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1. Introduction 

In a preceding paper [ 1 ] we presented experimental 

results, which led to the identification of four 
protolytic reaction sites in the functional membrane 
of photosynthesis: two sites of proton uptake at the 
outer side of the membrane, in agreement with prior 
studies [2] , and two sites of proton release into the 
inner phase. One of these sites had to be attributed to 
the reduction of the terminal electron acceptor at the 
outer side of the membrane. Evidence was presented 
for the coupling of the other sites to the oxidation of 
water at the inner side of the membrane, to the 
reduction of plastoquinone at the outer side and its 
oxidation at the inner side, respectively. This inter- 

pretation was corroborated by kinetic studies on 
proton binding from the outer aqueous phase [3]. 

In this paper we report on studies on the proto- 
lytic reactions at both sides of the functional 
membrane on excitation with short flashes in the 
presence of the plastoquinone antagonist dibromo- 
thymoquinone (DBMIB)*. DBMIB is an effective 
inhibitor of photosynthetic electron transport 
between photosystem II and photosystem I [4,5]. 
DBMIB inhibits the oxidation of plastohydroquinone 

* Abbreviations: 
BENZ, benzyl viologen; FECY, ferricyanide; IkIP, 2,6- 
dichlorophenol-indophenol; DBMIB, dibromothymoquinone; 
PQ, plastoquinone; DCMU, 3_(3,4-dichlorophenyl)-1, 
1-dimethylurea; FCCP, carbonylcyanidep-trifluormethoxyphe- 
nylhydrazone; LR I, light reaction I; LR II, light reaction II, 
ChlffI, chlorophyllaI. 

** On leave from King’s College, Botany Department, 
London, U.K. 

North-Holland Publishing Company - Amsterdam 

by photosystem I but not the reduction of plasto- 
quinone by photosystem II [6,7]. For a recent 

review on the action of DBMIB, see Trebst and 
Reimer [8]. Although DBMIB blocks the electron 
transfer from PQHz to ChlaI, we find that Chl+zI 
is still reduced during the time interval1 between 

subsequent flashes of light. The half-time of 
reduction is about 1 set and is independent of the 
DBMIB cont. (0.5-10 PM). The nature of the 1 sec- 
electron-donor for LR I in the presence of DBMIB 
is studied. Our experimental results lead to the con- 
clusion that neither PQ nor DBMIB are the donor 
for Chla, in direct reaction. In the presence of 
DBMIB we observe an anomaly in the protolytic 

reactions at the inner side of the membrane. While 
after excitation with a single-turnoverflash two 
protons per electron are released into the inner phase, 
if PQHz transfer an electron to Chl+zl, only one 

proton per electron is released in the presence of 
DBMIB. This confirms that one proton released into 

the inner phase is attributable to the reaction l/2 
PQHZ + l/2 PQ t e-t 1 H+, while the second one 
is due to the oxidation of water. The deactivation of 
one protolytic reaction site in the presence of 
DBMIB leads to the conclusion that there exists an 

endogenous donor, which slowly reduces ChlaI. This 
donor does not release a proton on oxidation. 

2. Experimental 

2.1. Chloroplasts 
The experiments were carried out with aqueous 

suspensions of broken chloroplasts. Spinach 
chloroplasts were prepared as in ref. [9] . Chloroplasts 
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were suspended in a 20 mm absorption cell containing 
either of the following standard reaction media: 

medium A: tricine, 1 mM (pH 8); KCl, 20 mM; 
MgCla, 2 mM; chlorophyll, 10 PM. medium B: cresol 
red, 30 PM; KCl, 20 mM; MgCls, 2 mM; chlorophyll, 
10 PM. Deviations from these conditions are indicated 
in the figures. 

2.2. Excitation and record of transient absorption 
changes 
Photosynthesis was stimulated by excitation with 

a ‘single turnover flash’. Transient absorption changes 
were recorded with a rapid kinetic spectrophotometer. 
The signal to noise ratio was improved by averaging 

over several transients induced by repetitive flashes. 
For details and for specific references, please, see our 

preceding paper [l] . 

2.3. Light reaction activity 
The activity of light reaction I in flash light 

experiments was monitored by the absorption change 

- DBMIB 

I I 

0 400ms 

at 705 nm, which has been attributed to a redox 
reaction of Chl-a, [IO] . It has been shown that both 
light reactions if active, contribute equal amounts to 

the electric potential generated in a single turnover 
flash [2] , as monitored by the electrochroic absorp- 
tion change around 520 nm [ 11 ,121, The activity of 
both light reactions thus was read out from absorp- 
tion changes at 520 nm, as previously [l] . 

2.4. Protolytic reactions 
pH changes in the outer aqueous phase of the 

inner chloroplast membrane were measured with the 
pH indicating dye cresol red at a pH around 8. The 

absorption changes of cresol red are proportional to 
changes in the proton concentration in the outer 
phase of the thylakoids [l] . In the presence of the 
uncoupler FCCP they indicate the net proton 
production at both sides of the membrane. The 
difference between the measurements -FCCP and 
tFCCP represent the proton release into the inner 
phase. Details are given in our preceding paper [l] . 

+ DBMIB 

time 

Fig. 1. Absorption changes at 705 nm induced by a single turnover flash at f=O, in the absence (left) and in the presence (right) 
of DBMIB (10 MM). Standard reaction medium A, except of electron acceptors (BENZ 60 /.IM, FECY 0.1 mM) and DBMIB. 
Average over 12 flashes, repetition rate 0.2 HZ. 
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3. Results and discussion 

3.1. The activity of the two light reactions in the 
presence of DBMIB 
The activity of the two light reactions as indicated 

by the extent of the absorption change of Chl-aI at 
705 nm and the electrochroic absorption change at 
520 nm, is not affected by DBMIB under excitation 
with single turnover flashes at a low repetition 
frequency (0.2 Hz). This is evident from a comparison 
of the left ( -DBMIB) with the right traces (tDBMIB) 
in fig. 1 and fig. 2, respectively. It is independent of 
whether BENZ or FECY is used as terminal electron 
acceptor. 

However, the half-time of reduction of Chl-a, 
(fig. 1) is affected. It increases from 20 msec in the 
absence of DBMIB to about 1 set in the presence of 
DBMIB. In the concentration range of DBMIB covered 

(0.5-10 PM on 10 PM Chl) the half-time is indepen- 
dent of the DBMIB concentration. It might be argued 
that DBMIB, which accepts electrons from LR II, acts 
as the 1 set-donor for LR I. The possibility that 
DBMIB, in analogy to plastoquinone, transfers 

electrons from LR II to LR I, was investigated in the 
experiments the results of which are illustrated in 
fig. 3. There we first forced the system into a steady 

state by a series of repetitive flashes the repetition 
period of which (td) is indicated at the abcissa, then 
the steady state extent of the absorption changes at 
705 nm and 524 nm was recorded. Since DBMIB is 

known to be autoxidable at pH 8 [ 131, it could act 
as a steady reductant for Chla, only, if re-reduced 
either by LR II or by LR I (cycling), respectively. 
The former can be excluded by the results given in 

fig. 3. As obvious from the right trace in fig. 3, the 
absorption change of Chla, at 705 nm in the 
presence of DBMIB was not influenced by DCMU. 
The inhibition of LR II by DCMU is demonstrated 

in the left curve of fig. 3. If DCMU is present only, 
the dependence of the absorption change at 524 nm 
on the flash period can be interpreted as follows: 

there are two components of this absorption change, 
one of which is half saturated at a repetition period 
<lo0 msec, the other one which is half saturated at 

a repetition period of approx. 1 sec. The former 
can be attributed to the rapid reduction of DBMIB 
by LR II, the latter reflects the slow reduction of 
LR I. Thus DBMIB only via cyclic electron transport 
around LR I might be involved in the slow reduction 
of ChlaI. As yet, there is no evidence for such a 
DBMIB mediated cycle in the literature. 

That DBMIB under continuous light conditions 
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Fig. 2. Absorption changes at 520 nm induced by a single-turnover-flash at t=O, in the absence (left) and in the presence (right) 

of DBMIB (10 PM). Reaction medium and repetition rate, as given in fig. 1. Average over 30 flashes. 
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Fig. 3: Dependence of the absorption changes at 524 nm (left) and 705 nm (right) on the flash period (td). Standard reaction 
medium A, electron acceptor: BENZ (60 PM). o = in the presence of DBMIB (10 PM) a = in the predence of DBMIB (10 MM) 
+ DCMU (3 PM) Each signal was averaged over 100 flashes. 

acts as electron acceptor for LR II is known from 
studies of Gould and Izawa [13,14] . In our flash 

light experiments in the presence of DBMIB LR II 
remains even active if several hundred flashes with a 
repetition period of fd= 40 msec was applied. We 

conclude that DBMIB acts as a large acceptor pool, 
the electron transfer from LR II (perhaps via IQ) 
to DBMIB being very rapid (half-time of reduction 

< 40 msec), otherwise the activity of LR II would 
be limited by the size of the plastoquinone pool, 
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Fig. 4. Absorption changes of cresol red at 574 nm induced by a single turnover flash at t=O. left: in the absence of DBMIB: 
right: in the presence of DBMIB (10 PM) Standard reaction medium B, electron acceptors: BENZ (60 PM), FECY (0.1 mM). 
Average over 10 flashes , repetition rate 0.2 HZ. 
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which amounts approx. 10 e-/LR 11 [ 151. 
Our results, that the activity of LR I in the 

presence of DBMIB is independent of the redox 
state of DBMIB (see above) in the covered cont. 

range (0.5-10 PM), led us to suggest that reduced 
DBMIB is not the direct donor for &la,. More 
conclusive evidence comes from measurements of the 

protolytic reactions. 

3.2. Protolytic reactions at both sides of the 
membrane in the presence of DBMIB 
The proton uptake of the acceptor sites of LR II 

and LR I at the outer side of the membrane was not 
affected by DBMIB if both light reactions are active, 

as shown in fig. 4. 
The rise of absorption at 574 nm indicates 

alkalinisation. No signal was obtained in the presence 

of buffer, as it has been checked in the presence of 
tricine, 1 mM, pH=8. In our preceding paper [l] we 
have shown, that with FECY (0.1 mM) only one 
proton is taken up from the outer phase (at the 

reducing site of LR II). Due to its low pK-value of 
4.3, FECY doesn’t bind a proton, if reduced at the 
reducing site of LR I. From the experiments depict- 
ed in fig. 4 we conclude, that the rapid electron 

- DBMIB 

transfer from PQ to DBMIB at the acceptor site of 
LR II, leads to the binding of one proton per electron, 

too. 
Our conclusion is in agreement with results of 

Gould and Izawa [ 131 , who measured a reversible 

proton uptake under continuous light conditions, if 
DBMIB acts as electron acceptor for LR II. They 
further demonstrated that this proton uptake is inde- 
pendent, whether reduced DBMIB is reoxidized by 

molecular oxygen (pH 8.1) or not (pH 7.4). That 
indicates, that DBMIB itself binds a proton on reduc- 

tion. The reoxidation by oxygen doesn’t change the 
protolytic reaction. 

l/2 DBMIB + e-+ H’ + l/2 DBMIBH* 

l/2 DBMIBH? t l/2 O2 -+ l/2 HzOz t DBMIB 

The absorption changes of cresol red in the presence 
of FCCP, which indicate the net proton production 
at both sides of the membrane [l] , are depicted in 
fig. 5. From a calculation of the proton release in 
the inner phase, according to: 

AH;= (AH; t AH;) - AH; 

I L I 

500 ms 0 500 ms 

time 

Fig. 5. Absorption changes of cresol red at 574 nm in the presence of FCCP (1 PM), induced by a single turnover flash of light at 
t=O. left: in the absence of DBMIB. right: in the presence of DBMIB (10 PM). Reaction medium and measuring conditions as 
given in fig. 4. The net acidification in the lower left trace and the net alkalinisation in the upper right trace correspond to about 
1 W/e: 

233 



Volume 47, number 2 FEBS LETTERS October 1974 

Table 1 

Summary of the experimental results from figs. l-5 

Arp LRI LRII AH~/Ac (AHA+AH i+)/Ae- AH,+/Ae- 
(524nm) (705nm) (calculated) (574nm) (574nm)(+FCCP) (calculated) 

BENZ 1 1 1 -2 0 2 

BENZ*DBMIB 1 1 I -2 -1 1 

FECY 1 I 1 -1 +l 2 

FECY + DBMIB 1 1 1 -1 0 1 

Ap, the electric potential generated (relative units); LR I and LR II, activity of the indicated light reactions (relative units) 

APO/e; proton uptake from the outer phase per electron; Aq/e; proton release from into the inner phase per electron. 

wherein AI$ is the proton release into the inner 1 set). This is corroborated by the results depicted 

phase per single turnover flash, Ati, is the proton in fig. 6. There comparison is made between the 

uptake from the outer phase ( -FCCP) per single kinetics of the Chlq reduction by the as yet un- 

turnover flash, and (Ati0 t Aq) is the net proton identified donor and the kinetics of the net proton 

production (+FCCP) per single turnover flash, it is production at both sides of the membrane (tFCCP). 

obvious from fig. 5, that in agreement with our If DBMIB is substituted for PQ as proton binding 

earlier results [l] two protons are released without electron carrier between the two light reactions (with 

DBMIB, but only one proton is released if DBMIB different kinetics, of course) then one would expect 

is present. The results from fig. l-5 are summarized that it binds a proton rapidly on reduction and 

in table 1. The deactivation of one site of proton release it upon oxidation by ChlaI within 1 sec. 

release into the inner phase in the presence of However, it is obvious from fig. 6 that there is no 

DBMIB shed doubt on the interpretation, tlrat reduced proton release with a time-constant of 1 set detec- 

DBMIB acts as slow donor for LR I (otherwise the table. This excludes that DBMIB acts as electron 

reaction l/2 DBMIBHZ t ChlQi + l/2 DBMIB t donor for ChlaI. We conclude, that there exists an 

ChlaI t H+ should lead to the release of 1 H’ within unidentified endogenous electron donor for LR I, 
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Fig. 6: Absorption changes at 705 nm and of cresol red at 574 nm in the presence of DBMIB (10 PM) + FCCP (1 wM), induced 

by a single turnover flash of light at t=O. left: reaction medium A + BENZ (60 PM). Average over 3 flashes, repetition rate 0.1 

Hz. right: reaction medium B + BENZ (60 PM). Average over 6 flashes, repetition rate 0.1 Hz. 
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Fig. 7: Kinetic scheme for the reactions between the light 
reactions and DBMIB and the endogenous electron donor, 
respectively. 

which is non-proton binding. This donor reduces 

Chla, with a half-time of 1 set (see fig. 7). 
The deactivation of one proton-release site in the 

inner phase, if PQ is replaced by an unknown 
endogenous donor for LR I, confirms our previous 
conclusion that the oxidation of plastohydroquinone 
is stoichiometrically coupled to the release of one 

proton. 
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