
Biochimica et Biophysica Acta, 459 (1977) 20-26 
~) Elsevier/North-Holland Biomedical Press 

BBA 47222 

SULPHYDRYL GROUPS IN PHOTOSYNTHETIC ENERGY CONSERVA- 

TION 

IV. INHIBITION OF THE ATPase OF CHLOROPLAST COUPLING FACTOR 1 

BY SULPHYDRYL REAGENTS 

RUBI~N H. VALLEJOS, RICARDO A. RAVIZZINI and CARLOS S. ANDREO 

Departamento de Bioquimica, Facultad de Ciencias Bioquimicas, Universidad Nacional de Rosario, 
Suipacha 531, 2000 Rosario (Argentina) 

(Received June 17th, 1976) 

SUMMARY 

1. o-Iodosobenzoate and 2,2'-dithio bis-(5-nitropyridine)inhibited by about 
fifty per cent the ATPase activity of heat-activated chloroplast coupling factor 1 only 
when present during the heating but were without effect when added before or after 
the activation. Reversion of this inhibition was only obtained by a second heat 
treatment with 10 mM dithioerythritol. 

2. The inhibition of the Ca 2 +-ATPase of coupling factor 1 by o-iodosobenzoate 
or 2,2'-dithio bis-(5-nitropyridine) was not additive with similar inhibitions obtained 
with the alkylating reagents iodoacetamide and N-ethylmaleimide. 

3. The heat-activated ATPase of o-iodosobenzoate-treated coupling factor 1 
had a higher K m for ATP, without modification of V. The modified enzyme was 
desensitized against the allosteric inhibitor ADP. 

INTRODUCTION 

The soluble latent ATPase of chloroplasts or coupling factor 1 plays a central 
role in the photosynthetic formation of ATP. It has a molecular weight of 325 000 [1 ] 
and is made up of five different subunits with the following molecular weights: a, 
59 000; r ,  56 000; V, 37 000; 6, 17 500 and e, 13 000 (2). Coupling factor 1 contains 12 
half-cystines per mole, 8 of which are free thiol groups and 4 are involved in 2 disul- 
phide bridges [3]. 

The purified coupling factor 1 of spinach chloroplast has a latent ATPase which 
may be activated by trypsin [4], heating [3, 4] or thiol compounds [3, 5]. 

Only two sulphydryl groups are available to sulphydryl reagents in coupling 
factor 1 [3] but after heat activation of the ATPase two more thiol groups of the 
subunit become exposed [3, 6]. Blocking of these thiol groups by iodoacetamide or 

Abbreviation: DTNP, 2,2'-dithio bis-(5-nitropyridine). 
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N-ethylmaleimide did not affect the emerging ATPase activity ([6, 7] but see also ref. 
3). 

We have recently shown [8, 9] a light-dependent inhibition of photophos- 
phorylation, coupled electron transport and ATPase activity of spinach chloroplasts 
by the sulphydryl reagents 2,2'-dithio bis-(5-nitropyridine) (DTNP) and o-iodoso- 
benzoate. The inhibition was attributed to the oxidation of vicinal dithiols exposed by 
a conformational change of coupling factor 1 induced by light. These results were in 
agreement with previous reports by McCarty et al. [10] of similar light-dependent 
effects obtained with the alkylating agent N-ethylmaleimide. 

In this paper we show that o-iodosobenzoate, and DTNP, as well as other 
sulphydryl reagents, are able to inhibit the heat-activated ATPase of coupling factor 1 
only when present during the process. 

RESULTS 

Inhibition of the Ca2+-ATPase activity of chloroplast coupling factor 1 by sulphydryl 
reagents 

Table I, Expts. 1 and 2, shows that the ATPase activity of heat-activated 
coupling factor 1 was not affected by 5 mM o-iodosobenzoate or 300/~M DTNP 
added after the activation or by incubation of the reagents with the enzyme for 1 h 

TABLE I 

INHIBITION OF THE CaZ+-ATPase ACTIVITY OF CHLOROPLAST COUPLING FACTOR 1 
BY o-IODOSOBENZOATE AND DTNP 

In Expt. 1, aliquots of latent ATPase (1 mg/ml) were incubated in 40 mM Tris • I-[Cl, 2 mM EDTA 
(pH 8) for 1 h at 25 °C with the additions stated. Then the protein was passed through a 0.8 × 15 cm 
Sephadex G-50 column, and the CaZ+-ATPase of coupling factor 1 was activated and measured as 
described in the text. In Expt. 2 the incubation described for Expt. 1, 1 h at 25 °C, was performed after 
the heat activation in the presence of 40 mM ATP. In Expts. 3 and 4 the additions stated were present 
during the activation. When added, o-iodosobenzoate was 5 mM; DTNP, 300#M; and dithio- 
erythritol, 10 raM. 

Expt. Additions Ca 2 ÷-ATPase 
(~mol PI • min-  1 . m g -  1 ) 

1 None 20.0 
o-Iodosobenzoate before heating 19.5 
DTNP before heating 19.5 

2 None 18.1 
o-Iodosobenzoate after heating 19.0 
DTNP after heating 16.0 

3 None 20.0 
o-Iodosobenzoate during heating 11.6 
DTNP during heating 9.4 

4 Dithioerythritol 36.0 
Dithioerythritol and o-iodosobenzoate 

during heating 35.6 
Dithioerythritol and DTNP during 

heating 34.6 
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T A B L E  II 

R E V E R S A L  O F  ATPase  I N H I B I T I O N  BY o - I O D O S O B E N Z O A T E  O R  D T N P  

Act iva t ion  o f  C a 2 + - A T P a s e  o f  chloroplas t  coupl ing factor l by heat ing in the absence or in the 
presence o f  o- iodosobenzoate  or  D T N P  was carried out  as described in the text. Then ,  a second 
t r ea tment  o f  coupl ing factor 1 was pe r fo rmed  as indicated followed by de te rmina t ion  o f  the ATPase  
activity as described in the text. N u m b e r s  in parenthes is  indicate inhibi t ion per cent. 

Second t rea tment  o f  coupl ing factor 1 Ca  2 +-ATPase  ~ m o l  Pl • m i n -  ~ • m g -  1) 

Cont ro l s  o- Iodosoben-  
zoate- treated 

D T N  P-treated 

N o n e  18.9 

60 min  at 25 °C in the presence o f  
10 m M  dithioerytbri tol  26.1 

4 min  at 63 °C in the presence o f  
10 m M  dithioerythri tol  32.8 

4 min  at 63 °C after removal  o f  excess 
o f  reagent  o f  the first t rea tment  16.1 

11.9 (37) 9.4 (50) 

16.2 (38) 13.0 (50) 

33.0 32.5 

9.8 (39) 7.9 (51) 

followed by passing the mixture through a Sephadex G-50 column before activation. 
These sulphydryl reagents did not affect the ATPase activated by trypsin treatment 
added either before or after activation (not shown). However, when o-iodosobenzoate 
or DTNP were present during heat-activation of the enzyme they diminished the 
resulting Ca 2 +-ATPase activity by about 40-50 ~ (Table I, Expt. 3). When the heating 
was carried out in the presence of 10 mM dithioerythritol the ATPase activity was 
higher [3] and dithioerythritol prevented inhibition by DTNP and o-iodosobenzoate 
(Table I, Expt. 4). 

Incubation of chloroplast coupling factor 1 with 10 mM dithioerythritol for 
1 h after heat-activation of the former in the presence of o-iodosobenzoate or DTNP 
did not result in reversion of the resulting inhibition (Table II, line 2) although it 
stimulated the control and the treated ATPases. Complete reversion of the inhibition 
of the ATPase by the sulphydryl reagents was achieved when coupling factor 1 was 

T A B L E  III 

E F F E C T S  OF  S U L P H Y D R Y L  R E A G E N T S  OF  T H E  ATPase  A C T I V I T Y  O F  C O U P L I N G  
F A C T O R  1 

The  first t rea tment  o f  coupl ing factor 1 with 5 m M  o-iodosobenzoate  was per formed as described in 
the  text, then  the prote in  was passed  th rough  a 0.8 × 15 cm Sephadex G-50 co lumn  and  a second 
t r ea tmen t  at 63 °C for 4 min  in the presence o f  40 m M  A T P  and with the addi t ions stated was 
performed.  

Addi t ions  dur ing  
second hea t ing  

C a  2 +-ATPase  (pmol  Pl - m i n -  t . m g - 1 )  

Con t ro l  o- Iodosobenzoate- t rea ted  

N o n e  18.3 11.2 
"Iodoacetamide, 10 m M  13.7 10.8 
N-ethylmaleimide,  10 m M  5.5 10.2 
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heated a second time at 63 °C for 4 rain but in the presence of 10 mM dithioerythritol 
(Table II, line 3). A second heat treatment in the absence of dithioerythritol did not 
reverse the inhibition (cf. lines 4 and 1, Table II). 

The ATPase activity of coupling factor I was not affected by sulphydryl 
alkylating agents, even though they blocked the two accessible thiol groups of coupling 
factor 1 or the two additional groups that become accessible after heat activation 
[6, 7]. However, iodoacetamide and N-ethylmaleimide were able to inhibit the ATPase 
of coupling factor 1 if present during heating (Table III, line 2 and 3). N-Ethylmaleim- 
ide consistently inhibited more than iodoacetamide (50 ~o inhibition was obtained 
with 2.5 mM N-ethylmaleimide). The partial inhibitory effects of the alkylating and 
oxidating sulphydryl reagents were not additive as shown in Table III, second column, 
for o-iodosobenzoate. Similar results were obtained with DTNP or with the order of 
treatment inverted. These results suggest that the same sulphydryl groups are affected 
by all these reagents in spite of different reaction mechanisms. For instance, pretreat- 
ment with o-iodosobenzoate prevented the inhibition by N-ethylmaleimide probably 
because the sulphydryl groups affected by the latter were already oxidized to disulfides 
by the former inhibitor (Table III, line 3). 

o-Iodosobenzoate oxidizes vicinal dithiols to disulfide [11] and DTNP may 
also oxidize them [8]. As discussed for the light-dependent effects of these reagents in 
chloroplasts [8, 9] the resulting disulfide bridge(s) may be intra or interpeptidic 
considering the oligomeric nature of coupling factor 1. The subunit mobility of 
coupling factor 1 in sodium dodecyl sulfate polyacrylamide electrophoresis carried out 
without fl-mercaptoethanol did not change with o-iodosobenzoate or DTNP treat- 
ment (experiments not shown) suggesting that the disulfide bridge is intrapeptidic. 

Kinetic properties of o-iodosobenzoate-inhibited ATPase 
Fig. 1 shows the kinetics of the ATPase activity of chloroplast coupling factor 1 

with or without treatment with 5 mM o-iodosobenzoate. A Lineweaver-Burk plot of 
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Fig. 1. Effect o f  o- iodosobenzoate  t r ea tment  o f  coupl ing factor 1 on  the  allosteric inhibi t ion o f  Ca  2 +- 
A T P a s e  activity by A D P .  The  heat  act ivat ion and  o- iodosobenzoate  t r ea tment  o f  coupl ing factor 1 
in the  absence ( 0 ,  (3)  or  in the presence ( A ,  A)  o f  5 m M  o- iodosobenzoate  was per formed as 
described in the text. The  C a 2 + - A T P a s e  assay  was as described in the text. A,  unt rea ted  coupl ing 
factor 1. B: o- iodosobenzoate- t rea ted coupl ing factor 1. Closed symbols ,  controls;  open symbols ,  
1 m M  A D P  present.  
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the data showed that the sulphydryl reagent decreased the affinity of the enzyme for 
ATP (the Km increased from 1.85 to 6.5 mM), without modifying the 17. 

Nelson et al. [12] have shown that ADP is an allosteric inhibitor of the ATPase 
of coupling factor 1. This is clearly shown in Fig. 1A where it can be observed that the 
hyperbolic curve for ATP was changed into a sigmoidal one when 1 mM ADP was 
present. Treatment of coupling factor 1 with o-iodosobenzoate in the way described 
changed this kinetic behavior as shown in Fig. 1B, since in the presence of ADP, the 
ATP saturation curve was considerably less sigmoidal and the inhibition by ADP was 
diminished. 

Hill plots of these results show that, as previously described [12], the apparent 
n increased from 0.99 to 1.75 in the presence of l mM ADP. On the other hand, with 
the o-iodosobenzoate-treated enzyme the apparent n values were nearly the same. 

In an experiment where the ADP concentrations were varied from 0.35 to 
3 mM it was found that the concentration of ADP that gave 50 ~ inhibition of the 
ATPase in the presence of 5 mM ATP was raised from 6.85 mM in the untreated con- 
trol to 1.90 mM in o-iodosobenzoate-treated coupling factor 1. 

DISCUSSION 

The sulphydryl groups of coupling factor 1 have been related to the activation 
of the ATPase since sulphydryl groups of the ~ subunit become exposed after heat 
activation and the ATPase activity is greater in the presence of thiol compounds [3]. 
Activation of the ATPase in chloroplasts required light and thiol compounds [13]. 

The results presented in Tables I and III showing that sulphydryl reagents 
only inhibited the heat-activated ATPase of coupling factor 1 when present during the 
activation, explain the previously reported lack of effect [6, 7] and suggest that the 
thiol groups involved are inside the coupling factor molecule. The requirement of a 
second heat treatment in the presence of dithioerythritol for reversion of o-iodosoben- 
zoate inhibition reinforces this conclusion (Table II). 

It has been shown that light induces profound conformational changes in 
chloroplast-bound coupling factor 1 which may result in the incorporation of tritium 
[14, 15], the oxidation of vicinal dithiols [8, 9], the alkylation of sulphydryl groups 
[10, 16] or changes in the fluorescence emission of fluorescamine-labelled ATPase 
[17]. The conformational changes are of such nature as to expose groups deeply 
buried in the molecule as suggested by the observations that coupling factor 1 may be 
solubilized from the membrane without losing the incorporated tritium [15 ] and that 
reversion of the inhibition associated with oxidation of dithiols required a second 
illumination of the chloroplasts to make the disulfide bridges accessible to dithio- 
erythritc1 [8, 9]. 

The thiol group(s) exposed by a light-induced conformational change of mem- 
brane-bound coupling factor 1 may be the same that reacted with o-iodosobenzoate, 
DTNP or Noethylmaleimide during heat activation of soluble coupling factor 1 as 
suggested by the partial inhibitions obtained in both systems and the lack of additivity 
of the inhibitions (ref. 9 and Table III). The subunit localization of the involved 
thiols is not yet clear, although the ~, subunit is pointed out by the light-dependent 
incorporation of labelled N-ethylmaleimide [16]. On the other hand Deters et al. [7] 
have suggested that the least accessible thiol groups of coupling factor 1 are in the fl 
subunit. 
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The kinetic properties of o-iodosobenzoate-treated chloroplast coupling factor 
1 are quite similar to those found by Datta et al. [18] with the ATPase of  perman- 
ganate-treated chloroplasts and of chloroplasts preincubated in light with o-iodoso- 
benzoate (unpublished observations). The ATPase of  purified coupling factor 1 was 
desensitized by o-iodosobenzoate treatment for the allosteric inhibition by ADP. This 
suggests that the allosteric binding sites are modified by the reagents. The localization 
of  these sites has been proposed to be on the ~ subunit of coupling factor 1 [19]. 

EXPERIMENTAL 

Purified coupling factor 1 of spinach chloroplasts was prepared according to 
Lien and Racker [20]. The step of  sucrose density gradient centrifugation was omit- 
ted. Preparations with a specific Ca2+-ATPase activity after heat activation of about 
20 ktmol Pi " m i n - 1 ,  mg-1 were used. Polyacrylamide gel electrophoresis showed the 
coupling factor 1 to be at least 95 ~o pure. 

Aliquots of  enzyme, stored at 4 °C in 2 M (NH4)2SO 4, were centrifuged for 
10 min at 10000 ×g and dissolved with 0.5 ml of  40 mM Tris .  HC1 (pH 8), and 2 mM 
EDTA. The enzyme (0.5 to 1 mg per ml) was desalted on a Sephadex G-50 column 
(0.8 cm × 15 cm) equilibrated with the same solution. Heat activation was carried out 
at 63 °C for 4 min in a medium containing 40 mM Tris • HC1 (pH 8), 2 mM EDTA 
and 40 mM ATP, followed by cooling with running tap water. 

ATPase activity was measured at 37 °C in a final volume of  1 ml. containing 
40 mM Tris • HC1 (pH 8), 5 mM ATP and 5 mM CaCI 2. The reaction was started by 
addition of 3/~g of heat activated coupling factor 1. After 10 min, the reaction was 
stopped by addition of  0.1 ml of  trichloroacetic acid 50 ~ (w/v). In the supernatants 
the Pi liberated was determined colorimetrically according to Sumner [21 ]. 

Protein was determined according to Lowry et al. [22]. 
Sodium dodecyl sulfate gel electrophoresis was performed as described by 

Weber and Osborn [23]. 
DTNP, o-iodosobenzoate, iodoacetamide, N-ethylmaleimide, dithioerythritol 

and nucleotides were obtained from Sigma Chemical Co (U.S.A.). All other chemicals 
were of analytical grade. 
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