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Introduction

Reversible protein phosphorylation of chloroplast thylakoid membranes
regulates the distribution of excitation energy between the two photo-
systemns during linear electron flow (Allen 1992). The protein kinase
responsible for phosphorylation of a number of thylakoid proteins is
membrane bound, and is regulated by the redox state of a component of
the photosynthetic electron transport chain, probably by a quinone-
semiquinone couple associated with the cytochrome b.f complex (Silvers-
tein et al. 1993a). The dephosphorylation reactions of all thylakoid mem-
brane phosphoproteins are catalysed by a phosphoprotein phosphatase
which is not under redox control (Bennett 1980; Silverstein e/ al, 1993b).
 However, the actual number of the protein kinases and phosphatases
responsible for all thylakoid protein phosphorylation-dephosphorylation
reactions is not clear, and the regulatory mechanism of these enzymes, the
structure-function relationships and their substrate specificity are still
unknown. Previous studies on chloroplast thylakoid protein kinase and
phosphatase using synthetic peptides have shown that peptides could act
as substrates of the LHCII kinase (Michel and Bennett 1989) and phos-
phoprotein phosphatase (Sun ef al. 1993). Here we describe effects on the
kinetics and substrate specificity of both thylakoid protein kinase and
phosphatase using synthetic peptides corresponding to an N-terminal frag-
ment of pea LHCII in both its phosphorylated and dephosphorylated
forms. We found that both the thylakoid protein kinase and the phos-
phatase exhibit broad substrate specificity. We suggest that amino acid
residues in the N-terminal domain of LHCII take part in protein-protein
interactions between the LHCII, PSII core proteins and the protein kinase.
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Materials and methods

The synthetic peptide corresponding to the N-terminal fragment of pea
LHCII (RKSATTKKVASSGSP) was synthesized by a solid phase, t-Boc
strategy as described by Barany and Merrifield (1980). For the synthetic
phosphopeptide (RKSAT(PO4)TKKVASSGSP), in place of phosphory-
lated threonine, a Boc-Thr[OPO(OPh),} group was incorporated and a
deprotection step carried out as described by Grehn ef al. (1987).

Pea (Pisum sativum L.) thyvlakoid membranes were isolated from pea
chloroplasts by the method described by Harrison and Allen (1991} and
the thylakoid suspension at approximately 2mg chlorophyll mi™ was
stored on ice in darkness for 60 min prior to radiolabelling. Phosphory-
fation of thylakoid membrane proteins and of synthetic peptide (RKSAT-
TKKVASSGSP) was carried out by incubation of washed thylakoid
membranes equivalent to 200 ug chlorophyll ml~' with concentrations
of peptide ranging from 0 to 4mM in a reaction medium as described
by Allen and Findlay (1986). The phosphorylation reaction was started
by illuminating the samples with a desk-lamp giving a light intensity
~130umol m~2s7'. The reaction was terminated by addition of 8
volumes of acetone (precooled to --20°C). The time-course of dephosp-
horylation was obtained by incubation of the labelled thylakoid membranes
in darkness with either 167 uM synthetic phosphopeptide (RKSAT(PO4)-
TKKVASSGSP), 10mM NaF or 15 M antimycin A. Time-courses were
started by switching off the light, and samples (100 xl) were withdrawn at
appropriate time intervals and immediately precipitated by mixing with
0.8 m! acetone (precooled at —20 °C). The protein pellets were solubilized
in SDS-sample buffer and separated on 12-25 per cent SDS-PAGE gel.
Gels were stained (Coomassie Blue or silver nitrate), dried, and subse-
quently analysed by phosphorimaging using a Fuji Bio-Imaging analyzer
BAS 2000.

Results and discussion
Effects of a synthetic peptide on protein phosphorylation

The synthetic peptide analogue of the N-terminal fragment of pea LHCII
(RKSATTKKVASSGSP) became phosphorylated by the action of a thyla-
koid protein kinase and had a marked effect on the phosphorylation of
thylakoid membrane proteins. Figure 17.1 shows a typical pattern of SDS-
PAGE analysis and a phosphorimage of P-labelled pea thylakoid
membrane proteins in the presence of various concentrations of the pep-
tide. Phosphoproteins can be seen at 56, 45 (CP43), 40, 32 (I22), 31 (D1},
20, 18, 16, and 12 kDa, in addition to the heavily labelled light harvesting
complex II (LHCII), 9kDa and synthetic peptide (1.5kDa). Different
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Fig. 17.1. SDS-PAGE silver stained (A) and phosphorimage (B) of phosphoryla-
tion of pea thylakoid membrane proteins and synthetic peptide. Samples were
phosphorylated by illumination for 5 min. Dark incubation served as a control and
is shown in track a. Synthetic peptide concentrations were: 0, 0, 0.084, 0.17, 0.33,
0.67, 1.0, 1.34, 2.0, 2.67, and 4.0 mM corresponding to tracks a-k respectively.
The sample illuminated for 5min in the absence of peptide served as 100%
3p incorporation (track b). Tracks were loaded with protein equivalent 10 2 ug
chlorophyil.

concentrations of the peptide had different effects on phosphorylation of
LHCH, photosystem I (PSII) core proteins and other minor proteins of
thylakoid membranes. By increasing the peptide concentration, most
thylakoid proteins underwent two changes: at low peptide concentrations
the phosphorylation of LHCII, PSII core proteins, and some minor
thylakoid proteins increased to a certain extent, whereas phosphorylation
of LHCI] increased to a greater extent. Maximum stimulation was
obtained at 0.33mM peptide concentration (Fig. 17.1B lane e and
Fig. 17.2), where the extent of phosphorylation varied from {20 to 180 per
cent of the control value. Thereafter, phosphorylation of all the thylakoid
proteins decreased with increasing peptide concentration, with LHCII
being the most affected. Figure 17.2 shows the quantification of 2p
labelling of pea thylakoid membrane proteins in the presence of varicus
concentration of the peptide. The stimulation of phosphorylation at low
peptide concentration may result from activation of the protein kinase
whereas the inhibitory effect of the peptide may be explained by a competi-
tion between the peptide and the other substrates of the kinase.
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Fig. 17.2. Quantification of the **P labelling in specific bands of the phospho-
rimage shown in Fig. 17.1. LHCI, filled circles; 9 kDa, open circles; CP43, filled
squares; 56 kDa, open squares;, 12 kDa, open rhombus; 20kDa, open triangles;
18 kDa, dotted ling; 16 kDa, solid line; 40 kDa, filled rhombus; D1, pius; D2,
asterisks.

Light-state transitions are a mechanism by which photosynthetic orga-
nisms regulate the distribution of light excitation between the two photo-
systems (Allen ef al. 1981; Allen 1992). It has been proposed that the
transient existence of a ‘supercomplex’ of LHCII with PSII and the
cytochrome b¢/f complex, interconnected by confined plastoquinone
molecules, is a control mechanism for linear electron flow from PSII
{Lavergne and Joliot 1991), and that a specific diffusion of cytochrome
b/f complex from the grana to the stromal domain during the state 2 tran-
sition activates cyclic electron flow in photosystem I, Based on the struc-
ture of LHCH (K{hlbrandt and Wang 1991; Kihlbrandt et a/. 1994), it
might be expected that most of the subunit-subunit interactions of the
LHCII monomer will be mediated by residues in the N-terminal domain.
Alterations near the N-terminus may affect trimer formation or associa-
tion of LHCII with the PSII core proteins. The N-terminal domain of
LHCIH and other thylakoid proteins may thus play an important part in
protein-protein interactions within the thylakoid membrane. The LHCII



Phosphorylation of thylakoid membrane proteins 203

associated with the membrane-bound protein kinase by the residues in the
N-terminal domain, together with the cytochrome b/f complex or some
other proteins, may form a supercomplex. The peptide analogue of the
N-terminal segment of LHCII would be recognized by the kinase and
occupy the binding site between LHCII and the kinase, changing their
structural interactions. As soon as the LHCII binding site becomes
saturated by the peptide, the peptide may compete for the kinase with
thylakoid protein, producing an inhibitory effect (Fig. 17.2). The synthetic
peptide analogue of the N-terminal segment of LHCII was originally
expected to act as a substrate for LHCII kinase and to inhibit com-
petitively the phosphorylation only of the LHCII, but it was found that
the effects of the peptide on phosphorylation of different thylakoid pro-
teins are very similar (Fig. 17.2). This observation indicates that all of the
recognition features required by the protein kinase could be present in
most thylakoid proteins including LHCI, PSII core proteins as well as
the I5-residue synthetic peptide. We thus suggest that thylakoid protein
kinase exhibits broad specificity and phosphorylates multiple thylakoid
membrane proteins.

Effects of a synthetic phosphopéptide and phosphatase inhibitors on
phosphoprotein dephosphorylation

Figure 17.3. shows a phosphorimage of the time-course of dephosphoryla-
tion reactions of pea thylakoid phosphoproteins separated by SDS-PAGE.
Purified pea thylakoid membranes became phosphorylated under illumi-
nation. When phosphorylated thylakoid membranes were then incubated
in darkness, the phosphoproteins became dephosphorylated with very dif-
ferent kinetics. The relative quantities of **P in specific bands of the
phosphorimage are shown in Fig. 17.4. The dephosphorylation half-time
(the time when 50 per cent of the initial P label remained) of each
phosphoprotein is shown in Table 17.1. The most rapidily dephosphory-
lated protein was phospho-LHCII, with a half-time of 7 min. The most
slowly dephosphorylated proteins were the 18kDa and 9kDa phospho-
proteins, with about 60~70 per cent *P remaining in these bands even
after 180 min.

Fluoride inhibits the dephosphorylation of LHCII and 9 kDa proteins
(Bennett 1980), but whether this inhibitor has a similar effect on other
phosphorylated components in thylakoid membranes is not clear. Anti-
mycin A is a cytochrome byf complex inhibitor, interacting with the
quinone reductase site of the complex, and has been found to activate
LHCII phosphorylation (Gal ef al. 1988). To investigate further the
substrate specificity of thylakoid protein phosphatase, and to examine
the effect of inhibitors on the phosphatase, a synthetic phospho-
peptide (RKSAT(POHTKKVASSGSP) analogue of the N-terminal
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Fig. 17.3. SDS-PAGE of the time-course of dephosphorylation of pea thylakeid
membrane phosphoproteins. Track 1 shows the molecular weight markers. Track
3 shows the Coomassie blue stained gel for the O time incubation in darkness.
Stained gels for all the samples are identical. Tracks 3-10 are phosphorimages
showing the extent of 2P labelling at different incubation time in darkness.
Track 3 (Omin), track 4 (10min), track 5 (20 min), rack 6 (40 min), track 7
(60 min), track 8 (90 min), track 9 (120 min), track 10 (180 min).

phosphorylation site of LHCII was used in conjunction with sodium
fluoride and antimycin A. Figure 17.5 shows a phosphorimage of the time-
course of dephosphorylation of pea thylakoid membrane phosphoproteins
in the presence of peptide, NaF, and antimycin A. The synthetic
phosphopeptide analogue of the N-terminal segment of LHCII acts as a
competitive inhibitor not only of phospho-LHCI, but of all the
phosphoproteins. NaF at 10 mM partially inhibits most phosphoprotein
dephosphorylations. Antimycin A at 15 #M causes slight inhibition of the
dephosphorylation of some phosphoproteins, notably of CP 43. The half-
times of dephosphorylation reactions of thylakoid phosphoproteins in
presence of the phosphopeptide, NaF, and antimycin A are listed in Table

17.1.
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Fig. 17.4. Quantification of the 2P Labelling in specific bands of the phospho-
rimage shown in Fig. 17.3. The sample incubated at zero time served as 100% **P
incorporation. (a), LHCIL, filled circle. (b), 56 kDa, filled circles; 12 kDa, open
circles; D1, filled squares; 16 kDa, open squares, 20 kDa, filled triangies;, CP43,
open trigngles; D2, asterisks. 10 kDa, filled circles; 48 kDa, open circles; 40 kDa,
filled squares, 18 kDa, open squares; 9 kDa, filled triangles.
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Table 17.1 The haif-times of the dephosphorylation of thylakoid phospho-
proteins in the absence and presence of synthetic phosphopeptide, NaF, and

antimycin A,

Phospho- No Synthetic NaF Antimycin
proteins addition phospho- (min) A
(min) (min) (min)
LHCII 7 86 98 7
36 kDa 17 125 109 18
12 kDa 1% >180 141 27
D1 23 125 116 25
16 26 129 156 33
20 kDa 33 180 =180 73
CP43 43 98 37 98
b2 47 131 102 59
70 kDa 80 147 103 96
48 kDa 122 159 - 141
40 kDa 147 180 147 147
18 kDa > 180 >180 >180 >180
9kDa >180 >180 >180 >180

2p_jabetied thylakoid proteins were incubated in darkness in absence and presence of synthetic
phosphopeptide, NaF and antimycin A for a range of times between 10 min and 180 min. The
samples were {ractionated by SDS-PAGE and subsequent analysis by phosphorimaging using a
Fuji Bio-Imaging analyzer BAS 2000 (see Figs 17.1 and 17.3). The half-times were calculated when

50% of the initial °

P label remained.
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Fig. 17.5. Phosphorimage of the time-course of dephosphorylation of pea thyla-
koid membrane proteins in presence of (A) synthetic phosphopeptide, (B} NaF,

and (C) antimycin A.
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Conclusions

We demonstrated that the peptide (RKSATTKKVASSGSP) affects the
phosphorylation of different thylakoid proteins. These results provide
direct evidence for the existence of a thylakoid protein kinase which
exhibits broad substrate specificity and phosphorylates a large number of
thylakoid proteins including LHCII, PSII core proteins and some minor
thylakoid proteins. Activation of thylakoid protein kinase by the synthetic
peptide indicates that the protein-protein interactions between the kinase
and thylakoid proteins maybe mediated by residues in the N-terminal
domain. We also suggest that structural features required for recognition
of the phosphoprotein phosphatase are common to different thylakoid
phosphoproteins as well as to the phosphopeptide itself: at least one
thylakoid phosphoprotein phosphatase exhibits a broad substrate speci-
ficity. The synthetic peptide analogue of an N-terminal segment of
phosphorylated thylakoid protein is of particular interest for characteriza-
tion of structure, function and substrate specificity of the protein kinase.
It will be important to know if the synthetic peptides with the N-terminus
of the 9 kDa protein act as substrates for the thylakoid protein kinase. The
possible mechanism of regulation of both thylakoid protein kinase and
phosphatase are currently under further investigation.
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