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ABSTRACT: In crystal structures of the bovine F1-ATPase (MF1), the side chains ofγMet23, γMet232, and
γLeu77 interact in a cluster. Substitution of the corresponding residues in theR3â3γ subcomplex of TF1
with lysine lowers the ATPase activity to 2.3, 11, and 15%, respectively, of that displayed by wild-type.
In contrast, TF1 subcomplexes containing theγM23C, γM232C, andγL77C substitutions display 36, 36,
and 130%, respectively, of the wild-type ATPase activity. The ATPase activity of theγM23C/γM232C
double mutant subcomplex is 36% that of the wild-type subcomplex before and after cross-linking the
introduced cysteines, whereas the ATPase activity of theγM23C/L77C double mutant increased from 50
to 85% that of wild-type after cross-linking the introduced cysteines. Onlyâ-â cross-links formed when
the R3(âE395C)3γM23C double mutant was inactivated with CuCl2. The overall results suggest that the
attenuated ATPase of the mutant subcomplexes containing theγM23K, γL77K, andγM232K substitutions
is caused by disruption of the cluster of hydrophobic amino acid side chains and that the midregion of the
coiled-coil comprised of the amino- and carboxyl-terminalR helices of theγ subunit does not undergo
unwinding or major displacement from the side chain ofγLeu77 during ATP-driven rotation of theγ
subunit.

The F1-ATPase is the peripheral component of the FoF1-
ATP synthases that catalyze the condensation of ADP with
Pi driven by ion electrochemical gradients in energy trans-
ducing membranes. When separated from the Fo component
in soluble form, F1 is an ATPase comprised of five gene
products withR3â3γδε stoichiometry. Isolated F1-ATPases
contain six nucleotide binding sites, three of which are
catalytic sites. The other three binding sites, called noncata-
lytic sites, do not have a well-defined functional role (1).
Crystal structures of MF11 have shown that catalytic sites
are predominantly inâ subunits atR/â interfaces, whereas
noncatalytic sites are mostly inR subunits at differentR/â
interfaces (2-4). In the original crystal structure, the three
noncatalytic sites are homogeneously liganded with MgAMP-
PNP, whereas catalytic sites are heterogeneously liganded.
One designatedâTP contains MgAMP-PNP, another des-
ignatedâDP contains MgADP, and the third site designated
âE is empty (2).

In crystal structures of MF1, the elongatedR andâ subunits
alternate to form an (Râ)3 hexamer, the central cavity of
which is occupied by an asymmetric coiled-coil comprised
of the N- and C-terminalR helices of theγ subunit. A
globular domain consisting of residues 50-197 of theγ
subunit protrudes from that part of the coiled-coil that is
outside the central cavity of the (Râ)3 hexamer (3, 4).

Single molecule studies have shown that the immobilized
R3â3γ subcomplex of the TF1-ATPase is a rotary motor.
During ATP hydrolysis, sequential firing of the three catalytic
sites drives counterclockwise rotation of the coiled-coil of
theγ subunit within the core of the (Râ)3 hexamer in discrete
120° steps (5, 6). From molecular dynamics simulations using
coordinates from crystal structures of MF1, Ma et al. (7)
proposed that during energy-driven ATP synthesis, clockwise
rotation of theγ subunit is accompanied by unwinding and
rewinding of the coiled-coil during each 120° rotational step.
The simulations also indicate that the globular part of theγ
subunit protruding from the coiled-coil undergoes a rocking
motion during each 120° rotational step.

Figure 1 illustrates that the side chains ofγM23 in the
N-terminal R helix, γM232 in the C-terminalR helix, and
γL77 in the protrusion are arranged in a cluster in the crystal
structure of MF1 in which Glu199 in âDP is derivatized with
DCCD (3). The nearest distances between the side chains
of these residues in the frozen native (3) and (MgADP‚AlF4

-)2

(4) crystal structures of MF1 are also listed in Table 2.
Positionγ-23 is occupied by Met in all but two sequences
listed in Swiss-Prot/ TrEMBL including TF1. Gln occupies
this position in Mycobacterium tuberculosisand Myco-
bacterium leprae. The equivalent ofγ-77 in MF1 (γ-85 in
TF1)2 is occupied by Leu in all but one of theγ subunits
listed. Met occupies the equivalent position inHaemophilus
influenzae. The equivalent ofγ-232 in MF1 (γ-241 in TF1)
is occupied by Met in all species listed.
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The rather strict homologies in these positions suggest that
the cluster of interacting side chains might have a structure/
function relationship. To determine if this is indeed the case,
the catalytic characteristics of theR3â3γ subcomplexes
containing theγM23C, γM232C, γL77C, γM23K, γM232K, and

γL77K single substitutions have been compared with those
of the wild-type subcomplex. The catalytic characteristics
of the R3â3(γM23C/M232C) and R3â3(γM23C/L77C) double
mutant subcomplexes have also been compared before and
after cross-linking the introduced cysteines to determine if
cross-linking the N- and C-terminalR helices within the
coiled-coil or between the coiled-coil and the protrusion
affects catalysis.

In crystal structures of MF1, the side chain ofγMet23 is
also within 5 Å of theside chain ofâDPGlu395 (3). Al Shawi
et al. (8) proposed that the severely attenuated ATPase
activity displayed by theγM23K mutant of theEscherichia
coli F1 might be caused by an ionized hydrogen bond
between the introduced lysine side chain and the car-
boxylate ofâGlu395. Given that an earlier study showed that
only â-â cross-links formed upon treatment of the
R3(âE395C)3γK36C double-mutant subcomplex with CuCl2

(10), theR3(âE395C)3γM23C double-mutant subcomplex has
also been prepared and characterized to determine ifâ-γ
cross-links form upon treatment of the double mutant with
CuCl2.

EXPERIMENTAL PROCEDURES

Generation and Expression of Plasmid Mutants.The
expression plasmid pKK that encodes theR, â, and γ
subunits of TF1 was used for both site-directed mutagenesis
and gene expression (9). Site-specific mutations in the
expression plasmid were performed with PCR using the
QuikChange site-directed mutagenesis kit from Stratagene.
The wild-type and mutant plasmids were purified using the
Wizard Plus miniprep kit from Promega. The primers
(Invitrogen) and corresponding complements (not shown)
that were used to incorporate theR3â3γM23C, R3â3γM232C,

FIGURE 1: Relative positions of the side chains ofγM23, γL77, γM232, âDPL391, andâTPL391 in the crystal structure of MF1 derivatized with
DCCD: the figure was constructed from the coordinates of MF1 obtained from Protein Data Bank entry 1E79 using the RasMol software
program provided by Roger Sayle (Glaxo Wellcome Research and Development, Greenford, United Kingdom).

Table 1: Synthetic Oligonucleotides Used for Site-Directed
Mutagenesis

mutation oligonucleotide sequencea

γM23Cb 5-CAAATTACAAAAGCGTGCGAAATGGTCTCG-3
γM241Cb 5-GGATGACGGCGTGTAAGAACGCAACG-3
γL85Cb 5-GGATCGCGGTTGTGCTGGCGCGTAC-3
γM23Kb 5-CAAAAGCGAAGGAAATGGTCTCGAC-3
γM241Kb 5-GATGACGGCGAAGAAGAACGCAAC-3
γL85Kb 5-GGATCGCGGTAAAGCTGGCGCGTAC-3

a The bases changed are underlined.b These are TF1 residue numbers.
See footnote 1 for the corresponding residues in MF1.

Table 2: Nearest Distances between Side Chains in theγ Subunit
and the Side Chains ofâDPL391 andâTPL391 in Crystal Structures of
MF1

residue pair
frozen native

(Å)a
DCCD
(Å)b

(MgADP-AlF4
-)2

(Å)c

γM23-γM232 3.80 3.32 3.16
γM23-γL77 3.80 4.27 5.41
γL77-γM232 4.17 4.55 3.38
âDPL391-âTPL391 5.04 4.13 4.77
γM23-âDPL391 4.67 3.56 4.02
γM23-âTPL391 7.69 7.42 7.26
γL77-âDPL391 5.54 4.77 4.00
γL77-âTPL391 3.70 4.06 4.17
γM232-âDPL391 5.10 4.85 4.76
γM232-âTPL391 5.36 5.69 4.66

a Obtained from Protein Data Bank entry 1E1Q.b Obtained from
Protein Data Bank entry 1E79.c Obtained from Protein Data Bank entry
1H8E.
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R3â3γL77C, R3â3γM23K, R3â3γM232K, andR3â3γL77K single
substitutions in the wild-type pKK expression plasmid are
listed in Table 1. TheâE395C single mutant plasmid DNA
(10) was used as template to generate theR3(âE395C)3γM23C
double mutant, and theR3â3γM23C/M232C andR3â3γM23C/
L77C double mutants were generated using theγM23C single
mutant plasmid DNA as template. Introduction of each
mutation was confirmed by DNA sequencing. The mutant
plasmids were expressed inE. coli strain JM103 (unc-). The
wild-type and mutantR3â3γ subcomplexes were purified to
homogeneity and stored as suspensions in 75% saturated
ammonium sulfate at 4°C as described by Matsui and
Yoshida (9).

Analytical Methods.Endogenous nucleotides were re-
moved from the wild-type and mutant subcomplexes before
kinetic measurements and cross-linking by treatment with
CDTA as described in detail previously (10). ATPase activity
was determined spectrophotometrically 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 (10).
NADH oxidation was monitored at 340 nm with a Uvikon-
XL double beam spectrophotometer. Traces were recorded
within 3 s after initiating the reactions by injecting small
volumes of enzyme solutions into 1 mL of assay medium.
Protein concentrations were determined by the method of
Bradford using Coomassie Blue from Pierce (11). SDS-
polyacrylamide gel electrophoresis was performed on 12%
Tris-Cl Ready Gels from Bio-Rad. After staining with 0.1%
Coomassie Brilliant Blue R-250, gels were destained thor-
oughly and photographed.

Preparation of Reduced and Cross-LinkedâE395C Single
andâE395C/γM23C, γM23C/M232C, andγM23C/L77C Double-
Mutant Subcomplexes.For complete reduction of the single
or double-mutant subcomplexes, 1 mg/mL protein solutions
in 50 mM Tris-Cl, pH 8.0 containing 0.1 mM EDTA were
treated with 10 mM DTT for 2 h at 23°C. To prepare the
cross-linkedR3(âE395C)3γ single andR3â3γM23C/M232C,
R3â3γM23C/L77C, or R3(âE395C)3γM23C double-mutant sub-
complexes, the completely reduced single and double mutant
subcomplexes, at 1 mg/mL in 50 mM Tris-Cl, pH 8.0 were
treated with either 100 or 500µM CuCl2 at 23 °C in the
absence of DTT and EDTA. After complete oxidation of
the single- or double-mutant subcomplexes as assessed by
activity measurements or SDS-PAGE, excess CuCl2 was
removed from reaction mixtures by passing 100µL aliquots
of the oxidized protein samples through 1 mL centrifuge
columns of Sephadex G-50 equilibrated with 50 mM Tris-
Cl, pH 8.0 (12).

RESULTS

Comparison of Effects of NaN3 and LDAO on the Hy-
drolysis of 2 mM ATP by the Wild-Type,γM23C, γM232C,
γL77C, γM23K, γM232K, and γL77K Single-Mutant Sub-
complexes. Turnover-dependent entrapment of inhibitory
MgADP occurs during hydrolysis of ATP by bovine heart
MF1, spinach CF1, TF1, and the wild-typeR3â3γ subcomplex
of TF1 (13-16). In the case of the wild-type subcomplex,
turnover-dependent inhibition is provoked by azide and is
relieved by the nonionic detergent LDAO (15). Mutant
subcomplexes have been characterized in which turnover-

dependent entrapment of inhibitory MgADP is greater than
that observed with wild-type (16-18), and others have been
described in which entrapment of inhibitory MgADP is less
than that observed with wild-type (19-21). Therefore, the
ATPase activities of the mutant enzymes examined in this
study have been assayed with and without azide or LDAO
to determine if the amino acid substitutions alter propensity
to entrap inhibitory MgADP in a catalytic site during
turnover.

Figure 2 compares the effects of NaN3 and LDAO on the
rate of hydrolysis of 2 mM ATP catalyzed by the wild-type
and single-mutant subcomplexes in the presence of an ATP
regenerating system. In the absence of additions, the wild-
typeR3â3γ subcomplex hydrolyzes 2 mM ATP with a steady-
state rate of 20µmol of ATP hydrolyzed mg-1 min-1. In
the presence of 1 mM NaN3, the rate of hydrolysis of 2 mM
ATP by the wild-type subcomplex is inhibited nearly
completely in a turnover-dependent manner. In the presence
of 0.06% LDAO, the ATPase activity of wild-type sub-
complex increases 4.3-fold.

In the absence of additions, theR3â3γM23C single-mutant
subcomplex hydrolyzed 2 mM ATP at 36% of the rate
exhibited by wild-type. In contrast, theR3â3γM23K single
mutant hydrolyzed ATP at only 2.3% of the rate exhibited
by wild-type. Both theγM23C and γM23K single mutant
enzymes were more sensitive than wild-type to turnover-
dependent inhibition induced by NaN3 and were stimulated
8- and 11-fold, respectively, by LDAO. The catalytic
characteristics of theγM232C single-mutant subcomplex are
similar to those of theγM23C single mutant. TheR3â3γM232C
subcomplex hydrolyzed 2 mM ATP at 36% of the wild-type
rate was nearly completely inhibited by 1 mM NaN3 in a
turnover-dependent manner and was stimulated 6-fold by
0.06% LDAO. TheR3â3γM232K single-mutant subcomplex
hydrolyzed 2 mM ATP at 11% of the wild-type rate as
compared to 2.3% of the wild-type rate exhibited by the
γM23K single mutant. Hydrolysis of 2 mM ATP by the
γM232K single mutant enzyme was strongly inhibited by 1
mM NaN3 and was accelerated 6-fold by LDAO. These
results indicate that substitution ofγMet23 andγMet232 with
cysteine increases propensity to entrap inhibitory MgADP
in a catalytic site during turnover about equally. Although
both theγM23K and theγM232K mutant subcomplexes have
greater propensity than theγM23C andγM232C mutants to
entrap inhibitory MgADP in a catalytic site during turnover,
the γM23K mutant is more sensitive to MgADP inhibition.

In contrast, theγL77C single mutant subcomplex hydro-
lyzes 2 mM ATP 30% faster than the wild-type subcomplex
and is inhibited to a lesser extent than wild-type by azide.
Furthermore, the rate of hydrolysis 2 mM ATP by theγL77C
single mutant was stimulated 2.6-fold by LDAO rather than
4.3-fold exhibited by the wild-type subcomplex. These
characteristics suggest that theγL77C substitution decreases
the propensity to entrap inhibitory MgADP in a catalytic site
during turnover. In contrast, theγL77K single mutant
subcomplex hydrolyzed 2 mM ATP at 15% of the wild-type
rate and was inhibited to a greater extent than wild-type in
the presence of azide indicating that it has greater propensity
than wild-type to entrap inhibitory MgADP in a catalytic
site during turnover. However, inconsistent with this premise,
hydrolysis of 2 mM ATP by theγL77K single mutant was
stimulated only 1.6-fold by LDAO.
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Cross-Linking the Introduced Cysteines Does Not Affect
the ATPase ActiVity of R3â3γM23C/M232C Double-Mutant
Subcomplex.Figure 3A illustrates that treatment of the
R3â3γM23C/M232C double-mutant subcomplex with 100µM
CuCl2 for 2 h converts theγ subunit to a form that has in-
creased electrophoretic mobility during SDS-PAGE, indi-
cating cross-linking of the introduced cysteines. The extent
of cross-linking was not affected by including stoichiometric
or 0.2 mM MgADP during treatment with CuCl2. Figure 3B
shows that treatment of the reduced double mutant with
CuCl2 for 3 h did not significantly alter the characteristics
of hydrolysis of 2 mM ATP in the presence or absence of
NaN3 or LDAO.

Treatment ofR3â3γM23C/L77C Double Mutant with CuCl2

ActiVates ATPase ActiVity. Figure 4A shows that in the
absence of added MgADP (open circles), treatment of the
fully reducedR3â3γM23C/L77C double-mutant subcomplex
with 100µM CuCl2 in the absence of DTT slowly increases
the rate of hydrolysis of 2 mM ATP. Under these conditions,
acceleration of activity plateaus after 3-4 h when the specific
activity is about 17µmol of ATP hydrolyzed mg-1 min-1.
The rate of acceleration of ATPase activity was significantly
increased when either stoichiometric (closed tilted squares)
or 200µM MgADP (closed circles) was added to the reduced
enzyme before the addition of CuCl2. When the fully reduced
or the CuCl2-treated double mutant was submitted to SDS-
PAGE, the electrophoretic mobility of theγ subunit was the
same as that observed with the wild-type subcomplex. Given
that treatment with CuCl2 activates the ATPase activity
markedly, it appears that the loop formed upon formation
of a disulfide bond betweenγCys23 andγCys77 in the double
mutant does not alter mobility of theγ subunit during SDS-
PAGE.

Figure 4B illustrates the kinetic characteristics of the
γM23C/L77C double mutant before and after maximal activa-
tion with CuCl2 in the absence of added MgADP. The
reducedγM23C/L77C double mutant hydrolyzes 2 mM ATP
with a specific activity of 10µmol of ATP hydrolyzed mg-1

min-1, which is 50% of the wild-type rate. The reduced
mutant is less sensitive than wild-type to azide inhibition. It
was stimulated to about the same extent as wild-type by
LDAO. Compared to the wild-type subcomplex, the cross-
linked γM23C/L77C double mutant is less sensitive to azide
inhibition. It was stimulated only 1.7-fold by LDAO instead
of 4.3-fold exhibited by the wild-type.

Only â-â Cross-Links Form during Slow InactiVation of
theR3(âE395C)3(γM23C) Double Mutant with CuCl2. Figure
5A shows that onlyâ-â cross-links formed when the
R3(âE395C)3(γM23C) double-mutant subcomplex was treated
with 500 µM CuCl2 for 24 h at room temperature in the
presence or absence of stoichiometric or 200µM MgADP.
The same results were obtained in an earlier study when the
R3(âE395C)3γ single-mutant subcomplex was slowly inacti-
vated with CuCl2 under the same conditions (10). Figure 5B
shows that the characteristics of hydrolysis of 2 mM ATP
by the reducedR3(âE395C)3(γM23C) double mutant are
essentially the same as those obtained with theR3(âE395C)3γ
single mutant.

DISCUSSION

The catalytic characteristics of theγM23C and γM232C
single mutants and those of the cross-linked and reduced
forms of theγ(M23C/M232C) double mutant are very similar.
In the absence of additions, each mutant form hydrolyzes 2
mM ATP at about 35% of the wild-type rate. The mutant
subcomplexes exhibit nearly identical patterns of turnover-

FIGURE 2: Comparison of the effects of NaN3 and LDAO on hydrolysis of ATP by the wild-type and single mutant subcomplexes. Hydrolysis
of 2 mM ATP was performed with an ATP regenerating system (10) in the presence of 3 mM MgCl2 at 30°C. Assays were initiated by
injecting 2µg of the wild-type or 5µg each of the single mutants into 1 mL of assay medium in the presence or absence of 1 mM NaN3
or 0.06% LDAO. The numbers on the traces represent the final rates of ATP hydrolysis recorded over the last 1 min of each assay are
expressed inµmol of ATP hydrolyzed mg-1 min-1.
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dependent inhibition by NaN3. Moreover, the ATPase
activities of the four mutant forms are stimulated to about
the same extent (6-8-fold) in the presence of LDAO. The
finding that the catalytic characteristics of theγ(M23C/M232C)
double mutant are essentially the same before and after cross-
linking the introduced cysteines indicates that the coiled-
coil comprised of the N- and C-termini of theγ subunit does
not unwind in the vicinity of these residues during rotation
of theγ subunit driven by ATP hydrolysis. However, given
that theγ subunit is connected to the ring of c subunits of

Fo in the intact TFoF1-ATP synthase, it is possible that
unwinding and rewinding of this region of the coiled-coil
in the γ subunit might occur during ATP synthesis driven
by proton translocation, the process simulated by Ma et al.
(7). If this is indeed the case, the coiled-coil would also
unwind and rewind during ATP-driven proton translocation
catalyzed by the intact ATP synthase.

In contrast, the rate of hydrolysis of 2 mM ATP catalyzed
by theγL77C single-mutant subcomplex is 30% greater than
that observed with the wild-type subcomplex. Furthermore,
the rate of ATP hydrolysis by the reducedγ(M23C/L77C)
double mutant is 50% of the wild-type rate rather than 35%
of the wild-type rate observed with the reducedγ(M23C/
M232C) double mutant. After cross-linking the introduced
cysteines in theγ(M23C/L77C) double mutant, the hydrolytic

FIGURE 3: Cross-linking the introduced cysteines in theR3â3-
(γM23C/M232C) double mutant does not affect ATPase activity. (A)
Following complete reduction of the double mutant subcomplex
as described under Experimental Procedures, DTT and EDTA were
removed by passing the enzyme solution through centrifuge columns
of Sephadex G-50 that were equilibrated with 50 mM Tris-HCl,
pH 8.0. The DTT-free, reduced enzyme at 1 mg/mL, was treated
with 100 µM CuCl2 in the presence and absence of 1 mM MgCl2
and 0.2 mM ADP for 2 h, at which time excess CuCl2, MgCl2, and
ADP were removed by passing 100µL aliquots through 1 mL
centrifuge columns of Sephadex G-50 that were equilibrated with
50 mM Tris-HCl, pH 8.0. Samples of 8µg each were submitted to
SDS-PAGE as described under Experimental Procedures. Lane
1: reduced enzyme plus 10 mM DTT; lane 2: reduced enzyme
plus 100µM CuCl2; lane 3: reduced enzyme plus 1 mM MgCl2
and 0.2 mM ADP; and lane 4, reduced enzyme plus 1 mM MgCl2
and 0.2 mM ADP followed by 100µM CuCl2. (B) Comparison of
hydrolysis of 2 mM ATP by theγM23C/M232C double mutant.
Assays were initiated by injecting 5µg of 1 mg/mL solutions of
the reduced or oxidized double mutant subcomplex into 1 mL of
assay medium containing 2 mM ATP plus 3 mM MgCl2 in the
presence and absence of 1 mM NaN3 or 0.06% LDAO as specified.
The numbers on the traces represent the final rates of ATP
hydrolysis recorded over the last 1 min of each assay expressed in
µmol of ATP hydrolyzed mg-1 min-1.

FIGURE 4: Treatment of the reducedR3â3γ(M23C/L77C) double
mutant with CuCl2 stimulates ATPase activity. The reduced double
mutant subcomplex was freed of DTT and EDTA as described in
the legend of Figure 3. (A) Time-dependent activation in the
presence and absence of MgADP. Solutions of the reduced M23C/
L77Cdouble mutant at 1 mg/mL in 50 mM Tris-HCl, pH 8.0 were
treated with 1 mM MgCl2 and 0.2 mM ADP, closed circles; 100
µM CuCl2, open circles; 1 mM MgCl2 and 2.85µM ADP followed
by 100µM CuCl2, tilted closed squares; and 1 mM MgCl2 and 0.2
mM ADP followed by 100µM CuCl2, open squares. (B) Com-
parison of the effects of LDAO and azide on ATPase activity before
and after activation with 100µM CuCl2. Assays were initiated by
injecting 5 µg of 1 mg/mL solutions of the reduced or oxidized
double mutant subcomplex into 1 mL of assay medium containing
2 mM ATP plus 3 mM MgCl2 in the presence and absence of 1
mM NaN3 or 0.06% LDAO as specified. The numbers on the traces
represent the final rates of ATP hydrolysis recorded over the last
1 min of each assay expressed inµmol of ATP hydrolyzed mg-1

min-1.
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rate increases to 85% of the wild-type rate indicating that
the γ protrusion does not undergo significant displacement
from the coiled-coil during ATP hydrolysis in the vicinity
of γL77.

The mutant forms containing theγL77C substitution are
also somewhat less sensitive to turnover-dependent inhibition
by azide ion than wild type and the single and double mutants
containing theγM23C and γM232C substitutions. This be-
havior suggests that theγL77C substitution lowers the
propensity for entrapment of inhibitory MgADP in a catalytic
site during turnover. That theγL77C mutant enzyme has
greater ATPase activity and has less propensity than wild-
type to entrap inhibitory MgADP in a catalytic site during
turnover might be associated with dynamic interactions of
the side chainγL77 with the side chains of Leu391 in â
subunits during ATP-driven rotation of theγ subunit. In

crystal structures of MF1, the side chainsâDPL391 andâTPL391

are within 5 Å of each other and are also near the side chains
of γM23 andγL77 as shown in Table 2. These interactions
are also illustrated in Figure 1.

It is possible that the 30% greater ATPase activity of the
γL77C single mutant over that of wild-type reflects perturba-
tion of dynamic interactions of the hydrophobic cluster inγ
with the Leu391 side chains inâ subunits during rotation of
the γ subunit. During each 120° step of rotation of theγ
subunit driven by sequential firing of catalytic sites during
ATP hydrolysis,â subunits undergoâDP f âE, âE f âTP,
andâTP f âDP interconversions. In the concerted intercon-
versions, the side chain ofâTPL391 loses contact withâDPL391

asâE binds ATP and closes. This drives opening ofâDP that
is accompanied by dissociation of products. In this process,
the side chains ofγM23 andγL77 must switch partners with
the âL391 side chains asâ subunits alternate between open
and closed conformations. Substitution ofγLeu77 with Cys
might accelerate this process. The dynamic interactions
between the side chains in the hydrophobic cluster inγ with
the side chains of L391 in â subunits might be partly
responsible for driving counterclockwise rotation of theγ
subunit during ATP hydrolysis. The finding that theγM23K,
γM232K, andγL77K single mutants have considerably lower
ATPase activity than the corresponding single mutants
containing introduced cysteines is consistent with the argu-
ment that the side chains ofγM23, γM232, andγL77 interact
dynamically with the side chains ofâL191 residues during
ATP hydrolysis.

In crystal structures of MF1 derivatized with DCCD and
MF1 containing MgADP-fluoroaluminate complexes bound
to two catalytic sites, the guanidinium ofγR75 is within 3.9
Å of the carboxylate ofâDPE395 as shown in Table 3. In an
earlier study, it was shown thatâ-γ cross links formed
rapidly when theâE395C/γR75C double-mutant subcomplex
of TF1 was treated with CuCl2. This supports the prediction
of Ma et al. (7), based on molecular dynamics simulations,
that the side chain ofγR75 is part of an ionic track comprised
of positively charged side chains on theγ subunit and
negatively charged residues in DELSEED segments ofâ
subunits that guides rotation of theγ subunit during ATP
synthesis. However, onlyâ-â cross-links formed when the
âE395C/γK36C double-mutant subcomplex of TF1 was slowly
inactivated with CuCl2 indicating thatγK36 in TF1 is not part
of the ionic track proposed by Ma et al. (7).

FIGURE 5: Only â-â cross-links formed when theR3(âE395C)3-
(γM23C) double mutant was treated with CuCl2. (A) The cross-
linked species was resolved by SDS-PAGE before and after
oxidation of theR3(âE395C)3(γM23C) double mutant subcomplex.
The fully reduced, DTT-free double mutant prepared as described
in the legend of Figure 3 was incubated at 1 mg/mL with either 10
mM DTT or 500µM CuCl2 in the presence or absence of MgADP
for 24 h. Samples of 7µg each were submitted to SDS-PAGE as
described under Experimental Procedures. The samples submitted
to electrophoresis contained the following: lane 1, enzyme plus
10 mM DTT; lane 2, enzyme plus 500µM CuCl2; lane 3, enzyme
plus 1 mM MgCl2 and 2.85µM ADP followed by 500µM CuCl2;
and lane 4, enzyme plus 1 mM MgCl2 and 1 mM ADP followed
by 500µM CuCl2. (B) Comparison of the effects of 1 mM NaN3
and 0.06% LDAO on hydrolysis of 2 mM ATP by the reduced
âE395C single and theR3(âE395C)3(γM23C) double-mutant sub-
complexes. The traces for theR3(âE395C)3γ single mutant are taken
from (10) and represent hydrolysis of 2 mM ATP by 10µg of
enzyme. The traces for theR3(âE395C)3(γM23C) double mutant were
obtained with 5µg of enzyme. The numbers on the traces represent
the final rates of ATP hydrolysis recorded over the last 1 min of
each assay expressed inµmol of ATP hydrolyzed mg-1 min-1.

Table 3: Nearest Distances between Side Chains in theγ Subunit
and the Side Chains ofâDPE395 andâTPE395 in Crystal Structures of
MF1

residue pair
frozen native

(Å)a
DCCD
(Å)b

(MgADP-AlF4
-)2

(Å)c

γM23-âTPE395 8.85 9.77 10.33
γM23-âDPE395 4.46 4.72 5.20
γL77-âTPE395 3.28 3.85 4.10
γL77-âDPE395 5.92 3.57 3.62
γM232-âTPE395 7.27 7.08 7.23
γM232-âDPE395 7.91 6.93 6.34
γM23-γR75 3.88 3.88
γR75-âDP

395 3.16 3.87
a Obtained from Protein Data Bank entry 1E1Q.b Obtained from

Protein Data Bank entry 1E79.c Obtained from Protein Data Bank entry
1H8E.
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The observation that onlyâ-â cross-links formed when
the âE395C/γM23C mutant was treated with CuCl2 suggests
that the attenuated ATPase activity of theγM23K single
mutant is caused by disruption of hydrophobic interactions
rather than introduction of electrostatic interactions between
the introduced lysine and the carboxylates of E395 in â
subunits. The latter alternative was proposed by Al Shawi
et al. (8) to explain the low ATPase activity of theγM23K
mutant of theE. coli F1-ATPase. That the ATPase activity
of the γL77K mutant is 15% of the wild-type rate, whereas
the ATPase activity of theγM23K mutant is 2.3% of the
wild-type rate, supports the premise that disruption of the
hydrophobic cluster is responsible for the attenuated ATPase
activity accompanying theγM23K substitution. The side chain
of γL77 is significantly closer to the side chain ofâE395 in
crystal structures of MF1 as shown in Table 3. If electrostatic
interactions between the introduced lysines and the carbox-
ylates of E395 in â subunits were responsible for the
attenuated activities observed, it would expect that theγL77K
single mutant would have lower ATPase activity than the
γM23K single mutant. Clearly, this is not the case.
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