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Flash-induced absorbance changes at 700 nm were used to determine the absorption cross-section of Photosystem I in whole 
cells of the cyanobacterium Synechococcus 6301. By varying the wavelength of the excitation flash an cxcitation spectrum for PSI 
was constructed. The excitation spectrum for PSI  in dark-adapted (light-state 2) cells shows a large peak corresponding to 
absorbance by phycobil,~ns. This peak is absent in phycobilisome-free thylakoid membranes. Adaptation to light-state 1 decreases 
the absorption cross-section of PSI  with phyeobilin-absorbed light, but has little effect with chloroph~,ll-absorbcd light. The 
closure of PS II reaction centres has no detectable effect on the absorption cross-section of PS I. suggesting that encr~ ' transfer 
from phycobilisomes to PS I is direct rather than spillover from PS II. It is proposed that. in cells adapted to light-state 2. a 
proportion of phycobilisomes are specifically associated with PS I. 

Introduction 

Although many of the components of the photo- 
synthetic apparatus of cyanobacteria, including the re- 
action centres and other electron transport compo- 
nents, are very similar to those of green plants, the 
light-harvesting complexes are strikingly different. 
Cyanobacteria contain no chlorophyll b, and both Pho- 
tosystem I and Photosystem it have chlorophyll a-con- 
taining antennae. In the cyanobacterium Synechococ- 
cus 6301 (Anacystis nidulans), it has been estimated 
that about 120 Chl a molecules are associated with 
each PSI  reaction centre [1]. The PS 11 Chl a antenna 
is considerably smaller: estimates range from 35 [2] to 
50 [1] Chl a molecules per reaction centre. Under most 
growth conditions PSI  reaction centres outnumber PS 
II reaction centres, so that the bulk of the Chl a in the 
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cell is associated with PS 1 [1]. In addition to the Chl 
a-containing antennae, cyanobacteria contain phycobil- 
isomes, large complexes of phycobiliproteins bound to 
the surface of the thylakoid membrane (see [3.4] for 
reviews), in S~'nechococcus 6301, the principal phyco- 
biliprotein is phycoc3'anin, which absorbs maximally at 
about 625 nm [3]. The phycobilisomes of S.vnechoct~ .- 
cus 6301 also contain smaller amounts of allophyco- 
cyanin [3]. This phycobiliprotein absorbs maximally at 
about 655 nm and is capable of accepting excitons from 
phycocyanin and transferring them to the long-wave- 
length absorbing terminal emitters of the phycobili- 
somes, which then transfer the excitons to the Chl 
a-containing light-harvesting complexes [3,4]. The 
structure and light-harvesting function of isolated phy- 
cobilisomes have been extensively studied, but less is 
known about energy transfer from phycobilisomes to 
the Chl a-containing species. A number of different 
approaches have yielded strong evidence for the associ- 
ation of phycobilisomes with the core complex of PS II: 
(a) Measurements of Emerson enhancement have 
shown that phycobilisome-absorbed light predomi- 
nantly excites PS II rather than PSI  [5]; 
(b) Time-resolved fluorescence measurements have 
shown energy transfer from phycobilisomes to PS II [6] 
(a recent study gave a rate constant of about 5 ns-  ~ for 
this process at room temperature [711; 
(c) Freeze-fracture electron microscopy has shown a 
structural association of phycobilisomes and PS II [8.9]: 
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(d) Functionally active phycobilisomc-PS 11 particles 
have bccn isolated [!1)] and ph~cobilis()mcs have bccn 
reconstituted in vitro with PS II core complexes [I 1]. 

These studies have led to the currently accepted 
view that phycobilisomcs arc exclusively associated with 
PS 11. The contribution of phycobilisomcs to the action 
spectrum for PS I excitation [5] has been generally 
assumed to be duc to "spiliover'" of excitation from 
phycobilisomc-couplcd PS !I centres to PSi  [12,13]. 

However. this view has been challenged by studies 
of state I-state 2 transitions, physiological adaptation 
mechanisms which allow the rapid modification of the 
function of the light-harvesting apparatus in response 
to changes in light-intensity and quality (see Refs. 
14,15 for reviews). Picosecond time-resolved fluores- 
cence studies of Synechococcus 6301 cells adapted to 
light-states I and 2 indicate that the decreased PS II 
excitation in state 2 results from a decrease in PS I! 
absorption cross-section rather than a.~ increase in 
spiliover from PS !i to PS ! [16]. 

These results further suggested that a proportion of 
PS ii core complexes becomes decoupled from the 
phycobilisomes in state 2, a view that was supported by 
studies of fluorescence induction [17]. However, laser- 
induced optoacoustic studies showed that energy har- 
vested by phycobilisomes was stored as efficiently in 
state 2 as in state I [18], raising the possibility that, in 
state 2, a proportion of phycobilisomes transfer energy 
to PS 1 rather than to PS II. Such an energy-transfer 
process would be very difficult to detect by steady-state 
or time-resolved fluorescence studies because of the 
rapid decay of excitation in the P S I  core complex: 
excitation decays in PS 1 with a rate constant of about 
25 ns-~ [7], which is considerably faster than the puta- 
tive rate constant for energy transfer from phycobili- 
somes to P S I  of about 5 ns-~ [7]. This means that 
energy transfer from phycobilisomes to PSI would give 
rise to negligible additional fluorescence from the Chl 
a of PS 1 [7]. I therefore set out to test the transfer of 
energy from phycobilisomes to PS I by measuring the 
absorption cross-section of PS ! from flash-induced 
absorbance changes at 700 nm. By using a continuously 
flowing sample, it was possible to compare the absorp- 
tion cross-section of PS I in cells adapted to light-states 
! and 2, and with open and closed PS 1! reaction 
centres. 1 conclude that. in light-state 2, a proportion 
of phycobilisomes transfer energy directly to PS !. 

Materials and Methods 

Ce',ls of the cyanobacterium Syr, echococcus 6301 
(Anat3"stis nidulans)were grown in liquid culture un- 
der white-light illumination (50 #E m-" s -~) in 
met~ium C of Kratz and Myers [19]. The concentrations 
of phycocyanin and chlorophyll a were estimated from 
absorption spectra using the formulae of Myers et al. 

[1 ]. H)r the measurement, the cells were diluted where 
necessary to a Chl a concentration of 4-5 ,uM. The 
maximum absorb~nce of the sample in the wavelength 
region of interest was about 0.4 cm- ~ (at 625 nm). The 
optical density of the sample was kept low to minimise 
artefacts due to self-shading of the sample. The volume 
of cell suspension used for each measurement was 
about 500 ml. During the measurement, the bulk of the 
cell suspension was kept in a stirred flask at room 
temperature (25°C). This flask was either kept in the 
dark (ceils adapted to state 2) [20] or illuminated with 
blue light defined by a Coming 5-57 filter at 430 #.E 
m -2 s-~ (cells adapted to state 1) [20]. A peristaltic 
pump (type 503S from Watson-Marlow, Falmouth, UK) 
was used to pump the cell suspension at a speed of 5 
ml s-~ through a 750-#1 flow cuvette (type 175.050 
from Hellma, Miilheim/Baden, FRG) where the meas- 
urement was performed. The optical path lengths were 
10 mm (in the direction of the measuring beam) and 6 
mm (in the direction of the flash). The flow speed was 
sufficiently fast to ensure that no ceils were exposed to 
two successive flashes, but not so fast that the absorp- 
tion decay kinetics were significantly distorted. The 
delay between the sample leaving the stirred reservoir 
and the measurement was about 5 s. For cells at F,,, (PS 
II reaction centres clo:ed) DCMU was added to the 
cell susoension to a final concentration of 20 v.M and 
the cells were exposed to a brief pre-illumination (ex- 
posure time 280 ms) with light defined by a 620 nm 
interference filter (bandwidth 11 nm) at 50 # E  m -2 
s-~ before flowing through a black tube into the mea- 
suring cuvette. The delay between the pre-illumination 
and the measurement was about 370 ms on average. 

Absorbance changes were measured at 700 rim. The 
measuring beam was supplied by a stabilised light- 
source (CUEL, Kenilworth, UK) and defined by a 
700-nm interference filter (bandwidth 12.3 rim). The 
intensity of the measuring beam at the sample was 14 
#E m-2 s-I. At this intensity, the measuring beam 
caused no detectable photooxidation of P700 prior to 
the excitation flash. The light passed through the meas- 
uring cuvette and then through a second 700 nm inter- 
ference filter. The signal was detected w,th a red-sensi- 
tive photomultiplier tube (9558OB from EMI, Ruislip, 
Middlesex, UK). The optics of the system were de- 
signed to minimise detection of fluorescence from the 
sample. The signal from the photomultiplier was am- 
plified with an offset current amplifier (Type 427 from 
Keithley Instruments, Cleveland, OH, USA)with  a 
rise-time of 10 #s  and stored with a computer-linked 
transient recorder (R2000 from Rapid Systems Inc., 
Seattle, USA). The excitation flash was supplied by a 
xenon flashlamp (Type 4.50XAD from Noblelight, 
Cambridge, UK) triggered simultaneously with the 
transient recorder by a repetitive flash unit (Model 445 
from Applied Photophysics, London, UK). The dura- 



lion of the flash was 4 ~s (FWHM) and the repetition 
rate was 1.25 Hz. 

The intensity and wavelength of the flash were con- 
trolled by combinations of coloured and neutral density 
filters. Bandpass interference filters were from Ealing 
Electro-Optics (Watford, UK). Broad-band blue (Chl 
a-absorbed) light was defined by an Ealing 540 nm 
short-pass filter. Broad-band yellow (phycobilin-ab. 
sorbed) light was defined by a combination of Coming 
3-67 and Ealing 660 t',m sh ,n-pass filters. This filter 
combination gave high transmissio:: between 550 nm 
and 660 rim. 

in whole-cell measurements, either 256 or 512 sig- 
nals were averaged, This large number of repeats was 
necessary because of a poor signal/noise ratio due to a 
high degree of light-scattering and turbulence from the 
pumping of the sample. A signal recorded with no 
measuring beam was subtracted to eliminate the fluo- 
rescence signal from the sample and other flash arte- 
facts. 

For measurements of flash-induced fluorescence 
yields, the 700-nm filter in front of the detector was 
replaced with a 680-nm interference filter (bandwidth 
11.5 nm) and the optics on the detector side were 
adjusted to improve detection of fluorescence. Contin- 
uous fluorescence measurements were made at the 
measuring cuvette with a Modulated Fluorescence 
Measurement System (Hansatech, King' s Lynn, UK). 
Fluorescence emission was detected at 700 nm. Excita- 
tion was with yellow light (maximum at 583 nm). 

Phycobilisome-free thylakoid membranes were pre- 
pared by a method based on that of England and 
Evans [21]: cells of Synechococcus 6301 were harvested 
by centrifugation and resuspended to 150 #M Chl a in 
a medium containing 25% (v/v) glycerol, 10 mM 
MgCI 2, 50 mM Hepes (pH 7.5) and deoxyribonuelease 
1 (1 ~.g/ml). The suspension was passed through a 
French pressure cell at 100 MPa and centrifuged for 15 
rain at 8000 × g (2-4°C) to pellet unbroken cells and 
cell debris. The supernatant was centrifuged for 45 
rain. at 100000 × g (2-4°C). The phycobilin-containing 
supernatant was discarded and the pellet resuspended 
in a buffer containing 15% (v/v) glycerol, 10 mM 
MgCI: and 25 mM Hepes (pH 7.5). For the measure- 
ment of flash-induced absorbance changes, the suspen- 
sion was diluted to a Chl a concentration of 5 #M. 
Sodium ascorbate (10 raM) and phenazine metho- 
sulphate (10 pM) were added as electron donors to PS 
I. The measurement was performed as for whole cells 
except that the sample was stationary and the number 
of repeats was decreased to 16. 

R~sults 

Flash-induced transient absorption changes at 700 
nm probe the photooxidation and the kinetics of re-re- 
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duction of P7IW), the prima~ electron donor of P S i  
[22], Fi~. I shows such a transient for dark-adapted 
cells of the cyanobacterium Svnechococcus 6301. This 
transient was induced by broad-band blue (Chl a-ab- 
sorbed) light at saturating intensity. As was previously 
observed for cyanobacterial cells [23], the re-reduction 
of PS ! proceeds in at least two phases. The first phase 
has a lifetime ( I / e ) o f  about 2(Xl #s. The ,second phase 
has a lifetime in the millisecond time-range. 

At saturating flash-intensity, the initial amplitude of 
the absorbance change indicates the population of 
active PS ! reaction centres in the sample [22]. Infor- 
mation on the absorption cross-section of PS 1 (the size 
of the light-harvesting antenna feeding excitons into 
each PSI  reaction centre) may be obtained from the 
amplitude of the ab.~)rbance change at sub-saturating 
light intensities. The larger the ab~}rptior, cross-sec- 
tion of PS !, the lower is the flash intensi~, required to 
induce any given level of photooxidation of P7IW) and 
the steeper is the increase in the abmrbancc change 
with increasing flash intensity, Fig, 2 shows plots, on a 
semi-logarithmic scale, of the fraction of phot(x~xidised 
P700 versus the intensity of the exciting flash. The~  
results were obtained for dark-adapted cells, which 
were therefore in light-state 2 [20], Plots arc shown for 
two wavelengths of the flash: 680 nm, which is pre- 
dominantly absorbed by Chl a, and 63!t nm which is 
only weakly absorbed by Chl a but strongly absorbed 
by phycocyanin. Over the intensity range shown, the 
~mi-logarithimic plots are linear at both excitation 
wavelengths. The gradient of the semi-logarithmic plot 
is a measure of the average relative abmrption cross- 
~ction of PS !. This is only slightly less for 630 nm 
light than for 68i) nm light, suggesting that, for cells in 
state 2, phycobilisomes as well as Chi a can transfer 
energy to PS ! (Fig. 2). 

Fig. 3 shows the variation of PS I relative absorption 
cross-~ction with excitation wavelength: in effect this 
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gives the excitation spectrum fl~r PS I. PS 1 relative 
absorption cross-section is normalised to 680 nm to 
allow a comparison bctwccn whole cells (adapted to 
state 2 )and  phycobilisome-depleted thylakoid mem- 
brane,,, which scattered light to a lesser extent. As well 
as lhe peak at 680 nm corresponding to the absorption 
maximum of Chl a, the cells show a prominent peak at 
630 nm corresponding to the absorption maximum of 
phycocyanin. This peak is absent in phycobilimme-free 
thylakoid membrane fragments (Fig. 3). In the cells, 
the ratio of PS 1 absorption cross-scction at 630 nm to 
that at 680 nm is (I.84. This compares to a ratio 
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Fig. 4. Effect of state transitions on PS I absorption cross-section 
with broad-band blue light (predominantly absorbed by Chl a). 

L3 ~ U : cells in .~tate I. ~;~ . . . . . .  O: cells in state 2. 

A ~ , ~ , , / A , , s ,  , of I.! in the absorption spectrum of the 
cells, and indicates efficient energy transfer from phy- 
cobilisomes to PS 1. 

Figs. 4 and 5 show the effect of state transitions on 
the absorption cross-section of PS !. For these mea- 
surements I have used broad-band excitation light to 
enable higher excitation flash intensities-to be attained. 
Cells were adapted to dark (state 2) or exposed to blue 
light to induce state 1. as described in Materials and 
Methods. Exposure to the blue light produced an in- 
crease of about 10% in the steady-state fluorescence 
yield of the cells with a half-time of about 30 s; this is 
typical of the state 1 transition in this organism [24]. 
Since most of the fluorescence observed under these 
renditions comes from the phycobilins and does not 
vary with state transitions [25], the actual increase in 
PS !i fluorescence must be much greater than 10%. 
Adaptation to state 1 did not significantly alter the 700 
nm absorbance change induced by saturating flash 
intensities. This indicates that adaptation Io state 1 
neither changed the populatk)n of active PS 1 reaction 

0.00 

--'- -0.20 
x 
0 

~:~ - 0 . 4 0  
(:3 
0 
I",.. -0.60 
I 

C 
- 0 . 5 0 -  

-t . o o - t ~ -  
0 0 0  

I 

" x .  0 

fJ. 13 0 .20  0 .50  0 .40  0 .50  

RELATIVE FLASH INTENSITY 

Fig. 5. Effect of state transitions on P S i  absorption cross-seclion 
with broad-band yellow light (predominantly absorbed by phyco- 
bilins). A Amj , was determined using b]uc light at saluraliag intca- 

sit,;. 1~ ~ El : cells in state I. o . . . . . .  G: cells in state 2. 



centres nor caused the phot(~)xidation of a significant 
proport ion of PS ! reaction centres prior to the flash. 
With light absorbed predominantly by Chi a. adapta- 
tion to state 1 caused no significant change in the 
absorption cross-section of P S I  (Fig. 4 and Table 1). 
With light absorbed predominantly by phycobilins, 
adaptation to state 1 decreased the average absorption 
cross-section of PS I by about 30%. (Fig. 5 and Table 1). 
Note that the plot in Fig. 5 for cells in state 2 is 
biphasic with a slower second phase of similar gradient 
to the linear plot for ceils in state 1. 

If energy transfer from phycobilisomes to PS ! pro- 
ceeds by spilIover of energy from phyeobilisome-cou- 
pied PS I! centres to PS I, as has been frequently 
suggested [12,13,26], the closure of PS II reaction cen- 
tres should increase the effective ab~rpt ion cross-sec- 
tion of PS I [271. In principle, this could be tested by 
comparing the intensity-dependence of the flash-in- 
duced 700 nrr. absorbanee change under two condi- 
tions: 
(a) PS I1 centres open; 
(b) PS II centres closed by a pre-illumination. 

A complication is that the excitation flash itself will 
inevitably cause the closure of PS 11 reaction centres as 
well as the pholoo;~idation of P S I  reaction centres. 
The extent of spillover should hlcrease when the exci- 
tation flash is sufficiently bright lcr a significant pro- 
portion of PS ii centres to absorb two photons: the 
first photon is required to close the PS II reaction 
centre and the second photon then has an increased 
chance of being transferred to PS I. The closure of PS 
I! reaction centres :nay be monitored by the PS 11 

T A B L E  ! 

Effect of  state transi~tott~ and PS II trap ch)sure on P S i  ahsorplk;,~ 
cross-section 

The average PS i absorption cr, , ,s-~ction wa~ determined from the 
initial gradient of the plots of I n ( i -  A A ~ / A A m j  ~) '~ersu'~ flash 
intensity shown in Fig.,,. 4, 5 and 7. Gradients ~ere determined by 
linear regression and are expressed as I/I,,. ~here  i, is the flash 
intensity at which In(1 - 3 A ~ / . I A ~ , ,  ) = - IO. The excitation flash 
was with broad-band phycobilisome-ab~rbed iighl (PBS) or Chl 
a-absorbed light (Chl). I/!~ os in relative umt~ ~alue.s are not 
comparable for PBS and Chl-absorbed hghl. 

Flash State PS !! I / /  Standard 
(relative) error 

Batch i 
Chl 2 open 4.0 O. t 
Chl I open 4. I O. 1 

Batch 2 
PBS 2 open 2.25 0(12 
PBS I open !,57 0.02 

Bauh 3 
PBS 2 open 2.48 0.02 
PBS 2 ck~sed 2.51 0.02 
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Fig. 6. Dependence ,~f flash-induced fluorescence sicld at 680 nm , n  
flash inten,~nt~, The flash ,~a', ~ith b r , a d h a n d  sell,~, hghl {prctl~wl~l- 
nantl~ absorbed by' pbycohilnq~L [:ta~h intcnsils i~ e~prc,~scd on the 

,,ame .~alc a~ in Fig. 5..~;)m,¢h~u~¢~'cu~ 63qFI col6 ~,¢rc in ,, :tte 2. : 
PS II centre,, open proof to the flash. ~: PS ti cenlre~ clo,,ed pri ,r  t~ 

the fla,,h b~ a 621t nm prc-dluminal~,n ~n the prc~cnce of DCMU 

fluorescence yield [27]. Since fluorescence, like 
spillover, is a process that compete~ with PS !I photo- 
chemistry' [27]. the yield of PS I! fluorescence fn~m the 
flash should be a precise indicator of thc increased 
probability of spiilo~,'er as a result of PS !1 trap closure. 
Fig. 6 shows the variation of fluorescence yield at 680 
nm with flash intensity over the same range of intensi- 
ties that were used for the measurements of PS I 
absorption cross-section (Fig. 5). At the lowest flash 
intensities used it may be assumed that most PS 11 are 
open and the fluorescence yield is close to F, (i:ig. 6). 
Under these conditions, much of the fluorescence ob- 
served comes from the pbycobilins rather than from 
the Chl a of PS II I25]. The increasing fluorescence 
yield at higher flash intensities indicates the closure of 
PS II centres (Fig. 6). This process is still not saluratcd 
at the highest flash intensities used (Fig. 6). 

If the absorption cross-sccti-n of PSi  incrcases with 
increasing PS !1 closure, we ~.ould expect the gradient 
of the plot for cells tn state 2 in Fig. 5 to increase 
gradually with increasing flash intensity. This is not 
observed: in fact the gradient of this plot is lower at 
high intensities (Fig. 5). 

A more direct test of the influence of PS 11 closure 
on PS ! absorption cross-section is to compare the 
intensity-dependence of the flash-induced 700-nm ab- 
sorbance change with initially open PS 11 centres and 
with PS ii centres closed by a pre-iilumination in the 
presence of DCMU. The effect on PS 11 of this pre- 
treatment is shown in Fig. 6: the PS !1 fluorescence 
yield is considerably increa~d at all the flash intensi- 
ties used. An important condition for this experiment 
is that the pre-illumination should close PS I! centres 
without causing P700 to become photo-oxidised prior 
to the measuring flash. This is made possible by the 
different timescales for re-opening of PS II and re-re- 
duction of P700. First, a brief 620-nm pre-illumination 
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cM~rc,,~,¢d on the ~,~mc ",talc a-  ill l"i!!" ~ and  h. - . . . . .  : l '~, II 

cen t re -  opcr~ pr,~r t~, the fld,,h. : - -  :, : PN il ccntrc~ ch~',cd 
prior  to  the flash b~ a h2(I ~,m prc-ilh~r~tn;Jlion ttl ~h¢ prc , ,cncc ~t 

I ) (  ' k i t .  

is used to close th~se reaction ccntres ihltl arc fun~.- 
tionaily coupled to ph~cobilisomcs. There is then a 
dcla.v of about 371t ms as the cells flo~ into the mcasur- 
ing cm, cttc. in the presence of DCMU there is only a 
partial re-opening of PS !1 ccntrcs during this time. as 
Is indicated by the high fluorescence yield at low fla,41 
intensities (Fig. 6). Howcvcr, P70() is rc-rcduccd much 
more rapidly (Fig. 1). so that all P7()() should bc rc-rc- 
duccd by the time the cells enter the measuring cu- 
vctte. The pro-illumination decreased lhc 701) nm ab- 
sarbancc change at saturating light-intensity by onb 
2~';. confirming that the delay bctwccn the prc-il- 
lumination and the measurement w;,s sufficient to al- 
low vir!ually all P7(M) to be re-reduced. 

Fig. 7 shows the intcnsity-dcpcndcncc of ..1,-1,,~,/ 
.3A,,.,, for cells in state 2 with PS 11 ¢cn,rcs initialb 
opcn ( F , ) o r  cioscd (F,,). Excitalion was ~i 'h  phyco- 
bilin-absorbcd light, a,,, in Fig. 5. The closure of PS II 
reaction centrcs has no significant eftcct on the absorp- 
t;on cross-section of PS I, as determined from the 
initial gradient of the scmi-iogarithmic plot (Tabtc I). 

Discussion 

in this study ! set out to test the extent of energy 
transfer from phycobilisomes to PS 1 in thc cyanobactc- 
rium ,'~vnecho~'¢.~ccus 63111, and thc possible control of 
this proccss by state 1-state 2 transitions. The results 
presented here clearly show that. for cells adapted to 
light-state 2. the phycobilig~mcs make a major contri- 
bution to the light-harvesting capacity of PS ! (Fig. 3). 
On transition to light-state 1. the absorption cross-sec- 
tion of PS I  tor phycobilin-ab~rbed light is decreased 
(Fig. 5 and Table i). Howcver. the absorption cross- 

~,vct,w, ¢~1 t'S t for ('hi a-absnrbcd light is app~.rcntly 
tJnch;.ngcd (lig. 4 and Table !). |F, is conflicts with the 
C~,lclu~i(m,, eft Tsinorcma,, ct al. [23] who found that 
~h¢ ,,tare I transition dccrcased the absorption cross- 
.,,cction of PS ! both with Chl-absorbcd light and with 
ph.vcobilisome-ah,,orbed light. However. the Chl-ab- 
.~orbed light used by these authors was in the near-UV 
(~va,.clcngth 337 nm) [23]. It is likely that this was less 
,<h:ctive for Chl a than the bluc light used in this 
study. Thc results presented here indicate that the 
transition to state ! specifically decreases the extent of 
energy transfer from phycobilisomcs to PS 1. 

In principle, energy transfer from phycobilisomes to 
PS ! could result cifhcr from the tight coupling of a 
l~mited population of PS ! to phycobilisomes or from a 
less selective energy transfer prcx:ess giving a finite 
probabilit.v of energy transfer from phycobili~mes to 
all PSI  reaction centrcs. My rcsulls suggest the former 
possihility. For cells in state 2 excited with phycobilin- 
absorbed light, the saturation curve for P7(IO photo- 
oxidation is biphasic: a rapid initial phasc is fl~llowed 
by a slower second phase (Fig. 5). "~'his suggests a 
heterogeneity in PS I antenna sizes. The initial gradi- 
ent indicates the average absorption cross-section of all 
PS I. while the final gradient indicates the absorption 
cms.,,-section of the PS I population with smaller an- 
tenna size (the PS 1 with larger antenna size will have 
been selectively photc~xidised at lower light intensi- 
ties). This heterogeneity is no', seen with Chl a-ab- 
sorbed light (Fig. 4) indicating that it results specifi- 
cally from the coupling of phycobilisomes to PS !. The 
simplest explanation would be that the slower second 
phase seen in Figs. 5 and 7 comes from PS I that are 
not couplcd to phycobilisomes and thus receive excita- 
lion energy only from their Chl a antennae. Although 
the broad-band yellox~ light used for these measure- 
ments is most strongly absorbed by phycobilins, there 
will als¢~ bc significant absorption by Chl a. The faster 
initial phase scen in Figs. 5 and 7 would then include a 
population of P S i  coupled to phycobili~mes. On 
transition to state !. the heterogeneity is no longer 
detectable with phycobiiin-ab~rbed light and the gra- 
dient of the saturation curve is similar to that of the 
second phase in Mille 2 (Fig. 5). 3"his suggests that the 
population of pbycobilisomc-coupled PS ! is very low 
hi  s t a t e  l. O n  transition to s t a t e  2,  a limited population 
oi PS 1 become coupled to phycobilisomes. In princi- 
p!c. it should be possible to determine the proportion 
of phycobilisome-coupled PS ! centres from the inter- 
cept of the second phase of the saturation curve with 
the r-axis. In practice, it is impossible to do this 
accurately with !he quality of data ,variable. The pro- 
portion of phycobilisome-couplcd PS 1 centres appears 
to bc quite small, even in .:tale 2, however. Values of 
about 1()-2()¢~ would be con,4stent with the data in 
Fig. 5. Note. however, that since PSI  centres generally 



outnumber phycohilisomc,~ by a l act=~r of 5~ 6 [2.2,S] the 
proportion of phycobilisomes invoh'cd could be consid- 
erably hight, depending o,. the number of PS I thai 
can be ass,x:iatcd with each phycobilisome. 

Energy transfer from phycobili~mes to PS ! could 
proceed by two reutes: (a) spillover from phycobili- 
~me-coupled PS !1 centres to PS !: (bl direct energy 
transfer from phycobilisomes to PS !. 

The former possibility has been postulated in the 
literature on the basis of the dct, onvolution of low-tem- 
perature fluorescence emission spectra [12,29]. A tradi- 
tional diagnosis for spillover has been the effect of PS 
!1 trap closure on PSI absorption cross-section: PS II 
should compete with PSI  for excitons and, therefore, 
the closure of PS II reaction ccntres should increase 
the absorption cross-section of PSI [27]. Time-rc.~lved 
fluore~ence mea,,,'_~rcrnents have confirmed that the 
closure of PS I1 reaction centres by the reduc,.on of 
Oa greatly increases the lifetime of excitons in the PS 
11 antenna [30.31], which should correspondingly in- 
crease the probability for spillover. However. the clo- 
sure of PS I! reaction centres has no influence on PSi 
absorption cross-section (Fig. 7, Table I). This suggests 
that energy is transferred directly from phycobilisomes 
to PS ! rather than as spillover from PS I!. A further 
implication is that the changes in excitation energy 
distribution associated with state transitions occur as a 
result of changes in the proportions of PS II and PS I 
reaction centres coupled to phycobilisomes, as origi- 
nally suggested by Allen et al. [32]. This conflicts with 
the conclusions of other authors who have proposed 
changes in the rate constant for spillover [12.13,15,26]. 
However, I do not believe that these aL, t~ors" results 
conclusively distinguish between changes in spillover 
and changes in absorp**on cross-sec~ion. See Ref. 25 
for a discussion of the data in Refs. 12 and 13. 

A model for the structura~ eff,:cts of state transitions 
is summarised in Fig. 8. For the purposes of the model. 
it is assumed that each phycobdisome has two reaction 
centre binding sites. This is consistent with the stoi- 
chiometry of phycobilisomes to PS I1 [281 and the 
two-fold symmetry of the Synechococcus 6301 phycobii- 
isome core [31. In state 1, most PS II core complexes 
are bound to pnycobilisomes and the population of 
phycobilisome-coupted PSI is negligible. On transition 
to state 2, about 60% of PS !1 core complexes become 
decoupled from phycobilisomes [16] and PS I core 
complexes become bound to phycobilisomes in their 
place. Since PSI reaction centres normally outnumber 
FS II reaction centres by a factor of about 2.5 [1,2]. the 
proportion of PS I that become coupled to phycobili- 
sprees on transition to state 2 will be smaller than the 
proportion of PS I1 centres that become decoupled 
(Fig. 8). The model is consistent with the results re- 
ported here and with observations from a wide range 
of experimental approaches: (a) Picosecond time-re- 

State 1 

State 2 

El.., 
Fig. h. M~dcl |or '..late tr;m~ntlon,, In $~m~ k,~, ,,~ ~u~ 6 ~i0] in ,d,~tc i. 

m¢~,l PS It ccntrc~ arc coupled to |'~h~¢obdt',~mt,~ ,ll'td nlO,~l i'S ! 

centrc~ are dcc~upicd  from ph~cohlli,amle~ ()n IlaluqtlOl| Io ~,|dlt" 3 

mt,~l PS it ccnl~.-,, bc¢onl¢ dcc,~upled l t~m ph},.,~bdl',~*m,., at~d ,a 

prol '~rh~n o! P S I  centre',  become,, c~uplcd 1,~ ph.~c,~bdb,~rnc~ m 

their place. A p~trt o!  the PS I! ( 'hi a ,~ntcnn.~ m;t~, bt ~ lr,lflqcrrctl 1<~ 

PS ! toge[hcr  ' , i lh  Ihc ph}cobuh.,~mc. Ii i', :~,,,,umcd lh~! ¢.~ch 

ph)c~hlh,,~me h;P. f ~  rc:lcl~rl ccnlrc  h~nding ,,ttc- 

solved fluore~ence measurements indicate decoupling 
of PS 11 from phycobili.,,omes on transition to ~,tatc 2 
[7.16'.; (b) Fluoresccnce induction studucs indic~Jtc a 
population of phycobili~)me-decoupled PS II celltre~, 
in cells adapted to state 2 [17]; (c) L~.cr-induc~.d 
optoacoustic studies show that there is ;lo additional 
dissipation of energy in state 2. Energy is redistributed 
between the photosyslems rather than being quenched 
[181; (d) Freeze-fracture electron microscopy shows 
randomisation of PS li particles on transition to state 2 
[33]; (e)PS ! particles isolated from the cyanobacterium 
Chlorogloea fritschii contained small ~Jmounl,, of t-unc- 
tionally coupled allophye{~.'yanin [341. 

One problem that has been recently highlighted 12~,] 
is that the state 2 transition in ~3'anobactcria d¢crew, c~ 
the PS ii fluorescence yield with chtorophyll-ab.,,orhcd 
light as well as with phycobilin-ab,~rbed light. A previ- 
ous suggestion was thin this could result from spitlovcr 
as a result of increased contact betv,:cn phyc,~bili- 
~me-decoupled PS !1 centres Jnd PSi [25]. However. 
no change in PS il iiictimes could bc dctected with 
670-nm excitation. ,~hich should be strongly absorbed 
by Chl a [16]. This suggests that the effect observed 
with Chl-abstrbed light is a change in PS 11 absorption 
cross-section, not a change in spi![over. One solution 
would be that on transition to state 2 PS !1 loses a part 
of its Cht a antenna in addition to the phycobili~mc, 
The Chl a-binding prolein invol,~cd could act as a link 
be~'ecn phycobilisomes ~nd reaction centrcs and would 
be transferred to PS 1 together with the phycobilisome. 
Since the amount of Chl a a~sociated with PS ! is far 
greater than thai associat:'d with PS 11 [1]. such a 
process could significantly reduce the Chl a-antenna 
size of PS II without significantly increasing the Chl 
a-antenna size of PS !. According to this hypothesis. 
stale transitions would involve changes in the coupling 
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bttv,  c cn  twu ( ' h i . b i n d i n g  pr,~tcins in a m a n n e r  ana l  ~- 

g~us l~) Male I ransi l ion, ,  m g r e e n  plants ,  w h e r e  p r o t e i n  

p h ~ s p h o r y l a l i o n  causes  the  t l c coup l ing  ~ f  I , | t ( ' -11 f r o m  

P'S I! 1351. A l t h o u g h  |hi,, h~,pothcsis is ra the r  ,.,pcc`1d;~.- 

l ive al |hi.'., ',rage, I bel ieve it to bc consi , , tcnt  w i t h  al l  

cu r r en t  d a t a  on s ta le  l r ans i l i ons  in phyctd'filis,,m~c-c~m- 

la in iug  ~rgmlismr,,  i i l c lud ing  the  ol~scrvatiorl that a 

i-~r~cc,,,, re , , cmbl ing  slitl¢ t r ans i thm ' ,  occu r s  in a phyco-  

b i t i s o m c - l r c e  cyam~bac tc r i a i  m u t a n t  13t'q. F u r t h e r  

p r o g , c s s  in the u n d e r s t a n d i n g  of  the  m o l e c u l a r  Imsi,s o f  

s ta te  t r ans i t i ons  in the  p h y c o h i h s o m e - c o n t a i n i n g  organ-  

isms may  r equ i r e  d e t a i l e d  s t ruc tu ra l  a n d  b i o c h e m i c a l  

s tudies  in add i t i on  to spec t ro scopy .  
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