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1. Introduction 

A number of groups have recently demonstrated 

that lipophilic oxidants such as quinones and oxidized 
phenylenediamines will support photosystem H-asso- 
ciated electron transport [l-6]. This photosystem II 
electron transport is sensitive to DCMU, but only 

partially sensitive to low concentrations of EDAC [6], 
DBMIB [7] or KCN [8]. 

The present study deals with the effect of uncouplers 
on photosystem II electron transport catalyzed either 
by phenylenediamines or quinones. Photosystem II- 
sensitized quinone reduction (using either high DBMIB 
concentrations or 2,5-dimethyl-p-benzoquinone as 
acceptor) in EDAC-treated chloroplasts was neither 
inhibited nor stimulated by uncouplers. In contrast, 
reduction of oxidized phenylenediamines (diaminodurene 
or p-phenylenediamine) in DBMIB-poisoned or EDAC- 
treated chloroplasts was inhibited 35-75s by uncoupling 
agents at normal uncoupling concentrations. Concomi- 
tant measurements of electron transport and msec 

Abbreviations: CF, - chloroplast coupling factor, ; DBDCTFB 

- 4,7-dibromo-S,6-dichloro-2-trifluoromethylbenzimidazole; 

DBMIB - 2,5dibromo-3-methyl&isopropyl-p-benzoquinone; 

DCMU - 3(3,4dichlorophenyl)-1,ldimethylurea; Diamino- 

durene - 2,3,5,6-tetramethyl-p-phenylenediamine; DLE - 

delayed light emission; EDAC - 1-ethyl-3-(3-dimethylamino- 

propyl)-carbodiimide; S-13 - 5-chloro-3-t-butyl-2’-chloro-4’- 

nitrosalicylanilide. 
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delayed light emission (DLE) in the uncoupler-treated 
chloroplasts suggest that the inhibition of phenylene- 
diamine reduction is related to the effect of the 
uncoupler on intrathylakoid pH. In addition, the msec 
DLE patterns observed in the presence of uncoupling 
agents do not support the suggestion of Gould and 
Ort [9] that the inhibition of phenylenediamine reduc- 
tion involves an effect of the uncoupling agent on the 
oxidizing side of photoreaction II. 

2. Materials and methods 

Chloroplasts were isolated from market spinach as 
described elsewhere [ lo] EDTA washing and EDAC 
treatment of the isolated chloroplasts were performed 
as described previously [6,10]. Chlorophyll was deter- 
mined by the method of Arnon [ 111. 

Electron transport was measured either by follow- 

ing changes in oxygen concentration with an oxygen 
electrode [ 121 or by following ferricyanide reduction 

spectrophotometrically [ 131. Light-induced proton 
uptake was monitored as described elsewhere [lo]. 
Msec delayed emission was measured as previously 

described [10,14]. 
DAD and DBMIB were generously supplied by 

Dr S. Izawa. 2,5-Dimethyl-p-benzoquinone was pur- 
chased from K & K Laboratories. DBDCTFB, DCMU, 
EDAC, S-13 and X464 were gifts from Dr A. Jagendorf, 
P. Heytler, R. McCarty, P. Hamm and W. E. Scott 
respectively. Crude coupling factor, prepared from 
spinach chloroplasts according to Vambutas and 
Bertsch [ 151, was generously supplied by Dr V. Vam- 
butas. 

North-Holland Publishing Company - Amsterdam 
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3. Results Table 2 

Table 1 shows that in the absence of DBMIB, 

gramicidin uncoupled electron transport catalyzed by 
either ferricyanide or methyl viologen, but had relativ- 
ely small effects on electron transport catalyzed by 

oxidized diaminodurene (DADox) or oxidized p-phe- 
nylenediamine (PDox). In the presence of a low con- 
centration of DBMIB (5 X lo-’ M), electron transport 
catalyzed by the phenylenediamines was generally 
inhibited 35-50% by gramicidin; the maximum inhibi- 
tion ever observed was 75%. In contrast, ferricyanide 
plus DBMIB was unaffected by gramicidin. DADox 
reduction in the presence of DBMIB was also inhibited 
by the uncouplers nigericin (X464), NH4 Cl, S-l 3, 
DBDCTFB and after EDTA treatment. Valinomycin 
(plus 10 mM KCl) and the phosphorylation reagents 
ADP/Pi had little or no effect on DADox (plus DBMIB) 
reduction. 

Effect of gramicidin on electron transport in 

EDAC-treated chloroplasts 

Condition 

Inhibition of DADox reduction by gramicidin was 
also observed with EDAC-treated [6] chloroplasts 

Untreated 

Exp’t 1 H,O+ MVez 27.6 88.5 
H, 0 -+ DADox 132.5 104.0 

EDAC-treated 

H, 0 -+ MV-0, 0 7.4 
H, 0 --f DADox 102.5 56.0 

Untreated 

Exp’t 2 H, 0 + MV-Q, 27.3 - 

EDAC-treated 

H, 0 -+ MV-0, 4.4 _ 

H, 0 + DADox 78.0 3:.-t 

H, 0 -+ DMQox 78.0 76.5 
H, 0 + DBMIB + FeCy 43.6 37.4 

Table 1 

Effect of gramicidin on electron transport using 

various acceptors 

Acceptor System pmol 0, evolved or 

consumed/mg chl+hr 

Exp’t. 1 H, 0 -f FeCy 

(pH 7.5) H,O + MV-Q, 
H, 0 + DADox 

H, 0 -+ F&y + DBMIB 

H, 0 -+ MV-Q, + DBMIB 

H, 0 -+ DADox + DBMIB 

Exp’t. 2 H, 0 + FeCy 

(PH. 8.3) H, 0 -+ MVa3, 

H, 0 + PDox 

H, 0 -+ PDox + DBMIB 

- gram + gram 

44 132 

20 66 

180 166 

22 26 

0 0 

148 67 

74 154 

31 93 

237 267 

172 110 

Reaction conditions as in table 1, the pH was 7.5. EDAC- 

treated chloroplasts were prepared in the following way: 

Spinach chloroplasts (100 ug/ml) were illuminated for 5 min 

in 20 mM Trictie-NaOH (pH 8.0), 25 mM NaCI, 0.5 mM 

PMS, and 2 mM EDAC. The treated chloroplasts were then 

washed and resuspended in 0.4 M sucrose, 0.5 M Tricine-NaOH 

(pH 7.8) and 0.1 M NaCl at 1 mg/ml. Control chloroplasts 

were treated in a similar fashion, but were not exposed to 

EDAC. The acceptor systems were: MV-Q, (0.2 mM methyl 

viologen plus 0.5 mM NaN,); DADox (0.4 mM + 1.2 mM 

ferricyanide); DMQox (2,5-dimethyl-p-benzoquinone plus 

1.2 mM ferricyanide); DBMIB plus FeCy (0.1 mM DBMIB 
plus 0.5 mM ferricyanide). Gramicidin (GRAM) was used at 

1 X lo-’ M. 

The reaction mixture (in 5 ml) contained 100 mM sucrose, 

40 mM Tricine-NaOH (pH 7.5 or 8.3), 10 mM KCI, 2 mM 

MgCl, , chloroplasts equivalent to 100 pg chlorophyll and the 

indicated acceptor system. The acceptor systems were: FeCy 

(0.6 mM potassium ferricyanide); MV-0, (0.1 mM methyl 

viologen and 0.5 mM NaN,); DADox (0.4 mM diaminodurene 

plus 1.2 mM ferricyanide); PDox (0.4 mM p-phenylenediamine 

plus 1.2 mM ferricyanide). Where indicated, DBMIB was 

present at 5 X lo-’ M and gramicidin (GRAM) at 10e6 M. 

The assays were performed at 25°C. 

(table 2); EDAC is believed to inhibit between the sites 
of inhibition of DBMIB [7] and KCN [8]. Using EDAC- 
treated chloroplasts we observed that electron transport 
catalyzed by quinones (either DBMIB or 2,5-dimethyl- 
p-benzoquinone) was relatively insensitive to either 
gramicidin or EDTA treatment (data not shown). 

The effects of EDTA treatment on energy-linked 
reactions in chloroplasts can be partially reversed on 
the addition of coupling factor protein (CFi ) [ 161. As 
shown in table 3, addition of a crude coupling factor 
preparation to EDTA-stripped thylakoids resulted in 
a partial restoration of light-induced proton uptake. 
Concomitantly, electron transport to methyl viologen 
was slowed while electron transport to DADox (plus 

mol 0, evolved or 

consumed/mg chlehr 

- gram +gmm 
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Table 3 
Proton uptake and electron transport in EDTA-uncoupled and 

reconstituted chloroplasts 

Condition H+ uptake Electron Transport 

(nedmg chl) (~01 of 0, consumed or evolved/mg chl-hr 
H, 0 -+ MV-O, H, 0 -+ DADox + DBMIB 

Untreated 
EDTA-treated 
EDTA-treated 
plus CF, 

308 42 206 
5 170 54 

100 107 99 

The reaction mixture for proton uptake (in 5 ml) contained: 40 mM NaCl, 1 mM 
Tricine-NaOH (pH 7.1), 1 mM MgCl,, 0.1 mM methyl viologen, and chloroplasts 
equivalent to 100 pg of chlorophyll. Electron transport was measured by following 
changes in oxygen_concentration in a reaction mixture (in 5 ml) containing:20 mM 
NaCl; 20 mM Tricine-NaOH (pH 7.8); 1 mM MgCl, ; either 0.1 mM methyl vlotogen 
plus 0.5 mM NaN, or 0.4 mM diaminodurene, 1.2 mM ferricyanide and 0.5 MM 
DBMIB; and chloroplast equivalent to 100 pg of chlorophyll. Reconstitution 
was carried out according to McCarty [26] in a 1 ml reaction mixture containing: 
40 mM sucrose, 5 mM Tricine-NaOH (pH 7.8), 1 mM NaCl, 5 mM MgCl,, EDTA- 
treated chloroplasts equivalent to 100 pg chlorophyll and crude CF, equivalent 
to 285 pg of protein. 

0 I I I 
0 1 2 3 

b 
3,oocl - +5x10-7M DBMIB 

A +DADox 
2,000 - 

1,000 - 

0 I I I 
0 1 2 3 

Time in dark, msec 

Fig. 1. Effects of methyl viologen and oxidized diaminodurene on msec DLE in the absence and presence of DBMIB. The reaction 
mixture was similar to one described in table 1, the pH was 7.5 and the chlorophyll concentration was 10 pgrglml. The final concen- 
tration of methyl viologen was 0.5 mM and the final concentrations for the DAD system were 0.2 mM DAD and 0.6 mM ferricyanide. 
DBMIB was present at 5 X lo-’ M. Rates of reduction (wequiva.lents/mg chl.hr) were: unpoisoned - H,O -+ MV, 80; H,O --* DADox, 
725. DBMIB poisoned - H,O + MV, 0; H, 0 -+ DADox, 592. 

352 



Volume 49, number 3 FEBSLETTERS January 1975 

- 150 

UNTREATED 
+ DBMIB 

120 

EDTA-WASHED 
+ DBMIB 

0 1 2 3 - 1 3 
Time in dark, msec 

Fig.2. msec DLE from untreated and EDTA-washed chloroplasts. The reaction conditions as in fig.1. Rates of DADox reduction 
were 908 and 332 equivalents/mg chlohr in untreated and EDTA-washed chloroplasts respectively. 

DBMIB) was speeded, by addition of CFr . Gramicidm kinetics of msec DLE. The dark decay in the presence 
stimulated electron transport to methyl viologen by of DADox is significantly faster than with methyl 

30% in the reconstituted chloroplasts, while electron viologen or other Hill reagents [ 171. As shown in fig. 1 b, 

transport to DADox (plus DBMIB) was inhibited 38% poisoning chloroplasts with 5 X lo-’ M DBMIB 
(data not shown): completely prevented the effect of methyl viologen 

Fig. la shows the effects of adding either methyl on msec DLE concomitantly with complete inhibition 
viologen or DADox on the intensity and dark decay of methyl viologen photoreduction. In contrast, DBMIB 

Table 4 
Effect of semicarbazide on electron transport in heat-treated and 

uncoupler-inhibited chloroplasts 

Condition Electron Transport 

(Hequivalents/mg chl.hr) 
-Semicarbazide + Semicarbazide 

Untreated (Hz 0 t FeCy) 112 118 
Heat-treated (H, O? FeCy) 31 64 

Untreated (H, 0 f DADox plus DBMIB) 238 230 
Heat-treated (H, 0 f DADox plus DBMIB) 25 64 
Gramicidin-treated (H2 0 + DADox plus 
DBMIB) 112 100 

The reaction mixture as in table 1, the pH was 7.8. The following acceptors were 
used: H, 0 f FeCy, 0.3 mM FeCy; H, 0 + DADox, 0.2 mM DAD plus 0.6 mM 
FeCy. When added, DBMIB was present at 5 X lo-’ M, gramicidin at 1.5 X 10m6 
M, and semicarbazide at 3 X 10-s M. Heat-treated chloroplasts were prepared by 
heating 1.5 ml (1 mg/ml) of spinach chloroplasts at 50°C for 2.5 min. 
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poisoning had very little effect on the changes induced 
by DADox, though the intensity of DLE in the absence 
of an acceptor was reduced to about 30% of the value 
of unpoisoned chloroplasts. The changes in msec 
DLE induced by DADox were completely abolished 
by 2 X 1O-6 M DCMU. 

When electron transport is inhibited by treatments 
(e.g. Tris-ageing [ 131, heating [ 181, etc.) which block 
water oxidation, msec DLE in the absence of an accep- 
tor is characterized by extremely rapid dark decay 
kinetics. Addition of the acceptor did not change the 
decay characteristics of this rapid DLE. As shown in 

fig.2, inhibition of DADox reduction (plus DBMIB) 

by EDTA washing does not result in more rapidly 
decaying DLE in the absence of an acceptor. Similar 
results were also obtained with inhibition by grami- 
cidin and NH4 Cl. 

In addition, fig.2 also shows that the uncoupling 

treatment lowers the overall intensity of DLE in the 
presence of DADox (plus DBMIB); this effect of 
uncouplers has been ascribed to a reduction in the 
magnitude of the proton motive force [ 10,19,20]. 
This result suggests that msec DLE can be used to 
monitor the interaction between the high energy 
state and photoreaction II. 

We also tested the ability of an artificial electron 
donor to photosystem II to restore electron transport 

in the inhibited chloroplasts. Table 4 shows that 
although the electron donor semicarbazide was capable 
of partially restoring electron transport in heat-treated 
chloroplasts, it was without effect on DADox (plus 
DBMIB) reduction in gramicidin-inhibited chloroplasts. 

4. Discussion 

Izawa et al. [2,7,8,21] have shown that in well 
coupled chloroplasts phenylenediamines can accept at 
two sites in the photosynthetic electron chain; one 
site is located close to photosystem I and the other 
site appears to be at the reducing end of photosystem 
II. In the presence of DBMIB or EDAC, only the 
photosystem II site appears to be functional [2,6,7,8,21] 
(table 1 and 2). Electron transport to phenylenediamines 
in the presence of either one of these inhibitors is inhibit- 
ed up to 35-75% by uncoupling agents. The small 
effect of uncouplers on phenylenediamine reduction in 
the absence of DBMIB (or EDAC) may reflect a balanc- 
ing of inhibition at the photosystem II site and stimula- 
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tion due to uncoupling at the photosystem I site. 
The above data suggest that the rate of reduction of 

oxidized phenylenediamines in the presence of DBMIB 
(or EDAC) is directly related to the establishment of a 
proton motive force (pmf). The fact that amines and 
nigericin (in the absence of valinomycin) inhibit, and 
the observation that the inhibition in EDTA-treated 

chloroplasts can be reversed by the subsequent addition 
of- coupling factor (table 3) suggests that the transmem- 
brane proton concentration gradient (ApH) may be the 
form of the pmf which is necessary for high rates of 

phenylenediamine reduction. The failure of ADP/P, to 
lower the rates of phenylenediamine reduction (in the 
presence of DBMIB) may be related to the fact that 
ADP/Pi reduces A pH far less than uncouplers [22]. 

Gould and Ort [9] have suggested that the uncoup- 
ler-induced inhibition of phenylenediamine reduction 
is related to secondary effects of the uncoupler on the 

oxidizing side of photosystem II. From our experimental 
results (fig.2; table 4), this seems unlikely since, 1) 
all uncouplers tested induce the inhibition at neutral 
pH and normal uncoupling concentrations, whereas 
it has been shown that uncouplers inhibit on the 
oxidizing side of photosystem II only at pH’s greater 
than 8.5 [I 1,231, or at high concentration at neutral 

pH [ 11,24],2) a block between the photosystems is 

required, which is not true of any of the other known 
treatments which inhibit on the oxidizing side of 
photosystem II [12,24,25], 3) the uncoupler-inhibited 
chloroplasts do not exhibit msec DLE patterns similar 
to chloroplasts which have been inhibited on the 
oxidizing side [ 11,12,17], 4) artificial donors do not 
restore electron transport, and 5) the inhibition is 
specific for oxidized phenylenediamines, and is not 
observed with other Hill acceptors (ferricyanide or 

quinones). 
The observation that photosystem II electron 

transport is differentially affected depending on the 
nature of the acceptor may reflect the fact that, 1) 
the sites of reduction of quinones and phenylenedia- 
mines are different as suggested by Gould and Izawa 
[2] or 2) the site of reduction may be the same for 
the two acceptors but due to the chemical nature [3] 
of the acceptors they may be affected differently 
(midpoint potential, chemical form, etc.) by the more 
alkaline intrathylakoid pH associated with uncoupled 
chloroplasts. Experiments are in progress to decide 
between these two alternate hypotheses. 



Volume 49, number 3 FEBS LETTERS January 1975 

Acknowledgements 

This work was supported by National Science 
Foundation Grant GB-20984-Al. We would like to 
thank Dr Richard McCarty for his helpful comments. 
We also wish to thank Mrs Susan H. Cohen for her 
excellent technical assistance. 

Referencts 

[l] Gould, J. M. and Izawa, S. (1973a) Biochim. Biophys. 
Acta 314,211. 

[2] Gould, J. M. and Izawa, S. (1973b) Eur. J. Biochem. 
37,185. 

[3] Trebst, A. and Reimer, S. (1973a) Biochim. Biophys. 
Acta 325,546. 

[4] Trebst, A. and Reimer, S. (1973b)Z. fur Naturforsch. 

[51 

161 
I71 

if31 

PI 

(101 

28c, 710. 
Kimimura, M. and Katoh, S. (1973) Biochim. Biophys. 
Acta 325,167. 
McCarty, R. E. (1974) Arch. Biochem. Biophys. 161,93. 
Izawa, S., Gould, J. M., Ort, D. R., Felker, P. and 
Good, N. (1973) Biochim. Biophys. Acta 305,119. 
Ouitrakul, R. and Izawa, S. (1973) Biochim. Biophys. 
Acta 305, 105. 
Gould, J. M. and Ort, D. R. (1973) Biochim. Biophys. 
Acta 325, 157. 
Cohen, W. S. and Bertsch, W. (1974) Biochim. Biophys. 
Acta 347,71. 

(111 Arnon, D. I. (1949) Plant Physiol. 24,l. 
[12] Cohn, D. E., Cohen, W. S. and Bertsch, W. (1974) Sub- 

mitted to Biochim. Biophys. Acta. 
[13] Bertsch, W. and Lurie, S. (1971) Photochem. Photobiol. 

14,131. 
[14] Bertsch, W., Azzi, J. and Davidson (1967) Biochim. 

[I51 

1161 

I171 

(181 

1191 

WI 

WI 

WI 

v31 

1241 

v51 
WI 

Biophys. Acta 143, 129. 
Vambutas, V. and Bertsch, W. (1974) Submitted to 
Biochim. Biophys. Acta. 

McCarty, R. and Racker, E. (1966) Brookhaven Symp. 
in Biol. 19,202. 
Bertsch, W., West, J. and Hill, R. (1969) Biochim. Bio- 
phys. Acta 172,525. 
Vernon, L. P., Klein, S., White, F. G., Shaw, E. R. and 
Mayne, B. C. (1971) Proc. IInd Int. Congr. on Photosyn. 
Res. Vol. I, 801. 
Wraight, C. A. and Crofts, A. (1971) Eur. J. Biochem. 19, 
386. 
Neumann, J., Barber, J.and Gregory, P. (1973) Plant. 
Physiol. 5 1, 1069. 
Ort, D. R., Izawa, S., Good, N. E. and Krogmann, D. W. 
(1973) FEBS Lett. 31,119. 
Portis, A. R. and McCarty, R. E. (1974) J. Biol. Chem., 
in press. 
Harth, E., Reimer, S. and Trebst, A. (1974) FEBS Lett. 
42,165. 
Izawa, S., Heath, R. and Hind, G. (1969) Biochim. Biophys. 
Acta 180, 388. 
Yanashita, T. and Butler, W. (1968) Plant Physiol. 44,435. 
McCarty, R. (1971) in: Mathods in Enzymology (San 
Pietro, A., ed.) Academic Press, New York, Vol. 23A, 
p. 251. 

355 


