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Photophos~ho~lat~on has mostly been studied 
using washed, broken chloroplas~s which have lost 
their outer envelopes and stromal contents f I]_ These 
studies suggest that the enzyme which catalyses pho- 
~ophosphorylation (coupling factor, or CF,--CF1) 
can exist in several states of differing activify depend- 
ing on the ~~per~n~ental conditions used. In dark- 
adapted chloroplasts, CF,-CF1 exists in a cat~lyti~fly 
inactive state, but is converted into an active state on 
impressing Ap(H*) across the thylakoid membrane, 
either in the form of ApH f’2,3] or as A$ [4,5]. The 
presence of an H+-specific channel, or proton-well, 

through CFo effectively converts a A+ into a ApH 
across CF, [6]. Thus the active state of the aniso- 
tropic coupling factor complex may only be induced 
near a dual pH optimum, when the stromal side of 
CFr is close to pH8 and the CF, side is near pH 5, 
This situation corresponds to the normal environ- 
mental condition in illuminated intact ~hloroplas~s 

(i.e.? those that retain their outer envelopes and 
stromal contents [7]). 

In broken chloroplasts, the catalytic properties of 
CFo-CFr near the dual pH optimum depend on the 

Abbrevinri~ns: AiT( ApH and 83,. difference in electro- 
chemical potential of protons, pN or electrical potential, 
respectively, between the aqueous phases separated by the 
thylakoid membrane; CF,-CF,, chloropiast coupling factor; 
DCCD, ~-f~‘~~cyclohexylc~bodiim~dc; DCMU, 3-(3,4- 
d~eb~oro~h~~yl)-1 ,l~~me~yiurea: DCPIP, ~~~dichiorophe- 
~oIi~doFheno1; DTT, dj~~~threitol; Fd, ferredoxin; MalNEt, 
I\r-ethylmaleimide; MV, methyl viologen; 7% or Thf, thiore- 
doxin or thio~edox~f; tricine, ~-tris~hydroxymeth~~)~ 
methylglycine 

presence or absence of dithiols. In the absence of 
dithiois, CFO-CFz Is observed to c&a&e net syn- 
thesis, but not net hydrolysis of ATP, Eden though 
in both cases bond f~~rmation between the fl and y 
phosphoryl groups of ATP in the active site is intrinsi- 
cally reversible [8]. If dithiols are included in the 
medium, incubation of CFo-CF, near its dual pH 
optit~u~~ permits expression of ~gATPase activity 
[2,9]. It has been proposed that dithiols modify 
CF,--CFI, converting it from a form that does not 
catalyse net hydrolysis of ATP to one that does [IO], 
though the mechanism by which this occurs, or why 
ATPase activity is not expressed in the unmodified 
enzyme t are largely matters of conjecture. 

It is of some importance to estabIish whether or 
not dithiol modification of coupling factor has any 
physiological significance. Buchanan and coworkers 
[l I] have shown the existence in the stroma of Th, a 
dithiol protein widely distributed in nature. Thio- 
redoxin is pllotor~duced in the ~hl~roplast by ferre- 

doxin and the enzyme Fd-Th reductase [I 1 f. Reduced 
Th is thought to activate certain solubie enzymes of 
the stroma, and in addition has been shown to stim- 
ulate the appearance of ATPase activity that is 
observed on heating sol~b~l~s~d CFr in the presence 
ofDTT [12]. 

In this letter, we show that stromal proteins in an 
unfractionated stromal extract are able to mimic the 
effects ofdithiols in respect of their ability to unmask 
ATPase activity in washed broken chlaroplasts main- 
tained near the dual pH aptimum by illumination. 
Similar results are obtained using purified prepara- 

tions of Fd-Th reductase and Th, in place of the crude 
stromal extract. The results suggest that dithiol modi- 
fication of CF,-CFr is of physiological significance, 
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and may reflect a means by which the enzyme is 
regulated in vivo. 

2. Materials and methods 

Intact chloroplasts were isolated from 60-80 g of 
9-11 day old Pisum sativum seedlings (variety 
Fehham First) ground in 160 ml of a medium con- 
taining 0.35 M sorbitol, 5 mM ascorbic acid and 
20 mM 2{N-morpholino)ethanesulphonic acid 
brought to pH 6.5 with KOH. Chloroplasts were 
centrifuged at 3000 X g for 60 s, washed once in 
40 ml of grinding medium and resuspended in a mini- 

mal volume of 0.35 M sorbitol, 2 mM ethylene- 
diaminetetraacetic acid, 1 mM MgCl*, 1 mM MnC12, 
50 mM N-2-hydroxyethylpiperazine-d-2-ethane- 
sulphonic acid brou~t to pH 7.6 with KOH. Chloro- 
plasts were routinely SO-70% intact as judged by 
their impermeability to ferricyanide, but fixed CO* 
at rates <I 0 pmol O2 evolved/(mg chlorophyl1.h). 

These preparations were thus intermediate between 
types A and B as defined in [ 141. 

For preparation of broken chloroplasts (type C of 
[14]) and stromal protein, the washed pellet as above 
was resuspended in 2 ml of 5 mM MgC12, 15 mM 
tricine-KOH (pH 8 .O) which caused the organelles to 
lyse. Broken chloroplasts were collected by centrif- 
ugation and the supernatant used without further 

purification as the source of stromal protein. 
Activation of CF,,--CF, was carried out by illu- 

minating chloroplasts (white light, 1500 W/m2) in a 
magnetically stirred test-tube maintained at 23°C. 
The activation medium consisted of: 
(i) 0.25 ml of 1.2 M sorbitol, 1500 units of catalase, 

100 mM tricine-KOH (pH 8 .O); 
(ii) ;lz8rn;)of 5 mM MgC12, 15 mM tricine-KOH 

1 
(iii) 0.1 ml of chloroplasts containing -0.3 mg chloro- 

phyll. 
The order of mixing (i), (ii) and (iii) determined 
whether any intact chloroplasts present remained 
intact, or were lysed immediately prior to activation. 

For assay of ATPase activity, 0.1 ml samples were 
periodically removed and added to 0.9 ml of a medi- 
um consisting of 2 mM M&l,, 1 .l mM NH,Cl, 2.2 
mM ATPand 15 mM tricine-KOH (pH 8.0) contained 
in centrifuge tubes in a shaking water bath (25°C) 
maintained in darkness. After 4 min, ATPase activity 
was stopped with 0.5 ml 20% trichloroacetic acid, the 
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precipitate removed by centrifugation and 0.5 ml 
aliquots taken for determination of Pi [15]. All exper- 

iments were carried out at Glynn Research Institute. 
Spinach Fd-Th reductase and Th, were purified at the 
University of Neuchitel as in [ 161. 

3. Results 

Illumination of intact spinach chloroplasts has 
been shown to trigger the protonmotive ATPase activ- 
ity of CFo-CF, [17,18]. Fig.l(a) shows that similar 
results are observed using intact chloroplasts from pea 
seedlings. The figure depicts ATPase activity observed 
as a function of illunlillation time given during the 

activation period. In all cases, the final assay (but not 
the activation medium) contained 1 mM NH4Cl which 
partly dissipates any ATP-dependent ApH across the 
thylakoid membrane and thereby accelerates the 
observed ATPase activity to near maximal rates [i9]. 
In addition the assay medium contained no sorbitol 

so that any intact chloroplasts transferred from the 
activation stage became lysed, aliowing the ATPase 
unrestricted access to its substrate. 

As shown in fig. 1 (a), ATPase activity in intact 
chloroplasts is induced relatively rapidly by illumina- 
tion, the rate being 70% maximal after 30 s in the 
light. In contrast, induction of ATPase activity was 
much slower when chloroplasts were lysed in the 
activation vessel (type D chloroplasts of [ 14]), and 
was incomplete even after 9 min in the light. Illumina- 
tion alone was virtually ineffective using broken 
chloroplasts that had been lysed prior to activation 
then removed from the supernatant and resuspended 
in fresh lnedium (fig.l(a)). 

These results suggest that the chloroplast stroma 
contains endogenous factors that function in the 
modulation of CF,-CF1 ATPase activity by light and 

which are diluted or inactivated on lysing the organ- 
elles. To investigate this idea further, we studied the 
effect of adding back unfractionated stromal protein 
to broken chloroplasts. As shown in fig.l(b), this pro- 
cedure resulted in the observation of considerable 
ATPase activity after illLlmination of the chloro- 
plasts, in marked contrast to the almost complete 
lack of effect of light seen in the absence of the 
stromal protein. Several observations suggest that the 

ATPase activity can be ascribed to CF,--CF,: 
(i) It requires preillumination and the final activity 

observed corresponds closely to that seen in the 
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Fig.1 Light-triggered MgATPase activity of CF,-CF, in pea chloroplasts. The final concentration of additions (where indicated) 
to the activation stage was: -20 mg stromal prote~n/ml, 5 mM DTT, 0.1 mM DCCD, 50 PM MV. Asays commenced after 5 min 
preincubation in the activation stage. All chloroplast samples were dark-adapted for at least I h. 

presence of DTT, which is known to modulate 
coupling factor (fig.l(b) and [lo]); 

(ii) ATPase activity that is induced by light is com- 
pletely inhibited by 0.1 mM DCCD (fig.l(b)); 

(iii) 1 mM NH4CI stimulates the rate 2-3-fold; 
(iv) Induction of 9-aminoacridine fluorescence 

quenching is also observed to parallel induction 
of ATPase activity (results not shown). 

The latter two observations indicate that the ATPase 
is protonmotive [6,10,18,19]. Virtually no ATPase 
activity is displayed by stromal proteins in the absence 
of chloroplasts. 

As depicted in fig.l(c), the presence of an electron 
acceptor (MV) in the activation stage only slightly 
increased the final rate observed in the presence of 
DTT. It seems therefore that under these conditions, 
endogenous electron flow is sufficient to generate the 
ApH required to bring CFO-CFr close to its dual pH 
optimum. 

The addition of stromal protein to chloroplasts 
treated with MV plus DTT generally enhanced the 
ATPase activity observed after illumination (@.1(c)), 
particularly at shorter illumination times where stim- 
ulations in rate of up to 50% have been noted. 

One other feature apparent in the data of fig.1 is 
the low level of ATPase activity observed in dark- 
adapted chloroplasts. As noted elsewhere [I 81, the 

ATPase responsible for this activity is not proton- 
motive, is resistant to lysis and washing of the mem- 
branes and is not much affected by a variety of treat- 
ments which modify the response of the CF,,-CFr 

ATPase, including most of those reported in this 
letter. At present, the source of the dark activity is 
not known. 

The results presented so far suggest that an uniden- 
tified factor in the stromai fraction functions in the 
same manner as DTT in the modulation of coupling 
factor activity. Several observations (data not shown) 
suggest that the unidenti~ed factor is a protein: 
(i) Heating stromal protein to 60°C for 5 min 

destroys its ability to modulate ATPase activity; 
(ii) Treatment of stromal protein with trypsin 

(l-2%, w/w) inactivates the factor by 50% (and 
higher concentrations of trypsin are even more 
inhibitory); 

(iii) As shown in table 1, the factor does not pass 

through a dialysis membrane. 
Table 1 also shows that the stromal protein is partly 
inactivated by treatment with MalNEt. The inhibitory 
effect of MalNEt was increased when the stromal 

fraction was pretreated with DTT. The latter result 
indicates that the active protein in the stromal frac- 
tion contains essential sulphydryl groups that are 
partially reducible by DTT and available for reaction 

17s 
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Table 1 

Inactivation of stromal protein by treatment with MalNEt 

Pretreatment of 

stromal proteina 

ATPase activity 
[pmol Pireleased/(mg chlorophyll h)] 

Darkb Lightb 

1. Untreated 21 164 

2. Dialysed 18 157 

3. MalNEt 12 92 

4. DTT, MalNEt I7 53 

a Pretreatment of stromal protein was as follows: 1. No 
MalNEt, DTT or dialysis, 2. stromal protein (-40 mg 

protein/ml) treated with (5 mM DTT + 9 mM MalNEt) and 
dialysed for 4 h against 2 X 1000 ml 5 mM MgCl,, 15 mM 

tricine-KOH (pH 8.0); 3. stromal protein treated with 

(2 mM DTT + 9 mM MalNEt) for 15 min, then 3 mM DTT 
added and dialysed as above; 4. stromal protein incubated 

with 2 mM DTT for 5 min, then 9 mM MalNEt added. 

After 15 min, 3 mM DTT was added and dialysed as above 

b ATPase activity was assayed as in fig.1 except that the 

volume of activation stage was reduced to 0.4 ml. Dark 
samples were taken after 5 min preincubation in the dark 

immediately prior to illumination (8 min) 

with MalNEt. A possible candidate for such a pro- 
tein is Fd-Th reductase [ 111. 

We have not yet isolated the active factor from the 
pea stromal protein used so far in these experiments. 
However, purified Fd-Th reductase and Th, from 
spinach have been tested for their ability to modulate 
the ATPase activity of broken chloroplasts in the 
light. The results of these experiments are shown in 
table 2. Under the anaerobic conditions used, consider- 

able ATPase activity was indeed observed following a 
period of illumination in the presence of these two 
proteins. The appearance of activity on illumination 
was dependent on the presence of both Fd and Fd-Th 
reductase but not Th,. However, the presence of Thf 
in the activation medium usually enhanced the final 

ATPase activity (by up to 25%, though the magnitude 
of this stimulation was somewhat variable). The exper- 
iments reported in table 2 were carried out in the 
presence of DCMU and an electron donor system 
(DCPlP/ascorbate) to prevent photosynthetic O2 
evolution. If these were omitted, or the experiment 
carried out under air instead of N,, the light-induced 
ATPase activity was much decreased. The latter two 
observations demonstrate the remarkable sensitivity 
to O2 that is displayed by the purified Fd-Th reduc- 
tase. This sensitivity has been noted before [20], and 
is not displayed by the unpurified enzyme ([21] and 
this paper). Sensitivity to O2 is a property of the 
reductase that appears during its purification, though 
the reason for this interesting phenomenon is 
unknown. 

4. Discussion 

The mechanism by which dithiols modulate the 
ATPase activity of CFo&IFl is not well understood. 
This paper does not attempt to elucidate the details 
of the mechanism, but does point out that the process 

probably occurs in vivo and suggests that the thiore- 
doxin system is the physiological dithiol reductant 

Table 2 

Effect of Fd-Th reductase and Th on light-triggered CF,-CF, ATPase activity 

Omission from ATPase activity 

activation medium [wmol Pi released/(mgchlorophyll . h)] 

Dark Light 

Completea 28 129 

- Reductase 25 33 

- Fd 26 53 

_Thf 26 121 

- DCMU/ascorbate/DCPIP 25 33 

Complete (gas phase air) 25 28 

a Conditions were as in section 2 except chlorophyll was 0.6 mg/ml, and other 

additions were 1.4 MM Fd-Th reductase, 2.2 PM Thf, 3.3 MM DCMU, 5 mM 

ascorbate, 0.1 mM DCPIP. The activation tube was flushed with N, (5 min) in 
the dark, then samples (50 ~1) taken for assay of dark ATPase activity imme- 

diately prior to illumination (7.5 min) 
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involved. Experiments using both a crude stromal 
fraction and purified Fd-Th reductase show that these 
stromal proteins cause the ATPase activity of 
CFe-CFr to be expressed following a period of illu- 
mination of broken chloroplasts. Illumination prob- 
ably has two functions under these conditions: 
(i) To photoreduce the Fd-Th reductase (via Fd); 
(ii) To generate a transthylakoid ApH and thus bring 

CF,-CFr into its active state at the dual pH 
optimum. 

In view of the relatively small effects of Th,, it is 
likely that Fd-Th reductase interacts directly with 
CFe-CF, in its active state. This would be consistent 
with the observations in [ 121 that the 6 subunit of 
CF, has Th-like activity. 

It should be noted that the highest rates of ATP 
hydrolysis were observed after illuminating intact 
chloroplasts in the absence of added dithiols. Since 
the percentage of intact chloroplasts present was only 
50-70s as judged by their permeability to ferri- 

cyanide, it seems likely that the ATPase activity of 
those chloroplasts that were permeable to ferricyanide 
was also induced by illumination. One explanation 
for this result is that Fd-Th reductase is normally 
loosely bound to the thylakoid and is not dislodged 
during chloroplast preparation until the organelles are 
subjected to an osmotic shock. At this stage, we do 
not rule out the possibility that other stromal dithiols 
also participate in the dithiof modi~cation of 
CFe-CFr in the intact chloroplast. 

Finally, the results emphasise how CFe-CFr can 
exist in several states of differing activity depending 

on the experimental conditions used. It seems likely 
however that the state capable of catalysing net 
hydrolysis of ATP at high rates is the physiological 
state of the enzyme in vivo during illumination. This 
conclusion is supported by experiments of Dr R. H. 
Marchant (personal communication) which show 
that preillumination of spinach leaves increases the 
ATPase activity detected in subsequently isolated 
chloroplasts. At this stage it is not clear what advan- 
tage is gained by the dithiol modification since the 
unmodified coupling factor is competent as an ATP 
synthetase [I]. Moreover, it is undesirable that the 
ATPase activity be expressed in vivo during darkness. 
In fact, evidence suggests that the CFe-CFr undergoes 
inactivation in the intact chloroplast after a light to 
dark transition [ 17 ,181. The mechanism by which 
this occurs is not known and is currently under 
investigation. 
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