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ABSTRACT

The distribution of excitation energy between the two
photosystems (PSII and PSI) of photosynthesis is regulated by the

light state transition. Three models have been proposed for the
mechanism of the state transition in phycobilisome (PBS) containing
organisms, two involving protein phosphorylation. A procedure for
the rapid isolation of thylakoid membranes and PBS fractions from

the cyanobacterium Synechococcus m. PCC 6301 in light state 1 and
light state 2 was developed. The phosphorylation of thylakoid and

soluble proteins rapidly isolated from intact cells in state 1 and state

2 was investigated. 77 K fluorescence emission spectra revealed that

rapidly isolated thylakoid membranes retained the excitation energy
distribution characteristic of intact cells in state 1 and state 2.

Phosphoproteins were identified by gel electrophoresis of both

thylakoid membrane and phycobilisome fractions isolated from cells
labelled with 32p orthophosphate. The results showed very close

phosphoprotein patterns for either thylakoid membrane or PBS

fractions in state 1 and state 2. These results do not support proposed
models for the state transition which required phosphorylation of

PBS or thylakoid membrane proteins.
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INTRODUCTION

The change in distribution of excitation energy between the two
photosystems, in response to illumination of photosynthetic cells
with light preferentially absorbed by photosystem I (PSI) or
photosystem II (PSII) was discovered by Murata (1969). With
changing illumination conditions, changes in PSI and PSII
fluorescence, now referred to as state transitions, were observed. The
state transition is suggested to balance the relative activities of PS2
and PS 1 by adjusting the distribution of excitation energy between
the photosystems in response to preferential excitation of either one.

The mechanism of the state transition has been partially
elucidated. A mobile antenna model for higher plant regulation has
been developed based on the reversible protein phosphorylation of
the light harvesting complex (LHCII) (Bennett, 1980). The
preferential excitation of PSII results in state 2, which is triggered
by reduction of intersystem electron carriers, plastoquinone (PQ) or
cytochrome bQ.Lf, activating an LHCII kinase. The resulting phospho
LHCII, which are mainly concentrated in the grana membrane regions
(rich in PSII) redistribute to the stroma membrane regions (rich in
PSI). The movement of antenna from grana to stroma membrane

regions increases the absorption cross-section of PSI at the expense

of PSII. In contrast, oxidation of PQ and/or Cyt bQ.Lf by overexcitation
of PSI leads to state 1, dephosphorylation of LHCII and migration of
LHCII back to the grana regions (PSII). This model allows the energy

initially absorbed by LHCII to be transferred to the photosystem
which most requires it and has been suggested as a mechanism to
increase the efficiency of photosynthesis. Although changes in PSII

cross-section with the state transition are generally accepted, a
number of studies have shown that complementary changes in PSI
cross-section are not always apparent. (Haworth and Melis, 1983;

Deng and Melis, 1987; Allen and Melis, 1988).

9
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The mechanism of the light state transItIon In phycobilisome

(PBS)-containing organisms has been the focus of intense controversy
over the past few years and three models are currently proposed.

Besides the mobile PBS model, which is analogous to that proposed

above for LHCII containing organisms, a second model, the PBS

dissociation model, sharing some aspects of the mobile PBS model has
been proposed. The PBS dissociation model was described as a
photoprotective mechanism in that the PBS detaches from PS2 in
state 2 and allowed PSII to move closer to PSI and increase the
amount of energy transfer (spillover) from PSII to PSI (Mullineaux

and Allen, 1988)
In both of the above two models a similar regulatory

mechanism was proposed. A kinase was activated when the PQ pool
became reduced and two proteins became phosphorylated (Allen et

aI, 1985; Sanders et aI, 1986; Sanders and Allen, 1987; Allen, et al
1991) which caused the PBS to relocate on the thylakoid membranes
resulting in redistribution of excitation energy.

The original spillover model (Murata, 1969) emphasized a
change in energy distribution between PSII and PSI. It was proposed
to be controlled by "spillover" of excitation energy from PSII ChI i!. to

PSI ChI !i.. The rate of spillover being high in state 2 and low in state
1. The PBS remains associated with PSII during the state transition
and the relative amounts of excitation energy reaching PSII and PSI

are controlled by a change in the distance between PSII and PSI. No

reversible protein phosphorylation event was proposed to
accompany the state transition and the kinetics of the transition in

PBS-containing organisms were much faster than in green plants.

(Biggins and Bruce, 1985; Bruce et ale 1984 b) A reversible change in

thylakoid membrane conformation has been suggested in this model.

(for a review see Biggins and Bruce, 1989)

In general, the above mechanisms involve different
associations between the PBS, PSII and PSI, and different pathways

of excitation energy transfer from the PBS to the two photosystems

accompanying the state transition. In addition, two of the models,



1 1

the mobile PBS and PBS dissociation, involve reversible protein

phosphorylation while the spillover mechanism does not.
In order to further elucidate the rule of phosphorylation in the

regulatory mechanism of state transition, my research has been
focused on the investigation of phosphorylated polypeptides from
thylakoid membrane and phycobilisome fractions of the

cyanobacteria Synechococcus sp. PCC 6301 in state 1 and state 2.
Progress towards this objective in previous studies has been
hampered due to the lack of an in vitro thylakoid membrane
preparation competent to do state transitions (Bruce et aI, 1989). In
order to investigate 32P-Iabelled phosphoproteins in vitro that were
kept in each state, it was necessary to develop a new isolation
method for the preparation of thylakoid membranes from

cyanobacteria in vitro which could be held in both states. A

glassbead and sand vortexing technique was developed and
successfully yielded thylakoid membranes stabilized in both states.
This technique in combination with the 32p in vivo labelling of intact

cells allowed further investigation of the role of protein
phosphorylation in state transtions in cyanobacteria.
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LITERATURE REVIEWS

PHOTOSYNTHETIC ELECTRON TRANSFER

lNTRODUCflON

Photosynthesis IS the process by which living organisms
convert the energy of light into the chemical energy of organic
molecules. This process increases the total free energy available to

organisms and directly or indirectly provides the energy for almost

all of the living world.
The ultimate function of oxygenic photosynthesis is to

convert solar energy into stored chemical energy in the form of
ATP and to provide reducing power through NADPH. This is done
by a series of electron transfer steps, which are often drawn in the

form of a Z scheme indicating their redox potentials (Fig. 1). The

electron transport system includes two photosystem complexes
(PSII and PSI) as well as an electron carrier chain system. The

photosystems convert light energy into high energy state electrons
and an electron transfer system in turn, converts the electron
energy into chemical energy.

PHOTOSYSTEM II COMPLEX

Photosystem II is a large complex including intrinsic and

extrinsic pigment-proteins. Several of the intrinsic proteins provide
binding sites for chlorophylls (47, 43, 34, 32, and 25-29 kDa) and

Pheo fL(34 and/or 32 kDa) The two largest, known as 47 and 43
kDa contain most of the chlorophyll .a. and are viewed as antenna
pigment binding sites. Other polypeptides may be expected to

carry chlorophyll. These are the Dl and D2, of apparent masses 32

and 34 kDa respectively. It is agreed that Dl carries the QB site or
site of binding of the herbicides whereas D2 contains a specialized

bound quinone molecule (QA). A significant step forward in

understanding the structure and function of photosynthetic

reaction centres of the PSII complex has come from the successful
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Figure 1. "Z" scheme for 02-evolving photosynthetic organisms

14



\r)

~

Z SCHEME FOR 02-EVOLVING PHOTOSYNTHETIC ORGANISMS

Em(Volts)

Pholosystem II

til'
Pheo

1 .5

1 .0

0.5

- 1 .5

- 1 .0

-0.5

o

Fp
NADP

AD
A1 ~

FeSx
FeSB

FeSA

Pholosystem I

Light

PC~il.

'" _ Cytochrome
~ b6-f complex

QA

~ I Cytb
QB Q Cytb

FeS
Cytf

Light

z~.

Oxygen
evolving
complex

H20



crystallization of the reaction centre of R. viridis. Coupled with
other data, including mutation analysis of the D1/D2 complex,
antibody mapping analysis of exposed segments of the D1/D2
complex, EPR signal analysis and DNA sequence analysis, a
schematic representation of the polypeptides of the PSII reaction
centre and associated water splitting apparatus has been set up
(Barber, 1987). The most highly purified PSII preparations capable

of Oz-evolution activity consist of the Dl, Dz and cytochrome b 559.

This has been verified by the isolation of a PSII reaction centre
containing only Dl, D2 and cyt b 559 polypeptides. The complex
contains about four chlorophyll fLmolecules, two pheophytin a
molecules (Pheo), a f3-carotene and probably one cytochrome !2s59 ..

It contained no plastoquinone but does contain one or two non

haem iron atoms( Barber,1987).

ELECTRON TRANSFER IN PSII

In function, PSII performs a unique role in nature because it
generates a strong oxidant (P680+) capable of extracting electrons
and releasing protons from energy-poor but abundant H20

molecules. The primary electron acceptor of PSII is a pheophytin
molecule (Klimov, et al 1981;) that acts as a transitory electron
transfer intermediate to the secondary electron acceptor. The latter
is a specialized plastoquinone molecule termed QA which can be
photoreduced to its plastosemiquinone anion or QA -. As a result, the
light energy absorbed by PSII is stored as chemical energy in the
form of an electron on QA. QA - reduces QB in 600 Jl s, without

apparently making use of the bridging Fe2+ as an intermediate. QB
is the two-electron gate, and takes up two hydrogen ions so as to
form PQHz, which is exchangeable with diffusible PQ in the PQ pool.

Fig.2 represents a working model for the organization of

PSII and the associated water-splitting process & electron transfer

in this process. With the reconstitution of the Mn complex in PSII

Brudvig et al (1989) suggested that the model of the electron donor

1 6



Figure 2. A working model of electron transfer pathways In

photosystem II
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side of PSII requires three competing pathways for electron
donation to P680+. Of these pathways the main donor to PSII is the
Mn path which is involved in enzymatic oxidation of water and
oxygen-evolution. The Mn complex mediates the oxidation of water
and a tyrosine residue (Tyr-161 in Dl), Z, acts as an intermediate
for electron transfer from Mn to P680+. The other two pathways of
electron donation to P680+ include the Cytochrome llsS9 pathway
and the D path. The latter electron-donation pathways do not
participate in the water-oxidizing reaction because they are not
photooxidized at high yield under physiological conditions. Cyt 1lsS9

and chlorophyll (ChI) are only observed to reduced P680+ when

electron donation from the Mn complex is prevented by low
temperature, inhibitors, or removal of Mn. Brudvig et al (1989)
suggested that the cytochrome llsS9 pathway could serve to protect
PSII from damaging reactions due to photooxidation of chlorophyll.
It's worth while to note that the establishment of a cyclic electron
flow around PSII could provide a pathway for excitation energy

dissipation.

HETEROGENEITY OF PSII

The concept of a heterogeneity of PSII was introduced in
order to interpret the biphasic nature of primary PSII activity
which had been measured in the ChI .a. fluorescence induction rise.
It has been proposed that PSII occurs as two structural-functional
entities, termed PSIla and PSIlb, which differ in both their
effective light-harvesting ChI antenna size and location in the
membranes. PSlIa has the larger antenna unit size with a full
complement of ChI alb-proteins of LHCII, and is located in
appressed thylakoid regions, whereas PSllb has a smaller
complement of LHCII and is located in the nonappressed stroma
thylakoids (Anderson and Melis, 1983)

The PSII heterogeneity has important implications for the

PSII/PSI stoichiometry ratio and how the adjustment of PSII/PSI

stoichiometry could optimise the efficiency of photosynthesis in

1 9



response to different growth conditions (Melis, 1991). Percival et al
(1984) has showed that the contribution of PSlla and PSllb to the
fluorescence induction curves depends on the ratio of PSII to LHCII,
with PSIlb characteristics being generated either by disconnection
of LHCII from PSII or by preferentially exciting PSII relative to
LHCII. Thus, the presence of PSII centers in the nonappressed
thylakoid regions may reflect in part the decoupling of a specific
population of phosphorylated LHCII from PSIla centers and the
subsequent diffusion of the LHCII-depleted PSlIa and tile free

phosphorylated LHCII from the appressed to the nonappressed
regions (see the section on PHOSPHORYLATION for details).
Meanwhile, it was also proposed that PSII heterogeneity might
playa role in the replacement of the damaged 32 kDa QB-binding
reaction center protein (Guenther and Melis, 1990; Melis, 1991).

According to the postulated model for the " PSII repair cycle" ,
light-dependent reaction center damage in the grana partition
region (PSlIa) is followed by center translocation from the grana
and by inclusion in stroma-exposed lamella (PSIIb). Following
replacement of the Dl/32 kDa reaction center polypeptide, the PSII
center appears in the QB -nonreducing form. Activation of QA- to QB
interaction thereby converts the center to a PSIIb QB -redu c i n g

form and, as a result the association of the center with LHCII
peripheral and inclusion in the grana region in the form of a newly

function PSIIa unit. This hypothesis is supported by measurement
of the 32 kDa protein distribution in the thylakoid membrane
(Mattoo, 1990) and the rapid turnover of the 32 kDa protein
(Edelman, 1981)

PSI COMPLEX

Photosystem I mediates light-induced electron transport from
reduced plastocyanin in the thylakoid lumen to oxidized ferredoxin
in the stroma. Plastocyanin does not exist in cyanobacteria and a

cytochrome c is used instead. The electron donor of PSI is normally
the copper protein (plastocyanin) with Em = 360 mV and the final

20



soluble acceptor is a 2Fe-2S iron-sulphur protein, ferredoxin with
Em = 420 mV (Golbeck, 1988). In higher plants and green algae
PSI is located in the stroma lamellae of the thylakoid system and
consists of a peripheral light-harvesting pigment-protein complex I
(LHCI alb complex) and a core complex carrying the electron
transfer components and additional antenna pigments. P700, a
pigment present in' photosynthetic organisms responsible for an
absorption decrease at 700 nm is located in PSI. It accepts
excitation energy from surrounding PSI antenna chlorophyll
molecules and undergos a photooxidation, decreasing its midpoint
potential to - 1300 mV.

The subunit composition of PSI isolated from higher plants
has been identified as five chloroplast-encoded ( psaA, psaB, psaC,

psaI and psaJ) and six nuclear-encoded PSI polypeptides (P saD,

PsaE, PsaF, PsaG,PsaH and PsaK ) (Hoj et aI, 1987; Scheller et aI,
1989a ) The reaction center P700 and the acceptors Ao, AI, and X
are all located in the pigment-protein complex known as P700

chlorophyll a-protein 1 (CP1; Golbeck, 1987; Lagoutte and
Mathis,1989).

ELECTRON TRANSFER IN PSI

The PSI reaction centre catalyzes the basic photochemical
process. Up to now, low-temperature EPR studies have revealed the
existence of five electron acceptors in most PSI particles: the iron
sulfur centers A (FA), B(FB) and X(Fx) and the species Ao and Al
(Setif and Mathis, 1986). It's now concluded that a linear electron
transport chain remains the best description of the function of the
complex, shown below. (Evans and Bredenkamp, 1990)

2ps 200ps 200ns ?

P700*------> Ao------>A 1-------> [4Fe-4Sl x ---->[2Fe-2Sl 420 AlB

In this scheme, Ao is a chlorophyll molecule, and Al IS a
phylloquinone (Golbeck, 1987, Lagoutte and Mathis, 1989). Center X

21



has been identified as an iron-sulfur cluster by EPR and Mossbauer

spectroscopy (Evans, et ale 1981). The chemical identity and

function of At have recently been determined. EPR and optical

spectra are consistent with the identity of At as a quinone, most
probably phylloquinone (vitamin Kt) (Biggins and Mathis,1988;
Mansfield and Evans, 1986; Brettel et aI, 1986) Experiments in
which the vitamin Kt was extracted with organic solvents and
other techniques used to remove Kl also support that Al is Kl

(Itoh et al,1987; Mansifield et aI, 1987; Setif et aI, 1987).
When FA and FB are chemically prereduced, illumination at

low temperature reduces another species named Fx, which is
probably a special 4Fe-4S iron sulfur protein (McDermott et aI,

1989) and has a redox potential of 430 mV (note: some literature
also supported the identity of this Fe-S cluster as a 2[2Fe-2S]

cluster). The transfer of electrons from PSI to NADP+ , besides via
Ao and Al as well as iron-sulfur centers, is also mediated by two
other proteins, ferredoxin (Fd) and ferredoxin-NADP+
oxidoreductase (FNR). Fd is a stable, soluble Fe-S protein with a
molecular weight of 10 kDa. Ferredoxins from chloroplasts pass
electrons to many biological processes. For example, they back
transfer electrons to PQ in the electron chain to mediate cyclic
electron transport, (Arnon, 1977) or transfer electrons to NADPH+,
reducing it, in the normal route in photosynthesis. Cyclic electron

transport generates a proton gradient which can be utilized to
generate ATP without the production of NADPH, termed cyclic

photophosphorylation. Up to now, the importance of cyclic photo

phosphorylation In vivo is not clear; Although cyclic

photophosphorylation is possibly necessary in all photosynthetic

cells, it seems most important in physiologically intact tissues when

non-cyclic electron transport is slowed or where PSII function is
missing or inactive. Cyclic photophosphorylation is sensitive to
inhibition by the PQ analogous DBMIB and potassium cyanide (KCN),

an inhibitior of plastocyanin, therefore cyclic electron transport is

thought to involve the PQ- cytochrome b6/f-PC pathway. It is

worth while to note that cyclic and non-cyclic photophosphoryla-

22



tion may cooperate, the former poises the system and the latter
generates ATP dependent on the demand of cellular metabolism.

This point will be further discussed in the section on STATE
CHANGES AND METABOLISM.

Ferredoxin reduces NADP+ VIa the flavoprotein enzyme
ferredoxin-NADP+ oxidoreductase (FNR). FNR appears attached to
the stromal side of the non-appressed thylakoid membrane and
acts as two electron gate. The protein is a single peptide of mass 34

kDa with one molecule of flavin adenine dinucleotide (FAD). The
reduced flavin transfers H-(hydride) to NADP+. It is also reported

that FNR was isolated along with the cyt b6/f complex (Clark et aI,
1984). The presence of FNR does not affect the plastoquinone-

plastocyanin oxidoreductase activity since active cyt b6/f complex
lacking FNR can be obtained from higher plastids. Therefore FNR is

not a subunit of the cyt b fl./.f. complex but may play a part in the
ferredoxin-mediated cyclic electron flow around PSI.

lNTERSYSTEM ELECTRON TRANSFER

Cytochrome bn.Lf. complexes In photosynthetic and
respiratory membranes from both prokaryotes and eukaryotes

contain closely analogous structures that function to oxidize a low
potential quinol (PQH2) and reduce a high potential metalloprotein.

In the case of higher plant thylakoid membranes this complex

oxidizes plastoquinol generated by PSII and reduces plastocyanin.

The polypeptide composition of the cytochrome b.o.Lf complex from
spinach thylakoids has four major subunits 34/33, 23, 20, 17 kDa
polypeptides. Similar to the cyt bc 1 complex of mitochondrial and
bacterial electron transport chains, it contains one cyt f, one high
potential 2Fe-2S "Rieske" centre and two cyt b's (Hauska et aI,
1983). Hurt and coworkers have also shown that the 34 and 33 kDa

polypeptide were derived from cytochrome f., that the 23 kDa

polypeptide was the apoprotein of cytochrome b.Q., and that the 20

kDa polypeptide carried the Rieske 2Fe-2S center ( Hurt et aI,

1981; Hurt and Hauska, 1982). The Cyt b~Lf complex has also been
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reported similar to the the functional form of mitochondrial cyt bc 1

complex (Chain and Malkin, 1991) As an important mediator of

electron transfer from PSII to PSI, the cytochrome bQ.Lf complex
must reverse the accomplishment achieved by the two-electron
gate of PSII in coupling the oxidation of the two electron-carrier
plastoquinol with reduction of the monovalent carrier plastocyanin.
The pathway of electron flow through the bQ.Lf complex has been
proposed to occur in a "Q-cycle" rather than a linear sequence

event.

COMPARISON OF CHL- AND PBS- CONTAINING ORGANISMS

The cyanobacterial photosynthetic apparatus is clearly similar
in structure, function, and molecular aspects to that which occurs in
the eucaryotic algae and higher plants (Ro and Krogmann 1982)
Both cyanobacteria and higher plants are common on the (1) PS
II/oxygen-evolving complex; (2) PSI complex; (3) Plastoquinol
plastocyanin oxidoreductase (Cytochrome b6/f complex) ; and (4)
ATP synthase (Glazer and Melis, 1987). A high degree of sequence
homology is seen between the genes encoding polypeptide
components of the above four complexes in cyanobacteria and in
higher plant chloroplasts. These similarities have been further
confirmed by studies employing molecular genetics/ recombinant
DNA hybridization analyses (Bryant, 1987). For instance, in order to
compare the organization of the PSII reaction centre isolated from
higher plants and cyanobacteria, Yamagishi and Katoh (1985) have
prepared highly purified PSII reaction center preparations from
the thermophilic cyanobacterium Synechococcus Spa The PSII
reaction centre is composed of five polypeptides (47, 40, 31, 28 and
9 kDa). Immunological relatedness of cyanobacterial PSII

components to those occurring in eucaryotic chloroplasts has been
reported (Liveanu et aI, 1986). From the results cited above and
from other studies, it is clear that the PSII reaction centre of

cyanobacteria is fundamentally identical to that which occurs in
higher plants and green algae. Additionally, Vierling and Alberte
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(1983) have shown that antibodies prepared against the 70 kDa
polypeptides of the barley P700 complex crossreact with the
analogous polypeptides from the cyanobacterium Mastigocladus

laminosus. The results re-inforce the basic equivalence of the
higher plant and cyanobacterial PSI complex. The other important
similarity relates to the fact that in both groups of organisms, PSII
complexes give rise to EF particles and PSI complexes to PF
particles, even though their size is smaller in cyanobacteria due to
the absence of bound ChI b-containing light-harvesting complexes.

Cyanobacteria (and red algae) do not contain any ChI b.

Instead of the LHCII chI l!LlL complex in higher plants, in

cyanobacteria the functionally homologous complex IS the
phycobilisome ( PBS ). PBS are bound to the thylakoid membranes
and serves as the light-harvesting antenna for PSII (Zuber, 1983).

Cyanobacteria also lack another protein complex--- the LHCI chI
alb complex which serves as the peripheral antenna for PSI in
higher plants (Ortiz et aI, 1984). Thylakoid organization in higher

plants and green algae is an integral three-dimensional membrane

organization of Grana and Stroma thylakoids (Fig.3). The two types

of thylakoids are distingushed by arrangement into stacked and
unstacked regions. Approximately 70-80% of PSII centers are
localized in the tightly appressed membranes of grana regions

(Andersson and Anderson, 1980) It is believed that the membranes

are heterogeneous and PSII and PSI are distributed laterally

between the stacked and unstacked regions respectively (Staehelin,

1986). The antenna complex in these organisms is the light

harvesting ChI aLb protein (LHCII) which is an intrinsic membrane
component associated primarily with PSII in the stacked regions.

But in organisms containing phycobilins it has been established that
the thylakoids are not arranged into stacked and unstacked regions

as is the case for higher plants (Bryant, 1986). Furthermore, either

ultrastructural studies (Staehelin, 1986) or in vitro fractionation of

the thylakoids (Dilworth and Gantt, 1981) show no evidence of any

gross lateral heterogeneity, or partitioning of large regions of the

thylakoids into domains exclusive for PSI or PSII, as is apparently
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Figure 3. Comparison of thylakoid structures between higher plant
chloroplasts and PBS-containing organisms
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the case in higher plants (Andersson and Anderson 1980). The

physicochemical properties of these light-harvesting systems in the
two groups appear to be responsible for the large morphological

differences in their organization of the ChI alb LHCII and

phycobilisome-containing thylakoids. As discussed above, the ChI

alb LHCII of higher plants and green algae is an integral membrane

protein complex that also promotes membrane adhesion and thus

the formation of grana stacks. In contrast, the phycobilisomes are

large, water-soluble, p'eripheral membrane protein complexes that

protude from the membrane surface and physically prevent

adjacent thylakoid membranes from approaching each other too
closely (Gantt, 1985). For this reason, thylakoids of phycobilisome

containing organisms lack stacked regions and exhibit only two
type of fracture face, EF and PF. This view was supported by the

observations of electron microscopy employing freeze-fracture and
etching techniques (Gidding et aI, 1983). The results have revealed

that the distribution of intramembrane particles on the PF and EF
fracture faces are relatively homogeneous and correspond to the
unstacked EFu and PFu face of higher plant thylakoids.

The other important observations based on the freeze-etch
electron microscopy revealed that the EF particles of phycobilisome

carrying thylakoids can be either randomly distributed or

organized into more or less parallel rows with a spacing of
approximately 50 nm (Giddings et aI, 1983). As documented most

clearly by Lichtle and Thomas (1976), whenever thin section

electron micrographs reveal rows of phycobilisome on thylakoid

surfaces, freeze-fracture micrographs of equivalent samples reveal

corresponding rows of EF particles, the spacing being the same

between the phycobilisome and the rows of EF particles. It was

further found that the periodicity of the hemidiscoidal

phycobilisome rows (10 nm) matched the periodicity of the EF

particle rows, suggesting a one-for-one association between the

phycobilisome and EF particles (Gidding et al 1983) Apparently the

organization of the EF particles and phycobilisome into parallel
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rows IS favored at low light intensity such as may be found in high
density cultures, or on the inner thylakoids (Gidding et aI, 1983).
As will be discussed in the section of STATE CHANGES IN PBS
ORGANISMS, EF particle alignment and randomation has been
observed in cyanobacteria in state 1 and state 2, respectively (Olive
et aI, 1986), and may be a consequence of an intramembrane
conformational change associated with the state transition.

It is important to realize that the heterogeneous localization
of PSI and PSII within the thylakoid morphology appears to be
responsible for the large differences in the kinetics and biochemical
parameters of excitation energy redistribution in higher plants as
compared to cyanobacteria. This heterogeneous localization of PSI
and PSII has necessitated consideration of the mobile antenna
model in these organisms (higher plants and green algae). In
contrast, the mechanism of the state transition in cyanobacteria and
red algae must account for the unique structural and functional
properties of the PBS-containing organisms rather than simply
refer to an analogous model with higher plants.
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STATE TRANSITION

INTRODUCTION

In almost all algae and higher plants the absorption of light at
any particular wavelength results in unbalanced excitation of the two
photosystems of photosynthesis. Since electron flow from water to
carbon dioxide requires the operation in series of both PSI and PSII, it
is necessary, in order to achieve maximum efficiency, that both

photosystems operate at appropriate rates. State transitions provide a
mechanism whereby more balanced excitation of the two
photosystems can be achieved. The phenomenon of regulation of
excitation energy distribution between the two photosystems (state
transition) was first demonstrated in the green alga Chlorella
pyrenoidosa (Bonaventura and Myers, 1969) and the red alga

Porphyridium cruentum (Murata, 1969). They showed that exposure
to light predominantly absorbed by PSII (Light 2) resulted in a
redistribution of excess excitation energy from PSII to PSI while
exposure to light preferentially absorbed by PSI (Light 1), prevented
such transfer. The states arising from exposure to light 1 and light 2
are referred to as State 1 and State 2 respectively and the transitions
between such states as state transitions. The photoregulatory process
has SInce been observed In a wide variety of green algae,
cyanobacteria and higher plants. The main characteristics of both light

states In PBS containing organisms are compared and summarized in
Table 1.

MEASUREMENTOF STATE CHANGES

The measurement of fluorescence kinetics and fluorescence

emission spectra has been one of most widely utilized methods for
analysis of state transitions. Experimentally the state transition can be
visualized at room temperature and/or at 77 K by monitoring the
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Table 1. Comparison of the characteristics of the state 1 and state 2 In

PBS-containing organisms
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Induction
Methodology

Fluorescence
Emission
Spectra

State I

State 1 is induced by
overexciated of PSI Le.

Far-red, Red, Blue L.( L.I)
(670 nm < A or A < 470 nm)

DCMU + illumination

High Fluor. State
at Room Temp.

77 K Fluorescence Emission

from PSII at

685 nm , 695 nm & 755 nmt
77 K Fluorescence Emission
from PSI at 715 nm t

State II

State 2 is induced by
overexciated of PSI! Le.

Orange & Green L.( L.II)

470nm < A < 670 nm

Dark + DCMU

Low Fluor. State
at Room Temp

77 K Flourescence Emission

from PSII at

685 nm,695 nm & 755 nm t
77 K Fluorescence Emission

from PSI at 715 nm t
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Absorption The Absorption Cross-
t

The Absorption Cross- t
Cross-Section Section of PSII Section of PSI
Change

The Absorption Cross-
t

The Absorption Cross- t
Section of PSI Section of PSII

Electron Carri
er Redox State
Change

PO Pool Reduction by PSII t

PO Pool Oxidation by PSI t
PO Pool Reduction by PSII t
PO Pool Oxidation by PSI t

COMPARISON OF THE CHARACTERISTICS
OF THE STATE I AND THE STATE II IN

PBS-CONTAINING ORGANISMS



effect of light preferentially absorbed by PSII and PSI on the

flu?rescence yields of PSII ChI fl. and PS I ChI fl..

Changes of redox states in some electron transfer components
(PQ and Cyt bQLf Complex) have been observed to be correlated with
changes in the light states. Earlier studies (Mullineaux and Allen,
1986; Olive et aI, 1986) have shown that illumination after DCMU
poisoning in cyanobacteria induces a transition to State 1 while the
dark state is similar to State 2. This is expected as the herbicide DCMU
blocks electron transfer from the reducing side of PSII . to
plastoquinone which leads to plastoquinone oxidation and State 1 (Fig.
4). It has been suggested that the dark state in cyanobacteria is state 2
as a result of respiratory electron transport reducing the PQ pool, a
proposed trigger for transition to state 2 (Fig. 5). This view was

supported by the experiments of Olive et aI, (1986) and Mullineaux
and Allen (1986). They showed that a large redox-induced State 2
could be reached under dark anaerobic conditions (used to inhibit PQ
oxidation by cytochrome oxidase) in cyanobacteria. Dominy and
Williams (1987) also provided a strict correspondence between light
induced and redox-induced state transitions in the cyanobacterium

Synechococcus 6301 which is best explained by a competition between

PSI and cytochrome oxidase for electrons from PQ and/or the
cytochrome b Q./l. complex. In green algae there is also abundant

evidence suggesting that the distribution of excitation energy in dark
adapted cells normally approximates closely that of state 2 (Satoh and
Fork, 1983a; Catt et aI, 1984a)

PHOTOCHEMICAL MODELS OF STATE CHANGES

Murata (1969) had suggested that the mechanism of excitation
energy redistribution could be controlled by cation movements across
the thylakoid membranes and some conformational change in the

thylakoid membrane, resulting in either a change in distance or

orientation between the two photosystems. In 1978, Warren Butler

developed the bipartite and tripartite kinetic models to explained

changes in chlorophyll fluorescence yields under different conditions
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Figure 4. Model of the redox-induced transition to light state 1 In

cyanobacteria.
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Figure 5. Model of the redox-induced transition to light state 2 In
cyanobacteria.
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and formed a firm basis for investigating energy distribution between
the different pigment systems of photosynthetic organisms. By
monitoring chlorophyll fluorescence, especially variable fluorescence
(Fv ) and analysis of the kinetics of fluorescence of PSI and PSII, he

developed the bipartite model, for PSII and PSI and provided a

quantitative assessment of the yield of energy transfer from PSII to

PSI (i.e. "spillover") as well as the wavelength dependence of energy

distribution between the two photochemical systems. Furthermore, he

expanded the model to consider the LHC alb complex as a distinct

pigment system which interacts with the rest of the photochemical

apparatus through specific photochemical rate constants (tripartite
model). This model permitted quantitative assessments of the degree

of energy coupling between the LHC alb complex and PSII (e.g. in the

presence and absence of Mg2+) and established the energy coupling

between these two arrays of chlorophyll as the basis of a control

mechanism for energy distribution (i.e. lateral developed mobile

antenna mechanism). Clearly the models and the equations developed

by Butler provide an important framework for studying the regulation
of energy redistribution, i.e. the state transition in quantitative terms.

MECHANISM OF STATE CHANGES IN HIGHER PLANTS

The molecular regulatory mechanism of the state transItIon In

higher plants involves phosphorylation /dephosphorylation of the
mobile ChI alb LHC. (Bennett 1983, Staehelin and Arntzen, 1983;

Canaani et aI, 1984). As shown at Fig. 6, phosphorylation occurs on

one or two threonine residues of a surface-exposed segment of the ChI

f!..L..b.. LHC protein. This trypsin-sensitive segment is rich In

lysine/arginine residues and has been found to be necessary to elicit

normal grana stacking, possibly via charge interactions with the

adjacent membrane. In their nonphosphorylated state the ChI alb LHC

particles promote membrane adhesion and therefore accumulate in

the stacked membrane regions. The addition of one or two phosphate

groups to the cationic surface segment of the ChI alb LHC molecules

increases their negative surface charge such that their ability to
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Figure 6. Proposed state transition (mobile antenna) model for higher

plants and green algae.
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mediate membrane adhesion is impaired due to electrostatic repulsion.

As a result, the ChI, alb LHC particles are released from the stacked

membrane regions and diffuse into the adjacent unstacked ones, which

are highly enriched for PSI reaction centers. This shifting back and

forth of light-harvesting antenna complexes enables plants to

regulated the amount of light energy delivered to either PSI or PSII

reaction centers. (Bennett, 1983)
The 'phospho-mobile antenna' provides an explanation of the

regulatory mechanism of the state transition in higher plants. This

model has been developed and supported by (1) quantitative analysis

of freeze-fracture electron micrographs of unphosphorylated,

phosphorylated and dephosphorylated thylakoids (2) SDS-PAGE

electrophoresis analysis (3) Analyses of phosphorylation and cation

induced fluorescence changes and the (4) theoretical and experimental

work on the effects of cation concentration upon the migration of LHC

(reviewed by Barber,1986). Additionally, by increasing the viscosity of .

thylakoid membranes with cholesterol hemisuccinate, Haworth (1983)

has been able to prevent lateral migration of the mobile ChI alb LHC

units without affecting the protein kinase. Thylakoids treated in this

manner were unable to carry out Statel-State 2 transitions.
Although this proposal has been accepted, many issues remain to

be clarified such as the biochemistry of the kinase activation and

localization of kinase and phosphatase (Biggins and Bruce, 1987). Also

several fundamental physical and structural details are now

controversial (Wendler and Holzwarth, 1987, Bhalla and Bennett,

1987; Baker et al 1990b). Some reports indicate that the absorption

cross-section of PSI is not increased in state 2 (Wendler & Holzwarth,

1987; Allen and Melis, 1987). These phenomena led to the idea that

the state transition may actually be a photoprotective mechanism used

to dissipate excitation energy from PSII by heat. Meanwhile, it is

important to realize that the support of this" phosphorylation mobile

antenna" model is largely derived from studies of higher plant

thylakoids and chloroplast systems.



CYCLIC ELECTRON TRANSPORT AND STATE CHANGES IN ALGAE

Satoh and Fork (1983b) first suggested that the state 2 to 1

transition in DCMU-poisoned algae reflects changes in thylakoid
organization brought about by proton fluxes associated with cyclic

electron transport. The view that state transitions are affected by PSI

mediated cyclic electron flow was supported by several experiments.

For instance, a state 2 to 1 transition in the presence of light absorbed
preferentially by PSI is inhibited by DBMIB (Biggins, 1983) which

prevents oxidation of reduced PQ, and by MV (methylviologen) which
prevents cyclic electron flow around PSI. Thus they concluded that the
cyclic electron transport pathway via the cytochrome bfL/i complex

must be required for the transition to state 1 (Satoh and Fork, 1983b).

Moreover, this electron transport must be energetically coupled since
CCCP, an uncoupler of photophosphorylation, also prevents the
transition. This was verified by Sane et al (1982) who found that not
only cecp blocks the transition to state 1 in green alge ChIarella, but
also other ATP synthesis inhibitors, DeCD and TPTC, prevented

adaptation to state 1. These reports led to a similar conclusion:

membrane energization is necessary for the development of state 1 in

algae, and in higher plants, ATP is required for the transition to state

2.
Other evidence that implicated state transItIons with cyclic

electron transfer and H+ accumulation came from studies of the

kinetics of state transitions. Biggins and Bruce (1985a) investigated

the kinetics in the red algae P. cruentum using saturating flashes brief

enough to elicit single turnover of the reaction centers. The full

transition to state 1 required a minimum of 15 turnover of PSI at an

optimal frequency of 2.5 Hz. The observed flash frequency response

was consistent with the kinetics of the in vivo cyclic electron transport

in P.cruentum (Maxwell and Biggins, 1976). These results are

consistent with the mechanism of state transitions proposed for red

algae and cyanobacteria ( Biggins, et aI, 1984) where transition to state
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1 is driven by cyclic electron flow around PSI that generates localized

electrochemical potential differences of H+.
Recently, the idea that state transitions are regulated by

metabolism based on cellular metabolic demand for ATP and NADPH

has been further developed. As has been described above, the link

between cyclic electron flow around PSI and state transitions

implicates a link between state transitions with cellular metabolism.

As suggested by Horton (1987), an increased demand for ATP relative

to NADPH would trigger LHCII phosphorylation, increased PSI activity

and increased production of ATP via cyclic electron transport. It has

been observed that uncouplers or ATP sinks, like externally added

pyruvate, caused LHC-kinase activation in maize chloroplasts (Horton,

1981,1983) and these experiments could be interpreted by an

increase in the reduction state of PQ upon the metabolic demand for

ATP and NADPH. Similarly, the experimental observations by

Fernyhough et al (1989) and Turpin and Bruce (1990) also indicated

that state transitions may regulate the relative rates of cyclic and

linear electron transport to optimize the relative rates of ATP and

N ADPH production in response to metabolic demand. In order to

investigate in v i v 0 metabolic control of the light state transition,

Turpin and Bruce (1990) exploited the changes in metabolism induced

by resupply of NH4+ and N03- on N-starved green algae S. minutum.

Their data show that the metabolic demand induced by NH4 +

assimilation regulated the distribution of excitation energy In

photosynthesis to control the production of ATP and N ADPH.

Therefore, they support the idea of a metabolic control of state

transition and demonstrate this control in vi v 0 under physiological

conditions.

On the other hand, Wollman et al (1990) also investigated ATP

control on state transitions in vivo in green algae Chamydomonas

reinhardtii. They showed that inhibition of ATP production in intact

cells using darkness with uncouplers (FCCP, DCHC), ATP synthetase

inhibitors (TBT, DeCD) or inhibitors of mitochondrial electron transport

(AA + SHAM) caused cells to remain in state 2: Cells displayed both a

low fluorescence yield and an extensive phosphorylation of LHC
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not specifically require PSI cyclic photophosphorylation due to the
observation of a transition to state 2 with illumination in the presence
of MV. This argues for the view that state transitions in vivo are
primarily aimed at responding to variation in cellular ATP demand.

Thus they favored that ATP control in vivo probably involves some

additional soluble factor in the stroma of the chloroplast and this

control may act directly on the kinase/phosphatase activity level

rather than induce reduction of the intersystem electron carriers (e.g.

PQ).

STATE TRANSITION IN PBS-ORGANISMS

The redistribution of excitation energy between PSI and PSII

was first observed for an organism containing PBS by Murata (1969).

He originally observed that the preillumination of cells using light
primarily absorbed by the PBS (green light--567 nm) decreased the
F685 and F695 fluorescence bands associated with PSII and increased
the PSI band at 715 nm. Fluorescence bands at 648 and 664 nm from

phycobilins were unchanged by green preillumination. Exposure to

far-red light absorbed prodominantly by ChI a caused little change in

fluorescence yield of any of these three bands. From these data

Murata postulated that a conformational change of the lamellae (both

distance and lor orientations of the pigments) led to an alteration in
excitation energy transfer between them, and further suggested that

the process was controlled in some way by electr<;>n transport since the

changes induced by phycobilin preillumination were inhibited by

DCMU and did not occur at liquid nitrogen temperature.

Although measurements of low temperature emission spectra

(Murata 1969; Ley and Butler, 1980; Biggins, 1983; Fork and Satoh,
1983) the action spectra of 02 evolution (Ried et aI, 1977) and kinetics

of cytochrome f oxidation (Biggins 1983; Fork and Satoh, 1983) all

indicate that red and blue-green algae undergo state transitions

analogous to those seen in green algae and higher plant chloroplast

systems, their state transitions have some unique characteristics

which distinguish them from higher plants and green algae.
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Fluorescence Kinetic s: state transItIons In the red algae and
cyanobacteria tend to involve much larger changes in excitation
energy distribution than that in higher plants and green algae. (Ried et
al., 1977) Additionally, the state transitions take place much more
rapidly in PB S-containing organisms than in green algae or higher
plants. Ried and Reinhardt (1980) reported that state 1 was achieved
in transition times of 2-5 seconds, and the conversion to state 2
required 10-20 seconds in several different classes of red algae. This
studies was further confirmed and extended by Biggins and Bruce
(1985a). They have reported that state changes occurring in the red
algae P. cruentum can be completed, under optimal conditions, in
times of 1-2 seconds. The corresponding transition rates In
cyanobacteria appear to be slower but are still much more rapid than
those seen in green algae (Fork and Satoh, 1983; Catt et aI, 1984)

Electron Transport: State transitions in both red algae and
cyanobacteria are accompanied by large changes in the rates of
electron transport.(e.g. 30-100 % increase in turnover of PSI upon
transition of cells to state 2 at room temperature as measured by Fork
and Satoh (1983) and Biggins et al (1983,1984a). The changes in rates

of electron transport that accompany the state transition in red algae
and cyanobacteria are greater and much more convincing than the

corresponding changes in higher plant thylakoids following LHC

phosphorylation (Biggins and Bruce, 1989).

Protein Phosphorylation: contrary to the data from h,igher plants
there is no compelling evidence for the involvement of a protein

phosphorylation event in the rapid time range of the state transitions
in PBS-containning organisms (see the section of PHOSPHORYLATION
for overview).

Conformational Change: Direct evidence that the state transition
in cyanobacteria and red algae involves membrane conformational
changes was obtained by Biggins (1983 ), Bruce et al (1985) and Bruce

and Biggins (1985) who demonstrated that the state transitions can be

fixed in a particular state and prevented from undergoing further
changes by chemical cross-linking with glutaraldehyde. These data

on chemical fixed cells are strongly indicative of a conformational
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change involving functional proteins of the two photosystems and/or
the PBS. More evidence to support conformational changes has also
been obtained by Bruce and Biggins (1985) using polarized optical
techniques. "Linear dichroism spectrum of A. nidulans showed a
difference between the states at 656 nm that originates from the APC .
core of the PBS and implicated the possible involvement of
membrane-PBS conformational changes during the state transition. A
subsequent study usirlg both Synechococcus 6301 and P. cruentum
(Brimble and Bruce, 1989) has showed that this change was a result of
APC orientation with respect to whole cell rather than the thylakoid

membrane. They also showed a small shift in the ChI a transition
which was not dependent upon the integrity of the cell. This was
thought to reflect either a reorientation of ChI a or state-dependent
change in the light-scattering properties of the PBS /thylakoid
membrane fragments. Additionally, electron microscopic data (Olive et
al ,1986) indicates that in state 1 EF particles tend to be situated in
rows whereas in state 2 they appear to be dispersed more randomly
through the membrane. The studies on the temperature effects on
state transitions in the thermophilic cyanobacteria Synthechococcus
lividus by Fork and Satoh (1983) also suggested the requirement for
membrane fluidity in the state transitions. The evidence strongly
suggest a requirement for membrane fluidity to allow a
conformational change involving distance and/or orientation of PBS
PSII assembly with respect to the plane of thylakoid membranes.

The difference in architectural parameters, especially in their
photosynthetic thylakoid membrane systems, between the PBS and
LHCII containing organisms must affect the functional parameters of
the photosynthetic apparatus. For example, the heterogeneous
localization of integral membrane protein complex PSI and PSII
within the different thylakoid morphology has necessitated
consideration of the mobile antenna model in higher plants and green

algae. However, the homogeneous surface distribution of water

soluble, peripheral phycobilisomes in the PBS-containing organisms

allows consideration of a number of different mechanisms for the state

transitions. Therefore, it's important to note that any state transition



mechanism must be based upon studies of unique protein/membrane
interactions and thylakoid topology In different groups of
photosynthetic organisms. Any mechanism must also be consistent
with both the spectroscopic evidence for the pathway of excitation
energy transfer and the biochemistry of the trigger mechanism for the
state transition.

STATE TRANSITION MODELS IN PBS-ORGANISM

So far three different models have been proposed to account for
the molecular basis of state transitions in PBS-containning organisms
(Biggins and Bruce, 1989). They invoke different associations between
the PBS, PSII and PSI, and different pathways of excitation energy
transfer from the PBS to the two photosystems. Two models are based
on the idea that state adaptation is a result of changes in excitation
energy distribution between one or two photosystems associated with
the phosphorylation of certain key pigment-protein complexes, as the
so called" phospho-mobile PBS model" and" phospho-PBS dissociation
model" . The third model assures structural changes in membrane
organization triggered by excess cyclic electron transport and/or
changes in redox state of PQ pool. The latter model emphases that

state transitions are controlled by changes in the kinetics of energy
transfer from PSII to PSI, that is, "spillover". It is important to note
that both the spillover and mobile antenna models would result in
complementary changes in absorbance cross section for PSI and PSII,
but the PBS dissociation model predicts .changes in the absorption
cross-section of only PSII for PBS absorption. The difference between
the spillover-model and mobile antenna model in that the cross

section change in the mobile antenna model is an exclusive function of

absorption by the PBS antenna, whereas the spillover model predicts
that cross section changes should also include a contribution of

absorption by PSII ChI jLin addition to that of the PBS antenna.

In more detail, the mobile antenna model, as shown in Fig. 7,
stipulates that the ligllt-driven phosphorylation of PBS and the mutual

electrostatic repulsion of peripheral phospho-PBS and intermediate
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PSII core protein resl1.lts in the physical dislocation of the PBS away

from PSII and subsequent association with PSI. Thus, the relative
amounts of excitation energy delivered from the PBS· to PSII and PSI

are regulated simply by the changing the relative physical association
of antenna (PBS) between the two photosystems. This n phospho

mobile antenna model" has gained considerable support as the

mechanism for the state transition in higher plant chloroplast systems
and green algae and it is favored by Allen and co-workers for the
state transition in cyanobacteria and red algae (Allen et aI, 1985; Allen
and Holmes 1986; William and Allen,1987). Differing from the

analogous model in higher plant~ and green algae, Allen and co
workers claimed that thylakoid stacking and lateral heterogeneity
(This kind of thylakoid morphological phenomena does not exist in

PBS-containning organisms) are neither necessary nor sufficient for
regulation of excitation energy distribution by a mechanism involving
protein phosphorylation. They further proposed that the phospho
mobile antenna regulatory mechanism found in green plants is merely
a particular case of a more general and fundamental model for the
control of state transitions in all photosynthetic organisms including

red algae and cyanobacteria (Allen and Holmes, 1986). In their review

the transition to state 2 is triggered by over-reduction of the PQ pool

which then results in the phosphorylation of two protein substrates: a

core polypeptides of the PBS and a polypeptide associated with PSII.

Mutual electrostatic repulsion induced by the two phosphoryl groups

on the two complexes then results in displacement of the PBS from

PSII and association with PSI. The reverse transition to state 1

involves dephosphorylation of the two polypeptides and reassociation

of the PBS with PSII. As the main support for this model Allen and his

co-workers (Allen et aI, 1985; Sander et aI, 1986) reported the light
dependent phosphorylation of a 15 kDa and a 18.5 kDa polypeptide in

cyanobacterium Synechococcus 6301 both in vivo and in vitro. They

tentatively identified these two polypeptides as an PSII antenna

protein (15 kDa ) and the linker protein (18.5 kDa) of PBS respectively.

(Allen, 1986).. It is assumed by Allen and Holmes (1986) that the 15

kDa polypeptides functions as an intermediate light-harvesting
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Figure 7. Proposed state transition ( mobile phospho-PBS ) model in
cyanobacteria and red algae.
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complex and thel8.5 kDa polypeptide functions as peripheral light
harvesting complex in their phospho-PBS model. It was the mutual
electrostatic repulsion between them (15 kDa and 18.5 kDa) induced
by phosphorylation that results in relocation of the PBS from PSII to
PSI and the state cha~ges, effectively regulating the excitation energy
transfer from the PBS to PSIIand PSI.

The second hypothesis, the so called " phospho-PBS dissociation
model", (Fig. 8) is in fact a photoprotective model and account for the
observed changes of absorption cross-section of ChI a as well as PBS.
Using millisecond time-scale fluorescence kinetics, Mullineaux and
Allen (1988) observed an increased energy transfer away from PSII
in state 2 using chlorophyll a-absorbed light and a reduction in PSII
absorption cross-section during transition to state 2 with the PBS

absorbed light. Dependent on these results, they suggested that the
state 2 transition involved the detachment of PSII from the PBS, and
that increased PSI turnover in state 2 might be caused by spillover of
excitation energy from these detacted PSII center to PSI. In a similar
situation to the mobile PBS model, the dissociation of PBS from PSII
was postulated by electrostatic interactions between PBS polypeptides
and PSII polypeptides introduced by phosphorylation. In addition, it
was suggested that the dissociation of PBS from PSII, should lead to
PBS conformational changes between row and random arrangement on

the surface of the thylakoid membranes. One of the difficulties with
this model was no evidence to indicate an increased yield -of PBS
fluorescence in state 2 as the dissociation model would predict.

There IS no direct evidence supporting the role of a protein
phosphorylation in the time frame or the strict illumination conditions
promoting the state transition in cyanobacteria or red algae. This

conclusion was driven from the studies of in vivo light-dependent
changes in phosphoprotein pattern ( Schuster et aI, 1984; Biggins et aI,
1984b; Kirschner and Senger,1986) and in vi tro light-dependent

changes in phosphoprotein patterns (Schuster et aI, 1985). Biggins and

Bruce (1987) have also repeated the in vitro experiments reported by
Allen et al (1985) and confirmed that a thylakoid-enriched
cyanobacterial preparation had protein kinase activity, and undergo a
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Figure 8.State transition ( Phospho-PBS dissociation ) model proposed
for cyanobacteria and red algae.
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change in 77 K fluorescence emISSIon In the ChI fLregion upon
preillumination. However, the fluorescence change was not dependent
on the phosphorylation of polypeptides, and was most likely indicative

of a photooxidation of PSII rather than of a state transition and change
In distribution of excitation energy. Finally, there are some
inconsistencies in the data supporting the phosphorylation model. In
their in vitro experirr.ents only the 15 kDa polypeptide has been
reported to be phosphorylated (Allen et al,1985). The absence of a
phosphorylatedl8.5 kDa PBS polypeptide would mean that no mutual
repulsion between two phosphoproteins could occur. On the other
hand, although Allen et al (1985) reported a light dependent
phosphorylation of two polypeptides in vivo, as the analysis in the
review by Biggins and Bruce (1989), the patterns most probably

reflects the physiological condition of cyanobacteria undergoing stress
and prolonged endogenous respiration, rather than transi~nt

photoregulatory processes relevant to the state transition due to their
incubation condition using a 15 hour adaptation period.

The spillover model, originally proposed by Murata (1969) to
account for the state transition in red algae, has been confirmed and
further developed based upon the effect of electron transport
inhibitors and ionphores on the state transition (Satoh and Fork, 1983 ;

Biggins 1983) as well as analysis of phosphorylated polypeptides in
steady state 1 and 2 in vivo (Biggins, 1983; Biggins et al 1984 ; Satoh
and Fork, 1987; Biggins and Bruce, 1989). In this model which is

presented in Fig.9, the PBS remains associated with PSII during the
state transition and the relative amounts of excitation energy reaching
PSII and PSI are controlled by a change in the rate of excitation
energy transfer from PSII antenna ChI a to PSI ChI a. An increase in

spillover increases the amounts of excitation energy reaching PSI at
the expense of PSII (state 2). Conversely, a decrease in spillover

results in an increase in the amounts of excitation energy remaining in

PSII, and a decrease in that transferred to PSI (state 1). As a
postulated mechanism it has been proposed that in state 2 the amount

of excitation energy which reaches PSI via PSII is increased through a

change in the distance and/or orientation between PSII and PSI.
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Figure 9. State transItIon (spillover) model proposed for

containing organisms (cyanobacteria and red algae)

PBS-

55



LIGHT

~ ~ ~

+H20

LIGHT

H20

STATE 1

CONFORMATIONAL
CHANGES

.~·.s·~.... Fd
it

STATE 2

Fd

56

PROPOSED " SPILLOVER" MODEL



(Biggins et al 1984 a,b; Bruce et al 1985,1986) The involvement of a
conformational change is predicted in this model and, in contrast to
the " mobile antenna model", the PBS and PSII do not move
independently. Therefore, it predicts that cross section changes In
state transition should also include a contribution of absorption by
PSII ChI ~ in addition to that of the antenna PBS.

The important prediction of the spillover model is that changes
in the kinetics of excitation energy transfer from PSII to PSI control
the state transition in PBS-containing organisms. This suggestion has
gained experimential support from studies of 77 K fluorescence
kinetics and time-resolved fluorescence spectroscopy, (Ley and Butler,
1980) and 77 K picosecond time-resolved fluorescence spectroscopy
(Bruce et aI, 1985, 1986b). For instance, using picosecond fluorescence
spectroscopy, Bruce et al (1986) observed in P. cruentum that
fluorescence emission from the PBS components was independent of
the state transition whereas ChI a was not. Time resolved emission
from ChI a in state 2 showed that PSII ChI a fluorescence rose faster
than the PSI ChI a. emission and decayed more rapidly. These
experiments confirmed earlier ones (Bruce et aI, 1985) that the PSII
ChI .a. decay accelerated on transition to state 2 and that the decay
kinetics of the phycobilin pigments were unaffected by the light state
of the cells of P.cruentum and A. nidulans. These results are
consistent with the spillover model for the state transition in PBS
containing organisms.

Furthermore, involvement of thylakoid membrane conforma
tional change in the mechanism of the state transition, an important
part of the spillover model, has been verified with the cross-linking
agent glutaraldehyde, which could chemically fix cells in either state.
(Biggins, 1983; Bruce and Biggins, 1985; Brimble and Bruce, 198?,).
Electron microscopic data (Olive et aI, 1986) as well as the
temperature effects on the state transitions (Fork and Satoh, 1983)
also supported involvement of conformational changes.
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SUMMARY

In order to elucidate the mechanism of the state transition and
to formulate a satisfactory model, as Biggins and Bruce (1989) h~ve

pointed out, three distinct aspects must be addressed. These are:(l)
The mechanism for sensing the imbalance ~f the relative activities of
PSI and PSII to serve as a trigger for the transition; (2) The changes in
the pathway of excitation energy transfer from the PBS to the two
photosystems; and (3) The physical changes in the photosynthetic
apparatus responsible for controlling the pathway of excitation energy
transfer. When we compare the above three models, it is obvious that
the important distinctions within them is in the second and third
criterions: the mobile PBS model and PBS dissociation model sets up a
physical mechanism for state transitions completely based on protein
phosphorylation whereas in the spillover model phosphorylation is
not a necessary requirement. That is, the PBS phosphorylation plays
an integral role in the state transition according to the PBS mobile
model as well as the PBS dissociation model but may not in the
spillover model. From what has been described above, in PBS
containing organisms there are sufficient reasons to argue the

involvement of a protein phosphorylation event in the state transition.

On the other hand, the observed conformational changes which
accompany the state transition are consistent with the spillover model,
as are the spectroscopic evidence for the pathway of excitation energy
transfer.

Additionally, to satisfy the first criterion we should ask an
important question, that is, what does trigger the state transition in

the regulatory models? In both mobile PBS model and PBS
dissociation model it is thought that the redox state of plastoquinone is
the trigger which induces activity of a kinase, as a result two
proteins become phosphorylated and consequently change the

distribution of excitation between PSII and PSI (Allen et aI, 1985;

Sander and Allen, 1987). However, the biochemistry of the kinase
activation and localization of kinase and phosphatase are not yet

known. (Biggins et aI, 1987). Also several fundamental physical and
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structural details involved this model are still controversial (Wendler
and Holzwarth, 1987, Bhalla and Bennett,1987; Baker et aI, 1990b).
Recently, Allen et al (1991) reported that the phosphorylation of an
18.5 kDa PBS component was not coupled to reduction of
plastoquinone and did not correlate with changes in state transitions.
This result was contrary to the author's early proposal. In the spillover
model, a detailed trigger mechanism for this process has not been
proposed except to suggest that the redox state of some electron
transport component and ion gradients could play a role of sensing
the imbalance of the relative activities of PSII and PSI, which then
inducing the proposed conformational changes (Butler, 1980; Biggins
and Bruce, 1985).

As has been described above, the unique characteristics of

fluorescence kinetics, electron transport, phosphoproteins and
conformational changes that accompany the state transitions in red
algae and cyanobacteria originate from the basic morphological and
anatomical differences in the photosynthetic apparatus between PBS
containing organisms and ChI alb LHC organisms such as higher plants
and green algae. Thus, although the proposed " phospho-mobile PBS
model ", which is analogous to the regulatory mechanism in higher
plants and green algae, could explain some of the phenomena of state
transition in cyanobacteria and red algae, it should be emphasized that
this model neglected the dramatic structural differences between the
antenna of LHC- and PBS-containing organism and overlooked many
characteristics of the state transition in PBS-containing organisms. The
spillover model, was based on the unique morphological and physical
characteristics of PBS-containing organisms. As a result although there
is still controversy concerning the role of protein phosphorylation in
state transitions, the spillover model can satisfactorily accounts for
more observed changes in excitation energy distribution.
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PHOSPHORYLATION

INTRODUCTION

Phosphorylation IS one of the most widely occurring reversible post
translational modifications used for regulating protein and enzyme actIvIty
of eucaryotic cells. (Ranjeva and Boudet, 1987). Basically, the reversible

phosphorylation/dephosphorylation system involves a minimum of three
proteins (protein kinase(s) and phosphoprotein phosphatase(s) as well as

substrate protein) and two reactions as follows:

protein kinase(s)

Protein + nATP Protein-Pn + nADP

phosphoprotein phosphatase(s)

Protein-Pn + H20 --------------------------------- Protein + nPi

Regulatory protein phosphorylation results in covalent modification

of target enzyme and protein, and results in, inactivation, activation and
lor changes in the allosteric properties of the target enzyme and protein.
In addition to this, it has been clearly demonstrated that phosphorylation
of proteins is an important component in the integration of external and

internal stimuli. The regulatory mechanism of protein phosphorylation in

animal system has been illustrated in detail by Krebs (1986). It has been

suggested that transduction of external signals is typically a chain of four

major consecutive events: (1) The presence of external and internal signals
and the perception of the stimuli by membrane-bound receptors. (2)

Coupling of signal transduction to increase the second messenger (e.g. Ca2+,

cAMP, DG (diacylglycerol), etc) levels which result in activity of protein
kinases (3) Phosphorylation /dephosphorylation of protein and

amplification of the stimuli (4) consequent change in cellular biochemistry
and physiology. This chain of events is usually displayed as four levels of a

cascade that amplify the original signal several-fold at each step.

The result of such a cascade is that the environmental signal

indirectly influent many downstream processes controlled by protein

phosphorylation. In recent years, this kind of mechanism has also been

studied in plant systems with the discovery of phosphoproteins and
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reversible phosphorylation/dephosphorylation events in higher plants and
algae. (Ranjeva and Boudet, 1987; BuddIe and Chollet, 1988) One of the
important phosphorylation events in plant systems is the involvement of
the regulatory mechanism of state transitions in photosynthesis.

PHOSPHO-LHCII AND STATE CHANGES

The- discovery of reversible phosphorylation of LHC was first
demonstrated by Bennett and his co-workers (1977,1979). Bennett
showed that incubation of intact chloroplasts in light with [3 2p ] 

orthophosphate results in the phosphorylation of a number of thylakoid

proteins. The most conspicuous of these are the 24 kDa and 26 kDa
polypeptides of LHCII but 9 kDa, 32 kDa, 34 kDa and 44 kDa polypeptides,

all associated with PSII, were also phosphorylated (Owens and Ohad, 1982;
Steinback et al., 1982; Delepelaire and Wollman, 1984). However, only
LHCII and 9 kDa protein appeared to be phosphorylated by distinct redox
controlled kinases (Baker et aI, 1987). Packham et al (1988) has proposed
that the 9 kDa phosphoprotein may affect electron transfer from QA to QB
by altering the QB pocket. The phosphorylation of a number of PSII

polypeptides are associated with ATP-induced fluorescence changes and
are also believed to be linked with state transitions. The two most obvious

candidates are the LHCII polypeptides (24 and 26 kDa) and the 10 kDa

polypeptide since the extents of phosphorylation of these species vary in
parallel with the fluorescence changes associated with the state transition

(Williams & Allen, 1986). The latter polypeptide has been suggested to be

a chlorophyll-binding protein that acts as a link in excitation energy

transfer between LHCII and P680, the reaction center chlorophyll of PSII
(Allen and Holmes, 1986). Allen and his coworkers further suggest that it

is the mutual repulsion of those two species on phosphorylation that
causes the migration of LHCII to non-appressed regions of membrane.

Besides these results other researchers have also shown evidence which

supported and developed the mobile phospho-LHC model over the last ten

years. For instance,
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i. Associated with the phosphorylation of LHCII is a decline in the
maximum level of room temperature chlorophyll fluorescence (Telfer et aI,

1983a)
11. The phosphorylation of LHCII occurs in light which IS

perferentially absorbed by PSII and is inhibited by far-red PSI absorbing
light. (Bennett, 1983).

iii.The phosphorylation of LHCII reduces the absorption cross-section
of PSII mediated electron flow (Horton and Lee, 1984) and the chlorophyll
fluorescence with maxima below 700 nm at both room temperature and 77
K (Arntzen et aI, 1980)

iv. The phosphorylation of LHCII increases the absorption cross
scetion of PSI mediated electron flow (Horton and Black 1982) and 77 K
chlorophyll fluorescence above 700 nm.

v. The phosphorylation of LHCII reduces overall connectivity
between LHCII and PSII complexes (Barber et aI, 1986).

vi. The LHCII phosphorylation leads to some unstacking of granal
membranes (Kyle et al 1983; Telfer et al 1984) and lateral movement of
intra-membrane particles as detected by freeze-fracture (Kyle et ale 1983).

vii. SDS-polyacrylamide gel electrophoresis of granal and stromal
fractions indicates that phosphorylation results in increases in LHCII, but
not of the PSII core polypeptides, in the non-appressed membranes.
(Larsson and Andersson ,1985)

Dependent on all of these ideas and experimental observations, it is
relatively straight forward to postulate a physical mechanism for the
control of state transitions by LHC phosphorylation in higher plants and
green algae as follows:

The state transitions in higher plants and green algae are due to the
reversible phosphorylation of the LHCII. Light regulates the reversible
phosphorylation of the LHCII through a thylakoid-bound, Mg2+-dependent,
protein kinase which responds to the light-dependent redox state of the

intersystem plastoquinone pool and / or Cytochrome b6/f complex. The

consequence of phosphorylation is lateral movement of LHCII from grana

membrane regions to stromal membrane regions which controls the
distribution of absorbed light energy between the two photosystems. ( see
the reviews by Barber, 1986; Williams and Allen, 1987; Staehelin, 1986).



63

IN VIVO PHOSPHO-LHCII AND STATE CHANGES

The phosphorylation of LHCII is generally considered to be the

molecular basis of the regulatory state transitions in higher plants and

green algae (Barber, 1986). With the migration of phospho-LHC between
PSII complexes and PSI complexes a control mechanism for balancing of

excitation energy between the two photosystems was realized. This
mechanism could effectively maximize the rate of linear electron flow and

optimize photosynthesis.

However, it is important to note that most of the conclusions
concerning the role of phosphorylation of LHCII in controlling state

transitions have been reached on the basis of the studies done in vitro
utilizing chloroplasts or thylakoid membrane preparations (Fork and Satoh,
1986). It is not clear how migration of a negatively charged phospho-LHCII
complex into non-appressed regions of the thylakoid associate with and
efficiently transfer excitation energy to a PSI complex, which is also
negatively charged. Consequently, if phosphorylation of LHCII does

constitute a fundamental mechanism for regulating the distribution of
excitation energy between PSI and PSII, this is by no means conclusively

proven in vivo. So far many researchers have shown that it was difficult
to convincingly demonstrate the changes in protein phosphorylation in

vivo. (Owens and Ohad, 1982; Wollmam and Delepelaire 1984; Bhalla and
Bennett, 1987; Gibbs and Biggins, 1991). For instance, Owens & Ohad
(1982) supplied intact cells of green algae Chlamydomonas reinhardtii with

32P-orthophosphate and separated the phosphorylated polypeptides.

Phosphorylation of thylakoid membrane polypeptides was completely
independent of illumination. Similar incorporation of phosphate was seen
in the cells illuminated with red or far-red light, in cells given white light
or kept in the darkness, or in cells treated with DCMU or in the controls. At

least 80 % of the membrane phosphoproteins were in the continuously

phosphorylated state. In a subsequent independent study (Wollman and

Delapelaire, 1984) it was also indicated that the differences In

phosphorylation patterns couldn't be seen In VIVO under normal

physiological condition. Moreover, Baker et al (1984) also failed to find a
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correlation between the light-induced State I to II transition and protein

phosphorylation in wheat thylakoids.
The phosphorylation of thylakoid membranes in the Chromophyte

alga O. danica was studied in whole cells and in vitro by Gibbs and

Biggins (1991) the experiments reported by them provided no evidence
that a reversible protein phosphorylation event analogous to that proposed

to account for changes in excitation energy distribution in higher plants

(chloroplast and thylakoids) and green algae occurs in O. danica. This
conclusion was based upon several key observations, as follows:

i. The in vivo protein phosphorylation pattern of O. danica cells was
insensitive to preillumination condition, which have been previously
defined to induce changes in the redistribution of excitation energy

between PSII and PSI.
ii. Phosphorylation of membrane polypeptides in vitro was light

independent and exhibited an identical dependency upon time as did
thylakoid protein phosphorylation in the dark.

iii. Compounds such as DCMU that lead to an oxidation of intersystem
electron chain have been used to study the sensitivity of thylakoid protein
kinases to the redox environment. However, unlike their leading to an

inhibition of thylakoid protein phosphorylation in some higher plants, in O.
danica thylakoids DCMU did not affect either the rate of thylakoid

polypeptide phosphorylation or the phosphorylation pattern that was

obtained after SDS-PAGE and autoradiography.

iv. Na-dithionite is a strong reductant that has been used to reduce
the intersystem electron carriers and lead to conditions that stimulate
protein phosphorylation in thylakoids from high plants (Arntzen, et al

1981). The phosphorylation of thylakoid polypeptides in O.danica was
inhibited by Na-dithionite in both the light and dark.

The inability to find clear evidence for a role of reversible thylakoid
protein phosphorylation in the redistribution of excitation energy is not
surprising, there is no agreement on this point in the literature, especially

from studies using the organisms containing phycobilins such as red algae

P. cruentum (Biggins et al 1984), cyanobacteria Synechococcus 6301

(Biggins and Bruce,1987), Synechococcus lividus (Satoh and Fork,1983),

Fremyella diplosiphon (Schuster et al 1984) and symbiotic alga, Prochloron
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(Ohad, et al 1984)(section on PHOSPHORYLATION AND PBS-ORGANISMS for

detail).
Additionally, the use of mutant cells lacking light-harvesting

components and/or electron transfer carriers has provided an alternative
way to investigate the role of phosphorylation in green algae and
cyanobacteria. Although some of these investigations didn't focus directly
on the elucidation of the function of protein phosphorylation, the results of

these experiments give us insight on the normal physiological and
biochemical processes affecting excitation energy distribution in wild-type
cells. For example, some experiments have been done on several mutants
lacking PSII, the LHC and Cyt b6/f complex in green algae C. reinhardtii
(de Vitry and Wollman, 1988; Wollman and Lemaire,1988) and a
cyanobacteria mutant (Synechococcus 7002) that lacks PBS (Brimble et

al,1989). The obtained results provided valuable information about

protein/membrane interactions and associated energy transfer processes.
Using mutants lacking PSII reaction centers it was found that LHCII
phosphorylation did not require the presence of PSII. Wollman and
Lemaire (1988) also indicated that the absence of the Dl and D2 and 9 kDa
PSII polypeptides --- the latter a linking protein in the "phospho-mobile
antenna" as suggested by Allen et al (1987) had no affect on the state
transition. Moreover, Brimble et al (1989) have shown that the both a

wavelength-dependent and a dark/DCMU -light redox-induced state
transitions could be induced in the cyanobacteria PBS-less mutant. This
important observation implicated that a " phospho-mobile antenna (PBS) "
is unnecessary in the regulatory mechanism of state transitions in the
PBS-containing organisms.

PHOSPHO-LHCII AND PHOTOPROTECTION

As has been described above, the " phospho-mobile antenna" role for
protein phosphorylation in thylakoid membranes does not satisfactorily

account for much of the critical in vivo experimental data and some

observations with mutants. In addition to this, phosphorylation of LHCII
does not always result in a stimulation of the rate of PSI photochemistry in

limiting light (Haworth and Melis, 1983, Val and Baker, 1989, Bredenkamp
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and Baker, 1990). Recent data indicates that excess energy absorbed by
LHCII in state II may be transferred to PSII~ (Wendler and Holzwarth,

1987) or may be dissipated by non-radiative de-excitation(e.g. heat) (Allen
and Melis, 1988). Therefore, it has been suggested that disconnection of
LHCII from PSII, not the association of Phospho-LHCII with PSI, is the
critical regulatory event and the phosphorylation of LHCII is a mechanism
to minimize damage to PSII when leaves are exposed to photoinhibitory
conditions (Horton and Lee, 1985). Phospho-LHCII, as it has been
suggested, plays a role in the conversion of excitation energy absorbed by
PSII to heat in an energy dissipating pathway (Allen and Melis, 1988).
Such regulation would only involve modulation of the rate of excitation of
PSII, with the excitation rate of PSI remaining constant. These views were
supported by the experiments of both Horton and Lee (1985) and Habash
and Baker (1990a). They found that thylakoids in which LHCII has been
phosphorylated exhibit less inhibition of PSII activity when exposed to
photoinhibitory conditions. Phosphorylation of chloroplast thylakoid
membranes has also stimulated what appeared to be a cyclic flow of
electrons around PSII. This phenomena has led to the idea that a cyclic
electron flow path around PSII may provide a photoprotection mechanism
by the dissipation of excess energy and limitation of photodamage to PSII
reaction centers (Horton and Lee, 1985). A similar conclusion was reached
by lursinic and Kyle (1983) on the basis of studies on pea thylakoids. They
suggested that cyclic flow of electrons around PSII could serve as a means
dissipating excess light energy absorbed by the reaction centers of PSII
and thereby prevent photoinhibition.

However, Such observations on isolated thylakoids for
photosynthesis in vivo are often unclear since LHCII apoproteins are
generally not the only membrane proteins phosphorylated; other
polypeptides, especially associated with PSII, can also be phosphorylated
and modify electron transport processes independently of the effects of
LHCII phosphorylation (Hodge et aI, 1987, Habash and Baker, 1990). In

wheat thylakoids it has been found that protein phosphorylation did not

protect linear electron transport, meditated by PSI and PSII, from

photoinhibition. In fact phosphorylation enhanced the photoinhibition

(Habash and Baker, 1990). Furthermore, it has also been observed that
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LHCII apoproteins are not highly phosphorylated in leaves (Demmig et al
1987, Val and Baker, 1990) and algae cells (Schuster et aI, 1987) exposed
to photoinhibitory conditions. It is unlikely that LHCII phosphorylation is
an important physiological mechanism for protecting PSII from
photoinhibitory damage in vivo. Moreover, the inactivation of LHC-kinase
during photoinhibition (Ohad et al , 1986) argues against this possibility.
Thus, a new explanation of the physiological role of LHCII phosphorylation

is required.

PHOSPHO-LHCII AND METABOLISM

Satoh and Fork (1983b) first suggested that the fluorescence
increases seen in DCMU-poisoned algae reflect changes in thylakoid
organization brought about by proton fluxes associated with cyclic electron
transport around PSI. This proposal mainly depended on the following
experimental data (1) The uncoupler, CCCP, completely blocked the
development of state 1 in the green algae Chlorella (Sane et aI, 1982) (2)
A state 2 to 1 transition in PSI light is inhibited by DBMIB (Satoh and
Fork,1983). These observation suggested that a cyclic electron transport
pathway mediated by PSI via the cyt b6/f complex and membrane
energization are both necessary for the development of State 1. P. Horton
and colleagues (Horton and Lee, 1985; Allen and Williams,1987) suggested
that state transitions should regulate the ratio of linear electron flow to
PSI-mediated cyclic electron flow. This would occur in response to
variations both on the redox state of some intersystem electron carriers
(lEe) and in the 'energy state' of the membrane which may reflect cellular
variations in ATP levels (Horton et al,1987) It has been known that an
optimum redox state, that is, the notion of 'redox poise' is required for the

cycling of electrons around PSI through the cytochrome b6/f complex.

Therefore, it was proposed that the phosphorylation of LHCII, had a role in
stimulating the extra H+ translocation that results from optimising redox
poise (Horton et aI, 1985; Allen, 1983)

The link between ATP demand and redox poise through cyclic

electron flow suggests a link between protein phosphorylation and
metabolism; it is the metabolic processes in the stroma that determine the
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requirements for ATP and NADPH (Horton, 1985). the first evidence to
support this hypothesis come from the observation that the maximum
level of LHCII phosphorylation in intact maize mesophyll chloroplast
occured in the presence of pyruvate. The effect of pyruvate was traced to
lower pH in its presence due to ATP consumption via pyruvate
orthophosphoate-dikinase (Horton, et al 1984) Furthermore, elevated

phosphorylation of LHCII occurs under condition close to those necessary

for maximum rates of reduction of PGA (glycerate 3-phosphate: the
consumer of NADPH) (Horton et aI, 1990). The physiological implications of

these observations suggest that the level of phosphory-Iation of LHCII
(and the distribution of excitation energy) is determined by the need to
provide ATP and NADPH in the appropriate stoichiometry. Thus, the

change in distribution of excitation energy resulting from phosphorylation

is suggested to be involved in regulating the efficiency of H+ translocation
(i.e. the ratio of H+ translocated per electron transferred to NADP) by the
thylakoid membranes (Horton, 1987; Horton et al,1990)

However, Wollman and colleagues (1990) have recently
demonstrated that inhibition of ATP production in intact cells of the green
algae C. reinhardtii led to a genuine transition to state II, whereas

reversion to state I required ATP synthesis. This observation argues for
the view that state transitions in vivo are primarily aimed at responding to
variations in cellular ATP demand. Their study suggested a alternative

view that the intracellular demand for ATP controls state transitions in
v i v 0 and the ATP control may act directly on the kinase/phosphatase
activities.(this has also been discussed in the STATE TRANSITIONS section

in detail). Finally it is perhaps worth noting that Turpin and Bruce (1990)

have indicated that state transitions regulated the relative rates of cyclic
and linear electron transport to optimize the relative rates of ATP and
NADPH production in response to metabolic demand. This idea provided an
other potential controlling mechanism, that is, the ratio of ATP and NADPH
is likely to play a key role in determining the demand of metabolism and
feedback control the state transition.
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PHOSPHORYLATION IN PBS-ORGANISMS

Measurements of low temperature emission spectra (Murata, 1969;

Biggins, 1983; Fork and Satoh, 1983) indicated that red algae and

cyanobacteria undergo light-induced state transitions analogous to those
seen in green algae and higher plants. Also state transitions in these PBS
organisms can be conveniently monitored by measurements of light

induced fluorescence increases in DCMU-poisoned cells in a similar manner
to that described for green algae (Olive et aI, 1986; Dominy and Williams,
1987). These results suggested that state transitions in the phycobilisome
containing organisms appear to be controlled by the redox level of
plastoquinone or an associated electron carrier (Mullineaux and Allen,

1986, 1987). By analogy to excitation energy redistribution in higher

plant chloroplast systems, the possibility arIses that redox-controlled
phosphorylation of thylakoid membrane proteins may regulate state

transitions in cyanobacteria & red algae. Thus, Allen et al (1985) proposed
a model for state transitions in cyanobacteria and red algae, similar to the
" phospho-mobile antenna model" in higher plants, which was triggered by
a phosphorylation of the phycobilisome-linker protein and a surface
exposed pigment of the PSII antenna complex. This, as it is suggested,
leads to a transfer of the phycobilisome from the PSII to the PSI light

harvesting apparatus. In a later study with millisecond time-scale
fluorescence kinetics in the presence of DCMU, Allen and Mullineaux
(1988) suggested that the basis of the state 2 transition in phycobilisome

containing organisms was a decreased excitation-energy transfer to PSII
reaction centers that resulted from detachment of PBS due to the protein
phosphorylation of thylakoid membrane components. Therefore, they

further proposed the " phospho-PBS dissociation model" to account for the

observed changes of absorption cross-sections of the two photosystems.
In both the PBS' dissociation and mobile PBS model , the similar

critical regulatory event is involvement of phosphorylation of polypeptides

in thylakoid membrane components and phycobilisome components which

are accompanied by the state transition. However, as it has been described

above, the question concerning the role of protein phosphorylation remains
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controversial. Allen and co-workers (Allen et ale 1985, Sander et ale 1986)
reported the light-dependent phosphorylation of a Mr15 kDa and a Mr
18.5 kDa polypeptide in the cyanobacteria Synechococcus 6301 (Anacystis
nidulans). They provisionally identified these two polypeptides as an
antenna chlorophyll-binding protein of PSII and the linker protein of the
phycobiliosome core respectively. The 15 kDa polypeptide was shown to

phosphorylate in the light in isolated thylakoids using conditions that
caused 77 K fluorescence changes they claimed to be characteristic of
excitation energy redistribution. Subsequently Sanders and Allen (1987)
claimed that the 18.5 kDa polypeptides was a subunit of the PBS and that

it was phosphorylated in vivo in state 2 and dephosphorylated in state 1.
Allen et ale (1985) also reported the light dependent phosphorylation of a
15 kDa polypeptide in vitro in a protocol that also permitted the

substitution of 10 mM Ca2+ for the Mg2+ requirement of the protein kinase.

The divalent cation requirement, as has discussed above, play a important
role in thylakoid surface charge-screening effects related to migration of

the antenna. By analogy with the higher plant chloroplast system, Allen
and co-workers suggested that redox-controlled phosphorylation of
thylakoid membrane proteins may regulate the state transition and that

the light-dependent 15 kDa polypeptide functions in the dissociation of
PBS from PSII during transition to state 2. (Allen and Holmes, 1986).

Recently, Allen et al (1991) further reported that this 15 kDa polypeptide

in particular was phosphorylated /dephosphorylated in plastoquinone
(PQ)-reducing / oxidizing conditions in vitro. Changes in phosphorylation
state correlated with changes in excitation energy distribution between the

photosystems have also been reported. They concluded that the observed

15 kDa phosphopolypeptide is likely to be involved directly in light state
adaptations in cyanobacteria.

On the other hand, contrasting reports from Schuster et al (1985)
showed that protein kinase activity by membrane fractions isolated from
cyanobacteria did not demonstrate a light dependency for the

phosphorylation of the polypeptides. In addition, although 12

phosphorylated polypeptides were observed in P. cruentum and A.

nidulans, no changes were detected between the phosphorylated

polypeptide profiles of cells in state 1 and state 2 (Biggins et al., 1984b).
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These findings were confirmed and extended by Schuster et al (1984) and
Kirschner and Senger (1986) who were also unable to detect any light
dependent protein. phosphorylation. In a reinvestigation of the in vitro
studies of Allen et ale (1985), Biggins and Bruce (1987) reported that (1)
the observed fluorescence changes were not indicative of a state transition.
(2) The fluorescence changes were independent of protein kinase activity,
and (3) the reported protein kinase activity was not light dependent.
Furthermore, the Ca2+ substitution efforts reported by Allen(1985) was
investigated, Biggins and Bruce (1987) found that Ca2+ played an inhibitor
role in protein phosphorylation. This result was consistant with earlier
reports that Ca2+ has been shown to inhibit cyclic AMP dependent protein
kinases (Sugden et aI, 1976) and spinach thylakiod protein kinase (
Alfonzo et al 1980). In general, the above results suggested that there is no
direct evidence to support the role of protein phosphorylation in the time
frame or strict illumination conditions promoting the state transition In
cyanobacteria or red algae.

In view of the failure to identify light-induced phosphorylation of
pigment-protein complexes in red and blue-green algae, together with the
analysis of fluorescence kinetics evidence based upon insights developed
by Butler and coworkers (Butler, 1978), and the use of picosecend time
resolved spectroscopy (Biggins and Bruce, 1988 for review), Biggins and
co-workers supported the 'spillover' model for state transitions in red and
blue-green algae. The model is based on the idea that Light 1 causes an
over-stimulation of cyclic transport. Proton associated with such transport
are then thought to lead to localized changes in the electrical balance of the

thylakoid membrane that in some way bring about conformational changes
reducing spillover of excess excitation energy from PSII to PSI (Biggins and
Bruce,1989). According to this model, the involvement of a conformational
change, not the association of protein phosphorylation, is the suggested
critical regulatory event in the mechanism of the state transition in these
organisms. This point has been indicated by the variety of experimental

approaches including analysis of (1) chemical fixation of cells in light

states using cross-linking agent glutaraldehyde (Biggins 1983; Bruce and
Biggins,1985),(2) EM data of Olive et al (1986). (3) temperature effects on

state transitions (Fork and Satoh, 1983) (4) pigment orientation changes
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using polarized optical techniques (Bruce and Biggins, 1985; Brimble and

Bruce,1989) and PBS-less mutant analysis ( Bruce and Brimble, 1990). All
the evidence strongly suggested that conformational changes (distance and

lor orientation of PBS-PSII assembly with respect to the plane the

thylakiod) are necessary processes for state transitions in cyanobacteria

and red algae. (see details in section on STATE TRANSITIONS) Although

there is considerable evidence against the involvement of phosphorylation

in the regulatory mechanism of state transitions in PBS-organisms, it's still
possible that a protein phosphorylation event, if it is ultimately implicated
in the state transition, may result in conformational changes in the fluid

bilayer of the thylakoid accompanied with light state changes (Biggins and

Bruce,1989).
In some studies it is possible that an artifact of protein

phosphorylation may have occured in the labeling experiments in vitro
with [y_32P] ATP. That is, the bands observed by autoradiography may not

have represented authentic phosphoproteins. To distinguish between an

enzyme-dependent covalent modification of proteins and the non-specific
binding of [y_32P] ATP, extensive control experiments are necessary. For

example, using magnesium-free buffers or adding Na-EDTA to the isolated

membranes has been used to provided an effective means to prevent the

incorporation of labelled phosphate into membrane polypeptides and

eliminate this contamination (Gibbs and Biggins, 1991).

In order to determine the role of phosphorylation in adjustment of
photosystem stoichiometry in thylakoid membrane and state transitions,

Allen et al (1989) have further investigated in vivo phosphorylation of

proteins in the cyanobacterium Synechcoccus 6301. After incubating cells

in the presence of 32P-orthophosphate under PSI or PSII light for several

days , a steady-state in vivo phosphorylation pattern of four distinct

polypeptides (20, 19, 15 and 13 kDa) was observed. In the membrane

fraction the 15 kDa polypeptide, similar to the results of their earlier work

under short-term light incubation (Allen et aI, 1985), appears to be

phosphorylated to a greater extent in cells grown under PSII light

conditions than in cell grown under PSI light conditions. They also reported

that the 19 kDa protein, a component of the PBS, was phosphorylated more

under PSI light. In the soluble fraction, the 13 kDa protein phosphorylation
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was also observed to be dependent on long-term acclimation of the cells to
PSII light. Allen et al suggested that the differential phosphorylation of the
13, 15 and 19 kDa polypeptides could be implicated in the mechanism of
the state transition and/or involvement in long term regulation in the
photosystem stoichiometry in the thylakoid membrane. However, it must
be kept in mind that under long-term preferential illumination protein

phosphorylation events in the thylakoid membranes may involve

photomorphogenesis. State transitions, in contrast to this, take place much
more rapidly in cyanobacteria (e. g. reported transition times of only 2-5

seconds by Ried and Reinhardt, 1977, 1980; Biggins and Bruce,1985)
In conclusion, phosphorylation is one of the most widely occurring

reversible post-translational modifications used for regulating protein and

enzyme activity of eucaryotic cells. Although the regulation model of

excitation energy redistribution between PSII and PSII by " protein
phosphorylation mobile antenna" has gained wide acceptance. (Williams

and Allen, 1987), the physiological role for thylakoid protein

phosphorylation in the state transitions still remains controversal. In
recent years many exceptions have been reported in higher plants which
question the role of protein phosphorylation in the redistribution of

excitation energy. Similarly, analysis of fluorescence of PSI and in VIVO

phosphorylation of LHCII has led to some alternative explanations for the

role of protein phosphorylation such as photoprotection. and/or

involvement in regulatory metabolism. In addition to this, many
experimental observations from green algae, PBS-containing organisms

including red algae and cyanobacteria, as well as Chromophyte alga ( ChI

a/c/fx binding protein serving an analogous function as LHCII) indicated

that there IS some strong disagreement on the role of protein
phosphorylation in the state transition. The inconsistaney of phenomena in

protein phosphorylation events in state transitions between higher plant
thylakoid systems and algae systems further argues the intention of
establishing a general model for a common basis (e.g. on the mobile

pigment-protein phosphorylation basis, as suggested by Allen & Holms,

1986; Allen & Williams, 1987) for state transitions in photosynthetic algae
and higher plants.
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MATERIALS AND METHODS

GROWTH CONDITION AND HARVESTING

Synechoccocus sp PCC 6301 (Anacystis nidulans ) was grown in
shaking culture (120 rpm) autotrophically at a light intensity of 25 JlE m-

2 s-l on BG-l1 (Allen 1968). The illumination was provided by banks of

cool-white fluorescent lights and the cells were routinely monitored for

bacterial contamination by plating on nutrient agar. The cells were

harvested in late log growth phase by centrifugation (3,000g), washed and

resuspended in growth medium to an optical density of less than 0.1 to

avoid self-absorption artifacts In the fluorescence determinations.

Typically 250 ml of cells were centrifuged and the resuspended sample

was kept at 30 C until used for the experiments

[32p] K2HP04 RADIOACTIVE LABELLING

250 ml of cells were grown in the condition described above and 1

ml was removed and analyzed for the ability to perform state transitions

in the presence of DCMU as described above. If the cells kept ability of

state transitions the remaining cells were centrifuged and resuspended in

150 ml of phosphate depleted BG-11 medium. Cells were incubated for 48
hr at 300C before another 1 ml was removed to check the cells for their
ability to do state transitions. 750 JlCi [32P] K2HP04 was then added to the

cells ( 5 Jl Ci/ml), and they were incubated at 300 C for 3 hr at a light

intensity of 30 JlE·m -2· s-1. The cells were then harvested and resuspended

in isolating buffer containing 10 mM Tris-HCI (pH 7.8), 5 mM MgCI2, 2 mM
EDTA , 10 mM NaCI and 500 JlM PMSF( phenylmethylsulfonlfluoride--- a

protease inhibitor). The chlorophyll concentration in the samples varied
from 15-20 Jig Chl/ml according to Arnon's method (Arnon, 1969).
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INDUCTION OF STATE TRANSITION

In all experiments cells were brought to state 1 or state 2 at their
growth temperature of 30 oC. The redox-induced transition were induced
as previously described by Mullineaus and Allen (1986). The cells were
adapted to State 1 by a 5 minute illumination at 200JlE·m -2· s -1 in the

presence of DCMU (1 JlM) and adapted to State 2 by 5 min dark
adaptation at room temperature in the presence of DCMU(l JlM). The

reaction was stopped either by the addition of NaF (20 mM) or quickly
freezing cells in liquid nitrogen. The [32P] radioactive labelled cells were
induced to either state 1 or state 2 in a specially designed two-layer tube
as described in the following section ,the concentrated [32P] labelled cells
were also treated with DCMU(IJlM) and brought to State 1 by 5 min
preillumination (Ditric optics 460 nm short pass filter, 100 JlE·m- 2·s- 1).

and brought to State 2 by 5 min dark-adaptation at room temperature in
the presence of DCMU. The reaction was stopped either by the addition of
the phosphatase inhibitor NaF (20 mM) into cells or by cooling samples
in the ice-bath.

A NEW METHOD TO BREAK CELLS IN STATE 1 AND STATE 2

In contrast to the conventional methods of breaking cells in a French
Press, an improved rapid isolation procedure was developed for the special
purpose of isolation of [32P] labelled cells stabilized in either light state.

With my new procedure, the cells were quickly cooled to ice-bath
temperature and broken while still in the light or dark by vortexing with
a mixture of glass beads and groundglass ( 2:1) for 5 min. A special two
layer clear plastic tube contained the cells and a precooled ice jacket, as
shown in Fig.10. The new procedure had some obvious advantages over
the French Press method since it helped to realize the unique
requirements of the isolation procedure, that is, the cells were stabilized
in either light state during the breaking process. To achieve this the cells

were quickly cooled to 4 0C and broken as soon as they were placed into

the internal space of the double layer tube. A mixture of ice and water
was kept in the external space between the two plastic tubes in the ice

jacket. Each sample was kept in either the light state 1 or in dark state 2
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while the cells were broken by vortexing with a mixture of glass beads
and groundglass at high speeds. In this way, the samples were kept in
State 1 or State 2 during thylakoid isolation. Another advantage of this
procedure was that [32P] labelled cells were well contained in the two

layer tubes, minimizing the possibility of radioactive contamination. The
glassbead vortex method provided a effective, simple, safe and
economical means to break the [32P] labelled cells and keep them in both

states.
The effect of temperature on the stabilization of state transitions was

investiguated in both intact cells and isolated crude thylakoid membranes
which had been adapted in state 1 and state 2 by the methods described

above. Samples were kept at ice bath temperature or room temperature
and a 75 JlI aliquot of each sample was removed and frozen in liquid

nitrogen at specific time intervals up to 60 minutes after initial cooling.

Fluorescence emission characteristics in each sample during the precedure

were determined by 77 K fluorescence emission spectra as described.

THYLAKOID MEMBRANE ISOLATION

After breaking cells by vortexing, the homogenate of the broken cells
was centrifuged at 6,500 g for 10 min at 2 0C to remove unbroken cells

and cell debris. Before further isolation of thylakoid membranes by
difference centrifugation, a 75 JlI sample of the supernatents was removed

to be checked for retention of each light state using 77 K fluorescence
emission spectroscopy. If the broken cells were maintained in each light
state, they were further centrifuged at 135,000 g for 20 minute at 2 0C.

The thylakoid membranes were finally resuspended In a medium
containing 10 % glycerol with isolation buffer (10 mM Tris-Hel (pH 7.8), 5
mM MgCI2, 2 mM EDTA , 10 mM NaCI and 500 JlM PMSF.) and were stored

on ice in the dark. The chlorophyll concentration in the samples was
adjusted to 0.5 -1 1J g ChI/mI. A 75 JlI aliquots of thylakoid membrane

suspension was removed and diluted to 0.1 Jlg ChI/ml prior to 77 K

fluorescence emission spectroscopy.
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Figure 10. A new method for breakage of Cyanobacterium 6301 cells with
Glassbeads in light state 1 and light state 2
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SOLUBLE PROTEIN ISOLATION & PURIFICATION

The supernatents resulting from the high speed spin used to pellet
the thylakiod membranes were kept in the ice-bath. The soluble protein in
the supernatents of both samples was concentrated with molecular porous
membranes against Polyethylene glycol 4000 for 3 hours at 40C. The
concentrated soluble proteins were finally resuspended in a medium

containing 10 % glycerol in the isolation buffer described above and were
stored on ice in the dark.

PROTEIN SOLUBILIZATION PROCEDURES

Aliquots (75 J..LI) of both thylakoid membrane suspension and soluble

protein fraction were removed into microfuge tubes and precipitated
with 80% ice-cold acetone( 600 JlI each) for 3 h at 4 0C and then

centrifuged and resuspended in isolation buffer without PMSF, then
treated with RNase (200Jl g/ml) at 35 C for 6 hr. RNA or DNA

contamination could confuse the results of [32P] labelled polypeptides

analysis, the reference control experiments using protease treatments
were done in aliquots of the samples ( 50 JlI each) incubated with protase

K (100Jlg/ml) and RNase (200Jlg/ml) at 35 C for 6 hr. Then, the samples

were diluted 1:4 in Laemmli solubilization buffer containing 50 mM

dithiothreitol , 50mM Na2C03, 7.5% (v/v) glycerol, 2 % (w/v) SDS and

heated at 950C for 5 min. The solubilizing reaction was stopped by

keeping the solubilized samples at ice-bath temperature. Determination of

protein concentration was by the method of Bradford (1986) using BIO

RAD dye reagent.

GEL ELECTOPHORESIS ( ONE DIMENSIONAL GEL)

One dimensional SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

was done according to the method of Laemmli (7), using a 0.75 mm width

4 % stack gel and an 10-18 % longitudinal gradient seperating gels (a Bio

Red Mini-Protean II apparatus). Polymerization was carried out using an

acrylamide/bis-acrylamide ratio of 36.5, an ammonia persulfate
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concentration of 0.05 % and a TEMED concentration of 0.1 % in the stacking
gel and 0.05 % in the separating gel. 20 JlI of three difference of cell

concentrations (800 Jlg Chl/ml, 600 Jlg Chl/ml and400Jlg Chl/ml) were

loaded onto the stacking gel and electrophoresed in a running buffer (125
mM Tris, 960 mM glycine, 17 mM SDS, pH 8.3; diluted 1:4 with distilled
water at 200 V until the dye front reached the bottom of the gel. The gels
were unloaded and stained with CommasSie blue . [32 P] labelled

polypeptides were detected by autoradiography using Kodak X- OMAT
AR film. (see details as following section)

GEL ELECTOPHORESIS ( TWO DIMENSIONAL GEL)

Two-dimensional gel electrophoresis was performed essentially as
Bulletin 1144 from Bio-Rad that mainly referred to the method of

O'Farrell (1975). Both thylakoid membrane suspensions and soluble
protein preparations ( 200 JlI each ) were solubilized for 5 minute at ice-

bath temperature in the following IEF sample solution at 2: 1 dilution: 9.5
M urea, 35 % glycerol (v/v) 2% (w/v) Triton X-100, 2 % Ampholines
(comprised of 1.6 % pH range 6 to 8 and 0.4 % pH range 3 to 10) and 5 % B
mercaptoethanol as well as 1.5 % (w/v) SDS. Gels were cast in 1.2 mm
diameter tubes to a length of 6 cm. The gel mixture contained 8 M urea,
3.2 % acrylamide (w/v) ( acrylamide/bis-acrylamide ratio of 30 ),1.85 %

Triton X-100 (v/v), 0.9 % 3.3-10 amphoytes, and 3.6% 6-8
ampholytes.(Bio-Rad). After polymerization the 25 JlI solubilized samples
(800 Jl g Chl/ml) were placed on top of the gels and the tubes and upper

chamber filled with 0.1 N NaOH. The bottom chamber was filled up to the

top of the gel with 0.06 % H3P04. The gels were then electrophoresed at
400 V for fifteen hours and then 800 V for two hours. The tube gels were
unloaded and solubilized into a reducing buffer ( 12.5 % 0.5 M Tris

(v/v)pH 6.8, 100 mM dithiothreitol (DTT), 30 % SDS (w/v) and 0.01 %

bromophenol blue (w/v), and 52 % dH20 for ten minutes. The gels were

then placed carefully on the top of a 10-18 % longitudinal gradient

seperating and 4 % stacking 1.5 mm wide slab gel. Electrophoresis was

then carried out another similar conditions to those with one-dimensional
gels as described above.
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GEL STAINING AND AUTORADIOGRAPHY

After the gels were run as described above, the gels were removed
from the glass plates and stained with Coomassie Blue stain method. The
Coomassie Blue staining procedure was performed· as following: gels were
placed in a container containing approximately (100 ml) of 40 % methanol,
10 % acetic acid, and 0.1 % Coomassie Blue G-250 ( Bio-Rad) stain. Gels of
0.75 mm thickness were incubated on a rotary shaker for one hour while
1.0 mm gels were incubated for 5-6 hours. The stain was then removed
and the gels destained with 40 % methanol and 10 % acetic acid. Typically
four 100ml washes were performed for three hour for 0.75 mm gels and

overnight for 1.5 mm gels.
Gels which were to be assayed for radioactivity were dried down on

filter paper for one hour for 0.75 mm gels and two hours for 1.5 mm gels
using a Hoefer Scientific Instruments SE 540 Slab Gel Dryer. The dried gels
were then taped to a gel cassette and exposed to Kodak X-ray film at ice
temperature for about 3 to 7 days.

LOW-TEMPERATURE FLUORESCENCE MEASUREMENTS

The 77 K fluorescence emission spectra were determined as
previously described ( Bruce, 1989a; Brimble and Bruce, 1989) with a
laboratory built spectrofluorimeter based on a Jarrel Ash 0.25 meter

spectrograph and EG & G diode array detector (1420R) controlled by an EG
& G detector interface (1461) accessed by an IBM-AT-compatible
computer. Excitation light (10 nm bandwidth) for the fluorescence
emission was supplied by a 100 W tungsten halogen lamp, dispersed by a
Jobin Yvon H20 spectrometer. Throughout the entire procedure of isolation
and purification of thylakoid membranes 50 JlI a liquot of intact cells and

thylakoid membranes were measured and the spectra were normalized to
the phycocyanin peak ( 625 nm). The excitation wavelength for
determination of the emission of phycobilisome component in the cells
was 590 nm and the excitation wavelength for determination of emission

of ChI a of thylakoid membranes and membrane fragments was at 435

nm. All flourescence emission spectra presented in the result section are

representative spectra chosen from triplicale expertiments.
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CROSS-LINKING THYLAKOID MEMBRANES WITH GLUTATALDEHYDE

In some experiments the isolated crude thylakoid membrane

preparations were cross-linked by the addition of glutaraldhyde to a 0.5 %

final concentration and further purified by centrifugation at 135,000 g for
30 min at 2 C on a discontinuous sucrose density gradient with 50 % 39 %

and 30 % layers. A green band enriched in thylakoid membranes at the 39
%/50 % interface was collected. 50 JlI Aliquots of thylakoid membranes

that had been treated with glutaraldehyde and the control sample were

used to determine the 77 K fluorescence emission spectra as described
above.

ISOLATION OF THYLAKOID MEMBRANES BY FRENCH PRESS

250 ml aliquot of cells was pelleted down by centrifugation at 5,000
rpm for 5 minutes and the pellets resuspended in 30 ml of isolation buffer
as described above ( in the presence of the protease inhibitor, PMSF, 20
Jl g/ml ). Cells were broken in the French Pressure Cell (20,000 psi).

Unbroken cells were sedimented by centrifugation ( 6,500 g) for 10

minutes. Thylakoid membranes in the resulting supernatant were pelleted
by a high-speed centrifugation at 135,000 g at 2 0C for 20 minutes and
then resuspended with isolation buffer to a ChI concentration of 1.5 Jlg/ml.

For later polypeptide analysis with SDS-PAGE, aliquots of 1.5 ml crude

thylakoid membranes were further purified on a discontinuous sucrose

density gradient with 50 % 39 % and 30 % layers as described above. The

crude and purified thylakoid membranes were suspended with 10 %

glycerol in isolation buffer (1.5-2.0 mg ChI Iml.) and kept at ice
temperature.
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A. Isolation of Thylakoid Membranes in Light State 1 and
Light State 2.

i. Fluorescence emission of intact cells of Synechococcus sp. PCC 6301
In state 1 and state 2

The following set of results (Figure 11 and 12) shows 77 K
fluorescence emission spectra of whole cells of cyanobacterium 6301 in
state 1 and state 2. Cells poisoned with DCMU were brought to state 1
by illumination, as outlined in " Methods ". Inhibition of electron
transfer to the plastoquinone pool results in its oxidation in the light,
and therefore state 1. Respiratory electron transport reduces the
plastoquinone pool during dark incubation, thus bringing the cell to
state 2 (Olive et aI, 1986; Dominy and Williams, 1987). The shown
fluorescence emission spectra represents the different contribution of
excitation energy to PSII and PSI in both states. Figure 11 shows
emission spectra resulting from excitation of phycocyanin chromophore
(590nm). Spectra are normalized at the 653 nm phycobilin emission
band. Emission bands at 684 nm and 695 nrn are associated with PSII,

the former with antenna chromophores and the latter involving
reaction centre emission (Yamagishi and Katoh, 1983). Figure 12 shows
fluorescence emission with excitation at 435 nm to excite chlorophyll ,a..

Spectra are normalized at the 715 nm PSII emission peak. 435 nm
excitation is absorbed only minimally by phycobilins, accounting for
the lack of a 635 nm emission band. The PSII peaks, at 6'85 nrn and
695 nm are smaller relative to the 715 nrn PSI peak in the figure, as
most of the the ChI .a. is associated with PSI ( Fork and Mohanty, 1986).

As Fig.11 illustrates, in state 1, energy absorbed by the PBS is
preferentially transfered to PSII. In state 2, PSII emissions are smaller
relative to PSI emission at 715 nm. A similar result is obtained with

ChI iLexcitation, as seen in Fig 12, 684 nm and 695 nm PSII emissions
are bigger in state 1 when spectra are normalized at the 715 nrn PSI
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Figure 11.

77K fluorescence emission spectra of intact cells of
Sy neehocoecus. sp. 6301 brought to state 1 by preillumination (solid
line) or state 2 by dark adaptation (dashed line) in the presence of
DCMU as described in the "Methods". These spectra are from samples
taken from labelled cells just before their disruption by vortexing with
glass beads. The excitation wavelength for determination of the
emission was 590 nm. Spectra are normalized at 653nm emission peak.
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Figure 12.

77K fluorescence emission spectra of intact cells of Synechococcus

sp. 6301 brought to state 1 by preillumination (solid line) or state 2 by

dark adaptation (dashed line) in the presence of DCMU as described in
Methods. These spectra are from samples taken from labelled cells just
before their disruption by vortexing with glass beads. The excitation
wavelength for determination of the emission was 435 nrn. Spectra are
normalized at 715nm PSI emission peak.
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peak. These differences in relative emISSIon represent typical changes

characteristic of the state transitions.

ii Fluorescence emission of the cell-free extract of PBS/thylakoid

fragments from Synechococcus sp PCC 6301

Figure 13 represents fluorescence emission of PB S/thylakoid
fragments from cells of Synechococcus sp PCC 6301 after glass-bead
breakage and 5000 g centrifugation (to remove unbroken cells) as
described in" Methods". The presence of PSI and PSII bands in the
figure were observed with 435 nm ChI !Lexcitation. When normalized
at the 715 nm PSI peak, the 684nm and 695nm PSII peak are greater

in state 1 (solid line) relative to the state 2( dashed line). The cell

breaking and centrifuging procedures were kept at low-temperature (4
C) to maintain the fluorescence characteristics of the intact cells in both
states. The PBS/thylakoid fragments were then purified by further
centrifugation to obtain thylakoid membranes.

iii. Fluorescence emission spectra of isolated thylakoid membranes 0 f

Synechococcus sp PCC 6301 in state 1 and state 2

Figure 14 represents fluorescence emISSIon of thylakoid
membranes which were rapidly isolated from the homegenate of

broken cells shown in Fig. 13 by further centrifugation as described in

" Methods". Only ChI a. excitation (435 nm) was used to determine the

emission spectra as the PBS were no longer present. As compared to

the fluorescence emission spectra of intact cells shown in figure 15, a
very similar result is obtained with ChI ~excitation. PSII emissions in

684 nm and 695 nm are bigger in state 1 when spectra are normalized
at the 715 nm PSI peak. The membranes retain the fluorescence
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Figure 13.

77K fluorescence emISSIon spectra of the cell-free extract
containing thylakoid membranes and phycobilisomes after glass bead
isolation in state 1 by preillumination (solid line) or state 2 by dark
adaptation (dashed line) in the presence of DCMU as described in
Methods. These spectra are from the samples taken from labelled cells

just before their disruption by vortexing with glass beads. The
excitation wavelength for determination of the emission was 435 nrn.
Spectra are normalized at 685nm PSII emission peak.
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Figure 14.

The 77K fluorescence emission spectra of rapidly isolated thylakoid
membranes which were kept at 4 C in state 1 ( ----- ) and state 2 (---
-) The thylakoid membranes were isolated from the homegenate of

broken cells shown in Figure 13 by further centrifugation. Spectra are
normalized at the715 nm PSI emission peak.
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characteristics of the cells.
Retention of emission spectra characteristic of each state in

isolated thylakoid membranes requires low temperature. As shown in
figure 15, 77K fluorescence emission spectra of rapidly isolated
thylakoid membranes in state 1 and state 2 kept at room temperature
lose the characteristic differences in fluorescence emission. This figure

confirmed that low temperature played a important role in the
maintenance of state transitions in isolated thylakoid membranes.

IV. 77 K fluorescence emission spectra of isolated thylakoid
membranes of Synechococcus sp. 6301 after cross-linking in state 1
and state 2

Figure 16 shows 77K fluorescence emISSIon spectra of rapidly
isolated thylakoid membranes after glutaraldehyde crosslinking. The
crosslinked thylakoids were then kept at room temperature as
described in Methods. Unlike the control thylakoids shown at Fig.I5,
the crosslinked thylakoids retained the characteristic fluorescence
emission spectra of state 1 (solid line) and state 2 (dashed line) after
storage at room temperature under room light conditions.

B. [32 P] K2 H P 0 4 Phosphorylation and SDS-PAGE of the

Isolated Thylakoid Membranes and Soluble Fractions in Both
States

i. One Dimensional SDS-PAGE of Polypeptides from Isolated Thylakoid
Membranes of Synechococcus sp PCC 6301

Figure 17 shows the in vivo polypeptide profiles of thylakoid
membrane stained by Coomassie-Blue (A) and the corresponding 32p_

Autoradiograph (B). S1 and S2 refer to the cells adapted in state 1

(illumination with DCMU) or in state 2 (Dark adapted with DCMU).

Three concentrations of protein were loaded on the three lane pairs.

Thylakoid membranes were isolated and purified with the glassbead
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Figure 15.

77K fluorescence emission spectra of rapidly isolated thylakoid
membranes as shown in figure 14 which were kept at room

temperature for 10 min. State 1 (solid line) and state 2(dashed line)
was normalized at 715 nm. The excitation wavelength for
determination of the emission was 435 nm.
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Figure 16.

77K fluorescence emISSIon spectra of rapidly isolated thylakoid

membranes after glutaraldehyde cross-linking in state 1(-----) and
state 2 (-----) and then kept at room temperature for 10 min.

Excitation light at 435 nm was used to determine the emission spectra.
Spectra are normalized at the 715 nm PSI emission peak.
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Figure 17 98

SDS-PAGE one -dimensional electrophoresis of polypeptides from the
rapidly isolated thylakoid membranes shown in Figure 14.

The figure 17(A) is a Coomassie-Blue stained gel of polypeptides from
the rapidly isolated thylakoid membranes and figure 17(B) shows a
corresponding phosphoprotein 32P-autoradiograph. S1 and S2 refer to light
(state 1) and dark adapted with DCMU cells (state 2). Three concentrations
of protein were loaded on the three lane pairs. An intensely labelled band is
visible from the 32P-autoradiograph at ca Mr 23 kDa and other weaker

bands appear at 18 kDa, 13 kDa and 10 kDa. The SDS-PAGE was performed
as described in "Methods".
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vortexing procedure and difference centrifugation at low temperature
as described in "Methods". Fluorescence emission spectra of these
membranes (as In figure 14) showed that they had retained

characteristics of the state transition during the isolating procedure.
From this figure an intensely 32p labelled phosphoprotein was

visible at Mr 23 kDa and other weaker 32p labelled bands appear at 18

kDa, 13 kDa and 10 kDa. There is no consistent visual differences of the
phospho-polypeptide profiles of thylakoid membranes between state

1 and state 2.

ii. One Dimensional SDS-PAGE of Polypeptides from Isolated Soluble
Fraction ( Phycobilisome) of Synechococcus sp PCC 6301

Figure 18 shows the in vivo polypeptide profiles of the soluble
fraction (rich in PBS) stained by Commassie-Blue(A) and corresponding
32P-Autoradiograph (B). Cells had been adapted in state 1 or in state 2.

Soluble fractions were isolated and purified with the difference
centrifugation and molecular-porous dialysis at low temperature as
described in "Methods". Bands of the soluble fraction on the the 32p

autoradiograph (B) were identified as phosphorylated polypeptides by
control experiments which showed their disappearance from

autoradio-graphs of gels after protease digestion.
In figure several intensely 32p labelled phosphoprotein were

visible at Mr 115 kDa, 102 kDa, 73 kDa and 58 kDa and 12 kDa. There

was no consistent visual difference in the phospho-polypeptide profiles

of the soluble fraction between state 1 and state 2 adapted cells.

iii. Two Dimensional SDS-PAGE of Polypeptides

Thylakoid Membranes of Synechococcus sp PCC 6301

from Isolated

Figure 19 and 20 shows the two-dimensional SDS-PAGE resolved

in vivo polypeptide profiles of thylakoid membranes which were
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Figure 18

SDS-PAGE one-dimensional electrophoresis of polypeptides from the
soluble fraction ( rich in PBS) of the cells shown in Figure 11.

The figure 18(A) is a Coomassie-Blue stained gel of polypeptides
from the soluble proteins and figure 18(B) shows a corresponding
phosphoprotein 32P-autoradiograph. Cells were adapted to state 1 and
state 2 as described in Methods. Several intensely 32 P labelled
phosphoproteins were observed at ca Mr 115 kDa, 102 kDa, 73 kDa, 58 kDa
and 12 kDa. The SDS-PAGE was performed as described in "Methods".
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Figure 19

SDS-PAGE two-dimensional electrophoresis of polypeptides from the
rapidly isolated thylakoid membrane shown in Figure 14.

Figure 19(A) is a Coomassie-Blue stained gel of polypeptides from
the rapidly isolated thylakoid membranes and figure 19(B) shows a
corresponding phosphoprotein 32P-autoradiograph. State 1 and state 2

were achieved and thylakoid membranes were isolated as described in
"Methods". A 32p labelled phosphoprotein spot was observed at ca Mr 14

kDa. The two dimensional SDS-PAGE was performed as described in the
"Methods".
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Figure 20 (a parallel test of thylakoid membranes)

SDS-PAGE two-dimensional gel electrophoresis of [32 P] labelled

polypeptides from the rapidly isolated thylakoid membranes of the cells

shown in Figure 17.
Figure 20(A) are Coomassie-Blue stained gels of polypeptides from

the rapidly isolated thylakoid membranes and fig 20 (B) shows the
corresponding [32 P] phosphoprotein autoradiographs. An intensely
labelled spot is visible at ca Mr 14 kD. State 1 and state 2 were achieved
and thylakoid membranes were isolated as described in " Methods". A [32P ]

labelled phosphoprotein spot was observed from the autoradiograph at ca
Mr 14 kDa.

Fig.20 represents a parallel test results of thylakoid membranes
which is showed on Fig. 19, but the sample quantity and IEF range
involved in the two tests was some different and caused the difference of
Fig. 20 from Fig. 19.
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stained by Commassie-Blue (A) and the corresponding 32p_

Autoradiograph (B). Thylakoid membranes were isolated and purified
with the glassbead vortexing procedure and different centrifugation
at low temperature as described in "Methods" . Fluorescence emission

spectra of these membranes retained characteristics of the state
transition during the isolation procedure. Figure 19 and figure 20
showed two different concentrations of thylakoid membranes which

were loaded on their gels respectively in two parallel experiments.
In figure 19 (B), a 32p labelled phosphoprotein of thylakoid

membranes was visible at Mr 14 kDa. No consistent visual differences

of the phospho-polypeptide profiles of thylakoid membranes were

observed between state 1 and state 2 adapted cells. Figure 20 also
shows qualitatively similar results to figure 19. The two dimensional
gels consistantly showed fewer phosphorproteins than the one
dimensional gels, presumably due to differences in the solubilization
procedures.

iv.Two Dimensional SDS-PAGE of Polypeptides from Isolated Soluble
Fraction ( Phycobilisome) of Synechococcus sp PCC 6301

Figure 21 shows the two-dimensional SDS-PAGE resolved
polypeptide profiles of the soluble fraction stained by Commassie-Blue
(A) and corresponding 32P-Autoradiograph (B). Soluble fractions were

purified with sucrose density gradient centrifugation and molecular

porous dialysis at low temperature as described in "Methods". Figure

21 represents polypeptide profiles of soluble protein (enriched in PBS)

in state 1 and state 2 resolved by two dimensional gel electrophoresis.
In figure 21(B) two 32p labelled phosphoproteins in the soluble

fraction were visible at Mr 70 kDa and Mr 18 kDa. No consistent visual

differences of the phospho-polypeptide profiles of PBS-riched soluble

proteins were observed between the cells adapted in state 1 and state

2. The two dimensional gels consistantly showed fewer phosphor

proteins than the one dimensional gels, presumably due to differences
in the solubilization procedures.
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Figure 21

SDS-PAGE two-dimensional electrophoresis of polypeptides from the
soluble fraction ( enriched in PBS) of the cells shown in Figure 14.

Figure 21(A) are Coomassie-Blue stained gels of polypeptides from
the soluble proteins and figure 21 (B) shows the corresponding
phosphoprotein 32P-autoradiographs. Cells were adapted in state 1 and

state 2 as described in Methods. Two 32p labelled phosphoproteins were
observed at ca Mr 70 kDa and 18 kDa. The SDS-PAGE was performed as
described in "Methods" .
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DISCUSSION

LOW-TEMPERATURE ON STATE CHANGES

In order to explain the state transition mechanism in PBS-containing

organisms it is critical to obtain an in vitro PBS/thylakoid membrane

preparation which maintains the ability to perform state transitions. As
reviewed in the INTRODUCTION the protein phosphorylation events
accompaning the state transition have been extensively researched on the

in vitro higher plant chloroplast /thylakoid systems. The use of in vitro
systems allowed investigations under many different conditions such as
effects of cations, oxidation/reduction of plastoquinone. Due to the
difference of thylakoid morphology and composition in light-harvesting

pigment systems between the two photosynthetic organism groups, PBS
containing organisms appear more sensitive to the changes of internal and
external environments. For instance, the state transition kinetics take

place much more rapidly in response to the changes of light quality and
are more sensitive to effect of temperature changes in cyanobacteria than
in the higher plants. PBS containing organisms have also proven difficult to
obtain suitable in vitro PBS/thylakoid membrane preparations which has
hampered efforts toward elucidating the state transition mechanism in
these organisms.

One solution has been to adapt chemical fixation methods with

protein cross-linking agents (Biggins et aI, 1985; Biggins and Bruce, 1989)

Bifunctional agents can cross-link components which are in close
association over the time course of the experiments (Bayley 1983) and

can help define the molecular organization of proteins. It is also possible to

maintain the integrity of the PBS and PBS/thylakoid membrane association
by the use of protein cross-linking agents. Recently the technique of

protein cross-linking with glutaraldehyde has been used to stabilize

isolated intact PBS and PBS/thylakoid membrane preparations (Biggins

and Bruce, 1988) and PBS/thylakoid membrane fragments have been

isolated after glutaraldehyde treatment of intact cells in state 1 and state 2

(Brimble and Bruce, 1989). The advantage of these methods were that
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intact cells could be held in each light state and then, could be further
analysed by photophysical techniques (e.g. 77K linear dichroism,
fluorescence emission spectroscopy, NMR (nuclear magnetic resonance) as
well as freeze-fracture and etching electron-microscopy) However, the

chemical fixation of the cells by cross-linking agents often results in no
reversible changes in morphology of thylakoid membranes. In addition.
the aggregated form of cross-linked proteins makes them hard to be
further analysed by SDS-PAGE. Detergents, like sodium dodecyl sulphates
(SDS), do not dissolute the cross-linking aggregated proteins into
solubilized monomeric species. Thus, it was necessary to develop an
alternative isolation method for obtaining such membrane preparations
that could be held in either light state and analysed by biochemical
methods.

The effect of temperature on the state transition in cyanobacteria

provided an alternative pathway to deal with the difficulties of isolating
thylakoid membranes which maintain photochemical and photophysical
activities. In biophysical studies on the lipid component of biological
membranes, thermotropic phase transitions have been observed using a
number of methods including X-ray and neutron diffraction technology
and NMR spectroscopy. In a "fluid " membrane, it is well-established that
the integral membrane proteins could undergo considerable lateral
diffusion or undergo conformational changes in the lipid bilayer of the
biomembranes (Evans and Findlay, 1984). In photosynthesis, the protein
lipid contacts play an important role in maintaining the photosynthetic
electron transfer and energy distribution between two photosystems (e.g.
the lipid soluble electron carrier, plastoquinone mediates electron transfer
between the two photosystem protein complexes In thylakoid
membranes). Low temperature on the biomembrane function has been
suggested to 'immobilize' integral proteins which are surrounded in the
lipid bilayer. As shown previously (Fork and Satoh, 1983) intact cells could
be held in either light state by cooling below the phase transition

temperature of the thylakoid membrane lipids. (Fig. 22). Low temperature

effects were most readily observed in the thermophilic cyanobacteria

where it IS possible to
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Figure 22. Proposed temperature effect on the state transitions In the PBS
containing organisms.
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have thylakoid membrane lipids passing from the liquid crystalline into

the gel phase at temperatures above 0 C. Measurements made with
Anacystis nidulans grown at 38 C showed that state changes were
drastically reduced below about 22 C, and for cells grown at 28 C this
critical temperature was near 13 C. These temperatures correspond to the
onset of gel phase formation as the temperature is lowered in this alga
(Armond and Staehelin, 1979; Murata et al 1980; Murata and ant, 1981;
Fork et al 1975). These results led the idea that state transitions could be
held in vivo by rapidly decreasing temperature below the phase transition
temperature of thylakoid membrane lipids after state changes had been
induced either by preillumination in the presence of DCMU and/or dark
adaptation of the cells.

In my experiment, by taking advantage of the stability of each light

state at 2 C, I was able to rapidly isolate thylakoid membranes from cells
in state 1 or state 2 which retained the 77 K fluorescence emission spectra
characteristic of each state. The low-temperature was essential to
maintaining each state during the isolation. Moreover, the differences in
77K fluorescence between states in the isolated thylakoids could be
stabilized by protein crosslinking with glutaraldehyde. The stability after

protein cross-linking is strong evidence for different thylakoid membrane

protein conformations in each light state. My results support the idea that
movement of integral proteins, perhaps the ChI binding proteins, in the

bulk lipids of thylakoids was necessary in order that state transitions take
place.

Furthermore, using the new procedure as described above, I found

that both states could be held not only in the intact cells but also in the

thylakoid membranes isolated from those cells which they were kept at

low temperature. My results showed that the difference between the two

states observed at 685-695 nm (PSII ChI it) in the 77 K fluorescence
emission spectra was retained in isolated thylakoids (as shown at Fig.14).

In this experiment, phycobilisomes (PBS) do not remain physically or

energetically attached to the thylakoid membranes during the isolation

procedure. Our data therefore support an earlier study with PBS-less
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mutants of cyanobacteria which showed that the PBS IS not essential to the

state transition mechanism (Brimble et al,1989).

PROTEIN PHOSPHORYLAnON

The main project of my research dealt with the determining the role

of protein phosphorylation in the state transitions in cyanobacteria. This
is especially difficult in PBS-containing organisms since the kinetics of the

transition are so rapid that it tends to easily disappear during the isolation
process. In higher plant systems it is common to induce either state and
then isolate chloroplasts from these cells when doing in vivo analysis.

(Staechelin and Arntzen, 1983). This experiment proved impossible to do

in cyanobacteria. Therefore an alternative method needed to be employed.
The procedure of in vivo isolation of cellular polypeptides from PBS
containing red alga P. Cruentum by Biggins et al (1984) has proven to be
a successful method of isolation and analysis of the cell proteins in both
states. According to this procedure, the cells were induced to state 1 or
state 2 and then rapidly killed in ice-cold acetone. This isolation technique
was essentially based on rapid cell denaturation by the organic denaturant

acetone or 15 % TeA (trichloroacetic acid) or boiling detergent such as SDS
after the induction of the state transitions by illumination of cells with

state 1 light or state 2 light. With this procedure they first analysed the in
vivo phosphoprotein patterns accompaning the state transition in [32P]
labelled cells of PBS-containing organisms. The results showed that at least

twelve polypeptides were phosphorylated but no changes in specific
radioactivity of the polypeptides were detected when samples from cells

in State 1 and State 2 were compared. Therefore, they concluded that a
reversible protein phosphorylation event was not implicated in the state
transition in P. cruentum. Although this isolation procedure provided

preliminary understanding of the role of in vivo protein phosphorylation

event accompanying the state transition in PBS-containing organisms, the

methods of isolation procedure still had room to be improved. Direct

treatment of the cells with the denaturants or detergents resulted in
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production of whole cell lysates and aggregation of cellular proteins (e.g.
10-15 % TCA treatment of the cells and sequentially wash with 95 % EtOH
could convert much cellular protein into an unsolubilized aggregated

form). This makes further separation of thylakoid membranes and PBS

impossible.
As described in MATERIALS AND METHODS, a new isolation

procedure was based essentially on trapping the thylakoids in each state

cells below the lipid phase transition by cooling before isolation. By
applying this procedure on [32P] labelled cells which were previously

induced to each light state, I investigated the in vivo protein
phosphorylation in Synechococcus sp PCC 6301. In the present work we
observe four labelled polypeptides (23 kDa, 18 kDa, 13 kDa and 10 kDa) in
the range of 10-23 kDa from the thylakoid membrane preparation,

including a heavily labelled polypeptide at Mr 23 kDa from 1-D gels. We
also observed four labelled polypeptides at 115 kDa, 102 kDa, 73 kDa, 58
kDa and 12 kDa in the soluble fraction from 1-D gels. The 2-D gels only
showed one labelled polypeptide spot (14 kDa) from thylakoid membrane
preparation and two [32P]-labelled polypeptide spots (70 kD and 18 kDa)

from the soluble fraction. Some labelled polypeptides were lost in the 2-D
gel analysis, therefore no conclusions can be made from the 2-D gel results.
However from 1-D gel results I did not detact visible differences in the

two phosphorylation patterns of thylakoid membrane or soluble proteins

between cells adapted to state 1 or state 2. The present results are
consistant with an earlier in vivo study on whole cell phosphorylation
patterns (Biggins et aI, 1984). Sanders and Allen (1987) have reported
the light dependent phosphorylation of two polypeptides of Mr 15 kDa and
Mr 18.5 kDa that were identified as PSII and PBS components respectively
in Synechococcus 6301 following longer term light adaptation (from 20

min to days) in vivo. My present work with 1-D gels shows no evidence

for protein phosphorylation changes in thylakoid membranes or soluble
fractions (enriched in PBS) on the time scale (5 min) of state transitions in

the cyanobacteria.

Other implication of the in vivo phosphoprotein analysis IS

involvement of an important difference in methodology between the
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present study and some previous ones. In Allen et al (1985) cells adapted
to state 1 or 2 were incubated in the presence of lysozyme for 90 minutes.
Such treatment has been known to impair photosynthetic function and
cause the dissociation of the PBS from the membrane. Therefore it is still

controversial whether or not the state transition has remained intact in
cells subject to these conditions. No experiments were performed using low
temperature fluorescence emission to ascertain whether the state
transition was indeed intact after the lysozyme treatment (Allen, 1985).
Although some reports (Allen et aI, 1985; Harrison et aI, 1991) presented
the observed changes in the fluorescence emission ratio F720/F695 upon
incubation of isolated thylakoid membrane in the light with ATP, whether

these results represented a state transitions in vitro still remained
controversial since the incubation with ATP may have multiple effects. In

a reinvestigation of the in vitro studies of Allen et al (1985) Biggins and
Bruce (1987) reported that the observed fluorescence changes were not
indicative of a state transition and independent of protein kinase activity

even though the kinase activity led to the incorporation of phosphate from
[y_32P] ATP into several membrane-associated polypeptides. In this work,

my isolation procedure emphasized breaking of cells adapted to each light

state after stabilization by cooling below the phase transition
temperature. The fixation of both light state in intact cells, cell
homogenates and thylakoid membranes was verified by 77 K fluorescence

emission spectroscopy during the isolation procedure. The result is greater
confidence that the phosphoprotein profiles are indicative of thylakoid
membranes in state 1 and state 2.

Compared with the whole cell phosphoprotein profile of the red algae
P. cruentum (Biggins et aI, 1984) the phosphoprotein profile of the
cyanobacterium examined in this study presented an approximately

similar autoradiogram pattern if we combined the profile of thylakoid
membrane polypeptides with the profile of soluble protein fractions. In
the [32P] labelled phosphoprotein profile, the high molecular weight

soluble phosphoproteins ( most probably PBS fraction) of 115 kDa,102 kDa

and 73 kDa were similar In size to the radioactive polypeptides of 120

kDa,105 kDa ,90 kDa and 73 kDa resolved previously in the red algae f..:.
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cruentum (Biggins et aI, 1984). These results might be suggested as the
common characteristics of the phycobilisome polypeptides in PBS
containing organisms due to the significant lack of higher molecular weight
(> 50 kDa ) phosphoproteins in the higher plants and green algae (see the
section of PROTEIN PHOSPHORYLATION for details). However, a significant
difference appeared on the low molecular weight pattern between the two
group of PBS-containing organisms. The two heavily labelled radioactive
bands of polypeptide at Mr 41 kDa and 43 kDa in the red alge P. cruentum
were not observed in this study, but there was only one heavily labelled
radioactive band of Mr. 23 kDa in the thylakoid membrane proteins as
well as the other heavily labelled 12 kDa polypeptides in the soluble
protein profiles of the cyanobacterium.

CONCLUSION

My research focused on the investigation of phosphorylated
polypeptides from thylakoid membranes and phycobilisome fractions of
the cyanobacterium Synechococcus 6301 (Anacystis nidulans) in state 1
and state 2. The work included two aspects; development of a new
procedure for preparation of thylakoid membranes which could be held in
both light states, as well as an investigation of in vivo [32P] phosphorylated
polypeptides in both thylakoid membranes and phycobilisome fractions
with SDS-PAGE.

The low temperature effect for fixation of isolated thylakoid
membranes in both light states was confirmed in my research by 77 K
fluorescence emission spectra. Based on my research, a new low

temperature isolation procedure was developed to protect the photo
physical characteristics of the membranes from mechanical or chemical
damage during the process of isolation and purification of thylakoid
membranes. A glassbead (plus sand) vortex breaking procedure in which
the samples were induced into both light states and then immediately

broken at ice bath temperature. The breaking process has been carried out
in both state 1 (light plus DCMU) and state 2 (dark adapted plus DCMU)

conditions to prevent reversible state transition from occuring during the
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breaking process. With the help of this method I obtained thylakoid

membranes stable In both states.
The isolated in vivo [32P] labelled thylakoid membranes and soluble

fractions ( PBS-rich fraction) were further solubilized and analysed by
SDS-PAGE. The results of the [32P] polypeptides showed no significant

differences between samples in State 1 and State 2 as detected by the one
and two dimensional SDS gels. These results do not support proposed

models for the state transition which required phosphorylation of PBS or

thylakoid membrane proteins.
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