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Abstract
PsbO-D158 is a highly conserved residue of the PsbO protein in photosystem II (PSII), and participates in one of the 
hydrogen-bonding networks connecting the manganese cluster with the lumenal surface. In order to examine the role of 
PsbO-D158, we mutated it to E, N or K in Thermosynechococcus vulcanus and characterized photosynthetic properties of the 
mutants obtained. The growth rates of these three mutants were similar to that of the wild type, whereas the oxygen-evolving 
activity of the three mutant cells decreased to 60–64% of the wild type. Fluorescence kinetics showed that the mutations 
did not affect the electron transfer from QA to QB, but slightly affected the donor side of PSII. Moreover, all of the three 
mutant cells were more sensitive to high light and became slower to recover from photoinhibition. In the isolated thylakoid 
membranes from the three mutants, the PsbU subunit was lost and the oxygen-evolving activity was reduced to a lower level 
compared to that in the respective cells. PSII complexes isolated from these mutants showed no oxygen-evolving activity, 
which was found to be due to large or complete loss of PsbO, PsbV and PsbU during the process of purification. Moreover, 
PSII cores purified from the three mutants contained Psb27, an assembly co-factor of PSII. These results suggest that PsbO-
D158 is required for the proper binding of the three extrinsic proteins to PSII and plays an important role in maintaining the 
optimal oxygen-evolving activity, and its mutation caused incomplete assembly of the PSII complex.
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Abbreviations
BN-PAGE  Blue native polyacrylamide gel 

electrophoresis
CmR  Chloramphenicol-resistant gene

Chl  Chlorophyll
DCBQ  2,6-Dichloro-p-benzoquinone
DCMU  3-(3,4-Dichlorophenyl)-1,1-dimethylurea
DDM  N-Dodecyl-β-d-maltoside
MSP  Manganese-stabilizing protein
OEC  Oxygen-evolving complex
PCR  Polymerase chain reaction
PSII  Photosystem II
WT  Wild type

Introduction

In oxygenic photosynthesis, light-driven water oxidation 
is carried out by the oxygen-evolving complex (OEC) in 
Photosystem II (PSII). PSII is a large membrane-spanning 
protein complex in the thylakoid membranes of plants, 
algae and cyanobacteria (Shen 2015; Umena et al. 2011; 
Vinyard et al. 2013). In cyanobacteria, it is composed of 20 
protein subunits, of which 17 are intrinsic, transmembrane 
subunits and 3 are membrane-extrinsic subunits. Among the 
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transmembrane subunits, seven (D1, D2, CP47, CP43, α, β 
subunits of cytochrome b559, and PsbI) constitute the core 
of PSII and are important for the electron transfer reactions. 
Three extrinsic proteins, PsbO (33 kDa), PsbU (12 kDa), 
and PsbV (17 kDa) are located in the lumenal side of the 
thylakoid membrane and indispensable for maintaining the 
stability and maximal oxygen-evolving activity of OEC 
(Bricker et al. 2012; Enami et al. 2008; Ifuku 2015; Roose 
et al. 2016).

Among the three extrinsic proteins, PsbO is the largest 
one and also called manganese-stabilizing protein (MSP) 
on the basis of its function in maintaining the stability of 
the  Mn4CaO5-cluster, the catalytic center of OEC. PsbO is 
present in all oxygenic photosynthetic organisms, and con-
tains 240–247 residues in its mature form. PsbO plays a cru-
cial role in photosynthetic water oxidation, and its functions 
have been shown to include stabilization of the manganese 
cluster and maintenance of the suitable ion environment 
for its optimal activity, based on in vitro release-reconstitu-
tion experiments (Bricker 1992; Miyao and Murata 1984). 
In vivo studies on the role of PsbO have been performed 
using psbO knock-out mutant (Al-Khaldi et al. 2000; Burnap 
and Sherman 1991; Burnap et al. 1992; Mayfield et al. 1987; 
Philbrick et al. 1991; Yi et al. 2005), which showed that 
deletion of this subunit in the cyanobacterium Synechocystis 
sp. PCC 6803 does not affect the accumulation of the PSII 
intrinsic core proteins, and the mutant can evolve  O2 at a rate 
30%-70% of the wild type (WT), but the sensitivity of PSII 
to photoinhibition is increased (Burnap and Sherman 1991; 
Burnap et al. 1992; Henmi et al. 2004; Mayes et al. 1991; 
Philbrick et al. 1991). Deletion of MSP also alters photo-
assembly of the  Mn4Ca cluster (Qian et al. 1997). In contrast 
to cyanobacteria, deletion of psbO from green algae and 
higher plants abolishes  O2 evolution (Mayfield et al. 1987; 
Yi et al. 2005). Mutants of Arabidopsis thaliana and Chla-
mydomonas reinhardtii that lack the psbO gene cannot grow 
photoautotrophically and were not able to assemble the PSII 
centers correctly, suggesting that the MSP has a slightly dif-
ferent role between cyanobacteria and algae/plants (Mayfield 
et al. 1987; Yi et al. 2005). In addition, PsbO is also inferred 
to participate in stabilizing the PSII dimer, since PsbO in 
one PSII monomer interacts with the CP47 protein of the 
adjacent monomer (Suga et al. 2015; Umena et al. 2011).

X-ray structural analysis of cyanobacterial PSII showed 
that PsbO has an elongated shape and consisted of two major 
parts: Domain I is a cylinder composed of eight antiparal-
lel β-strands, and domain II is a hydrophilic head domain 
(Umena et al. 2011; De Las Rivas and Barber 2004) (Fig. 1). 
Domain I is full of bulky hydrophobic amino acid residues, 
which may play a vital role in protecting the  Mn4CaO5 clus-
ter from attack by ions in the outside solution. The head 
domain is mainly composed by non-regular loops and turns 
located between β-strands 5 and 6, whose role appears to 

provide a docking site for PsbO to the lumenal surface of 
PSII (Umena et al. 2011; Suga et al. 2015).

The high resolution crystal structure of PSII suggested 
that PsbO may participate in the transport of protons gener-
ated by water oxidation (Shen 2015; Umena et al. 2011). 
The PsbO protein is rich in aspartate/glutamate clusters, 
several of which participate in the hydrogen-bond network 
leading from the  Mn4CaO5-cluster to the bulk solution of 
the PSII complex, and therefore may be involved in proton 
transfer (Bondar and Dau 2012; Del Val and Bondar 2017; 
Shen 2015; Umena et al. 2011). Conformational changes 
of PsbO during the S-state cycle were reported based on 
measurements by Fourier transform infrared spectroscopy, 
which was proposed to reflect changes in the hydrogen-
bonding networks (Offenbacher et  al. 2013). Molecular 
dynamics simulations suggested that the water-bridged car-
boxylate cluster at the surface of PsbO could be important 
for proton transfer (Lorch et al. 2015). Multiple sequence 
alignment of known PsbO proteins identified 19 highly con-
served residues, of which 18 are included in five regions 
between eukaryotic and prokaryotic cells. The most con-
served DPKGR region (P149, R152, D158, R162, G167), 
located in the head domain of PsbO, interacts with D1, D2, 
CP47, CP43 and PsbU (De Las Rivas and Barber 2004; Suga 
et al. 2015; Umena et al. 2011). However, the exact roles of 
these highly conserved amino acid residues of PsbO remain 
unclear.

Site-directed mutagenesis has been used to study the 
functions of some important residues in PsbO (Burnap 
et al. 1994; Motoki et al. 2002; Popelkova et al. 2006, 2009; 
Roose et  al. 2010). Among these residues, PsbO-D158 

Fig. 1  Structure of PsbO in association with D1 from T. vulcanus 
(3WU2), showing secondary structure elements of the PsbO protein. 
Color used: green, D1; violet purple, PsbO. The N- and C-terminals 
of PsbO are depicted in yellow and cyan, respectively, and PsbO-
D158 and D1-R334 are depicted in orange
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(Thermosynechococcus vulcanus numbering), homologous 
to PsbO-D157 in spinach and D-159 in Synechocystis sp. 
PCC 6803, is a highly conserved residue and participates 
in one of the hydrogen-bonding networks. The function of 
PsbO-D158 has been examined by single amino acid muta-
tions by both in vivo mutagenesis and in vitro reconstitution 
approaches, and the results obtained show that this residue is 
involved in the interaction with PSII and important for main-
taining the oxygen-evolving activity (Burnap et al. 1994; 
Motoki et al. 2002; Popelkova et al. 2009; Roose et al. 2010). 
However, contradicting results have been reported previ-
ously, since in cyanobacteria, mutations of D158 (D159) 
have been shown to destabilize the binding of PsbO to PSII 
significantly (Burnap et al. 1994; Motoki et al. 2002; Shen 
et al. 1995), whereas in spinach, mutations of D157 affected 
the oxygen-evolving activity but not the binding of PsbO to 
PSII based on in vitro reconstitution experiments (Popelkova 
et al. 2009; Roose et al. 2010). To examine the function of 
this highly conserved residue in more detail, we changed 
this residue to K, N or E, respectively, in the thermophilic 
cyanobacterium Thermosynechococcus vulcanus (T. vul-
canus), and characterized the photosynthetic properties 
of the resultant mutants. Our results showed that mutation 
of PsbO-D158 impaired the oxygen-evolving activity and 
increased the vulnerability of PSII to photoinhibition. While 
effects of mutations on the acceptor side electron transfer 
were negligible and only a slight effect was observed on 
the donor side with altered recombination kinetics between 
 QA

− and the S-state of OEC, these mutations reduced the 
binding affinity of PsbO to PSII remarkably and increased 
the population of PSII intermediates that are involved in the 
PSII repair/assembly.

Materials and methods

Culture of cells

Cells of the thermophilic cyanobacterium T. vulcanus were 
grown in a DTN medium (Muhlenhoff and Chauvat 1996), 
either on 1.5% (w/v) agar plates or in liquid culture, under 
continuous illumination with white fluorescent lamp at a 
light intensity of 40 μmol photons  m−2 s−1 at 45 °C. The 
liquid culture was continuously bubbled with air containing 
3–5% (v/v)  CO2.

Construction of the site‑directed mutants

A mutagenic plasmid containing the full-length sequence 
of the psbO gene and an antibiotic resistance gene confer-
ring chloramphenicol resistance  (CmR) was constructed 
(Fig. 2a) as follows. First, a 1100 bp DNA fragment con-
taining the psbO gene plus 5′-flanking sequences was 

cloned from genomic DNA of WT T. vulcanus by PCR 
amplification and then sub-cloned into a plasmid pUC18 
between the Xba I and BamH I sites. Then, a chloram-
phenicol resistance gene cassette (≈ 1000 bp) was ligated 
to the downstream of the stop codon of psbO at the posi-
tion of BamH I and Kpn I. Finally, a fragment of 800 bp 
of 3′-flanking sequences downstream the psbO coding 
region was amplified by PCR and inserted into the plas-
mid pUC18 at the position of EcoR I and Kpn I site down-
stream the chloramphenicol resistance gene cassette. For 
creation of the PsbO-D158E/N/K site-directed mutants, 
the position of D158 was modified to the corresponding 
residues on the plasmid by using a Site-directed Mutagen-
esis Kit (TransGen Biotech).

The plasmids containing the site-directed mutations 
were transformed into T. vulcanus cells by electroporation 
(Kirilovsky et al. 2004; Muhlenhoff and Chauvat 1996). Sin-
gle colonies were selected on Cm-containing (4 μg mL−1) 
DTN agar plates. The mutant strains were segregated and 
maintained in the presence of 6 μg mL−1 chloramphenicol, 
but for analytical experiments the cells were cultured in the 
absence of antibiotics. After transformation and segrega-
tion, fragments were amplified from the genomic DNA of 
the transformants with primers P1 (5′-ACC AAT CGT CAG 
CCT TTA GCAG-3′) and P2 (5′-GGA TTG GGT ATA AGG 
GTG CTGTG-3′) by PCR, and their sequences were ana-
lyzed to identify the correct mutations. For comparison, a 
strain transformed with the plasmid constructed above but 

Fig. 2  Construction and identification of the site-directed mutations 
in the psbO gene. a Schematic diagram of the pUC18-psbO-CmR 
vector. A chloramphenicol resistance gene cassette was inserted in the 
downstream of the psbO coding region. b Agarose gel electrophoresis 
of the PCR product amplified from the genome of wide type (lane 2), 
wide type with a Cm-resistant cassette inserted at the end of psbO 
gene (lane 3), D158E (lane 4), D158N (lane 5), and D158K (lane 6) 
cells, respectively. Lane 1 is a DNA ladder marker



32 Photosynthesis Research (2020) 146:29–40

1 3

contained no site-directed mutation was used as the WT in 
this study.

Quantification of PSII

Variable chlorophyll (Chl) fluorescence was recorded with 
a Dual PAM 100 Chl fluorometer (Walz, Germany) to esti-
mate the content and donor side property of PSII in the 
cells. Estimation of relative PSII contents was performed 
by detecting the charge-separating PSII centers as described 
previously (Chu et al. 1994; Dilbeck et al. 2013; Nixon and 
Diner 1992). Cells were incubated in the dark for 10 min 
in the presence of 300 μM 2,6-dichloro-p-benzoquinone 
(DCBQ) and 300 μM  K3Fe(CN)6 to fully oxidize  QA

−. Then 
the cells were incubated for 1 min in the presence of 20 μM 
3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) to block 
the electron transfer from  QA to  QB, followed by addition 
of 10 mM hydroxylamine. Chl fluorescence was recorded 
within 20 s after the addition of hydroxylamine by applying 
30 saturating actinic flashes.

The population of PSII centers capable of donating elec-
trons was estimated by the variable Chl fluorescence induced 
by a single saturating flash in the presence of 20 μM DCMU.

Measurement of oxygen evolution

Oxygen evolution of the whole cells (15 μg Chl  mL−1) and 
thylakoid membranes (15 μg Chl  mL−1) was measured by 
a Hansatech Clark-type oxygen electrode under saturat-
ing white light at 30 °C with 0.5 mM DCBQ as an elec-
tron acceptor. Cells grown in the logarithmic phase were 
harvested by centrifugation at 1500×g for 5 min at room 
temperature and washed once with an HN buffer (10 mM 
Hepes–NaOH and 30 mM NaCl, pH 7.0). The cells were 
suspended in a medium containing 50 mM Mes-NaOH (pH 
6.5), 15 mM  CaCl2, 15 mM  MgCl2 and 10% glycerol (w/v). 
In order to determine the activity of oxygen evolution under 
different pH conditions, the following buffers were used: 
Mes-NaOH for pH 5.0, 5.5, 6.0 and 6.5; Hepes–NaOH for 
pH 7.0 and 7.5. Chl concentration was determined by the 
method of Porra et al. (Porra et al. 1989).

Measurement of fluorescence relaxation kinetics

Flash-induced Chl a fluorescence relaxation kinetics was 
monitored with a dual-modulated fluorescence fluorometer 
(FL3500, Photon Systems Instruments, Brno, Czech Repub-
lic). Cells at the logarithmic grow phase were harvested and 
suspended in a fresh DTN medium to a final concentration 
of 5 μg Chl  mL−1. Measurements were performed in either 
the absence or presence of DCMU. Dark-adapted (5 min) 
cells were illuminated with a single saturating flash and then 
the fluorescence was monitored by a series of weak actinic 

flashes. The fluorescence curves were normalized according 
to the equation Fv = (Ft − F0)/(FM − F0), where F0 is the 
basic fluorescence, FM is the maximum fluorescence, and 
Ft is the fluorescence yield at time t.

Photoinhibition and recovery measurements

Cells grown at 45 °C under 40 μmol photons  m−2 s−1 were 
collected by centrifugation, washed with a buffer contain-
ing 50 mM MES-NaOH (pH 6.5), 15 mM  CaCl2, 15 mM 
 MgCl2 and 10% glycerol (w/v), and suspended in the same 
buffer at a concentration of 15 μg Chl  mL−1. The harvested 
cells were subjected to photoinhibition at a light intensity 
of 1000 μmol photons  m−2 s−1 (white light) for 1 h and then 
followed by recovery at a normal light intensity (40 μmol 
photons  m−2 s−1) for 1 h in either the presence or absence 
lincomycin at a concentration of 200 μg mL−1 as used in a 
previous study (Ogami et al. 2012). During the whole illu-
mination process, the temperature was maintained at 45 °C 
and the oxygen-evolving activity of cells was measured at 
the designated time.

Isolation of PSII core complexes

PSII core complexes were isolated from T. vulcanus as 
described previously (Shen and Inoue 1993; Shen and 
Kamiya 2000). Crude PSII particles were purified by solu-
bilization of the thylakoid membranes with lauryldimeth-
ylamine N-oxide. The crude PSII particles were further 
solubilized with 1.2% n-Dodecyl-β-d-maltoside (β-DDM), 
followed by purification of the PSII dimer and monomer 
with a Q Sepharose High Performance column eluted with 
a linear gradient of NaCl from 150 to 300 mM.

SDS‑PAGE, BN‑PAGE and immunoblot analyses

Sodium dodecyl sulfate–polyacrylamide gel electrophore-
sis (SDS-PAGE) was carried out as described by Ikeuchi 
and Inoue (Ikeuchi and Inoue 1988) with a gel containing 
16–22% polyacrylamide and 7.5 M urea. Samples were solu-
bilized with 2% (w/v) lithium dodecyl sulfate, 60 mM dithi-
othreitol, and 60 mM Tris-HCl (pH 8.5) for 10 min at 60 °C 
prior to electrophoresis. After electrophoresis, the gels were 
stained with Coomassie Brilliant Blue R250.

Blue native polyacrylamide gel electrophoresis (BN-
PAGE) was performed as described previously (Schagger 
and von Jagow 1991; Kawakami et al. 2007) with minor 
modifications. The PSII complexes were suspended in 
25 mM Bis–Tris, pH 7.0, and 20% (w/v) glycerol to a con-
centration of 1 mg Chl  mL−1. Then β-DDM was added to a 
final concentration of 0.1% (w/v), followed by 10 min incu-
bation on ice. Samples of 2 μg Chl were loaded onto a gel 
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with 3% acrylamide for the stacking gel and 3–12% acryla-
mide gradient for the separation gel.

For immunoblot analysis, cells or thylakoid membranes 
as well as crude PSII complex containing 4 μg Chl were 
loaded onto each lane and separated by SDS-PAGE. After 
electrophoresis, polypeptides in the gels were electrophoreti-
cally transferred to a nitrocellulose membrane and proteins 
were detected with antibodies raised against PsbO, PsbV, 
PsbU and Psb27 proteins.

Results

Generation of the mutants and their 
photoautotrophic growth properties

The three mutants PsbO-D158E, PsbO-D158N, and PsbO-
D158K were verified by PCR and DNA sequence analysis 
after segregation. Figure 2b shows the PCR-amplified prod-
ucts with the genome of the PsbO-D158E, PsbO-D158N, 
PsbO-D158K mutants and the control strain as templates 
using the P1 and P2 primes. The results clearly confirmed 
that the three mutants were successfully constructed. These 
mutations were further confirmed by DNA sequencing of 
each PCR-amplified fragment from the respective strains 
(data not shown).

Photoautotrophic growth rates were measured at a light 
intensity of 40 µmol photons  m−2 s−1, which showed that the 
growth of all of the three mutants was very similar to that of 
the WT strain (Fig. 3). Visible absorption spectroscopy at 
room temperature and 77 K fluorescence spectroscopy (not 

shown) showed that the pigment composition and the ratio 
of the two photosystems in the cells of these mutants were 
comparable with that of the wild type strain when the cells 
were cultured under standard conditions. These results sug-
gest that substituting PsbO-D158 with E, K or N had no sig-
nificant effect on the photosynthetic growth rate and pigment 
composition of the cells under normal growth conditions.

PSII accumulation and charge‑separation activity 
of the mutant strains

The concentration of PSII centers capable of charge-sepa-
ration was quantified by variable Chl fluorescence for the 
three PsbO-D158 mutants and the control strain with the 
acceptor side fully pre-oxidized and the donor side Mn clus-
ter reduced and released by hydroxylamine. The hydroxy-
lamine is a reductant that can remove the  Mn4CaO5 cluster 
from PSII and donates electrons to  YZ

+ after light-induced 
oxidation of the  P680 (Cheniae and Martin 1971). To induce 
the maximum amplitude of Chl fluorescence, DCMU was 
added to block the electron transfer from  QA to  QB. A trace 
of 30 saturating actinic flashes ensures all PSII centers to 
reach the high fluorescence yield state (Magyar et al. 2018). 
The ratio of Fv/F0 represents PSII centers that are capable of 
charge-separation (Chu et al. 1994; Dilbeck et al. 2013). As 
shown in Table 1, while the PsbO-D158E mutant was able 
to accumulate PSII as much as that of the WT strain, the 
amount of PSII centers in the D158N and D158K mutants 
were slightly lower than that in the WT strain.

After a single saturating flash without treatment of 
hydroxylamine and in the presence of DCMU, the variable 
Chl fluorescence Fv/F0 is proportional to the PSII centers 
that are able to form  P680QA

− and reflects the ability of elec-
tron donation of the PSII donor side (Dilbeck et al. 2013). In 
the PsbO-D158E, PsbO-D158N and PsbO-D158K mutants, 
the PSII centers forming  P680QA

− reached to 92%, 89%, 
84% level of the WT, respectively (Table 1). This indicated 
that these three mutants were able to assemble the Mn clus-
ter with a slightly lowered efficiency.

Fig. 3  Photoautotrophic growth of the wild type strain (black) and 
PsbO-D158E (red), PsbO-D158N (blue), PsbO-D158K (green) 
mutants of T. vulcanus at 40  μmol photons  m−2  s−1 monitored by 
OD730. Data are averages of three independent measurements

Table 1  Photosynthetic properties of WT and D158E, N, K mutants

a Measured by single saturating flash in the presence of 20 μM DCMU
b Determined from (FMax  −  F0)/F0 measured by multiple saturating 
flashes in the presence of 20 mM hydroxylamine and 20 μM DCMU

Strain Fv/F0 (% of WT)a Relative PSII 
content (% of 
WT)b

WT 100 100
D158E 92 100
D158N 89 93
D158K 84 93
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Oxygen‑evolving activity of the PsbO‑D158 mutants

The steady state oxygen-evolving activities of PsbO-D158E, 
PsbO-D158N and PsbO-D158K cells measured at pH 6.5 
were reduced to 60%, 64% and 63% of the WT cells, respec-
tively (Table 2). The lower rate of steady state  O2 evolution 
was not proportional to the estimated concentration of PSII 
centers in these three mutants, suggesting that the decrease 
in the activity was caused by impairment of the water-split-
ting reaction itself instead of the reduction of the numbers 
of PSII centers.

In order to examine the effects of pH on the oxygen evolu-
tion rates in the mutant cells, the pH-dependence of oxygen-
evolving activity of WT and the three mutant cells were 
determined. The results showed that both the WT and three 
mutant cells exhibited a maximum rate of oxygen evolu-
tion at pH 6.5 (Fig. 4). The inset in Fig. 4 showed the plots 
of the relative oxygen evolution rates against pH with the 

maximum rates at pH 6.5 as 100%. From pH 5.0–6.5, the 
oxygen-evolving activity of the three mutants displayed a 
similar rising tendency, which was slightly faster than that 
of WT. On the other hand, from pH 6.5–7.5, the oxygen-
evolving activity of the three mutants showed a similar 
dependence on pH as that of the WT.

The oxygen-evolving activities of isolated thylakoid 
membranes from the three mutants were 46%-49% of the 
WT value (Table 2). These results suggest that the oxygen-
evolving activity was unstable and easy to lose during thyla-
koid membrane isolation from the mutant strains.

Kinetics of flash‑induced chlorophyll a fluorescence 
relaxation

In order to characterize the properties of the donor and 
acceptor side electron transfer reactions in PSII, flash-
induced fluorescence relaxation kinetics were measured 
from the whole cells in either the absence or presence of 
DCMU. Figure 5a shows the normalized decay curves of 
WT and the three mutant strains in the absence of DCMU, 
which reflects the oxidation of  QA

− by  QB as well as by the 
 S2-state of OEC (Vass et al. 1999). The decay curves were 
fitted into two exponential components and one hyperbolic 
component according to Vass et al. (Vass et al. 1999). The 
fast phase reflects  QA

− reoxidation by  QB immediately fol-
lowing the flash, and the middle phase reflects  QA

− reoxi-
dation by PQ molecules via an empty  QB site due to the 
movement of PQ molecules into the  QB site. The slow phase 
reflects  QA

− reoxidation via charge recombination with the 
 S2 state. The result showed that the fast, middle and slow 
phases in the three mutants are similar to that in the wide 
type, suggesting that these mutations have no apparent 
effects on the electron transfer reactions of the acceptor side.

It should be noted that, as shown in Fig. 5a, the decay 
curves of the flash-induced Chl fluorescence in the mutant 
and wide type cells showed a transient drop with a minimum 
at around 50–100 ms after the flash. This phenomenon was 
also observed in the thermophilic cyanobacterium T. elon-
gatus, or in Synechocystis cells after 15 min microaerobic 
incubation before measurement (Deák et al. 2014), which 
was considered to reflect the transient changes of the redox 
level of the PQ pool (Deák and Vass 2008; Deák et al. 2014).

In the presence of DCMU, the fluorescence decay arises 
from charge recombination of  QA

− with the donor side due 
to the blockage of electron transfer to  QB. This decay is 
much slower than that in the absence of DCMU, and the 
three mutants showed a slightly slower decay kinetics than 
that of the WT (Fig. 5b). This suggests that the charge 
recombination between  QA

− and the  S2-state became slightly 
slower in the mutants than that in the WT, probably due to 
the inefficiency of S-state advancement in the three mutants 
compared with the WT. This implies the inhibition of S-state 

Table 2  Oxygen-evolving activities of whole cells and isolated thyla-
koid membranes

a Data are presented as mean ± SD of five independent measurements. 
WT cells and thylakoid membranes showed average activities of 
250 μmol  O2 mg  Chl−1 h−1 and 247 μmol  O2 mg  Chl−1 h−1, respec-
tively

Strain Whole cells (% of WT)a Membranes 
(% of WT)a

WT 100 ± 5 100 ± 5
D158E 60 ± 5 46 ± 9
D158N 64 ± 3 49 ± 5
D158K 63 ± 8 49 ± 11

Fig. 4  Dependence of oxygen evolution of whole cells on pH from 
wide type (black) and D158E (red), D158N (blue), D158K (green). 
The inset shows relative activities of oxygen evolution with the 
maximal activity observed at pH  6.5 as 100%. Data are presented as 
mean ± SD of seven independent measurements
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transition or a more stabilized  S2-state in the three PsbO-
D158 mutants.

Effects of PsbO‑D158 mutations on photoinhibition 
and repair of PSII

In order to examine the photosensitivity and ability to 
recover from photoinhibition of the PsbO-D158 mutants, 
cells were exposed to high light (≈ 1000 μmol photons 
 m−2 s−1) illumination for one hour followed by incubation 
under low light (≈ 40 μmol photons  m−2 s−1) either in the 
absence or presence of lincomycin, which inhibits protein 
synthesis during the process of PSII repair and assembly. As 
shown in Fig. 6a, in the absence of lincomycin, the oxygen-
evolving activity of WT cells decreased to 20% of the initial 
level after 40 min high light treatment (t1/2 ≈ 20 min), and 
the activity was kept constant during the next 20 min high 
light illumination. However, the oxygen-evolving activity of 
the three mutants decreased more rapidly to approximately 
10% of the starting value after 40–60 min high light illumi-
nation (t1/2 ≈ 15 min). When the light intensity was switched 
to 40 μmol photons  m−2 s−1, a light intensity used for cell 
growth, the oxygen-evolving activity of the WT cells recov-
ered to 76% of the initial level within one hour, whereas the 
activity of the three mutants recovered slowly to only 30% 
during the one hour low light incubation.

Figure 6b shows the results of similar experiment as 
Fig. 6a in the presence of lincomycin. The oxygen-evolv-
ing activities decreased to 10% after one hour high light 
irradiation in both mutant and WT cells, but the activities 
of mutants decreased faster than that of WT strain with a 
t1/2 ≈ 15 min in comparison with a t1/2 ≈ 20 min for the 
WT cells. All strains could not recover from photoinhibition 

when the light intensity was reduced to the low level, indi-
cating the requirement for de novo protein synthesis during 
the recovery process. These results indicate that the oxygen-
evolving activities of the three PsbO-D158 mutants were 
more sensitive to high light treatment, and the efficiency of 
recovery from photoinhibition was lower than that of the 
WT cells.

Binding properties of the extrinsic proteins 
in the mutants

To further examine the effects of the site-directed mutations 
of PsbO-D158 on the structure and functions of PSII, thyla-
koid membranes and crude PSII particles were isolated from 
the three mutants (Shen and Inoue 1993; Shen and Kamiya 
2000), and the presence and binding of the three extrinsic 
proteins (PsbO, PsbV and PsbU) were examined using the 
corresponding antibodies against these proteins. As shown 
in Fig. 7, the expression level of these proteins was not much 
affected in the cells of the three mutants in comparison with 
that of the WT cells, with only the level of PsbO and PsbU 
in the D158K mutant slightly lower than that in the WT or 
other mutant cells. However, in the isolated thylakoid mem-
branes, only the PsbO and PsbV subunits were detected by 
Western-blotting, whereas the PsbU subunit was completely 
lost in the three mutant membranes. This result suggests that 
the mutations of PsbO-D158 disrupt or weaken the binding 
of PsbU to PSII remarkably, leading to its release during 
the isolation process of the thylakoid membranes. Moreo-
ver, the amount of PsbO and PsbV subunits were remark-
ably reduced or even disappeared in the crude PSII parti-
cles prepared from the three mutants (Fig. 7). These results 
suggest that the PsbO-D158 mutations remarkably reduced 

Fig. 5  Kinetics of flash-induced chlorophyll fluorescence relaxa-
tion of whole cells from wide type (black), D158E (red), D158N 
(blue), D158K (green) recorded after 5  min dark adaptation in the 

absence (a) and presence (b) of 20 μM DCMU. Data are presented as 
mean ± SD of three independent measurements
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the binding affinity of the three extrinsic proteins to PSII, 
leading to their easy release either in the isolation of the 
thylakoid membranes or the crude PSII particles.

As shown in Fig. 8a, the crude PSII particles from the 
D158E mutant were further purified by anion-exchange 
chromatography following β-DDM solubilization, from 
which two fractions were obtained. The protein composi-
tions of these two fractions were analyzed by SDS-PAGE, 
which showed that both fractions retained the major PSII 
subunits including D1, D2, CP43 and CP47 but lost the 
three extrinsic subunits either significantly or completely 
(Fig. 8b). In the fraction 1, some phycobilisome subunits 
between PsbV and PsbU were retained. However, a new 
subunit with an apparent molecular weight of 11 kDa was 
found in both PSII fractions from the mutant (labeled ‘New’ 
in Fig. 8b). This subunit was identified to be Psb27 by West-
ern-blotting analysis (Fig. 8c) which has been suggested to 
be a lumenal extrinsic protein involved in PSII assembly 
(Liu et al. 2011; Nowaczyk et al. 2006). BN-PAGE analysis 
showed that fraction-1 and 2 correspond to the PSII mono-
mer and dimer, respectively (Fig. 8d), and both PSII com-
plexes showed no oxygen-evolving activity at all. Similar 
results were obtained with PSII core complexes purified 
from the other two mutants D158N and D158K (Fig. 8e). 
These results are consistent with the weak binding of the 
extrinsic proteins in the mutants and also indicate the accu-
mulation of PSII assembly intermediates in these mutants 
due to the incomplete binding of the extrinsic subunits.

Discussions

D158 is a completely conserved residue in PsbO from 
cyanobacteria to higher plants, and its role has been 
studied in both cyanobacteria and higher plants. In the 
cyanobacterium Synechocystis sp. PCC 6803, altera-
tions of D159 (equivalent to D158 in T. vulcanus) to N 
decreased the oxygen-evolving activity to 64% and 44% in 
the cells and isolated thylakoid membranes, respectively, 
in comparison with that of the WT (Burnap et al. 1994). 
These are very similar to the present results. The present 
results further showed that the decrease of the activity in 
the mutant cells can be ascribed to the weakening of the 
binding of the mutant PsbO to PSII, leading to the loss 
of PsbU in the isolated thylakoid membranes and almost 
complete loss of all the three extrinsic proteins in the puri-
fied PSII complexes. In agreement with this, the purified 
PSII cores were found to bind Psb27, a subunit that binds 
to the assembly intermediate of PSII before binding of the 
extrinsic proteins or with weaker binding of the extrin-
sic proteins (Liu et al. 2011; Nowaczyk et al. 2006). The 
weakening of binding of the extrinsic proteins in the D158 
mutants also explains the previous results that a double 

Fig. 6  Photosensitivity and the ability of recovery from photoinhi-
bition in the absence (a) or presence (b) of lincomycin. Cells were 
exposed to high light (1000 μmol photons  m−2 s−1) for 1 h, followed 
by recovery at normal light (40  μmol photons  m−2  s−1) for another 
1  h. Oxygen-evolving activity was measured at the indicated time 
point. Data are presented as mean ± SD of three independent meas-
urements

Fig. 7  Binding properties of the extrinsic proteins in the PsbO-D158 
mutants examined by Western-blotting analysis of cells, thylakoid 
membranes and crude PSII particles using antibodies against the 
PsbO, PsbU and PsbV proteins, respectively
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mutant of Syenchocystis sp. PCC 6803 lacking PsbV and 
with the PsbO-D159 replaced by N could not grow pho-
toautotrophically (Al-Khaldi et al. 2000), which is similar 
to the double deletion mutant lacking both PsbV and PsbO 
(Shen et al. 1995).

The high resolution structure of PSII showed that 
PsbO-D158 is located in the interface between D1-PsbO-
D2, and its backbone oxygen is hydrogen-bonded directly 
to D1-R334 (Fig.  9). One of its carboxylate oxygen is 
hydrogen-bonded to PsbO-R162, which is in turn hydro-
gen-bonded to D2-A305 and D2-A306. The carboxylate 
oxygen of PsbO-D158 also interacts with PsbO-K160 and 
PsbO-K188 through hydrogen-bonds (Fig. 9). Mutation of 
the D158 residue will break these hydrogen-bonds, thereby 

affecting the binding of PsbO to PSII, leading to its weak 
binding and easy release in the mutant cells.

The effects of mutations of PsbO-D158 on the func-
tioning of PSII observed in the present study can be well 
explained by the weakened binding of this subunit in the 
mutant cells. Fluorescence decay kinetics showed that the 
electron transfer at the acceptor side was not affected by the 
mutations, whereas charge recombination between  QA

− and 
the donor side (S-states) was slower in the mutant than that 
in the WT. This can be explained by a more stable S-state 
intermediate present in some PSII centers that loss some of 
the extrinsic proteins in the mutant cells. This may be the 
cause for the loss of oxygen-evolving activity by around 35% 
caused by the mutations, since the number of PSII centers 

Fig. 8  Purification and analysis of PSII core complexes from the 
mutant cells. a Elution profile of β-DDM solubilized crude PSII 
particles from PsbO-D158E thylakoid membranes by a Q Sepharose 
High Performance column. Crude PSII particles were prepared with 
the two steps-lauryldimethylamine N-oxide solubilization method, 
and a linear gradient of 150–300 mM NaCl was used to separate the 
PSII monomers and dimers. The eluate was monitored at 280 nm. b 
SDS-PAGE analysis of PSII core complexes isolated from the PsbO-
D158E mutant and WT. Lane 1: sample of fraction 1 from panel a; 
lane 2: sample of fraction 2 from panel a; lane 3: WT PSII dimer; 
lane 4: molecular weight marker. Each lane was loaded with 4 μg Chl 

of the samples. c Western-blotting analysis of PSII core complexes 
using an antibody against the Psb27 protein. Lane 1: sample of frac-
tion 1 from panel a; lane 2: sample of fraction 2 from panel a. d BN-
PAGE analysis of the PSII core complexes isolated from the PsbO-
D158E mutant. Lane 1: sample of fraction 1 from panel a; lane 2: 
sample of fraction 2 from panel a. Each lane was loaded with 2 μg 
Chl of the samples. e SDS-PAGE analysis of PSII core dimer com-
plexes isolated from WT (lane 2 and 6), PsbO-D158E (lane 3), PsbO-
D158N (lane 4) and PsbO-D158K (lane 5) mutants. Lane 1 is the 
molecular weight marker
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in the mutant cells did not change much as compared with 
the WT cells. Furthermore, the mutant cells became more 
sensitive to photoinhibition, and the recovery after photoin-
hibition was much more inefficient in the mutant cells than 
that in the WT cells. This is a phenomenon typical for PSII 
that is damaged at the donor side, since in such cases, the 
OEC will be unable to deliver electrons to Tyr-Z+ and  P680+ 
rapidly or the side-path electron transfer will be affected.

The PsbO-D158 residue is also located close to a hydro-
gen-bond network starting from the  Mn4CaO5-cluster to 
the bulk solution mediated by the Cl-1 binding site (Umena 
et al. 2011; Shen 2015). This network has been suggested to 
function in transporting protons generated by the water-split-
ting reaction toward the outside solution, and the D1-R334 
residue is directly involved in this hydrogen-bond network 
(Service et al. 2014; Shen 2015). In order to examine the 
possible effects of mutations of PsbO-D158 on the proton 
transfer through this hydrogen-bond network, we compared 
the pH-dependencies of oxygen evolution between WT and 
mutant cells, since it is expected that if the hydrogen-bond 
network is affected, higher pH would be required to facilitate 
the proton egress and therefore the oxygen evolution would 
be higher at higher pH in the mutant cells than that in the 
WT cells. However, the pH-dependencies were not much 
changed in the mutant cells than that in the WT cells. This 
may also be due to the weak binding of the extrinsic proteins 
in the mutant cells, resulting in a partial loss of the proteins 
and therefore the opening of the  Mn4CaO5-site, leading to an 
easy proton egress even without the hydrogen-bond network.

In spinach PSII, mutations of the corresponding PsbO-
D157 decreased the oxygen-evolving activity to around 30% 
based on the results of in vitro reconstitution experiments, 
and a similar effect on the charge recombination between 
 QA

− and the donor side was observed (Popelkova et al. 2009; 
Roose et al. 2010). However, the binding of the mutant PsbO 

to PSII was not affected upon reconstitution of the mutant 
PsbO proteins to purified PSII cores (Roose et al. 2010). 
This is different from the in vivo results observed in the 
present and previous studies, and may be due to the non-
functional binding of the mutant PsbO protein to the purified 
PSII core in vitro.

In conclusion, the highly conserved PsbO-D158 residue 
maintains the proper binding of PsbO to PSII; its mutations 
weaken binding of PsbO as well as PsbU and PsbV, thereby 
causing the decrease of the oxygen-evolving activity and 
increase of the sensitivity to high light. In the mutant cells, 
the amount of assembly intermediate of PSII that binds 
Psb27 was increased. Since similar results were observed 
with all the three mutants irrespective of the replacement 
of the negatively charged residue (D) by either negatively 
charged (E), positively charged (K) or neutral (N) residues, 
our results indicate that not only the chemical properties 
but also the volume of side chains of PsbO-D158 have an 
important role in maintaining the proper binding of PsbO to 
PSII and hence the proper assembly and functioning of PSII.
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