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Effects of bicarbonate on thylakoid protein phosphorylation
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The addition of NaHCO, to either intact chloroplasts or isolated thylakoid membranes was found to affect thylakoid
protein phosphorylation. It was found that bicarbonate highly stimulated the |3* P]phosphate incorporation into the 25
kDa polypeptide of LHC II, whereas phosphorylation of the 27 kDa polypeptide of LHC II was unaffected. Addition of
NaHCO; had a negative influence on the phosphorylation of the 9 kDa phosphoprotein of PS II. Moreover, depletion
of endogenous bicarbonate stimulated its phosphorylation. These data indicate that it is the phosphorylation of the
25-kDa-containing peripheral pool of LHC II that is under the regulation of bicarbonate. In addition, NaHCO, also

seems to prevent photoinhibition.

Introduction

In the last years many studies have focused on light-
induced thylakoid phosphorylation and its role in the
regulation of excitation energy distribution. There are
several pieces of evidence that phosphorylation of the
LHC II chlorophyll-protein complex causes a decrease
in the antenna size of PS II [1-4]). However, there are
conflicting reports concerning the effects of phosphory-
lation on both the PS I antenna and the so-called state
transitions [3-8). Thylakoid phosphorylation has also
been suggested to be protective against photoinhibition
[9] and to be affected by vanations in the metabolic
state of the chloroplast [10-12].

Upon light-induced thylakoid phosphorylation, phos-
phate groups are incorporated mainly into the 25 and
27 kDa polypeptides of LHC II and into the 9 kDa
phosphoprotein of PS II [1,13]. The LHC II contains
more 27 than 25 kDa polypeptides, but the 25 kDa
polypeptide has higher specific phosphate incorporation
and becomes phosphorylated on a much faster timescale
than the 27 kDa polypeptide [14,15]. The 25 kDa poly-
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peptide is probably present only in the so-called periph-
eral pool of LHC II [15,16], which, upon phosphoryla-
tion, dissociates from the PS II core and its tightly
bound pool of LHC II. The LHC II that is tightly
bound to the PS II core consists merely of 27 kDa
polypeptides. The 9 kDa phosphoprotein of PS II has
been purified and sequenced (17,18], but its function in
the thylakoid membrane is hitherto unknown. It has
been suggested that its phosphorylation is involved in
regulation of the PS II-dependent electron flow [19].

We started out to study the phosphate incorporation
into thylakoid polypeptides when intact chloroplasts
were or were not supplied with NaHCO,; for CO,
fixation during illumination. We found that NaHCO,
has a pronounced effect on the light-induced thylakoid
phosphorylation, that it is acting directly on the
thylakoid membrane and that it affects phosphorylation
of the three phosphoproteins in very different ways.

Materials and Methods

Preparation of intact chloroplasts and of isolated
thylakoid membranes. Intact chloroplasts were prepared
essentially according to Ref. 20 from spinach (Spinacia
oleracea L.) and suspended in 50 mM Hepes (pH 7.6) /2
mM EDTA /0.5 mM K,HPO,/10 mM NaCl/0.33 M
sorbitol. Stacked thylakoid membranes were isolated
according to Ref. 21 and suspended in 50 mM Tricine
(pH 7.2)/20 mM NaCl/5 mM MgCl, /100 mM sorbi-
tol.

Phosphorylation of chloroplasts and of thylakoids. Just
before phosphorylation chloroplasts or thylakoids were
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diluted to 200 pg Chl/ml with the media above. Phos-
phorylation was carried out in presence or absence of
added bicarbonate. Where indicated, 20 mM NaHCO,
was added to dark-adapted samples from a freshly
prepared 0.5 M stock solution 2 min before phosphory-
lation was started. To all samples 10 mM NaF was
supplied to inhibit phosphatase activity. Intact chloro-
plasts were then supplied with carrier-free [*?Portho-
phosphate (120 pCi/ml) and isolated thylakoids were
given 0.4 mM [y-*2PJATP (300000 cpm/nmol ATP).
Phosphorylation was performed at 20°C by 10 min
illumination with red light (greater than 600 nm) at
200-15000 pE-m?2-s~ 1,

Bicarbonate depletion of thylakoids. In case of bi-
carbonate depletion prior to phosphorylation, the
thylakoids were suspended at 600 pg Chl/ml in 20 mM
sodium formate, 15 mM Tricine (pH 5.8), 20 mM Na(l,
5 mM MgCl,, 100 mM sorbitol and bubbled with N,
gas for 30-60 min. Control thylakoids were treated
likewise but with no addition of formate. After incuba-
tion, samples were diluted 3-fold with 15 mM Tricine
(pH 7.8)/20 mM NaCl/5 mM MgCl, /100 mM sorbitol
to yield pH 7.2. Thereafter, phosphorylation was im-
mediately performed as described above. To check that
bicarbonate depletion indeed was obtained, a 100 ul
sample was withdrawn before phosphorylation, added
to 0.9 ml PS II activity assay medium (see below) and
the PS II activity was directly determined oxygraphi-
cally with or without the addition of 2 mM NaHCO,.

Analysis of *’P incorporation into thylakoid poly-
peptides. Immediately after the phosphorylating il-
lumination, samples were spun down and the thylakoids
were solubilized for electrophoresis. In the case of intact
chloroplasts, these were osmotically broken and their
thylakoid membranes were washed twice to remove
stromal proteins prior to solubilization. SDS-PAGE was
performed in the gel system of Ref. 22. For quantifica-
tion of [*P]phosphate incorporation, the polypeptide
bands corresponding to the 25 and 27 kDa apopoly-
peptides of LHC I and the 9 kDa phosphoprotein of
PS 1II were excised from the gels, solubilized in
H,0,/perchloric acid and counted for radioactivity.

PS II activity measurements. To estimate the PS 11
activity after phosphorylation, samples were spun down
from the media in which they were phosphorylated and
the PS-II-dependent electron flow from H,O to phenyl-
p-benzoquinone (PpBQ) was measured in a Clark type
of oxygen electrode with thylakoids corresponding to 20
pg Chl/ml in 10 mM sodium phosphate buffer (pH
7.4)/5 mM NaCl/5 mM MgCl,, 10 mM NaF, 100 mM
sucrose and 0.3 mM PpBQ. In the cases where intact
chloroplasts had been phosphorylated these were osmot-
ically broken and their thylakoid membranes were
washed twice before measurement. Excitation light was
passed through a red light filter (> 600 nm) and was of
saturating light intensity.

Determination of PS Il antenna size from activity
measurements. PS 11 activity light-saturation curves were
recorded by varying the light intensity of the excitation
light. The light-saturation curves were transformed into
Eadie-Hofstee plots where V/I (=PS II actvity in
pmol O,/mg Chl per h divided by light intensity) is
plotted versus V (see Ref. 3).

Results

When intact chloroplasts were illuminated, the
[*P]phosphate incorporation into the 25 kDa poly-
peptide of LHC 1I was highly stimulated by the pres-
ence of 20 mM NaHCO, (Table I). The bicarbonate
stimulation was 30-40% and fairly independent of the
light intensity used during phosphorylation. Phosphory-
lation as well as its bicarbonate stimulation saturated
already at 200 gE-m™2-s™!. In contrast to the 25 kDa
polypeptide, phosphorylation of the 27 kDa polypeptide
of LHC II was not affected by the presence of NaHCO,
during phosphorylation, at least not at lower light inten-
sities. At higher intensities a small stimulation was seen,
but this was rather due to a decrease in the [**P]phos-
phate incorporation in control chloroplasts than to a
positive effect by NaHCO,. By contrast, for the 9 kDa
polypeptide of PS II the phosphorylation was negatively
influenced by bicarbonate. The [*2P]phosphate incorpo-
ration into this polypeptide markedly decreased (—25%)
when phosphorylation was performed in the presence of
NaHCO;.

To test whether the bicarbonate stimulation is an
effect of its functioning as a final electron acceptor in
ongoing CO, fixation in the intact chloroplasts or if it
even affects protein phosphorylation directly on the
thylakoid membrane level, phosphorylation was also
performed with isolated thylakoid membranes. In Table
IT is seen that addition of NaHCO, to the thylakoid
membranes before phosphorylation caused a stimula-
tion of the [*?P]phosphate incorporation into the 25
kDa polypeptide (+44%). Phosphorylation of the 27
kDa polypeptide was not, or very weakly, affected by
NaHCO, (+4%). Finally, phosphorylation of the 9 kDa
polypeptide is negatively affected by the addition of
NaHCO, (—10%). The kinase responsible for phos-
phorylation is thought to be regulated by the redox
state of the plastoquinone pool [23] or the cytochrome
b/f complex [24-26] and differences in electron transfer
may therefore activate the kinase to different degrees.
We therefore measured the actual electron flow at the
beginning of phosphorylation and found that under
these conditions (200 pg Chl/ml, no PpBQ present) the
activity, a pseudocyclic electron flow with oxygen as
final electron acceptor, detected as an oxygen consump-
tion [27], was the same with and without added bi-
carbonate (data not shown).
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TABLE 1
Effect of bicarbonate on light-induced phosphorylation of intact chloroplasis

Intact chloroplasts were supplied with [32P]phosphate and illuminated with red light of the indicated intensity for 10 min, in the absence (Cl I
control) or presence (C1 I NaHCO,) of 20 mM NaHCO,. After phosphorylation the chloroplasts were osmotically broken and spun down. Their
thylakoid membranes were washed and thereafter solubilized for SDS-PAGE. After electrophoresis the individual polypeptide bands were excised
from the gel and counted for radioactivity. The total incorporation of [ PJphosphate into the 25 and 27 kDa apopolypeptides of LHC II and of the
9 kDa PS 1I protein is expressed in cpm.

Light intensity Total incorporation of [** P]phosphate (cpm)

25 kDa 27 kDa 9 kDa
200 pE-m~%s7! Cl 1 control 12276 16791 6373
Cl I NaHCO, 17239 16881 4808
effect of NaHCO, +40% 0% -24%
1000 pE-m~2.s7! Cl I control 13281 17058 7852
Cl 1 NaHCO, 18008 17007 5866
effect of NaHCO, +36% 0% -25%
400 pE-m~2.57" Cl I control 12008 15548 6870
Cl I NaHCO, 15400 17194 5578
effect of NaHCO, +28% +12% -19%
15000 pE-m™2.57! Cl 1 control 12488 15142 8266
Cl 1 NaHCO, 16326 17548 6197
effect of NaHCO, +31% +16% -25%

As seen in Tables 1 and II, bicarbonate affects phos-
phorylation very similarly in intact chloroplasts and
thylakoid membranes. Therefore bicarbonate stimula-
tion of phosphorylation must be a direct effect on the
thylakoid membrane. One such direct bicarbonate effect
on the thylakoid membranes has been described previ-
ously [28-30], namely a stimulatory effect of NaHCO,
on the Hill reaction, especially after bicarbonate deple-
tion by formate treatment. In order to optimize the
bicarbonate effect seen on protein phosphorylation, we
incubated isolated thylakoid membranes with sodium
formate at low pH to obtain bicarbonate depletion. We
obtained a partial depletion as judged from withdrawn
samples, that were stimulated 2-3 -fold by the addition
of 2 mM NaHCO, to the assay medium, whereas con-
trol thylakoids were not (not shown). After depletion
treatment the thylakoids were phosphorylated in the

TABLE 11

Effect of bicarbonate on light-induced phosphorylation of isolated
thylakoid membranes

Isolated thylakoid membranes were supplied with [y-*?PJATP and
illuminated with red light (200 pE-m~2-s7!) for 10 min in the
absence (Cl II control) or presence (Cl I1 NaHCO,) of 20 mM
NaHCO,. The total incorporation of [**P]phosphate into the 25, 27
and 9 kDa polypeptides was quantified as described in Table 1.

absence or presence of NaHCO;. We then found that
the negative influence of bicarbonate on the phosphory-
lation of the 9 kDa polypeptide was seen even more
clearly with this approach (Table III). While previous
data (Table 1 and II) already indicated a negative
influence of added NaHCO, on its phosphorylation,
removal of endogenous NaHCO, markedly stimulated
the [*?P]phosphate incorporation, by 58%. The phos-
phorylation of the two LHC II polypeptides was not
much affected by the NaHCO; depletion. Readdition of
NaHCO, to the depleted thylakoid membranes again
showed a negative effect on the phosphorylation of the
9 kDa polypeptide (data not shown).

To test if the changed phosphorylation of the 9 kDa
PS II protein leads to any change in PS II activity, we

TABLE 111

Effect of bicarbonate depletion by sodium formate on light-induced
phosphorylation of isolated thylakoid membranes

Isolated thylakoid membranes were depleted of bicarbonate in 20 mM
sodium formate pH 5.8 at 20 ° C for 60 min (Cl II formate). Control
thylakoids were likewise treated without the addition of formate (Cl I1
control). Thereafter the thylakoids were supplied with [y-32PJATP
and illuminated with red light (200 pE-m~2-s71) for 10 min. The
total incorporation into the 25, 27 and 9 kDa polypeptides was
quantified as described in Table 1.

Total incorporation of [*2Pphosphate (cpm)

Total incorporation of [ *2Plphosphate (cpm)

25 kDa 27 kDa 9 kDa 25 kDa 27 kDa 9 kDa
CHII control 21903 49681 15259 C1 II control 1299 1778 231
Cl 11 NaHCO, 31620 51934 13674 C11I formate 1469 1765 364
Effect of NaHCO, +44% +4% —10% Effect of formate +13% -7% +58%
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measured the light-saturated PpBQ-dependent oxygen
evolution after phosphorylation (Table IV). To dis-
tinguish an effect of phosphorylation from direct effects
of formate/bicarbonate on the PS II activity [28-30],
the different samples, all supplied with NaF to prevent
dephosphorylation, were spun down and resuspended in
an assay medium containing neither formate nor bi-
carbonate. We found that, although there is a 24%
difference in phosphorylation of the 9 kDa protein
between intact chloroplasts’ phosphorylated in the ab-
sence and presence of bicarbonate (Table I), their
thylakoid membranes show the same PS II activity
(Table 1V, Cl1 I control and Cl I NaHCO,). The 58%
higher phosphorylation of the 9 kDa protein yielded for
thylakoid membranes that were bicarbonate depleted by
formate before phosphorylation (Table III) did not dif-
fer much in PS II activity compared to the control
either (Table IV, Cl II control and Cl II formate).
However, in this case the comparison of the PS II
activities is less certain, since the illumination used to
induce phosphorylation in itself caused a decrease in PS
II activity of the control thylakoid membranes (Table
IV, C1 II control), and presumably also of the formate
treated thylakoid membranes (Cl 11 formate). Notably,
the addition of NaHCO, before phosphorylation seemed
to prevent this photoinhibition (Cl II NaHCO, and Cl
IT formate/NaHCO,). That bicarbonate protects the
thylakoid membrane against photoinhibition is an inter-
esting and new observation. Partly it may be explained
by a smaller LHC II antenna (see below).

It has previously been shown that phosphorylation
causes a 15% decrease in the size of the LHC II antenna
[3]. Is the bicarbonate stimulated increase in LHC II

TABLE IV

Light-induced phosphorylation of intact chloroplasts and of isolated
thylakoid membranes. Effects on PS II dependent electron flow

Intact chloroplasts (Cl I) or isolated thylakoid membranes (Cl II,
treated as described in Table III) were phosphorylated at 200 pE-
m~2.5s71in the absence and presence of NaHCO,. After phosphory-
lation all samples were spun down and resuspended in assay medium.
In case of intact chloroplasts these were osmotically broken and their
thylakoid membranes washed twice before resuspension. The oxygen
evolution was measured with a Clark-type oxygen electrode in an
assay medium containing 10 mM sodium phosphate buffer (pH
7.4)/5 mM NaCl/5 mM MgCl, /10 mM NaF /100 mM sucrose and
thylakoid membranes corresponding to 20 pg Chl/ml. Phenyl-p-ben-
zoquinone (0.3 mM) was added to the oxygraph.

PS 1I activity (umol O, /mg Chl per h)

nonphosphorylated  phosphorylated
Cl I control 266 270
Cl I NaHCO, 275 273
Cl II control 102 68
Cl1I NaHCO, 114 112
Cl1 11 formate 118 76
Cl1I formate/NaHCO, 114 119
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Fig. 1. Intact chloroplasts was phosphorylated in the presence (®) or

absence (O) of NaHCO, and then osmotically broken. PS-II-depen-

dent electron flow was measured as a function of light intensity. As a

measure of the antenna size we used —1/K,, which was obtained as

the slope when the data of Fig. 1 were transformed into an Eadie-
Hofstee plot (inset).

phosphate incorporation reflected in a further decreased
antenna size compared to phosphorylation without
NaHCO,? To test this we phosphorylated intact chloro-
plasts in the presence or absence of NaHCO,. After
phosphorylation the chloroplasts were osmotically
broken and the PS-II-dependent electron flow was mea-
sured as a function of light intensity (Fig. 1). As a
measure of the antenna size we used (—1/K,,, where
K,, is the required light intensity for half-maximal
activity (3 V,_,.)- —1/K is obtained if the data of Fig.
1 are transferred into an Eadie-Hofstee plot (inserted in
Fig. 1). We found that the 40% higher phosphate incor-
poration into the 25 kDa polypeptide that was obtained
in the presence of NaHCO, (Table I) was indeed re-
flected in a 31% smaller PS II antenna, comparing the
antenna resulting from phosphorylation of intact chlo-
roplasts in the presence and absence of NaHCO, (Fig.
1). Essentially the same results were obtained when
thylakoid membranes were phosphorylated with and
without NaHCO, (not shown).

Discussion

The results presented in this paper taken together
demonstrate that thylakoid protein phosphorylation is
markedly influenced by bicarbonate. Interestingly, there
are reports claiming that under in vivo conditions phos-
phorylation depends on variations in the demand for
NADPH and ATP by the carbon reductive cycle [10-12].
Thus, the bicarbonate stimulation of LHC II phos-
phorylation we have found could be the actual mecha-
nism by which the carbon reductive cycle regulates
phosphorylation.



Upon phosphorylation both the 25 and 27 kDa poly-
peptides of LHC II becomes phosphorylated. However,
it is only the 25 kDa containing peripheral pool of LHC
II that migrates away from the PS II core and not the
tightly bound pool of LHC II from which the 25 kDa
polypeptide is absent [15,16]. It has furthermore been
demonstrated that the amount of 25 kDa polypeptide in
LHC II varies as an adaption to different light condi-
tions during growth [31]. Our present data show that
although both the 27 and 25 kDa LHC II polypeptides
become phosphorylated it is only the phosphorylation
of the 25 kDa polypeptide that is bicarbonate stimu-
lated. An important conclusion is therefore that it is
only the phosphorylation of the 25-kDa-containing pool
peripheral pool of LHC II that is under the regulation
of bicarbonate. This further strengthens the notion that
it is the 25-kDa-containing peripheral pool of LHC II
that is the variable part of the light-absorbing system
[15,31]. In addition, the fact that the phosphorylation of
the 27 kDa polypeptide of LHC II is not affected by
bicarbonate may also hint that the phosphorytation of
the 27 kDa polypeptide may serve a purpose other than
phosphorylation of the 25-kDa-containing variable part
of LHC II. This would obscure any discussion concern-
ing the role of LHC II phosphorylation.

For the 9 kDa polypeptide of PS II it has been
claimed that there is a correlation between its phos-
phorylation and a decreased electron flow from H,O to
ferricyanide/ benzoquinone [19]. However, our own set
of PS Il-activity measurements in Table IV do not
support this. Nevertheless, formate treatment of
thylakoid membranes to increase phosphorylation of
the 9 kDa protein should be a fruitful future approach
to investigate the role of the phosphorylation of the 9
kDa PS II protein.

The existence of two different types of bicarbonate
site in the thylakoid membrane has been reported [32].
The high affinity bicarbonate site is suggested to be
located within or in a close proximity to the so-called
Qg protein [33-35]. The other type of bicarbonate site
reported is a low-affinity site whose location is un-
known [32]. One may speculate that, since the phos-
phorylation of the 9 kDa polypeptide is affected pro-
nouncedly by the bicarbonate depletion treatment, its
phosphorylation may be connected to the high-affinity
site. This site may even be located on the 9 kDa
polypeptide, which thus should be in close proximity to
the Qp protein. If the bicarbonate high-affinity binding
site is on the 9 kDa protein, its function in the mem-
brane would obviously involve regulation of the PS-II-
dependent electron flow. Even more speculative, as the
phosphorylation of the 25 kDa LHC II polypeptide is
affected mainly when the NaHCO; concentration is
raised from the endogenous level up to 20 mM, its
phosphorylation may rather be connected with the low-
affinity site. This site could then be on the 25 kDa
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polypeptide of LHC II. Thus, our data would imply a
hitherto unknown way of regulating phosphorylation,
where a prerequisite for kinase activity should still be
the reduction of the plastoquinone pool {23] or the
cytochrome b/f complex [24-26]; but if this criterion is
fulfilled, the degree of phosphorylation would depend
on the amount of bicarbonate bound to the 25 kDa
polypeptide of LHC II.
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