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Two cycles of photosynthetic control have been observed in isolated spinach 
chloroplasts in the presence of lipophilic class III electron acceptors, which 
may accept electrons at PS II. ADP/O ratios of 0.8 to 0.9 were recorded;rates 
of oxygen evolution were stimulated by phosphorylating reagents and uncouplers. 
Addition of the plastoquinone antagonist DBMIB decreased photosynthetic control, 
oxygen evolution and photophosphorylation. We believe that there is a couplinp 
site associated with PSIT which can be rate limiting. Comparison of the P/2e 
ratios observed with class I and class III electron acceptors leads us to 
propose that more than 0.6 and possibly approaching one molecule of ATP can be 
formed for every pair of electrons transported from water to PSI1 acceptors. 

Winget et al1 proposed that more than one molecule of ATP was formed per -- 

pair of electrons transferred through the non-cvclic electron transport chain. 

This work was extended2 , while others demonstrated photosynthetic control and 

ADP/O's of above one3-7. Such observations suggested that there were two ATP 

coupling sites in non-cyclic electron transport. Neumann et al8 suggested -- 

from work with sub-chloroplast photosystem I (PSI) particles that both of these 

were situated on the intermediary electron transport chain and associated with 

PSI. Saha et al9 surveyed electron acceptors and found that non-lipid soluble -- 

electron acceptors that did not uncouple (called class I) accepted electrons 

after both coupling sites. Lipid soluble acceptors (class III) accepted 

electrons after one coupling site, and the photophosphorylation associated with 

the photoreduction of class III acceptors had a P/2e half that associated with 

class I acceptors. (P/2e = ATP/2e = ADP/O; see ref.7). 

Trebst et al 10 
-- recentiy introduced the electron transport inhibitor 

dibromothymoquinone (DBMIB) as a plastoquinone antagonist, which enabled both 

Trebst and Reimer 11 and Izawa et all2 to demonstrate the proportion of photo- -- 

phosphorylation associated with the photoreduction of class III acceptors which 

could be solely due to a PSI1 associated coupling site. Trebst and Reimer 11 
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reported that the photoreduction of p-benzoquinone and 2,6-dimethylbenzoquinone 

(2,6 DBQ) in the presence of DBMIB were coupled with a P/2e of 0.3; electron 

transport was stimulated by uncouplers. Ferricyanide (FeCy) photoreduction in 

the presence of DBIXCB had a P/Ze ratio of only 0.16, and was not stimulated by 

uncouplers. Izawa et all2 reported that the photoreduction of class III -- 

acceptors in the absence of DBMIB was coupled with a P/2e approaching half of 

the over all P/2e of 1.1 to 1.3 observed with class I acceptors. Uncouplers 

and subtrates of photophosphorylation did not affect the highlates of eleatron 

transport in the presence of class III acceptors. The photoreduction of FeCy 

and class III acceptors in the presence of DBMIB (and of DBi9IR alone 13) only had 

a P/2e of 0.3 to 0.4. These results were confirmed by use of pre-incubation 

of the chloroplasts with the plastooyanin antagonists, KCN and poly-lysine 14-16 

Izawa12'lA thus proposed that class III acceptors could accept a percentage of 

electrons at a site subsequent to plastocyanin , and after the coupling site 

associated with PSI. Further work17 confirmed that there was a coupling site 

associated with PSII, with a P/2e of 0.3 to 0.4. This, if added to the P/2e 

of 0.6 observed for the PSI coupling site, closely approached the overall P/2e 

of about 1.1 for PSI + PSII. Rates of 0, evolution in the PSI system showed 

stimulation by phosphorglating reagents and sensitivity to uncouplers 17 . 

Strotmann and Von Gosslen 18 reported similar effects but they computed a PSI 

P/2e of 1.0. Although electron transport in the presence of class I 

acceptors showed stimulation when phosphate was added in the presence of ADP, 

DBEIB or KCN removed this effect 17 . Work by Gimler 19 JO on whole cells of 

Dunaliella has demonstrated photophosphorylation associated with DBlviIB - 

insensitive light-induced conformatiohal changes, and that fluorescence of 

PSI1 is under the energy control of its coupling site. 

Our results confirm the observations' of photosynthetic control (a 

state II to state III to state IV cycle4) and photophosphorylation associated 

with the photoredubtion of class III acceptors. In the present work ADP/O and 

ATP3*/0 ratios between 0.8 and 0.9 were observed with class III acceptors, 
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which were usually half the values observed with class I acceptors. l.O@I 

DBMIB decreased rates of oxygen evolution, photosynthetic control, stimulation 

by uncouplers, and the ADP/O. Although the fraction by which photophosphoryla- 

tion was decreased agreed with Izawa 12 , the P/2e's with different acceptors 

were not all decreased to the same value and some acceptors exhibited DBNIB- 

resistant P,/2e's above 0.6. 

It is 'believed that the results presented demonstrate that the coupling 

site associated with p5‘11 has a rate-limiting step. DRMIB-insensitive class 

III acceptor photophosphorvletion has produced up to 0.65 molecules of ATP3? 

for every pair of electrons transported. With class III acceptors in the 

ahserce of DBMIB, or with 1.0 @I DBIQB as an electron accentor, a P/2e 

approaching one is observed, 

MlmHons o Chlorcplasts (unbroken, type A 211 _. , were isolated from commercially 

purchased Spinacea oleracea and assayed as ref. 7 except that ascorbate was 

omitted from the grinding medium. ADP/O values were calculated by the method 

5 of Hall et nl and ATPJ? formation assayed by the method of Hagihara and Lardy 22 . - _- 

DEXIB was the gift of Prof. A.V. Trebet, DAD was the gift of Dr. N.E, Good and 

was also purchased from Eastmari Kodak together with phenylenediamene di HCl (PD) 

and ?,5 di.methylbensoquinone (2,5 DRQ). 2,6 USC. was obtained from the Aldrich 

Chemical Co, DAD and PD were used as stock 10 mM solutions in water; 3,5 - 

and 2,6 DSQ and DBNTR were dissolved in ethanol at 50 13 and 2 ~$4 concentrations, 

respectivel,y. All class III acceptors were used in the presence of 2 mYI FeCy 

to keen the?! oxidised and to prevent donation of electrons to PSI. Variation 

in experimental results was due to the variability of spinach used during the 

summer months in which the exaeriments were performed. 

FUETJLTS and DISCUSSION ----- Photos:mthetic control, and ADP/O ratios approaching 

one, can be observed.with optimum concentrations o f the class IIJ acceptors DADox 

(FiF.1) and 2,6 DBQ (Fig.2). Oxygen electrode experiments showed that two 

cycles of photophosnhorylation could be observed at these optimum concentrations, 

Addition of DBMIB decreased photos:,-rlthetic control and ADP/O's and uncounlers 
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2,6 DBQ concentration DBMIB concentration 

(NH,Cl and CCCP) inhibited rather than stimulated 0, evolution. From Fig. 3 it 

would appear that 1.0 pM DS~!IR effectively blocks electron transport to PSI, 

since when added to a H?O -> FeCy system this concentration gave maximum 

inhibition (9C@) of phosphorylating rates of 0, evolution. Above this 
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concentration rates of oxygen evolution start to increase since DBMIB can act 

as a PSI1 acceptor12'13. Table I swnmarises photosynthetic control and ADP/O's 

+ with four class III acceptors c D2)IVIB, and confirms these results with ATP3' 

measurements. As the photosynthetic control is quite low (1.2-1.6), 

measurements of ADP/O's will be prone to inaccuracy, and ATP?"/O's were 

used for comparing P/2e ratios. With class III acceptors (also 1.0 p.M DBNIB) 

the stoichiometry of photophosnhorylation (O.A-0,o) is approximately half 

that observed with the class I acceptor FeCy (1.9). 1.0 pM DENIB decreases 

the ATPj*/O ratios by 30-400/i (from 0.9 to 0.6) with DADox and PDox, and by 

40-5C$ with the DBMIR analogues (substituted quinones) 2,5 and 2,6 DB& (from 

0,y to 0.5). It could be assumed that if the P/?e for the PSI1 site is 

subtracted from the P/2e observed with FeCy, the P/2e for the PSI coupling site 

should result. As Table I demonstrates, if only the DRMJB-insensitive PST1 

photophosphorylation is subtracted P/2e's of 1.2 to 1,4 result. Photophosphoryla- 

tion in the presence of class I acceptors (e.g. FeCy, methyl viologen (MV)) 

could include a contribution by cyclic or pseudo-cyclic electron transport. 

However there is no evidence to support this view 2,497 0 
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Table I ADP/O and ATP3*/0 with class I and JII acceptors 

(1) FeCy (2mM) 
" + DBICIB 

(2) D;Dox (O.l@) 
+ DBrJIH 

(3) 2,6 DBQ (o.5@) 
U + DBMIR 

(4) PJl (O.lmM) 
II""+ DRUB 

(5) 2,5 DB6G (lmM_) 
" + DRKIS 

0, electrode expts. 

State III + NH, ADP/O 
-I_ 

41 82 1.77 
6 6 - 

66 86 0.87 
54 18 0.65 

58 66 0087 
23 17 0.51 

112 114 0.87 
90 42 0.63 

41 50 0.91 
21 22 0.57 

ATP~~ formation expt. 

0, evolution ;;;r;;. 
+AD?+ Pi 

;;;p;i;;z o 

70 1.90 
7 0.94 

0.96 
0.62 1,28 

74 0096) 50 0048) lo42 

128 
95 

0.94 1 
0065 lo25 

88 0.92 
54 0.56 1034 

0, evolution in umoles/mr. chlorophyll/hr. All class III acceptors contained 
2mM FeCy in the reaction mixture. DBMIB was l@l, Computed PSI ATP3s/O 
obtained by subtracting the DBKIB-insensitive component of electron transport 
from the overall ATP3?/0. ATP32 formation and ATP"/O ratios were linear 
with time over 5 min. Dark controls were about 1% of FeCy rate, 

Table II -..- ADP 0 and ATP32 0 with P'S I + II and PS II systems 

0, electrode expt. ATP3* formation expt. 

State III ADP/O 0, exchange ATP3e/0 
-___.- -- 

H2O -> FeCy + 51 1.60 + 65 1.68 

Ii,0 -> FeCy/DBNIB + 5 + 6 0.69 

H2O --> wox + 76 0.77 + 92 0.85 

Hz?0 -> DADox/DBMIB + 51 0,ho + 52 0054 

H?O -> Mv - 41 1.64 - 51 1.74 

H20 ->MV/DBMIB -1 -2 0.33 

H2O -> DAD->MV - 24 1.64 - 52 1.77 

H2O -> DAD/DIWIB->MV -18 1.44 - 18 1.57 

40 -> PD/DBMIB -> MV - 3 * * 

Conditions as in Table I MV = 5Ofl. * = not measured. 

Confirmation of the overall P/2e in the presence of a class III acceptor 

(DAD) and the class I acceptor(Y provided by table II. Normally the 

addition of 1,O $I DBMIB will block electron transport from H,O to MV (IzawaLL). 
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However, the addition of 0.1 mM DAD provides a substitute for plastoquinone 

which is blccked by DBMIB, and DAD thus carries a proton and an electron across 

the membrane. As Table JIshows nearly a doubling of the P/2e ratios is 

observed when a H,O -> DAD/DBNIR -> MV system is substituted for an H,O -> 

DAD/FeCy system (i.e. PSI1 + I is substituted for PSII). This experiment 

provides additional evidence that DAD is a coupled PSI1 electron acceptor and 

that the P/2e for the PSI1 coupling site could approach one. If only the DBMIB- 

insensitive portion of the P/2e observed with DAD as an acceptor is deducted 

from the overall P/2e of the H,O -> DAD/DBMIB -> MV system, again a calculated 

P/2e of above one results. DAD is participating in the H,O -> DAD/DBMIB -> 

MV system, since PD does not appear to be able to reverse the DBMIB inhibition 

possibly because it cannot transfer protons across the membrane 21 . There is no 

evidence to suggest that DBNIE is a PSI1 photophosphorylation inhibitor, 

although concentrations above saturating (1 @I) further inhibit P/2e in an 

H2O -> DBMIB/FeCy system (Fig.3). 
. . 

Izawa and coworkers suggestl' that the P/2e for the PSI coupling site is 

greater than that for the PSI1 coupling site (0.6 as opposed to O,/tJO In the 

light of the chemiosmotic theory for coupling of electron transport to photo- 

phosphorylation a coupling site with energy cnntrcl could simply be envisaged 

as that area of the electron transnort chain capable of translocating a proton 

across the t.hylakoid membrane. In fact if one considers the scheme based on 

the experiments by Junge and coworkers 24-26 the water-srlittinp mechanism 

situated on the inside of the thylakoid membrane could release one proton, A 

second proton is released on the inside of the membrane by alastoquinone which 

has accepted an electron a?d bound a proton on the outside of the membrane and 

thus carries a hydrogen atom across the meqbraT:e. Class IT1 acceptors could 

accert electrons after PSI1 on the outside of the membrane and in the conditions 

of our experiments pass them immediately to saturating concentrations of FeCy 

and not carry a proton back across to the inside of the membrane. Thus class 

III acceptors would intercept electrons between two coupling sites. If a 
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coupling site is simply the translocation of a proton each site should show the 

ssme P/Ze since the H+/ATP should be constant, assuming the lower "driving force" 

(proton gradient) generated by only one PS is converted to ATP with the same 

efficiency when two PS operate with a higher "driving force", As yet there is 

no evidence that a constant leakage rate of protons (or membrane potential 

decay) should affect PSI1 more than PSI, The results presented again support a 

P/2e of approaching two for non-cyclic electron transport. Accepting Junge's 

scheme of 4 H+ translocated per two electrons, this implies an actual H+/ATP of 

2, but Rumberg et al 28,29 
-- report values of 3 or 4. 
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