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Room-temperature single-photon timing measurements at low excitation energies have been carried out on 
Photosystem II (PS II) pigment-protein complexes containing 40-70 chlorophylls per reaction centre (RC) 
as a function of PS II trap closure, Chl fluorescence emission spectra and detergent concentration. The 
lifetime and amplitude values obtained, using a four exponential model, have been compared with the values 
exhibited by the isolated light harvesting Chl a / b  complex of PS II (LHC II) and a Photosystem I (PS I) 
complex containing 100 Ch l /RC.  The results suggest that the two rapid decays seen in the PS II 
preparations arise from the 47 kDa (~ ffi 54 ps) and 43 kDa (~ = 180 ps) Chl containing polypeptides but that 
in vivo these two proteins give rise to a single variable decay. The differences are discussed in terms of a 
perturbation in excitation energy migration by detergent molecules, although the presence of high detergent 
levels does not alter the kinetic and amplitude characteristics of these decays. The two long-lived decays 
seen in the PS II-eore complexes have the same lifetimes and characteristics with respect to detergent 
addition as the isolated LHC II, suggesting that they arise from LHC II contamination. Unlike the two fast 
decays, the two long-lived components are extremely sensitive to detergent concentration. The requirement 
of two decay components in LHC II suggests the presence of a heterogeneous population. Isolated PS 1 also 
gives rise to four decay components with 99% of the excitation energy located in pigment-proteins which 
exhibit lifetimes of 110 ps and 27 ps. The lifetime and amplitude values have been used to calculate 
estimations for the single-step transfer time between interacting Chi molecules, the number of visits required 
before trapping takes place and the quantum yield of photochemistry. 

Abbreviations: Chl, chlorophyll; PS, Photosystem; LHC, fight 
harvesting Chl a / b  complex; PS, Phot0system; RC, reaction 
centre; QA, primary stable electron acceptor of PS II; Fr~, 
maximum Chl fluorescence; F0, minimum Chl fluorescence; 
Aexp, preexponential factor (amplitude); Mes, 4-morpholine- 
ethanesulphonic acid; Hepes, N-2-hydroxyethylpiperazine-N'- 
2-ethanesulfonic acid; OGP, octylglucopyranoside; JT, trans- 
fer time between chlorophylls; NV, number of visits before 
trapping; FPT, first passage time; QY, quantum yield. 

Correspondence: M. Hodges, Institut de Physiologic V6g&ale, 
C.N.R.S., 91198 Gif-sur-Yvette Cedex, France. 

Introduction 

The primary processes of photosynthesis are 
characterised by the efficient absorption of light 
energy, by a complex pigment-protein system 
located in the lipid matrix of the thylakoid mem- 
brane, and its rapid transfer to the reaction centres 
(RC) where charge stabilisation and separation 
occur. During exciton migration in the antenna, 
there is a finite probability that it will decay either 
by non-radiative processes or by fluorescence be- 
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fore trapping can take place. However, photo- 
synthesis has been shown to be highly efficient [1] 
and such energy losses constitute only minor 
deactivation pathways. Nevertheless, chlorophyll 
(Chl) fluorescence has become an important and 
useful tool in trying to understand energy-transfer 
processes [2-4], pigment orientation [5] and pro- 
tein organisation [6]. One method by which energy 
transfer is currently being investigated is by the 
analysis of Chl fluorescence decay kinetics using 
single photon counting coupled with low-intensity 
picosecond laser excitation, to stop quenching by 
singlet-singlet annihilation [7]. The form of the 
overall decay, exhibited by intact photosynthetic 
organisms containing LHC II, is multi-exponen- 
tial and can usually be statistically well-defined by 
three kinetic components [8,9] with lifetimes in the 
order of 50 ps, 200-850 ps and 450-2000 ps 
according to the state of the primary stable elec- 
tron acceptor of PS II (QA) [10]. More recent 
studies suggest that this is an oversimplistic model 
[3,11] and that the overall decay could contain, at 
least, five individual decay components [3,12]. This 
apparent complexity is not surprising, since the 
photosynthetic light-capturing system is also com- 
plex, containing two types of reaction centre-core 
antenna complex (PS I and PS II) each associated 
with their own peripheral antenna systems (LHC I 
and LHC II) [13]. The situation is further com- 
plicated by the reported structural heterogeneity 
of PS II into a and fl centres [14] and two pools 
of LHC II differing in polypeptide composition 
[15]. 

For a mechanistic description of the overall 
decay in terms of energy transfer and trapping 
processes it is necessary to assign each decay 
component to a functional constituent of the 
light-harvesting system. This requires the simplifi- 
cation of the 'intact' membrane, due to its com- 
plexity. One approach is the use of well-char- 
acterised mutants lacking one or more of the 
pigment-containing complexes [3,16-19]. The re- 
sults suggest that each of the 'original' three de- 
cays have multiple origins [16,17] and that the 
overall decay exhibited by 'intact' thylakoid mem- 
branes is the sum of five different components 
[3,19]. Our studies [19] suggest that the two long- 
lived decays (F  M is approx. 2 and 1 ns) arise from 
LHC II, while P S I  produces two rapid decays 
(less than 200 ps) and the PS II-core-complex a 

rapid variable decay (40-250 ps). A second ap- 
proach is to isolate either membranes enriched in 
certain complexes [20] or the individual pigment- 
protein-complexes [21-25]. However, this method 
could lead to complications due to artifacts 
brought about by the isolation procedures or from 
the detergents required to produce such prepara- 
tions. It has already been reported that the aver- 
age lifetime [26] and the individual component 
lifetimes of LHC II [21,24] are affected by the 
presence of different detergent concentrations as 
well as the type of detergent used [21,26]. Further- 
more, the various in vivo deactivation pathways 
might be perturbed by the isolation of the individ- 
ual complexes. A third approach is to use treat- 
ments known to alter the organisation of the vari- 
ous pigment-protein complexes, like the manipula- 
tion of salt levels [27-29], bringing about protein 
phosphorylation [29,30] or state transitions [29]. 
This has recently led us to confirm the LHC II 
origins of the two long-lived decays [29]. 

In this present work we describe Chl fluores- 
cence decay measurements carried out on isolated 
PS II-core complexes containing between 40 and 
70 Chl/RC, LHC II and PS II in order to reduce 
the complexity and allow the assignment of indi- 
vidual decays to the constituent parts of the light- 
harvesting system. For the three types of PS II- 
core-complex investigated, the effect of PS II trap 
closure and detergent concentration on the life- 
times and amplitudes derived from a free-running 
four-exponential model are presented. These re- 
sults are compared with the kinetic parameters 
obtained from LHC II, in different aggregation 
states brought about by modifying the detergent 
concentrations, and PSI. Finally, the equations of 
Pearlstein [31], which model excitation migration 
and trapping, are combined with the lifetime and 
amplitude data and the antenna sizes to calculate 
estimates for the single-step transfer time between 
chlorophylls, the number of visits to the reaction 
centres before trapping and the quantum yield of 
photochemistry. 

Materials and Methods 

The three types of PS II-core complexes were 
prepared by sucrose density gradient centrifuga- 
tion; from spinach chloroplasts using dodecyl 
maltoside as in Ref. 32 which yielded highly active 



oxygen-evolving complexes (PS I1-70), from 
thylakoids of a double mutant of Chlamydomonas 
reinhardtii lacking P S I  and ATPase as in Ref. 33 
(PS 11-50) or from pea chloroplasts using Triton 
X-100 as in Ref. 34 which produced complexes 
requiring the addition of PS II electron donors to 
carry out PS II electron-transfer reactions (PS 
11-40). The PS I complex was isolated using Triton 
X-100 as described in Ref. 35. LHC II was iso- 
lated, in an aggregated form, by density gradient 
centrifugation as in Ref. 36. LHC II, in a mono- 
meric form, was isolated by electrophoretic sep- 
aration as in Ref. 37 or by the addition of dig- 
itonin (1%, v /v )  and octylglucopyranoside (OGP, 
4% v /v)  as described in Ref. 38. 

For experimentation the PS II complexes, PS 
11-70 and PS 11-40, were resuspended at 5 ~g 
Chl /ml  in 20 mM Mes (pH 6.5), 300 mM sucrose, 
5 mM CaC12 and 15 mM NaC1 whereas PS 11-50 
was diluted to 5 ~tg Chl /ml  in 50 mM Hepes (pH 
7.5). LHC II (aggregated) and PS I were resus- 
pended at 20 ~tg Chl /ml  in 50 mM Hepes (pH 
7.5) and 5 mM MgC12. 

All Chl fluorescence decay measurements were 
carried out and analysed using the apparatus and 
criteria already described elsewhere [10,11]. Fluo- 
rescence was measured at 90 ° to the excitation 
beam in a 2 x 2 mm cuvette. The decays were 
accumulated until 8000 counts at the maximum 
and deconvoluted by means of a least-square pro- 
gram using the Marquardt search algorithm for 
non-linear parameters. Time-resolved emission 
spectra were calculated using the method in Ref. 
11. All measurements were carried out on sta- 
tionary samples. Different degrees of PS II trap 
opening were generated as follows; for PS 11-70 by 
the addition of different concentrations of atra- 
zine or by the addition of different concentrations 
of potassium ferricyanide (5-50 ~tM), for PS 11-40 
and PS I1-50 by the addition of 100 ~M potassium 
ferricyanide. The effect of detergent concentration 
on the kinetic parameters exhibited by PS 11-70 
and PS 11-50 were carried out by the addition of 
dodecyl-fl-D-maltoside (0-1 mM) to the resuspen- 
sion media. 

Results 

Fig. 1 shows the relationship between total 
fluorescence yield and average lifetime as PS II 
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reaction centres are closed to photochemistry in a 
PS II-core complex preparation containing 70 
C h l / R C  (PS 11-70). The trend observed in Fig. 1 
has been previously reported for the ' intact '  pho- 
tosynthetic system [10]. 

Fig. 2A shows the evolution of the lifetimes of 
the four exponential decay components, required 
to fit the overall decay of PS 11-70 complexes, as 
PS II reaction centres are closed (as indicated by 
the average lifetime, see Fig. 1). It can be seen that 
PS 11-70 produces three variable components and 
a rapid, constant lifetime decay. Unlike the 'in- 
tact' system a long-lived decay is seen at F 0. Fig. 
2B shows the changes in the relative fluorescence 
yield of each component depicted in Fig. 2A, as a 
function of average lifetime. The fast, constant 
lifetime decay, between F 0 and F M, can be seen to 
give rise to a constant yield, whereas the yields of 
the three variable lifetime decays parallel ap- 
proximately the observed modifications in their 
respective lifetimes. From Table I it can be seen 
by the changes in amplitude of the four compo- 
nents between F 0 and F m, that the energy transfer 
between individual antenna complexes is not the 
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Fig. 1. The average fluorescence lifetime of spinach PS II-core 
complexes (PS II-70) as a function of total chlorophyll fluores- 
cence yield (YIELD). The different fluorescence yields were 
obtained by varying the number of closed PS II reaction 
centres as described in the Materials and Methods. The straight 
line is the best fit through the datum points following correla- 

tion and least-squares regression analysis ( r  = 0.98). 
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Fig. 2. The effect of PS II trap closure, as monitored by the average fluorescence lifetime, on (A) the lifetime and (B) the yield of the 
four kinetic components  exhibited by PS 11-70. The same symbol shape represents the same decay component  in (A) and (B). The 

lines are the best fit after correlation and least-squares regression analyses. 

same when PS II reaction centres are open and 
when they are closed. A striking observation from 
Table I is that at F 0 nearly all of the excitation 
energy is located in the complexes which give rise 
to the two rapid decays. 

Fig. 3 shows the room temperature Chl fluores- 
cence emission spectra for each of the four decays 

exhibited by PS 11-70 complexes at F M. Each 
decay appears to exhibit slightly different emis- 
sion maxima between 679 nm (long-lived decays) 
and 682 nm (rapid decays). The absence of any 
red-shifted (686-695 nm) fast decay confirms the 
absence of any PS I-associated complexes (see 
Ref. 12). 

TABLE I 

LIFETIMES (ps) A N D  AM P L IT UDE S  (Aex p (%)) OF  THE C H L O R O P H Y L L  F L U O R E S C E N C E  DECAY COMPONENTS 
EXHIBITED BY VARIOUS TYPES OF PS II-CORE COMPLEX PREPARATIONS 

Origin C h l / R C  Condition Component  values rm~n 

Spinach 50-70 F M r 3 008 1104 393 99 1196 
(PS II-70) Aex p 3 20 41 36 

F o ~" 1581 434 190 56 315 
Aex p 0.4 14.5 34 51 

50 F M ~" 3 567 841 199 38 1910 
Aex p 4.5 16.5 27 52 

F 0 ~" 2 882 616 150 35 864 
Aex p 1 8 25 86 

40 F M ~" 2 870 694 164 30 742 
Aex p 0.8 6.5 32 61 

F 0 "r 2 420 597 208 57 464 
Aex p 0.5 6 39 55 

C. reinhardtii 
(PS II-50) 

Pea 
(PS II-40) 
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Fig. 3. The time-resolved emission spectra of the four individ- 
ual decay components exhibited by PS 11-70 complexes at F M. 
The component lifetimes are: O, 3.071 ns; A, 0.878 ns; O, 252 

ps; II, 27 ps. 

It has been previously reported, for isolated 
LHC II, that the presence of detergents can drasti- 
cally alter Chl fluorescence lifetimes and yields 
[21,26]. Therefore, the effect of detergent (as used 
in the isolation procedure) concentration on the 
lifetimes and yields of the individual decay com- 
ponents was examined. The increase in the total 
Chl fluorescence yield, brought about by the in- 
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crease in detergent level, was seen to be linear 
with the logarithm of the detergent concentration 
over the range used (not shown). Fig. 4A gives the 
lifetimes of the four decay components as a func- 
tion of total Chl fluorescence yield; which was 
modified by the addition of dodecyl maltoside 
(0-1 mM). It can be seen that the lifetimes of the 
two, long-lived decays are preferentially altered by 
the addition of detergent, leading to a large in- 
crease in their lifetimes (3-6 ns and 1-3 ns). The 
two rapid decays are less affected by detergent 
addition. The effect of detergent concentration on 
the yields of the four components is depicted in 
Fig. 4B. It can be seen that, as for the lifetimes of 
the two rapid decays, their respective yields are 
not affected. However, the addition of detergent 
brings about a large increase in the yields of the 
two slower components; the yield of the 1-3 ns 
decay being greatly augmented with respect to the 
modification in its lifetime. 

Similar experiments to those depicted in Figs. 
1-4 have also been carried out on the PS II-core- 
complexes of Chlamydomonas reinhardtii which 
contain 50 Chl /RC (PS 11-50). Fig. 5A shows the 
evolution of the lifetimes of the four decay com- 
ponents, required to best fit the overall decay, as 
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Fig. 4. The effect of detergent concentration (0-1 mM (0.051%)), as monitored by total chlorophyll fluorescence yield (YIELD), on 
(A) the lifetime and (B) the yield of the four kinetic decay components exhibited by PS I1-70 complexes at F M. The same symbol 

shape represents the same decay component in (A) and (B). 
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Fig. 5. The effect of PS II trap closure, as monitored by average lifetime, on (A) the lifetime and (B) the yield of the four kinetic 
components exhibited by C. reinhardtii PS lI-core complexes (PS II-50). The shape of the symbols in (A) and (B) correspond to the 
lifetime and yield of the same individual component. The lines are the best fit through the datum points following correlation and 

least-squared regression analyses. 

PS II reaction centres were closed (as indicated by 
average lifetime). These preparations also ex- 
hibited a linear relationship between fluorescence 
yield and average lifetime (not shown). These PS 
II-core complexes show only a very small degree 
of lifetime variability between F 0 and F M. How- 
ever, the yields of the two long-lived decays in- 
crease by a factor of between 2 and 4, as seen in 
Fig. 5B which shows the respective modifications 
in component yields for PS 11-50. It can also be 
seen from Fig. 5B that the yields of the two rapid 
decays decrease slightly. The lifetimes and ampli- 
tudes of the four individual decay components at 
F 0 and F M are given in Table I, where it can be 
seen that at F 0, as for PS 11-70, 91% of the 
excitation energy is located in the chlorophylls 
associated with the two fast components. 

The effect of detergent addition to the PS 11-50 
complexes, as for the changes brought about by 
PS II trap closure, were not identical to the PS 
11-70 complexes. Fig. 6A shows the effect of deter- 
gent addition (as monitored by total Chl fluores- 
cence yield) on the component lifetimes. It can be 
seen that only the two long-lived decays had life- 
times which were affected by detergent addition. 
Fig. 6B gives the respective changes in component 
yields by the increase in detergent concentration. 
The yields of the three fastest decays appear to 
follow the slight changes in their respective life- 

times. However, the yield of the longest-lived de- 
cay increases in a disproportionate manner with 
respect to its lifetime. 

Table I gives the lifetimes and amplitude values 
for the four kinetic-decay components required to 
best fit the overall decay exhibited by PS II-core 
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Fig. 6. The effect of detergent concentration (0-0.6 mM), as 
monitored by total chlorophyll fluorescence yield (YIELD), on 
(A) the lifetime and (B) the yield of the four decay components 
of PS I1-50 complexes at F M. The same symbol shape repre- 

sents the same decay component in (A) and (B). 



complexes from pea containing only 40 Ch l /RC.  
It  is evident that at F0, nearly all of the excitation 
energy is located on the pigments associated with 
the two fast decays. A situation similar to that 
seen for PS II  II-70 and PS II-50. 

The three PS II-core complex preparations still 
contain a small contamination from LHC II (see 
Ref. 32). Therefore it is probable that one or more 
of the decay components are associated with LHC 
II. Table II  gives the lifetime and amplitude values 
for the two kinetic components necessary to best 
fit the overall decays exhibited by LHC II  in 
different states of aggregation. It  can be seen that 
'aggregated'  LHC II produces two, relatively fast 
decays whereas monomeric LHC II  (gel or in 
solution) leads to the presence of two long-lived 
decays. It  is interesting to note that the ratio of 
the longer-lived decay with respect to the faster 
component  is always between 2 and 3. Further- 
more, the addition of detergent to 'aggregated'  
LHC II  not only increases the lifetime values, but 
selectively increase the amplitude of the slowest 
decay component  (as seen in Fig. 5B for the 
longest decay of PS II-50). Fig. 7 shows the effect 
of a known fluorescence quencher, dinitrobenzene, 
on the lifetimes exhibited by 'aggregated'  L H C  II. 
This treatment has already been used to study the 
origins of the decay components in Chlamy- 
domonas reinhardtii mutants [19,39]. It can be seen 
that successive additions of the quencher brings 
about a similar decrease in the lifetimes of the two 
decays as a function of total Chl fluorescence 
yield. Such a trend is also observed in ' intact '  
systems for the two long-lived components, which 
also differ in lifetime values by a factor of 2 [39]. 
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Fig. 7. Variations in component lifetime as a function of total 
chlorophyll fluorescence yield (YIELD), in aggregated LHC It, 
brought about by the successive additions of dinitrobenzene 
(open symbols) and the absence of dinitrobenzene (closed 

symbols). 

The organisation of the PS I and PS II-core 
complexes are believed to be very similar in that 
each reaction centre is associated with 40-50 chlo- 
rophylls [13,14] and therefore we have investigated 
the lifetime characteristics of isolated PS I. Table 
II  gives the lifetime and amplitude values of the 
four decay components  required to fit the overall 
fluorescence decay of PS I. It is seen that 99% of 
the excitation energy is located in the pigment- 
protein complexes which give rise to the two rapid 
decays (27 and 110 ps). Fig. 8 shows the room- 
temperature emission spectra of the four kinetic 
components.  The rapid (110 ps) decay produces 

TABLE II 

LIFETIMES (ps) AND AMPLITUDES (Aex p (%)) OF THE CHLOROPHYLL FLUORESCENCE DECAY COMPONENTS 
EXHIBITED BY ISOLATED LHC II AND PS I 

Complex Condition Component values ~'me~ 

LHC II aggregated ~- 886 419 816 
Aex p 73 27 

monomeric "r 3 460 988 3118 
(gel) Aex p 64 36 
monomeric ~ 4 200 1 700 4 019 
(detergent) Ae× p 90 10 

PS I solution ~" 2 760 550 110 27 677 
Aex p 0.4 0.6 22 77 
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Fig. 8. The time-resolved emission spectra of the four individ- 
ual decay components exhibited by isolated P S I  Complexes. 
The lifetime of each component is: ©, 110 ps, 0 ,  27 ps; A, 550 

ps; ml, 2.76 ns. 

two maxima at 685 nm and 710 nm whereas the 
27 ps decay has its maximum at 685 nm. The two 
longer-lived decays both have their maxima at 680 
nm. 

An estimate of the single-step transfer time 
between communicating Chl molecules (JT) and 
the number of revisits to a reaction centre before 
trapping takes place (NV) in the PS II-core-com- 
plexes and PS I have been obtained using the data 

in Tables I and II and the theoretical treatments 
of Pearlstein [31]. The calculations begin with the 
expression for the lifetime of the excitation (pre- 
sumed to be exponential) [31]. 

% x = ( l + ~ t  ) ( N - 1 ) k p  1 

+(q. Ft) 1-(q. Fa)-I (N-l)2 
N 

+a .N .  Fa 1 (1) 

where Ft and Fd are the average Fi3rster rate 
constants (forward and reverse) for excitation 
transfer between antenna pigments and the reac- 
tion centre, Fa is the average F/3rster rate con- 
stant for transfer between neighbouring Chls, N is 
the antenna size and kp is the rate constant for 
photochemistry (or in certain cases the rate con- 
stant for transfer to another antenna complex). 
The parameter  q is the coordination number of 
the lattice (q = 4 for a square lattice [40]) and a is 
a numerical constant (a  = 0.429 for a square lattice 
[40]). 

Eqn. 1 contains only two parameters which are 
accessible from our data: %x and N; however, 
spectral and kinetic data are available to make 
reasonable estimations of kp -t (2.8 ps for the 
reaction centre of Rhodobacter sphaeroides [41]), 
Fd/Ft and Ft/Fa. For the estimations presented 
in Table I I I  we calculate Fd/Ft, which is the 
Boltzmann factor between the first excited singlet 
states of the trap (at 680 nm for PS II  and 700 nm 
for PS I) and the antenna molecules (at an average 
of 672 nm for PS II-cores (see Ref. 43) and 680 
nm for P S I  (see Ref. 44)). Using the fact that the 

TABLE Ill 

EXCITATION ENERGY TRANSFER AND QUANTUM YIELD OF PHOTOCHEMISTRY FOR DIFFERENT PIGMENT- 
PROTEIN COMPLEXES 

rex = experimental lifetimes; Nch I = antenna size; JT = transfer time between chlorophylls; NV = number of visits before trapping; 
QY = quantum yield; ~'calc = lifetime calculated from Eqn. 4; kp = rate constant for photochemistry or complex-complex transfer; 
k a n  t = deactivation rate constant for antenna. 

Complex %× Nch I J T N V Q Y %ale 1/kp 1 /k  ant 
(ps) (fs) (ps) (ps) (ps) 

PS II-core 54 24 816 2 0.79 52 2.5 250 
PS ll-core 180 16 1 470 5 0.55 180 20 400 
PSI  27 77 206 1 0.85 34 0.5 250 



reaction centre chlorophylls form a dimer we utilise 
an Ft/Fa ratio of 1.57 as in Refs. 3 and 42. 

Putting these parameters and the fluorescence 
data into Eqn. 1, the single-step transfer time, 
(q. Fa) -1, is calculated. It should be noted that 
the number of chlorophylls associated with each 
decay component is estimated from the amplitude 
value and the known number of C h l / R C  (where 
N =Aex p × number of Chl /RC).  This procedure 
gives 40 C h l /R C  for the PS II core and 77 C h l / R C  
for PS I, which is in close agreement with the 
published data [13,14,44]. This procedure gives 
various JT values for each component (Table III). 
For example, the rapid PS II-core complex decay 
leads to a JT of 816 fs, whereas a JT of 206 fs is 
calculated for the rapid P S I  decay; however, it is 
necessary to have a smaller kp-1 value for the PS 
I. 

We can also calculate the ratio of lifetime to 
the first passage time (FPT, the time between 
excitation and the first visit to the trap). FPT is 
calculated from Ref. 31 by 

If %x/FPT (NV in Table III) is 1, then the 
photochemical event is 'diffusion controlled', 
whereas if %x/FPT is greater than 1 then multiple 
visits occur and the photochemical event is 'reac- 
tion controlled'. It can be seen that for the rapid 
decay of PS II, two visits to the RC are necessary 
before trapping. However, for the fast P S I  com- 
ponent the photochemical event appears to be 
strictly diffusion limited. 

Furthermore, the estimated jump time can be 
used, along with the equations described by Van 
Grondelle [46] for a random walk model in a 
square lattice with excitation transfer between 
nearest neighbours, to calculate the quantum yield 
(QY) and the expected excitation lifetime (Tcalc). 
The quantum yield is calculated by 

1 

QY= Nkant(lnN 4kh] 
~ = +0.195+~-p ] + 1  

(3) 

where kan t is the rate of deactivation in the an- 
tenna and kh is 1/JT. The value of QY is then 
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used to produce the calculated lifetime (%alc) by 

1 - Q Y  (4) 
"rcalc kant 

Such an approach was used to verify the calcu- 
lated jump times so as to have QY values of 
between 0.7 and 0.8 for the reaction centre com- 
ponents (as seen from fluorescence induction 
curves in the presence of inhibitors, see Ref. 47) 
and similar %x and %ale values. If the various 
criteria were not met, then the spectral and kinetic 
input parameters to Eqn. 1 were altered. 

Discussion 

It can be seen from the results presented in this 
work that the 'simplified' PS II-core complexes 
give rise to four kinetic decay components, which 
is one more than in PS II-enriched membranes 
containing 200 C h l / R C  [20]. This suggests that 
the preparation procedure brings about certain 
modifications in the organisation and energy- 
transfer pathways. The fluorescence emission 
spectra (Fig. 3) suggest that each of the individual 
decays arise from PS II-associated pigments and 
that the rapid decays do not originate from con- 
taminating PS I proteins. The results therefore 
confirm the presence, at F M, of the fast PS-II-as- 
sociated decay components (see Refs. 11, 19 and 
20). 

The PS II-core complexes are known to contain 
between 40 and 70 C h l / R C  [32-34] and therefore 
are enriched in the antenna pigments close to the 
reaction centre (40-50 Chl associated with the 47 
and 43 kDa polypeptides of PS II (see Refs. 13 
and 14)). At F 0, between 80 and 90% of the 
excitation energy is located in the pigments which 
produce the two rapid decays, strongly suggesting 
that they are associated with the core antenna. 
Indeed, a simple calculation using the amplitude 
values and the total number of C h l / R C  shows 
that these two decays arise from 40 chlorophylls. 
However, unlike the PS II-enriched membranes 
[11] which show a single rapid decay exhibiting a 
variable lifetime and yield between F 0 and FM, 
the PS II-core complexes give rise to a constant 50 
ps decay and in PS II-50 and PS II-40 a constant 
180 ps decay (whereas in PS II-70 this fast compo- 
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nent is variable in both lifetime and yield (190-390 
ps)). This discrepancy might arise from a modifi- 
cation in the excitation energy-transfer pathways 
by the additional isolation procedures; perhaps by 
detergent-protein interactions or from the delipi- 
dation of the complexes. Based on the model of 
Bassi and Simpson [48] for PS II-core complex 
organisation, we suggest that the excitation transfer 
between the 43 and 47 kDa polypeptides is altered 
so that the transfer from the 43 to the 47 kDa 
protein is inhibited or slowed down, thereby giv- 
ing rise to two lifetime values, one of which is 
similar to that found in PS II-enriched membranes 
at F M (arising from the 43 kDa protein) and the 
other similar to that observed at F 0 (from the 47 
kDa polypeptide which is in contact with the 
reaction centre). 

The two other decay components seen in the PS 
II-core complex preparations, have lifetime values 
which depend on the isolation procedure or 
thylakoid origin. These two decay account for 
10-20% of the total Chl (approx. 10 Chl/RC).  
The lifetimes of these two minor decay compo- 
nents are very similar to those exhibited by iso- 
lated LHC II (see Table II and Refs. 21, 24 and 
25). Therefore, we conclude that these two decays 
arise from contaminating LHC II. If a trimer is 
the minimum functional LHC II unit [45] and 
each polypeptide contains 7 Chl [13] then it can be 
seen from the amplitude values at F M (when there 
is no quenching effect from open reaction centres) 
that the 1 ns decay arises from one LHC II 
t r imer /RC while the 3 ns decay is emitted by 1 
tr imer/10 RC. In ' intact '  thylakoids there are 
approx. 250 LHC II C h l / R C  [14] which gives 12 
tr imers/RC. It can be seen, therefore, that the PS 
II-core complex preparations contain very little 
LHC II with respect to the 'intact '  system but that 
the small quantities which remain are very visible 
by Chl fluorescence. The requirement for two 
decay components to best fit the overall decay of 
isolated LHC II, as well as the proposed in vivo 
LHC II components, infer that there is indeed a 
heterogeneous population of LHC II where energy 
transfer between different populations is not pos- 
sible. 

The P S I  complex, like the PS II-core com- 
plexes, is enriched in two fast decay components 
(the lifetimes are very similar to those reported in 

Ref. 22). It is seen from Table II that 99% of the 
initial excitation energy is found in the two rapid 
decays and suggests that the energy transfer and 
photochemical trapping processes are very similar 
in the two types of photosystem. The fluorescence 
emission spectra (Fig. 8) shows that the two rapid 
decays are red-shifted with respect to the fast PS2 
decays, although the maximum of the fastest de- 
cay is not the same as that found in vivo [11]. This 
could arise from detergent effects on the fluores- 
cence emission (see Ref. 49) as could the presence 
of two maxima for the 110 ps decay. The two 
other decays probably reflect LHC I contamina- 
tion. 

On the whole the results and conclusions agree 
with the origins proposed for the different decay 
components from studies using mutants [19,39], 
organisational modifications [29] and photosyn- 
thetic component enrichment [20]. 

From Fig. 1, where a linear relationship be- 
tween total fluorescence yield and average lifetime 
is seen, it is suggested that the antenna systems 
present in the PS 11-70 complex are connected to a 
number of reaction centres and that there is a 
certain degree of connectivity between centres. 
This conclusion is in disagreement with the ob- 
servations made in Ref. 32, where it was reported 
that the complexes were isolated in a monomeric 
form. However, this discrepancy can be explained 
by the effect of detergent concentration on the 
aggregation state of proteins. In the lifetime mea- 
surements the detergent was diluted out in the 
resuspension buffer leading to aggregation of the 
proteins and hence to the possibility of energy 
transfer. In Refs. 32 and 33 the estimation of 
complex size was achieved in the presence of 
'moderate '  detergent concentrations which would 
have led to micelle formation and non-aggregated 
protein complexes. 

It has been known for a long time that the 
concentration of detergent can drastically modify 
Chl fluorescence lifetimes and yields of isolated 
LHC II [21,24,26]. At low detergent concentra- 
tions, where there is no micelle formation, there is 
the possibility of detergent-protein interactions 
which can modify Chl-Chl  interactions. It has 
been seen that under such conditions, there is an 
aggregation of LHC II which leads to the develop- 
ment of a new Chl b-Chl  a interaction and 



complex sub-ns decay kinetics [24]. The presence 
of 'medium' levels of detergent produces numer- 
ous average lifetimes (2,3-3.4 ns [26]). It has been 
suggested that these detergent concentrations can 
lead to mixed populations of aggregated (1.12 ns) 
and non-aggregated LHC II (3.5 ns) [24] and 
delipidation of the protein complexes [26]. Finally, 
at 'high' detergent concentrations there is a com- 
plete inhibition of Chl-Chl  interactions leading to 
lifetimes similar to those seen for Chl in micelles 
(5.5-6 ns). Our data (Figs. 4 and 6; Table II) show 
that the addition of detergent only alters the yields 
and lifetimes of the two long-lived LHC II-associ- 
ated decay components. This suggests that the 
contaminating LHC II is not closely connected to 
the PS II-core antenna and that in the presence of 
detergent micelles it is possible to disconnect the 
LHC II. The average lifetime for the 'monomeric '  
LHC II shown in Table II is in close agreement 
with that already reported for a monomeric form 
[26] and is very similar to the LHC II component 
of Fig. 6A. Perhaps the 5.5-6 ns decay observed at 
high detergent levels in the PS II-70 complexes 
arises from free chlorophylls or from the complete 
inhibition of Chl-Chl  interactions in this LHC II 
complex. The lack of a detergent effect on the two 
rapid decays infer that they are always to be 
found in a 'monomeric '  form or that in the ag- 
gregated form no new Chl interactions are pro- 
duced which modify their lifetimes and yields. 

Using the average, lifetime and amplitude val- 
ues for the three types of PS II-core complex we 
have calculated estimations for various excitation 
energy transfer parameters (Table III). It is im- 
portant to make clear that the values are only 
estimations and that the JT lifetimes are highly 
dependent upon the calculated Boltzmann factor 
(Fd/Ft), the number of chlorophylls (see Ref. 3) 
and the experimental lifetimes. However, we have 
tried to overcome these problems by using param- 
eter values which give good quantum yield estima- 
tions and lifetimes as calculated from Eqns. 3 and 
4. The JT for the fastest decay components of 
both P S I  and PS II are in the order of 200-800 fs, 
which is in close agreement with Refs. 3 and 50. It 
can be seen from the number of visits (NV) that 
the trapping is approximately 'diffusion limited' 
in both cases. To obtain a good fit with respect to 
QY and ~'ca~c, it was necessary to assume that the 
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180 ps complex was not directly associated with 
the reaction centre and that the lifetime depended 
upon the rate of transfer to the protein giving rise 
to the fastest decay. This could arise because the 
two proteins are now separated by detergent mole- 
cules which modifies the normal Chl-Chl  interac- 
tions between the two proteins believed to make 
up the PS II-core antenna (as excitation energy 
transfer is highly dependent upon the distance and 
orientation of interacting chlorophylls [46]). We 
suggest that in vivo this transfer is extremely rapid 
and efficient which leads to a single lifetime decay 
component associated with the two polypeptides. 
On the whole it can be seen that the calculated 
number of chlorophylls (from the amplitude val- 
ues) and the experimental lifetimes give rise to 
reasonable energy-transfer parameters (based on 
Eqns. 1 and 2) and quantum yields (Eqn. 3) when 
using the kp and kan t values given in Table III. 
The kp value used for PS II is in close agreement 
with the rate constant found experimentally for 
charge separation in bacterial reaction centres [41], 
whereas the kp for PS I is larger (although in the 
same order of magnitude when taking into account 
the possible parameter variations). 
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