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Synechococcus cells grown on [32P]orthophosphate exhibit light-dependent phosphorylation of polypeptides 
at 18.5 kDa (soluble fraction) and 15 kDa (membrane fraction). The 15 kDa polypeptide is also phosphory- 
lated in the light in isolated Synechococcus thylakoids incubated with [y-32P]ATP. 77 K fluorescence emis- 
sion spectra of both cells and thylakoids show increased photosystem I emission and decreased photosystem 
II emission under conditions required for protein phosphorylation. We propose that membrane protein 
phosphorylation regulates distribution of absorbed excitation energy between the two photosystems in 
Synechococcus and other phycobilisome-containing organisms, and that lateral heterogeneity in thylakoid 
organization is not a necessary condition for protein phosphorylation-dependent adaptations to changing 

wavelength of light. 
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1. INTRODUCTION 

In green plants light harvesting is accomplished 
by intrinsic chlorophyll-protein complexes het- 
erogeneously distributed between appressed and 
non-appressed regions of thylakoid membrane, 
and control of distribution of absorbed excitation 
energy is achieved by phosphorylation of light- 
harvesting polypeptides and their consequent 
redistribution between membrane regions spe- 
cifically enriched with photosystems (PS) I and 
II [l-9]. In cyanobacteria and red algae light 
harvesting is accomplished largely by extrinsic 
phycobiliprotein complexes called phycobilisomes 
which are thought to be distributed in the same 
manner as the photosystems, i.e., homogeneously 
throughout thylakoid membranes that are 
uniformly unappressed [lo- 141. Cyanobacteria 
and red algae are nevertheless known to exhibit 
physiological changes in distribution of absorbed 
excitation energy, demonstrated experimentally as 

state l-state 2 transitions [ 15-191. The mechanism 
of these changes is unknown, but it is widely 
assumed not to involve protein phosphorylation 
[18,19,20-251 since the model devised for green 
plants depends on thylakoid lateral heterogeneity. 
Here we report results consistent with a model 
which we propose for protein phosphorylation in 
light-state transitions of phycobilisome-containing 
organisms. 

2. EXPERIMENTAL 

Synechococcus 6301 (Anacystis nidulans) 
(UTEX 625) was grown photoautotrophically in 
medium C of Kratz and Myers [26] but with the or- 
thophosphate concentration reduced to 0.44 mM. 
Cells were grown to mid-log phase and harvested 
by centrifugation at 15000 x g. Spheroplasts were 
prepared by a method similar to that in [27]: cells 
were resuspended in 20% (w/v) sucrose, 10 mM 
EDTA, 10 mM sodium ascorbate, 10 mM Hepes 
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(pH 7.5), to the original volume of culture, 
lysozyme was added at 1 mg . ml-’ and the cells in- 
cubated for 90 min at 35°C. Spheroplasts were 
centrifuged at 15000 x g at 2-4°C and lysed by 
resuspending the pellet in the original volume of 
1 mM Hepes (pH 7.0). An equal volume of solu- 
tion, containing 10 mM MgC12, 9 mM Hepes (pH 
7.0), and lOpg/ml RNase and DNase, was added 
and the suspension stirred for 10 min. The mem- 
branes were centrifuged as above then resuspended 
in 10 mM MgC12, 15% (v/v) glycerol, 25 mM 
Hepes (pH 7.5) to a chlorophyll a concentration of 
1 mg . ml-‘. Chlorophyll was determined as in [28]. 

Whole cells were labelled with 32P by growing in 
low-Pi medium C containing 50 ,&i. ml-’ [32P]or- 
thophosphate for 3 days. Dark samples were taken 
from cells grown in the dark for the final 15 h. Us- 
ing 1 ml samples of culture, membranes were 
prepared as above (membrane fraction). The solu- 
ble fraction was the supernatant formed by cen- 
trifugation of the spheroplast lysate. Proteins were 
precipitated by the addition of 5% trichloroacetic 
acid. Samples were maintained throughout the 
fractionation procedure, until trichloroacetic acid 
precipitation, in the light or dark as appropriate. 
The protein precipitate was pelleted by centrifuga- 
tion, then the pellet was resuspended in 200 ~1 buf- 
fer: 1 mM MgC12, 1 mM ZnClz, 10 mM Hepes 
(pH 7.0), containing 1 unit inorganic pyro- 
phosphatase, and incubated overnight (16 h) at 
30°C to remove polyphosphates. The pellet was 
then washed with 80% acetone at - 20°C and left 
for 6 h. The pellet was dried under a stream of 
nitrogen, resuspended in 100~1 sample buffer, 
containing 50 mM dithiothreitol, 50 mM Na2CO3, 
7.5% (v/v) glycerol, 2% (w/v) SDS, by heating to 
90°C for 10 min, then treated with RNase 
(100 pg. ml-‘) overnight at 30°C [29]. Samples 
were run on SDS-PAGE using a lo-30% gradient 
with 5% stacking gel. The gels were stained with 
Coomassie blue. Phosphorylated polypeptides 
were detected by autoradiography using Kodak X- 
OMAT S or X-OMAT AR film and 
autoradiographs were scanned with a Joyce-Loebl 
Chromoscan 3. For in vitro labelling with 
[Y-~~P]ATP, the membrane suspension was diluted 
to 20~g.mll’ chlorophyll a with 25% (v/v) 
glycerol, 10 mM MgClz, 50 mM Hepes (pH 7.5). 
In some experiments the Mg2+ in the membrane 
suspension buffer and the diluting buffer was 
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replaced with Ca2+ but this was found not to affect 
the phosphorylation of the polypeptides of in- 
terest. Using 1 ml samples, the membranes were 
dark-adapted for 30 min, ATP at 100 ,&i .prnol-’ 
was added to 0.2 mM and the samples were in- 
cubated in the light or dark for 10 min. The reac- 
tion was stopped and the membranes precipitated 
with 5% trichloroacetic acid. The samples were 
treated as for whole cells omitting the 
pyrophosphatase and RNase treatments. 

For 77 K fluorescence measurements the mem- 
branes were diluted to 5 pg *ml-’ chlorophyll a 
with 50% (v/v) glycerol, 10 mM MgC12, 50 mM 
Hepes (pH 7.5). Samples were dark-adapted for 
30 min, 0.2 mM ATP added and 60 ~1 of sample 
transferred to a capillary tube. The tubes were in- 
cubated for 10 min in the light or dark then quick- 
ly frozen in liquid Nz. The whole cells were dark- 
adapted for 30 min then 10 ~1 of cell culture mixed 
with 50 ~1 of 50% (v/v) glycerol in a capillary tube 
which was then treated as for membranes. 
Fluorescence spectra were recorded using a Perkin- 
Elmer LS-5. Enzymes were from Sigma and 
radioisotopes from Amersham. 

3. RESULTS 

Fig.la shows densitometric scans of au- 
toradiographs of 2 tracks from a single SDS- 
PAGE slab gel of protein samples from 
Synechococcus cells grown on [32P]orthophos- 
phate. Cells incubated in the light (90 min) show 
32P labelling of 4 bands in the membrane fraction, 
corresponding to Coomassie blue-stained polypep- 
tides of 20, 18.5, 15 and 13 kDa as judged by com- 
parison of electrophoretic mobility with molecular 
mass markers. The adjacent track loaded with 
sample from dark-incubated cells shows greatly 
decreased labelling of the 18.5 and 15 kDa 
polypeptides, with the 20 and 13 kDa bands 
relatively unchanged. This result indicates that 
phosphorylation of the 18.5 and 15 kDa polypep- 
tides is light-dependent in vivo. The 18.5 kDa band 
is seen as the most conspicuously labelled polypep- 
tide in the soluble fraction of 32P-grown 
Synechococcus cells, and labelling is also seen 
there to be light-dependent [25]. The 15 kDa band 
is absent from the soluble fraction [25]. 

Fig.lb shows corresponding scans of 
autoradiographs of 2 tracks of samples df 
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Fig. 1, Densitometric scans of autoradiographs of SDS- 
PAGE slab gel tracks of labelled Synechococcus 
polypeptides, prepared as in section 2. (a) Membrane 
fraction of whole cells grown on 32Pi. (b) Thylakoids 
labelled in vitro by incubation with [y-32P]ATP 
(0.2 mM). Numbers show position of molecular mass 

markers (in kDa) in adjacent tracks. 

Synechococcus thylakoids, isolated by osmotic 
lysis of spheroplasts, and incubated (10 min) with 
[y-“P]ATP (0.2 mM) in light or dark. A major 
labelled band is seen at 15 kDa, with a minor band 
at 13 kDa. Labelling in both cases is light- 
dependent, with little labelling of the 15 kDa band 
and no labelling of the 13 kDa band being seen in 
the dark control. The conclusion from fig. 1 is that 
membrane-bound polypeptides of 15 and 13 kDa 
are phosphorylated in the light in vivo and in vitro 
and that a soluble or weakly membrane-bound 
polypeptide of 18.5 kDa is phosphorylated in the 
light in vivo. 

Fig.2a shows 77 K fluorescence emission spectra 
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Fig.2. 77 K fluorescence emission spectra of 
Synechococcus cells and thylakoids, prepared as in 
section 2. Excitation wavelength 435 nm, 15 nm slit 
width. Emission slit width 2.5 nm. (a) Whole cells 
invbated in light or dark prior to freezing. (b) 
Thylakoids incubated with ATP (0.2 mM) and FCCP 
(10 ,uM) in light or dark prior to freezing. (c) Whole cells 
incubated in the light without ATP, with and without 

FCCP, prior to freezing. 
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of unlabelled ~y~ec~ococ~~ cells incubated for 
30 min in the dark and then incubated for a further 
10 min in light or dark prior to freezing. A light- 
dependent increase in F720 and decrease in &95 and 
F685 is seen relative to the phycocyanin peak F&O, 
The dark spectrum corresponds to state 1 and the 
light spectrum to state 2. 

Fig.2b shows 77 K fluorescence emission spectra 
of Synechococcus thylakoids prepared as for the 
labelling experiment (fig. 1 b) and incubated in light 
or dark in the presence of ATP and FCCP prior to 
freezing. A light-dependent increase in Ej20 and 
decrease in F695 and FSSS is seen, indicating that 
state 2 can be induced by Iight in uncoupled 
thylakoids in the presence of ATP. Fig.2c shows 
equivalent 77 K fluorescence emission spectra ob- 
tained from thylakoids pre-incubated in the 
absence of ATP. In this case the relative peak 
heights characteristic of state 1 are maintained 
even after illumination, with omission of the un- 
coupler FCCP having little effect except possibly 
to decrease FTZO to a small extent. 

The data of fig.2 together indicate that under 
appropriate conditions a light-induced state 2 tran- 
sition occurs both in ~y~ec~ococc~~ cells and in 
isolated Synechococcu.~ thylakoids provided ATP 
is present, while fig.1 demonstrates that light- 
induced protein phosphorylation occurs in both 
experimental systems under similar conditions. 

4. DISCUSSION 

This letter reports light-induced phosphoryla- 
tion of soluble and membrane pol~eptides of the 
cyanoba~terjum Sy~ec~ococc~s 6301. The condi- 
tions for protein phosphoryiation also produce 
changes in 77 K fluorescence emission which in- 
dicate altered excitation energy distribution in 
favour of PS I. The same correlation of protein 
phosphorylation with transition to state 2 occurs in 
Vitro in Synechococcus thylakoids. On this basis 
we propose the model in fig.3 for state l-state 2 
transitions in cyanobacteria and red algae, The 
model assumes that the 18.5 kDa phosphoprotein 
is identical to the 18.3 kDa linker protein of t$he 
phy~obilisome core [30], and that the 15 kDa 
membrane phosphoprotein is an antenna 
chlorophyll-binding protein of PS II. We propose 
that phosphoryIation of these 2 polypeptides 
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Fig.3. Model for control by protein phosphorylation of 
excitaion energy transfer in phycobilisome-containing 
organisms. State 2 is induced by phosphorylation (i) of 
the 18.5 kDa polypeptide that forms one sector of a disc 
of the phycobilisome core and (ii) of a snrface~xposed 
segment of a 15 kDa component of the intrinsic antenna 
complex of PS II (antenna complexes represented as 
stippled areas). Mutual electrostatic repulsion or 
conformational dissociation between the phycobiiisome 
and PS II then acts in a direction parallei to the 
membrane plane, serving to alter the pathway of 
excitation energy transfer in favour of PS I at the 

expense of PS II. 

causes their mutual electrostatic repulsion or con- 
formation changes causing their dissociation and 
hence to increased excitation energy transfer to 
PS I at the expense of PS II. 

We conclude that redox-controlled protein 
phosphorylation is directly responsible for state 
l-state 2 transitions in phycobilisome-containing 
organisms, with electrostatic decoupling of the 
phycobilisome from PS II acting instead of the 
‘lateral shuffling’ of light-harvesting complex of 
green plants. Lateral heterogeneity in thylakoid 
organization would not then be a necessary condi- 
tion for such an adaptive mechanism, but rather an 
additions, stabilizing mechanism found in some 
green plants. 
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