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Summary 

The transfer of excitation energy between phycobiliproteins in isolated 
phycobilisomes has been observed on a picosecond time scale. The photon 
density of the excitation pulse has been carefully varied so as to control the 
level of exciton interactions induced in the pigment bed. The 530 nm light 
pulse is absorbed predominantly by B-phycoerythrin, and the fluorescence of 
this component  rises within the pulse duration and shows a mean 1/e decay 
time of  70 ps. The main emission band, centred at 672 nm, is due to allophyco- 
cyanin and is prominent  because of the absence of energy transfer to 
chlorophyll.  Energy transfer to this pigment from B-phycoerythrin via R- 
phycocyanin  produces a risetime of 120 ps to the fluorescence maximum. The 
lifetime of the allophycocyanin fluorescence is found to be about 4 ns using 
excitation pulses of low photon densities (1013 photons • cm-2), but decreases 
to about  2 ns at higher photon densities. The relative quantum yield of the 
allophycocyanin fluorescence decreases almost 10 fold over the range of laser 
pulse intensities, 1013--10 ~6 pho tons ,  cm -~. Fluorescence quenching by exci- 
ton-exciton annihilation is only observed in allophycocyanin and could be a 
consequence of the long lifetime of the single exciton in this pigment. 

Introduction 

In red algae, such as Porphyr id ium cruen tum,  the light harvesting accessory 
pigments of photosynthesis are water soluble phycobiliproteins contained 
within distinct prolate structures. These structures, first observed by Gantt  and 
Conti [1] have been named phycobilisomes and are seen to be attached to the 
outer surface of the thylakoid membranes, which in turn contain the 



247 

chlorophyll  a and carotenoids of  the two photosystems,  Photosystem I and 
Photosystem II. The transfer of  excited state energy from the phycobilins to 
the reaction centre chlorophylls and the mechanism of the control  of  its dis- 
t r ibution to Photosystems I and II presents a challenging problem, which we 
have undertaken to investigate on a picosecond time scale (see part I). 

Gantt  and Lipschultz were the first to isolate native phycobil isomes from P. 
c r u e n t u m  and show that they retained their in vivo structure [2]. The isolation 
of  phycobil isomes from another red alga, Rhode l la  violacea has also recently 
been reported [3]. 

After detachment  from the thylakoid membrane the phycobilisomes are 
found to fluoresce intensely with a maximum near 675 nm [4]. This emission 
is almost certainly caused by the interruption of  energy transfer from the 
accessory pigments to chlorophyll  and represents the fluorescence of the last 
components  of  the energy transfer sequence within the light harvesting 
complex. The identity of  the fluorescing species has been discussed by Gantt  et 
al. [5],  bu t  their suggestion that a fluorescent form of aggregated allophyco- 
cyanin is present would seem less attractive than the suggestion by Glazer and 
Bryant  [6] that  al lophycocyanin B, found in cyanobacteria and fluorescing at 
680 nm, is also present in red algae together with allophycocyanin. 

The use of ultra-short pulses of controlled intensity to excite fluorescence 
from photosynthet ic  systems gives chlorophyll  fluorescence lifetimes which 
agree well with quantum yields measured under the same conditions [7,8].  The 
validity of  the technique is further demonstrated in this and the accompanying 
paper, although care must be taken to avoid high photon  densities which give 
rise to exciton-exciton interactions in the pigment bed [9,10,11].  In the 
present communicat ion we extent  our studies with intact P. c ruen tum cells 
(part I) by an investigation of  energy transfer in isolated phycobilisomes. 

Materials and Methods 

P. c r u e n t u m  cultures were grown, as previously described (see part I), under 
cont inuous moderate  white light illumination in a sterile artificial sea water 
medium [12] kept  agitated by bubbling with air. The cells were harvested by 
centrifugation at 3000 Xg for 2 min. 10--12 day old cultures were used unless 
otherwise stated. 

Phycobilisomes were isolated at 0--4°C by a procedure based on that of 
Gantt  and Lipschultz [2] using 0.5 M sodium potassium phosphate buffer, pH 
6.8, and 1% Triton X-100 (Sigma). Two modifications were introduced: 

(a) the cells were ruptured by sonication (3--4 times for 20--30 s at 0°C on 
power  setting 5 of  a Dawe Soniprobe type  7530A) and spun at 3000 Xg for 
2 min to clear unbroken cells and large debris. 1% Triton X-100 was added to 
the supernatant.  

(b) The sucrose gradient step was omitted.  The phycobil isomes were isolated 
as red-purple pellets by centrifugation of  the 27 000 Xg supernatant in the 
10 X 10 ml Titanium rotor  of  the MSE Superspeed 65 at 55 000 rev./min 
(290 000 X g) for 1 h. 

The pellet was washed with the phosphate buffer to remove traces of  free 
phycobil iproteins and then redissolved in the minimum volume of phosphate 
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Fig. 1. The  l inear i ty  of  the  d e t e c t i o n  sys t em over  the  range of  i n t eg ra t ed  in tensi t ies  used  ( 0 - - 2 0 0 0  c o u n t s /  
pulse)  on  the  opt ica l  m u l t i c h a n n e l  ana lyser .  The  signal in tens i ty  was var ied  by  m e a n s  of  ca l ib ra ted  neut ra l  
opt ical  dens i ty  filters and  the  r e f e r ence  in tens i ty  c o r r e c t e d  fo r  the  t rans~ni t tance  of  the  fil ter to m a i n t a i n  
a signal: r e f e r ence  ra t io  of  un i ty .  The  sca t te r  at  h igher  pulse  in tensi t ies  is caused  by  the inef f ic iency of  the  
laser b e a m  diffuser ,  whils t  the  small  res idual  signal at ze ro  r e f e r ence  in tens i ty  is due to t h e r m a l  noise.  

buffer  to give a clear nonscattering suspension. The phycobil isomes were stable 
in the dark at 0°C as a concentrated suspension. All experiments were carried 
ou t  in the same phosphate buffer  (0.5 M sodium potassium phosphate pH 6.8). 
Phycobiliprotein concentrations were measured using the extinction coefficients 
of  Gantt  and Lipschultz [13].  

Fluorescence excitation and emission spectra were measured on a Perkin 
Elmer MPF 3 fluorescence spec t rophotometer  wi thout  applying corrections for 
photomult ipl ier  (Hamamatsu R446 S) sensitivity, monochromator  response or 
xenon lamp emission. Absorpt ion spectra were measured on an Aminco-Chance 
DW2 spect rophotometer  in the split beam mode. 

The lay-out of  the picosecond laser apparatus [14] and the experimental 
arrangement for the observation of  relative quantum yields [7] have been 
described earlier. Single 530 nm pulses, or a mini-train of  about  10 pulses, were 
selected ou t  of  the full pulse train, generated by a frequency doubled,  mode- 
locked Nd a÷ glass laser oscillator, by means of  a Pockels cell (see part I). 
Integration under the fluorescence peaks to obtain relative quantum yields 
could be carried ou t  by  the optical multichannel analyser (OMA). The linearity 
of  the detect ion system was +3% between 30 and 3000 counts in any channel 
of  the OMA memory.  Fig. 1 shows the excellent linearity of  the detector.  

Results 

Preparation and characterisation of phycobilisomes 
The procedure of  Gantt  and Lipschultz [2] has been modified to make the 

p rep~a t ion  time shorter wi thout  reducing the purity of the preparation. 
Indeed the minor chlorophyll  a contamination of  the original protocol  is 
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Fig.  2. The  spec t ra l  c h a r a c t e r i s a t i o n  of  P. c r u e n t u m  p h y c o b i l i s o m e s .  (A)  The  a b s o r p t i o n  s p e c t r u m  a f t e r  

d i l u t i on  in to  1 m M  s o d i u m  p o t a s s i u m  p h o s p h a t e  b u f f e r ,  p H  6.8 .  (B)  The  e x c i t a t i o n  s p e c t r u m  fo r  e m i s s i o n  

at  6 7 0  n m  (a), a n d  the  e m i s s i o n  s p e c t r u m  on  e x c i t a t i o n  a t  530  n m  (b) .  The  c o n c e n t r a t e d  sample  was  con-  

t a i n e d  in a 1 m m  p a t h l e n g t h  c u v e t t e  and  f luo rescence  was  m e a s u r e d  by  r e f l e c t i o n  o f f  the  f r o n t  face a t  90  ° 

to  the  e x c i t a t i o n  b e a m .  The  e x c i t a t i o n  a n d  e m i s s i o n  b a n d w i d t h s  were  2 n m  and  5 run in (a) ,  and  4 n m  

and  2 n m  in (b) ,  r e sp ec t i ve ly .  F l u o r e s c e n c e  i n t e n s i t y  is on  an  a r b i t r a r y  l inear  scale,  a n d  no  c o r r e c t i o n  was  

m a d e  fo r  l o w e r  p h o t o m u l t i p l i e r  r e sponse  a t  l o n g e r  wave l eng th s .  

eliminated as shown by the absence of  chlorophyll  a absorption bands 
(Fig. 2A). The value of  As4s/A62o was found normally to be about  7.7 
indicating a high degree of  integrity [2]. 

Absorpt ion peaks at 545 and 561 nm and the shoulder at 490 nm are 
at t r ibuted to B-phycoerythrin;  the peak at 622 nm is due to R-phycocyanin 
and that at 651 nm is due to allophycocyanin.  The existence of  b-phyco- 
erythrin in native phycobil isomes [ 13 ] does not  appear firmly established [ 15],  
and therefore the phycoerythr in  content  will be denoted as B-phycoerythrin in 
this paper. From the absorption spectrum the proport ion of  the three pigments 
can be calculated using the extinction coefficients of  Gantt  and Lipschultz 
[ 13]. B-phycoerythrin is the major pigment comprising 84% of  the protein con- 
tent of the phycobilisomes,  whereas R-phycocyanin varied between 10% for 3 
day old cultures and 8% for 12 day old cultures. The proport ion of  allophyco- 
cyanin varied between 6% (3 day) and 8% (12 day). 

The fluorescence excitation spectrum for emission at 670 nm (Fig. 2B, a) 
corresponds well with the absorption spectrum indicating that all pigments 
present can transfer excitation energy to the main fluorescing species. 

The uncorrected fluorescence emission spectrum (Fig. 2B, b) shows two 
peaks, the major emission centred near 672 nm, and a minor emission at 579 
nm. This minor band is at t r ibuted to B-phycoerythrin. A shoulder at 730 nm is 
apparent in all preparations even on excitation at 435 nm in contrast  to Rho- 
della phycobil isomes [3]. The ratio of  the emission peaks (F6~2/Fs79) is depen- 
dent upon the concentrat ion of the phycobil isome suspension, being 7 to 8 in a 
concentrated sample. After  dilution 100 fold in 0.5 M sodium potassium phos- 
phate buffer  pH 6.8, there is a time dependent  decrease in this ratio to less than 
unity, together with a shift of  the 579 nm emission maximum to 575--576 nm. 
As this result indicated a disaggregation of  the B-phycoerythrin on dilution of  
the phycobil isome suspension all fluorescence lifetimes were obtained with 
concentrated samples. 

The main emission, normally seen at about  672 nm, may consist of  two over- 
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lapping bands centred at about 660 and 680 am and of approximately equal 
intensities. Some evidence for this is the observation that  the emission maxi- 
mum was variable from preparation to preparation between 669 and 679 rim. 
An emission at 660 nm is observed in the intact alga (see part I) and is assigned 
to allophycocyanin, whereas a 680 nm emission could tentatively be attributed 
to allophycocyanin B [6],  or aggregated allophycocyanin [4]. The emission 
maximum is sometimes found to shift slightly to longer wavelengths on storage 
of the phycobilisomes at 4 °C, and this is particularly noticeable for phycobili- 
somes prepared from young cell cultures. 

The phycobilisomes were studied for fluorescence polarisation using the Per- 
kin Elmer MPF3 with HN22 polarisers, but zero polarisation was found over 
the main emission band. 

Fluorescence risetimes, decays and yields in phycobilisomes 
For measurement of fluorescence lifetimes (Fig. 3) the concentration of the 

phycobilisome suspension was adjusted immediately prior to the experiment to 
give about 30% transmission at 530 nm in the 1 mm pathlength cuvette. The 

Fig .  3 .  The d e c a y  prof i l e s  for  the  main  fZuorescence emission o f  phyeobflisomes on  excitation by 6 p s  

laser pu l ses  o f  varying in tens i ty :  (A)  2 • 1 0 1 3  , (B)  8 • 1 0 1 3 ,  (C)  4 • 1 0  TM a n d  (D)  a b o u t  1 0 1 5  p h o t o n s  - 

c m  -2 . T h e  f i r s t  three  can be  f i t t ed  w i t h i n  the  e x p e r i m e n t a l  error t o  single e x p o n e n t i a l s  w i th  l i f e t i m e s  o f  

( A )  4 . 1 5  ns,  (B)  3 . 2 7  n s  a n d  (C)  1 , 9 6  ns.  T h e  w a v e l e n g t h  s e l ec t i o n  f i l t e r  ( S c o t t  R G 6 4 5 ,  4 m m )  has  50% 

t r a n s m i s s i o n  a t  6 5 0  n m ,  A n  u p w a r d  d e f l e c t i o n  on t h e  t r ace  r e p r e s e n t s  a f l u o r e s c e n c e  i n c r c a s e a n d  t h e  cali-  
b r a t i o n  o f  t h e  t i m e  scale is 8 8 0  PS • c m  - I  (each  m a j o r  d i v i s i o n  is 1 c m ) .  
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F i g .  4 .  T h e  d e p e n d e n c e  o f  t h e  f l u o r e s c e n c e  r e l a t i v e  q u a n t u m  y i e l d  o f  p h y c o b i l i s o m e s  o n  t h e  l a s e r  p u l s e  
i n t e n s i t y .  T h e  r e l a t i v e  q u a n t u m  y i e l d  ( t h e  i n t e g r a t e d  f l u o r e s c e n c e  i n t e n s i t y  e x p r e s s e d  r e l a t i v e  t o  t h e  e x c i -  
t a t i o n  p u l s e  i n t e n s i t y )  i s  t a k e n  a r b i t r a r i l y  t o  b e  u n i t y  a t  t h e  l o w e s t  p h o t o n  d e n s i t i e s .  T h e  p u l s e  i n t e n s i t y  
w a s  v a r i e d  u s i n g  c ~ i b r a t e d  n e u t r a l  a h s o r b a n c e  f i l t e r s ,  a n d  f u r t h e r  n e u t r a l  a b s o r b a n c e  f i l t e r s  w e r e  i n s e r t e d  
in  t h e  e x c i t a t i o n  p u l s e  m o n i t o r i n g  b e a m  t o  m a i n t a i n  t h e  e x c i t a t i o n  an~l f l u o r e s c e n c e  p e a k s  o n  t h e  o s c i l l o -  
s c o p e  s c r e e n  a p p r o x i m a t e l y  e q u a l  in  i n t e n s i t y .  C l o s e d  c i r c l e s  a n d  o p e n  c i r c l e s  r e p r e s e n t  v a l u e s  f o u n d  f o r  
t h e  f irs t  a n d  s e c o n d  e x c i t a t i o n  p u l s e s ,  r e s p e c t i v e l y .  A S c h o t t  R G 6 4 5 ,  4 m m  w a v e l e n g t h  s e l e c t i o n  f i l t e r  
w a s  u s e d .  

absorption at 530 nm can be calculated to be 94--96% due to B-phycoerythrin, 
3--5% due to the phycoerythrobilin chromophore of R-phycocyanin, and less 
than 1% due to direct absorption by allophycocyanin. The allophycocyanin 
emission is therefore predominantly excited by energy transfer from the other 
pigments. 

Fluorescence decay curves obtained for allophycocyanin over a wide range 
of excitation intensities are shown in Fig. 3. At the lowest intensity employed 
(2 • 1013 photons • cm-2), the decay fol lowed an exp --kt  decay law with a 1/e 
lifetime of about 4 ns (see Fig. 3(A)). For excitation intensities up to 5 • 1014 
photons • cm -2 the decay remained exponential, although the fluorescence life- 
time decreased by a factor of  about two over this range (compare Fig. 
3(A--C)). Above 5 • 1014 photons • cm -2, the curves could not be described by 
a simple exponential decay law owing to the presence of an extremely rapid 
initial decay component,  as shown in Fig. 3(D) for an excitation intensity of 
10 is photons ,  cm -2. A strong dependence of  fluorescence lifetime on laser 
pulse intensity has also been found previously for Chlorella [7] and spinach 
chloroplast Photosystems I and II fractions [8].  

A plot of  the change in relative quantum yield as a function of  the excitation 
intensity is shown in Fig. 4; this clearly demonstrates the marked changes ob- 
served in the fluorescence lifetime with increasing intensity. Over the range of  
1013 to 1016 photons • cm -2 the quantum yield decreased by 85--90% from its 
initial value, and does not appear to reach a constant lower limit at the maxi- 
mum intensity used in these experiments. Quantum yield values found for the 
first and second pulses in the train are indistinguishable at the same photon 
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Fig .  5. T h e  r e a l - t i m e  o b s e r v a t i o n  o f  e n e r g y  t r a n s f e r  f r o m  B - p h y c o e r y t h r i n  t o  a l l o p h y c o c y a n i n  in  p h y c o -  

b i l i s o m e s .  (A)  T h e  r ise  a n d  d e c a y  o f  B - p h y c o e r y t h r i n  f l u o r e s c e n c e  o b s e r v e d  w i t h  a B a l z e r  B-40  5 7 6  n m  

w a v e l e n g t h  s e l e c t i o n  f i l t e r ;  (B) The  r ise  o f  a l l o p h y c o c y a n i n  f l u o r e s c e n c e ;  (C)  The  laser  p u l s e  p r o f i l e ;  a n d  

(D)  t h e  r ise  o f  a l l o p h y c o c y a n i n  f l u o r e s c e n c e  o n  a s h o r t e r  t i m e  scale .  (B) a n d  (D)  were  o b t a i n e d  w i t h  a 

S c h o t t  R G 6 4 5 ,  4 m m  w a v e l e n g t h  s e l e c t i o n  f i l t e r .  ( A )  a n d  (B)  were  t a k e n  o n  a t i m e  scale o f  1 2 0  p s  • c m  -1 , 
a n d  (C) a n d  (D)  were  t a k e n  o n  a t i m e s c a l e  o f  6 0  PS • c m  - I  ( each  m a j o r  d i v i s i o n  is 1 c m ) .  A n  u p w a r d  

d e f l e c t i o n  o f  t h e  t r ace  r e p r e s e n t s  a f l u o r e s c e n c e  inc rease .  

density, indicating that,  unlike chlorophyll  a in Chlorella [7], there is no appar- 
ent formation of  long-lived quenchers, such as triplet excitons, by the first 
excitation pulse. 

The fluorescence emission from B-phycoerythrin was sufficiently separated 
from the al lophycocyanin emission to be wavelength resolved (Fig. 2B, b). 
However, any emission from R-phycocyanin would be weak and obscurred by 
the strong al lophycocyanin band which precluded a time-resolved study of this 
emission. At an excitation intensity of  1014 pho tons ,  cm -2 the fluorescence 
decay of B-phycoerythrin had a mean 1/e decay time of  70 ps (see Fig. 5(A)). 
Taking the fluorescence lifetime of B-phycoerythrin in vitro to be 7.1 ns [16] 
the transfer of  energy to the other pigments can be estimated to be 99% effi- 
cient (see also part I). 

Unlike energy transfer between chlorophyll  molecules in green algae or 
higher plants, energy transfer in phycobil isomes results in a significant change 
in the emission wavelength as each pigment in the energy transfer sequence 
receives excitation energy. The time required for energy to be transferred from 
B-phycoerythrin to al lophycocyanin is therefore observed as a risetime in the 



2 5 3  

1,0~ 

Ld 
C-) 

tJ 

~ L).5- c/) 

LO 
c~ 

0 

'U_ 

I0 
o, I l l ~ [ i i 

|i| 

0 50 100 150 

PICOSECONDS 

Fig. 6. The  analysis  of  the  rise t ime  of  a l l o p h y c o c y a n i n  f luorescence  in phycob i l i somes .  The  e x p e r i m e n -  
tally d e t e r m i n e d  f luorescence  in tens i ty  in each  c ha nne l  of  the  opt ica l  m u l t i c h a n n e l  ana lyse r  is s h o w n  b y  
the  c losed  circles,  and  the  solid line is a theo re t i ca l  curve  desc r ibed  in the  m a i n  tex t .  The  a s y m p t o t e  of  the  
f luorescence  in tens i ty  curve  is a rb i t ra r i ly  given a va lue  of  un i ty .  The  wave leng th  se lect ion f i l ter  was  a 
Scho t t  R G 6 4 5 ,  4 m m  cu t -o f f  fi l ter.  

fluorescence emission of the latter pigment. Fig. 5(B) shows the risetime of the 
allophycocyanin fluorescence emission and the initial portion of the decay at 
12 ps time resolution. The risetime is seen more clearly at the maximum streak 
speed in Fig. 5(D) (6 ps time resolution) and contrasts with the excitation pulse 
profile shown in Fig. 5(C), recorded at the same streak speed. These traces were 
obtained at excitation intensities of  less than 10 ~4 pho tons ,  cm-2; at higher 
excitation pulse intensities the risetime was much shorter, but this simply 
results from a marked reduction in the fluorescence lifetime of allophyco- 
cyanin at these intensities (see discussion). 

In Fig. 6 an analysis is presented of  the rise time of aUophycocyanin fluores- 
cence shown in Fig. 5(B). The solid line is the normalised curve of the follow- 
ing function after convolution with the streak camera resolution function. 

AI 'A2" J~ I_(1 - e x p -  2Alt 112) (1 - exp -  2A2tl12)]. 
L*(t)~ ~I2----AI _ A1 - A2 J e x p - k t  

Where L* (t) is the al lophycoeyanin excited state population at time t, J~ is the 
initial excited state population of B-phycoerythrin at t = 0, and A~ and A2 are 
rate constants for energy transfer from B-phycoerythrin to R-phycocyanin and 
from R-phycocyanin to allophycocyanin respectively, and k is the exponential 
decay constant  of the unquenched allophycocyanin fluorescence. The values of 
these constants were found to be: 2A~ = 0.26 ps -1/2, 2A2 = 0.48 ps -~n and k = 
2.5 • 10 -4 ps -1 (see part I). The above expression was derived from Eqn. 3 of  
part I by setting the rate constant  A 3 to zero. This will apply when allophyco- 
cyanin can no longer transfer energy to chlorophyll a so that  it can only lose 
energy by fluorescence or intersystem crossing. This approximation will give a 
reasonably accurate description of the function L* (t), provided that  the fluo- 
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rescence lifetime of al lophycocyanin is much longer than those of the preced- 
ing pigments. 

The experimental points represent the number  of  counts per channel on the 
500-channel multichannel analyser, and it is seen that in spite of the scatter 
the experimental values conform well to the theoretical curve. 

Discussion 

Light harvesting pigments in photosynthet ic  organisms are able to funnel 
light energy in the form of excited singlet states of pigment molecules to the 
reaction centres of the photosynthet ic  units. In order to perform this function 
efficiently the pigments must  be in a highly ordered array which will allow 
energy transfer by inductive resonance but  preclude significant energy losses 
due to concentrat ion quenching (see for example ref. 17). 

In the red algae, past work has indicated that  the phycobilins form a light 
harvesting pigment array passing excited state energy very efficiently via allo- 
phycocyanin to the photoreact ion centre chlorophylls in the chlorophyll a/ca- 
rotenoid pigment bed of  the thylakoid membranes (see for example refs. 18 
and 19). In contrast  to green plants, fluorescence emission from intact P. cruen- 
turn can be spectrally resolved into the components  which represent the energy 
transfer sequence, and consequently it is possible to analyse each transfer step 
(see part I). 

When the intact light harvesting structures of  this organism are isolated from 
the thylakoid membranes al lophycocyanin fluorescence is no longer quenched 
by energy transfer to chlorophyll  and an intense emission results. We have 
shown that the 1/e lifetime of  this emission is about  4ns when observed with 
picosecond laser pulses of  low photon  densities. However, in the intact algal 
cell (part I), the decay of  the 660 nm emission due to al lophycocyanin is much 
faster and can be fitted by an exponential with a 1/e lifetime of  118 ps. The 
shortening of  the fluorescence lifetime of  al lophycocyanin emission in vivo 
compared to that in isolated phycobil isomes would indicate a high efficiency of  
energy transfer from allophycocyanin to chlorophyll a in the intact alga. 

In contrast  to al lophycocyanin,  B-phycoerythrin shows the same rate of  
fluorescence decay (T1/e ---- 70  ps)  in both phycobil isomes (Fig. 5A) and in 
intact algal cells (part I). This is evidence for the integrity of  the energy transfer 
sequence in the phycobil isomes isolated by our procedure. 

The fluorescence lifetime of  al lophycocyanin in isolated phycobilisomes 
(4 ns) is probably close to the value to be expected for al lophycocyanin in 
dilute aqueous solution (as ye t  not  reported) because lifetimes for the other  
phycobiliproteins,  phycoerythr in  and phycocyanin,  have been reported to be 
7.1 ns (quantum yield 0.85) and 1.8 ns (quantum yield 0.53) respectively [16]. 
This would indicate the virtual absence of  concentrat ion quenching for this pig- 
ment. Therefore phycobil isomes appear to meet  two essential criteria for a light 
harvesting system: absence of  concentration quenching and efficient energy 
transfer. Structural studies by Gantt  and co-workers [ 5,20] have already begun 
to demonstrate how the phycobiliproteins aggregate in a highly specific manner 
to form the phycobil isome. 

It is interesting to compare these results for phycobil isomes with data for 
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the accessory light harvesting pigment complex of  green plants. The spinach 
chloroplast accessory pigment complex, free of  reaction centres, has been iso- 
lated as the FIII fraction of  Wessels [21] and has been found to have a room 
temperature fluorescence lifetime of  4 ns (Barber, Porter, Searle and Tredwell, 
unpublished results). This is close to the lifetime of  a dilute solution of  chloro- 
phyll a (5.5 ns, ref. 16) indicating that these chlorophyll  molecules are also 
organised so as to minimise concentration quenching. The fluorescence decay 
curves of  F in  appear to follow an exp --kt decay law, and the 1/e lifetime 
shortens as the-laser pulse intensity is increased. Allophycocyanin in phycobili- 
somes and chlorophyll  in Fn i  therefore have similar fluorescence decay charac- 
teristics, which appear to be related to their roles in light harvesting pigment 
systems. 

The intensity dependence of  the relative quantum yield of  al lophycocyanin 
in phycobil isomes appears to be analogous to the changes previously observed 
in Chlorella pyrenoidosa [7].  If  singlet exciton annihilation were a significant 
factor in determining the decay kinetics and quantum yield of energy transfer 
in B-phycoerythrin and R-phycocyanin,  the quantum yield of  fluorescence 
from al lophycocyanin should show a marked decrease, but  no change should 
be observed in the fluorescence lifetimes. In practise the al lophycocyanin fluo- 
rescence lifetime decreases with the quantum yield, implying that within the 
intensity range of  1013 to 10 's photons • cm -2 singlet exciton annihilation in 
the preceeding pigments is not  a significant factor. This is confirmed by the ob- 
servation that the mean fluorescence lifetime of  B-phycoerythrin (rl /e = 70 ps) 
remains constant  within this range. It appears that only a few migrating jumps 
are required to transfer energy from one pigment to the next, thus reducing the 
probabil i ty of  exciton-exciton interaction within these pigments. However, 
once the excitation energy is transferred to allophycocyanin,  which has a long 
fluorescence lifetime, singlet excitons must  make many migrating jumps until 
the energy is emitted as fluorescence or quenched by some other process. Con- 
sequently the probabil i ty o f  exciton-exciton annihilation in this pigment 
should be much higher. 

Although strongly quenched by exciton-exciton annihilation, the fluores- 
cence decay law of al lophycocyanin remains exponential within experimental 
error up to 50% quenching (see Fig. 3(A, C), and it is only past this point  that  
the decay law becomes more  complex (see Fig. 3(D)). Similar observations have 
been made for chlorophyll  a fluorescence in liposomes and vesicles [22].  At 
low excitation intensities the concentrat ion of  excitons is such that a very large 
number  of  migration jumps would be required to bring two excitons within the 
interaction distance. Consequently,  the non-exponential  transfer kinetics are 
time averaged and will not  be apparent in the fluorescence decay kinetics. As 
the excitation intensity is increased the migration distances between excitons 
weuld be decreased and the non-exponential  behaviour is then observed (see 
Fig. 3(D)). Upon generating a large exciton population, annihilation will pro- 
ceed rapidly as shown by the initial decay rate in Fig. 3(D), but  as the exciton 
populat ion is depleted the decay rate would slow down. Eventually the exciton 
populat ion will be comparable to that  of  Fig. 3(C) and the decay law will 
become exponential.  The suggestion by Katz and co-workers [23] that  an ini- 
tial rapidly decaying component  could be explained by lasing of  photosyn- 
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thetic pigments at high photon  densities must be considered unlikely as this 
would not  result in the observed decrease in relative quantum yield noted both 
here in phycobilisomes and previously in Chlorella [7]. 

From the fluorescence trace shown in Fig. 5(D), the risetime of the allophy- 
cocyanin emission to its maximum intensity is seen to be approximately 120 
ps. Since the fluorescence lifetime of  al lophycocyanin is so long, this rise corre- 
sponds to the time required for all of  the energy to be transferred from B-phy- 
coerythrin,  via R-phycocyanin,  to allophycocyanin.  The time for the rise to the 
maximum fluorescence will be determined by two factors. Energy transfer 
from B-phycoerythrin and R-phycocyanin determines the rate at which exci- 
tons are delivered to allophycocyanin,  and fluorescence emission principally 
determines the rate at which the exciton population is depleted. At high excita- 
tion intensities the rise time appears more rapid (not illustrated), as a result of 
the marked increase in the fluorescence decay rate of  al lophycocyanin under 
these conditions. The derivation of the kinetic equation used above is based 
upon Birks' t reatment  of donor :acceptor  fluorescence emission functions 
[24],  although it is still not  clear whether the form of  these equations indicates 
the validity of FSrster-type energy transfer [25] in these systems. 
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