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The fluorescence decay characteristics of the isolated light-harvesting chlorophyll a/b protein have been 
studied using low-intensity subnanosecond-resolution time-correlated single-photon counting. In the mono- 
meric state in detergent micelles, the chlorophyll a/b protein exhibits biexponential decay (~t = 1.2 ns, 
~'2 = 3.3 ns) with the two components having very similar weights. The decay parameters do not depend on 
emission wavelength. These results are discussed in relation to the Van Metter-Knox-Shepanski model (Van 
Metter, R.M. (1977) Biochim. Biophys. Acta 462, 642-657; Shepanski, J.S. and Knox, R.S. (1982) Isr. J. 
Chem., in the press) of the chlorophyll a/b protein, and a kinetic analysis of the energy-transfer processes. 
The influence of detergent composition and concentration on the fluorescence decay of the chlorophyll 
protein is also described. 

Introduction 

The Chl a/b protein is the dominant chloro- 
phyll-binding protein in the chloroplasts of green 
plants and algae, accounting for up to 60% of the 
total chlorophyll of these organelles [1]. This pro- 
tein functions as the principal component of the 
'antenna' chlorophyll pigment arrays which act to 
increase the absorption cross-sections of spe- 
cialized chlorophyll molecule(s) called reaction 
centers or traps. These are the sites of charge 
transfer from water (Photosystem II) to physio- 
logical reductant (Photosystem I) which are driven 
by absorbed photons. Current evidence suggests 
that all of the chlorophyll in photosynthetic mem- 
branes is protein bound, and that the photosyn- 
thetic apparatus is composed of some number of 
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unique pigment-binding proteins [2]. It is pro- 
posed that there are two Chl a-containing pig- 
ment-protein complexes each possessing a trap 
species (Photosystem I or II) and antenna Chl 
a-binding proteins. One Chl a complex is associ- 
ated with the oxidation H20 ~ ½02 + 2H + +2e-  
(Photosystem II) and the other with the reduction 
of a physiological reductant (Photosystem I). The 
latter complex has been isolated from algae and 
higher plants by detergent solubilization of photo- 
synthetic membranes, and is called the P-700-Chl 
a protein. The remaining chlorophyll is found in a 
macromolecular aggregate of the Chl a/b protein, 
which interacts with the trap-containing complexes 
via electronic excitation transfer. 

Electronic excitation energy originating in the 
antenna chlorophyll is commonly thought to 
migrate through the antenna array to the traps via 
the transition dipole-dipole interaction proposed 
by F6rster [3]. This interaction results in the trans- 
fer of a virtual photon from an excited (I) to an 
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unexcited (J) molecule with a rate constant F~,j. 

F~::j.~ =(K) 
[(/i t . / 2 j ) -  3(/i, .  rLj )2(/ij .  pt.j)] 2 

PIRI.jll 6 

j p4 

Here, f(~) and ~(r) are the frequency-depen- 
dent emission and absorption cross-sections, K a 
numerical constant dependent upon the choice of 
units, /~i,J unit vectors in the direction of the 
transition dipole moments to the first excited states 
of molecules I,J and rl, J =RI,j/IIRI,  J 1[ is a unit 
vector in the direction of the vector /~l,J which 
connects the origins of g~ and gj. 

The dynamics of electronic excitation migration 
in the photosynthetic chlorophyll array can be 
represented by the coupled first-order differential 
equations. 

PI,, : 2 fl.i;J.J~l,i~l.)PJ.J 
Jv~ 

-[~Fj'J;l't~l'i~l'j+kD'l~l'i] p l ' i l ~ J  (2) 

where the Fi.i; j , j ( i , j :  1) are time-independent 
transfer rate constants between the first electronic 
excited states of the Ith and Jth molecules. The 
kD. I is the molecular excited state decay rate for 
the first excited state of molecule I, and the 
P l.i( P l.i) the normalized population densities (and 
their derivatives) of the ith state of the Ith mole- 
cule when each molecule is treated as a two-level 
system [4,5]. This is the starting point for most 
treatments of excitation transfer in solution or on 
lattices in the incoherent transfer limit. Since the 
relative orientation and separation between any 
two molecules in an array will affect the magni- 
tude of the Fl.i;J.j, the parameters must be weighted 
according to the probability of particular relative 
orientations and separations between the Ith and 
Jth molecules. Calculations using Eqn. 2 to model 
transfer dynamics in solution employ random dis- 
tributions of molecules and orientations [5-7], 
while orientation averaged isotropic Fl.i:j, j a re  
commonly employed for calculations modeling dy- 
namics on lattices [4,8]. The results of recent ex- 

periments on the fluorescence depolarization and 
donor fluorescence decay in homogeneous and 
donor-acceptor dye solutions are in agreement with 
the theoretical predictions that the energy transfer 
is diffusive after very short times at moderate or 
high concentrations [6,9]. The effect of a nonran- 
dora distribution of intermolecular distances and 
orientations in a small (approx. 10 molecules) array 
on the dynamics of excitation migration within the 
isolated array, or an array which is some multiple 
of that unit, has received little attention. 

As the smallest integral unit of chlorophyll 
organization in higher plants [1] (six to seven 
chlorophyll molecules; three of Chl b, three to four 
of Chl a) the Chl a/b protein is sufficiently simple 
to be amenable to detailed theoretical treatment 
and experimental investigation. Evidence from 
other laboratories suggests that the Chl a/b pro- 
tein may be involved in the physiological control 
of the distribution of absorbed photons between 
the two photosystems [10,11]. For these reasons 
the Chl a/b protein is a reasonable starting point 
for the experimental investigation of photosyn- 
thetic energy migration and trapping. Van Metter 
[12] and Knox and Shepanski [13] have carried out 
a number of steady-state spectroscopic studies of 
this protein and have proposed a model for its 
structure. 

Materials and Methods 

Sample preparation 
Chloroplast membranes were prepared as 

described in Ref. 14 from the leaves of 10-20-day- 
old Zea mays (DeKalb var. XL-43), except as 
noted below. The well washed membranes were 
homogenized by hand in cold (4°C) buffer con- 
taining 1% SDS (w./w.) (SDS/chlorophyll,  ratio 
10: 1) and stirred for 1 h. The homogenate was 
then centrifuged to remove particulate matter and 
loaded onto a hydroxyapatite column and devel- 
oped as described [14] with several modifications. 
(1). The buffers used in the sample preparation 
were kept free of MgC12 except for the leaf tissue 
homogenization buffer. (2) The leaf tissue homo- 
genization buffer was 0.4M in sorbitol, rather 
than 0.5 M in sucrose. (3) Buffers used in elution 
of the sample were 0.05% SDS (w./w.) and the 
Chl a/b protein was eluted as a single band at a 



phosphate concentration of 0.24 M. (4) The iso- 
lated sample was passed through a Sepharose CL- 
4B (Pharmacia Fine Chemicals, Inc.) column equi- 
librated with 0.05% SDS to remove phosphate. 
The sample collected from this column was made 
no greater than 0.02% (w/w) in Triton X-100. 
Changes in the concentration of detergent could 
be made through the last modification. The result- 
ing sample was observed to be stable for 2-3 days 
after isolation when stored at 4°C between experi- 
ments, as described below. Samples older than 3 
days were discarded and replaced with freshly 
prepared material. The sample identity was con- 
firmed by (i) visual inspection of the room-temper- 
ature optical absorption and fluorescence spectra 
obtained on an Aminco DW2 spectrophotometer 
or SPF-500 corrected spectrum fluorometer and, 
(ii) gel electrophoresis of the sample on native [15] 
and denaturing [16] gel systems. The chromophore 
composition of the sample was determined by 
sucrose column chromatography of the 80% ace- 
tone extracts [17]. 

Spectroscopic analysis 
The time-correlated single-photon counting ap- 

paratus consisted of a synchronously pumped 
picosecond dye laser and data acquisition and 
processing system similar to that described in de- 
tail by Robbins et al. [18]. The detector used was a 
water-cooled red-sensitive photomultiplier tube 
(Amperex PM 31000) which resulted in an instru- 
mental response to the laser pulse input of approx. 
300 ps for the full-width at half-maximum. The 
repetition rate of the laser was modified by a 
variable frequency dividing circuit which triggered 
a Pockels cell at frequencies which were integral 
divisions of the ion laser mode locker driving 
frequency. This resulted in an exciting pulse repe- 
tition rate of 11-91 kHz with an extinction ratio 
of passed to blocked pulses which was greater than 
500:1. A polaroid was set at the magic angle to 
the excitation beam polarization between the sam- 
ple and detector to exclude the fluorescence 
depolarization contribution from the observed de- 
cay [19]. Colored-glass filters and interference 
filters were inserted between the polaroid and 
detector to sample portions of the fluorescence 
spectrum and to eliminate scattered excitation 
light. The stop pulse counting rate was kept below 
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2% of the start pulse counting rate by attenuating 
the excitation beam through calibrated neutral 
density filters placed in front of the final excita- 
tion beam polarizer. Typical pulse energies inci- 
dent on the sample were no greater than 0.6 p J, 
corresponding to photon densities of 9.5 • 101°/cm 2 
at 650 nm. A typical sample had a clorophyll 
concentration of 1.7. 10 ~6 molecules/ml, so that 
excitation was within the Beer's law domain. All 
analyses were conducted at room temperature 
(298 K). 

The sample was held in a stationary quartz 
cuvette or flowed in a flow cell by a peristaltic 
pump. Approx. 10-nm sections of the fluorescence 
decay spectrum were observed in each experiment 
on the Chl a/b protein. The system performance 
was evaluated by comparing the measured fluores- 
cence decay of the subnanosecond standard rose 
bengal dissolved in methanol to literature results 
(~ '=530 ps) [20]. The fluorescence decay of a 
10-SM solution of oxazine-725 perchlorate (Exci- 
ton) in methanol was measured on the instrument 
after results within experimental error for rose 
bengal were obtained. 

Data analysis 
The observed decay in a photon-counting 

experiment is a convolution of the instrumental 
response and the sample impulse response func- 
tion [16]: 

i( t )= fotg( t')h( t -  t')dt' 

where g(t') is the instrumental response to a 
8-function (here an approx. 6 ps pulse) input and 
h ( t - t ' )  the sample impulse response function. 
The observed decays are fitted to a convolution of 
the measured instrumental response and the pre- 
dicted form of the sample impulse response (decay 
law) which we have chosen to be a sum series of 
one to three exponential terms. The fitting is 
accomplished by an iterative least-squares method 
[16] using a VAX-11/780 computer interfaced to a 
multichannel analyzer. The goodness of fit was 
evaluated by the reduced x-squared test, which for 
values near 1.00 indicates that the residuals of the 
data curve about the fitted curve are normally 
distributed [21 ]. 
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Results and Discussion 

Characteristics of the Chl a/b protein 
Typical room temperature (298 K) absorption 

and fluorescence spectra of the isolated Chl a/b 
protein used in fluorescence decay measurements 
are shown in Fig. 1. The average Soret peak 
absorptions for Chl a and Chl b are at 438.3 --+ 0.9 
and 470.2-+ 1.5 nm, respectively. The average Qy 
absorption peaks of Chl a and Chl b are at 671.8 -+ 
1.0 and 652.7-+ 1.0 nm, respectively. The pigment 
analysis of the sample shows that there are ap- 
proximately three molecules of Chl b for every 
three to four molecules of Chl a in agreement with 
published values [14]. The Chl a/b protein isolated 
by hydroxyapatite chromatography migrates as a 
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Fig. 1. (A) Steady-state emission spectra (298 K) of the hy- 
droxyapatite chromatography-isolated Chl a/b protein excited 
at 435.0 nm (excitation slit, 2.0 nm; emission slit, 0.5 nm). (a) 
Sample in 50 mM Tris-HCl, pH 8.0, containing 0.05% SDS 
(w/w)  and 0.02% Triton X-100 (w/w). (b) Same as above (a) 
except that no Triton X-100 was present. (B) Absorption 
spectra (298 K) of the samples in a and b as described above. 

single band on a 'native' e!ectrophoretic gel system 
as described previously [14]. Denaturing gel elec- 
trophoresis resolved the sample into two poly- 
peptides of nearly equivalent molecular weight; 
the faster migrating band was much less intensely 
stained than the more slowly migrating band. 

Instrument performance 
The results of the fluorescence decay measure- 

ments on Rose Bengal and oxazine are sum- 
marized in Table I. The results of eleven separate 
experiments on oxazine show the decay to be first 
order with a lifetime (1 /e  time) of 835 ps, and to 
be independent of excitation wavelength. When 
the oxazine decays were fitted to a sum of two 
exponential terms, the values of the 1/e  times of 
each term converged to the single exponential 
result. Oxazine was chosen as a secondary sub- 
nanosecond lifetime standard, since its fluores- 
cence spectrum overlaps those of Chl a and b. 

Fluorescence decay of the Chl a/b protein 
The fluorescence decay data of the Chl a/b 

protein could not be fitted with a normal distribu- 
tion of residuals to a single exponential decay law. 
Addition of a second exponential term to the 
decay law resulted in normally distributed residu- 
als. The 1 /e  times and weights of the exponential 
terms were not observed to vary with the wave- 
length of observation at a single excitation wave- 
length. Therefore, the results of experiments at a 
single excitation wavelength were averaged to con- 
stitute a single result at that wavelength. The re- 
sults of the fluorescence decay experiments are 
presented in Table I. As a function of excitation 
wavelength, the lifetimes of one exponential term 
varied from 1200 to 1500 ps and from 3300 to 
4000 ps for the other term. These 1/e  values are 
for samples in a low-salt buffer system which 
favors a monomeric aggregation state of the chlo- 
rophyll protein [10]. The lifetimes of both terms 
appear to increase slightly with increasing excita- 
tion wavelength, while the weight of each term 
remains constant. We note that researchers in 
another laboratory [22] have recently published 
results on the fluorescence decay of the Chl a/b 
protein usi, g streak camera detection of fluores- 
cence excited by the second harmonic of a mode- 
locked N d / Y A G  laser. We feel that the lower 
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TABLE I 

RESULTS OF FITTING THE HYDROXYAPATITE-ISOLATED Chl a/b  PROTEIN FLUORESCENCE DECAY TRACES, 
WHEN EXCITING AT VARIOUS WAVELENGTHS, TO THE DECAY LAW Ale t/.q + A2 e t/~-2 AS DESCRIBED IN THE 
TEXT 

A I and A 2 are the relative weights of each term, and ~1 and ~'2 are the l / e  times of each term in ps. The oxazine and rose bengal results 
are included to establish the instrument performance. 

Sample ~e~ (nm) A I ~'l (ps) A 2 "r 2 (ps) 

Chl a/b  protein a 600 0.49 (±0.03) 1208.6 (±85.1) 0.50 (-+0.03) 
620 0.41 (±0.01) 1 289.5 (-+9.9) 0.59 (±0.01) 
640 0.46 (+0.03) 1 387.5 (+ 105.5) 0.54 (--+0.03) 
650 0.45 (--+0.05) 1400.5 (± 159.5) 0.55 (±0.05) 
660 0.42 (-+0.03) 1273.1 (-+ 175.7) 0.58 (+0.03) 
670 0.48 (+0.02) 1465.0 (+49.6) 0.52 (-+0.02) 

Oxazine-725 perchlorate 650 - 839.5 (+ 19.3) - - 
(10 -5 M) in methanol 600-650 - 831.3 (±30.1) - - 

Rose bengal (10 -5 M) 570-590 - 529 - - 
in methanol 

3278.0 (±76.4) 
3839.1 (±75.6) 
3763.3 (+ 129.6) 
3642.6 (± 162.8) 
3806.8 (+326.1) 
4060.3 (+223.7) 

a Measured in 50 mM Tris-HC1 (pH 8.0) containing 0.02% Triton X-100 and 0.05% SDS. 

prec is ion  of  the s t reak camera  da t a  prevented  these 
workers  f rom observing the b iexponent ia l  behav-  
ior  of  the sample  f luorescence decay.  Earl ier  s t reak 

camera  work  by  Searle and  Tredwel l  [23] on the 
d ig i ton in  m e m b r a n e  f ragment  F I I I  found a single 
exponent ia l  decay  of 4 ns for the fluorescence. 
Some of the da t a  f rom samples  in the ' m o n o m e r '  
s ta te  descr ibed  above  could  not  be f i t ted with 
no rma l ly  d i s t r ibu ted  residuals  th roughout  the de- 
cay  when a b iexponen t ia l  impulse  response (decay 
law) was used. The  devia t ion  in the res idual  distri-  
bu t ion  occurred  exclusively at early t imes of the 
decay  (see Fig. 2) and  could  be e l imina ted  by  the 
add i t i on  of  a third exponent ia l  term to the decay  
law. The l i fe t ime of  the new term invar iab ly  was 
less then 80 ps, and  con t r ibu ted  less than 4% to 
the area  of  the in tegra ted  decay curve. The values 
of  the l i fet imes of  the other  two componen t s  in- 
creased sl ightly and  remained  app rox ima te ly  equal  
in weight.  This ' shor t '  componen t  var ied  widely 
f rom one decay to the next  at a single exci ta t ion 
wavelength,  but  was general ly  shor ter  (10-20  ps) 
for exci ta t ion in the 640-670  n m  range and longer  
(70 ps) in the 600-620  n m  range. However ,  biex- 
ponen t i a l  fits to the f luorescence decays  with nor-  
ma l ly  d i s t r ibu ted  residuals  th roughout  the decay  
were observed  in most  exper iments ,  and  devia t ions  
f rom the above  results  are  thought  to arise f rom an 

observa t ion  wavelength dependence  in the instru-  
menta l  response to a 8-funct ion input.  As de- 
scr ibed below, con t r ibu t ions  f rom fluorescence de- 
po la r iza t ion  to the observed decay result ing f rom 
an imprope r  set t ing of the magic-angle  po la ro id  
d id  not  a l ter  the values of  the weights or  1 / e  t imes 
of  the terms in the decay  law. The  filter combina-  
t ions used to isolate  sect ions of the sample  fluores- 
cence spec t rum reduced  the pho tomul t ip l i e r  count-  
ing rate  to the da rk  current  level when a highly 
scat ter ing suspension of  nonda i ry  coffee whi tener  
was p laced  at the sample  posi t ion.  F o r  these rea- 
sons, these a l ternat ive  explana t ions  of  the occa- 
s ional  observa t ion  of t r iple  exponent ia l  decay  laws 
under  the descr ibed  exper imenta l  condi t ions  have 
been  ruled out. 

Detergent effects 
A recent  inves t igat ion [24] of the Chl a / b  pro-  

tein by  phase  f luoromet ry  showed that  the fluores- 
cence decay  t ime (assumed single exponent ia l )  
var ied  with the concen t ra t ion  of de tergent  in the 
sample  buffer.  Specifically,  it was repor ted  that  at  
low detergent  concen t ra t ions  (no greater  than 
0.01%, w / w )  the l i fe t ime was shor t  (approx.  1 ns), 
while at higher  concent ra t ions  (0.05% or greater,  
w / w )  the l i fet ime became long (5 ns). T rea tmen t  
of  our  p repa ra t ion  in a s imilar  manner  resul ted in 
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a qualitatively similar response (Table II). At low 
SDS concentrations the decay cannot be fitted by 
a sum of two exponential terms, requiring a third 
to yield normally distributed residuals. The life- 
time of this term was approx. 150 ps. A large 
decrease in the lifetime of the 1.30 ns component 
of the 'monomeric' sample to approx. 850 ps was 
characteristic of this treatment. High (0.1% SDS or 
greater, w/w)  concentrations in the sample buffer 
result in a decay which is fitted well by a biex- 
ponential decay law with weights and lifetimes 
close to those of the monomeric sample (Table I). 
The high detergent concentration in the sample 
results in a loss of Chl a to pheophytin a within a 
few hours at room temperature and 4°C. An SDS 
concentration of 0.05% on a weight basis in the 
sample buffer corresponds to a 1.81 • 10-3M solu- 
tion. If the detergent exists predominantly in 
micelles of approx. 100 molecules [25] the micellar 
concentration is 1 .81 .10-SM.  This is nearly 
equimolar to the concentration of Chl a/b protein 
calculated from the Chl a and b concentrations 
measured in 80% acetone extracts of the sample 
and assuming that there are six chlorophyll mole- 
cules per protein unit. At very low SDS concentra- 
tions the Chl a/b protein precipitates out of solu- 
tion as an amorphous solid. We have found that 
the addition of the detergent Triton X-100 to a 
final concentration of 0.02% or less (w/w) to a 
sample already 0.05% in SDS preserves the ab- 
sorption, fluorescence, fluorescence decay, and 
chemical properties of the Chl a/b protein for 2-3 
days. This effect is shown graphically in Fig. 1. 
The difference in the fluorescence intensity for 
samples of equal absorbance is diagnostic. While 
the physical mechanism of this preservation is 
unknown, We conjecture that the detergent Triton 
X-100 contributes to a mixed detergent/protein 
micelle in which SDS is prevented from decompos- 
ing the protein while maintaining a 1 : 1 

protein/micelle state of organization. This pre- 
servative effect has also been observed in the 
SDS-prepared P-700-Chl a protein by another 
worker in our laboratory [26]. It is to be noted that 
an aggregation effect similar to that described in 
Ref. 10 under high-salt conditions can be induced 
by low detergent concentrations, and results in 
reduced excited state lifetimes (Table II) and fluo- 
rescence intensity (Fig. 1). 
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If Triton X-100 is added to a final concentra- 
tion nearly equal to or greater than that of SDS, or 
if it replaces SDS in the sample buffer at any 
concentration, a loss of structure in the absorption 
spectrum is observed in both the Soret and Qy 
transitions. The 470 nm Soret peak of Chl b is blue 
shifted to 465 nm, and the prominent shoulder at 
480 nm is lost. The fluorescence spectrum of such 
a sample is blue shifted approx. 7 nm and the 
fluorescence decay becomes nearly first order with 
a 1 /e  time of 5.2 ns (Table II). Upon rechro- 
matography on hydroxyapatite, or gel electro- 
phoresis of these samples, the chlorophyll is not 
found to be uniquely associated with protein, as it 
appears in the fast migrating 'free' pigment zone in 
an electrophoretogram. Samples prepared by pre- 
parative gel electrophoresis [14,27] exhibit the same 
behavior toward detergent as those prepared by 
hydroxyapatite chromatography (Table II). 

Nonexponential fluorescence decay 
A typical fluorescence decay of the Chl a/b 

protein is shown in Fig. 2. The decay is seen to be 
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Fig. 2. The fluorescence decay of the isolated Chl a/b protein 
excited at 650 nm. The residuals of both the double-exponen- 
tial and a single-exponential fit are shown. The observation 
wavelength is 680+--5 nm. 
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nonexponential, and is fitted well by a sample 
impulse response (decay law) which is a sum of 
two exponential terms, both with positive preex- 
ponential factors (Table I). In order to determine 
if this behavior can be attributed to long-lived 
excited states of chlorophyll (e.g., triplets) or of 
some other species quenching singlet excitations in 
the sample, we performed the fluorescence decay 
measurements on flowing and stationary samples. 
For stationary samples, the laser repetition rate 
was varied between 11 and 91 kHz, corresponding 
to repetition periods of approx. 80 and 10 /~s, 
respectively. At a laser repetition rate of 45 kHz 
the sample was flowed with sufficient linear veloc- 
ity to limit exposure of the sample to 193 cycles of 
the laser in a single traversal of the excitation 
beam. The sample volume was sufficient to make 
the sample circulation period 104s. In neither 
experiment were the lifetimes or weights observed 
to vary beyond sampling error. Assuming a sample 
absorbance of 1.00 at the excitation wavelength a 
single selected pulse from the Pockels cell excited 
approx. 0.003% of the Chl a/b protein complexes 
within the beam. Of these, approx. 0.7 may inter- 
system cross to triplet states based on solution 
triplet yields [28]. If we assume (i) that these triplet 
states accumulate and do not decay during the 
sample traversal of the excitation beam, and (ii) 
that there is negligible depletion of the ground 
singlet state, the probability of singlet excitation of 
a protein carrying a triplet chlorophyll state result- 
ing from earlier pulses in the pulse train is less 
than 0.002 for a single passage through the excita- 
tion beam. We therefore consider this an unlikely 
mechanism for the observed biexponential decay. 

A second possibility is that the sample is het- 
erogeneous. The sample prepared by hydroxy- 
apatite chromatography migrates as a single band 
on native electrophoresis gels [15], and no free 
pigment band is observed. Further, there is no 
detectable photochemical trap activity which could 
quench singlet excitation and lead to a time depen- 
dence in the rate constant of the decay as de- 
scribed in Ref. 29. The formation of trap-like 
species involving chlorophyll molecules in two sep- 
arate proteins by the aggregation of monomeric 
chlorophyll proteins could also result in deviations 
from simple first-order kinetics, as well as increase 
the quenching cross-section of a fast-migrating or 

long-lived excited state. We consider the last posi- 
bility remote for the reasons described above and 
because the exciting photon densities used for 
these experiments were at least four orders of 
magnitude below those required for singlet-singlet 
annihilation [30]. The observed invariance of the 
lifetimes and weights of the components of the 
fluorescence decay with observation wavelength 
and the invariance of the fluorescence spectrum 
with excitation wavelength at steady-state il- 
lumination require that any Chl b contribution to 
the sample fluorescence be either small or anoma- 
lously red shifted. Workers in another laboratory 
[12] have observed that the fluorescence yield is 
also excitation wavelength independent and that 
the polarization of fluorescence (at 730 nm) is low 
when excited at wavelengths shorter than 670 nm, 
and nearly zero with 650 nm excitation. This indi- 
cates that the Chl b transitions at this wavelength 
are coupled by excitation transfer to other chloro- 
phylls in the complex. They have proposed a model 
of the chlorophyll arrangement on the Chl a/b 
protein which yields qualitative agreement with 
their measurements of the fluorescence, absorption 
and circular dichroism on a sample similar to ours 
[14]. The model is noteworthy in that it predicts a 
long-wavelength absorbing (665 nm) transition of 
Chl b the fluorescence of which would presumably 
be near 677 nm. Further, the Chl b molecules 
interact strongly, producing trimer excitonic states 
two of which are degenerate at 652 nm. Such 
long-wavelength absorbing Chl b transitions have 
been observed in systems containing Chl b aggre- 
gates [31]. We have used the Van Metter-Knox- 
Stepanski model as a starting point for our analy- 
sis of the fluorescence decay kinetics of the Chl 
a/b protein. 

Decay kinetics 
Systems exhibiting donor-acceptor excitation 

transfer [6,32] exhibit irreversibility in the transfer 
from donor to acceptor when the acceptor excited 
state is sufficiently short-lived [33,34] that acceptor 
to donor transfer cannot occur with significant 
frequency. The acceptor species in the Chl a/b 
protein, Chl a, has a lifetime which is long with 
respect to the theoretical rate of 'back transfer' [5]. 
Under these conditions, a 'thermal' population 
distribution of excitation probability among the 



donor and acceptor excited states will be achieved 
prior to radiative decay [ 12,35]: 

e ~  cc e x p [ -  A E / k T ]  (3) 
ea 

Where PD,A a r e  the excited state populations of 
the donor and aceptor, AE the energy gap between 
the donor and acceptor excited states, k Boltz- 
mann's constant and T the absolute temperature. 
This sort of emitter heterogeneity does not result 
in a nonexponential decay on the time scale de- 
fined by the excited state lifetimes of the donor 
and acceptor molecules in dilute solutions, pro- 
vided the transfer rates are rapid with respect to 
this time scale. We can obtain a lower limit to the 
transfer rate from the decay of the components of 
the fluorescence polarized parallel and perpendicu- 
lar to the excitation polarization. These are indis- 
tinguishable from the excited state decay measured 
at the 'magic' angle [19] (which eliminates the 
contribution of the fluorescence anisotropy, r(t)  = 
[ I t l ( t )  - I±(t)][Itl(t  ) + 2 I  l (t)], where Iit,± ( t)  are 
fluorescence intensities). Since the relative posi- 
tions and orientations of the chlorophyll molecules 
in the protein are fixed, the sample memory of the 
excitation polarization is lost primarily by excita- 
tion transfer among the chlorophylls, and r( t )  will 
decay on a time scale following excitation com- 

-1  parable t o  (Fl , i ;J . j )  . Therefore, the Fl, i,j. j a r e  

sufficiently large that r ( t )  may not be observed by 
photon counting, and excitation transfer is at least 
102-times faster than the excited state lifetime on 
the chlorophyll protein. By detailed balance, the 
acceptor, Chl a, to donor, Chl b, back transfer rate 
is related to the forward rate in the same way that 
P D  is related to ?A in Eqn. 3. Because the Chl a / b  
protein contains a small number of chlorophyll 
molecules, Eqn. 2 may be solved exactly for the 
kinetic scheme (following Van Metter [12] and 
Shepanski and Knox [13]) shown in Fig. 3 to yield 
the system impulse response function for any fixed 
set of the rate c o n s t a n t s  Fl,i;j, j and k o .  i [7,36]. The 
relative magnitudes of the Fl,i:j. j and the kDa 
derived by the above argument are in qualitative 
agreement with those resulting from a calculation 
of the Fl,i;j, j from Eqn. 1, experimentally derived 
f(v) ,  c(v), and distribution functions for the 
R i , j ( ( F l , i , J , j ) / k D .  I ~ 10 3) [5]. With values for the 
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rate constants Fl,i;j, j and kD. 1 in conformity with 
the above discussion and Fig. 3, the excited state 
decay will be single exponential for times follow- 
ing excitation defined by the order of magnitude 
of (kDa) ~. Excitation transfer will be observed 
through the fluorescence anisotropy r( t)  at times 
following excitation defined by the order of mag- 
nitude of the -1 (FI,~;j,j) . In this calculation the 
back transfer rate constant for Chl a to b transfer 
is 1/10 the forward transfer rate from Chl b to a, 
corresponding to an energy gap of approx. 450 
c m - l  between the excited states of Chl b and a. 
This result does not compare well to the observed 
fluorescence decay which is well characterized as a 
sum of nearly equally weighted exponential terms 
with 1 /e  times close to t h e  (kD.l) -I  values of the 
isolated molecules. The exact value of the predic- 
ted 1 /e  time for the decay of the excited state is 
the excitation probability weighted average of the 
donor, Chl b, and acceptor, Chl a, excited state 
lifetimes ( k D j ) - I  By manipulating the values of 
the transfer rate constants in Eqn. 2, we have 
found that it is necessary to isolate two groups of 
molecules in the protein array by setting to zero 
some of the transfer rate constants between them 
to yield a biexponential decay law with 1 /e  times 
within the same order of magnitude as the (kD,  1 ) -  1. 

This will result in the irreversible accumulation of 
excitation in these two groups, which will then 
decay independently. 

The seminal work on the isolation and bio- 
chemical investigation of the Chl a / b  protein by 

' A  ' 
Fig. 3. Representation of the kinetic scheme of Eqn. 2 for 
energy transfer within the Chl a / b  protein. Fa, a and Fd, d are the 
acceptor-acceptor and donor-donor transfer rate constants; Fd, a 
and Fa. d are the donor-acceptor and acceptor-donor rate con- 
stants. Not shown are the molecular excited state decay rate 
constants and all possible transfer rate constants connnecting 
all possible pairs of donors and acceptors. 
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Kung and Thornber [27] and Kan and Thornber 
[14] showed a Chl a to Chl b ratio which varied 
from 1.00 to 1.20. Our samples show the latter 
ratio, and are consistent with the model shown in 
Fig. 3 with three or four Chl a molecules. We 
noted earlier that the Van Metter-Knox-Shepanski 
model assumes an excitonic trimer in Chl b, imply- 
ing that Chl b excitation is shared over the three 
excitonic transitions. If this model is correct, the 
transfer of excitation from Chl b to Chl a must be 
made irreversible in the forward direction to two 
pools of Chl a of equal oscillator strength to 
account for the observed decay when the transfer 
rates are fast with respect to the excited state 
lifetimes. A Boltzmann-weighted back transfer rate 
would still be 10-100-times faster than the excited 
state lifetime, and result in a simple first-order 
decay on a nanosecond time scale. Another possi- 
bility consists of two Chl b molecules interacting 
with one Chl a, and the remaining Chl b molecule 
(which must not transfer excitation to the other 
Chl b molecules) interacting with two Chl a mole- 
cules in the three-Chl a model. Each group of 
three molecules would evolve independently of the 
other, possessing a lifetime which would be the 
weighted average of the molecular lifetimes of the 
group. Except for details of the circular dicroism 
spectrum of the complex ascribed to the Chl b 
trimer, this formulation is not at variance with the 
Van Metter-Knox-Shepanski model. The origin of 
the 1.30 ns lifetime may then be ascribed to a 
particular physical picture. Molecular aggregates 
of Chl a in neat apolar solvents are known to 
irreversibly quench singlet excitations of mono- 
meric Chl a in solution [37]. The interactions lead- 
ing to excitonic splitting of molecular wave func- 
tions and electronic energy transfer are formally 
similar, if not identical, to those observed in the 
formation of aggregated chlorophyll species in 
solution, as shown by Shipman and co-workers 
[38,39]. The presence of a Chl b dimeric species in 
one of the chlorophyll subsets described above 
could easily reduce the excited state lifetime of 
that subset by the observed amount depending 
upon the magnitude of the dimer quenching rate 
constant. In this case, the Chl a and b molecules 
would exchange energy among themselves accord- 
ing to Eqn. 2, and irreversibility of excitation 
transfer would not be required. We note that the 

lifetime of the Chl b excited state in such a case 
would show a long-lived component  that was some 
weighted average of the two l / e  times given in 
TableI .  Since Chl b absorbs significantly more 
strongly than Chl a at 652 nm, this lifetime may be 
measured directly by ground state recovery [40]. 
The predictions for the number of exponential 
terms and lifetime of the Chl b decay in this case 
and the irreversible transfer case are quite differ- 
ent and provide a clear test of the models. 

Conclusions 

The isolated light-harvesting Chl a/b protein in 
what we believe is a monomeric form in a deter- 
gent micelle, exhibits surprisingly complex fluores- 
cence decay kinetics. The decay curve is well 
described by the sum of two exponential decays 
with very similar weights and lifetimes of 1.2 and 
3.3 ns. In terms of the current model for the 
structure of this protein and considering reasona- 
ble energy-transfer parameters, such a decay can 
only result from two noncommunicating pigment 
groups. Such structural subtlety may be required 
for the role of the Chl a/b protein in the regula- 
tion of energy transfer between the two photosys- 
terns in the intact chloroplast. Following the 
suggestion of Seely [41], subtle changes in the 
ordering of the Chl a/b proteins in the functional 
photosynthetic membrane may result in signifi- 
cantly distinct trapping probabilities by Photosys- 
terns I and II. This results from the rates of 
inter-protein energy transfer depending upon the 
relative orientation of two coupled proteins, and 
not simply the distance between them. Time-re- 
solved absorption studies, which are in progress in 
our laboratory, will be of great value in unravell- 
ing the Chl b to a energy-transfer processes. 
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