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Abstract-The fluorescence decay kinetics of photosynthetic mutants of Chlamydornonas reinhardii 
which lack photosystem 11 (PS 11), photosystem I (PS I), and both PS I1 and PS I have been measured. The 
PS I1 mutant strain 8-36C exhibits fluorescence decay lifetime components of 53, 424 and 2197 ps. The 
fluorescence decay of a PS I mutant strain 12-7 contains two major fluorescence decay components with 
lifetimes of 152 and 424 ps. The fluorescence decay of mutant strain C2, which lacks both PS I1 and PS I, is 
nearly single exponential with a lifetime of 2561 k 222 ps. In simulations in which it is assumed that 
wild-type decays are a simple sum of the major decay components of the isolated parts of the 
photosynthetic unit as measured in the mutants, curves are obtained that fit the wild-type C. reinhardii 
fluorescence decay data when the absorption cross-sections of PS I1 and PS I are weighted approximately 
equally. The 89 ps lifetime component in the wild-type is an average of 53 and 152 ps components arising 
from excitation transfer to and trapping in PS I and PS 11. The single step transfer time in PS I is estimated 
to be between 100 and 700 fs depending on assumptions about array size. We find that between two and 
four visits to the PS I reaction center are required before final trapping. . -  . 

INTRODUCTION 

The form Of the fluorescence decay function Of the 
light harvesting system of photosynthetic organisms 

complex. There are two types of reaction center 
complexes with closely coupled and distinct Chl 
protein complexes, collections of associated light 
harvesting Chl alb proteins of unknown array sizes 

, has been the Object Of intensive study Over the past 
see Breton and Geacintovj 

and associations, and inter-photosystem associations 
which vary laterally in the thylakoid (Anderson and ten years (for a 

1980). The advent of low-intensity tunable lasers, 

potential for a detailed understanding of both the 
structural organization of the photosynthetic unit 

photosynthesis. Several groups (Gulotty et al., 1982; 

19sl). In addition, there may be two 

either the probability of quenching by their primary 
electron acceptor per excitation visit or light harvest- 

this complexity, the single photon counting 

coup1ed with photon counting gave the types of photosystem 11 reaction centers distinct in 

and the energy transfer paths in higher plant ing array size (Melis and Duysens, 1979). Despite 

Haehnel 7 1982; Nairn et ? 1982; Magde et > fluorescence decays are well fit to three exponential 
1982) have found it necessary to use a sum of three components in which the fit satisfies statistical 

decay components (see Eq' '1 to fit the 
from higher plant chloroplasts and 

citeria for a 'best fit' with a x, of 1.0 (Bevington, 
1969). Two of these components account for the decay 

quenchingof 99% of the excitation (7, = 100 ps, 72 = 
400 ps and Al  = 0.73, A2 = 0.26). 

The fluorescence kinetics suggest that the light 
+ A3 exp(-t/q) (1) harvesting array heterogeneity should be reducible 

to only two types of functional units or energy 
An essential prerequisite for a mechanistic transfer paths. However, previous efforts to reduce 

description of the fluorescence decay in terms of the the heterogeneity of the light harvesting array to two 
excitation transfer and trapping processes is an collections of pigments or quenching paths have 
assignment of the observed decay components in proved inadequate (Gulotty et al . ,  1982). For 
terms of the functional constituents of the photo- example, the obvious assignment of T~ and 7 2  to 
synthetic unit. The physical arrangement of chloro- quenching of excitations by PS I and PS 11, respecti- 
phyll (Chl)? within the photosynthetic membranes is vely, required that 60-80% of the initial excitation be 

quenched by PS I. This was considered inconsistent 
width at with previous measurements of the distribution of 

half maximum; ps I, photosystem I; PS 11, photosystem 11; excitations between the two photosystems (Butler 
x:, reduced chi-squared. and Kitajima, 1975) which predicted that 2&30% of 

green algae. 

f ( t )  = A ,  exp(-thl) + A2 exp(-th2) 

*To whom correspondence should be addressed. 
fAbbreviations: Chi, ch~orophyll; FWHM, 
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the initial excitations were quenched by PS I. An 
additional question is whether the true fluorescence 
decay is really a triple exponential, or is a different 
(e.g. more complex) function that due to the 
limitations of real data (e.g. finite time resolution, 
dynamic range, etc.) can be statistically well fit as a 
triple exponential decay. 

In this paper we describe measurements of the 
fluorescence decay kinetics of photosynthetic 
mutants of the green alga C. reinhardii. The photo- 
synthetic mutants are used to reduce the complexity 
of the photosynthetic unit and allow assignment of 
the fluorescence decay components to the consti- 
tuent parts of the photosynthetic unit. The fluore- 
scence decay measurements of the PS I and PS I1 
mutants are the first sub-nanosecond kinetic 
measurements of excitation transfer in isolated PS I 
and PS I1 where genetic mutation and selection has 
been used instead of detergent or mechanical 
fractionation to obtain membranes containing only 
one type of photosystem. We synthesize the decay 
characteristics of the isolated parts and obtain the 
characteristics of the whole wild type photosynthetic 
unit. The decay kinetics of the mutants and the 
synthesis suggest that the triple exponential fit of the 
wild-type data underestimates the true complexity of 
the energy transfer and trapping paths. 

The fluorescence decay data are combined with 
the biochemical properties of the PS I1 and PS I 
mutants to provide input to the equations of 
Pearlstein [ 1982) that model excitation migration 
and trapping. The results of the calculation lead to 
estimates of the single step transfer time between two 
antenna chlorophyll molecules, and of the average 
number of visits of an excitation to the reaction 
center required for quenching in PS I. The calcula- 
tion is also used as a basis for the discussion of the 
multi-exponential fluorescence decays of the 
mutants. 

MATERIALS AND METHODS 

Plant material. The C.  reinhardii wild-type and mutant 
strains were grown heterotrophically in low light (- 8-10 
pE m-' s-') on Tris-acetatelphosphate media (Surzycki, 

1971) to log phase (lob cells/mt) and harvested for experi- 
ments. The generations, isolation, and biochemical charac- 
terization of the wild-type strain, 2137, PS I mutant strain, 
12-7 and PS I1 mutant strain, 8-36C, are described in 
Spreitzer and Mets (1981). The PS I-PS I1 mutant strain C2 
has been generated recently by Mets and is described 
elsewhere (Gulotty et al.,  1984). 

Chlorophyll, chlorophyll protein content and reaction 
center activity. The biochemical characteristics of the 
wild-type and mutant strains of C .  reinhardii are 
summarized in Table 1. The ratio of Chl a to Chl b was 
determined by measuring the absorbance of 80% (vol/vol) 
acetone-water extracts of the samples and using the 
equations of Arnon (1949). The PS I content and P700 
reaction center activity was estimated in Triton X-100 (75 
mglmg Chl) solubilized photosynthetic membranes 
obtained from cells broken with a French pressure cell at 
4000 psi. The light induced absorbance change at 697 nm of 
P700 was determined in the presence of sodium ascorbate 
and methyl viologen in an Aminco DW-2 spectrophoto- 
meter following the procedure of Shiozawa etal. (1974). A 
differential extinction coefficient of 64 mM-' cm- ' 
(Hiyama and Ke, 1972) was used for estimation of the P700 
content, while an extinction coefficient of 60 mM-' cm-' 
a t  669 nm was used to estimate total Chl. The 
WOO Chl a protein content of the strains was measured by 
sodium and lithium dodecyl sulfate polyacrylamide gel 
electrophoresis according to Vierling and Alberte (1983) 
and Delepelaire and Chua (1982), respectively. 

The PS I1 activity of the C. reinhardii strains 2137, 12-7, 
and 8-36C has been determined by Spreitzer and Mets 
(1981) by measuring the rate of photoreduction of 
dichlorophenolindophenol (DCPIP) (Vernon and Shaw, 
1974). The wild-type (2137) and PS I mutant (12-7) strains 
reduced DCPIP at similar rates whereas the PS I1 mutant 
strain 8-36C showed no activity. In addition, Spreitzer and 
Mets inferred PS I1 and PS I content of strains 2137, 12-7 
and 8-36C by their fluorescence' induction patterns 
(Bennoun and Chua, 1976). We have measured the 
fluorescence induction patterns of all the strains studied on 
a device similar to that of Spreitzer and Mets (1981). We 
also measured variable fluorescence with our single photon 
counting apparatus by not flowing the sample. Strains C2 
and 8-36C show no variable fluorescence whereas strains 
2137 and 12-7 show 2-4 fold increases in fluorescence 
intensity with saturating illumination by both methods. 

The Chl alb protein content of the C.  reinhardii strain 
was determined by gel electrophoresis (see above) and 
inferred from the presence of Chl b in the samples. 

Time-resolved fluorescence measurements. The 
fluorescence decay measurements were performed as 
described in Gulotty et al. (1982), except for the following 
modifications. An intracavity acousto-optically dumped 
Rhodamine 6G dye laser at 619 nm, pulse selecting at 75 

Table 1. Biochemical characteristics of wild-type and mutant strains of C. reinhardii 

2137 + + 320-400 2.6 61 
8-36C - + 220-260 2.4 64 
12-7 + - >10ooO$ 1.7-2.1 7&81 
C2- 1 A - - >10OOO$ 1.2-1.4 92-100 

?Calculated assuming that all of the Chl b is contained in Chl alb protein with a Chi 

$Not detected at the resolution of the WOO assay (Shiozawa er al. ,  1974; Vierling 
a to Chl b ratio of 1.2. 

and Alberte, 1983). 
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KHz, was used instead of a DCM dye laser with an external 
electro-optic modulator (Pockels cell) used a 91 KHz. In 
addition, a microchannel plate detector (Hamamatsu, 
model R1645-01u) was used to detect single photons. The 
10 mV anode signal from the detector was amplified with a 
Hewlett Packard HP8447f pre-amplifier, amplifier 
combination to 0.61.0 V. Fluorescence was collected at 90" 
using a Ditric Optics 3-plate birefringent filter at 680 nm. 
The instrument response function of the single photon 
counting apparatus was measured by scattering single 
photons of the excitation pulses from solutions of non-dairy 
creamer-water in the flow cell. The instrument response 
function had a FWHM of 130 ps and a full width at tenth 
maximum of 250 ps. The instrument response function was 
convoluted with a sum of exponential components contain- 
ing a shift parameter, and the parameters Ai, T~ (i = 1-3, see 
Eq. 1). The parameters were varied until the convoluted 
curve matched the measured decay curve. The single 
photon counting system was checked for non-linearities and 
systematic error by measuring the lifetime of oxazine 725 in 
water (490 k 40ps), inethanol (944 5 20ps), or cresyl violet 
in water (2024 f 24 ps) depending on the average lifetime of 
the photosynthetic sample to be measured. Dark adapted 
(fo) conditions were maintained by flowing the sample at 1 
t h i n .  Constant illumination of samples (which influences 
the variable fluorescence) was obtained by not flowing the 
samples, resulting in approximately 1 photon per reaction 
center per ms. 

RESULTS AND DISCUSSION 

Figure 1 shows typical single photon counting 
fluorescence decay data of the C. reinhardii wild-type 
strain 2137 (curve a), PS I mutant strain 12-7 (curve 
b), PS I1 mutant strain 8-36C (curve c), and the PS 
I-PS I1 mutant strain C2 (curve d). The figure 
illustrates the non-exponential kinetics of the C. 
reinhardii strains 2137, 12-7, and 8-36C, all of which 
contain reaction centers, and the nearly single 
exponential behavior of the PS I-PS I1 mutant C2. 
Both the PS I1 and PS I mutant strains have a higher 
quantum yield than the wild-type strain. The PS I and 
PS I1 mutant strains show an increased weight of long 
lifetime component compared with the wild type (see 
Table 2). This component has a similar lifetime to the 
C2 mutant which contains Chl alb protein and no 
reaction centers. The mutant lacking PS I1 has a 
much larger weight of this component as might be 
expected since most of the Chl alb protein in the 
wild-type is presumed to be connected to PS 11. The 

short-time behavior of the 12-7 PS I mutant strain (7, 
= 155 ps) shows a longer decay than both the 
wild-type ( T ~  = 89 ps) and PS I1 mutant ( T ~  = 53 ps) 
(see Table 2). 

Figure 2 shows a typical fluorescence decay of the 
wild-type strain 2137 of C.  reinhardii. The smooth 
curve is a best fit of the data,f(t), using a sum of three 
exponential decay components convoluted with the 
measured instrumental response function i ( t )  
(FWHM = 130 ps). Above the data are shown the 
normalized residuals r(i), 

r(i) = [d( i )  - c( i ) ] /d( i )  

where d(i)  and c( i )  are the measured and calculated 
number of fluorescence photons in the time interval 
i ,  for the triple ( A ) ,  double ( B ) ,  and single (C) 
exponential fits of the C. reinhardii wild-type data. 
Also shown (D) are the residuals for the single 
exponential decay data of the standard dye solution 
(oxazine 725 in water) taken immediately before the 
measurement of the C.  reinhardii strains to insure 
that the observed non-exponential behavior is due t o  
the sample. The parameters of the triple exponential 
fit of the wild-type data (see Table 2) are in 
agreement with those previously measured (see 
Fleming et al . ,  1983; Haehnel et a [ . ,  1983) and are 
generally similar to those of higher plant chloroplasts 
(Gulotty et al.,  1982; Haehnel et al., 1982; Berens et 
al . ,  1982). 

While the overall form of the wild-type fluore- 
scence decay is similar in the above measurements it 
should be emphasized that the parameters may vary 
by up to 50% because of different sample types or 
because of observations at different excitation and 
emission wavelengths. To be explicit, T~ = 100 -t 50 

f 0.10,A = 0.34 k 0.10, andA3 = 0.01 k 0.01. In 
addition, the weights and lifetimes of the inter- 
mediate and long components vary depending on the 
time range over which the decay curve was collected, 
e.g. 6 or 12 ns. We discuss this in the following 
section. 

PS, 72 = 400 k 100 PS, 73 = 2000 k IOOO PS, A1 = 0.65 

Table 2. Fluorescence decay parameterst of C. reinhardii wild-type and mutant strains 

Sample type Strain 71 7 2  T~ A, A2 A3 x: Time scale Full scale 
(PS/Ch) (ns) 

Wild-type WT2137 86 387 1395 0.586 0.395 0.019 1.0 11.75 
PS I1 mutant 8-36C 53 424 2197 0.503 0.191 0.306 1.4 11.75 
PS I mutant 12-7 152 424 2924 0.598 0.378 0.024 1.1 11.75 
PS I-PS I1 mutant C2 839 2720 0.167 0.833 1.4 23.5 

PS I1 mutant 8-36C 105 956 2280 0.463 0.259 0.277 1.1 23.5 
PS I mutant 12-7 168 630 2619 0.633 0.327 0.041 1.3 23.5 

2561 1.0 2.6 

tFluorescence emission collected at 680 -+ 5 nm, excitation at 610 nm. 

6 
6 
6 

12 
12 
12 
12 
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Figure 1. Fluorescence decay curves of C. reinhardii strains 
(a) wild-type WT2137 (b) PS I mutant 12-7 (c) PS 11 mutant 
8-36C and (d) PS I-PS I1 mutant C2. The excitation 
wavelength is 610 nm and emission was collected at 680 ? 5 

nm. 

10000 

uI 1000 
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Figure 2. Fluorescence decay curve of wild-type C. 
reinhardzi strain WT2137, f ( t )  (dots) instrument response 
function i ( t )  (dots) and fit of the dataf(t) (curve) with a sum 
of three exponential decay components, 0.544 exp( -t/95 
ps) + 0.439 exp(-t/371 ps) + 0.018 exp(-;/2277 ps). 
Shown above are normalized residuals as in Eq. 2 (see text) 
for fits of the dataf(t) (dots) to (a) three (b) two, and (c) one 
exponential decay components. The residuals (d) are 
calculated for a single exponential fit to oxazine 725 in water 
where the x: is 1 .0 and the lifetime is 490 ps. The excitation 
wavelength is 610 nm, and the emission was collected at 680 

It 5 nm. 

Fitting range dependence of decay parameters 

We have previously reported the fluorescence 
decay parameters of the 12-7 and 8-36C strains of C. 
reinhardii obtained with a conventional photo- 
multiplier with an instrument response FWHM of 
300 ps (Fleming et al.,  1983). The lifetimes reported 
were measured in a 12 ns time range. Under these 
conditions the lifetimes and weights were somewhat 

longer than those reported here using a microchannel 
plate detector on the 6 ns time range full scale. While 
one could argue that the differences were due to the 
difficulty in determining the short lifetime 
component with a 300 ps FWHM instrument 
response function, we find that the longer time 
range, 12 ns, also yields longer lifetimes when the 
microchannel plate (FWHM = 130 ps) is used. Table 
2 summarizes the decay parameters of the mutants 
obtained on the two different time scales. The values 
of T~ and T~ decreased and the weight of T; increased 
on the 6 ns time scale compared to data taken on the 
12 ns time scale. This phenomenon is indicative of the 
presence of more components than we are able to 
resolve with our three-exponential fit. While we have 
simulated the wild-type decay data from the decay 
kinetics of the mutants on both time scales, we 
present the 6 ns time scale data. We believe this range 
best determines the short components which 
correspond to photochemistry and separates the long 
lifetime which is due to non-photochemical 
quenching of excitations on chlorophyll in the 
absence of open reaction centers, e.g. in decoupled 
Chl alb protein. 

Fluorescence decay kinetics of the PS II mutant 
8-36C 

Figure 3 shows a typical fluorescence decay curve 
observed at 680 nm of the PS I1 mutant and the 
residuals for multi-exponential fits. The decay is fit to 
three components with 53 ps, 424 ps, and 2197 ps 
decay times and weights of 0.503, 0.191, and 0.306, 
respectively. No variation was observed as a result of 
constant illumination, confirming the view (Duysens 
and Sweers, 1963) that variable fluorescence is 
associated with PS 11. The large weight of a 2 ns 
component indicates the presence of a significant 
number of antenna molecules which are not coupled 
to the reaction center. This lifetime is similar to that 
of detergent-isolated monomers of Chl alb protein 
(Nordlund and Knox, 1981; Lotshaw et al.,  1982; 
Searle et a l . ,  1983; Berens, 1984) and mutants of C. 
reinhardii, such as strain C2, that contain primarily 
ChI alb protein. The large weight of the 2 ns 
component is consistent with its assignment to 
decoupled Chl alb protein, since much of the Chl alb 
protein in higher plant and algal chloroplasts is 
believed to be associated with PS I1 (Thornber and 
Barber, 1979). 

The weight of the 53 ps lifetime component is 
larger at 730 nm than at 680 nm, suggesting that this 
component is associated with longer wavelength Chl 
close to the PS I reattion center. However the large 
magnitude of the weight suggests that excitations 
originating in Chl alb protein, which comprises 71% 
of the total Chl in this mutant (Table l), may also 
contribute to this component. Alternatively, the 
weight may reflect the funnel effect (Seely, 1973) of 
lower energy Chl forms nearer to the trap biasing the 
excitation migration (and. hence fluorescence) to 
long wavelength chlorophyll. 
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Figure 3. Fluorescence decay of the C. reinhardii PS I1 
mutant strain 8-36c at 680 nm, f(t) (dots) instrument 
response function i(i) (dots) and fit of the data with a sum of 
three exponential decay components, 0.503 exp( 4 5 3  ps) 
+ 0.191 exp(-t/424 ps) + 0.306 exp(42197 ps), At) 
(curve). Shown above are the residuals (a)-(d) for fits of the 

data and standard dye molecule as in Fig. 2. 

Fluorescence Decay Kinetics of the PS I Mutant 
12-7 

Figure 4 shows the fluorescence decay kinetics of 
the C. reinhardiimutant strain 12-7, which lacks PS I. 
The decay is best fit to three exponential components 
with lifetimes of 152,424 and 2924 ps weighted 0.598, 
0.378 and 0.024 respectively. The short lifetime 
component of 152 ps is considerably longer than that 
of the wild-type (89 ps) and PS I1 mutant (53 ps). In 
addition, the weight of the long component is not as 
large as in the PS I1 mutant, suggesting that much of 
the Chl aib protein in this mutant is still closely 
coupled with PS 11. We have, however, in the past 
two years, measured the fluorescence decay kinetics 
of this mutant and found thefolevel of fluorescence to 
be variable, usually higher, than that measured most 
recently with the microchannel plate detector and 
cavity-dumped dye laser, (see Fleming et al., 1983). 
The most likely explanation for this variability of the 
f o  level is variation in the inter-photosystem and light 
harvesting protein associations in the heterotrophi- 
cally grown cells. In particular the influences on the 
decay kinetics of the reduction of the plastoquinone 
pool and phosphorylation state which regulates coup- 
ling of the Chl a/b protein is not clear (Bennett etal.,  
1980; Haworth et al . ,  1982). We have eliminated the 
possibility of variable mixtures of open and closed PS 
I1 centers arising from the absence of PS I by 

10000 

100 

Figure 4. Fluorescence decay of C. reinhardii PS I mutant 
strain 12-7flt) (dots) instrument response function ( I )  (dots) 
and fit of the datafit) (curve) to a sum of three exponential 
components, 0.58 exp(-r/152) + 0.378 exp(-t/424) + 
0.024 exp(42924). The fluorescence was collected at 680 
k 5 nm for an excitation wavelength of 610 nm. Shown 
above are the residuals (a)-(c) for fits of the dataflj) as in 

Fig. 2. 

verifying that the return from fmax to fo following 
illumination is fast and reversible. 

Note that the decay in Fig. 4 is for 12-7 cells which 
were broken at 4000 psi to facilitate redox mediation 
in titration experiments. While breaking the cells 
may affect the inter-thylakoid organization, the 
overall decay parameters are consistent with those of 
whole cells. 

Fluorescence decay kinetics of the PS I-PS II 
mutant strain C2 

Figure 5 shows a typical fluorescence decay curve 
of C. reinhardii mutant strain C2 which lacks both PS 
I and PS I1 and presumably contains essentially only 
Chl d b  protein in the thylakoid membranes (see 
Table 1). The decays are very nearly mono- 
exponential with a lifetime of 2561 ps; no short 
component of 50-150 ps is present. We report the 
lifetime of data obtained on the 12 ns full scale time 
range, where it is most accurately determined. There 
is a slight improvement in x: when the decays are fit 
to two lifetime components of 839 and 2720 ps 
weighted 0.16 and 0.84, respectively. The residuals of 
the single exponential fit of cresyl violet in water, a 
standard dye molecule with a lifetime similar to that 
of C2, are shown in Fig. 5c. The origin of the slight 
non-exponential behavior in this mutant is not clear, 
but may be due to a small amount of concentration 
quenching (Beddard and Porter, 1976). The ratio of 
Chl a to Chl b in C2 of 1.2-1.4 may allow for a little 
Chl a not in Chl alb protein. Lotshaw ef al. (1982) and 
Berens et al. (1984) found much more marked 
non-exponential behavior in detergent isolated Chl 



492 

1 .  .; 
I. 

ROBERT J. GULOIIT ef al. 

-4 4 , . '. . , . , . , . , 

- 4  4' , . ";' : 1 : I . , . 1 

alb protein monomers from barley and spinach 
chloroplasts. This marked non-exponentiality may 
be due to detergent alteration of the protein, which 
decouples two Chl a pools (Lotshaw et al., 1982) in 
the detergent isolated monomers. 

Simulation of wild-type fluorescence decay data 

The fluorescence decay kinetics of the intact 
chloroplast should reflect the contributions of the 
isolated parts of the photosynthetic unit. In the 
absence of inter-photosystem associations that may 
complicate the energy transfer paths, the fluore- 
scence decay properties of the isolated parts should 
add to the whole when weighted for their relative 
absorption cross-sections. Figure 6 summarizes the 
results of a simulation of the wild type fluorescence 
decay in which we sum the decay properties of the PS 
I and PS I1 mutants which correspond to the 
photochemical paths and use the average lifetime of 
the PS I-PS I1 mutant to represent the lifetime of 
decoupled Chl alb protein. All curves are a 
convolution as in Eq. 3, 

where d(ti) are the points plotted, f(ti) is the decay 
form assumed based on our data, and Z(ti) is a 
measured instrument response function (FWHM = 
130 ps) on the 6 ns time range. The dots are a 
convolution of a typical instrument response function 
and the average fluorescence decay parameters of 
our wild-type fluorescence decay data on the 6 ns 
time range (see Table 1) as f i t ) .  Gaussian noise was 

0 a5 1 
TIME Cnd 

Figure 6. Simulation of C. reinhardii wild-type fluore- 
scence decay data. (a) f ( f )  = 0.9925 PS I1 mutant decay + 
0.0075 PS I-PS I1 mutant decay, (b) (curve)f(f) = 0.6 PS I1 
mutant decay + 0.3925 PSI mutant decay + 0.0075 PS I-PS 
I1 mutant decay, (b) (dots)f(f) = wild-type decay, (c)f(t) = 
0.9925 PSI mutant decay + 0.0075 PS I-PS 11 mutant decay. 
f l f )  was convoluted with a typical instrument response 
function to yield the curves and dots (a)-(c). See text for 

details. 

added to simulate real data. The curve (a) is a 
convolution of the same instrument response 
function with f(tJ described by the decay parameters 
of the PS I1 mutant (Eq. 4) and PS I-PS I1 mutant 
(Eq. 5 )  weighted 0.9925 and 0.0075. 

= 0.7248 exp(-t/53 ps) (4) 
+ 0.2752 exp( - t/424 ps) 

f(t)PSII = 0.6127 exp(-t/l52 ps) 

+ 0.3873 exp( 4 4 2 4  ps) 
(5 )  

Curve (c) is a convolution of the decay parameters of 
the PS I mutant (Eq. 6) with those of the PS I-PS I1 
mutant weighted 0.9925 to 0.075. 

Curve (b) is a convolution of the decay parameters of 
the PS I1 mutant, PS I mutant, and PS I-PS I1 mutant 
as in Eq. 7 in which a = 0.6, p = 0.3925 and y = 
0.075. 

It can be seen in Fig. 6 that curve (b) follows the real 
data very closely. Curves (a) and (c) are the cases 
where a or f3 are zero, and illustrate the boundaries 
of the simulation. Hence a simple sum of the decay 
kinetics of the PS I1 mutant &36C and PS I mutant 
12-7, and a minor weight of PS I-PS I1 mutant C2 fit 
the wild-type fluorescence decay kinetics. While all 
the values of u, p, and y resulted in curves which 
could be fit to a sum of three exponential decay 
components with a x: of 1.0-1.2 (for 10000 counts in 
the peak channel), only the convolutions with 
approximately equal weights of PS I and PS I1 fit the 
wild-type data. Since the intermediate lifetimes in 
both mutants is 424 ps, the major conclusion of the 

Figure 5. Fluorescence decay of C. reinhardii PS I-PS I1 
mutant strain C2, At) (dots) instrument response function 
i(t) (dots) and fit of the data to a single exponential decay 
with a lifetime of 2829 ps, x: = 1.7. Shown above are the 
residuais for the single (a) and double (b) exponential fit 0: 

f ( t ) .  The residuals (c) are for a single exponential fit of 
cresyl violet in water with a lifetime of 2062 ps and x: = 1.29. 
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simulation is that the short component lifetime of 89 
ps measured for the wild-type C. reinhardii is an 
average of a 53 ps lifetime due to energy transfer and 
trapping at PS I and a 152 ps lifetime due to energy 
transfer and trapping of excitation by PS 11. 

Excitation dynamics in PS I 

An estimate of the single step transfer time 
between communicating Chl molecules in the PS I1 
mutant can be obtained using the biochemical and 
fluorescence decay data presented above and 
Montroll’s equations (see Eqs. 8 and 9 below; 
Montroll, 1969) for the number of steps required for 
trapping of excitations in square and cubic lattices in 
one passage. The physiological data show that there 
are 220 chlorophyll molecules per PS I reaction 
center (P700) in the PS I1 mutant (8-36C) (Table 1). 
The high resolution fluorescence decay data 
collected at 680 nm shows that the relative weight of 
the 53 ps lifetime component is 0.503. This suggests 
that approximately 111, (0.503 x 220), of these Chl 
molecules transfer their absorbed excitation to PS I 
in 53 ps. Assuming that trapping is irreversible, the 
single step transfer time is merely the lifetime for 
trapping (53 ps) divided by the number of steps 
required for the excitation to reach the trapping 
center for an array of 111 Chl molecules. 

<n> - 1.5164 N (9) 

The values of <n> calculated from Eq. 8 or Eq. 9 
are approximately equal for N = 111. The average 
value of e n >  is 167 f 1. Dividing the measured 
lifetime of transfer and quenching of excitations by 
PS I (53 ps) by the number of steps (167) yields 317 fs 
as an upper limit for the single step transfer time. 
This number is an upper limit, the slowest the single 
step transfer can be, because the calculation assumes 
detrapping is negligible in the PS I reaction center. 

We can go further by using the theoretical 
treatment of Pearlstein (1982) to discuss the energy 
transfer and trapping dynamics. Using this formalism 
we can obtain an estimate of the transfer time 
between adjacent antenna molecules and of the 
number of visits an excitation makes to the reaction 
center before final trapping. The starting point is 
Pearlstein’s expression for the excitation lifetime 
(assumed exponential), 

A40 = [l + (Fd/Ft)(N-l)]k,-’ 

+ [(qFJ-’ - (@3-11 [(N-1)2/Nl 

+ a N  Fa-’ (10) 

Here Ft and Fd are the average Forster rate 
constants (forward and reverse) for excitation 
transfer between antenna chlorophyll and the 
reaction center, F, is the average Forster rate 

constant for excitation transfer between communi- 
cating antenna molecules, N the array size, and k ,  is 
the primary electron transfer rate constant in the 
reaction center. The parameter q is the coordination 
number of the lattice and a is a numerical constant 
that depends on the array type (Hemenger ef al., 
1972). An important feature of Eq. 10, is that it 
accounts for multiple visits to the reaction center 
without requiring any assumption about the actual 
number of visits. 

Equation 10 contains a number of parameters of 
which only Mo and N are accessible from our data, 
however enough spectral and kinetic data are 
available to make reasonable estimates of FdIFt, k,, 
and FdF,. In our calculation we closely follow the 
assumptions used by Shipman (1980). We assume 
FdIF, = 0.107, which is the Boltzmann factor 
between the first excited singlet states of the trap at 
700 nm and average antenna molecules absorbing at 
678 nm. The value for kp = (3 ps)-’ based on the 
measurement of Parson et al. (1978) for the rate of 
primary electron transfer in a bacterial reaction 
center. Our calculation shows that single step 
transfer times are quite insensitive to the value of k,. 
Using the fact that P700 is a dimer of chlorophyll and 
the value of the Boltzmann factor between the 
reaction center and the array we fix FJF, = 1.56 
(Shipman, 1980). As above, we let MO = T~ = 53 ps 
and N = 111 based 09 our PS I1 mutant 8-36C data. 
The remaining parameters in (10) are q and a. The 
single step transfer time was calculated for both a 
square and a simple cubic lattice, for which q = 4, a = 
0.429 and q = 6, a = 0.262, respectively (Hemenger 
et al., 1972). 

Putting all the above parameters in Eq. 10 leads to 
a single step transfer time (llqF,) of approximately 
0.1 ps for both lattice types. The calculation yields 
the trapping and detrapping times, UqF, = 64 and 72 
fs and llqFd = 0.6 and 0.67 ps for the two lattice 
types. The single step transfer time that we calculate 
for the PS I1 mutant is significantly shorter than the 
earlier estimate of 0.7 ps of Campillo and Shapiro 
(1977). This may be due to an error in our simple 
assignment of the weight of the 53 ps lifetime 
component as the fraction of molecules involved in 
the random walk. If the short lifetime is due only to 
PS I core Chl a molecules, then N = 40-60 instead of 
111 (see Vierling and Alberte, 1983), and the single 
step transfer time is 0.4-0.7 ps in closer agreement 
with Campillo and Shapiro (1977). 

The second quantity of interest is the ratio of the 
lifetime Mo, to  the time of first passage, 
TFPT (i.e. the time between excitation and first arrival 
at the reaction center). If M O h F p T  is 1, the photo- 
chemical event is “diffusion controlled”. If M0hm 
> 1 multiple visits occur and the photochemical event 
is reaction controlled. T~ is calculated from 
Pearlstein (1982). 
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Using the values calculated above in Eq. 11 for N 
= 111 we find MOIrFpT = 3.7 for both the square and 
cubic lattice and conclude that the excitation makes 
about four visits to the reaction center before the 
photochemical event occurs. However, if we assume 
that only 40-60 Chl a molecules which are closely 
associated with the P700 reaction center, contribute 
to the 53 ps lifetime component when MoITF~T = 
1.4-1.7 and the kinetics are closer to diffusion 
controlled. 

Equation 10 can be applied to the 424 ps lifetime 
component in the PS I1 mutant. Figure 7 shows the 
effect of array size on the single step transfer time for 
PS I and PS I1 for their respective decay components. 

0 100 200 300 400 
ARRAY SIZE (CHL/RC) 

Figure 7.  Single step transfer time vs array size for PS I (a) 
M,, = 53 ps, (b) MI,  = 424 ps and PS I1 (c) Mo = 152 ps, (d) 

= 424 ps calculated using Eq. 10 (see text). 

Figure 7 (trace b) shows that a very large array gives 
rise to the 424 ps component in the PS I1 mutant for 
single-step transfer times of 0.1-1.0 ps. The energy 
difference between the PS I reaction center (700 nm), 
and the antenna Chl (678 nm) enables efficient 
trapping per excitation visit that allows excitations 
from distant Chl molecules to be trapped photo- 
chemically. This suggests that a contribution to the 
400 ps lifetime component in higher plant chloro- 
plasts may be due to spillover of excitations from PS 
I1 Chl to PS I. Figure 8 shows the relationship 
between M O / T p T  and the array size for the PS I and 
PS I1 lifetimes. The 424 ps lifetime component of PS I 

0 100 200 300 400 
ARRAY SIZE CCHL/RC) 

Figure 8. M(,hpp(. vs array size for PS I (a) McI = 53 ps, (b) 
M o  = 424 ps, and PS I1 (c) M,, = 152 ps, (d) Mo = 424 ps 

calculated using Eq. 11 (see text). 

is diffusion controlled since M&pT is approxi- 
mately 1 for all array sizes. 

Excitation dynamics in PS II 

Equation 10 can be applied to excitation transfer 
and trapping in PS 11. Here the probability of 
detrapping is much higher than that of PS I as the 
Boltzmann factor between 680 and 678 nm is 0.811. 
As we do not have a good measure of the PS I1 array 
size in the 12-7 mutant, we consider the single step 
transfer time as a function of array size (Fig. 7, curve 
c, d). Both the 152 and 424 ps lifetime components 
show a strong dependence on the array size. The 
calculation using k;* = 3 ps shows that for single 
step transfer times of 0.1- 1.0 ps, 40-60 Chl molecules 
contribute to the 152 ps component, whereas 
100-160 molecules contribute to the 424 ps 
component. However, there are probably more than 
160 Chl associated with PS I1 (250-400 Thomber and 
Barber, 1979) which if k;' is kept fixed at 3 ps 
would require an unreasonably short single step 
transfer time. This difficulty can be circumvented by 
noting the strong dependence of the results in PS I1 
on the primary electron transfer rate constant (this 
dependence is negligible in PS I). Figure 9 shows the 
dependence of the relationship between array size 
and the single step transfer time for the 152 and 
424 ps components in PS I1 as a function of the 
primary electron transfer time ( k p l  
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Figure 9. Single step transfer time vs array size for PS I1 
with MI,  = 152 ps (top) and Mo = 424 ps (bottom) fork;' = 
(a) 10 ps, (b) 5 PS, (c) 3 PS, ( 4  2 PS, (e) 1 PS. (B 0.5 PS. 
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antenna molecules can contribute to a given lifetime 
component as the primary electron transfer time 
decreases. For array sizes greater than 200 molecules 
the value of k;' must be less than 2 ps (Fig. 9). 

CONCLUSIONS 

Our study of the C. reinhardii mutants combined 
with a simulation of the wild-type fluorescence decay 
data leads us to the following conclusions: (1) 
Photosynthetic mutants have proved very valuable in 
unravelling the complexity of the light harvesting 
mechanism of green plants. (2) Fluorescence 
associated with the presence of PS I reaction centers 
must be included in analyses of wild-type chloro- 
plasts decays. (3) The true wild-type decay is 
considerably more complex than a sum of three 
exponential components. Thus attempts to model 
the photophysical behavior in chloroplasts in terms 
of three decay components is an unacceptable 
oversimplification. (4) In simulations which neglect 
interphotosystem couplings the best correspondence 
with experimental data is found when the ratio of 
excitations distributed between PS I and PS I1 is 
approximately equal. 

Using the formalism of Pearlstein (1982), and our 
data for the PS I1 mutant strain 8-36C we have 
estimated the single step transfer time in the PS I 
array to be in range 100-700 fs, somewhat shorter 
than the previous estimate of Campillo and Shapiro 
(1977). We also find that an excitation makes, on the 
average, about two to four visits to the reaction 
center before the photochemical event occurs. The 
calculation suggests that the 424 ps lifetime 
component in the PS I1 mutant originates from 
antenna Chl in a large array, less well coupled to PS I. 
Contributions to this component in wild-type 
chloroplasts could include Chl more closely 
connected with PS I1 and the spillover of excitations 
from PS I1 centers. 

Application of the calculation to the PS I mutant 
decay lifetimes suggests that the primary electron 
transfer time is less than 2 ps for (a) PS I1 centers with 
array sizes greater than 160 Chl molecules and 
lifetimes of 424 ps, and (b) PS I1 centers with array 
sizes greater than 60 Chl molecules which contribute 
to the 152 ps lifetime component. 
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