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To localize the nucleotide binding sites of the F,ATPase (TF,) from the thermophilic bacterium PS3 we 
have used W-labeled 8-azido ATP (&N,ATP) as photoafflnity label. 8-N3ATP is hydrolyzed by the 
F,ATPase in the absence of ultraviolet light. Irradiation by ultraviolet light of the enzyme in the presence 
of 8-N,ATP results in reduction of ATPase activity and in preferential nucleotide specific labeling of the 
LY subunits (0.8-0.9 mol 8-NjATP/TF,,a:fl = 4: 1). Inactivation and labeling do not depend on the presence 

of Mgz+. Both effects decrease upon addition of various nucleotide di- or triphosphates. 
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1. INTRODUCTION 

Photoaffinity labeling of FlATPases from 
mitochondria, bacteria, and chloroplasts has been 
successfully applied for the localization of 
nucleotide binding sites. Three types of photosen- 
sitive adenosine nucleotide analogs have been used 
for this purpose: 3 ’ -arylazido%lenosine nucleo- 
tides, %azidoadenosine nucleotides, and 2-azido- 
adenosine nucleotides [l-l 11. Owing to the high 
reactivity of the photoactivated product of 8- 
N3ATP, for example, several amino acid residues 
were shown to be labeled [7]. Labeling of different 
F,ATPases has led to diverse results with respect to 
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phate; 8-N3AMP, 8-azidoadenosine 5 ’ -monophosphate; 
2-N3ATP, 2-azidoadenosine 5 ‘-triphosphate 

their subunits. Preferential labeling of the ,6 
subunits, an equal labeling of LY and ,B, and 
preferential labeling of the cy subunits have been 
observed. These discrepancies can be explained by 
the different labeling conditions employed, or by 
the different origins of the enzymes. Even the dif- 
ferent structures of the photoaffinity labels could 
be responsible for the diverging results. 8-N3ATP 
or 2-NxATP, for example, can react immediately 
at the adenine binding site, whereas 3 ’ -arylazido- 
adenosine nucleotides may label the enzymes at 
locales more distant from the adenine binding site. 
Here we report on a specific labeling of Fl-ATPase 
from the thermophilic bacterium PS3 by irradia- 
tion in the presence of 8-N3ATP. In contrast to 
other Fls, the TFI preparation does not contain 
bound nucleotide and divalent metal ions, and is 
stable against many nonspecific chemical reagents. 
Thus TFI is better suited to analyze ATP-Mg bind- 
ing activity. 

2. MATERIALS AND METHODS 

2.1. Preparation of F~ATpase from the 
thermophilic bacterium PS3 

TFI was prepared from plasma membranes of 
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PS3 as in [12]. After exhaustive dialysis of the 
purified enzyme against distilled water it was 
stored as a lyophilized powder at -20°C. 
Lyophilized TFr was dissolved in Tris-HCl buffer 
(100 mM, pH 8.0) just before a series of 
experiments. 

The enzymic activity was determined by con- 
tinuous measurement of the liberated Pi [ 131. 
Usually 1-2 fig TFr were dissolved in 10 ml 
Tris-HCI buffer (100 mM, pH 8.0). Immediately 
after the addition of the nucleotide (ATP, or 
8-NxATP) and Me(I1) ions (Mg2+, or Ca2+) the 
formation of Pi was studied for 10 min at 60°C. 
The protein concentration was determined as in 

v41. 

2.2. Photoaffinity labeling 
8-N3ATP was prepared from ATP via 8-BrATP 

as in [ 151. Photoaffinity labeling was performed in 
a simple apparatus according to [16]. The samples 
were irradiated with a Minerallight handlamp 
UVSL 25 at ‘long wave’. The energy fluence rate 
at the position of the sample was 4 W/m2. TFi 
(usually 50 pg) was diluted in 250 pl Tris-HCI buf- 
fer (100 mM, pH 8.0). Equal concentrations of 
8-NaATP and Mg2+ (1 mM) were added. The 
samples were stirred vigorously and kept at 37°C 
during the irradiation (60 min). After irradiation 
the labeled protein was precipitated with 
trichloroacetic acid at 4°C. The precipitate was ap- 
plied to SDS gel electrophoresis on 7.5(rlo gels as in 
[9] with the following modification: the samples 
were incubated for 30 min at 37°C before applica- 
tion to the gel. 

Radioactivity was determined in a Packard 
Tricarb liquid scintillation counter model 3380 ac- 
cording to [17]. 

3. RESULTS 

3.1. 8-NJ1 TP as substrate for TFI 
A precondition for the useful application of a 

substrate analog for affinity/photoaffinity label- 
ing is the specific interaction of this analog with 
the investigated protein. One criterion for a 
suitable photoaffinity label is to be a substrate or 
at least a competitive inhibitor for the enzyme in 
the dark. Table 1 shows the hydrolysis of different 
Me(D) nucleotides at 60°C. 8-NsATP is hydro- 
lyzed by TFr in the presence of Mg2+ or Ca2+. The 

Table 1 

Hydrolysis of ATP and 8-NATP in the presence of 
Ca2+ or Mg*+ catalyzed by TFr 

Nucleotide Metal ion ATPase activity 
(urn01 Pi/min 

per mg protein) 

1 mM ATP 5 mM Ca*+ 65.9 
1 mM ATP 1 mM Mg*’ 27.3 
1 mM 8-N3ATP 5 mM Ca*+ 1.1 
1 mM 8-N3ATP 1 mM Mg*+ 3.0 

hydrolytic cleavage of 8-N3ATP demonstrates 
specific interactions of the nucleotide with the 
hydrolytic site of the enzyme. Additional interac- 
tions are not excluded by this result. 

3.2. Light-induced inactivation of TFI by 
8-N3A TP 

Irradiation of TFi in the presence of 8-N3ATP 
and Mg2+ results in a drastic reduction of ATPase 
activity (fig.1). The same degree of inactivation is 
observed after photoaffinity labeling in the 
presence of EDTA. Irradiation of the enzyme in 
the absence of the label, or incubation of TFr with 
8-N3ATP in the dark, do not influence the enzymic 
activity. The nucleotide specificity of the labeling 
could be demonstrated by competition ex- 
periments. ATP and ADP compete with 8-N3ATP 
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Fig. 1. Light-induced inhibition of TFr . Irradiation in the 
presence of 1 mM 8-N3ATP + 1 mM Mg*+ (v); 1 mM 
8-N3ATP + 1 mM EDTA (v); light control in the 
absence of 8-N3ATP (0); dark control in the presence 
of 1 mM 8-NsATP + 1 mM Mg’+ (=). t, irradiation 

time; v, ATPase activity. 
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Fig.2. The effect of added nucleotides on the light- 
induced inhibition of TFr by 1 mM 8N3ATP. Addition 
of 1 mM AMP + 2 mM Mg2+ (A); 1 mM AMP + 2 mM 
EDTA (A); 1 mM ADP + 2 mM Mg2+ (0); 1 mM 
ADP + 2 mM EDTA (m); 1 mM ATP + 2 mM Mg2+ 
(0); 1 mM ATP + 2 mM EDTA (0). t, irradiation time; 

v, ATPase activity. 

for the nucleotide binding site. Therefore, addition 
of ATP or ADP before the irradiation results in a 
protection of TFr against inactivation (fig.2). The 
protection of enzymic activity by ADP or ATP is 
also observed in the absence of Mg2+. Addition of 
AMP, however, does not influence the degree of 
inactivation by photoaffinity labeling. 

3.3. Covalent labeling of TFI by irradiation in the 
presence of 8-N3ATP 

Irradiation of TFr in the presence of 8-NsATP 
and Mg2+ results in a preferential labeling of the cy 
subunits (table 2). The incorporation of the 
nucleotide into the (Y subunit corresponds directly 
with the reduction of enzymic activity, indicating 
that 100% inhibition is reached after covalent 
binding of a single nucleotide to the CY subunits of 
TF,. Irradiation of TFr in the presence of 
8-N3ATP and EDTA results in quite the same 
amount of covalently bound label. This 
demonstrates the independence of the labeling on 
the presence of Mg2+ . Addition of ATP, ADP, 
ITP, or GTP in presence or absence of Mg2+, pro- 
tects TFr against the incorporation of 8-NjATP. 
The labeling rate is not influenced by addition of 
AMP. Irradiation of TFr in presence of 8-N3AMP 
which does not interact specifically with the en- 
zyme results in a labeling rate nearly identical with 
that of the protection experiments. In all these ex- 
periments the incorporation of the label into the LY 
subunit agrees directly with the reduction of en- 
zymic activity, although about 20% of the total 
label was found in the ,6 subunit. 

Table 2 

Influence of various effecters on photoaffinity labeling of the cy and ,f3 subunits of TFr by 8-N3[14C]ATP and 
8-N$4C]AMP 

Label Effecters Nucleotide/TFr on Inactivation 

(070) 
ff P 

1 mM I-N3ATP 1 mM Mg’+ 0.64 0.17 67 
1 mM EDTA 0.68 0.14 67 
1 mM AMP, 2 mM Mg’+ 0.72 0.23 65 
1 mM AMP, 2 mM EDTA 0.61 0.15 71 
1 mM ADP, 2 mM Mg2+ 0.25 0.12 22 
1 mM ADP, 2 mM EDTA 0.14 0.09 13 
1 mM ATP, 2 mM Mg2+ 0.24 0.08 21 
1 mM ATP, 2 mM EDTA 0.16 0.10 19 
1 mM ITP, 2 mM Mg2+ 0.46 0.15 45 
1 mM ITP, 2 mM EDTA 0.40 0.11 39 
1 mM GTP, 2 mM Mg2+ 0.38 0.11 34 
1 mM GTP, 2 mM EDTA 0.24 0.09 15 

1 mM 8-N3AMP 1 mM Mg2+ 0.23 0.06 26 

Photoaffinity labeling was performed as described in section 2. At the position of y, 6 and E no significant radioactivity 
could be observed 

68 



Volume 174, number 1 FEBS LETTERS August 1984 

4. DISCUSSION 

The results fulfil1 the criteria for a suitable 
photoaffinity label as defined for 3’-arylazido-8- 
alanyl-ATP [4]. 
(i) 8-NsATP is a substrate of TFi. 
(ii) 8-NsATP is covalently bound to TFr by 

irradiation. 
(iii) Covalent binding rest&s in inactivation of 

ATPase activity. 
(iv) Other nucleotides (ATP, ADP, ITP, GTP) 

which interact specifically with TFr protect 
against photoinactivation. 

A comparison of these results with those ob- 
tained for the photoaffinity labeling of FrATPase 
from Micrococcus luteus shows two important dif- 
ferences. Irradiation of the A4. luteus enzyme in 
the presence of 8-N3ATP results in a nucleotide 
specific labeling of the fi subunits. This labeling 
depends strongly on the presence of Mg2+ 191. 
Photoaffinity labeling of TFr, however, results in 
an Mg2+ -independent labeling of the cy subunits. 

We want to discuss two explanations for the 
diverging results with the two bacterial FrATPases. 
(i) It has been shown that mitochondrial 

FiATPase possesses 6 nucleotide binding sites: 
3 catalytic binding sites on the@ subunits and 
3 noncatalytic tight nucleotide binding sites on 
the cy subunits [18]. FrATPase from M. luteus 
contains 2.5-3-O tightly bound nucleotides 
[19]. They are likely to occupy the non- 
catalytic nucleotide binding sites on LY. 
Therefore, photoaffinity labeling of this en- 
zyme takes place at the catalytic sites on P - 
the hydrolysis of nucleotides is MgaC depen- 
dent. TFr, however, does not contain tightly 
bound nucleotides [20,21]. In this case an 
Mg2’-independent Iabeling of the noncat~~ic 
binding sites may occur. The catalytic sites of 
TFi are situated at the ,& subunits as well [20). 
A consequence of this hypothesis is that 
covalent labeling of the noncatalytic 
nucIeotide binding sites on a results in the in- 
activation of TFl. 

(ii) It is also possible that the nucleotide binding 
sites are situated at the interface between (Y 
and ,f3_ in this case 8-NJATP can Iabel either 
the a or the ,i? subunit depending on the exact 
orientation of the label at the binding site bet- 
ween the two major subunits. Strong evidence 

for the position of nucleotide binding sites bet- 
ween the cy and the p subunits is provided by 
photoaffinity cross-linking with the bifunc- 
tional 3 ’ -aryl~do-~-alanyl-8-~ido ATP 
[22]. Irradiation of FrATPase from M. luteus 
[23], of the oligomycin-sensitive ATPase from 
beef heart mitochondria 1241 and of TFr (un- 
published) in the presence of this ATP analog 
results in a nucleotide specific formation of cy- 
,I? cross-links. This hypothesis, however, can- 
not explain the different Mgzc dependence. 

These two possible explanations are not mutual- 
ly exclusive. It is conceivable that all the different 
results obtained for photoaffinity labeling of 
FiATPases [l-11] are due to different combina- 
tions of both possibilities. 

The 1: 1: 1 ADP - Mg . TFi complex [20] was 
shown to produce the ATPsMg-TFi complex by 
the method in [25], and the actual substrate for 
TFr was shown to be the A$,y-bidentate Mg . ATP 
complex [26]. The 3’P-NMR analyses of ADP ’ TFi 
also revealed the tight binding of 1 ADP per TFr 
at the catalytic site (unpublished). These data sug- 
gest that the labeled site may be located at the CU-~ 
interface of TF,. 
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