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Protein phosphorylation and control of excitation energy
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Sammary — The function of phosphorylation of light-harvesting polypeptides is well characterised in
chloroplasts of green plants, but the prokaryotic cyanobacteria and purple photosynthetic bacteria have
quite different light-harvesting polypeptides whose structure and function cannot be controlled in pre-
cisely the same way. Nevertheless, cyanobacteria show light-dependent phosphorylation of membrane
polypeptides associated with photosystem II and with the light-harvesting phycobilisome, and purple
bacteria show light-dependent phosphorylation of low molecular-weight chromatophore membrane
polypeptides. In both cases membrane protein phosphorylation is associated with functional changes
observed by chlorophyll fluorescence spectroscopy or chiorophyll fluorescence induction kinetics. Here
we teport on our recent protein sequence and other data concerning the identities of these phosphopro-
teins. We also discuss the significance of these findings for regulation by protein phosphorylation of
photosynthesis in prokaryotes.
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brane

chlorophyll, a cyclic tetrapyrrole containing
magnesium that is non-covalently bound to pro-
tein. An important exception to this rule is found
with the linear tetrapyrrole phycobilin light-

Introduction

The photosynthetic unit is an assembly of several
hundred pigment molecules that must cooperate

for the conversion of each quantum of light
energy into electrochemical potential. This
concept, originally developed to explain biophy-
sical data on quantum yield of whole cells, now
has the complete support of protein biochemis-
try and of structural studies of photosynthetic
membranes and their components [1]. Of the
several hundred pigment molecules or chromo-
phores in each photosynthetic unit, almost all
function as light-harvesting pigments that absorb
light energy and then transfer that energy to
neighbouring chromophores [2]. In most cases
light-harvesting chromophores are molecules of

* Author to whom correspondence should be addressed.

harvesting pigments, covalently bound to light-
harvesting proteins of cyanobacteria and red
algae,

The primary event of energy conversion in
photosynthesis is a photochemical reaction in
which a proportion of the energy absorbed is
conserved as electrochemical potential {3]. This
photoelectrochemistry takes place in the reac-
tion centre component of each photosynthetic
unit where a specialized chlorophyll molecule is
oxidized and a primary electron acceptor reduced,
and where the resulting charge separation be-
comes stabilized thereby permitting secondary
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bazide; LHC, light-harvesting chlorophylt complex; PS, photosystem.
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electron transfer events on both the electron
donor and acceptor sides of the reaction centre
itself. In recent years 2 high-resolution struct-
ures of purple bacterial reaction centres have
been solved from X-ray crystallographic data
[4~-5]. The first structure to be obtained was that
by Deisenhofer et al. [4]. Their structure was of
a protein complex from Rhodopseudomonas
viridis that contained the c-type cytochrome
electron donor on the periplasmic side of the
structure in addition to the components of she
reaction centre itself. The second structure was
that of Allen et al. for the reaction centre prepa-
ration from Rhodobacter sphaeroides of Feher
and co-workers [S].

Phosphoproteins were first implicated in regu-
lation of photosynthesis in chloroplasts of green
plants when Bennett described a number of
chloroplast phosphoproteins spanning the range
of molecular weight 770 kDa [6]. Chloroplast
thylakoid membrane proteins were shown by
Bennett to be phosphorylated in vivo in 32P-
labelled pea leaves and in vitre in isolated pea
chloroplasts illuminated in the presence of
32P—P;. The 2 polypeptides most conspicuously
phosphorylated were a major thylakoid mem-
brane component at about 26 kDa and a minor
component (as judged by Coomassie blue
staining) at about 9 kDa, both of which were
phosphorylated on threonine residues {6]. Ben-
nett identified the 26 kDa thylakoid phospho-
protein as a polypeptide of the light-harvesting
chlorophyll a/ b binding protein &HC IT), and
suggested that thylakoid protein phosphoryl-
atton might be involved in regulation of the
LHC I function.

Bennett subsequently confirmed that the
26 kDa phosphoprotein was LHC II [7], and
showed that phosphorylation of both thylakoid

roteins is light-dependent in vitro even where

¥-*PJATP is used to label proteins of isolated -

thylakoids in the presence of an uncoupler of
A'TP synthesis [8]. The requirement of the chlo-
roplast protein phosphorylation reaction for
light does not therefore reside only in photosyn-
thetic phosphorylation of ADP to make ATP as
the phosphate group donor: the thylakoid pro-
tein kinase reaction itself is light-dependent. In
further experiments Bennett showed that both
the protein kinase [8] and protein phosphatase
[9] activities are present, like their protein sub-
strates, in isolated thylakoid membranes.

The most obvious consequence of phosphoryl-
ation of LHC IT in isolated thylakoids is a change
in their chlorophyll fluorescence emission pro-
perties. Phosphorylation is accompanied by a
decrease in total chlorophyll fluorescence yield

at room temperature which is consistent with
decreased emission from PS H, and fluorescence
spectroscopy at 77 K shows that LHC II phos-
phorylation produces decrease in yield in the
PS I /LHC II emission bands relative to that of
the PS T band [13, 14]. It can be inferred that
excitation energy from light absorbed by LHCII
becomes diverted away from PS I as a result of
phosphorylation, and the possibility also then
exists that all or part of that energy reaches PS 1
instead.

The discovery of the redox control of the chio-
roplast LHC If kinase [15, 16] at the level of
plastoquinone led to the proposal of a protein
phosphorylation mechanism for autoregulation
of relative delivery of excitation energy transfer
to PS T and PS I1 {15, 16]. That this mechanism
accounts for the adaptations described as state 1-
state 2 transitions [17] is now widely accepted in
broad principle {18—25]. The fact that photo-
synthetic prokaryotes such as cyanobacteria
exhibit state 1-state 2 transitions but lack LHC
IT was recognized as an anomaly in this story at
its inception [15].

In general, there are 4 main types of light-har-
vesting antenna systems in photosynthesis that in
principle could be modified by phosphorylation.
These are (i) highly non-polar, membrane-
bound and chlorophyll-based systems such as
those found in purple photosynthetic bacteria,
(ii) membrane-bound, chlorophyll-based sys-
tems with large polar regions indicating an
extensive surface-exposed region, as seen in
chloroplasts and in some oxygenic prokaryotes
(Prochloron and possibly also Prochlorothrix
hollandica), (iii) water-soluble, chlorophyll-
based systems found in green photosynthetic
bacteria such as Chlorobium and Prosthecochlo-
7is, (iv) phycobilin light-harvesting systems which
are water-soluble and may be organized into glo-
bular phycobilisomes as in cyanobacteria and red
algae or contained within the thylakoid in some
other (as yet uncharacterized) structure as in cryp-
tophytes. Regulation of light-harvesting func-
tion by protein phosphorylation has been most
completely described for group (ii). Here we
describe evidence for analogous reactions in
groups (i) and (iv). There has been no report so
far on protein phosphorylation in green bacteria
(iii), though this may simply be because it has yet
to be investigated.

Photosynthetic purple bacteria

The photosynthetic apparatus of the purple non-
sulphur bacterium Rhodospirillum  rubrum
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consists of 2 types of pigment-protein complex:
the photochemical reaction centre and the light-
harvesting B880 complex. Each molecule of
B880 consists of 2 membrane-spanning polypep-
tides, B880-« and B880-8, together with 2 mole-
cules of bacteriochlorophyll and one of carote-
noid {26]. R. rubrum therefore has a minimal
photosynthetic unit consisting of one reaction
centre together with its associated molecules of

B&80. )
Phosphorylation of the B880 light-harvesting

pigment-protein  complex of Rhodospirillum
rubrum was first suggested by the work of Loach
et al. [27], who incubated cells of R. rubrum in
the light in the presence of Mg?* and in the dark
in the absence of Mg2* and monitored the
connectivity of the photosynthetic units by mea-
suring reaction centre absorbance changes after
flash excitation. They concluded that the photo-
synthetic units of cells incubated in the dark
without Mg?*+ functioned independently of cne
another whereas those of cells incubated in the
light with Mg?* showed significant connectivity.
Using organic solvent extraction and Sephadex
LH60 chromatography, they purified B880-«
from cells incubated in the presence of #2P-P; and
showed that more 32P-P; was associated with the
B880-a prepared from cells incubated in the
light with Mg2+ (showing connectivity of photo-
synthetic units) than with B880-« prepared from
cells incubated in the dark without Mg2*+ (with
photosynthetic units functioning independent-
Iy). Chemical determination of phosphate asso-
ciated with B880-« led to a similar conclusion.

Holmes and Allen also correlated B880 phos-
phorylation and photosynthetic unit connectiv-
ity in R. rubrum cells under similar incubation
conditions to those used in [27]. We used bacte-
riochlorophyll fluorescence in vivo to monitor
connectivity and SDS—PAGE of 3P-Pi-incu-
bated cells to monitor B880 phosphorylation
[28]. We found that phosphorylation of a poly-
peptide of 13 kDa, identified with B880-a, corre-
lated with the photosynthetic units showing
connectivity in agreement with [27]. We also
found that under conditions where the photosyn-
thetic units were functioning independently a
second polypeptide, at 16.5 kDa and identified
with B880-8, was phosphorylated. We con-
cluded that phosphorylation might regulate pho-
tosynthetic unit connectivity.

Allen and Holmes {29] have suggested that
regulation of light-harvesting function in purple
bacteria, cyanobacteria and in photosynthetic
eukaryotes might operate by similar mecha-

nisms, stressing the importance of electrostatic
effects directed parallel to the membrane plane
in modulating the interactions between light-
harvesting complexes. The correlation of phos-
phorylation of B880-8 with non-connectivity
would fit well with such a mechanism but the cor-
relation of phosphorylation of B880-o with
connectivity is more problematical. However, it
may be that the sites for phosphorylation on
B880-« and on BEBO-B are spatially separated
for example on opposite sides of the membrane
and therefore that phosphorylation of B880-«
serves to neutralize an existing positive charge
on the polypeptide, leading to a local decrease
in charge and allowing the photosynthetic units
to move closer together.

Phosphoproteins have also been identified in
cells of Rhodomicrobium vannielii [30} and Rho-
dobacter sphaeroides [31] including phosphopo-
lypeptides with mobility on SDS—PAGE consis-
tent with their being light-harvesting polypep-
tides. In R. sphaeroides a phosphopolypeptide of
12 kDa was seen [31]. In R. vannielii a polypep-
tide of 12.7 kDa was phosphorylated, although
not apparently under conditions where the
culture was light-limited [30].

Phosphorylated B880 polypeptides have been
reported, together with other phosphopolypep-
tides, from in vitro studies using chromatophore
membranes [31—33]. Holuigue et afl. [32] using
{v-2PJATP reported the phosphorylation of
several polypeptides in chromatophores of
R. rubrum, including 2 with mobilities on
SDS—PAGE corresponding to 13 kDa and
11 kDa. Phosphorylation of the 11 kDa polypep-
tide required only the chromatophore fraction
but phosphorylation of the 13 kDa polypeptide
required the presence of both chromatophore
and soluble fractions. We have also observed
phosphorylation of polypeptides of 13 kDa and
10 kDa in vitro with [y-32P]ATP [33]. Phospho-
rylation of the 13 kDa polypeptide required only
the presence of chromatophores but phosphoryl-
ation of the 11 kDa polypeptide required both
chromatophores and soluble fraction {33} in con-
trast to the conditions reported in [32]. This dis-
crepancy may reflect uncertainties in estimates
of polypeptide molecular masses by SDS~—
PAGE.

Control of BS880 phosphorylation in
R. rubrum -

We have examined the conditions for phospho-
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rylation of these putative B880-« {13 kDa) and
B880-8 (11 kDa) polypeptides. Light stimulated
the phosphorylation of the 13 kDa polypeptide.
Phosphorylation of this polypeptide was also sti-

mulated in the presence of 2 mM potassium fer-

ricyanide in the dark but was inhibited in the pre-
sence of 5 mM sodium dithijonite in the dark.
This effect of ambient redox potential suggested
the possibility of regulation of the protein kinase
by an electron transport component, possibly
the ubiquinone pool. Regulation of phosphoryl-
ation would then be analogous to regulation of
LHC II phosphorylation in chloroplasts [15, 34].
Consistent with this suggestion, the electron
transport inhibitor DBMIB, which inhibits at a
site between the reaction centre and the cyto-
chrome be complex, also inhibits the phospho-
rylation of the 13 kDa polypeptide in the light
[33].

The migration on SDS—-PAGE of the low
molecular weight phosphopolypeptides seen in
both cells and cell-free systems of R. rubrum is
consistent with their idendification as B&80-a
(13 kDa polypeptide) and B880-8 (10—11 kDa
polypeptide). We have suggested [33] that
connectivity changes may serve to compensate
for metabolic or environmental conditions that
lead to a build-up of electrons between the reac-
tion centre and the cytochrome be complex. The
reduction of the ubiquinone pool would then
lead to an activation of the kinase, followed by
phosphorylation of B880-8 and a decrease in
connectivity of the photosynthetic units. Such a
separation could relieve the over-reduction of
the ubiquinone pool by lowering the probability
of an absorbed quantum of light reaching an
open photochemical trap in a reaction centre, It
has been suggested (for discussion see [3]) that,
in the chromatophore membrane, reaction
centres cooperate to generate a stably reduced
ubiquinol (QH, species). A separation of photo-
synthetic units might be expected to lower this
cooperation which could decrease the rate of
electron transfer and so also lower of reduction
of the ubiquinone pool.

Isolation of B880-a and BSS0-8

We have isolated B880 polypeptides from a
phosphorylated chromatophore preparation by
the following method. A mixture of chromato-
phores and 144,000 g supernatant (soluble frac-
tion) was incubated with the ATP analogue
[¥*S]adenosine-5'-[ythio]triphosphate in the pre-

sence of 2 mM potassium ferricyanide as in [31].
At this stage an aliquot of the preparation was
analyzed by SDS—PAGE and autoradiography
to ensure phosphorylation of the 13 kDa and
10 kDa polypeptides. After being freeze-dried,
the preparation was extracted in 1:1 chloroform-
methanol containing acetic acid and ammonium
acetate and the extract chromatographed on
Sephadex LH—60 [36]. The elution profile is
shown in Figure 1. The second peak collected
contained only 2 polypeptides, as indicated by
SDS—PAGE, at 13 kDa and 10 kDa — B880-«
and B880-8. The B880 polypeptides were puri-
fied by SDS—-PAGE {followed by electroelution
of the bands. The purity of the B880-a and B&80-
B was confirmed by SDS—PAGE with the gels
stained with Coomassie blue.

Although some 38 was seen to follow the
B880 peak on chromatography (Fig. 1) the over-
all stoichiometries measured after SDS—PAGE
and electroelution were low. The estimated stoi-
chiometries (mol phosphate bound per mol poly-
peptide) were 1:3000 for B880-« and 1:9000 for
B880-8 with protein estimated with fluoresca-
mine {36].

There are a number of possible explanations
for such an apparently low stoichiometry. It may
be that the phosphorylated bands seen on
SDS~PAGE are not in fact B880 polypeptides
but are polypeptides having a similar mobility.
Such a double coincidence seems improbable.
The phosphate may be bound to the B880 poly-
peptides under the conditions of SDS~PAGE
but not under our conditions of organic solvent
extraction — this may imply a non-covalent
association or a labile covalent bond. A third
possibility is that the chromatophores were isola-
ted with the B880 polypeptides already phospho-
rylated. A fourth possibility is that optimal phos-
phorylation of B880 may require components
lost in chromatophore preparation. However,
this last possibility seems unlikely since autora-
diography of gels from whole cells and from
chromatophores having similar amounts of B880
polypeptide indicate that the B880 polypeptides
are radiolabelled to a similar extent.

Cyanobacterial membrane phosphoproteins

The cyanobacterial thylakoid membrane differs
markedly from that of the chloroplast in that
LHC 1I, the principal chiorophylt 4/ b-binding
protein which s the antenna of chloroplast pho-
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Fig, 1, Elution profile for the solvent extract of phosphorylated chromatophores of Rhodospirillum rubrum, as described in the text.

Absyg was measured with 2 10 mm light path.

tosystem II, is replaced in cyanobacteria by the
phyeobilisome. This macromolecular complex is
an association of water-soluble polypeptides
foritaining covalently-bound phycobilin pigments
11].

The 2 systems are, however, similar in that
they are able to adapt the light-harvesting capa-
city of each photosystem in response to the spec-
tral quality of incident light in order that the
quantum vield or efficiency of photosynthesis is
maximized [37, 38]. Thus, light preferentially
absorbed by PS II (light 2) gives rise to an
increase in excitation energy distribution to
PS 1, whereas light preferentially absorbed by
PS 1 (light 1} prevents this redistribution. States
induced by light 1 and light 2 are referred to as
state 1 and state 2 respectively, and the transi-
tions between each state as state 1-state 2 transi-
tions. For a review of this subject see [17].

The molecular mechanism of state 1-state 2
transitions in chloroplast thylakoids rests on the

phosphorylation of LHC II by a protein kinase
[6, 7], the activity of which is regulated by the
redox state of plastoquinone or of another elec-
trom transport intermediate situated between the
photosystems [15, 16]. Incident light favouring
excitation of PS II gives net reduction of plasto-
quinone, resulting in kinase activation with sub-
sequent phosphorylation of LHC II. This results
in its dissociation from PS II [39]. This transition
to state 2 gives increased fluorescence from PS I
at 77 K, implying a possible reassociation of
LHC II with this photosystem. Transition to
state 1 is effected by net oxidation of plastoqui-
none: kinase activity is reduced and dephospho-
rylation of LHC II occurs, this reaction being
catalysed by a phosphatase postulated to be
continually active [9] and causing reassociation
of LHC II with PS II.

The existence of state transitions in cyanobac-
teria implied a system closely analogous to that
in chloroplasts [18]. Initial experiments, how-
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ever, showed only light-independent phosphoryl-
ation of a number of polypeptides in red algae
and cyanobacteria [40, 41]. No apparent effect
of light 1 or light 2 could be detected. Sub-
sequently, however, Allen and co-workers were
able to demonstrate phosphorylation of three
polypeptides of molecular mass 18.5 kDa,
15 kDa and 13 kDa, in Syrechococcus 6301
under conditions shown to correspond to state 2
[42]. The model for regulation of state transi-
tions in cyanobacteria by protein phosphoryl-
ation was further supported by the observation
that a phosphatase inhibitor, sodium fluoride,
inhibits transition to state 1 [43].

The 18.5 kDa phosphoprotein is a water-solu-
ble protein and has been shown to co-purify with
the phycobilisome [44]. The 2 remaining poly-
peptides are integral membrane proteins, or pro-
teins tightly bound to the membrane. The
15 kDa was shown to be the principal species
phosphorylated in vitro in thylakoids with
vPP)ATP [42].

Current work in our laboratory consistently
shows the 13 kDa polypeptide to be the predo-
minant species undergoing light-dependent
phosphorylation in vive, and this polypeptide
has been purified by chromatographic methods
and provisional N-terminal sequence data ob-
tained (M. A. Harrison, unpublished data). The
provisional N-terminal sequence is :

XVAIEVIIRP

where X is an unidentified residue. This
sequernce is apparently novel, no strong database
matches having been found.

The 13 kDa phosphoprotein does not appear
to be associated strongly with either photosys-
tem, as judged by its failure to sediment with
either of these during sucrose-density centrifu-
gation following solubilisation of membranes
with the non-ionic detergent n-dodecyl malto-
side. The phosphoprotein always remains at the
top of the gradient. This fractionation method
readily separates the photosystems, yielding as
PS II fraction incompetent for Oy-evolution, but
capable of catalysing electron transport from
DPC to DCPIP. No phosphorylation was ob-
served in this PS II material which could be
considered to arise from reaction centre compo-
nents [45]. Additionally, immunoblotting expe-
riments have shown that this material does not
contain any polypeptides which bind strongly an
antibody raised against a peptide comprising the
N-terminal region of the 9 kDa phosphoprotein
of chloroplast thylakoids, perhaps indicating the

absence of a polypeptide in cyanobacteria
having identity with that in chloroplasts.

It is reasonable to speculate that the mem-
brane phosphoproteins of cyanobacteria are
involved in the regulation of light-state adapta-
tions. Failure to isolate them in association with
major pigment-protein complexes does not pre-
clude the possibility that they are novel regula-
tory proteins involved in implementing the
dissociation of the phycobilisome from PS I
during transition to state 2 {42, 46]. This could
be postulated to occur by localised conformatio-
nal changes induced by phosphorylation, or by
electrostatic repulsion as suggested by Allen and
Holmes [29]. Indeed, it might be suggested that
it is necessary for a protein to be peripheral to
the major pigment-protein complexes in order to
fulfill such a role.

Conclusion

Each of the 4 main types of light-harvesting sys-
tem described in the Introduction is associated
with a particular membrane architecture. Purple
bacteria have chromatophores, which are spe-
cialised Invaginations of the cell membrane,
chloroplasts have topologically discrete thyla-
koids which are usually appressed to neigh-
bouring thylakoids for at least part of their sur-
face area, green bacteria have light-harvesting
chlorosomes or “chlorobium vesicles” attached
to the cytoplasmic surface of the cell membrane,
and cyanobacteria have unstacked thylakoids
with attached phycobilisomes, hemispherical or
hemidiscoidal objects typically 50 nm in dia-
meter and containing 500 or more phycobilin
chromophores. The reasoning that cyanobacte-
ria and chloroplasts may have an underlying
similarity in their mechanism of state 1-state 2
transitions has prompted work in our laboratory
that demonstrates redox control of excitation
energy distribution in cyanobacteria [47] and
that the cyanobacterial state 2 transition is a
decrease in the absorption cross-section of PS II
for phycobilisome absorbed light [48].

The concentration of attention on phosphoryi-
ation of chloroplast light-harvesting proteins has
led to a view [49] that protein phosphorylation is
a plausible mechanism for regulation of light-
harvesting function only in chloroplast-type
membrane systems, that is, in thylakoids stacked
to form discrete appressed (grana) and non-
appressed (stroma) regions. Lateral movement
of LHC II upon its phosphorylation obviously
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depends on the existence of discrete lateral
domains between which it may migrate. It is our
view, however, [50] that the evidence from
purple bacteria and cyanobacteria makes pro-
tein phosphorylation a plausible mechanism of
control even in membrane systems devoid of
lateral heterogeneity in distribution of protein
complexes in the photosynthetic membrane.
These control mechanisms and their compo-
nernts are now under active investigation.

Acknowledgments

We thank Richard Cogdell for discussion and Alan
Cox and Nicholas Tsinoremas for discussion and
comments on the manuscript. This work is supported
by an SERC Research Grant to JFA and by an SERC
Research Studentship to MAH.

References

1 Gregory R.P.F. (1989) Biochemistry of Photo-
synthesis. Wiley-Interscience, Chichester, 3rd

edn :
2 Van Grondelle R. (1985} Biochim. Biophys. Acta
811, 147195
3 Crofts A.R. & Wraight C.A. (1983) Biochim.
Biophys. Acta 126, 149—185
4 Deisenhofer J., Epp O., Miki K., Huber R. &
Michel H. (1985) Nature 318, 618624
5 AllenJ.P., Feher G., Yeates T.O., Komiya H. &
Rees D.C. (1987) Proc. Natl. Acad. Sci. USA 84,
57305734
6 Bennett J. %1977; Nature 269, 344346
7 Bennett J. {1979) Eur. J. Biochem. 99, 133—137
8 Bennett J. (1979) FEBS Len. 103, 342344
9 Bennett J. (1980) Eur. J. Biochem. 104, 85-89
10 Zuber H. (1986) Trends Biochem. Sci. 11,
414—419
11 Glazer A.N. (1983) Annu. Rev. Biochem. 52,
125-157
12 Clayton R.K. & Sistrom W.R. (1978) The Photo-
synthetic Bacteria. Plenum Press, New York
13 Bennett J., Steinback K.E. & Arntzen C.J.
(1980) Proc. Natl. Acad. Sci. USA 77, 52335257
14 Horton P. & Black M.T. (1981) Biochim. Bio-
phys. Acta 633, 5362
15 Allen J.F., Bennett JI., Steinback K.E. &
Arntzen C.J. (1981) Nature 291, 25--29

16 Horton P. & Black M.T. (1980) FEBS Ler. 119,

141144

17 Wililams W.P. & Allen L.F. (1987) Photosynth.
Res. 13, 1945

18 Allen J.F. (1983) Trends Biochem. Sci. 8,
369373

19 Bennett J. {1983) Biochem. J. 212,113

20 Horton P. (1983} FEBS Leu. 152, 4752

21 Bennett J. (1984) Physiol. Piant. 60, 583—590

22 Barber J. (1986) in: Encyclopedia of Plant Phy-
sivlogy, New Series (Stachelin L.A. & Armt-
zen C.J., eds.), Springer-Verlag, Heidelberg,
vol. 19, pp. 653664

23 Stachelin L.A. & Arntzen C.J. (1983) J. Cell
Biol. 97, 13271337

24 lordanov 1.T. & Goltsev V.N. (1987) Photosyn-
thetica 21, 236250

25 Telfer A. (1987) in: Progress in Photosynthesis
Research (Biggins 1., ed.), Martinus Nijhoff,
Dordrecht, vol. 2, pp. 685--696

26 Drews G. (1985) Microbiol. Rev. 49, 59—70

27 Loach P.A., Parkes P.S. & Bustamante P. (1984)
in:  Advances in Photosynthesis Research
(Sybesma C., ed.), Martinus Nijhoff/Dr. W.
Junk, Dordrecht, pp. 189197

28 Holmes N.G. & Allen L.F. (1986) FEBS Lett.
200, 144—148

29 Allen I.F. & Holmes N.G. (1986} FEBS Lett.
202,175-181 .

30 Tumer AM. & Mann N.H. (1986} J. Gen.
Microbiol. 132, 34333440

31 Holmes N.G., Sanders C.E. & Allen J.F. (1986)
Biochem. Soc. Trans. 14, 6768

32 Holuigue L., Lucere H.A. & Vallejos R.H.
{1985) FEBS Lett. 181, 103108

33 Holmes N.G. & Allen I.E. (1988) Biochim. Bio-
phys. Acta 935, 7278

34 Allen I.F. (1983} CRC Crit. Rev. Plant Sci. 1,
1-33

35 Brunisholz R.A., Wiernken V., Suter F., Bacho-
fen R. & Zuber H. (1984) Hoppe-Seyler's Z. Phy-
siol. Chem. 363, 689—701

36 Findlay J.B.C. (1987) in: Biological Membranes:
a Practical Approach (Findlay J.B.C. &
Bvans W.H., eds.), IRL Press, Oxford,
pp. 179218

37 Bonaventura C. & Myers J. (1969) Biochim. Bio-
phys. Acta 189, 366383

38 Murata N, (1969) Biochim. Biophys. Acta 172,
242251

39 Andersson B. & Anderson J.M. (1980) Biochim.
Biophys, Acta 593, 427—440 :

40 Biggins J., Campbell C.L. & Bruce D. (1984)
Biochim. Biophys. Acta 767, 138—144

41 Schuster G., Owens G.C., Cohen Y. & Ohad 1.
(1984) Biochim. Biophys. Acta 767, 596605

42 Allen L.F., Sanders C.E. & Holmes N.G. (1985)
FEBS Lest. 193, 271275

43 Capaani O. (1986) Biochim. Biophys. Acta 852,

7480

44 Sanders C.B. & Allen J.F, (1987} in: Progress in
Photosynthesis Research (Biggins J., ed.), Marti-
nus Nijhoff, Dordrecht, vol. 2, pp. 761-764



1028 JF. Allen et al,

43 Millner P.A., Marder J.B., Gounaris K. & Bar-
ber I. (1986) Biochim. Biophys., Acta 852,30-37

46 Olive I,, M’Bina 1., Vernotte C., Astier C. &
Wollman F.A. (1986) FEBS Lett. 208, 308—312

47 Mullineaux C.W, & Allen 1.F. (1980) FEBS Lett.
205, 155—-160

48 Mullineaux C.W. & Allen 1.F. (1988) Biochim.
Biophys. Acta 934, 36107

49 Miller K.R. & Lyon M.K. (1985} Trends Bio-
chem. Sci 10, 219-222

50 Allen I.F., Holmes N.G., Mullineaux C.W. &
‘Sanders C.E. (1986) Trends Biochem. Sci. 11,320



