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ABSTRACT: In the MF1 crystal structure with the MgADP-fluoroaluminate complex bound to two catalytic
sites [Menz, R. I., Walker, J. E., and Leslie, A. G. W. (2001)Cell 106, 331-341], the guanidinium of
âR337 is within 2.9 Å of theR-oxygen ofRS370 and 3.7 Å of a methyl group ofRV371 at theRE-âHC

interface. To examine the functional role of this contact, the (RV371C)3(âR337C)3γ subcomplex of the
TF1-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 CuCl2 cross-linked twoR-â pairs, whereas a singleR-â 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-linkedR-â pairs.
Addition of AlCl3 and NaF to the reduced double mutant after incubation with stoichiometric MgADP or
200 µM MgADP irreversibly inactivated the steady state ATPase activity with rate constants of 1.5×
10-2 and 4.1× 10-2 min-1, respectively. In contrast, addition of AlCl3 and NaF to the cross-linked enzyme
after incubation with stoichiometric or 200µM MgADP irreversibly inactivated ATPase activity with a
common rate constant of∼10-4 min-1. Correlation of these results with crystal structures of MF1 suggests
that the catalytic site at theRTP-âTP interface is loaded first upon addition of nucleotides to nucleotide-
depleted F1-ATPases and that the catalytic site at theRTP-âTP interface with bound MgADP in crystal
structures represents a catalytic site containing inhibitory MgADP.

The proton-translocating F0F1-ATP synthases are mem-
brane protein complexes comprised of two molecular motors
that are connected by a common rotor. The F0 component is
an integral membrane protein complex that translocates
protons, whereas F1 is a peripheral membrane protein
complex containing three catalytic sites. During ATP syn-
thesis, proton translocation through F0 impels rotation of the
rotor, which drives condensation of ADP with Pi at the
catalytic sites of F1 that operate sequentially in a highly
cooperative manner (1).

When removed from the membrane as a soluble complex,
F1 contains five different subunits in anR3â3γδε stoichiom-
etry and has substantial ATPase activity. In crystal structures
of F1, the R and â subunits are arranged alternately in a
hexameric array that surrounds an antiparallel coiled coil
comprised of the amino- and carboxyl-terminalR helices of
theγ subunit (2-4). In the original crystal structure of MF1

1

(2), catalytic sites are heterogeneously liganded and are
located mostly onâ subunits atR-â interfaces. One catalytic

site, calledâTP, contains MgAMP-PNP; a second catalytic
site, calledâDP, contains MgADP, and a third catalytic site,
called âE, is empty. WhereasâTP and âDP have closed
conformations,âE has an open conformation. TheR subunits
contributing to catalytic sites onâTP, âDP, and âE are
designatedRTP, RDP, and RE, respectively. F1 has three
additional nucleotide binding sites, called noncatalytic sites.
In the original crystal structure of bovine MF1 (2), noncata-
lytic sites are homogeneously liganded with MgAMP-PNP
and are located mostly onR subunits atR-â interfaces that
differ from the interfaces that comprise catalytic sites.

Several point mutants of theEscherichia coli ATP
synthase have been described that are located atR-â
interfaces near catalytic sites which have defective synthetic
and hydrolytic activities (5-8). Noumi et al. (5) demonstrated
that isolated EF1 containing theRS370F substitution2 hydro-
lyzes substoichiometric ATP (unisite ATPase activity) at a
rate comparable to that of the wild type, but has severely
attenuated multisite ATPase activity. Subsequently, Lee et
al. (8) demonstrated that the multisite ATPase activity of
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the RS370C mutant of EF1 is 30% of that of the wild type.
They also showed that modification of only one of the
introduced cysteines withN-ethylmaleimide was sufficient
to abolish multisite ATPase activity without affecting unisite
ATPase activity. From these characteristics, Lee et al. (8)
concluded that introduction of a bulky side chain in the
position occupied byRS370C interferes withR-â interactions
that participate in positive catalytic site cooperativity.
However, the molecular basis for this behavior was not
apparent until Menz et al. (4) reported the crystal structure
of MF1 containing MgADP-fluoroaluminate complexes
bound to two catalytic sites.

In the crystal structure reported by Menz et al. (4), two
closed catalytic sites contain bound MgADP-fluoroalumi-
nate complexes and the third catalytic site is “half-closed”
and contains bound MgADP and sulfate. The half-closed
catalytic site is designatedâHC. Figure 1 illustrates that the
guanidinium ofâR337 is within 2.9 Å of theR-oxygen of
RSer370 (not the oxygen in the side chain) and within 3.7 Å
of one of the methyl groups ofRV371 at theRE-âHC interface
near the adenine of ADP bound toâHC. The guanidinium of
âR337 is more distant from theR-oxygen ofRS370 and the
side chain ofRV371 at all otherR-â interfaces in all crystal
structures of MF1 as shown in Table 1 for representative
crystal structures. To test the possibility that the unique
arrangement of the guanidinium ofâR337 with respect to
RS370andRV371at theRE-âHC interface represents a transient
contact that occurs during cooperative, multisite ATP hy-
drolysis, the (RV371C)3(âR337C)3γ double mutant has been
prepared and its catalytic properties have been characterized
before and after cross-linking the introduced cysteines with
CuCl2. Since the side chain ofRS370 is distant and points
away from the guanidinium ofâR337 at theRE-âHC interface
as shown in Figure 1,RV371 rather thanRS370 was substituted
with cysteine.

EXPERIMENTAL PROCEDURES

Generation and Expression of Mutant Plasmids.The
expression plasmid pKK, which carries the genes encoding
R, â, andγ subunits of the TF1-ATPase, was used for both
site-directed mutagenesis and gene expression (9). Site-
specific substitutions in the wild-type pKK expression
plasmid were performed with PCR using the QuikChange
site-directed mutagenesis kit from Stratagene. TheRV371C
single mutant was generated with the mutagenic oligonucleo-
tides 5′-CAGGGTTGTCCTGTTCGCGCGTCGG-3′ and its
corresponding complement (not shown) using the wild-type
pKK plasmid as a template. The changed bases are under-
lined. TheâR337C single mutant plasmid DNA (10) was used
as a template to generate theRV371C/âR337C double mutant.
After transformation inE. coli strain JM109, plasmids were
purified using the WizardPlus miniprep kit from Promega
and the mutations were confirmed by DNA sequence
analysis. The mutant plasmids were expressed inE. colistrain
JM103 (unc-). The wild-typeR3â3γ and mutant subcom-
plexes were purified and stored as suspensions in 75%
saturated ammonium sulfate at 4°C as described by Matsui
and Yoshida (9).

Preparation of the Reduced and Cross-Linked Forms of
the (RV371C)3(âR337C)3γ Double Mutant Subcomplex.The
(RV371C)3(âR337C)3γ double mutant was isolated in partially
cross-linked form as assessed by SDS-PAGE. After CDTA
treatment, the isolated (RV371C)3(âR337C)3γ double mutant
subcomplex, at 1 mg/mL in 50 mM Tris-HCl (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-HCl (pH 8.0)
(11). Cross-linking was then performed by treating the
reduced double mutant enzyme, at 1 mg/mL, with 1 or 100
µM CuCl2 for the times indicated in specific experiments.
CuCl2 was then removed by passing 100µL samples of the
reaction mixtures through 1 mL centrifuge columns of
Sephadex G-50 that were equilibrated and eluted with 50
mM Tris-HCl (pH 8.0).

Analytical Methods.Before kinetic measurements and
cross-linking, endogenous nucleotides were removed from
the isolated wild type and reducedRV371C/âR337C double
mutant subcomplexes by treating them at 1 mg/mL in 50
mM Tris-HCl buffer (pH 8.0) with 10 mM CDTA as
described in detail previously (12). The CDTA-treated

2 Unless stated otherwise, residue numbers of MF1 are used
throughout. In TF1, RS362 andRV363 are equivalent toRS370 andRV371,
respectively, in MF1. In TF1, RI342, RF343, RI357, andRC193 are equivalent
to RI350, RF351, RI365, andRC201, respectively, of MF1. In TF1, âD311,
âR333, andâY341 are equivalent toâD315, âR337, andâY345, respectively,
in MF1. In EF1, RS373 and âY331 are equivalent toRS370 and âY345,
respectively, in MF1.

FIGURE 1: Relative positions of the side chains ofRS370, RV371,
and âR337 in the crystal structure of the (MgADP‚AlF4

-)2-MF1
complex. This figure was constructed from the coordinates of MF1
obtained from Protein Data Bank entry 1H8E (4) using RasMol
provided by R. Sayle (Glaxo Wellcome Research and Development,
Greenford, U.K.).

Table 1: Distances (angstroms) between the Guanidinium ofâR337

and theR-Oxygen ofRS370 and a Methyl Group ofRV371 in Crystal
Structures of MF1

crystal structure interface
RS370 OR-
âR337 NH

RV371 Cγ-
âR337 NH

frozen nativea RE-âE 7.05 5.04
frozen nativea RT-âT 11.45 10.51
frozen nativea RD-âD 8.35 6.68
(MgADP‚AlF4

-)2
b RE-âHC 2.85 3.69

(MgADP‚AlF4
-)2

b RT-âT 11.04 10.76
(MgADP‚AlF4

-)2
b RD-âD 8.53 6.98

DCCDc RE-âE 7.36 4.89
DCCDc RT-âT 11.77 9.58
DCCDc RD-âD 8.35 7.21
a Obtained from Protein Data Bank entry 1E1Q.b Obtained from

Protein Data Bank entry 1H8E.c Obtained from Protein Data Bank entry
1E79.
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enzyme subcomplexes were essentially free of endogenously
bound nucleotides as assessed by HPLC.

Multisite ATPase activity was determined spectrophoto-
metrically in assay medium containing 2 mM ATP and 3
mM Mg2+ in 50 mM HEPES-KOH (pH 8.0) at 30°C using
an ATP regeneration system coupled to oxidation of NADH
described previously (13). Protein concentrations were
determined by the method of Bradford using CoomassiePlus
reagent from Pierce (14).

Hydrolysis of substoichiometric ATP by theRV371C/
âR337C double mutant was examined by vigorously vortexing
50 µL of 1.3 µM reduced or cross-linked enzyme with 50
µL of 0.5 µM ATP and 1 mM MgCl2 in 50 mM Tris-HCl
(pH 8.0) at room temperature. At 0, 10, 20, 40, 60, and 90
s, 5 µL of 24% perchloric acid was added to the reaction
mixtures. After the mixture had been chilled on ice, 5µL of
5 M K2CO3 was added. Denatured protein and precipitated
KClO4 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 theR-â Cross-Links by SDS-PAGE.SDS-
PAGE was performed on 12% Tris-HCl Ready Gels from
Bio-Rad at 200 V for 40 min. Samples containing 6µg of
the reduced or oxidized double mutant in buffer containing
62.5 mM Tris-HCl (pH 6.8), 10% glycerol, 0.025% bromo-
phenol blue, and 2% SDS were applied to the gels. After
the gels had been stained with 0.1% Coomassie Blue and
then thoroughly destained, gels were photographed with a
photodocumentation Polaroid camera. The photographs were
scanned with an EPSON Perfection 1250 scanner, and the
free and cross-linkedR andâ subunits were quantified using
GelExpert software from Nucleotech.

Comparison of the Affinities of the Reduced and Cross-
Linked Forms of the(RV371C)3(âR337C)3γ Double Mutant for
MgADP. The affinity of the high-affinity catalytic site in
the reduced and cross-linked forms of theRV371C/âR337C
double mutant was estimated in the following manner. To
obtain the desired concentrations of ADP, 5µL of ADP
solutions at different concentrations was added to 95µL of
1.0µM reduced or cross-linked enzyme in 50 mM Tris-HCl
containing 1 mM MgCl2. After incubation for 10 min at room
temperature, the mixtures were applied to 1 mL centrifuge
columns of Sephadex G-50 fine (14) that were equilibrated
and eluted with 50 mM Tris-HCl (pH 8.0) containing 1 mM
MgCl2. After the eluates had been diluted to 120µL with
the same buffer, the UV spectrum was scanned to determine
the protein concentration. Then 6µL of 24% perchloric acid
was added to the samples which were placed on ice for
several minutes before addition of 6µL of 5 M K2CO3. After
removal of the denatured protein and precipitated KClO4 by
centrifugation, the amount of bound ADP was determined
by submitting 70µL 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 the(RV371C)3-
(âR337C)3γ Double Mutant InactiVates Steady State ATP

Hydrolysis and SeVerely Impairs Hydrolysis of Substoichio-
metric ATP.The steady state ATPase activities of the wild
type andRV371C andâR337C single mutants and the reduced
RV371C/âR337C double mutant subcomplexes are compared
in Table 2. Both theRV371C and âR337C single mutants
hydrolyze 2 mM ATP at∼50% of the wild-type rate,
whereas the fully reducedRV371C/âR337C double mutant,
freshly prepared as described in Experimental Procedures,
hydrolyzes 2 mM ATP at∼30% of the wild-type rate. Since
the wild-type R3â3γ subcomplex is stimulated 4-fold by
including 0.06% LDAO in the assay medium (15, 16), the
extent of stimulation of the mutant subcomplexes by 0.06%
LDAO is also included in the comparison. LDAO reduces
the propensity of the wild-type enzyme to entrap inhibitory
MgADP in a catalytic site during turnover. Table 2 shows
that 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 reducedRV371C/
âR337C double mutant with 1µM CuCl2 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 inR subunits which corresponds to
RC201 of MF1. In crystal structures of MF1, the sulfur in the
side chain ofRC201 in eachR subunit is at least 21 Å from
the side chain ofRV371 in any of theR subunits or the side
chain of âR337 in any of the â subunits. Therefore, the
inactivation observed upon treatment of the reduced double
mutant with CuCl2 reflects cross-linking of the introduced
cysteines. LDAO stimulates the ATPase activity of the
CuCl2-treated enzyme and the fully reduced enzyme by the
same percentage. This suggests that the 2% residual ATPase
activity observed after treatment with CuCl2 reflects incom-
plete cross-linking of the introduced cysteines.

When 0.5µmol of ATP was rapidly mixed with an equal
volume containing 1.3µmol of the fully reduced double
mutant in the presence of 1 mM Mg2+, 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 a kcat of 4.5 × 10-2 s-1. Table 3 shows that 0.6 mol of

Table 2: Comparison of the ATPase Activities of the Wild Type,
RV371C andâR337C Single Mutant Subcomplexes, and the Reduced
and Cross-LinkedRV370C/âR337C Double Mutant Subcomplex

subcomplex
specific activity

(µmol min-1 mg-1)
activation
by LDAO

R3â3γ 20 4.1-fold
R(V371C)3â3γ 10.5 2.1-fold
R3(âR337C)3γ 9.7 1.1-fold
reduced (RV371C)3(âR337C)3γa 6.5 2.4-fold
cross-linked (RV371C)3(âR337C)3γb 0.15 2.5-fold

a The steady state ATPase activity was determined immediately after
removal of DTT from the fully reduced enzyme as described in
Experimental Procedures.b The cross-linked double mutant was pre-
pared after treatment of the fully reduced enzyme with 1µM CuCl2
for 1 h, at which time Cu2+ ion was removed as described in
Experimental Procedures.
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ADP remained bound per mole of the cross-linked double
mutant after addition of stoichiometric MgADP to it followed
by passage through a centrifuge column of Sephadex G-50
(11). Under the same conditions, 0.85 mol of ADP remained
bound per mole of the reduced double mutant. Although the
binding data indicate that the cross-linked double mutant
retained somewhat less ADP than the fully reduced form,
the difference is small and does not appear to account for
the slow rate of hydrolysis of substoichiometric ATP. Figure
2 clearly shows that hydrolysis of substoichiometric ATP
by the cross-linked enzyme is a first-order process. Therefore,
the slow rate of hydrolysis of substoichiometric ATP by the
cross-linked enzyme reflects a defective hydrolytic step rather
than defective binding of MgATP to the highest-affinity
catalytic site.

The Number ofR-â Pairs Cross-Linked upon Treatment
of the ReducedRV371C/âR337C Mutant with CuCl2 Depends
on the Number of Catalytic Sites that Contain MgADP.
Figure 3 illustrates the rates of inactivation of the reduced

(RV371C)3(âR337C)3γ double mutant by CuCl2 in the presence
and absence of different concentrations of MgADP. When
the reduced double mutant was treated with 1µM CuCl2 in
the absence of MgADP, nearly complete inactivation of
ATPase activity occurred within 1 h (b). Essentially the same
rate and extent of inactivation were observed when the
reduced enzyme was treated with 1µM CuCl2 under the same
conditions in the presence of stoichiometric MgADP (2).
In contrast, in the presence of 200µM MgADP, the rate of
inactivation promoted by 1µM CuCl2 was slower (9) than
the rate observed in the presence of stoichiometric MgADP
(2). In another experiment (not illustrated), it was shown
that treatment of the fully reduced double mutant with 1µM
CuCl2 in the absence of MgADP led to 98% inactivation
within 1 h, whereas 2.5 h was required to attain 95%
inactivation when the fully reduced enzyme was treated with
1 µM CuCl2 in the presence of 200µM MgADP.

Figure 4 shows the extent of cross-linking ofR and â
subunits that was observed when samples of the reaction
mixtures described in the legend of Figure 3 were submitted
to SDS-PAGE after maximal inactivation had been attained.
The distributions of cross-linked and freeR andâ subunits
were essentially the same in lane 2, which represents the
inactivation mixture without MgADP, and lane 3, which
represents the inactivation mixture containing stoichiometric
MgADP. In contrast, lane 4 shows that the distribution of
cross-linked and freeR andâ subunits differed significantly
when inactivation with CuCl2 was performed in the presence
of 200 µM MgADP. Analysis of band intensities in the gel
as described in Experimental Procedures revealed that
oxidation of the reduced double mutant with CuCl2 in the
presence (lane 3) and absence (lane 2) of stoichiometric

FIGURE 2: Rate of hydrolysis of substoichiometric ATP by the
cross-linked (RV371C)3(âR337C)3γ subcomplex. The reaction mixture
was prepared and analyzed for ATP hydrolysis as described in
Experimental Procedures. In these experiments, 100µM CuCl2 was
used to convert the fully reduced double mutant to the cross-linked
form. The Cu2+ ion was removed before ATP hydrolysis was
examined as described in Experimental Procedures. The semi-
logarithmic plot indicates at0.5 of 15.5 s which corresponds to a
kcat of 4.5 × 10-2 s-1.

Table 3: Comparison of Binding of MgADP to the Reduced and
Cross-Linked Forms of the (RV371C/âR337C) Double Mutanta

MgADP
added (µM)

cross-linked double mutantb

(mol of ADP/mol of enzyme)
reduced double mutantc

(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
1.5 0.68 1.14
2.0 0.80 1.35
3.0 0.95 1.84

a The amount of bound MgADP was determined as described in
detail in Experimental Procedures.b The cross-linked double mutant
was prepared by treating the reduced double mutant with 100µM CuCl2
for 2 h atroom temperature, at which time the Cu2+ ion was removed
as described in Experimental Procedures.c The fully reduced double
mutant was prepared immediately before use in these experiments as
described in Experimental Procedures.

FIGURE 3: Rates of inactivation of the reduced (RV371C)3(âR337C)3γ
double mutant subcomplex by CuCl2 in the presence and absence
of MgADP. After complete reduction of the double mutant
subcomplex as described in Experimental Procedures, excess DTT
and EDTA were removed by passing 100µL samples of the protein
solutions through 1 mL centrifuge columns of Sephadex G-50
equilibrated with 50 mM Tris-HCl (pH 8.0). The inactivation
mixtures contained the reduced double mutant, at 1 mg/mL (2.85
µM), in 50 mM Tris-HCl (pH 8.0): (b) with 1 µM CuCl2, (2)
with 2.85 µM ADP and 1 mM Mg2+ followed by 1 µM CuCl2,
and (9) with 200 µM ADP and 1 mM Mg2+ followed by 1 µM
CuCl2. At the indicated times, 10µL samples of the inactivation
mixtures were removed and assayed for ATPase activity.
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MgADP led to 64 and 66% cross-linking, respectively,
whereas oxidation in the presence of 200µM MgADP led
to 31% cross-linking (lane 4). Therefore, twoR-â pairs were
cross-linked in the absence of MgADP or in the presence of
stoichiometric MgADP, whereas only a singleR-â pair was
cross-linked more slowly in the presence of 200µM MgADP.

Cross-Linking TwoR-â Pairs in the RV371C/âR337C
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 AlCl3 and NaF to solutions of the reduced
RV371C/âR337C double mutant containing either stoichio-
metric MgADP (2) or 200µM MgADP (b). The first-order
rate constants for these inactivations are 4.1× 10-2 and 1.5
× 10-2 min-1, respectively. The rate of inactivation repre-
sents the rate of assembly of MgADP-fluoroaluminate
complexes. Therefore, MgADP-fluoroaluminate complexes
assemble∼3-fold faster when multiple catalytic sites of the
reduced double mutant enzyme contain MgADP as opposed
to when a single catalytic site contains bound MgADP.

In contrast, Figure 5B shows that after incubation of the
cross-linkedRV371/âR337C mutant with either stoichiometric
MgADP or 200µM MgADP for 30 min followed by addition
of AlCl3 and NaF, ATPase activity was irreversibly inacti-
vated with a rate constant of less than 2× 10-4 min-1. Table
3 shows that incubation of the cross-linkedRV371/âR337C
mutant with 200µM MgADP is sufficient to saturate a single
catalytic site with MgADP.

The experimental points in Figure 5B were determined
by assaying the ATPase activity of the cross-linked enzyme
at the times indicated in the presence of 10 mM DTT. Under
these conditions, the disulfide bond in the cross-linked
enzyme was reduced virtually instantaneously. Please note
that the time coordinate of Figure 5B is hours, whereas the
time coordinate of Figure 5A is minutes.

DISCUSSION

Since theâR337C single mutant and theRV371C/âR337C
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
RS370 and the guanidinium ofâR337 at theRE-âHC interface
in the (MgADP‚AlF4

-)2-MF1 crystal structure (4) illustrated
in Figure 1 is not essential for ATP hydrolysis. However,
cross-linking the introduced cysteines in one or twoR-â
pairs abolishes steady state ATP hydrolysis. This indicates
that during steady state ATP hydrolysis, the side chains of
RV371 andâR337 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 ofRS370 is
surrounded by hydrophobic side chains contributed by other
amino acid residues in theR subunit that are highly
conserved. In theRE-âHC catalytic site depicted in Figure
1, the guanidinium in the side chain ofRR373 is hydrogen
bonded to theâ-phosphate of the bound ADP. In theRTP-
âTP and RDP-âDP catalytic sites in the (MgADP‚AlF4

-)2-
MF1 crystal structure, the guanidinium ofRR373 is hydrogen
bonded to fluorine atoms of the AlF4

- moiety, indicating
that it has a direct role in catalysis (4). Therefore, it is
possible that failure of theRS370F mutant of EF1 to catalyze
multisite ATP hydrolysis (6, 7) is caused by hydrophobic
interactions of the introduced phenylalanine with the neigh-
boring side chains. The putative interactions could im-
mobilize this region of theR subunit in a manner that
prevents participation ofRR373 in cooperative ATP hydroly-
sis. The observation that derivatization of a single introduced
Cys in theRS370C mutant of EF1 is sufficient to prevent
multisite ATP hydrolysis is consistent with this argument
(8).

Table 1 shows that the side chain ofRV371 is more distant
from the side chain ofâR337 at theRTP-âTP interface than
at the RE-âHC and RDP-âDP interfaces in the (MgADP‚
AlF4

-)2-MF1 crystal structure (4) as well as at theRE-âE

andRDP-âDP interfaces in other crystal structures of MF1.
Figure 4 clearly shows that twoR-â pairs cross-linked upon
treatment of the reduced (RV371C)3(âR337C)3γ double mutant
with CuCl2 after a single catalytic site had been loaded with
stoichiometric MgADP, whereas only a singleR-â pair
cross-linked after at least two catalytic sites had been loaded
with MgADP. These observations indicate that the catalytic
site at theRTP-âTP interface in crystal structures loads first
upon addition of nucleotides and Mg2+ ion to F1-ATPases
free of nucleotides. Correlation of the nucleotide content of
the RTP-âTP catalytic site in crystal structures of MF1 with
the conditions used to load catalytic sites with nucleotides
prior to crystallization supports this tenet. Crystal structures
of MF1 containing MgAMP-PNP bound to theRTP-âTP

catalytic site were determined after nucleotide-depleted
enzyme had been loaded under the conditions described by
Lutter et al. (16). According to this procedure, AMP-PNP
and ADP were first added to nucleotide-depleted MF1 in a
50:1 molar ratio in the presence of 8 mM MgCl2 at pH 7.2.
Under these conditions, it is reasonable to assume that the
highest-affinity catalytic site for nucleotides binds MgAMP-
PNP. In contrast, the crystals used to determine the DCCD-

FIGURE 4: Resolution ofR-â cross-links by SDS-PAGE. When
maximal inactivation was attained, CuCl2 was removed from the
inactivation mixtures described in the legend of Figure 3 by passing
70µL samples through 1 mL centrifuge columns of Sephadex G-50
equilibrated with 50 mM Tris-HCl buffer (pH 8.0) containing 0.1
mM EDTA. The samples containing inactivated enzyme free of
Cu2+ were treated immediately with 4 mMN-ethylmaleimide for
15 min at 23°C. Then, fractions of each sample containing 6µg
of protein were mixed with buffer containing SDS and applied to
a 12% polyacrylamide gel which was submitted to electrophoresis
as described in Experimental Procedures: lane 1, reduced enzyme
with 10 mM DTT; lane 2, reduced enzyme with 1µM CuCl2; lane
3, reduced enzyme with 1 mM MgCl2 and 2.85µM ADP followed
by 1 µM CuCl2; and lane 4, reduced enzyme with 1 mM MgCl2
and 200µM ADP followed by 1µM CuCl2.
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MF1 and (ADP)2-MF1 structures were prepared from
nucleotide-depleted MF1 that had been incubated with ADP
only in the presence of Mg2+ ion (3, 17). In the DCCD-
MF1 and (ADP)2-MF1 crystal structures, the guanidinium
of RR373 is near theâ-phosphate of ADP bound to theRDP-
âDP catalytic site. However, in theRTP-âTP catalytic site of
these crystal structures, the guanidinium ofRR373 is hydrogen-
bonded to the 2′-hydroxyl of the ribose of the bound ADP.

Figure 6 compares the different positions of the side chain
of RR373 with respect to bound ADP, the Mg2+ ion, andâF424

at theRTP-âTP andRDP-âDP catalytic sites in the DCCD-
MF1 crystal structure (3). Whereas Nε of RR373 is 2.95 Å
from the 2′-hydroxyl of the ribose of ADP bound to theRTP-
âTP catalytic site, the corresponding distance for theRDP-
âDP catalytic site is 6.87 Å. Figure 6 also shows that the
relative positions of NH of RR373 with respect to the

â-phosphate of ADP and the Mg2+ ion bound to theRTP-
âTP andRDP-âDP catalytic sites have even greater discrep-
ancies. The position of NH in the RR373 side chain with
respect to the phenyl group in the side chain ofâF424 and
the ε-amino group in the side chain ofâK162 also differ
significantly in theRTP-âTP andRDP-âDP catalytic sites in
the DCCD-MF1 crystal structure. Earlier, Kagawa et al.
(Figure 3) showed that the positions of the side chain ofRR373

with respect to theâ-phosphate and the 2-hydroxyl of ADP
and the side chains ofâF424 andâK162 in the RTP-âTP and
RDP-âDP catalytic sites of the (ADP)2-MF1 crystal structure
have essentially the same deviations (17).

Given that theRTP-âTP catalytic site is loaded first upon
addition of nucleotides and Mg2+ to F1-ATPases free of
nucleotides, it follows that the unusual arrangement of the
side chain ofRR373 with respect to ADP to theRTP-âTP

FIGURE 5: Rates of formation of MgADP-fluoroaluminate complexes in catalytic sites of the (RV371C)3(âR337C)3γ double mutant subcomplex
before and after cross-linking. (A) The reduced (RV371C)3(âR337C)3γ double mutant subcomplex, at 1 mg/mL (2.85µM), in 50 mM Tris-
HCl buffer (pH 8.0) containing 10 mM DTT, 0.1 mM EDTA, and 2 mM MgCl2 was incubated with 2.85µM ADP (2) or 200µM ADP
(b) for 30 min at 23°C, at which time NaF and AlCl3 were added to final concentrations of 5 mM and 200µM, respectively. At the
specified times, 10µL 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 passing 100µL samples through 1 mL
centrifuge columns of Sephadex G-50 equilibrated with 50 mM Tris-HCl (pH 8.0), the reduced double mutant was cross-linked with 1µM
CuCl2 for 1 h asdescribed in Experimental Procedures. After removal of CuCl2 by passing the oxidized double mutant through 1 mL
centrifuge columns of Sephadex G-50 equilibrated with 50 mM Tris-HCl (pH 8.0), the cross-linked enzyme was incubated with 2.85 (2)
or 200µM (b) ADP with 2 mM MgCl2 for 30 min at 23°C, before addition of NaF and AlCl3 to final concentrations of 5 mM and 200
µM, respectively. At the specified times, 10µL samples were withdrawn and assayed for ATPase activity in the presence of 10 mM DTT.

FIGURE 6: Different configurations of the side chain ofRR373 in the RTP-âTP and RDP-âDP catalytic sites in the DCCD-MF1 crystal
structure. This figure was constructed from the coordinates of MF1 obtained from Protein Data Bank entry 1E79 (4) using RasMol provided
by R. Sayle (Glaxo Wellcome Research and Development).
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catalytic site in the DCCD-MF1 and (ADP)2-MF1 crystal
structures (3, 17) represents the configuration of a catalytic
site containing inhibitory MgADP. Entrapment of inhibitory
MgADP in a single catalytic site occurs directly upon binding
of MgADP to nucleotide-depleted F1-ATPases. Inhibitory
MgADP is also entrapped in a catalytic site when nucleotide-
depleted F1-ATPases hydrolyze ATP in a single catalytic site
(15, 18-21). Masaike et al. (22) demonstrated that hydrolysis
of ATP in a single catalytic site of theR3(âR337W)3γ
subcomplex of TF1 occurred with akcat of 14.4 s-1. Following
hydrolysis, Pi dissociated with a rate constant of 2.8 s-1. After
the release of Pi, the mutant enzyme converted to the
MgADP-inhibited form with a rate constant of 6.7× 10-2

s-1. This probably represents the rate of rearrangement of
the guanidinium ofRR373 from the dissociating Pi to the 2′-
hydroxyl of the bound ADP.

Figure 5A shows that the MgADP-fluoroaluminate
complex assembles in two catalytic sites of the reduced
RV371C/âR337C double mutant more rapidly than it assembles
in a single catalytic site. The same behavior was observed
in a previous study with wild-type and mutantR3â3γ
subcomplexes of TF1 and nucleotide-depleted MF1 (23).
Therefore, formation of ADP-fluoroaluminate complexes
in two catalytic sites is a cooperative process. The earlier
study also showed that Mg[3H]MgADP-fluoroaluminate
complexes assembled more rapidly in two catalytic sites of
the reduced forms of theRA396C/γA22C and theâD390C/
γS90C double mutants than a fluoroaluminate complex
assembled in a single catalytic site. However, afterR-γ or
â-γ cross-linking in these double mutants had occurred, the
[3H]MgADP-fluoroaluminate complex assembled in only
a single catalytic site at the same rate observed when one or
two catalytic sites contained [3H]MgADP before addition of
AlCl3 and NaF. Therefore, rotation of theγ subunit is
required for cooperative assembly of MgADP-fluoro-
aluminate complexes in two catalytic sites. In contrast,
assembly of the MgADP-fluoroaluminate complex in a
single catalytic site is not coupled to rotation of theγ subunit.

The following argument is proposed to explain the faster
rate of assembly of MgADP-fluoroaluminate complexes in
two catalytic sites of F1-ATPases compared to assembly of
a fluoroaluminate complex in a single catalytic site. Consider
that after a single catalytic site of a nucleotide depleted F1-
ATPase had been loaded with MgADP, theRTP-âTP catalytic
site contains MgADP with the guanidinium ofRR373

hydrogen bonded to the 2′-hydroxyl of the ribose moiety.
Then, following binding of the AlF4- complex to the singly
loaded catalytic site, the observed slow formation of the
MgADP-fluoroaluminate complex would reflect slow rear-
rangement of the guanidinium ofRR373 from the ribose
moiety of bound ADP to a position near theâ-phosphate
where it then hydrogen bonds to the bound AlF4

- complex.
In contrast, the guanidinium ofRR373 in the RDP-âDP

catalytic site in the (ADP)2-MF1 crystal structure is already
near the â-phosphate of bound ADP. It follows that
simultaneous binding of the AlF4- complex to theRTP-âTP

and RDP-âDP catalytic sites containing MgADP would
promote more rapid assembly of the MgADP-fluoroalumi-
nate complex in theRDP-âDP catalytic site coupled to rotation
of the γ subunit. Rotation of theγ subunit would then
promote rearrangement of the guanidinium ofRR373 from
the ribose of bound ADP in theRTP-âTP catalytic site to a

position near theâ-phosphate of bound ADP more rapidly
than observed when only theRTP-âTP catalytic site contains
MgADP.

On the basis of the behavior of theRA396C/γA22C and
âD390C/γS90C double mutant subcomplexes of TF1 described
above, it was surprising that after the cross-linked form of
the RV371/âR337C double mutant had been incubated with
200 µM MgADP followed by addition of AlCl3 and NaF,
irreversible inactivation was∼100-fold slower than that
observed with the reduced double mutant. Under these
conditions, at least theRTP-âTP catalytic site would contain
bound MgADP, presumably with the guanidinium ofRR373

hydrogen bonded to the 2′-hydroxyl of the ribose moiety.
To explain the slow observed rate, cross-linking theR-â
interfaces near theRE-âE andRDP-âDP catalytic sites might
freeze the quaternary structure of the enzyme in a manner
that severely attenuates rearrangement of the guanidinium
of RR373 from the ribose to theâ-phosphate of bound ADP
where it can form hydrogen bonds with the AlF4

- complex.
Slow rearrangement of the side chain ofRR373 at theRTP-

âTP catalytic site may also be responsible for the observation
that the cross-linked form of theRV371C/âR337C double
mutant hydrolyzes substoichiometric ATP with akcat of 4.5
× 10-2 s-1. This is ∼100-fold slower than the rate of
hydrolysis of substoichimetric ATP by theR3(âR337W)3γ
subcomplex of TF1 reported by Masaike et al. (22). Although
a high-resolution crystal structure of an active F1-ATPase
with empty catalytic sites is not available, the catalytic
characteristics of wild-type and mutantR3â3γ subcomplexes
of TF1 indicate that the asymmetric coiled coil of theγ
subunit within the central cavity of the (Râ)3 hexamer of
the subcomplexes generates asymmetry of empty catalytic
sites (10, 24, 25). Following binding of MgATP to the empty
RTP-âTP catalytic site, the rate-limiting step for hydrolysis
might be the rate of rearrangement of the side chain ofRR373

and side chains in theâ subunit that include those ofâK162,
âE188, andâR189 from their positions in the empty catalytic
site to their functional positions in the transition state. Since
RS370 andRV371 are connected toRR373 by an unstructured
strand in crystal structures of MF1, after twoR-â pairs in
theRV371C/âR337C double mutant had been cross-linked, the
guanidinium ofRArg373 might rearrange slowly from its
position in the empty catalytic site to its functional position
in the transition state when MgATP binds to the catalytic
site at theRTP-âTP interface.
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