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ABSTRACT: Inactivation of MR (bovine mitochondrial FATPase) with 5p-fluorosulfonylbenzoyl-
ethenoadenosine is caused by labetitR44 [Verburg, J. G., and Allison, W. S. (1990) Biol. Chem.

265, 8065-8074]. In the crystal structure [Abrahams, J. P., Leslie, A. G. W., Lutter, R., and Walker, J.
E. (1994)Nature 370 621—-628], a Y244 is hydrogen bonded ®@R304 which is also hydrogen bonded

to aY300. The catalytic properties of mutadBsy subcomplexes of the TFATPase from the thermophilic
Bacillus PS3 containing theF244C,aR304C, andoY300C substitutions have been examined. Each
has unique features for hydrolyzing ATP and forming inhibitory AEfRaoroaluminate complexes in
catalytic sites. Unlike wild-type, thexR304C}B3y and @Y300C)xA3y subcomplexes entrap inhibitory
MgADP in a catalytic site during turnover which fails to dissociate when ATP binds to noncatalytic sites.
Although the hydrolytic properties of thelF244C}33y subcomplex and wild-type are similar, the mutant
forms ADP-fluoroaluminate complexes 7 times faster than wild-type whett Ahd F are added to it

in the presence of excess ADP and g It also resists inhibition by high Mg concentrations in the
assay medium. At least one noncatalytic site of tdle244C}53y subcomplex has increased affinity for
ADP, indicating that the enhanced rate of formation of the AfflIRoroaluminate complex reflects
augmented cooperativity between noncatalytic and catalytic sites. The rate of formation of the ADP
fluoroaluminate complex inoY300C)A33y increases only 40% when MgADP in bound to two catalytic
sites rather than one, compared to a 9-fold increase exhibited by wild type. W#eand F are added

to the @Y300C)f33y subcomplex after incubation with excess ADP and?MADP—fluoroaluminate
complexes are formed in three catalytic sites rather than two observed with the other subcomplexes.
Reconciliation of the catalytic properties of the mutant subcomplexes in terms of the crystal structure
suggests thattF244,aR304, andaY300 of TR are part of a pathway that propagates conformational
signals from one catalytic site to another.

The RF;-ATP synthases of energy transducing membranes with MJAMP—PNP, are denoted as followsce contributes
couple proton electrochemical gradients to the condensationto the catalytic site ofjg, app contributes to the catalytic
of ADP and P The R moiety is a peripheral membrane site of Spp, andare contributes to the catalytic site Bfp.
protein complex. When removed from the membraneésF  Thea andg subunits are folded nearly identically into three
an ATPasel). Five gene products comprise theATPases domains: top (amino-terminal), middle (nucleotide binding),
which are present in a stoichiometry offsyde. They and bottom (carboxyl-terminal).
contain six nucleotide binding sites. Three are catalytic, and  The a3y subcomplex of TE has catalytic characteristics
the other three, for which a defined functional role remains similar to those of the complete enzynte8). Therefore,
to be elucidated, are known as noncatalytic sig2s). The comparing the catalytic properties of the wild-type and
catalytic sites are present mostly gnsubunits, but also  mutant o385y subcomplexes of TFis appropriate for
contain residues contributed from adjacersubunits. On  examining structurefunction relationships in FATPases.
the other hand, noncatalytic sites are mostlyxiaubunits, Moreover, a p|asm|d Containing the genes encodingxt'he
but contain residues contributed from adjacgngubunits B, andy subunits of Tk can be overexpressed in an unc

(4). In the crystal structure, the catalytic sites are hetero- strain of Escherichia colito produce the assembled,3sy
geneously liganded as follows: subufii has no bound  complex in high yield 9).

nucleotide in the catalytic sitédpp has MgADP bound to
the catalytic site, an@irp has MgAMP-PNP bound to the
catalytic site. Then subunits, each of which is liganded
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Steady-state kinetic analysis of ATP hydrolysis by F

Grodsky et al.
from Fisher Scientific. Sephadex G-50 was supplied by

ATPases is complicated by turnover-dependent entrapmentPharmacia. The oligonucleotides used for mutagenesis were

of inhibitory MgADP in a catalytic site. When noncatalytic

purchased from Gibco BRL. Restriction enzymes were

sites are not saturated with ATP, three kinetic phases arepurchased from Promega or New England Biolabs.

observed when ME TF,, and theaf3y subcomplex of Tl
hydrolyze low concentrations of ATH (10, 11). An initial

The wild-typeasfsy subcomplex and thexE244C)53y,
(atY300C)B3y, and @R304C)Ssy subcomplexes were puri-

burst rapidly decelerates to a slow intermediate rate thatfied according to Matsui and Yoshid8)(after expression
gradually accelerates to a final steady-state rate whichin an unc strain of E. coli from plasmids encoding thé

approaches the initial rate. Transition from the burst to the

andy subunits of Tk, and either the wild-type or mutant

slow intermediate phase is caused by turnover-dependenisybunits. The complexes were stored as precipitates in 70%

entrapment of MgADP in a single catalytic sité2( 13).
Slow binding of ATP to noncatalytic sites promotes dis-
sociation of MgADP from the affected catalytic site. This
is responsible for transition from the intermediate phase to
the final rate ¢, 10, 11).

An earlier study 14) showed that derivatization of Tyr244
in a single copy of thex subunit accompanies inactivation
of MF; by FSB:A. From this observation, it was concluded
thataTyr244 is part of the noncatalytic nucleotide binding
site. However, when the X-ray structure of Mmas
subsequently deduced)( it was clear thattTyr244 is not
part of the noncatalytic nucleotide binding site. Instead,
aTyr244 is located in a cluster of conserved aromatic side
chains in the nucleotide binding domain but is distant from
the nucleotide binding site. In MFthese residues are
oTyr244,0Tyr248,aTyr278, andaTyr300. In the crystal
structure, the phenolic oxygen afTyr244 is hydrogen
bonded to the guanidinium afArg304 which in turn is
hydrogen bonded to the phenolic oxygenoofyr300. In
TF1, a phenylalanine is present in the position occupied by
aTyr244 in MF. The residue numbers of M&re used here
to designate residues in theand subunits of Tk andE.
coli F;. Also an indication that this site plays a functional
role in catalysis, Omote et all}) reported that the second
site mutationpR304C, partly rescues activity in tf#S181F
mutant ofE. coliF. In the crystal structure of M3Ser181
is 29.7 A fromaR304C, clearly ruling out a direct interaction
between these residues. Hartog et Hb) fecently reported
that bothaTyr244 andaTyr300 are derivatized along with
BTyr368 when Mk is inactivated with FSBA in the presence
of 10% glycerol which further implies that these residues
have a functional role in catalysis. The combined observa-
tions provoked further examination of this region of the

subunit by site-directed mutagenesis. Following the obser-

vation of Omote et al.15) that theaR304C mutant oE.
coli F, has slightly less than half the membrane-bound
ATPase activity of wild-type, single mutants have been
generated in thesfsy subcomplex of Tlin which aPhe244,
oArg304, andoTyr300 were substituted with cysteine. The

saturated ammonium sulfate at°€. Before use in the
studies described, samples of the suspensions were pelleted
by centrifugation. The pellets were dissolved in 50 mM Tris-
HCl (pH 8.0) containing 1 mM CDTA. After being
incubated for 30 min to allow chelation of My the protein
solutions were passed through two consecutive centrifuge
columns of Sephadex G-50 which were equilibrated with
50 mM Tris-HCI (pH 8.0) containing 0.1 mM EDTALP).

After treatment with CDTA, the subcomplexes were es-
sentially free of endogenous nucleotides as assessed by
HPLC.

Methods Site-directed mutagenesis was performed as
described by Kunkel et al1@). The oligonucleotides's
AC-ACC-GGC-ATA-TGG-CGC-CAA-GCA-CAA-AAG-
CGG-3, which contained a new site fdidd; 5'-TGC-GCG-
CTC-GAG-CAG-GCA-GGA-GTG-CAA-G-3 which con-
tained a new site fokhd; and 3-GGA-GTG-CAA-GCA-
GAA-GAT-ATC-CCC-CG-3, which contained a new site
for EcARV were used to introduce theF244C,aR304C,
anda'Y300C substitutions, respectively. The new restriction
sites allowed facile screening of the mutants. Restriction
mapping showed that the constructed plasmids contained the
desired mutations. This was confirmed by DNA sequencing
(20).

Protein concentrations were determined by the method of
Bradford @1). ATPase activity was determined spectro-
photometrically by an ATP regeneration systelid)( The
rates of conversion of the reversibly inhibited subcomplexes
containing MgADP in catalytic sites to the irreversibly
inhibited subcomplexes with ADFfluoroaluminate com-
plexes bound to catalytic sites were determined as previously
described 22).

RESULTS

Comparison of the Hydrolytic Properties of theggsy,
(atF244C)B3y, (0R304C)B3y, and @Y300C)S3y Subcom-
plexes Figure 1 compares hydrolysis of M ATP by
the wild-type and mutant subcomplexes in the presence of

catalytic properties of the mutant enzymes have beenan ATP regenerating system before (traces A, C, E, and G)

compared with those of wild-type under a variety of
conditions.

EXPERIMENTAL PROCEDURES

and after (traces B, D, F, and H) incubating each with a slight
excess of ADP in the presence of RMgn order to load a
single catalytic site with MgADP 7, 8). Trace A shows
the three kinetic phases exhibited during hydrolysis of 50

Materials TPCK-treated trypsin, enzymes used in assays, uM ATP by the wild-type subcomplex. The final rate of

chemicals, biochemicals, and buffer components were pur-

chased from Sigma, unless noted otherwis#]ADP was
obtained from DuPont New England Nuclear. 2{RH]-
ADP was synthesized as previously describEg.( LDAO
was supplied by Calbiochem. Sodium fluoride was obtained
from Aldrich, and solutions of it were prepared and stored
in plastic containers. Aluminum chloride was purchased

ATP hydrolysis in trace A is 5.@mol of ATP mg! min~..
Trace C illustrates that three kinetic phases are also exhibited
during hydrolysis of 50uM ATP by the @F244C)S3y
subcomplex. The final steady-state rate is /ool of ATP

mg! min~’. However, in the case of thexF244C)S3;y
subcomplex, the intermediate phase is more extended than
observed with the wild-type subcomplex. In contrast, trace
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Ficure 1: Comparison of hydrolysis of 5aM ATP by the asfsy, (aF244C)B3y, (R304C)S3y, and (Y300C)A3y subcomplexes.
Solutions, 1 mg/mL each, of the wild-type and mutant subcomplexes were prepared in 50 mM Tris-HCI (pH 8.0) containing 0.1 mM EDTA
with 3 uM ADP (B, D, F, and H) or without ADP (A, C, E, and G). Thenu8 samples of the wild-type (A and B)aE244C}S3y (C and

D), (aR304C}B3y (E and F), or Y300C)f33y (G and H) subcomplexes were withdrawn and injected into 1 mL of assay medium containing
50 uM ATP and 1.05 mM M@g" using the coupled system described in Experimental Procedures.

Table 1: Effects of LDAO and Increasing MfgConcentration on
the Rate of Hydrolysis of 2 mM ATP by the Wild-Type and Mutant
Subcomplexées

specific [Mg?']
subcomplex activit> LDAO 2mM 4mM 5mM 10 mM
wild-type 20 74 229 169 145 11.8
(0F244C)53y 15 36 15.1 144 143 13.4
(R304C)Ssy 6.2 43 8.6 43 3.6 2.4
(ctY300C)h83y 5.5 12 6.4 34 2.7 1.8

a Enzyme stock solutions, 1 mg/mL, were prepared in 50 mM Tris-
HCI (pH 8.0) containing 0.1 mM EDTA. For the LDAO experiment,
samples, uL each of the wild-type orF244C)3sy subcomplexes
or 5uL each of the §R304C)S3y or (aY300C)3sy mutant subcom-

plexes, were assayed in medium containing 2 mM ATP and 3 mM

Mg?* and 0.06% LDAO. For the Mg experiment, JuL samples of

the wild-type or mutants subcomplexes were assayed in medium

containing 2 mM ATP and the concentrations of Mgpecified.? This
column also represents “3 mM Mg for the effect of increasing Mgy
concentration® Specific activities are shown with units micromoles of
ATP hydrolyzed per minute per milligram.

The stimulatory effect of LDAO on the ATPase activities
of the @F244C)33y and @Y300C)63y subcomplexes is
2.4- and 2.2-fold, respectively. Plotting ATPase activity vs
increasing LDAO concentrations (data not shown) shows that
the stimulation of the subcomplexes by LDAO plateaus
between 0.05 and 0.1% LDAO.

Treatment of theY300C)3sy subcomplex with either
10 mM iodoacetamide or 10 mM-ethylmaleimide for 30
min prior to assay increasedh.x from 5.5 to 11.5 and 16

umol of ATP min! mg?, respectively. Vmax of the

(R304C)B3y subcomplex was increased from 6.2 to 11

umol of ATP min! mg™ upon treatment with 10 mM

N-ethylmaleimide; however, 10 mM iodoacetamide did not
affect theVmax Of the (@R304C)33y subcomplex. Neither
reagent affected they.x of the @F244C)33y subcomplex.
Presumably, the stimulations observed are caused by de-
rivatization of the introduced cysteines. It is worth noting
here that theF244C&R304C mutant plasmid was prepared
but failed to express an assembledr244C)/(aR304C)53y

E illustrates that only two kinetic phases are observed whenghcomplex. After expression E. coli, only the isolated

the @R304C}53y subcomplex hydrolyzes 50M ATP. An
initial burst decelerates to a slow, constant rate ofi2nbl
of ATP mg! min~t, which is equivalent to the intermediate

p subunit was obtained from the bacterial lysates.

Comparison of Increasing Concentrations of ¥dn the

phase observed for the wild-type subcomplex. Trace G ASSay Medium on Hydrolysis of 2 mM ATP by the Wild-
shows that two kinetic phases are also observed when thelYP€ and Mutant Subcomplexe#t has been shown that

(ctY300C)B3y subcomplex hydrolyzes 50M ATP. The
final steady-state rate is 2.8mol of ATP mg?! min~%
Traces B, D, F, and H illustrate hydrolysis of 50 mM ATP
by the wild-typeagfsy and @F244C)5sy, (aR304C)j33y,
and @Y300C)yA3y subcomplexes, respectively, after loading
a single catalytic site of each with MgADP. In all cases, an

turnover-dependent inhibition of GFMF;, and theasf3y
subcomplex of TF caused by entrapment of inhibitory
MgADP in a catalytic site during ATP hydrolysis increases
as the concentration of free ¥igin the assay medium is
increased§, 23, 24). Since the results in Figure 1 suggest
that the @R304C)S3sy and @Y300C)(3y subcomplexes

extended lag precedes attainment of the final steady-stateentrap inhibitory MgADP in a catalytic site during turnover
rate. However, the rate of ATP hydrolysis catalyzed by the to a greater extent than wild-type, the effects of increasing
wild-type subcomplex accelerates much more rapidly than the concentration of free Mg in the assay medium on the

that observed with the mutant subcomplexes.

Table 1 shows that the nonionic detergent LDAO stimu-
lates the ATPase activity of the wild-type subcomplex by
nearly 4-fold 6, 7), whereas theoR304C)33y subcomplex
is stimulated nearly 7-fold by the presence of 0.06% LDAO.

rate of hydrolysis of 2 mM ATP were examined. Table 1
shows that, as the concentration of Mdn the assay medium

increases, the rate of hydrolysis of 2 mM ATP by the
(aR304C)B3y and @Y300C)kB3y subcomplexes decreases
to a greater extent than that observed for wild-type. In
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Table 2: Rates of Formation of ADH-luoroaluminate Complexes by the Wild-Type and Mutant Subcomplexes under Various Codaditions

Kinact (Min™™)
subcomplex ADP added (mol:mol) nothing added 2 mMdied 10 mM S¢§~ added

wild-type 11 4.2x 1078 <10+ 3.3x 1078(0.79)
(0F244C)B3y 1:1 1.6x 1073 <10 2.2x 107°%(1.4)
(R304C)Bzy 1:1 6.0x 1073 <10+ 5.5x 1073(0.92)
(otY300C)f3y 1:1 9.9x 1073 <104 8.6 x 1072 (0.88)
wild-type 2:1 3.8x 1072 (9.0p 3.2x 107°3(0.76) 2.7x 1072 (6.4)
(0F244C)B3y 2:1 1.4x 1072 (8.7) 3.5x 1073(2.19) 1.1x 1072(6.9)
(aR304C)B3y 2:1 3.2x 1072(5.3) 4.7x 1072(0.78) 2.0x 1072(3.3)
(otY300C)3y 2:1 1.4x 102 (1.4) 8.5x 1072(0.86) 9.6x 1072 (0.97)
wild-type 200uM 5.5 x 1072 (13) 3.6x 1071 (86) 5.4x 107%(130)
(0F244C)B3y 200uM 1.5x 1071 (94) 1.7 (690) 1.2 (750)
(tR304C)j33y 200uM 2.9x1072(4.8) 2.3x 1071 (38) 3.8x 1071 (63)
(0tY300C)S3y 200uM 1.8x 1072(1.8) 8.6x 1072(8.7) 2.0x 1071 (20)

a Subcomplexes with MgADP bound to one catalytic site were prepared as followsul4@® 1 mg/mL wild-type, aF244C,aR304C, or
aY300C a3y subcomplex in 50 mM Tris-HCI (pH 8.0) containing 0.1 mM EDTA was incubated wittM3[*H]JADP and 2 mM MgC} for 45
min at room temperature at which time they were passed through 5 mL centrifuge columns of Sephadex G-50 equilibrated with 50 mM Tris-HCI
(pH 8.0). The gel-filtered subcomplexes contained 0.89 (wild-type), G®244C), 0.90 ¢R304C), and 0.910(Y300C) mol of FH]JADP per
mole. Each was incubated with 2 mM, RO mM N&SG;, or no addition in 50 mM Tris-HCI (pH 8.0) or buffer alone before Al@hd NaF were
added to final concentrations of 201 and 5 mM, respectively, to initiate inactivation. Subcomplexes with MgADP bound to two catalytic sites
were prepared as described above for the 1:1 ABPcomplexes except that the wild-type arR304C)S3y subcomplexes were loaded by
incubation with 5QuM [3H]ADP, and the ¢F244C)Bsy and @Y300C)f33y subcomplexes were loaded by incubation with\8 [3H]ADP. After
gel filtration, the 2:1 ADP-F; complexes contained 1.9 (wild-type), 18R244C), 2.1 {R304C), and 2.1(Y300C) mol of PHJADP per mole.
Inactivation mixtures were prepared as described for the 1:1-ABRomplexes. For inactivation in the presence of 200 ADP, the wild-type
and mutant subcomplexes were incubated with Z80ADP and 2 mM Mg for 45 min before AIC} and NaF were added to final concentrations
of 200uM and 5 mM, respectively, to initiate inactivation. Pseudo-first-order rate constants were determined from Guggenhedg).pldtaribers
in parentheses represent the rate of inactivation relative to that of the subcomplex with MgADP in a single catalytic sitEgtiriated from a
single point on Guggenheim plots.

contrast, increasing Mg concentration has little effect on  bound to two catalytic sites. The rates of formation of the
the hydrolytic activity of the ¢F244C}33y subcomplex. ADP—fluoroaluminate complexes 33y and @R304C)33y
Comparison of the Rates of Formation of the Inhibitory containing MgADP in one or two catalytic sites were
ADP—Fluoroaluminate Complex by thesy, (0F244C)53y, attenuated in the presence ¢f ©n the other hand, the rates
(tR304C)B3y, and @ Y300C)33y SubcomplexesThe inac- of formation of the inactive ADPfluoroaluminate com-
tive ADP—fluoroaluminate complex is formed slowly when plexes were accelerated considerably whett Ahd F were
Al3t and F are added to theiz53y subcomplex of TEor added to the subcomplexes after prior incubation with 200
to MF; containing MgADP in a single catalytic site4). In uM ADP, 2 mM Mg?*, and 2 mM R Table 2 also shows
contrast, when A" and F are added to the enzymes that the wild-type andd(R304C)33zy mutant subcomplexes
containing MgADP bound to two catalytic sites or in the were inactivated even more rapidly wherfAand F were
presence of excess ADP and MgADP—fluoroaluminate added after they were incubated with 200 ADP, 2 mM
complexes are formed rapidly in two catalytic sites demon- Mg?*, and 10 mM SG*.
strating catalytic to catalytic site cooperativity. The ABP In contrast, thedF244C)53y and (Y300C)S33y mutant
fluoroaluminate complexes are formed at different rates with subcomplexes behaved very differently than the wild-type
the ogBay, (D269NYB3y, as(BT163S)y, andas(8Y345W)y subcomplex under several of the conditions described in
subcomplexes. Therefore, it was pertinent to compare ratesTable 2. Whereas the rate of inactivation of the wild-type
of formation of the ADP-fluoroaluminate complexes with  accelerated 9-fold when Al and F were added to it when
theasBsy, (aF244C)53y, (aR304C)53y, and (Y300C)y63y MgADP was bound to two, opposed to a single catalytic
subcomplexes. site, the rate of inactivation of thex{300C)S3y mutant
Table 2 compares the first-order rate constants obtainedsubcomplex was accelerated only 40% when occupancy of
for inactivation of the wild-type and mutant subcomplexes catalytic sites with MgADP increased from one to two.
treated with ADP and M& with or without R or SQ?~ Incubation of the wild-type subcomplex with 201 ADP,
before adding A*" and F to them. The wild-type and 2 mM Mg?", and 2 mM Rincreased the rate of inactivation
mutant (R304C)33y subcomplexes behaved similarly when 86-fold over that observed when the subcomplex was loaded
inactivated by At* and F in the presence of Mg and ADP with MgADP at a single catalytic site. However, the rate
under the various conditions summarized in Table 2. The of inactivation of the @Y300C)B3y subcomplex was
rate of inactivation of theoR304C}B3y mutant subcomplex  stimulated only 8.7-fold under the same conditions. The rate
was about 50% of that observed with the wild-type subcom- of inactivation of the wild-type subcomplex was stimulated
plex under all conditions. Both subcomplexes were inacti- 130-fold when A¥* and F were added after incubating it
vated at considerably faster rates whed*Adnd F were with 200uM ADP, 2 mM M¢?*, and 10 mM SG@~, whereas
added to enzyme containing MgADP at two catalytic sites the rate of inactivation of theay300C)3sy mutant sub-
rather than one. Furthermore, wher#dhnd F were added  complex was stimulated only 20-fold under the same
to these subcomplexes after incubation with 200 ADP conditions.
and 2 mM Md", the rate of inactivation was about the same  Table 2 also shows that the rates of inactivation of the
as that observed when the subcomplexes contained MgADPwild-type and ¢F244C)S33y mutant subcomplexes increased
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Table 3: Entrapment offHJADP in Fluoroaluminate Complexes 200 F

during Inactivation of the Wild-Type and Mutant Subcompléxes A 1 100 o
moles of PHJADP per mole of subcomplex 150 U // 5
subcomplex without CDTA with CDTA S /18 8
o / °
wild-type 1.8 1.9 E qo00H /60 §
(aF244C)B3y 2.7 1.7 E / =
(R304C)j3y 21 21 © [0 5
(ccY300C)83y 3.0 2.9 50 H T =
Pl 420 @
aThe wild-type and mutantaF244C)Ssy, (aR304C)Ssy, and pseS \r/\“\/ ®

(a©Y300C)fB3y subcomplexes were incubated with 1501 [*H]JADP o) IO Y Y B B

for 30 min in the presence of 2 mM Mg at which time 200uM

AICl3; and 5 mM NaF were added to initiate the inactivations. When
inactivated by 95%, half of each inactivated subcomplex was passed
through two successive 1 mL centrifuge columns of Sephadex G-50
equilibrated with 50 mM Tris-HCI (pH 8.0) containing 0.1 mM EDTA

to remove unbound®H]JADP. The other half of each inactivated
subcomplex was incubated with 5 mM CDTA fb h before application

to the centrifuge columns. The protein concentrations and radioactivities
of the final effluents were determined as described in Experimental
Procedures.

B 7 100
!

cpm/fraction
% Buffer B (80% Acetonitrile)

0 =T ., | . | | Il 0
about 9-fold when At and F were added to them when 3001 C 7100 @
MgADP was bound to two catalytic sites rather than one. 250 t 80 H
However, the two subcomplexes behaved very differently 5 00| ]
when APt and F were added to them after prior incubation B 60 ;
with 2004M ADP and 2 mM Mg*. Under these conditions, S 150 g
the rate of inactivation of theaf244C)33y subcomplex 8 100 40 @
accelerated 94-fold over that observed when MgADP was £
bound to a single catalytic site. In contrast, the rate of 50 1 20 3;
inactivation of the wild-type subcomplex increased only 13- 0 oo Wi N BT 0 2
fold under the same conditions. When the mutant 0 20 40 60 80 100 120
(0tF244C)53y subcomplex was incubated with 288 ADP Time (min)

and 2 mM Mg* and either 2 mM Por 10 mM SQ?", prior FiGURE 2: Assignment of nucleotide binding sites after loading
to the addition of A¥" and F, the rate of inactivation  the @EF244C)3sy and @Y300C)3sy subcomplexes with excess

accelerated 690- and 750-fold, respectively, over that ob- 2-Ns-[*HJADP in the presence of At and F. Solutions, 1 mg/

; i~ cita ML each, of wild-type (A), ¢F244C)j33y (B), or (Y300CyS3y
served when MgADP was bound to a single catalytic site. (C) in 50 mM Tris-HCI (pH 8.0) containing 0.1 mM EDTA were

Under the same conditions, the presence of 2 MMrR0 i hated with 150M 2-No-[*HIADP and 2 mM Mg* in the dark
mM SGO;°" caused 86- and 130-fold increases, respectively, for 1 h before adding 20@M AICI; and 5 mM NaF to initiate
in the rate of inactivation of the wild-type complex. inactivation. When inactivated by 95%, the samples were passed

; : Qi through two successive 1 mL centrifuge columns of Sephadex G-50
Increased Retention offiJADP in a Noncatalytic Site of before irradiating them for 90 min to induce covalent labeling. After

the @F244C)fsy Subcomplex and in a Catalytic Site of the  jiragiation, the enzyme complexes were digested with trypsin and
(aY300C)Bsy Subcomplex Previous studies have shown submitted to HPLC on a £reversed-phase column as described
that, when Tk and itsagBsy subcomplex were incubated previously (7).

with excess ADP and Mg and then passed through

centrifuge columns of Sephadex G-50, MgADP remained the (@F244C)B5y subcomplex, but did not removéH]JADP
bound to two catalytic sites, whereas noncatalytic sites did from the other subcomplexes.

not retain ADP 22, 25). It was shown previously that To determine whether the addition8HJADP bound per
ADP—fluoroaluminate complexes were formed in only two mole of the inactivatedo(F244C)S3y and @Y300C)83y
catalytic sites when the wild-typesfBsy subcomplex was  subcomplexes was on a catalytic or a noncatalytic site,
incubated with excess®HIJADP and Mg* followed by fluoroaluminate complexes were prepared containings2-N
inactivation initiated on the addition of Algand NaF 22). [BH]ADP with these subcomplexes as described in the legend
Table 3 summarizes the results obtained when the mutantof Figure 2. The inactive 2-N[*H]JADP—fluoroaluminate
(tF244C)B3y, (aR304C)53y, and @ Y300C)63y subcom- complexes were irradiated and digested with trypsin, and the
plexes were treated with 150 [*H]ADP and 2 mM Mg™* digests were submitted to reversed-phase HPLC o, a C
and then 20@M Al and 5 mM F followed by incubation column. Figure 2A shows the pattern of radioactive peptides
until less than 5% of the ATPase activity remained. Whereas obtained when the tryptic digest of the derivatized wild-type
the wild-type and ¢R304C)33y subcomplexes retained subcomplex was submitted to HPLC. All peptide-bound
about 2 mol of H]JADP per mole when submitted to this radioactivity eluted in two peaks between 90 and 100 min.
procedure, significantly greater than two sites were occupied Since it has been demonstrated that thé\FPases slowly
with [3H]JADP when the @F244C)33y and @Y300Cy53y hydrolyze ADP tethered to catalytic sites to tethered AMP
subcomplexes were inactivated under the same conditionsin the presence of Mg (26), these peaks represent the tryptic
Treatment of the inactive’liJADP—fluoroaluminate com- peptide containing Tyr345 tethered to*H]JAMP and to fH]-
plexes with CDTA removed about 1 mol cH]JADP from ADP. No radioactivity eluted from the column between 70
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and 80 min, the position where the tryptic peptide containing
[BH]ADP tethered toATyr368 elutes using the gradient
employed 17). Therefore, none of the 24°*H]ADP was
bound to noncatalytic sites of the wild-type enzyme. In
contrast, Figure 2B shows that 70% of the peptide-bound
radioactivity eluted between 90 and 100 min and 30% eluted
as a single peak between 70 and 80 min when the tryptic
digest of the derivatizedaf244C)S3y subcomplex was
submitted to HPLC under these conditions. This indicates
that two catalytic sites and a noncatalytic site of the
(aF244C)p53y subcomplex were labeled. Figure 2C shows
that all of the peptide-bound radioactivity eluted between
90 and 100 min when the tryptic digest of the derivatized
(otY300C)B3y subcomplex was submitted to HPLC, indicat-
ing that only catalytic sites were photolabeled. The yields
of radioactivity in the peptide fractions obtained from the
two columns are consistent with the derivatization of two
catalytic sites in the wild-type subcomplex, two catalytic sites
and a noncatalytic site in thelF244C)33y subcomplex, and
three catalytic sites in theny300C)33y subcomplex. It
was shown previously that, after treatment of; TWith
MgADP bound to three catalytic sites with CDTA and then
passage of the enzyme through a centrifuge column, ADP
remained bound to only one catalytic sig5). Given the
fact that PHJADP remains bound to three catalytic sites of
the (@Y300C)yB3y subcomplex after incubation with excess
ADP, Mg?*, AI®t, and F followed by treatment with CDTA,
this suggests that théH]JADP—fluoroaluminate complex is
formed at three catalytic sites of the'{300C)f3sy sub-
complex.

DISCUSSION

It is clear from the results presented that the side chains

. Ficure 3: Coordinate shifts oftTyr244, aArg304,aTyr300, and
of a¥(F)244, aR304, andaY300 are critical for normal other residues at aa/f interface which occur upon liganding of

function of theosfsy subcomplex of T These results  he catalytic site. Panel A represents théfe interface, whereas
corroborate earlier chemical modification studies showing panel B represents theus/Bre interface. ResidusnD269 is

that the activity of MFE is abolished whenoY244 is coordinated to the M in the MgAMP—PNP complex bound to
derivatized by FSBA (14) and that modification of both the noncatalytic site. MgAMPPNP is bound to the catalytic site

. - . - of frp (4). The residues shown in wireframe ax® 244, aD269,
aY244 andaY300 along with3Y368 contribute to inactiva: aF299,aY300, cR304. fP225 AM222, G220, E 188, AThr163.

tion of the enzyme by FSBALE). The kinetic characteriza-  andgE199. This figure was generated using the software program
tion of the @R304C)B3y subcomplex presented here extends Rasmol kindly provided by R. Sayle (Glaxo Wellcome Research
results reported by Omote et al5j, who showed that the  and Development, Greenford, U.K.).

aR304C substitution iic. coli F; attenuates ATP hydrolysis

catalyzed by the membrane-bound enzyme. In the absencé®f wild type and do not dissociate during chromatography
of crystal structures of the wild-type and mutant subcom- on Sephacryl S300 HR and Toyopearl Butyl 650-S, or during
plexes, it is not known whether the altered catalytic properties Storage.

of the mutant enzymes might be caused by defective folding Before we comment on functional roles forY244,

of thea subunit. However, the stability of the three mutant aR304, andaY300 in F-ATPases, it is instructive to
subcomplexes examined in this study during isolation and consider the location of these residues in the crystal structure
storage compared to other mutant subcomplexes suggests thatf MF; (4). The arrangements afY244, aR304, and
defective folding might not be responsible for the differences aY300 with respect to each other and with respect to the
in catalytic properties observed. Expression of the plasmid pyrophosphoryl subdomain of the catalytic site are illustrated
containing thenF244CHR304C double mutation does not in Figure 3. In theog subunit shown in Figure 3A, the
lead to an assemblemkSsy complex. Two subcomplexes phenolic oxygen ofY244 is within 3.7 A of the guani-
containing substitutions #M222, which is neantY300 at dinium of «R304 which, in turn, is 3.9 A from the phenolic
the a/f interface 4), have greatly decreased stability oxygen ofaY300. In theorp subunit shown in Figure 3B
(H.-M. Ren and W. S. Allison, unpublished observations). and in theope Subunit not shown, the distances between the
TheM222C subcomplex dissociates during gel permeation phenolic oxygen ofiY244 and the guanidinium aiR304
chromatography on Sephacryl S300 HR. THEI222E are 3.1 and 3.4 A, respectively, and the distances between
mutant dissociates during chromatography on Toyopearl the guanidinium ofaR304 and the phenolic oxygen of
Butyl 650-S. In contrast, the three mutant subcomplexes oY300 are 5.0 and 4.6 A, respectively. It appears that
used in this study are isolated in yields comparable to that liganding of catalytic sites with MgQADP or MgATP causes




Mutations Affect Cross-Talk between Catalytic Sites

the side chain obxR304 to move from the side chain of
Y300 toward the side chain oftY244. Coordinated
changes occur at an interface betweemnd 8 subunits.
Figure 3A shows that the side chain @Pro225 is 3.85 A
from and parallel to the side chain aflfyr300 at theog/fe
interface. In contrast, at there/51p interface illustrated in
Figure 3B,aTyr300 andBPro225 are not parallel and are
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catalytic site by prior incubation of the subcomplexes with
ADP and Mg". The failure of these mutant subcomplexes
to dissociate inhibitory MgADP from a catalytic site when
ATP binds to noncatalytic sites is reflected in their maximal
velocities and their responses to increasing concentrations
of Mg?* in the assay medium. The maximal velocities of
the @R304C)}Ssy and @Y300C)(sy subcomplexes are

5.74 A apart, showing that considerable movement of side similar to that of the @D269N)As subcomplex which is
chains occurs at this interface as liganding of catalytic sites 6.0 umol of ATP hydrolyzed mg* min~! (33% of that of

changes. At thewp/fpp interface, these residues are 4.13
A apart and are not parallel. Given thaTyr300 interacts
with SPro225 at thene/fe interface, it is possible that the
aY300C substitution interrupts transmission of conforma-
tional signals between catalytic and noncatalytic sites.

It has been reported that mutationskn coli F;, at the
positions corresponding 18Gly220 andsMet222 of MR
lead to defective ATPase activit?, 28). In the crystal
structure of Mk, both of these are located on the same loop
asfPro225 illustrated in Figure 34). The shifting of the
side chain offGlul88, the catalytic base, with respect to
pMet222 on liganding catalytic sites appears to trigger
repositioning of side chains in tleesubunit. Interestingly,
in Be (Figure 3A), the sulfur ofMet222 is 8.0 A from the
carboxylate offGlul88, whereas in botfirp (Figure 3B)
andpop, the sulfur atom and carboxylate are only 3.8 A apart.
It should also be noted that the. 6f aPhe299 is 12.2 A
from the caboxylate oxygen @Glu188 infSe (Figure 3A).
However, infp (Figure 3B), the €of aPhe299 is only 5.6
A from the carboxylate oxygen ¢fGlu188. The simulta-
neous shift opMet222 with respect t3Glu188, ofaPhe299
with respect tg8GIlul88, and ofaTyr300 with respect to
PPro225 at then/p interfaces illustrated in panels A and B
of Figure 3 might represent part of the pathway for relaying
conformational signals from one catalytic site to another
during catalysis which travel through the nucleotide binding
domains ofa subunits.

In Be (Figure 3A), the hydroxyl oxygen gfThr163, at
the end of the Walker A motif29) on helix B, is hydrogen
bonded to the carboxylate oxygen £&lu199 on helix C,
the residue that reacts with DCCD in ME30). However
in Brp (Figure 3B), helix B shifts relative to helix C on
liganding of MgAMP-PNP, which appears to cays€hr163
to move away fromB3Glu199 and coordinate to the ¥ig
bound at the catalytic site. This large shift in the position
of the helices relative to each other might be important in
initiating conformational signals that are propagated from
one catalytic site to another.

It is clear from this study that theF244C,aR304C, and

wild type) (7). The fact that the mutantaR304C)53y,
(aY300ChB3y, and @D269N)Bsy subcomplexes retain
considerable ATPase activity reflects that MgADP binds to
a single catalytic site of Mfor TF; in active (R-MgADP)
and inactive (*-MgADP) conformations which slowly
interconvert 81, 32). The mutant ¢R304C)}B3y and
(a'Y300C)B3y subcomplexes are progressively inhibited to
a greater extent than wild-type as the WMgoncentration in
the assay medium increased, indicating a higher propensity
to entrap inhibitory MgADP in a catalytic site of these
mutants during turnover.

The @Y300C)B3y subcomplex appears to have severely
diminished cooperativity. Its ATPase activity is slightly
accelerated by LDAO compared to that of the wild-type and
(aR304C)B3y subcomplexes. More importantly, the rate
of formation of the inhibitory ADP-fluoroaluminate com-
plex increases only 40% when two catalytic sites are loaded
with MgADP as opposed to one. The rate of formation of
the inhibitory ADP-fluoroaluminate complex promoted by
P, or SO? in the presence of excess ADP was also greatly
attenuated compared to those of the wild-type and other
mutant subcomplexes. The observation that AlfIRoro-
aluminate complexes appear to be formed in three catalytic
sites of the ¢ Y300C)xl3y subcomplex, as opposed to two
with the other subcomplexes, is consistent with the argument
that negative cooperativity of binding nucleotides in catalytic
sites is diminished in this mutant subcomplex.

In contrast, thedF244C)33y subcomplex appears to have
enhanced cooperativity between noncatalytic and catalytic
sites. Unlike the wild-type and other mutant subcomplexes,
the ATPase activity of thex(F244C)33y subcomplex is not
sensitive to increasing concentrations of ¥gn the assay
medium, indicating a greatly decreased propensity to entrap
inhibitory MgADP in a catalytic site during turnover.
Furthermore, it forms ADPfluoroaluminate complexes in
two catalytic sites at rates considerably greater than that of
wild type in the presence of excess ADP under various
conditions. This behavior reflects the fact that the ADP
fluoroaluminate complexes are formed from the active F

aY300C substitutions affect cross-talk between noncatalytic MgADP complex rather than from the inactivg*FMgADP

and catalytic sites of therzB3y subcomplex of Tk For
instance, the (R304C)53y and @Y300C)kS3y subcom-

complex, which was previously demonstrated with other
mutant subcomplexe2?). The @F244C)j33y subcomplex

plexes have catalytic characteristics similar to those of the has the unusual property of retaining MgADP in a noncata-

(D269N)B3y subcomplex 7). In the crystal structure of
MF,;, D269 is liganded to MY coordinated with AMP-
PNP bound to noncatalytic site$)( Although theaD269N
substitution does not prevent binding of ATP or ADP to
noncatalytic sites of this mutant subcomplex, it retains
inhibitory MgADP on a catalytic site when ATP binds to
noncatalytic sites ). Similarly, the @R304C}3sy and
(ccY300C)B3y subcomplexes fail to dissociate inhibitory
MgADP from a catalytic site in the presence of saturating

lytic site after gel permeation chromatography when ADP
fluoroaluminate complexes are bound to two catalytic sites.
In the crystal structure of MiH4), the phenolic oxygen of
aTyr244 is 19.4 A from the/-phosphate and 26.7 A from
the C of AMP—PNP bound to noncatalytic sites. The fact
thataF244 is distant from bound nucleotides, yet substituting
it with Cys both increases affinity of noncatalytic sites for
ADP and affects the rate of formation of AB#uoro-
aluminate complexes in catalytic sites, suggests that this

ATP, whether it is entrapped during catalysis or loaded in a residue participates in propagation of conformational signals
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between noncatalytic and catalytic sites. AlthougR304
andaY300 are conserved in al,FATPases that have been
sequenced, either Tyr or Phe is present at posiiga4.
Therefore, it might be argued that the side chaimbR44
of TF, does not interact with the side chain aR304.
However, it has been shown that catiominteractions exist
in proteins 83). Therefore, in TEkthe side chain oftF244
might interact with the side chain ofR304 by a cation
interaction mimicking the hydrogen bonding@¥ 244 with
aR304 in MR.

The functional role of noncatalytic nucleotide binding sites
in Fi-ATPases is unclear. Although chemical modification
of these sites or disruption of these sites by mutagenesis
partly or completely abolishes ATP hydrolysig, 34—37),
the initial rate of hydrolysis of ATP is the same whether
these sites are saturated with ATEQ, However, when
noncatalytic sites are not saturated with ATP, inhibitory
MgADP accumulates in a catalytic site during turnover (
10, 11). Furthermore, Richard et al3§) have shown that
light-induced ATP synthesis by TF, co-reconstituted into
liposomes with bacteriorhodopsin is stimulated by liganding
noncatalytic sites with ATP. The behavior of these mutants
raises the possibility that liganded noncatalytic nucleotide
binding sites have primarily a structural role in maintaining
the integrity of the pathway for transmitting conformational
signals from one catalytic site to another during catalysis.
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