
Vol. 86, No. 2, 1979 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

January 30, 1979 Pages 440-446 

INRIBITION OF CHLOROPLAST COUPLING FACTOR ATPASE BY 

5'rp-FLUOROSULFONYLBENZOYL ADENOSINEl 

Emanuele DeBenedetti and Andre Jagendorf 

Biology Division, Cornell University, Ithaca, NY 14853 

Received December 1, 1978 

SUMMARY 
Incubation of chloroplast coupling factor with 5'-p-fluorosulfomylbenzoyl 

adenosine in the 1 to 2 mM range inhibits subsequently measured ATPase activity. 
The inhibition is probably due to covalent binding since it survives ammonium 
sulfate fractionation and dialysis. The kinetics of the inhibited enzyme with 
respect to substrate show a decrease in Vmax with no change in Em for ATP. 
The presence of ATP or ADP together with the inhibitor provides some protection 
against inhibition. The results suggest a possible covalent attack at a nucleo- 
tide binding site, leading to inhibition of activity. 

INTRODUCTION 
Exploration of the function of chloroplast coupling factor, CFl 2 , will be 

aided by knowledge of the chemical nature of the active site. This site must 

bind nucleotides in the course of catalysis, and in addition the enzyme has at 

least two regulatory sites (1,2) at which adenylates are bound more tightly 

and probably with greater specificity than at the reaction center. 

Of the covalent modifications described so far for this enzyme (3,4,5,6) 

only NBD-chloride binding to one tyrosine of the $ subunit has been identified 

with a reasonable degree of certainty as being at the catalytic active site 

(3). Accordingly we have initiated studies with the chemical 5'-FSBA (7) which 

has the capacity to form covalent bonds due to the reactive sulfonyl halide, 

and whose specificity as an inhibitor of other enzymes (8,9) seems related to 

its adenyl moiety. This paper reports the inhibition of ATPase activity of CFl 

by 5'-FSBA, and protection from this inhibition by nucleotides. 

MATERIALS AND METHODS 
Enzyme preparation and activity measurement. CF was isolated from chloro- 

plasts of market spinach as described previously (10 f  . Following purification 
on a sucrose density gradient, the enzyme was stored as an ammonium sulfate 
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‘Abbreviations: 5'-FSBA: 5'-p-fluorosulfonylbenzoyladenosine, NBD-chloride: 
7-chloro-4-nitrobenzo-oxa-1,3-diazole, CFl: coupling factor 1 from spinach 
chloroplasts. 
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precipitate. This was desalted and equilibrated with 50 mM Na-tricinate and 
2 mM EDTA at pH 8.0 either by filtration by centrifuging through Sephadex G-SO 
fine (ll), or by dialysis. 

Activation of ATPase by trypsin was performed by incubating for 50 min at 
28'C with a ratio of CFL/trypsin of 114 (w/w). The action of trypsin was 
stopped by addition of soybean trypsin inhibitor at a weight ratio of 10/l to 
the trypsin present. These operations were performed in the same buffer as 
that used to dissolve the CFl which was present at 480 wg/ml., or occasionally 
at higher levels. ATP was omitted in order not to interfere with the subsequent 
attack by 5'-FSBA; the modified conditions for trypsin activation compared to 
those previously described (12) were needed to prevent excessive inactivation of 
CF1 by trypsin in the absence of ATP. When used, heat activation of CFl was 
performed according to Farron and Racker (13). 

The hydrolysis of ATP was assayed routinely by incubating 3.7 to 5 pg of 
activated enzyme in a solution containing 50 mM Tris-HC1 at pH 8.5, 0.4 mg/ml 
bovine serum albumin, 10 mM CaC12 and 10 mM ATP for 14 min at 37OC. The reaction 
was stopped by addition of an equal volume of 5% trichloroacetic acid and inor- 
ganic phosphate assayed using the Taussky-Shorr procedure (14). 

Routine determination of protein concentration depended on the absorbancy 
at 280 nm, using an E280 1% of 5.2, close to the one previously reported (15). 
Other protein determinations used the Lowry procedure (16) with blank and stan- 
dard in the same buffer. 

Reaction with 5'-FSBA. Trypsin-activated CFl at 370 to 420 @g/ml was incu- 
bated with 5'-FSBA in a solution containing 50 mM Na-tricinate and 2 mM EDTA 
at pH 8.0 for varying lengths of time at 28*C. 5'-FSBA-reacted ATPase was 
assayed, removing directly from the reaction mixture aliquots containing 3.7 to 
4.2 FE: of CFl. With the addition of 1 ml of the buffer used for the ATPase 
assay the reaction with 5'-FSBA was stopped by a loo-fold dilution of the inhi- 
bitor and by the addition of 10 mM ATP (within 5 min after the addition of the 
buffer). 5'-FSBA (final concentration 1.74 mM unless otherwise specified) was 
dissolved in dimethylsulfoxide prior to use (final concentration 8% in the incu- 
bation mixture). I f  Latent ATPase was used, it was incubated with 5'-FSBA for 
30 min, centrifuged to remove precipitated 5'-FSBA (under the incubation condi- 
tions 5'-FSBA precipitates slowly at concentrations higher than FmM), then 
dialyzed against incubation buffer containing 8% dimethylsulfoxide to remove 
excess 5' -FSBA, prior to activation and ATPase assay. 

Reagents. TPCK-treated trypsin was from Worthington, soybean trypsin inhi- 
bitor type I-S and 5'-FSBA hydrochloride were from Sigma. 

RESULTS 
Tn preliminary experiments the 5'-FSBA was dissolved in dimethylformamide. 

However, this solvent was found to inactivate CF L during prolonged incubation at 

28'C, up to 50% in 2 hr using 9% dimethylformamide. By contrast, no inhibition 

has been observed with 9% dimethylsulfoxide under the same conditions. 

As obtained commercially, 5'-FSBA contains equimolar amounts of dimethyl- 

formamide in its crystalline form. These concentrations of dimethylformamide 

were found not to inhibit CFl in early control experiments, hence the usual 

control incubations contained only dimethylsulfoxide. 

The time course of inhibition of CFL by 5'-FSBA is approximately linear for 

the first 30 min when plotted on a semflogarithmic scale (Fig. 1). Over longer 
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Fig. 1. Semilogarithmic plot of the time course for 5'-FSBA inhibition of 
CF1. Trypsin-activated CFl 370 pg/ml was incubated with 1.74 mM 5'-FSBA. 10 ~1 
samples were withdrawn at the times indicated and immediately diluted 100 times 
with 50 m.M Tris-El, pH 8.5, 0.4 ,ug/ml BSA and 10 mM CaC12. The samples were 
immediately assayed for the ATPase activity, adding 10 mM ATP (see Methods). 

periods of time the rate of onset of inhibition slows down, for reasons not yet 

determined. The extent of the inhibition was the same using latent ATPase (data 

not shown) as when using trypsin-activated ATPase. Following exposure of latent 

ATPase to 5'-FSBA, the extent of inhibition was the same whether it was activated 

by heat or by trypsin. 

The kinetics for ATP were examined using native CFl and CFl inhibited 50% 

by exposure to 1.98 mM 5'-FSBA for 17 min. In these experiments the CF1 solu- 

tions containing 5'-FSBA were diluted loo-fold with the assay medium in which 

the CaC12 concentration was 1.5 times that of ATP. An excess of Ca*+had been 

found, in earlier experiments, to be slightly inhibitory at the lower levels of 

ATP, consistent with previous observations (17). The control enzyme hydrolyzed 

7.4 moles of ATP mg -' min-' (ATP at 4.8 mM), and both enzymes had a Km of 2.7 mM 

for ATP. 

Substrates prevented a considerable part of the inhibition due to 5'-FSBA 

(Table I). All the ligands tested afforded some protection, with ATP and ADP 

being the most effective. At 1 I&, AMP has essentially no protective effect 

(Table II), although at 4 mM some is evident. In order to obtain equivalent 
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Table I. Effect of substrates on the inacti- 
vation of CFl by 5'-FSBA. 

Addition to reaction Residual activity 
mixture (%I 

none 34 
ATP (4 mM) 79 
ADP (4mM) 83 
AMP (4mM) 58 
GTP (4 mM) 66 
ITP (4 mM) 63 

CFl 0.5 ug/ml was incubated with 1.74 mM 
5'-FSBA as described in Methods. Nucleotides 
were added at 4 mM. Aliquots were assayed 
for ATPase activity after 30 minutes. Con- 
trol activity was 7.4 moles ATP/mg'min. 

Table II. Protection against 5'-FSBA inhibition. 

Experiment 1 
Additions Activity 

None 35a 
ATP (1 mM) 61 
ATP (4 mM) 79 
PPi (1 mM) 45 
PPi (4 mM) 53 
Adenosine (1 mM) 38 
Adenosine (4 mM) 49 

Experiment 2 
Additions Activity 

None 44 
ATP (1 mM) 74 
ATP (4 mM) 82 
AMP (1 mw 46 
AMP (4mM) 55 

a% of control activity, which was 11.6 poles ATP/mg 
min in experiment 1 and 9.0 moles ATP/mg min in 
experiment 2. 

protection, AMP must be used at levels 16 times higher than those needed with 

ATP or ADP (data not shown). The AMP used did not contain ADP or ATP, as seen 

by thin-layer chromatography on PEI-cellulose. Adenosine and PPi also afforded 

some protection, although less than ATP or ADP (Table 11). Inhibition by 5'-FSBA 

was the same with or without 10 mM CaC12 (data not shown). 

No discontinuities were seen in the plot of % protection vs ATP concentration. 

These data, replotted as % of control rate/ATP concentration vs ATP concentration 

fall along a straight line (Fig. 2). This result is consistent with a single 

action of ATP, preventing inhibition by 5'-FSBA at one site. 

The % inhibition of the latent enzyme by 5'-FSBA was not changed by two suc- 

cessive precipitations of the enzyme by ammonium sulfate (Table III). Unaltered 
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Fig. 2. Residual activity/ATP vs ATP concentration during the inhibition of 
CFl by 5'-FSBA. The experiment was performed as described in Table I. The 
lowest concentration of ATP used was 7.8 liM. Control activity was 8.8 floles 
ATP/mg'min. 

Table III. Survivial of inhibition by 5'-FSBA through 
ammonium sulfate precipitations. 

Ammonium sulfate Specific activity % of 
precipitations Control Inhibited Control -m 

no. !.Lmoles ATP/mg/min 

0 4.9 1.23 25 
1 8.0 1.12 14 
2 7.0 1.47 21 

Latent CFl-ATPase at 2 mg/ml was reacted with 5'.;FSBA 
for 30 min as described in Methods, precipitated 
5'-FSBA removed by centrifuging, and an aliquot taken 
for activation and assay. The rest of the enzyme was 
precipitated by 50% ammonium sulfate, then dialyzed, 
and an aliquot taken for activation and assay. The 
rest of the enzyme was precipitated and dialyzed -again. 
Control enzyme was subject to the same procedures ex- 
cept for absence of 5'-FSBA. The dialysis buffer was 
50 mM Tricine-NaOH, 2 mM EDTA at pH 8.0. Activation 
of the original enzymes was performed by incubating 
with l/15 weight ratio of trypsin plus 10 mM DTT for 
10 min at 2O'C; for the enzymes after ammonium sulfate 
activation was performed with the same concentration 
of trypsin but with the addition of 1 mM ATP, which 
accounts for apparent higher activity than in the 
original enzyme. 

inhibition after ammonium sulfate precipitation was found for enzyme pre-activated 

with trypsin before exposure -to 5'-FSBA as well. Also, the UV absorption spectrum 

of CFl was altered by exposure to 5 '-FSBA, and this alteration persisted after 
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Fig. 3. Continuous 1ine:difference spectrum between 5'-FSBA-reacted and 
control CFl of experiment 2 described in Table III. CFl was precipitated with 
5% HC104 and resuspended in 6M guanidine buffered with 250 r&f Tris-HCl, pH 8.5. 
Protein concentration was 1.18 mg/ml. Broken line:5'-FSBA spectrum in 50 mM 
tricine-NaOH, EDTA 2 mM, pH 8.0 plus dimethylsulfoxide 1%. The curve has been 
normalized at 260 nm with the difference spectrum of CFl. 

the enzyme was precipitated with perchloric acid and redissolved in 6 M guanidine 

(Fig. 3). These results, using either latent or activated CFl, indicate the 

probable covalent nature of 5 '-FSBA binding and consequent inhibition. 

Fig. 3 shows the spectral difference between control and 5'-FSBA-treated 

CFl. As this difference spectrum is not identical to the absorption spectrum 

of 5'-FSBA by itself (Fig. 3), the absorbance change of CFl cannot be used at 

present to determine accurately the stoichiometry of binding. 

DISCUSSION 
The inhibition of CFl by 5'-FSBA is probably due to covalent binding (Table 

II, Fig. 3) at a site that ordinarily binds adenylates. This is likely in view 

of the structure of 5'-FSBA, and because of the protection afforded by adenylates 

and other nucleotides. This protection might be the result of direct competition 

with 5'-FSBA at the same site, but might also result from modifying the enzyme 

structure by binding at a different site. The weak protection afforded by 

AMP, adenosine and PPi is not entirely surprising. A possible role for AMP in 

the mechanism of catalysis has not been ruled out (18,19). PPi is known to 

protect CFl from cold inactivation (20) and from TNBS attack (12). Adenosine 

has rarely been tested, and it might have some affinity where the adenosine moiety 

of ADP or ATP bind. 
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The fact that the Km for ATP is not affected by 5'-FSBA, but the Vm,, is 

decreased, is consistent with complete inhibition of individual CFl molecules 

in the affected population. This could be due to reaction of 5'-FSBA at either 

the catalytic active site or at a regulatory site. Possible complete inhibition 

due to ADP binding to a regulatory site was discussed by Cantley and Hammes (1). 

However it is a little more likely that the catalytic site was affected, because 

our preliminary data indicate that the tightly bound regulatory nucleotides 

were not displaced by the 5'-FSBA binding (data not shown). 

Further work is in progress to explore inhibition in thylakoid-bound CFl 

and to define the site(s) of binding of 5'-FSBA. 
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