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ABSTRACT. In the MF crystal structure with the MgADPfluoroaluminate complex bound to two catalytic
sites [Menz, R. I., Walker, J. E., and Leslie, A. G. W. (20@BIl 106 331—-341], the guanidinium of

BR337 s within 2.9 A of thea-oxygen ofaS*7 and 3.7 A of a methyl group afV3"! at the oe—fBhc
interface. To examine the functional role of this contact, & 3{C)s(3R33'C)sy subcomplex of the
TFi-ATPase was prepared and characterized. Steady state ATPase activity of the reduced double-mutant
is 30% of that of the wild type. Inactivation of the double mutant containing empty catalytic sites or
MgADP bound to one catalytic site with CuQiross-linked twox—p pairs, whereas a singte—f pair
cross-linked when at least two catalytic sites contained MgADP. The reduced double mutant hydrolyzed
substoichiometric ATP 100-fold more rapidly than the enzyme containing two cross-lick@dpairs.
Addition of AICI3 and NaF to the reduced double mutant after incubation with stoichiometric MgADP or
200 uM MgADRP irreversibly inactivated the steady state ATPase activity with rate constants of 1.5
102and 4.1x 102 min~1, respectively. In contrast, addition of AKzind NaF to the cross-linked enzyme
after incubation with stoichiometric or 2QoM MgADP irreversibly inactivated ATPase activity with a
common rate constant ef10~4 min~1. Correlation of these results with crystal structures of; Mikggests

that the catalytic site at therp—/1p interface is loaded first upon addition of nucleotides to nucleotide-
depleted -FATPases and that the catalytic site at the—/Stp interface with bound MgADP in crystal
structures represents a catalytic site containing inhibitory MgADP.

The proton-translocatingoF,-ATP synthases are mem-  site, calledfrp, contains MgAMP-PNP; a second catalytic
brane protein complexes comprised of two molecular motors site, calledfpp, contains MgADP, and a third catalytic site,
that are connected by a common rotor. Thedmponent is called S, is empty. Whereagrr and fSpp have closed
an integral membrane protein complex that translocatesconformationsfe has an open conformation. Thesubunits
protons, whereas jFis a peripheral membrane protein contributing to catalytic sites oifitp, Sor, and fe are
complex containing three catalytic sites. During ATP syn- designatedarp, opp, and og, respectively. F has three
thesis, proton translocation throughifpels rotation of the  additional nucleotide binding sites, called noncatalytic sites.

rotor, which drives condensation of ADP with Bt the In the original crystal structure of bovine ME2), noncata-

catalytic sites of Irthat operate sequentially in a highly lytic sites are homogeneously liganded with MgAMP-PNP

cooperative manneri). and are located mostly an subunits abi—f interfaces that
When removed from the membrane as a soluble complex, differ from the interfaces that comprise catalytic sites.

F, contains five different subunits in a3y de stoichiom- Several point mutants of thé&scherichia coli ATP

etry and has substantial ATPase activity. In crystal structuressynthase have been described that are located gt

of Fy, the o and 8 subunits are arranged alternately in a interfaces near catalytic sites which have defective synthetic
hexameric array that surrounds an antiparallel coiled coil and hydrolytic activities—8). Noumi et al. ) demonstrated
comprised of the amino- and carboxyl-termioahelices of that isolated EFcontaining thenS*’%F substitutiod hydro-
they subunit —4). In the original crystal structure of MF lyzes substoichiometric ATP (unisite ATPase activity) at a
(2), catalytic sites are heterogeneously liganded and arerate comparable to that of the wild type, but has severely
located mostly o8 subunits att—/ interfaces. One catalytic ~ attenuated multisite ATPase activity. Subsequently, Lee et

al. (8) demonstrated that the multisite ATPase activity of
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Ficure 1: Relative positions of the side chains @®*7% aV3"%,
and SR%37 in the crystal structure of the (MgADRIF; ),—MF;
complex. This figure was constructed from the coordinates of MF
obtained from Protein Data Bank entry 1H8% (ising RasMol

provided by R. Sayle (Glaxo Wellcome Research and Development,

Greenford, U.K.).

the aS*"°C mutant of Efr is 30% of that of the wild type.
They also showed that modification of only one of the
introduced cysteines with-ethylmaleimide was sufficient
to abolish multisite ATPase activity without affecting unisite
ATPase activity. From these characteristics, Lee et&)l. (
concluded that introduction of a bulky side chain in the
position occupied by S*7C interferes witho—/ interactions
that participate in positive catalytic site cooperativity.
However, the molecular basis for this behavior was not
apparent until Menz et al4] reported the crystal structure
of MF; containing MgADP-fluoroaluminate complexes
bound to two catalytic sites.

In the crystal structure reported by Menz et dl), two
closed catalytic sites contain bound MgABRuoroalumi-
nate complexes and the third catalytic site is “half-closed”
and contains bound MgADP and sulfate. The half-closed
catalytic site is designatetl,c. Figure 1 illustrates that the
guanidinium ofR% is within 2.9 A of thea-oxygen of
aSeP™ (not the oxygen in the side chain) and within 3.7 A
of one of the methyl groups afV®"* at theag—fyc interface
near the adenine of ADP boundfac. The guanidinium of
BR%*¥ is more distant from the:-oxygen ofaS*"° and the
side chain o V3! at all othero—f interfaces in all crystal
structures of MIr as shown in Table 1 for representative
crystal structures. To test the possibility that the unique
arrangement of the guanidinium #R337 with respect to
oS%andaVe"! at theoe—pfc interface represents a transient
contact that occurs during cooperative, multisite ATP hy-
drolysis, the V37'C);(BR33"C)zy double mutant has been
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Table 1. Distances (angstroms) between the GuanidiniupR&¥
and thea-Oxygen ofaS*? and a Methyl Group ofV3"t in Crystal
Structures of Mi

(18370 o(x_ (1V371 Cy_

crystal structure interface  SR3¥7Ny PR3Ny
frozen nativé oe—fe 7.05 5.04
frozen nativé or—pfr 11.45 10.51
frozen nativé op—fb 8.35 6.68
(MgADP‘A|F47)2b aE_ﬁHC 2.85 3.69
(MgADP-AIF )b ar—pr 11.04 10.76
(MgADP-AIF, ) op—fp 8.53 6.98
DCCDF oe—fE 7.36 4.89
DCCDr or—pr 11.77 9.58
DCCDF ap—pfo 8.35 7.21

2Obtained from Protein Data Bank entry 1E1btained from
Protein Data Bank entry 1H8E Obtained from Protein Data Bank entry
1E79.

EXPERIMENTAL PROCEDURES

Generation and Expression of Mutant Plasmid$e
expression plasmid pKK, which carries the genes encoding
o, 8, andy subunits of the TEATPase, was used for both
site-directed mutagenesis and gene express®n Site-
specific substitutions in the wild-type pKK expression
plasmid were performed with PCR using the QuikChange
site-directed mutagenesis kit from Stratagene. @é"'C
single mutant was generated with the mutagenic oligonucleo-
tides 3-CAGGGTTGTCCTGTTCGCGCGTCGG-and its
corresponding complement (not shown) using the wild-type
pKK plasmid as a template. The changed bases are under-
lined. ThefR3*C single mutant plasmid DNALQ) was used
as a template to generate tie°"*C/SR%¥’C double mutant.
After transformation irk. coli strain IM109, plasmids were
purified using the WizardPlus miniprep kit from Promega
and the mutations were confirmed by DNA sequence
analysis. The mutant plasmids were expresséf toli strain
JM103 @nc—). The wild-typeasfsy and mutant subcom-
plexes were purified and stored as suspensions in 75%
saturated ammonium sulfate at@ as described by Matsui
and Yoshida 9).

Preparation of the Reduced and Cross-Linked Forms of
the (aV37'C)3(SR*'C)3y Double Mutant Subcomplefhe
(aV37C)3(BR*3C)sy double mutant was isolated in partially
cross-linked form as assessed by SEIPAGE. After CDTA
treatment, the isolatedr{/37'C)3(SR*¥"C)3y double mutant
subcomplex, at 1 mg/mL in 50 mM Tris-HCI (pH 8.0)
containing 0.1 mM EDTA, was completely reduced with 10
mM DTT. Immediately before cross-linking, DTT was
removed by passing samples through centrifuge columns of
Sephadex G-50 equilibrated with 50 mM Tris-HCI (pH 8.0)

prepared and its catalytic properties have been characterizeq1l). Cross-linking was then performed by treating the
before and after cross-linking the introduced cysteines with reduced double mutant enzyme, at 1 mg/mL, with 1 or 100

CuCk. Since the side chain aiS*"? is distant and points
away from the guanidinium @#R33" at theoe—f1c interface
as shown in Figure IyV3"rather thareS*"°was substituted
with cysteine.

2Unless stated otherwise, residue numbers of, Mife used
throughout. In TE, aS*%? andaV38 are equivalent tacS*"° andaV37,
respectively, in MEE In TF;, al®42 oF%, al%7, andaC** are equivalent
to I3, oF%™L l%%5 and aC?, respectively, of ML In TF;, SD3%,
PR3 andfY3* are equivalent tgD315, SR, andBY 345, respectively,
in MF1. In EF, aS*7% and BY3%! are equivalent taxS*"° and SY 34,
respectively, in M.

uM CuCl, for the times indicated in specific experiments.
CuCk was then removed by passing 100 samples of the
reaction mixtures through 1 mL centrifuge columns of
Sephadex G-50 that were equilibrated and eluted with 50
mM Tris-HCI (pH 8.0).

Analytical Methods.Before kinetic measurements and
cross-linking, endogenous nucleotides were removed from
the isolated wild type and reduced/3"'C/SR%3'C double
mutant subcomplexes by treating them at 1 mg/mL in 50
mM Tris-HCI buffer (pH 8.0) with 10 mM CDTA as
described in detail previouslyl®). The CDTA-treated
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enzyme subcomplexes were essentially free of endogenouslyr;;e - Comparison of the ATPase Activities of the Wild Type,

bound nucleotides as assessed by HPLC.

Multisite ATPase activity was determined spectrophoto-
metrically in assay medium containing 2 mM ATP and 3
mM Mg?" in 50 mM HEPES-KOH (pH 8.0) at 30C using
an ATP regeneration system coupled to oxidation of NADH
described previously 1Q). Protein concentrations were
determined by the method of Bradford using CoomaBhis
reagent from Pierceld).

Hydrolysis of substoichiometric ATP by theV3"C/
PR3C double mutant was examined by vigorously vortexing
50 uL of 1.3 uM reduced or cross-linked enzyme with 50
uL of 0.5 uM ATP and 1 mM MgC} in 50 mM Tris-HCI
(pH 8.0) at room temperature. At 0, 10, 20, 40, 60, and 90
s, buL of 24% perchloric acid was added to the reaction
mixtures. After the mixture had been chilled on iceyl50f
5 M K,CO; was added. Denatured protein and precipitated
KCIO,4 were then removed by centrifugation, and the amounts
of ADP and ATP in the supernatants were determined by
reversed-phase HPLC on a TOSOH TSK gel (ODS-80Ts)
column that was eluted isocratically with 0.1 M sodium
phosphate (pH 6.9) containing 1 mM EDTA.

Analysis of thex—p Cross-Links by SDSPAGE.SDS-
PAGE was performed on 12% Tris-HCl Ready Gels from
Bio-Rad at 200 V for 40 min. Samples containingt@ of
the reduced or oxidized double mutant in buffer containing
62.5 mM Tris-HCI (pH 6.8), 10% glycerol, 0.025% bromo-
phenol blue, and 2% SDS were applied to the gels. Afte
the gels had been stained with 0.1% Coomassie Blue an

r

then thoroughly destained, gels were photographed with a

photodocumentation Polaroid camera. The photographs wer

scanned with an EPSON Perfection 1250 scanner, and the

free and cross-linked andg subunits were quantified using
GelExpert software from Nucleotech.

Comparison of the Affinities of the Reduced and Cross-
Linked Forms of th¢a\V37'C);(SR%37C)sy Double Mutant for
MgADP. The affinity of the high-affinity catalytic site in
the reduced and cross-linked forms of th&37'C/3R33C
double mutant was estimated in the following manner. To
obtain the desired concentrations of ADPub of ADP
solutions at different concentrations was added taO%f
1.0uM reduced or cross-linked enzyme in 50 mM Tris-HCI
containing 1 mM MgCJ. After incubation for 10 min at room
temperature, the mixtures were applied to 1 mL centrifuge
columns of Sephadex G-50 fin&4) that were equilibrated
and eluted with 50 mM Tris-HCI (pH 8.0) containing 1 mM
MgCl,. After the eluates had been diluted to 120 with
the same buffer, the UV spectrum was scanned to determin
the protein concentration. Therué of 24% perchloric acid
was added to the samples which were placed on ice for
several minutes before addition of:& of 5 M K,CO;. After
removal of the denatured protein and precipitated KQiQ
centrifugation, the amount of bound ADP was determined
by submitting 7Q:L samples of the supernatants to reversed-
phase HPLC on a TOSOH TSK gel ODS-80Ts column that
was equilibrated and eluted with 0.1 M sodium phosphate
(pH 6.9) containing 1 mM EDTA.

RESULTS

Cross-Linking the Introduced Cysteines in {lo&/°7'C)s-
(BR®®'C)3y Double Mutant Inactiates Steady State ATP

e

aV3IC andR*C Single Mutant Subcomplexes, and the Reduced
and Cross-LinkedtV37°C/BR33"C Double Mutant Subcomplex

specific activity  activation
subcomplex (umol min"t*mg1) by LDAO
agfBay 20 4.1-fold
o(VEIC)sB3y 10.5 2.1-fold
(X3(ﬁR337C)37/ 9.7 1.1-fold
reduced ¢V°371C)3(SR33C)zy?2 6.5 2.4-fold
cross-linked ¢V371C)3(BR33C)zyP 0.15 2.5-fold

2 The steady state ATPase activity was determined immediately after
removal of DTT from the fully reduced enzyme as described in
Experimental Procedure$The cross-linked double mutant was pre-
pared after treatment of the fully reduced enzyme withM. CuCl,
for 1 h, at which time C# ion was removed as described in
Experimental Procedures.

Hydrolysis and Seerely Impairs Hydrolysis of Substoichio-
metric ATP.The steady state ATPase activities of the wild
type andaV37IC andSR3*7C single mutants and the reduced
aVE7IC/BR3C double mutant subcomplexes are compared
in Table 2. Both theaV37IC and SR33"C single mutants
hydrolyze 2 mM ATP at~50% of the wild-type rate,
whereas the fully reducedV3"'C/SR33"C double mutant,
freshly prepared as described in Experimental Procedures,
hydrolyzes 2 mM ATP at-30% of the wild-type rate. Since
the wild-type a3y subcomplex is stimulated 4-fold by
including 0.06% LDAO in the assay mediurh5 16), the
extent of stimulation of the mutant subcomplexes by 0.06%

dLDAO is also included in the comparison. LDAO reduces

the propensity of the wild-type enzyme to entrap inhibitory

gADP in a catalytic site during turnover. Table 2 shows
hat LDAO stimulates the ATPase activity of the single and
reduced double mutant subcomplexes to a significantly lesser
extent than it stimulates the wild-type subcomplex. This
suggests that the attenuated ATPase activity of the mutant
enzymes, compared to that of the wild type, is not caused
by an increased propensity to entrap inhibitory MgADP in
a catalytic site during turnover.

Table 2 also shows that treatment of the redug¥d’*C/
PR3*C double mutant with kM CuCl, for 1 h inactivates
ATPase activity by 98%. In addition to the introduced
cysteines, the double mutant subcomplex contains three Cys
residues at position 193 im subunits which corresponds to
o.C?%1 of MF;. In crystal structures of M§ the sulfur in the
side chain ofuC2! in eacha subunit is at least 21 A from
the side chain ofV3" in any of thea subunits or the side
chain of BR%7 in any of the subunits. Therefore, the
inactivation observed upon treatment of the reduced double
mutant with CuC{ reflects cross-linking of the introduced
cysteines. LDAO stimulates the ATPase activity of the
CuCl-treated enzyme and the fully reduced enzyme by the
same percentage. This suggests that the 2% residual ATPase
activity observed after treatment with Cu@éflects incom-
plete cross-linking of the introduced cysteines.

When 0.5umol of ATP was rapidly mixed with an equal
volume containing 1.3tmol of the fully reduced double
mutant in the presence of 1 mM NIy all of the ATP was
hydrolyzed within 10 s. In contrast, under the same condi-
tions, the cross-linked double mutant hydrolyzed sub-
stoichiometric ATP with a half-time of 15.5 s. As determined
from the semilogarithmic plot in Figure 2, this corresponds
to akes Of 4.5 x 1072 571, Table 3 shows that 0.6 mol of
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Ficure 2: Rate of hydrolysis of substoichiometric ATP by the
cross-linked @V371C);(SR®¥"C)zy subcomplex. The reaction mixture
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FiGURe 3: Rates of inactivation of the reducetM3"'C);(3R%"C)zy

was prepared and analyzed for ATP hydrolysis as described in gople mutant subcomplex by CuGh the presence and absence

Experimental Procedures. In these experimentsM0CuCl, was

of MgADP. After complete reduction of the double mutant

used to convert the fully reduced double mutant to the cross-linked g, pcomplex as described in Experimental Procedures, excess DTT
form. The Cd" ion was removed before ATP hydrolysis was and EDTA were removed by passing 1@0samples of the protein
examined as described in Experimental Procedures. The semi-gg| tions through 1 mL centrifuge columns of Sephadex G-50

logarithmic plot indicates #& s of 15.5 s which corresponds to a
keat Of 4.5 x 1072571,

Table 3: Comparison of Binding of MgADP to the Reduced and
Cross-Linked Forms of thenl/37'C/3R33'C) Double Mutarit

MgADP  cross-linked double mutaht  reduced double mutaht
added gM) (mol of ADP/mol of enzyme) (mol of ADP/mol of enzyme)

0.3 0.22 0.28
0.5 0.38 0.54
1.0 0.59 0.85
1.0 0.66 0.86
15 0.68 1.14
2.0 0.80 1.35
3.0 0.95 1.84

aThe amount of bound MgADP was determined as described in
detail in Experimental ProcedureésThe cross-linked double mutant
was prepared by treating the reduced double mutant withdMCuCl,
for 2 h atroom temperature, at which time the €ion was removed
as described in Experimental Procedufebhe fully reduced double

equilibrated with 50 mM Tris-HCI (pH 8.0). The inactivation
mixtures contained the reduced double mutant, at 1 mg/mL (2.85
uM), in 50 mM Tris-HCI (pH 8.0): @) with 1 uM CuCl,, (a)

with 2.85uM ADP and 1 mM Mgt followed by 1uM CuCl,,

and @) with 200uM ADP and 1 mM Mg" followed by 1uM
CuClk. At the indicated times, 1@L samples of the inactivation
mixtures were removed and assayed for ATPase activity.

(aV37IC)3(BR*="C)zy double mutant by Cu@lin the presence
and absence of different concentrations of MgGADP. When
the reduced double mutant was treated witihM. CuCl; in

the absence of MgADP, nearly complete inactivation of
ATPase activity occurred withil h @). Essentially the same
rate and extent of inactivation were observed when the
reduced enzyme was treated withl CuCl, under the same
conditions in the presence of stoichiometric MgADR).(

In contrast, in the presence of 200 MgADP, the rate of
inactivation promoted by &AM CuCl, was slower M) than

mutant was prepared immediately before use in these experiments aghe rate observed in the presence of stoichiometric MgGADP

described in Experimental Procedures.

(a). In another experiment (not illustrated), it was shown
that treatment of the fully reduced double mutant witia\

ADP remained bound per mole of the cross-linked double CuCk in the absence of MgADP led to 98% inactivation

mutant after addition of stoichiometric MgADP to it followed

within 1 h, whereas 2.5 h was required to attain 95%

by passage through a centrifuge column of Sephadex G-50inactivation when the fully reduced enzyme was treated with

(12). Under the same conditions, 0.85 mol of ADP remained

bound per mole of the reduced double mutant. Although the

1 uM CuCl, in the presence of 200M MgADP.
Figure 4 shows the extent of cross-linking @fand

binding data indicate that the cross-linked double mutant subunits that was observed when samples of the reaction

retained somewhat less ADP than the fully reduced form,

mixtures described in the legend of Figure 3 were submitted

the difference is small and does not appear to account forto SDS-PAGE after maximal inactivation had been attained.

the slow rate of hydrolysis of substoichiometric ATP. Figure
2 clearly shows that hydrolysis of substoichiometric ATP

The distributions of cross-linked and freeand subunits
were essentially the same in lane 2, which represents the

by the cross-linked enzyme is a first-order process. Therefore,inactivation mixture without MgADP, and lane 3, which

the slow rate of hydrolysis of substoichiometric ATP by the

represents the inactivation mixture containing stoichiometric

cross-linked enzyme reflects a defective hydrolytic step rather MgADP. In contrast, lane 4 shows that the distribution of

than defective binding of MgATP to the highest-affinity
catalytic site.

The Number ofi—f Pairs Cross-Linked upon Treatment
of the Reduced.\V¥"'C/SR®¥'C Mutant with CuCJ Depends
on the Number of Catalytic Sites that Contain MgADP.

cross-linked and free andf subunits differed significantly
when inactivation with CuGlwas performed in the presence
of 200uM MgADP. Analysis of band intensities in the gel
as described in Experimental Procedures revealed that
oxidation of the reduced double mutant with Cu@i the

Figure 3 illustrates the rates of inactivation of the reduced presence (lane 3) and absence (lane 2) of stoichiometric
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FIGURE 4: Resolution ofu—p cross-links by SDSPAGE. When
maximal inactivation was attained, CyGlas removed from the
inactivation mixtures described in the legend of Figure 3 by passing
70uL samples through 1 mL centrifuge columns of Sephadex G-50
equilibrated with 50 mM Tris-HCI buffer (pH 8.0) containing 0.1
mM EDTA. The samples containing inactivated enzyme free of
Cu?* were treated immediately with 4 mM-ethylmaleimide for

15 min at 23°C. Then, fractions of each sample containingd

of protein were mixed with buffer containing SDS and applied to
a 12% polyacrylamide gel which was submitted to electrophoresis
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DISCUSSION

Since theBR3®’C single mutant and thelV37IC/SR33'C
double mutant subcomplexes hydrolyze 2 mM ATP at 50
and 30%, respectively, of the rate exhibited by the wild-
type subcomplex, it is clear that transient formation of the
apparent hydrogen bond between the carbonyl oxygen of
aS*%and the guanidinium g8R3%" at theag—fc interface
in the (MgADPRAIF ;7 ),—MF; crystal structured) illustrated
in Figure 1 is not essential for ATP hydrolysis. However,
cross-linking the introduced cysteines in one or twe/
pairs abolishes steady state ATP hydrolysis. This indicates
that during steady state ATP hydrolysis, the side chains of
o3t andBR3 cycle through the three different conforma-
tions observed in crystal structures that are summarized in
Table 1.

Figure 1 also shows that the side chain @& is
surrounded by hydrophobic side chains contributed by other
amino acid residues in the. subunit that are highly
conserved. In theie—puc catalytic site depicted in Figure
1, the guanidinium in the side chain aR®7% is hydrogen
bonded to theg-phosphate of the bound ADP. In tlgp—

as described in Experimental Procedures: lane 1, reduced enzymesp and app—fop catalytic sites in the (MgADRAIF,),—

with 10 mM DTT; lane 2, reduced enzyme wittuM CuCly; lane
3, reduced enzyme with 1 mM Mg&and 2.85«M ADP followed
by 1 uM CuCl,; and lane 4, reduced enzyme with 1 mM MgCl
and 200uM ADP followed by 1M CuCl,.

MgADP led to 64 and 66% cross-linking, respectively,
whereas oxidation in the presence of 20@ MgADP led
to 31% cross-linking (lane 4). Therefore, twe-f3 pairs were

MF; crystal structure, the guanidinium aR®"3is hydrogen
bonded to fluorine atoms of the A{F moiety, indicating
that it has a direct role in catalysigl)( Therefore, it is
possible that failure of theS*”°F mutant of Eff to catalyze
multisite ATP hydrolysis §, 7) is caused by hydrophobic
interactions of the introduced phenylalanine with the neigh-
boring side chains. The putative interactions could im-

cross-linked in the absence of MgADP or in the presence of mobilize this region of thea subunit in a manner that

stoichiometric MgADP, whereas only a single-/3 pair was
cross-linked more slowly in the presence of 200 MgADP.
Cross-Linking Twoa—/j Pairs in the aVé"C/BRC
Double Mutant Significantly Reduces the Rate of Formation
of MgADP-Fluoroaluminate Complexes in Catalytic Sites.
Figure 5A illustrates the rates of inactivation observed upon
addition of AICk and NaF to solutions of the reduced
oVE7IC/BR*C double mutant containing either stoichio-
metric MgADP (a) or 2004M MgADP (®). The first-order
rate constants for these inactivations are».1072 and 1.5
x 1072 min~1, respectively. The rate of inactivation repre-
sents the rate of assembly of MgABRuoroaluminate
complexes. Therefore, MgADHluoroaluminate complexes
assemble-3-fold faster when multiple catalytic sites of the

prevents participation aiR®’2in cooperative ATP hydroly-
sis. The observation that derivatization of a single introduced
Cys in theaS*°C mutant of EIf is sufficient to prevent
multisite ATP hydrolysis is consistent with this argument
(8.

Table 1 shows that the side chainad#3"*is more distant
from the side chain 0BR3% at the arp—fS1p interface than
at the ag—fuc and app—fpp interfaces in the (MgADP
AlF47),—MF; crystal structure4) as well as at thew=—/f5c
and app—fpp interfaces in other crystal structures of MF
Figure 4 clearly shows that two—/ pairs cross-linked upon
treatment of the reduced.{3"C);(SR3¥"C)zy double mutant
with CuCl, after a single catalytic site had been loaded with
stoichiometric MgADP, whereas only a singte—f pair

reduced double mutant enzyme contain MQADP as opposedcross-linked after at least two catalytic sites had been loaded

to when a single catalytic site contains bound MgADP.

In contrast, Figure 5B shows that after incubation of the
cross-linkedV37YBR337C mutant with either stoichiometric
MgADP or 200uM MgADP for 30 min followed by addition
of AICI; and NaF, ATPase activity was irreversibly inacti-
vated with a rate constant of less thasxx 204 min~*. Table
3 shows that incubation of the cross-linked/3"y/sR3¥7C
mutant with 20Q«M MgADP is sufficient to saturate a single
catalytic site with MgADP.

with MgADP. These observations indicate that the catalytic
site at theoirp—fS1p interface in crystal structures loads first
upon addition of nucleotides and Kfgion to F-ATPases
free of nucleotides. Correlation of the nucleotide content of
the arp—/f1p catalytic site in crystal structures of MWith

the conditions used to load catalytic sites with nucleotides
prior to crystallization supports this tenet. Crystal structures
of MF; containing MgAMP-PNP bound to therr—/f1p
catalytic site were determined after nucleotide-depleted

The experimental points in Figure 5B were determined enzyme had been loaded under the conditions described by
by assaying the ATPase activity of the cross-linked enzyme Lutter et al. (6). According to this procedure, AMP-PNP
at the times indicated in the presence of 10 mM DTT. Under and ADP were first added to nucleotide-depleted;MFa
these conditions, the disulfide bond in the cross-linked 50:1 molar ratio in the presence of 8 mM MgGlt pH 7.2.
enzyme was reduced virtually instantaneously. Please noteUnder these conditions, it is reasonable to assume that the
that the time coordinate of Figure 5B is hours, whereas the highest-affinity catalytic site for nucleotides binds MgAMP-
time coordinate of Figure 5A is minutes. PNP. In contrast, the crystals used to determine the DECD
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Ficure 5: Rates of formation of MgADPfluoroaluminate complexes in catalytic sites of th#®¢71C);(5R33C)sy double mutant subcomplex
before and after cross-linking. (A) The reduced/g"'C)3(SR33'C)sy double mutant subcomplex, at 1 mg/mL (2891), in 50 mM Tris-

HCI buffer (pH 8.0) containing 10 mM DTT, 0.1 mM EDTA, and 2 mM MgQlas incubated with 2.8M ADP (a) or 200uM ADP

(®) for 30 min at 23°C, at which time NaF and AlGlwere added to final concentrations of 5 mM and 200, respectively. At the
specified times, 1@L samples were withdrawn and assayed for ATPase activity in the presence of 10 MM DTT as described in Experimental
Procedures. (B) After removal of excess DTT and EDTA from the reduced enzyme solutions by passirigsHdples through 1 mL
centrifuge columns of Sephadex G-50 equilibrated with 50 mM Tris-HCI (pH 8.0), the reduced double mutant was cross-linkediAwith 1
CuCl, for 1 h asdescribed in Experimental Procedures. After removal of G@lpassing the oxidized double mutant through 1 mL
centrifuge columns of Sephadex G-50 equilibrated with 50 mM Tris-HCI (pH 8.0), the cross-linked enzyme was incubated wikh 2.85 (
or 200uM (@) ADP with 2 mM MgCl, for 30 min at 23°C, before addition of NaF and Algto final concentrations of 5 mM and 200
uM, respectively. At the specified times, 1AL samples were withdrawn and assayed for ATPase activity in the presence of 10 mM DTT.
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op/ Brp opp/ Bpp

Ficure 6: Different configurations of the side chain aR®”2 in the arp—fe and app—/fpp catalytic sites in the DCCBMF; crystal
structure. This figure was constructed from the coordinates of dbained from Protein Data Bank entry 1E79 (sing RasMol provided
by R. Sayle (Glaxo Wellcome Research and Development).

MF; and (ADP)}—MF; structures were prepared from
nucleotide-depleted MRhat had been incubated with ADP
only in the presence of Mg ion (3, 17). In the DCCD-
MF; and (ADP}—MF; crystal structures, the guanidinium
of aR3"3is near the3-phosphate of ADP bound to thgyr—
Pop catalytic site. However, in therp—/f1p catalytic site of
these crystal structures, the guanidiniunw®®73is hydrogen-
bonded to the 2hydroxyl of the ribose of the bound ADP.

B-phosphate of ADP and the Mgion bound to theorp—

Pre and app—fpp catalytic sites have even greater discrep-
ancies. The position of Nin the aR®" side chain with
respect to the phenyl group in the side chainsgf?* and
the e-amino group in the side chain @62 also differ
significantly in thearr—f1p and app—/fpp catalytic sites in
the DCCD-MF; crystal structure. Earlier, Kagawa et al.
(Figure 3) showed that the positions of the side chainR¥">

Figure 6 compares the different positions of the side chain With respect to thg-phosphate and the 2-hydroxyl of ADP

of aR®®with respect to bound ADP, the Mgion, andsF+?*

at theourp—f1p and app—fpp Catalytic sites in the DCCB
MF; crystal structure3). Whereas Nof aR33is 2.95 A
from the 2-hydroxyl of the ribose of ADP bound to thep—

[tp catalytic site, the corresponding distance for thg—
Pop catalytic site is 6.87 A. Figure 6 also shows that the
relative positions of N of aR®? with respect to the

and the side chains @24 and K2 in the arp—f31p and
opp—/fpp catalytic sites of the (ADB)-MF; crystal structure
have essentially the same deviatiotd)(

Given that thexrp—f1p catalytic site is loaded first upon
addition of nucleotides and Mg to F-ATPases free of
nucleotides, it follows that the unusual arrangement of the
side chain ofaR®® with respect to ADP to theurr—/fre
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catalytic site in the DCCPBMF; and (ADP}—MF; crystal position near thgs-phosphate of bound ADP more rapidly
structures §, 17) represents the configuration of a catalytic than observed when only ther—/S1p catalytic site contains
site containing inhibitory MgADP. Entrapment of inhibitory MgADP.

MgADP in a single catalytic site occurs directly upon binding  On the basis of the behavior of theA3%C/yA22C and
of MgADP to nucleotide-depleted;fATPases. Inhibitory  D3%C/yS*C double mutant subcomplexes ofTdescribed
MgADP is also entrapped in a catalytic site when nucleotide- aphove, it was surprising that after the cross-linked form of
depleted ~ATPases hydrolyze ATP in a single catalytic site  the aV37YSR33"C double mutant had been incubated with
(15, 18—21). Masaike et al.Z2) demonstrated that hydrolysis 200 uM MgADP followed by addition of AICk and NaF,
of ATP in a single catalytic site of the(SR**W)sy irreversible inactivation was-100-fold slower than that
subcomplex of TlFoccurred with & 0f 14.4 s*. Following observed with the reduced double mutant. Under these
hydrolysis, Pdissociated with a rate constant of 2:8. sAfter conditions, at least therp—[7p catalytic site would contain
the release of P the mutant enzyme converted to the pound MgADP, presumably with the guanidiniumaiR373
MgADP-inhibited form with a rate constant of 657 102 hydrogen bonded to the-Bydroxyl of the ribose moiety.
s L. This probably represents the rate of rearrangement of o explain the slow observed rate, cross-linking the
the guanidinium ofxR3"3from the dissociating Ro the 2- interfaces near thee—/e andowp—/op catalytic sites might
hydroxyl of the bound ADP. freeze the quaternary structure of the enzyme in a manner
Figure 5A shows that the MgADPfluoroaluminate  that severely attenuates rearrangement of the guanidinium
complex assembles in two catalytic sites of the reduced of oR373 from the ribose to thgg-phosphate of bound ADP
aV3IC/BR*C double mutant more rapidly than it assembles where it can form hydrogen bonds with the Atfcomplex.
in a single catalytic site. The same behavior was observed gjow rearrangement of the side chairodt®’3 at thearp—
in a previous study with wﬂd-type and mutantyfisy Sre catalytic site may also be responsible for the observation
subcomplexes of TFand nucleotide-depleted MH23). that the cross-linked form of theV37IC/BR®C double
Therefore, formation of ADPfluoroaluminate complexes . tant hydrolyzes substoichiometric ATP wittka of 4.5
in two catalytic sites is a cooperative process. The earlier ., 102 51 This is ~100-fold slower than the rate of
study also showed that M#f]MgADP—fluoroaluminate hydrolysis of substoichimetric ATP by thes(BR¥®W)sy
complexes assembled more rapidly in two catalytic sites of subcomplex of TEreported by Masaike et a22). Although
the reduced forms of the A*%C/yA?C and thepD*C/ a high-resolution crystal structure of an activeATPase
yS?C double mutants than a fluoroaluminate complex \yith empty catalytic sites is not available, the catalytic
assembled in a single catalytic site. However, atery or characteristics of wild-type and mutamBsy subcomplexes
p—y cross-linking in these double mutants had occurred, the o¢ TF, indicate that the asymmetric coiled coil of the
[*HIMgADP—fluoroaluminate complex assembled in only  gpynit within the central cavity of thexg); hexamer of
a single catalytic site at the same rate observed when one 0g,o subcomplexes generates asymmetry of empty catalytic
two catalytic sites containeaI-I!]MgADP before additic_)n _of sites (L0, 24, 25). Following binding of MgATP to the empty
AlCI3 and NaF. Therefore, rotation of the subunit is . __ g _ catalytic site, the rate-limiting step for hydrolysis
required for cooperative assembly of MgABRuoro- might be the rate of rearrangement of the side chanR3
aluminate complexes in two catalytic sites. In contrast, 5nd side chains in thé subunit that include those GIK162
a_ssembly of_ th(_e l\_/IgADPquoroaIumina'Fe complex in_ a  BE88 andBR! from their positions in the empty catalytic
single catalytic site is not coupled to rotation of theubunit.  gjte 1o their functional positions in the transition state. Since
The following argument is proposed to explain the faster ,s370 3nda V37! are connected toR373 by an unstructured
rate of assembly of MgADPfluoroaluminate complexes in  gtrand in crystal structures of MFafter twoo—p pairs in
two catalytic sites of FATPases compared to assembly of the wV3"IC/BR37C double mutant had been cross-linked, the
afluoroalumipate complex in_a single catalyt_ic site. Consider guanidinium of aArg®”® might rearrange slowly from its
that after a single catalytic site of a nucleotide depleted F  position in the empty catalytic site to its functional position

ATPase had been loaded with MGADP, thg—frp catal;;‘gig: in the transition state when MgATP binds to the catalytic
site contains MgADP with the guanidinium ofR site at thearp—frp interface.

hydrogen bonded to the-Bydroxyl of the ribose moiety.
Then, following binding of the Al complex to the singly
loaded catalytic site, the observed slow formation of the
MgADP—fluoroaluminate complex would reflect slow rear- 1. Yoshida, M., Muneyuki, E., and Hisabori, T. (2001) ATP
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