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We have used laser-induced optoacoustic spectroscopy to investigate photosynthetic energy storage during the first 
1.4/xs  after a laser excitation flash in cells of  the cyanobacterium Synechococcus 6301 adapted to light-states 1 and 
2. We find no decrease in energy storage on transition to light-state 2, indicating that energy diverted away from 
Photosystem It is not quenched but may be transferred to Photosystem I. 

In common with other photosynthetic organisms [1], 
cyanobacteria possess the ability to modify the function 
of their light-harvesting apparatus as a rapid response 
to changes in the intensity and spectral quality of 
actinic light [2]. These changes are known as state 
1-state 2 transitions. The functional effects of state 
transitions in phycobilisome-containing organisms have 
been investigated mainly by various forms of fluores- 
cence spectroscopy and have been the subject of recent 
debate [3]. Based on fluorescence data, which report 
mainly on Photosystem II, two main models have been 
proposed: 
(a) State transitions change the proportion of PS II 
reaction centres that are coupled to the phycobilisomes 
[4-6]. 
(b) State transitions change the extent of spillover 
(excitation energy transfer from PS II to PS I) [7,8]. 

Recent measurements of the kinetics of fluores- 
cence decay in cyanobacterial cells on a picosecond 
timescale support model (a) rather than model (b), 
since the transition to state 2 was found to decrease 
the amplitudes of the fluorescence decay components 
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associated with PS II without changing their lifetimes 
[5,9]. However, state transitions had no significant ef- 
fect on the kinetics of fluorescence decay from the 
terminal emitter chromophores of the phycobilisomes, 
which have a lifetime of 180-200 ps in both states [5,9]. 
This indicates that there is an alternative acceptor for 
excitation energy from phycobilisomes when PS II is 
decoupled in state 2. Two possible candidates for this 
aceeptor are: 

(a) A non-radiative quenching process. In this case, 
the energywhich is not transferred to PS II in light-state 
2 is simply converted into heat. 

(b) Photosystem I. Direct energy transfer from phy- 
cobilisomes to P S I  could not be detected by time-re- 
solved fluorescence spectroscopy [5,9]. Such an 
energy-transfer process would be very difficult to de- 
tect because of the rapid fluorescence decay from PS I: 
energy would be transferred from phycobilisomes to PS 
I with a rate constant of about 5 ns- I  and would then 
decay in the P S I  chlorophyll antenna with a faster rate 
constant of about 25 ns - l  [9]. Energy transfer from the 
phycobilisomes would not create a significant addi- 
tional population of excitons in the P S I  core complex 
and the amplitudes of the fluorescence components 
resulting from energy transfer to P S I  would therefore 
be extremely small. 

,A technique other than fluorescence spectroscopy is 
therefore required to distinguish between these two 
possible acceptors. Here, we report measurements of 
heat evohttion and energy storage in cyanobacterial 
cells adapted to light-states 1 and 2. We have used 
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laser-induced optoacoustic spectroscopy (LIOAS) 
[10,11] to determine the heat evolved by the ceils in the 
first 1.4/.ts following a laser pulse. 

The application of LIOAS to photosynthetic systems 
has previously been described in detail [12,13]. Laser 
pulses (15 ns ~vhm) were generated at a repetition rate 
of 1 Hz by an excimer-pumped dye laser which was 
tuned to either 630 nm or 690 nm. The diameter of the 
laser beam was 2 mm and its intensity was controlled 
with neutral density filters. The optoacoustic signals 
(sound-waves generated by heat evolution in the sam- 
ple) were detected by two 400 kHz piezoelectric trans- 
ducers (PZT ceramic, Vernitron) attached to opposite 
sides of a 1 cm flow cuvette [12]. The signals were 
added and fed into a computer-controlled LS173/  
p.VAX transient recorder (Biomation 4500, Gould). At 
the low-energy limit, 100 signals were averaged; this 
was decreased to 10 signals at higher excitation ener- 
gies. 

The sample consisted of ceils of the cyanobacterium 
Sy/techococctts 6301 (Anacystis nidulans) grown as pre- 
viously described [5]. The concentration of Chl a in the 
cells was determined using the formulae of Myers et al. 
[14] and the cells were diluted to a concentration of 5 
p.M Chl a in 70% growth medium and 30% ethylene 
glycol (EG). Since EG possesses a higher cubic expan- 
sion coefficient, its addition increased the size of the 
optoacoustic signal [12,13]. The presence of 30% EG 
had no effect on the fluorescence yield of the cells or 
on their ability to perform state 1-state 2 transitions. 
The absorbance of the sample suspension was 0.46 at 
630 nm and 0.27 at 690 nm (corrected for light-scatter- 
ing). 430 ml of suspension was used for each measure- 
ment and was pumped through the flow cuvette at 100 
mi rain-~, sufficiently fast to ensure that the cells were 
exposed to only one laser flash in each cycle. The delay 
between the illuminated reservoir and the measure- 
ment was about 3 s. During the measurement,  the bulk 
of the suspension was kept in a stirred reservoir at 
room temperature (about 20 ~ C). For state 2, the cells 
were dark-adapted. For light-state 1, the cells were 
illuminated with far-red light defined by a Schott 
RG685 filter at an irradiance of about 0.5 W m -z. 

Adaptation to state 1 or to state 2 was monitored by 
measuring the steady-state fluorescence yield of the 
cells at the flow cuvette with a Modulated Fluores- 
cence Measurement System (Hansatech, King's Lynn, 
U.K.) as previously described [5]. Excitation was with 
yellow light (maximum at 583 nm) predominantly ab- 
sorbed by-phycocyanin. Far-red light induced a re- 
versible increase of about 12% in the steady state-state 
fluorescence yield of the cells which was complete in, 
about 2 min. This is typical for the state 1 transition in 
this cyanobacterium [15]. Since most of the fluores- 
cence observed with phycocyanin-absorbed excitation 
light is the invariant contribution from phycobilisomes 

rather than from PS II when PS II reaction centres are 
open [4], the actual increase in PS II fluorescence must 
be much larger than 12%. 

The size of the optoacoustic signal indicates the 
amount of heat released integrated over the acoustic 
transit time across the diameter of the laser beam, in 
this case 1.4 /zs [10,12,13]. This time includes heat 
evolution due to light-harvesting processes and early 
electron transfer events in the RC, but excludes oxygen 
evolution and the slower electron transport steps re- 
quiring diffusion of electron carriers [12,13]. This is the 
major advantage of LIOAS over conventional photo- 
acoustic spectroscopy with ampl i tude-modula ted  
sources [10]. To quantify the measurement we have 
used the signal from a calorimetric reference (a solu- 
tion of CuCi 2 in 30% EG with the same absorbance 
(+0.01)  as the cell suspension). This solution releases 
all the absorbed energy as heat within the integration 
time of 1.4 p.s, allowing a calculation of the fraction of 
absorbed energy stored by the cell suspension. 

When applying LIOAS to photosynthetic systems it 
is important to use low excitation energy fluences cor- 
responding to one absorbed photon per RC or less. For 
higher excitation fluences the RCs are no longer 
photosynthetically active, so that a much higher pro- 
portion of the absorbed energy .is released as heat 
[12,13]. We have used a r a n g e o f  excitation energies 
from 250 n J /pu l se  to about 1 m J /pulse .  Assuming the 
antenna sizes and PS I I / P S  I stoichiometry reported 
by Myers et al. [14], the former corresponds to an 
average of about 0.5 absorbed photons per RC (PS I 
and PS II) at 630 nm. However, the concentration of 
excitons in the reaction centres actually bound to phy- 
cobilisomes will be somewhat higher than this. 

Fig. 1 shows the results of LIOAS measurements for 
Synechococcus 6301 cells adapted to light-states 1 and 
2 with excitation at 630 nm, absorbed predominantly by 
phycocyanin [16]. The amplitude ( H )  of the signal has 
been normalised to the excitation energy (E  0) to give a 
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Fig. 1. Energy-normalised L I O A S  signals with 630 nm excitation for 
~ynechococcus 6301 cells adapted to states 1 (e) and 2 ( o )  and for a 
CuCI 2 solution with same absorbance  (zx). Note: the irregularities in 

the values for the reference reflect ins t rumental  artefacts. 



measure (HN) of the extent of conversion of the excita- 
tion pulse to heat. At low excitation energies ( <  1 It J) 
H N is low and increases little with increasing excitation 
energy; this indicates that most RCs remain open 
[12,13]. As the excitation energy is increased, H~ rises 
steeply due to the closure of RCs, finally reaching the 
reference level. The  shape of the saturation curve is 
comparable to that observed by Nitsch et al. for iso- 
lated RC particles and predicted by a multiple-hit 
Poisson distribution model [12,13]. However, since 
whole cells contain several populations of RCs differ- 
ing in antenna size and composition, the saturation 
curve observed in whole cells probably represents the 
sum of several curves of the type found by Nitsch et al 
[12,13]. The only significant difference between the 
LIOAS signals for cells adapted to state 1 and to state 
2 is at the low-energy limit, where HN is perhaps 
slightly greater for ceils in state 1 (Fig. 1). 

Fig. 2 shows the results with Acx c = 690 nm (light 
absorbed predominantly by the Chl a antenna of PS I). 
Under these conditions the LIOAS signal was too 
small to be detected at the low-energy limit for open 
RCs. This indicates a very high efficiency of storage of 
absorbed energy with 690 nm excitation, higher than 
with 630 nm excitation (Table I). This may reflect two 
factors: 
(a) P S I  is more photochemically efficient (i.e., it stores 
a larger fraction of the absorbed energy) than PS II, as 
demonstrated by LIOAS measurements on isolated 
reaction centres [12], or 
(b) with 630 nm excitation, excitation energy is con- 
verted to heat as photons absorbed by phycocyanin are 
transferred to pigments absorbing at longer wave- 
lengths. The energy of a 690 nm photon is about 9% 
less than that of a 630 nm photon. Thus, with 630 nm 
excitation about 9% of absorbed energy will be lost in 
this way, even if the quantum efficiency for energy 
transfer to the reaction centres is 100%. 
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Fig. 2. Energy-normalised LIOAS signals with 690 nm excitation for 
Synechococcus 6301 cells adapted to states 1 (e) and 2 ( o )  and for a 

CuCI 2 solution with the same absorbance (zx)(see note to Fig. 1). 
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TABLE I 

Photosynthetic energy storage hz Synechococcus 6301 cells at the low 
energy limit (RCs open) 

The energy-normalised LIOAS signal, tIN, from the cells divided by 
the signal from the CuCI 2 s tandard and subtracted from I affords 
the fraction of absorbed energy stored after 1.4 ~s.  Data are taken 
from Figs. 1 and 2. With 690 nm excitation (Fig. 2) the L1OAS signal 
was too small to be detectable at the low-energy limit and only lower 
estimates of  the fraction of energy stored could be obtained. Esti- 
mates of  the fraction of energy stored are accurate to within about 
_ 10% 

Excitation Light- II N Fraction 
wavelength (nm) state ( V / m  J) energy stored 

630 1 1.01 0.78 
630 2 0.76 0.84 
690 1 < 0.35 > 0.83 
690 2 < 0.20 > 0.93 

With 690 nm excitation there was no detectable 
difference between the LIOAS signals for cells adapted 
to state 1 and state 2 (Fig. 2). 

If the energy which is not transferred from phycobil- 
isomes to PS II in state 2 is instead dissipated by a 
non-radiative quenching mechanism, as suggested in 
[5], we would expect a high proportion of the absorbed 
energy to be released as heat, even at  the low-energy 
limit for open RCs. Our results clearly show that this is 
not the case. Phycocyanin-absorbed (630 nm) light is 
efficiently stored in both light-states, and in fact a 
slightly higher proportion of the absorbed energy is 
stored for a time longer than 1.4 Its in state 2 than in 
state 1 (Table I). This shows that, in state 2, energy is 
transferred from phycobilisomes to an acceptor other 
than PS II that is capable of storing energy. The most 
obvious candidate is PS I. We cannot, on the basis of 
the results reported here, distinguish between direct 
energy transfer from phycobilisomes to P S I  and indi- 
rect energy transfer via PS II (spillover). However, 
picosecond time-resolved fluorescence spectra indicate 
that little or no change in the extent of spillover occurs 
during state transitions [5,9], and fluorescence induc- 
tion measurements have shown that a proportion of PS 
II core complexes become decoupled from the phyco- 
bilisomes on transient to state 2 [6]. Taken together, 
these results suggest that the transition to state 2 
involves the decoupling of phycobilisomes from the PS 
II core complexes and their subsequent coupling to PS 
I. 

Our data support the concept that state transitions 
in phycobilisome-containing organisms are a mecha- 
nism for redistributing excitation energy between the 
photosystems, as originally proposed by Murata [17] 
rather than simply a mechanism for protecting PS II 
from exposure to high fluences. The results with 690 
nm excitation (Fig. 2 and Table I) indicate that no 
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major  energy-dissipat ing pathway a round  PS I, of the 
type proposed by R e h m  et al. [18] was in opera t ion  

u n d e r  our  conditions.  
We thank Andrea s  Kessel for assistance with the 

LIOAS measu remen t s  and Dr. Alfred Holzwarth for 
his suppor t  and for helpful discussions. We are grateful 
to Professor K. Schaffner for his interest  in and  sup- 

port  of  this work. 
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