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Light-induced phosphorylation of light-harvesting chlorophyll a/b complex II (LHCII) proteins in plant thylakoid mem-
branes requires an activation of the LHCII kinase via binding of plastoquinol to cytochrome b.f complex. However, a gradual
down-regulation of LHCII protein phosphorylation occurs in higher plant leaves in vivo with increasing light intensity. This
inhibition is likely to be mediated by increasing concentration of thiol reductants in the chloroplast. Here, we have
determined the components involved in thiol redox regulation of the LHCII kinase by studying the restoration of LHCII
protein phosphorylation in thylakoid membranes isolated from high-light-illuminated leaves of pumpkin (Cucurbita pepo),
spinach (Spinacia oleracea), and Arabidopsis. We demonstrate an experimental separation of two dynamic activities associ-
ated with isolated thylakoid membranes and involved in thiol regulation of the LHCII kinase. First, a thioredoxin-like
compound, responsible for inhibition of the LHCII kinase, became tightly associated and/or activated within thylakoid
membranes upon illumination of leaves at high light intensities. This reducing activity was completely missing from
membranes isolated from leaves with active LHCII protein phosphorylation, such as dark-treated and low-light-illuminated
leaves. Second, hydrogen peroxide was shown to serve as an oxidant that restored the catalytic activity of the LHCII kinase
in thylakoids isolated from leaves with inhibited LHCII kinase. We propose a dynamic mechanism by which counteracting
oxidizing and reducing activities exert a stimulatory and inhibitory effect, respectively, on the phosphorylation of LHCII
proteins in vivo via a novel membrane-bound thiol component, which itself is controlled by the thiol redox potential in

chloroplast stroma.

Light induces the phosphorylation of a number of
photosystem II (PSII)-related proteins in the thyla-
koid membranes of plant chloroplasts (Bennett, 1977,
1991), including two light-harvesting chlorophyll a/b
complex II (LHCII) proteins, Lhcbl and Lhceb2, of the
PSII outer antenna (Larsson et al., 1987). Phosphory-
lation of LHCII proteins has been proposed to bal-
ance the excitation energy between PSII and photo-
system I (PSI) in plant thylakoid membranes
(Bennett, 1991; Allen, 1992). The phosphorylation of
LHCII proteins is regulated in response to light via
activation of the LHCII kinase with reduced plasto-
quinone pool and cytochrome bsf complex (Cyt bf;
Vener et al., 1995, 1997; Gal et al., 1997; Zito et al.,
1999). Moreover, LHCII protein phosphorylation is
down-regulated under high light conditions in vivo,
revealing the existence of an inhibitory control mech-
anism in chloroplasts (Rintaméki et al., 1997). We
have recently shown that the chloroplast thioredox-
ins f and m are effective inhibitors of LHCII protein
phosphorylation in vitro (Rintaméki et al., 2000). It
has become apparent that the correct thiol redox state
is critical for in vitro thylakoid protein phosphoryla-
tion (Carlberg et al., 1999; Rintamadki et al., 2000) and
that the identification of the thiol redox mediators in
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the thylakoid membrane is essential for understand-
ing the regulation of the LHCII protein phosphory-
lation. Although the target molecule involved in the
inhibition of LHCII protein phosphorylation has not
yet been identified, most of the experimental data
suggests that the LHCII kinase contains regulatory
thiols controlled by thioredoxin or thioredoxin-like
protein (Rintamaéki et al., 2000).

The number and identity of thylakoid protein ki-
nases still remain unknown. Snyders and Kohorn
(1999) have introduced a protein family called the
thylakoid-associated kinases that can phosphorylate
LHCII proteins. Later, however, it was suggested
that thylakoid-associated kinases may function up-
stream of the actual LHCII kinase in the kinase cas-
cade leading to the phosphorylation of LHCII pro-
teins (Snyders and Kohorn, 2001). Recently, a novel
thylakoid-associated Ser-Thr protein kinase, Stt7,
was reported to be required for LHCII protein phos-
phorylation and for state transition in Chlamydomonas
sp. (Depege et al., 2003). A BLAST search revealed
two Arabidopsis protein kinases related to Stt7 with
one predicted transmembrane domain and a
chloroplast-targeting signal in both proteins. Inter-
estingly, Stt7 and one of the related Arabidopsis pro-
teins also contain a putative thioredoxin target site
with two Cys residues separated by four amino acids
(Depege et al., 2003).

Chloroplast thiol redox mediators regulate the
redox-active sites of key proteins in CO, assimilation,
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ATP synthesis, and translation of psbA mRNA
(Scheibe et al., 1990; Buchanan, 1991; Danon and
Mayfield, 1994; Schiirmann, 1995; Ruelland and
Miginiac-Maslow, 1999). The spectrum of possible
thiol redox mediators is wide, because plants differ
from other organisms in having a complex thiore-
doxin profile with more than 20 thioredoxin and
thioredoxin-related genes in the Arabidopsis genome
(Laloi et al., 2001; Meyer et al., 2002). In the present
paper, we have attempted to identify putative com-
ponents involved in thiol redox regulation of LHCII
protein phosphorylation. This was done by studying
the restoration of the phosphorylation capacity in
vitro in thylakoid membranes isolated from leaves
with inhibited LHCII protein phosphorylation. Here,
we report the dynamic reactions involved in revers-
ible thiol regulation of LHCII protein phosphoryla-
tion. Both the dithiol oxidant and the disulfide reduc-
tant reacting with the target regulatory component of
LHCII protein phosphorylation are present in illumi-
nated thylakoid membranes. The inhibitory agent
capable of inducing disulfide-dithiol exchange in
proteins, appears to become associated or activated
in vivo within the thylakoid membrane under condi-
tions that lead to the inhibition of LHCII protein
phosphorylation. Hydrogen peroxide was shown to
be a potent oxidant in the applied in vitro assay
system.

RESULTS

Restoration of the Capacity to Phosphorylate LHCII
Proteins in Vitro in Thylakoid Membranes Isolated
from High-Light-Illuminated Leaves

Maximal phosphorylation of the LHCII proteins in
leaves occurs at lower light intensities than plants
have experienced at growth conditions (Fig. 1A; see
also Rintamiki et al., 1997). High light illumination
induces inhibition of LHCII protein phosphorylation,
which is only slowly restored in vivo upon transfer of
plants to low light (Rintaméki et al., 1997). We ad-
dressed the molecular mechanisms for the restora-
tion of LHCII protein phosphorylation capacity using
thylakoid membranes isolated from three plant spe-
cies illuminated in high light. When assayed in light,
the presence of trans-4,5-dihydroxy-1,2-dithiane
(DTT,,) in the assay medium doubled the phosphor-
ylation of LHCII proteins in isolated spinach (Spina-
cia oleracea) thylakoids (Fig. 1B; Table I). When the
phosphorylation assay was performed in darkness
via activation of the kinase with NADPH and ferre-
doxin, the extent of LHCII protein phosphorylation
was not dependent on the presence of oxidant, and
the quantity of the phosphorylated LHCII proteins
(P-LHCII) was comparable with the level obtained in
light with thiol oxidant (Fig. 1B). However, the ca-
pacity to phosphorylate LHCII proteins in thylakoids
isolated from high-light-treated spinach never
reached the capability observed in vivo under opti-
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Figure 1. A, Irradiance-dependent phosphorylation of LHCII proteins
in leaves. Plant leaves were incubated in darkness (D) or illuminated
ata low (LL) and high (HL) light for 2 h as described in “Materials and
Methods.” The leaf samples were frozen in liquid nitrogen, and the
phosphorylation level of LHCII proteins in isolated thylakoids was
analyzed by immunoblotting. B, Restoration of LHCII protein phos-
phorylation capacity in vitro in thylakoid membranes isolated from
high-light-illuminated leaves. Isolated thylakoid membranes were
incubated in darkness for 10 min in the absence (—) or the presence
of 2 mm DTT,, (+), and subsequently LHCII protein phosphorylation
was initiated by the addition of ATP and switching the light on.
Phosphorylation of LHCII proteins was also carried out in darkness
by activating the kinase with NADPH and ferredoxin. Phosphopro-
teins were detected by immunoblotting with phospho-Thr antibody.
IT indicates phosphorylation level of LHCII proteins in isolated thy-
lakoids before the phosphorylation assay. For quantification of the
data, see Table I.

mal light conditions for phosphorylation (Table I).
This was not due to technical problems with the in
vitro assay system, because the full recovery of
LHCII protein phosphorylation was obtained in thy-
lakoid membranes, which were isolated from low-
light-illuminated leaves and subsequently allowed to
dephosphorylate at room temperature in a medium

Table 1. Phosphorylation of LHCII proteins in vivo and the effect
of thiol oxidant on the restoration of LHCII protein phosporylation
in thylakoid membranes isolated from high-light-illuminated leaves

Plant leaves were illuminated at low light (LL) or at high light (HL)
as described in “Materials and Methods,” and the phosphorylation
level of LHCII proteins in isolated thylakoids was analyzed by im-
munoblotting. Subsequently, thylakoids isolated from the LL-treated
and HL-treated leaves were rephosphorylated in vitro in the absence
(=DTT,,) or presence (+DTT,,) of 2 mm thiol oxidant. Phosphopro-
teins were detected by immunoblotting with phospho-Thr antibody,
and the immunoblots were quantified by scanning. Results are pre-
sented as a percentage of the phosphorylation level of LHCII proteins
in LL-illuminated leaves in vivo. Results are means of three indepen-
dent experiments = st. n.d., Not determined.

In Vivo In Vitro Assay in Light

Phosphorylation

Species

LL Thylakoids HL Thylakoids

LL HL -DTT,, +DTT,, —DTT,,  +DTT,,
%
Spinach 100 2 %2 1025 115+x2 27 *7 5810
Pumpkin 100 9 =3 98 £ 7 n.d. 91 =8 913
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without NaF before the in vitro assay (Table I). Con-
trary to spinach, a nearly complete restoration of
LHCII protein phosphorylation occurred without
any addition of oxidants in thylakoids isolated from
high-light-illuminated pumpkin (Cucurbita pepo) and
Arabidopsis leaves and assayed in light or in dark-
ness (Fig. 1B; Table I).

The results in Figure 1 and Table I indicate that the
target regulatory thiols of LHCII protein phosphor-
ylation become oxidized during isolation of thyla-
koids from high-light-illuminated leaves. It is thus
noteworthy that a simple in vitro phosphorylation
assay of isolated thylakoids is not an appropriate test
to analyze the inhibition level of LHCII protein phos-
phorylation in vivo. The in vitro phosphorylation
assay with spinach thylakoid membranes, however,
suggests that the maintenance of the capacity to
phosphorylate LHCII proteins upon illumination of
thylakoids requires the sustained presence of func-
tional oxidant in thylakoid preparations isolated
from high-light-illuminated leaves. Further experi-
ments were designed to characterize the molecular
mechanisms involved in sustaining the phosphoryla-
tion of LHCII proteins in thylakoids isolated from
high-light-illuminated pumpkin leaves.

Effect of Scavengers for Reactive Oxygen Species (ROS)
on the Restoration of LHCII Protein Phosphorylation in
Thylakoid Membranes Isolated from High-Light-
Treated Leaves

ROS, which are capable of oxidizing dithiols of
proteins in plant cells (see Konig et al., 2002; Neill et
al., 2002), are potential thiol oxidants to maintain
LHCII protein phosphorylation in the assay system
described above. To test the role of ROS in maintain-
ing LHCII protein phosphorylation, we added cata-
lase to the in vitro assay medium. This treatment
induced significant inhibition of LHCII protein phos-
phorylation in thylakoids isolated from high-light-
illuminated pumpkin leaves (Fig. 2A, lane marked
catalase), which, however, was found to revert when
sodium azide, an inhibitor of catalase, was also in-
cluded in the assay medium containing catalase (Fig.
2A, lane marked catalase + NaNj). This suggests that
hydrogen peroxide, produced via reduction of oxy-
gen by PSI electron transport (Alscher et al., 1997;
Backhausen et al., 2000), is involved in maintaining
the oxidation state of the regulatory thiols in the
LHCII kinase. LHCII protein phosphorylation was
also inhibited by ascorbate, another scavenger of hy-
drogen peroxide (Miyake and Asada, 1992; Alscher et
al., 1997) when it was present in the phosphorylation
assay medium (Fig. 2A, lane marked Asc.), further
supporting the role of hydrogen peroxide as a thiol
oxidant in thylakoid preparations. This demand for a
thiol oxidant is specific to LHCII protein phosphor-
ylation, because the scavengers for ROS did not in-
hibit the phosphorylation of PSII core proteins in the
assay medium (data not shown).
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The capacity of LHCII protein phosphorylation
was also tested in experiments in which the LHCII
kinase was activated in darkness by reduction of
plastoquinone pool with NADPH and ferredoxin
(Larsson et al., 1987). Pre-incubation of thylakoid
membranes with catalase or ascorbate had no inhib-
itory effect on the capacity for LHCII protein phos-
phorylation (Fig. 2B), indicating that ROS were not
required to keep the LHCII kinase active in darkness
in thylakoids isolated from high-light-illuminated
leaves. Furthermore, the catalase and ascorbate-
induced inhibition of LHCII protein phosphorylation
was also completely absent when experiments were
conducted with thylakoid membranes isolated from
dark-treated leaves (Fig. 2C).
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Figure 2. Effect of scavengers for ROS on LHCII protein phosphory-
lation in isolated thylakoid membranes. Thylakoids isolated from
high-light-illuminated (A and B) or dark-treated (C) pumpkin leaves
were phosphorylated in vitro for 20 min in the absence (H,O) or in
the presence of the following reagents: 2 mm DTT,,_, 10 mm ascorbate
(Asc.), 30 units of catalase ug™"' chlorophyll, catalase and 25 uM
sodium azide (catalase + NaN;). Phosphorylation of LHCII proteins
was carried out both in light (A and C) and in darkness (B) by
activating the kinase with light-induced electron transfer or with
NADPH and ferredoxin, respectively. The amount of phosphorylated
LHCII proteins was detected as described in Figure 1. IT indicates
phosphorylation level of LHCII proteins in isolated thylakoid mem-
branes before the phosphorylation assay.

P-LHCII
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Effect of Artificial Thiol-Modifying Agents on the
Restoration of LHCII Protein Phosphorylation in
Thylakoid Membranes Isolated from High-Light-
Treated Leaves

The results presented in Figure 2 indicate an oblig-
atory requirement for hydrogen peroxide in main-
taining LHCII protein phosphorylation in thylakoids
isolated from high-light-treated leaves when assayed
in light, but not in membranes isolated from dark-
treated leaves. On the other hand, they also imply the
presence of a distinct reductant in the membranes
isolated from leaves with inhibited LHCII protein
phosphorylation, which upon illumination of thyla-
koids continuously rereduces the target regulatory
component of LHCII protein phosphorylation. We
next concentrated on obtaining some insights into the
identity of this reducing factor. Thiol-alkylating re-
agent N-ethylmaleimide (NEM) irreversibly blocks
the sulfhydryl-disulfide exchange in proteins. Incu-
bation of the thylakoids isolated from high-light-
illuminated pumpkin leaves with low concentration
of NEM strongly inhibited the light-induced phos-
phorylation of LHCII proteins (Fig. 3A, lane NEM).
Significantly less inhibition of LHCII protein phos-
phorylation occurred when NEM was added to the
assay medium of thylakoids isolated from high-light-
treated leaves and was subsequently washed out be-
fore initiating the phosphorylation assay by the ad-
dition of ATP and switching the light on (Fig. 3A,
lane NEM — wash). This indicates that the regula-
tory thiols involved in the inhibition of LHCII protein
phosphorylation became reduced only during the in
vitro phosphorylation assay in light and thus suscep-
tible to alkylation with NEM. NEM seemed to have
particularly high affinity to the target thiols of LHCII
protein phosphorylation, because the presence of hy-
drogen peroxide produced endogenously in illumi-
nated thylakoid suspension (see Fig. 2) was not able
to block the irreversible alkylation of a target com-
ponent of NEM. Equally, addition of DTT together
with NEM to assay medium in light (Fig. 3A, lane
DTT,, + NEM) did not prevent the inhibitory effect
exerted by NEM on LHCII protein phosphorylation.
Similar inhibition of LHCII protein phosphorylation
in light in the presence of NEM was also observed in
thylakoid membranes isolated from high-light-
treated spinach and Arabidopsis leaves (data not
shown).

Thiol regulation of LHCII protein phosphorylation
in thylakoids isolated from high-light-treated leaves
was further tested in experiments in which the LHCII
kinase was activated in darkness by the addition of
NADPH and ferredoxin. Significant inhibition of
LHCII protein phosphorylation was obtained only
with DTT in the assay medium (Fig. 3B, lane DTT),
whereas like the ROS scavengers (Fig. 2B), NEM had
no inhibitory effect on the capacity to phosphorylate
LHCII proteins in reactions carried out in darkness
(Fig. 3B, lane NEM).
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Figure 3. Inhibition of LHCII protein phosphorylation by thiol re-
agents in isolated thylakoid membranes. Thylakoids isolated from
high-light-illuminated (A and B) or dark-treated (C) pumpkin leaves
were incubated in darkness without (H,0) and with 2 mm DTT or 0.1
mm NEM for 10 min. Thereafter, in vitro phosphorylation was initi-
ated by illumination and addition of ATP (A and C) or by the addition
of NADPH + ferredoxin (Fd) and ATP in darkness (B). NEM — wash,
NEM was washed out after dark-incubation before starting the phos-
phorylation assay. DTT,, + NEM, Phosphorylation of LHCII proteins,
which were assayed in the presence of both 2 mm DTT,, and NEM.
DTT — NEM, The thylakoid membranes were first incubated in
darkness for 5 min with DTT, which was subsequently washed out,
and thylakoid pellet was resuspended in the buffer with NEM before
the phosphorylation assay. The detection of phosphoproteins and the
other abbreviations are as described in Figure 2.

We previously reported that NEM in low concen-
trations (0.1 mm) exerts only a slight effect on LHCII
protein phosphorylation in thylakoids isolated from
dark-treated leaves (Rintamiki et al., 2000; see also
Fig. 3C, lane NEM). Higher concentrations of NEM
have been shown to strongly inhibit the phosphory-
lation of LHCII proteins in isolated thylakoid mem-
branes (Millner et al., 1982). However, these concen-
trations were shown to nonspecifically inhibit
phosphorylation of all PSII phosphoproteins without
any preference to LHCII protein phosphorylation
(Rintamaéki et al., 2000). Using a low concentration of
NEM (0.1 mm), the inhibitory effect on LHCII protein
phosphorylation was only detected if the membranes
isolated from dark-treated leaves were pretreated
with DTT, which induces the disulfide-sulfhydryl
exchange in thylakoid proteins (Fig. 3C, lane DTT —
NEM; DTT was washed out before addition of NEM).
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From the results above, it can be deduced that
during the illumination of leaves at high light, the
thylakoids have acquired a thiol component, which is
capable of reducing the target regulatory disulfide of
LHCII protein phosphorylation to dithiol. These thi-
ols are then alkylated by NEM. To release the puta-
tive thylakoid-bound thiol-reducing component, the
membranes were washed with high salt in the pres-
ence or absence of Triton X-100. The washed mem-
branes were then phosphorylated in vitro in light in
the presence or absence of NEM (Fig. 4). LHCII pro-
tein phosphorylation was fully active in thylakoids
washed with salt in the presence or absence of Triton
X-100, and the phosphorylation was even more in-
tense compared with the control thylakoids. NEM,
however, still exerted inhibition on LHCII protein
phosphorylation (Fig. 4), indicating that the thiol-
reducing inhibitory component must be integral or
internal to the thylakoid membrane.

Data presented in Figure 3, A and B, indicate that
the putative thiol component in thylakoids isolated
from high-light-treated leaves exerts inhibitory effect
on LHCII protein phosphorylation only when the
membranes were exposed to light. To characterize
this light activation process of the putative inhibitory
compound, the thylakoids isolated from high-light-
illuminated leaves were phosphorylated in PSII light
in the presence or absence of NEM. The treatment
with NEM combined with the activation of LHCII
protein phosphorylation by PSII light resulted only
in a slight inhibition of phosphorylation (20%), as
compared with 84% inhibition in an assay carried out
in white light (Fig. 5). Moreover, when the thylakoids
were first phosphorylated in the presence of NEM in
PSII light for 5 min and then PSII light was turned off
and white light on for 15 min, intermediate inhibition
of LHCII protein phosphorylation was recorded after
a total in vitro phosphorylation period of 20 min
(44% inhibition in Fig. 5). This indicates that the
activation of the redox compound that was respon-
sible for reduction and exposure of the regulatory
target disulfide of LHCII protein phosphorylation to
NEM requires PSI electron transport activity. It is
worth noting that corresponding experiments cannot
be conducted in PSI light because PSI light deacti-
vates the LHCII kinase via oxidation of the plasto-

H20 NaCl NaCl + Triton
NEM = + = + - +

—

P-LHCII

Figure 4. Effect of NEM on LHCII protein phosphorylation in salt-
washed thylakoid membranes isolated from high-light-treated pump-
kin leaves. Isolated thylakoids were washed with assay buffer (H,O)
or with 1 M NaCl in buffer with or without 0.05% (w/v) Triton, and
the washed membranes were phosphorylated in vitro in white light in

the presence or absence of NEM. Phosphoproteins were detected as
described in Figure 1.
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Figure 5. Effect of light quality on the sensitivity of LHCII protein
phosphorylation to NEM in thylakoid membranes isolated from high-
light-illuminated pumpkin leaves. Isolated thylakoids were phos-
phorylated in PSII light or in white light (WL) for 20 min in the
presence or absence of 0.1 mm NEM. In the experiment indicated as
PSII light + NEM — WL + NEM, the thylakoids were first phosphor-
ylated in PSII light with NEM for 5 min, and subsequently, the PSII
light was turned off and white light on. The phosphorylation was then
continued for 15 min in white light. Phosphorylation level of LHCII
proteins was identical in control assays without NEM, regardless of
whether the activation of the kinase occurred in white light or in PSII
light. The phosphorylation level of LHCII proteins was determined as
described in Figure 1, and the immunoblots were quantified by
scanning. Results are means = Sg, n = 2.

quinone pool and Cyt bsf complex (Vener et al., 1995,
1997).

Sensitivity of LHCII Protein Phosphorylation to
Ascorbate and NEM in Thylakoid Membranes Isolated
from Leaves Illuminated at Different Light Intensities

In thylakoids isolated from dark-treated leaves and
contrary to the thylakoid membranes isolated from
high-light-illuminated leaves (Figs. 2A and 3A), no
significant inhibition of LHCII protein phosphoryla-
tion was seen in the presence of ROS scavengers or
NEM (Figs. 2C and 3C). In thylakoids isolated from
dark-treated leaves, NEM had an inhibitory effect
only if, before the addition of NEM, the disulfide
bonds of thylakoid proteins were prereduced with
DTT and thus made accessible to react with NEM
(Fig. 3C, lane DTT — NEM). Thus, we further tested
the effect of NEM and ascorbate on the rephospho-
rylation capacity of LHCII proteins in thylakoid
membranes isolated from pumpkin leaves illumi-
nated at different light intensities. LHCII protein
phosphorylation was nearly insensitive to these re-
agents in thylakoid membranes isolated from dark-
incubated leaves and from low-light-illuminated
leaves (50 umol photons m™2 s~ ') with fully opera-
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tive LHCII protein phosphorylation in vivo (Fig. 6).
The level of inhibition became gradually enhanced
with an increasing intensity of leaf pre-illumination.
The most severe inhibition of LHCII protein phos-
phorylation was recorded in thylakoids isolated from
leaves, which were illuminated at the light intensity
known to induce complete inactivation of LHCII pro-
tein phosphorylation in vivo (Fig. 6, 1,000 umol pho-
tons m~ 25~ '). Thus, the putative thiol-reducing com-
pound is functional only in thylakoid membranes
isolated from leaves with inhibited LHCII protein
phosphorylation. Furthermore, the inhibition of
phosphorylation was unique to LHCII proteins, be-
cause NEM and ascorbate did not significantly affect
the phosphorylation of PSII core proteins in thyla-
koids isolated from differently illuminated leaves
(data not shown).

DISCUSSION

The LHCII kinase is under complex regulation by
both light reactions, PSII and PSI, in the thylakoid
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Figure 6. Correlation of the light-intensity-induced inhibition of
LHCII protein phosphorylation in vivo with the sensitivity of phos-
phorylation to the ROS scavenger and NEM in vitro. Pumpkin leaf
discs were incubated in darkness or illuminated at a photon flux
density (PFD) of 50, 500, or 1,000 umol m~2 s~ for 2 h, and the
phosphorylation level of LHCII proteins in isolated thylakoids was
analyzed by immunoblotting (top panel). Subsequently, thylakoids
isolated from the treated leaf discs were rephosphorylated in vitro in
the absence (H,O) or presence of 10 mm ascorbate (Asc.) or 0.1 mm
NEM (bottom panel). The phosphorylation level of LHCII proteins
was determined as described in Figure 1, and the immunoblots were
quantified by scanning. Results are means * sg, n = 2-4.
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membrane (Figs. 3-6). PSII excitation activates the
kinase via reduction of Cyt bsf complex, whereas PSI
excitation induces both deactivation of the enzyme
and the production of thiol mediators that inhibit
LHCII protein phosphorylation in the chloroplast.
Because of this strict regulation of the LHCII kinase
by both the electron transfer components in thyla-
koid membranes and the thiol-redox mediators in the
chloroplast, LHCII protein phosphorylation possibly
serves as a delicate indicator for sensing the imbal-
ance between light reactions and carbon metabolism
in leaf cells (Pursiheimo et al., 2001; Hou et al., 2002).

We have shown that the transfer of a plant to a
higher light intensity than the plant has experienced
during the growth induces almost total down-
regulation of LHCII protein phosphorylation, which
recovers fairly slowly when plants are transferred to
low light intensity (Rintaméaki et al., 1997). Our
model for the regulation of LHCII protein phosphor-
ylation (Rintamdki et al., 2000; Hou et al., 2002) pro-
poses that the LHCII kinase can exist in three differ-
ent forms, the prevalence of which depends on the
level of redox equivalents in chloroplast: (a) a deac-
tivated form in the absence of reduced plastoquinone
in the Q, site of Cyt bsf complex (prevailing in dark-
ness in vivo); (b) an activated form in the presence of
reduced plastoquinone in the Q, site of Cyt bsf com-
plex (prevailing in low light); (c) a thiol-inhibited
form induced by an increased thiol-redox state in the
chloroplast (prevailing in high light). We have shown
that only the deactivated form of the LHCII kinase is
prone to thiol-redox mediators (Rintamdki et al.,
2000; Hou et al., 2002). Thus, the inhibition of the
LHCII kinase by thiol mediators presumes that the
activated and deactivated forms of the enzyme alter-
nate in illuminated chloroplast with continuous elec-
tron flow through plastoquinone and Cyt b, com-
plex. Oxidation of plastoquinol in the Q, site of Cyt
bsf complex deactivates the LHCII kinase (Vener et
al., 1995, 1997), which, in the absence of thiol medi-
ators capable of trapping the deactivated form of the
enzyme, can become reactivated via binding of the
next plastoquinol to the Q, site of Cyt bsf complex.
Thus, the concentration of thiol mediators in the
chloroplast determines the inhibition state of the
LHCII kinase. The role of thiol mediator-induced
inhibition of the LHCII kinase is thus to release the
enzyme from the single control exerted by the redox
status of plastoquinone and Cyt bsf complex, thereby
allowing a more flexible regulation of LHCII protein
phosphorylation under various environmental con-
ditions and metabolic status of leaves (Pursiheimo et
al., 2001; Hou et al., 2002). Furthermore, inhibition of
the deactivated form of the enzyme may be benefi-
cial, because oxidation of the thiol-inhibited LHCII
kinase produces a deactivated (catalytically inactive)
form of the enzyme that can be subsequently con-
trolled by the redox status of plastoquinone and Cyt
bsf complex. This may prevent a futile phosphoryla-
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tion of LHCII proteins under unfavorable conditions
(e.g. in darkness).

Our hypothesis of the LHCII kinase as a target
protein of thiol mediators is based on a cooperative
regulation of LHCII protein phosphorylation via
plastoquinol and thiol mediators in chloroplast (see
discussion in Rintamaéki et al., 2000). A putative thi-
oredoxin target site in a novel LHCII protein kinase
Stt7 (Depege et al., 2003) is in line with the hypoth-
esis. However, the Cyt bsf complex as a target of thiol
mediators cannot be completely ruled out at the mo-
ment; in this case, the reduction of the target disul-
fide site in the complex would prevent the activation
of the LHCII kinase. Nevertheless, such a thiol-
induced reduction of Cyt bsf complex should exclu-
sively affect its interaction with the LHCII kinase,
because no inhibition of linear electron transfer was
observed in NEM-treated thylakoids isolated either
from dark-adapted or from high-light-illuminated
pumpkin leaves (data not shown).

Chloroplast thioredoxins are reductants, which
could conceivably induce inactivation of the LHCII
kinase (Rintamadki et al., 2000). Our present results,
however, show a copurification of the thiol mediator
with thylakoid membranes isolated from high-light-
illuminated leaves. This putative thioredoxin-like
protein is tightly associated with thylakoids (Fig. 4)
and it inhibits LHCII protein phosphorylation in
vitro in white light (Figs. 3 and 5) but remains inac-
tive in PSII light (Fig. 5) and in darkness (Fig. 3).
However, the inhibitory factor itself turned out to be
insensitive to treatments of thylakoid membranes
with NEM, at least in the phosphorylation assays
conducted in light (Figs. 3-6). This resistance to NEM
may be due to in situ location and/or conformation
of the component: As an internal membrane factor
(Fig. 4), it is probably not readily attainable by exter-
nal NEM. It is noteworthy that the activity of this
thylakoid-associated thioredoxin-like compound in
the thylakoid membrane positively correlates with
the level of inhibition of LHCII protein phosphory-
lation in vivo, whereas such an activity cannot be
induced by in vitro illumination of thylakoid mem-
branes isolated from leaves with functional LHCII
protein phosphorylation (Fig. 6). Thus, a contact in
vivo with the highly reducing stroma is an absolute
requirement for induction of this thioredoxin-like ac-
tivity in thylakoid membranes (Fig. 6).

In Vitro Phosphorylation of LHCII Proteins in
Thylakoid Membranes Isolated from Leaves with
Inhibited LHCII Kinase: A Hypothetical Model

According to our hypothetical model (Rintaméki et
al., 2000; Hou et al., 2002), the functional state of the
LHCII kinase is determined by counterbalanced ac-
tion of kinase activation, deactivation, and thiol-
dependent inhibition in illuminated leaves. The re-
sults presented in the present paper give strong
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support to the hypothesis: Continuous activation/
deactivation/thiol-dependent inhibition of LHCII
protein phosphorylation occurs in thylakoid mem-
branes isolated from high-light-illuminated leaves
(Fig. 7). The thiol-inhibited form of the enzyme is
highly dominant under high light in vivo, and the
LHCII protein phosphorylation is thus down-
regulated (Fig. 7A). This balance is altered when
thylakoid membranes are isolated. Thiol-inhibited
LHCII kinase becomes oxidized during thylakoid iso-
lation and/or during incubation of the thylakoid
preparation at room temperature (Fig. 7B). The na-
ture of the oxidant involved remains to be elucidated.

LHCII proteins can be phosphorylated in vitro in
thylakoid membranes isolated from high-light-
illuminated leaves, when the plastoquinone pool is
reduced either by light or with NADPH and ferre-
doxin in darkness (Larsson et al.,, 1987, Bennett,
1991). This phosphorylation is induced by binding of
plastoquinol to the Q, site of Cyt bsf complex, which
activates the LHCII kinase (Fig. 7, C and D, step 1;
Vener et al.,, 1995, 1997; Gal et al., 1997; Zito et al.,
1999). Oxidation and release of plastoquinone from
the Q, site of Cyt bsf complex during electron trans-
fer, in turn, deactivates the LHCII kinase (Fig. 7D,
step 2; Vener et al., 1997), and this occurs in illumi-
nated thylakoids via electron transfer through PSI to
molecular oxygen (Alscher et al., 1997; Backhausen et
al., 2000). The deactivated form of the LHCII kinase is
a target for reduction by a thioredoxin-like protein,
resulting in inhibition of the enzyme (Fig. 7D, step 3).
However, the electron transport via PSI also induces
a production of hydrogen peroxide (Alscher et al.,
1997; Backhausen et al., 2000), which at micromolar
concentrations has been shown to efficiently oxidize
dithiols in proteins in vivo (Aslund et al., 1999). It is
thus conceivable that hydrogen peroxide is responsi-
ble for reoxidation of the target dithiols in the LHCII
kinase during illumination of thylakoids isolated
from high-light-treated leaves (Fig. 7D, step 4), re-
sulting in a recovery of the catalytically active LHCII
kinase (Fig. 7D, step 1). Only when this reoxidizing
activity is quenched, e.g. with catalase or ascorbate
(Fig. 7D, step 5), or when the dithiols in the LHCII
kinase are irreversibly trapped by NEM (Fig. 7D, step
6) is the inhibitory effect of thioredoxin-like protein
detectable in thylakoid membranes. The complete
restoration of LHCII protein phosphorylation in thy-
lakoids isolated from high-light-illuminated spinach
leaves did not occur even in the presence of extra
thiol oxidant (Table I), suggesting that for an un-
known reason, the oxidation of the thiol-inhibited
LHCII kinase (Fig. 7D, step 4) is hampered in the
spinach membranes assayed in vitro.

We have estimated that the deactivation rate of the
LHCII kinase in isolated thylakoid suspension is
about 300 times higher in white light than in dark-
ness (Hou et al., 2003), indicating the efficiency of
oxygen in accepting electrons from PSI in illuminated
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A)HL in vivo

C) Thylakoids isolated from HL:
darkness + NADPH + Fd
or PSII light

B) Thylakoids isolated

'I'hinl-illllibi[ed form
D) Thylakoids isolated from HL: white light

H,0 ‘%

Step 2
PS

Activated form Deactivated form Thiol-inhibited form

Figure 7. Schematic presentation of the activation states of the LHCII kinase in thylakoid membranes of high-light-
illuminated leaves (A) and in thylakoids isolated from such leaves and treated experimentally as presented in this paper
(B-D). A, A thiol-inhibited form of the LHCII kinase predominates in leaves under high redox potential in chloroplasts in
vivo. B, The thiol-inhibited LHCII kinase is oxidized during isolation of thylakoids from high-light-illuminated leaves (HL).
In these membranes, the plastoquinone pool is oxidized, and thus the LHCII kinase is in deactivated form. C, Reduction of
the plastoquinone pool and subsequent binding of plastoquinol (PQH,) to the Q, site of Cyt b,f complex induces activation
of the LHCII kinase. The activated form of the LHCII kinase predominates in thylakoid membranes illuminated in PSII light
or incubated in darkness in the presence of NADPH and ferredoxin (see “Discussion”). D, Dynamic activation/deactivation
and thiol-induced inhibition of the LHCII kinase in thylakoids illuminated in white light. The steps of the model, marked 1
to 7, are described in the “Discussion.” The movement of Rieske protein (yellow subunit of Cyt b,f complex) between
proximal and distal positions with respect to the membrane, induced by binding/release of plastoquinone to/from the Q site,
respectively (Darrouzet et al., 2000; Wollman, 2001), is shown. =, The dithiol form of the LHCII kinase is inhibited despite
the presence and absence of PQH, at the Q, site of Cyt b,f complex. ? in the LHCII kinase, Interaction of the thiol-inhibited
LHCII kinase with Cyt bsf complex is unknown. TRLP, Thioredoxin-like protein. For simplicity, only the monomeric form of

the Cyt bsf complex is presented, and the membrane bilayer structure is not shown.

thylakoid membranes. The low quantity of the deac-
tivated form of the LHCII kinase (Fig. 7D, step 2),
which serves as a substrate for the putative thiol
reductant, may explain the ineffectiveness of NEM to
inhibit LHCII protein phosphorylation in thylakoid
membranes illuminated in PSII light or incubated in
darkness (Figs. 3B and 5). Alternatively, electron
transport via PSI may be involved in the reduction of
thioredoxin-like protein in illuminated thylakoid
membranes (Fig. 7D, step 7).

In summary, the present paper demonstrates the
experimental separation of two dynamic reactions
involved in thiol regulation of LHCII protein phos-
phorylation in isolated thylakoid membranes, the di-
thiol oxidation and disulfide reduction. The identity
of these regulatory factors in vivo remains to be
determined. It is shown here that hydrogen peroxide
can serve as an oxidant in isolated thylakoid mem-
branes. Hydrogen peroxide is known to induce stress
tolerance in plants (Foyer et al., 1997), thus making it
an attractive candidate also for regulating LHCII pro-
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tein phosphorylation in vivo. Furthermore, the re-
sults indicate that the thioredoxin-like compound
responsible for regulation of the LHCII kinase asso-
ciates with thylakoid membranes or becomes active
upon illumination of leaves at high light intensities.
Several transmembrane proteins involved in thiol-
disulfide metabolism have been documented re-
cently (Rietsch and Beckwith, 1998; Matsuo et al.,
2001; Collet and Bardwell, 2002). The thioredoxin-
like protein HCF164 has been found in chloroplasts
anchored to the thylakoid membrane at its luminal
side (Lennartz et al.,, 2001). HCF164 has been sug-
gested to have a role in the maturation or the assem-
bly of the Cyt b,f complex. Besides the periplasmic
components, the disulfide bond formation in proteins
in prokaryotic periplasm also comprises a cytoplas-
mic thioredoxin and a transmembrane thiol-disulfide
oxidoreductase, which is oxidized by ubiquionone, a
component of the respiratory electron transfer chain
(Collet and Bardwell, 2002). An analogous cascade
may exist also for regulation of the LHCII kinase in
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thylakoid membranes, involving a dithiol oxidant
and a disulfide reductant, both being strictly regu-
lated by redox poise in the chloroplast via the elec-
tron transfer chain and stromal factors.

MATERIALS AND METHODS

Plant Material and Light Treatment of Leaf Discs

Pumpkin (Cucurbita pepo) plants were grown in a greenhouse at 20°C
with a 16-h photoperiod at a PFD of 200 umol photons m ™2 s~ . Spinach
(Spinacia oleracea) was grown in a greenhouse at 400 umol photons m 2 s~ *
with 10-h-light/14-h-dark rhythm at 25°C. Arabidopsis ecotype Was-
silewskija was grown in a growth chamber with an 8-h photoperiod at a
PFD of 230 umol m~2 s~ . Fully expanded leaves were used in the exper-
iments. Leaf discs (diameter 2.7 cm), punched from dark-adapted pumpkin
and spinach leaves and floating on distilled water in a petri dish, were
illuminated for 2 h in a growth chamber at 23°C at a PFD of 50 (optimal light
intensity for LHCII protein phosphorylation in pumpkin and Arabidopsis
leaves; low light), 100 (optimal light intensity for LHCII protein phosphor-
ylation in spinach leaves; low light), 500, or 1,000 (high light) pmol m s~
(see Rintaméki et al., 1997). Intact leaves of Arabidopsis were used in light
treatments. A metal halide lamp (HQI-T, 250 W for daylight) served as a
light source. For analysis of LHCII protein phosphorylation in vivo, the leaf
samples were rapidly frozen in liquid nitrogen and stored at —80°C until
isolation of thylakoid membranes. For in vitro phosphorylation assay, the
thylakoid membranes were isolated immediately after light treatments
without freezing the leaf materials.

In Vitro Phosphorylation Assay of Thylakoid
Membranes Isolated from Differentially
Illuminated Leaves

Thylakoid membranes were isolated from dark-incubated or illuminated
leaves or leaf discs as described previously (Rintamaiki et al., 1996). Thyla-
koids were resuspended in assay buffer consisting of 50 mm HEPES-NaOH,
pH 7.5, 100 mm Suc, 5 mm NaCl, 10 mm MgCl,, and 10 mm NaF at a final
chlorophyll concentration of 0.4 mg mL™~'. Before phosphorylation assays,
isolated thylakoid membranes were pre-incubated at 23°C for 5 or 10 min in
darkness in the presence of the following chemicals: L-ascorbic acid (Sigma-
Aldrich, St. Louis), DTT (Roche Diagnostics, Mannheim, Germany), DTT,,,
(Sigma-Aldrich), NEM (Sigma-Aldrich), catalase (Sigma-Aldrich), and so-
dium azide (Sigma-Aldrich). The concentrations of the chemicals are indi-
cated in the figures. When the binding of the thiol-reducing mediator to the
thylakoid membrane was studied, thylakoids were incubated with either 1
M NaCl or a combination of 1 m NaCl and 0.05% (w/v) Triton X-100, and the
membranes were subsequently pelleted and resuspended in the assay me-
dium. Thylakoid protein phosphorylation was initiated by the addition of
0.4 mm ATP under a PFD of 100 pumol m~2 s~ !, and thylakoid samples for
immunoblot analysis were frozen in liquid nitrogen after illumination of 20
min. When PSII light (650 * 10 nm, 100 umol photons m ™2 s~ 1) was used,
the thylakoids were illuminated through an S25-650 filter (Corion, Franklin,
MA) with a slide projector (250-W lamp) as a light source. Phosphorylation
of thylakoid proteins in darkness was assayed in the presence of 1 mm
NADPH (Roche Diagnostics) and 10 um ferredoxin (Sigma-Aldrich) as
described by Larsson et al. (1987).

Detection of Thylakoid Phosphoproteins by Polyclonal
Phospho-Thr Antibody

Isolated thylakoid membranes were solubilized in the presence of 6 M
urea, and the polypeptides were separated by SDS-PAGE using 15% (w/v)
acrylamide gels with 6 M urea (Laemmli, 1970). Routinely, 1.0 ug of chlo-
rophyll was loaded into each well. The polypeptides were transferred to an
Immobilon-P membrane (Millipore, Bedford, MA), and the membrane was
blocked with 1% (w/v) bovine serum albumin (BSA; with antibody from
Zymed Laboratories [San Francisco]) or 5% (w/v) BSA (with antibody from
New England Biolabs, Beverly, MA). The BSA was fatty-acid free (Sigma-
Aldrich). Phosphoproteins were immunodetected using a Phototope-Star
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Chemiluminescent kit (New England Biolabs) with rabbit polyclonal
phospho-Thr antibodies (from Zymed or New England Biolabs) as de-
scribed by Rintaméki et al. (1997). For quantification of phosphoproteins,
the immunoblots were scanned using an IMAGE program (Imaging Re-
search, St. Catharine’s, Ontario, Canada). Phosphorylation of the two light-
harvesting proteins Lhcb1 and Lhcb2 (designated P-LHCII) is shown in the
immunoblots presented in the figures.

Chlorophyll Determinations

Chlorophyll was extracted in 80% (v/v) buffered acetone and was deter-
mined as described previously (Porra et al., 1989).
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