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Abstract

A protective effect of bicarbonate (BC) against extraction of the extrinsic proteins, predominantly the Mn-stabilizing protein (PsbO protein),
during treatment of Photosystem II (PS II) membrane fragment from pea with 2 M urea, and at low pH (using incubation in 0.2 M glycine–HCl
buffer, pH 3.5 or 0.5 M citrate buffer, pH 4.0–4.5) was detected. It was shown that the extraction of the proteins with Mw 24 kDa (PsbP protein)
and 18 kDa (PsbQ protein) by the use of highly concentrated solutions of NaCl does not depend on the presence of BC in the medium. An optimal
concentration of BC at which it produces the maximum protecting effect was shown to be between 1 mM and 10 mM. The addition of formate did
not influence the protein extraction but it reduced the stabilizing effect of BC. Independence of the stabilizing effect on the presence of the
functionally active Mn within the water-oxidizing complex indicates that the protecting effect of BC is not related to its interaction with Mn ions.
The fact that there is a preferable sensitivity of the PsbO protein to the absence of BC in the medium during all the treatments makes it possible to
suggest that either BC interacts directly with the PsbO protein or it binds to some other sites within PS II and this binding facilitates the
preservation of the native structure of this protein.
© 2007 Elsevier B.V. All rights reserved.
Keywords: Photosystem II; Extrinsic proteins; Manganese-stabilizing protein (PsbO protein); 24 kDa protein (PsbP protein); 18 kDa protein (PsbQ protein);
Bicarbonate
1. Introduction

Bicarbonate (BC) is known to be necessary for the maximal
activity of Photosystem II (PS II) (for a recent review, see Ref.
[1]. Initially, its site of action was thought to be in the oxygen-
evolving system [2,3]. However, later strong evidence for the
action of BC on the acceptor side of PS II, providing efficient re-
oxidation of the first plastoquinone electron acceptor, QA, has
been presented [4], and the idea was supported by a number of
data [1]. The non-heme Fe between QA and the secondary
plastoquinone electron acceptor, QB, has been shown to play an
essential role in BC binding [5,6]. Strong evidence for BC
Abbreviations: DCBQ, 2,5-dichloro-1,4-benzoquinone; Chl, chlorophyll;
PS II, photosystem II; MES, 4-(N-morpholino)ethanesulfonic acid; SDS,
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requirement within the water-oxidizing complex (WOC) of PS
II has been presented [7–12]. The following explanations for
the involvement of BC in the events within the WOC are
considered: (1) BC serves as an electron donor (alternative to
water or as a way of involvement of water molecules in the
oxidative reactions) to the Mn-containing WOC; (2) BC
facilitates re-assembly of the WOC from apo-WOC and Mn
(II); (3) BC is an integral component of the WOC essential for
its function and stability; it may be considered as a direct ligand
to the Mn-cluster or as a base with an appropriate pK; (4) BC
stabilizes the WOC indirectly, through its binding to other
components of PS II, in particular, with the protein components
of PS II (the integral proteins of PS II or extrinsic proteins with
Mw 33 kDa (PsbO protein), 24 kDa (PsbP protein) and 18 kDa
(PsbQ protein) that are included in the WOC and associated
with the lumenal surface of thylakoid membrane) that is
important for structural organization of PS II complex. It is quite
possible that amino acid residues of the protein components of
PS II core complex may serve as ligands to BC.
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The first isolation of the extrinsic proteins from PS II
membrane fragments was performed by 0.8 M Tris–HCl buffer
treatment at pH 8.4 [13]. At present time there are a number of
methods to isolate these extrinsic proteins from WOC that are
in addition to the Tris-treatment described above as follows:
treatments with 0.25–1 M NaCl [14], 1 M CaCl2 [15], 3–5 min
heat-treatment at 50 °C [16], treatment at acidic pH [17],
treatment with 2.6 M urea in the presence of NaCl [18]. As was
shown earlier, the extraction of the PsbO protein is accom-
panied by the release of Mn from the WOC [19]. However, as a
result of urea and 1 M CaCl2 treatment the release of Mn does
not occur [15,17]. All the extrinsic proteins are essential for
stabilization and functioning of the WOC. The PsbP and PsbQ
proteins cooperate to optimize the levels of Ca2+ and Cl−,
which are essential cofactors for the water splitting reaction
[20]. Extraction of the PsbO protein from PS II particles
strongly diminishes the oxygen evolution rate and affects the
turnover and the stability of the higher redox states of the WOC
and Mn binding [18,21,22]. Therefore the extrinsic PsbO
protein is often referred to as Mn stabilizing protein. The 3.5 Å
resolution X-ray analysis of a cyanobacterial PS II [6] produced
an eight-strand β-barrel structure for the PsbO protein that is
located in the thylakoids lumen with the C- and N-termini
directed towards the luminal side. It has been shown that the
PsbO protein is an elongated protein composed of two major
domains [23]. An apparent contradiction between an extra-
ordinary stability and flexibility presented in the same time in
the PsbO protein can be explained by the existence of one rigid
“solid” part of the PsbO protein (domain I) and one flexible
“liquid” part (domain II). One of the most interesting properties
of the PsbO protein is the existence of hysteresis [24,25]. This
PsbO protein property can be explained by the existence of two
steady states of the protein that differ in their proton accepting
ability. The PsbO protein comprises several carboxylic groups
with unusually high pKa values of about 5.7 that is a unique
feature of this protein [24,25]. These last properties suggest that
the PsbO protein might participate in proton transfer from the
WOC into the lumen through a hydrogen bond network
[23,25].

Despite the fact that numerous data demonstrating the
participation of BC in PS II functioning have been reported, its
binding sites and its role in the photosynthetic oxidation of
water mechanisms remain unclear. In this paper we present
evidence for a protecting effect of BC against extraction of the
extrinsic proteins of the WOC from PS II membrane fragments
in the course of treatments by the high concentration of urea
(0.2–3 M), NaCl (0.25–1.5 M) and at acidic pH using glycine–
HCl buffer (pH 3.5) and citrate buffer (pH 4.0–4.5).

2. Materials and methods

2.1. Isolation of membrane fragments of PS II

The PS II membrane fragments (“BBY-particles”) were isolated from pea
leaves (Pisum sativum) as described earlier [26] with some modifications [27].
The preparations were centrifuged for 15 min at 20,000×g and resuspended in
0.1 MMes–NaOH buffer (pH 5.5 or pH 6.5) with 200 mM NaCl, 0.3 M sucrose
and depleted of CO2/HCO3

− (buffer A).
2.2. Membrane fragments treatment at acidic pH, with urea and NaCl

Three ways for dark extraction of the extrinsic proteins at 4 °C were selected
for investigation: treatment of membrane fragments with highly concentrated
urea, NaCl solutions and treatment at acidic pH (pH<5.0). In the first case 30 μl
of sample containing 3 mg of chl·ml−1 were placed in a glass tube (0.5 ml) with
screw cap and were diluted 10-fold by the buffer A to a concentration of 300 μg
chl·ml−1. Then an amount of BC was applied on the tube wall. After that in the
case of urea treatment, 6 M solution of urea (the final concentration was from
0.2 M to 3 M) was added to the solution in the tube and the resulting mix was
shaken for 15 min in an ice-cold bath at 4 °C. After the incubation the samples
were centrifuged at 20,000×g for 10 min and supernatants and pellets were
analyzed. The proteins in the supernatant were precipitated using a 20%
trichloroacetic acid solution and cooled acetone. Pellets were then suspended in
the electrophoresis buffer. In the second treatment, right after the addition of BC
we added a high molar solution of NaCl to the samples so that its final
concentration was equal to 0.25 M, 0.5 M, 0.75 M, 1 M, 1.5 M. After that the
samples were incubated during 15 min in an ice-cold bath at 4 °C. Then the
samples were centrifuged at 20,000×g for 10 min. The proteins in the
supernatants were precipitated as described earlier. The third way of protein
extraction we used, a treatment at acidic pH, was conducted as follows: an
amount of 30 μl of the analyzed sample containing 3 mg chl·ml−1 was placed in
a 0.5 ml glass tube with a screw cap. Then an amount of BC was dripped on the
tube wall. After that a 0.2 M glycine–HCl buffer (pH 3.5) or a 0.5 M citrate
buffer (pH 4.0, pH 4.5) were added. The samples were diluted 10 fold so that the
final concentration was 300 μg chl·ml−1. After 20-min incubation at 4 °C the
samples were centrifuged at 20,000×g for 15 min. The proteins remaining in
supernatants after membrane fragments incubation were precipitated as
described above.

2.3. Electrophoretic analysis

After the treatment the polypeptides in initial preparations, supernatants and
pellets of treated membrane fragments were analyzed in a PAAG electrophor-
esis under denaturing conditions (12–18% polyacrylamide, 0.1% (w/v) SDS)
[28]. The upper electrode Tris–glycine buffer (150 mM, pH 8.3) contained
0.1% (w/v) SDS. The gels were stained with 0.25% (w/v) Coomassie G-250 in
order to view the protein distribution. After staining, the gels were photographed
by digital camera Power Shot A420 (Canon) and processed by the means of
Total Lab program (v. 2.01). Molecular markers (Bio-Rad Laboratories,
Hercules, CA) were used for the protein molecular weight estimation.

2.4. Quantitation of photosynthetic activity

Photosynthetic oxygen evolution was measured with a Clark-type oxygen
electrode for the first 30–60 s of illumination. The measurements were carried
out at 25 °C in the presence of 0.1 mM 2,5-dichloro-1,4-benzoquinone (DCBQ)
and 0.5 mM K3[Fe(CN)6] used as exogenous electron acceptors. The
measurements medium was 0.1 M Mes–NaOH solution (pH 6.5) containing
0.3 M sucrose, 10 mM NaCl and 40 mM CaCl2. Red actinic light at an intensity
of 2000 μmol photons·m−2·s−1 passed through a heat-absorbing filter (3%
solution of CuSO4) and a red optical filter (KS-11, Russia).

2.5. Measurement of the Mn-content in membrane fragments of PS II

The content of Mn in preparations was determined by the means of atomic-
absorption on the Perkin-Elmer 503 spectrophotometer (USA) using graphitic
atomizator HGA-74 [29].
3. Results

3.1. Treatment of PS II membrane fragments with urea

Fig. 1 shows the release of 51% of the Psb0 protein, 73% of
PsbP protein and 95% of PsbQ protein after a 15-min incubation



Fig. 1. Effect of added bicarbonate and formate on extraction of extrinsic PsbO, PsbP and PsbQ proteins from PS II membrane fragments upon treatment with 2 M urea.
(A) Electrophoregrammes of the supernatants obtained after a 10-min centrifugation at 12000×g of PS II membrane fragments treated with urea (15 min at 4 °C at
chlorophyll concentration of 0.3 mg ml−1) in the medium contained 100 mMMES–NaOH (pH 5.5), 0.2 M NaCl and 0.3 M sucrose and depleted of HCO3

−/CO2 in the
absence of other additions (2) and after the addition (during the incubation) of 5 mM NaHCO3 (3); 1 mM formate (4); 1 mM formate and 5 mM NaHCO3 (5); 2 mM
formate (6); 2 mM formate and 5 mM NaHCO3 (7). Lane 1 is electrophoregramme of the supernatant obtained after a 10-min centrifugation at 12,000×g of PS II
membrane fragments treated with 0.8 M Tris–HCl buffer at pH 8.0 (30 min at 4 °C at chlorophyll concentration of 0.3 mg ml−1). (B) Electrophoregrammes of the
pellets obtained in the experiments described in A in the absence (2) and presence (3) of 5 mM NaHCO3; (1), the initial (untreated) PS II membrane fragments. M,
standards containing albumin (67 kDa), ovalbumin (43 kDa), carbonic anhydrase (30 kDa), trypsin (20.1 kDa) and α-lactalbumin (14.4 kDa). (C, D and E)
Quantitative analysis of the data shown in A, the numbers of the diagram columns in C, D and E correspond to the numbers of the electrophoretic lanes in A. 100%
corresponds to the initial content of the protein in the PS II preparation. The data are an average of three experiments.
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of membrane fragments in the presence of 2 M urea in the
medium A depleted of CO2/HCO3

−. The quantity of extracted
proteins decreases if 5 mM NaHCO3 is added prior to the
treatment so that it becomes equal to 27%, 54% and 84% for the
Psb0, PsbP and PsbQ proteins, respectively. So, BC protects the
extrinsic proteins against extraction and the stabilizing effect of
BC is especially pronounced for the Psb0 protein: its extraction
efficiency is nearly two times lower in the presence of NaHCO3.
In contrast to BC, formate added at concentration of 1 mM or
2 mM does not prevent (and even stimulates) extraction of the
Psb0 protein from the membrane (Fig. 1A, C). (In order to
obtain comparable concentrations of formate and BC in the
medium, formate was added at lower concentrations than BC
taking into account the difference in pKs: pK 6.4 for bicar-
bonate and pK 4.3 for formate). When BC is added during
incubation of the sample containing formate, a very low (3–5%)
retardation of the extraction of the extrinsic proteins induced.
Thus, the addition of BC in contrast to formate efficiently
stabilizes the binding of the PsbO, PsbP and PsbQ proteins to
the membrane during the treatment of PS II preparations with
2 M urea in the medium depleted of CO2 /HCO3

−, and the PsbO
protein is a protein component the most sensitive to the presence
of BC in the medium.

Fig. 2 shows that during the 15-min incubation of PS II
membranes in medium A (at pH 5.5) depleted of CO2/HCO3

− in
the presence of 2 M urea, the optimal concentration of added



Fig. 2. Dependence of the PsbO protein extraction from PS II membrane fragments with 2 M urea in the medium contained 100 mM Mes–NaOH, 0.2 M NaCl and
0.3 M sucrose and depleted of HCO3

−/CO2 (as described in Fig. 1) on concentration of added NaHCO3 at pH 5.5 (A) and pH 6.5 (B). The data are an average of three
experiments. A pH shift upon the addition of 10 mM and 20 mM BC at pH 5.5 and pH 6.5 was less than 0.1 units.
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BC (inducing the maximal stabilizing effect) is 5 mM (Fig. 2A),
while in the same medium at pH 6.5 it is equal to 1 mM (Fig.
2B). Evaluation of the equilibrium concentration of added BC at
these two pH shows that the optimal concentration of anion
HCO3

− at pH 5.5 and pH 6.5 is 0.62 mM and 0.6 mM,
respectively. Upon further increase of BC concentration the
protecting effect becomes lower so that at concentration of
added BC equal to 10 mM (at pH 6.5) and 20 mM (at pH 6.5 and
pH 5.5) the stabilizing effect is practically absent.

3.2. Treatment of membrane fragments with high molar NaCl

In order to compare the effects of BC on the extrinsic
proteins of PS II, the high NaCl concentrations treatment of
membrane fragments was used, what results in a predominant
extraction of the PsbP and PsbQ proteins Da [13,14,30]. The
Fig. 3. Diagram columns correspond of the supernatants obtained after a
10-min centrifugation at 12,000×g of PS II membrane fragments treated with
1 M NaCl (15 min at 4 °C at chlorophyll concentration of 0.3 mg ml−1) in the
medium containing 100 mM MES–NaOH (pH 5.5), 0.3 M sucrose and
depleted of HCO3

−/CO2 in the absence of other additions (−) and after the
addition (during the incubation) of 5 mM NaHCO3 (+). 100% corresponds to
the initial content of the protein in the PS II preparation. The data are an
average of three experiments.
concentration of NaCl varied from 0.25 M to 1.5 M. Fig. 3
shows that a 15-min treatment of membrane fragments in 0.1 M
Mes–NaOH buffer (pH 5.5) depleted of CO2/HCO3

− in the
presence of 1 M NaCl results in a predominant extraction of the
PsbP protein (52%) and the PsbQ protein (41%) along with an
extraction of the PsbO protein (11%), in agreement with the
literature data [30]. The addition of 5 mM NaHCO3 to the
incubation medium does not prevent the removal of the PsbP
and PsbQ proteins, while there is some retardation in the
extraction of the MSP so that only 6% is found in supernatant.
Similar results were obtained as a result of the treatment with
0.25 M and 0.5 M NaCl. Thus, the removal of PsbP and PsbQ
proteins by the treatment of PSII membrane fragments with
highly concentrated NaCl solutions is not sensitive to BC in the
medium.

3.3. Treatment of PS II membrane fragments at low pH

Fig. 4A shows the effect of added NaHCO3 on the extraction
of the extrinsic proteins during a 20-min treatment of membrane
fragments in 0.2 M glycine–HCl buffer (pH 3.5). Without an
addition of BC, 56% of the PsbO protein, 24% of the PsbP
protein and 5–6% of the PsbQ protein are revealed in
supernatant, while after the addition of 10 mM NaHCO3 to
the incubation medium the protein extraction is equal to the
portions of 5%, 2% and 0%, respectively. A considerable
protecting effect against the extraction of the PsbO protein is
observed already at 2 mM NaHCO3 (Fig. 4B, curve 1) and
nearly 95% of the protein is not removed to the medium in the
presence of 10 mM NaHCO3 (i.e. practically all the protein
remains bound to the membrane). This conclusion is supported
by the data on the PsbO protein content in the membrane: in the
presence of added 10 mM NaHCO3 a protein portion of almost
95% remains bound to the membrane (Fig. 4B, curve 2). On the
other hand, the stabilizing effect of BC is some what lowered
upon the increase of BC concentration from 10 mM to 20 mM.
Replacement of anion HCO3

− by an equivalent quantity of NaCl



Fig. 4. Effect of bicarbonate on extraction of the extrinsic PsbO, PsbP and PsbQ
proteins from PS II membrane fragments at pH 3.5. (A) Electrophoregrammes of
the supernatants after a 10-min centrifugation at 12,000×g of PS II membrane
fragments (0.3 mg Chl ml−1) incubated for 20 min at 4 °C in the medium
containing 0.2 M glycine–HCl-buffer, pH 3.5 without other additions (lane 1)
and after the addition of 2 mM NaHCO3 (lane 2), 5 mM NaHCO3 (lane 3),
10 mM NaHCO3 (lane 4), 20 mM NaHCO3 (lane 5) and 10 mM NaCl (lane 6).
M, standards containing albumin (67 kDa), ovalbumin (43 kDa), carbonic
anhydrase (30 kDa), trypsin (20.1 kDa) and α-lactalbumin (14.4 kDa). (B)
Dependence of the content of the PsbO protein in the supernatant (curve 1) and
pellet (curve 2) on concentration of BC added to the medium during the
treatment of PS II membranes described in A. The data are an average of three
experiments. The initial content of the PsbO protein in the PS II preparation is
taken as 100%.

Fig. 5. Electrophoregrammes of the supernatants (lane 1, 2) and pellets (lane
3, 4) after a 10-min centrifugation at 12,000×g of PS II membrane fragments
incubated for 20 min at 4 °C in the medium containing 0.2 M glycine–HCl
buffer, pH 3.5 without other additions (−) and after the addition of 10 mM
NaHCO3 (+). Lanes 5 and 6 are the supernatants after subsequent incubation
of the glycine-treated membrane fragments (pellets 3 and 4, respectively) for
30 min at 4 °C in the medium containing 0.8 M Tris–HCl (pH 8.0) and a 10-
min centrifugation at 12,000×g. M, standards containing albumin (67 kDa),
ovalbumin (43 kDa), carbonic anhydrase (30 kDa), trypsin (20.1 kDa) and
α-lactalbumin (14.4 kDa).
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did not affect the protein extraction (Fig. 4A). In a number of
separate experiments we have checked that the PS II sample by
itself does not shift the pH of the medium (the shift was lower
than 0.05 unit), while the addition of 5 mM, 10 mM and 20 mM
of NaHCO3 shifts pH of the incubation medium by 0.05, 0.15
and 0.3 units, respectively. The observed decrease of the
protecting effect of BC upon the increase in BC concentration
from 10 mM to 20 mM (accompanied by the highest shift of pH)
indicates that the stabilizing effect upon the addition of BC at
concentration from 2 mM to 10 mM is not related to the pH
shift.

For a more correct quantitative evaluation of the content of
the extrinsic proteins remaining bound to the membrane after
the treatment at low pH, the membrane fragments were
subjected to a secondary treatment with 0.8 M Tris–HCl (pH
8.0), that is often used to remove the extrinsic proteins [13]. The
results of the electrophoretic analysis of the supernatants and
pellets after the primary (at low pH) and secondary (by Tris)
treatments are shown in Fig. 5. Comparison of the lanes 2, 4 and
6 (as well as the data shown on Fig. 4B) shows that in the
presence of BC the quantity of the PsbO protein remaining
bound to the membrane after the first treatment and extracted
during the secondary treatment (with Tris) increases consider-
ably. However, for the two other proteins (PsbP and PsbQ
proteins) the results are less certain. At first sight, the protecting
effect of BC against extraction of these proteins is also observed
(Fig. 4A). On the other hand, the results shown in Fig. 5
disprove this conclusion: in the electrophoretic lanes corre-
sponding to the pellets obtained after the treatment of the
membranes at pH 3.5 (Fig. 5, lanes 3 and 4) as well as in the
lanes of corresponding supernatants obtained after the treatment
of the membranes by Tris (Fig. 5, lanes 5 and 6) the bands
corresponding to the PsbP and PsbQ proteins are practically not
seen (in contrast to the PsbO protein). So, after the treatment of
the membranes at acidic pH these two proteins do not remain
bound to the membrane regardless of the presence or absence of
BC. They are extracted and evidently form high molecular
aggregates which are not dissolved neither by Tris during the
treatment nor by SDS and mercaptoethanol during the
electrophoresis. So, in the experiments on treatment at acidic
pH, only in the case of the PsbO protein it is clear that its
binding to the membrane is considerably stabilized upon the
addition of BC.

The dependence of the extraction of the extrinsic proteins
upon the treatment of the membrane fragments by 0.5 M citrate
buffer (pH 4.5) on concentration of added BC is shown in Fig.
6. (It was checked that in these experiments the shift of pH upon
the addition of NaHCO3 or PS II samples is less than 0.05
units). After a 20-min incubation, 36% of the PsbO protein,
21% of the PsbP protein and 15% of the PsbQ protein are in the



Fig. 6. Effect of bicarbonate on extraction of the extrinsic PsbO, PsbP and PsbQ
proteins from PS II membrane fragments at pH 4.5. (A) Electrophoregrammes of
the supernatants after a 10-min centrifugation at 12,000×g of PS II membrane
fragments (0.3 mg Chl·ml−1) incubated for 20 min at 4 °C in the medium
containing 0.5 M citrate-buffer, pH 4.5 without other additions (lane 1) and after
the addition of 2 mM NaHCO3 (lane 2), 5 mM NaHCO3 (lane 3), 10 mM
NaHCO3 (lane 4), 20 mM NaHCO3 (lane 5). M, standards containing albumin
(67 kDa), ovalbumin (43 kDa), carbonic anhydrase (30 kDa), trypsin (20.1 kDa)
and α-lactalbumin (14.4 kDa). (B) Dependence of the content of the PsbO
protein in supernatant (curve 1) and pellet (curve 2) on concentration of BC
added to the medium during the treatment of PS II membranes described in A.
The data are an average of three experiments. The initial content of the PsbO
protein in the PS II preparation is taken as 100%.
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supernatant, while the addition of 10 mM NaHCO3 during the
incubation results in a practically complete absence of the
proteins in the supernatant. The protecting effect is already
detected at 2 mM NaHCO3 and it achieves its maximal level at
10 mM NaHCO3. Upon the increasing of BC concentration the
decrease in the PsbO protein amount in supernatant (curve 1) is
accompanied by its increased content in the membrane (curve
2). Secondary treatment of membranes with 0.8 M Tris–HCl
buffer (pH 8.0) showed (as is in the case of the treatment in
glycine buffer) that the PsbP and PsbQ proteins do not remain
bound to the membrane after an incubation in 0.5 M citrate (pH
4.5) and they are evidently extracted and form high molecular
aggregates (data not shown). A similar extrinsic proteins
extraction level dependence on the BC concentration in the
medium was shown in citrate buffer at pH 4.0 (data not shown).
3.4. Effect of the treatments on the Mn content and the
O2-evolving activity in PS II membrane fragments

The Mn content in the PS II membranes was equal 0.95±
0.05 μg·mg−1 Chl (corresponding to 4±0.1 Mn per PS II
reaction center if we accept that the ratio Chl:PS II reaction
center equals 250 [31]), the content did not change upon the
treatments with 2 M urea or with 0.2 M glycine–HCl buffer (pH
3.5) (0.98±0.05 μg·mg−1 Chl or 0.97±0.05 μg·mg−1 Chl,
respectively), independent of the presence of BC in the medium.
In contrast, the treatment with 0.5 M citrate buffer (pH 4.5)
resulted in a considerable decrease of Mn content in the PS II
membranes: it was equal to 0.29±0.05 μg·mg− 1 Chl,
independent of the presence of BC in the medium that corres-
ponds to 1.25±0.25 Mn per PS II reaction center. So, nearly 3 of
4 Mn atoms are removed after the latter treatment.

To determine the O2-evolving activity, the membrane
fragments treated with 2 M urea at low pH were pelleted by
centrifugation at 20,000×g for 15 min and, in order to measure
their activity, were resuspended in medium (see Materials and
methods). After the treatment of the PS II membrane fragments
with 2 M urea in the absence and presence of 5 mM NaHCO3

the remaining activity was nearly 14% and 58%, respectively
(the initial activity was 420 μmol O2·mg−1 Chl·h−1). A treat-
ment with citrate buffer (pH 4.5) resulted in a considerable loss
of the O2-evolving activity: after incubation in the absence or
presence of 10 mM NaHCO3 it was equal to 12% and 18% of
the initial activity, respectively. In contrast, upon the treatment
with 0.2 M glycine–HCl buffer (pH 3.5) in the absence and the
presence of 10 mM NaHCO3 the residues of 85% and 97% of
the initial activity were detected.

4. Discussion

The results presented above clearly demonstrate that BC
added to the incubation medium considerably stabilizes the
binding of the extrinsic PsbO, PsbP and PsbQ proteins of the
WOC to the membrane during the treatment of PS II prepa-
rations with 2 M urea, while in the case of treatment at low pH
the protective effect of BC is revealed only against extraction of
the PsbO protein.

In the course of the treatment of PS II membrane fragments
with urea, the binding of the three proteins depends in a
different way on the presence of BC. The PsbO protein is the
most sensitive extrinsic protein to the absence of BC in the
medium (in the presence of 5 mM NaHCO3 the PsbO protein
extraction is 2 times lower than in the medium depleted of BC
(Fig. 1). It is not excluded that the extraction of the PsbO protein
can affect the binding of the two other proteins. There are
different views on the interaction of the extrinsic proteins with
each other and with the PS II membrane. From the experiments
with bifunctional cross-linking agents it was concluded that the
proteins are associated with each other. The PsbP protein has
two binding sites: one for the PsbO protein and another for an
integral component of PS II [31,32] while the PsbQ protein is
bound to the PsbP protein [31]. On the other hand, there is no
specific interaction between these proteins in solution, though
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when the PsbO protein is bound to the membrane it facilitates
the binding of the PsbP protein, and both of them, in turn,
facilitate the binding of the PsbQ protein either by a direct
providing of a binding site or by inducing structural changes in
other PS II components [33]. Enami and co-workers suggested
that there is an interaction between the PsbO protein and the
pigment–protein complex CP47, as well as between the PsbP
and PsbQ proteins [34]. Evidently the three proteins interact
with each other and it is not excluded that the protecting effect
of BC against the urea-induced extraction of the PsbP and PsbQ
proteins can be mediated by the BC effect on binding of the
PsbO protein.

In the case of treatment at acidic pH, it is only the protective
effect of BC against extraction of the PsbO protein that is clearly
demonstrated. The addition of 10 mM NaHCO3 during the
incubation both in 0.2 M glycine–HCl buffer (pH 3.5) and in
0.5 M citrate buffer (pH 4.5) practically completely prevents the
extraction of the PsbO protein from the membrane while the
binding of the PsbP and PsbQ proteins in this case is not
stabilized by BC. The difference in pI (for the PsbO PsbP and
PsbQ proteins it were 5.2, 6.5 and 9.2, respectively) and in the
binding constants for these proteins [35] as well as the existence
of the unique β-barrel-like structure in the PsbO protein [6,23],
evidently determines the observed difference in behavior of the
proteins in response to the low pH treatment and the addition of
BC.

It is interesting that while the addition of BC increases in a
stepwise manner its concentration in solution, the BC growing
protective effect against protein extraction changes into low-
ering of this effect. Thus for each treatment type there is an
optimal concentration of NaHCO3 that provides an effective
protection. During the treatment with urea the optimal
concentrations of the added BC at pH 6.5 and pH 5.5 are
1 mM and 5 mM, respectively. The equilibrium concentration
in both cases equals nearly 0.6 mM (that corresponds to 400
HCO3

− per one reaction centre of PS II). At acidic pH the
optimal concentration for the added NaHCO3 at both pH 4.5
and pH 3.5 comprises a value around 10 mM that corresponds
to the equilibrium anion HCO3

− concentration of 150 μmol and
15 μmol (or nearly 100 and 10 HCO3

− per one PS II reaction
centre), respectively. These data provide a suggestion that in
PSII there is a certain amount of specific HCO3

− binding sites
that show high-affinity and that are important for the stabilizing
effect. A surplus increase in BC concentration may lead to its
non-specific interaction with PS II that interferes with the
stabilizing effect. A similar effect is probably caused by
formate anion (which does not protect the proteins against
extraction and even interferes with the stabilizing effect of BC
(Fig. 1A and B). There is an earlier data for the existence of at
least two different binding sites with different affinity for BC in
thylakoids [12,36].

As a few literature sources state, the treatment of thylakoids
at acidic pH (pH<5.0) results in both the release of Mn [37] and
the inactivation of electron transport on the donor side of PS II
[38]. Ono and Inoue have shown that a 5-min treatment of PS II
membrane fragments with citrate buffer at pH 3.0 leads to the
removal of one Ca2+ per PS II without changing the extrinsic
proteins content [40]. In contrast to these data in our expe-
riments the removal of the extrinsic proteins from the membrane
is observed upon the treatment of PS II membrane at pH 3.5 and
pH 4.5. The discrepancy between the results obtained earlier
[39,40] and those obtained in our work could be due to the
difference in the content of the incubation medium, incubation
time and the concentration of PS II membranes.

The preferable sensitivity of the PsbO protein to BC in the
medium during all the treatments used in this work suggests that
there is either a direct BC interaction with the PsbO protein or
there is a BC binding to some other site(s) within PS II that
indirectly facilitates the preservation of the native structure of
this protein. Evidently, the possible binding of anion HCO3

− to
Mn within the WOC [7–12] is not important for the revealing of
the protecting effect of BC against extraction of the PsbO
protein since the stabilizing effect of BC on binding of this
protein to the membrane is clearly seen in both cases: when all
Mn atoms remain bound to the membrane (treatment with 2 M
urea or with 0.2 M glycine–HCl buffer, pH 3.5) and when Mn is
removed from the membrane (treatment with 0.5 citrate buffer,
pH 4.5). The participation of the non-heme Fe2+ (acting
between QA and QB) as a ligand for BC [4–6] in providing the
stabilizing effect described here is doubtful since Fe atoms are
located on the acceptor side of PS II while the extrinsic proteins
are attached to the luminal surface of the membrane. Besides, it
has been shown that the non-heme Fe2+ is removed during
citrate buffer treatment (pH 3.0) [41], while the protective effect
of BC against the PsbO protein extraction is observed in the pH
range from pH 3.5 to pH 4.5. However, we cannot exclude
completely the possibility of indirect participation of BC
binding to Fe2+ in the effects described here.

The protective effect of bicarbonate against extraction of the
PsbO protein can appear due to the direct interaction of anion
HCO3

− with positively charged amino acid residues of either the
PsbO protein itself or integral PS II proteins. The BC protein
binding has been demonstrated earlier [42,43]. BC was shown
to bind to mitochondrial superoxidedismutase [42] that
facilitates the diffusion of H2O2 to the active center at
physiological pH so that the peroxide activity is observed
only in the presence of BC. It is known that HCO3

− binds to
arginine residue rather than to metals (Cu, Zn). Maeda and co-
workers have shown that a membrane protein-transporter
(CmpA) from Synechococcus sp. binds HCO3

− with a high
affinity and transfers it through the membrane [43]. The
suggestion that BC interacts with the PsbO protein directly is in
agreement with the data on carbonic anhydrase activity of the
PsbO protein reported recently [44].

The sites in the PsbO protein responsible for its binding to
the integral PS II proteins are not well studied though there
are data suggesting the existence of two domains on the N-
termini of the MSP that are important for its WOC interaction
[45]. Both of these domains are required for binding and both
ensure the maximal recovery of the O2-evolving activity.
Besides, the 148V-246Q part of the protein contains a few
positively and a few negatively charged amino acid residues
required for both functioning and binding of PsbO protein to
the integral part of PS II [46]. Frankel and co-workers have
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shown that modifications in carboxylic groups in domains
(157D–168D and 212E–247Q) of C-termini of the PsbO
protein lower its capability to bind to PS II [47]. On the other
hand, chemical modification of positively charged residues also
alters the PsbO protein binding [48]. Thus, both positively and
negatively charged amino acid residues can participate in the
interaction of the PsbO protein with the membrane. One can
suggest that a specific interaction of BC with the positively
charged amino acid residues of proteins can change the binding
of the PsbO protein to the membrane (though participation of
CO2 in the effect also cannot be excluded).

Thus, we show that the addition of BC to incubation
medium considerably stabilizes the binding of the extrinsic
PsbO, Psbp and PsbQ proteins of PS II to the membrane in the
course of the 2 M urea treatment. In the case of acidic pH
treatment (pH<4.5) the protecting effect of BC is revealed
exclusively for the PsbO protein. The mechanism of the
stabilizing effect of BC is not yet clear. The binding to Mn
appears not to be important for the BC stabilizing effect. The
predominant protection of the PsbO protein against the
extraction from the membrane during treatment with 2 M
urea and at acidic pH as well as the independence of the NaCl-
induced extraction of the PsbP and PsbQ proteins on the
presence of BC provide the suggestion that the stabilizing effect
of BC is based either on its direct specific binding to the PsbO
protein or to PS II integral components. This interaction can
stabilize a functional conformation and binding of the PsbO
protein to the WOC.
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