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The peripheral stalk of F;F, ATP synthase is composed of a parallel homodimer of b subunits that
extends across the cytoplasmic membrane in Fy to the top of the F; sector. The stalk serves as the
stator necessary for holding F; against movement of the rotor. A series of insertions and deletions have
been engineered into the hydrophilic domain that interacts with F;. Only the hydrophobic segment
from val-121 to ala-132 and the extreme carboxyl terminus proved to be highly sensitive to mutation.
Deletions in either site apparently abolished enzyme function as a result of defects is assembly of
the F|Fy complex. Other mutations manipulating the length of the sequence between these two areas
had only limited effects on enzyme function. Expression of a b subunit with insertions with as few as
two amino acids into the hydrophobic segment also resulted in loss of F;Fy ATP synthase. However,
a fully defective b subunit with seven additional amino acids could be stabilized in a heterodimeric
peripheral stalk within a functional F,F, complex by a normal b subunit.

KEY WORDS: ATP synthase; b subunit; F;Fy.

INTRODUCTION

FFy ATP synthases share a common overall struc-
ture and rotary mechanism (Noji and Yoshida, 2001;
Boyer, 2002; Senior et al., 2002). Energy from translo-
cating protons down an electrochemical gradient across a
membrane provides the driving force for ATP synthesis.
In the Escherichia coli enzyme, the F; sector consists of
a hexamer of 383 subunits with the three catalytic sites
housed in the subunit interfaces. The y ¢ subunits form
the rotor stalk that spans from the membrane surface up
through the center of the 3 83 hexamer. The rotor stalk sits
atop a ring of approximately 10 ¢ subunits in the F sector.
The a subunit lies alongside the ¢ ring in the membrane
and contains much of the F proton channel. Protonation—
deprotonation of the ¢ subunits results in generation of
torque on the rotor. Rotation of the rotor drives the con-
formational changes in the catalytic sites that account
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for enzyme’s properties described by the binding change
mechanism. The function of the peripheral stalk is to hold
the a3 B3 against this rotation.

The peripheral stalk consists of the § subunit and a
b, dimer. The § subunit is stably anchored to the amino-
terminal domain of a single « subunit near the very top
of the F; sector (Ogilvie et al., 1997; Weber et al., 2003,
2004). The two b subunits exist in a parallel arrangement
extending from the periplasmic side of the membrane all
the way to make direct protein—protein contact with the §
subunit (Dunn et al., 2000a; Cain, 2000; Wilkens, 2000).
Nuclear magnetic resonance studies of a polypeptide mod-
eling the membrane domain suggested an «-helical sec-
ondary structure (Dmitriev et al., 1999). Crosslinking
(Dmitriev et al., 1999) and mutagenesis (Hardy et al.,
2003) experiments indicated a close association between
the b subunits on the periplasmic leaflet of the membrane,
but that the two subunits may flare apart as the mem-
brane is traversed. To date, no high resolution structure
is available for the tether domain that stretches from the
membrane surface to the bottom of the F; sector. How-
ever, deletion and insertion studies suggested that the
tether domain is quite flexible (Sorgen et al., 1998, 1999).
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Indeed, functional F|Fy complexes could be assembled
that contained heterodimeric peripheral stalks with the b
subunits differing in the lengths of their tether domains
(Grabar and Cain, 2003).

The b subunit dimerization domain forms a segment
of the peripheral stalk lying alongside F;. Dunn and
coworkers (2000a) have performed a series of studies
demonstrating that the region from ala-55 to lys-122 was
required for b dimer formation. A polypeptide modeling
this region of the b subunit readily formed dimers in
solution. A high resolution structure of monomers of the
polypeptide revealed an «-helix in an essentially linear
conformation (Del Rizzo et al., 2002). The hydrophobic
val-124 to ala-132 segment is located at the junction
of the dimerization and F; binding domains. Missense
mutations buai08-asp and bgly131asp severely affected
enzyme assembly (Porter et al., 1985; Howitt et al.,
1996; Dunn et al., 2000b). The F; binding domain
extends out to the carboxyl terminus of the b subunits
and participates in a direct protein—protein interaction
with the § subunit (McLachlin et al., 1998; McLachlin
and Dunn, 2000). Close interactions between b subunits
were detected in the F; binding domain, but these were
not absolutely required for the dimerization. Deletion of
as few as four amino acids from the carboxyl terminus of
the b subunit (bayalis3—1eu1se) €liminated interaction with
subunit § and destroyed enzyme function (Takeyama
et al., 1988). Recently, Motz et al. (2004) reported an
elegant site-specific electron spin resonance study char-
acterizing subunit interactions between the b subunits and
with Fy.

In the present study, we continue the use of the in-
sertion and deletion mutagenesis approach to consider
sequence constraints in the dimerization and F; binding
domains of the » subunit. Most manipulations of sub-
unit length had limited impacts on F;F, ATP synthase
function. As expected, the hydrophobic segment and car-
boxyl terminus proved particularly sensitive to mutation
resulting in major defects in F;F, assembly. However, a
defective b subunit could be stabilized within active F{F
complexes by association with a normal b subunit.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Mutagenesis
and Growth Conditions

E. coli strain KM2 (Ab) carrying a deletion engi-
neered in the chromosomal copy of the uncF(b) gene was
used as the host strain for all experiments (McCormick
and Cain, 1991). The mutations requiring insertion or
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deletion of four or fewer codons were constructed in
plasmid pKAM14 (b) that expressed a wild type b sub-
unit using the QuikChange Mutagenesis kit (Stratagene)
using the oligonucleotides shown in Fig. 1. Larger inser-
tions were constructed by cassette mutagenesis (Sorgen
et al., 1999) using BssHII and BglII restriction sites
engineered at nucleotides 346-351 and 374-379, re-
spectively. In every case, a restriction endonuclease site
was engineered to facilitate identification of recombi-
nant plasmids. All mutations were confirmed by direct
nucleotide sequencing of the entire uncF(b) gene on
the plasmids. Strain KM2 (Ab) was made competent
for transformation by treatment with CaCl, and trans-
formed by standard protocols. Transformants were se-
lected by screening for resistance to ampicillin. Cul-
ture media were purchased from Difco and antibiotics
and other chemicals were obtained from Sigma. Mini-
mal A medium containing succinate (0.2% w/v) as the
sole carbon source and ampicillin (100 ug/mL) was
used to score for growth via oxidative phosphoryla-
tion (Miller, 1992). LB glucose (0.2% w/v) ampicillin
(100 pg/mL) was used for experiments involving mem-
brane preparation. All growth experiments were carried
out at 37°C.

Preparation of Membranes

Membrane vesicles were prepared by the method
of Caviston et al. (1998). Bacterial cultures were grown
to a density of approximately ODgoy = 1.0. The cells
were collected by centrifugation (12,000 x g, 10m)
and washed with TM buffer (50 mM Tris—HCI, 10 mM
MgSOy4, pH 7.5). The cells were suspended in TM buffer
with DNasel added to a concentration of (10 pwg/mL).
Cells were broken in a French Pressure Cell at (14,000
psi). Two sequential centrifugation steps (7700 x g, 10 m)
were performed to remove particulates. Membrane vesi-
cles were recovered by centrifugation (150,000 x g,
1.5 h) and then washed with TM buffer (150,000 x g, 1 h)
using a Beckman Coulter LE-80K ultracentrifuge with a
70.1Ti rotor. The membranes were carefully suspended
in TM buffer using a glass homogenizer with a teflon
pestle. Membrane protein was determined by the stan-
dard methods (Smith et al., 1985). Experiments involving
preparation of F;Fy complexes with heterodimeric stalks
were performed as previously described (Grabar and Cain,
2003, 2004). Membrane samples (5 mg protein) were di-
luted to 1mL in 0.2% tegamineoxide WS-35, 0.15M
NaCl, and 1 mM imidazole. Complexes containing amino
terminal histidine-tagged b subunits (bg;;;) were then
collected by the batch preparation method using nickel
chelate affinity matrix (Ni-CAM) purchased from Sigma.
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+ala59-thr62 A S A T Nhel
5" CTTGACCTTGCAAAGGCTAGCGCGACCGCCAGCGCGACCGAC
3' GAACAGGAACGTTTCCGATCGCGCTGGCGGTCGCGCTGGCTG
b+g1n73-ils76 Qo Vv I I Tsp5091
5' GCGGAAGCCCAGGTAATTATCCAGGTAATCATCGAGCAGGC
3" CGCCTTCGGGTCCATTAATAGGTCCATTAGTAGCTCGTCCG

+alag0-glu93 A K A E Apol
' CGCTCGCAAATTTTGGACGAAGCTAAGGCAGAAGCGAAAGCTGAGGC
3" GCGAGCGTTTAAAACCTGCTTCGATTCCGTCTTCGCTTTCGACTCCG

+vall02-alal0s v A Q A Fspl
5" CGTACTAAAATCGTIGCGCAAGCTGTGGCCCAGGCGCAGGCG

3" GCATGATTTTAGCAACGCGTTCGACACCGGGTCCGCGTCCGC

+vall24-alal27 V A I L MSCI
5' CTGGCTGTTGCTGIGGCCATCCTGGGCGCCGAGAAG
3' GACCGACAACGACACCGGTAGGACCCGCGGCTCTTC

+vall24-alal30 V A I L A V A NruI
5' CGCGCGAAGAGCTGCGTAAGCAAGTCGCGATCCTGGCTGTTGCTGTTGC
3! GCTTCTCGACGCATTCGTTCAGCGCTAGGACCGACAACGACAACGCTAG

bBA,a1i26-a1a150 BstBI
5' GTGAAGAGCTTCGAAAGCAAGGCGCCGAGAAGATCATCG
3' CACTTCTCGAAGCTTTCGTTCCGCGGCTCTTCTAGTAGC

b+va1129—ala130 v A NaeT

5" CCTGGCTGTTGCTGTTGCCGGCGCCGAGAAGATCATCG
3" GGACCGACAACGACAACGGCCGCGGCTCTTCTAGTAGC

+alald3-serldé A A N S ECORI
5' CGTTCCGTGGATGAAGCTGCGAATTCCGCTGCTAACAGCGACATCGTGG
3" GCAAGGCACCTACTTCGACGCTTAAGGCGACGATTGTCGCTGTAGCACC

bAalal43-sez‘l46 Sal I
' CATCGAACGTTCCGTCGACGAAGACATCGTGGATAAACTTGTC
3' GTAGCTTGCAAGGCAGCTGCTTCTGTAGCACCTATTTGAACAG

bwausa-leuus v A E L Sacl

5' GATAAACTTGTCGCTGAACTGGTCGCTGAGCTCTAAGGAGGGAGGG
3' CTATTTGAACAGCGACTTGACCAGCGACTCGAGATTCCTCCCTCCC

Fig. 1. Mutagenic oligonucleotides. The pairs of oligonucleotides used to generate novel mutations for
this study are shown annealed in anti-parallel orientations. Most mutations were constructed with perfectly
complementary primers using the QuikChange (Stratagene) mutagenesis kit. The bayal124—ala130 Was made
using cassette mutagenesis, so the oligonucleotides were designed with BssHII and BglII sticky ends. For
each pair of oligonucleotides the mutation (single letter code), inserted bases (bold) and the restriction
endonuclease (underline) used to detect recombinant plasmids are indicated. The positions of deletions are
shown with arrows ({).

Biochemical Assays

ATP hydrolysis was determined in membrane vesi-
cles by monitoring the release of inorganic phosphate from
ATP via the acid molybdate method (Sorgen et al., 1999).
Lauryl dimethylamine oxide (LDAO) stimulated ATPase
activity was determined by the method of Gardner and
Cain (1999). Reactions were routinely done with 60 pg

membrane protein suspended in 4mL reaction buffer
(50mM Tris—HCI, 1 mM MgCl,, pH 9.1, 37°C). The re-
action was initiated by addition of ATP (80 L of 150 mM
ATP in 25 mM Tris—HCI, pH 7.5). ATP and NADH driven
proton pumping assays were conducted by monitor-
ing fluorescence of 9-amino-6-chloro-2-methoxyacridine
(ACMA) as previously detailed (Sorgen et al., 1998).
Separation of membrane proteins was achieved on 15%
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SDS-PAGE gels (BioRad). Immunoblot analyses were
conducted using the ECL enhanced chemiluminescence
system as described by Grabar and Cain (2003, 2004).

RESULTS
Construction of Mutations

Construction of insertion and deletion mutations in
the tether domain of the b subunit suggested consider-
able flexibility with respect to the length of the sub-
unit (Sorgen et al., 1998, 1999). However, since the
dimerization and F; binding domains are in contact with
F; it seemed reasonable that insertions and deletions
throughout these areas might perturb important subunit
interactions. Therefore, a series of insertions and dele-
tions were constructed at semi-regular intervals (Fig. 2).
The carboxyl half of the b subunit is thought to have
largely «-helical secondary structure (Fig. 2), so four
codon mutations were generated to approximate single
turns of an «-helix maintaining the orientation of the
two b subunits relative to each other. The hydropho-
bic sequence vall24 to alal32 was already known to
be sensitive to single amino acid substitution mutations
so several different insertions and deletions were con-
structed at that location. All mutations were constructed
in the b subunit expression plasmid pKAMI14 (b), and
then transformed into E. coli strain KM2 (Ab) that has
a chromosomal deletion in the uncF(b) gene. Therefore,
the only b subunits present were from the recombinant
plasmids, and function could be assessed by complemen-
tation analysis.

E73-176
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Growth of Mutants

Growth on succinate-based minimal medium was
used as an initial assay of FFy ATP synthase func-
tion (TableI). The dimerization domain insertions
b a1a59—thr62> Dy gin73—ile765 D4-ala00—g1u93> AN Doy va1102—ala105
all grew well on succinate medium.

Closer to the carboxyl terminus, several mutations
resulted in readily detectable deficiencies. As expected,
the carboxyl terminal truncation b ayai153—1eu1s¢ resulted in
a F|Fy ATP synthase defective phenotype (Table I). Simi-
larly all of the manipulations of the hydrophobic sequence
including the two amino acid insertions by,j129—a1a130 also
resulted in loss of growth. Large insertions, such as
duplicating seven codons in the b, yj124—ala130 mMutant,
frequently gave rise to a few large, apparently healthy
colonies when grown on selective minimal medium. Re-
striction endonuclease digestions of DNA prepared from
these colonies showed that the marker restriction sites
included during construction of the insertions had been
retained. However, nucleotide sequence analysis showed
that rearrangements had occurred resulting in reversion
to a single copy of the vall24 to alal30 segment and
restoration of a coding sequence yielding a wild type b
subunit. The b va124—ana130 duplication mutants were the
most unstable mutations that we have encountered among
the many mutations constructed in the F;Fy ATP synthase
genes. Duplicating the four amino acids at the carboxyl
terminus in the b v,153-1eu156 Or addition of the V5 epi-
tope tag (Grabar and Cain, 2003) did not affect growth.
In summary, only changes to the hydrophobic sequence
at the junction of dimerization and F; binding domains or
deletion of the carboxyl terminus bayaiis3—teu1ss resulted

V102-A105 Al 43-8146

V124-L127, V124-A130
V153.L156 )
v Insertions

v Deletions
l V153-L156

Al43-5146

\
V124-L127

a Helix

NI T 000 ¢,

N4-M22 D53-K122

) A5-M22 . L29-R138 ] Pldti3-A1§4
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Fig. 2. Line drawing of the b subunit insertion and deletion mutations. On the top bar, the arrows
({) indicate the positions of insertions (above the bar) and deletions (below the bar). The middle bar
indicates areas of «-helical secondary structure based studies of model polypeptides (Dmitriev et al.,
1999; Del Rizzo et al., 2002). The lower bar shows areas of predicted «-helical secondary structure.
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Table I. Growth Properties and ATPase Activity in b Subunit Mutants

Expressed Membrane
Strain/plasmid b Subunit Growth! ATPase?
KM2/pKAM14 b +++ 147 £0.09
KM2/pBR3222 None — 0.18 = 0.04
KM2/pSC1 b tala59— thr62 ++4+  1.1540.02
KM2/pSC2 bgin73>ile76 +++  1.254+0.05
KM2/pSC3 Dta1a90-> glu93 +++ 144£0.10
KM2/pSC4 b val102—ala105 +++  12740.04
KM2/pDB20 b Aval124—alal30 - 0.18 & 0.01
KM2/pDB22 b vall24—leul27 - 0.29 + 0.01
KM2/pDB23 b val124—>ala130 (+) 0.18+0.01
KM2/pDB24 b(4valiza—ataizo2 () () ND
KM2/pDB25 b(vall24—ala1303 () () ND
KM2/pDB21 bval129—ala130 - 0.69 & 0.09
KM2/pSC5 bala143—>ser146 ++4+  12240.04
KM2/MMG1 baalald43—serld6 +++ ND
KMZ/pTAMSl bAvallS3—>leulS6 - 0.37 £ 0.04
KM2/pTAMS2  b.valls3—leuls6 - 1.52 4+ 0.07

IGrowth on solid succinate-minimal A medium. Symbols: +++,
colonies > 1.5 mm; —, no growth; (+) revertants.

2 ATPase specific activity in membrane vesicles expressed as uM
Pi/min/mg protein.

in biologically detectable phenotypes. Interestingly, al-
tering the length of the segment between b,,130 and
bieu1ss at the carboxyl terminus, by constructing either the
Dt ala143—ser146 insertion or the baqja143—ser146 deletion, had
no readily apparent effect. Both mutants yielded normal
colony morphologies.

Enzymatic Activity

ATP hydrolysis activity in membrane vesicles pre-
pared from the mutant strains was used as an assessment
of assembly of stable F;F, complexes and catalytic ac-
tivity (Table I). In most instances, there was a correlation
between the growth properties of a mutant and the level
of membrane-associated ATPase activity. Only the car-
boxyl terminal truncation bava153—leu1ss mutant and the
hydrophobic sequence mutants had greatly reduced lev-
els of activity. The lone exception was that membranes
from KM2/DB21 (bya1129-a1a130) reproducibly showed in-
termediate amounts of membrane ATPase activity. This
level of activity would normally be associated with mem-
branes from a strain capable of slow growth on succinate
minimal medium. The in vivo growth studies on selective
medium were clearly negative (Table I), and there was no
indication of phenotypic reversion during culture growth
on rich medium for preparation of membrane fractions.
Therefore, LDAO-stimulated activity was determined as
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an indication of coupling. For fully coupled F;F, ATP
synthase, LDAO treatment results in increased activity
reflecting a release of F; from the influence of Fy. LDAO
had no effect on F{Fy ATPase activity in the KM2/DB21
(bval129—a1a130) membranes (data not shown) suggesting
that any F,Fy complexes assembled with the by,1129—a1a130
subunit were not coupled.

Membranes prepared from insertion mutants at most
sites displayed ATP-proton pumping activity approaching
that observed in wild type membranes (Fig. 3(a)). In con-
trast, disruption of the hydrophobic sequence yielded no
detectable ATP-driven proton translocation (Fig. 3(b)).
This was true even in the KM2/pDB21 (bya1129-ala130)
membranes confirming the absence of coupled activity.
All membrane preparations were shown to have strong
NADH-driven proton pumping activity (data not shown),
so the negative proton translocation results could not
be a consequence of excessive leakiness of the vesicle
preparations.

Assembly of Stable F1F

Immunoblot analyses were performed using an anti-b
subunit antibody to investigate whether the recombinant
b subunits were assembled into stable F;Fy, complexes
within the membranes. The b subunit is rapidly turned
over outside the context of the intact F;Fy complex, so the
strength of signal can be considered as an indication of the
relative amount of complexes in the membrane. By using
the high sensitivity ECL immuno-detection system and
overexposing the blot, it was possible to see recombinant b
subunits in all membrane preparations with the exception
for the negative control KM2/pBR322 membranes (Fig. 4,
lane 1). This included membranes derived from strains
with altered hydrophobic sequences. However, using ap-
propriate exposures and image analysis it was clear that
b subunit levels were reduced in some mutant membrane
preparations. The largest signal reduction was observed
in KM2/DB20 (bavyai124—ala130) membranes (Fig. 4, lane
9) where the intensity was only about 7% of the intensity
of the wild type control. These results suggested a ma-
jor failure to assemble stable enzyme complexes caused
by either insertion or deletion into the hydrophobic se-
quence. In membranes from strain KM2/DB21, a much
higher yield of b, ya129—a1a130 Subunit was readily appar-
ent on the immunoblots suggesting that there was some
assembly of F{F, complexes in these membranes. How-
ever, as described above, F|Fy complexes containing b
vall29—ala130 Subunits were fully uncoupled.

Since the hydrophobic sequence mutations resulted
in major defects, we considered whether these de-
fects would prevent the b.va124—aa130 Subunit from
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Fig. 3. ATP-driven energization of membrane vesicles prepared from b subunit mu-
tant strains. Membranes were prepared from cells grown in rich medium and then
assayed for proton pumping activity by monitoring fluorescence of ACMA follow-
ing addition of ATP. Panel A. Membranes prepared from four codon insertion mu-
tants. Panel B. Membranes of selected hydrophobic sequence mutants. Traces: 1,
KM2/pBR322(Ab); 2, KM2/pDB22(b4 vai124—teu127); 3, KM2/pSCA(by vali02—ala105); 4.
KM2/pSC5(b+-ata146—ser146); 5, KM2/pSC3(b4a1a90—gin93); 6, KM2/pSC1(bta1a59—thr62);
7, KM2/pSC2(bgin73—ile76); 8, KM2/pTAMS2(bh i val153—1eulss); 9, KM2/pKAMI4(b);
10, KM2/pDB20(bavali24—ala130); 11, KM2/pDB23(bvai129-ala130);12, KM2/pDB23

(b+ val124—ala130)-

participating in dimerization with a normal b subunit for
assembly of a peripheral stalk. This was accomplished
by expressing both types of subunits into E. coli strain
KM2 (Grabar and Cain, 2003, 2004). Plasmids pTAM38
(béhis. +vall24—ala130) carrying the insertion mutation and
an amino-terminal histidine-tag and pTAM46 (bwr,vs)
with a V5-epitope tag (Grabar and Cain, 2004) were

1 2 3 4 5 6 7 8 9 10 11 12
8 8 ¢ 8 8 & ®
3 § ¢ 8 § 5 ¥ 5 3 3
) 3 n 0w 2 o
R S-S SRR S S S
8 2 ¢ g &€ ¥ & 8 3 8
s § § F % ¢ F § % ¢ ? G

Fig. 4. Immunoblot of membranes prepared from b subunit mutants.
Membrane proteins (20 pg) were separated on a 15% bis-acrylamide gel
and transferred to nitrocellulose membrane. Immunodetection using an
anti-b subunit polyclonal antibody was performed as described (Grabar
and Cain, 2003). This autoradiogram was exposed for 1 h for maximum
sensitivity to weaker signals. The mutations in the b subunit are labeled
above each lane.

used in these experiments. The membranes were solu-
bilized and F{F, complexes containing at least one b,
vall24—ala130 Subunit selected by Ni-resin chromatography.
When control membranes from strain KM2(Ab)/pTAM38
(b6his, +val124—a1a130) were studied no signal was seen in
Western blots using an anti-b antibody (Fig. 5, lane 2).
This indicated that the small number of F{Fy complexes
assembled with homodimeric b4 ya124—a1a130 peripheral
stalks were not stable through solubilization and purifi-
cation. A second important control using membranes
from cells expressing only the bwr s subunit demon-
strated that F{Fy, complexes lacking a histidine-tagged
subunit were eliminated by the Ni-CAM purification step
(Fig. 5,1ane 1). A completely different result was obtained
using membrane vesicles from strain KM2/pTAM38
(Déhis, +val124 —a1a130)/PTAM46 (bwr,vs). Western analysis
of the material obtained from Ni-resin chromatogra-
phy yielded strong signals detected with both anti-b
subunit and anti-V5 antibodies (Fig. 5, lane 4). This
result could only be obtained if F;Fy complexes ex-
isted with a heterodimer Depis, +val124—ala130/bwt,vs pe-
ripheral stalk. Moreover, the bwr ys subunit must have
stabilized the bghis, +vali2a—aai30 in FiFp complexes
through the purification protocol. The heterodimeric com-
plexes were most likely functional. When KM2/pTAM38
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Fig. 5. Ni-resin purification of F;Fy complexes with a heterodimeric
peripheral stalk. Membranes from strains expressing recombinant b sub-
units were prepared. The membranes were solubilized in 0.2% tegami-
neoxide WS-35 and selected by Ni-resin purification (Grabar and Cain,
2003). The complexes were run on a 15% bis-acrylamide gel and trans-
ferred to nitrocellulose membrane. Subunit b proteins in Ni-resin purified
F1Fo complexes were detected with either: Panel A, an anti-b subunit
polyclonal antibody; or Panel B, the anti-V5 mouse monoclonal anti-
body. The b subunits expressed are indicated above the panels.

(b6his, +val124 - ala130)/pPTAM46 (bwr vs) membrane vesicles
were studied for ATP-driven proton pumping activity, the
level of activity was nearly identical to membranes from
KM2/pTAM37(benis, wr)/PTAM38(bwr,vs) and greater
than the activity observed in KM2/pTAM37(behis, wr)
membranes (Fig. 6).

DISCUSSION

Widely disparate phenotypes have been reported for
mutations altering the length of the b subunit. Our ear-
lier work showed that shortening or lengthening the tether
domain by seven amino acids yielded abundant levels of
fully active F;Fy ATP synthase (Sorgen et al., 1998, 1999;
Grabar and Cain, 2003), and larger deletions and inser-
tions were accommodated within functional enzymes. In
contrast, truncating the carboxyl-terminus by as few as
four amino acids resulted in a catastrophic failure in the
enzyme complex (Takeyama et al., 1988; McLachlin et al.,
1998; Grabar and Cain, 2004). Not surprisingly, the po-
sition of the mutations were important and not merely
the length of the b subunit. Here we have surveyed the
dimerization and F; binding domains of the b subunit by
insertion and deletion mutagenesis. Only the hydropho-
bic sequence, val-124 to ala-132, at the junction between
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Fig. 6. ATP-driven energization of membrane vesicles pre-
pared from cells expressing combinations of b subunits. Mem-
branes were prepared from cells grown in rich medium and
assayed for ATP-driven proton pumping activity by moni-
toring fluorescence of ACMA. Traces: 1, KM2/pBR322(Ab);
2, KM2/pTAM38(behis, +val124—aia130); 3, KM2/pTAM37(behis, wr);
4, KM2/pTAMA6(bwr,vs)/PTAM38(benis, +val124—ala130); 5, KM2/
PTAM37 (benis, wr)/pTAM46(bwrt,vs); 6, KM2/pTAM46(hwr, vs); 7,
KM2/pKAM14 (b).

domains and the carboxyl-terminal segment of the b sub-
unit proved to be essential structural features. This is in
agreement with the literature (Dunn et al., 2000a,c). The
insertion of four codons into the hydrophobic sequence
in the behis, +vall24—ala130 subunit caused a major assem-
bly/stability defect when expressed alone. However, the
defective subunit could be assembled with the normal
bwr,vs subunit into a heterodimeric peripheral stalk yield-
ing an apparently functional F|F, ATP synthase.

The b subunit hydrophobic sequence has long been
thought to participate in subunit—subunit interactions im-
portant for forming the F|Fy complex. Like the insertions
and deletions in this area reported here, the byja124—asp
and bgjy131-asp Mutations resulted in apparent defects in
assembly (Porter et al., 1985; Howitt et al., 1996). Both
the properties of the byja124—asp Mutation and the capac-
ity to form disulfide bridges between b subunits with
cysteines introduced from the hydrophobic sequence at
position 124 through the carboxyl terminus (McLachlin
and Dunn, 1997) suggested that the F; binding domain
might contribute to the formation of the peripheral stalk
b, dimer. However, Dunn et al. (2000b) later showed
that the buja124-asp Substitution caused a structural defect
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apparently altering the carboxyl terminal domain in such
a way as to prevent appropriate interactions between the
b, dimer and F,. The disruptions of protein—protein in-
teractions resulting from the b 413143 —ser14¢ insertion and
b aala143—ser146 deletion were comparatively mild. If a hy-
drophobic sequence defect was propagated linearly along
the b subunit to the site of the »b—§ interaction, then the
bialat43—serias and Daala143—serid¢ mutations would have
been expected to have stronger effects. Instead, it seems
more likely that the hydrophobic sequence has a direct
impact on the conformation necessary for the b--§ in-
teraction, perhaps through a tertiary structure interaction.
Dunn et al. (2000a) have proposed a folded structure at the
carboxyl terminus of the b subunit based on hydrodynamic
properties of the by, polypeptide with a carboxyl termi-
nal deletion. It is noteworthy that a hydrophobic sequence
mutation, such as b ya1124—1eu127, did not yield biochemical
properties identical to the carboxyl terminal b ayai153—leu156
deletion. Although both eliminated F; Fy ATPase function,
a considerably higher amount of the b Aya1153—1eu156 SUbunit
was found in the membranes. This would suggest that the
structural defect in the b ya1124—1eu127 protein affects com-
plex assembly in some manner beyond merely interfering
with the known b--§ interaction.

The stabilization of the bgpjs +var124—ala130 Subunit by
awild type b in the F; Fy complex has broader implications
for complex assembly. First, as has been observed in our
studies of the tether domain (Grabar and Cain, 2003), the
two b subunits need not be in perfect register along their
entire lengths to form a functional b, dimer. More impor-
tantly, although complex assembly was severely impaired
by a Denis, +val124—ala130 homodimer, it was clear that inser-
tion of additional sequence into a single b subunit in a het-
erodimeric stalk did not block assembly of an F;Fy com-
plex. The corollary to that interpretation is that the by, vs
subunit made the necessary contacts with Fy, or alterna-
tively, drove the defective bghis, +val124—ala130 Int0 a produc-
tive conformation. Collectively these observations pro-
vide independent evidence for the hypothesis that the two
b subunits perform differing functions within the periph-
eral stalk of F{Fy ATP synthase (Grabar and Cain, 2004).
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