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ABSTRACT

The reaction centre components of Photosystem 11
are bound to a heterodimer of the D1 and D2
polypeptides, 1in analogy with the L and M subunits of
the bacterial reaction centre. This was confirmed with
the 1isolation of a photochemically active complex
consisting of the D1/D2/cytochrome bsse polypeptides.
The complex however does not contain bound quinone and

is light and temperature labile.

In this thesis, esr and laser flash spectroscopy
were used to characterise the components of the
reaction centre complex of higher plants. The
isolation of the complex from a variety of organisms is

also reported.

Both silicomolybdate (SiMo) and ferricyanide
(FeCN) were shown to act as electron acceptors at
cryogenic temperatures in the D1/D2/cyt bsse complex.
In the presence of either SiMo or FeCN, two radicals at
g=2 were observed from P680* (0.8mT) and the accessory
monomeric chlorophyll (1.0mT). A radical attributed to
tyrosine radical (D*/Z*) was also observed in a small

number of centres.

The complex was found to be more stable under
anaerobic conditions. This suggests that photodamage of

the complex may arise as a result of the reaction of



the triplet form of chlorophyll with oxygen to form
oxygen radicals. A possible role of cyt bs=ses in the

prevention of photodamage is presented.

The addition of exogenous quinone, in the form of
decylplastoquinone, to the complex facilitated the
reduction of cyt bsse., although no evidence of specific
binding was observed. However, experimental evidence of
specific binding was obtained in the presence of the

exogenous quinone, dibromothymogquinone.
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CHAPTER 1

INTRODUCTION

1.1 Summary of photosynthesis

The 1light reactions of photosynthesis begin with
the absorption of incident radiation by the antenna
chlorophyll molecules. This results in the
redistribution of the electrons of the antennae,
forming an excited singlet state (Figure 1.1). The
antennae are organised into arrays to maximise 1light
absorption. The excitation energy is then transferred
from one antenna pigment to the next, towards longer
wavelength species until it reaches a photosynthetic
reaction centre. Reaction centre molecules absorb less
energetic photons (i.e. of longer wavelength) than the
antennae, and as a consequence there can be no Dback
transfer into the antennae and only photochemistry can

follow.

The arrival of the excitation energy at the
reaction centre promotes a charge separation, where an
electron is lost from an occupied orbital of the donor
molecule and transferred to an unoccupied orbital of
an acceptor molecule. The charge separation 1is then
stabilised by a series of electron transfer steps. As a
consequence of this electron transfer, a transmembrane

proton gradient 1s formed which is used to drive ATP

13
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Figqure 1.1. Energy level diagram asgociated with the
formation of an excited singlet state.

In the ground state, all electrons are paired. The two
highest—energy occupied molecular orbitals and the two
lowest unfilled orbitals are represented. Following the
absorption of a photon, one of the ground state
electrons 1is transferred to a previously unoccupied
orbital, leaving a positive hole. If electrons remain
paired i.e. with spins opposed, then the excited state
is called a singlet. If the spins are parallel, a
triplet state is formed. (Diagram from Sauer, K. 1986).
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synthesis. Reduced coenzyme NADH (in bacteria) or NADPH
{in plants) is also formed as a result of linear
electron flow, and both the NAD(P)H and ATP are used to

fix CO=.

1.2 General aspects of photosynthetic systems

The conversion of light energy to chemical energy
is carried out by a number of organisms including
higher plants, algae, cyanobacteria and bacteria. The
sunlight 1incident on the earth's surface 1is 1in the
range of 300 tc 1150nm, with an intensity maximum at

approximately 600nm.

Higher plant photosynthesis involves the
absorption of light between 700 and 350nm. Wavelengths
shorter than 350nm can cause ionisation and are
therefore potentially harmful to plants and other
organisms. The wavelength of light absorption absorbed
by algae and cyanobacteria is influenced by the 1light
transmitting properties of the water. At the far end of
this spectrum are bacteria which can utilise photons

with wavelengths as long as 1050nm.

Higher plants, algae and cyanobacteria have two
reaction centres (PSI and PSII) and undergo oxygenic
photosynthesis. The photosynthetic bacteria have Jjust
one reaction centre and utilise low redox potential

compounds as the source of reductant.

15



1.3 Photosynthetic pigments

There are two main groups of pigments important in
photosynthesis, the tetrapyrroles and the carotenoids.
Chlorophyll (Chl) and bacteriochlorophyll (BChl) belong
to the tetrapyrrole group, these being macro-cyclic, as

opposed to the carotenoids and bilins which are linear.

1.3.1 Cyclic Tetrapyrroles

The basic structure of chlorophyll is a chlorin
system, made up of four pyrrole rings linked together
by methylene groups to form a ring system. In the
centre of the chlorin ring is a magnesium atom,
complexed with the nitrogen atoms of the our pyrrole
rings. Chlorophyll b differs from chlorophyll a in
that it has a formyl group in place of a methyl group

on one of the pyrrole rings (Figure 1.2a).

Bacteriochlorophylls are saturated in rings II
and IV, the chlorophylls only in ring IV. In the green
and purple bacteria, the primary pigment is
bacteriochlorophyll a except in a few species, such as
Rhodopseudomonag viridis where the main pigment is

bacteriochlorophyll b.

Higher plants contain both chlorophyll a and b ,
while c¢yanobacteria have chlorophyll a together with

phycobilins as accessory pigments . Pheophytin has the

16
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Figqure 1.2. Chemical structure of photosynthetic
pigments

a) Chlorophylls and bacteriochlorophylls are the
primary photosynthetic pigments. Chlorophyll a and b
differ 1in that chlorophyll b has a methyl group 1in
place of the methyl. Bacteriochlorophylls are saturated
in both rings I! and 1IV. b) A phycocyanobilin
chromophore i.e. a bilin (linear tetrapyrrole)
complexed with protein. Phycobilins form part of the
antenna system of cyanobacteria and red algae.(Diagram
from Glazer, A.N. (1984) Biochim. Biophys. Acta 768,
29-51). <cc) Carotenes relevant to chlorophyll-dependent
photosynthesis are based on a C-40 structure. They are
present 1in most photosynthetic organisms and play a
photoprotective role.
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a except that it

same basic structure as chlorophyll

has two protons in place of the magnesium atom.

The pigment molecules are conjugated with
polypeptides to form protein pigment complexes. This
arrangement holds the pigment in a specific orientation
to allow efficient energy transfer by minimising energy

loss by fluorescence or radiationless de—excitation.

1.3.2 Linear tetrapyrroles (bilins)

Chlorins can be degraded by the oxidation and
removal of the methene bridge, to form linear
tetrapyrroles known as bilins (Figure 1.2b). These are

complexed with proteins (phycobiliproteins) to form
phycobilisomes, which form part of the antenna system

in cyanobacteria and red algae.

1.3.3 Carotencoids

These long chain unsaturated hydrocarbons absorb
light of wavelengths below about 550nm and hence extend
the spectral region of the light harvesting pigments.
Mutants of algae and photosynthetic bacteria lacking
carotenoids are killed by a combination of the presence
of 1light, O= and chlorophyll/bacteriochlorophyll and
therefore carotenoids are also thought to play a

photoprotective role.

18



Singlet excitation of chlorophyll has a short
lifetime and 1is relatively immune to reaction with
agents such as oxygen which is in a triplet form.
However, the singlet state formed on chlorophyll
excitation can convert to a triplet state (Figure 1.1)
which has a longer lifetime. The carotenoids
deactivate the triplet state of chlorophyll, preventing

damaging reactions with oxygen.

1.4 The photosynthetic apparatus

1.4.1 Algae

In the case of algae such as Chlorophyceae (e.g.
Chlamydomonas, Scenedesmus) the photosynthetic
apparatus is located on membranes within a chloroplast
structure. In some species, an additional membrane of
the chloroplast envelope exists as with the
Cryptophyceae, Haptophyceae, Chrysophyceae (golden-—
brown algae) and Xanthophyceae (yellow-green algae).
These extra membranes have ribosomes attached to the
outer membrane and this is continuous with the outer

membrane of the nuclear envelope.

The 1light harvesting complexes of algae resemble
those of higher plants. However, red algae and the
Cryptophyceae have phycobilins and are thought to have

evolved from cyanobacteria.

19



1.4.2 Cyanobacteria

The prokaryotic cyanobacteria have a light
harvesting complex in the thylakoid membrane comparable
to that of higher plants , but in addition have an
extrinsic antenna system on the stromal surface of the
thylakcid membrane , the phycobilisome (Figure 1.3).
The phycobilisomes are large assemblies of many
phycobiliprotein subunits, each containing many
covalently attached accessory phycobilin pigments. The
proteins are globular, water soluble heterodimers of
alpha and beta chains, which form aggregates of trimers

and hexamers.

The phycobilins have a layered arrangement within
the phycobilisome with phycoerythrin (absorption
maximum at 570nm) outermost, phycocyanin (630nm) next ,
then allophycocyanin (650nm) followed by
allophycocyanin B (670nm) closest +to chlorophyll a
(670-680nm) in the membrane (Figure 1.3). This
chlorophyll 8 acts as an antenna for the reaction
centres of PSI and PSII. The density of the
phycobilisomes is regulated by light intensity so that
under conditions of low light intensity, more
phycobilisomes are produced which then aggregate into

rows (Zuber et al, 1986).
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Figure 1.3. Structure of the phycobilisome

The phycobilisome is formed by a) formation of sets of
hexamers (a3 1) around a linker peptide. b) the
phycocyanin ~ (PC) and phycoerythrin (PEC) hexamers are
stacked +to form rods and c¢) the rods are then arranged

around a core of allophycocyanin (APC) dimers. (Diagram
from Zuber, 1986).
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1.4.3 Higher plants

In higher plants the photosynthetic apparatus is
located in the chloroplast (Figure 1.4). The
chloroplast 1is bound by an outer envelope of two
continuous membranes, with the inner membrane
regulating the transport of metabolites into and out of
the chloroplast. The outer envelope is highly permeable
to 1low molecular weight substances. The interior
contains the stroma, which consists of an aqueous
solution containing various 1low molecular weight
compounds plus a high concentration of protein, mainly
the enzyme ribulose biphosphate carboxylase and other
enzymes of +the Calvin cycle. The stroma houses an
intricate lamellar system composed of flattened sacs,
or thylakoids which are arranged in stacked, appressed
regions (grana) and interconnecting, non—-appressed

stromal lamellae (Kahn and Wettstein, 1961).

It is these membranes which contain the
photosynthetic pigments and electron transport systems
which generate the NADPH, and Dby a process of
photophosphorylation, the ATP required to drive CO=

fixation by the Calvin cycle in the stroma.

Both PSI and PSII have a specific antenna
system (LHCI and LHCII respectively). LHCII is the

major antenna system of chloroplasts, consisting of

22
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Thylakoid space membrane

Figure 1.4. Chloroplast structure

The photosynthetic apparatus of higher plants is the
chloroplast.The thylakoids associate by appression,
forming grana structures within the stroma. (Diagram
from Wolf,S.L (1972) Biology of the Cell).
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half the total chlorophyll & and almost all the
chlorophyll b. LHCII is composed of several

polypeptides, some of which were sufficiently similar

to co-crystallise (Kuhlbrandt, 1984).

LHCII 1is involved in a regulatory mechanism of
energy distribution between PSI and PSII. The complex
is reversibly phosphorylated by a 64 kDa kinase,
located in the thylakoid. The activity of the kinase is
controlled Dby the degree of reduction of the PQ pool,
i.e. the more reduced it is, the greater the rate of
phosphorylation. LHCII is dephosphorylated at a

constant rate by a phosphatase.

The phosphorylation of the LHCII is thought to
increase the negative charge of the antenna complexes,
which then detach due to electrostatic repulsion,
thereby causing them to move from the appressed regions
containing PSII, to the stroma exposed ones of the

thylakoid membrane.

The PSI antenna (LHCI) differ from LHCII in that
they are not readily detached and do not show the
association - dissociation Dbehavour of LHCII. The
antenna complex LHCI was first isolated by Haworth et
al (1983), and found to consist of chlorophyll a and b
in a ratio of 3:7. ©Since then two antenna complexes

have been resolved LHCIa and LHCID from their

24



f luorescence properties.

1.5 Electron transfer in higher_plants

The photosynthetic components are located in
pigment protein complexes embedded in the lipid bilaver
of the thylakoid membrane. Five membrane spanning
complexes have been recognised, these being the light
harvesting complex (LHC), Photosystem I (PSI) and
Photosystem II (PSII) reaction centre complexes , the
cytochrome bsf complex and the CF.1-CF. ATPase complex

(Figure 1.5a).

The complexes have a heterogenous distribution
throughout the thylakoid membrane (Figure 1.5b).
Fractionation studies revealed that the PSI and ATPase
complexes are located in the stroma lamellae and in
regions of the grana that are exposed to the stroma. In
contrast, PSII complexes are primarily located in the
appressed regions of the grana (Anderson and Andersson,

1982) .

Due to this lateral heterogeneity, it has been
proposed that plastoquinone and plastocyanin act as
mobile electron carriers between PS5l and PSII. It has
also been proposed that light energy 1is distributed
between the asymmetrically positioned photosystems via

the phosphorylation of the light harvesting
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Fiqure 1.3a. Arrangement of the membrane spanning
regions of the pigment—-protein complexes
in the thvylakoid membrane.

Photosynthetic electron transfer {-) and proton
transport (-—) are shown in the figure. The proton
gradient is used to drive ATP synthesis. The NAD(P)H
and the ATP formed as a result of electron transfer are
used to fix CO= in the Calvin cycle.

Figure 1.5b Distribution of the pigment-protein
complexes in the thvlakoid membrane.

The majority of the PSII complexes are situated within
the grana stacks, while PSI occupies the stroma exposed
regions. Detergent treatment of the thylakoids results in
the digestion of the ends of the grana stacks, allowing
separation of the photosystems. (Diagram from Anderson
and Andersson, 1982).

26



polypeptides as explained above (Barber, 1982).

For a general review of the structure and function
of the membrane proteins, see Marder and

Barber, (1989).

1.6 Electron transfer through the complexes

Absorption of a photon by the P680 reaction centre
chlorophyll leads to charge separation. The displaced
electron 1is passed through the PSII complex, wvia a
series of electron carriers, to the plastoquinone (PQ)
pool. From PQ, electrons flow on through the cytochrome
baf complex. This complex contains one c—-type
cytochrome (f) and two b-cytochromes and a Rieske -
type iron — sulphur centre. Electrons are accepted from
PSII via plastoquinol, and are delivered to
plastocyanin (PC), a protein containing two atoms of

copper per molecule.

The photooxidation of the P700 reaction centre
chlorophyll leads to a second charge separation.
Electrons are passed onto a chain of iron—-sulphur
electron acceptors and are replaced by electrons from
PC (Figure 1.5b). Electron acceptors from PSI donate
electrons to NADP via ferredoxin (Fd), the reaction
being catalysed by a flavoprotein enzyme, ferredoxin
NADP oxidoreductase. The NADPH so produced is then used

to operate the Calvin cycle of CO= fixation 1in the

27



stroma.

In higher plants and cyanobacteria, the electrons
from the PSII reaction centre are replaced by electrons
from water. Four successive charge separations in the
PSII reaction centre create the oxidising equivalents
which are necessary to oxidise 2H=0 to O=, releasing

four protons.

Electron transport through PSI and PSII results in
the transport of protons from the stroma into the
intrathylakoid 1lumen. The proton gradient is used by
the ATP synthetase complex to make ATP. The ATP
synthetase consists of a hydrophobic membrane sector

(CFo) and a peripheral coupling factor (CFi)

Two types of photophosphorylation can occur, non-
cyclic where ATP synthesis is associated with the flow
of electrons from water to NADP, and cyclic where the
electron in bound Fd is transferred to the cytochrome

bof complex to form a cycle around PSI.

The subject area of this thesis is the
characterisation of the electron transfer components of
the reaction centre of PSII . The following sections
outline the electron transfer components of PSII

(Figure 1.6).
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Figure 1.6 Schematic diagram of the reaction centre
components of PSII.

The photooxidation of the reaction centre chlorophyll,
P680, results in charge separation. Charge
stabilisation occurs as a result of electron transfer
to the intermediate electon acceptor, pheophytin, and
then onto the secondary acceptors, Qa and Q. Z is
thought to be a transient electron carrier between the
oxygen—evolving complex and P680. D may play a role in
the deactivation of the 'S' states of the water
oxidation complex. The role of cytochrome bsse is as
vet undetermined, although it may be involved 1in a
cyclic system which operates under high light intensity
to prevent photodamage of the reaction centre.
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Structural and functional concepts of the PSII
reaction centre have mainly been based on the well
characterised purple bacterial reaction centre and from

amino acid sequence data of the PSII polypeptides.

1.7 The electron acceptor components of PSII

1.7.1 The reaction centre chlorophyll, P680

The absorption spectrum of P680 was first obtained
by Doring et al (1963) by flash spectroscopy. The
spectrum showed major bleachings at 682 and 435nm and
it was subsequently proposed that P680 was a

specialised chlorophyll a

P680 has a high redox potential of + 1.0 V and as
a consequence it can oxidise a neighbouring pigment
molecule in the absence of a normal electron donor. It
is therefore difficult to accumulate P680* for longer
than a few ms: The oxidised form of P680 however,
displays an esr signal at low temperature at g=2.002.
The esr signal is characteristic of a free radical with
a linewidth of approximately 8G. This narrow linewidth
could indicate a chlorophyll a dimer as in the case of
the purple bacterial bacteriochlorophyll dimer (Norris
et al, 1971). However, the reduction in linewidth may
also Dbe a result of a highly specific environment
rather than of the delocalisation of the electron over

two chlorophyll molecules. This is an area of great
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uncertainty and will be discussed in Chapter 4

1.7.2 The first electron acceptor, pheophytin

The intermediate electron acceptor of PSII is
pheophytin. It's role was demonstrated by Klimov et al
(1977) by the reversible photoinduced absorbance
changes in PSII enriched particles, upon illumination
when Qa was reduced (i.e. at redox potentials below -
300mV) . The midpoint redox potential of the
intermediate was found to be -610mV (Klimov et al,

1977) .

The difference spectrum showed a decrease at
680nm, 545nm, 515nm and 422nm and an increase at 448nm
and 605nm , these changes being characteristic of the
formation of a pheophytin anion radical (Fuijita et al,
1978) . Further to this, a light induced esr signal of
approximately 13 gauss wide near g=2 was observed

(Klimov et al, 1980).

1.7.3 The secondary electron acceptors, 0On and On

Oa was first detected from the dependence of
fluorescence vyield on its redox state (Duysens and
Sweers, 1963) , and was later assigned to a
plastoquinone by Stiehl and Witt (1969). Investigations
into the mechanism of charge accumulation wusing a

series of single turnover flashes, resulted 1in the
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discovery that electron release from PSII showed
damped oscillations with a periodicity of two (Bouges-—

Bouquet, 1973).

These results were interpreted in terms of another
electron acceptor, Qe acting in series with Qa. Oe acts
as a two electron gate as follows: with the first
turnover of the reaction centre, the electron is
stabilised on Qa and then within a few tens of ms 1is
transferred onto a secondary 4quinone acceptor Qs.
Following a second turnover of the reaction centre, the
events are repeated, forming a doubly reduced Q=. At
some stage during this process, two protons are taken
up from the stroma side to form a fully reduced and
protonated plastoquinol. This quinol 1is loosely
assoclated with the quinone binding site and its
dissociation from the PSII reaction centre is probably
the mode of reduction of the plastogquinone pool. The

vacated quinone site can then bind a PQ.

Both Qa and Qm are magnetically coupled to a high
spin ferrous iron, Fe®*. The discovery of an esr signal
in PSII particles provided evidence of the involvement
of a semiquinone-iron complex. This esr signal, was
analogous to the signal observed in bacterial reaction
centres which was attributed to the interaction between

BPhe~ and Qa~Fe=2* (Klimov et al, 1980).



The observation of the 1light induced Qa Fe=2*
signals at g= 1.82 and 1.90 provided further
information of the involvement of a semiquinone-iron
complex on the acceptor side of PSII (Nugent et al,
1981; Rutherford and Mathis, 1983). Two forms of the
signal can be seen under different conditions. A g=1.8
signal (Nugent et al, 1981) is observed at low pH and
in the presence of formate (Vermass and Rutherford,
1984) and a g9=1.9 which 1is observed at high pH
(Rutherford and Zimmerman, 1984). Nugent et al (1988)
have proposed that bicarbonate binds at or near the
non-haem iron and influences the Qa~"Fe®* esr signal.
Formate treatment of PSII removes the bicarbonate,
resulting in a change from the g=1.9 to the g=1.8 form

of the semiquinone-iron signal.

1.8 The electron transfer components on the donor side
£ 11

1.8.1 The oxygen evolving complex

The oxidised P680 is reduced by electrons obtained
from the oxidation of H=0 to O=. The latter process is
performed by the oxygen evolving complex (OEC) of PSII.
In order to oxidise 2H=0 into 0= and 4H*, a stepwise
accumulation of four oxidising equivalents in the OEC
by four consecutive oxidations of P680 is required.

Thereby it has been proposed that the OEC passes
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through five different states, called the S-states (So
to Sa) (Figure 1.7). 0= 1is released during the
conversion of Sa to So. This model was based on the
oxygen vYield of isolated chloroplasts following a
sequence of single saturating laser flashes. The oxygen
yield had a four flash periodicity after a four hour

dark adaptation period (Kok et al, 1970).

The S and S: states are relatively stable in the
dark, with the So states present in 25% of the PSII
centres. However, during periods of long dark
adaptation, So is slowly oxidised to Si to give 100% Sa
in long dark adapted samples (Joliot et al, 1971;
Vermaas et al, 1984; Beck et al ,1985). It 1is now
accepted that the 'S' states represent the oxidation
states of the Manganese (Mn) of the water splitting
enzyme (Dismukes, 1986). The Mn may also act as a
binding site for the water molecules which are
undergoing oxidation (Rutherford, 1989). Electrons are
removed from the oxygen evolving complex by Z, which

is an intermediate between P680 and the OEC.

Data on the organisation of the Mn cluster is
obtained mainly from esr and X-ray absorption studies.
Two esr signals arise from the Mn cluster. Firstly, the
multiline signal around g=2, which arises from the S=

state (Dismukes and Siderer, 1980).
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Figure 1.7. A kinetic model for the accumulation of
four ositive charges based on_ Kok's

model (1970)

The 'S' states are defined by the number of the
positive charge equivalents accumulated (Se to Sa). So
and Si are relatively dark stable, although S is
slowly oxidised by D* to form S:. S= and Sx= can back
react to form Si: in a few secs. Sa 18 a transient
state, rapidly forming the S state. Protons are
possibly released at the points shown on the diagram.
(Diagram from Rutherford,6 1989).
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Most of the features of this signal 1implicate a
mixed valence dimer, most likely to be Mn™=* Mn4* (for a
review see Rutherford, 1989). A second esr signal close
to g=4 is also attributed to the S= state. This g=4
state is thought to be a precursor which gives rise to

the multiline signal.

The structure of the Mn complex is still
uncertain, although there are probably four Mn ions
involved (Babcock, 1987). Various proposals have been
put forward for the organisation of the Mn cluster
(Brudvig and Crabtree . 1986 ; Dismukes, 1988;

Rutherford, 1989).

1.8.2 The electron donors D and Z

The two components on the electron donor side of
PSII, D and <Z, Dboth give rise to free radical esr
gignals at g=2.0046, called signal II. This signal was
one of the first to be observed in photosynthetic
material (Commoner et al, 1956; Kohl and Wood, 1969). A
number of forms of signal Il were found at room
temperature and were subsequently named according to

their decay kinetics, signal I1Iv¢, Il¢, Ila and Ila.

The similarity in the esr signals indicated that
the origin and the environmental surroundings of the

radicals were similar. It was initially thought that D
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and Z were plastoquinones, based on reconstitution
experiments with deuterated quinone (Kohl and Wood,
1969) .

A narrowing of the D* signal vresulted. Several
other authors agreed with this proposal, based on the
interpretation of spectroscopic properties of D* and Z*
(O'Malley and Babcock, 1984). However, the assignment
of Z/D to a quinone was unreliable due to a number of

considerations;

1) Quantification experiments of the amount of quinone
in the reaction centre indicated that quinone was not
present in adequate amounts to account for Z,D and the
acceptor quincnes (de Vitry et al, 1986; Tabata et al,

1985) .

2) The g values of the model quinone cation radicals
are in the range of 2.0034-2.0038, significantly lower
than the 2.0046 wvalue measured for Z* and D* (Sullivan

and Bolton, 1968).

The spectral and physical properties of the Z+/D*
species are consistent with it being a tyrosine
radical. In vivo deuteration of the tyrosine in
cyanobacteria resulted in the narrowing of signal 1II.
No change in width of the signal was observed in
cyanobacteria grown to form deuterated quinones. This

in addition to the inconsistences of the previous
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experiments have led to the proposal that D and Z are
tyrosine radicals (Barry and Babcock, 1987; Debus et

al, 1988a; Debus et al, 1988b, Vermaas et al, 1988).

Site directed mutagenesis experiments have shown
that Z and D are located symmetrically on D1 and D2
respectively. Changing the tyrosine residue 160 of the
D2 polypeptide of the cyanobacterium Synechocystis 6803
to a phenylalanine results in the organism being able
to grow photosynthetically but it lacks the D* esr

signal.

Z 1s a transient electron carrier between P680*
and the OEC. D plays a role in the oxidation of So to
Si: state (Vermaas et al, 1984), and the deactivation of
S= to Sz (Babcock and Sauer, 1973; Velthys and Visser,
1975). This role 1in deactivation was confirmed by
Nugent et al, (1987), Dby monitoring the rise of D*

(signal II) and the loss of the S= multiline signal.

1.8.3 Cytochrome b=s=e

Cytochrome b==e occurs in two forms with different
midpoint oxidation - reduction potentials. A high
potential form exists with an Em of 380mV and a low
potential form with Es 80mV. Esr spectra of both forms
can also Dbe observed following illumination at

cryogenic temperatures. A definite role for cytochrome
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bsse has not yet been assigned, although it may play a
protective role 1in high light conditions which may

lead to photoinhibition.

1.9 The polypeptide composition of PSII

The structure of the thylakoid membrane follows
the fluid mosaic model, 1i.e. a lipid bilayer in this
case consisting of glycolipids, sulpholipids and
phospholipids into which various proteins are embedded.
Both extrinsic and intrinsic polypeptides are
associated with the thylakoid membrane. The extrinsic
proteins are loosely attached to the membranes via
ionic forces to polar groupings of membrane lipids and
proteins can be removed with high salt treatments. The
intrinsics are located in the hydrophobic membrane
interior and therefore require detergents to remove
them. A large fraction of PSII is made up of the light
harvesting chlorophyll (LHCII) proteins (Delepaire and
Chua, 1981). Figure 1.8 summarises these polypeptides
and the genes which code for them.

The chlorophyll a , chlorophyll b and
xanthophylls of LHCII are non-covalently associated
with two major apoproteins of 28 and 26 kDa . The
remainder consists of at least seven polypeptides which
are involved in binding the reaction centre. A number
of small molecular weight polypeptides are also present

although their functions are not as yet clear (for a
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review, see Marder and Barber, 1989).

The OEC had long been thought to be a protein
complex separate from the photochemical reaction centre
complex . However, it is now known that the site of O=
evolution is tightly bound to the photochemical

reaction centre.

1.9.1 The proteins of the oxygen evolving complex

Investigations into the function of the extrinsic
polypeptides of the OEC have been performed on PSII
particles (Berthold et al, 1981) and inside out
thylakoid preparations. The latter are prepared by a
two—-phase partition method following high pressure
treatment of intact thylakoids (Andersson and
Akerlund, 1978). These preparations expose the site
and proteins involved in oxygen evolution to the bulk
aqueous phase, which can then be dissociated by mild
treatments. This makes for easy manipulation and
allows reconstitution experiments to be performed in
order to give an indication of the role of various

polypeptides in water oxidation.

Treating PSII particles or inside-out particles
with Tris-HC1 buffer of high pH and concentration,
results in three proteins of molecular weight, 33, 24

and 18 kDa being lost, with concomittant loss of O=
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evolution (Kuwabara and Murata, 1982; Akerlund and
Jansson, 1981; Yamamoto et al, 1981). Treatment of PSII
particles with 2M NaCl removes the 24 and 18 kDa
polypeptides only (Akerlund et al, 1982; Miyao and

Murata, 1983; Kuwabara and Murata, 1983).

The function of the extrinsic 18 and 24 kDa
polypeptides can be replaced with |ow concentrations
of chloride and/or calcium ions. The 18 kDa polypeptide
can be replaced by 5mM Cl— and the 24 kDa with with 5mM
Ca=* and 30mM Cl—. Oxygen evolution can occur even 1in
the absence of the 33 kDa polypeptide although at a
slower rate, in the presence of 200mM Cl— (Miyao et al,

1987) .

The removal of the 33 kDa also results in the loss
of some manganese (Mn) and is therefore thought to play
a role in Mn Dbinding, perhaps maintaining the
conformation of the Mn cluster required for oxygen
evolution. The 33 KkDa protein may provide ligands
directly to the Mn cluster, which can be replaced by

Cl—- in the protein's absence (Dismukes, 1988).

A fourth nuclear encoded polypeptide is thought
to be associated with the three extrinsic polypeptides.
This 10 kDa protein can be released by washing with 1M
NaCl and 0.06% Triton X-100.The predicted folding

pattern of this 10 kDa indicates a hydrophobic segment
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long enough to span the the lipid bilayer in an alpha
helix. This in turn is flanked by a large N-terminal
region located towards the thylakoid lumen and a short
C-terminal hydrophilic domain. The role of this
polypeptide is uncertain at present, Dbut it may act as

a docking protein for the 24 kDa polypeptide.

1.9.2 The intrinsic polypeptides of PSI1

At least six chloroplast encoded intrinsic
polypeptides are thought to be involved in the reaction
centres of oxygenic photosynthetic organisms (Marder
and Barber, 1989). The core complex consists of two
chlorophyll proteins, CP47 and CP43 (approximately
47,000 and 43,000 M- respectively), two proteins D1 and
D2 (32,000 and 34,000 M-) and the two apoproteins of
cytochrome bs=<, psbE and psbF (10,000 and 4,000 M-). A
9 kDa phosphoprotein (psbH) cof unknown function is also
is also present 1in the core complex. Figure 1.8
summarises these polypeptides and the genes which code

for them.

Theré was controversy over which of these
polypeptides were involved in binding the reaction
centre components. Initial attempts to identify the
reaction centre polypeptides concentrated on the two
chlorophyll binding proteins, CP47 and CP43. The

isolation of both the CP47 and the CCP43 polypeptides
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Fiqure 1.8. The intrinsic and extrinsic polypeptides

of PSII

Chloroplast encoded proteins of PSII

Complex Gene Gene product

designation

Intrinsic core psbA 32 kDa Qs protein, D1
of PSII psbB 47 kDa Chl a protein
psbC 44 kDa Chl a protein
psbD 34 kDa Qa protein, D2
psbE 9 kDa cytochrome bsse
psbF 4 kDa cytochrome bsse
psbG 24 kDa polypeptide
psbH 10 kDa phosphoprotein
psbl 4.8 kDa protein
psbd -
psbK 2.0 kDa protein
psbL 3.2 kDa protein

Nuclear encoded proteins of PSII

Light harvesting cab type 1 26—28 kDa LHCII
proteins cab type II 24 kDa LHCII
Extrinsic oee 33 kDa polypeptide
polypeptides oee? 23 kDa polypeptide
oee3 16 kDa polypeptide

- 10 kDa polypeptide
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