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The fluorescence yield of chloroplasts reflects the redox state of the electron acceptor of the Photosystem II 
reaction center, with increasing yield as the acceptor is reduced. Chemical reductive titrations of fluorescence 
yield in chloroplasts at room temperature indicate two distinct midpoint potentials, suggesting the possibility 
of Photosystem II electron acceptor heterogeneity. We have carried out a potentiometric titration of the 
fluorescence decay kinetics in spinach chloroplasts using a continuous mode-locked dye laser with low-inten- 
sity excitation pulses and a picosecond-resolution single-photon timing system. At all potentials the 
fluorescence decay is best described by three exponential components. As the potential is lowered, the slow 
phase changes 30-fold in yield with two distinct midpoint potentials, accompanied by a modest (3-fold) 
increase in the lifetime. The titration curve for the slow component of the fluorescence decay of spinach 
chloroplasts is best characterized by two single-electron redox reactions with midpoint potentials at pH 8.0 of 
+ 119 and -350 mV, with corresponding relative contributions to the fluorescence yield of 49 and 51%, 
respectively. There is little change in the fast and middle components of the fluorescence decay. We found 
that the oxidized form of the redox mediator 2-hydroxy-l,4-naphthoquinone preferentially quenches the 
fluorescence, causing an anomalous decrease in the apparent midpoint of the high-potential transition. This 
effect accounts for a significant difference between the midpoint potentials that we observe and some of 
those previously reported. The selective effect of reduction potentials on particular fluorescence decay 
components provides useful information about the organization and distribution of the Photosystem II 
electron acceptor. 

Introduction 

The fluorescence yield of chloroplasts at room 
temperature reflects the redox state of the sec- 
ondary electron acceptor, Q, of the PS II reaction 
center, with increasing yield as the acceptor is 

Abbreviations: DCMU, 3-(3',4'-dichlorophenyl)-l,l-dimethyl- 
urea; Hepes, N-2-bydroxyethylpiperazine-N'-2-ethanesulfonic 
acid; Era, reduction potential midpoint; PS, photosystem; Chl, 
chlorophyll. 
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reduced [1]. In general, chemical potentiometric 
titrations of fluorescence yield in chloroplasts at 
room temperature have indicated two distinct re- 
dox transitions, establishing the existence of two 
quenchers of PS II fluorescence [2-9]. The source 
of the PS II electron acceptor heterogeneity re- 
mains to be established. Various models of the PS 
II photosynthetic unit suggest that the quenchers 
represent either alternative acceptors in the same 
PS II reaction center [4,5,10] or identical acceptors 
of physically distinct PS II reaction centers 
[4,10,11]. 



Conflicting measurements of the potentiometric 
titration curve of PS II chlorophyll fluorescence 
render the interpretation of Q heterogeneity dif- 
ficult. All reports agree on the biphasic character 
of the curve. However, there are considerable dif- 
ferences in the fluorescence parameters used to 
determine midpoint potentials and in the actual 
midpoint potentials measured. The titration curve 
obtained by Horton and Croze [4] for pea chloro- 
plasts in the presence of redox mediators used the 
ratio of variable to maximum fluorescence, 
F, car/Fmax, to characterize the titration of Q. The 
curve consisted of two transitions with midpoint 
potentials at pH 7.8, Era,7.8, of --45 mV for a 
high-potential component accounting for 70% of 
the total variable fluorescence and - 2 4 7  mV for a 
low-potential component attributed to the re- 
maining 30% of variable fluorescence. A titration 
of the initial level of fluorescence upon illumina- 
tion, F~, of pea chloroplasts with comparable re- 
dox mediators was reported by Malkin and Barber 
[5] and provided evidence for two components 
contributing equally to the variable fluorescence, 
with Em,7. 6 values of + 25 and - 2 7 0  mV. Golbeck 
and Kok [6] also used F i to monitor Q reduction in 
chloroplasts from Scenedesmus mutant No. 8 in 
the presence of redox mediators. They observed a 
high-potential component with Era,7. 2 = + 68 m V ,  
accounting for 67% of Q, and a low-potential 
component with an Em,7. 2 near - 300 mV, account- 
ing for the remaining 33% of Q. In a potentiomet- 
ric titration of the ratio Fmax/Fi in tobacco chloro- 
plasts in the absence of redox mediators, Thielen 
and Van Gorkom [9] assigned a n  Em,8. 3 value of 
+ 115 mV to the high-potential transition and an 

Em,8. 3 below - 300 mV to the low-potential transi- 
tion. 

The discrepancies in these measurements of the 
redox titration of the PS II electron acceptor Q are 
further confused by the heterogeneity observed 
in the kinetics of the fluorescence induction curve 
in chloroplasts inhibited with DCMU [1,12-18]. 
The shape of the induction curve is not character- 
istic of a first-order single-electron transfer, but 
instead consists of two phases, a slow exponential 
phase and a fast sigmoidal phase. The slow ex- 
ponential phase, attributed to PS II reaction centers 
of low photochemical efficiency (fl-centers) [15], 
titrates as a one-electron component with an Em,8. 3 
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of approx. + 115 mV [9] and an Era. 7 of + 120 mV 
[7]. One-electron reduction of the component re- 
sponsible for the fast sigmoidal phase of fluores- 
cence induction, a component ascribed to PS II 
reaction centers of high photochemical efficiency 
(a -cen te rs ) ,  occurs  at abou t  - 300 mV 
[9]. The functional heterogeneity of Q in a- and 
fl-centers has been ascribed [15-19] to organiza- 
tional differences, a-Centers are characterized as 
PS II reaction centers randomly embedded in an 
array of Chl a/b light-harvesting antenna and thus 
capable of communication via excitation transfer, 
while the fl-centers are isolated PS II reaction 
centers each with its own Chl a/b antenna com- 
plex and thus constituting a separate unit in terms 
of excitation transfer. 

A correlation between the heterogeneity ob- 
served in the fluorescence induction kinetics and 
that measured in potentiometric titrations of fluo- 
rescence seems a logical means of attempting to 
explain the heterogeneity of Q [4,7-9,19]. The 
results of Thielen and Van Gorkom [9] are com- 
patible with the assignment of QH and QL as the 
electron acceptors in fl- and a-centers, respec- 
tively; however, earlier investigations by others 
[7,8] were not. 

In this paper we attempt to characterize more 
fully the nature of the PS II electron acceptor 
heterogeneity by extending the analysis to a 
potentiometric titration of the PS II fluorescence 
decay kinetics in spinach chloroplasts using low- 
intensity excitation pulses from a continuous 
mode-locked dye laser and a picosecond-resolution 
single-photon counting fluorescence lifetime sys- 
tem. The fluorescence decay kinetics of spinach 
chloroplasts at room temperature are best de- 
scribed by three exponential phases [20,21 ]. A fast 
phase of approx. 50-100 ps and a middle phase of 
approx. 400-800 ps arise from excitation lost prior 
to reaching the PS II reaction center. The fast 
phase is attributed to excitation lost from the Chl 
a antenna closely associated with PS II reaction 
centers and the middle phase reflects excitation 
lost from the Chl a/b light-harvesting antenna. 
There may also be a contribution from the an- 
tenna of PS I. A slow phase of 1-2 ns is attributed 
to fluorescence from the radical pair recombina- 
tion of the oxidized primary electron donor in PS 
II, P-680 ÷ , and the reduced pheophytin primary 
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electron acceptor, denoted I - ,  a recombination 
which arises as a consequence of a reduced state of 
the quinone secondary electron acceptor, Q. The 
changes in the fluorescence yields and lifetimes of 
the decay components as a function of redox 
potential reveal valuable information about Q 
organization and distribution. Furthermore, com- 
parisons with steady-state potentiometric titrations 
of fluorescence yield will be made in an effort to 
explain the contradictions appearing in the litera- 
ture. 

Materials and Methods 

Broken chloroplasts were isolated from market 
spinach by grinding depetioled leaves in a blender 
for 10 s in a medium of 0.4 M sucrose, 50 mM 
Hepes-NaOH, pH 7.5, and 10 mM NaCI, followed 
by centrifugation at 6000 × g for 7 min. A wash 
with fresh grinding medium was followed by 
centrifugation under the same conditions. The pel- 
let was resuspended in a medium of 0.1 M sucrose, 
10 mM Hepes-NaOH, pH 7.5, and 10 mM NaC1, 
and then centrifuged at 6000 x g for 7 rain. The 
isolated chloroplasts were resuspended in a 
medium of 0.1 M sucrose, 50 mM Hepes-NaOH, 
pH 7.5 or 8.0, 5 mM NaCI, and 5 mM MgC12 to 
give approx. 1 mg Chl/ml.  For fluorescence mea- 
surements the chloroplast suspension was diluted 
with this final buffer, deaerated with argon gas, to 
a concentration of 17/~g Chl/ml.  

For the potentiometric titrations the potential 
of the medium was measured by means of a 
platinum electrode with an Ag/AgCI electrode 
(saturated KC1 solution) as reference, calibrated 
against a quinhydrone electrode. All reduction 
potentials were measured with a PAR model 173 
potentiostat and are reported with respect to the 
standard hydrogen electrode (pH 0). The reduc- 
tion potential of the suspension was adjusted un- 
der anaerobic conditions by additions of solid 
dithionite or small aliquots of 250 mM potassium 
ferricyanide (equilibration time - 15 min). Redox 
mediators, where present, included indophenol 
( E r a ,  7 = +228 mV); 1,4-naphthoquinone ( + 6 0  
mV); duroquinone (0 mV); indigotetrasulfonate 
( - 4 6  mV); 2,5-dihydroxybenzoquinone ( - 6 0  
mV); indigotrisulfonate ( -  81 mV); indigo- 
disulfonate ( -  125 mV); 2-hydroxy-l,4-naph- 

thoquinone ( - 1 3 7  mV); anthraquinone-2,6-di- 
sulfonate ( - 1 8 4  mV); anthraquinone-2-sulfonate 
( - 2 2 5  mV); and methyl viologen ( - 4 3 0  mV). 
Titrations performed in the absence of redox 
mediators required longer equilibration times (e.g., 
20-30 min) to insure adjustment of the reduction 
potential by Na2S204 or K3Fe(CN)6 alone. 

A Spectra Physics synchronously pumped 
mode-locked dye laser (SP 171 argon ion laser, SP 
362 mode locker, and modified SP 375 dye laser) 
was used for the fluorescence decay kinetics mea- 
surements. Samples were excited with pulses at 
620 nm and with a full-width at half-maximum of 
12 ps. The intensity of excitation was kept low to 
monitor the initial level of fluorescence and pre- 
vent appreciable steady-state reduction of Q. Flu- 
orescence was detected at right angles at 680 nm. 
The single-photon timing system and numerical 
analysis methods have been described previously 
[20,21]. All fluorescence decay data were resolved 
into a sum of exponential decays with a lifetime 
resolution limit of 25 ps. 

Fluorescence induction curves were recorded 
with an instrument similar in design to that previ- 
ously constructed by Shimony et al. [22]. The 
chloroplast samples were excited in the blue region 
(Corning 3-67 and 4-96 filters in series) with low- 
intensity light (less than 0.05 J .  m -2- s-J),  and 
fluorescence was detected at wavelengths longer 
than 620 nm (Coming 2-60 and 2-61 filters in 
series) using a Hamamatsu R928 photomultiplier 
tube. Induction curves were stored with a Nicolet 
Explorer I l iA digital oscilloscope with 500/~s/ad- 
dress sweep timing. Chloroplasts were incubated 
in darkness at different redox potentials, and then 
10 #M DCMU was added 2 min prior to record- 
ing the induction curve. The initial level of fluores- 
cence upon illumination is denoted Fi; the mini- 
mum level of F i is observed when all PS II reaction 
centers are open (Q oxidized) and is denoted F 0. 
The maximum level of fluorescence upon continu- 
ous illumination is labelled Fma x, and the quantity 
F m a  x - F i is termed the variable fluorescence, Fva r. 

Results 

The fluorescence induction curve in chloro- 
plasts inhibited by DCMU was determined at 
different reduction potentials. Fig. 1 shows the 
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Fig. I. Redox titration of the ratio of  variable to maximum 
fluorescence, Fvar/Fmax, of chloroplasts at pH 7.5 in the pres- 
ence of 10 ttM DCMU and in the absence of redox mediators. 

redox titration at pH 7.5 of the ratio F,,ar/Fma,,, in 
the absence of redox mediators, indicating the two 
distinct one-electron transitions previously attri- 
buted to the high- and low-potential components 
of Q, QH and QL. The ratio F,,aJFma x has a 
maximal value (about 0.6) when QH and QL a re  

both completely oxidized and a minimum (0) when 
both acceptors are fully reduced. The Era.7. 5 values 
are +98 and - 3 8 1  mV for Q .  and QL, respec- 
tively, with Q ,  accounting for 45% of the variable 
fluorescence and QL for 55%. 

Analysis of the fluorescence lifetime decay 
kinetics of spinach chloroplasts as a function of 
reduction potential resulted in a characterization 
of the decay as a sum of three exponential phases. 
Fig. 2 presents the potentiometric titration of the 
total fluorescence yield and that for each decay 
component at pH 8.0 in the presence of the speci- 
fied mediators. Data were obtained for both 
oxidative and reductive titrations; the process ap- 
pears to be completely reversible. The yields of the 
fast and middle lifetime components of the fluo- 
rescence decay are essentially insensitive to the 
state of the PS II reaction center. The slow phase, 
however, significantly increases in yield as the 
potential is lowered, with two distinct redox tran- 
sitions. Thus, the two-step increase in the total 
fluorescence yield reflects the two reductive titra- 
tions of the components responsible for the slow 
phase. The curve through the experimental total 
yield data represents a composite of two Nemst  
equations for one-electron redox reactions con- 
sistent with midpoint reduction potentials Em,8. 0 = 
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Fig. 2. Potentiometric titration of the total fluorescence yield 
and the yield of the components of the fluorescence decay in 
spinach chloroplasts at pH 8.0 in the absence of DCMU. 
Redox mediators present at 2.5 #M included indophenol; 
1,4-naphthoquinone; duroquinone; indigotetrasulfonate; 2,5- 
dihydroxybenzoquinone; indigotrisulfonate; indigodisulfonate; 
anthraquinone-2,6-disuifonate; and methyl viologen. ( × ) Total 
fluorescence yield, (n) yield of the slow phase, (O) yield of the 
middle phase, and (O) yield of the fast phase. 

+ 116 and - 3 4 3  mV and with relative contribu- 
tions to the variable fluorescence yield of 50% 
each. A similar attempt to fit the experimental 
data for the slow phase to two one-electron Nernst 
equations results in midpoint potentials Era,8. 0 = 
+ 119 and - 3 5 0  mV for Q .  and QL, respectively, 
with corresponding relative contributions to the 
fluorescence yield of 49 and 51%. 

The lifetimes of each component of the fluores- 
cence decay as a function of reduction potential 
are plotted in Fig. 3. The slow phase shows an 
increase in lifetime during both QH and QL reduc- 
tion. A modest increase in the lifetime of the 
middle component occurs only during Q .  reduc- 
tion, while the lifetime of the fast phase is ap- 
parently insensitive to the state of the reaction 
center. 

Fig. 4 presents an analogous potentiometric 
titration of the total fluorescence yield in the ab- 
sence of mediators, but buffered at pH 7.5. The 
titration curve is well characterized by two single- 
electron redox reactions making equal contri- 
butions to the total variable fluorescence, with 
midpoint potentials Era,7. 5 = -t- 106 and - 3 8 4  inV. 
The small differences in the corresponding E m 

values for the high- and low-potential transitions 
of the total fluorescence yield in Figs. 2 and 4 
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Fig. 3. Lifetimes of the components of the fluorescence decay 
in spinach chloroplasts at pH 8.0 in the absence of DCMU as a 
function of the reduction potential of the medium. Redox 
mediators as in Fig. 2. ( × )  Lifetime of the slow phase, (n) 
lifetime of the middle phase, and (O) lifetime of the fast phase. 

most likely result from pH differences, slight medi- 
ator artifacts, and the estimated error in the mid- 
point potential. The lifetime behavior of each com- 
ponent as a function of reduction potential is 
similar to that found in the presence of mediators 
(Fig. 3) and, therefore, is not shown. 

The similarities of Figs. 2 and 4 suggest the 
absence of any significant fluorescence quenching 
by the specified redox mediators at the low con- 
centration level of 2.5/tM. However, sizable fluo- 
rescence quenching was detected in the presence of 
the oxidized form of 2-hydroxy-l,4-naph- 
thoquinone, even at low concentrations. Fig. 5 il- 
lustrates the effect of 2.5/LM 2-hydroxy-l,4-naph- 
thoquinone in producing a significant lowering of 
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Fig. 4. Potentiometric titration of the total fluorescence yield in 
spinach chloroplasts at pH 7.5 in the absence of redox media- 
tors and DCMU. 
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Fig. 5. Potentiometric titration of the total fluorescence yield in 
spinach chloroplasts at pH 7.5 in the presence (D) and absence 
( × )  of the redox mediator 2-hydroxy-l,4-naphthoquinone. 

the midpoint potential for QH, from + 96 to - 6 8  
mV. This is attributed to strong quenching of the 
Q H fluorescence by the oxidized form of the medi- 
ator. Malkin and Barber [5] observed quenching of 
chlorophyll fluorescence by this mediator in simi- 
lar steady-state redox titrations. 

Fig. 6 presents the potentiometric titration of 
the fluorescence decay components in the presence 
of DCMU. The curve for the total fluorescence 
yield is described by two single-electron transitions 
with Era.7. 5 values of + 58 and -386  mV, contrib- 
uting 31 and 69%, respectively, to the total vari- 
able fluorescence. Only the slow phase yield is 
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F i g .  6 .  P o t e n t i o m e t r i c  t i t r a t i o n  o f  t h e  t o t a l  f l u o r e s c e n c e  y i e l d  

and the yield of the components of the fluorescence decay in 
spinach chloroplasts at pH 7.5 in the absence of redox media- 
tors and in the presence of 10 ~M DCMU. (×)  Total fluores- 
cence yield, (I-l) yield of the slow phase, (@) yield of the middle 
phase, and ( O )  yield of the fast phase. 
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Fig. 7. Lifetimes of the components of the fluorescence decay 
in spinach chloroplasts at pH 7.5 in the presence of 10 #M 
DCMU as a function of reduction potential of the medium. 
(×)  Lifetime of the slow phase, (m) lifetime of the middle 
phase, and (O) fifetime of the fast phase. 

TABLE 1 

CHARACTERISTICS OF THE POTENTIOMETRIC 
TITRATION OF THE ELECTRON ACCEPTOR Q IN PS II 

Chloroplasts, isolated as described in Materials and Methods, 
were suspended in a medium of 0.1 M sucrose, 50 mM Hepes- 
NaOH (buffered at the stated pH), 5 mM NaCl, and 5 mM 
MgC12 to give a chlorophyll concentration of 17 #g/ml. Fluo- 
rescence samples were dark adapted under anaerobic condi- 
tions for 15 rain at the appropriate reduction potential before 
addition of DCMU or illumination. 

pH [DCMU] Earn Contribution 
(#M) (mV) to Fv, r (%) 

Fluorescence induction experiments, Fva , /Fma , 

7.5 10 + 98 b 45 
--381 55 

Fluorescence decay kinetics, F i level 
8.0 0 + i 16 c 50 

- 343 50 
7.5 0 + 106 b 50 

- -  384 50 
7.5 0 + 96 ¢.e _ 
7.5 0 -- 68 d.e - -  

7.5 10 + 58 b 31 
- -  386 69 

a Em values relative to standard hydrogen electrode. 
b No redox mediators present. 
c Redox mediators present (2.5 /~M); 2-hydroxy-l,4-naph- 

thoquinone not included as a redox mediator. 
d Redox mediators present (2.5 pM); 2-hydroxy-l,4-naph- 

thoquinone included as a redox mediator. 
e Em value determined for QH only. 
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inf luenced by  reduc t ion  potent ia l ,  exhibi t ing  two 

t rans i t ions  at  Era,7. 5 -- + 6 4  and  - 3 9 2  mV with 
relat ive f luorescence yield con t r ibu t ions  of  26 and  
74%, respectively.  A small  effect of  reduc t ion  
po ten t i a l  on  the slow phase  l i fet ime is dep ic ted  in 
Fig.  7, while the l i fet imes of  the midd le  and  fast 
phases  are no t  a l tered b y  reduct ion  potent ia l .  

Tab le  I summar izes  the results  ob ta ined  for  the 
po ten t iomet r i c  t i t ra t ions  of f luorescence induct ion  
and  decay kinetics.  

D i s c u s s i o n  

The majo r  features  of  the po ten t iomet r i c  t i t ra-  
t ion of  the f luorescence decay kinet ics  in chloro-  
p las ts  at r oom tempera tu re  in the absence of  
D C M U  are: (1) the absence of  any  signif icant  
effect of reduc t ion  poten t ia l  on the f luorescence 
yield of  the fast and  midd le  phases  but  the pres-  
ence of  two dis t inct  redox t rans i t ions  in the slow 
phase  yield (and consequent ly  in the total  yield),  
with m i d p o i n t  po ten t ia l s  Era,7. 5 = + 106 and - 384 
mV; and  (2) a mode ra t e  increase in the l i fet ime of  
the slow phase  dur ing  bo th  QH and  QL reduct ion  
and  in the l i fe t ime of  the midd le  c o m p o n e n t  dur-  
ing QH reduct ion,  bu t  no effect of  reduc t ion  
po ten t i a l  on the l i fe t ime of  the fast phase.  

The  choice of  redox media to rs  and  their  con- 
cen t ra t ion  is cri t ical  in o rde r  to mon i to r  accura te ly  
changes  in ch lorophyl l  f luorescence induced  by  
changes in the redox state of Q. The abi l i ty  of  a 
n u m b e r  of  qu inone  media to rs  to quench chloro-  
phyl l  f luorescence di rec t ly  when in their  oxidized 
forms is well documen ted  [5,23-25]. Dis to r t ion  of  
the t i t ra t ion  curve is a poss ible  consequence  of  
such quenching.  In  this work  the med ia to r  2-hy- 
d r o x y - l , 4 - n a p h t h o q u i n o n e  was found  to have a 
high quenching abil i ty,  s ignif icant ly  lowering the 
m i d p o i n t  po ten t ia l  of  the h igh-poten t ia l  compo-  
nent  in measurements  of total  f luorescence yield 
and  the slow phase  yield of  f luorescence decay.  
Ti t ra t ions  in the absence  of  2 -hyd roxy- l , 4 -naph -  
thoqu inone  bu t  ei ther  in the presence or  absence 
of  o ther  redox media to r s  compare  favorab ly  in 
m i d p o i n t  po ten t ia l s  and  relat ive ampl i tudes  of  the 
two transi t ions.  

Changes  in the l i fe t ime of  the slow phase  can be 
used to de te rmine  the extent  of  exci ta t ion energy 
t ransfer  be tween  react ion centers  and  thus dis- 
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criminate between connected or isolated reaction 
centers. Energy transfer between photosynthetic 
units implies that Chl a/b light-harvesting anten- 
nae serve more than one reaction center. The 
lifetime of an excited state in the antenna of a 
closed reaction center is a function of the ability of 
that reaction center to communicate with other 
reaction centers. Communication via the Chl a/b 
light-harvesting antenna increases the lifetime of 
such an excited state; the extent of such an in- 
crease is dependent on the fraction of open reac- 
tion centers. Thus, we expect the lifetime of the 
slow phase of fluorescence decay of an a-center, a 
PS II reaction center capable of communication 
via excitation transfer, to be dependent on the 
state of the reaction center as monitored by the 
effect of reduction potential, fl-Centers, PS II reac- 
tion centers that are isolated in terms of excitation 
transfer, should exhibit a slow phase lifetime that 
is independent of reduction potential. On the basis 
of the lifetime of the slow phase of fluorescence 
decay in Fig. 3, both QH and QL act as electron 
acceptors in a-centers. This result is in agreement 
with conclusions made by Horton [8] in fluores- 
cence induction studies of pea chloroplasts. No 
distinction can be made here as to whether each 
a-center contains both QH and QL or whether the 
a-centers of a domain of communicating reaction 
centers contain either QH or QL as an electron 
acceptor. The electron acceptor of fl-centers also 
remains undetermined. 

Such an assignment of electron acceptors to a- 
and fl-centers has been attempted [7,8,27] by cor- 
relating the sigmoidicity of the fluorescence induc- 
tion curve with the relative proportions of QH and 
QL observed in redox titrations of chloroplast 
membranes under a variety of conditions. The 
sigmoidicity of the fluorescence induction curve 
can be explained either by energy transfer between 
the antenna of a domain of reaction centers or by 
a requirement for two successive photoreactions to 
close the reaction center [4,7,8,19,27]. Recent ex- 
periments on PS II particles from the blue-green 
alga Phormidium laminosum [28] favor the former 
explanation. Studies of the fluorescence decay 
kinetics of a variety of chloroplast membrane sys- 
tems provide a means to distinguish between these 
two explanations for sigmoidal induction. Our 
ongoing work involves monitoring the fluorescence 

decay kinetics during potentiometric titrations of 
Q in chloroplast systems under conditions where 
the probability for energy transfer between reac- 
tion centers can be varied and in systems of vari- 
able relative proportions of QH and QL" 

A number of features of this study are com- 
parable to recent investigations in this laboratory 
on the state of the PS II reaction center as de- 
termined by illumination conditions and the pres- 
ence of various inhibitors [20,21]. That the yield of 
only the slow phase of the fluorescence decay is 
affected by reduction potential is consistent with 
the interpretation of the decay components [20,21]; 
the fast and middle components of the fluores- 
cence decay arise from excitation lost prior to 
reaching the PS II reaction center and, therefore, 
should be largely independent of the redox state of 
the reaction center. The increase in the lifetime of 
the middle phase has previously been tentatively 
attributed to changes in energy-distribution reg- 
ulation mechanisms as a consequence of changes 
in the redox state of Q [20,21]. However, some 
differences are apparent in the effect of reduction 
potential and of illumination conditions on the 
state of the PS II reaction center. For example, we 
find that chemical reduction of Q induces as much 
as an 8-fold increase in total fluorescence yield in 
chloroplasts at pH 8.0 (Fig. 2), whereas closing the 
PS II reaction center by high-intensity excitation 
effected only a 4-fold increase in total fluorescence 
yield [20,21]. Furthermore, we measure the lifetime 
of the slow component of fluorescence decay to be 
significantly greater when the closure of the PS II 
reaction centers is achieved by low reduction 
potential than by illumination [20,21]. Our present 
understanding of the PS II photosynthetic unit 
and the associated fluorescence do not adequately 
account for these differences. Future experiments 
will focus attention on these details. 

Despite the similarities in the results of the 
potentiometric titrations of fluorescence induction 
and of the fluorescence decay kinetics, a conclu- 
sive interpretation of the observed PS II electron 
acceptor heterogeneity is not possible at this point. 
Potentiometric titrations using chloroplasts with 
compositional and structural differences, such as 
intermittent light-grown chloroplasts which do not 
contain the light-harvesting Chl a/b-protein com- 
plex, may provide insights into the question of PS 
II electron acceptor heterogeneity. 



Conclusion 

Analysis of the potentiometric titration of the 
PS II fluorescence decay kinetics in spinach chlo- 
roplasts at room temperature in the presence and 
absence of DCMU indicates two distinct redox 
transitions in the total fluorescence yield. The 
yield of the slow phase of the fluorescence decay is 
also sensitive to the state of the PS II reaction 
center, but the fast and middle lifetime compo- 
nents of the fluorescence decay are not apprecia- 
bly affected by the reduction potential of Q. The 
midpoint reduction potentials for the two fluores- 
cence quenchers, QH and QL, correlate well with 
those measured by Thielen and Van Gorkom [9] 
for Qp and Q~, respectively; however, changes in 
the lifetime of the slow component of fluorescence 
decay suggest the possible assignment of QH and 
QL as the electron acceptors in a-centers. A sig- 
nificant difference in the E m value measured for 
QH from other previous reports is attributable to 
quenching of fluorescence in the presence of the 
oxidized form of the mediator 2-hydroxy-l,4- 
naphthoquinone. 
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