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ABSTRACT. Substitution ofEscherichia coliFF, ATP synthase residug¥>372 oryS12 with groups that

are unable to form a hydrogen bond at this location decreased ATP synthase-dependent cell growth by 2
orders of magnitude, eliminated the ability ofFs to catalyze ATPase-dependent proton pumping in
invertedE. coli membranes, caused a-180% decrease in the coupling efficiency of the membranes as
measured by the extent of succinate-dependent acridine orange fluorescence quenching, but increased
soluble R-ATPase activity by about 10%. Substitution pK9 to eliminate the ability to form a salt

bridge with D372 decreased solublg-ATPase activity and ATPase-driven proton pumping by 2-fold

but had no effect on the proton gradient induced by addition of succinate. Mutations to eliminate the
potential to form intersubunit hydrogen bonds and salt bridges between other less highly conserved residues
on they subunit N-terminus and thg subunits had little effect on ATPase or ATP synthase activities.
These results suggest that {fB372—yK9 salt bridge contributes significantly to the rate-limiting step

in ATP hydrolysis of soluble Fwhile thefD372—yS12 hydrogen bond may serve as a component of an
escapement mechanism for ATP synthesis in whigly intersubunit interactions provide a means to
make substrate binding a prerequisite of proton gradient-driveabunit rotation.

The RF, ATP synthase couples the energy provided by a state that follows the transition state. Recent experiments
transmembrane proton gradient to the production of ATP suggest that the pause may occur betweeh &td 40
from ADP and phosphate. The intrinsic membrane complex rotation events and that the completion of a catalytic cycle

of alpci0-14 subunits known as Jfunctions as a proton
channel, and the iF peripheral membrane complex of
ogfsyde subunits contains one site for ATP synthesis/
hydrolysis peraf heterodimer. When jFis purified from
F, and the membrane, it retains the ability to hydrolyze
ATP ().

The catalytic cycles of the three catalytic sites are

staggered and coupled such that the binding of substrate to

one site induces product release at an adjacentitd e
threeos heterodimers form a ring around thesubunit that
rotates in response to ATP hydrolysis activi8).(Binding

of Mg?*-ATP to the empty catalytic site was found to initiate
a 90 rotation of they subunit in i from the thermophilic
bacteria PS34). After a 2 mspause thought to involve
product release, a 3@otation of they subunit completes
the cycle for a total of 120 The kinetics of the 2 ms pause
are consistent with the presence of sequential 1 ms step

T This work was supported by NIH Grant GM-50202 to W.D.F.

at any one site involves the rotation of thresubunit by
240 (5).

One catalytic site in the initial crystal structure qfffom
bovine mitochondria (Mp is empty fg) while the other
two catalytic sites contain bound ADPBdp) and the ATP
analogue AMPPNP fte), respectively §). This (ADP)-
(AMPPNP)R structure has been derived under a wide variety
of conditions, which suggests that it is a low free energy
conformation that may represent the ground state. A structure
known as (ADPAIF,"),F; from bovine mitochondria con-
tains the transition state analogue ADP-fluoroaluminate
bound at two catalytic sites and has bound ADP ang?SO
at the third site 7). The long G-Al—0 bond lengths and
the presence of bound AfF rather than Al suggest that
(ADP-AlIF,7),F1 may represent a posttransition state inter-
mediate conformation. In the (ABRIF,),F; structure 7),

that suggests the existence of a rate-limiting intermediateSthe portion of they subunit used to attach a probe to observe

rotation is rotated approximately 20relative to the
(ADP)(AMPPNP)F structure 6). However, they subunit

* To whom correspondence should be addressed. E-mail: frasch@ C-terminus in both structures is nearly in the same position
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1 Abbreviations: AMPPNP, adenylyl imidodiphosphate;, Fhe
extrinsic membrane associated portion of thE,/ATP synthase; Eff
the R from Escherichia coli MF4, the R from bovine mitochondria;
(ADP)(AMPPNP)R, the R structure that contains ADP and AMPPNP
at the first and second catalytic sites; (A ,).F,, the R structure
that contains ADRAIF,~ at two catalytic sites and ADP and $Oat
the third site.

such that the helical coiled coil of the subunit is more
tightly wound in the (ADPAIF,7),F; structure.

The differences in the winding of the coiled coil between
the structures are evident in the interactions betweery the
subunit N-terminus and thgsubunits. In (ADP)(AMPPNP)-
F1, forD386 forms a salt bridge wittR8 (Figure 1A). If
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Ficure 1: Interactions betweey subunits and thes subunit
N-terminus of i from bovine mitochondria. (A) (ADP)(AMPPNP)-
F1 (6) interactions betweefiD386 (ER/D372) and they subunit
N-terminus (green). (B) (ADfAIF,7),F; (7) interactions between
pD386 and they subunit N-terminus from the perspective that the
y subunit has rotated about 10@elative to (A) such that the
conformational chang&$rr — foe, for — Pe, @andfe — frp have
occurred. (C) (ADP)(AMPPNP)Rnteractions from the perspective
that they subunit has rotated about 2€®lative to (B). Images are
reproduced from Protein Data Bank files 1E1Q (A, C) and 1H8E
(B) using Web Lab Viewer from Molecular Simulations, Inc.

Lowry and Frasch

the (ADPAIF 4 ).F; structure represents the intermediate state
during catalysis, then a 10@otation of they subunit results

in the conversion ofStp to fop, and thefppD386 forms a
salt bridge withyR9 and a hydrogen bond wift512 (Figure
1B). Upon relaxation of the coiled coil to the ground state
structure, they subunit N-terminus is rotated such that
PpeD386 forms a salt bridge withR8 (Figure 1C).

Salt bridges between MResiduesyR254 andBeD316
andfeD319 in the catch loop and hydrogen bonds between
Q255 and catch loop residugsD316 andfeT318 were
recently found to be very important for both ATP synthesis
and hydrolysis activity in Ffrom Escherichia col(EF,) (8).
Site-directed mutants of Efhat eliminated the shortest and/
or multiple hydrogen bonds at this location had the greatest
effects on catalytic activity. During ATP synthesis, these and
other hydrogen bonds and salt bridges betweeny theunit
and the ¢p); ring have been proposed to prevent proton
gradient-driven rotation of the subunit until the empty
catalytic site binds substrat8, (9). Tight coupling between
the proton gradient and ATP synthesis would be maintained
if these intersubunit bonds were broken only by the binding
of substrate. The intersubunit hydrogen bonds and salt
bridges that contribute to this escapement mechanism are
likely to extend beyond the catch loop. We now report the
effects of ER mutations that eliminate the salt bridges and
hydrogen bonds between the subunit N-terminus and
EFBD372 (MRD386). The results indicate that th&12
andppD386 hydrogen bond and thér9 andfppD386 salt
bridge that appear in the (ADRIF; ),F; structure are
important for ATP synthesis and hydrolysis, respectively.

EXPERIMENTAL PROCEDURES

Strains and Plasmidd he parent plasmid artel coli strain
used in this study are the same as described previo8kly (
All site-directed mutagenesis for the current study was
performed in plasmid pXL1 using the QuikChange XL site-
directed mutagenesis kit (Stratagene). The oligonucleotide
primers for the creation of each mutant are shown in Table
1. The R-ATPase in the XL10 strain dE. coli contains a
6xHis tag on thea subunit andyS193C mutation as
described §). Methods for culture growth and purification
of EF, were carried out as described by Greene and Frasch
(8). Growth yields in limiting glucose were measured using
a modification of the procedure of Senior et dl0). Strains
were grown i 1 L volumes of minimal medium containing
3 mM glucose. Optical density measurements at 600 nm were
taken & 1 h intervals until stationary phase was reached.

ATPase Rate DeterminatioATPase activity was deter-
mined using an ATP-regenerating coupled-assay mixture at
pH 8.0 containing 50 mM Tris-HCI, 10 mM KCI, 2 mM
Mg?t-ATP, 2.5 mM phosphoenolpyruvate, @/mL py-
ruvate kinase, 5@g/mL lactic dehydrogenase, 20@/mL
NADH, and 3 nM ER. The assay was monitored by
absorbance change at 340 nm. Analyses were done with
either a Cary 50 or Cary 100 Bio UWis spectrophotometer
(Varian) equipped with a stir-control Peltier device. The
reactions were initiated by addition of EF® the mixture.
ATPase rates were calculated from data collecte8 éin
after addition of Efrin order to minimize inhibition caused
by entrapped Mg -ADP (11). Calculations of the enthalpic
and entropic components of the free energy of activation from
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Table 1: Primers Used To Generate Mutant Stfains

mutant strain mutagenic primer

B-D372V 5-TATCAGGAACTGAAAGTCATCATCGCCATCCTG-3

y-R7I 5-GGCGCAAAAGAGATAATTAGTAAGATCGCAAGC-3
y-S8A 5-GCAAAAGAGATACGTGCTAAGATCGCAAGCGTC-3
y-Kol 5'-AAAGAGATACGTAGTATTATCGCAAGCGTCCAG-3
y-S12A 3-CGTAGTAAGATCGCAGCOGTCCAGAACACGCAA-3
y-K9IIS12A 5-CGTAGTATTATCGCAGCCGTCCAGAACACGCAA-3

aCodons containing changes are italicized and underlined. Complementary antisense primers (not shown) were also used in each mutagenesis
reaction.

Arrhenius plots were determined as described by Greene andrable 2: Comparison of Relative Ability of XL10 and Mutant

Frasch §). Strains To Grow Utilizing Succinate or Limiting Glucose as Sole
. . Carbon Source and of Purified-ATPase To Hydrolyze ATP
Fluorometric AssaysMeasurement of electrochemical _

gradients was carried out using a modification of the SOgrol\\I/IVth rate; gro"‘l\;lth IV'e'd’c

procedure described by Shin et @2) in which 10 mg of mM succinate 3 mM glucose

membrane vesicles was suspendedai 2 mL volume . % % - kaal % XL10
containing 50 mM Tris-HCI, 2 mM MgGl 140 mM KCl, Strain__ AOD XL1D maxOD XL10 25°CF ke

1 ug/mL valinomycin, and M acridine orange, pH 8.0.  XL10 0.1044 100  0.658 100 115 100
To initiate the'quenching reag:tions, succinate or ATP was VgglA gﬁggg 1%2 %‘%ﬁ %% 1111% %0
added to a final concentration of 2 mM. To dissipate ykol 0.0918 88 0.597 91 58 50
established gradients, carbonyl cyanidehlorophenylhy- yS12A 0.0015 1 0434 66 126 110
drazone (CCCP) was added to a final concentration:dfl1 yKII/S12A  0.0010 1 0366 56 68 59

pD372V 0.0031 3 0.465 71 133 116
AN887 0 0 0.422 64 NB ND

a All measurements are mean values taken from a minimum of three
replications for each straifi.Cell density was measured as the optical
density at 600 nm, and the rate of growth was determined as the slope

. . at log phase® Measured as the maximum optical density at 600 nm
Isolation and Recgery of F, from Wild-Type and Mutant achieved upon reaching stationary ph&<gonditions for Mg*-ATPase

Strains. The R-ATPase was purified from cells grown to  activity of soluble k were as described in Experimental Procedures.
late log phase on minimal medium containing 30 mM ©Not determined.

glucose. The yield of FATPase purified from the site-

directed mutants was approximately the same as that isolateqzpje 3. sequence Comparisons efATPasey Subunit from

from the XL10 (wild-type) strain. In each case the purified Bovine MitochondriaE. coli, and the Thermophili@acillus sp.

F, contained all five subunits as determined by SDS PS3

polyacrylamide gel electrophoresis (data not shown). These residue

results suggest that these mutations did not significantly affect

Fluorescence at 530 nm (excitation at 490 nm) was monitored
on a SPEX Fluoromax fluorometer.

RESULTS

. strain 7 8 9 10 11 12 13
the synthesis and assembly of the enzyme. , , _
. . . L bovine mitochondria T R R L K S |
Growth Characteristics with Succinate and Limiting g ¢gji R S K | A S V
Glucose on Minimal MediumThe relative ability of the thermophilic PS3 K T R | N A T

mutant and wild-type strains to grow via oxidative phos- ~ asequences taken from Hong and Peterdai. (
phorylation on minimal medium in the presence of succinate
is summarized in Table 2. As a negative control that the chondria is important foE. coli F;F, ATP synthase activity.
growth rate ofE. coli on minimal medium with succinate  The sequence comparisons gfffom bovine mitochondria,
was dependent on the rate of ATP synthesis catalyzed byE. coli, and the thermophilic bacterium PS3 in this region
the RF, ATP synthase, growth curves were also determined of the y subunit are shown in Table 3. It is noteworthy that
on the same medium usirig. coli strain AN887 (3) that althoughyS12 is highly conservedl), and theyS12A
does not express the enzyme due to a suppression of thenutation decreased succinate-dependent growth. inoli
endogenousinc operon. The rates of log phase growth of by 2 orders of magnitude, alanine is the naturally occurring
the yK9I/S12A double mutant andD372V were 1% and  residue at this position in,Afrom PS3.

3% of XL10, respectively. The (ADRIF,),F; structure In the (ADP)(AMPPNP)FE structure D386 (ERSD372)
from bovine mitochondria shows that these residues form aforms a salt bridge witlyR8 (6). Although this latter residue
salt bridge and hydrogen bond between theand fpp is not conserved i&. coli, EFyS8 is still capable of forming
subunits 7). Although the yS12A mutation had similar  a hydrogen bond with EBD372. However, the succinate-
growth on succinate to these mutant strains, Hel dependent growth of thE. coli strain that contains theS8A

mutation did not affect the rate of succinate-dependent mutation is not significantly different from that of XL10,
growth significantly. Consequently, the inability of the indicating that this putative hydrogen bond is not necessary
E. coli strain that contains thgK9I/S12A double mutantto  for ATP synthase activity. It appears that the arginine and
grow on succinate primarily reflects the consequences of hydroxyl group at positions 7 and 8 &. coli have been
yS12A. On the basis of these results, only the hydrogen bondinverted in bovine mitochondria (Table 3), raising the
observed between the residues equivalent tggBB72 and possibility that the salt bridge in the ground state may contain
yS12 in the (ADPAIF,).F; structure from bovine mito-  EFRyR7 in lieu of MRyR8. The succinate-dependent growth



7278 Biochemistry, Vol. 44, No. 19, 2005

succinate CCcCP
!
2
7]
<
3
e
QO
Q
<
[
[x]
(73
<
(=]
2
a, b
20% A FI ¢
d
e
f,g
0 100 200 300 400 500 600

time (sec)

Ficure 2: Formation of succinate-dependent electrochemical
gradients measured by fluorescence quenching @klacridine
orange in membrane vesicles from strgh@372V (a),yK9I/S12A

(b), yS12A (c),yS8A (d), yR7I (e), yK9l (f), and XL10 (g).

of the E. coli strain that contained thgR7] mutation was
equivalent to the XL10 strain. This indicates that neither the
putative salt bridge or hydrogen bond betwed? oryS8

is important to ATP synthase activity.

Results of growth yields using 3 mM glucose as the sole
carbon source followed the relative trend established in
succinate-dependent growth assays (Table 2). MujdRits,
yS8A, andyKO9l all had maximum optical density readings
that were>90% of the XL10 value when grown on 3 mM
glucose, whileyS12A, yK9I/S12A, andsD372V attained
only 66%, 56%, and 71%, respectively, of the XL10 value.
The negative contrainegminus strain grew to 64% of XL10
on 3 mM glucose, providing further evidence that the poor
growth exhibited by mutanty’S12A, yK9I/S12A, and
pD372V on minimal media with succinate was the result of
impairment of the ability of i, to synthesize ATP.

Acridine Orange Fluorescence Quenchingembrane

Lowry and Frasch
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Ficure 3: Formation of ATP-dependent electrochemical gradients
measured by fluorescence quenching @fM acridine orange in
membrane vesicles from straifgD372V (a), yK9I/S12A (b),
AN887 (c), yS12A (d), yK9l (e), yR7I (f), yS8A (g), and
XL10 (h).

TheyR71 andyS8A strains attained essentially 100% of the
guenching observed with XL10.

Kinetic and Thermodynamic Analysis of&TPase Acti-
ity. Figure 4 shows an Arrhenius plot of the MgATPase
activity catalyzed by purified FATPase. With the exception
of fD372V, the mutations did not significantly affect the
temperature stability of the enzyme. A direct comparison of
the effects of the mutations dg, was made at 28C as
shown in Table 2 because t|#®372V-F was only stable
to approximately 30C. ThepD372V andyS12A mutations
increased the rate of M&ATPase activity by about
10—15% of XL10-k. However, thesK9I mutant decreased
ATPase activity by about 2-fold. Consequently, the
yR9—D386 salt bridge in the (ADRAIF,).F; structure
appears to be important for ERTPase activity while the
yS12-/D386 hydrogen bond observed in (ADRF,7),F;
makes a small contribution to the rate-limiting step of ATP

vesicles obtained from mutant strains were analyzed for their hydrolysis. TheyR71 and yS8A mutants did not have a
ability to generate an electrochemical gradient via electron significant effect on ATPase activity. Since thg12A and

transport from the oxidation of succinate by the measurement3D372V mutants resulted in large decreases in ATP synthase
of succinate-dependent fluorescence quenching of acridineactivity, the differential effects of the mutants on ATPase
orange (Figure 2). The extent of fluorescence quenchingand ATP synthase activities were approximately 100-fold.
decreased to approximately-#80% of the XL10 value with Large differential effects on ATPase and ATP synthase
mutants3D372V, yS12A, andyK9I/S12A. In theyR7Il and activities were also observed withK9I/S12A (nearly
yS8A strains, the extent of fluorescence quenching was more70-fold).
than 90% of the XL10 value, while the9l strain achieved The values for enthalpy, entropy, and free energy of
similar quenching to XL10. activation for the ATP hydrolysis reaction were calculated
The effects of the mutations on ATP-dependent proton from the data indicated by the lines in the Arrhenius plot at
pumping as measured by fluorescence quenching of acridine25 °C as summarized in Table 4. TheG* of XL10-F; at
orange are shown in Figure 3. The strains carrying the this temperature is 61.2 kJ mal Becausek. is a function
yS12A,7K9I/S12A, and3D372V mutations were incapable  of AG*, any combination of~-TAS" and AH* that sum to
of forming a proton gradient upon addition of ATP, while 61.2 kJ mof* will result in ak.,equivalent to XL10-E In
theyK9l mutant attained 72% of XL10 quenching capacity. the free energy plot of these data (Figure 5), isobar&fer
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FiIGURE 4: Arrhenius plot of M@"-ATPase activity catalyzed by
purified soluble k. (A) XL10-F,, O; AD372V-F, <; and
yS12A-R, A. (B) XL10-F,, O; yR7I-F, A; and yS8A-F, O.

(C) XL10-F, O; yK9l-F;, m; and yK9l/yS12A-R, ®. The
concentration of Fwas 3 nM for all analyses. Data points represent

XL10-Fy, O0; D372V-F, <; yR7I-Fy, A; yS8A-R, O; yKII-Fy,
W, yS12A-F, A; andyK9l/yS12A-R, #.

loosely bound reactants that require more bond rearrange-
ments.

MutantsBD372V, yS12A, andyS8A decreasedH* with

mean values from multiple analyses of each strain. Linear relations compensating changes TAS' that left AG* (and thuskea)

were generated by least squares regression of the data.

Table 4: Comparison of Thermodynamic Parameters for
Steady-State MgATP Hydrolysis by, Fsolated from XL10 and
from Mutants That Remove Interactions between h8ubunit
N-Terminus ang3D372

about the same as XL10:FCompensating changes AH*
andTAS were also observed with théR 71 mutant, although
the changes were in the opposite direction of the other
mutants. The 2-fold decreasekg; observed with thezK9I
mutant resulted from an increaseAm*. The values ofAH*

strain E. AH* TAS AG* andTAS for the yK91/S12A double mutant were intermedi-
XL10 50.2 478 135 61.2 ate to those of the individual mutants, suggesting that this
D372V 49.2 46.7 -141 60.9 was the sum of different effects caused by each mutant. It is
yS12A 48.3 45.8 —-15.2 61.0 noteworthy that this double mutant eliminates the possibility
;ggk i%?l ‘293-.% :E:Z gi:g of forming both the yK91—f8psD372 salt bridge and
YR7I 62.1 50.6 217 613 yS12A—[ppD372 hydrogen bond, as would tfD372V
yK9I/yS12A 50.0 475 —15.0 62.5 mutant. The values foAH* and TAS' of the latter mutant

aThe parameterAH*, TAS, andAG* were calculated at 2% from

are also intermediate to those observed for the sipglel

the data of Figure 4 as described in Experimental Procedures and areand yS12A mutants.

expressed in kJ/mol.

values at indicated percentages of XL1(aEtivity are shown

In the isokinetic plot of the mutants shown in Figure 6,
all of the mutants conformed to a straight line. Since a linear
free energy relationship exists between the kggat two

as diagonal lines. According to transition state theory, points temperatures for the rate-limiting step of any reaction, log
in the lower left of this plot result when the rate-limiting plots that compare activities at two temperatures can
step of the reaction contains more tightly bound reactants, determine if reactions have a similar rate-limiting step
and fewer bond rearrangements are required to complete th€15, 16). The linear relationship observed among the mutants
catalytic cycle. Points in the upper right result from more in Figure 6 suggests that the enzymes containing these
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mutations all operate via the same rate-limiting step of the the y subunit §). Consistent with this observation the data

reaction. presented here suggest that, during ATP synthesis, enough
clockwise rotation may occur to form th@D386—yS12
DISCUSSION hydrogen bond even though one catalytic site remains empty.

It is noteworthy that the c-subunit ring in B is believed
to be a c10 oligomerl(?) such that transport of a single
proton across the membrane would rotatetrubunit by
about 36. The rotation due to the slip of a single proton
may allow enough flexibility to keep the 10 c-subunit ring
aligned with the three catalytic sites during rotation.

In the (ADPAIF;),F; structure from bovine mito-
chondria, D386 (ERSD372) hydrogen bonds tgS12
(EFyS12) and forms a salt bridge $&R9 (ERyK9). Three
mutations reported here that remove the ability to make one
or both of these interactions between fhandy subunits

have similar effects on the function of theFg ATP synthase. TheyK9l mutation decreases ATPase activity of purified
Mutations D372V and yS12A and double mutant F1 by 2-fold, a decrease that is also observed in the
yKOI/S12A decrease ATP synthase-dependent growth rateyKQI/SlZA double mutant, which suggests that the

by nearly 2 orders of magnitude and eliminate the ability of MF3D386—yR9 salt bridge observed in the (ADRF4),F:

the enzyme to catalyze ATPa;e—driven proton pumping. structure is important for the ATP hydrolysis reaction. Due
However, because the<9l mutation does not significantly to the geometry of this salt bridge, and the directionyof

affect the ATP synthase-dependent growth rate and dl:"Cre""S‘:'?ubunit rotation during ATP hydrolysis, the rotation will have

ATP-depe_ndent proton pumping by only 30% of tha_t the effect of compressing and strengthening the salt bridge
observed in the XL10 membranes, the results observed W'thwhile at the same time extending and weakening the

double mutantyK91l/S12A primarily reflect the effects of hydrogen bond between E¥D372—yS12. The opposite wil
yS12A. Consequently, in the course of catalysis the hydrogenq e ,+“quring ATP synthesis, which is consistent with the

bond and salt bridge do not appear to work as a singlé 5 tance of the EfFD372—yS12 hydrogen bond in ATP
interlocking unit, and only the hydrogen bond observed g ninesis. It is noteworthy that there is a° 2ifference in
betweernD372 andyS12 is very important for the function /4 position of they subunit N-terminus between the

of the R, holoenzyme. (ADP-AIF,");F; and (ADP)(AMPPNP)F structures from

Two possibilities to explain a complete loss of ATPase- mitochondria 6, 7), while the pause in rotation that results
driven proton pumping aha 2 order of magnitude decrease from the rate-limiting step of the ATPase reaction catalyzed
in ATP synthase-dependent growth rate, as reported here withby TF; occurs 40 prior to completion of one catalytic event
mutantsD372V, yS12A, andyK9I/S12A, are (i) the loss  (5). The effects reported here suggest that, in, Hfe rate-
of coupling between fand K and/or (ii) incapacitation of  |imiting pause in rotation may occur at a point that more
ATP synthesis/hydrolysis at the catalytic sites. However, the closely resembles the (ADRIF,"),F; structure from mito-
membranes from these three mutant strains maintainchondria.
75—80% of the succinate-dependent proton gradient relative  Although removal of the salt bridge by th91 mutation
to that generated by XL10 membranes, and purlled F decreasekcatby 2-fold, theﬁD372V (MFjﬂD386) mutation
containing these mutations have substantial ATPase activity.does not exhibit a reducedy (Table 2). In Figure 1, the
A third possibilitiy is that theg8D386-yS12 hydrogen bond  packbone carbonyl of MiBD386 comes within about 5 A
formed in the (ADPA|F4_)2F1 structure is important for ATP of the |\/|F1yR9 guanidiny| group and thﬁlz hydroxy| such
synthase activity because it participates in the escapementhat the Coulombic attraction between these groups is
mechanism hypothesis for;f-catalyzed ATP synthesis  significant. Because this carbonyl group is at the end of an
(8,9). In this mechanism, the transmembrane proton gradient-helix, it will have the increased partial negative charge
provides constant torque to thesubunit (via the c-subunit  that results from the net dipole of the helix. Consequently,
ring). However, the sum of hydrogen bonds and salt bridges supstitution of the D372 carboxyl side chain with a
between ther ando,3 subunit ring prevents this rotation until  hydrophobic group will not eliminate the attractive force of
the empty Catalytic site binds substrate. After substrate- this residue forng The removal of this Carboxy| group
dependent disruption of several of these interactions betweenyijll have a larger effect on the interaction witt612 than
the y and o8 subunit ring, the torque on the subunit is  wjth yK9, however, because the hydrogen bond between the
greater than the energy in the remaining hydrogen bonds anthackbone carbonyl and thes12 hydroxyl is substantially
salt bridges such that rotation of tiyesubunit induces the  \eaker than that between the carbonyl and the guanidinyl
conformational changes in the catalytic sites necessary formojety.
ATP synthesis. Figure 1 shows the sequential steps in a°12Gubunit

If the ERD372—yS12 hydrogen bond contributes to this rotation during ATP hydrolysis assuming that the
escapement mechanism, this could explain the increasedADP-AIF;").F; (7) and (ADP)(AMPPNP)IF(6) structures
ATPase rates, the 20% uncoupling measured by succinate-are good representatives of the intermediate and ground states
dependent fluorescence quenching, and the extremely lowof the catalytic cycle. In this model, the binding of ftg
ATP synthesis reported here due to the mutations that removeATP to the empty catalytic site in Figure 1A induces the
the ability to form this hydrogen bond. This—y subunit initial rotation of they subunit by 100 and thereby converts
interaction does not appear in the ground state struc@re ( (ADP)(AMPPNP)R to (ADP-AIF,7),F; while at the same
but only in the (ADPAIF,"),F; structure {) in which the time results in the change in conformations of catalytic sites
position of they subunit N-terminus is moved about20 e — Bt and Srp — fop (Figure 1B) to initiate the rate-
from the ground state position. During ATP hydrolysis, limiting step. During this step, theésp — Se conformational
release of ADP and phosphate occurs to create an emptychange results in product dissociation that leads to the
catalytic site with the final 40counterclockwise rotation of  reversion of (ADPAIF, ).F; to (ADP)(AMPPNP)k as
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shown in Figure 1C. The tight winding of the coiled coil in  strongly suggests that the former structure is similar to the
(ADP-AIF47),F; is evident in the formation of thé,pD386— conformation of the protein during the rate-limiting step of
yR9 salt bridge and thé,rD386—yS12 hydrogen bond. The the reaction.
results presented here that show the importance gfgke
D386—yR9 salt bridge to ATPase activity suggest that energy ACKNOWLEDGMENT
stored in the tightly wound conformation of the coiled coil We thank Kathy W. Boltz for insightful discussions and
may contribute to the rate-limiting product release step.  collaboration in method development.
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