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The b Subunits in the Peripheral Stalk of F,F, ATP Synthase
Preferentially Adopt an Offset Relationship™
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The peripheral stalk of F,F, ATP synthase is essential for the
binding of F, to F and for proper transfer of energy between the
two sectors of the enzyme. The peripheral stalk of Escherichia
coli is composed of a dimer of identical b subunits. In contrast,
photosynthetic organisms express two b-like genes that form a
heterodimeric peripheral stalk. Previously we generated chi-
meric peripheral stalks in which a portion of the tether and
dimerization domains of the E. coli b subunits were replaced
with homologous sequences from the b and b’ subunits of Ther-
mosynechococcus elongatus (Claggett, S. B., Grabar, T. B., Dunn,
S. D., and Cain, B. D. (2007) J. Bacteriol. 189, 5463—-5471). The
spatial arrangement of the chimeric b and b’ subunits, abbrevi-
ated Th and Tb', has been investigated by Cu**-mediated disul-
fide cross-link formation. Disulfide formation was studied both
in soluble model polypeptides and between full-length subunits
within intact functional F,F, ATP synthase complexes. In both
cases, disulfides were preferentially formed between 7h g5 and
Tbh' nooc» indicating the existence of a staggered relationship
between helices of the two chimeric subunits. Even under strin-
gent conditions rapid formation of disulfides between these
positions occurred. Importantly, formation of this cross-link
had no detectable effect on ATP-driven proton pumping, indi-
cating that the staggered conformation is compatible with nor-
mal enzymatic activity. Under less stringent reaction condi-
tions, it was also possible to detect b subunits cross-linked
through identical positions, suggesting that an in-register, non-
staggered parallel conformation may also exist.

F,F, ATP synthases are found in the inner mitochondrial
membrane, the thylakoid membrane of chloroplasts, and the
cytoplasmic membrane of bacteria (1-4). These enzymes are
responsible for harnessing an electrochemical gradient of pro-
tons across the membranes for the synthesis of ATP. In Esche-
richia coli F\F, ATP synthase, the membrane-embedded F,
sector is composed of subunits ab,c,, and a soluble F, portion
composed of subunits a;8;y8€. The F, sector houses a proton
channel located principally in the a subunit, and the flow of
protons through F, generates torque used to rotate the ¢, sub-
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unit ring relative to the ab, subunits. The F; yand e subunits are
bound to the ¢, ring and form the central or rotor stalk. Cata-
lytic sites are located at the interfaces of each a3 pair in F;. The
v subunit extends into the center of the a,3; hexamer, creating
an asymmetry in the conformations of the af3 pairs (5). It is the
rotation of the y subunit and the resulting sequential confor-
mational changes in each a8 pair that provides the driving force
for the synthesis of ATP at the catalytic sites. The a;3; hexamer
is held stationary relative to the rotary stalk by the peripheral
stalk consisting of the 5,6 subunits.

The peripheral stalk is essential for binding F, to F, and for
coupling proton translocation to catalytic activity (6 — 8). In the
E. coli enzyme, the peripheral stalk is a dimer of identical b
subunits. The stalk has been conceptually divided into func-
tional domains called the membrane domain (by;; 133), the
tether domain (bgy a61), the dimerization domain (brgs xc10)
and the F,-binding domain (bg;43.1156) (9). Although there is
ample evidence of direct protein-protein interactions between
b subunits within the membrane, dimerization, and F;-binding
domains, there is remarkably little evidence of tight packing
between the b subunits in the tether domain. In fact, electron
spin resonance studies suggested that the tether domains of the
two b subunits may be separated by more than 20 A in the F,F,
complex (10, 11). Much of what is known about the structure of
the stalk has been inferred from analysis of the properties of
polypeptides modeling segments of the b subunit. The struc-
ture of a peptide modeling the membrane domain, by, 34, has
been determined by NMR (12), and a peptide based on the
dimerization domain, b4, 100, has been determined by x-ray
diffraction (13). Both polypeptides assumed a-helical confor-
mations, but neither structure directly revealed 5 subunit
dimerization interactions. Recently, Priya et al. (14) reported a
low resolution structure of a by, 115 dimer, but the extended
conformation appears to be slightly too long to accurately
reflect the dimensions of the peripheral stalk within the F,F,
complex.

Molecular modeling efforts supported by a variety of bio-
chemical and biophysical experiments have yielded competing
right-handed coiled coil (15, 16) and left-handed coiled coil (17,
18) models for the peripheral stalk. The parallel two-stranded
left-handed coiled coli is a well known structure characterized
by knobs-into-holes packing of the side chains of the two heli-
ces that are aligned in-register. An in-register conformation
implies that any specific amino acid on the b subunit-subunit
interface would occupy a position immediately adjacent to its
counterpart in the other b subunit. In contrast, del Rizzo et al.
(16) proposed a novel parallel right-handed coiled coil with the
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helices of the two b subunits offset by approximately one and a
half turns of an « helix. This staggered model positions the two
identical residues contributed by each of the b subunits in a
homodimer into differing environments and at considerable
distance from one another. Sequence analyses have been
offered in support of both models (16, 18). In terms of experi-
mental support, cross-linking studies of polypeptides have pro-
vided evidence that dimer packing could be in-register at many
sites starting from residue Ala®® and continuing to the carboxyl
termini in model by, ;,5¢ dimers and in bps3 1., dimers (9,
16). Cross-linking at a few of the carboxyl-proximal positions
has been confirmed within intact F,;F, ATP synthase complexes
(19, 20). Recent electron spin resonance distance measure-
ments on b,, -, have also been interpreted as support for the
in-register arrangement (17, 18). Conversely, work with
polypeptides modeling the b subunit has generated evidence
favoring a staggered conformation in this section of the dimer
(15, 16, 21). In mixtures of dimerization domain polypeptides
with cysteines incorporated at different sites, disulfides prefer-
entially formed between positions that were 4 —7 residues apart.
For example, by55 1156 dimers were covalently locked into the
offset conformation by the formation of disulfide bridges
between cysteines introduced at positions b .4 and by as well
as brgs and b o, (15). These staggered dimers were more stable,
melted with higher cooperativity, and bound soluble F, with
higher affinity than bp55 ;5 dimers fixed in the in-register
arrangement. Moreover, active and coupled F,F, complexes
were assembled with heterodimeric peripheral stalks using b
subunits with tether domains varying in length by as many as 14
amino acids (22). These F,F, complexes had peripheral stalks
that were by definition out of register, at least within the tether
domain.

In contrast to the homodimer of identical 4 subunits
observed in the peripheral stalk of E. coli, photosynthetic orga-
nisms express two b-like subunits, b and b’, that are thought to
form heterodimeric peripheral stalks in F,F, ATP synthase.
Previously, we generated heterodimeric peripheral stalks
within the E. coli F,F, by constructing chimeric b subunits (23).
Segments of the tether and dimerization domains of the E. coli
b subunit were replaced with the homologous regions of the
Thermosynechococcus elongatus b and b’ subunits. The chi-
meric subunits formed heterodimeric peripheral stalks that
were incorporated into intact, functional F;F, ATP synthase
complexes. The most active chimeric enzymes had 7. elongatus
primary sequences replacing residues bsq 144 Of the E. coli b
subunit. For simplicity, these chimeric subunits will be referred
to here as Th and Tb'.

The ability to generate F,F, ATP synthases with 7h/Tbh' het-
erodimeric peripheral stalks provided a means to investigate
the positions of the two subunits in the peripheral stalk. In the
present work, we show that the 7b and Th' subunits assumed
preferred positions relative to one another within the F,; F, com-
plex. The staggered conformation appears to be a favored and
functional conformation for the peripheral stalk. However,
within a population of F,F, complexes, some complexes with
peripheral stalks in the in-register conformation are likely to
exist.
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EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions—The host strain
for all membrane preparations was KM2 (Ab), an E. coli strain
that carries a chromosomal deletion of the uncF gene (b sub-
unit) (24). Strain MM294 was used for the expression of pep-
tides modeling the b subunit (25). F,;F, ATP synthase viability
was assessed in vivo by growing cells on minimal A medium
supplemented with succinate (0.2%, w/v). The cells for mem-
brane preparations were grown in Luria broth supplemented
with glucose (0.2%, w/v) and isopropyl-1-thio-3-p-galactopy-
ranoside (40 ug/ml). Ampicillin (100 pg/ml) and chloramphen-
icol (25 ug/ml) were added as needed. All of the cells were
grown at 37 °C.

Expression Plasmid Construction—A b subunit gene was syn-
thesized by GenScript that contained a C21S mutation and a V5
epitope tag (GKPIPNPLLGLDST) on the carboxyl terminus.
The C21S mutation is present in all b, Th, and Th' subunit gene
constructs but will not be included in the subunit designations
throughout the paper for clarity. Plasmid pSBC127 (by,5) was
generated by ligating the synthetic uncF(b) subunit gene from
GenScript into the EcoRI/Kpnl restriction sites of pUC19. Cys-
teine substitutions were engineered into b subunits by site-di-
rected mutagenesis of plasmid pSBC127 (by,5) using the oligo-
nucleotides listed in supplemental Table S1. The plasmids were
constructed for the expression of chimeric 7b or T’ subunits
with a cysteine substituted for residue Ala®? or Ala® (see Table
1). Tb subunit substitutions were made in plasmid pSBC97
(Tbh,,,) that has T. elongatus b subunit sequence substituted for
residues Glu®**~I1e®® and a histidine tag at the amino terminus.
Tb' constructs were based on plasmid pSBC98 (T5',5) that has
the T. elongatus b' subunit sequence substituted for the same
region and a V5 epitope tag on the carboxyl terminus. All of the
mutations were confirmed by direct nucleotide sequencing.

Plasmids were also constructed to facilitate expression of sol-
uble polypeptides modeled on the Th and Tb' subunits (see
Table 1). Regions of interest from the parent plasmids were
amplified by PCR using the primers listed in supplemental
Table S1 and cloned into the expression plasmid pJB3 (26)
using the unique Ndel and HindIII sites. The forward primers
for all of the Th chimeras, SD101, and the Th' chimeras, SD102,
included an Ndel site and encoded a protein starting with res-
idues MSY followed by Th or Th' sequence beginning at residue
Asp®3. Four plasmids were constructed to express peptides
modeling the Th or Th’ subunit residues Asp>>~Leu'>® by PCR
amplification of plasmids pSBC123 (Thgso _1g6,453c), PSBC124
(Tbeso _186,a00c)) PSBCI125 (Th'p3o_1g6,as3c) and pSBC126
(Th' £39 _186,a00c)- Primers SD101/SD102 were used as the for-
ward primer and SD104 as the reverse primer to generate plas-
mids pSD361 (Pb,gsc), pSD362 (Pb' sgsc), PSD363 (P pgoc),
and pSD364 (Pb’' ,g0c), abbreviated as Pb and Pb'. Two addi-
tional plasmids expressing peptides modeling the Th and Tb'
dimerization domain residues Asp®>~Lys'?? and containing a
GGGC extension on the carboxyl terminus were constructed
using SD103 as the reverse PCR primer and pSBC97 (7b) or
pSBC98 (Th') as the template DNA. The resulting plasmids
pSD357 (Db, ggcc) and pSD358 (Db’ , cc) are abbreviated
as Db and Db’. Plasmid pSD357 (Db, ) was moved into the
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expression plasmid pACT3 (27) using the EcoRI and HindIII
sites to produce pSD359 (Db_ 55cc) and allow coexpression
with pSD358 (Db’ | ccao)-

Preparation and Assay of Membranes—Membrane vesicles
were prepared as described previously (28). Membrane protein
concentrations were determined using the bicinchoninic acid
method (29). ATP-driven proton pumping assays were con-
ducted by adding 500 ug of membrane protein to 3.5 ml of
reaction buffer (50 mm MOPS,? pH 7.3], 10 mm MgCl,) and
monitoring the fluorescence quenching of 9-amino-6-chloro-
2-methoxyacridine (30). Fluorescence quenching was detected
using a Photon Technologies International QuantaMaster 4
spectrofluorometer.

The ATP hydrolysis activities in membrane samples were
determined using the 7-methyl-6-thioguanosine (MESG)
method (31). This assay determines the rate of ATP hydrolysis
by using the enzyme purine nucleotide phosphorylase (PNP) to
catalyze the reaction of inorganic phosphate (P;) with MESG to
form 7-methyl-6-thioguanine. The appearance of product was
detected as an absorbance increase at 360 nm using a Varian
Cary 50 spectrophotometer. A PNP stock solution was made by
dissolving the solid enzyme in water to a concentration of 0.1
units/ml and stored at 4 °C. An MESG stock solution was made
in water to a final concentration of 1 mm and stored in 5-ml
aliquots at —20 °C. The MESG solution was thawed prior to
use, and both MESG and PNP were kept on ice until needed.
Each reaction consisted of 10 -25 mg of membrane protein, 50
ml of 20X TM buffer (1 m Tris-HCI, pH 7.5, 200 mm MgSO,,),
300 ml of MESG, 50 ml of PNP, and water to a final volume of 1
ml. The components were combined in a disposable glass tube,
agitated briefly to mix, and poured into a cuvette prewarmed to
37 °C. Each reaction was allowed to sit for 1 min to stabilize the
temperature before starting by the addition of 30 ml of 0.15 m
ATP made in TM buffer. Absorbance data points were col-
lected continuously for 5 min. The slope of the linear portion of
the reaction was determined in units of absorbance/min using
the software associated with the instrument. Stimulation of
ATP hydrolysis by N,N-dimethyldodecylamine N-oxide
(LDAO) was determined by adding LDAO to each reaction to a
final concentration of 0.5% as described previously (32).

Heterodimeric peripheral stalks were detected using a puri-
fication procedure essentially as described previously (22).
Membrane samples were solubilized and purified over a high
capacity nickel chelate affinity matrix (Sigma) to selectively
retain F,F, ATP synthase complexes containing at least one
histidine tag. Membrane- and nickel resin-purified proteins
were separated on a 15% SDS-PAGE gel for immunoblot anal-
ysis (33). Primary antibodies used were an antibody against the
b subunit (a gift from G. Deckers-Hebestreit) and an antibody
against the V5 epitope tag (Invitrogen). Secondary antibodies
used were horseradish peroxidase-linked anti-rabbit and anti-
mouse antibodies, respectively. The presence of bound second-
ary antibody was detected by chemiluminescence with the

2 The abbreviations used are: MOPS, morpholinepropanesulfonic acid; LDAO,
N,N-dimethyldodecylamine N-oxide; MESG, 7-methyl-6-thioguanosine;
NEM, N-ethylmalemide; PNP, purine nucleotide phosphorylase; Tricine,
N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyllglycine.
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Amersham Biosciences ECL Plus Western blotting detection
system.

Expression and Purification of Soluble b Subunits—The chi-
meric dimerization domains Db_ 55 and Db’ | g were
coexpressed by isopropyl-1-thio-3-p-galactopyranoside induc-
tion in cells carrying both pSD359 (Db sgcc) and pSD359
(Db’ . gcac)- The Th and Th' chimeras were separated by ion
exchange chromatography, exploiting their substantial differ-
ence in charge. The cell extracts were first fractionated by pro-
cedures similar to those that have been previously described
(16) and then clarified by ultracentrifugation. Proteins that pre-
cipitated with ammonium sulfate at concentrations between 40
and 60% of saturation were collected. Anion exchange chroma-
tography on DEAE-Sepharose at pH 8.0 separated the domains
into two peaks. Further fractionation of the first peak by cation
exchange chromatography on SP-Sepharose at pH 5.0 yielded
essentially pure 7h dimerization domain. Application of the
cation exchange step to the second peak resulted in partially
purified b’ chimera; subsequent size exclusion chromatography
on a column of Sephadex G-75 yielded the pure polypeptide.
Chimeric polypeptides consisting of residues Asp®>-Leu'>®
and containing internal cysteine substitutions at either position
Ala® or Ala®® were expressed by isopropyl-1-thio-B-p-galacto-
pyranoside induction of cells carrying plasmids pSD361,
pSD362, pSD363, or pSD364. Following cell breakage and clar-
ification of the extracts by ultracentrifugation, the supernatant
solutions were brought to 45% saturation with ammonium sul-
fate. The precipitates were collected by centrifugation, dis-
solved, and dialyzed against 50 mm Tris-HCI, pH 7.5, contain-
ing 1 mM EDTA and 1 mMm dithiothreitol. These partially
purified samples were used for disulfide formation studies
without further purification. The identity and purity of each
product was confirmed by matrix-assisted laser desorption ion-
ization time-of-flight mass spectrometry; the masses of the Th
and Tb' subunits differ by 167 Da. All of the buffers included
dithiothreitol to a final concentration of 1 mMm to maintain the
cysteines in a reduced state. Protein concentrations were deter-
mined by the Advanced Assay (Cytoskeleton, Inc.) as described
previously (16). Purified proteins were analyzed on 15% SDS-
PAGE gels using a Tris-Tricine buffer system (9).

Disulfide Cross-linking—Disulfide cross-links between b sub-
units in the peripheral stalk were formed by incubating mem-
brane samples with 50 mm Cu®* for time periods specified for
each experiment. The cross-linking reactions were carried out
in open 1.5-ml microcentrifuge tubes with mixing at 300 rpm in
an Eppendorf Thermomixer R heated to 37 °C. Each reaction
was stopped by adding fresh N-ethylmaleimide (NEM) to a final
concentration of 5 mm, through mixing and cooling on ice. Two
time points were taken for each sample, a zero time point and a
2- or 10-min time point. The zero time point sample was
obtained by diluting the concentrated membranes to 5 mg/ml
in TM buffer and adding NEM to react with free cysteine resi-
dues and prevent cross-linking. The reaction was mixed and
allowed to sit at room temperature for 15 s before adding Cu®"
and placing on ice. Cross-linking for 2 or 10 min was done by
diluting the membrane sample to 5 mg/ml in TM buffer and
warming to 37 °C in the thermomixer. Prewarmed Cu”>" was
added, and the samples were allowed to incubate with mixing
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TABLE 1
Growth of bacterial strains
Strain/plasmid(s) Gene product® ¢ Antibiotic resistance’ Growth on succinate® Source or reference

KM2/pTAM37/pTAM46 byio/bys Ap+Cm +++ Ref. 22
KM2/pBR322 Ab Ap - New England Biolabs
KM2/pSBC127 bys Ap ++ This study
KM2/pSBC128 bisc,vs Ap ++ This study
KM2/pSBC129 brssc, vs Ap ++ This study
KM2/pSBC130 brooc, vs Ap ++ This study
KM2/pSBC131 E97C, V5 Ap + This study
KM2/pSBC97 Tb Cm + [23]
KM2/pSBC123 Tb pgsc Cm + This study
KM2/pSBC124 Tb po0c Cm + This study
KM2/pSBC98 Tb' Ap ++ [23]
KM2/pSBC125 Tb' sgsc: Ap ++ This study
KM2/pSBC126 Tb' nooc Ap ++ This study
KM2/pSBC97/pSBC98 Tb/Tb' Ap + Cm ++ [23]
KM2/pSBC123/pSBC125 Thpgsc! TH' agsc: Ap + Cm ++ This study
KM2/pSBC123/pSBC126 Th g3/ TD' pooc: Ap + Cm ++ This study
KM2/pSBC124/pSBC125 Thpooc! TH' pgsc: Ap + Cm + This study
KM2/pSBC124/pSBC126 Tb pooc! TH' pooc: Ap + Cm ++ This study
MM294/pSD359 Db, coee Cm N/A This study
MM294/pSD358 L GaGe Ap N/A This study
MM294/pSD361 AS3C Ap N/A This study
MM294/pSD363 A90C Ap N/A This study
MM294/pSD362 Pb' jgsc Ap N/A This study
MM294/pSD364 Pb’ yo0c: Ap N/A This study

“ Th, wild-type E. coli b subunit with sequence from the b subunit of T. elongatus substituted for amino acids Glu**~1le®, a C21S mutation, and a six-histidine epitope tag at the

amino terminus.

b Tp', wild-type E. coli b subunit with sequence from the b’ subunit of T. elongatus substituted for amino acids Glu**~Ile®®, a C21S mutation, and a V5 epitope tag (GKPIPN-

PLLGLDST) at the carboxyl terminus.
¢ The native cysteine at b5, has been mutated to serine in all pSBC plasmids.

4 The Db and Db’ genes produce peptides modeling the dimerization domains of the Th and Th’ subunits. These peptides have the sequence MSY at the amino terminus, contain
Tb/Th' residues Asp®>~Lys'?* in the middle, and terminate with the sequence GGGC at the carboxyl terminus.
¢ The Pb and Pb’ genes produce peptides modeling the D53-L156 regions of the 7 and Th' subunits. These peptides also start with the sequence MSY and have cysteine residues

substituted at either Ala®® or Ala® as specified.
/ Ap, ampicillin; Cm, chloramphenicol.

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

for 2 or 10 min before further cross-linking was stopped by the
addition of NEM. A total of 1 ug of each cross-linked sample
was analyzed by Western blot using an antibody against the V5
epitope tag. Each band in the Western blot was quantified using
the program UN-SCAN-IT (Silk Scientific).

Soluble b Subunit Cross-linking—The propensity of the sol-
uble Th and Th' dimerization domains with carboxyl-terminal
GGGC (Dbggge and Db’ ;) additions to form homodimers
and heterodimers was determined by dialysis of either individ-
ual polypeptides, or an equimolar mixture of the 7h and 75’
constructs, overnight at 4 °C against buffer containing 50 mm
sodium phosphate, 10 um CuCl,, and cysteine at concentra-
tions of 0, 1, or 10 mMm. The total protein concentration was 0.5
mg/ml in each case. The samples were treated with SDS sample
buffer containing NEM to prevent further cross-link formation.
The tendency of chimeric polypeptides consisting of residues
Asp®?~Leu’®® and containing internal cysteine substitutions at
either residue Ala®® or Ala®® to form disulfide cross-links was
assessed by dilution of partially purified protein samples, or
mixtures, into a sulfhydril/disulfide buffer prepared by the
addition of 10 mm -mercaptoethanol and 2.5 mm dithiobisni-
trobenzoate to 50 mm Tris-HCl buffer, pH 7.4. Following incu-
bation at 25 °C for 30 min, the samples were treated with SDS
sample buffer containing 15 mm NEM to prevent further cross-
link formation.

RESULTS

Cysteine Substitutions in the E. coli b Subunit—A plasmid
carrying a synthetic cysteine-less b subunit gene equipped with
a carboxyl-terminal V5 epitope tag (by,5) was generated to facil-
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itate construction and expression of recombinant subunits. To
look for evidence of an in-register conformation in the dimer-
ization domain of the peripheral stalk of the E. coli F,F, ATP
synthase, four mutations were constructed within the synthetic
gene for expression of cysteine substitution subunits b, v
brssc.vs Dasoc,vs and g, s (Table 1). These positions were
selected based on earlier work with model polypeptides (16).
Each of the new plasmids was transformed into strain E. coli
strain KM2 (Ab). Complementation of the strain was examined
by growth on minimal A medium supplemented with succi-
nate. The succinate growth experiments indicated that all cys-
teine insertion b subunits were functionally incorporated into
F,F, ATP synthase complexes (Table 1). However, it should be
noted that the colonies of KM2/pSBC127 (b,,5) expressing the
synthetic uncF(b) gene were typically smaller than a strain with
the epitope tags added to native uncF(b) genes. Subsequent
inclusion of the cysteine substitution mutations had no further
discernable effect on growth.

The membranes from each strain were prepared and studied
for ATP hydrolysis activity in both the absence of presence of
0.5% LDAO as a measure of the relative amounts of intact F F,
complexes (Table 2). Membranes from KM2/pSBC128
(b176c,vs) had only two-thirds of the activity seen in the positive
control membranes, but F,F,-ATPase activities in the other
cysteine mutation membrane samples were not statistically dif-
ferent from values obtained for control KM2/pTAM37/
pTAM46 (b,;/bys) membranes. The extent of coupling
between ATP hydrolysis at F; and proton pumping at F, was
quantified using a fluorescence-based ATP-driven proton

VOLUME 284 +NUMBER 24 +JUNE 12, 2009



Peripheral Stalk

TABLE 2
ATP hydrolysis activity of engineered F,F,
ATP hydrolysis”
Strain/Plasmid(s) Gene product” Fold induction
—LDAO +LDAO*
KM2/pTAM37/pTAM46 bry/bys 0.30 = 0.02 1.2 *0.06 4.0
KM2/pBR322 b 0.07 £0.01 0.2 £0.01 2.3
KM2/pSBC127 bys 0.29 £ 0.01 1.3 = 0.08 4.4
KM2/pSBC128 Birecs vs 0.19 = 0.01 0.9 = 0.03 46
KM2/pSBC129 brgsc. ve 0.28 + 0.07 1.2+ 0.07 43
KM2/pSBC130 Brsoc ve 0.29 * 0.04 12 *0.11 4.0
KM2/pSBC131 Deorc vo 0.33 + 0.07 1.1+ 0.07 34
KM2/pSBC97 Tb 0.30 £ 0.02 1.0 = 0.15 3.4
KM2/pSBC123 Th g 0.19 % 0.03 0.7 = 0.05 37
KM2/pSBC124 rooc 0.20 = 0.04 0.7 = 0.06 35
KM2/pSBC98 Tb' 0.17 £ 0.02 0.5 £ 0.06 29
KM2/pSBC125 Tb' s asc 0.10 = 0.01 0.2 +0.01 2.2
KM2/pSBC126 ' s0C 0.10 + 0.01 0.2 = 0.01 2.3
KM2/pSBC97/pSBC98 Tb/Tb' 0.24 = 0.02 0.9 £ 0.04 3.7
KM2/pSBC123/pSBC125 Th pgsc/ TH' pgace 0.19 = 0.01 0.6 = 0.01 3.2
KM?2/pSBC123/pSBC126 Th pgsc!/ TH' pooc 0.23 + 0.02 0.8 +0.02 34
KM2/pSBC124/pSBC125 Tb pooc! TH' rgsc 0.19 * 0.02 0.7 = 0.05 3.8
KM2/pSBC124/pSBC126 Tb 00! TH' rooc 0.21 = 0.02 0.8 = 0.07 36

“ See Table 1 for gene product definitions.
? Reported in wmol of P;/mg of membrane protein/min.
¢ Used to release F, from the inhibitory effect of F,.
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FIGURE 1. Effects of b subunit engineering on enzyme coupling as meas-
ured by ATP-driven energization of inverted membrane vesicles (34).
Membranes prepared from strains KM2/pTAM37/pTAM46 (b,,/bys) and
KM2/pBR322 (Ab) were used as positive and negative controls, respectively.
The point where ATP was added is indicated above each graph, and the
expressed b subunits are listed on the right. The traces were obtained in trip-
licate using a Photon Technologies International spectrofluorimeter, and the
results shown are individual representative results. A, traces shown are from
membranes prepared from strains KM2/pSBC127 (bys), KM2/pSBC128
(bizscys) KM2/pSBC129  (brgscys): KM2/pSBC130 (bagocys), and KM2/
pSBC131 (bggycys)- B, traces shown are from membranes prepared from
strains KM2/pSBC97 (Tb), KM2/pSBC123 (Tbpgsc), KM2/pSBC124 (Tbagoc),
KM2/pSBC98 (Tb'), KM2/pSBC125 (Tb' pgsc), KM2/pSBC126 (Tb' pg0c), KM2/
pSBC97/pSBCI98 (Tb/Tb'), KM2/pSBC123/pSBC125 (Tbagsc/Tb' pgsc), KM2/
PSBC123/pSBC126  (Tbagsc/Tb  pgoc),  KM2/pSBC124/pSBC125  (Tbagoc/
Tb' pg3c), and KM2/pSBC124/pSBC126 (Tbagoc/ T’ agoc)-

pumping assay (Fig. 14). Although very significant levels of
coupled activity were evident in all of the samples, the b
subunit cysteine substitution membranes had somewhat
reduced proton pumping activity. As might be expected,
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strain KM2/pSBC128 (b;,4cs) membranes showed the
most significant reduction, with only ~50% of activity found
in KM2/pSBC127 (by;) membranes. Nevertheless, all four
cysteine substitution b subunits supported enzyme complex
assembly and provided readily detectable levels of F,F, ATP
synthase activity.

Evidence for an In-register Parallel Peripheral Stalk—The
approach to looking for an in-register conformation for b sub-
units within the peripheral stalk was straightforward. In these
experiments, E. coli b subunits with the single cysteine substi-
tutions were expressed forming a homodimeric peripheral
stalk. Disulfide cross-link formation was induced by treating
membranes prepared from strains expressing subunits by,
bizec,vs Prssc,vs Dasoc,vs OF beorc,vs for 2 min with high con-
centrations (500 uMm) of the oxidizing agent CuCl,. Levels of
monomeric and cross-linked dimeric subunits were deter-
mined by Western blot analysis using an antibody against the
V5 epitope tag (Fig. 2A4). Analysis of multiple experiments
revealed that ~70% of the b,40cvs subunits could be cross-
linked. Only 20 -25% of the brg3c v and beg, ¢ 5 subunits were
cross-linked, and very little if any cross-link formation was
detectable in the by 45 sample. The results provided addi-
tional evidence of the existence of an in-register conformation
of the peripheral stalk in intact F,F, ATP synthase. To test
whether the disulfide cross-links were capable of forming under
more selective conditions, the oxidizing agent concentration
was lowered to 50 uM, and the reaction time was increased to 10
min. No apparent dimer formation was observed with cysteine
substitutions at by ¢, Prgzcr Dacoc OF Prosc (Fig. 2B). There-
fore, even the most efficient cross-link observed in the
homodimeric b,q0cvs/Pacoc,vs Pperipheral stalk was not
detectable under more stringent reaction conditions.

Cross-linking in Th and Tb' Polypeptides—Cross-linking in
the E. coli b subunits produced evidence supporting an in-reg-
ister model for the peripheral stalk, but the staggered model
cannot be readily tested in a homodimeric stalk because the two
b subunits are indistinguishable from each other. Hence, we
took advantage the heterodimeric chimeric Th/Th' subunit
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FIGURE 2. Disulfide cross-link formation in F,F, ATP synthase complexes
containing engineered E. coli peripheral stalks. A, membranes were pre-
pared in the presence of 5 mm Tris (2-carboxyethyl) phosphine from strains
KM2/pSBC127 (bys), KM2/pSBC128 (b6cvs), KM2/pSBC129 (brgsc,ys) KM2/
pSBC130 (bpgocys) and KM2/pSBC131 (bE97C vs). Cross-link formation was
induced by diluting samples to 5 mg/ml and adding Cu* to a final concen-
tration of 500 um. The reactions were carried out at 37 °C with shaking for 2
min, and the cross-linking reaction was quenched by adding NEM. The frac-
tion dimer was calculated for each sample by dividing the dimer band by the
sum of the monomer and dimer bands. The vertical lines indicate the removal
of intervening lanes from the gel in silico. The samples with a low probability
of being identical are indicated (*, p < 0.05; **, p < 0.01; ***, p < 0.001; n = 6).
B, samples were prepared and cross-linked essentially as described for A with
the exception that the Cu?* concentration was reduced to 50 um, and the
reaction time was increased to 10 min.

enzyme (20) to devise a specific test of the staggered conforma-
tion hypothesis.

To correlate the properties of Th and Th' with the extensive
work on polypeptides modeling the native E. coli b subunit, the
dimerization domains containing residues by 1155 Of the Th
and Th' subunits were expressed and purified to homogeneity.
Circular dichroism spectra of both forms and of mixtures
exhibited strong minima at 208 and 222 nm (data not shown),
implying that the chimeric peptides could form both
homodimers and heterodimers. To determine whether forma-
tion of heterodimer was favored, the dimerization domains
were expressed with carboxyl-terminal GGGC additions. A
previous study (16) using the E.coli dimerization domain
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FIGURE 3. Disulfide cross-linking of peptide fragments modeling the chi-
meric Tb and Tb’ subunits. A, the propensity of peptides modeling the
dimerization domain of chimeric Tb and Tb’ subunits and containing carbox-
yl-terminal GGGC extensions to form homodimeric and heterodimeric
arrangements was investigate using disulfide cross-link formation. The pep-
tide fragments Db, gggc and Db’ , ggc Were purified from strain MM294/
pSD359/pSD358 (Db, /Db’ gaac) as described under “Experimental Pro-
cedures.” The location of the chimeric band b’ subunits, both monomericand
dimeric, are labeled on the right side of the gel. Assignment of the dominant
species was confirmed by mass spectrometry. B, disulfide cross-link formation
between cysteines substituted at residues Ala®® or Ala® in peptides modeling
the dimerization and F;-binding domains of the chimeric subunits was ana-
lyzed by SDS-PAGE. Peptides from strains MM294/pSD361 (Pbagsc), MM294/
PSD362 (Pb’ agsc), MM294/pSD363 (Pbpooc), and MM294/pSD364 (Pb’ pooc)
were purified as described under “Experimental Procedures.” The proteins
were diluted individually or in combination into a sulfhydril/disulfide buffer
and incubated at 25 °C for 30 min. The cross-linking reaction was terminated
by treated with SDS sample buffer containing 15 mm NEM, and each sample
was analyzed by SDS-PAGE. The positions of the monomeric and dimeric
bands are indicated on the right side of the gel.

showed that disulfide formation between the added GGGC
extensions produced stably linked dimers without perturbing
the size and shape of the native structure. Disulfide formation
tests were conducted on the individual polypeptides and mix-
tures using Cu®>*-mediated oxidation in the presence of various
levels of free cysteine to provide specificity (Fig. 3A4). In the
absence of any cysteine, both individual domains formed disul-
fides effectively. The reduced forms of the domains migrated
identically, but the disulfide-linked (Db 5ggc), dimer was dis-
tinguished from the (Db’ 55gc), dimer by a difference in
migration speed. The prominent product obtained with an
equimolar mixture of the two domains showed an intermediate
mobility and was assigned as the Db, cqgc/Db’ , oo het-
erodimer. The specificity of dimer formation in this experiment
can be increased by the addition of free cysteine to the buffer,
because peptidyl cysteines that are not located proximal to a
partner peptidyl cysteine are more likely to make a mixed disul-
fide with the free cysteine. The addition of 10 mm cysteine
increased the specificity of heterodimer formation in the mix-
ture. These results imply that each of the individual chimeric
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peptides was capable of forming homodimers under the condi-
tions of the experiment but that the formation of heterodimers
was favored in mixtures because of the T. elongatus portion of
the sequence.

The specificity of disulfide formation between cysteines sub-
stituted for residues Ala®* and Ala® was tested using soluble
forms of the chimeric subunits that consisted of residues
bpss_ 1156 (Fig. 3B). Partially purified peptides were incubated,
either individually or as mixtures, for 30 min in a thiol-disulfide
buffer and analyzed by nonreducing SDS-PAGE. Both the indi-
vidual homodimeric (Pb 5 g3c), and (P’ 545¢), polypeptides and
the mixture of them both showed modest tendencies to form
disulfides, whereas no dimer formation was observed for either
of the individual constructs with cysteine at position 90. Of all
the possible cross-linking arrangements tested, dimer forma-
tion was found to be the strongest in the Pbg;/Pb’ 550 mix-
ture, implying a proximity for position 83 of Pb and position 90
of Pb'. Dimer formation for the Pb,go/Pb’ 5g5c peptide mix-
ture was substantially weaker. Importantly, the T. elongatus
sequences appeared to be dictating positioning of the chimeric
peptides relative to one another.

Evidence for a Staggered Parallel Peripheral Stalk—Plasmids
were constructed to express the chimeric Thy;; xg3c» TPpis a00cs
Th' pgsc,vs and Th' ,goc.vs subunits. The chimeric subunits
were expressed in deletion strain KM2 (Ab) individually and in
combination and then assayed for in vivo F,F, activity by
growth on succinate as the sole carbon source. All of the cys-
teine-containing subunits complemented the deletion strain
and supported colony formation comparable with the unmod-
ified chimeric subunits (Table 1). The membranes were pre-
pared from the paired chimeric subunit samples and analyzed
for ATP hydrolysis activity in both the absence and the pres-
ence of 0.5% LDAO (Table 2). All four combinations of A83C
and A90C chimeric subunits yielded membrane vesicles with
activities approaching levels found in control KM2/pSBC97/
pSBC98 (Tb,,;/Tb',;) membranes. Analysis of enzyme cou-
pling using the proton pumping assay indicated that the cys-
teine insertion subunits produced no significant effect on
coupling (Fig. 1B).

The levels of disulfide formation in F;F, ATP synthase
peripheral stalks were examined in membranes prepared from
the strains expressing both chimeric 76 and Th' subunits. The
initial experiments were conducted by cross-linking under high
Cu?™ concentration conditions (Fig. 4, A and B). Cross-linking
was evident in membranes containing all four chimeric subunit
combinations:  Thygagsc/ TO assc,vss  TPhisasac! T acoc,vss
Thyisao0c! TH' assc,vsr and Thy aooc! TP aooc,vs- Interpreta-
tion of the experiment was complicated because each sample
contained a mixture of F F, complexes with heterodimeric
Tb/Tbh' stalks and homodimeric Th/Th and Tb'/Th' peripheral
stalks. Membranes prepared from strains expressing a pair of
chimeric subunits where only one type of subunit contained a
cysteine substitution produced a significant degree of cross-
link formation (Fig. 4C), indicating that homodimeric periph-
eral stalks likely contributed to the total cross-linked product
observed in the membrane fractions where both subunits con-
tained cysteines. Therefore, to detect only cross-link formation
specifically attributable to heterodimeric peripheral stalks,
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each sample was purified over a nickel resin after cross-linking
and analyzed by Western blot using an antibody against the V5
epitope tag (Fig. 4D). Strong dimer formation was observed for
both the Tby xooc/T0' asoc,vs and  Thyg agzc/ T  asoc,vs
peripheral stalks. The data set cannot be easily reconciled with
respect to either an exclusively in-register conformation or an
exclusively staggered conformation but arguably offers support
for both competing models. It should be noted that the cross-
linked Tby;; aooc! TP’ ag3c.vs Peripheral stalk was barely detect-
able in comparison with the Thy;; 53¢/ Th’ x00c,vs- The result
was in accord with the apparent orientation of the stagger
observed in the polypeptide work (Fig. 3B). Together the evi-
dence indicates that the chimeric subunits assume preferred
and distinguishable positions within the heterodimeric stalks.
The evidence further supports a staggered conformation within
the dimerization domain that has the 7h subunits offset in the
carboxyl direction with respect to the 7b' subunit.

The Cu®" concentration was reduced to 50 uMm to more
selectively form only those cross-links that occur with the high-
est efficiency (Fig. 5A). Higher concentrations of Cu>" inhib-
ited F,F, ATPase, but 50 um Cu** allowed for direct measure-
ment of enzymatic activity. Under these conditions the only
sample that was successfully cross-linked contained Th,;; 5gs3c/
Tb' yooc.vs peripheral stalks. The dimer band observed was the
cross-linked product of Tbhy, agsc/TD avoc,vs heterodimer
F,F, complex and not cross-linking in a homodimeric stalk, a
fact that can be deduced from the lack of dimer formation in
samples expressing either Th, i, yg3c and Thy; gsc subunits or
Th' rooc,vs and Th' yg0cys subunits. A reaction time course
study showed that the Th,g;/Th' xo0c cross-linking reached
its maximum within 40 s (Fig. 5B). Image analysis of the West-
ern blots indicated that ~70% of the Tb',o- subunit was
paired with a 7b, 45 subunit and cross-linked upon treatment
with oxidizing agent. Indeed, the zero time point samples show
a degree of background cross-link formation occurring even in
the presence of the Tris (2-carboxyethyl) phosphine reducing
agent. Clearly, the rapid, high efficiency Th,;; ng3c/TP' acoc.vs
cross-linking was reporting on an offset structure extant in the
peripheral stalk, and not less than two-thirds of the peripheral
stalks were in a staggered rather than in-register conformation.

If it were necessary to revert to an in-register conformation
for enzyme function, then trapping 70% of the enzyme in the
stagger by disulfide bridge formation would be expected to have
a readily detectable impact on activity. The effect of cross-link
formation on coupled enzyme activity was analyzed using the
proton pumping assay (Fig. 5C). Importantly, the formation of
this cross-link had no effect on enzyme coupling, demonstrat-
ing that a peripheral stalk covalently locked in the offset
arrangement represented a fully functional form of the enzyme.

DISCUSSION

The goal of this study was to provide direct tests of two com-
peting structural models of the peripheral stalk of F,F, ATP
synthase. One model proposed that the b subunits are in a stag-
gered parallel conformation (15, 16, 21), and the other sug-
gested an in-register parallel arrangement (9, 19, 20). We have
provided evidence compatible with both conformations, but
the staggered positions appeared to be highly preferred. The
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FIGURE 4. Disulfide cross-link formation in F,F, ATP synthase peripheral stalks composed of chimeric Tb and Tb' subunits. The membranes were
prepared from strains coexpressing cysteine-containing Tb and Tb’ subunits. Samples from KM2/pSBC123/pSBC125 (Tbgsc/Tb' ag3c), KM2/pSBC123/pSBC126
(Tbagsc/TO' aooc), KM2/pSBC124/pSBC125 (Tbagoc/ T  agsc), and KM2/pSBC124/pSBC126 (Thagoc/Th' agoc) Were cross-linked with 500 um Cu?* exactly as
described for Fig. 2 and analyzed by Western blot using antibodies against the b subunit (A) and V5 epitope tag (B) (10 and 1 ug of protein/lane, respectively).
The vertical lines indicate the removal of intervening lanes in silico. Samples with a low probability of being identical are indicated (¥, p < 0.05; **, p < 0.01; ***,
p < 0.001; n = 5). C, membranes were prepared from strains coexpressing a cysteine-containing chimeric subunit with the complementary cysteine-free
chimeric subunit. Samples from KM2/pSBC123/pSBC98 (Tbpgs/Tb'), KM2/pSBC124/pSBCI8 (Tbagoc/Tb'), KM2/pSBCO7/pSBC125 (TH/Tb' pg5c), and KM2/
pSBC97/pSBC126 (Tb/Tb' pgoc) Were cross-linked as before and analyzed by Western blot. Antibodies against either the b subunit or the V5 epitope tag were
used for the detection of (Tb), and (Tb'), dimers, respectively. The experiment was done a total of four times, and the average fraction dimer is graphed below
each lane. D, disulfide cross-link formation in heterodimeric Tb/Tb’ peripheral stalks was detected using a Nickel-resin purification assay as previously
described (22). Samples KM2/pSBC123/pSBC125 (Tbgsc/Tb' agsc), KM2/pSBC123/pSBC126 (Tbagsc/Tb' agoc), KM2/pSBC124/pSBC125 (Tbpgoc/ T  ag3c):
and KM2/pSBC124/pSBC126 (Tbagoc/Tb' a90c) Were prepared and cross-linked as before. Each sample was then solubilized and purified over a high
capacity nickel chelate affinity matrix to retain only F,F, complexes containing at least one histidine tag. A total of 10% of the protein retained by the
high capacity nickel chelate affinity matrix resin was analyzed by Western blot using an antibody against the V5 epitope tag. The average fraction dimer
is graphed below each lane (n = 8).
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individual representative results (n = 3).

e TPAB3C! TBAgoc 10 min
Thagac/ Thagoc~0 min

Relative Flourescence

bis/bys

in-register model was supported by the observation of disulfide
bridge formation in homodimeric E.coli peripheral stalks
where both b subunits had identical cysteine substitutions.
Disulfide cross-link formation was observed at multiple sites
within the dimerization domain including bygsc, brg0cr and
bgo,c. However, it was not possible to conduct a comparable
experiment to test the offset model using the wild-type E. coli
peripheral stalk because both b subunits are identical and hence
indistinguishable within the holoenzyme. To overcome this
limitation, we employed Th and Th' chimeric subunits con-
structed by replacing residues Glu®**~I1e®° of the E. coli b sub-
unit with a homologous sequence from the organism 7. elonga-
tus as previously described (23). The cross-links favoring the
in-register arrangement were reproducible in F;F, complexes
containing homodimeric Th g3, TPaoocr TH' pgzc and Th g0c
chimeric subunits. However, studies utilizing both polypep-
tides modeling the chimeric Th/Th" subunits and the chimeric
subunits incorporated into intact functional F,F, ATP syn-
thases demonstrated that the chimeric subunits assume pre-
ferred positions relative to one another as dictated by the 7.
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elongatus sequence. Very efficient cross-linking was observed
in the Thy, agsc/Th' aooc,vs heterodimeric peripheral stalk,
strongly favoring a staggered conformation with the 7h subunit
shifted in the carboxyl direction relative to 75'. To use the
nomenclature introduced previously (16), these results suggest
that in the heterodimeric bb’ stator stalk of cyanobacteria, the
b’ subunit preferentially assumes the b™ position, and the b
subunit occupies the < position. The rapid, high yield dimer
formation within holoenzyme argues that the predominant
arrangement of the heterodimeric peripheral stalks is the stag-
gered conformation. Moreover, covalently fixing the offset in
place did not have any affect on the coupled activity of F F,
ATPase. Therefore, the staggered parallel conformation is a
viable functional structure for the peripheral stalk. The evi-
dence from our current data set is not sufficient to be inter-
preted as definitive in terms of establishing either a left- or
right-handed coiled coil in the peripheral stalk.

Disulfide cross-link formation induced by larger amounts of
oxidizing agent produced evidence of the existence of an in-
register conformation in both chimeric and wild-type periph-
eral stalks. The most efficient cross-link was formed between
cysteines substituted at residues Ala® in both cases, Th,ooc/
Th' po0c and (booc,vs). Approximately 70% of the Tbh,gsc/
Th' sooc Was very rapidly cross-linked upon exposure to Cu*"
in peripheral stalks in the staggered conformation (Fig. 5), but
using a much higher concentration of oxidizing agent as much
as 70% of the Th g/ Th' xo0c and (b oooc.vs) peripheral stalks
were also cross-linked in the in-register arrangement. Regard-
less of whether one assumes a left- or right-handed coiled coil,
residues 83 and 90 would be located not less than 10 A apart in
the in-register conformation. Given that the average disulfide
bond is only 2.2 A, residue Th' 4, cannot be within cross-
linking distance of both Th , g5 and Tb , 4oc. A model where the
peripheral stalk exists in equilibrium between the staggered and
in-register conformations might explain the observation that
both arrangements can be detected. However, the fact that the
staggered arrangement can be trapped rapidly upon treatment
with far less oxidizing agent implies that this more efficient
cross-link represents the predominant conformation.

An obvious concern is whether the conformations detected
using the Th/Tb’ chimeric subunit enzymes are representative
of conformations present in authentic F,F, ATP synthases.
There are several lines of evidence that address this contention.
First, the 7 and Th' subunits were efficiently assembled into
the E. coli F,F, ATP synthase in vivo (23). Second, the chimeric
enzymes displayed fully coupled ATP-driven proton pumping
activity, which requires that the chimeric subunits not only be
incorporated into F, F, but also be positioned such that they can
participate in all of the protein-protein interactions within both
F, and F, needed for a functional enzyme complex. Finally, the
cross-linking results for the E. coli (bpgscvs)s and (baopcvs)a
peripheral stalks are nearly identical to those of the chimeric
Thpgsc!Th agsc and Thygoc/ Th' a9 peripheral stalks, sug-
gesting that the conformation of the chimeric peripheral stalk
may be the same as the wild-type peripheral stalk. Therefore, it
seems that the most reasonable interpretation is that the prop-
erties of the chimeric Tb and T’ subunits accurately reflect the
normal functions of a wild-type b subunit. A conclusive proof
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for the staggered conformation awaits similar experiments con-
ducted in a photosynthetic organism with native b and b’
subunits.
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