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The a andp subunits of F-ATPase are homologous in primary structure and have similar folding topologies.
The position of the essential Glu residue in the catalytic sites which reside ghghleunits is occupied by a GIn
residue in the noncatalytic nucleotide binding sites which reside irxtbabunits. To test if an exchange of
catalytic and noncatalytic binding sites is possible, we have replaced the GIn-Lys sequence in the noncatalytic
binding site of thex subunit with Glu-Arg and, reciprocally, the Glu in the catalytic site of gheubunit with
GIn. The resultant mutant;3;y complex lost steady-state ATPase activity. However, HPLC analysis of tryptic
digests of the mutani,B,y complex which had been photolabeled with 248-°H]ATP revealed that ATP
tethered to the noncatalytic binding site was hydrolyzed, indicating that a primitive catalytic ability was gen-
erated at thex subunit by the introduced Glu. © 1996 Academic Press, Inc.

F,-ATPase is a water-soluble, catalytic portion of-MTP synthase which catalyzes ATP
synthesis coupled with proton flow across membranes (reviewed in Refs. 1-4). It has a sul
structure ofagB5y,6,€, [5]. The a andB subunits have similar amino acid sequences [6] and the
three dimensional structures are also similar [4}AHPase contains six nucleotide binding sites
and three sites are located mainly on fheubunits and have been defined as catalytic sites. Tt
other three sites, whose functions have not been specified clearly and hence called noncat
binding sites, are located mainly on thesubunits. Using FATPase from thermophiliBacillus
PS3 (TK) which has some experimental advantage [8, 9], we have iden{#i€&dul90 as an
essential residue from experiments of specific modification with dicycloh&¥gi§arbodiimide
[10] and site-directed mutagenesis [11, 12]. This glutamic acid residue is conservedTiPBses
from other sources, such dsscherichia coli(EF;) and bovine heart mitochondria (MF[5,
13-15], and site-directed mutagenesis of; Eli50 suggests the essential role Bf5lu 190 in
catalysis (numbering of the residue is according to the sequence,dh Tifis article) [16]. X-ray
crystal analysis of MErevealed that the carboxylate of this residue is hydrogen-bonded to a we
molecule which is located by the side of thhephosphate of an ATP analogue, AMP-PNP-(5
adenylyl-imidodiphosphate), suggesting that it may act as a general base in ATP hydrolysis
In the a subunit, the residue corresponding@eslu190 is a glutamine residue+{GIn200) which
resides in the noncatalytic binding sites (Fig. 1) and, in the three dimensional structahe200
occupies the equivalent position to that ®GIlu190. Then, one may speculate that the lack ©
catalytic ability of the noncatalytic binding site is due to the lack of a catalytic carboxyl group tt
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200
wild-type o NMICIYVAIGOKESTVATVVET
0Q200E/K201R  NMIC IYVA IGERESTVATVVET
190
wild-type p GGISVFAGVGERTREGNDLYHE
BE190Q GGISVFAGVGQRTREGNDLYHE

FIG. 1. The partial amino acid sequences of thand 8 subunits of -ATPases from thermophiliBacillusPS3 (TF).
The residues replaced are indicated by the bold letters.

acts as a general base in ATP hydrolysis. Here, we have tested whether the replacement
«-GIn200 by Glu converts the noncatalytic binding site to the “catalytic” site.

MATERIALS AND METHODS

The construction of the mutaf®-E190Q was reported previously [11] and #e)200E/K201R was generated by the
method of Kunkel et al. [18] using synthetic oligonucleotidé;GACCGTCGACTCTCGTTCCCCGATGGC 3 The
wild-type a5Bzy and mutant ¢Q200E/K201R)(BE190Q)y complexes of TE were expressed in thg. coli strain
JM103A(uncB-uncD and purified by the method reported previously [19]. Genetic procedures were performed as desct
in the manual [20].

Protein concentrations were determined by measurement of absorbance at 280 nm. 0.45 of absorbance at 280 1
defined as 1 mg/mL of protein concentration. ATPase activity was measured at 25°C in the presence of an ATP regene
system. An assay mixture contained 50 mM Tris-ClI (pH 8.0), 4 mM Mg@DO mM KCI, 2 mM ATP, 2.5 mM
phosphenobpyruvate, 50ug/mL pyruvate kinase (rabbit muscle), p@/mL lactate dehydrogenase (pig muscle), and 0.Z
mM NADH. The reaction was initiated by addition of 2€L of the enzyme solution which contained 10 pmol of the
wild-type or 200 pmol of the mutant enzyme to 1.98 mL of the assay mixture. The rate of ATP hydrolysis was monitc
as the oxidation rate of NADH by measuring the absorbance decrease at 340 nm.

2-N,-[8-°H]ATP was synthesized and purified as described previously [21]. Irradiation, trypsin digestion and separe
of tryptic peptides by reversed-phase HPLC were performed as follows. The lyophilized preparations of the wild-tyf
mutant complexes were dissolved into 250 of the solution (1.6 mg protein/mL) containing 148M 2-N,-[8-2H]ATP
(2700 cpm/nmol), 2 mM MgG| 100 uM EDTA, and 50 mM Tris-Cl (pH 7.5). The solutions were placed in wells of a
24-well tissue culture plate and irradiated with a Minerallight (Ultra Violet Products, San Gabriel, CA) which was pla
17 mm above the surface of the samples. Irradiation was carried out for 20 min at 25°C using the short-wavelength s
Roughly, one third of total noncatalytic sites and catalytic sites in the wild-type and mutant complexes were labele
2-N,-[8-*H]ATP. After further incubation for 60 min at 37°C in the dark, proteins were precipitated by addition Qfl500
of saturated ammonium sulfate. The precipitates were dissolved and the ammonium sulfate precipitation was repeatec
The precipitated proteins were denatured by dissolving ini@d00f 8 M urea, and 60Q.L of saturated ammonium sulfate
were added. The precipitates were dissolved in AB0f 8 M urea and then added were 4pQ of 50 mM Tris-Cl (pH
7.5), 100uM EDTA, L-1-Tosyl-amido-2-phenylethyl chloromethyl ketone-treated trypsin (1/40 w/w/). The solutions we
incubated at 37°C for 12 hrs at which time equal amount of L-1-Tosyl-amido-2-phenylethyl chloromethyl ketone-tre
trypsin was added. Digestions were continued for additional 8 hrs with inserting freeze-thaw procedures twice. An al
of the solution was injected to a,Eeversed-phase HPLC column (Brownlee, 220 x 4.6 mm) and developed with a gradi
of CHLCN in 0.1% HCI as follows: 0-10 min, 0%; 10-100 min, 0-24%; 100-115 min, 24—48%; 115-120 min, 48-8(
Fractions were collected at each 1 min and radioactivity of each tube was measured.

RESULTS AND DISCUSSION

As reported previously [11]e5(BE190Q)y complex exhibits no steady-state ATPase activity
(Table 1). It cannot mediate even a single turnover of catalysis [12]. Intending conversion of
« subunit of this inactive complex into the catalytic subunit, we replac&in200 of this complex

TABLE 1
ATPase Activity of the Wild-Type and Mutant;B;y Complexes
Sample ATPase activity at 25°Qirits/mg proteih
Wild-type asB5y 19
a3(BE190QY)y 0.00
(«Q200E/K201R)(BE190Q)y 0.00
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by Glu to provide a carboxylate at the noncatalytic binding site onatt®ibunit. In addition,
a-Lys201 was replaced by Arg, because it has been suggested from mutational workd D8JEF
and crystal structure of MH17] that the conserved Arg residue next to the catalgt®lu190 also
contributes to form the catalytic site. The resultas®200E/K201R)(BE190Q)y complex, how-
ever, showed no detectable steady-state ATPase activity, less than 0.1% of that of the wild
complex if any (Table 1).

Then, ATP was covalently immobilized to the catalytic and noncatalytic binding sites by ir
diating the complex with 2-M[8-*H]ATP and the hydrolysis of thus tethered ATP was examine
Previous studies have shown that, as observed for oth&TPases, when THs inactivated by
radioactive 2-N-ATP under UV irradiation, radioactive nucleotides covalently bing{dyr341
and B-Tyr364 which represent nucleotide binding to catalytic sites and noncatalytic binding si
respectively [21]. Even though the photolabeled enzyme is unable to mediate steady-state
hydrolysis, it can mediate hydrolysis of adenine nucleotide tethered to the catalytic sites |
Hydrolysis of tethered ATP to tethered ADP and even to tethered AMP was reported [22, 23].
hydrolysis of tethered nucleotide is easily detected by the appearance of heterogeneous t
peptides resolved by reversed-phase HPLC each of which represents a peptide tethered by
ADP or AMP. Thus, the observation of hydrolysis of tethered nucleotide by the appearanc
heterogeneous peptide peaks seemed to be a sensitive, convenient method to detect the site-
adenine nucleotide hydrolysis of the mutanBsy complex.

At first, hydrolysis of tethered ATP by the wild-type;B5y complex was examined. Fig. 2A
shows a profile of radioactive peptides resolved by HPLC from the tryptic digests of the wild-t
asBzy complex which was photolabeled with 2dfB->HJATP - Mg. The elution profile of the
radioactivity was very similar to that of TRreated with the same procedures whose radioacti
peptide peaks had been assigned previously [21]. The peak at 78 min represents the pe
containingB-Tyr364 derived from the noncatalytic binding site tethered with ATP. It was elute
as a single peak indicating that ATP tethered to noncatalytic binding sites was not hydroly
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FIG. 2. Resolution of radioactive peptides in tryptic digests of the wild-type and mutgdyy complex photolabeled
with 2-N,-[8-3H]ATP by reversed-phase HPLC. The solution containing (A) the wild-tyg@,y complex or (B) the
(«Q200E/K201R)(BE190Q)y complex was photolabeled with 25N8->H]ATP for 20 min, incubated for 60 min in the
dark, digested by trypsin, and analyzed byréversed-phase HPLC. Other conditions are described under Materials &
Methods.
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Several peaks at 85-94 min represent the peptides contg@@rliyg341 derived from the catalytic
sites. As mentioned above, heterogeneity of the peptides should be arisen from heterogene
tethered adenine nucleotides and, therefore, it was concluded that ATP tethered to catalytic si
the wild-typea;B5y complex was hydrolyzed.

Then, we analyzed mutantQ200E/K201R)(BE190Q)y complex which had been photola-
beled with 2-N-[8-2H]ATP - Mg by the same procedures as the wild-type complex. Fig. 2B shoy
a HPLC elution profile of the tryptic digests of the mutant complex. Just as opposite to that of
wild-type complex, the peptides derived from noncatalytic binding sites were eluted as se\
peaks while the peptide derived from catalytic sites was eluted as a single peak. This indicate:
ATP tethered to the noncatalytic binding sites underwent hydrolysis to ADP and AMP wher
ATP tethered to the catalytic sites was not hydrolyzed. Thus, the carboxyl group, introduced
thea subunit at the position corresponding to Glu190 of@rsubunit, is responsible for generation
of a primitive catalytic ability at the noncatalytic binding site. This, in turn, provides anoth
support for the critical role oB-Glu190 in the wild-type enzyme, that is, a general base in AT
hydrolysis. It should be mentioned, however, that this carboxyl group is not sufficient to sus
steady-state ATPase activity. This is not surprising because efficient catalytic turnover of
enzyme in general must be attained as the result of an elaborate cooperation of many residi
the enzyme.
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