FEBS Letters 423 (1998) 178-182

FEBS 19856
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Abstract Phosphothreonine antibody was used to explore
reversible thylakoid protein phosphorylation in vivo in evolution-
ally divergent organisms with oxygenic photosynthesis. Three
distinct groups of organisms were found. Cyanobacteria and red
algae, both with phycobilisome antenna system, did not show
phosphorylation of any of the photosystem II (PSII) proteins and
belong to group 1. Group 2 species, consisting of a moss, a
liverwort and a fern, phosphorylated both the light-harvesting
chlorophyll a/b proteins (LHCII) and the PSII core proteins D2
and CP43, but not the D1 protein. Reversible phosphorylation of
the D1 protein seems to be the latest event in the evolution of
PSII protein phosphorylation and was found only in seed plants,
in group 3 species. Light-intensity-dependent regulation of
LHCII protein phosphorylation was similar in group 2 and 3
species, with maximal phosphorylation of LHCII at low light and
nearly complete dephosphorylation at high light.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

Several thylakoid proteins of higher plants undergo rever-
sible light-dependent phosphorylation [1,2]. These phospho-
proteins mainly belong to the photosystem II (PSII) complex,
including the heterodimeric reaction center polypeptides D1
and D2, the internal chlorophyll a antenna polypeptide CP43
and the 9 kDa psbH gene product as well as the two major
polypeptides of the light-harvesting chlorophyll a/b binding
complex (LHCII). Reversible phosphorylation of all these
proteins occurs at the N-terminal threonine residue on the
stromal side of the thylakoid membrane [3,4]. Additionally,
a chill-induced light-dependent phosphorylation of a minor
chlorophyll a/b binding protein CP29 has been shown to oc-
cur in maize leaves [5]. Reversible phosphorylation of PSII
proteins in lower photosynthetic organisms is less well char-
acterized. Phosphorylation of D1, D2 or CP43 in red algae or
cyanobacteria has not been reported (for reviews, see [6,7]),
yet the phenomenon has been supposed to be involved in
regulatory processes of PSII function [6,8]. Chlorophyll b-pos-
sessing lower eukaryotic organisms, like green algae and
mosses, also appear to differ from higher plants with respect
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Abbreviations: PSII, photosystem II; LHCII, light-harvesting chloro-
phyll a/b binding protein of PSII; PFD, photon flux density; P-thr,
phosphothreonine; P-CP43, P-D2, P-D1 and P-LHCII, phosphoryl-
ated forms of CP43, D2, D1 and LHCII, respectively

to PSII core protein phosphorylation [9,10]. On the other
hand, LHCII polypeptide phosphorylation has been estab-
lished also for green algae [11-13].

Reversible LHCII polypeptide phosphorylation has been
implicated in the regulation of excitation energy distribution
between the two photosystems [6,14] while the physiological
significance of PSII core protein phosphorylation is not yet
fully resolved. Reversible D1 protein phosphorylation of high-
er plants has been shown to play an important role in the
regulation of DI protein turnover and hence the repair of
PSII centers under photoinhibitory conditions [15,16]. PSII
repair cycle also involves a conversion of PSII dimers to
monomers [17]. The stability of PSII dimers is possibly con-
trolled by reversible phosphorylation of PSII core proteins
thus providing another level of regulation for D1 degradation
[18]. Thylakoid protein phosphorylation, however, may not
only be involved in a short-term regulation of photosynthetic
processes but possibly also has a crucial role in physiological
and metabolic signalling within chloroplasts or even in the
crosstalk between the chloroplast and the nuclear genomes.

Recent application of the phosphothreonine antibody for
studies of thylakoid protein phosphorylation has made it pos-
sible to investigate the dynamics of thylakoid protein phos-
phorylation in intact plants [19]. In the present study we have
addressed a question on phosphorylation of PSII proteins and
its response to the irradiance level in evolutionally divergent
oxygenic photosynthetic organisms, which has been a matter
of confusion in attempts to reveal the physiological role of
PSII protein phosphorylation.

2. Materials and methods

Synechocystis sp. PCC 6803 wild type cells were grown in BG-11
medium under continuous light of 50 umol photons m™~2 s™!. Aseptic
cultures of Ceratodon purpureus protonemata were grown in culture
medium on cellophane membranes [20] under a photon flux density
(PFD) of 50 umol photons m~2 s~! at 20°C. Marchantia polymorpha,
a liverwort, and Adiantum tenerum, a fern, were grown in a green-
house under low irradiance (30 umol photons m™2 s™') in a 12/12 h
light rhythm. Pumpkin (Cucurbita pepo L.) and winter rye (Secale
cereale L.) were grown at 300 pmol photons m™2 s~! in a 16/8 h light
rhythm at 20°C for pumpkin and at 20°C/13°C for rye. Ceramium
tenuicorne, a red alga, was collected from its natural habitat (the coast
of the Baltic Sea in southwestern Finland) and exposed to different
light treatments during the same day.

For analysis of the steady-state level of thylakoid protein phospho-
rylation, the photosynthesizing tissue of different species was har-
vested in the end of the 12-h dark period, after 4 h in growth light
conditions and after a high-light treatment of intact plants. Rye plants
were additionally treated at several intermediary light intensities.
High-light treatment of the higher plants was given under a metal-
halide lamp (HQI-T 250 W/daylight) at a PFD of 2000 umol photons
m~2 s7! for 4 h. Less severe light treatments were given for low-light
grown organisms; Synechocystis, Ceratodon and Adiantum were illu-
minated for 4 h and Ceramium and Marchantia for 1 h at a PFD of
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500 umol photons m™2 s~!. After different light treatments, samples

were immediately frozen in liquid nitrogen and stored at —80°C.

Thylakoid membranes of Synechocystis were isolated according to
Tyystjarvi et al. [21] in the presence of 10 mM NaF to inhibit thyla-
koid protein dephosphorylation. For other species the thylakoids were
rapidly isolated by homogenizing the tissue in ice-cold isolation buffer
(350 mM sucrose, 25 mM Tris-HCI, pH 8.5, 5 mM Mg-acetate, S mM
K-acetate, 10 mM NaF). After filtration through Miracloth, thyla-
koids were collected by centrifugation at 6000Xg, for 2 min, at
4°C, washed in 25 mM Tris-HCI, pH 8.5, 10 mM Mg-acetate, 100
mM K-acetate, 10 mM NaF and finally suspended in the isolation
buffer and stored at —80°C. The chlorophyll content of plants with
LHCII antenna was determined according to Porra et al. [22] while
the method of Arnon [23] was used to determine chlorophyll a content
in Synechocystis and Ceramium, possessing a phycobilisome antenna
as a light-harvesting system for PSII.

Thylakoid polypeptides were separated by SDS-PAGE essentially
according to Laemmli et al. [24], using 15% acrylamide and 6 M urea
in the separation gel. Thylakoid samples equivalent to 2.5 ug chloro-
phyll for Synechocystis and Ceramium, 1.5 pg of chlorophyll for
Ceratodon, Marchantia and Adiantum, and 1 pg of chlorophyll for
pumpkin and rye were loaded in the wells. Polypeptides were electro-
blotted to a PVDF membrane (Immobilon P, Millipore). After block-
ing with 1% BSA (fatty acid free, Sigma), thylakoid phosphoproteins
were immunodetected with a commercial polyclonal phosphothreo-
nine antibody (Zymed Laboratories Inc.) using an Immuno-Lite As-
say Kit (BioRad). D1, D2, CP43, CP29 and LHCII were immunode-
tected with protein-specific antibodies. The D1-specific antibody was
raised against the amino acids 234-242 of the D-E loop of D1 protein
and the D2-specific antibody against the amino acids 230-245 of the
D-E loop of D2 protein in Synechocystis 6803 (Research Genetics,
Huntsville, AL). Protein-specific antibodies against CP43, CP29 and
LHCB2 were generous gifts from Dr. Roberto Barbato, Dr. David
Simpson and Dr. Stefan Jansson, respectively.

3. Results

3.1. Reversible phosphorylation of thylakoid proteins in
angiosperms

Pumpkin and rye responded to changing light conditions
with clear modifications in the steady-state phosphorylation
level of the thylakoid proteins (Fig. 1), and essentially similar
results were also obtained for pea (data not shown) and spin-
ach [19]. The main phosphoproteins were identified as P-
CP43, P-D2, P-D1 and P-LHCII, with protein-specific anti-
bodies (Fig. 1). Detection of the 9 kDa phosphoprotein was
not consistently successful. In pumpkin, nearly complete de-
phosphorylation of the phosphoproteins took place during the
dark period and the level of phosphorylation of all the phos-
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Fig. 1. Reversible thylakoid protein phosphorylation in higher
plants. A: Steady-state phosphorylation level of thylakoid proteins
in pumpkin leaves after incubation in darkness, in growth light (300
umol photons m™2 s7!) and in high light (2000 pmol photons m~?
s71). On the right hand side, an immunoblot (i) with protein-specific
antibodies demonstrating the migration of CP43, D2, P-DI1, D1 and
LHCB2. B: Thylakoid phosphoproteins in rye plants illuminated
under different PFDs. On the right hand side, an immunoblot (i)
showing the migration of CP29. The corresponding light intensities
are indicated above the lanes.

phoproteins increased after a shift to growth light (Fig. 1A).
During high-light treatment, the PSII core protein phospho-
rylation further increased whereas LHCII was almost com-
pletely dephosphorylated, as also shown earlier [19]. Fig. 1B
depicts in more detail the steady-state phosphorylation pat-
tern of thylakoid proteins in intact rye plants under different
irradiance levels. Phosphorylation of D1 increased with in-
creasing light intensity and did not show saturation in the
light regime (up to 2000 umol photons m™2 s™') used in
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Fig. 2. Thylakoid protein phosphorylation in differentially light-treated lower plants with LHCII antenna. Ceratodon, Marchantia and Adiantum
were exposed to darkness, to growth light and to high light, and the PSII phosphoproteins were analyzed with phosphothreonine-specific anti-
body. The corresponding light intensities are indicated above the lanes. For quantitative comparison of immunolabelling, a thylakoid sample of

rye, illuminated at 600 umol photons m™2 s™!

s~', was run in parallel with the lower plant samples. On the right hand side, an immunoblot (i)

with protein-specific antibodies demonstrating the migration of CP43, D2, P-D1, D1 and LHCB2 in Adiantum (A) and rye (R).



180
A :
kDa _ anti-Pthr '
0 50 500 500 PFD
e W —CP43
' —D2
- — DI
24|
B
kDa anti-P-thr i
0 50 500 500 ppp
—CP43
—D2
31— _ D1
2 —
15 —

Fig. 3. Thylakoid phosphoproteins in phycobilisome-containing pho-
tosynthetic organisms. Cyanobacterium Synechocystis 6803 (A) and
red alga Ceramium tenuicorne (B) were incubated in darkness and

under low and high irradiances (50 and 500 umol photons m~2 s™!,

respectively) and the thylakoid protein phosphorylation was ana-
lyzed with a phosphothreonine antibody (exposure times of X-ray
films were five times longer than in Figs. 1 and 2). On the right
hand sides, immunoblots (i) with protein-specific antibodies against
CP43, D2 and D1 are shown.

this experiment. Phosphorylation of D2 and CP43 responded
to increasing irradiance very similarly to that of the D1 pro-
tein. As in pumpkin [19], LHCII showed maximal phospho-
rylation well below the growth light intensity (300 pmol pho-
tons m~2 s!) and then sharply declined as irradiance
increased. Interestingly, exposure of rye plants to high irradi-
ance (2000 pmol photons m~2 s™') also resulted in an accu-
mulation of a 33 kDa phosphoprotein in the thylakoid mem-
brane. This polypeptide cross-reacted with a CP29-specific
antibody (Fig. 1B) and possibly represents the phosphorylated
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form of the 29 kDa chlorophyll a/b binding protein [5]. It
should be noted that in our gel system the phosphorylated
and non-phosphorylated forms of CP29 could not be sepa-
rated.

3.2. Thylakoid phosphoproteins in lower eukaryotic
photosynthetic organisms with LHCII antenna

No distinct reversible D1 protein phosphorylation was de-
tected in lower eukaryotic oxygenic organisms (Fig. 2). Hardly
any signal was detected in the thylakoids of Ceratodon (moss)
or Marchantia (liverwort) and only a faint immunoresponse in
the region where P-D1 migrates in higher plants was obtained
with the phosphothreonine antibody in Adiantum (fern).
Moreover, this phosphoprotein was not recognized by the
D1-specific antibody, which cross-reacted with both the non-
phosphorylated and phosphorylated forms of D1 in the higher
plants (Fig. 2). Neither did different irradiance conditions in-
duce any D1 phosphorylation in these species. Opposite to the
D1 protein, both D2 and CP43 were clearly phosphorylated in
Ceratodon, Marchantia and Adiantum (Fig. 2). In Ceratodon
and Marchantia, D2 and CP43 remained phosphorylated also
in darkness and at low light, and the phosphorylation level
hardly increased with increasing light intensity. However, in
Adiantum, D2 and CP43 were almost completely dephos-
phorylated under growth light conditions and the level of
phosphorylation clearly increased as the plant was shifted
from growth light to high light, and a surprisingly high level
of phosphorylation was also detected in dark-adapted plants.

Ceratodon, Marchantia and Adiantum all possess chloro-
phyll a/b complexes as a light-harvesting system for PSII
and also showed phosphorylation of LHCII polypeptides.
Notably, changing light conditions induced similar reversible
phosphorylation of LHCII in all chlorophyll b possessing or-
ganisms (chlorophyll a/b ratios are given in Table 1): also in
these lower organisms, the phospho-LHCII was present al-
most exclusively at growth light conditions. Hardly any im-
munoresponse with the phosphothreonine antibody was de-
tectable after incubation of these species at high light or in
darkness (Fig. 2).

3.3. Thylakoid phosphoproteins in phycobilisome-containing
oxygenic organisms

No phosphorylation of PSII core proteins was detected in
vivo in the cyanobacterium Synechocystis or in the red alga
Ceramium (Fig. 3). The phosphothreonine antibody gave
some cross-reaction with a 31 kDa and a 24 kDa polypeptide
in Synechocystis (Fig. 3A). The level of phosphorylation of
the 31 kDa protein was highest in darkness and somewhat less
phosphorylation was observed both at low and high irradian-
ces. Phosphorylation of the 24 kDa polypeptide was totally
independent of the light conditions. In Ceramium, the phos-
phothreonine antibody gave an immunoresponse with a 67
kDa polypeptide (data not shown) and with 31 kDa, 22.5

Table 1
Chlorophyll a/b ratios of the species with LHCII antenna

Species Chlorophyll a/b
Ceratodon purpureus 2.7
Marchantia polymorpha 2.6
Adiantum tenerum 2.7
Rye 3.8
Pumpkin 3.8
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kDa, 15 kDa polypeptides (Fig. 3B). As in Synechocystis, also
in Ceramium, strong phosphorylation of the 31 kDa protein
was evident in darkness but at low and high irradiances the
protein was completely dephosphorylated. The 22.5 kDa pro-
tein was phosphorylated under low light conditions while a
complete dephosphorylation was observed under high light
conditions and in darkness. The 15 kDa (Fig. 3B) and the
67 kDa polypeptides (data not shown) were phosphorylated
in a light-independent manner. Both in Synechocystis and Ce-
ramium, the protein-specific antibodies cross-reacted with only
one form of D1, D2 and CP43, none of which co-migrated
with the 31 kDa phosphoprotein (Fig. 3).

4. Discussion

Oxygenic photosynthetic organisms can be divided into
three groups with respect to their PSII core protein phospho-
rylation. Cyanobacteria and red algae, with apparent lack of
the phosphorylation of PSII core polypeptides D1, D2 and
CP43, belong to group 1 organisms. Although light-dependent
phosphorylation of both thylakoid and soluble proteins has
previously been reported in cyanobacteria [25,26], all these
experiments, like our present approach with polyclonal phos-
phothreonine antibody (Fig. 3), have failed to reveal any
phosphorylation of PSII core proteins in cyanobacteria. Sim-
ilarly, no phosphorylated PSII core proteins could be detected
in the thylakoids of a red alga (Fig. 3). Prokaryotic prochloro-
phytes apparently also belong to this group [27,28], and it is
worth noting that the chlorophyll a/b proteins present in this
group have recently been shown not to belong to the Lic gene
family encoding the LHCII proteins of chloroplasts [29].

Group 2 organisms consist of green algae [9], mosses, liver-
worts and probably also ferns. The most distinguishable fea-
ture of these species was the apparent lack of D1 protein
phosphorylation (Fig. 2). Notably, all the species in group 2
exhibited phosphorylation of D2 and CP43. Clear variance,
however, was evident inside this group with respect to the
light regulation of D2 and CP43 phosphorylation. Only in
the fern, a strong light-intensity-dependent phosphorylation
of both D2 and CP43 could be clearly demonstrated.

Group 3 organisms, consisting of gymnosperms [10] and
angiosperms (Fig. 1), both monocots and dicots, showed dis-
tinct reversible phosphorylation of all three PSII core phos-
phoproteins D1, D2 and CP43. Opposite to the saturation of
PSII core protein phosphorylation already at moderate light
intensities in pumpkin leaf discs [16], a linear increase in the
phosphorylation of D1, D2 and CP43 with increasing light
intensity up to 2000 umol photons m~2 s~! was apparent
when intact rye plants were illuminated (Fig. 1).

It is noticeable that all organisms in groups 2 and 3, with a
capacity to phosphorylate at least D2 and CP43, also possess
reversible LHCII phosphorylation (Figs. 1 and 2) [11,12,30].
In contrast, no phosphorylated PSII core proteins were de-
tected in the eukaryotic red alga that possesses a phycobili-
some antenna instead of LHCII (Fig. 3). It is therefore con-
ceivable that the PSII core protein phosphorylation is
associated with the mechanism of light harvesting into PSII
and raises a question weather the phosphorylation of LHCII
is the origin for PSII core protein phosphorylation. LCHII
phosphorylation has apparently evolved first, together with
grana stacking, to regulate the distribution of excitation en-
ergy between the two photosystems. Grana stacking, although
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sometimes very irregular in group 2 species, is typical for
species with reversible LHCII phosphorylation. Whether the
phosphorylation of D2 and CP43 evolved independently of
LHCII phosphorylation cannot be answered at the moment.
Indisputably, however, the reversible D1 protein phosphoryl-
ation is the latest event in thylakoid protein phosphorylation
and present exclusively in seed plants, both angiosperms and
gymnosperms.

The lack of D1 protein phosphorylation in group 2 organ-
isms suggests at least two different kinases in phosphorylation
of thylakoid proteins, one for LHCII, D2 and CP43 and the
other for DI protein phosphorylation. However, the regula-
tion of LHCII phosphorylation distinctively differs from that
of D2 and CP43, as evidenced by the differential response of
the phosphorylation of these proteins to increasing light in-
tensity (Fig. 1) and by the phosphorylation studies with elec-
tron transport inhibitors and cyt bg/f mutants [31,32]. There-
fore it is possible that even three different kinases are involved
in reversible phosphorylation of thylakoid proteins in seed
plants. Moreover, the kinase responsible for phosphorylation
of CP29 is possibly distinct from the kinase(s) involved in
phosphorylation of other PSII proteins. Despite intense re-
search, none of the thylakoid-associated kinases have yet
been isolated and characterized.

The absence of PSII core protein phosphorylation in cya-
nobacteria and red algae clearly demonstrates it unnecessary
for the proper function of PSII. Reversible PSII core protein
phosphorylation may instead have evolved as a regulatory
mechanism for the acclimation of PSII function to changing
conditions in more developed photosynthetic organisms. Re-
versible D1 protein phosphorylation has been attributed a
distinct role in PSII photoinhibition-repair cycle in higher
plants [16,33] with strict lateral heterogeneity of the thylakoid
membrane. PSII core protein phosphorylation in general has
been suggested to stabilize PSII dimers and has also been
discussed in terms of the regulation of PSII repair [18]. It
should be noted, however, that the dimerization [34] and
stability of cyanobacterial PSII does not involve phosphoryl-
ation of any of the PSII core proteins.

Interestingly, the regulation of LHCII phosphorylation
with respect to irradiance level is principally similar in all
organisms, with maximum phosphorylation at low light and
nearly complete dephosphorylation in darkness and at high
irradiances (Figs. 1 and 2). The inactivation of LHCII kinase
at high light intensities [19] was a general feature for all chlo-
rophyll b-containing photosynthetic organisms studied here
and has earlier been reported also for Chlamydomonas cells
[12]. Indeed, the complex regulation mechanism for LHCII
polypeptide phosphorylation seems to have remained princi-
pally similar throughout the eukaryotic organisms with chlo-
rophyll a/b binding LHCII polypeptides, whereas the phos-
phorylation of PSII core proteins shows much more
versatility.
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