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ABSTRACT. o subunit ofEscherichia coliATP synthase was expressed with a C-terminal 6-His tag and
purified. Pureo. was monomeric, was competent in nucleotide binding, and had normal N-terminal sequence.
In F; subunit dissociation/reassociation experiments it supported full reconstitution of ATPase, and
reassociated complexes were able to binditdépleted membranes with restoration of ATP-driven proton
pumping. Therefore interaction between the statsubunit and the N-terminal residue-22 region of

o occurred normally when puiewas complexed with other;Subunits. On the other hand, three different
types of experiments showed that no interaction occurred betweerd @uné isolatedx subunit. Unlike

in F1, the N-terminal region of isolated was not susceptible to trypsin cleavage. Therefore, during assembly
of ATP synthase, complexation of subunit with other IFsubunits is prerequisite far subunit binding

to the N-terminal region oft. We suggest that the N-terminat-22 residues ofx are sequestered in
isolatedo until released by binding gf to a subunit. This prevents 1/d/a complexes from forming and
provides a satisfactory explanation of the stoichiometry of @per threea seen in the Fsector of ATP
synthase, assuming that steric hindrance prevents binding of more thanomtiee a3/53 hexagon. The
cytoplasmic fragment of thie subunit pso)) did not bind to isolatedr. It might also be that complexation

of o with 8 subunits is prerequisite for direct binding of statosubunit to the [=sector.

ATP synthase is the terminal enzyme of oxidative phos- F;-complex. More recently, quantitative binding experiments
phorylation and photophosphorylation, which synthesizes showed that this interaction is extremely tigie ©), and
ATP from ADP and phosphate (Pi). The energy for ATP utilizes a binding surface formed between two parallel helices
synthesis comes from transmembrane movement of protonson the N-terminal domain of th&subunit (0). A 22-residue
down an electrochemical gradient, generated by substratepeptide which mimicked residues-22 of oo subunit was
oxidation or by light capture. Initially, as the protons move found to bind with high affinity to the same surface 6n
through the interface betweea and c subunits in the  subunit 1), forming a 1/1 complex. A high-resolution
membrane-bound [Fsector of the enzyme, the realized structure of the complex between the N-terminal domain of
energy is transduced into mechanical rotation of a group of the 6 subunit and the 22-residue peptide was obtained by
subunits fecing) Which comprise the “rotor”. A helical coiled NMR (12). It revealed in detail the nature of the binding
coil domain ofy projects into the central space of thgfs surface on the) subunit, confirmed previous suggestions
hexagon, in the membrane-extrinsicgector.ogf; hexagon from circular dichroism measurements and mutagenesis/
contains three catalytic sites aff interfaces. In a manner  deletion analysesl(, 13) that the 22-residue peptide is
that is not yet understood, rotation pfuis-a-vis the three o-helical and amphipathic when bound dp demonstrated
o/f subunit pairs brings about ATP synthesis at the three how the helical 22-residue peptide nestles between the two
catalytic sites using a sequential reaction schethéetailed helices ond which form the binding surface, and identified
reviews of ATP synthase mechanism may be found in refs key side chains in the peptide that mediate protgirotein
2—5. interaction witho.

“Stator” subunitdy, andd are present to prevent corotation In mitochondrial ATP synthase the subunit corresponding
of agBs with the rotor €). The interaction betweed anda. to E. coli ¢ is called “OSCP” {4). OSCP was recently found
subunits is known to be of major importance for this function. to have similar structure t&. coli o (]_57 :|_6)7 and para||e|
Initially (7) it was shown by proteolysis experiments using experiments to those first performed as described above in
the Escherichia colienzyme thatd subunit bound to the  E. coli confirmed that it binds to the N-terminal region @f
N-terminal region (residues—119) of thea subunit in the subunit of mitochondrial enzymel@, 17). Although a
detailed structural model of the interaction of OSCP with

t Supported by NIH Grant GM25349 to A.E.S. mitochondrialoc subunit N-terminus has not yet been derived
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It is clear therefore that/d interaction is an important
facet of stator structure and function in tBe coli enzyme,

Senior et al.

MembranesF; was purified as in re25. Dissociation of
into subunits and reassociation back intp fBllowed in

and we envisaged that further understanding might be principle the methods of Dunn and Futab]. For dissocia-

achieved by combination of the quantitative fluorimetric
binding assays devised previous8; L0) with more exten-

tion F; was precipitated in 66% saturated ammonium sulfate,
redissolved to 4 mg/mL in buffer containing 50 mM succinic

sive mutagenesis experiments, particularly since we now acid, 1 M NaCl, 0.25 M NaN@, 1 mM EDTA and 1 mM
have a high-resolution NMR structure of the interaction DTT,! 1 mM PMSF, adjusted to pH 6.0 with Tris, and
surface. In a previous study of sequence determinants in thedialyzed against the same buffer overnight at@ The

N-terminal 22-residues af subunit for bindingd we used

mixture was then flash frozen in dry ice/ethanol and stored

a set of synthetic peptides, each containing a specific muta-at —70 °C for at least 3 days. For reassociation the thawed

tion or deletion together with purified subunit for binding

mixture was dialyzed overnight at room temperature against

assays13). In that study we established also that the effect buffer containing 50 mM succinic acid, 10% glycerol, 1 mM

of the mutations on binding of peptide dosubunitin vitro
was faithfully reflected in effects on growth of celts vivo

DTT, 2 mM MgCh, 1 mM PMSF, 2 mM ATP, 0.1 mM
EDTA, adjusted to pH 6.0 with Tris. Membranes were

and on enzyme function as measured by ATP hydrolysis andstripped of i by KSCN extraction as in re22, and i was
ATP-driven proton pumping. However, synthesis of multiple rebound to these membranes as in8ef

mutant peptides proved both expensive and cumbersome. Purification of 6 Subunit;

Mutations can be introduced easily irfocoli ATP synthase
o subunit (L8); still there is the problem that mutations that
impact ona/o interaction are almost certain to interfere with

Purification of Bras1se
Preparation ofd-Depleted k. These were as described refs
8 and10.

Purification of Isolatedo. Subunit Isolated a. subunit

assembly of ATP synthase in the cell, reducing or eliminating containing a C-terminal 6-His tag was purified from strain

the yield of source material for study.

In another study of stator function, direct binding of the
soluble cytoplasmic portion of the subunit to i was also
detected using fluorometric assay€). The site of binding
of b on R is not yet known precisely (see réffor review);
however, Trp residues introduced at positiard5 and

pSWM131/DK8 (see below) as follows. Cells were grown
in 1L LB-ampicillin medium in Fernbach flasks with shaking
at 35°C to an optical density of 0-50.6 at 600 nm. The
incubator temperature was reduced t@8IPTG was added

to 0.5 mM, and shaking was continued for 3 h. Cells were
harvested by centrifugation and resuspended in ice-cold 50

0-406 gave substantial fluorescence signal enhancement irmM TrisCl, pH 8.0, 10% glycerol, 50 mM NaCl, 10 mM

our assays, indicatingt subunit as a possible site of
interaction.

We decided therefore to express isolatedubunit in an
uncA” (ATP synthasex subunit deletion) strain, purify it,
and use it together with pufesubunit and pure cytoplasmic
portion of b subunit forin wzitro studies ofa/dé and o/b
interaction. Expression and purification of wild-type and
mutant isolatedo subunit in native functional form was

imidazole, 1 mM 2-mercaptoethanol and 8.5% sucrose to
which protease inhibitors (leupeptin, 4 mg/L; pepstatin A, 4
mg/L; chymostatin, 1 mg/L; and PMSF, 1 mM) were added
immediately before use. All subsequent steps were carried
out at 4°C. Cells were recentrifuged, resuspended (10 g of
cells/20 mL of buffer) and frozen overnighta70 °C. After
thawing, the cell slurry was passed twice through a French
press at 20 000 psi, centrifuged at 10 000 g for 10 min, and

achieved and is described. The results of binding experimentsthen centrifuged fo2 h at 38 000 rpm in 8eckman 60Ti
are also described, and lead to insights into assembly of therotor. Supernatants were rotated foh in a 50 mLconical

stator in ATP synthase.

EXPERIMENTAL PROCEDURES

tube with 3 mL of packed NiNTA-agarose resin which had
been washed in water and resuspended in 50 mM TrisHCI
pH 8.0. The NiNTA resin was transferred to a column (1
cm x 10 cm) and washed with 75 mL of buffer containing

Preparation of E. coli Membranes. Assay of ATPase gq \m TrisHCI pH 8.0, 10% glycerol, 50 mM NaCl, 10

Activity of Membranes and # Measurement of Proton
Pumping in Membrane VesicleE. coli membranes were
prepared as in re20. Prior to the experiments, membranes

mM imidazole and 1 mM 2-mercaptoethanol plus protease
inhibitors (same concentrations as above). Isolatsdbunit
was then eluted by washing with the same buffer containing

were washed twice by resuspension and uItracentrifugationlOO mM imidazole but no protease inhibitors.

in 50 mM TrisSQ pH 8.0, 2.5 mM MgSQ@ ATPase activity

was measured in 1 mL of assay buffer containing 10 mM

NaATP, 4 mM MgC}, 50 mM TrisSQ, pH 8.5 at 37°C.
Reactions were started by addition of membranes, @@

stopped by addition of SDS to 3.3% final concentration. Pi

released was assayed as in2&fAll reactions were shown

to be linear with time and protein concentration. ATP-driven
proton pumping was measured by following the quench of

acridine orange fluorescence as describedB). (

E. coli Strains Wild-type strain was pBWU13.4/DK&0)
for membrane preparations or SWM24j for purified F.
New mutant strains were constructed as below.

Purification of F. Dissociation of Purified F into
Component Subunits. Reassociation ef Preparation of
F.-Depleted Membranes. Binding of; Ro F;-Depleted

SDS-Gel Electrophoresis. N-Terminal Sequence Analysis.
Gel Filtration Experiments. Trp Content AnalysiSDS-
gel electrophoresis was carried out as in &f For
N-terminal sequencing 300 pmol of sample was run on 10
20% gradient gels in Tris-glycine buffer and blotted to
Millipore Immobilin P PVDF membranes in 1 mM CAPS/
NaOH pH 11.0, 10% methanol. The blot was briefly stained
with Ponceau S in CKCOOH and air-dried. N-terminal
analysis was carried out by standard automated Edman
procedure at the Protein Chemistry Laboratory, University
of Texas Medical Branch, Galveston, Texas. Typical yields

1 Abbreviations: DTT, dithiothreitol; PMSF, phenylmethylsulfonyl
fluoride; IPTG, isopropylthiogalactosideiN1-22, synthetic peptide
consisting of residues-122 of ATP synthaset subunit.
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Ficure 1. Nucleotide binding to isolated subunit in the absence and presence ofMgluorometric titration was carried out in 2 mL

of 50 mM HEPES/NaOH, pH 7.0 with 100 nll subunit ¢(R365W/W513F)iexc = 295 nm,lem= 340 nm. MgSQ was added to 2.5

mM concentration (upper panels), and EDTA concentration was 1 mM (lower panels). After correction for volume and inner filter effects,
n and Ky values were calculated using the equatiogl/[E] = n — [S]/([Si] + Kq), where [S]= [nucleotide], [E]= [a subunit], and
subscripts b, f, and t refer to bound, free, and total, respectively. Upper panels: presenc& ofefIgIgATP, right MgADP. Lower

panels: absence of My, left ATP, right ADP.

of detected amino acids for the first five cycles were-30 temperature with 10@M concentration of ¢-3P]JATP in
pmol/cycle. Gel filtration analysis was carried out in 50 mM buffer containing 50 mM TrisS§) pH 8.0, 0.1 mM DTT,
HEPES/NaOH pH 7.0, 5 mM MgSQusing a 1.5x 100 2.5 mM MgCh. After centrifuge column elution to separate
cm column of Sephacryl S-300 or S-100. Size markers usedbound from free nucleotide, protein was assayed in the
were cytochrome, carbonic anhydrase, ovalbumin, hemo- eluates and nucleotide content was estimated by liquid
globin, phosphorylase b, alcohol dehydrogengsamylase, scintillation counting. Fluorimetric analysis of nucleotide
and k. Trp content was determined as follows. Samples were binding was as follows. Isolated. subunit @R365W/
dissolved in 6.3 M guanidine hydrochloride solution at:35 aW513F) was added to 2 mL cuvettes at 100 nM concentra-
50 ug/mL, excitation was at 295 nm, and the fluorescence tion, room temperature in 50 mM HEPES/NaOH pH 7.0 with
emission spectrum at 3t@10 nm was recorded after 15 either 1 mM EDTA or 2.5 mM MgSQ@ ATP or ADP was
min. Trp content of isolated was calculated by comparing titrated in, and the fluorescence signal quench (excitation at
the fluorescence at 350 nm, corrected for buffer control, with 295 nm, emission at 340 nm) was measured. Corrections
that of wild-type k which contains 9 Trp (mol/mol). for volume, buffer, and inner filter effects (the latter using

Nucleotide Binding AssayRadioactive nucleotide binding  wild-type F) were applied. Calculation of nucleotide binding
assays were carried out as follows. Isolated wild-tgpe  stoichiometry is described in the legend to Figure 1.
subunit was preequilibrated in 50 mM Triss@H 8.0 by Fluorescence Assays To Detect Bindingdair bstz4-1s6
elution through 1 mL centrifuge columns of Sephadex G-50, to Isolateda. Subunit These assays were performed as in
then incubated in 10@L at 0.2 mg/mL fo 1 h atroom refs 8 and 19.
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NiNTA Binding As_say_s To Detect Bindingdobr bsras1s6 Table 1: Assays of Function iB. coli Strain pSWM132/DK8
to Isolateda. Subunit NINTA-agarose Slurry was washed Expressing ATP Synthase in WhiehSubunit Contains a

in water and resuspended in 50 MM HEPES/NaOH pH 7.0. C-Terminal 6-His Tag

Purifieq !solatedx_ subunit,d subunit, and)STgﬂselwere each growth on membrane  proton pumping
preequilibrated in the same buffer by centrifuge column strair? succinate ATPase activity activity?
elution. 0.5 mg samples of each were mixed in different \yjig-type 4+ 3.2+ 038 89
permutations in the same buffer with added Mg&©5 mM) awith C-Histag ~ +++ 2.94+0.30 87

in a total volume of 5 mL and incubated at room temperature null control - =0.01 0

for 30 min. Then imidazole was added to a final concentra- 2 Data are means of six experiments obtained from two independent

tion of 10 mM followed by 0.5 mL of NiNTA-agarose slurry.  membrane preparations of each mutant, and are expressed as-imeans

The samples were rotatel h at 4°C and then poured into  Standard deviation. (Null controls had negligible activity Wild-type,

columns ?0 5x 10 cm). Columns were Washer():l with 5 mL pBWU13.4/DK8; oo with C-His tag, pSWM132/DK8; null control,
U ’ . . pUC118/DK8.¢ Measured at 30C and expressed agnol of ATP

Of_ buffer containing ]_-0 mM imidazole, and t_h?n sequentially hydrolyzed/min/mg membrane protefiMeasured using acridine

with three 500uL aliquots of buffer containing 100 mM  orange and expressed as percent quench of acridine orange fluorescence

imidazole. Proteins in the eluates were identified by SDS  in membrane vesicles upon addition of 1 mM MgATP.

gel electrophoresis.

Trypsin Proteolysis ofd-Depleted i and Isolatedo Mutant Forms of Isolated. SubunitaW513F? The PCR
Subunit The conditions used followed in principle those \vas repeated as above with the reverse primer containing a
described by Dunn et al7). The buffer was 50 MM TrisSO  codon change TGG to TTT at codon 513 (which normally
pH 8.0, 10% sucrose, 10% glycerol, 2 mM EDTA, 10 MM  immediately precedes the stop codon). The final plasmid was
NaATP. Finald-depleted I and isolateda concentration named pSWM1340L55WhW513F. The method of mu-
was 2.3 mg/mL. Trypsin-TPCK (Sigma) was dissolved in tagenesis was as in r&0. The template was thEcoRI—
buffer at 0.1 mg/mL immediately prior to experiments and Hindlll fragment from plasmid pSWM134 cloned in
was added to a final 2.8g/mL. Reactions were at room M13mp19, and the oligonucleotide used was as in&ef
temperature and were stopped by addition of PMSF (final ¢R365WéW513F andaF406WAaW513F. The mutations
= 0.1 mg/mL) followed immediately by SDSgel buffer  \ere moved from original plasmids described in rE#sand
solution and boiling. Samples were run on 10% Sig8ls 31 on Xhd —Cspi5I fragments into pSWM134. All mutant
for 2 h at 24 mA, this long time being necessary to plasmids were checked by DNA sequencing and were
satisfactorily separate, o, andf3 subunits in the)-depleted  transformed into JP2 and pBWU13.4 as above for expression
Fi. of isolatedo. subunit.

Construction of Strain for Expression and Purification of  jaterials [0-32P]JATP was from Perkin-Elmer Life Sci-

was carried out using plasmid pBWU1323( as template  calpiochem; NiNTA resin was from Qiagen.
to generate a 1590 bp fragment containing the gene for the

ATP synthasex subunit with a C-terminal 6-His tag. The RESULTS

forward primer was CAGAATTCTGGAGGATTTCGCAT- _ o . _

GCAACTGAACTCCACCGAAATC. Complementation Tests of in2di Function of E. coli ATP
The reverse primer was TTATCAAGCTTTTAGTGA- Synthasex Subunit with C-Terminal 6-His Tag\s will be

TGGTGATGGTGATGCCAGGATTGGGTTGCTTT- described in the next section, we constructed a gene
GAAGG. containing theE. coli ATP synthasea. subunit with a

C-terminal 6-His tag to facilitate purification. It was neces-
sary before proceeding further to ascertain that the His-tag

at codon 4. ArSpH site is included at codon 1. Behind the did not abolish func_tion. To show this we took thg plasmid
TAA stop is aHindlll site for cloning. The PCR product PBWU13.4 @3) which encodes all of the. coli ATP
was cloned irSmd-cut pUC118 and correct inserts identified Synthase structural genes and replaced the gene for wild-
by restriction digests and DNA sequencing. TherEatRI— type o subunit with one containing the C-terminal I—!|s-tag..
Hindlll fragment was cloned into plasmid pJB33j to form We then expressed the new plasmid (pSWM132) in strain
plasmid pSWM131. This plasmid was transformed into strain DKS8 (in which all ATP synthase structural genes are deleted).

JP2 8) in which theuncA(a subunit gene) is deleted, and Function of ATP synthase containing an subunit with
also into strain DK8 29) in which all the ATP synthase ~ C-términal His-tag was assayed as shown in Table 1. The
structural genes are deleted. data show that thex subunit with the C-terminal His tag

Construction of Plasmid pSWM132 Containing the unc 2SSembles normally in the ATP synthase complex and
Operon with ano. Subunit Gene Containing a C-Terminal functions normally to support oxidative phosphorylation with
6-His Tag This was accomplished by movingGspt5I— succinate as substrate, ATP hydrolysis, and ATP-driven
Kpnl fragment from the initial plasmid after cloning the PCR  Proton pumping across the membrane. .
WU13.4. DNA sequencing of the final plasmid, named ATP Synthasew Subunit with a C-Terminal 6-His Tag
the C-terminal His tag, plus an extra 9 bases carried overtyP€ & subunit with a C-terminal 6-His tag is described in
1, this did not affect complementation by the modified
subunit. 2E. coli residue numbers used throughout.

The expected fragment contains BooRI site upstream
of initial ATG for cloning and deletes the natuatdRrl site
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to genera_te a fragm_ent (15_90 bp) containing the Wt_lokBA Table 2: Stoichiometry of Binding ofof->2P]ATP to Isolated
(o subunit) gene with 6 His codons at the C-terminal end, wild-Type a. Subunit

which was initially cloned intoSma-cut pUC118, then
moved into plasmid pJB32@) to form pSWM131 which
was transformed into the-deletion strain JP2. (It should
be noted that strain DK8 containing a deletion of all time

(ATP synthase) structural genes could also be used as hosélo by centrifuge column elution, then incubated in 1Q0volume at

with id?micaj results.) . o . 0.2 mg/mL concentration with of*2P]JATP (100 uM) in buffer
Details of the expression and purification of the isolated containing 50 mM TrisS@ pH 8.0, 0.1 mM DTT, 2.5 mM MgGlfor

o subunit may be found in Experimental Procedures. The 1 h at room temperature followed by 10 min &t@. The whole sample
puriiec subunt was stored at70°C and was stabl for 5% 17 pecsee hioha ) conviuoe b peed b
months. Typical yields were 4 to 6 mg afsubunit per liter eluates. pr 8.5 y
of cells, with one liter equivalent to 1.2 g wet wt of
cells. Several mutant versions afsubunit were also made Iytic, o subunit-located sites. The introduced Trp lies very
as detailed in Experimental Procedures and described belowclose to the bound nucleotide and undergoes a large quench
and gave the same yields as wild-type. of the fluorescence signal upon nucleotide binding. It was
Structural Characterization of the IsolatedSubunit On interesting therefore to introduce this substitution into the
SDS—gels the isolated. subunit appeared as a single band, isolateda subunit, to determine whether it could be used in
running slightly slower than authentic subunit in purified a similar manner in that context, and more particularly to
F, as expected (data not shown). N-terminal analysis was determine whether isolatexd subunit binds Mg-nucleotides
carried out on two different preparations of purified differently from uncomplexed (“free”) nucleotide, which has
subunit, and in both cases the N-terminal sequence was founchot previously been done. First we made the mutation
to be MQLNS-, i.e., it corresponded exactly to that expected aW513F in order to remove the single native Trp, and then
from the gene sequence. Therefore no cleavage of N-terminalwe introduced thexR365W mutation. BotreW513F and
residues had occurred during expression or purification. The aR365WhW513F mutanta. subunits were expressed and
fact that the subunit was purified by NiNTA-agarose chro- purified with the same yields and purity as wild-type. In
matography demonstrates that the C-terminal sequence waaddition, in complementation tests (performed as in Table
also intact. Gel filtration was carried out (see Experimental 1) both mutants gave similar results to wild type (data not
Procedures) to determine the aggregation state of isotated shown).
subunit. It was found thadt eluted from Sephacryl S-300 Figure 1 shows the results of fluorometric nucleotide
columns as a single peak with an estimated molecular sizebinding assays carried out wittR365WhW513Fo. subunit
of 55730 Da (actual value expected from sequerce and free or Mg-complexed nucleotides. Quench of fluores-
55 999) demonstrating that it existed entirely in monomeric cence was very rapid, and in all cases maximal quench of
form. Wild-type o subunit contains just one Trp residue in  fluorescence of the single Trp present at residt@55 was
the sequence, at the C-terminal residue 513. Trp analysisby 80-85%. The calculated stoichiometry of binding at
was carried out on two different preparations of purified saturating nucleotide concentration from twelve experiments
subunit (see Experimental Procedures) with the following was 0.99 mol/mol ofa subunit (range= 0.86-1.07).
results: Preparation one, Trp conten0.94 Trp (mol/mol). CalculatedKq values were as follows: MgATP, 0.31M;
Preparation two, Trp contert 1.17 Trp (mol/mol). These  free ATP, 1.23uM; MgADP, 4.4 uM, free ADP, 14.1uM.
results are each means of duplicate assays, and indicate thgResults are means of triplicate titrations.) These results
the a. subunit was of high purity. confirm earlier data of Dunn and Fut&®) in showing that
Nucleotide Binding to Isolated Subunit X-ray structures  ATP generally binds ten times more tightly than ADP, and
of F;-ATPase show that the subunit contains a nucleotide additionally show that presence of Kigtightens binding
binding domain which binds one Mg-nucleotide peat the by about 4-fold. In X-ray structures offATPase 82) Mg-
so-called noncatalytic site8%). Earlier work had demon-  nucleotide complexes are located in the noncatalytic (
strated that isolated subunit which had been purified from  subunit) binding sites.

ATP bound (mol/mobx subunit)

1.1#30.17 (SD)n =4
1.05 0.05 (SD)n = 4

a|solateda subunit was preequilibrated with 50 mM Tris-SpH

o subunit preparation one
o subunit preparation two

F1-ATPase after depolymerization of the latter in chaotropic
salts bound ATP tightly at a stoichiometry of one ATP per
mole of a subunit 6). Here, to assess nucleotide binding

Isolateda. Subunit Reassociates with Othey Subunits
To Form a Complex with Full ATPase Adty, Which Will
Bind to R-Depleted Membranes and Restore ATP:en

capability, we first incubated isolatedsubunit with radioac- ~ Proton Pumping Actiity. Wild-type E. coli F;-ATPase can
tive [a-*?P]JATP and then passed the mixture through be dissociated into its individual subunits by chaotropic salts
centrifuge columns to separate bound from free nucleotide. (26) and then reassociated to re-form the complex after
Results are shown in Table 2. It was evident from these removal of these salts by dialysis and addition ofMipns.
results that full nucleotide binding was displayed by the This process can be conveniently monitored following
purified isolateda. subunit, supporting the idea that the ATPase activity which is destroyed by dissociation and
subunit had assumed native folded structure. ATPase activityrestored by reassociation. Membranes containing ATP syn-
was undetectable in isolatedsubunit (turnover number with  thase can be depleted of thedector by incubation in KSCN
10 mM MgATP at pH 7.5, 3C°C, was <1 x 108 s, followed by centrifugation, and;Fcan then be rebound to
consistent with previous work26). the washed membranes by incubation in the presence of
Our laboratory has previously demonstratad) that the Mg?* ions @2). This process can be conveniently monitored
substitutionatR365W? in E. coli F-ATPase allowed fluo- by the initial destruction of ATP-driven proton pumping
rometric assay of the binding of nucleotides to the noncata- activity and then its restoration.
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Table 3: Effects of Isolated. subunit on Reassociation of 3, line 4). Generation of ATPase could only have come about

F-ATPase Activity and Rebinding of Resultanf-KTPase to if the added wild-typea subunit reassociated with the
Fi-depleted Membranes (normal)f andy subunits from the mutant;Freplacing the
ATP-driven mutanto subunits. Moreover the high ATPase activity seen
ATPase activity proton pumping shows that the proportion of “hybrid” enzymes (e.g., contain-
F, species  original dissociated reassociated original reassociateding one normab’/two mutanto or two normalo/one mutant
wild-type? 25.2 0.08 223 81 79 o) in the reassociated;population was low, as expected
wild-type + o 24.2 79 from the fact that the mutait subunit represented only 9%
aS373P =001 =001 =0.01 0 0 of total a. present. The activity of such hybrid enzymes is
aS373F+ o 22.0 72

much lower than normal36). Thus we can conclude
“Purified R-ATPase was dissociated into individual subunits and confidently that the added isolated subunit was able to

reassociated as described in detail in Experimental Procedures. Wher . . .
indicated, an excess of isolatedsubunit (30 mol ot subunit/mol of finteract normally with thed subunit from the original £

F1) was added prior to the reassociation phase. ATPase activity was trough its N-terminal region in these experiments, because
assayed on the original, the dissociated, and the reassociated enzymedf it did not, then rebinding of Fto the membranes would
Then the reassociated enzymes were reboung-tiefleted membranes  not have occurred and proton pumping would not have been
as described in Experimental Procedures, and rebinding ¢§ Ehe seen.

membranes was monitored by assay of ATP-driven proton pumping. . . .
Data are means of triplicate experimerittleasured at 30C and All the experiments reported in Table 3 were carried out

expressed agmol of ATP hydrolyzed/min/mg original Fprotein. with \_Nild—type iso[ateda subunit. A parallel SQries of
¢ Measured using acridine orange and expressed as percent quench agxperiments established thatvV513F mutantt subunit gave
acridine orange fluorescence in membrane vesicles upon addition of 1sjmilar results to wild-type (data not shown).

mM MgATP. ¢ Wild-type from strain SWM124); aS373F from strain indi ; ;
AWS5 (50). Note that AW5 k also contains thgY331W mutation, Binding ofd Subunit to Isolated. Subunit When pured

but this mutation has been shown not to affect ATPase, proton pumping, SUPUNIt is mixed withd-depleted F (afzye complex), it
or membrane-binding of F binds with 1/1 stoichiometry and the fluorescence signal due

to the single natural Trp id at residue)-28 is enhanced by
50% at 325 nm&). The same fluorescence response is seen
when ¢ forms a 1/1 complex with the synthetic peptide
“oN1-22” which has the sequence of the first 22 residues
of o subunit (1, 13). This has provided a sensitive method
by which to probe the interaction af with o in the R

Here we first took wild-type Fand confirmed that upon
dissociation it lost all ATPase activity, which was regained
after reassociation (Table 3, line 1). When the reassociated
F1 was added to fdepleted membranes, it bound and gave
a normal ATP-driven proton pumping response (Table 3, line : . . ) .
1). If an excess of isolated subunit (30 mob/mol F;) was catalytic unit and with the N-terminal region of

added to the dissociated subunits mixture, and then reassofh?seg;\évio%edri?i)or?se%JPSsislfmeuzpi:o(l)f exlpbeurlnriT:egitt,hg?der
ciation was carried out, the results were similar (Table 3, ' 9p ’

line 2). Under these latter conditions, 91% of theubunits titrating a. with pured or vice versa We used both the wild-
in the subunit mixture immediately before reassociation type isolatedx and also the mutaniWS;SF, in the Iat'ger
would be from the added isolated subunit, and 9% from case the only Trp present was 028 res_;ldue. Where wild-
the original ik enzyme. InE. coli enzyme the minimal unit type o was used, we _conﬂrmed thatdid not quench the
for expression of normal ATPase activity is the/sy fluorescence of the single natural Trp at residu613 by

complex @6, 33).2 Thus these experiments strongly suggest use ofdW28L mutant. We also testell, the fragment ob

that added isolated subunit was fully able to reassociate that contains just the N-terminal d+oma|n. We varied con-
with 8 and y subunits present in the dissociated. F centrations of and 9, included M@*" or excluded it with

. . EDTA, added 1 mM ATP, ADP, MgATP, MgADP, varied
Furthermore, there must have been a normal interaction . . :
between the N-terminal region of tlesubunits and thé :)hr(?‘tzH, adgiﬁed;fg?rggsalots];ﬁ%d fr?loaﬁn%uof ttr);;ntbar;]qt/
subunit in the reassociated, Bince membrane-binding and 134156 » uble cytop IC port uouni

ATP-driven proton pumping could not occur otherwise. Also, (19’ .2.8)' Under no condition were we able to detect any
and for the same reason, thsubunit must also have been significant enhancement of the fluorescence dfTrp

N . . - fluorescence in the presence of isolatedAddition of aN1-
recruited into the reassociategd domplex because it also is : : )
required for membrane-binding4). 22 peptide to the mixture of and isolatedx at the end of

. . the experiment always did elicit the expected fluorescence
In a second series of experiments we used a mutant formres onse. These experiments showed that isolatedes
of F; containing a “dead& subunit, namelyS373F. Table P ' P

3. line 3 shows the results when this Was dissociated not bind to pure subunit, and does not compete for binding
' " with aN1-22.

reassociated, and rebound to membranes. In concordance A second tvoe of experiment was used to detect whether
with much previous work on this mutant, no ATPase nor econd typ P ; .
o/d binding occurred. Isolated. subunit was incubated

proton pumping activity was seen. However if isolated wild- . . i . .
type a subunit was added before the reassociation phase ofWlth NiNTA-agarose slurry in the presence dfsubunit
the experiment, now it was seen that ATPase activity was (£Dstas-15¢). The slurry was transferred to small columns,
generated and that the reassociated&s able to rebind to and boqu rl)rotem ;]Nas eluted with 1f00 ml\g |mldzzolef.yThhen
- . SDS—gel electrophoresis was performed to identify the
Fi-depleted membranes and support proton pumping (TableNiNTA—bound protein. Isolated subunit bound quantita-

tively to the resin. However, neithérnor bsts4 156 Was found

*We have carried out extensive experimental attempts to purify 14 ping along witho. to any extent above a minor background
a stable complex ofx and § subunits from theE. coli enzyme

without success (LaReau, R. D., and Senior, A. E., unpublished |€Vel of binding seen even in the absencenoin control
results). experiments.
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A B C D intensity further, however cleavage of the other subunits
including o did begin to occur. The behavior of the full-
sizea band in isolated: was different. With increased time
or higher trypsin, it also began to decrease in intensity, but

— — P never, in multiple different experiments under varied condi-
—— - a tions, was then’ band seen. It may also be noted that no
— g evidence of thel' band can be seen in the figures presented

by Senda et al.36).
These data demonstrate that the N-terminal region that is

available for proteolysis by trypsin in thg Eomplex is not
FiGUre 2: Trypsin proteolysis of the N-terminal region of the a\r:allable for_ proteolysis in |solateﬂsubu3|t. We_also testedd
subunit ind-depleted £ and in the isolatedx subunit. Trypsin ~ CNYmOUrypsinS. aureus/8 protease, and proteinase K, an
proteolysis was carried out as described in Experimental Proceduresnone of them generated anband from isolated. subunit.
Briefly, d-depleted I or isolatedo subunit (2.3 mg/mL) was Does Rr34156 Bind to Isolatedo. Subuni® “bso” is the
incubated with trypsin (2.8g/mL) for 2 min at room temperature. generic name for the cytoplasmic fragment of theubunit

Reaction was stopped by addition of PMSF with immediate boiling . o
in SDS-gel buffer, and samples were run on SBls. (A) 1ug which may be expressed and purified in soluble foB%) (

of isolateda subunit, zero time (PMSF added before trypsin). (B) bsol binds to thed subunit through its C-terminal en@§,
1 ug of isolateda. subunit, 2 min incubation with trypsin. (C)&y 39). In recent work we found that one versiontaf, called

of o-depleted I, zero time. (D) 2ug of o-depleted F 2 min bsta4 156 containing residues-34 through to the C-terminal
incubation with trypsin. b-156 (8), binds directly to Ik in Mg?*-sensitive manner
with Kq around 100 nM 19), thus demonstrating quantita-
tively that binding of the cytoplasmic portion of thesubunit
directly to R contributes to stator resistance. To establish
binding parametersl@) we used Irenzymes that each had
Trp inserted at a unigue position m or 5 subunits, and
measured the enhancement of fluorescence seen upon titra-

In a third type of experiment, gel filtration was used. The
column was 100 cnx 1.5 cm containing Sephacryl S-100
equilibrated in 50 mM HEPES/NaOH pH 7.0, 5 mM Mg&0
Pure isolatedx eluted in a single sharp peak at 91.5 mL,
and pured eluted in a single sharp peak at 103.2 mL. An

equimolar mixture ofx andod gave the same two sharp peaks tion with bsras 155 TWo Trp residues that gave substantial

at the same elution volumes, and no other pegk was ev'dent'enhancement of fluorescence wert55W and aF406W.
_Therefore, three types of experiments failed to detect \yg therefore combined each of these mutations with
binding of ¢ to isolateda subunit. It should be borne in - ,\y/513F in the construct for expression of isolategubunit

mind that the peptideeN1-22 binds tod with a K4 of 0.13 and purified the two mutant. subunits, namelyxL 55W/
uM (112), andd binds too-depleted Fwith aKq of 1.4 nM W513F andaF406W/W513F.

(8); thus all three negative experiments are meaningful.
Trypsin Proteolysis of Isolated Subunit and)-Depleted
Fi. Dunn et al. {) demonstrated that trypsin removed the

first 15 residues fronw subunit in intact k;, forming ano’,
and that the resultant Was unable to bind subunit. Under
conditions described in ref further proteolysis oft’ was
limited and the resultant;Fetained full ATPase activity.
This experiment therefore represented a potential avenue t
study _whether the N-terminal region of pure |S(_)Iated . experiments showed that isolatedsubunit also failed to
subunit was available for proteolysis or whether it was in bind beras 156
some way sequestered. However, the experiment was not
straightforward because, as Senda et#8) pad reported, p|SCUSSION
isolateda subunit, unlikea. present in Fcomplex, readily
undergoes multiple cleavage by trypsin, producing much General The original aim of this work was to express
smaller polypeptides than th@ seen by Dunn et al. In  and purifya subunit of the Fportion of ATP synthase from
addition, we decided to usedepleted Frather than intact  E. coli, demonstrate its native state and functional integrity,
F.. This should provide a better comparison with isolated and then proceed to use it as a convenient material for
subunit because in neither case is there apund to the mutagenic and biophysical analysis of bindingdasubunit
N-terminal region ofo. to the N-terminal region of.. Additionally there was the
We found that thex subunit ind-depleted Fwas cleaved ~ possibility that binding of the cytoplasmic portion of the
at the N-terminus to produce’ as originally described by  subunit (‘bs,") to isolateda might also occur and be subject
Dunn et al. 7) in their work with intact k, but that cleavage 10 similar analyses, which could illuminate the mode of direct
occurred much more quickly with-depleted £ Thus short ~ binding of b subunit to f.
times of proteolysis were necessary. Figure 2 shows a typical Expression and purification of wild-type and mutamnt
experiment. It is seen that after just 2 min of digestion with subunits containing a C-terminal 6-His tag to facilitate rapid
trypsin thea' species was clearly evident in thedepleted purification was accomplished, and assays established func-
F1, yet in the same experiment with isolatadsubunit,o tional integrity and native structure. Isolatedwas found
was not at all evident. If the experiment was continued for to be monomeric in solution with the expected molecular
longer time (or if higher trypsin concentration were used) size, Trp analysis confirmed its purity, and nucleotide binding
the full-size a band in theo-depleted F decreased in  analyses confirmed its ability to bind ATP, ADP, MgATP,

Upon titration with bstss156 neither of these mutant
subunits showed any change in fluorescence signal. Addition
of wild-type or SW28L pured subunit, addition of nucle-
otide, or a wide range of other varied conditions failed to
elicit any fluorescence response. The data indicated therefore
thatbsrss-156 did not bind to isolated. subunit. We described
experiments above in which isolatedsubunit failed to bind

% subunit in NiNTA-agarose “pull down” experiments. Those
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and MgADP. K4 values were established for nucleotide
binding, and showed that the Mg-nucleotides bowddimes
more tightly than the Mg-free forms, and that ATP and
MgATP bound 10 times more tightly than ADP and MgADP.
It was shown that isolated subunit was fully competent to
reassociate with other;Bubunits to form a complex with
normal ATPase activity, and that this complex was able to
rebind to k-depleted membranes to restore ATP-driven
proton pumping.

To our initial surprise isolated. subunit did not bind to
pure 6 subunit or tod’, the N-terminal domain oé. This
was disappointing since it meant that the original idea of
using isolatecdx to characterizex/d interaction was unten-
able. However, N-terminal analysis confirmed that the normal
N-terminus of a was present, i.e., that no proteolytic
“clipping” had occurred during expression or purification,

Senior et al.

thata is translated at a rate somewhat greater thapening

up the possibility that not all newly synthesizedwould
bind 6. On the other hand, if the N-terminal region of newly
translatedo. subunit were sequestered in some way, then
binding of 6 would be temporarily prevented, providing a
particularly efficient assembly pathway. The data presented
in this paper show that this is indeed the case.

We propose that during assembly of ATP synthasévo,
before é/a. interaction can occuo subunit must first be
incorporated with3 into the asfs hexagon (this probably
requires also the subunit); only then does the N-terminal
region ofa become available for binding. After the first
0 binds, steric hindrance presumably prevents attachment
of a second or thirdd. How the N-terminal region is
sequestered in isolatedsubunit can only be guessed at from
current data. Presumably it involves binding of residugs

and proteolytic cleavage experiments showed that in isolated22 to the six-strandegtbarrel domain ofx that encompasses

o the N-terminal region was not exposed. This latter finding
was in contrast to the situation in intact&nd ind-depleted
F1. On further reflection therefore it was apparent that the

residuesa24—95. One can postulate that the N-terminal
region of o binds to a surface of the six-strandgebarrel
domain that normally interacts with subunit in theasSs

results indicated important features of the assembly of the hexagon, and that, when thes;$; hexagon forms, the

stator with F in vivo, and indeed that they might have been
anticipated.

Assembly ob, o, and Other i Subunits in E. coli ATP
Synthase Earlier work in the laboratory of L. Heppel
established thek. coli F; can be dissociateid vitro into its
component subunits, 3, y, 6, ande, and reassociate@6,
34, 40). Among complexes that can readily be formied
vitro areofsy, aafsyo, asfsye, andogfsyde, but notogfs
(see also reB3 and footnote 3).

Beginning with ref41 there was an early flurry of work
on assembly oE. coli ATP synthasan vivo, which was
well-summarized by Brusilow4@). This early work focused
on assembly of the J#sector and control of its proton
permeability. Intriguingly,0 subunit was inferred to play a
role in enhancing proton permeability of §ynthesized and
assembledh vivo (43) although the basis for this effect has

N-terminal region ofa is displaced bys and becomes
available for binding t@). As has been reviewed by Weber
(6), there is evidence that binding titself leads to an
increase in ordered helical structure in the N-terminal
residues +22 of a. Prior to binding tod, the N-terminal
region of . might exist in a more extended conformation
that could reach some way down the surface ofifmrrel
domain on isolated:.

Direct Binding of b Subunit to fMay Also Require the
o303 Hexagon As discussed in the introduction we recently
established by a fluorimetric technique thatog,” construct
nameddsrss-156 Showed direct binding to fwith high affinity
(19). Diez et al. 48) and Krebstakies et al49) have also
reached the same conclusion, the latter study actually using
full-length b subunit. In regard to the possible location of
the binding site(s) on {for b subunit, there are several

not yet been explained. More recent work has also focusedpublications on this point, but as reviewed by Webg); (

on K, assembly, demonstrating YidC- and Sec/SRP-involve-
ment for insertion of subunits, b, andc (44—46). There is

they are not in agreement. Indeed they suggest several
different binding sites, either ta or to 3, in the upper or

little experimental data regarding the order of assembly of lower portions of theas8s; hexagon, or to the/j clefts

F1 subunitsin vivo, although in ref 41 it was speculated that
the R complex was built up incrementally on aptEmplate,
following a pathway clearly different from that followed in
in vitro reconstitution experiments. However it is also well-
established that, ifE. coli strains carrying various mutant
forms of ATP synthase, ATPase activity due to partial or
intact i complexes can accumulate in the cytoplasmic
fraction.

The order of genes in the ATP synthase operoB.igoli
is unclBEFHAGDC The genes are transcribed into a
polycistronic message and translated by polysondes. (
Thus there is the possibility drfi cis assembly of Fsubunits
as discussed in ref2. Specifically in relation to thé and
o subunits whose genesr{cHanduncA) are contiguous on

associated with catalytic or noncatalytic nucleotide binding
sites.

In this paper we tested whether isola@dubunit could
bind bst34-156 We had found in rel9that two Trp residues,
introduced singly intax subunit of intact and otherwise Trp-
free R at residuen-55 (located close to the noncatalytié3
cleft in the upper region of f or at residuex-406 (located
close to the catalytic cleft in the lower region of) Fboth
gave enhancement of fluorescence signal wWhggy 156 was
added. However, we found here that when the same Trp
residues were inserted in isolated subunit, addition of
bstas 156 Was without effect on fluorescence. In NiNTA-
agarose “pull-down” experiments, no bindinghgfrzs-156 to
isolateda was seen. From these data we would suggest

the message, given the high affinity of binding seen between tentatively that direct binding df subunit cytoplasmic region

0 and theaN1-22 synthetic peptide (0.13M, ref 11) one
could predict that newly translatetdland a. subunits might
immediately form anod complex with 1/1 stoichiometry.
However, if this did happen, it is difficult to see how the
stoichiometry of one) to threea in the final R (a383y0¢€)
could be achieved. It is relevant that in #&fit was reported

to F; may require prior formation of thesf; complex, just
as binding ofd appears to do.
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