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Abstract To demonstrate the direct interfacial position of nucle- 
otide binding sites between subunits of proteins we have synthe- 
sized the bifunctional photoaffinity label 2,8-diazidoadenosine 5'- 
triphosphate (2,8-DiN3ATP). UV irradiation of the Ft-ATPase 
(TF1) from the thermophilic bacterium PS3 in the presence of 
2,8-DiNsATP results in a nncleotide-depeudent inactivation of 
the enzyme and in a nucleotide-dependeut formation of ~-iO cross- 
links. The results confirm an interfaciai localization of all the 
nucleotide binding sites on TF1. 
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1. Introduction 

Fi-ATPases [1~4], the catalytic parts of ATP synthase com- 
plexes, are formed by three ~, three fl, one y, one ~ and one e 
subunit containing three catalytic and three noncatalytic nucle- 
otide binding sites [5]. An interfacial position of these nucleo- 
tide binding sites between ~ and fl presents an attractive model 
to explain the strong cooperativity between all three catalytic 
sites o fATP synthases postulated for the binding change mech- 
anism [6]. The interracial position of the binding sites has been 
proposed for different ATP synthases by several authors [7 12]. 
This could be demonstrated by X-ray analysis for the enzyme 
from beef heart mitochondria [13]. The first direct experimental 
proof, however, for an interfacial location of the nucleotide 
binding sites o fATP  synthase complexes (F~. FoF~) from bacte- 
ria, mitochondria and chloroplasts has already been obtained 
by photoaffinity cross-linking of these enzymes by bifunctional 
photoactivatable ATP analogs like 8.3'-DiN~ATP [14-18], 2,Y- 
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Abbreviations." F0F ~, FoF~-ATPase. ATP synthase from mitochondria, 
bacteria or chloroplasts: F,., F~-ATPase: TF~, F~-ATPase from the 
thermophilic bacterium PS3: CF~. coupling factor 1 tF~-ATPasel from 
chloroplasts; 2-NsATR 2-azidoadenosine 5'-triphosphate; 8-NsATR 
8-azidoadenosine 5'-triphosphate; 2-N,-8-BrATP, 2-azido-8-bromoad- 
enosine 5'-triphosphate: 2.8-DiNsATR 2,8-diazidoadenosine 5'-tri- 
phosphate; 2,3'-DiN~ATR 3'-arylazido-fl-alanyl-2-azido-ATR Y-O- 
{ 3-[N-(4-azido-2-nitrophenyljamino]propionyl} 2-azidoadenosine 5'- 
triphosphate; 8,3'- DiN~ATE Y-arylazido-fl-alanyl-8-azido-ATR 3'-0- 
{3-[N-(4-azido-2-nitrophenyliamino]propionyl } 8-azidoadenosine 5'-tri- 
phosphate; FSB- 8-N,A, 5"-p-fluorosulfonylbenzoyl-8-azidoadenosine. 

DiNsATP [19,20] or FSB-8-N3A [21,22]. The great distance of 
both the reactive groups (ca. 2 rim) in all the labels used until 
now. however, is disadvantageous for an unambiguous evi- 
dence of such an interfacial localization. Cross-linking can even 
occur when the distance between the nucleotide binding site 
isolated on one subunit  and the adjacent second subunit  is up 
to 2 nm. To exclude this disadvantage we have introduced two 
photoactivatable azido groups directly into the positions 2 and 
8 of the adenine ring of ATR Upon UV irradiation of 2,8- 
diazidoadenosine 5'-triphosphate (2,8-DiN3ATP) these two 
azido groups form highly reactive nitrenes that react rapidly 
with amino acid residues located directly in the nucleotide bind- 
ing site or in its nearest vicinity. Here we describe the synthesis 
of 2,8-DiNsATP and its first application on photoaffinity cross- 
linking of Fj-ATPase from the thermophilic bacterium PS3 
(TF~). In contrast to other F~-ATPases the c~B3 and Ctmfl ~ com- 
plexes of TF~ are active and stable [23]. The ~USl follows simple 
Michaelis-Menten kinetics with a K m value of 70/.tM [24]. The 
:~fl, crystal free from nucleotide (3-fold symmetrical, space 
group P3~2 [25]) has been analyzed in cooperation with Dr. Y. 
Shirakihara and Dr. J.E. Walkers laboratory (the results will 
be reported). Thus, the cross-link study of the native TF  l will 
be useful in the future developments. 

2. Materials and methods 

2.1. 2.8-Diazidoadenosine-5'-triphosphate ( 2,8-DiNsA TP) 
2,8-DiN~ATP was prepared in analogy to the synthesis of 8-azidoad- 

enosine 5'-triphosphate (8-NsATP) [26] in a two step procedure starting 
with 2-azidoadenosine 5'-triphosphate (2-NsATP) via 2-azido-8-bro- 
moadenosine 5'-triphosphate (2-N3-8-BrATP) (Fig. 1). 2-N3ATP was 
synthesized as described by van Dongen et al. [27] according to Schaef- 
fer and Thomas [28], Sowa and Ouchi [29], and Hoard and Ott [30]. 

2.1.1. 2-Ns-8-BrATP. 2-NsATP triethylammonium salt (170 mg, 
0.2 retool) was dissolved in 2 ml potassium acetate buffer (1 M, pH 3.9). 
Then 15.5 ,ul (0.3 mmol) bromine were added. The solution was kept 
in the dark at room temperature for 5 h. During that time the absorp- 
tion maximum shifted from 270 nm to 275 nm. Then the surplus bro- 
mine was reduced by adding small portions of sodium disulfite 
iNa:S,O~) until the solution became colourless. 2-N3-8-BrATP was 
precipitated by the addition of 50 ml of ice-cold ethanol. After standing 
at 0°C for 1 h the precipitated nucleotide was collected by centrifuga- 
tion and redissolved in 5 ml of water. Further purification was per- 
formed by anion-exchange chromatography on a DEAE-Sephadex A- 
25 column (1.8 x 45 cm) with a linear gradient of 750 ml each of 0.2 M 
and 0.7 M triethylammonium bicarbonate (pH 7.5). Only the fractions 
absorbing maximally at 275 nm were collected and pooled to exclude 
a contamination by unreacted 2-NsATR 2-N3-8-BrATP was obtained 
as triethylammonium salt by freeze drying. 

2.1.2. 2,8-DiNsATP. Intensively dried 2-N3-8-Br-ATP trietyl- 
ammonium salt (0.15 retool) was dissolved in freshly distilled dimeth- 
ylformamide (3 ml). Then 1.2 ml of a dry solution of HN3 (1 M) in 
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Fig. 1. Synthesis of 2,8-DiN~ATP. 
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benzene and 0.17 ml triethylamine were added. The reaction mixture 
was allowed to stand at 75-80°C in the dark for 6 h. During that time 
the absorption maximum shifted from 277 nm to 297 nm. After comple- 
tion of the reaction the solvent was evaporated under vacuum. The 
residue was redissolved in 3 ml of water. Further purification was 
acchieved by anion-exchange chromatography (DEAE-Sephadex A- 
25) as described above. In addition to 2,8-DiN~ATP the mono- and the 
diphosphate of the bifunctional diazidoadenosine were eluted before. 
The fractions were collected and lyophilized. All the nucleotides re- 
sulted as trietylammonium salts. They can be stored at -20°C in the 
dark for month. 

2.2. Preparation of  FI-ATPase ( TF~j /i'om the thermophilic bacterium 
PS3 

TF~ was prepared from plasma membranes of PS3 as described 
earlier [31]. The absence of tightly bound nucleotides was tested by 
HPLC after acid denaturation, UV absorption or phosphate analysis. 
The protein concentration was measured according to Lowry et al. [32]. 
ATPase activity was determined by continuous measurement of the 
liberated phosphate at 60°C in 5 ml of test solution containing 0.5 yg 
TF> 100 mM Tris-HC1 (pH 8.0), 5 mM Ca > and 1 mM ATP [33]. 

2.3. Photoaffini O' cross-linking 
Photoaffinity cross-linking was performed by irradiation (A : 310 

nm) of TF~ (usually 100/~g) in 500-1000/11 Tris-HC1 buffer (100 mM, 
pH 8.0) with a Xenon-lamp (Osram XBO, 450 W) and a high-intensity 
monochromator (Bausch and Lomb, Cat. No. 33-86-79) in the presence 
of Mg.2,8-DiN~ATP (0.5 mM) at 37°C. The separation of the cross- 
linked TFt subunits was performed by SDS-polyacrylamide gel electro- 
phoresis on 10-15% T (w/v) gels according to L/immli [34]. 

2.4. Western immuno blots 
The antibodies against the subunits of TF~ were prepared as de- 

scribed by Yoshida et al. [35]. Western immuno-blots were carried out 
essentially as described by Towbin et al. [36], but using horseradish 
peroxidase conjugated 2nd antibody. 

3. Results and discussion 

3.1. Synthesis and characterization q /  2,8-DiN.~ATP 
Fig. 1 shows the synthesis of the bi funct ional  photoac t iva ta -  

ble 2,8-DiN3ATR The second azido-group was in t roduced  into 
the monofunc t iona l  2-N~ATP by b romina t ion  and the subse- 
quent  exchange of the b romine  for the azido funct ion at posi- 
t ion 8 of  the adenine  ring analogous  to the synthesis of  8- 
N3ATP [26]. 2,8-DiN3ATP was character ized by IR-, LH N M R -  
and  UV-spectroscopy. The IR spectrum shows an intensive 
b a n d  at 2140 cm -~ with a distinct shoulder  at 2170 cm ~. IR 
bands  at these posi t ions are characterist ic  for N,  s tretching 
vibrat ions.  In addi t ion no ~H N M R  signal could be detected for 
hydrogen a toms at the posi t ions 2 and 8 of the purine ring. The 
UV absorpt ion  spectrum of  2,8-DIN ~ATP in aqueous  solution 

shows a max imum at 307 n m  and  two shoulders  at  318 n m  and  
333 nm. The UV spectrum strongly depends on  the pH value 
and  on the polari ty of  the solvent. This drast ic  change in U V  
absorbance  is typical for 2-azidoadenine  derivatives due to their  
az idoazomethine- te t razole  t au tomer i sm [37]. The ad jus tment  
of  the az idoazometh ine- te t razo le  equi l ibr ium occurred rela- 
tively slowly. It could be accelerated significantly by increasing 
the temperature ,  The  photolyt ic  activity of  2,8-DiN3ATP was 
demons t ra ted  by photolysis  of  the c o m p o u n d  which was ob- 
served spectroscopically (Fig. 2). I r radia t ion  (A = 310 nm)  in 
aqueous solution resulted in the decomposi t ion  of  the ana log  
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Fig. 2. Change of the optical absorption spectrum of 2,8-DiN3ATP 
(aqueous solution) upon irradiation with UV light 0 t, = 310 nm) at 
20°C. Irradiation time: 0, 2, 5, 10 and 30 min (0 = unirradiated control). 
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Fig. 3. Light-induced inhibition of TFI by 2,8-DiN~ATP. Irradiation 
in the presence of 0.5 mM Mg.2,8-DiN~ATP (el, dark control in the 
presence of 0.5 mM Mg. 2,8-DiN3ATP (o), light control in the absence 
of 2,8-DiN3ATP ( × ). Effect of added Mg. nucleotides on light-induced 
inhibition of TF~ by 2,8-DiN3ATR Irradiation of TF~ in the presence 
of 0.5 mM Mg.2,8-DiN3ATP and 1 mM Mg-AMP (v), l mM 
Mg-ADP (~) or 1 mM Mg.ATP (~). ATPase activity was deter- 
mined at 60 ° C in 5 ml test solution containing 0.5/lg TFI. 100 mM 
Tris-HCl (pH 8.0), 5 mM Ca :+ and 1 mM ATE 

as demonstrated by the disappearance of the UV absorbance 
between 250 nm and 350 nm. All these results verify the struc- 
ture of 2,8-DiN3ATP. 

3.2. Specific interaction q/2.8-DiN~ATP with TF~ 
The specific interaction of the label with the investigated 

protein is an essential precondition for a useful application of 
a ligand analog for affinity and photoaffinity labeling. This 
precondition for a suitable photoaffinity label for enzymes is 
fulfilled best if the label is a substrate or at least a competitive 
inhibitor, both in the dark. TF~ hydrolyzed 2,8-DiN3ATP in the 
presence of Mg 2+ ions (hydrolysis rate: 3.0 ~tmol/min. mg pro- 
tein). This rate is identical with the hydrolysis rate for Mg 8- 
N3ATP indicating that 2,8-DiN3ATP obviously prefers the syn 
conformation like 8-substituted ATP analogs and not the anti 
conformation like ATP or 2-substituted ATP analogs [38]. 

3.3. Light-induced inactivation ~1 TF~ by 2.8-DiN3ATP 
Irradiation of TFt in the presence of 2,8-DiN3ATP and Mg -~ 

ions resulted in the nucleotide-specific decrease of ATPase ac- 
tivity (Fig. 3). This inactivation occurred neither by irradiation 
of TFI in the absence of the label nor by incubation of TFt in 
the presence of 2,8-DiN3ATP in the dark. Addition of compet- 
ing nucleotides like ATP or ADP prior to the labeling proce- 
dure prevented the light-induced inhibition of TF, by 2.8- 
DiN,ATP almost completely. The addition of AME however, 
which does not interact specifically with the nucleotide binding 
sites of TF~, did not influence the rate of light-induced inhibi- 
tion by 2,8-DiN3ATP at all. These results demonstrate the 
specific covalent labeling of nucleotide binding sites of TF~ by 
the newly synthesized bifunctional photoaffinity label. 

3.4. Photoqlfinity cross-linking O/TFj suhunits hy 
2.8-DiN~A TP 

In addition to the light-induced inhibition, photoaffinity la- 
beling of TF, by 2,8-DiN~ATP resulted in the formation o f~ /~  

cross-links as demonstrated by immunological analysis (Figs. 
4 and 5). The formed cross-links interacted specifically with 
antibodies against the cz and the fl subunits of TF~ (anti-TFret 
and anti-TFj-fl) exclusively. Antibodies against the smaller sub- 
units did not interact with the cross-links (data not shown). In 
agreement with the results on light-induced inactivation of TF1 
by 2,8-DiN3ATP the addition of ATP and ADP prevented the 
formation of the cross-links whereas the addition of AMP did 
not affect the cross-links' yield. 

These cross-links are analoguous to the cz-fl cross-links ob- 
tained by photoaffinity labeling of different F,-ATPases from 
bacteria, mitochondria or chloroplasts using other bifunctional 
azidoadenine nucleotides like 8,3'-DiN3ATR 2,3'-DiN3ATP or 
FSB-8-N3A [14-22]. Compared with these labels, however, the 
distance of both reactive groups in 2,8-DiN3ATP is so short to 
ensure an exclusive cross-linking of cz and fl subunits only upon 
the direct positioning of the nucleotide binding site at the ct-fl 
interface. 

The discrepancy between the rate of inactivation (about 80%) 
and the amount of formed cross-links (only few percents) is 
easy to explain. Due to the rigid structure of the purine there 
is no flexibility concerning the position of the nitrenes in the 
highly reactive intermediate formed upon irradiation of 2,8- 
DiN~ATP. This contrasts to the flexible positions of both reac- 
tive groups in the 3'-arylazido-azidoadeninenucleotides like 
2.3'-DiN3ATP or 8,3'-DiN3ATP. The rigid orientation of 2,8- 
DiN~ATP resulted in the formation of cross-links only when 
the label fitted exactly to the binding site. Otherwise the main 
part of the label is linked only once to the protein. Inactivation, 
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Fig. 4. Photoaffinity cross-linking of TF~ and MI-F~ by 2,8-DiN3ATP. 
SDS electrophoresis gels of labeled (cross-linked)TF~: native TF B (25 
/~g) (a), TF I (25/~g) labeled by 0.5 mM Mg.2,8-DiN3ATP (b), (c-e) 
effect of added Mg. nucleotides on photoaffinity cross-linking of TFI 
by 2.8-DiN3ATP. TFI (25 fig) labeled by 0.5 mM Mg. 2,8-DiN3ATP in 
the presence of 1 mM MgATP (c), 1 mM Mg.ADP (d) or 1 mM 
Mg. AMP (e). SDS electrophoresis gels (5-15%) of labeled 
(cross-linked) MI-Fj: M1-F~ labeled by 0.5 mM Mg. 2,8-DiN3ATP (f), 
native MI-F~ (g). 
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however, was caused by a single labeling of the catalytic site as 
well as by a double one. 

Summarizing, the nucleotide-specific formation of c~-fl cross- 
links upon irradiation in the presence of 2,8-DiN3ATP never- 
theless proves unambiguously a direct interfacial position of 
nucleotide binding sites in TF~ despite the poor yield obtained. 

In addition to the two-subunit  cross-links small amounts  of 
even higher molecular mass cross-links could be detected in 
some experiments because there are two kinds of nucleotide 
binding sites - -  three catalytic and three noncatalytic - -  be- 
tween the ~ and fl subunits [13]. These cross-links are analogu- 
ous to the cross-links observed with 2,3'- and 8,3'-DiN3ATP 
[17-19]. They are probably formed by three of the major sub- 
units ~ and fl (trimer). Fig. 4 (lanes f and g) shows the result 
obtained upon photoaffinity cross-linking of F rATPase  from 
Micrococcus luteus (MI-F0. This result confirms the localiza- 
tion of all the nucleotide binding sites at c~-fl interfaces as 
postulated by Sch~ifer et al. [17 19] (Fig. 6) for TF 1 and CF  1 
and by Gromet-  Elhanan [1 l] for the enzyme from Rhodospiril- 
lum rubrum. The interfacial localization of all the six catalytic 
and noncatalytic nucleotide binding sites was demonstrated 
impressively by X-ray analysis of the enzyme from beef heart 
mitochondria by Abrahams et al. [13] in which the catalytic sites 
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Fig. 5. Specific immunochemical analysis of cross-linked (labeled by 0.5 
mM Mg-2,8-DiN3ATP ) TF~ by Western blot. Interaction of TF~ with 
antibodies against TF~ subunits (a d): native TFt/anti-TF~-~ (a), native 
TF~/anti-TFl-fl (b), cross-linked TFt/anti-TF~-~ (c) and cross-linked 
TF Janti-TF,-fl (d). 
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Ct 

Fig. 6. Interracial localization of nucleotide binding sites on F1- 
ATPases (schematic): catalytic nucleotide binding sites (©, hatched cir- 
cle, o, representing the open, loose and tight binding sites, respectively, 
according to the binding change mechanism [6]), noncatalytic nucleo- 
tide binding sites (A). The positions of ~', 6 and e are arbitrary. 

were mainly positioned at the fl and the noncatalytic sites 
mainly at the ~ subunits. 

All results verify the suitability of 2,8-DiN3ATP for an exper- 
imental proof of a direct interfacial position of nucleotide bind- 
ing sites of proteins. 
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