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ABSTRACT. Theaz(3M?22S/Y343W)zy double-mutant subcomplex of the-ATPase from the thermophilic
BacillusPS3 (Th), free of endogenous nucleotides, does not entrap inhibitory MgADP in a catalytic site
during turnover. It hydrolyzes 100 niv2 mM ATP with aKy, of 31 uM and ak.,:0f 220 s™*. Fluorescence
titrations of the introduced tryptophans with MgADP or MgATP revealed that both-Mgleotide

complexes bind to the catalytic site of the highest

affinity vt values of less than 1 nM and bind to

the site of intermediate affinity with a commd, value of about 12 nM. Th&g, values obtained for the

catalytic site of the lowest affinity from titrations with

MgADP and MgATP are 25 ang§lf respectively.

The double mutant hydrolyzes 200 nM ATP with a first-order rate of 1% which is 0.7% ofkcat

Hence, it does not hydrolyze ATP at a significant

rate when the catalytic site of intermediate affinity is

saturated and the catalytic site of the lowest affinity is minimally occupied. After the addition of
stoichiometric MgATP to thets(3M222S/Y349W)3y subcomplex, one-third of the tryptophan fluorescence
remains quenched after 10 min. The prodef]ADP remains bound when the wild-type and double-
mutant subcomplexes hydrolyze substoichiometfit]ATP. In contrast,32p, is not retained when the
wild-type subcomplex hydrolyzes substoichiometri¢3fP]JATP. This precludes assessment of the
equilibrium at the high-affinity catalytic site when the wild-type;ubcomplex hydrolyzes substoichio-

metric ATP.

The R-ATPase is the peripheral membrane component of
the KF-ATP synthases that couple proton electrochemical

not have a well-defined physiological role. Noncatalytic sites
are located mostly on. subunits at interfaces af/$ pairs

gradients to ATP synthesis in energy-transducing membraneshat differ from those that comprise catalytic sites. Noncata-

(1). When removed from fas anasfszyde oligomer, K
catalyzes ATP hydrolysis. In crystal structures ¢f8 Pase
from bovine heart mitochondria (M}} (2—5), thea andf
subunits are elongated and arranged alternately imAJs (
hexamer. The central cavity of theff)s hexamer is occupied
by an asymmetric coiled coil consisting of tlhehelical
amino and carboxy! termini of thg subunit.
F1 contains six nucleotide-binding sites, three of which

are catalytic sites that are located mostly ®subunits at

lytic sites are occupied with either Mg'-&denylylf,y-
imidophosphate (AMPPNP) @, 3) or MgADP (4, 5) in
different crystal structures of bovine MFn the original
crystal structure, the three subunits are heterogeneously
liganded @). One, designatefip, contains MgAMP-PNP;
another, designatefpp, contains MgADP; and the third,
designate@Bg, is empty. The conformations @k andfpp
are very similar to each other. In contragly has a
considerably different, open conformation. Thesubunits

o/f interfaces. The other three, called noncatalytic sites, do that contribute to catalytic sites e, Bor, and e are
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designatedxrp, app, andog, respectively.
Entrapment of inhibitory MgADP in a catalytic site during
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steady-state ATP hydrolysis catalyzed byATPase 6).
Lineweavetr-Burk plots constructed from rates of ATP
hydrolysis catalyzed by MFand the wild-type asfsy
subcomplex of the FATPase from the thermophilBacillus
PS3 (Th) are biphasic in the absence of activators that
overcome turnover-induced entrapment of inhibitory MgADP.
Entrapment of inhibitory MgADP is provoked by azide
anion, which appears to stabilize the inhibitory complex.
Entrapment of inhibitory MgADP during ATP hydrolysis
catalyzed by MFis relieved by including pyrophosphate in
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the assay mediun¥). In the case of theiy33y subcomplex enous nucleotides, attains maximal velocity of ATP hydroly-
of TF,, entrapment of inhibitory MgADP is relieved by sis when two of the three catalytic sites are saturated with
including the nonionic detergent lauryldimethylamine oxide MgATP. In conflict with their conclusion based on analysis
(LDAO) in the assay mediun8j. Pyrophosphate does not of MF;, we report here that thes(SM?222S/Y343W)3y double-
affect entrapment of inhibitory MgADP during ATP hy- mutant subcomplex of TF free of endogenous nucleo-

drolysis by Tk or its az8szy subcomplex. tides, does not entrap inhibitory MgADP in a catalytic site
Single-molecule experiments, designed on the basis of theduring turnover and does not hydrolyze ATP at a significant
original crystal structure of ME have shown that thesf3sy rate until the catalytic site of the lowest affinity binds

subcomplex of TIris a rotary motor that couples sequential MgATP.

hydrolysis of ATP at the three catalytic sites of the enzyme

to rotation of they subunit in discrete 120steps 9). EXPERIMENTAL PROCEDURES
Moreover, imaging in the submillisecond time range showed
that each 120rotational step occurs in 3@&nd 90 substeps
(10). Because the length of the pause preceding tHe 90
substep depends upon the ATP concentration, ATP binding
initiates this substep. The pause preceding thifesB®step

is thought to represent the time required to release product o LR . )
from an alternate catalytic site to reset the system for another!CtS: !_IQUId §C|nt|IIat|on cguntmg. was performed with
round of catalysis. Ecoscint obtained from National Diagnostics.

Whether ATP hydrolysis by FATPases under conven-  Generation of Mutant Subcomplex€$asmid pKK, which
tional conditions occurs with a bi- or trisite mechanism is Carries the genes for the, 5, andy subunits of Tk, was
controversial. According to the bisite model introduced by Uused for mutagenesis and gene expressig). (Mutant
Boyer in the 1970s, saturation of two catalytic sites is €xPression plasmids were prepared by the polymerase chain
sufficient to attain maximal rates of ATP hydrolysislj. reaction using the QuikChange mutagenesis kit from Strat-
The bisite activation model gained considerable support whenagene. ThgM?%S andBY**W substitutions were introduced
it was reported that the bovine mitochondrial &stherichia ~ Separately by PCR into the pTD plasmid carrying the genes
coli F;-ATPases hydrolyze substoichiometricZPJATP at ~ €ncoding thex, 5, andy subunits of Tk as a template. To
a high-affinity catalytic site slowly with an apparent equi- Prepare thews(5M?2’S/Y**\W)sy double mutant, thgY W
librium constant of about 11@, 13). After hydrolysis of ~ Substitution was introduced with PCR into M%) as

substoichiometric Jf-*P]ATP, the addition of millimolar ~ @ template. The primers used for mutagenesis were
concentrations of MgATP to the preloaded enzymes pro- 2 -GTCTTCGGACAAAGCAATGAGCCGCCG-3and 3-

moted the rapid release 6#P]P, indicating that binding of ~CGGCGGCTCATTGCTTTGTCCGAACAC-3 for the

the substrate to a second catalytic site of lower affinity drives SM??’S substitution and'8S5CGGAGATGGGGATTTGGC-

complete ATP hydrolysis and release of products from the CGGCCGTTGACCC-3and 3-GGGTCAACGGCCGGCC-

initially loaded high-affinity catalytic site. AAATCCCCATCTCCGC-3 for the ﬁY345V_V substitution.
General acceptance of the bisite activation model dimin- Changed bases are underlined. The mutations were confirmed

ished after Weber et al.14) correlated the affinities of Py sequencing. Thest1—Mlu | fragment containing the
catalytic sites for MgATP, assessed from nucleotide-induced 9ene encoding subunit from the resultant pTD plasmid was
fluorescence quenching of the introduced tryptophans in theligated into thePst I=Mlu | site of pKK to produce the
BY3*3W mutant of the R-ATPase fromE. coli (EF), with expression plasmid pKK¥M?22S/Y343W. Purification of the

the concentration of ATP required to observe significant rates Wild-type and mutant subcomplexes was performed as
of ATP hydrolysis. The mutant enzyme, which exhibited described by Matsui and Yoshid2Q). Wild-type and mutant
threeK values for MgATP, did not attain maximal velocity ~SuPcomplexes were stored at’@ as precipitates in 70%
until the third catalytic site, that of the lowest affinity for ~Saturated ammonium sulfate.

MgATP, was saturated. Analytical MethodsEnzyme stock solutions were prepared

In defense of the bisite activation model, Boyer and by dissolving pelleted ammonium sulfate precipitates, ob-
colleagues 15) have argued that fluorescence titrations of tained by centrifugation, in 50 mM Tris-Cl at pH 8.0
the BY343W mutant of EFf could be adversely affected by — containing 10 mMrans-1,2-diaminocyclohexanisN,N',N'-
the dissociation of the subunit during fluorescence titrations  tetraacetic acid (CDTA). Aftel h atroom temperature, the
and/or entrapment of inhibitory MgADP in a catalytic site dissolved enzymes were passed thfoagl mL centrifuge
during titrations with MgATP. In support of the second column of Sephadex G-5@1) equilibrated with 50 mM
reservation, it is clear that entrapment of inhibitory MgADP  Tris-Cl at pH 8.0 containing 0.1 mM ethylenediamine-
prevents determination of a distint, value from fluores-  tetraacetic acid (EDTA). After this treatment, the enzyme
cence titrations of the introduced tryptophans in catalytic subcomplexes were essentially free of bound nucleotides as
sites, the az(fY3*W)zy single-mutant andas(SE*V/ assessed by anion-exchange high-performance liquid chro-
Y349\)zy double-mutant subcomplexes of T@6—18). matography (HPLC) as described previously)( Protein

This controversy arose again recently when Milgrom and concentrations were determined by the method of Bradford
Cross (9) reported that bovine ME nearly free of endog-  (22) using Coomassie Blue (Pierce).

2 unl wated otherwi » 5 e 4 .ATPase activity was Qetermined spectrophotometrically
througheosust. fnal\’ja gEgngﬁ'Sl\ﬁéﬂfeggpgf a';]‘é”[‘w%ﬂ? a?el equivelljlzﬁt, with an ATP regeneration system at 3¢ and pH 8.0.
respectively, thEL®, AM218 SR256 andfY *Lin TF; andSE®L SM2%, Assays were performed with a Kontron Instruments Uvikon-
BR?4 andfY33tin EF,. 933 double-beam spectrophotometer attached to a chart

Materials.Enzymes and biochemicals used in assays and
buffers were purchased from Sigma. Primers for mutations
were purchased from Gibco Life Technologies. LDAO
was purchased from Calbiochem. Both [2tBATP and
s[)/-32P]ATP were purchased from NEN Life Science Prod-
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recorder. In most cases, recorded traces of decreasing BM222S BM2225/Y34SW
absorption at 340 nm were initiated with s after injecting Control Ny~ LDAO Control ~ N;” LDAO

enzyme solutions into rapidly stirred assay medium contain-

ing various concentrations of ATP, 2@ NADH, 30 mM

KCI, 4 mM phosphoenolpyruvate, 2683/mL lactate dehy-

drogenase, 408g/mL pyruvate kinase, and Mggh 50 mM N
4

Tris-Cl at pH 8.0. Unless indicated otherwise, the MgCl
concentration was 1 mM in excess of the ATP concentra-
tion. When assays were initiated with kfgion, 10 uL of

100 mM MgC} was injected into 1 mL of rapidly of stirred
assay medium containingg of the wild-type or3M?22S/
Y349 subcomplex, 5&tM ATP, 200uM NADH, 30 mM 3
KCI, 4 mM phosphoenolpyruvate, 20y/mL lactate dehy-

drogenase, and 40g/mL pyruvate kinase in 50 mM Tris-  Ficure 1: Effects of azide and LDAO on the hydrolysis of M
Cl at pH 8.0. ATP by the fM?22S and fM?22S/Y343W mutant subcomplexes.
. . . . Solutions of the subcomplexes at 1 mg/mL in 50 mM Tris-Cl at
Fluorescence titrations of the introduced tryptophans in pH 8.0 containing 0.1 mM EDTA were prepared as described in
the SM?225/Y343V double mutant with nucleotides were the Experimental Procedures. Rates of ATP hydrolysis were

performed by injecting small volumes of nucleotides at high recorded witha 3 s after injecting kg of thejM???S single mutant

: : : : or 1 ug of thefM2225/Y343W double mutant into the assay medium
Concentrf’:ltlons into 3,'0 mL of rapidly stlrrgd 501nM mutant containing 5quM ATP and the following additions: (control), no
enzyme in 50 mM Tris-Cl at pH 8.0 contained in a cuvette aqditions; (N-), 1 mM NaNs; or (LDAO), 0.06% LDAO.

mounted in a Spex Fluoromax-2 spectrofluorometer. Fluo-

rescence measurements were recorded 30 s after the additiop gy Tg

of the nucleotide. The excitation and emission wavelengths

were 295 and 355 nm, respectively. In titrations with MgADP  Thea3(BM222S/¥243W);y Double Mutant Hydrolyzes 5M

or MgATP, MgCk was present in 1 mM excess over the ATP with a Linear Rate after Incubation with ATP or

concentration of ADP or ATP. The buffer used in titrations MgADP prior to Initiating AssaysAs shown earlier 16)

with ATP in the absence of Mggtontained 0.1 mM EDTA.  and in Figures 2 and 3B, the wild-type8sy subcomplex

Fresh enzyme solutions were prepared for each concentratiorof TF; hydrolyzes ATP in three phases when it is injected

of MgATP examined. The free nucleotide concentrations into an ATP regeneration system containing /8@ ATP.

shown in Figure 5 were established by subtracting the amountAn initial burst of ATP hydrolysis rapidly declines to a

of bound nucleotide, determined from fluorescence quench-slower, intermediate rate that gradually accelerates to a final

ing, from the total amount of nucleotide addéd, values rate of about &mol of ATP hydrolyzed mg* min~2. In the

were calculated by nonlinear regression analysis usingpresence of 1 mM Nag) wild-type enzyme hydrolyzes 50

SigmaPlot with the equation described by Weber etlaf).(  «M ATP with a burst tf;]at rapidly decli?es to a very slow
Hydrolysis of ATP at a Single Catalytic Sitdydrolysis rate. In contrast, in the presence o 0.06% .LDAO' i

of substoichiometric ATP was initiated by rapidly mixing gyfdrlglyzes 50"\4 ATE V\;'.th Eli Ilneart;mtlal réit_e tk;]at |sbabout f

2.85 uM (1 mg/mL) wild-type subcomplex with 1.7ZM -fold greater than the final rate observed in the absence o

3 % : . LDAO. It was also shown previously that, in the absence of

[HIATP or [y-#PJATP in the presence of 1 mM Mg&in LDAO and azide, thg3Y3*3W mutant hydrolyzes 5@GM

50 mM Tris-Cl at pH 8.0. Rates of hydrolysis of the '

o , : ATP with a barely detectable initial burst that slowly
_32
substoichiometricH]ATP and y-*P]ATP were determined accelerates to a final rate of aboutmol of ATP hydrolyzed

by W'”‘Idfa‘”"?g 75”:‘ sargple.s.of ”;e reaction m]!xélazs at mg~! min~%. Hydrolysis of 50uM ATP by the SY34W
several time intervals and mixing them withuZ. o 0 mutant is less sensitive to inhibition by 1 mM Nabkhan

perchloric acid in 0.5 mL centrifuge tubes. After 10 min, the wild-tvoe enzvme and is onlv slightly stimulated b
perchloric acid was neutralized by the addition ofl2 of 0.06% LD%EO (18)-y y Signty y

9.2 M KOH. After neutralization, the samples were placed Figure 1 compares the rates of hydrolysis of.80 ATP

in an ice bath for 10 min. Precipitated KGj@nd denatured by the AM22%S single-mutant an@M222S/Y343W double-
enzyme were then removed by centrifugation. The extent of ) ;tant subcomplexes under three conditions: (a) in the
hydrolysis of the fHJATP or [y-*PJATP was determined  gpsence of additions, (b) in the presence of 1 mM NaN
by submitting samples of the supernatants to anion-exchangeyng (c) in the presence of 0.06% LDAO. The traces of
HPLC as described previouslyl). The quantities of  NADH consumption shown in Figure 1 were recorded from
[*HIADP or %P, in the effluents were determined by liquid |ess tha 3 s toseveral minutes after injecting the mutant
scintillation counting. The amount ofHJADP remaining  enzymes into an ATP-regenerating system containing\s0
bound to the wild-type enzyme during hydrolysis $JATP ATP. The numbers at the ends of the traces represent rates
was determined by passing 7& samples of the reaction  of ATP hydrolysis recorded over the last 1 min of the assay
mixture, at increasing time intervals, through 1 mL centrifuge expressed immol of ATP hydrolyzed mg! min~2. In the
columns of Sephadex G-50, equilibrated with 50 mM Tris- absence of additions, tiM?222S mutant hydrolyzes 50M

Cl, into test tubes containing /2 of 60% perchloric acid. ~ ATP with a slightly accelerating rate in the absence of an
The amount of?P, remaining bound to the wild-type enzyme initial burst. The final rate is about 5-fold greater than the
after hydrolysis of §-32P]ATP was determined by the same final rate observed with the wild-type enzyme. In comparison
method. with the wild-type enzyme, the single-mutant enzyme is less

[0.20D340 nm

1 min
—

32
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FIGURE 2: Comparison of rates of hydrolysis of 3 ATP by 0 283 10 59 200 1000 UM ADP
the wild-type and$M??%5/Y343W double-mutant subcomplexes g

when assays were initiated with enzyme or MgQlhe wild-type

and double-mutant subcomplexes at 1 mg/mL in 50 mM Tris-Cl at

pH 8.0 containing 0.1 mM EDTA were prepared as described in

the Experimental Procedures. In assays initiated wjthlkg of

the wild-type or double-mutant enzyme was injected into the ATP

regeneration system described in the Experimental Procedures

containing 5QuM ATP and 1.05 mM MgCl. Assays initiated by 020D | . 75

injecting Mc?" ion into the assay medium are described in the [ 74

Experimental Procedures. Recordings of initial rates were initiated Y6 79

within 3 s after the injections. ’

sensitive to inhibiton by 1 mM NaNand is slightly 89 00 g

inhibited, rather than stimulated by 0.06% LDAO. In FgGure 3: Comparison of the effects of prior incubation of the
contrast, thggM222S/Y3*3W double mutant hydrolyzes 5M BMZ2S] Y343 double-mutant and wild-type enzymes with increas-
ATP in the presence or absence of either 1 mM NaN ing MgADP concentrations on rates of hydrolysis of/8@ ATP.

. : . Rates of ATP hydrolysis were recorded witl8 s after injecting
0
0.06% LDAO W!th a sluggl_sh _|n|t|al rate that slowly the double-mutant (A) or wild-type (B) enzyme, treated with various
accelerates to a final rate, which is about 3-fold greater than concentrations of MgADP, into a regeneration system containing

the final rate observed with the wild-type enzyme. Unlike 50uM ATP. (A) AM2225/Y343V\ double mutant at 0.5 mg/mL was
the responses of the wild-type anftiM??’S and BY345W incubated with 1 mM MgGl in excess of the indicated ADP
single-mutant enzymes to azide and LDAO, hydrolysis of concentrations in 50 mM Tris-Cl at pH 8.0 for 30 min before
50 uM ATP by the double-mutant enzyme is only slightly 2353Y'N9 1ug samples of the treated enzyme with the ATP

U Ul y HIHRC : y_ : y slightly regeneration system described in the Experimental Procedures
inhibited by 1 mM NaN and is slightly inhibited, rather than  containing 50uM ATP and 1 mM MgCh. (B) Traces illustrated

stimulated, by 0.06% LDAO. for the wild-type subcomplex were obtained in the same manner
Figure 2 compares the rates of hydrolysis ofi80 ATP except that they was incubated at 1.0 mg/mL with the concentrations
by the wild-type anggM?222S/Y343W double-mutant enzymes of MgADP indicated for 30 min before initiating assays witk@
of enzyme.

when assays were initiated by (a) injecting the enzyme into

the ATP regeneration system containing/a@ ATP plus Table 1: Comparison of the Effects of 1 mM Nahind 0.06%

1.05 mM MgC} or (b) injecting MgC}, to a final concentra- | pao on the Rates of Hydrolysis of 2 mM ATP by the Wild-Type
tion of 1.05 mM, into the assay medium containing the and Mutant Subcomplexes

enzyme and 5&M ATP in the absence of Mg&l When percent of inhibition effects of

the SM2225/Y343V double mutant was incubated with BB enzyme by 1 mM NaN; (%) 0.06% LDAO
ATP in the assay medium free of MgGbr 10 min before axay % 4-fold activation
injecting MgCk to initiate ATP hydrolysis, a linear rate was — q,(8Y345W)3y 73 1.95-fold activation
observed withi 3 s of theinjection. In contrast, Figure 2 os(BM?S)y 67 no effect

also shows that a fast rate rapidly declined to a slower rate_%(BM??’S/Y**W)sy 9 10% inhibition

when the wild-type enzyme was assayed under the same
conditions. It is important to note that, in experiments not initiating assays. Figure 3B shows that rapid, linear rates were
illustrated, nonlinear, accelerating initial rates were observed not observed after incubating 2:81 wild-type enzyme with

when assays were initiated by injecting Mg@ito the ATP- MgADP concentrations up to 1 mM under the same
regenerating system containing the double-mutant enzymeconditions prior to initiating assays.
and less than 3gM ATP. Comparison of the Effects of Naldnd LDAO on Hy-

Figure 3A shows the rates of hydrolysis recorded within drolysis of 2 mM ATP by the Wild-Type and Mutant
3 s of injecting lug of the fSM?225/Y34SW double-mutant ~ Subcomplexe§able 1 compares the effects of 1 mM NaN
enzyme, which had been incubated at 148l with and 0.06% LDAO on the rates of hydrolysis of 2 mM ATP
increasing concentrations of MgGADP for 30 min, into an ATP by the wild-type and mutant subcomplexes. Each mutant
regeneration system containing 5™ ATP and 1.05 mM enzyme is less sensitive to inhibition by azide than the wild-
MgCl,. Linear rates of ATP hydrolysis were observed after type subcomplex. Whereas hydrolysis of 2 mM ATP by the
incubating the double-mutant enzyme with4M or greater SM?22S andSY349W single-mutant enzymes was inhibited
MgADP but not with 5uM or lower MgADP before by 67 and 73%, respectively, in the presence of 1 mM HaN
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FiIGURE 4: Lineweaver-Burk plot for the SM2225/Y343W mutant
enzyme obtained from linear rates of hydrolysis ofi@0—2 mM
ATP recorded from 8 to 9 min after iniating ATP hydrolysis. The
double-mutant enzyme at 0.25 mg/mL was incubated with,2@0
MgADP for 30 min before injecting L samples into an ATP-
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FicURE5: Rates of hydrolysis of 166400 nM ATP by the3M222S/
Y349 double-mutant subcomplex. The recorded traces were
initiated 5 min after injecting kg of the fM222S/Y343W double-
mutant subcomplex into 0.8 mL of the ATP regeneration system
described in the Experimental Procedures containing 1 mM MgCl
with the following modifications. Traces a and b are the rates of
consumption of 1«M NADH and 20uM NADH, respectively,

in the absence of added ATP. Traces ¢ and d are the rates of
consumption of 1M NADH in the regeneration system in the
presence of 100 and 200 nM ATP, respectively. Trace e represents
the rate of consumption of 20M NADH in the regeneration system

in the presence of 400 nM ATP. The numbers at the end of the
traces represent the rates of ATP hydrolysis expresseohoi (mg

of enzyme)! min1,

regenerating system described in the Experimental Procedures

containing 26-2000uM ATP and 1 mM MgC} in excess of the
ATP concentration.

the M?22S/Y343W double mutant was inhibited by only 9%
under these conditions. Therefore, it has a very low
propensity to entrap inhibitory MgADP in a catalytic site
during turnover. This contention is supported by the ob-
servation that 0.06% LDAO slightly inhibits, rather than
stimulates, hydrolysis of 2 mM ATP by the double-mutant
enzyme.

Steady-State Kinetic Analysis of {ieI222S/¥4W Double-
Mutant SubcomplexXthe preliminary experiments illustrated
in Figures 2 and 3 were performed to find a method for
determining theK, and Vinax values of the3M?222S/Y343W

Table 2: Comparison of the Calculated and Experimental Rates of
Hydrolysis of 106-400 nM MgATP by theos(8M?225/Y343W)zy
Subcomplex

100 200 400

calculated ratexmol of ATP mint mg-1)2 0.119 0.237 0.471
experimental rateufmol of ATP mimt mg™)® 0.143 0.235 0.413

a Calculated with &/max0f 37 umol of ATP hydrolyzed mg! min—*
and aKn, of 31 M, values obtained from Figure 4 Corrected for the
rate observed with 10M NADH alone (100 and 200 nM ATP) and
the rate observed with 2@M NADH alone (400 nM ATP).

ATP concentration (nM)

a and b in Figure 5 illustrate rates of NADH consumption
observed after injecting &g of the nucleotide-fregM?2%S/
Y39V mutant enzyme into an ATP regeneration system

double-mutant enzyme. In experiments not illustrated, a containing 10 and 28M NADH, respectively, in the absence

linear LineweaverBurk plot was obtained from initial rates
that were recorded for hydrolysis of 2@000uM by 1 ug

of the SM?225/Y34%W double mutant after the enzyme was
incubated at 0.5 mg/mL with 200M MgADP for 30 min.
The K, and Vmax Values obtained from the linear plot were
32 uM and 34 umol of ATP hydrolyzed mg' min
respectively. Owing to the 200M MgADP present in the
buffer during prior incubation, this method was not appropri-
ate for determining rates of hydrolysis of significantly lower
concentrations of ATP.

of added ATP. The numbers at the end of traces, which were
initiated 5 min after the addition of the enzyme, are the rates
of NADH consumption, expressed imol oxidized min?!

(mg of enzyme)?!, that were recorded between 10 and 15
min after the addition of the enzyme. The observed rate
doubled when the NADH concentration in the assay medium
was increased from 10 to 20, confirming that the NADH
used in these experiments contained contaminating ADP.
Traces ¢ and d in Figure 5 were obtained after injecting the
double-mutant enzyme into an ATP regeneration system

Figures 1 and 2 show that the slow, initial rates observed containing 10uM NADH plus 100 and 200 nM ATP,

when theBM?22S/Y**%W mutant was injected into the assay
medium containing 5@M ATP became linear after about 5
min. From this observation, the Lineweav@urk plot

respectively. Trace e was obtained after injecting the double-
mutant enzyme into the regeneration system containing 20

uM NADH plus 400 nM ATP. The numbers at the ends of

shown in Figure 4 was constructed from the linear rates of traces e-e represent the rates of NADH consumptiomimol

ATP hydrolysis recorded between 8 and 9 min after injecting

oxidized mint (mg of enzyme)* that were calculated from

0.25ug of the double-mutant enzyme into an ATP regenera- the slopes of the traces recorded between 10 and 15 min

tion system containing 262000uM ATP. TheKp, andVmax
values obtained from the plot are aM and 37umol of
ATP hydrolyzed mg* min~?, respectively.

Given that commercial preparations of NADH contain
small amounts of ADP, the following method was used to
determine rates of hydrolysis of 16@00 nM ATP. Traces

after adding the enzyme. Table 2 compares the observed rates
of ATP hydrolysis indicated on traces-e of Figure 5, with

the rate calculated from the MichaetiMenten equation
using aVmax of 37 umol of ATP hydrolyzed mg* min~*

and aKn, of 31 uM obtained from Figure 4. The experimental
rates in Table 2 were corrected for the rates of NADH
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Ficure 6: Fluorescence titrations of the introduced tryptophans
in the o3(M?22S/Y343W)3y double-mutant subcomplex with
MgADP, MgATP, and ATP. The fluorescence titrations were
performed as described in the Experimental Procedurs}. (
Titration with MgADP, @) titration with MgATP, and Q) titration
with ATP.

consumption observed when the enzyme was added to th

regeneration system in the absence of added ATP. The

calculated and experimentally determined rates are similar.
Therefore, it is reasonable to conclude that@Ne22S/Y34W
double-mutant enzyme hydrolyzes 200 nM ATP with a rate
of about 0.25:mol mg* min~%, which corresponds tolaa

of 1.5 s

Comparison of the Affinities of Catalytic Sites in the
BM?225/¢43W Double Mutant for Nucleotides Obtained from
Fluorescence Titrations of the Introduced Tryptophans
Figure 6 illustrates titrations of the introduced tryptophans
in the SM2225/Y349W double mutant with MgADP, MgATP,
and ATP in the absence of the Ffgion. In each titration,
the three catalytic sites in the double-mutant enzyme
exhibited different affinities for the nucleotide. After the
addition of stoichiometric MgADP or MgATP to the double-
mutant enzyme, one-third of the fluorescence was quenched
Therefore, in titrations with MgADP and MgATKg,, the
binding constant for the catalytic site of the highest affinity,
was too low to be determined by this method. In contrast, a
Kg, value of 50 nM was obtained from the titration of the
double-mutant subcomplex with free ATP. THg, values
obtained from titrations with MgADP and MgATP are 12
and 11 nM, respectively. The appardf, value obtained
from the titration with ATP in the absence of MgQt 8
UM. The Kg, values obtained from titrations with MgADP
and MgATP are 25 and 3iZM, respectively. The apparent
Kq, value obtained from the titration with free ATP is 160
uM.

Hydrolysis of Substoichiometric ATP by the Wild-Type
o3B3y SubcomplexAs described here for thev222S/Y343W
double mutant, Dou et al28) found that the addition of
stoichiometric MgATP to the3Y34W single mutant de-
creased fluorescence emission by 33% within 30 s. Fluo-
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FiGure 7: Hydrolysis of substoichiometriéf]ATP and E2P]ATP
by the wild-typeasfBsy subcomplex. The extent of hydrolysis of
1.7 uM [H]ATP and 1.7uM [y-3?P]ATP by 2.85uM wild-type
subcomplex was determines as described in the Experimental
Procedures.®) Percent of {H]JATP hydrolyzed, &) percent of
[y-32P]ATP hydrolyzed, ©) percent of fHJADP remaining bound,
and (@) percent of $2P] remaining bound.

50

03(BM?225/Y349W)3y double-mutant subcomplex behaves in

E;he same manner in that quenching of the tryptophan

fluorescence remained at about 33% 10 min after mixing it
with stoichiometric MgATP.

These observations are inconsistent with the characteristics
of hydrolysis of substoichiometricofy-3?P]ATP by five
subunit Tk (agf3yd¢€) reported by Yohda and Yoshida4).
They reported that substoichiometric,J-32P]JATP was
completely hydrolyzed within 5 min after mixing it with the
five-subunit enzyme. Hydrolysis was accompanied by rapid
release of both d-*P]JADP and?3®P. It is possible that
retention of nucleotides on the high-affinity catalytic site
observed in fluorescence titrations of mutant subcomplexes
containing theBY 343 substitution might be caused by the
interaction of the side chain of the introduced tryptophan
with the adenine of the bound nucleotide. To test this
possibility, hydrolysis of substoichiometriéH]ATP and
[7-3?P]ATP by the wild-typenssy subcomplex of TEwas
examined.

Figure 7 illustrates hydrolysis of substoichiometfid]ATP
and substoichiometricy[*?P]JATP by the wild-typeasBsy
subcomplex and the amounts &HJADP or 2P, remaining
bound to the enzyme following hydrolysis. About 90% of
the addedJH]ATP or [y-3?P]ATP was hydrolyzed within 2
min. After hydrolysis of fH]ATP, all of the productyH]ADP
remained bound to the enzyme. In contrast, at least 90% of
product®?P; was released rapidly when the wild-type sub-
complex hydrolyzed j-32P]JATP. In experiments not il-
lustrated, it was also shown that ti#1222SF*\W double-
mutant enzyme hydrolyzes at least 90% of the substoichio-
metric PHJATP added to it within 2 min that was ac-
companied with the complete retention of the product
[BH]ADP. 1t is clear that the wild-type andw(3M?2%S/
Y349W)zy double-mutant subcomplexes hydrolyze sub-
stoichiometric ATP with different characteristics than those

rescence quenching remained at 33% after 60 min. Thereported for thengSsyde TF, complex @4).
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DISCUSSION intervals of centrifugation. Because the membrane filters
) .. were preserved in glycerol, the first filtrate was discarded.
TheKn value of 314M obtained from steady-state kinetic e amount of JHJANP in the second filtrate was used to

analysis of the{M=#’S/Y**W double-mutant enzyme is  5jcyate the amount offiJANP remaining bound to ME
similar to theKq, value of 374M obtained from fluorescence 5 Kg, value of 15 nM and &g, value of 78uM were
1 2

titration of its introduced tryptophans with MgATP. Thg, obtained from a semilogarithmic plot of bounzHJANP
value obtained from the fluorescence titration of the double against the free*H]ATP concentration obtained from the
mutant with MATP is about 12 nM. Because the double- e mprane filtration assays. In contrast, ke value of 15
mutant enzylm_e hydrolyzes 200 nM ATP with a first-order 1 gptained from membrane filtration analysis is incon-
rate of 1.5 s, it is clear that it does not hydrolyze ATP at  gjgtent with an earlier report that estimated the association
a significant rate until the catalytic site of the lowest affinity  .qnstant of ATP binding to the high-affinity catalytic site
binds MgATP. This contradicts the conclusion recently ¢ MF; to be about 18 M~ (29). The glycerol present in
reported by Milgom and Crosdl9) that, after incubation e membrane filtration device used by Milgrom and Cross
with magnesium pyrophosphate (Mg:RPbovine Mh to estimateKy values might be responsible for the large
depleted of endogenous nucleotides (ndMfitains maximal discrepancy between tHé,, value that they reported and

velocity when the catalytic site of the intermediate affinity the association constant reported for Mfy Grubmeyer et
is saturated with MgATP. Saturation of noncatalytic sites 9.

with Mg-PR prevents entrapment of inhibitory MgADP in

The finding that the wild-typex subcomplex hydro-
a catalytic site during ATP hydrolysis catalyzed by ndMF J ypa@ifisy P y

lyzes substoichiometric MgATP with the retention of ADP
(7). and rapid release ofjRs consistent with the results of
To account for the different catalytic characteristics of stopped-flow analysis of hydrolysis of substoichiometric
ndMF, reported by Milgrom and Crossl9) and those of  MgATP by the as(BR®W)sy mutant subcomplex of TF
the AM?222S/Y3*W double-mutant enzyme reported here, it reported by Masaike et al.3(). The AR®W mutant
might be argued that the two amino acid substitutions at or hydrolyzes substoichiometric MgATP withkay of 14 s°%.
near the catalytic site in the double-mutant subcomplex after hydrolysis, ADP was retained, whereasvas released
convert the enzyme from a bi- to a trisite mechanism for \ith a rate constant of 2.8'& Therefore, the wild-type and
ATP hydrolysis. However, the following observations sug- gR33AN mutant subcomplexes do not hydrolyze substoichio-
gest that the wild-type Tisubcomplex also attains maximal metric MgATP with an equilibrium constant near unity. In
velocity upon saturation of the catalytic site of the lowest ¢ontrast, it has been reported that M®ith and without
aff|n|ty (1) In the presence or absence of LDAO, the wild- endogenous nuc'eotidega 29)’ and EE Containing en-
type subcomplex hydrolyzes;aM—2 mM ATP with aKn, dogenous nucleotide81) hydrolyze substoichiometric ATP
of 43uM (16, 17). (2) After incubation with 5Q:M [*HJADP with equilibrium constants near unity.
and 2 mM MgC}, the wild-type Th subcomplex retains 1.9 This study was initiated when it was found that the
mol of [*H]JADP/mol after passage through a Sephadex G50 0a(BM222S )y single-mutant subcomplex has low propensity
centrifuge columnZs, 26). This indicates that thq, value  to entrap inhibitory MgADP in a catalytic site during
of the wild-type subcomplex for MgADP is considerably tymover. It hydrolyzes 5aM ATP with a nearly linear initial
lower than 43uM. rate. In contrast, th8M2225/Y3#3\ double-mutant enzyme
On the other hand, the catalytic characteristics and hydrolyzes low concentrations of ATP with an accelerating
affinities of the catalytic sites for nucleotides of the ndMF initial rate unless it was incubated with at leasy30 ATP
preparation examined by Milgrom and CroskO) differ before initiating assays with Mg ion. Linear initial rates
considerably from those described in other reportsl§, were also observed after incubating 148 double-mutant
27, 28). Their ndMF, preparation displayeld, andk.avalues enzyme with between a 3-5.0-fold molar excess of
of about 77uM and 370 s?, respectively, at 22C, and MgADP before initiating assays. These observations suggest
displayed &, value of about 76578 at 30°C. In contrast,  that the accelerating rates observed when the double-mutant
Kalashnikova et al.Z7) reported that ndMFexhibits Kn, enzyme hydrolyzes ATP, in the absence of prior incubation
andke values of 125«M and 765 s?, respectively, at 25  of nucleotides, represent a slow conformational change that
°C, and Milgrom et al. 15) reported that ndMEFexhibits occurs after loading catalytic sites with nucleotides or slow
Km andke values of 133:M and 700 s?, respectively, at  binding of nucleotides to noncatalytic sites. Slow binding
25 °C. Furthermore, Jault and Allison reported that ndMF  of MgATP to catalytic sites is not responsible for the
hydrolyzes ATP at 30C with Ky, andkca: values of 12Q:M accelerating rates observed in the absence of prior incubation
and 1350 s!, respectively 7). Therefore, the ndMF of the double-mutant enzyme with nucleotides for the
preparation described in réf9 hydrolyzed ATP withkca following reason. Maximal quenching of the tryptophan
values that are about 50% of those described by otffers ( fluorescence occurred within 30 s of mixing MgATP with
15, 27) and had an unusually lo¥n value, suggesting that  the double-mutant subcomplex at all concentrations exam-
it had defective catalytic properties. ined. In contrast, the lag observed during hydrolysis of 50
We also have reservations about the method described inuM ATP by the double-mutant enzyme illustrated in Figure
ref 19 to estimate th&y, andKg, values for ATP bindingto 1, lasted several minutes.

catalytic sites of ndME Bound PHJANP was estimated by Two observations are consistent with the premise that the
transferring 40Q.L volumes of reaction mixtures containing accelerating initial rates observed represent a slow confor-
0.85uM ndMF; and various concentrations GHJATP in mational change that occurs after loading two catalytic sites

an ATP regeneration system to the sample reservoir of with nucleotides. (1) Rates of hydrolysis of each concentra-
membrane filter devices that were then submitted to two shorttion of ATP (20uM—2 mM) used in the LineweaveBurk
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plot illustrated in Figure 4 became linear in about 5 min. slower rate. Deceleration is caused by turnover-dependent
This suggests that the accelerating initial rates are not cause@éntrapment of inhibitory MgADP in a catalytic site.

by the slow binding of MgATP to noncatalytic sites but rather  In the N,N'-dicyclohexylcarbodiimide (DCCD)-MFand

to a slow conformational change after loading catalytic sites. ADP-MF; crystal structures4{ 5), the guanidinium of

(2) The fluorescence titration of the double-mutant enzyme aArg®”® is hydrogen-bonded to the'-Bydroxyl of ADP

with ATP in the absence of the Mgion illustrated in Figure bound to the catalytic site at thes/f1e interface. As pointed

6 shows that the catalytic site of the intermediate affinity out earlier 87), this probably represents the structure of a
saturates in the presence of -3 uM ATP. This is catalytic site containing inhibitory MgADP. It is possible
consistent with the observation that linear initial rates of ATP that amino acid substitutions i fATPases that reduce or
hydrolysis were not observed unless the double-mutanteliminate entrapment of inhibitory MgADP in a catalytic site

enzyme was incubated with at least 8M ATP before
initiating assays with MgGl However, inconsistent with

during turnover induce global effects that prevent the
guanidinium ofaR%76 from forming an abortive interaction

these observations, Figure 3B shows that an acceleratingwith the 2-hydroxyl of ADP bound to a catalytic site.

initial rate was observed after incubating 1418 double-

mutant enzyme (0.5 mg/mL) with a 3.5 molar excess of REFERENCES

MgADP before injecting a Jug sample into 1 mL of the
assay medium containing 50 MgATP. It is possible that
this discrepancy might have been caused by the 500-fold
dilution that occurred when the pretreated enzyme was
injected into the assay medium to determine the initial rate

of ATP hydrolysis. In any case, the catalytic site of the lowest 3.

affinity must be occupied to observe significant rates of ATP
hydrolysis.
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