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The heat rclcascd by all primary procc.,,scs of photosynthesis within 2 tzs of a laser flash was measured by optoacoustic 
spectroscopy of the cyanobactcria Syncchococctts ~sp. PCC 631)1 adapted to state 1 and state 2. Heat production was compared 
hctwccn intact cells with open and closed reaction ccntres allowing direct dctcrmination of the efficiency of photosynthetic 
energy storage. The fraction of absorbed energy released as heat was the same for cclls in state 1 and state 2 for excitation of 
either phycocyanin or chlorophyll t~. Wc conclude that the efficiency of cxcitation energy transfer and primary photochemical 
energy storage was not affected by the state transition. These results contr,tdict proposed models for the state transition in 
cyanobaeteria, which involve the uncoupling of phycobilin pigments from cncrgy transfer to chlorophyll a. 

Introduction 

State transitions 
In oxygenic photosynthesis the distribution of excita- 

tion energy between Photosystem II (PS II) and Photo- 
system 1 (PS i) is regulated by the light state transition 
[1,2]. The state transition serves to control the activities 
of PS II and P S I  by changing their effective ab- 
sorbance cross-sections. Preferential excitation of PS !1 
triggers the state transition mechanism to alter the 
distribution of excitation energy in favour of PSI (state 
2). Preferential excitation of PSI changes the distribu- 
tion to favour PS 11 (state 1). In this way the state 
transition has been proposed to balance the activities 
of PS II and PS ! to optimize linear electron transport. 
The state transition can also be triggered by shifts in 
cell metabolism [3,4]. Metabolic demands for increased 
ATP/NADPH ratios have been correlated with in- 
creased excitation energy transfer to PS 1, presumably 
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increasing ATP production via P S I  cyclic electron 
transport [4]. 

The mechanism of the state transition in chlorophyll 
a/b (Chl a /b )-containing organisms is based on differ- 
ential association of the Chl a/b light-harvesting com- 
plex 2 (LHC2) between PS !i and PS 1. The proposed 
mechanism involves reversible phosphorylation of a 
fraction of LHC2. Transition to state 2 is associated 
with this phosphorylation. An LHC2 kinase is activated 
by preferential excitation of PS il via the reduction of 
plastoquinone (PQ) and/or  the cytochrome b6/f com- 
plex. The phosphorylation of LHC2 increases its affin- 
ity for P S I  and decreases its affinity for PS 11. A 
lateral migration of the phospho-LHC2 complex away 
from PS ll-rich grana membrane regions towards PS 
l-rich stroma membrane regions ensues. This decrease 
in PS I1 absorbance cross-section and increase in PS I 
absorbance cross-section is characteristic of state 2. 
The transition to state 1 is the reverse process driven 
by a background phosphatase activity, see Ref. 1 for 
review. 

Three mechanisms have been postulated for the 
state transition in phycobilisome (PBS)-containing or- 
ganisms. The mechanisms agree on the organization of 
the photosynthetic apparatus in state 1. The PBS is 
preferentially associated with PS II and the rate of 
excitation energy transfer from PS Ii Chl a to PS I Chl 
a (spillover) is low or nonexistent. The mechanisms 



differ in the proposed changes in organisation of the 
photosystems and PBS on transition to state 2. 

The mobile PBS model [5] is analogous to the mech- 
anism described above for Chl a / b  LHC2-containing 
organisms. Transition to state 2 is proposed to be 
driven by phosphorylation of the PBS which causes it~ 
dissociation from PS II and subsequent association 
with PSI. This increases the contribution of the PBS to 
the PSI  absorbance cross-section at the direct expense 
of PS I!. The distribution of energy absorbed by Chl a 
remains unchanged. This model is not supported by 
experiments which show that the distribution of energy 
absorbed by Chl a is affected by the state transition 
[1,2,6] and by the demonstration of a state transition in 
a PBS-less cyanobacterial mutant [7]. 

The spillover model [6,8,9] proposes that a change in 
the proximity of PS tl and PS I controls the distribu- 
tion of excitation energy between PS !1 Chl a and PSI  
Chl a. The response to preferential excitation of PS II 
is to move the photosystems closer together, increasing 
the probability of excitation energy transfer from the 
PS ii Chl a antenna to PSI  Chl a antenna (spillover). 
This results in an increase in the effective absorbance 
cross-section of P S I  by contributions from both the 
PBS and PS 11 Chl a. Most support for this model 
comes from steady-state and time-resolved 77-K fluo- 
rescence spectroscopy [630,11]. 

The PBS detachment model [12] is a combination of 
the above models. Transition to state 2 is effected by 
phosphorylation of the PBS and PS ll. The PBS leaves 
PS II and the two photosystems move closer together, 
increasing 'spillover'. The PBS remains detached from 
either photosystem and thus PBS contributions to the 
absorbance cross-sections of both photosystems are 
predicted to decrease. In contrast, the contribution of 
Chl a to the effective absorbance cross-section of PS I 
would increase via spiliover from PS II Chl a. Evidence 
for the detachment of the PBS comes from room 
temperature Chl a fluorescence induction [12,13] and 
picosecond time-resolved fluorescence decay data [14]. 
In the PBS detachment model energy absorbed by the 
uncoupled PBS in state 2 is proposed to be 'quenched' 
and released as heat as no increase in PBS fluores- 
cence has been observed [13,14]. The PBS detachment 
model proposes that the state transition is a photopro- 
tective mechanism as far as PBS absorption is con- 
cerned. 

The introduction of the PBS detachment model 
followed from fluorescence emission studies in which 
excitation absorbed by the PBS appeared to undergo 
larger changes in distribution than excitation absorbed 
by Chl a [12,13]. These results were not predicted by 
the spillover model. On the other hand, reports of 
increased contributions of the PBS to P S i  in state 2 
[6,15-17] are not consistent with PBS detachment. A 
recent quantitative study of 77 K fluorescence emission 
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and excitation spectra of cyanobactcria has shown that 
the increased contribution of both PBS and Chl a to 
PS I  in state 2 is much smaller than the decrease in 
their contributions to PS II [15]. it is clear that fluores- 
cence measurements must be complemented by more 
•;ro,-t mo-~.¢,.,,-e¢ to confirm the , 'ate ' ...... : ' :"" :-'~ ...... ' . . . . . . . . . . . . . . . . .  J,,L , t . a  u a i o  i t l~)~l 1 "  I t  | U  U ~ I ~  IO 

changes in the organization of thc photosynthetic ap- 
paratus. 

The PBS detachment model has raised a primary 
question about the nature of the state transition mech- 
anism. Does the state transition act as a photoprotec- 
tire mechanism by uncoupling antenna pigments from 
reaction centres? The most direct way to answer this 
question is to measure the amount of heat released in 
state 1 and state 2 for light absorbed by the PBS. 

Pulsed laser-induced optoacoustic spectroscopy 
Direct measurements of heal release and photo- 

synthetic energy storage are possible with photo- 
acoustic techniques. The most popular technique for 
measuring energy storage photoacoustically is the gas- 
coupled microphone [18]. A leaf or thin layer of algae 
is sealed into a gas-tight chamber and illuminated with 
a chopped light source. A modulated pressure signal is 
detected by the microphone and measured with the aid 
of a frequency selective amplifier. Both heat-induced 
volume expansion and oxygen evolution may contribute 
to the photoacoustic signal. However, they can be 
separated by analysis of the phase of the photoacoustic 
signal (the oxygen signal is slower) or by changing the 
frequency of the modulated light (the oxygen signal is 
attenuated at high frequency). On the millisecond time 
scale of this technique, heat release associated with all 
photosynthetic processes ranging from internal conver- 
sion in the antenna to secondary electron and proton 
transport processes associated with ATP production 
will contribute to the photoacoustic signal. Photo- 
acoustic spectroscopy has been applied to state transi- 
tion studies in intact cyanobacteria by following changes 
in PS 1I activity through detection of the photoacoustic 
oxygen signal [19]. State-transition-induced changes in 
photosynthetic energy storage in intact red algae on 
the millisecond time scale have also been determined 
with this technique [20]. 

In laser-induced optoacoustic spectroscopy (LIOAS) 
the heat released by a sample in solution after absorp- 
tion of a short laser pulse is detected as an acoustic 
pulse by a piezoelectric crystal [21]. The time scale of 
the measurement is determined by the pulse width of 
the laser, time response of the piezoelectric crystal, 
and the travel time of the acoustic pulse in the solution 
over a distance equal to the diameter of the laser 
beam. The latter is usually limiting and is typically 
nanoseconds to microseconds [22]. In this time scale 
heat loss associated with the slower electron and pro- 
ton transport processes does not contribute to the 
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optoacoustic signal. Thus, LIOAS is particularly well 
suited to determinations of the cfticic~cics of excila- 
lion energy transfer anti primars' processes in the reac- 
tion ccntrcs of PS l i and PS I. tteat loss determina- 
tions from LIOAS can bc calibrated by either an 
external standard, which cmits all absorbed energy as 
heat, or in photosynthetic systems by comparing heat 
loss of open and closed reaction ccntres [22]. LIOAS is 
very com.,cnicnt for use with algae as the energy stor- 
age determinations can be made with intact algal cells 
suspended in lhcir growth medium [22]. 

In this rcport we have used LIOAS to mcasurc the 
amounf of energy stored by intact cells of cyano- 
bacteria in state 1 and state 2 within 2 #s of excitation. 
We observe no difference in the amount of energy 
stored by the primary processes of photosynthesis in 
state I and state 2. Our results show no evidence for an 
uncoupling of the PBS from excitation energy transfer 
to the reaction ccntres and arc thus in direct conflict 
with the PBS detachment model. 

Materials and Methods 

Sample preparation 
Synechococcus .sp, PCC 630I was grown photoauto- 

trophically at 30°C on BG-II in batch culture and 
harvested in log phase, as described previously [23]. 
Cells were used at a Chl a concentration of 1-2 p,g 
ml~ ~ and were suspended in growth media with 10% 
ethylene glycol. Ethylene glycol has a thermal expan- 
sion coefficient approx. 5-times higher than water and 
was added to improve signal-to-noise by increasing the 
amplitude of the optoacoustic signal [22]. The presence 
of 10% ethylene glycol in the suspension did not affect 
the integrity of the PBS or the cells' capacity to un- 
dergo state transitions as assayed by 77 K fluorescence 
spectroscopy. 

State transitions in cyanobacteria can be driven by 
preferential excitation of PS II- and PS I-associated 
pigments or by direct manipulation of the redox state 
of PQ and/or  cytochrome bJ f .  State 2 can be achieved 
in most cyanobacteria simply by dark adaptation, as 
respiratory electron transport activity keeps PQ and 
cytochromc b J f  reduced in the dark [7]. State 1 is 
easily achieved by illumination of DCMU-treated cells 
to oxidize PQ and cytochrome b , / f .  

For each experiment a cell suspension (50 ml total~ 
was circulated at a rate of 40 ml rain-~ from a 40 ml 
waterjacketed glass reservoir to a 1 cm square glass 
cuvettc (3 ml) and back with a peristaltic pump. Unless 
otherwise stated all experiments were done at 28°C. 
For state transition experiments 1 p.M DCMU was 
added to the suspension. State 2 was achieved by 
keeping the cells in the dark and state 1 by illuminating 
the reservoir with white light (200 W m~:). There was 
a 4 s dark interval bctwcen the reservoir and the 

measuring cuvctte to allow reaction centres which had 
beer, close0 by this illumination to open before meas- 
urement. When required, reaction ccntres were closed 
by direct illumination of the cuvettc during measure- 
mcnt with 20(}!) W m -" of white light. State transitions 
were verified by 77 K fluorescence spectroscopy. Sam- 
pies (75 ill) were taken from the cuvette during the 
optoacoustic measurement just prior to the laser flash 
and quickly frozen in liquid nitrogen, 77 K fluores- 
cence emission spectra were determined with the appa- 
ratus described previously [7]. 

LIOAS apparatus 
The optoacoustic detector was built by the Brock 

University machine shop following the design of Tam 
and Patel [21]. Signal-to-noise was increased by using 
two lead zirconate titanate (PZT) piezoelectric crystals 
(Vernitron, Bedford, OH), one on either side of a 1-cm 
glass cuvettc equidistant from the laser beam, as de- 
scribed by Nitsch ct al. [22]. The two crystals were 
mounted with opposite polarity and their outputs added 
by a differential amplifier stage. A second amplifier 
stage similar to the one described by Braslavsky and 
Hiehoff [24], carried the signal to an Hitachi VC 6065 
digital storage oscilloscope. The amplifiers were de- 
signed and constructed by the Brock University elec- 
tronics shop, 

Excitation flashes (250 ns duration) were generated 
by a Phase-R (New Durham, NH) DL-32 flash lamp 
pumped dye laser. The laser dye was either Rho- 
damine G (Phase-R}, used at 590 nm or DCM ~Exci- 
ton), used between 605 nm and 690 nm. The laser 
beam diameter was defined by a 3 mm diameter aper- 
ture which resulted in an effective acoustic transit time 
of 2 ~s. The intensity of the exciting laser flash was 
attenuated with neutral density filters and a neutral 
density filter wedge. A beam splitter directed 50% of 
the laser flash to a laser pulse pyrometer (Molectron, 
Portland, OR) so the energy of each laser pulse (E)  
could be determined directly. Signals were averaged at 
lower flash energies up to 128 times. The flash fre- 
quency was 0.2 Hz. 

Calcuhltions of energy storage 
ttcat emission measured by LIOAS must bc -ali- 

brated by external and /or  internal standards. CuCI 2 
can be used as a calorimetric standard as it releases all 
absorbed energy by heat emission within a few 
nanoseconds [22]. For CuCiz the fraction of absorbed 
energy released as heat, a, is equal to one and a CuC! 2 
solution adjusted to the same absorbance as the sample 
acts as an external calibration or reference for maximal 
heat emission. Photosynthetically active samples can 
also be calibrated internally by determinations of heat 
emission when all reaction centres are closed, Under 
these conditions all energy absorbed by the antenna 



pigments must be released as either heat or fluores- 
cence. If the fluorescence yield is significant the frac- 
tion of absorbed energy cmitted as heat. or, must be 
corrected for the fluorescence loss of ~hc closcd rcac- 
tion centres as described below in Eqn. 1 [22]. 

a { | _  cl -- &r ;~ ~ / ~'t } /t,,p / H,.n (1) 

where 4)~ t is the fluorescence yield of closed reaction 
centres, Af and A~ are the wavelengths of the weightcd 
average of fluorescence and excitation, respectively, 
and Hop and H a are the energy normalized optoacous- 
tic signal amplitudes of samples with open and closed 
reaction centres, respectively. 

To a first approximation the amount of energy stored 
photosynthetically (AE) is simply 1 - a if we assume a 
quantum yield of 1 for both reaction centres and that 
losses due to entropic changes and fluorescence from 
open reaction centres are insignificant. This energy 
storage can be easily corrected for internal conversion 
losses from the antenna pigment absorbing the excita- 
tion flash to the reaction centre by the factor at~,p/h ~ 
where Atrap is the wavelength of maximal absorption of 
the reaction centre photopigment and A c is the wa 'e- 
length of the excitation flash. This will give the amount 
of energy storage as a fraction of the energy of 
P680/P680* or P700/P700* (/t Ere I). To be exact a 
correction for the energy lost as fluorescence from 
open reaction centres, 6~'P A¢/A~, should also be in- 
cluded. The relative energy storage is thus given by 
Eqn. 2 shown below: 

(2) 

As PS !I and P S i  are both contributing to energy 
storage in intact cells we chose 690 nm as an approxi- 
mate value for '~trap" 

Results and Discussion 

Fig. 1 shows an example of the optoacoustic signal 
generated by intact cells of cyanobacteria after absorp- 
tion of a laser pulse. The amplitude of the first peak is 
proportional to the amount of heat released by the 
cells. The first peak is followed by a ~:cries of oscilla- 
tions at the resonance frequency of the piezoelectric 
crystal. To improve the signal-to-noise we measured 
the distance from the top of the first peak to the 
bottom of the first trough (H)  as the amplitude of the 
photoacoustic signal. Our results were independent of 
whether we measured the amplitude of the first peak 
or the distance H. 

LIOAS of photosynthetic systems is potentially sen- 
sitive to acoustic pulses generated by both heat release 
and conformational changes induced by charge separa- 
tion in the reaction centres. These two contributions 
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Fig. 1. Optoacoustic transient generated by intact cyanobacteria after 
absorption of a single 150-#J laser flash. The iaser was fired at time 
0 p.s on the trace. The distance H was taken as the amplitude of the 

acoustic pulse. 

can theoretically be separated by measuring the acous- 
tic signal at 4°C where water reaches maximum density 
and its thermal expansion coefficient is zero. In Fig. 2 
we show for a CIICI, solution in distilled water, as - 

° m  

LU 
"1- 

0.5 

0.4 

0.3 

0.2 

0.1 

• " I " I 1 ! ~ I - '  % . . . .  i ' I 

J 
/ 

J / •  

O,,,, 're . •' 

O ~  ~ D  

h D~' 
s ~  s "~1 

,¢ 

t t S ooO 
s I 

J 1 
s ~ ~ s  

f s 

• V . I • I , I • 1  I , J • I 
0 . 0  

- 6  - 4  - 2  0 2 4 6 8 10 

Tempe ra tu re  (C) 

Fig. 2. Pulse energy normalized amplitude ( H / E )  of the acoustic 
pulse as a function of temperatu:e for a 0.6 mM solution of CuCI 2 in 
distilled water, o;  the same soluti,o,a of CuCI 2 with NaCI added to a 
final concentration of 0.5 M. e; and a sttspension of cyanobacteria in 
distilled water, D. The absorbance of  the CuCI 2 solution was 0.22 at 
the excitation wavelength of  665 nm. The reaction centres of  the 
cyanobacteria were closed by illumination of the cuvette during 
measurement as described in Mah, rials and Methods. H/E was 

normalized to a value of one for intact cTanobacteria at 28°C. 
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prcviou,4y described for water by "l'an~t and Patti [21]. 
th~.t the acoustic signal decreased with temperature, 
cffcctivcly vanishing near 4°C (about 3°C in our cxpcri- 
mcnt). Thc signal reappeared with the initial peak 
going negative instead of positive at temperatures be- 
low 3°C (data not shown). A changc in thc shapc of the 
acoustic signal was expected as the thermal expansion 
coefficient for water is negative at temperatures below 
the maximum density tempcrature. In contrast, the 
acoustic signal generated by intact cyanobacteria sus- 
pcnded in distillcd water decreased linearly with tem- 
perature but did not vanish near 4°C. Approximately 
25¢~ of the signal observed at 28°C was still present at 
4°C. The initial peak of the acoustic pulse from the 
cyanobacteria continued to decrease below 4°C but 
remained positive down to the lowest temperature 
attainable. Extrapolation of the linear fit to the data 
indicates thai zero signal would have occurred at ap- 
prox. - 4°C. The tcmpcrature dcpendence of the CuCi, 
optoacoustic signal could bc made to mimic the cyano- 
bacteria by thc addition of NaCI. Thc temperaturc of 
thc CuCI~ solution where the optoacoustic pulse am- 
plitudc rcachcd zero was depressed to approx. -5.5°C 
by the addition of (I.5 M NaCI. The temperature of 
maximum density was decreased by solutes in a man- 
ner analogous tt, the frcezing point depression. The 
persistence of an acoustic signal below 4°C in the 
cyanobacteria may thus be explained by the high con- 
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Fig. 4. Pulsc energy normalized amplitude (H/E) of the acoustic 
pulse vs. tog of the laser-flash energy (E)  for intact cells of cyano- 
bacteria. Cells with open reaction centres in state I ( n )  and state 2 
(o) are compared to cell, in state 1 with closed reaction centres ( zx ), 
see Materials and Methods for details. The wavelength of the excita- 
tion flashes was 670 nm, chosen to excite Chl a. ( . . . . . .  ) shows the 
minimal value of t t /E from open reaction centres, H,,p. The inset 
shows 77 K fluorescence emission spectra (excitation wavelength, 590 
nm) of samples of these cells in state l (S1) and state 2 ($2) removed 

during the optuacoustic measuremetd. 
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centration of dissolved solutes in the interior of the 
cyanobacterial cell. The thermal expansion coefficient 
of the cell matrix will not be zero at 4°C and thermal 
expansion of the matrix may be acoustically coupled to 
the water suspending the cells through the cell wall. 
Although some contribution of conformational changes 
to the acoustic signal in intact cells is possible, the 
continuing linear decrease in amplitude of the acoustic 
signal below 4°C suggests that most of the acoustic 
signal is thermal. 

Action spectra for the pulse energy normalized am- 
plitude (H/E) of the acoustic signal in intact cyano- 
bacteria and bleached cyanobacteria are compared to 
the absorbance spectrum of intact cells in Fig. 3. The 
optoacoustic spectrum of intact cells closely matches 
the absorbance spectrum, with a phycocyanin peak at 
625 nm and a Chl a peak at 675 nm. The small 
acoustic signal generated by scattering from the 
bleached cyanobacteria has a different waveform from 
that of intact cells or CuCI z (not shown) and is of much 
smaller amplitude. 

The pulse energy normalized amplitude (H/E) of 
the acoustic signal for intact cyanobacteria with open 
reaction centres in state I and state 2 is compared to 



that for cells with closcd reaction centrcs in Fig. 4. The 
excitation wavelength was 670 nm, chosen to excite Chl 
a. Cells with closed reaction centres had a constant 
normalized heat loss over three orders of magnitude of 
flash energy that was independent of whether the cells 
were in state I or state 2 (not shown). This maximum 
value of H/E from closed reaction centres serves as 
an internal control and is referred to as H d. Cells with 
open reaction centres show much lower heat loss at 
low flash energies indicative of maximal photochemical 
energy storage. This minimum value of H/E is re- 
ferred to as Hop and is shown by a dashed line on the 
figure. The relative amount of heat released increases 
with the flash energy as multiple hits begin to close a 
significant fraction of the reaction centres during the 
measurement. This continues until all reaction centres 
are closed early in the laser pulse and saturation is 
reached at H a. The complex sigmoidal shape of the 
open reaction centre curve reflects the absorbance 
cross-sections of both PS II and PS !. 

We did not calculate absorbance cross-sections for 
heat loss from these curves. Absorbance cross-section 
calculations are frustrated by variations in laser flash 
intensity over the sample being measured. The optical 
arrangment required for the LIOAS setup is not opti- 
mal for these determinations. The long path length (1 
cm) combined with the relatively high sample ab- 
sorbance required for reasonable signal-to-noise (typi- 
cally 0.6), resulted in a substantial decrease in laser 
flash intensity as the beam travels through the cuvette. 
In addition, the intensity of the laser beam was not 
homogeneous over its 3 mm diameter. Absorbance 
cross-sections estimated from our figures will be under- 
estimates as the pulse intensities reported were those 
incident on the front surface of the cuvette. 

There was no difference in the amplitude of the 
energy normalized optoacoustic pulse at low flash en- 
ergies, Hop, or high flash energies, H a, or in the shape 
of the saturation curves for cells in state 2 and state 1. 
77 K fluorescence emission spectra of cell samples 
taken during the measurement are shown in the inset 
and confirm that the cells were in state 1 and state 2. 

In Fig. 5 the excitation wavelength was changed to 
620 nm, to excite the PBS, and the experiment re- 
peated with the same cells shown in F~g. 4. There was 
no difference in Hop,  Hcl or in the shape of the 
saturation curves for cells in state 2 and state 1. 

Fig. 6 shows an independent experiment on a differ- 
ent sample of cells where excitation of the PBS was 
accomplished at 590 nm, farther away from possit~le 
Chl a absorption on the short wavelength side of the 
PBS ah~mtion. Again there was no difference in Hop, 
Hd or in the shape of the saturation curves for cells in 
state 2 and state 1. State transitions were again con- 
firmed by 77 K fluorescence emission spectra of ceil 
samples taken during the measurement. 
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Fig. 5. Pulse energy normalizet amplitude (H/E) of the acoustic 
pulse as a function of laser-flash energy (E) for intact cells of 
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state 2 (e) are compared to cells in stale ! with closed reaction 
centres (zx), see Materials and Methods for details. The wavelength 
of the excitation flashes was 620 nm, chosen to excite the PBS. This 
experiment was done with the same cells used in Fig. 4. ( . . . . . .  ) 
shows the minimum value of H/E from open reaction centres. H,,~,. 
The inset shows 77 K fluorescence emission spectra (excitation 
wavelength. 590 nm) of samples of these cells in state I (SI) and 

state 2 ($2) removed during the optoacoustic measurement. 

Energy storage detem#nations 
Figs. 4, 5 and 6 clearly show that the amplitudes of 

the acoustic pulses are essentially identical for cells in 
state 1 and state 2 for all flash intensities and for 
excitation of either Chl a or the PBS. As a first 
approximation these data indicate that the amount of 
energy storage is identical in state 1 and state 2. 

Although the fluorescence yield of intact cells is 
small compared to the heat loss, a critical comparison 
of the fraction of absorbed energy lost as heat, a, in 
state 1 and state 2 requires consideration of the frac- 
tion of energy lost by fluorescence from cells with 
closed reaction centres (6~ :~ A~/Af) and open reaction 
centres (6~ 'p A¢/Af) in each state, as described in 
Methods by Eqn. 1 and Eqn. 2, respectively. Most of 
the Chi a fluorescence in intact photosynthetic systems 
originates from pigments associated with PS !1 and the 
maximum yield with closed reaction centres, 4~ j, calcu- 
lated from fluorescence lifetime data from green algae 
is approx. 0.025 [25]. Fluorescence yields can be esti- 
mated by calculating the ratio of the fluorescence 
lifetime of Chl a in the intact cells to its natural 
fluorescence lifetime [25]. The fluorescence decay ki- 
netics of intact cyanobacteria with open and closed 
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reaction ccntrcs in state t and ,,tatc 2 have been 
measured by Mullineaux c ta l .  [14]. ] h c y  modelled the 
decay kinetics with a sum of exponential decays, ~A,r , .  
Where ,4, is the amplitude of lilt i th dcct~ component 
and r, is the lifetime ol ith decay component.  Wc used 
the data of Mullineaux ct a! [14! to calculatc the 
fluorescence yields of intact cells v, ith opcn and closed 
reaction centres in state 1 and state 2 R~r excitation at 
620 nm and 670 nm. We used the follo,,.'ing equation 
adapted from Beddard et al. [25]: 

~, = E A , -  / r , ,  (3) 

Where 4,, is the fluorescence yield and % is the native 
lifetimc 119.5 ns) of Chi a [25]. Thc amplitudcs, A,. 
were normalized so that EA,  = 1. 

The fluorescence yiclds for excitation in the Chl a 
absorption region (670 nm) were, &,~= 0.008 and 4,', '° 
= 0.~14 for cells in state 2 and 41 = 0.012 and 4,1 -'r' --- 
0.006 for cells in state 1. The fluorescence yields for 
excitation of the PBS were. ~ '  = 0.014 and 4>i 'p = 11.012 
for cells in state 2 and de  = 0.025 and 4,} '° = I).l)14 for 
cells in state 1. The Chl a fluorescence yield is rela- 
tivcly smaltcr in cyanobactcria than green algae [25], as 
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Fig. b. Pulse energy normalized amplitude (H/E) o[ the acousuc 
pulse as a function o! laser-flash energy (E) for intact cells ot 
cyanobacteria. Cells with open reaction cenlres in stale 1 ([]) and 
state 2 (e) are compared to cells in state 1 with closed reaction 
centres ( a )  see Materials and Methods f,.r details The v,a~,elength 
of the excitation flashes was 590 nm, chosen to excite the PBS. This 
was an independent re.~ctition of the experiment in Figs. 4 and 5. 
( . . . . . .  ) shows the minimum value of H/E from open reaction 
centres, tl,,,. The inset shows 77 K fluore~ence emission spectra 
(excitation wavelength. 590 nm) of samples of these cells in state I 
(S1) and state 2 ($2) removed during the optoacouslic measurement. 

TA BI.I:] I 
(omparz~o,z ,d the ram, of  ucousttt pulw atnphttuh'.~ ¢or open and 
~b,wd rear|ton centres (lt, m /  tt, lL the ]ructt,m o.g ab~orbt,d energy 
rt'h'awd as heat l¢~ 1. and the rchiw e amount ,,] owrt.,3' .woragc by PS !i 
, m l  PS 1 ( . . l l . , i  ~. (or int ,ct  cdl.~ m slaw 1 and ~tatc ? h~r ¢acttation at 
5 9 0  m u .  620 nm and 670 nm 

a and AE,~q were calculated from tt,, o/ltcl using Eqn. ! and Eqn. 2 
in Melerials and Melh~s. Value:, of If,. v /Ht  are the averages of at 
least three independent experiments, standard errors are shown. The 
~aluc'. used for &i ~- -'aa'"v a~/a v and A l r a p  /'a t arc given in the text. 

ttoT,/ H~, a ..1 E,a 
5911 nm 

Stale 2 11.47 + 11.119 0 1 6  ± 0.09 I),62 ± 0.(19 
Stale 1 ¢ '7.+_ {I.09 11,46 J-(1.110 0.62 ±0,119 

6211 nm 

State 2 11.43 4_. 0 0 4  1112 ± 0.tt4 0.63 ~ 6.04 
State t 11,43 + I).04 t).42 ± 0,04 0.63 ± O.fH 

6711 nm 

State 2 0.28 ± 0.05 11.28 + 11.05 0.74 +_ 0.05 
State I 1).2~ + 0.115 0.28 +_ 0.11~; 0 74 ± 0.115 

most of the Chl a is associated with P S i  which has a 
much lower fluorescence yield than PS II. 

For PBS excitation the weighted fluorescence emis- 
sion peak was at 670 nm, therefore Ae/A f = 0.93 for 
excitation at 620 nm and 0.88 for excitation at 590 nm. 
For Chl a excitation at 670 nm the weighted fluores- 
cence emission peak was at 685 nm, so A¢/A~ --- 0.98. 

Table i shows tt , ,p/H a, the fraction of absorbed 
energy released as heat, a ,  and the relative energy 
storage, A Erd, for cells in state 1 and state 2. Values of 
Hop/Hcn in Table 1 are the averages of at least three 
independent  experiments for each excitation wave- 
length. There  was considerable variation in the value 
of Hop/H d between experiments performed on differ- 
ent samples on different da',s. The standard errors in 
Table 1 express this sample to sample variation. Varia- 
tions in Hop/H a between states in any individual 
experiment {using one sample for both states) were 
much lower than the quoted standard error. Values for 
a and A E,~ n were calculated from H,,p/Hci by equa- 
tion ! and equation 2, as described in Methods, using 
the above values for ~b~ 'l . , ,o and , l~/a  

, ,+ . |  1. 

Our value of H,~,/H a for excitation at 620 nm was 
the same for cells in state 1 or state 2 (0.43:1:0.04 ) and 
was close to that reported by Nitsch et al. [221 for 
intact cells excited at 628 nm (0.4). Our  determinat ion 
of Hop/Hcl for excitation at 670 nm for cells in state 1 
or state 2 (0.28 + 0.05) was similar to their value for 
isolated PS 1 particles at 677 nm (0.25). However, our  
value was dramatically different from their  value of 
0.65 for intact cells excited with 677 nm flashes. We 
repeated our Chl a excitation experiment increasing 



the wavelength of excitation lr~m 6711 nm to fl77 nm 
and fi)und a dramatic increase in tl,,r,/tt~ to IJ.58 ~: 
0.115 (not shov, n). much closer t~ the rc,,ult,, of Nit,,ch 
et al. [221. We would expect H,,r,/tt. I for cxcilalion of 
Chl a in intact cclls to be similar to the !t,,~/tt~ of PS 
! as most of the Chl a is associated with P S I  in 
cyanobacteria. This is apparently not true for excitation 
of the long wavelength side of the Chl a Q: absorption 
band. The unexpeetcd increasc in heat emission with 
increasing flash wavelength reflects a heterogcncity in 
thc Chl a anI.enna which :s currently under further 
investigation. 

As expected, a was significantly larger for excitation 
of the phycobilisome at 5911 nm (0.46) and 6211 nm 
(0.42) thai  it was at 670 nm (0.28). Most of this ~as 
due to higher :nternal conversion losses and fluores- 
cence Iosse~ tn the PBS. However, values for AE,.,. 
which have been corrected for internal conversion and 
fluorescence losses, showed ", larger energy storage for 
670 nm excitation (0.74) than 590 (0.62) or 620 nm 
excitation (0.63). This is consistent with the relative 
distribution of PBS and Chl a absorbed excitation 
energy to PS i1 and PS I, respectively, as the ener~'  
storage capacity of PSI  is higher than that of PS I! on 
the 2/,ts time scale of om experiment [22]. Our  values 
of ...1E,~ for PBS excil'~tion and Ch! a e, citation were 
slightly lower than, but comparable to, the values of 
relative energy storage reported for i~lated PS I! 
(0.65) and isolated PSI  (0.83), respectively, by ," "~h  
et al. [22]. 

le, none of our experiments was there a significant 
difference in H,,p/tt  d between cells in state I and 
stale 2, for excitation of either the PBS or Chl a 
Correction of Hor,/Hd for the different fluore~ence 
losses in state 1 and state 2 did not result in significant 
differences in a or AE,,~ between states. Our results 
show directly that the efficiency of excitation encr~  
transfer and primary photochemistry within 2 rts of 
light absorption in cyanobacteria is the same in state I 
and state 2. Our data does not support the PBS de- 
tachment model which predicts a decrease in the effi- 
ciency of energy transfer from the PBS to Chi a and 
thus an increase ill a, in slate 2 [13.14]. 

Measurements of heat release on a milli~cond time 
scale with photoacoustic spectroscopy by Matkin et al. 
[20] have shown increa~d energy storage in state 2 in 
red algae. The time scale of their measurements was 
approx. 10 ms so additional heat loss associated with 
secondary electron transport and phosphorylation con- 
tributed to their energy storage determinations. If we 
assume similar mechanisms for the state transition in 
red algae and cyanol3aeteria the two experiments local- 
ize the changes in energy storage determined by Malkin 
et al. [20] to secondary electron transport and /or  phtrs- 
phorylation processes occurring in the time-range be- 
tween 2 ps and 10 ms. 

IH i l l  .'J 

Since the ,,ubmi,,,,fon ot thb, report a ,, imil~ I.lt).~,~, 
~,tudv ~as publb, hcd h,, Mult incau~ cl :,,i ['%]. In a~c,:- 
menl with this repot! they ~a;~, m~ difler,.:acc ir~ h.:;~l 
loss between intact cell,, in '.,titl~ ] and ,,;ill,.: Z. 
Mullineaux ct ai. [26] al,,t~ c~mcludcd tha! th< I'BS 
detachment model ~,~.a', ino~rrccl, h~v~.,c,,er thc'~ ,,u~c-,~ 
that the FBS is ,,till detached [r, lrn l'S II it+ ,.tare 2. 
based on |luore,,cence l ifetime data frtml Mull incaux ct 
ai. [14]. The3,' suggest that the detached PBS moxe~, t(, 
PS ! as de~ribed originally' by the mobile PBS m~dcl 
Another manuscript published since ,,ubmi.~,,i~m ot ~t~ 
report, by Mullincaux and itol.,a~'arlh [2"I]. dc,,cribc,, .~ 
more detailed study of fluorc~cncc liletime,, in cyan,~- 
bacteria in state ! and '~tate 2. In thi,, study excitatitm 
spectra fi~r fluorescence dccay kinetic,, attributed tt~ 1'S 
II show a decrcase in the omtribution of PBS relative 
to Chl a. The,,c data again ,,upport the idea t~i a 

decrca.~ in the ass~ciation of the PBS ~,ith PS II in 
state 2. However. the authors conclude that their anal- 
ysis could not d~ ~erminc directly ~hcther or n~t the 
PBS v,a,, attached to PS 1 in .,,talc 2. 

Does the PBS detach from PS II and a,,,.ociatc v.ith 
PS !? As stated ir the introduction t(~ thi,, lclm~rl, the 
simple mobile PBS m,_~Jel i.,, not .,,upt~rtcd by nutm_~- 
ous experiments which have shown Ihvt the di,~trihu- 
tion of cncrg2,/ absorbed b~ Chl a i', ,tiicclcd b~ the 
state transition [!,2.6] and by the demon,,tration ol a 
state transition in a PBS-less ~anobactcriai mutant [7]. 
Spilkwer from PS II to PS ! must al.~ be included to 
explain changes in the distribution of cncr~.~ ab,,orbcd 
by Chl a. 

Unfortunalely. the .,,pilh),,cr m~dci. ~r :~ model ct,m. 
bining both .,,pill~wer and m~d~ilc anlcrlna mcchan=,,m,,. 
cannot explain all of the dala. The flu~rc',ccnce ldc. 
time data of Mutlincaux ctal .  [t4.2.7] , ,c  n~t c~m,,i,,- 
tent with a simple ~pillo~er m-chani,,m. In addil~on. ~c 
have recently sho~, thai the ob~r~cd incrca,,c m 
contribution of the PBS :o the 7 ~ K ilu~rc~,ccnc~. 
excitation spectrum ,~t P S I  in ,,talc 2 l~, much toy, or 
than ,,,,hat would I',c predicted by either the mobdc Pt'IS 
or spiliover m~,lels for the slate tran,,iti~m [15]. 

it is clear that none ot the three propo~d mecha- 
nism,,, for the state transition in c~anobactcria (mobile 
antenna. ,~pilh,ver and PBS detachment) can full~ ex- 
plain the data. Critical measurements of PS !1 and PSI 
activity are es~ntial in determining tunclional changes 
in the distribution of excitation energy. We are cur- 
renlly working towards this goal. 
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