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SUMMARY 

The fluorescent emission kinetics of spinach subchloroplast Photosystems I 
and II particles have been studied on a picosecond time scale. Using picosecond laser 
pulses and an optical Kerr gate, the fluorescent decay times are measured to be 604-10 
ps, and 2004-20 ps for Photosystems I and II, respectively. The quantum yields are cal- 
culated to be 0.004 for Photosystem I and 0.013 for Photosystem II. Theory of exciton 
energy transfer and trapping is applied for the determination of intermolecular poten- 
tial energy in the photosystems. 

With the advent of picosecond laser pulses, direct observation of the time de- 
velopment of the primary energy conversion processes in photosynthesis on a pico- 
second time scale is now possible. An ultrafast optical Kerr gate [1 ] operated by mode- 
locked Nd/glass laser pulses has permitted measurement of the fluorescent kinetics of 
whole chloroplasts prepared from spinach and escarole [2]. Absorption kinetics of the 
reaction centers of photosynthetic bacteria has also been studied with picosecond 
pulses [3]. This paper reports the first direct measurement of the fluorescent lifetime 
of chlorophyll a in Photosystems I and II enriched particles of spinach. The fluores- 
cent lifetimes for Photosystems I and II are measured to be 604-10 ps, and 2004-20 
ps, respectively. 

The experimental arrangement is schematically shown in Fig. 1. It consists of 
a mode-locked Nd/glass laser, a potassium dihydrogen phosphate crystal for gener- 
ation of the second harmonic laser pulse, a sample cuvette, and a CS 2 Kerr cell. Two 
laser beams of picosecond duration are used for the experiment: a 1.06/~m pulse with 
,~ 8 ps duration, and its second harmonic 0.53 #m pulse with ,,~ 5 ps duration. The 
0.53 #m beam excites fluorescence emission in the Photosystem sample. The 1.06/~m 
beam times the Kerr gate by inducing a short-lived birefringence in the CSz cell which 
is situated between cross polarizers in the fluorescence path. The fluorescence can only 
pass through the crossed polaroids during the short time of the induced birefringence in 
the CS z cell. At 109 W (the power of the 1.06 pm beam), about I. 5 ~ of the incident flu- 
orescent light in a 5 ps interval (half width at half maximum) transmits through the 
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Fig. I. Schematic view of  experimental set up. At  the Kerr cell (CS: cell), the activating ].06 #m 
beam is aligned collinearly with the collected fluorescence light. L, lens; F, filter; M, mirror;  P, 
polaroid. 

gate. By adjusting the optical path length of the 1.06 pm beam with respect to the 0.53 
#m beam, the fluorescence is sampled at different times. The zero time is defined as the 
coincidence in time and space of the 0.53/~m and 1.06 pm pulses at the CS2 cell with 
water substituted for the sample in the cuvette. 

Four signals, the fluorescent intensity at a particular time and wavelength, the 
total fluorescent intensity, and the intensity of the excitation (0.53 #m) and probe 
(1.06 #m) beams, are detected with fast photodiode or photomultiplier and displayed 
simultaneously on a Tektronix 556 oscilloscope. The Photosystem I enriched particles 
are prepared in the dark at 4 °C from fresh spinach by two methods: (i) the method of 
Anderson and Boardman [4], using digitonin, and (ii) the method of Sane et al. [5], 
using a French pressure cell. The ratio of chlorophyll a to chlorophyll b was determined 
to be 5.8 for method i, and 6.2 for method ii [6]. The Photosystem I sample is placed 
in a 1 mm cuvette with a concentration of chlorophyll at about 500 #g/ml. For Photo- 
system II particles, prepared with the French pressure cell method, the ratio of chlo- 
rophyll a to chlorophyll b is determined to be 2.2. In the experiment, the Photosystem 
II sample is placed in a 1 cm cuvette with the concentration of chlorophyll at approx. 
40 pg/ml. The sample in the cuvette is continuously circulated to and from an ice-cold, 
black-cloth covered reservoir by means ofa  vibrostatic pump. The reservoir to cuvette 
volume ratio is 15 to 1. The time between laser flashes is about 1 min., which is about 
ten times the time required for emptying the cuvette by the pump. With a photon flux 
per excitation pulse of 6 • 1014 photons/cm 2, the total fluorescence from both photo- 
systems is observed to be linearly proportional to the excitation photon flux, and the 
intercept at zero excitation photon flux is zero. All work of this experiment is per- 
formed in the dark. 

In Fig. 2, the relative fluorescence of Photosystem I particles at 683 nm is 
plotted as a function of time for different sample preparations. Fig. 3 shows the time 
dependence of the relative fluorescence of Photosystem II particles at 695 nm. The 
fluorescence decay can be readily fitted to the equation, I = A + B .  exp(--t/Q, where 
Iis the relative fluorescence, A and B are constants and • is the decay time. For Pho- 
tosystem I, the constant background A, which amounts to a maximum of 20 °/o of the 
initial fluorescence, is probably due to the fluorescence of the solubilized chlorophyll 
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Fig. 2. Fluorescence intensi ty  o f  Pho tosys tem I particles vs t ime. The  normal ized  fluorescence 
intensi ty  is an  average o f  abou t  six individual  measurements .  Error  bar  is one s t andard  deviat ion o f  
the  mean.  The  emiss ion  wavelength is 683 nm.  The  solid curve is a theoretical  curve fit t ing I = A +  
B.  expl--(t--tm=x)/r]+lB, where IB is the  ins t rumenta l  background.  (A) A measu remen t  f rom a 
digi tonin  f rac t ionated  preparat ion.  (B) A measu remen t  f rom a French pressure  cell preparat ion.  The  
semilogar i thmic  plots  o f  (I--A --IB) give decay t imes  r = 55~:6 ps, and  674-10 ps for Figs  A and  B, 
respectively. 

molecules in the suspension. For Photosystem II particles, the value A is approximate- 
ly zero. Since the method of preparation of Photosystem I requires a much longer time 
in high speed centrifugation, it is entirely plausible that solubilized chlorophyll mole- 
cules show up substantially higher in the Photosystem I preparation than the Photo- 
system II preparation. Shown in the same figure on a semilogarithmic graph, the rela- 
tive fluorescence intensity with background subtracted represents a single exponential 
with an average decay time ~ ~ 60+ 10 ps for Photo system I, and 2004-20 ps for Photo- 
system II. The time at which the fluorescence is maximum, tmx, is observed to be about 
13+5 ps for both photosystem preparations. It should be noted that both methods 
of preparation of Photosystem I yield essentially the same decay time constant and 
rise time. For Photosystem II particles, a measurement of fluorescence at 683 nm 
shows essentially the same kinetics of that at 695 nm. 

Prior to the development of the picosecond optical gate, phase fluorometry has 
been the traditional method to deduce sub-nanosecond fluorescent lifetimes. For Pho- 
tosystem I, Borisov et al. estimated a lifetime of 30 ps [7]. Miiller et al. have reported 
an average lifetime of fluorescence from whole chloroplast of 350 ps under low excit- 
ing light intensity [8]. Presumably, the observed fluorescence from whole chloroplasts 
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Fig. 3. Fluorescence intensity of Photosystem II particles vs time. As in Fig. 2, the error bar is one 
standard deviation of the mean. The emission wavelength is 695 nm. The solid curve is a theoretical 
curve fitting I = 1Bq-A-rB • exp[--(t--t~a~)/T], where IB, the instrumental background, is 2.5, 
A = 0, B = 30, z = 200 ps, and tma~ = 13 ps. The semilogarithmic plot of (I--1B--A) has a decay 
time z = 2004-20 ps. 

is that  o f  Photosys tem II,  because o f  the much higher fluorescent efficiency and the 
longer lifetime in Photosys tem I I  particles. The results o f  this experiment have thus 
confirmed the previously measured lifetimes in Photosystems I and II.  At  this point  it 
should be emphasized that  the picosecond gate method provides direct measurement  o f  
the full kinetics o f  fluorescence. The fluorescent lifetime can also be deduced f rom quan-  
tum yield measurements f rom the relation z ---- ~Zo- The intrinsic fluorescent lifetime of  
a chlorophyll  a molecule, -r o, has been measured to be 15 ns [9]. The quan tum yield o f  
fluorescence ofPhotosys tems I and II, measured by Boardman et al. [10], are 0.0032 
and 0.016, respectively. Therefore, the calculated fluorescence lifetimes are 51 ps and 
255 ps, respectively, in good  agreement with the results o f  this experiment. F r o m  the 
measured lifetimes, the quan tum yields are calculated to be 0.004 for  Photosystem I 
and 0.013 for  Photosystem II. 

Regarding the problem o f  photosynthet ic  energetics, the mechanism of  energy 
transfer f rom the light harvesting pigments to the t rapping center is believed to be that  
o f  the excitonic resonance transfer [11 ]. The excitation is believed to spread through-  
out  a photosynthet ic  unit in a time t o = A h / V ,  where V is the intermolecular interac- 
t ion energy, and A is a multiplication factor  to account  for the extent o f  delocalization 
o f  the excitation f rom a single site to the whole unit. This time to in par t  contributes 
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to the risetime of  the fluorescence. Other contributing factors are: (1) The energy 
transfer time from accessory pigments to chlorophyll a pigments; (2) the time of  
thermalization in the first excited singlet manifold of an individual molecule; and (3) 
the response time of the Kerr gate. Letting the total risetime of fluorescence be zt, the 
time dependence of  the fluorescence intensity I is proportional to (e-'/~--e-t/~t), where 
T is the fluorescence decay time. The time at which the fluorescence is maximum is 
tma x : z[ ln(z / z t ) ] l ( z / z  t -  1). From experimental results, z I = 60 ps, "L'I[ : 200 ps for 
Photosystems I and II, respectively, and tma x ~ 13 ps, the fluorescence risetimes 
z t are on the order of 5 ps, which is approximately equal to the half width of the gate 
response time. Therefore, the time required for a single excitation to spread out in the 
Photosystem particle is at most a few picoseconds. 

Due to the very low concentration of trapping center in a photosynthetic unit, 
the probability of the excitation wave visiting a trapping site is low. The average time 
required for a center to trap the excitation energy is longer. The decay time of fluores- 
cence indeed measures this average trapping time. Assuming a random walk model of 
the exciton, the average number of jumps for an excitation to reach a single trapping 
site in a two-dimensional array of, say, 300 chlorophyll a molecules has been calculated 
to be n ,~ 600 [11 ]. Without accounting for the possibility of spectral heterogeneity 
among the pigment molecules, and assuming a 100 ~ trapping efficiency, the pair jump 
time is Z o = z / n  ,~ 0.1 ps in Photosystem I, and 0.3 ps in Photosystem I[, where z, the 
fluorescence decay times are taken to be the measured values, 60 ps and 200 ps for photo- 
systems I and II,respectively. The interaction potential between chlorophyll a molecules, 
therefore, can be estimated at V =/~/~:o = 0.006 eV in Photosystem I and 0.002 eVin 
Photosystem II*. Applying this interaction energyto the previous ideason the time t o for 
the exciton wave packet to spread out in a photosynthetic unit and assuming A ~ 25 [8 ], 
the times t o are approx. 2.5 ps and 7.5 ps for Photosystems I and II, respectively, which 
are consistent with the rise time data. 

Previously, from the observation of a dip and rise in the fluorescence kinetics of 
whole chloroplast, Seibert andAlfano [2] have advanced a theory that the total fluores- 
cence is composed of light emission from two independent components, probably Pho- 
tosystems I and II. The 200 ps lifetime of  Photosystem II is in excellent agreement with 
the long overall decay component observed in the previous work. But, present mea- 
surement of  60 ps as the fluorescent lifetime of Photosystem I particles is not readily 
identifiable with the suggested 10 ps component. Further, the observed fast fluorescent 
rise times in both systems cannot explain the rise and the dip in the fluorescence of 
the whole chloroplast. The theory suggested in ref. 2 requires the risetime of one 
component to be relatively long. To account for the discrepancies, first it should be 
noted that the 10 ps time was estimated from two data points**. Furthermore, 
subchloroplast photosystem particles obtained in this experiment may not be the same 
photosystems in the environment of an intact whole chloroplast. Photosystem 
II contamination of  Photosystem I particles is possible. Detergent and 
highpressure treatments may also alter the physical organization of pigments 
in the particle. It seems to suggest that the environment of a whole chloroplast 
is not a simple algebraic sum of Photosystems 1 and II, at least for the nature of 
fluorescence. This also implies that the procedure for isolating the photosystem 

* a n d  **, See " N o t e  a d d e d  in  p r o o f " ,  



164 

fract ions al ters the energy t ransfer  processes found  in in tac t  chloroplas ts .  We  believe 
further  exper iments  on the f luorescent  kinetics o f  the whole chloroplas t ,  especial ly in 
the spectral  doma in ,  should  be carr ied out  for  clar ifying the re la t ionship  in f luorescent 
kinetics between the whole ch loroplas t  and  the Pho tosys tem particles.  

In  conclusion,  this s tudy represents  a first direct  observa t ion  o f  the kinetics o f  
Photosys tems I and  II  fluorescence. The da t a  are  in good  agreement  with previous  
exper iments  [7, 10] on lifetime and  q u a n t u m  yield. 

NOTE ADDED IN PROOF (Received January 1, 1975) 

* These calcula ted values o f  in teract ion energy cor respond  to a coupl ing o f  
in termedia te  strength. The just i f icat ion for  employ ing  the r a n d o m - w a l k  model  
( localized or  weak coupl ing)  has been presented in ref. 11. 

** Recent  measurements  (Yu, W. and  Alfano,  R. R. unpubl i shed)  have indica ted  
tha t  the f luorescent  decay profile f rom whole ch lorop las t  is non-exponent ia l ,  and  
only somet imes a dip  and  a rise are observed.  
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