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A synthetic peptide analogue of the phosphorylation site of LHC II, when phosphory-
lated by thylakoid membranes, served as a substrate for the thylakoid phosphoprotein
phosphatase. The phosphopeptide became dephosphorylated at a low rate, comparable
to that of the 9 kDa phosphoprotein. Phospho-LHC II itself became dephosphorylated
much more rapidly, at a rate unaffected by endogenous phosphorylation of the peptide.
Endogenous phosphorylation of the peptide was also without effect on other thylakoid
protein phosphorylation and dephosphorylation reactions. In contrast, dephosphoryla-
tion of many thylakoid phosphoproteins was inhibited by addition of a pure, chem-
ically-synthesised phosphopeptide analogue of phospho-LHC II. This result suggests
that at least one thylakoid phosphoprotein phosphatase exhibits a broad substrate
specificity. The results indicate that any one of a number of amino acid sequences can
give a phosphoprotein configuration that is recognised by a single phosphatase.
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Introduction

Reversible protein phosphorylation regulates protein
function in many aspects of prokaryotic and eukaryotic
metabolism, gene expression and response to environ-
mental change (Edelman et al. 1987). Protein phosphory-
lation is catalysed by protein kinases and dephosphoryla-
tion by protein phosphatases. In plants, a number of
protein phosphorylation systems have been found (Ran-
jeva and Boudet 1987). One of these is the chloroplast
thylakoid system that regulates photosynthesis (Bennett
1991, Allen 1992}). Phosphorylation of thylakoid proteins
is stimulated by light (Bennett 1979) and when phospho-
rylated material is then placed in the dark, it becomes
dephosphorylated (Bennett 1980). The phosphatase that
catalyses dephosphorylation of thylakoid phosphopro-
teins is membrane bound (Bennett 1980) and redox-inde-
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pendent (Silverstein et al. 1993). The enzyme was found
to be inhibited by classical phosphatase inhibitors fluo-
ride (Bennett 1980) and molybdate (Owens and Ohad
1982) but not by okadaic acid (Mackintosh et al. 1991,
Sun and Markwell 1992), an inhibitor of specific mam-
malian phosphatases (Cohen et al. 1990).

A central question is how protein kinases and phospha-
tases recognise their diverse protein substrates. Since
structural information is available for only a handful of
protein substrates (Johnson and Barford 1993), synthetic
peptides have played an important role in assessing the
specificity and recognition features of protein kinases and
phosphatases (Kemp and Pearson 1990, Kennelly and
Krebs 1991). Synthetic phosphopeptides have been used
to distinguish different protein phosphatases (Donella-
Deana et al. 1990, 1991) and as model substrates to
investigate their specificity (Agostinis et al. 1987, 1990),
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providing clues to sequence requirements for protein
phosphatase recognition. For the thylakoid phosphopro-
tein phosphatase, synthetic phosphopeptides mimicking
the N-terminal phosphorylation site of the LHC II have
been shown to act as substrates of a phosphoprotein
phosphatase. Dephosphorylation of phosphopeptides by
thylakoid membranes was similar to dephosphorylation
of endogenous LHC Il in its pH-dependence profile, in its
sensitivity to inhibitors, and in its divalent cation require-
ment (Sun et al. 1993). To test further the regulatory
properties of thylakoid phosphoprotein phosphatase and
the structural requirements of its substrates, we used both
unphosphorylated and phosphorylated synthetic peptides.
Our results demonstrate that dephosphorylation of a
phosphopeptide that has been phosphorylated by a thyla-
koid-bound protein kinase proceeds at a much lower rate
than that of phospho-LHC II. We also show that the
presence of endogenously phosphorylated peptide has no
effect on the dephosphorylation of LHC II or other thyla-
koid phosphoproteins. However, the corresponding
chemically-synthesised phosphopeptide exhibits an in-
hibitory effect on all phosphoprotein phosphatase reac-
tions. We suggest that any one of a number of amino acid
sequences can give a phosphoprotein configuration that is
sufficient for recognition of the phosphoprotein by a
single phosphatase. However, the configuration of other
domains in the native protein, remote from the phospho-
rylation site, may also be essential for efficient catalysis.
The possible regulatory role of molecular recognition
between thylakoid phosphoprotein phosphatase and its
substrates is discussed.

Abbreviations — Chl, chlorophyll; CP43, PS II (psbC) poly-
peptide; D1 and D2, 31 (psbA) and 32 (psbD) kDa PS Il reaction
centre polypeptides; DCC, dicyclohexylcarbodiimide; HF, hy-
drogen fluoride; HOBt, 1-hydroxybenzotriazole; LHC II, light
harvesting complex II; 9 kDa, PS II (psbH) polypeptide; PQ,
plastoquinone; PS I and 11, photosystem I and II; SDS-PAGE,
sodium dodecyl sulphate-polyacrylamide gel electrophoresis.

Materials and methods

Plant material

Pea seedlings (Pisum sativum L. cv. Sockerirt de grace)
were grown at 20°C with a 12 h light period. Leaves were
harvested during the light period 14-16 days after sow-
ing.

Preparation of the synthetic peptide

A 15 amino-acid synthetic peptide corresponding to an
N-terminal fragment of pea LHC II (RKSATTKK-
VASSGSP) and its phosphorylated form
(RKSAT[PO,ITKKVASSGSP) were synthesised by a
solid phase, t-Boc strategy according to Barany and Mer-
rifield (1980) and Grehn et al. (1987). The phosphopep-
tide was synthesized using the standard Boc-protocol on
an ABI 430A solid phase peptide synthesizer. In place of
phosphorylated threonine in the synthetic peptide, a Boc-
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Thr[OPO(OPh),] was incorporated. Boc-Thr{OPO
(OPh),] was obtained by phosphorylating Boc-Thr-OBn
with diphenylphosphochloridate according to Perich
(1991) and then hydrogenated using 5% Pd/C in ethyl-
acetate:acetic acid (25:1) for 2 h. The phosphothreonine
was coupled twice for 3 h using DCC and HOBt. The
peptide was cleaved from the resin with HF:Anisol (9:1)
for one hour at —5°C. After washing the resin with ether
and extracting the peptide with 30% acetic acid, the
peptide was lyophilized. The product was then hydro-
genated in the solution containing 200 mg peptides, 185
mg platinum oxide (PtO,) in H, at twice atmospheric
pressure in 12 ml 80% acetic acid for 4 days. The product
was purified on a 250 x 20 mm Kromasil 5 pm, C8
column with 1% TFA-acetonitrile gradient. The purity of
the phosphopeptide was >90% as revealed by HPLC and
mass spectroscopy (not shown). The correct mass accord-
ing to mass spectroscopy was 1585.5 Da (theoretical
mass: 1584.7 Da). High specific activity [y->?P]ATP was
obtained from Amersham. Other chemical reagents were
purchased from Sigma (St. Louis, MO, USA).

In vitro phosphorylation and dephosphorylation

Thylakoid membranes were isolated from pea chloro-
plasts by the method described in Harrison and Allen
(1991) and then stored on ice in darkness for 60 min prior
to radiolabelling. Phosphorylation of thylakoid mem-
brane proteins and of the synthetic peptide was carried
out by incubation of purified thylakoids at 0.2 mg Chl
ml™! together with 334 uM synthetic peptide in a medium
containing 0.1 M sorbitol, 50 mM HEPES (pH 7.6) and
MgCl,, NaCl, NH,C], all at 5 mM and [y-?P]ATP (0.2
mM) at a molar activity of 3.7 TBq mol™! at 22°C (Allen
and Findlay 1986) and by illuminating the samples for 10
min with a desk-lamp giving a light intensity ~ 130 pmol
m~2 5”1, Dephosphorylation was obtained by incubation of
the 32P-labelled samples in darkness from 10 to 180 min
with or without chemically-synthesised phosphopeptide
(final concentration 167 pM). Dephosphorylation time-
courses were started by switching off the light, and sam-
ples (100 pl) were withdrawn at intervals and immedi-
ately precipitated by mixing with 0.8 ml acetone (pre-
cooled at —20°C). The sample at zero time served as the
control (100% phosphorylation). The acetone suspension
was stored on ice for at least 30 min before centrifugation
at 13000 g for 2.5 min. The protein pellets were prepared
for gel electrophoresis as described below.

Polyacrylamide-gel electrophoresis

Samples were solubilized in 62.5 mM Tris-HCI (pH 6.8)
buffer, containing 12% glycerol, 5% 2-mercaptoethanol,
4.5% SDS, and 0.01% bromophenolblue by vortexing
and incubation at room temperature for 2 h until the
pellets were dissolved. The samples were heated to 70°C
for 5 min, and centrifuged at 13000 g for 5 min before
loading on the slab gel. SDS-PAGE was performed on
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Fig. 1. SDS-PAGE phosphorimage of the time-course of de-
phosphorylation of both endogencusly phosphorylated peptide
and pea thylakoid phosphoproteins. Purified pea thylakoid
membranes were incubated with the unphosphorylated peptide
in a reaction medium with [y-*P]ATP, illuminated for 10 min.
The *P labelled samples were subsequently incubated in dark-
ness for 0, 10, 20, 40, 60, 90, 120 and 180 min. Stained gels for
all the samples are identical (not shown). Tracks were loaded
with protein equivalent to 2 pg chlorophyll.

10-25% gradient gels with the buffer system of Laemmli
(1970). Silver staining of the gels was performed accord-
ing to manufacturer’s instructions for Bio-Rad ‘silver
stain plus’. Gels were dried and subsequently analysed by
phosphorimaging. The quantity of radioisotope present in
the specific bands was measured using a Fuji Bio-Imag-
ing analyzer BAS 2000.

Chlorophyll determination

Chlorophyll determination in 80% acetone was per-
formed by the method of Arnon (1949).

Results and discussion

The potentially phosphorylated residues in pea LHC II
have been identified (Mullet 1983) and shown to be
preferentially Thr-5 (Thr-6 if the N-terminal Met is
counted as the first amino acid) (Bennett et al. 1987).
From the pea LHC II sequences deduced by Cashmore
(1984), a synthetic peptide (RKSATTKKVASSGSP) ana-
logue of an N-terminal segment of LHC II and its phos-
phorylated form (RKSAT[PO,JTKKVASSGSP) were
synthesised. The unphosphorylated synthetic peptide was
phosphorylated by a thylakoid protein kinase simulta-
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neously with native thylakoid proteins when the peptide
was incubated together with thylakoid membranes illumi-
nated in the presence of [y-**P]ATP. Dephosphorylation
of this phosphopeptide (here termed ‘endogenously phos-
phorylated peptide’) and of the other thylakoid phospho-
proteins started when the light was switched off. Figure 1
is a phosphorimage of an SDS-PAGE gel showing a
typical time-course of dephosphorylation of endoge-
nously phosphorylated peptide and thylakoid phospho-
proteins. The relative quantities of the *P-labelling in
specific bands of the phosphorimage are shown in Fig. 2.
As can be seen in Figs 1 and 2, despite its identical
sequence with a fragment of LHC II, the endogenously
phosphorylated peptide was dephosphorylated slowly, at
a rate comparable to that of dephosphorylation of the 9
kDa phosphoprotein. Dephosphorylation of phospho-
LHC II was much more rapid, with a half-time of 7 min,
in agreement with results obtained in the absence of
peptide (Cheng et al. 1994). The phosphopeptide served
as a weak substrate for the phosphatase, indicating that
the recognition features required by the phosphatase were
present in the phosphopeptide. However, since dephos-
phorylation of the endogenously phosphorylated peptide
was slow compared to the dephosphorylation of its parent
protein LHC TI, some structural feature of the phospho-
peptide must be unfavourable for the phosphatase activ-
ity. Slower dephosphorylation of the phosphopeptide
may also be caused either by low stability of the structure
of the phosphopeptide or by a higher probability that
membrane proteins interact with each other than with a
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Fig. 2. Quantification of *P-labelling in specific bands of the
phosphorimage shown in Fig. 1. The sample incubated at zero
time served as 100% *P incorporation. Peptide (---), LHC II
(@), 9 kDa (O), CP43 (W), 56 kDa ([0), 12 kDa (), 20 kDa
{A), 18 kDa (A), 16 kDa (@), DI (+), D2 (x).
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Fig. 3. SDS-PAGE phosphorimage of the time-course of de-
phosphorylation of both endogenously phosphorylated peptide
and pea thylakoid phosphoproteins in presence of exogenous
phosphopeptide. The #P labelled samples were incubated with
167 uM of exogenous phosphopeptide in darkness for 0, 10, 20,
40, 60, 90, 120 and 180 min. Stained gels for all the samples are
identical (not shown). Tracks were loaded with protein equiv-
alent to 2 pg chlorophyll.

protein in solution. Competition of a membrane protein
with a soluble protein for the same binding site is in-
completely understood. Nevertheless, other factors may
be responsible for less efficient catalysis of the endoge-
nously phosphorylated peptide by the thylakoid phospho-
protein phosphatase. These factors could include absence
of other domains in the native protein, remote from the
phosphorylated site, or a low stability of the proper con-
figuration on the phosphopeptide.

The presence of endogenously phosphorylated peptide
did not interfere with the dephosphorylation of phospho-
LHC II. Similar results were observed on the dephospho-
rylation of most other thylakoid phosphoproteins
(Fig. 2). The results show that the thylakoid phosphopro-
tein phosphatase is activated not enly by its native sub-
strates, but also by an exogenous product of the kinase
reaction. On the other hand, although the total concentra-
tion of the phosphopeptide is higher than those of the
phosphoproteins (Fig. 1, Lane time (), it does not com-
pete significantly with them for the phosphatase. The
difference between the phosphoproteins and the phospho-
peptide in recognition by the phosphoprotein phosphatase
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may be responsible for their different rates of dephospho-
rylation.

Figure 3 shows a phosphorimage of SDS-PAGE frac-
tionation of the time-course of dephosphorylation of both
endogenously phosphorylated peptide and thylakoid
phosphoproteins in presence of the chemically-synthe-
sised phosphopeptide (RKSAT[PO,TKKVASSGSP).
The chemically-synthesised phosphopeptide acts as a
competitive inhibitor not only of phospho-LHC II, but
also of all the thylakoid phosphoproteins (Cheng et al.
1994). By addition of the same phosphopeptide in the
system with the endogenously phosphorylated peptide
present, the dephosphorylation of most thylakoid phos-
phoproteins was inhibited (Fig. 4). The inhibitory effects
are stronger on the rapidly dephosphorylated phospho-
proteins such as LHC II and 36 kDa phosphoprotein
compared to those slowly dephosphorylated phosphopro-
teins such as 9 kDa and endogenously phosphorylated
peptide, the dephosphorylation of which were hardly de-
tectable. However, the inhibitory effects of the chem-
ically-synthesised phosphopeptide on the dephosphoryla-
tion of thylakoid phosphoproteins in the presence of en-
dogenously phosphorylated peptide are slightly less
compared with the dephosphorylation of thylakoid phos-
phoproteins in the absence of endogenously phosphory-
lated peptide. We have measured the concentration of the
phosphorylated peptide in the solution of the endogenous
peptide by HPLC. The chromatographic peak of the
phosphopeptide was not detectable although the phos-
phorylated and unphosphorylated peptides were clearly
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Fig. 4. Quantification of the P labelling in specific bands of
phosphorimage shown in Fig. 3. The sample incubated at zero
time served as 100% *2P incorporation. Peptide (---), LHC II
(@), 9 kDa (), CP43 (W), 56 kDa ((J), 12 kDa (), 20 kDa
(), 18 kDa (A), 16 kDa (4), D1 (+), D2 {x).
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resolvable on the control assay (data not shown). The
concentration of the phosphopeptide in the solution con-
taining endogenously phosphorylated peptide is therefore
negligible compared to that of the unphosphorylated pep-
tide. This again supports the conclusion that the phospho-
peptide is a weak substrate compared to the membrane
phosphoproteins and is able to inhibit the phosphatase
only at high concentration. We cannot exclude very lim-
ited feedback control of the phosphatase by the concen-
tration of the substrate but our experiments make such
control less probable.

In summary, our results show that the presence of the
endogenously phosphorylated peptide served only as a
weak substrate of the phosphatase, with a dephosphoryla-
tion rate similar to that of the 9 kDa phosphoprotein,
which has a sequence at the phosphorylation site un-
related to that of LHC II (Michel and Bennett 1987) and
the phosphopeptide. When the chemically-synthesised
phosphopeptide was present at a concentration much
higher than that of the endogenously phosphorylated pep-
tide, it acted as a competitive inhibitor of the phospha-
tase, not only for dephosphorylation of LHC 1I but also
for dephosphorylation of other thylakoid phosphopro-
teins. The results are in agreement with our previous
observation and support the conclusion that at least one
phosphoprotein phosphatase in thylakoid membranes ex-
hibits a broad substrate specificity. The results indicate
that any one of a number of amino acid sequences can
give a phosphoprotein configuration that is sufficient for
recognition of the phosphoprotein by a single phospha-
tase. However, the configuration of other domains remote
from the phosphorylated site of the substrate are likely to
be essential for efficient catalysis. The availability of
phosphopeptides creates the possibility of using an artifi-
cial structure for specific detection and assay the thyla-
koid phosphoprotein phosphatase. Future experiments in-
volving structural and enzymological characterisation of
synthetic phosphopeptide analogues of the phosphoryla-
tion site of other thylakoid phosphoproteins as substrates
for the thylakoid phosphoprotein phosphatase should
clarify the general structural features required for sub-
strate recognition.
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