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The a3(5Y 341W)3y Subcomplex of the FATPase from the ThermophiliBacillus
PS3 Fails to Dissociate ADP When MgATP Is Hydrolyzed at a Single Catalytic
Site and Attains Maximal Velocity When Three Catalytic Sites Are Saturated

with MgATP?
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ABSTRACT. The hydrolytic properties of thesBsy and mutanis(5Y 341W)3y subcomplexes of the TF
ATPase have been compared. ATPase activity of the mutant is less sensitive to turnover-dependent
inhibition by azide, less suppressed by increasing concentrations?fddiging assay, and less stimulated

by lauryl dimethylamine oxide (LDAO). Therefore, it has much lower propensity than wild-type to entrap
inhibitory MgADP in a catalytic site during turnover. The fluorescence of the introduced tryptophans in
the a3(AY 341W)3y subcomplex is completely quenched when catalytic sites are saturated with ATP or
ADP with or without Mg* present. As reported for theY 333W mutant ofEscherichia coliF; (Weber,

J., Wilke-Mounts, S., Lee, R. S.-F., Grell, E., Senior, A. E. (1983Biol. Chem. 26820126-20133),

this provides a direct probe of nucleotide binding to catalytic sites. Addition of stoichiometric MgATP
to the mutant subcomplex quenched one-third the tryptophan fluorescence which did not recover after 60
min. This was caused by entrapment of MgADP in a single catalytic site. Titration of catalytic sites of
the as(BY 341W)3y subcomplex with MgQADP or MgATP reveald€y's of < 50 nM, about 0.2%M and

about 35uM. Titrations were not affected by azide, whereas LDAO lowered the affinities of catalytic
sites 2 and 3 for MgADP by 5-fold and 2-fold, respectively. During titration with MgATP, LDAO slightly
lowered affinity at ATP concentrations below 38 and had no effect at ATP concentrations above 30
uM. Maximal velocity was attained when the third catalytic site was titrated with MgATP in the presence
or absence of LDAO. The sanig's for binding MgATP to the @A396C)353(yA22C) mutant were observed
before and after inactivating it by cross-linkiago y. This implies that the different affinities of catalytic

sites for MgATP do not represent negative cooperativity, but rather represent heterogeneous affinities of
catalytic sites dictated by the position of the coiled-coil of theubunit within the central cavity of the

(a3)s hexamer.

The R-ATPases are the peripheral membrane componentsalternately in an hexameric aggregate, the central cavity of
of the RFi-ATP synthases found in energy-transducing which contains a coiled-coil comprised of the N- and
membranes. When removed from the membrane they areC-termini of they subunit. Whereas each noncatalytic site
soluble complexes comprised of five gene products with the in the crystal structure is liganded with MgAMPPNP, the
stoichiometryasBsyde which rapidly hydrolyze ATP. Iso-  catalytic sites are heterogeneously liganded. One catalytic
lated R contains six nucleotide-binding sites, three of which site, designatefp, is liganded with MgAMP-PNP, another,
are catalytic and are present mostly/®subunits with side designatedBop, is liganded with MgADP, and the third
chains also contributed from adjacensubunits. The other  catalytic site, designatefl, is empty. The catalytic sites
three blndlng sites are mOSt'y oensubunits with side chains of ﬁTP and ﬁDP are in closed conformations, whereas the
also contributed from adjacefitsubunits. Since a functional  catalytic site ofS is in an open conformatiord).
role of the latter sites has yet to be defined, they are called
noncatalytic nucleotide-binding sites, (2).

In the crystal structure of MfF deduced by Abrahams et
al. (3), the elongateda. and 3 subunits are arranged

Considerable evidence suggests that the three catalytic sites
of F, participate sequentially during ATP hydrolysk, ©).
It is also clear from the work of Noji et al7) that sequential
firing of catalytic sites during ATP hydrolysis drives
counterclockwise rotation of the coiled-coil contributed by
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the quenching of fluorescence of the introduced tryptophan fragment was removed. The mutation was checked by
residues by MgATP with the hydrolytic activity observed. restriction enzyme mapping and confirmed by DNA se-
From the results obtained, it was concluded that the maximal quencing which failed to reveal additional mutations.

VelOCity of ATP hydrOIySiS is attained when three Cata.lytiC Enzyme Assaysstock solutions of the enzyme subcom-
sites are filled. This conclusion has been Cha"enQEd by p|exes were prepared from pe”eted Samp|es of the am-
Boyer and colleagues10, 1. They suggest that the monjum sulfate suspensions. Endogenous MgADP was
fluorescence quenching reported by Weber eBal9(might  removed from catalytic sites by dissolving the pellets in 50
be tainted by the entrapment of inhibitory MgADP in @ mMm Tris-Cl, pH 8.0, containing 1 mM CDTA. After 1 h
catalytic site during the turnover conditions employed: the solutions were passed through 1 mL centrifuge columns
heterogeneity oE. coli F; caused by partial dissociation of  equilibrated with 50 mM Tris-Cl, pH 8.0, containing 0.1 mM
the inhibitory e subunit during assays and competition of EDTA. The cross-linked form of thenfAse6C)s(BY 34:W)3-
free ATP with MgATP for catalytic sites. It is their (yA2:C) subcomplex was prepared by oxidation with
conte_ntion, based on kine_tic_arguments, that the maximaljpdosobenzoate as previously describ2t).( Protein con-
velocity of ATP hydrolysis is attained when only two centrations were determined by the method of Bradfag (
catalytic sites are saturated. ATPase activity was determined spectrophotometrically by
When F-ATPases hydrolyze low concentrations of ATP, ATP regeneration coupled to NADH oxidatio&3).
they do indeed entrap inhibitory MgADP in a single catalytic  Flyorescence MeasurementBluorescence measurements
site during turnover¥2, 13. Low concentrations of ATP  \yere performed with a Perkin-Elmer Model MPF-4 spec-
are hydrolyzed in three kinetic phasdsi{17). Aninitial trofluorometer in the ratio mode at 2&. After treatment
burst slows to an intermediate phase, which is followed by with CDTA, the TR subcomplexes in 50 mM Tris-HCI, pH
acceleration to a final steady-state rate approaching the initialg o \ere diluted to 50 or 100 nM in quartz fluorescence
rate. Transition from the burst phase to the intermediate rateqyettes to a total volume of 2 mL in the same buffer.
is caused by accumulation of inhibitory MgADP in a catalytic  pyring measurements, the protein solutions were magneti-
site. This apparently occurs when MgPi dissociates from a ca|ly stirred in the cuvettes. For titration experiments, the
catalytic site leaving bound ADP, which then associates with excitation wavelength was 295 nm and the emission wave-
Mg®" derived from the medium. Transition from the |ength was 353 nm. The excitation and emission wavelength
intermediate phase to the final rate occurs as MgATP slowly gjits were set at 10 nm. Titrations were carried out by
binds to noncatalytic sites, which promotes dissociation of gjjuting equimolar solutions of MgGlwith ATP or ADP
inhibitory MgADP from the affected catalytic site. It has into the cuvettes containing 2 mL of 50 nM subcomplex plus
also been shown that dissociation of the inhibitegubunit 1 mM MgCl in 50 mM Tris-Cl, pH 8.0. Fluorescence
of E. coli F, does occur during assagq). intensity was recorded 30 s after addition of the nucleotide-
We report here a thorough kinetic analysis of the Mg?" mixture when a stable signal was established. The
(BY341W)sy mutant subcomplex of the TATPase and  intensity of the fluorescence was corrected for dilution after
titration of its catalytic sites with adenine nucleotides in the the addition of nucleotides. Each titration was repeated at
presence of Mg by monitoring quenching of fluorescence least 3 times.
of the introduced tryptophan residues. We also report similar
titrations of the catalytic sites of theu\zedC)s(BY 341W)3yA2.C RESULTS
triple mutant subcomplex before and after cross-linking the

o andy subunits through a disulfide bond. Theas(BYsW)y Subcomplex of TFhas Lower Propen-
sity than Wild-Type to Entrap Inhibitory MgADP in a
EXPERIMENTAL PROCEDURES Catalytic Site during Turneer. An earlier study showed

that the @D261N)303y subcomplex of Tircontaining defec-

Materials. Biochemicals used in assays and buffer tive noncatalytic sites has considerably greater propensity
components were purchased from Slgma Dithiothreitol, than W||d_type to entrap |nh|b|t0ry MgADP in a Cata|ytic
o-iodosobenzoic acid, DEAE-Sephacel, and S-300HR Sephacrsjte during ATP hydrolysis 16). In contrast, theos-
yl resins were also from Sigma. Toyopearl Butyl-650S resin (5T,,S)y subcomplex entraps little, if any, inhibitory
was from TosoHaas. The oligonucleotides used for mu- MgADP during turnover 17, 24. In another study, it was
tagenesis were purchase from Gibco BRL. THhecoli reported that th&ax of the oz(8Y 341W)3y mutant subcom-
strains and the plasmids used to prepare the wild-type andplex is 27umol of ATP hydrolyzed mg min~* (21). This
mutantogBsy subcomplexes were described by Matsui and value is 50% greater than that of the wild-type subcomplex,
Yoshida (9). The purified enzyme subcomplexes were which is 18umol of ATP hydrolyzed mg! min~?, but is
stored as suspensions in 75% ammonium sulfate°&.4 considerably less thaVa of the as(5T165S)sy subcomplex

Construction of Plasmids Containing Mutant Gen&ste- which is 80umol of ATP hydrolyzed mg* min~t. The
directed mutagenesis was accomplished as described byhigher hydrolytic rate of thew(SY 341W)3y mutant subcom-
Kunkel et al. R0). The os3(BY34W)zy and @Az9C)303 plex over that of the wild-type subcomplex might reflect a
(yA22C) mutant subcomplexes were prepared as previouslylower propensity to entrap inhibitory MgADP in a catalytic
described 21). Construction of the plasmid borne genes site during ATP hydrolysis. Comparison of hydrolysis of 2
carrying the (As9eC)3(8Y 341W)3(yA22C) triple mutation was mM ATP by 2 ug of the wild-typeasfsy and mutantos-
performed by removing thg fragment containing the 3¢,W (BY 345W)3y subcomplexes under various conditions shown
substitution (Mlu EPst | fragment: 1.4 kb) and ligating it  in Figure 1 supports this contention. Figure 1A illustrates
into the pKK—(aA39¢C)(yA22C) gene fragment (Mlu+Pst inhibition of hydrolysis of 2 mM ATP by the wild-typesfsy
| fragment: 7.3 kb) from which the wild-typg gene subcomplex induced by 2 mM Nalefore (traces b, c¢) and
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Ficure 1: Comparison of the effects of azide on hydrolysis of 2 MM ATP by the wild-tygfisy and mutants(SY 341W)3y complexes

with and without prior binding of MgADP to a single catalytic site in the presence or absence of 0.06% LDAO. Stock solutions, 1 mg/mL,

of the wild-type or mutant subcomplex treated with CDTA in 50 mM Tris-HCI, pH 8.0, were prepared as described under Experimental
Procedures. (A) Samplesy2. each, of stock solutions of the wild-type subcomplex were assayed in medium containing 3 fivaivb

2 mM ATP before (traces a, b, and c) or after (traces d and e) incubation of the subcomplex with a 1.4 molar excess of ADP in the presence
of 1 mM MgCl, for 30 min. Traces b, c, d, and e were obtained with assay medium containing 2 mlyl Nakles ¢ and e were obtained

with the same assay medium also containing 0.06% LDAO. Traces are denoted as follows: trace a, control; trace b, plus;2nadé N

¢, plus 2 mM N~ and 0.06% LDAO; trace d, plus stoichiometric MgADP and 2 mitNand trace e, plus stoichiometric MgADP, 2 mM

N3~, and 0.06% LDAO. (B) Samples,& each, of stock solutions of the mutanf(3Y 34;W)3zy complex were assayed in medium containing

3 mM Mg?" and 2 mM ATP under the various conditions described under A for the wild-type subcomplex.

after (traces d, e) loading a single catalytic site with MgQADP, with stoichiometric ADP in the presence of 2 mM Mg(Cl

in the absence (traces b, d) or presence (traces c, e) of 0.06%nhibition induced by azide is greater (trace d) than that
LDAO in the assay medium. In the absence of both effectors observed with the apoenzyme (trace b), but again, to a lesser
(trace a), the wild-type subcomplex hydrolyzes 2 mM ATP extent than that observed with the wild-type subcomplex
with a pronounced initial lag followed by acceleration to a under the same conditions. Moreover, addition of 0.06%
final rate of 18umol of ATP hydrolyzed mg! min~t. When LDAO to the assay medium overcomes inhibition of the
2 mM azide is present in the assay medium (trace b), ATP apoenzyme induced by azide (trace c) and also enzyme
hydrolysis decelerates rapidly to a final rate of approximately containing MgADP preloaded at a single catalytic site (trace
0.1 umol of ATP hydrolyzed mg* min~%. With 0.06% e). In the case of the apoenzyme (traces b, c), including
LDAO in the assay medium, the rate of deceleration induced 0.06% LDAO in the assay medium accelerated ATPase
by azide decreases (trace c). Under these conditions, theactivity 3-fold in the presence of azide, from 9 (trace b) to
final rate is about 0.4mol of ATP hydrolyzed mg! min—1. 27 (trace c)umol of ATP hydrolyzed min® mg*. After

With LDAO present, maximal inhibition induced by 2 mM loading a single catalytic site of the mutant subcomplex with
azide develops within 3 min (trace c) rather than 2 min (trace MGADP, LDAO promoted acceleration of ATP hydrolysis
b) observed in its absence. However, after loading a catalyticin the presence of azide in the assay medium over that
site of the wild-type complex with MgADP before the assay, observed in the absence of the detergent by about 34-fold
including 2 mM azide in the assay medium caused immediatefrom 0.8 (trace d) to 2Zmol mg™* min™? (trace e).

inhibition (trace d). The presence of 0.06% LDAO in the The decreased sensitivity of the(Ys41)sy subcomplex
assay medium under these conditions did not overcome rapidio inhibition by increasing concentrations of Rtgin the
azide-induced inhibition of the wild-type subcomplex con- assay medium compared to the wild-type subcomplex also
taining MgADP in a single catalytic site (trace e). suggests that the mutant enzyme has significantly decreased

Figure 1B shows that the ATPase activity of the mutant Propensity to entrap inhibitory MgADP in a catalytic site
as(BY341W)3y subcomplex responds differently to azide in during turnover. For instance, the rate of hydolysis of 2 mM
the assay medium under the same conditions described inPATP by the wild-type subcomplex is suppressed by 72%
Figure 1A for wild-type. In the absence of effectors (trace When the M@* concentration is increased from 2 to 10 mM.
a), the mutant subcomplex hydrolyzes 2 mM ATP with a In contrast, the ATPase activity of the mutant subcomplex
short initial lag that accelerates to final rate of 2mol of is suppressed by 42% under the same conditions of com-
ATP hydrolyzed mg* min~%. Although 2 mM azide inhibits ~ parison.

ATPase activity of the mutant subcomplex by 66% (trace  Fluorescence Properties of the Mutant(5YssW)y

b), the wild-type subcomplex is inhibited by 99.5% under Subcomplex In the crystal structure of MESTyrassinteracts
the same conditions. Trace c illustrates that including 0.06% with the adenine moiety of nucleotides bound to catalytic
LDAO in the assay medium nearly overcomes inhibition sites B). Weber et al. §) established that substituting the
induced by azide. After incubating the mutant subcomplex equivalent residue in thi. coli F;-ATPase with tryptophan
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Ficure 3: Quenching of the fluorescence of thg(8Y 341W)sy
subcomplex by stoichiomtric ATP in the presence of 1 mM2Mg
The as (BY34W)3zy subcomplex was treated with CDTA as
described under Experimental Procedures and diluted to 50 nM with
50 mM Tris-HCI, pH 8.0, before adding stoichiometric ATP and 1
mM MgCl,. Curve 1 is the emission spectrum of the subcomplex
in the absence of nucleotides. Curve 2 represents the superimposable
traces obtained 1, 10, 20, and 60 min after addition of stoichiometric
ATP plus 1 mM MgC} to the mutant subcomplex. Curve 3 is the
fluorescence emission spectrum of the wild-type subcomplex which
is included for reference.

310 330

Ficure 2: The effects of nucleotides on the fluorescence emission
spectra of the wild-typew33y and mutanbi(SY 341W)3y subcom-
plexes. The subcomplexes were treated with CDTA as described
under Experimental Procedures and diluted to 100 nM with 50 mM
Tris-HCI, pH 8.0. Curve 1 is theg(Y 341W)3y subcomplex in the
absence of nucleotides. Curve 2 is Y 341W)3y subcomplex

in the presence of 1 mM ATP or ADP with or without 1 mM MgCl

in each case. Curve 3 is the wild-typgfsy subcomplex, with or
without 1 mM ATP or 1 mM ADP and in the presence or absence
of 1 mM MgCl, in each case.

provides a direct probe of binding nucleotides to catalytic
sites. This is also the case when tyrosine at posjtianof

the a3y subcomplex of TIris substituted with tryptophan.
The wild-type a3y subcomplex of TRATPase contains
three intrinsic tryptophan residues at positimW 63 which
are located in an-helix in the C-terminabi-helical domain

of the . subunit @5). Figure 2 compares the fluorescence
emission spectra of the wild-type and the mutangt
(BY 341W)3y subcomplexes. The wild-type complex (trace
3) fluoresced weakly in the range of 32820 nm when incubation. Figure 4A compares the rate of hydrolysis of 2
excited at 295 nm. However, the mutam$(3Y 3asW)sy mM ATP by the untreateds(3Y 341W)sy mutant subcomplex
subcomplex fluoresced substantially (trace 1) when excited (trace a) and by the mutant subcomplex after prior incubation
at 295 nm with maximal emission occurring at 353 nm. The for 60 min with stoichiometric ADP (trace b) or stoichio-
peaks in the vicinity of 330 nm observed in the emission metric ATP (trace c). Trace d illustrates hydrolysis of 2 mM
spectra of the wild-type and mutant subcomplexes reflect ATP in the presence of 1 mM NaMafter prior incubation
Raman scattering by solvent water. Buffer alone exhibited of the mutant subcomplex with stoichiometric ATP for 60
the same Raman scattering pattern. Trace 2 of Figure 2min. The immediate, nearly complete inhibition observed
illustrates that the fluorescence emission spectrum of thein the presence of azide indicates that a single catalytic site
mutantos(8Y 341W)sy subcomplex in the presence of 1 mM  of the mutant subcomplex is occupied with MgGADP 60 min
ATP plus 1 mM Mg" decreased to nearly that exhibited by after adding stoichiometric ATP to it in the presence of 1
the wild-type enzyme subcomplex. Spectra superimposablemM Mg?*. Figure 4B illustrates that the wild-type subcom-
with trace 2 were generated when 1 mM ATP or 1. mM ADP plex behaves identically when submitted to the same condi-
in the absence of Mg or in the presence of 1 mM Mg tions. Therefore, thBY 34,1W substitution is not responsible
was added to the mutant subcomplex. No quenching of for the slow dissociation of MgADP from the single catalytic
fluorescence was observed when 1 mM ADP or ATP in the site of the mutant subcomplex.

0.06% LDAO. This suggests that the(5Y 341W)zy sub-
complex releases product ADP extremely slowly during
unisite catalysis. That this is indeed the case was demon-
strated by comparing hydrolysis of 2 mM ATP by the wild-
type and mutant subcomplexes 60 min after stoichiometric
ATP or ADP was added to them in the presence of 1 mM
Mg?" with controls not containing nucleotides during prior

presence of 1 mM Mg was added to the 50 nM mutant
subcomplex dissolvedhi6é M guanidine-HCI. Therefore,
the quenching observed in the titrations with the native
enzyme reflects binding to specific sites.

Figure 3 shows that the emission spectrum of the

The Effects of Azide and LDAO on Quenching of Fluo-
rescence of thew(fYs W)y Subcomplex by MgATP and
MgADP. Figure 5 illustrates the titration of catalytic sites
of the as(BY 341W)3y subcomplex with MgATP and MgADP
assessed by fluorescence quenching of the introduced tryp-

(BY 345W)3y subcomplex (trace 1) decreased by about one- tophan residues in the presence and absence of 1 mM NaN
third when stoichiometric ATP was added to it in the or 0.06% LDAO. During titrations with nucleotides, the
presence of 1 mM MgGl(trace 2). For reference, trace 3 fluorescence emission signal at 353 nm stabilized within 30
shows the emission spectrum of the wild-type subcomplex. s after addition of MgATP or MgADP to 50 nM enzyme in
Spectra superimposable with trace 2 were generated 1, 1050 mM Tris-Cl, pH 8.0. To ensure that all added ATP and
20, and 60 min after the addition of stoichiometric ATP plus ADP remained as the Mg chelate, 1 mM MgGlwas also

1 mM Mg?". Since these are the conditions of unisite present in the buffer. The occupancy of catalytic sites was
catalysis 0), it was surprising to find that the fluorescence determined, and curve fitting was performed by the methods
intensity of the reaction mixture did not increase after 60 described by Weber et aB); It is clear from Figure 5 that
min. The same results were obtained in the presence ofl mM azide @) has no effect on the titration of catalytic
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Ficure 4: The effect of incubation of the wild-type ands-
(BY 341W)3y subcomplex with stoichiometric ATP for 60 min on
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Ficure 6: Fluorescence titration of catalytic sites of the-

(BY 341W)3y subcomplex of TIFwith MgADP with and without
azide or LDAO. Theus (8Y 341W)3y subcomplex was treated with
CDTA as described under Experimental Procedures. Solutions for
fluorescence measurements were prepared in cuvettes by adding a
concentrated solution containing equal concentrations of ADP and
MgCl;, to 2 mL of 50 nM subcomplex in 50 mM Tris-ClI containing

1 mM MgCl, pH 8.0, with no additions®), plus 1 mM NaN

(m), or plus 0.06% LDAO 4). Relative fluorescence intensity was
recorded 30 s after addition of MgATP.

ATPase activity in the presence and absence of azide. (A) To 100 Table 1: K4 Values for Binding MgATP and MgADP to the

ul of 1. mg mL™1 az(BY 341W)zy subcomplex in 50 mM Tris-HCI,
pH 8.0, containing 1 mM MgGl was added a, nothing; b,
stoichiometric ADP; and c and d, stoichiometric ATP. The mixtures
were incubated at room temperature for 60 min at which time 3

uL samples were assayed with 2 mM ATP and a regeneration
system in the absence (traces a, b, and c) or presence (trace d) a

1 mM NaNs. (B) The wild-type subcomplex was treated identically
except that 2«L samples were assayed.

occupied catalytic sites
ATPase activity (u.mg™.min™)
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Ficure 5: Correlation of fluorescence titrations of catalytic sites

of the a3(5Y 341W)3y subcomplex with MgATP with and without

azide or LDAO with rates of ATP hydrolysis. The (8Y 341W)zy
subcomplex was treated with CDTA as described under Experi-

T

1000

mental Procedures. Solutions for fluorescence measurements wer

Catalytic Sites of the Mutanis(3Y 341W)3y Subcomplexes of TF
under Various Conditiords

BY 3aW
no. of plus 0A306C/BY 341W/yA2:C

£ titrant additions plus N~ LDAO reduced oxidized
MgATP

Kaz (uM) 0.25 0.26 0.43 0.30 0.24

Kas (uM) 35 36 42 26 25
MgADP

Ko (uM)  0.21 0.3 1.2 0.4 0.8

Kgzs (uM) 34 33 69 27 25

aThe Kq's for binding MgATP and MgADP were obtained from
fits to the three independent binding site models described by Weber
et al. @). In all cases, the first catalytic site was filled or nearly
completely filled at the lowest nucleotide concentration examiKed.
in each case is estimated to be less than 50 nM.

for ATP hydrolysis with the curves for fluorescence quench-
ing that maximal velocity is attained as the third catalytic

site is titrated with MgATP in the presence and absence of
LDAO.

Figure 6 illustrates titration of catalytic sites with MgADP
under the same conditions used for titration with MgATP.
Again, 1 mM azide M) has no effect on the titration curve.
However, 0.06% LDAO 4) shifts the titration curve

prepared in cuvettes by adding a concentrated solution containingsubstantially to the right indicating that it lowers the affinity

equal concentrations of ATP and MgClo 2 mL of 50 nM
subcomplex in 50 mM Tris-Cl containing 1 mM MgClpH 8.0,
with no additions @), plus 1 mM NaN (M), or plus 0.06% LDAO

(a). Relative fluorescence intensity was recorded 30 s after addition

of MgATP. ATPase activity was measured at the concentrations
of ATP indicated using 2L samples 6a 1 mg mL* solution of

the oz (BY341W)3y subcomplex with ) and without @) 0.06%
LDAO added.

sites with MgATP, whereas 0.06% LDAQaJ shifts the
titration curve at low MgATP concentrations to the right

without affecting the titration curve above 301 MgATP.
Figure 5 also illustrates the specific activity of the mutant

of catalytic sites of theos(8Y341W)sy subcomplex for
MgADP.

The Kq4 values calculated for the titration of the second
and third catalytic sites under the various conditions of
Figures 5 and 6 are summarized in Table 1. Kyevalues
calculated for titration of catalytic sites 2 and 3 with MgATP
or MgADP in the absence of LDAO or azide are remarkably
similar. Whereas 1 mM azide has essentially no effect on
theseKy's, 0.06% LDAO decreases the affinities of catalytic
site 2 and catalytic site 3 for MgADP by at least 5-fold and
about 2-fold, respectively. LDAO shifts the titration curve

subcomplex when assayed over the concentration range ofor MgATP at substrate concentrations below4a to the

0.1-1000uM ATP in the presenceX) and absence) of
0.06% LDAO. ltis clear from correlation of the data points

right, thus lowering the apparent affinities of catalytic sites
2 and 3 by 60% and 20%, respectively.
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The Effect of Cross-Linking the and y Subunits on
Fluorescence Titrations with MgATP and MgADM has
been shown that cross-linkingto y or 3 to y in the mutant
(0tA396C)3B3(YA22C) or mutantois(8D3edC)s( SeoC) subcom-
plexes of Th, respectively, by oxidation abolishes ATPase
activity (21). The oxidized subcomplexes are completely
reactivated when the introduced disulfide bonds are reduced
with dithiothreitol. To determine the effect of immobilizing
they subunit on binding adenine nucleotides to catalytic sites,
the (@A396C)3(BY 341W)3(A2:C) triple mutant was prepared.
The reduced, triple mutant subcomplex haé.gof 23 umol
of ATP hydrolyzed mg* min~%, which is nearly that of the
o3(BY 341W)3y subcomplex. ATP hydrolysis catalyzed by
the single mutant and reduced triple mutant responds
similarly to azide and LDAO. 3 4

To prepare the cross-linked subcomplex, the triple mutant
was treated witho-iodosobenzoate2(). When ATP hy-
drolysis catalyzed by the triple mutant was inactivated by
greater than 99%, the reaction mixture was passed through
two successive centrifuge columns of Sephadex G-50 to
remove excess oxidant. Figure 7A shows that the titrations
of the oxidized @) and reducedl) enzyme subcomplexes
with MgATP generate superimposable curves. However, the 04—
titration curves of the oxidized and reduced subcomplexes 0.01 0.1 1 10 100 1000
generated with MgADP shown in Figure 7B are not [MgADP] uM
superimposable. The resultikg's given in Table 1 indicate

that formation of thex—y cross-link decreases the affinity FIGURE 7: Fluorescence titration of catalytic sites of thé\gosC)s-

L. . (BY 3a1W)3(yA22C) subcomplex of TEwith MgATP before and after
of catalytic site 2 for MgADP by a factor of 2 without cross-linking o to y. The o and y subunits of the qAseC)s-

w
1
>

occupied catalytic sites
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1

0 e
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occupied catalytic sites

affecting the affinity of catalytic site 3 for MgADP. (BY 32W)s(yA,,C) triple mutant were cross-linked by oxidation with
o-iodosobenzoate as described under Experimental Procedures. The
DISCUSSION reduced form of the triple mutant was prepared by incubating the

CDTA-treated preparation with 2 mM dithiothreitol in 50 mM Tris-
This study was initiated to determine to what extent the HCI, pH 8.0, for 10 min and then passing it through a centrifuge
oa(BY 3W)gy subcomplex of TEentraps inhibitory MgADP column of Sephadex G-50 equilibrated with 50 mM Tris-HCI, pH

. A . . 8.0. (A) For titration with MgATP, the cuvettes containing the
in a catalytic site during ATP hydrolysis and to what extent .4 ced subcomplex also contained 1 mM dithiothreitc®), (

the entrapped MgADP contributes to quenching fluorescencetitration with the oxidized mutant subcomiple:m; titration with

of the introduced tryptophans. It is clear from kinetic the reduced mutant subcomplex. (B) For MgADP titration, a
comparisons that the mutant subcomplex has much lowerconcentrated stock solution containing equimolar ADP and MgCl
propensity than wild-type to entrap inhibitory MgADP in a ‘é"gi ﬁdgﬁgi;génﬁgeﬁsﬁgguirggﬂgt%ﬂ?aﬁli\éi%i% r‘;}%?éi'?r']”gozmrm- of
catalytic site during turnover. Itis also clear that it has higher 15 containing 1 mM MgGJ, pH 8.0, as described under A.
propensity for turnover-dependent entrapment of inhibitory

MQADP in a catalytic site than thes(8T16sS)ky subcomplex. o catalytic sites 2 and 3, respectively, of tagBY 34W)zy
Since the latter mutant Subcomplex entraps very ||tt|e, if any, Subcomplex differ Considerab'y from the Sin@@va'ue of
|nh|b|t0ry MgADP ina Catalytic site during turnovel'(), 20 MM reported for Cata|ytic sites 2 and 3 of tmlﬂlw
the o3(T1655/Y341W)sy double mutant was prepared and mutant ofE. coli F;. The absence of thé ande subunits
examined by the methods described. Surprisingly, the doublejn the TR subcomplex may be responsible for this difference.
mutant has catalytic and nucleotide-binding characteristics This premise is supported by the following observations.
nearly identical to those described for thg(8Y 341W)zy Immobilization of they subunit in the @A z06C)s(BY 34W)s-
single mutant indicating that the altered catalytic properties (yA2C) triple mutant subcomplex of TRia a disulfide bond
introduced by the8Y 34 W substitution override those intro-  to the o subunit does not affect affinities of catalytic sites
duced by theST.esS substitution. for MgATP or MgADP. In contrast, Gioer and Capaldi
Titrations of the tryptophan fluorescence of the- (27) found that cross-linking of thex subunit in the
(BY 341W)3y subcomplex of Tkwere modeled according to  (aSs11C)3(BY 331W)3y (€S108C) mutantE. coli F; to € alone
Weber et al. §) who reported nearly identical results for or to e andy strongly alters the affinities of catalytic sites
cooperative binding of MgATP to catalytic sites of the for MgATP.
BY33W mutant ofE. coli F;. In a recent review, Weber The observation that cross-linking of thresubunit to the
and Senior 26) tabulatedKy values of 0.5 and 2aM for o subunit in the @A396C)3(BY 341W)3(yA2.C) triple mutant
binding MgATP to catalytic sites 2 and 3 Bf coli F, which has little or no effect on the widely different affinities of
correspond closely to th&; values of 0.25 and 36M given the three catalytic sites of the TBubcomplex for MgQATP
in Table 1 for binding MgATP to catalytic sites 2 and 3 of or MgADP is consistent with the observation of ®as and
the as(8Y 341W)3y subcomplex of Tk In contrast, theKy Capaldi @7) that cross-linking ofs to y ande in the os-
values of 0.20 and 34M reported here for binding MgGADP  (8Y 33:W)3y(€S106C) double mutant oE. coli F; has little
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effect on binding MgATP to catalytic sites. These observa-
tions suggest that the different affinities for MgADP or
MgATP observed in the titrations do not reflect negative
cooperativity, but rather reflect heterogeneous affinities of
catalytic sites dictated by the position of the asymmetric
coiled-coil of they subunit within the central cavity of the
(aB)s hexamer. The observation that thg3; subcomplex

of TF, does not exhibit apparent negative cooperativity of
MgTNP-ATP binding supports this contentio®7j.

In agreement with titration of catalytic sites of th¥ 33,W
mutant ofE. coli F, with MgATP reported by Weber et al.
(8), maximal velocity is not attained until three catalytic sites
of the as(8Y 341W)3y mutant subcomplex of TiFare saturated
with MgATP in the presence or absence of LDAO. The
fluorescence titrations of catalytic sites with MgATP were
performed with the mutanisf;y subcomplex of Tkin the
presence of 1 mM excess Ffgover ATP and were slightly
affected by LDAO at low, but not at high, substrate
concentrations. Therefore, the contention of Milgrom et al.
(12) that the fluorescence titrations of catalytic sites of the
Y 33:W mutant ofE. coli F, with MgATP reported by Weber
et al. @) might be tainted by enzyme heterogeneity due to
dissociation of the: subunit, competition of free ATP with
MgATP for catalytic sites, and/or interference from inhibitory
MgADP does not apply to thes(5Y341W)3y subcomplex
of TF;. Given the close similarity of the fluorescence
titrations of catalytic sites of the mutant TBubcomplex
and the mutank. colienzyme with MgATP, the reservations
of Milgrom et al. (L1) are not likely to apply to thgY 33,W
mutant ofE. coli F;.

The kinetic analyses reported by Milgrom et alll
supporting their contention thaifATPases attain maximal
velocity when only two catalytic sites are saturated with
MgATP deserve comment. By using conventional steady-
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addition of stoichiometric MgATP which did not recover
after an hour due to entrapment of MgADP is not consistent
with the characteristics of “unisite” catalysis reported for
intact TH. Yohda and Yoshida3Q) reported that addition
of substoichiometric ATP to THs accompanied by rapid
release of ADP and Pi. The absence ofdhende subunits

in the azf3y subcomplex may be responsible for the different
characteristics of “unisite” catalysis by T&nd the subcom-
plex. In this regard, it is interesting that Xiao and Penefsky
(33) reported that hydrolysis of substoichiometric ATP by
the five subunit preparation &. coli F, is not accelerated
appreciably by a chase with 5 mM ATP, whereas the four
subunit,0-less enzyme, exhibits a cold chase typical of ATP
hydrolysis at a single catalytic site of ML, 34).

The failure to observe release of ADP from a single
catalytic sie 1 h after adding stoichiometric ATP in the
presence of M to the wild-type and mutant subcomplexes
is consistent with experiments reported by Drobinskaya et
al. (35). They observed entrapment of inhibitory MgADP
in a single catalytic site of nucleotide-depleted Vditer
adding stoichiometric ATP to the enzyme in the presence
of Mg?*. Consistent with this finding, Chernyak and Cross
(36) reported that inhibitory Mg(2-NADP) was entrapped
in a single catalytic site of MfFafter adding stoichiometric
2-Ns-ATP to it in the presence of Mg in the dark.
Furthermore, it has been demonstrated that considerable
[0-32P]ADP fails to release when substoichiometig p-32P]-
ATP is hydrolyzed at a single catalytic site of ME87). In
contrast, Milgrom and Cros88) have recently reported that
product ADP and Pi dissociate at nearly equal rates (about
5.5 x 10 s™1) after adding substoichiometric ATP to
nucleotide-depleted MFollowed by diluting the enzyme
667-fold in buffer plus 1.1 mg mi! BSA. Release of
products was assessed by passing samples of diluted enzyme

state kinetic analysis, that is, when the same assay system ishrough centrifuge columns of Sephadex equilibrated with

employed over the entire range of ATP concentrations
examined, several laboratories have reportedkws in the
micromolar range for ATP hydrolysis by,fATPases cor-
responding to bisite catalysi&{'s of 1—4 uM) and trisite
catalysis Kn's of 40—250uM) (29—31). Moreover, steady-
state kinetic analysis of they(8T16sS)sy subcomplex of TiE
revealedK, values of 1.4 and 11@M with associated.a
values of 14 and 34078, respectively 17). The kinetic
analyses cited above employed ATP regeneration with
pyruvate kinase coupled to NADH oxidation by the pyruvate

the same buffer containing 1.1 mg miBSA. In the studies
where slow dissociation of ADP was observed, slow release
of ADP was assessed by enzyme as&®y 89, by enzyme
assay and quenching of tryptophan fluorescence ofithe
(BY 341W)3y subcomplex of Tk and by passing samples
through centrifuge columns in the absence of BSK)(
Consideration of these differences suggests that BSA might
influence the rate of dissociation of ADP when MgATP is
hydrolyzed at a single catalytic site.

released with lactate dehydrogenase to determine rates oveREFERENCES
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