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ABSTRACT. Structure-function relationships of the—e—c subunit interface of &1 ATP synthase, a
region of subunit interactions important in coupling between catalysis and transport, were investigated by
site-directed spin labeling and electron paramagnetic resonance (EPR) spectroscopy. The EPR line widths
and collision accessibilities of 18 spin-labeled, unique cysteinmants fromyLeul98 toyLeu215
indicate an alternating pattern in the mobility and accessibility parameters for posi#6ts 209, which

is reminiscent of g-strand. Labels at position®204 andy210 show tertiary contact upon Binding to

Fo andyD210C has reduced coupling efficiengye208C could not be spin labeled, but the uncoupling
effects ofyE208K are suppressed by second-site mutations in the polar loop of saljifeitchum, C.

J. and Nakamoto, R. K. (1998) Biol. Chem. 27322292-22297]. The restricted mobility and accessibility

of spin labels in the odd-numbered positions betwg2®l andy207 plus the 24-fold higher values in

keat for ATP hydrolysis of these same mutantiRdicate that the interactions of these residues with the

€ subunit mediate its inhibitory activity. Disrupted interactions wittubunit also cause reduced coupling
efficiency. We propose a model for tlre-e—c interface ofEscherichia coliFoF1 ATP synthase in which

side chains from the odd-numbered residues oflhes201—yTyr207 S-strand directly and functionally
interact with thee subunit, while the even-numbered, acidic residuésp204,yGlu208, andyAsp210
interact with the b sector, probably with subundé. y Subunit interactions with both subunits in this
region are important for coupling efficiency.

The RF; ATP synthase couples translocation of protons  To examine structurefunction relationships of this region
in the membranousd-sector to synthesis or hydrolysis of of E. coli FoF, ATP synthase, and ultimately the mechanism
ATP in the soluble F sector through a mechanism that of energy coupling, we began structural and functional
includes rotation of they, ¢, and ¢ subunits relative to  analyses of cysteine substitutions in theubunit using the
ogfBz0ba (1-3). Energy coupling involves conformational — site-directed spin labeling (SDSL)strategy of electron
information transmitted through the three rotor subupits  paramagnetic resonance (EPR) spectroscopy (reviewed in ref
€, andc (reviewed in ref$4 and5). This communication is  11) The resulting EPR data obtained in a fi@l coli F;
disrupted by mutations in a segment of thesubunit that complex confirm the secondary and tertiary structure as-
perturb interactions with the and c subunits, including signments of the’'/e structure {0) and identify the function-
yY205C, which abrogates inhibition of F, and disrupts ally importanty—e or y—Fq interactions that mediate
coupling between & and R (6, 7), and yE208K, which subunit inhibition and modulate the catalytic mechanism to
disrupts coupling without affecting inhibition (7, 8). achieve efficient coupling between transport and catalysis.

Two recent high-resolution crystal structures detailed the
F1 components of thg—e—c interface, in bovine mitochon- EXPERIMENTAL PROCEDURES
drial F; (9), and in arEscherichia colf; construct containing
the e subunit and a truncatedsubunit '), but noa, 3, or
0 subunits 10). The y'/e structure showed a strand of
alternating residues fromTrp203 toyPro209 facing the
subunit, followed by a turn and the long carboxyl terminal
helix extending fronyPro211, but failed to resolvePro191
to yLeul98 (@0). The complete structure of bovine mito-
chondrial i (9) showed a different local conformation, which
is not surprising considering the low similarity between these
isoforms in this region.

Strains and PlasmidsATP synthase mutants, with all
native cysteines replaced by alanine and a Flag affinity tag
(Sigma Chemical Co., St. Louis, MO) at the amino terminus
of the 8 subunits, were expressed from plasmid-boune
operon on pACWUL1.ZFlag/ACys (12) in strain DK8 pgIR
thi-1 rel-1 HffPO1A(uncB-uncC) ilv::Tn10; (13)). Cysteine
substitutions fronyLeul98 toyLeu215 were introduced by
polymerase chain reactiori4) with the Pfu thermophilic
polymerase (Stratagene, La Jolla, CA) in plasmid/KB
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(12). After sequencing of the entire insert, tRsil —Spé
fragment was ligated into pACWU1/#lag/ACys (12). The
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imidazole. The polyhistidine tag was removed by incubation

with rTEV protease (Life Technologies, Gaithersburg, MD)

single cysteine mutant strains exhibited growth comparablefor 4 h at room-temperature plus 24 h at €. Excess

to that of cysteine-lessdF; on sodium succinate, a nonfer-
mentable carbon source requiring a functiongFFATP
synthase for growth. Wild-type and cysteine-les&FATP

imidazole was removed by dialysis against buffer A, and
the protease and (Hisfragment were removed by passage
over Talon resin. Purity of cleaved recombinantwas

synthase were expressed in strain DK8 from plasmid-borne confirmed by SDSPAGE (19), and activity was determined

unc operon on pACWU1.AFlag and pACWU1.ZFlag/
ACys (12), respectively.

Recombinant, polyhistidine taggedsubunit (Hise) was
expressed in strain BL21(DEX)ysS(Novagen, Madison,
WI). The polyhistidine tag was added by PCR amplification
of uncCwith the following oligonucleotide primers, which
introducedNcd and EcoR restriction sites at the'sand 3
ends ofuncC, respectively: SACTCCATGGCAATGACT-
TACCACCTGG-3 and 3-ATCGAATTCAGAGTCAAAC-
CGCTTCACCTTG-3 The entire insert was sequenced and
ligated into pHIS-Parallell {5). This vector added the
amino terminal (His) and rTEV protease site sequence,
MSYYHHHHHHDYDIPTTENLYFQGA, preceding thencC
open reading frame.

Molecular biology protocols were performed according to
the manufacturers’ instructions or by Sambrook et H).(
DNA-modifying and restriction enzymes were obtained from
New England Biolabs (Beverly, MA), Gibco-BRL (Rock-
ville, MD), or Roche Molecular Biochemicals (Indianapolis,
IN).

Enzyme Preparationg=oF;-containing membranes were
prepared by growth of strains until mid-log phase in minimal
medium (7) supplemented with 1.1% glucose at 37 and
isolated as previously describetB]. Flag-kh enzymes were
purified as previously describe®)(in 1.0—-1.3 mg yields
of purified R per liter of culture. SDSPAGE (19) of
purified FoF, or F; mutants showed qualitatively correct
amounts of all BF; or F; subunits, including. Membranes
enriched in wild-type & were purified as above and stripped
of F; as previously described.®). Reconstitution of hybrid
FoF1 complexes were prepared by mixing 0.75 mg of purified
F1, or spin-labeled purified £with 0.56 mg of k>-containing
membranes (approximately a 5:1 molar excess j0b\Fer
Fo). The mixtures were incubated for 10 min on ice,
centrifuged at 5760@pfor 60 min, the membrane pellet
washed in 50 mM Tris-HCI, 10% (v/v) glycerol, 2 mM
MgCl,, 1 mM ATP, 40 mM 6-aminohexanoic acid, 40 mM

by inhibition of diluted,e-depleted wild-type F(data not
shown) under assay conditions previously reporf@dHis-¢
in buffer A plus 10% (v/v) glycerol was concentrated by
ultrafiltration on a Centricon 3 filter (Millipore, Bedford,
MA) to approximately 35Q«M. Yield of purified His< was
1-2 g per liter of culture.

Enzymatic Assay$hek.:of ATP hydrolysis was obtained
in a buffer containing 50 mM HEPESKOH, 10 mM ATP,
5 mM MgCl, and 1uM carbonyl cyanidemn-chlorophenyl-
hydrazone (in assays of membrane preparations) &4C30
pH 7.5, with 5 mM phosphoenolpyruvate and 50 mg/mL
pyruvate kinase?). In assays of | the concentration of
enzyme was 25 nM, above th& for € subunit (3 nM) to
keep the subunit bound to the compl&xZ1). ATP synthesis
(22) and proton pumping?23) were performed as previously
described.

Spin Labeling and EPR Spectroscopy.mutants in 50
mM Tris-HCI, 10% (v/v) glycerol, 2 mM MgGl 1 mM ATP,
40 mM 6-aminohexanoic acid, 40 mM p&0,, pH 7.4, were
concentrated to approximately 20 by ultra-filtration on
a Centricon 10 filter (Millipore, Bedford, MA) and spin
labeled overnight using a-5L0 molar excess of methane-
thiosulfonate spin label (MTSSL). Unreacted MTSSL
was removed by filtration through 1-mL Sephadex G-50
centrifuge columns24), and the effluent was concentrated
to approximately 4QuM by ultrafiltration. Some samples
were treated during the initial concentration with 10 molar
equivalents of dithiothreitol (DTT), which was removed
immediately prior to spin labeling by Sephadex column
filtration as above. Fmutants for use in hybrid 4F; were
reacted as above for 1 h. Stoichiometry of labeling was
determined in selected samples by comparison of protein
concentration with spin concentration, the latter determined
by double integration of the EPR derivative spectra and
comparison to the double integrals of a series of known
concentration standards containing 3-carboxy-PROXYL ni-
troxide (Aldrich Chemical Co., Milwaukee, WI).

N&SQ, pH 7.4, centrifuged again, and the membrane pellet EPR data were obtained on a Bruker 300 Series spec-
was suspended in the above buffer. Prior to proton pumpingtrometer with a Loop-Gap resonator (Medical Advances,
assays, membranes containing hybrigFFwere suspended  Milwaukee, WI). Spectra were taken at 100 G field sweep,
at 10 mg/mL into 10 mM Tris-HCI, 140 mM potassium 1 G modulation amplitude, and 2 mW power. Power

chloride, and 10% (v/v) glycerol, pH 8.0, and used in the saturation samples were placed in TPX plastic capillaries
assay as described in the legend to Figure 3. Purifgd F (Medical Advances, Milwaukee, WI) and flushed with

FoF1, and k5 enriched membranes were assayed for con- nitrogen or compressed air containing 20% oxygen for 10

centration by the method of Lowry et aR@).
Preparation of Recombinant Subunit. His-e was ex-

min. NIEDDA was synthesized from Nickel (I1) hydroxide
and ethylenediaminBkN'-diacetic acid 25) and used at 5

pressed on minimal media supplemented with 1.1% glucosemM. EPR parameters, such d3 accessibilities, were

by induction with isopropyl3-p-thiogalactopyranoside at

calculated as previously describe2b(27).

mid-log phase for 2 h. Cells were harvested and solubilized Materials.ATP, DTT, and ethylenediamini;N'-diacetic

in buffer A (20 mM Tris-HCI, 100 mM NaCl, pH 8.0),

acid were obtained from Sigma Chemical Co. (St. Louis,

passed through a French pressure cell twice, and the insolubléVO), nickel (II) hydroxide from Aldrich Chemical Co.

lysate fraction was removed by ultracentrifugation.

His-¢ was isolated from the soluble lysate on a Talon
affinity column (Clontech, Palo Alto, CA), followed by
washes of buffer A and elution in buffer A plus 100 mM

(Milwaukee, WI), and pyruvate kinase from Roche Molecular
Biochemicals (Indianapolis, IN). MTSSL was obtained
from Toronto Research Chemicals (Toronto, Canada). All
other reagents were of the highest grade and purity available.
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FIGURE 1: kot Of ATP hydrolysis at 30C, pH 7.5, for unlabeled

F; single cysteine mutants from198 toy215 The dotted line
indicates thek ., of wild-type F, 102 s, in this assay. Error bars
represent the standard deviation observed over two to six deter-
minations.

RESULTS

Effect of Cysteine Substitutions on Enzyme Function in
F; and FoF1. The ke of ATP hydrolysis at 30°C, pH 7.5
(Figure 1), were determined for purified, unlabeled F
enzymes depleted of all 19 native cysteink3 @nd carrying
unique cysteine substitutions at positigri®©8 throughy215.
Catalytic turnovers of the unlabeled odd-numbered mutants
from y201—208, such ayW203C andyY205C, are 2-4-
fold higher, reminiscent oé-depleted I, which has high
turnover due to the removal of the inhibitogysubunit @1,

28). The pattern disappears towards the amino terminus from
position 200 and toward the carboxyl terminus from
position y210. They'/e crystal structure indicates a turn
involving yPro209-yAsp210-yPro211 (0). The 4-fold
increase foryY205C R has been previously reported, in a
cysteine replete enzymé)(and in the cysteine depleted F
enzyme used hereirv), The yY205C—SL F,, derivatized
with MTS—SL as described in Experimental Procedures, has
similarly elevated turnover as the underivatizeR05C R
mutant enzyme (data not shown).

The ATP synthesis:ATP hydrolysis ratios fogfr mutants
containing cysteines ap201—-210 indicate that cysteine
substitution ay203,y205,y208, andy210 disrupts coupling
efficiency in the bF, complex (Figure 2). In general, the
higher catalytic turnovers for ATP hydrolysis observed for
many of the soluble mutant are suppressed in membranous
FoF1. Thekea for ATP hydrolysis ofyY205C FoF, is higher
than wild-type as previously reporteé, (7), while that of
yE208C is much lower, similar to theE208K mutant §).
BecauseyE208K and C have similar effects, the results
indicate that the glutamate at positipR08 plays a specific
role in mediating coupling efficiency.

ATP-driven and NADH-drivemApH generated by mem-
branes containing hybriddF; reconstituted from spin-labeled
yS202C,yD204C, yY205C, oryL206C R are smaller in
extent than those for the hybridoF, made from the

Andrews et al.
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Ficure 2: Turnovers of ATP synthesis and ATP hydrolysis, and
ratio of kot ATP synthesis tdk.o ATP hydrolysis, at 3C°C, pH

7.5, for membranes containing /. single cysteine mutants from
y201 to y210. The dotted lines indicate the values obtained for
cysteine-less &F; in these assaysk.,; of ATP synthesis, 1773;

keat Of ATP hydrolysis, 324 s!; and the synthesis:hydrolysis ratio,
0.052, which are comparable to wild-typeHz (12). Error bars
represent the standard deviation observed over at least three
determinations.

corresponding unlabeled Futants (compare Figure 3A to
C, and 3B to D). The ATP-driveApH for hybrid yS202C
andyL206C are comparable to that obtained for hybrigF+
containing wild-type - (data not shown). In contrast, ATP-
and NADH-drivenApH for hybridyD204C indicate that the
membranes remain permeable to protons, suggesting that the
y204 cysteine substitution interferes with functional binding
of mutant k to Fo, with or without presence of the spin
label. TheyY205C mutant k binds to k5 because the
NADH-driven pumping reconstitutes similar to th&202C
andyL206C mutants, but the spin label appears to interfere
with coupling of the ATP-driven proton transport. In all
cases, spin-labeled; Rvhich hase subunit bound clearly
binds to k5 because (i) the spin label that is exclusively on
the R associates with the membranes (see below), (ii) binding
of F1 to Fo requires presence of tlesubunit @9, 30), and
(i) the labeling efficiency is estimated to be greater than
85%, indicating that the membrane bound activity represents
labeled enzyme (see below).

y198—-215 Side Chain Mobility, Accessibility, and Sec-
ondary/Tertiary Structure in £ To probe the secondary
structure of this region of ther subunit through SDSL
analysis of residue side chain mobility and accessibifity),(
each unique cysteine futant was covalently labeled with
MTS—SL and analyzed by EPR spectroscopy, including
power saturation EPR. The EPR spectra (Figure 4)AtHet
reciprocal central line widths (or mobility parameters), and
the Il accessibility parameters to the paramagnetic relaxing
agents NiEDDA and oxygen (Figure 5) of spin labels
attached to cysteines from198 to 215 indicate three
different phases of side chain environments.
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Ficure 3: Formation of ApH, driven by ATP or NADH, in
membranes containing hybrigF, formed from F single cysteine
mutants and wild-type &~membranes(A) ATP-driven and (B)
NADH-driven ApH for membranes containing hybrigf formed
from unlabeled [Fcysteine mutants. Membrane protein was diluted
to 0.10 mg/mL in a buffer containing 10 mM HEPE&OH, 300
mM KCI, 5 mM MgCl,, 1 uM valinomycin, and 1uM acridine
orange, pH 7.533). (C) ATP-driven and (D) NADH-drivem\pH

for membranes containing hybrichF; formed from spin-labeled
F, cysteine mutants. 1yS202C; 2,yD204C; 3, yY205C; 4,
yL206C. 1 mM ATP or 2 mM NADH, and kM carbonyl cyanide
m-chlorophenylhydrazone (final concentrations) were added as
indicated by the arrows.

The narrow line shapes arkH line widths less than 2.5
G obtained from enzymes with cysteines at positions
yLeul98 toyHis200 reflect side chain mobility on the
nanosecond time scal@1). These nitroxides show high
AH™! mobilities and highIT NiEDDA and IT oxygen
accessibilities, indicating side chain exposure to a polar
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FicurRe 4: EPR spectra of spin-labeled;, F» subunit cysteine
mutants The bar represents 10 G.

medium, such as the aqueous bulk solvent. The consistentlystructures. These features are attributed to motional restriction

high mobility and the lack of major variations in these
parameters across this short stretch ofjtrsibunit suggest
a mobile, random coil structure.

of the nitroxide by the branching of side chains such as
leucine and isoleucine, spatially adjacent on the same face
of the5-sheet 11). They'/e structure placesLeudl,cLeu4?2,

The spin-labeled cysteines at the even-numbered residueandeThr43 spatially adjacent tpAsp204 andyLeu206 in

positions fromy201 toy211 display similarly narrow line
shapes (Figure 4), highH™, high IT NiEDDA and II
oxygen (Figure 5), again signifying side chain exposure to
a polar medium. Thg E208C mutant was not reactive with
MTS—SL (see below). In contrast, the EPR spectra of spin

a similar, although less ordered fashidid);

The EPR spectra and parameters $#6212C—SL and
yA213C-SL indicate mobile, solution accessible side chains
at these positions. However, the EPR datayie211C-SL,
yL214C-SL, andyL215C-SL indicate steric occlusion,

labels attached to cysteines at the odd-numbered positionsvith yP211C-SL and yL215C—SL reporting the lowest

from 201 to y210 show broad line shapes andd line
widths of 4.1 to 4.3 G (Figure 4). The lowH™?, low IT
NIiEDDA, and IT oxygen at these positions (Figure 5)

AH™1, TI NiEDDA, and IT oxygen observed in the entire
region. The periodicity in the EPR data from these positions
recalls patterns observed in site-directed spin labeling of

indicate that the odd side chains are sterically occluded anda-helices 81).

restricted by tertiary contact with another protein domain
(32). The AH™! mobilities andIT accessibilities fromy201
to v209 modulate with a periodicity of two (Figure 5), a
pattern previously observed in SDSL Bfsheet proteins
(33—36).

In addition, spectral features in the low field resonances
of the even-numbered mutant spectra are similar to low field
features of spin-labeled residues on the periphefs-sifieet

The stoichiometry of spin labeling for ¢hl h labeling
reaction, performed omfised in hybrid BF; synthesis, was
over 85%, and that for the overnight reaction, performed on
F1 samples used in;/SDSL studies, was over 95%. Several
spectra contain sharp components in the high and low field
resonances, indicating the presence of less than 5% unreacted
MTS—SL in the samples (Figure 4). Furthermore, a F
sample completely lacking cysteines and subjected to the
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form hybrid RF; complexesThe bar represents 10 G.

FIGURE 5: AH™1, IT oxygen, andIl NiEDDA for F; y subunit

cysteine mutantsvalues were calculated as previously described F,F, samples contained low gain EPR signals insufficient
(26, 27). Error bars represent the standard error in the power for power saturation EPR

saturation curve fit propagated through the parameter calculations. TEe line widths and Iinelshapes of the EPR spectra of the

MTS—SL labeling procedure showed EPR signal equivalent ¥H200C-SL, yS202C-SL, yY205C~SL, and yL206C—
to 10% or less of the amplitude of the labeled single cysteine St hybrid FoFs constructs did not differ significantly from

mutants (data not shown). This background is comparable!0Se of the corresponding spin-labeledéhzymes. The
to that in other studies3() and is not enough to affect unchanged, high mobilities of the4200C-SL, yS202C-

interpretation of the spectra. Control experiments were St @ndyL206C—SL spin-labeled side chains in the hybrid

performed to ensure that labeled cysteine mutant complexes,FoFl indicate that these side chains do not contact a protein

in particular those with cysteines in the odd-numbered domainin kb or Fi. TheyY205C—SL spin-labeled side chain
positions, retained boune subunit. One molar equivalent  fully contacts domains in £and the low mobility does not
of recombinant subunit, with the (His)tag removed, added ~ change upon binding tog=The other odd-numbered mutants
to approximately 4Q:M yD204C-SL, yY205C—SL, and were not tested. In cc_)ntrast, thé line widths ofyD204C_—
yL206C—SL F, did not alter the EPR line shapes (data not St @ndyD210C-SL increased 1.8 and 1.3 G, respectively,
shown). In a similar manner, we previously reported that UPON binding to &, with an amplitude increase in the low

the hydrolysis turnover ofY205C R was not significantly field resonance indicative of motion restrictioB1]. The
inhibited by addition of excess subunit (7) reduced mobilities of thQ/D204C—SL and yD210C-SL

In contrast to the other mutantgE208C K was highly side chains indicate a specific tertiary contact, probably with

resistant to labeling with MTSSL. Several additional € C subunits, upon association withy.F

reaction schemes were attempted, including prereduction with

1 mM DTT and labeling in the presence of{M DTT, and DISCUSSION

prereduction with 2.5 mM tris-(2-carboxyethyl) phosphine  Structural Assignments of the Subunit in they—e—c

(TCEP, Molecular Probes, Eugene, OR) and labeling with Interface.The periodicity of two in the EPR data and the

3-maleimido-PROXYL nitroxide (Aldrich Chemical Co., alternating polarity in the accessibilities fropLys201 to

Milwaukee, WI) in the presence of 1 mM TCEP. All of these yTyr207 demonstrates a biphasically ordered strand, with

strategies failed to labefE208C above the EPR signal the even side chains on the periphery of thecBmplex

intensity of the control enzyme containing no cysteines.  projecting into solution, and the odd side chains contacting
y200—210 Side Chain Mobility and Tertiary Structure in  an R domain involved ine inhibition. Several of the EPR

FoF1. Spin-labeled F cysteine mutantsyH200C-SL, spectra contain line shape features characteristic of the EPR

yS202C-SL, yD204C-SL, yY205C-SL, yL206C—SL, line shapes from test-case SDSL [@&heet proteinsi(l).

andyD210C-SL were bound to &containing membranes  The y'/e structure(10) indicates two paralleB sheet-type

at 5:1 molar ratios to create hybridofR complexes, as  hydrogen bondsyLeu206-¢Leu42 andyGlu208-¢Leu42.

described in Experimental Procedures. EPR spectroscopyThe periodicity in the SDSL data, the EPR line shapes, and

examined the mobility of the nitroxide side chain on the  thej-sheet hydrogen bonds support our proposal;jtiat—

subunit during finteractions with & (Figure 6). The hybrid 208 is af-strand.
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The high mobility and solution accessibility pt.eu198
to yHis200 indicate that this region is a random coil on the
periphery of they subunit. The failure of the'/e structure
(10) to resolvey191—198 also suggests a dynamic confor-
mation in this region, under the crystallization conditions.
The EPR data folyP211C-SL to yL215C—SL show the
start of ana-helical periodicity in these side chain environ-
ments. The resolution of helical electron density for this
region in they'/e structure 10) and in a structure of the full
E. coli F, complex 88) show that the EPR data represent
the beginning of the carboxyl-terminal-helix of the y
subunit catalytic rotor after the turn formed p¥Pro209-
yAsp210-yPro211 (see below).

Roles ofy201—-211 Side Chains in Mediating Subunit
Inhibition and Modulation of CatalysiS he increased ATP
hydrolytic rates of the cysteine mutants of the odd-numbered
positions fromy201—211 indicate that these side chains
affect the interactions that mediatesubunit inhibition, and
the EPR data at these positions show tertiary contact with
an adjacent domain in;FThe proximity of the odd residue
side chains and the subunit, previously indicated by high
yield cross-linking ofyY205C andyY207C toeH38C and
€T43C 6, 39 and they'le structure (0), identifies this
adjacent domain as the subunit. They subunit cysteine
substitutions disrupt the functional interactions at these
positions to varying degrees, perhaps through gross structura
perturbations, or through disruption of specific side chain
interactions with the adjacent domain. The former possibility
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groups. The effects of the cysteine substitutions suggest that
€ inhibition is mediated through this region by a combination
of hydrophobic and steric interactions. The wild-type levels
of ATP hydrolysis rates 0f198—200, the even-numbered
1201—208 substitutions, ang212—215 indicate that these
residues are not involved ininhibition.

According to they'/e structure 10), yPro209-Asp210-
Pro211 forms a turn between the-¢ interface and the
beginning of the long carboxyl terminak-helix that forms
the rotor of the catalytic mechanism. Even though thePro
X—Pro motif is common in turns4Q) and a similar motif is
found in manyy subunit sequences, it is not conserved. The
sequence variability probably reflects conformational dif-
ferences in this region which must match the interacting
structure and dynamics of theand c subunits. The high
ATP hydrolysis rates of the cysteine mutants in all three
positions of the turn may signify perturbation of the
backbone; however, theP209C kF; has normal coupling
function (Figure 2). Interestingly, the effects of replacing
this proline are suppressed upon association with@nly
the cysteine in place gfAsp210 disrupts coupling efficiency.
Significantly, they'/e structure and the EPR data indicate
that the side chain gfAsp210 projects into aqueous solution
with no protein contacts; however, upon binding t§ Fs
mobility and tertiary contact change significantly indicating
Bn interaction with an & subunit, probably subunit. We
note that two acidic residues in this regigrAsp204 and
yAsp210, have been found to contact Br have been

is not likely because all 18 cysteine mutants were assembledimplicated in communication of coupling information with

in the membrane, and purification yields were similar to wild
type. These results suggest thataffinity for Fo was not
significantly altered by cysteine substitution at any of these
positions, as the JFpurification depends on a stableff
complex. More likely, the cysteine substitution disrupts
specific interactions between the two subunits.

The two largest reductions ie inhibition are observed
for yW203C andyY205C in k. The same two substitutions
also significantly reduce coupling efficiency between trans-
port and catalysis in&F;. While yK201C andyY207C also
have increased ATP hydrolysis rates i} &sociation with
Fo suppresses their effects apl201C andyY207C RF;
have normal coupling efficiency. The effects of the cysteine
substitution at these position were not as severe a2@2
andy205.

Previously, we have implicated tkenhibition in modu-
lating the rotational catalytic mechanism in a manner that is
critical for achieving maximum coupling efficiencyr)

Linear free energy analysis of the temperature dependence

of the kqocfor ATP hydrolysis of thesY205C mutant enzyme
as well as other complexes abrogated othibition indicates

that these enzymes have a different transition state structure

for steady-state catalysis’)( Importantly, the loss ok
inhibition correlates with decreased coupling efficiency. In
fact, the yW203C enzyme, which has low coupling ef-
ficiency, has the same transition state structurg¥205C,
while yY207C, which has wild-type coupling, does not (data
not shown). These results reinforce our hypothesis that the
€ inhibition is a modulatory activity that coordinates the
catalytic transition state to that of transport and is critical
for high efficiency coupling.

The odd-numbered side chaiplsys201,y Trp203,y Tyr205,
andyTyr207 are bulky and mostly hydrophobic functional

the Fy. While the third acidic residueyE208C, was not
available to the spin label, second site mutations in the polar
loop of the c subunit suppress the deleterious effects of
yE208K indicating its functional interaction with the trans-
port domain 8). The distance between these residues and
the opposing projections of their side chains in thé&
structure 10) suggest that the three residues interact with
polar loops from different subunits.
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