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Regulation of photosynthesis by chloroplast protein phosphorylation

By J. BENNETT
Department of Biological Sciences, University of Warwick, Coventry CV4 TAL, U.K.

Several polypeptides of the chloroplast photosynthetic membrane are reversibly
phosphorylated iz vivo and in vitro. The most conspicuous phosphoproteins belong to
the light-harvesting chlorophyll ¢/b complex (LHC), which accounts for about half of
the photons absorbed by the pigments of the photosynthetic membrane and can

~transfer excitation energy to either photosystem I or photosystem II. Phosphorylation
of LHCincreases (and dephosphorylation decreases) the proportion of excitation energy
transferred to photosystem I at the expense of photosystem II. The LHC kinase is
activated in vivo and in vitro by overexcitation of photosystem II and inactivated by
overexcitation of photosystem I. The redox state of the plastoquinone pool governs
the activity of the kinase and enables the photosynthetic membrane to detect and then
correct any imbalance in the rate of excitation of the two photosystems. Reversible
phosphorylation of LHC also enables the chloroplast to regulate the relative rates of
cyclic and non-cyclic electron transport and thereby coordinates the rates of synthesis
of ATP and NADPH with the demands of the Calvin cycle and other metabolic path-
ways operating within the organelle.

INTRODUCTION

Protein phosphorylation has been studied in plants for more than a decade. Early studies were
concerned with phenomena that had parallels in animal cells, such as the phosphorylation of
ribosomal and nuclear proteins (Trewavas 1976), but more recently considerable attention has
been given to an example without parallel in animal cells: the phosphorylation of chloroplast
proteins. The chloroplast is the site of photosynthesis in plants. A double envelope delimits the
organelle and encloses the photosynthetic membranes (or thylakoids) and the soluble phase (or
stroma). The thylakoids use the energy of sunlight to drive the formation of NADPH and ATP,
which are then consumed in the stroma by such activities as the fixation of CO, into sugar
phosphates and starch. When isolated intact chloroplasts from green plants are incubated in
the light with [32P]orthophosphate, radioisotope is incorporated not only into low molecular
mass substances such as ATP but also into macromolecules such as RNA and protein (Bennett
1977). The major phosphoproteins are associated with the thylakoids: they range in molecular
weight from 7 to 90 kDa, as judged by sodium dodecyl sulphate polyacrylamide gel electro-
phoresis (figure 1). The two most conspicuous thylakoid phosphoproteins have molecular
masses of 23 and 25 kDa and have been identified as components of the light-harvesting chloro-
phyll a/b complex (Bennett 1979a; Bennett ef al. 1981). Four other phosphoproteins (9, 33, 35
and 45 kDa) are thought to be components of photosystem II (Steinback et al. 1982; Owens &
Ohad 1982). These six proteins are reversibly phosphoryllated iz vivo and in vitro, and consider-
able progress has been made in understanding the regulation and physiological significance of
their phosphorylation. In this article I shall review the effects of LHC phosphorylation on the
structure and function of the photosynthetic membranes.
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Ficure 1. SDS-polyacrylamide gel electrophoresis of ?P-labelled thylakoids of pea chloroplasts. (a) Gel stained
with Coomassie Brilliant Blue. () Radioautogram of gel. Apparent molecular masses (kilodaltons) are
indicated.

EXCITATION ENERGY TRANSFER BETWEEN CHLOROPHYLL-PROTEIN COMPLEXES

Until the early 1970s all the chlorophyll of the photosynthetic membranes of green plants
was considered to be located in two types of sub-membrane particles known as photosystem I
and photosystem II (PST and PS II), but it is now recognized that there is a third major
chlorophyll-containing particle: the light-harvesting chlorophyll /b complex (LHC) (Thornber
& Highkin 1974). In most plants, PS I, PS IT and LHC account for approximately 30, 20 and
509%,, respectively, of total chlorophyll (Waldron & Anderson 1979; Anderson 1982). The pre-
dominant pigment in each particle is Chl a. The particle with the highest content of Chl b is
the LHC, which has a Chl ¢/Chl 4 ratio of 1.0-1.1 in most green plants. Each particle contains
its own distinctive set of chlorophyll-binding polypeptides, supplemented in PS I and PS II
with cther polypeptides concerned with electron transport. PS I has at least one major chloro-
phyll-binding protein (about 68 kDa) together with several minor polypeptides (approximately
20, 21 and 22 kDa), which are probably also chlorophyll-binding proteins (Mullet et al. 1980}
Bellemare et al. 1982). There are thought to be two chlorophyll-binding proteins in PS II, which,
in spinach, have molecular masses of about 47 and 39 kDa (Larkum & Anderson 1982). The
three polypeptides of barley LHC have apparent molecular masses of 24, 25 and 27 kDa
(Bellemare et al. 1982).

PS I and PS II participate directly in photosynthetic electron transport. Each photosystem
contains a distinctive reaction centre consisting of 1 or 2 photochemically active Chl a molecules;
associated with the reaction centre are 100-150 antenna chlorophylls (mainly Chla). The
antenna chlorophylls absorb quanta and transfer excitation energy to the reaction centre, where
electron transport is initiated. LHC is not photochemically active and possesses no reaction
centre. LHC is believed to exist in the form of oligomers, with about 4-7 polypeptides per
complex and about 6-13 chlorophylls per polypeptide (Haworth et al. 19825). The oligomeric
LHC units are probably 3-5 times more abundant than PS I or PS II. LHC absorbs strongly
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in the 640-680 nm region, while PS I and PS II absorb strongly in the 660-710 nm and 660~
690 nm regions. Strong absorption by LHC in the 640-650 nm region is due largely to the
presence of Chl 4 in that complex, but the other differences in absorption among the three
complexes reflect the fact that they are composed of different chlorophyll-binding proteins that
endow Chl a with different electronic environments and spectral properties.

To judge by the absorption spectra, excitation energy should flow readily from LHC to both
photosystems and from PS IT to PST but flow from PS T to the other complexes should be
energetically unfavourable. However, the transfer of excitation energy depends not only on the
spectral properties of the complexes but also on their proximity. A characteristic feature of the
thylakoids of most green plants is the differentiation of the membranes into appressed and non-
appressed regions (figure 2) (Anderson & Andersson 1982). PS II and LHC are concentrated
in the appressed regions and are present in the non-appressed membranes to the extent of
about 20%. PS I and ATP synthase are found almost exclusively in the non-appressed regions,

(a) 4hy 1°pMdPBMIB N/_\p{»+ Agp A r (b) tymen appressed
i (J unmmq;mnn %
HDUQ - y M g Hnﬂu H+ﬂgﬂu non —lppressed
2HOH O, “4H* 3

lumen 1ipm DBMIB

Ficure 2. Schematic diagram showing the architecture of the thylakoid membrane. (a) Diagram of photo-
synthetic electron transport and proton translocation, showing only selected thylakoid components. The
light-harvesting chlorophyll a/b complex (LHC) is depicted as being associated with photosystem II (PS IT)
when dephosphorylated and associated with photosystem I (PS I) when phosphorylated. Also included are
the primary electron acceptor of PS II (Q), plastoquinone (PQ), plastoquinol (PQH,), the complex con-
taining cytochrome byq5, cytochrome f and the Rieske iron-sulphur protein, plastocyanin (PC), ferredoxin
(Fd) and ATP synthase complex. The sites of inhibition of 1 and 10 pm DBMIB and of 10 uMm diuron are
indicated. (b) Diagram of thylakoid membranes, illustrating the differentiation of the stromal surface into
appressed and non-appressed (exposed) regions.

while the cytochrome bgg,/f complex is equally distributed between the two regions. One
consequence of this lateral heterogeneity in the distribution of sub-membrane particles is that
excitation energy transfer from LHC to PS II is favoured over transfer from either PS II or
LHC to PS I.

PHOTOSYNTHETIC ELECTRON TRANSPORT

There are to principal pathways of electron transport in thylakoids: non-cyclic and cyclic
electron transport. The non-cyclic pathway from water to NADP+ is performed by an electron
transport chain that includes both PS I and PS II operating in series (figure 2). Coupled with
the flow of electrons is the translocation of protons into the lumen of the thylakoids (Trebst
1974). The transport of four electrons along the chain (the number involved in the evolution of
one molecule of O,) requires eight quanta (four for each photosystem) and generates two
molecules of NADPH. At the same time, eight protons are deposited into the lumen, four at
the O,-evolving site of PS II and four as a result of the oxidation of plastoquinol (PQH,) near
the luminal surface of the membrane. Because in the steady state three protons are translocated
by ATP synthase for each molecule of ATP formed (Portis & McCarty 1974), it follows that the

8-2
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reduction of two molecules of NADP+ by the non-cyclic electron transport chain is accompanied
by the synthesis of 2.67 molecules of ATP. However, the fixation of one molecule of CO, into
sugar phosphates actually requires two molecules of NADPH and three molecules of ATP.
Thus, by non-cyclic electron transport alone, there is a deficit of 0.33 of an ATP molecule per
molecule of CO, fixed.

Under most circumstances the additional ATP is probably supplied by the operation of the
cyclic electron transport pathway around PS I (Hind et al. 1981). Whereas in the non-cyclic
pathway electrons are passed from ferredoxin to NADP+, in the cyclic pathway they are passed
to cytochrome by4; and then back to PS I via intermediates that are also components of the non-
cyclic pathway(plastoquinone (PQ), the Rieske Fe-S centre, cytochrome f and plastocyanin)
(figure 2). For every electron that takes the cyclic pathway, one quantum is absorbed by PS I,
one proton is deposited into the lumen and 0.33 of an ATP molecule is formed. Thus, in
principle, the ATP and NADPH requirements for the fixation of one molecule of CO, into sugar
phosphates can be adequately met by nine quanta: five quanta are required for the excitation
of PS I and four quanta are required for the excitation of PS II.

WHY A FLEXIBLE LIGHT-HARVESTING APPARATUS IS NECESSARY

It was stated above that PS I, PS IT and LHC account for about 309%,, 209, and 50 %,
respectively, of total chlorophyll in green plants. If about 80 9%, of LHC is in the appressed
regions of the thylakoids, in association with PS II, then PS II would have available to it about
60 %, of the light-harvesting capacity of the membrane, while PS I would have available to
it only about 40 %, Is such an arrangement consistent with the aim of delivering about five
quanta to PS I for every four quanta delivered to PS II? At first sight it might appear that such
an arrangement would lead to the permanent overexcitation of PS II but in fact the rates of
excitation of PS T and PS II do not depend solely on the distribution of the light-harvesting
chlorophylls. They also depend on the spectral distribution of ambient light. Smith (1982) has
recently reviewed the spectral qualities of different forms of natural illumination and although
the article is centred around the phytochrome-mediated responses of plants, the spectral data
are relevant also to photosynthesis.

As Smith (1982) points out, plants growing in the shade of other plants are exposed to light
that has been filtered through photosynthetic pigments and is therefore markedly depleted in
wavelengths below 700 nm. Since only PS I absorbs significantly above 700 nm, shaded plants
can achieve a balanced distribution of excitation energy between the two photosystems only if
the greatest possible fraction of any light below 700 nm is harvested by PS II through its associa-
tion with the maximum possible fraction of LHC. It is partly for this reason that membrane
appression is maximal in plants adapted to growth on the floor of a tropical rain forest
(Anderson 1982). Such plants also contain especially high levels of light-harvesting chloro-
phylls.

Shading is, of course, a highly variable parameter in a crop plant, and even on the floor of a
rain forest the intensity and the spectral quality of light are liable to vary as a result of sun flecks.
How do plants respond to changes in the degree of shading? Do they possess a mechanism for
detecting and then correcting any imbalance in the rates of excitation of the photosystems in
response to changes in the spectral quality of ambient light?

That plants possess such a mechanism is most convincingly shown by the work of Bonaventura
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& Myers (1969) on the green alga Chlorella. In their experiments, photosynthetic oxygen evolu-
tion was measured in cultures exposed to 645 nm light, with or without excess 710 nm light;
645 nm light was absorbed preferentially by LHC, while 710 nm light was absorbed exclusively
by PS I. The data show that Chlorella has the ability to direct excitation energy derived from
absorbed 645 nm light to whichever photosystem is rate-limiting. The proportion of absorbed
645 nm light exciting PS I increases over a 5-10 min period under 645 nm light alone but
decreases with similar kinetics under a combination of the two wavelengths. In each case, an
approximate balance in the rates of excitation of the photosystems is attained.

Higher plants also possess the ability to alter the organization of their light-harvesting
apparatus to adapt to changes in the spectral quality of ambient light (Chow et al. 1981). But how
are such changes in the rates of excitation of the photosystems detected and then corrected? In
subsequent sections I present evidence that it is the reversible phosphorylation of LHC that
regulates the distribution of excitation energy between the two photosystems and that the
degree of LHC phosphorylation is controlled in part by the redox state of the PQ pool.

THE THYLAKOID PROTEIN KINASE IS REGULATED BY THE
REDOX STATE OF THE PLASTOQUINONE POOL -

Thylakoid protein phosphorylation may be detected in vivo in leaves and algal cells and in
vitro in isolated intact chloroplasts and washed thylakoids. In a direct comparison between
intact chloroplasts supplied with [32PJorthophosphate and washed thylakoids incubated with
[y-32P]ATP, the same thylakoid polypeptides proved to be labelled to the same relative extents
and with similar kinetics, establishing that the relevant protein kinase is located on the thyla-
koids themselves (Bennett 19795, 1980). To obtain kinase activity in a suspension of thylakoids
buffered at about pH 8.0, one may simply add 3-10 mm MgCl, and 100-300 pm ATP and
illuminate the suspension. Activation of the kinase in the light is blocked by diuron (which
inhibits electron transport between PS IT and PQ) but is not inhibited by uncouplers. The
kinase is not, however, strictly light-dependent, since it is activated in the dark with strong
reducing agents such as reduced ferredoxin (Bennett 19795) and dithionite (Allen et al. 1981).

The implication of the above results is that for the kinase to be activated, some component
of the electron transport chain after the site of inhibition by diuron must become reduced. There
are several lines of evidence that the crucial component is PQ:

(i) activation of the kinase in the light is not prevented by 1 pm DBMIB (2,5-dibromo-3-
methyl-6-isopropyl-p-benzoquinone), which inhibits the oxidation of PQH,, but is prevented by
10 pm DBMIB, which, like diuron, inhibits the reduction of PQ by PS II (Allen et al. 1981);

(ii) the kinase is activated in the dark by duroquinol, which donates electrons directly to PQ
(Allen & Horton 1981);

(iii) the ability of reduced ferredoxin to activate in darkness can be explained in terms of
electron flow via cytochrome byg; to PQ (Hind ef al. 1981);

(iv) a sequence of single turnover flashes that progressively reduces the PQ pool also pro-
gressively activates the kinase (Allen e al. 1981);

(v) redox titrations in darkness show that protein kinase activation has the same midpoint
potential as PQ reduction (about 0 mV at pH 7.8), and, furthermore, the titration curve for
kinase activation is that of a two-¢lectron carrier, consistent with the involvement of PQ (Horton
et al. 1981).
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The sensitivity of the thylakoid protein kinase to the redox state of the PQ pool is highly
significant. Since PQ lies between PS I and PS II in the electron transport chain, its redox
state provides a sensitive measure of the relative rates of excitation of the two photosystems,
provided that there is an adequate supply of electron acceptors for PS I.

EnzymorLocy oF LHC PHOSPHORYLATION-DEPHOSPHORYLATION

The thylakoid protein kinase has a K, for ATP of about 90 pm (Bennett et al. 1981). The
enzyme is inhibited by ADP and 3',5"-cyclic AMP but not by AMP (Baker et al. 1982 ; Markwell
et al. 1982). The inhibitory effect of cyclic AMP occurs at concentrations (10 pm and over) that
are almost certainly not physiological, but the inhibitory effects of ADP are sufficiently strong
at physiological concentrations (100-1000 pm) to suggest that kinase activity will be markedly
affected both in vivo and in vitro.

If thylakoid protein phosphorylation is to have a regulatory role in photosynthesis, the
chloroplast would need to possess protein phosphatase activity. Bennett (1977, 1980, 1983) has
demonstrated thylakoid protein dephosphorylation in vivo in barley leaves, and in vitro in
isolated intact chloroplasts and washed thylakoids of peas, thereby establishing that the activity
is membrane-bound. In each case, the LHC is the most rapidly dephosphorylated protein,
followed by the 33—45 kDa polypeptides of PS II, while the 9 kDa polypeptide of PS II is
dephosphorylated very slowly. The enzyme responsible for dephosphorylation has been only
partly characterized but it has the properties expected of a phosphatase, including the fact
that it is inhibited by almost 90 %, by 10 mm NaF (Bennett 1980) and 10 mum sodium molybdate
(Owens & Ohad 1982). The enzyme does not appear to be modulated by either ADP or ATP
or by light. It is markedly stimulated by the presence of Mg?+. The dephosphorylation of the
9 kDa protein requires 5-10 mm MgCl,, whereas dephosphorylation of LHC occurs with as
little as 10 pm MgCl, (Bennett 1980).

When isolated intact chloroplasts are incubated in the light with [32P]orthophosphate, LHC
becomes labelled with a half-time of about 2 min (Bennett 1977). Addition of the uncoupler
carbonyl cyanide-m-chlorophenylhydrazone, to inhibit further synthesis of radioactive ATP,
immediately halts the labelling of LHC and induces net dephosphorylation, with a half-time
of about 8 min. Very similar kinetics for LHC phosphorylation and dephosphorylation are seen
in vitro in washed thylakoids and iz vive. The phosphatase seems to be operative at all times.
Thus, the level of phosphorylation of LHC is regulated principally through various controls
on the kinase (including the [PQH,]/[PQ] and [ATP]/[ADP] ratios).

LHC PHOSPHORYLATION REGULATES EXCITATION ENERGY TRANSFER
BETWEEN CHLOROPHYLL-PROTEIN COMPLEXES

A clue to the physiological significance of LHC phosphorylation was provided by the dis-
covery that LHC is phosphorylated on the surface-exposed N-terminal segment that is removed
by trypsin (Bennett 1980). The segment is known to be important in the maintenance of mem-
brane appression and lateral heterogeneity (Steinback et al. 1979; Carter & Stachelin 1980).
When thylakoids are treated with trypsin under mild conditions, the molecular masses of the
23 and 25 kDa polypeptides are reduced by 1-2 kDa (Andersson et al. 19824), any 32P-label
within the protein is lost, and membrane appression and lateral heterogeneity are abolished.
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PS I, PS II and LHC intermingle and there is increased excitation energy transfer from LHC
and PS II to PS I.

Does phosphorylation of the surface-exposed segment affect the relation between LHC and
the other complexes? Several lines of evidence indicate that LHC phosphorylation increases
(and dephosphorylation decreases) excitation energy transfer to PS I at the expense of PS II.
Firstly, addition of ATP to thylakoids under phosphorylating conditions induces a slow decline
in chlorophyll fluorescence at 20° C with kinetics similar to those of LHC phosphorylation
(Bennett et al. 1980; Horton & Black 1980; Telfer et al. 1983). Because PS II and LHC are
more strongly fluorescent at 20 °C than PS I, such a decline in fluorescence is consistent with
an increase in any process that competes with PS II/LHGC fluorescence as a mechanism for
utilizing or dissipating excitation energy. The transfer of excitation energy to PS I at the ex-
pense of PS II is certainly one such mechanism. Secondly, when thylakoids are incubated with
ATP under phosphorylating conditions and are then frozen and illuminated at 77 K (a tempera-
ture at which PS I, PS II and LHC all fluoresce at characteristic wavelengths), chlorophyll

ATP

fluorescence —

time —

Ficure 3. Chlorophyll fluorescence trace from pea thylakoids incubated at 20 °C in the presence of the uncoupler
nigericin (1 pm) to demonstrate a decline in LHC phosphorylation-dependent chlorophyll fluorescence
without interference from ATP-induced high-energy state quenching. The buffer was 10 mm Tricine-KOH,
pH 8.0. After the light was switched on, the following were added as shown: MgCl, (5 mm), ATP (0.2 mm),
diuron (10 pm), NaF (10 mm).

fluorescence emission spectra reveal that ATP increases the yield of fluorescence from PS I
(Bennett et al. 1980; Allen et al. 1981; Horton & Black 1980, 1981, 1982; Steinback ef al. 1982;
Chow et al. 1981; Haworth et al. 19824; Saito ¢f al. 1983). By including an internal standard for
fluorescence, Saito et al. (1983). were able to show that the increase in PS I fluorescence on
phosphorylation represents an absolute increase in excitation energy transfer to PS T at the
expense of PS II, not just a relative increase owing to a reduction in the fluorescence yield from
PS II. Thirdly, ATP causes a decrease of approximately 15 %, in the rate of electron transport
through PS II (Steinback et al. 1982; Farchaus et al. 1982) and a corresponding increase in the
rate of electron transport through PS I (Horton & Black 1982; Farchaus et al. 1982). These
results establish that the effect of ATP on the distribution of excitation energy within the
thylakoid is reflected in the rates of turnover of the two photosystems.

Figure 3 illustrates the use of chlorophyll fluorescence measurements at 20 °C as a probe for
the effects of phosphorylation and dephosphorylation on the distribution of excitation energy
within the thylakoid. At the beginning of the recording, the thylakoids are suspended in a
medium containing an uncoupler (to prevent the ATP-dependent generation of a high-energy
state within the membranes) and very low ionic strength (10 mum Tricine-KOH, pH 8.0). Under
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these conditions, membrane appression and lateral heterogeneity are abolished and the PS I,
PS II and LHC particles intermingle. When the light is turned on, chlorophyll fluorescence from
PS II/LHC rises immediately to a steady intensity. On the addition of 5 mm MgCl,, the yield
of fluorescence increases slowly over a period of about 5 min. During this time membrane
appression and lateral heterogeneity are restored, and the rise in fluorescence is attributed to
the consequent reduction in the probability of excitation energy transfer from PS II/LHC to
the non-fluorescent PS I (Stachelin & Arntzen 1979). (However, see Melis & Ow (1982) for a
different explanation.) When 200 pm ATP is added, a slow decline in chlorophyll fluorescence
yield occurs as long as phosphorylation is permitted, but when the kinase is inactivated by the
addition of 10 pm diuron, the decline in chlorophyll fluorescence is reversed by a mechanism
that is blocked by the phosphatase inhibitor, NaF (10 mm). This sort of result, taken with the
finding that there is a linear relation between the extent of the ATP-dependent decline in
chlorophyll fluorescence yield and the extent of LHC phosphorylation (Horton et al. 1981),
provides strong evidence that the effects of ATP on the distribution of excitation energy within
the thylakoid are mediated by protein phosphorylation. The main evidence that it is the LHC
rather than some other thylakoid protein whose phosphorylation is important in mediating
the effects of ATP is the close correspondence both iz vive and in vitro between the dephosphoryla-
tion of LHC and the observed rise in chlorophyll fluorescence from PS II; dephosphorylation
of the other thylakoid phosphoproteins is too slow to account for the speed of the increase in
fluorescence (Bennett 1983; Chow et al. 1981; Steinback et al. 1982).

MOLECULAR MECHANISMS

How does the phosphorylation of LHC increase the proportion of excitation energy that is
transferred to PS I at the expense of PS II? At present the mechanism is not fully understood,
but it probably involves the dissociation of phosphorylated LHC from PS II in the appressed
regions of the thylakoids and its association with PS I in the non-appressed regions.

There are several lines of evidence consistent with such a mechanism.

(i) Although non-appressed membranes contain comparatively little LHC, they are specifi-
cally enriched for phosphorylated LHC (Andersson ef al. 1982 a).

(ii) Phosphorylation reduces the degree of connectivity and the effective light-harvesting
capacity of PS II units, and increases the effective light-harvesting capacity of PS I (Kyle et al.
1982; Haworth et al. 19824).

(iii) Freeze—fracture electron microscopy reveals the presence of two classes of LHC particle
within thylakoids: 14-16 nm particles, which cleave with the luminal (EF) leaflet of the bilayer
and which contain both LHG and PS II, and 9 nm particles, which cleave with the stromal
(PF) leaflet and are considered to represent free LHC (Simpson 1979 ; Olive ef al. 1981). A study
of non-phosphorylated, phosphorylated and dephosphorylated thylakoids reveal that there is
a reversible movement of 9 nm particles from the appressed to the non-appressed regions on
phosphorylation, without a comparable movement of 14-16 nm particles (Kyle et al. 1983).

Taken together these results suggest that it is the 9 nm LHC particles that provide the con-
nectivity and much of the light-harvesting capacity of PS II and which, on phosphorylation
dissociate from PS II and migrate to PS I. The particles are presumably forced to leave the
confines of the appressed regions by the high negative surface-charge density caused by phos-
phorylation (Barber 1982). Phosphorylation also leads to a small but detectable decrease in the
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extent of membrane stacking (Kyle et al. 1983 ; Biggins 1982). This effect is also likely to be due
to an increase in negative surface charge density but perhaps it is phosphorylation of the less
mobile 14-16 nm particles that is responsible. Since such particles contain PS II, their release
from the appressed regions may account for reports of ATP-induced excitation energy transfer
from PS II to PS I (Bennett et al. 1980; Haworth et al. 1982a). If the LHC particles are phos-
phorylated in the appressed regions and dephosphorylated in the non-appressed regions, it
would be expected that the kinase is restricted to the former, with the phosphatase restricted
to the latter. Such a distribution would minimize the tendency of the kinase and the phosphatase
to operate in concert as an ATPase or futile cycle.

PHYSIOLOGICAL SIGNIFICANCE OF THYLAKOID PROTEIN PHOSPHORYLATION

A mechanism has now been proposed by which an imbalance in the rates of excitation of
PS T and PS II may be detected and corrected (Horton & Black 1980; Allen ef al. 1981). The
imbalance is detected through the redox state of the PQ pool and then corrected through the

phosphatase
LHC LHC
kinaAse ,ATP ATP

‘.\@ co,

POH ) NADPH

HOH —>PS Il L»I-»PS 11— Fd )
PQ ) J NADP™
bsg3 \ sugar
phosphates
ADP

Ficure 4. Model showing negative feedback control in the regulation of the distribution of excitation energy of
the thylakoids by means of phosphorylation of the light-harvesting chlorophyll a/b complex (LHC), by a
protein kinase which is activated by plastoquinol (PQH,). The redox state of the PQ pool is affected by the
rate of NADP+ regeneration by CO, fixation.

phosphorylation or dephosphorylation of LHC (figure 4) (Allen ef al. 1981). Overexcitation of
PS II leads to the reduction of the PQ pool, activation of the protein kinase, and increased
transfer of excitation energy from phosphorylated LHC to PS I at the expense of PS I1. A major
factor in the redirection of excitation energy is the migration of phosphorylated 9 nm LHC
particles from the appressed regions of the thylakoids to the non-appressed regions (Kyle et al.
1983). Conversely, under certain circumstances, overexcitation of PS I leads to oxidation of the
PQ pool, inactivation of the kinase, dephosphorylation of LHC by the phosphatase and the
migration of the dephosphorylated LHC particles from PS I to PS II. In both examples, the
mechanism enables a more balanced distribution of excitation energy to be obtained within a
period of 5-10 min.

The mechanism may enable green plants to adapt to changes in the degree of shading pro-
duced by neighbouring foliage. Because shade is enriched for wavelengths absorbed only by
by PS I, it will tend to overexcite PS I, promote dephosphorylation of LHC and lead to a more
extensive interaction between PS IT and LHC within the appressed regions. This will maximize
the light-harvesting capacity of PS II and help to provide a more balanced distribution of
excitation energy. However, when a shade-adapted plant emerges into diffuse or direct sun-
light, which contains a more even spread of photon fluence rates across the 400-720 nm region
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of the spectrum, the high concentration of LHC in the appressed regions will lead to the over-
excitation of PS II. The resultant activation of LHC phosphorylation will lead to the migration
of LHC out of the appressed regions and the attainment of a new balance in the distribution
of excitation energy. Since changes in the degree of shading are due most frequently to the
movement of the Sun across the sky, the phosphorylation-dephosphorylation mechanism should
be sufficiently rapid to permit adaptation. However, complete adaptation to shade or bright
sunlight will require additional structural changes that involve the regulation of the biosynthesis
and turnover of chloroplast components and are outside the scope of this article. Indeed, it
may be outside the genetic capabilities of most plant species to adapt completely to extremes
of both light and shade (Boardman 1977).

The mechanism summarized in figure 4 does not strictly speaking provide a 1:1 distribution
of excitation energy between PS I and PS II. What it does provide is a distribution that closely
approximates to that required to satisfy simultaneously the demands within the chloroplast for
ATP and reducing power (usually NADPH, but occasionally reduced ferredoxin). This is
achieved by regulating the relative rates of cyclic and non-cyclic electron transport. To illustrate
the point, let us consider a chloroplast that requires ATP and NADPH for the fixation of CO,
into sugar phosphates but for no other process. As mentioned above, this requirement can be
met by a distribution of excitation energy that is about 5:4 in favour of PS I. Let us suppose
that the chloroplast has been fixing CO, under white light and that for some minutes the level
of LHC phosphorylation has been such that the excitation energy has been distributed in a
5:4 ratio between PS I and PS II. Is the mechanism capable of restoring this ratio if the system
is suddenly perturbed?

Consider a perturbation in which white light is suddenly supplemented with sufficient 645 nm
light to provide a 1:1 distribution of excitation energy between the photosystems. The rate of
turnover of PS II will increase without a corresponding increase in the rate of turnover of PS 1.
As a result, the PQ pool becomes reduced, PS II traps begin to close and much of the additional
excitation energy in PS II is dissipated by chlorophyll fluorescence and other mechanisms. At
the same time, the protein kinase becomes more highly activated. Because cyclic electron trans-
port will persist under these conditions (Hind et al. 1981), the ATP/ADP ratio will remain
sufficiently high to permit enhanced LHC phosphorylation. As additional phosphorylated LHC
particles migrate from PS II to PS I, and the distribution of excitation energy between PS I
and PS II approaches the critical ratio of 5:4, the PQ pool becomes progressively oxidized, the
PS II traps open and a new position of equilibrium is attained in which the additional 645 nm
light is distributed between the photosystems and drives both cyclic and non-cyclic electron
transport and CO, fixation at higher rates.

How expensive is the mechanism in terms of ATP consumption? If the system is assumed to be
at equilibrium for most of the time, with the rate of LHC phosphorylation equal to the rate of
dephosphorylation, if dephosphorylation has a half-time of about 8 min (Bennett 1983), and if
the average level of LHC phosphorylation is about 20 nmol mg—! chlorophyll, then the rate of
phosphorylation of LHC is about 75 nmol ATP consumed mg~! chlorophyll h-1, or less than
0.19, of the maximum rate of ATP synthesis seen in isolated intact chloroplasts rapidly fixing
CO, (about 300 pmol ATP mg~! chlorophyll h—) (Hind et al. 1981). Thus, even under very
low light intensities, this mechanism for regulating the relative rates of ATP and NADPH
synthesis consumes negligible quantities of ATP.
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Discussion

P. Conen. Since we know that calmodulin is present in chloroplasts (H. W. Jarrett et al.,
J. biol. Chem. 257, 13795-13804 (1982)) and that it activates NAD kinase (J. M. Anderson &
M. J. Cormier, Biochem. biophys. Res. Commun. 84, 595-602 (1978)) as well as a protein kinase
that phosphorylates plant quinate: NAD oxidoreductase (R. Ranjeva et al., Proc. natn. Acad. Sci.
U.S.A. (in the press)), has Dr Bennett investigated whether LHC kinase activity is affected by
calcium ions or calmodulin, or by calmodulin antagonists such as the phenathiazine drugs?

J. BENNETT. The only data that I know of concerning the effects of Ca2* on the thylakoid pro-
tein kinase were published by Alfonzo et al. (1980), who showed that 3 mm Ca?* is only 8 9, as
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effective as 3 mm Mg?+ in satisfying the requirement of the kinase for a divalent metal cation
cofactor. A Ca?+-dependent protein kinase has been detected in extracts of dark-grown pea
shoots by Hetherington & Trewavas (1982). Ca?" activated in the 0.1-10 puym range. The kinase
was thought to be membrane-bound. The membranes concerned sedimented at 90000 g but
not at 12000 g. Because thylakoids should sediment at the latter value, this kinase is probably
not related to the thylakoid protein kinase.
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D. E. HANKE (Department of Botany, University of Cambridge, U.K.). There is evidence that the
chromoprotein phytochrome, which mediates many plant responses to light, is present in
chloroplast envelope. Since one of its modes of action is known to be to induce increased passive
fluxes of Ca2+ across membranes on absorbing red light, reversible by far-red light, the possi-
bility that calcium might be involved in the activation of LHC kinase is certainly worth
considering. '

J. BennErT. There is no direct evidence on this point. I have looked for effects of external Ca?*
on kinase activity in isolated mature chloroplasts, but the results have been negative so far. It
is possible that the membranes studied by Hetherington & Trewavas (1982) were etioplast
envelopes. If phytochrome is bound to etioplast envelopes it may activate a protein kinase on
the same membrane.

L. A. PiNNA (The University, Padua, Italy). Are there data available either supporting or ruling
out the possibility that the two protein kinases from chloroplasts recently described by Racker
et al. might be involved in the phosphorylation of Dr Bennett’s proteins?

J. BennerT. The two recent papers from Professor Racker’s laboratory (Lin ef al. 1982; Lucero
et al. 1982) report the purification and properties of two kinases from thylakoids. The authors
themselves express some doubt concerning the relation between these enzymes and the PQH,-
dependent enzyme.
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SIGURE 1. SDS-polyacrylamide gel electrophoresis of 32P-labelled thylakoids of pea chloroplasts. (a) Gel stained
with Coomassie Brilliant Blue. (b) Radioautogram of gel. Apparent molecular masses (kilodaltons) are
indicated.
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