the b subunit dimerization domains suggested a right-
handed coiled-coil arrangement (5). The C-terminal F,
binding domain is required for interaction of the peripheral
stalk and F, (1, 19). The structure of the soluble portions of
the peripheral stalk from bovine mitochondrial F,F, ATP
synthase was recently solved by crystallography and showed
a stalk with three different subunits that formed an extended
curving subcomplex (7).

In contrast, the peripheral stalks found in chloroplast F,F_
ATP synthase consist of two different b-like polypeptides,
named subunits I and II, that form a heterodimer (27). Some
eubacteria, encompassing photosynthetic bacteria but includ-
ing some other species, also have genes encoding two b-like
subunits designated b and b’. Both polypeptides have been
shown to be present in purified ATP synthase from Aquifex
aeolicus (25). The general expectation that b and b’ form a
heterodimer has been supported by studies of expressed hy-
drophilic domains of the subunits from the cyanobacterium
Synechocystis sp. strain PCC6803 (10). Sedimentation analyses
showed that the predominant species present in equimolar
mixtures of the two polypeptides had a molecular weight ex-
pected for the heterodimer, whereas the individual polypep-
tides gave molecular weights corresponding to monomers.
Heterodimer formation was also supported by chemical cross-
linking. To our knowledge, however, it has never been dem-
onstrated that only heterodimeric stalks are formed within the
enzyme, or, alternatively, whether b, and b’, homodimeric
stalks might also exist and support function.
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T. el. b R36 gi ataiaeaeer gkvaaarlae

coli 1mnlnatilgg aiafvlfvlf cmkyvwpplm aaiekrgkel adglasaera hkdldlakas so
T. el. b' yi rtnlggaker lggatelaqq

Iifﬁ AIIO'?

T. el. b aqgkltgakq eagriredal trakavleei iagakreier lgetasqg

coli 61 atdglkkaka eagviiegan krrsgildea kaeaegertk ivagagaeie aerkrareel 120
T. el. b' yegelastrr gagalieear veagkildae iaeaggavga ellkiga
E. coli 121 rkgvailava gaekiiersv deaansdivd klvael 1s6

FIG. 1. Alignment of the E. coli b subunit sequence with the sequences of the 7. elongatus b and b’ subunits over the E39-to-A107 region.
Identical amino acids are shaded, and the positions mentioned in the text are labeled.

Thermosynechococcus elongatus BP-1 is a thermophilic cya-
nobacterium whose entire genome has been sequenced (21).
Although little is known about the F,F, ATP synthase of T.
elongatus other than the sequence information, it has been
used as a model organism for the study of photosynthesis (23)
and circadian rhythms (24). T. elongatus BP-1 has genes en-
coding both b and b’ subunits, and these genes share a rela-
tively high degree of sequence identity with the Synechocystis
genes. There are approximately 50% identity and 70% simi-
larity in the deduced amino acid sequences of both b and b’
genes between the two organisms. Therefore, it seems reason-
able to assume that the b and b’ subunits of T. elongatus will
preferentially form heterodimeric peripheral stalks.

In this work we have generated chimeric b subunits by re-
placing segments of the E. coli uncF gene, encoding the b
subunit, with either b or b’ sequence based on the 7. elongatus
genes (Fig. 1). The recombinant subunit genes were expressed
alone and in combination in an E. coli uncF deletion strain.
Although some of the chimeric subunits failed to assemble into
F,F, ATP synthase complexes, others were incorporated and
were capable of functional complementation of the deletion
strain. Expression of chimeric subunits to form only ho-
modimeric stalks was in some cases sufficient for activity. When
expressed together, the b and b’ chimeric subunits readily
formed heterodimeric peripheral stalks in F,F_, ATP synthase
complexes.

the uncF gene: SnaBI, which cuts at nucleotide 72; PpuMI, cutting at nucleotide
156; Xbal, at nucleotide 258; and Sapl, at nucleotide 347 (Table 2). The mutated
sequences were E39 to D53 for the SnaBI and PpuMI sites, L54 to 186 for the
PpuMI and Xbal sites, and L87 to A107 for the Xbal and Sapl sites. The native
cysteine in the b subunit was mutated to a serine (C25S) in all constructs, and the
chimeric b subunit genes were confirmed by direct nucleotide sequencing.

Preparation of membranes. Membranes were prepared using the method of
Caviston et al. (4). Bacterial cells were harvested upon reaching an optical
density at 600 nm of approximately 1.0. The cells were collected by centrifugation
in a Du Pont Sorvall RC-5B Superspeed centrifuge with a GSA rotor at 10,000 X g
for 10 min and were resuspended in TM buffer (50 mM Tris-HCI [pH 7.5], 10
mM MgSO,). DNase I was added to a final concentration of 10 pwg/ml, and the
cells were broken by passing them twice through a French pressure cell at 14,000
1b/in®. Two sequential centrifugation steps in the same Sorvall centrifuge with an
SS-34 rotor at 10,000 X g for 10 min were carried out to remove unbroken cells
and debris. Membrane vesicles were recovered by centrifugation in a Beckman-
Coulter Optima LE-80K ultracentrifuge with a 70.1 Ti rotor at 150,000 X g for
1.5 h. Membranes were washed by resuspending them in TM buffer using a glass
homogenizer and a Teflon pestle and then centrifuging them again in the Beck-
man centrifuge for 1 h. The washed membranes were suspended again with the
homogenizer in a final volume of 1 ml TM buffer, and the protein concentration
was determined using the bicinchoninic acid method (31).

Activity assays. The ATP hydrolysis activity of membrane samples was deter-
mined using the acid molybdate method to monitor the release of inorganic
phosphate as previously described (32). Reactions were carried out with 60 pg of
protein suspended in 4 ml of reaction buffer (50 mM Tris-HCI [pH 7.5], 1 mM
MgCl,) at 37°C unless otherwise specified. Lauryl dimethylamine oxide (LDAO)
stimulation of ATP hydrolysis activity was determined by adding LDAO to the

TABLE 1. Plasmids used in this study

MATERIALS AND METHODS Plasmid Gene product? r‘gsr;;l;f;éi Source or reference
Bacterial strains and growth conditions. E. coli strain KM2 (Ab), which carries
a chromosomal deletion of the uncF (b subunit) gene, and strain 1100 ABC pBR322 Ab Ap Ne“f England
(Aunc), lacking the entire unc operon, were used as the host strains (17). Cells Biolabs
were grown on minimal A medium supplemented with succinate (0.2%, wt/vol) pTAM37 by Cm 15
to determine enzyme viability. Cells harvested for membrane preparations were pTAM46 bys Ap 15
grown in Luria broth supplemented with glucose (0.2%, wt/vol) and isopropyl- pSBC56 E39-D53, his Cm This study
1-thio--D-galactopyranoside (IPTG; 40 pg/ml). IPTG, ampicillin (100 pg/ml), ~ PSBC57 'B39-D53, Vs Ap This study
and chloramphenicol (25 pg/ml) were added as needed. All cells were grown at pSBC58 1.54-186, his Cm This study
37°C unless otherwise noted. pSBC76 "Lsa1s6, Vs Ap This study
Expression plasmid construction. Ten plasmids were constructed for expres- pSBC97 E39-186, his Cm This study
sion of chimeric E. coli/T. elongatus b or b’ subunits (Table 1). Five of these pSBCI8 "B39-186, V5 Ap This study
plasmids expressed a chimeric b subunit with a histidine tag (hiss) on the amino pSBCY94 L54-A107, his Cm This study
terminus, and five expressed a chimeric b’ subunit with a V5 tag (GKPIPNPLL pSBC79 b’ s4.a107. vs Ap Th¥s study
GLDST) on the carboxyl terminus. The plasmids expressing chimeric b and b’ pSBC9 E39-A107, his Cm Th%s study
subunits were constructed using expression plasmids pTAM37 (by,;;; Cm") and pSBCI6 'B39-A107, Vs Ap This study

pTAM46 (bys; Ap"), respectively (15). Sections of nucleotide sequences of the
uncF (b subunit) gene from E. coli codons E39 to A107 were replaced with the
homologous 7. elongatus b and b’ sequences. This was accomplished by cassette
site-directed mutagenesis essentially as described previously (16). The E. coli
sequence was replaced in three steps using four restriction sites located within

“ his, six-histidine epitope tag at the amino terminus; V5, epitope tag with the
sequence GKPIPNPLLGLDS appended to the carboxyl terminus. The replaced
regions are designated by the first and last E. coli amino acids that were replaced
with T. elongatus sequence.

> Ap, ampicillin; Cm, chloramphenicol.
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TABLE 2. Synthetic oligonucleotides used in this study

Oligonucleotide pair

Annealed

(gene) oligonucleotide Sequence*
TG1/2 (br30-ps3) TG1 5'-GTATGGCCGCCACTGATGGCAGCCATCGAAAAACGTCAAAAACAGATCGCTACTGC
TATCGCTGAAGCTGAAGAACGTCAGAAG-3’
TG2 3'-CATACCGGCGGTGACTACCGTCGGTAGCTTTTTGCAGTTTTTGTCTAGCGATGACGA
TAGCGACTTCGACTTCTTGCAGTCTTCCTG-5'
TG3/4 (b £30.p53) TG3 5'-GTATGGCCGCCACTGATGGCAGCCATCGAAAAACGTCAAAAATACATCCGTACTAA
CCTGCAGCAGGCTAAAGAACGTCTGCAGCAG-3'
TG4 3'-CATACCGGCGGTGACTACCGTCGGTAGCTTTTTGCAGTTTTTATGTAGGCATGATTG
GACGTCGTCCGATTTCTTGCAGACGTCGTCCTG-5'
TG13/10° (b 54.16) TG13 5'-GACGTTGCTGCTGCTCGTCTGGCTGAAGCTCAGCAGAAACTGACTCAGGCTAAACA
GGAGGCTCAGCGTATCCGTGAAGATGCTCTGACTCGTGCTAAAGCTGTT-3’
TG10 3'-CAACGACGACGAGCAGACCGACTTCGAGTCGTCTTTGACTGAGTCCGATTTGTCCTC
CGAGTCGCATAGGCACTTCTACGAGACTGAGCACGATTTCGACAAGATC-5’
TG14/12 (b’ 54.156) TG14 5'-GACGCTACTGAACTGGCTCAGCAGTACGAACAGGAGCTGGCTTCCACTCGTCGTCA
GGCTCAGGCTCTGATCGAAGAAGCTCGTGTTGAAGCTCAGAAAATT-3’
TG12 3'-CGATGACTTGACCGAGTCGTCATGCTTGTCCTCGACCGAAGGTGAGCAGCAGTCCG
AGTCCGAGACTAGCTTCTTCGAGCACAACTTCGAGTCTTTTAAGATC-5’
SC39/40¢ (brs7n107) SC39 5'-CTAGAAGAAATTATTGCTCAGGCTAAACGTGAAATTGAACGTCTGCAGGAGACCGC
TAGCCAGGAAATTGAAGCCGAGCGTAAACGTGC-3’
SC40 3"-TTCTTTAATAACGAGTCCGATTTGCACTTTAACTTGCAGACGTCCTCTGGCGATCGG
TCCTTTAACTTCGGCTCGCATTTGCACGGGC-5'
SC43/44 (b'1.57.4107) SC43 5'-CTAGATGCGGAAATTGCGGAAGCGCAGCAGGCGGTCCAGGCGGAGCTCTTGAAAA
TTCAGGCGGAAATTGAAGCCGAGCGTAAACGTGC-3'
SC44 3"-TACGCCTTTAACGCCTTCGCGTCGTCCGCCAGGTCCGCCTCGAGAACTTTTAAGTCC
GCCTTTAACTTCGGCTCGCATTTGCACGGGC-5’
SC45/46 (besss + SC45 5'-CTGTTCGTTCTGTTCTCCATGAAGTACGTGTGGCCGCC-3’
AfIIIT) SC46 3'-GACAAGCAAGACAAGAGGTACTTCATGCACACCGGCGG-5'
SC59/60° (b_, + SC59 5'-ACTGCTATCGCTGAAGCTGAAGAACGTCAGAAGGTTGCCGCGGCTCGTCTGGCTGA
Sacll) AGCTCAGCAGAAACTG-3’
SC60 3"-TGACGATAGCGACTTCGACTTCTTGCAGTCTTCCAACGGCGCCGAGCAGACCGACT
TCGAGTCGTCTTTGAC-5'
SC61/62 (b, + SCo61 5'-ACTAACCTGCAGCAGGCTAAAGAACGTCTGCAGCAGGCTACTGAGCTAGCTCAGCA
Nhel) GTACGAACAGGAGCTGGCT-3’
SC62 3'-TGATTGGACGTCGTCCGATTTCTTGCAGACGTCGTCCGATGACTCGATCGAGTCGTC
ATGCTTGTCCTCGACCGA-5’
SC53/54 (b + Spel) SC53 5'-GCTGCTAACAGCGACATCGTGGATAAACTAGTCGCTGAACTGTAAGGAGGGAGG-3'
SC54 3'-CGACGATTGTCGCTGTAGCACCTATTTGATCAGCGACTTGACATTCCTCCCTCC-5'
SC57/58 (b + SnaBI) SC57 5'-CTGTTCGTTCTGTTCTCCATGAAGTACGTATGGCCGCC-3'
SCS58 3'-GACAAGCAAGACAAGAGGTACTTCATGCATACCGGCGG-5’
TB38/39 (bys + TB38 5'-CGTGGATAAACTTGTCGCTGAGCTCGGTAAACCGATCCCGAACCCGCTGCTGGGTCTG
Sacl) GACTCTACCTAAGGAGGGAGGGGCTGATG-3'
TB39 3'-GCACCTATTTGAACAGCGACTCGAGCCATTTGGCTAGGGCTTGGGCGACGACCCAGAC

CTGAGATGGATTCCTCCCTCCCCGACTAC-5’

“ Added restriction sites are underlined, and the V5 epitope tag is boldfaced.

® Oligonucleotides TG1/2 (b) and TG3/4 (b") were used to replace DNA between restriction sites SnaBI and PpuMIL.

¢ Oligonucleotides TG13/10 (b) and TG14/12 (b") were used to replace DNA between restriction sites PpuMI and Xbal.

4 Oligonucleotides SC39/40 (b) and SC43/44 (b') were used to replace DNA between restriction sites Xbal and Sapl.

¢ Oligonucleotides SC59/60 (b) and SC61/62 (b') were used to remove an unwanted aspartic acid between the E39-to-D53 and L54-to-I86 regions.

ATP hydrolysis reaction mixture at a final concentration of 0.5% as previously
described (13). ATP- and NADH-driven proton pumping assays were conducted
by adding 500 pg of membrane protein to 3.5 ml reaction buffer (50 mM
morpholinepropanesulfonic acid [MOPS; pH 7.3], 10 mM MgCl,) and monitor-
ing the fluorescence quenching of 9-amino-6-chloro-2-methoxyacridine (ACMA)
as previously described (33). Fluorescence quenching was detected using two
spectrofluorometers, either a Perkin-Elmer LS-3B or a Photon Technologies
International QuantaMaster 4.

Trypsin digestion. The incorporation of chimeric b subunits into intact F;F_
ATP synthase complexes was detected by the digestion of membrane samples
with trypsin to degrade unincorporated b subunit as previously described (34).
The b subunits were digested by bringing a total of 0.1 mg of membrane protein
to a volume of 90 pl using TM buffer and adding 10 pl of 2-mg/ml trypsin to start
the reaction. Aliquots containing 10 pg of digested protein were removed at 1,
2,3,4,6, 8, and 16 h, and the reaction was stopped by the addition of 2 ul of
10-mg/ml trypsin inhibitor from Glycine max (soybean; Sigma-Aldrich). For long
digestions, additional trypsin was added at 3, 6, and 8 h to compensate for the
estimated activity loss of 25%/3 h. The samples were studied by Western blot
analysis with 1 ug of each sample loaded per lane. The presence of heterodimeric

peripheral stalks in intact F,F, complexes was examined by the digestion of 0.5
mg of membrane protein in a reaction volume of 100 pl. The entire reaction was
stopped by the addition of 30 wl of 10-mg/ml trypsin inhibitor, and the product
was purified over a nickel resin and analyzed by Western blot analysis (see
below).

Nickel resin purification. Membrane samples were solubilized and purified
over a high-capacity nickel chelate affinity matrix (Ni-CAM), purchased from
Sigma, to selectively retain F,F, ATP synthase complexes containing at least one
histidine tag as previously described (15). A total of 0.5 mg of membrane protein
was brought up to a volume of 150 ul with a final concentration of 1 mM
imidazole, 0.2 M NaCl, and 0.2% Tegamine oxide WS-35. The solubilized mem-
brane protein was purified over 75 pl of Ni-CAM resin essentially as described
by the manufacturer. The resin was incubated with the membrane protein for 10
min and then washed five times with wash buffer (50 mM Na,PO, [pH 8.0], 0.2
M NaCl, 1 mM imidazole, 0.2% Tegamine oxide WS-35). Any bound protein was
eluted in elution buffer (50 mM Na,PO, [pH 8.0], 0.3 M NaCl, 250 mM imid-
azole) by incubating the resin twice for 10 min with 125 pl of elution buffer. The
eluted protein was concentrated using a Microcon YM-10 centrifugal filter de-
vice, and the volume of the eluant was estimated by weight.
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TABLE 3. Growth properties and ATPase activities in cells expressing chimeric subunits

ATP hydrolysis activity”

Strain/plasmid(s) Gene product(s) vaf’th 0,?
succinate Without LDAO With 0.5% LDAO®
KM2/pTAM37/pTAM46 bpis/bvys +++ 0.62 = 0.04 1.21 = 0.01
KM2/pBR322 Ab - 0.13 = 0.02 0.22 +0.01
KM2/pSBC56 bg30.Ds3, his + 0.58 = 0.03 1.27 = 0.07
KM2/pSBC57 "E39-Ds3, V5 - 0.20 = 0.01 0.18 + 0.04
KM2/pSBC56/pSBC57 E39-Ds3, his/? 39053, V5 + 0.61 = 0.02 1.26 = 0.06
KM2/pSBC58 by 54186, nis - 0.42 +0.01 0.71 = 0.02
KM2/pSBC76 ' Ls4-186, V5 +++ 0.22 +0.01 0.31 = 0.02
KM2/pSBC58/pSBC76 L54-186, his'D L5186, V5 +++ 0.47 = 0.03 0.76 = 0.06
KM2/pSBC97 bE39.186, his + 0.50 + 0.04 0.87 = 0.08
KM2/pSBC98 ' E39-186, V5 ++ 0.19 = 0.01 0.26 + 0.01
KM2/pSBC97/pSBCI98 E39-186, his/D E39-186, Vs ++ 0.49 + 0.04 0.88 +0.02
KM2/pSBC94 by s4-a107, nis - 0.22 +0.01 0.30 = 0.01
KM2/pSBC79 'L54-A107, V5 - 0.15 = 0.01 0.44 = 0.03
KM2/pSBC94/pSBC79 L54-A107, his/D L54-A107, V5 - 0.23 = 0.03 0.29 + 0.03
KM2/pSBC95 bE39.A107, his - 0.12 = 0.03 0.34 = 0.01
KM2/pSBC96 "E39-A107, V5 - 0.12 = 0.02 0.16 = 0.03
KM2/pSBC95/pSBC96 E39-A107, his/P E39-A107, V5 - 0.14 = 0.03 0.37 = 0.02

¢ Symbols: +++, wild-type growth; ++, colonies smaller than wild type; +, small-colony formation; —, no growth.

b Reported in pmol of Py/mg of membrane protein/min.
¢ Used to release F; from the inhibitory effect of F,,.

Western blotting. Proteins were separated on a 15% sodium dodecyl sulfate-
polyacrylamide gel, and Western blotting was performed as described previously
(14). The primary and secondary antibodies used here were the anti-b subunit
antibody (a gift from G. Deckers-Hebestreit) and the anti-V5 antibody (Invitrogen).
The presence of bound secondary antibody was detected by chemiluminescence
using Amersham Biosciences’ ECL Plus Western blotting detection system.

RESULTS

Complementation analysis. For complementation studies,
plasmids pTAM37 (b,;; Cm") and pTAM46 (bys; Ap") were
transformed into deletion strain KM2 (Ab) to serve as positive
controls (15). The b subunits expressed by these plasmids were
equipped with different epitope tags to facilitate the detection
of heterodimeric peripheral stalks. The epitope tags had very
little effect on enzyme activity. Ten additional plasmids have
been constructed to express chimeric subunits in which parts of
the tether and dimerization domains of the E. coli b subunit
have been replaced with the homologous b or b’ segments from
T. elongatus (Fig. 1). This organism was chosen in an attempt
to increase the stability of the chimeric constructs. The amino
and carboxyl boundaries of the substituted region were se-
lected to avoid disturbing the environment of the critical R36
residue and to prevent disruption of essential interactions be-
tween the peripheral stalk and F,. The abilities of these plas-
mids to complement deletion strain KM2 (Ab) were studied by
growth on minimal A medium supplemented with succinate
(Table 3). Plasmids that contained T. elongatus b or b’ se-
quence between either D54 and A107 or E39 and A107 were
unable to complement strain KM2. Similarly, KM2/pSBC57
(b"E30.ps3, vs) failed to grow on succinate medium, but a
weakly positive result was obtained with strain KM2/pSBC56
(bg39.ps3, nis)- Much more impressive complementation was
obtained with strain KM2/pSBC76 (b'| 54156, vs), but KM2/

PSBC58 (by 54186, nis) did not grow. Interestingly, colony for-
mation was in evidence when either chimeric bgzg 156, nis OF
D' g30.186, vs Subunits were expressed.

Stability of F,F_, complexes. In order to detect the expres-
sion of the recombinant b subunits and their incorporation into
membranes, the presence of b subunit proteins was studied by
Western blot analysis. The experiments were performed on
membrane samples prepared from cells expressing chimeric b
or b’ subunits either alone or together (Fig. 2). The Western
blots were probed with a polyclonal antibody against the b
subunit or a monoclonal antibody against the V5 epitope tag.
The E. coli anti-b subunit antibody recognized the chimeric by,
subunits in membranes prepared from KM2 cells expressing
the be3o.pss, niss Prsa-se, nis OF DEso-ise, nis SUbunit. Although
b'ys subunits appeared to be present at lower levels than the
controls, these subunits were detected by the anti-V5 antibody
in membranes prepared from cells expressing b'g39 ps3, vs
D'y 54186, vs» OF D' 30,186, vs subunits. The chimeric b” subunits
were not detectable with the antibody against the E. coli b
subunit. The first indication of a likely interaction between
chimeric b and b’ subunits within an F,F, complex was the
observation that the b'g39 53, vs Subunit seemed to be stabi-
lized in the membrane in the presence of the bgsg.pss, pis
subunit (Fig. 2, E39-D53, lanes 4 and 5). The absence of signals
for the chimeric b or b’ subunit with T. elongatus sequence
from D54 to A107 or from E39 to A107 with either antibody
suggested that the chimeric segment could not be extended
further toward the C terminus. These proteins apparently
failed to be stably incorporated into the membranes and were
degraded.

Membrane-associated ATP hydrolysis was determined for
KM2 cells expressing chimeric b and b’ subunits (Table 3).
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FIG. 2. Immunoblot of membranes prepared from E. coli strain
KM2 (Ab) expressing chimeric b subunits. Aliquots of membrane pro-
teins (1 pg) were separated on 15% sodium dodecyl sulfate-polyacryl-
amide gels and transferred to nitrocellulose membranes as previously
described (14). The presence of the b subunit was detected using both
a polyclonal antibody raised against the b subunit and an antibody
against the V5 epitope tag appended to the carboxyl terminus of the
chimeric b’ subunits. The position of the b subunit band and the region
that was replaced with T. elongatus sequence are indicated on the left
and the primary antibody on the right. Membrane samples were loaded
as follows: lane 1, negative control KM2/pBR322 (Ab); lane 2, positive
control KM2/pTAM37/pTAM46 (by;/bys); lane 3, chimeric by, sub-
units; lane 4, chimeric b'y/5 subunits; lane 5, coexpression of chimeric
byis and b'y5 subunits. The commercial anti-V5 antibody gave a much
stronger signal than the polyclonal anti-b subunit antibody and also
detected an extra band running near the level of the b subunit, indi-
cated in lane 5 by a white diamond (<).

Since the b subunit is required for association of the F; com-
plex with the F_ complex, membrane-associated ATPase activ-
ity can in some cases be used as an indirect indication of the
relative amounts of intact F,F, complexes stably incorporated
into the membrane. As expected, only very low levels of ATP
hydrolysis were observed in membranes prepared from cells
expressing chimeric b or b’ subunits with 7. elongatus sequence
replacing L54 to A107 or E39 to A107, a result that correlated
well with failed complementation tests and negative Western
blotting results. In contrast, substantial ATP hydrolysis activity
was seen with all chimeric b subunits with replacements be-
tween E39 and D53, L54 and 186, or E39 and I86. Strangely,

CHIMERIC b SUBUNITS IN F,F, ATP SYNTHASE 5467

this was not true of the chimeric b’ subunits. Membranes
prepared from KM2/pSBC57 (b'g30.ps3. vs)» KM2/pSBC76
(D't 54186, vs)> and KM2/pSBCI8 (b k30 156vs) all had very lit-
tle membrane-associated ATP hydrolysis activity. Given that
two of the strains had solidly positive complementation test
results, it was necessary to look into this issue further. We
successfully reproduced the complementation analysis and
then sequenced plasmid DNA prepared from the colonies
grown on succinate minimal medium. The uncF (b subunit)
genes in these plasmids retained the designed chimeric b sub-
unit gene and carried no other mutations. A recent publication
suggested that a cold-stabilized form of the complex had a
significant lag in ATP hydrolysis activity (12). Therefore, ATP
hydrolysis was carefully reexamined under conditions that
would account for a potential lag, and results essentially iden-
tical to those shown in Table 3 were obtained.

Another possibility was that the chimeric b’ subunits inhib-
ited F,F, ATP hydrolysis. LDAO releases F, from the influ-
ence of F_-associated mutations (13) and promotes release of
the inhibitory € subunit (11), so determination of ATP hydro-
lysis activity in the presence of LDAO yields a value reflecting
the total F, present in a membrane sample. The amount of
LDAO stimulation observed indicated that the KM2/pSBC76
(D' 54-186, vs) and KM2/pSBCI8 (b’ £39.186.v5) Samples had only
minimal F, bound. Therefore, it seems that although the two
strains grew well, indicating abundant F,F, ATP synthase
function in vivo, the F,F_ complexes were not stable and were
lost during membrane preparation. The reduced levels of b’y 5
subunits seen during the Western blot analysis (Fig. 2) lent
further support to this interpretation.

Coupled F,F activity. ATP-driven proton pumping in mem-
brane vesicles was used to detect coupled activity in F,F,
complexes with chimeric peripheral stalks (Fig. 3). Acidifica-
tion of inverted membrane vesicles was monitored by fluores-
cence quenching of ACMA. All membrane samples had strong
ACMA quenching upon addition of NADH, confirming that
the membrane vesicles were intact and closed (data not
shown). KM2/pSBC57 (b'g30.ps3, vs) membranes showed no
proton pumping activity, but strong fluorescence quenching
was seen in KM2/pSBC56 (bg39.pss3, nis) membranes (Fig. 3A).
KM2/pSBC58 (by 54186, nis) and KM2/pSBCT76 (b’ (5156, vs)
membranes showed low but detectable levels of ATP-driven
proton pumping (Fig. 3B). No activity was observed in mem-
branes prepared from either KM2/pSBC94 (by s4.4107. nis) OF
KM2/pSBC79 (b'ys54.a107. vs) (Fig. 3D). Membranes from
KM2/pSBCY95  (bg39.a107. nis) Showed limited fluorescence
quenching under our most sensitive assay conditions (data not
shown). The most interesting results were obtained by looking
at the E39-to-186 chimeric subunits (Fig. 3C). Coexpression of
the chimeric g3 155, nis a0d D' g39.156, vs Subunits reproducibly
yielded higher proton pumping activity than expression of ei-
ther of the individual subunits alone. Moreover, the initial rate
of fluorescence quenching was substantially higher in the KM2/
PSBCI7/pSBCI8 (Di30.186. nis/D E30-186, vs) membranes (Table
4). These results might have reflected either the additive ac-
tivity from the (bg3o.156, nis)> and (b'g30.186, vs)» homodimeric
complexes or, more likely, the presence of F,F, complexes
containing bg3g 1g6. nis/P E30.186, vs heterodimeric complexes.

Detection of heterodimers. In order to detect F,F, com-
plexes with heterodimeric peripheral stalks, a nickel resin pu-
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FIG. 3. ATP-driven energization of membrane vesicles prepared from KM2 (Ab) cells expressing chimeric b subunits. Aliquots of membrane
proteins (500 pg) were suspended in 3.5 ml assay buffer (50 mM MOPS [pH 7.3], 10 mM MgCl,), and fluorescence quenching of ACMA was used
to detect energization of membrane vesicles after the addition of ATP as previously described (33). Traces are plotted as relative fluorescence over
time. The point where ATP was added is indicated above each graph, and chimeric subunits are given on the right. Each panel shows traces of
membranes from the negative control KM2/pBR322 (Ab), the positive control KM2/pTAM37/pTAM46 (b,;/bvys), and the b and b’ chimeric
subunits expressed individually and together. The chimeric subunits in the panels are as follows: E39 to D53 (A), L54 to 186 (B), E39 to 186 (C),
and L54 to A107 (D). Traces were obtained using a Perkin-Elmer (A, B, and D) or Photon Technologies International (C) spectrofluorometer.

20%

Relative Fluorescence
Relative Fluorescence

rification procedure developed previously in our lab (15) was firm that the resin was retaining only F,F_ complexes contain-
used to examine membranes prepared from KM2/pSBC97/ ing the chimeric bgso.186, nis Subunit, membranes prepared
PSBCI8 (bg30.186. nis/D E30-186, vs) (Fig. 4B, lanes 1 to 10). Four from KM2/pSBC98 (b'g30.186, vs) Were processed, and no
important controls were included in the experiment. To con- bands were observed using either the anti-b or the anti-V5
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TABLE 4. Proton pumping rates of membranes prepared from cells
expressing chimeric E39-t0-186 subunits

Final

Strain/plasmid Gene fluorescence I?i(;ial rate

rain/plasmid(s) product(s) (% of initial ~ © l;“.ease
fluorescence) (%/min)

KM2/pTAM37/pTAM46 by /bys 222 +0.1 66.9 = 0.6

KM2/pBR322 Ab 91.7 £ 0.5 05*0.2
KM2/pSBC97 br30.186, his 345 0.8 27+2

KM2/pSBC98 ' E39-186, V5 76.0 = 0.4 6.1 £ 1.1
KM2/pSBC97/pSBCI8 bg30.186, nis/ 28.0 £ 0.5 48 +3

"E39-186, Vs

antibody (Fig. 4B, lane 6). F,F_ complexes from KM2/pSBC97
(br3o.1s6, nis) Were purified as a positive control to demonstrate
that the resin retained histidine-tagged complexes and the
anti-V5 antibody detected nothing in samples lacking a V5
epitope tag (lane 7). To address possible aggregation of F,F,
complexes during sample preparation, membranes from strains
KM2/pSBCI7 (bgzo.1s6, nis) and KM2/pSBCI8 (b’ g30.156, vs)
were mixed prior to solubilization. As expected, no band was
observed using the anti-V5 antibody (lane 8). The positive
control was nickel resin-purified F,F, complexes from KM2/
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pTAM37/pTAM46 (by;/bvs). The presence of complexes con-
taining heterodimeric b,;/by s peripheral stalks was demon-
strated by signals from both the anti-b and anti-V5 antibodies
(lane 10). An essentially identical result was obtained using
membranes from KM2/pSBC97/pSBCI8 (bg30.156, his/D E39-186, v5)
(lane 9). The b’ 39,186, vs Subunit could have been retained in
the nickel resin-purified material only if it were part of an F,F_
complex containing a bgsg 156, nis SUbUNIL.

Trypsin digestion of membranes samples was used to con-
firm that the heterodimeric peripheral stalks were incorpo-
rated into intact F,F_ complexes. A portion of the wild-type
bys subunit remained resistant to degradation during an ex-
tended overdigestion with trypsin when expressed in the pres-
ence of the other F,F, ATP synthase genes (Fig. 4A, KM2
digestion). The same subunit was degraded when expressed
alone in strain 1100 ABC (Aunc), demonstrating that the in-
corporation of the b subunit into an intact F,F, complex pro-
tects the peripheral stalk from trypsin digestion. This result is
consistent with what has been observed previously (34). Like-
wise, chimeric pSBCI7/pSBCI8 (bg39.156, nis/D'E39-186, vs) SUb-
units were partially protected by incorporation into F,F_ com-
plexes. A very small amount of by s subunit was detected in
membranes exposed to trypsin in the absence of the rest of the
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FIG. 4. Incorporation of heterodimeric peripheral stalks into F,F, ATP synthase complexes. (A) Trypsin digestion of either pTAM46 (by5) or
PSBCI7/pSBCI8 (bg30.186, his/D E39-186, vs) expressed in either KM2 (Ab) or 1100 ABC (Aunc) cells. The strains and expressed subunits are given
on the figure. Proteolytic digestion and collection of aliquots were performed as described in Materials and Methods. Western blotting was
performed, and blots were probed with an antibody against the b subunit as for Fig. 2. (B) Aliquots of membrane samples were solubilized and
purified over Ni-CAM as previously described (15). Ten percent of the total eluant from the nickel resin purification was loaded in each lane of
purified protein. Western blotting was performed with antibodies against both the b subunit and the V5 epitope tag. Membranes were loaded into
lanes as follows: lanes 1 to 4, 1 pg of nonpurified membranes from KM2/pBR322 (Ab), KM2/pSBCI7 (br:39.156, nis)» KM2/pSBCI8 (b’ 30 186, vs)>
and KM2/pSBC97/pSBCI8 (bg30.156, nis/P £39-186, vs)> T€Spectively; lane 5, intentionally left empty; lane 6, nickel resin negative control KM2/pSBC98
(D" k39186, vs); lane 7, nickel resin positive control KM2/pSBC97 (Dg39.156, nis); 1ane 8, nickel resin aggregation control KM2/pSBC97 (bg30.156, his)
plus KM2/pSBCI8 (b'39.186, vs); lane 9, purification of KM2/pSBC97/pSBCI8 (bg30.156, nis/P £30-186, vs); lane 10, purification of heterodimer
positive control KM2/pTAM37/pTAMA46 (b,;/bys); lanes 11 and 12, purification of trypsin-digested KM2/pTAM37/pTAM46 (by;/bys) at 0 and 3 h,
respectively; lanes 13 and 14, purification of trypsin-digested KM2/pSBC97/pSBCI8 (30156, nis/P E30-186, vs) at 0 and 3 h, respectively; lanes 15 and
16, purification of trypsin-digested 1100 ABC/pSBC97/pSBCI8 (Aunc/byzo 156, nis/t’£30-186, vs) at 0 and 3 h, respectively.
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complex using the higher-sensitivity antibody against the V5
epitope tag (data not shown). Nickel resin purification of sam-
ples digested with trypsin demonstrated that the heterodimeric
peripheral stalks were incorporated into intact F,F, complexes
(Fig. 4B, lanes 11 to 16). A band was seen using the anti-V5
antibody after 3 h of trypsin digestion for both the positive
control KM2/pTAM37/pTAMA46 (b,;/bys) and the chimeric
KM2/pSBCI7/pSBCI8 (br30.186. nis/P E30-186, vs) sample but
not for the 1100 ABC/pSBCI7/pSBCI8 (bg39.186, nis/P' £39-186, v5)
sample. The b’ g3 156, vs Subunit survived trypsin digestion and
nickel resin purification as a component of a heterodimeric
F,F, complex containing the bgz9 156, nis SUbUNIt.

DISCUSSION

A series of plasmids have been constructed that were de-
signed to express chimeric subunits such that portions of the
tether and dimerization domains of the E. coli F,F, ATP
synthase b subunit were replaced with homologous sequences
from the b and b’ subunits of the thermophilic cyanobacterium
T. elongatus. The chimeric subunits with the largest successful
T. elongatus segments had replacements spanning positions
E39 to 186. The chimeric b9 15 and b’ 39 156 Subunits each
contained a total of 48 replaced amino acids, or almost one-
third of the entire b subunit. Plasmids expressing either recom-
binant chimeric subunit were individually capable of genetic
complementation of an uncF (b subunit) deletion strain. In
addition to the homodimeric stalks formed by the expression of
each subunit alone, coexpression of the brig 156 and b’ 530 156
subunits yielded readily detectable F,F_ complexes with het-
erodimeric peripheral stalks. Attempts to extend the 7. elon-
gatus segment further toward the carboxyl terminus resulted in
failure. The most logical interpretation was that critical inter-
actions between the peripheral stalk and F; known to occur in
this area of the b subunit (18, 20) were interrupted, leading to
a general defect in assembly of the F,F_ complex.

The secondary structure of the b subunit throughout the
area under study here is thought to be an extended, linear
a-helix (35). This has been confirmed by X-ray crystallography
for the section covering amino acids 66 to 122 (6). In view of
the properties of tether domain insertion and deletion mutants
(15, 32, 34), one might have expected that any a-helical se-
quence substituted in the tether domain would be sufficient if
the protein-protein contacts within F_ and F, were maintained.
However, the b’ k39 ps3, vs chimeric subunit was fully defective.
Extension of the chimeric region in the b'gsq 156, vs Subunit
resulted in formation of an active F;F, ATP synthase. There-
fore, the structural defect induced by the substitutions in the
b'g39.ps3 region was dramatically suppressed within the
b'g30.186 subunit. The phenotype of the defective by s, 156, nis
subunit was suppressed to a lesser degree in the bgsg 156, nis
subunit. The evidence suggests that there must be determi-
nants throughout the E39-t0-186 section of the b subunit that
act together to specify the structure of the peripheral stalk. The
obvious interpretation is that multiple protein-protein interac-
tions between the two b subunits likely provide these structural
determinants. There is ample evidence for direct contacts
within the dimerization domain (28, 29). To date, there is no
evidence of intimate interactions between the two b subunits
within the tether domain between positions K23 and D53.

J. BACTERIOL.

F,F, complexes containing chimeric b" subunits were much
less stable in vitro than complexes with chimeric b subunits.
Within the E39-to-186 segment there are 14 amino acids in the
E. coli and T. elongatus b subunits that are different in subunit
b' (Fig. 1). While it is possible that these specific amino acids
have an important influence on F,F_ complex stability, it seems
more likely that the overall structure of the b" subunit does not
necessarily favor maintenance of the intersubunit contacts
needed for a stable enzyme in aqueous buffers. This view is
supported by the observation that the levels of b'g30.ps3,
b’ 54186, and b’ 3915 Were all increased by coexpression with
the cognate b subunit (Fig. 2). Therefore, the formation of
chimeric b/b" heterodimeric F,F, complexes seems to stabilize
the chimeric b subunits in vitro.
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