Biochimica et Biophysica Acta, 1100 (1992) 285--292

3\45

© 1992 Elsevier Science Publishers B.V. All rights reserved 0005-272% /42 /305,460

BBABIO 43620

Excitation energy transfer from phycobilisomes to Photosystem I
in a cyanobacterium

Conrad W. Mullineaux

Robert Hill Institute, Department of Molecular Biology and Biotechnology. Umiversiry of Sheffield. Shefficld (UK}

(Received 22 August 1991)
(Revised manuscript received 26 February 1992)

Key words: Energy transfer; Phycobilisome; Photosystem 1: Cyanobacterium: Photosynthesis: Light-state transttion

Flash-induced absorbance changes at 700 nm were used to detcrmine the absorption cross-section of Photosystem 1 in whole
cells of the cyanobacterium Synechococcus 6301. By varying the wavclength of the excitation flash an excitation spectrum for PS 1
was constructed. The excitation spectrum for PS I in dark-adapted (light-state 2) cells shows a large peak corresponding to
absorbance by phycobilins. This peak is absent in phycobilisome-free thylakoid membranes. Adaptation to light-state 1 decreases
the absorption cross-section of PS I with phycobilin-absorbed light, but has little effect with chlorophyll-absorbed light. The
closure of PS 11 reaction centres has no detectable effect on the absorption cross-section of PS I. suggesting that cnergy transfer
from phycobilisomes to PS I is direct rather than spillover from PS IE Tt is proposed that. in cells adapted to light-state 2. a

proportion of phycobilisomes are specifically associated with PS L.

Introduction

Although many of the components of the photo-
synthetic apparatus of cyanobacteria, including the re-
action centres and other electrsn transport compo-
nents, are very similar to those of green plants, the
light-harvesting complexes are strikingly different.
Cyanobacteria contain no chlorophylil b, and both Pho-
tosystem I and Photosystem II have chlorophyll a-con-
taining antennae. In the cyanobacterium Synechococ-
cus 6301 (Anacystis nidulans), it has been estimated
that about 120 Chl 2 molecules are associated with
each PS [ reaction centre {1). The PS Il Ch! a antenna
is considerably smaller: estimates range from 35 [2] to
50 1] Chl a molecules per reaction centre. Under most
growth conditions PS I reaction centres outnumber PS
I1 reaction centres, so that the bulk of the Chl a in the
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cell is associated with PS I [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 Synechococcus 6301, the principal phyco-
biliprotein is phycocyanin, which absorbs maximatly at
about 625 nm [3). The phycobilisomes of Synechococ-
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 1I:
{a) Measurements of Emerson enhancement have
shown that phycobilisome-absorbed light predomi-
nantly excites PS II rather than PS I [5);

(b) Time-resolved fluorescence measurements have
shown energy transfer from phycobilisomes to PS 11 [6]
{a recent study gave a rate constant of about 5 ns ! for
this process at room temperature [7}]);

{c) Frecze-fracture electron microscopy has shown a
structural association of phycobilisomes and PS 11{8.9]:
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(d) Functionally active phycobilisome-PS 1l particles
have been isodated {10} and phycobilisomes have been
reconstituted in vitro with PS 11 core complexes [11].

These studies have led to the currently accepted
view that phycobilisomes are exclusively associated with
PS I1. The contribution of phycobilisomes to the action
spectrum for PS 1 excitation [5] has been generally
assumed to be due to “spillover™ of excitation from
phycobilisome-coupled PS 11 centres to PS I {12,13].

However, this view has been challenged by studies
of state 1-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 1 and 2 indicate that the decreased PS 11
excitation in state 2 results from a decrease in PS Il
absorption cross-section rather than a. increase in
spillover from PS II to PS 1 {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 statc 1 [18], raising the possibility that, in
state 2, a proportion of phycobilisomes transfer energy
to PS I 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 PS 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 PS I of about 5 ns™! [7). This means that
energy transfer from phycobilisomes to PS I would give
rise to negligible additional fluorescence from the Chl
u of PS 1[7]. 1 therefore set out to test the transfer of
encrgy from phycobilisomes to PS I by measuring the
absorption cross-section of PS 1 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
1 and 2, and with open and closed PS 1! reaction
centres. I conclude that. in light-state 2. a proportion
of phycobilisomes transfer energy directly to PS 1.

Materials and Methods

Cells of the cyanobacterium Syriechococcus 6301
( Anacystis nidulans) were grown in liquid culture un-
der white-light illumination (50 xE m™* s™") in
meuium 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]. For the measurement, the cells were diluted where
necessary to a Chl a concentration of 4-5 uM. The
maximum absorbance of the sample in the wavelength
rcgion of interest was about 0.4 cm ™! (at 625 nm). The
opticai density of the sample was kept fow 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 (cells adapted to state 2) [20] or illuminated with
blue light defined by a Corning 5-57 filter at 430 uE
m~2 57! (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
mi s™' through a 750-ul 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 cells 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
I reaction centres clozed) DCMU was added to the
cell suspension to a final concentration of 20 uM 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 xE m™?
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 nm. The
measuring beam was supplied by a stabilised light-
source (CUEL, Kenilworth, UK) and defined by a
700-nm interference filter (bandwidth 12.3 nm). The
intensity of the measuring beam at the sample was 14
wE m~% s”' 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 with a red-sensi-
tive photomultiplier tube (9558QB 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 us 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 simultancously with the
transient recorder by a repetitive flash unit (Model 445
from Applied Photophysics, London, UK). The dura-



tion of the flash was 4 us (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 Corning
3-67 and Ealing 660 um sh .rt-pass filters. This fiiter
combination gave high transmissio: between 550 nm
and 660 nm.

In whole-cell measurements, either 256 or 512 sig-
nals were averaged. This farge 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 climinate 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 uM Chl 4 in
a medium containing 25% (v/v) glycerol, 10 mM
MgCi,, 50 mM Hepes (pH 7.5) and deoxyribonuclease
1 (1 pg/ml). The suspension was passed through a
French pressure cell at 100 MPa and centrifuged for 15
min at 8000 X g (2-4°C) to pellet unbroken cells and
cell debris. The supernatant was centrifuged for 45
min. at 100000 X g (2-4°C). The phycobilin-containing
supernatant was discarded and the peliet resuspended
in a buffer containing 15% (v/v) glycerol. 10 mM
MgCl, 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 uM.
Sodium ascorbate (10 mM) and phenazine metho-
sulphate (10 x M) were added as electron donors to PS
1. The measurement was performed as for whole cells
except that the sample was stationary and the number
of repeats was decreased to 16.

Results

Flash-induced transient absorption changes at 700
nm probe the photooxidation and the kinetics of re-re-
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Fig. 1. Flash-induced 700 nm absorbance changes tor dark-adapted
(state 2) cells of Svrechococcns 6301, A dus (FWHNM) flash was given
at time ¢ = 0. The flash was with hlue (Chl g-absorbed) light and was
at saturating intensity. The signai was summed from 512 repeats.

duction of P7X), the primary electron donor of PS 1
{22]. Fig. 1 shows such a transient for dark-adapted
cells of the cyanobacterium Synechococcus 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 I proceeds in at least two phases. The first phase
has a lifetime (1 /¢) of about 200 us. 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 I reaction centres in the sample [22}). Infor-
mation on the absorption cross-section of PS [ (the size
of the light-harvesting antenna feeding excitons into
each PS I reaction centre) may be obtained from the
amplitude of the absorbance change at sub-saturating
light intensities. The larger the absorption cross-sec-
tion of PS 1. the lower is the Aash intensity required to
induce any given level of photooxidation of P700 and
the steeper is the increase in the absorbance change
with increasing flash intensity. Fig. 2 shows plots, on a
semi-logarithmic scale. of the fraction of photooxidised
P700 versus the intensity of the exciting flash. These
results were obtained for dark-adapted cells. which
were therefore in light-state 2 [20]. Plots are shown for
two wavelengths of the flash: 680 nm, which is pre-
dominantly absorbed by Chl a, and 630 nm which is
only weakly absorbed by Chl a but strongly absorbed
by phycocyanin. Over the intensity range shown, the
semi-logarithimic plots are linear at both excitation
wavelengths. The gradient of the semi-logarithmic plot
is a measure of the average relative absorption cross-
section of PS L. This is only slightly less for 630 nm
light than for 680 nm tight, suggesting that. for cells in
state 2, phycobilisomes as well as Chl a can transfer
energy to PS I (Fig. 2).

Fig. 3 shows the variation of PS I relative absorption
cross-section with excitation wavelength: in effect this
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Fig. 2. Dependence of the 700 nm absorbance change on flash
intensity, The wavelength of the flash was controlied with interfer-
ence filters (handwidth about 11 am FWHM). 34 sas deter-
mined wsing broad-band blue light, ~ 630 am excitation,
R 23, 650 nm excitation. The relative light intensities st the
two wavelengths are scaled according to the relative wumber of
phaotons in each flash.

gives the cexcitation spectrum for PS 1. PS [ relative
absorption cross-section is normalised to 6800 nm to
allow a comparison between whole cells (adapted to
state 2) and phycobilisome-depleted thylakoid mem-
branes. which scattered light to a lesser extent. As well
as the 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 phycobilisome-free
thylakoid membrane fragments (Fig. 3). In the cells,
the ratio of PS I absorption cross-scction at 630 nm to
that at 680 nm is (.84, This compares to a ratio
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Fig. 3. Action spectra for PS 1. The absorption cross-sections of PS 1
for different wavelengths of light were determined from the gradi-
ents of plots such as those in Fig. 2 and are expressed relative to the
absorption cross-section at 680 nm_ The wavcivigih of lhe flash was
controlled with interference filters (bandwidth about 11 nm). As in
Fig. 2. relative Jight intensities at different wavelengths were scaled
according to the relative number of photons in the flash when
calculating these resubts. ¢------ C. cells of Synechococcus 6301
(state 2. PS 1 reaction centres open); @ ®_ phycobilisome-free
thylakoid membranes from Syrechococeus 6301.
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Fig. 4. Effect of state transitions on PS | absorption cruss-section
with broad-band blue light (predominantly absorbed by Chl a).
8] U:cells instate 1, ©- - - - - ¢ 2; cells in state 2.

Ao/ Ags of L1 in the absorption spectrum of the
cells, and indicates efficient energy transfer from phy-
cobilisomes to PS L

Figs. 4 and 5 show the effect of state transitions on
the absorption cross-section of PS 1. For these mea-
surements | 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 109% in the steady-state fluorescence
vield of the cells with a half-time of about 30 s; this is
typical of the state | transition in this organism [24].
Since most of the fluorescence observed under these
conditions comes from the phycobilins and does not
vary with state transitions [25), the actual increase in
PS 11 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 to state 1
neither changed the population of active PS | reaction
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Fig. 5. Effect of state transitions on PS I absorption cross-section
with broad-band yellow light (predominantly absorbed by phyco-
bilins). 14, was determined using blue light at saturating inten-
sitv. O O:cellsinstate 1. ©------ C: cells in state 2.




centres nor caused the photooxidation of a significant
proportion of PS | reaction centres prior to the flash.
With light absorbed predominantly by Chi a. adapta-
tion to state | caused no significant change in the
absorption cross-section of PS 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 ]).
Note that the plot in Fig. § for cells in state 2 is
biphasic with a slower second phase of similar gradient
to the linear plot for cells in state 1.

If energy transfer from phycobilisomes to PS I pro-
ceeds by spillover of energy from phycobilisome-cou-
pled PS I centres to PS 1, as has been frequently
suggested [12,13,26], the closure of PS 11 reaction cen-
tres should increase the effective absorption cross-sec-
tion of PS 1 [27]. In principle, this could be tested by
comparing the intensity-dependence of the flash-in-
duced 700 nm absorbance change under two condi-
tions:

(a) PS 11 centres open;
(b) PS 11 centres closed by a pre-illumination.

A complication is that the excitation flash itself will
inevitably cause the closure of PS Il reaction centres as
well as the photoosidation of PS I reaction centres.
The extent of spillover should increase when the exci-
tation flash is sufficiently bright tor 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 L. The closure of PS
I} reaction centres may be monitored by the PS 1l

TABLE |

Effect of state transitons and PS Il trap closure on PS | absorpiion
cross-section

The average PS 1 absorption cross-section was determined from the
initial gradient of the plots of Intl = 3 A, /34, ) versus flash
intensity shown in Figs. 4. 5 and 7. Gradients were determined by
linear regression and are expressed as 1/7,, where [ is the flash
intensity at which In(1 — 344, /34, )= - 1.0. The excitation flash
was with broad-band phycobilisome-absorbed light (PBS) or Chl
a-absorbed light (Chi). 1/7, s in relative umits. values are not
comparable for PBS and Chl-absorbed hight.

Flash State PS | 11, Standard
(relative) error
Baich |
Chl ) open 40 0.1
Chl 1 open 4.1 0.1
Batch 2
PBS 2 open 2.25 002
PBS i open 1.57 .02
Baich 3
PBS 2 open 248 0.02
PBS 2 closed 251 0.02
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Fig. 6. Dependence of flash-induced Muorescence vield a1 680 nm on
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same scale as in Fig. S Svaechacocens 6301 ¢ells were in s ate 2.
PS Tl centres open prior to the flash. 2 PS 11 centres clised prior to
the flash by 4 620 nm pre-diumination ia the presence of DCMU

fluorescence  yield {27). Since fluorescence. like
spillover, is a process that competes with PS 11 photo-
chemistry [27]. the yield of PS II fluorescence from the
flash should be a precise indicator of the increased
probability of spillover as a result of PS I trap closure.
Fig. 6 shows the variation of fluorescence yield at 680
nm with flash intensity over the same range of intensi-
tics that were used for the measurements of PS |
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, (ig. 6).
Under these conditions, much of the fluorescence ob-
scrved comes from the phycobilins rather than from
the Chl a of PS II {25]. The increasing fluorescence
vield at higher flash intensities indicates the closure of
PS 11 centres (Fig. 6). This process is still not saturated
at the highest flash intensities used (Fig. 6).

If the absorption cross-section of PS 1 increases with
increasing PS 11 closure. we would expect the gradient
of the plot for cells ain 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. 3).

A more direct test of the influence of PS I closure
on PS 1 absorption cross-section is to compare the
intensity-dependence of the flash-induced 700-nm ab-
sorbance change with initially open PS 1l centres and
with PS 1l centres closed by a pre-itlumination in the
presence of DCMU. The effect on PS Il of this pre-
treatment is shown in Fig. 6: the PS I fluorescence
yield is considerably increased at all the flash intensi-
tics used. An important condition for this experiment
is that the pre-illumination should close PS II 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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is used 1o close those reaction centres that are fune-
tionally coupled to phycobilisomes. There &5 then a
delay of about 370 ms as the cells flow into the measur-
ing cuvette. In the presence of DCMU there is only a
partial re-opening of PS 11 centres during this time. as
Is indicated by the high fluorescence vield at low flush
intensitics (Fig. 6). However, P700 is re-reduced much
more rapidly (Fig. 1), so that all P700 snhould be re-re-
duced by the time the cells enter the measuring cu-
vette. The pre-illumination decreased the 700 nm ab-
sorbance change at saturating light-intensity by only
27%. confirming that the delay between the pre-il-
lumination and the mceasurcment wos sufficient to al-
tow virtually ali P7(X) to be re-reduced.

Fig. 7 shows the intensity-dependence of A.4-,,/
A4, for cells in state 2 with PS 11 cenres initially
open (F,)) or closed (F, 1 Excitation was with phyco-
bilin-absorbed light, as in Fig. 5. The closure of PS 11
reaction centres has no significant etfect on the absorp-
tion cross-section of PS L as determined from the
initial gradicnt of the semi-logarithmic plot (Table 1.

Discussion

In this study 1 sct out to test the extent of cnergy
transfer from phycobilisomes to PS I in the cvanobacte-
rium Svaechococcus 6301, and the poessible control of
this process by state I-state 2 transitions. The results
presented here clearly show that. for cells adapted to
light-state 2, the phycobilisomes make a major contri-
bution to the light-harvesting capacity of PS 1 (Fig. 3).
On transition to light-state 1. the absorption cross-sec-
tion of PS I for phycobilin-absorbed light is decreased
(Fig. 5 and Table 1). Howcever, the absorption cross-

section of PS 1 for Chl u-absorbed light is apparently
unchanged (Fig. 4 and Table 1) This conflicts with the
conclusions of Tsinoremas ¢t al. {23} who found that
the state | transition decreased the absorption cross-
section of PS 1 both with Chl-absorbed light and with
phycohilisome-absorbed  light. However. the Chl-ab-
sorbed light used by these authors was in the near-UV
twavelength 337 nm) [23] 1t is likeiy that this was less
selective for Chl ¢ than the blue light used in this
study. The results presented here indicate that the
transition to state 1 specifically decreasces the extent of
energy transfer from phycobilisomes to PS 1.

In principle, energy transfer from phycobilisomes to
PS 1 could result cither from the tight coupling of a
limited population of PS T to phycobilisomes or from a
less selective energy transfer process giving a finite
probability of cnergy transfer from phycobilisomes to
all PS I reaction centres. My results suggest the former
possibility. For cells in state 2 excited with phycobilin-
ahsorbed light. the saturation curve for PHK) photo-
oxidation is biphasic: a rapid initial phase is followed
bv a stower second phase (Fig. 5). This suggests a
heterogeneity in PS 1 antenna sizes. The initial gradi-
ent indicates the average absorption cross-section of all
PS 1. while the final gradient indicates the absorption
cross-section of the PS | population with smaller an-
tenna size (the PS 1 with larger antenna size will have
been selectively photooxidised at lower light intensi-
tics). This heterogeneity is not seen with Chl a-ab-
sorbed Tight (Fig. 4) indicating that it results specifi-
cally from the coupling of phycobilisomes to PS 1. The
simpiest explanation would be that the slower second
phase seen in Figs. S and 7 comes from PS I that are
not coupled to phycobilisomes and thus receive excita-
tion ¢nergy only from their Chl a antennac. Although
the broad-band vellow light used for these measure-
mients is most strongly absorbed by phycobilins, there
will also be significant absorption by Chl «. The faster
initial phasc scen in Figs. S and 7 would then include a
population of PS 1 coupled to phycobilisomes. On
transition to state 1. the heterogeneity is no longer
detectable with phycobiiin-absorbed light and the gra-
dient of the saturation curve is similar to that of the
sceond phase in state 2 (Fig. 5). This suggests that the
population of pbycobilisome-coupled PS 1 is very low
in state L. On transition to state 2, a limited population
of PS 1 become coupled to phycobilisomes. In princi-
ple. it should be possible to determine the proportion
of phycobilisome-coupled PS I centres from the inter-
cept of the second phase of the saturation curve with
the y-axis. In practice. it is impossible to do this
accurately with the guality of data availablz. The pro-
portion of phycobilisome-coupled PS 1 centres appears
to be quite small, even in state 2, however. Values of
about 10-20% would be consistent with the data in
Fig. 5. Note, however, that since PS | centres generally



outnumber phycobilisomes by a factor of 5- 6 [2.25] the
proportion of phycobilisomes involved could be consid-
erably highe, depending o the number of PS 1 that
can be associated with cach phycobilisome.

Energy transfer from phycobilisomes to PS I could
proceed by two reutes: (a) spillover from phycobili-
some-coupled PS II centres to PS 1: (b) direct encrgy
transfer from phycobilisomes to PS 1.

The former possibility has been postulated in the
literature on the basis of the deconvolution of low-tem-
perature fluorescence emission spectra [12,29]. A tradi-
tional diagnosis for spillover has been the effect of PS
11 trap closure on PS I absorption cross-section: PS 11
should compete with PS I for excitons and, thercfore,
the closure of PS II reaction centres should increase
the absorption cross-section of PS 1[27]. Time-resolved
fluorescence measurements have confirmed that the
closure of PS 11 reaction centres by the reduc..on of
Q,, ereatly increascs the lifetime of excitons in the PS
H antenna {30.31], which should correspondingly in-
crease the probability for spillover. However. the clo-
sure of PS 11 reaction centres has no influence on PS |
absorption cross-section (Fig. 7, Tablc ). This suggests
that energy is transferred directly from phycobilisomes
to PS I rather than as spillover from PS iI. A further
implication is that the changes in cxcitation energy
distribution associated with state transitions occur as a
result of changes in the proportions of PS Il and PS |
reaction centres coupled to phycchilisomes, 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, 1 do not believe that these avtiors’ results
conclusively distinguish between changes in spiflover
and changes in absorption cross-section. Sce Ref. 25
for a discussion of the data in Refs. 12 and 13.

A model for the structura! effucts of state transitions
is summarised in Fig. 8. For thc purposes of the model.
it is assumed that each phycobilisome has two reaction
centre binding sites. This is consistent with the stoi-
chiometry of phycobilisomes to PS H {28} and the
two-fold symmetry of the Synechococcus 6301 phycobil-
isome core [3]). In state 1, most PS 1l core complexes
are bound to phycobilisomes and the population of
phycobilisome-coupled PS I is negligible. On transition
to state 2, about 60% of PS 11 core complexes become
decoupled from phycobilisomes [16] and PS 1 core
complexes become bound to phycobilisomes in their
place. Since PS I reaction centres normally outnumber
FS 11 reaction centres by a factor of about 2.5 1,2}, the
proportion of PS 1 that become coupled to phycobili-
somes on transition to statc 2 will be smaller than the
proportion of PS 1l centres that become decoupled
(Fig. 8). The model is consistent with the results re-
ported here and with obscrvations from a wide range
of experimental approaches: (a) Picosecond time-re-

2

State 1

(ros )
i I i ‘Jimﬂ_ ! L1

(e

Fig. 8. Model for state transitions in Sitice o cus 6301 In state 1,
most PS I1 centres are coupled 1o phycobidisomes and most PS |
centres are decoupled from phvcobitisomes On transtiog 1o state
most PS T centies become decoupled from phycobilisomics and o
proportion of PS 1 centres hecomes coupled 9 phycobilisomes in
their place. A part ot the PS 11 Chl ¢ antenna min be tranderred to
PS 1 together with the phycobthsome. B assumed that cach
phycobiimome has two reaction centre binding sites

solved fluorescence measurements indicatc decoupling
of PS I from phycobilisomes on transition to state 2
[7.16); (b} Fluorescence induction studics indicate a
population of phycobilisome-decoupled PS 11 cemires
in cells adapted to state 2 [17} () La.er-induced
optoacoustic studies show that there is a0 additional
dissipation of energy in state 2. Energy is redistributed
between the photosystems rather than being quenched
[18); (d) Freeze-fracture electron micruscopy shows
randomisation of PS 11 narticles on transition to state 2
[33]; (e)PS 1 particles isolated from the cvanobacterium
Chlorogloea fritschii contained small amounts of func-
tionally coupled allophycocyanin [34].

One problem that has been recently highlighted {26]
is that the state 2 transition in cyanobacteria decreases
the PS N fluorescence vield with chlorophyll-absorbed
light as well as with phycobilin-absorbed light. A previ-
ous suggestion was that this could result from spillover
as a result of increased contact between phycobils-
some-decoupled PS 11 centres and PS 1{25] However,
no change in PS Il lifctimes could be detected with
670-nm excitation. which should be strongly absorbed
by Chl a {16]. This suggests that the effect obsenved
with Chl-absc rbed iight is a change in PS 1 absorption
cross-section, not a change in spitover. Gne solution
would be that on transition to state = PS 11 loses a part
of its Chl # antenna in addition to the phycobilisome.
The Chl a-binding protein involved could act as a link
between phycobilisomes and reaction centres and would
be transferred to PS I together with the phycobilisome.
Since the amount of Chl ¢ associated with PS 1 is far
greater than thai associatzd with PS 11 [1). such a
process could significantly reduce the Chl g-antenna
size of PS I without significantly tncreasing the Chi
a-antenna size of PS 1. According to this hypothesis.
state transitions would involve changes in the coupling
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botween two Chibinding proteins in o manner anal»-
gous to state transitions m green plants, where proten
phosphorylation causes the decoupling of LHC-I from
PS 11 [35). Although this hypothesis is rather speculi-
tive at this stage. I believe it to be consistent with all
current data on state transitions in phycobilisome-con-
taining organisms, including the observation thut a
process resembling state transitions oceurs in a phyco-
bilisome-free  eyanobacterial mutant {30} Further
progress in the understanding of the molecular basis of
state transitions in the phycotilisome-containing organ-
isms may require detailed structural and biochemical
studics in addition to spectroscopy.
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