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Summary. The twe major phosphoproteins of the thylakoid membrane are
the 25 000 and 26 000-M;, light-harvesting chlerophyll a/b proteins. In
the phosphorylated state, the light-harvesting complex transfers excit-
ation energy preferentially to photeosystem I, whereas in the dephosphory-
lated state the complex iransfers excitation énergy preferentially to
photosystem II. The protein kinase responsible for the phosphorylation
reaction is regulated by light through the redox state of plastogquinone.
The phosphatase responsible for dephosphorylation is not regulated by
light or electron transport, A model is proposed in which the kinase and
phosphatase participate in the regulation of excitation energy transfer
ketween the two photosystems.

Introduction. The discovery that isolated intact pea chloroplastis
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incorporate = P-orthophesphate into a range of thylakeid polypeptides (1)
has led to a number of interesting developments., Firstly, the most
heavily labelled phosphoproteins have been identified as the 25 000 and
26 000-M, light-harvesting chlorophyll a/b proteins (2). These are the
most abundant polypeptides of the thylakoid membrane and serve to
orgenize akout one-third of the chlorophyll a and most of the chlorophyll
L of the membrane into specific light"harvestihg antennae that transfer
excitation energy to both photosystem I and photosystém T (3).
Secondly, the next most abundant phosphoprotein has been tentatively
identified as the 8 000~Mr proton~conducting channel of the chloroplast
ATP synthase (4). Thirdly, the protein kinase resﬁonsible for phosphory-—
lation of these polypeptides has been shown to be thylakoid-bound and to
be activated by light-driven electron transport (4,5). Finally, the
phosphatase responsible for dephosphorylation is alse thylakoid-bound but
is not affected by iight, electron transport inhibitors or molecules such
as ATP and ADP (6). It is however activated by Mg2+ ions and inhibited
by ¥~ ions (6). In this article we propose a model which is consistent

with these and more recent data, According to this model, thylakoid

protein phosphorylation plays an important regulatory role in photosynthesis,
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especially in the regulation of excitation energy distribution.

Chlorophyll FPluorescence. A Key finding was that the light-

“harvesting chlorophyll a/b proteins are phosphorylated on a terminal

segment that protrudes from the surface of the membrane and is accessible
to trypsin in vitro (8). It is this segment that has been implicatéd in
grenal stacking and in the salt-induced redistribution of excitation
energy between photosystem I and photosystem II (7). It seemed to us
that intreduction of phosphoryl groups into this region of the light-
harvesting proteins might be as effective as changes in the ionic environ-
ment of the memwbrane in altering the distribution of excitation energy,
Accordingly, in collaboration with K,E, Steinback and C,J. Arntzen, we
investigated the effect of protein phosphorylation on the fluorescence
properties of thylakoid membranes (8,9).

Several important findings emerged from this work. TFirstly, when
thylakoids were illuminated at room temperature under phosphorylating
conditions (in buffer containing sorbitol, tricine, MgCl, and ATP),
mnarked éhanges were observed over a period of minutes in the 77°K’
chlorophyll fluorescence emission spectrum. Relative to emission at 885
nm {predominently derived from light-harvesting complexes and photosystemn
11), there was as much as & doubling of emission at 734 nm (derived
predominantly from photosyétem I). The rise in emission’ at 734 nm
followed the same time-course as phosphorylation of the light-harvesting
polypeptides (LHP) and required both ATP and illumination. Secondly,
phosphorylation of thylakeid proteins caused a decrease in the variable
component of flucrescence ﬁecorded at room temperature after the addition
of DCMY., When phosphorylated membranes were returned to darkness to
pérmit dephosphorylation prior to the recording of fluorescence, the
variable component was found to have returned te its initial value,
Thirdly, when thylakoids were illuminated in sorbitol/tricine/MgClB/KCI
buffer without ATP, room temperature fluorescence (in the absence of
DCMU) was approximately constant for 5~10 min. Addition of ATP (though
not of ADP) caused a biphasic fluorescence quenching, The rapid phase of
quenching was abelished by prior addition of the uncoupley nigericin but
the slower phase was insensitive to uncouplers, Upon addition of DCMU to
inactivate the Kinase (3), the slow quenching was replaced by a slow rise
in fluorescence, which was itself halted by addition of the phosphatase
inhibitor fluoride. Fourthly, it was found that the strong reducing

agent dithionite can replace light both in activating the kinase and in
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eliciting the changes in the 77°K fluorescence emission spectrum. Quy
conclusion from these studies is that phosphorylation of the LHPs
increases the proportion of excitation energy received by photosystem I
from the light-~harvesting chlorophyll a/b complexes. Conversely,
dephosphorylation increases the proportion of excitation energy received
by photosystem II from the light-harvesting complexes.

Kinase Activation. fThe ability of dithionite fc replace light in the

activation of the thylakoid- protein kinase raised the possibility that
activation might be a consequence of the reduction of a particular
component of the electron transgport chain. Several lines of evidence now
point to plastoguinone as the crucial component (9,10). Firstly, pre-
illumination of thylakoids with a series of siagle-turnover flashes
reduces the plastoquinone pool and activates the kinase in parallel,
Secondly, DBMIB, which inhibits plastoguinone oxidaiion at low concen~
trations and plastoquinone reduction at high concentrations, inhkibits
kinase gctivation at exactly the same concentration a8 it inbibits plasio-
guinone reduction, These resulis were obtained in collaboration with K.E,
Steinback and C,J, Arntzen, Finally, redox titrations, conducted in
collaboration with P, Horton, establish that the mid-point redox
potential for Kinase activation is exactly the same as the mid-point
redox potential for the reduction of plasteguinone and for AT?—dependent
fluorescence quenching (that is, an Ey at pH 7.8 of -10 mV). Thus,

kinase activity is responsive to the redox state of the plastoquinone
pool.! Whether plastoguinone directly activates the kinase is net yet
clear. ‘

Our previous observation that MADPH and ferredoxin could alsc activate
the protein kinase in darkness (5) may be explained by the ability of
reduced ferredoxin to reduce plastoguinone (;1,12). We do not believe
that activation of the thylakeoid-~bound protéin kinase is méediated by
either the thioredoxin system or the 'LEM' system, both of which have
been implicated in the control of stromal enzyme activiiy and require
électron transport via components on the reducing side of photosysﬁem
I (13,14).

Feed~back Control. A model which inceorporates these results is

presented in Fig. 1. In it, the LHPs exist in a phosphorylated state in
which excitation energy is transferred preferentially to photosystem I
and in a dephosphorylated state in which excitation energy is transferred

preferentially to photosystem I1. Conversion from one state to the other
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Fig. 1. Phospherylation of polypeptides of the light-harvesting apparatus
{LHA) places exciton transfer under the control of the redox state of
plasteguinone. Reduced plastoguineone (PQHg) activates a thylakoid-bound
protein kinase which then phosphorylates the hydroxyl group (-OH)} of
threonyl residues. In the phosphorylated state, excitons are transferred
preferentially to photosystem I (PS1l), whereas in the dephosphorylated
state they are transferred preferentially to photosystem II (PS2).
Dephosphorylation is due to a thylakeoid-bound phosphatase that is not
under the control of plastoquinone.

is achieved by either the kinase (which requires ATP and Mg2+) or the
phosphatase (which requires Mg2+). The rate of phosphorylation is
controlled by the redox state of the plastoquincne pocl. The rate of
dephosphorylation is unaffected by redox poising.

This model contains all the elements demanded of a neg@tive feed~back
control system. I1£f, under light of a certain quality, the entire pigment
bed of the thylakoid transfers eéxcitation energy in such a way that photo-
system Il is more active than photosystem I, the plastoguinone pool will
become reduced and the kinase will he activated. Phosphorylation of the
LHPs will then correct the imbalance by permitting increagsed excitation
energy transfer ico photosystem I at the expense of transfer to photo-
system II. Should light quality then -ehange-such that the far-red
compenent of incident light increases, the entire pigment bed would
initially transfer excess exciltation energy to photosystem 1, The plasto-
guinene pool would then become oxidized, the kinase would be inactivated,
and the phosphatase would dephosphorylate the LHPs, thereby increasing
excitation energy transfer to photosystenm II., This mechanism provides sz
possible basis for the state 1l-state 2 transitions observed in algae

{153,16), We are currently investigating this possibility in the green
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alga Chlorella pyrencidosa, in collahoration with w,P, Williams. It is

interesting to note that another green alga, Buglena gracilis, disgplays

kinetics of iight-harvesting protein phosphorylation and dephosphory-
lation that are virtually identical to those displayed by isolated intact
pea chloroplasts (17).

It is not yot clear exactly how the addition of a phosphoryl group
to the LHP alters the distribution of excitation energy., Excitation
energy transfer requires donor and acceptor chlorophylls to he closely
spaced and appropriately oriented (3). Phosphorylation could modify the
interaction between the LHP and the photosystems in its vieinity,
weakening its affinity for photasystem 1I and strengthening its affinity
for photosystem I. Alternatively, phosphorylation could cause the LHP to
migrate from a region of the membrane enriched in photosystiem Il to one
enriched in photosystem I, The direction of excitation energy transfer
would then be & function of the abundance of each photosystem in the
neighbourhcod of thé LHP.

Double Layer Theory. The sbility of cations such as Mg?+ to increase

the transfer of excitation energy from the LHP to photosystem 1I has been
explained by Barber and co-workers in terms of double layer theory (18),
in their treafment, a certain density of fixed surface negative charges
must be screened by cations before protein particles in the membrane can
adopt the configuration giving maximal transfer of excitation energy from
the LHP to photosystem II. In the absence of Mg2+ ions, considerable
transfer can take place to photosystem I but in the presence of 3-10 mh
Mgz* this transfer is much reduced. We sﬂggest‘that even at 3-10 mM

Mg2+ (that is,'at the Mg2+ concentrations found in illuminated chloro-
plasts), the direction of excitation energy transfer can be regulated by
changes in the surface negative charge density brought about by phosphory-
lation and dephosphorylation.

Double layer theory has alsc heen applied to the binding of coupling
factor (CFl) to the thylakoid membrane, Telfer et al. (19) concluded
that CFy binding only occurs when negative charges on CF1 and its binding
site (CF,) are electrosfatically screened by cations. By analogy with
the LHP, we suggest that phosphorylation of the 8 000-M, proton-
conducting chaﬁnel of C¥, (4) antegonizes the binding between CFy and
CF, and represents the physidlogical mechanism by which the coupling

hetween electron transport and ATP synthesis is regulated.
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