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ABSTRACT: In crystal structures of bovine MF1, the side chains ofRF357 andâR372 are near the adenines
of nucleotides bound to noncatalytic sites. To determine if during catalysis these side chains must pass
through the different arrangements in which they are present in crystal structures, the catalytic properties
of the (RF357C)3(âR372C)3γ subcomplex of the TF1-ATPase were characterized before and after cross-
linking the introduced cysteines with CuCl2. The unmodified mutant enzyme hydrolyzes MgATP at 50%
the rate exhibited by wild type. Detailed comparison of the catalytic properties of the double mutant
enzyme before and after cross-linking with those of the wild-type subcomplex revealed the following.
Before cross-linking, the (RF357C)3(âR372C)3γ subcomplex has less tendency than wild type to release
inhibitory MgADP entrapped in a catalytic site during turnover when MgATP binds to noncatalytic sites.
Following cross-linking, ATPase activity is reduced 5-fold, and inhibitory MgADP entrapped in a catalytic
site during turnover does not release under conditions wherein binding of ATP to noncatalytic sites of the
wild-type enzyme promotes release of MgADP from the affected catalytic site. When assayed in the
presence of lauryldimethylamine oxide, which prevents turnover-dependent entrapment of inhibitory
MgADP in a catalytic site, ATPase activity of the cross-linked form is 47% that of the unmodified mutant
enzyme. These results suggest that, during catalysis, the side chains ofRF357 andâR372 do not pass through
the extremely different relative positions in which they exist at the three noncatalytic site interfaces in
crystal structures.

The FoF1-ATP synthases couple proton translocation to
the condensation of ADP with Pi in energy transducing
membranes. The Fo sector is an integral membrane protein
complex that mediates proton translocation. The catalytic
sites for the condensation reside on the F1 sector, a peripheral
membrane protein complex comprised of five different
polypeptides inR3â3γδε stoichiometry. When removed from
the membrane as a soluble complex, F1 is an ATPase that
contains six nucleotide binding sites. Three of these are
catalytic sites, whereas the other three are called noncatalytic
sites (1, 2).

In the crystal structure of MF11 deduced by Abrahams et
al. (3), the R and â subunits are arranged alternately in a
hexameric configuration, the central cavity of which is
occupied with a coiled coil assembled from the amino and
carboxyl termini of theγ subunit. The three noncatalytic sites
in the crystal structure are located atR/â interfaces where

MgAMP-PNP is bound mostly toR subunits that are folded
in identical closed conformations. In contrast, catalytic sites,
which are located at differentR/â interfaces, are hetero-
geneously liganded. One, designatedRT/âT, contains MgAMP-
PNP bound mostly toâT. MgADP is bound in a manner
similar to that of another catalytic site, designatedRD/âD.
The third catalytic site is empty and is designatedRE/âE.
WhereasâT andâD have nearly identical closed conforma-
tions resembling those ofR subunits,âE has a very different
open conformation. The amino acid side chains that interact
with bound nucleotides or Mg2+ in the closed catalytic sites
at theRT/âT andRD/âD interfaces are arranged very differ-
ently in the open catalytic site at theRE/âE interface.

Although it has been shown that modification of noncata-
lytic sites with the nucleoside analogue 5′-p-(fluorosulfonyl)-
benzoyladenosine inactivates ATP hydrolysis catalyzed by
isolated F1-ATPases (4, 5) and ATP synthesis catalyzed by
submitochondrial particles (6), a precise functional role of
these sites has not been elucidated. Studies with the isolated
MF1- and TF1-ATPases have shown that occupancy of
noncatalytic sites with ATP decreases propensity of the
enzymes to entrap inhibitory MgADP in a catalytic site
during turnover (7-9). The (RD269N)3â3γ subcomplex2 of
TF1, in which an aspartate that interacts with the Mg2+

component of MgAMP-PNP bound to noncatalytic sites is
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substituted, fails to dissociate inhibitory MgADP from the
affected catalytic site when MgATP binds to noncatalytic
sites. This suggests that noncatalytic nucleotide binding sites
in the wild-type enzyme are in conformational equilibrium
with catalytic sites (10). The unusual catalytic properties of
the∆NC mutantR3â3γ subcomplex of TF1, which does not
bind nucleotides to noncatalytic sites, described by Matsui
et al. (11) provided additional evidence that noncatalytic sites
are involved in release of inhibitory MgADP entrapped in a
catalytic site. This quadruple mutant, which contains four
substitutions of amino acid inR subunits that interact with
AMP-PNP bound to noncatalytic sites in the crystal structure
of MF1 (3), retains inhibitory MgADP in a catalytic site under
conditions wherein binding of ATP to noncatalytic sites of
the wild-type enzyme promotes release of inhibitory MgADP
from the affected catalytic site.

Amino acid side chains that interact with the adenine of
AMP-PNP bound to noncatalytic sites are arranged differ-
ently at theREâD, RDâT, andRTâE noncatalytic site interfaces
in crystal structures of MF1 from bovine heart mitochondria.
The nearest distances between Cú of RF357 and the guani-
dinium Nú of âR372 at theRE/âD, RD/âT, andRT/âE interfaces
are 4.1, 4.6, and 8.6 Å, respectively, in the original crystal
structure (3); 11.7, 4.5, and 6.8 Å, respectively, in the crystal
structure in which Glu199 in âD is derivatized with DCCD
(12); and 4.1, 7.5, and 11.7 Å, respectively, in the most recent
crystal structure in which MgADP-fluoroaluminate com-
plexes are bound to catalytic sites at theRT/âT and RD/âD

interfaces and MgADP is bound to the half-closed catalytic
site at theRE/âE interface (13).

It has been established that, during ATP hydrolysis, the
three catalytic sites of F1-ATPases work in sequence driving
counterclockwise rotation of theγ subunit in 120° increments
as catalysis occurs at the individual sites (14, 15). Substantial
evidence suggests that each catalytic site and theâ subunit
in which it resides must cycle through completely open and
completely closed conformations during catalysis (13, 16).
Therefore, it was of interest to find out if introduction of
cross-links betweenR and â subunits at noncatalytic site
interfaces might abolish ATP hydrolysis. To accomplish this,
the catalytic properties of the (RF357C)3(âR372C)3γ double
mutant subcomplex of TF1 were examined in detail before
and after forming disulfide bonds between introduced cys-
teines on one hand and carboxymethylation of the introduced
cysteines on the other. The results and mechanistic implica-
tions of this study are reported here.

EXPERIMENTAL PROCEDURES

Generation and Expression of the Plasmid Encoding the
(RF357C)3(âR372C)3γ Double Mutant Subcomplex.Plasmid
pKK, which carries the genes encoding theR, â, and γ
subunits of TF1, was used for both site-directed mutagenesis
and gene expression (17). Expression plasmids were con-
structed using the polymerase chain reaction and the Quick-
Change site-directed mutagenesis kit obtained from Strat-
agene. The plasmids were purified using the Wizard Plus
miniprep kit from Promega. The primers along with their
corresponding complements (not shown) that were used to
incorporate the base changes were 5′-GCAATCGGACT-
TGTGCTTCTCCGGCGTC-3′ for the RF357C substitution
and 5′-CATTATCAAGTCGCCTGCAAAGTGCAGCAA-

ACG-3′ for theâR372C substitution. The bases changed are
underlined. The double mutant pKK plasmid was expressed
in Escherichia colistrain JM103 (unc-). Purification of the
wild-type R3â3γ and (RF357C)3(âR372C)3γ double mutant
subcomplexes was performed as described by Matsui and
Yoshida (17). Purified enzymes were stored as suspensions
in 75% saturated ammonium sulfate at 4°C.

RemoVal of Endogenous Nucleotides from the Isolated
Subcomplexes.Unless stated otherwise, solutions of the
enzyme were prepared by dissolving pelleted ammonium
sulfate precipitates obtained by centrifugation in 50 mM Tris-
HCl, pH 8.0, containing 10 mM CDTA. After 30 min at 23
°C, 100µL aliquots were passed through 1 mL centrifuge
columns of Sephadex G-50 (18) equilibrated with 50 mM
Tris-HCl, pH 8.0, containing 0.1 mM EDTA. In the case of
the (RF357C)3(âR372C)3γ mutant destined for oxidation with
CuCl2, the column effluents were passed through a second
1 mL centrifuge column equilibrated with the same buffer
in the absence of EDTA.

Analytical Methods.Endogenous nucleotides bound to the
enzyme subcomplexes were determined by HPLC on a TSK-
DEAE-5PW Sepharogel column equilibrated and eluted with
50 mM KH2PO4, pH 4.3, containing 120 mM NaCl (19).
The CDTA-treated wild-type and mutant subcomplexes were
essentially free of endogenous nucleotide. Protein concentra-
tions were determined by the method of Bradford using
Coomassie Blue from Pierce (20).

ATPase activity was determined spectrophotometrically
in the presence of 2 mM ATP and 3 mM MgCl2 using an
ATP regeneration system with phosphoenolpyruvate and
pyruvate kinase coupled to NADH oxidation by lactate
dehydrogenase at 30°C and pH 8.0. Unless stated otherwise,
ATPase assays of the unmodified (RF357C)3(âR372C)3γ sub-
complex were performed in the presence of 1 mM DTT in
the assay medium. Radioactivity was determined by liquid
scintillation counting in Ecoscint obtained from National
Diagnostics.

Preparation of the Fully Reduced and Completely Oxidized
(RF357C)3(âR372C)3γ Subcomplex.The fully reduced double
mutant was prepared by treating the isolated subcomplex free
of endogenous nucleotides at 1 mg/mL in 50 mM Tris-HCl,
pH 8.0, with 10 mM DTT for 30 min at 23°C, at which
time DTT was removed by passing the reaction mixture
through a Sephadex G-50 centrifuge column equilibrated with
the same buffer. The fully oxidized enzyme was prepared
by treating the double mutant free of endogenous nucleotides
at 1 mg/mL in 50 mM Tris-HCl, pH 8.0, with 100µM CuCl2
at 23°C for 30 min. The reaction mixture was then passed
through a Sephadex G-50 centrifuge column equilibrated with
the same buffer to remove excess Cu2+.

Carboxymethylation of the Reduced (RF357C)3(âR372C)3γ
Mutant Subcomplex.To a 1 mg/mL solution of the fully
reduced form of the (RF357C)3(âR372C)3γ double mutant in
50 mM Tris-HCl, pH 8.0, was added iodo[3H]acetate
(American Radiolabeled Chemicals) adjusted to pH 7.0 with
NaOH to a final concentration of 4 mM. The reaction mixture
was incubated for 20 h at 23°C, at which time excess iodo-
[3H]acetate was removed by passing it through a Sephadex
G-50 centrifuge column equilibrated with 50 mM Tris-HCl,
pH 8.0. Titration of the residual cysteine with DTNB after
treating the reduced enzyme with iodo[3H]acetate revealed
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that only three of the introduced cysteines were derivatized
(21).

Preparation of Tryptic Digests of the Reduced, Carboxy-
methylated, and Cross-Linked (RF357C)3(âR372C)3γ Subcom-
plex after Photolabeling with 2-N3-[3H]ADP. The three forms
of the mutant complex were photoinactivated at 1 mg/mL
with 150µM 2-N3-[3H]ADP in the presence of 1 mM MgCl2

as described by Jault et al. (10) until less than 15% activity
remained. The photoinactivated enzymes were precipitated
by addition of solid ammonium sulfate to a final concentra-
tion of 55% saturation. After centrifugation, the protein
precipitates were dissolved in 6 M guanidine hydrochloride
and treated with 10 mM DTT at 23°C for 1.5 h, at which
time iodoacetate was added to a final concentration of 20
mM. The reaction mixtures were incubated for 1 h at 23°C,
at which time they were submitted to dialysis against 2 L of
deionized water with one change for 16 h at 23°C. The
carboxymethylated, photolabeled proteins precipitated during
dialysis. However, the precipitates dissolved when they were
subsequently collected by centrifugation and suspended in
1 mL of 50 mM Tris-HCl, pH 8.0, containing TPCK-trypsin
(1/50 w/w) for 16 h at 23°C.

Polyacrylamide Gel Electrophoresis.SDS-PAGE was
performed on 12% gels. TDAB-PAGE was carried out
essentially as described in Penin et al. (22) except that
electrophoresis was performed on 12.5% gels equilibrated
with 0.2 M NaH2PO4 at pH 4.0.

RESULTS

The ATPase ActiVity of the Reduced (RF357C)3(âR372C)3γ
Double Mutant Is 50% That of Wild Type and Is Slightly
More SensitiVe to TurnoVer-Dependent Entrapment of In-
hibitory MgADP.The (RF357C)3(âR372C)3γ subcomplex was
isolated in partially cross-linked form as assessed by SDS-
PAGE with a specific activity of 7µmol of ATP hydrolyzed
mg-1 min-1. Treatment of the isolated enzyme with 10 mM
DTT for 30 min at 23°C prior to assay increased the specific
activity to 10 µmol of ATP hydrolyzed mg-1 min-1 and
eliminated cross-linking (see lane 1 of Figure 3).

Previous studies have shown that MF1, TF1, and the wild-
type R3â3γ subcomplex of TF1 hydrolyze 50µM ATP in
three kinetic phases (8-10) when assayed in the presence
of an ATP regenerating system. Figure 1A illustrates that
the wild-type and fully reduced double mutant subcomplexes
hydrolyze 50µM ATP with an initial burst that decelerates
to an intermediate rate, which, in turn, slowly accelerates to
a final rate that approaches the initial rate. Acceleration from
the intermediate rate is less pronounced in the trace recorded
for the fully reduced double mutant. The numbers at the end
of the traces indicate the specific activities of the enzyme
subcomplexes (µmol of ATP hydrolyzed mg-1 min-1)
determined from the rates recorded over the last 1 min.

In experiments not illustrated, after a single catalytic site
of each enzyme was loaded with MgADP, 50µM ATP was
hydrolyzed with a lag that accelerated to the same final rate
exhibited in Figure 1A for the traces obtained in the absence
of additions. These and other observations described in detail
previously suggest that deceleration from the initial rate is
caused by turnover-dependent entrapment of inhibitory
MgADP in a catalytic site and acceleration from the

intermediate phase is caused by slow binding of ATP to
noncatalytic sites that promotes dissociation of inhibitory
MgADP from the affected catalytic site (8-11).

Figure 1A also illustrates turnover-dependent inhibition
that occurs when the subcomplexes hydrolyze 50µM ATP
in the presence of 1 mM NaN3. Azide is thought to stabilize
inhibitory MgADP bound to a catalytic site, thus preventing
release when ATP binds to noncatalytic sites (23). In contrast,
Figure 1A shows that a single, rapid rate is observed when
the wild-type and fully reduced mutant enzymes hydrolyze
50 µM ATP in the presence of 0.06% LDAO. The nonionic
detergent prevents turnover-dependent entrapment of inhibi-
tory MgADP in a catalytic site (23). It is interesting that the
fully reduced mutant enzyme is stimulated nearly 6-fold by
LDAO, whereas the wild-type enzyme is stimulated 4-fold
under the same conditions. This suggests that the reduced
mutant enzyme has higher propensity than wild type to entrap
inhibitory MgADP in a catalytic site during turnover.

FIGURE 1: Comparison of the effects of azide and LDAO on
hydrolysis of ATP by the wild-type and reduced (RF357C)3-
(âR372C)3γ enzymes.(A) Assays were conducted at 30°C and were
initiated by injecting 5µg of the wild-type enzyme or reduced
mutant enzyme into 1 mL of assay medium containing 50µM ATP,
1.05 mM MgCl2, 0.25 mM NADH, 20 units of pyruvate kinase,
and 10 units of lactate dehydrogenase in 50 mM Hepes-KOH,
pH 8.0, with and without 1 mM NaN3 or 0.06% LDAO, as
specified. (B) Samples, 2µg each of the wild-type or reduced
mutant enzyme, were injected into 1 mL of assay medium
containing 2 mM ATP plus 3 mM Mg2+ with or without 0.06%
LDAO, as indicated. Recording was initiated within 3 s after
injecting enzyme. The numbers on the traces represent the final
rates of ATP hydrolysis recorded over the last 1 min of each assay
expressed in micromoles of ATP hydrolyzed per milligram per
minute.
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Figure 1B compares hydrolysis of 2 mM ATP by the wild-
type and mutant enzymes in the presence and absence of
LDAO. Both traces are curved upward, indicating that
entrapment of inhibitory MgADP also occurs under these
conditions. The trace for the reduced double mutant shows
more pronounced deceleration, which also indicates that it
is more susceptible to inhibition by inhibitory MgADP.

The (RF357C)3(âR372C)3γ Subcomplex Retains Attenuated
ATPase ActiVity with Altered Characteristics after Cross-
LinkingR andâ Subunits at Two Noncatalytic Site Interfaces.
Figure 2 shows that treatment of the fully reduced mutant
subcomplex with 10µM CuCl2 at 23°C in the absence of
DTT (closed circles) led to a slow decrease of ATPase
activity that plateaus at 80% inactivation after about 45 min.
Further inactivation was not observed for at least 16 h.
Addition of 100 µM CuCl2 to the reduced enzyme led to
nearly instantaneous loss of ATPase activity to the same level
where it remained unchanged after 16 h (data not shown).
Binding MgADP to a single catalytic site had no effect on
the rate or extent of inactivation of the enzyme with 10µM
CuCl2 (closed squares). However, in experiments not il-
lustrated, it was observed that 200µM MgADP significantly
slowed inactivation and 5 mM MgADP nearly completely
prevented inactivation induced by 10µM CuCl2.

In the absence of DTT, the reduced enzyme was inacti-
vated slowly in the presence (open squares) or absence (open
circles) of MgADP bound to a single catalytic site. No
activity was lost when the reduced enzyme was incubated
with EDTA in the absence of DTT, suggesting that the
observed inactivation represents autoxidation catalyzed by
metal ion contaminants in the buffer (data not shown).

Figure 3 shows the extent of cross-linking betweenR and
â subunits observed after samples of the reaction mixtures
described in Figure 2 were submitted to SDS-PAGE. It is
clear that freeR andâ subunits remained after the enzyme
samples in lanes 3 and 5 were inactivated by 80% in the
presence of 10µM CuCl2 for 3 h. Essentially, the same
amounts of freeR and â subunits were observed when a
sample of the double mutant which had been treated with
100 µM CuCl2 for 16 h at 23°C was submitted to SDS-
PAGE (data not shown). After removal of CuCl2 from
enzyme oxidized under these conditions, titration of the
residual unmodified cysteine with DTNB showed that 0.4
mol of free sulfhydryl groups remained per mole of enzyme
(21). From these results it is concluded that after disulfide
bonds are formed between at least two noncatalytic site
interfaces, the mutant enzyme hydrolyzes 2 mM ATP at
about 20% of the rate exhibited by the fully reduced mutant
enzyme. This is 10% of the rate exhibited by the wild-type
enzyme.

Panels A and B of Figure 4 illustrate hydrolysis of 50µM
and 2 mM ATP, respectively, by the (RF357C)3(âR372C)3γ
subcomplex after it was inactivated by 80% with CuCl2. The
trace obtained upon hydrolysis of 50µM ATP by the cross-
linked double mutant in the absence of additions illustrated
in Figure 4A differs considerably from the trace recorded in
Figure 1A for the reduced enzyme under the same conditions.
The trace obtained with the cross-linked enzyme is biphasic
rather than triphasic. No acceleration from the inhibited rate
was observed when the trace was extended an additional 6
min over that illustrated in Figure 4A. Therefore, after the
initial burst, ATPase activity occurs at 10% of the initial
rate and does not accelerate to a third kinetic phase. This
suggests that, after cross-linking, either the mutant enzyme
does not bind nucleotides to noncatalytic sites or that it binds
nucleotides to noncatalytic sites without promoting dissocia-
tion of inhibitory MgADP from the affected catalytic site.

In the presence of 1 mM NaN3, the cross-linked enzyme
hydrolyzes 50µM ATP with an initial burst that decelerates
to a final rate that is 1% of the initial rate, whereas in the

FIGURE 2: Time-dependent inactivation of the reduced (RF357C)3-
(âR372C)3γ mutant enzyme by CuCl2 under various conditions. The
fully reduced double mutant was prepared as described under
Experimental Procedures. Immediately before addition of CuCl2,
DTT was removed from the reduced enzyme by passing it through
Sephadex G-50 centrifuge columns equilibrated with 50 mM Tris-
HCl, pH 8.0. Samples of the enzyme prepared in this manner were
incubated at 1 mg/mL with the following additions before assaying
3 µL samples at the times indicated: (×) 10 mM DTT; (open
circles) none; (closed circles) 10µM Cu2+; (open squares) 3.1µM
ADP and 1 mM MgCl2; (closed squares) 3.1µM ADP and 1 mM
MgCl2 followed by 10µM CuCl2.

FIGURE 3: Comparison of the formation ofR-â cross-links
revealed on SDS-PAGE before and after oxidation of the reduced
mutant in the presence or absence of MgADP. After incubating
the reaction mixtures described in Figure 1 for 3 h at 23°C, 5 µg
samples of each were submitted to SDS-PAGE on 12% gels at
200 V cm-1. The gel was stained with Coomassie Brilliant Blue
R250. The samples contained the fully reduced enzyme plus (lane
1) 10 mM DTT, (lane 2) no additions, (lane 3) 10µM CuCl2, (lane
4) 3.1µM ADP and 1 mM MgCl2, and (lane 5) 3.1µM ADP and
1 mM MgCl2 followed by 10µM CuCl2.
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presence of 0.06% LDAO, it hydrolyzes 50µM ATP 13-
fold faster than the final rate exhibited in the absence of
additions. The dashed lines extending from the initial bursts
of the traces obtained with no additions or in the presence
of azide show that initial rates observed under these
conditions are nearly identical to the linear rate obtained in
the presence of LDAO. This supports the contention that
LDAO prevents turnover-dependent entrapment of inhibitory
MgADP in a catalytic site.

ATPase ActiVity Is Stimulated after ExclusiVe Carboxy-
methylation of the Introduced Cysteines inR Subunits of the
(RF357C)3(âR372C)3γ. Treatment of the fully reduced mutant
enzyme with 4 mM iodo[3H]acetate as described under
Experimental Procedures led to slow activation of ATPase
activity. After 16 h at 23°C, the specific activity increased
from 10 to 20µmol of ATP hydrolyzed mg-1 min-1. When
the radioactive, carboxymethylated mutant enzyme was
submitted to polyacrylamide gel electrophoresis in the
presence of the cationic detergent tetradecyltrimethylammo-
nium bromide (TDAB), it was found that the introduced
cysteines in theR subunits were exclusively carboxymeth-
ylated (Figure 5). When treated with iodo[3H]acetate under
the same conditions, less than 0.2 mol of3H was incorporated
per mole of the wild-type enzyme which containsRC193

(corresponds toRC201 in MF1).
After carboxymethylation, the (RF357C)3(âR372C)3γ sub-

complex dissociates inhibitory MgADP entrapped in a
catalytic site during turnover more readily than the unmodi-

fied enzyme. The carboxymethylated enzyme hydrolyzes 50
µM ATP in three distinct kinetic phases (Figure 6A). In
contrast, acceleration from the slow, intermediate phase is
barely discernible during hydrolysis of 50µM ATP by the
unmodified mutant enzyme (Figure 1A). Moreover, in the
presence of LDAO, the rate of hydrolysis of 2 mM ATP by
the carboxymethylated enzyme is stimulated only 3-fold
(Figure 6B), rather than 6-fold as observed for the unmodi-
fied mutant enzyme (Figure 1B). However, hydrolysis of 50
µM ATP by the carboxymethylated mutant enzyme is
stimulated 6-fold rather than 3-fold. This may reflect that
carboxymethylation lowers the affinity of catalytic sites for
MgATP. TheKm values estimated from Lineweaver-Burk
plots (data not shown) for the unmodified and carboxy-
methylated mutant enzymes were 34 and 109µM, respec-
tively.

Noncatalytic Sites in the Unmodified and Modified
(RF357C)3(âR372C)3γ Subcomplex Are Photolabeled with
2-N3-[ 3H]ADP. To determine whether carboxymethylation
or formation of cross-links between the introduced cysteines
in the (RF357C)3(âR372C)3γ subcomplex affects affinity of
noncatalytic sites for nucleotides, the reduced, carboxy-
methylated, and cross-linked forms of the enzyme were
photolabeled with 2-N3-[3H]ADP. Figure 7 compares profiles
of radioactive peptides resolved when tryptic digests of the
three photolabeled forms of the enzyme were submitted to
HPLC. In each case, two major peaks of radioactivity eluted
from the column. By analogy with HPLC profiles obtained
after photolabeling the wild-type subcomplex under analo-
gous conditions (10, 24), the radioactive peak eluting at 80
min represents the tryptic peptide with the sequence
â-ALAPEIVGEEHY364QVA C368K, whereâY364 (TF1 resi-

FIGURE 4: Effects of azide and LDAO on hydrolysis of ATP
catalyzed by the cross-linked form of the (RF357C)3(âR372C)3γ
mutant subcomplex. Continuous assays were performed as described
in the legend of Figure 1 except that 10µg of the cross-linked
enzyme was used to initiate hydrolysis of 50µM ATP (A) and 5
µg of the cross-linked enzyme was used to initiate hydrolysis of 2
mM ATP (B).

FIGURE 5: Identification of labeled subunits using TDAB-PAGE
after activation of the reduced (RF357C)3(âR372C)3γ subcomplex with
the iodo[3H]acetate. The [3H]carboxymethylated subcomplex (20
µg), prepared as described under Experimental Procedures and
dissolved in 40µL of 0.2 M NaH2PO4 (pH 4.0) containing 6%
TDAB and 100 mMâ-mercaptoethanol, was submitted to poly-
acrylamide gel electrophoresis as described in Penin et al. (22).
Following staining with Brilliant Blue R250, the gel was cut into
1 mm slices that were digested with 15% H2O2 for 16 h at 37°C.
The 3H in the digested gel slices was determined by liquid
scintillation counting.
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due number) is the residue derivatized with nitreno[3H]ADP
andâC368 (TF1 residue number) is the introduced cysteine
residue in theâ subunit derivatized with iodoacetate before
the tryptic digest is prepared. The radioactive peak eluting
at 92 min represents the tryptic peptide with the sequence
â-LAEMGIY341PAVDPLVSTSR, whereâY341 (TF1 residue
number) is the residue derivatized with nitreno[3H]ADP.
From the yield of radioactivity that was recovered in the
peak eluted at 80 min, it was estimated that 1.4, 1.7, and 2.0
noncatalytic sites were derivatized with 2-nitreno[3H]ADP
in the reduced, carboxymethylated, and cross-linked forms
of the (RF357C)3(âR372C)3γ subcomplex, respectively. From
the yield of radioactivity in the peak eluting at 92 min it
was estimated that 1.0, 0.7, and 1.6 catalytic sites of the
reduced, carboxymethylated, and cross-linked forms of the
mutant enzyme, respectively, were derivatized with 2-nitreno-
[3H]ADP.

DISCUSSION

Given the different arrangements ofRF357 and âR372 at
the threeR/â interfaces in crystal structures of bovine MF1

illustrated in Figure 8, it was surprising to find that the
(RF357C)3(âR372C)3γ subcomplex retained substantial ATPase
activity after disulfide bonds are formed between the
introduced cysteines in at least twoRâ pairs. In the original

crystal structure of bovine MF1 (3), the side chain ofRF357

is 4.1 and 4.6 Å from the side chain ofâR372 at theRE/âD

andRD/âT interfaces, respectively, whereas these side chains
are 8.6 Å apart at theRT/âE interface as illustrated in Figure
8. These residues are arranged differently in the crystal
structure of bovine MF1 containing two closed catalytic sites
with bound MgADP‚AlF4

- complexes and the third catalytic
site containing bound MgADP in a half-closed conformation
(13). In this structure, the side chains ofRF357 andâR372 are
4.1 Å apart at theRE/âD interface, whereas they are 7.1 and
11 Å apart at theRD/âT andRT/âE interfaces, respectively.
In the absence of LDAO, the steady-state ATPase activity
of the cross-linked mutant enzyme is 20% that of the reduced
mutant enzyme, whereas in the presence of LDAO, the
ATPase activity of the cross-linked enzyme is 47% that of
the reduced enzyme. Therefore, the extreme heterogeneity
of the relative positions of the side chains ofRF357 andâR372

observed in crystal structures of bovine MF1 may reflect
adjustments of the overall conformations of enzyme mol-

FIGURE 6: Effects of azide and LDAO on hydrolysis of ATP
catalyzed by the carboxymethylated form of the (RF357C)3-
(âR372C)3γ mutant subcomplex. Continuous assays were performed
as described in the legend of Figure 1 using 5µg of the
carboxymethylated enzyme to initiate hydrolysis of 50µM ATP
(A) and 2µg of the carboxymethylated enzyme to initiate hydrolysis
of 2 mM ATP (B).

FIGURE 7: Elution profiles of radioactive peptides observed on
submitting tryptic digests of the reduced, carboxymethylated, and
cross-linked forms of the (RF357C)3(âR372C)3γ mutant subcomplexes
to reversed-phase HPLC after photolabeling with 2-N3-[3H]ADP.
Solutions, 1 mL each, containing 1 mg/mL reduced (A), carboxy-
methylated (cmC mutant) (B), or cross-linked mutant (C) subcom-
plexes, were incubated with 150µM 2-N3-[3H]ADP plus 1 mM
MgCl2 at 23°C in the dark for 20 min, at which time the samples
were irradiated and then digested with trypsin as described under
Experimental Procedures. Radioactive peptides in the tryptic digests
were resolved by HPLC using a C-4 reversed-phase column that
was equilibrated with 0.1% HCl and eluted with the gradient of
acetonitrile as illustrated. The collected 1 mL fractions were
submitted to liquid scintillation counting.
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ecules when they are packed in crystal lattices rather than
conformational states through which they must pass during
catalysis.

Unlike the wild-type enzyme and unmodified and car-
boxymethylated forms of the mutant enzyme, the cross-linked
mutant enzyme entraps inhibitory MgADP during turnover
when assayed in the absence of LDAO that is not released
under conditions wherein binding of ATP to noncatalytic
sites of the wild-type enzyme promotes release of MgADP
from the affected catalytic site. Since the noncatalytic sites
of the (RF357C)3(âR372C)3γ subcomplex are photolabeled to

about the same extent with 2-N3-ADP before and after cross-
linking, decreased affinity of noncatalytic sites for MgATP
does not appear to be responsible for the diminished release
of inhibitory MgADP observed when the cross-linked
enzyme hydrolyzes 2 mM ATP.

To explain transient entrapment of inhibitory MgADP in
a single catalytic site during ATP hydrolysis catalyzed by
MF1, it has been postulated that an active or readily
activatable F1‚(MgADP) complex is in equilibrium with an
inactive F1* ‚(MgADP) complex (25, 26). Inhibition by azide,
which is also turnover-dependent, is thought to perturb the

FIGURE 8: Different arrangements of the side chains ofRF357 andâR372 at noncatalytic site interfaces in crystal structures of bovine heart
MF1. On the left are the nearest distances between the side chains ofRF357 and âR372 at theRE/âD, RD/âT, andRT/âE interfaces in the
original crystal structure of MF1 from bovine heart designated MgAMP-PNP-F1-MgADP (3). On the right are the nearest distances
between the side chains ofRF357 andâR372 at theRE/âD, RD/âT, andRT/âE interfaces in the crystal structure of MF1 in which two catalytic
sites in closed conformations contain MgADP-fluoroaluminate complexes and the third catalytic site in a half-closed conformation contains
MgADP (13). This structure is designated (MgADP‚AlF4

-)2F1(MgADP).
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equilibrium by stabilizing the F1* ‚(MgADP) complex (23,
25, 27, 28). However, for another opinion on the mechanism
of inhibition of F1-ATPases by azide see Weber and Senior
(29). Mutant R3â3γ subcomplexes of TF1, including the
unmodified and cross-linked forms of the (RF357C)3-
(âR372C)3γ subcomplex described here, that have higher
propensity than wild type to entrap inhibitory MgADP in a
catalytic site during turnover are stimulated to a greater extent
than wild type when assayed in the presence of LDAO (10,
30, 31). In contrast, those mutant enzymes that have lower
propensity than wild type to entrap inhibitory MgADP in a
catalytic site during turnover, including the carboxymeth-
ylated (RF357C)3(âR372C)3γ subcomplex described here,
exhibit lower sensitivity to azide and are stimulated to a lesser
extent or slightly inhibited by LDAO (23, 31, 32).

It has been shown that the ATPase activities of theR3â3

andR3â3δ subcomplexes of TF1 are neither inhibited by azide
nor activated by LDAO, suggesting that theγ subunit
participates in the F1‚(MgADP) / F1*‚(MgADP) equilibrium
(33). The conformation of theγ subunit in the revised crystal
structure of EF1 recently reported by Hausrath et al. (34)
suggests a possible connection between activation of bacterial
F1-ATPases by LDAO and the conformation of theγ subunit.
According to the new interpretation of the electron density
map, the coiled coil comprised of the N- and C-terminalR
helices found in crystal structures of MF1 is partially
unwound and theε subunit is folded in the ATPase-inhibitory
“up” conformation described by Tsunoda et al. (35). In the
up conformation, the C-terminalR helix of ε is perpendicular
to its â sandwich domain and interacts with the DELSEED
loop in the C-terminal,R-helical domain of one of theâ
subunits. To explain the F1‚(MgADP) / F1* ‚(MgADP)
described above, we postulate that theR helices in the coiled
coil of γ are fully wound in the F1‚(MgADP) state, whereas
they are partially unwound in the F1* ‚(MgADP) state. It is
further postulated that interactions between adjacent side
chains of the constituentR helices that stabilize the coiled
coil of γ in the fully wound conformation find new partners
within the R3â3 hexamer upon unwinding that stabilize the
conformation observed in the crystal structure of EF1. To
account for the absence of turnover-dependent entrapment
of inhibitory MgADP during ATP hydrolysis in the presence
of LDAO, it is proposed that the nonionic detergent favors
the wound conformation by destabilizing interactions be-
tween side chains ofγ in the partially unwound form, with
side chains extending from theR3â3 hexamer.

To explain why ATP synthesis in submitochondrial
particles or artificial membranes containing TFoF1 and
bacteriorhodopsin is not affected by preloading a catalytic
site with MgADP (35, 36), we take into account the generally
accepted assumption that during ATP synthesis, the proton
electrochemical gradient drives clockwise rotation of theγ
subunit (15, 38, 39). Under these conditions, the torque
imposed by the electrochemical gradient should force the
N- and C-terminalR helices of theγ subunit into the fully
wound conformation. Consistent with this argument, Fischer
et al. reported that theE. coli ATP synthase reconstituted
into liposomes containing bound MgADP and Pi has low
ATPase activity in the absence of energization with an
artificially imposed proton electrochemical potential. After
energization, the initial rate of ATP hydrolysis catalyzed by
the proteoliposomes increased 9-fold (40).
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