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Kinetic studies of protein dephosphorylation in photosynthetic thylakoid membranes revealed specifically accelerated
dephosphorylation of photosystem II (PSII) core proteins at elevated temperatures. Raising the temperature from 22°C to
42°C resulted in a more than 10-fold increase in the dephosphorylation rates of the PSII reaction center proteins D1 and D2
and of the chlorophyll a binding protein CP43 in isolated spinach (Spinacia oleracea) thylakoids. In contrast the dephosphor-
ylation rates of the light harvesting protein complex and the 9-kD protein of the PSII (PsbH) were accelerated only 2- to
3-fold. The use of a phospho-threonine antibody to measure in vivo phosphorylation levels in spinach leaves revealed a more
than 20-fold acceleration in D1, D2, and CP43 dephosphorylation induced by abrupt elevation of temperature, but no
increase in light harvesting protein complex dephosphorylation. This rapid dephosphorylation is catalyzed by a PSII-
specific, intrinsic membrane protein phosphatase. Phosphatase assays, using intact thylakoids, solubilized membranes, and
the isolated enzyme, revealed that the temperature-induced lateral migration of PSII to the stroma-exposed thylakoids
only partially contributed to the rapid increase in the dephosphorylation rate. Significant activation of the phosphatase
coincided with the temperature-induced release of TLP40 from the membrane into thylakoid lumen. TLP40 is a peptidyl-
prolyl cis-trans isomerase, which acts as a regulatory subunit of the membrane phosphatase. Thus dissociation of TLP40
caused by an abrupt elevation in temperature and activation of the membrane protein phosphatase are suggested to trigger
accelerated repair of photodamaged PSII and to operate as possible early signals initiating other heat shock responses
in chloroplasts.

The most heat-sensitive function in green plants is
photosynthesis (Berry and Björkman, 1980; Weis and
Berry, 1988; Havaux and Tardy, 1996). High tempera-
tures dramatically inhibit carbon dioxide fixation (Ber-
ry and Björkman, 1980; Feller et al., 1998). Moreover,
the heat tolerance of leaves depends on the thermal
sensitivity of the photochemical reactions in the thy-
lakoid membranes of chloroplasts. The primary site of
thermal damage to the photosynthetic function is be-
lieved to be associated with photosystem II (PSII;
Berry and Björkman, 1980; Weis and Berry, 1988; Ha-
vaux and Tardy, 1996). Plants have evolved a number
of molecular mechanisms to cope with the high tem-
perature and to protect the photosynthetic system. In
response to a few hours of a heat stress a nuclear

encoded small heat shock protein is expressed and
binds to the thylakoid membranes (Glaczinski and
Kloppstech, 1988; Osteryoung and Vierling, 1994).
This binding has been shown to protect thermolabile
PSII and, consequently, whole-chain electron trans-
port during the heat stress (Heckathorn et al., 1998).
Several faster response mechanisms to elevation of the
ambient temperature have also been proposed to oc-
cur in chloroplasts. These responses include the sepa-
ration of PSII from light harvesting protein complex
(LHCII; Sundby et al., 1986; Pastenes and Horton,
1996), temperature-induced conformational changes
of PSII (Havaux, 1994), stabilization of thylakoid
membranes and PSII due to violaxanthin to zeaxan-
thin conversion (Havaux and Tardy, 1996; Havaux et
al., 1996; Tardy and Havaux, 1997) and, in some
plants, isoprene synthesis (Sharkey, 1996; Singsaas et
al., 1997). However, the mechanisms of immediate
sensing of elevated temperatures and signals inducing
the heat shock response in the photosynthetic machin-
ery are still enigmatic.

Processes of protein phosphorylation comprise a
universal molecular mechanism for adaptation of
and regulation in living organisms. Specifically,
phosphorylation of proteins was suggested to play a

1 Support for this work was provided by the Swedish Natural
Science Research Council, by The Academy of Finland, by the
Swedish Council for Forestry and Agricultural Research, by Nor-
diskt Kontaktorgan för Jordbruksforskning, by The Nordic Energy
Research Program, by The German Research Foundation (SFB
184), and by the Human Frontier Science Program.

2 Present address: Department of Horticulture, University of
Wisconsin, Madison, WI 53706.

* Corresponding author; e-mail avvener@facstaff.wisc.edu; fax
608 –262– 47– 43.

Plant Physiology, August 2000, Vol. 123, pp. 1525–1535, www.plantphysiol.org © 2000 American Society of Plant Physiologists 1525



pivotal role in sensing elevated temperature by
plants (Krishnan and Pueppke, 1987). In chloroplasts
a unique redox-regulated protein phosphorylation
has evolved (Bennett et al., 1980; Allen, 1992; Vener et
al., 1998). This phosphorylation is induced by light
that activates a redox-dependent membrane protein
kinase (Vener et al., 1995, 1997; Gal et al., 1997; Sny-
ders and Kohorn, 1999) and leads to phosphorylation
of approximately twenty thylakoid membrane pro-
teins. The major thylakoid phosphoproteins are those
of the LHCII and polypeptides of PSII itself: the
reaction center proteins D1, D2, CP43, and a 9-kD
(PsbH) polypeptide. Phosphorylation of these pro-
teins is reversible, and both integral and extrinsic
membrane protein phosphatases appear to be in-
volved in dephosphorylation of thylakoid phospho-
proteins (Sun et al., 1989; Hast and Follmann, 1996;
Hammer et al., 1997; Vener et al., 1999). Phosphory-
lation of PSII proteins has been shown to regulate the
stability, degradation, and turnover of the reaction
center proteins (Andersson and Aro, 1997; Barber et
al., 1997; Kruse et al., 1997; Baena-Gonzalez et al.,
1999). The D1 reaction center protein of PSII displays
the highest turnover rate of all thylakoid proteins
due to its light-induced damage. Repair of photosyn-
thetic function requires proteolytic degradation of
the damaged protein, followed by synthesis of a new
D1 molecule and its integration into PSII (Aro et al.,
1993). Under conditions of light stress the D1 protein
becomes phosphorylated. However, the photodam-
aged D1 protein is subjected to proteolysis only after
its dephosphorylation (Koivuniemi et al., 1995; Rinta-
mäki et al., 1996). This is believed to be a key regu-
latory event in the coordination of degradation with
integration and assembly of a new subunit during the
protein turnover (Andersson and Aro, 1997). Thus,
phosphorylation and dephosphorylation of PSII are
critical regulatory factors and play a principal role in
the control of PSII repair.

We have recently purified an intrinsic thylakoid
membrane phosphatase and found that this enzyme is
highly active in the dephosphorylation of PSII reaction
center proteins (Vener et al., 1999). In the same study
the phosphatase was found to be associated with and
regulated by a cyclophilin-like protein, TLP40. The
phosphatase activation in the presence of cyclosporin
A was suggested to operate via release of TLP40 from
the inner surface of the thylakoid membrane. In the
present paper we report on a specific and rapid de-
phosphorylation of PSII core phosphoproteins, includ-
ing the D1 protein, in response to abrupt elevation of
temperature both in isolated thylakoids and in vivo. A
heat-induced activation of protein dephosphorylation
is shown to coincide with a release of TLP40 from the
membrane into the thylakoid lumen. The protein
phosphatase activation appears to represent an imme-
diate, and probably the most profound, auxiliary en-
zymatic response to elevated temperatures in plant
photosynthetic membranes.

RESULTS

Heat-Stimulation of Thylakoid Protein
Dephosphorylation in Vitro

To elucidate a possible influence of elevated tem-
perature on thylakoid protein phosphorylation/de-
phosphorylation the membrane proteins of isolated
spinach (Spinacia oleracea) thylakoids were first phos-
phorylated by [g-32P]ATP, employing endogenous
light-activated protein kinase. Then, a dephosphory-
lation kinetics for the 32P-labeled membrane proteins
was assayed at 22°C (Fig. 1A) and 42°C (Fig. 1B).
Comparison of the dephosphorylation rates at 22°C
and 42°C revealed accelerated dephosphorylation of
all thylakoid phosphoproteins at 42°C (Fig. 1). How-
ever, the extent of activated dephosphorylation dif-
fered significantly for various proteins. The most
striking observation was an extremely fast dephos-
phorylation of the D1, D2, and CP43 proteins of PSII
in particular. These PSII core phosphoproteins lost
their major amount of phosphate already during the
first 10 min of heat treatment (Fig. 1B). As revealed
by western analysis, the content of D1 protein in the
thylakoids did not change upon heating during this

Figure 1. Dephosphorylation of thylakoid proteins in vitro at 22°C
and 42°C. Spinach thylakoid membranes were isolated and phos-
phorylated in the presence of [g-32P]ATP under a photon flux density
(PFD) 300 mmol photons m22 s21. The autoradiograms show dephos-
phorylation of thylakoid phosphoproteins by endogenous phospha-
tases in darkness either at 22°C (A) or 42°C (B). Positions of the major
thylakoid phosphoproteins are indicated.
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short period, excluding degradation of D1 or loss due
to aggregation of the protein at the top of the gel
during electrophoresis (data not shown). Thus ele-
vated temperature elicits an extremely high rate of
dephosphorylation for several PSII proteins. The re-
versible phosphorylation of the PSII proteins has
been studied extensively before (Elich et al., 1993;
Silverstein et al., 1993; Carlberg and Andersson, 1996;
Rintamäki et al., 1996; Fulgosi et al., 1998), but under
neither of the other conditions studied has D1 and D2
dephosphorylation been found to be so rapid.

As a next step we performed a detailed study on
the dephosphorylation kinetics of the major thyla-
koid phosphoproteins at 22°C, 27°C, 35°C, and 42°C.
Table I shows the data on the dephosphorylation of
CP43, D1 and D2, the 9-kD protein, LHCII, and the
29-kD protein. The identity of 29-kD phosphoprotein
in spinach thylakoids is not clear; however, its phos-
phorylation/dephosphorylation behavior is similar
to LHCII. Elevation of temperature from 22°C to 35°C
increased the dephosphorylation rate of PSII reaction
center proteins D1 and D2 about 6-fold. Only a 3-fold
increase was observed in the dephosphorylation
rates of the LHCII and 29-kD phosphoproteins, as
well as of CP43. Further temperature increase to 42°C
did not enhance dephosphorylation of LHCII and the
9-kD protein. On the other hand the dephosphoryla-
tion of the D1, D2 proteins and CP43 was further
accelerated resulting in more than a 10-fold total
increase upon raising the temperature from 22°C to
42°C (Table I). Therefore, short heat exposure of iso-
lated thylakoids leads to specific increase in the de-
phosphorylation rates of the PSII reaction center
phosphoproteins.

Heat-Stimulated Thylakoid Protein Dephosphorylation
in Vivo

To investigate the physiological relevance of the
temperature-induced specific dephosphorylation of
PSII we performed studies in vivo. Illumination of
spinach leaf discs under relatively high light inten-
sity induced phosphorylation of D1, D2, and CP43,

whereas LHCII proteins existed mostly in unphos-
phorylated form as reported earlier (Rintamäki et al.,
1997). Only slow dephosphorylation of the D1, D2,
and CP43 proteins occurred in the leaf discs during a
60 min incubation in darkness at 22°C as judged by
analysis with antibody against phospho-Thr (P-Thr;
Fig. 2A). However, dephosphorylation of these pro-
teins after incubation of the leaf discs at 42°C was
strikingly faster and reached completion within 10
min or even less (Fig. 2A). Quantification of the im-
munoblot data from the in vivo studies (four exper-
iments at each temperature) revealed that heating
from 22°C to 42°C decreased the dephosphorylation
half-times from 41 6 5 min to 3 6 0.4 min for the
CP43 protein, from 230 6 30 min to 12 6 1 min for
the D1 protein, and from 58 6 9 min to 3 6 0.4 min
for the D2 protein. The fast dephosphorylation of
the phospho-D1 protein induced by elevated temper-
ature in vivo was confirmed using high-resolution
gels, which allow electrophoretic separation of
the phosphorylated and non-phosphorylated forms
of this reaction center protein (Elich et al., 1992;
Koivuniemi et al., 1995). As detected by the specific D1
antibody, the electrophoretic migration of phospho-
D1 is retarded compared with the non-phosphorylated
form of the protein. Figure 2B shows that both forms of
the D1 protein were present in the leaves and their ratio
did not change during incubation in darkness at 22°C.
However, after a short exposure of leaf discs to 42°C the
amount of the phospho-D1 was drastically reduced
(Fig. 2B) in agreement with the observation made using
the P-Thr antibody for detection.

The relative amount of phospho-LHCII formed
during the incubation of leaf discs at low light did
not decrease upon transfer of leaves to darkness at
elevated temperature. On the contrary, incubation of
leaf discs at 42°C in darkness increased phosphory-
lation of LHCII proteins (Fig. 2C). These data suggest
prevalence of the LHCII kinase activity over that of
the respective protein phosphatase at elevated tem-
perature (Fig. 2, A and C), which could be due to
temperature-induced structural changes in LHCII.
Indeed the LHCII phosphorylation has recently been
shown to be regulated at the substrate level by re-
versible light-induced conformational changes ex-
posing the LHCII phosphorylation site (Zer et al.,
1999).

Photosystem II Is Dephosphorylated by a
Membrane-Bound Phosphatase

To elucidate whether the heat-stimulated dephos-
phorylation of the PSII proteins is catalyzed by
membrane-bound or extrinsic protein phosphatases
the extrinsic proteins were removed from the phos-
phorylated thylakoids by high-salt washings. As
shown in Figure 3, the 12-kD phosphoprotein was
removed from the membranes after this treatment, as
well (compare with Fig. 1). Comparison of the pro-

Table I. Temperature dependence of the dephosphorylation rates
for the major phosphoproteins in isolated thylakoids

The data are presented as the half-times (minutes). The half-times
were calculated from the first-order rate fitting of the dephosphory-
lation versus time curves obtained from four experiments at each
temperature.

Temperature
t1/2

22°C 27°C 35°C 42°C

min
Phosphoprotein

CP43 22 6 8 33 6 5 9 6 4 2 6 0.6
D1/D2 49 6 12 49 6 7 8 6 4 4 6 2
9-kD 52 6 26 55 6 10 9 6 6 19 6 10
LHCII 35 6 10 37 6 7 12 6 10 18 6 7
29-kD 43 6 9 35 6 8 14 6 4 13 6 3

Temperature-Induced Dephosphorylation of Photosystem II
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tein dephosphorylation rates at two temperatures
revealed that the membranes preserved the heat-
induced phosphatase activity toward the PSII core
phosphoproteins after the removal of the extrinsic
proteins (Fig. 3). The dephosphorylation of the PSII
core proteins in the “stripped” membranes at 42°C
proceeded in a fast and specific way (Fig. 3B). On the
contrary, dephosphorylation of LHCII and the 9-kD
phosphoprotein was heavily retarded in the stripped
membranes. These results are consistent with our
previous observation that purified thylakoid mem-
brane phosphatase has a higher specificity toward
PSII core proteins rather than toward LHCII (Vener
et al., 1999). Moreover, all previously described ex-
trinsic thylakoid phosphatases have been shown to
dephosphorylate mostly LHCII, but not PSII proteins
(Sun et al., 1993; Hast and Follmann, 1996; Hammer
et al., 1997). Although the involvement of extrinsic
phosphatases in the PSII dephosphorylation could
not completely be ruled out, a slower dephosphory-
lation of PSII proteins in the stripped membranes
than in the non-washed thylakoids (compare Figs. 1
and 3) is more likely a result of partial inactivation of
the membrane phosphatase upon the high-salt-
treatment. Furthermore, stimulation of CP43, D1, and
D2 dephosphorylation by the high temperature in the
membranes depleted of extrinsic proteins provided

another strong indication that this process is cata-
lyzed by a membrane bound phosphatase.

Lateral Migration of PSII in Relation to
Protein Dephosphorylation

Thylakoid membranes are highly appressed and
PSII is concentrated in the stacked grana regions (Aro
et al., 1993), which may make it poorly accessible to
either a soluble phosphatase or the catalytic domain
of a membrane enzyme. Therefore the reasons for
accelerated dephosphorylation of PSII upon heating
could be a partial temperature-induced dissociation
of LHCII from PSII, partial unstacking of thylakoids,
and lateral migration of PSII to the stroma-exposed
thylakoid regions (Gounaris et al., 1984; Sundby et
al., 1986; Pastenes and Horton, 1996). To verify the
extent of heat-induced lateral migration of PSII under
the chosen experimental conditions, thylakoid mem-
branes were fractionated into grana- and stroma-
exposed thylakoids after 5 min of incubation either at
22°C or 42°C. First, the high temperature signifi-
cantly decreased the amount of the appressed thyla-
koid fraction indicating unstacking of the grana re-
gions, in accordance with previous studies (Gounaris
et al., 1984; Pastenes and Horton, 1996). Second, the
elevated temperature induced a migration of PSII

Figure 2. Dephosphorylation of thylakoid pro-
teins in vivo at 22°C and 42°C. Spinach leaf
discs were illuminated 60 min at 22°C and then
transferred to darkness and incubated at 22°C or
42°C. Dephosphorylation was terminated at the
indicated time points by freezing the leaf discs
in liquid nitrogen. Thylakoid membranes were
isolated and the extent of protein phosphoryla-
tion was determined using a P-Thr antibody
(A and C) or a D1-specific antibody (B). In the
latter case the upper band of the D1 doublet
represents the phosphorylated form of the pro-
tein, indicated by PO3-D1. Before conducting
the dephosphorylation experiments different
light intensities were used for induction of
higher in vivo phosphorylation levels of either
PSII core proteins or LHCII. The leaf discs were
illuminated under a PFD 1,000 mmol photons
m22 s21 for more effective phosphorylation of
PSII proteins (A, B) or under a PFD 80 mmol
photons m22 s21 for induction of LHCII phos-
phorylation (C).
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from the residual grana regions to the stroma-
exposed membranes, in accordance with Sundby et
al. (1986). At 22°C the majority of PSII complexes was
found in the grana regions as compared with the
stroma membranes (Fig. 4). However, 5 min incuba-
tion at 42°C caused a lateral migration of PSII from
grana as judged from an equal distribution of the D1
protein, CP43, and cytochrome b559 between stacked
and unstacked thylakoid fractions. Taking into ac-
count the higher phosphatase activity in stromal thy-
lakoids (Carlberg and Andersson, 1996) and enrich-
ment of TLP40, which associates with the membrane
protein phosphatase in the stroma-exposed membrane
regions (Vener et al., 1999), the heat-induced lateral
migration of PSII, as well as the partial destacking of
thylakoids could contribute to the accelerated dephos-
phorylation of the PSII core proteins.

To obtain further information about the role of
substrate accessibility on the activation of PSII core
protein dephosphorylation by the membrane protein
phosphatase, the influence of the membrane struc-
ture was eliminated. Thylakoid membranes were sol-
ubilized with N-dodecyl-b-d-maltoside (DM), which
is the mild detergent with respect to the activity of
the membrane protein phosphatase (Vener et al.,

1999). Analysis of protein dephosphorylation in the
radioactively labeled DM-solubilized thylakoids re-
vealed that the dephosphorylation rates of D1/D2
and CP43 increased 1.2- to 1.5-fold upon solubiliza-
tion (data not shown). Comparison of the PSII core
protein dephosphorylation at 22°C and 42°C in the
solubilized thylakoids did not reveal a significant
increase of the reaction rates upon heating. Taken
together these results indicate that lateral migration
of PSII could contribute to, but cannot totally explain,
one order of magnitude of acceleration of the dephos-
phorylation upon heat treatment of thylakoids. Thus
additional regulatory factors for activation of the PSII
core protein phosphatase must exist.

Temperature Dependence of the Activity of
Isolated Phosphatase

To determine whether the thylakoid membrane pro-
tein phosphatase itself is highly activated by elevated
temperatures, the activity of the isolated enzyme was
assayed at different temperatures using truncated
thylakoid phosphopeptides as substrates. These 32P-
labeled peptides were cleaved from membranes with
trypsin and hence comprised a mixture of phosphor-
ylated peptides. Only one-third of the total label was
readily released from the phosphopeptides upon in-
cubation with the isolated phosphatase or with the
high-salt-washed thylakoid membranes. Analysis of
the peptide mixture by HPLC and electrospray mass
spectrometry revealed that this fraction represented
the phosphopeptides of PSII proteins: D1 (Ac-
pTAILER and Ac-pTAILERR), D2 (Ac-pTIAVGK),
and CP43 (Ac-pTLFNGTLTLAGR; A.V. Vener, un-
published data). A common trait of these phos-
phopeptides is the presence of N-terminal acetylated
and phosphorylated Thr residues, which could be im-

Figure 4. Lateral migration of the PSII induced by high temperature.
Isolated thylakoid membranes (T) incubated for 5 min at 22°C or
42°C were subfractionated into grana (G), grana margins (Gm), and
stroma-exposed thylakoids (S) using digitonin and differential cen-
trifugation. Marker PSII proteins, CP43, the D1 protein, and cyto-
chrome b559 (Cyt b559), were detected using specific corresponding
antibodies. An antibody against ATP synthase subunit CFo was used
as a control for proteins with permanent location in stroma-exposed
thylakoid membranes and grana margins.

Figure 3. Dephosphorylation of thylakoid proteins in NaBr-washed
thylakoids. Radioactively labeled thylakoid membranes were washed
with 2 M NaBr to remove extrinsic protein phosphatases. Subse-
quently the thylakoids were incubated in darkness either at 22°C (A)
or 42°C (B) to follow protein dephosphorylation as presented on
autoradiograms.

Temperature-Induced Dephosphorylation of Photosystem II
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portant for the specificity of the membrane phospha-
tase. In contrast, trypsin released from the LHCII pro-
teins only short and nonacetylated phosphopeptides:
pTAGK and pTVK. As shown in Figure 5A, an in-
crease of the temperature from 22°C to 27°C and then
to 35°C led only to a limited stimulation of phos-
phopeptide hydrolysis by the isolated phosphatase:
i.e. 1.5- and 1.75-fold, respectively. Further increase of
the temperature to 42°C led to irreversible deactiva-
tion of the isolated enzyme. Thus the dephosphoryla-
tion capability of the isolated protein phosphatase
itself is not significantly stimulated in response to
elevated temperatures.

Activation of the Membrane-Bound Phosphatase and
Release of TLP40 from the Thylakoid Membrane

We have recently found that the peptidyl-prolyl
cis-trans isomerase TLP40 can regulate the activity of
the protein phosphatase within the thylakoid mem-
brane (Vener et al., 1999). Although TLP40 is located
in the thylakoid lumen and can reversibly associate
with the inner membrane surface, the phosphatase
active site is situated on the opposite side of the
membrane facing the chloroplast stroma. It was
therefore proposed that binding of TLP40 to the in-
trinsic phosphatase depresses the dephosphorylation
activity, whereas activation of the phosphatase oc-
curs upon release of TLP40 into the lumen (Vener et
al., 1999). To check whether such a mechanism could
be responsible for the heat shock-induced stimula-
tion of the thylakoid protein dephosphorylation, a
temperature-induced activation of the phosphatase
was studied in intact thylakoids with externally
added phosphopeptides (Fig. 5B). This approach al-
lowed the elimination of the factor of endogenous
substrate accessibility and enabled us to study the
correlation between phosphatase activation and the
amount of TLP40 bound to membranes. The results
presented in Figure 5B show that elevated tempera-
ture indeed caused a significant increase of the phos-
phatase activity, as judged by accelerated release of
the inorganic phosphate (32Pi) from the added phos-
phopeptides. The temperature rise from 22°C to
27°C, 35°C, and 42°C led to 2.6-, 4.3-, and 6.9-fold
increases in the initial rates of 32Pi release. Clearly,
high temperatures induced a prominent activation of
the phosphatase only when the enzyme was in the
membrane-bound, but not in the isolated form (Fig.

Figure 5. Temperature dependence of the phosphatase activity of the
isolated membrane enzyme and the enzyme bound to thylakoid
membranes. Phosphatase assays were performed with 32P-labeled
phosphopeptides as a substrate. The 32P-labeled phosphopeptides
were obtained from radioactively labeled thylakoid membranes by
trypsin treatment. The phosphatase activity of isolated phosphatase
(A) and of intact thylakoids (B) was measured at 22°C, 27°C, 35°C, or
42°C. The initial phosphopeptide concentrations were 10 mM, based
on the 32P content. C, Comparison of the increase in dephosphory-
lation rate constants at different temperatures for the isolated phos-
phatase and the membrane-bound enzyme.

Figure 6. Release of TLP40 from thylakoid membranes as a result of
a heat treatment. Isolated thylakoid membranes were incubated 5
min at 22°C or 42°C and then frozen in liquid nitrogen. Subsequently
the membranes were disrupted with DM, and the membrane fraction
and lumenal fraction, containing the released proteins, were sepa-
rated by centrifugation. The proportions of membrane-bound and
released TLP40 were determined with a specific antibody. As a
control the content of the Rieske iron-sulfur protein was determined
in the same fractions. The Rieske protein is located in thylakoid
lumen and bound to the membrane via a single transmembrane
anchoring span (Karnauchov et al., 1997).
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5C). This favored the possibility of the enzyme acti-
vation via the release of TLP40 from the inner mem-
brane surface into the thylakoid lumen.

Consequently, the effect of increasing temperature
on the distribution of TLP40 between the soluble and
membrane-bound fractions was studied by western
analysis before and after incubation of thylakoids at
42°C for 5 min. At 22°C most TLP40 was bound to the
membrane, whereas only a small population of the
protein was soluble in the lumen (Fig. 6). After 5 min
of heating the distribution of TLP40 had changed: a
much greater fraction of the protein was released
from the membrane (Fig. 6). Therefore, a fast detach-
ment of the TLP40 from the membrane upon the heat
treatment of thylakoids correlates with an activation
of the membrane protein phosphatase as described
above.

DISCUSSION

In this communication we describe findings of
rapid dephosphorylation of the PSII reaction center
proteins D1 and D2, as well as of the chlorophyll a
binding protein, CP43, in response to elevated tem-
perature. In isolated thylakoid membranes the high
temperature effect on the acceleration of the dephos-
phorylation was quite specific for the PSII reaction
center proteins as compared with other phosphopro-
teins, including LHCII. Furthermore, in vivo experi-
ments revealed that heat shock induced an even more
rapid dephosphorylation of the PSII phosphopro-
teins, but there was no increase in the LHCII dephos-
phorylation. This specific dephosphorylation of the
PSII reaction center proteins under heat stress condi-
tions may play an important regulatory role, as de-
phosphorylation of D1 and D2 proteins does in the
repair cycle of PSII in response to light stress (Aro et
al., 1993; Andersson and Aro, 1997). Phosphorylation
does not protect D1 protein against light-induced
damage; however, it does prevent the proteolytic
degradation of the damaged D1 (Andersson and Aro,
1997). Only after dephosphorylation can the D1 pro-
tein be proteolytically degraded (Koivuniemi et al.,
1995; Rintamäki et al., 1996). Thus rapid dephosphor-
ylation of the PSII reaction center proteins in re-
sponse to abrupt elevation of temperature appears to
be an immediate regulatory reaction to heat shock in
plant photosynthetic membranes.

We have established that the heat-stimulated PSII
dephosphorylation process is catalyzed by an intrin-
sic thylakoid protein phosphatase, since dephosphor-
ylation was preserved after removal of extrinsic
phosphatase activities by salt washings. Moreover,
the protein phosphatase isolated from thylakoid
membranes was found to exert a high activity and
specificity in dephosphorylation of the PSII phospho-
proteins, but not of phospho-LHCII (Vener et al.,
1999). Therefore, the selectivity of the temperature-
induced dephosphorylation of PSII compared with

LHCII is likely a result of involvement of different
phosphatases in dephosphorylation of these protein
complexes. This conclusion is in agreement with sev-
eral previous studies (Silverstein et al., 1993; Sun et
al., 1993; Carlberg and Andersson, 1996; Hammer et
al., 1997).

The mechanism behind the heat stimulation of the
membrane protein phosphatase appears to be com-
plex. The activity of the isolated phosphatase did not
exhibit significant temperature dependence. The high
temperature-induced partial destacking of thylakoid
membranes and acceleration of lateral migration of
membrane protein complexes could contribute to the
activation of the PSII dephosphorylation. Under our
experimental conditions PSII migrated toward stroma
lamellae and became equally distributed between the
grana and stroma domains of the thylakoid system
within 5 min at 42°C, in agreement with previous
studies (Gounaris et al., 1984; Sundby et al., 1986).
Protein dephosphorylation rates have previously been
shown to be higher in the stroma thylakoids than in
grana domains (Carlberg and Andersson, 1996). Con-
sequently, the lateral migration of phospho-PSII deliv-
ers the substrate closer to the enzyme. However, en-
hanced accessibility of phospho-PSII to phosphatase
seems to have only a limited impact on the stimulation
of dephosphorylation, as is evident from experiments
with solubilized membranes. Hence, the very modest
heat activation of the phosphatase itself and the lateral
migration of the phosphorylated PSII cannot explain
the 10- and 20-fold acceleration of dephosphorylation
induced by heat shock in vitro and in vivo, respec-
tively. Therefore, additional factor should account for
the stimulation of the membrane protein phosphatase.

The use of phosphopeptides as thylakoid phospha-
tase substrates revealed a requirement of the mem-
brane integrity for the fast heat-induced dephosphor-
ylation to occur. When in membrane-associated form,
the phosphatase was activated 7-fold at the high tem-
perature. Recently we found that the thylakoid protein
phosphatase is regulated by TLP40, a peptidyl-prolyl
cis-trans isomerase located in the thylakoid lumen
(Fulgosi et al., 1998). Binding of cyclosporin A, an
immunosuppressive drug, to the active site of TLP40
led to a pronounced activation of thylakoid pro-
tein dephosphorylation by the membrane protein
phosphatase. On the other hand, prolyl-containing
peptidyl-prolyl cis-trans isomerase substrate peptides
inhibited phosphatase activity (Vener et al., 1999).
TLP40 was found to interact transiently with the inner
face of the thylakoid membrane potentially serving as
a regulatory subunit of the membrane phosphatase. It
was proposed that binding of TLP40 to a lumen-
exposed epitope of the transmembrane protein phos-
phatase suppressed the phosphatase activity, whereas
release of TLP40 into the lumen activated the phos-
phatase (Vener et al., 1999). Dissociation of TLP40
from the membrane and concomitant activation of the
PSII-specific phosphatase after a brief exposure of thy-
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lakoids to elevated temperatures is the additional con-
firmation of the proposed regulatory model provided
by the present study. The present data connect specific
dephosphorylation of the PSII phosphoproteins upon
the heat shock conditions with the release of TLP40
from the thylakoid membrane.

Photosynthetic functions and, primarily, the func-
tion of PSII are the most heat-sensitive processes in
plant cells. The heat tolerance limit of leaves coin-
cides with the thermal stability of photochemical re-
actions in the thylakoid membrane (Berry and Björk-
man, 1980; Weis and Berry, 1988; Havaux and Tardy,
1996). Acclimation of plants to elevated temperatures
via reprogramming cellular activities and synthesis
of heat shock proteins proceeds in a time scale of
hours (Schöffl et al., 1998). The heat shock proteins
bind to thylakoids at elevated temperatures (Glacz-
inski and Kloppstech, 1988; Osteryoung and Vierling,
1994). The transition of the non-binding to the bind-
ing status of the heat shock proteins is comparatively
sharp and occurs between 36°C and 40°C (Glaczinski
and Kloppstech, 1988). In contrast, TLP40 protein is
present already before the heat shock conditions and
rapidly discharges from the membrane in response to
abrupt temperature increase. The TLP40 release from
the membrane is paralleled by a profound activation
of the PSII protein phosphatase.

The known immediate events occurring upon
abrupt exposure of leaves to high temperature are
destacking of thylakoids (Gounaris et al., 1984), re-
lease of extrinsic components of the oxygen evolving
complex from PSII, and increase in permeability and
fluidity of the photosynthetic membrane (Havaux et
al., 1996; Tardy and Havaux, 1996). As emergency
mechanisms of thylakoid membrane stabilization un-
der heat shock, rigidifying carotenoids are provided
by the xanthophyll cycle (Tardy and Havaux, 1997)
and isoprene is synthesized in various plants (Shar-
key and Singsaas, 1995; Sharkey, 1996; Singsaas et al.,
1997). However, the signaling events induced by heat
stress that lead to higher thermotolerance of cellular
activities are not yet fully understood. Our finding of
an immediate activation of the thylakoid protein
phosphatase in response to a steep rise of ambient
temperature favors the involvement of reversible
protein phosphorylation in the signaling chain. The
protein phosphorylation/dephosphorylation cascade
has already been suggested to connect light percep-
tion in the thylakoid membrane of green alga and
expression of a nuclear cab gene (Escoubas et al.,
1995). Specific inhibitors of eukaryotic Ser/Thr pro-
tein phosphatases, in particular, okadaic acid, micro-
cystin, and tautomycin, blocked this signaling. It is
remarkable that the protein phosphatase, purified
from the thylakoid membrane and described in the
present study, is also inhibited by the same inhibitors
(Vener et al., 1999). Thus we propose that selective
activation of the thylakoid membrane phosphatase in
response to heat shock may be involved not only in

dephosphorylation of PSII core phosphoproteins and
regulation of PSII turnover, but could also be a more
general cellular signal leading to plant acclimative
responses to heat stress and heat shock.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Spinach (Spinacia oleracea) plants were grown hydropon-
ically under a PFD of 400 mmol photons m22 s21 with a
10-h light/14-h dark rhythm at 25°C. Fully expanded
leaves were used in all experiments.

Isolation and Subfractionation of
Thylakoid Membranes

For in vitro phosphorylation/dephosphorylation assays
thylakoid membranes were isolated according to Anders-
son et al. (1976) and resuspended in reaction buffer con-
sisting of 50 mm Tricine (N-[tris(hydroxymethyl)methyl]
Gly), pH 7.8, 100 mm sorbitol, and 5 mm MgCl2. For
measurements of protein phosphorylation levels in vivo the
thylakoid membranes were isolated from spinach leaf discs
and resuspended in a small volume of storage buffer con-
sisting of 10 mm HEPES [4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid]-NaOH, pH 7.5, 100 mm Suc, 5 mm
NaCl, 10 mm NaF, and 10 mm MgCl2. Thylakoid subfrac-
tionation into grana and stroma-exposed membrane regions
was performed using digitonin and differential centrifuga-
tion according to Leto et al. (1985).

Phosphorylation and Dephosphorylation of Thylakoid
Proteins in Vitro

Thylakoids (0.3 mg chlorophyll mL21) were phosphory-
lated in the presence of 0.1 mm [g-32P]ATP (0.02 mCi/mg
chlorophyll) under a PFD of 300 mmol photons m22 s21 at
room temperature for 30 min. Excess of radioactivity was
removed by washing the membranes with 50 mm Tricine,
pH 7.8, 100 mm sorbitol, and 5 mm MgCl2. The thylakoids
were finally resuspended in the same buffer and incubated
in darkness at 22°C, 27°C, 35°C, and 42°C for different
periods to follow protein dephosphorylation. Dephos-
phorylation was terminated by addition of electrophoresis
sample buffer. To study dephosphorylation of thylakoid
proteins by the intrinsic membrane phosphatase, the
32P-labeled thylakoids were depleted from extrinsic pro-
teins by washing with 2 m NaBr (Hurt and Hauska, 1981).
In some experiments 32P-labeled thylakoid membranes
solubilized with 10 mm DM in the presence of 2 mm
dithiothreitol were used for protein dephosphorylation
studies at 22°C or 42°C.

Phosphorylation and Dephosphorylation of Thylakoid
Proteins in Vivo

Spinach leaf discs (3 cm in diameter), floating on dis-
tilled water, were illuminated under a PFD of 1,000 mmol
photons m22 s21 at 22°C for 60 min to phosphorylate PSII
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proteins (Rintamäki et al., 1997). To induce maximal LHCII
phosphorylation, leaf discs were illuminated at low light
(a PFD 80 mmol photons m22 s21) for 60 min. A metal-
halide lamp (HQI-T 250 watts/daylight) served as a light
source. After light treatment the leaf discs were transferred
to darkness and incubated further at 22°C or 42°C for up to
60 min. Samples for thylakoid isolation were taken during
the time course of incubation, frozen in liquid nitrogen,
and stored at 280°C.

Detection of Thylakoid Proteins and Phosphoproteins

Thylakoids from in vivo experiments were solubilized in
the presence of 6 m urea, and polypeptides were separated
by SDS-PAGE (Laemmli, 1970) using 15% (w/v) acryl-
amide gels with 6 m urea. One microgram of chlorophyll
was loaded into each well. Proteins from in vitro experi-
ments or after thylakoid subfractionation were separated
on gels without urea with 2 mg of chlorophyll loaded per
well. The patterns of the 32P-labeled phosphoproteins were
revealed by autoradiography using x-ray films after the
gels were stained and dried. For immunoblotting, the
polypeptides were transferred to a polyvinylidene difluo-
ride membrane and proteins detected with antibodies
raised against the D1 protein, CP43, TLP40, the ATP syn-
thase subunit CFo, cytochrome b559, and the Rieske iron-
sulfur protein. The D1 specific antibody was raised against
a synthetic peptide corresponding to amino acids 234 to
242 of the D-E loop in Synechocystis 6803 (Research Genet-
ics, Huntsville, AL). The TLP40 antibody was raised
against the protein overexpressed in Escherichia coli (Ful-
gosi et al., 1998). The phosphorylation level of proteins
after in vivo experiments was detected with an antibody
raised against P-Thr (Zymed Laboratories, San Francisco).
The relative content of specific proteins on immunoblots
was determined using enhanced chemiluminescence (Am-
ersham, Buckinghamshire, UK) fluorography or chemilu-
minescent kit from New England BioLabs (Beverly, MA).
The quantities of particular protein or phosphoprotein
were determined by scanning the x-ray films with a laser
densitometer, using the software package Image Quant
from Molecular Dynamics (Sunnyvale, CA).

Assay of Protein Phosphatase Activity with
Phosphopeptide Substrates

32P-labeled phosphopeptides were prepared from thyla-
koids phosphorylated with [g-32P]ATP in the light, and
cleaved from membranes with trypsin, as described in
Vener et al. (1999). To assay protein phosphatase activity,
the phosphopeptides were resuspended in a buffer con-
taining 50 mm Tricine, pH 7.8, 100 mm sorbitol, and 5 mm
MgCl2. Then 5 mL of the phosphopeptides (20 mm, 6,000–
9,000 cpm) and 5 mL of thylakoids (1.2 mg chlorophyll
mL21) or a fraction containing the purified phosphatase
were mixed and incubated for 3 to 20 min at 22°C, 27°C,
35°C, and 42°C. The amount of 32P-label remaining in the
phosphopeptides and the released labeled 32Pi were deter-
mined by counting in the liquid scintillation system LS

6000TA (Beckman, Fullerton, CA) following the acid-
molybdate extraction of 32Pi as described before (Vener et
al., 1999).

Purification of the Thylakoid Protein Phosphatase

The membrane protein phosphatase was purified from
spinach thylakoid membranes approximately 9,000- to
13,000-fold as described in Vener et al. (1999). In short,
thylakoids (1 mg chlorophyll mL21) washed with 2 m NaBr
were solubilized using Triton X-100 (1% [v/v], final con-
centration) and subsequently subjected to three consecu-
tive anion-exchange chromatographic steps on Sepharose
Q and Resource Q (Pharmacia, Piscataway, NJ). At each
step detergents were changed from 0.5% (w/v) Triton
X-100 to 2 mm DM and 8 mm CHAPS (3-[(3-cholami-
dopropyl)dimethylammonio]-1-propanesulfonic acid). Af-
ter the last step the phosphatase containing fractions were
concentrated on Centricone (Amicon, Beverly, MA) and
further purified by size-exclusion FPLC on Superose 12.
The phosphatase activity was determined using the phos-
phopeptide assay.

Chlorophyll and Protein Determination

Chlorophyll concentrations and chlorophyll a/b ratios
were determined according to Arnon (1949). Protein deter-
mination was performed according to Bradford (1976).
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Rintamäki E, Salonen M, Suoranta UM, Carlberg I,
Andersson B, Aro E-M (1997) Phosphorylation of light-
harvesting complex II and photosystem II core proteins
shows different irradiance-dependent regulation in vivo:
application of phosphothreonine antibodies to analysis of
thylakoid phosphoproteins. J Biol Chem 272: 30476–30482
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