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ABSTRACT: PsbM and PsbT have been assigned to electron densities on both photosystem II (PSII)
monomers at the PSII dimer interface in X-ray crystallographic structures from Thermosynechoccocus
elongatus and T. Vulcanus. Our results show that removal of either or both proteins from Synechocystis
sp. PCC 6803 resulted in photoautotrophic strains but the ∆PsbM:∆PsbT mutant did not form stable
dimers. A CP43-less PSII monomer accumulated in both single mutants, although absence of PsbT
destabilized PSII to a greater extent than removing PsbM. Additionally, ∆PsbT cells exhibited slowed
electron transfer between the plastoquinone electron acceptors, QA and QB; however, S-state cycling in
both mutants was similar to wild type. Oxygen evolution in these mutants rapidly inactivated following
exposure to high light where recovery required protein synthesis and could proceed in the dark in ∆PsbM
cells but required light in ∆PsbT cells. Interestingly, the extent of recovery of oxygen-evolving activity
was greatest in the ∆PsbM:∆PsbT strain. We also found recovery required Psb27 in ∆PsbT cells although,
under our conditions, the ∆Psb27 strain remained similar to wild type. In contrast, the ∆PsbM:∆Psb27
mutant could not assemble PSII beyond a CP43-minus intermediate. Our results suggest essential roles
for Psb27 in biogenesis in the ∆PsbM strain and for repair from photodamage in cells lacking PsbT.

The mesophilic cyanobacterium Synechocystis sp. PCC1

6803 has been widely used as a model organism for the study
of photosystem II (PSII) of oxygenic photosynthesis (1-3).
In addition, the stability of PSII preparations from two
thermophilic species, Thermosynechococcus elongatus and
T. Vulcanus, has resulted in X-ray crystallographic structures
of oxygen-evolving PSII dimeric complexes at resolu-
tions of 3.0-3.4 Å (4-6). However, the physiological
significance of PSII dimer formation has not been established
and biochemical studies with these organisms have identified
both monomeric and dimeric forms (7, 8) with each monomer
known to comprise at least 20 protein subunits (9).

X-ray-derived structures of PSII place three low-molec-
ular-weight polypeptides: PsbL, PsbM and PsbTseach
containing a single membrane-spanning R helixsat the
monomer-monomer interface (4-6). The two copies of
PsbM are found adjacent to each other and are flanked by

PsbL and PsbT with each monomer contributing a copy of
each polypeptide (4, 5). PsbL is ∼4.5 kDa and highly
conserved among plants, algae and cyanobacteria, particularly
in the membrane-spanning C-terminal half of the polypeptide
(Figure S1 in the Supporting Information). In Synechocystis
sp. PCC 6803, PsbM is ∼3.9 kDa with considerable
similarity to other PsbM sequences from cyanobacteria
(Figure S2 in the Supporting Information). However, more
variation is found with this polypeptide than either PsbL or
PsbT and strains of Prochlorococcus marinus possess a
C-terminal extension of ∼18 residues of unknown function.
The PsbT protein (Figure S3 in the Supporting Information)
is ∼3.5 kDa, and both PsbM and PsbT have their C-termini
located on the cytosolic side of the thylakoid membrane.

The gene encoding PsbL is found in the psbEFLJ operon,
and deletion of psbL in Synechocystis sp. PCC 6803 resulted
in an obligate photoheterotrophic strain that lacked PSII
oxygen-evolving activity (10). To date, the effect of inac-
tivating psbM in cyanobacteria has not been reported;
however, the psbT gene has been disrupted in T. elongatus
and diminished levels of dimeric PSII and reduced levels of
PsbM were observed (7). Despite this phenotype, the oxygen-
evolving activity of cells, isolated thylakoids and isolated
PSII complexes was found to be similar between the ∆PsbT
mutant and wild type: moreover, photoautotrophic growth
of ∆PsbT and wild-type cells did not differ across a wide
range of light intensities. In contrast, a ∆PsbT strain of the
green alga Chlamydomonas reinhardtii was found to be
impaired in recovery of PSII following photodamage and to
have both a reduced affinity for the primary plastoquinone
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electron acceptor, QA, and impaired photoreduction of
QA (11, 12).

In this study we have constructed ∆PsbM and ∆PsbT
strains of Synechocystis sp. PCC 6803 to establish the relative
importance of these polypeptides in PSII activity under
optimal and photoinhibitory conditions. Oxygen evolution
was impaired in both of these mutants and rapidly inactivated
under high light. In addition, oxidation of QA

- was retarded
in ∆PsbT cells: and even though both ∆PsbM and ∆PsbT
strains remained photoautotrophic, they accumulated CP43-
less inactive PSII monomers. We also created a ∆PsbL strain
in which only CP43-less monomers could be detected
although it retained a limited capacity for photoautotrophic
growth. In addition, the ∆PsbM:∆PsbT double mutant was
found to only contain monomeric forms of PSII but remained
photoautotrophic. Finally, recovery of photodamaged PSII,
in ∆PsbT cells, required the extrinsic Psb27 protein; whereas
PSII did not assemble beyond the CP43-less inactive
monomer if Psb27 was absent in the ∆PsbM mutant. These
findings therefore establish unique roles for PsbM and PsbT
in cyanobacterial PSII and provide new information regarding
the requirement for PsbL in Synechocystis sp. PCC 6803. In
addition, our results suggest a role for Psb27 in both PSII
biogenesis and repair.

MATERIALS AND METHODS

Growth of Synechocystis sp. PCC 6803 Strains. Cultures
were maintained on solid BG-11 media containing 5 mM
glucose, 20 µM atrazine, 10 mM TES-NaOH (pH 8.2), 0.3%
sodium thiosulfate and appropriate antibiotics (13). Liquid
cultures were grown mixotrophically in unbuffered BG-11
media containing 5 mM glucose and appropriate antibiotics.
In both solid and liquid media erythromycin and spectino-
mycin were present at a concentration of 25 µg/mL and
chloramphenicol at a concentration of 15 µg/mL. Cultures
were maintained at 30 °C under constant illumination at 30
µE m-2 s-1. Photoautotrophic growth experiments were
carried out as described in refs 13 and 14. The Synechocystis
sp. PCC 6803 strain used in this study was the glucose-
tolerant strain described in ref 1, and this is referred to
throughout as wild type.

Construction of Synechocystis sp. PCC 6803 Mutant
Strains. The open-reading frames (ORFs) smr0007, sml0003,
smr0001 and slr1645, which encode the psbL, psbM, psbT
and psb27 genes, respectively, were obtained by PCR:
smr0007 was amplified using the forward primer 5′-TGGC-
CGTTATGTGGCGGTGTCAGCC-3′ and reverse primer 5′-
AGTGGGCCAAGCCCACCTTAAAACC-3′; sml0003 was
amplified using the forward primer 5′-CAGGGGGACGGGC-
CAACACAAACAC-3′ and reverse primer 5′-CGGCGGT
GCAAAAGGCATCGATCAC-3′; smr0001 was amplified
using the forward primer 5′-CGGTTGAGCATTGAC-
CCGATGGCTG-3′ and reverse primer 5′-TTCGTGAT-
GACGGTAACCTCTGCCG-3′, and slr1645 was amplified
using the forward primer 5′-AAGACCCAACTGGAGGA-
CAATGCGG-3′andreverseprimer5′-CAATGCCTCTAGGGCT-
GCCTGTTT G-3′. The cloned psbL gene was interrupted at
a unique intragenic Van91I site by a chloramphenicol-
resistance cassette derived from pBR325 (15, 16). Most of
the psbM coding sequence was deleted using HpaI sites
within and flanking the psbM gene, and replaced with an

erythromycin-resistance cassette derived from pRL425 (17).
The cloned psbT gene was interrupted at a unique intragenic
NcoI site by a spectinomycin-resistance cassette derived from
pHP45Ω (18). The cloned psb27 gene was interrupted at a
unique intragenic ClaI site by the chloramphenicol-resistance
cassette derived from pBR325. The interrupted genes were
then used to transform Synechocystis sp. PCC 6803 according
to established protocols (1, 13). Complete segregation for
the introduced antibiotic-resistance cassettes was verified by
PCR using the appropriate forward and reverse primers
described above.

Measurement of the RelatiVe LeVel of Assembled PSII
Centers. Herbicide-binding assays measuring 3-(3,4-dichlo-
rophenyl)-1,1-dimethylurea (DCMU)-replaceable [14C]atra-
zine binding were used to estimate the relative level of
assembled PSII centers on a chlorophyll basis (19, 20). The
specific activity of the [14C]atrazine was 17.1 mCi/mmol.

Oxygen EVolution and PhotoinactiVation Assays. Cells
were grown in BG-11 containing 5 mM glucose before being
harvested. Following removal of glucose, cells were main-
tained at 30 °C in BG-11 containing 25 mM HEPES-NaOH,
pH 7.5, at a chlorophyll concentration of 10 µg/mL. Oxygen
evolution was measured with a Clark-type electrode (Han-
satech, King’s Lynn, U.K.) at 30 °C using 3.0 mM
K3Fe(CN)6 and 0.6 mM 2,5-dimethyl-p-benzoquinone
(DMBQ) as electron acceptors. Saturating actinic light (2
mE m-2 s-1) was provided by an FLS1 light source
(Hansatech, King’s Lynn, U.K.) passed through a Melis Griot
OG 590 sharp cutoff red glass filter. Photoinactivation was
achieved using 2 mE m-2 s-1 white light from a Kodak
Ektalite 1000 slide projector. When added, chloramphenicol
was at a concentration of 250 µg/mL.

Decay Kinetics of Chlorophyll a Fluorescence. Measure-
ments of the decay kinetics of chlorophyll fluorescence were
performed with a double modulation kinetic fluorometer (PSI
Instruments, Brno, Czech Republic). Cells in liquid culture
were harvested at midlogarithmic growth phase by centrifu-
gation at 4000g for 5 min at room temperature, resuspended
in BG-11 to a chlorophyll concentration of 80 µg/mL and
incubated on a shaker at 200 rpm under dim light at room
temperature for 30 min before being diluted to a chlorophyll
concentration of 4 µg/mL for measurements. The low
fluorescence F0 state in dark-adapted samples was measured
by a series of four measuring pulses. This was followed 200
µs later by a 30 µs saturating actinic flash, and then a
sequence of measuring pulses beginning 50 µs after the
actinic flash. When added, DCMU was at a final concentra-
tion of 20 µM.

Flash Oxygen Yield Measurements. Cells in liquid culture
were harvested at mid-logarithmic growth phase by cen-
trifugation at 4000g for 5 min at room temperature, resus-
pended in BG-11 to a chlorophyll concentration of 80 µg/
mL and incubated on a shaker at 200 rpm under dim light at
room temperature for 30 min. For measurements, cells were
diluted to 8 µg/mL in 10 mM HEPES-NaOH (pH 7.1) and
30 mM NaCl. Oxygen evolution was determined polaro-
graphically using a centrifugal bare platinum electrode
described in (21). Cells were centrifugally deposited onto
the platinum surface of the electrode at 18000g for 5 min in
a Sorvall HB-4A swing-out rotor. Flash-induced oxygen
yields of dark-adapted cells were measured during a series
of saturating xenon flashes at 4 Hz. To measure the decay
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kinetics of the S2 state, PSII centers were advanced to the
S2 state by an initial single saturating flash. The lifetime of
the S2 state was measured through a subsequent series of
saturating flashes given at 10 s, 20 s, 40 s, 60 s, 120 s, 240
or 480 s after the initial flash, and recording the amplitude
of the oxygen yield on the third flash. Cells were dark
adapted for 10 min between each measurement.

Thylakoid Isolation. Synechocystis sp. PCC 6803 cells
were harvested and resuspended in isolation buffer (50 mM
HEPES-NaOH (pH 7.2), 10 mM MgCl2, 5 mM CaCl2 and
1 M sucrose) together with protease inhibitors (1 mM
ε-caproic acid, 1 mM phenylmethylsulfonyl fluoride, and 2
mM benzamidine) and broken by glass beads (0.1 mm
diameter) at 5 000 rpm using a Mini-Beadbeater (BioSpec
Products, Inc., Bartlesville, OK). Five 20 s cycles were
performed with a 5 min incubation on ice between each
iteration. Beads were removed by centrifugation at 900g for
5 min. Thylakoids were then pelleted by centrifugation at
200000g for 30 min at 4 °C, and finally resuspended in
isolation buffer with protease inhibitors and stored in liquid
nitrogen for later use in blue-native polyacrylamide gel
electrophoresis (BN-PAGE). Chlorophyll concentrations
were determined by extraction in 80% acetone as in ref 22.

Blue-NatiVe PAGE and Immunodetection. Blue-native
PAGE was carried out according to ref 23 with modifications
to thylakoid solubilization described in ref 24. Solubilized
proteins were loaded on to a 5-12% gradient of acrylamide
in the separation gel (gel dimensions: 16 × 16 × 0.1 cm).
Electrophoresis was carried out using a Protean II cell (Bio-
Rad Laboratories, Hercules, CA) at 4 °C starting at 7 mA
for 1 h and continued at 15 mA for 15 h. For immunode-
tection assays, protein was transferred to PVDF membrane
and probed with protein-specific antibodies. Secondary
antibodies conjugated to peroxidase allowed detection of
native proteins using chemiluminescence (25).

Nomenclature of Strains. The different cell lines are
referred to by the absence of the specific protein by using
the Greek letter ∆ (e.g., the ∆PsbM strain etc.) without
distinguishing if this arose from deletion of the corresponding
gene, as was the case if PsbM was absent, or gene
interruption, as was used to remove PsbL and PsbT. To
indicate the absence of more than one protein, as for example
in the double mutant, ∆PsbM:∆PsbT, the two deletions have
been separated by a colon.

RESULTS

Effects of RemoVing PsbL, PsbM and PsbT on Photoau-
totrophy and Assembly of PSII. To identify specific roles
for PsbM and PsbT in Synechocystis sp. PCC 6803, we
assembled strains lacking functional copies of their respective
genes: and, for comparison, a ∆PsbL strain was also
constructed (cf. ref 10.). Gene cassettes conferring resistance
to spectinomycin and chloramphenicol were inserted into the
coding regions of psbL and psbT, respectively, and the ORF
of psbM replaced by an erythromycin-resistance cassette.
Complete segregation of the inactivated genes was verified
by PCR (Figure 1).

Requirements for these polypeptides were initially exam-
ined by measuring photoautotrophic growth (Figure 2A).
Wild type had a doubling time of 14 h, whereas the ∆PsbM
and ∆PsbT strains exhibited doubling times of 24 and 18 h,

respectively. In contrast, removal of PsbL extended this to
>120 h. Moreover, limited growth of ∆PsbL cells was
abolished in the ∆PsbL:∆PsbM and ∆PsbL:∆PsbT mutants.
However, the ∆PsbM:∆PsbT strain remained photoau-
totrophic with a doubling time of 26 h (Figure 2B).

Oxygen evolution, supported by K3Fe(CN)6 and DMBQ,
was measured to assess PSII-specific activity. In Figure 2C,
the ∆PsbM and ∆PsbT mutants had oxygen-evolving rates
of 78% and 62%, respectively, when compared to wild type.
Removal of both PsbM and PsbT in the ∆PsbM:∆PsbT strain
had an additive effect, with oxygen evolution reduced to
33%. Additionally, oxygen evolution from the ∆PsbM,
∆PsbT and ∆PsbM:∆PsbT strains showed a gradual decline
over the 3 min illumination period, indicative of photoin-
activation of PSII. In contrast, wild type evolved oxygen at
a relatively constant rate during the exposure to actinic light.
However, under the assay conditions, neither the ∆PsbL
strain nor the ∆PsbL:∆PsbM and ∆PsbL:∆PsbT mutants
exhibited measurable levels of oxygen evolution.

To assess PSII assembly, DCMU-replaceable [14C]atra-
zine binding was performed in whole cells. These data
(Figure 2D) indicate that the ∆PsbM and ∆PsbT strains
were capable of assembling PSII at 72% and 40%,

FIGURE 1: Construction of Synechocystis sp. PCC 6803 mutant
strains. (A) Insertion of a 2.0-kb chloramphenicol-resistance cassette
(CamR) at the unique intragenic Van91I site of psbL. PCR
confirmed the complete replacement of psbL with the interrupted
gene. The primers used in the reaction are indicated with arrows,
and the PCR products from different strains are shown on the gel.
Lanes: M, 1 Kb Plus DNA Ladder (Invitrogen Carlsbad, CA); 1,
wild type; 2, ∆PsbL; 3, ∆PsbL:∆PsbM; 4, ∆PsbL:∆PsbT. (B)
Deletion of psbM between two HpaI sites and replacement with a
1.5-kb erythromycin-resistance cassette (EmR). PCR confirmed
replacement of psbM. The PCR products from different strains are
shown. Lanes: M, 1 Kb Plus DNA Ladder (Invitrogen, Carlsbad,
CA); 1, wild type; 2, ∆PsbM; 3, ∆PsbL:∆PsbM; 4, ∆PsbM:∆PsbT.
(C) Insertion of a 2.0-kb spectinomycin-resistance cassette (SpecR)
at the unique intragenic NcoI site of psbT. PCR confirmed complete
replacement of psbT with the interrupted gene. The PCR products
from different strains are shown. Lanes: M, 1 Kb Plus DNA Ladder
(Invitrogen Carlsbad, CA); 1, wild type; 2, ∆PsbT; 3, ∆PsbL:
∆PsbT; 4, ∆PsbM:∆PsbT.
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respectively, of the level found in wild type: while the
∆PsbM:∆PsbT mutant assembled 66%. The removal of
PsbL in the ∆PsbL, ∆PsbL:∆PsbM and ∆PsbL:∆PsbT
strains reduced PSII assembly to below the level of
detection of this assay which is typically ∼20% of the
level found in wild-type cells (20).

The Effect of RemoVing PsbM and PsbT on QA
- Oxidation

in Whole Cells. The decay kinetics of the variable chlorophyll
a fluorescence yield were measured to assess QA

- oxidation.
Figure 3 illustrates the normalized decay following a
saturating actinic flash in wild type and the ∆PsbM, ∆PsbT
and ∆PsbM:∆PsbT strains. In the absence of DCMU, this
decay largely reflects electron transfer from QA to QB. It is
clear that relaxation of the fluorescence yield is quite similar
in ∆PsbM and wild-type cells indicating removal of PsbM
had little impact upon forward electron transfer. The time
(t50) at which the fluorescence decayed to 50% of its initial
level was 0.4 ms in wild type and 0.7 ms in the ∆PsbM

strain. In contrast, the t50 values for the ∆PsbT and ∆PsbM:
∆PsbT strains were 2.2 and 8.2 ms, respectively. These data
could be adequately fit assuming three kinetic phases with
the two faster phases ascribed to electron transfer between
QA and QB, and a slow phase ascribed to back-reaction with
the donor side (Table 1 and ref 26). In comparison to ∆PsbM
and wild-type cells, the ∆PsbT and ∆PsbM:∆PsbT strains
exhibited considerably retarded phases corresponding to
forward electron transfer from QA to QB. The results indicate
impaired electron flow between QA and QB in ∆PsbT cells,
which becomes further aggravated upon removal of PsbM.
This additional removal of PsbM appears to result in a higher
probability of the QA

- state recombining with an oxidant on
the donor side of the complex as evidenced by the larger
amplitude of the slowest phase of fluorescence relaxation in
the double mutant (Figure 3 and Table 1).

In contrast to the kinetics in the absence of DCMU, the
relaxation of variable chlorophyll a fluorescence yield in the
presence of DCMU, reflecting recombination of QA

- with
the S2 state of the oxygen-evolving complex, was similar
for all strains. In wild type the t50 for the fluorescence decay
was 519 ms. In comparison, the ∆PsbM strain exhibited a
t50 of 574 ms and the ∆PsbT and ∆PsbM:∆PsbT strains had
t50 values of 749 and 674 ms, respectively. These findings
suggest a minimal impact upon the redox potential gap
between the QA/QA

- and the S2/S1 redox couples. A minimal
impact of the mutations upon the oxygen-evolving complex
is consistent with the results of the flash-induced oxygen
evolution experiments described in the next section and,
therefore, the absence of PsbT does not seem to affect the
midpoint redox potential of the QA/QA

- couple. Conse-
quently, the slowed electron transfer from QA to QB could
be due to a downshift in the midpoint potential of QB/QB

-,
decreasing the driving force of electron transfer from QA to
QB, or to alterations in the electron coupling or reorganization
energy governing electron transfer between QA and QB. In
either case, it appears that the primary impact of removing
PsbT in these cells is upon the acceptor side of the PSII
complex.

Flash-Induced Yields of Oxygen EVolution in the ∆PsbM
and ∆PsbT Strains. Flash-induced oscillatory patterns of
oxygen production were used to assess S-state cycling upon
removal of different polypeptides. Figure 4A shows yields
for wild type, and the ∆PsbM, ∆PsbT and ∆PsbM:∆PsbT
strains following a sequence of saturating single-turnover
flashes at a frequency of 4 Hz. A similar oscillatory pattern
was observed for all mutants and was comparable to wild
type, indicating a similar distribution of photochemical
misses and double hits in all strains (Table S1 in the
Supporting Information).

In light of the similar rate of QA
- oxidation, in the presence

of DCMU, between wild type and mutants (Figure 3) the
stability of the S2 state was investigated. Cells were advanced
to the S2 state by a single saturating flash, and the lifetime
of the S2 state was measured by giving a subsequent series
of saturating flashes at varying time intervals after the initial
flash and recording the oxygen yield on the third flash. These
data were plotted as a function of the time interval between
the first and second flashes and represent the kinetics of S2

decay (Figure 4B). The ∆PsbM and ∆PsbT strains exhibited
slightly slower apparent half-times (43 and 37 s, respectively)
compared to wild type (32 s). However, these measurements

FIGURE 2: Characterization of Synechocystis sp. PCC 6803 mutant
strains. (A) Photoautotrophic growth of single mutants in BG-11
media as measured by optical density at 730 nm. Strains shown
are wild type (closed squares), ∆PsbL (closed triangles), ∆PsbM
(closed circles), and ∆PsbT (open diamonds). Data are representa-
tive of three independent experiments. (B) Photoautotrophic growth
of double mutants. Strains shown are ∆PsbL:∆PsbM (open squares),
∆PsbL:∆PsbT (closed diamonds), and ∆PsbM:∆PsbT (open tri-
angles). Data are representative of three independent experiments.
(C) Traces of oxygen evolution determined polarographically in
the presence of K3Fe(CN)6 and DMBQ. The 1 mL reaction chamber
held cell suspensions containing 10 µg of chlorophyll/mL. Average
initial rates of oxygen evolution over the first min of illumination
are given in µmol of O2 (mg of chlorophyll)-1 h-1. Data are
representative of three independent experiments, and rates were
reproducible to within 15% of the average. (i) Wild type, 483; (ii)
∆PsbM, 377; (iii) ∆PsbT, 300; (iv) ∆PsbM:∆PsbT, 161; (v) ∆PsbL,
no measurable rate; (vi) ∆PsbL:∆PsbM, no measurable rate; (vii)
∆PsbL:∆PsbT, no measurable rate. Arrows indicate when light was
turned on and off. (D) Relative levels of PSII assembly as
determined by DCMU-replaceable [14C]atrazine binding, normalized
to a wild-type chlorophyll/PSII ratio of 805. The results are the
average ( the standard error of three independent experiments.
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suggest the S2 state is essentially unaltered by the removal
of either PsbM or PsbT.

Assembly of PSII Complexes in the ∆PsbM, ∆PsbT and
∆PsbM:∆PsbT Strains. Blue-native PAGE was used to
examine native protein complexes of the thylakoid mem-
brane. Immunodetection, using an antibody against D1,
allowed identification of both dimeric and monomeric PSII
(Figure 5A). Neither PSII dimers nor monomers were
detected in strains lacking PsbL, although the CP43-less
assembly intermediate complex was present (cf. Figure 5B
and refs 27 and 28). Moreover, the ∆PsbM, ∆PsbT and
∆PsbM:∆PsbT strains had elevated levels of the CP43-less
monomer (Figure 5A, B). This suggests that progression from
the CP43-less subcomplex to the intact PSII monomer is also
impaired if either PsbM or PsbT is absent. Even so, PSII
dimer bands were present in both the ∆PsbM and ∆PsbT
strains, albeit at lower abundance compared to wild type,
indicating a sufficient interaction between the two PSII
monomers to stabilize the PSII dimer, despite removal of
PsbM or PsbT. Additionally, the ∆PsbT strain consistently
showed two forms of PSII dimer, apparently differing in
molecular weight. Interestingly, no dimers were observed
in the ∆PsbM:∆PsbT strain (Figure 5A, B), hence the
combined removal of PsbM and PsbT is sufficient to disrupt

the monomer-monomer interaction such that no dimers are
detectable using BN-PAGE. Similar results were obtained
with antibodies to D2 and CP47 (data not shown).

Effects of RemoVing PsbM and PsbT on RecoVery of PSII
ActiVity Following High-Light Stress. We examined recovery
of oxygen-evolving activity in whole cells after 45 min of
high-intensity-light stress (2.0 mE m-2 s-1) (Figure 6). All
strains showed the ability to recover once the stress had been
removed (Figure 6A) and, moreover, all strains consistently
recovered to exhibit a rate beyond the rate determined before
stress was applied. In particular, the ∆PsbM:∆PsbT mutant
reached 170% after 2 h at 0.3 mE m-2 s-1 (a further 2 h at
low light was required before the activity returned to the
initial level (data not shown)). Furthermore, addition of
chloramphenicol showed the observed recovery was depend-
ent on protein synthesis (Figure 6B).

To investigate the requirement for light in the recovery
process oxygen evolution was followed in the dark following
high-light exposure (Figure 6C). Both wild type and the
∆PsbM strain exhibited a recovery and stimulation of oxygen
evolution following incubation in complete darkness similar
to that observed during recovery under 0.3 mE m-2 s-1 (cf.
Figure 6A). In contrast, the ∆PsbT and ∆PsbM:∆PsbT
strains showed a partial recovery, indicating both light-

FIGURE 3: Decay of chlorophyll a fluorescence yield in whole cells following a single turnover actinic flash in the presence (dashed line)
or absence (solid line) of DCMU. The panels are (A) wild type; (B) ∆PsbM; (C) ∆PsbT; and (D) ∆PsbM:∆PsbT. Cell suspensions contained
4 µg of chlorophyll/mL. Data have been normalized and are the average of three independent experiments.

Table 1: Decay Kinetics of Flash-Induced Variable Fluorescence without DCMUa

fast phase middle phase slow phase

strain t1/2 (µs) amp (%) t1/2 (ms) amp (%) t1/2 (s) amp (%)

wild type 330 ( 20 97 ( 17 4.9 ( 0.5 2 ( 0.1 11.2 ( 2.3 1.0 ( 0.02
∆PsbM 460 ( 20 95 ( 09 8.8 ( 1.1 3 ( 0.2 10.4 ( 1.7 1.7 ( 0.05
∆PsbT 1100 ( 80 74 ( 08 61.0 ( 0.1 14 ( 0.4 5.5 ( 0.7 12.0 ( 0.80
∆PsbM:∆PsbT 1105 ( 70 70 ( 07 52.2 ( 7.2 16 ( 0.7 3.9 ( 0.5 15.0 ( 0.50

a The curves were analyzed in terms of two exponential components (middle and slow phases) and one hyperbolic component (slow phase) according
to ref 26. Standard errors of the calculated parameters are indicated.
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dependent and light-independent processes are required for
the full restoration of oxygen evolution in these mutants.

The Requirement for Psb27 in Strains Lacking PsbM and
PsbT. The possibility that Psb27 may play a role in PSII
assembly and repair (8, 29, 30) prompted us to investigate
the effects of removing Psb27 in the ∆PsbM and ∆PsbT
mutants. Figure 7A shows the interruption of psb27 with a
chloramphenicol-resistance cassette in wild type and the
∆PsbM and ∆PsbT mutant backgrounds. The removal of
Psb27 in wild type and the ∆PsbT mutant had no effect on
photoautotrophic growth; however, photoautotrophic growth
was abolished in the ∆PsbM:∆Psb27 strain (Figure 7B). The
∆PsbM:∆Psb27 strain was also incapable of oxygen evolu-
tion (Figure 7C) or assembly of PSII centers (Figure 7D).
In contrast, oxygen evolution and the relative number of
assembled PSII centers were similar to wild type in the
∆Psb27 strain. Moreover, when compared to wild type, the
∆PsbT:∆Psb27 mutant exhibited an oxygen evolution rate
of 72% and assembled PSII centers to a level of 48%, which
were similar values to those for ∆PsbT cells (Figure 2C, D
and Figure 7C, D).

In Figure 7E the effect of removing Psb27 on recovery of
oxygen evolution following exposure to high-light stress is
presented. The ∆Psb27 strain was found to acclimate to the
stress condition and exhibited an increased rate of oxygen
evolution upon returning to low light as seen with wild type.
However, the ∆PsbT:∆Psb27 strain was unable to recover
any oxygen-evolving activity. This is in contrast to the
∆PsbT strain, which exhibited a complete protein-synthesis-
dependent recovery under identical conditions (Figure 6A).

Blue-native PAGE was used to determine the composition
of PSII monomers and PSII dimers in the strains lacking
Psb27. Photosystem II complexes were detected using
antibodies to D1 (Figure 8A) and CP43 (Figure 8B). Similar
results to Figure 8A were obtained with antibodies to D2
and CP47 (data not shown). The abundance of dimers and
monomers in the ∆Psb27 strain was similar to wild type,
indicating removal of Psb27, under our experimental condi-
tions, was insufficient to disrupt assembly of PSII. The
removal of Psb27 from the ∆PsbT strain also had no apparent
effect. The characteristic PSII dimer doublet of the ∆PsbT
strain (Figure 5A) was also present in the ∆PsbT:∆Psb27
mutant, therefore combined removal of Psb27 and PsbT was
also insufficient to prevent dimer formation or assembly of
PSII monomeric complexes. In contrast, in the ∆PsbM:
∆Psb27 strain, only the CP43-less subcomplex was formed,
providing evidence that removal of Psb27 from the ∆PsbM
strain arrests PSII biogenesis.

FIGURE 4: (A) Flash-induced oxygen yields in dark-adapted whole
cells. Strains shown are: wild type (closed squares), ∆PsbM (closed
circles), ∆PsbT (open diamonds), and ∆PsbM:∆PsbT (open
triangles). Data are representative of results obtained in three
independent experiments. (B) Decay of the S2 state in cells of wild
type (closed squares), ∆PsbM (closed circles), ∆PsbT (open
diamonds), and ∆PsbM:∆PsbT (open triangles). Measurements of
the lifetimes of the S2-state were performed by recording the
amplitude of O2 yield on the third flash varying the time interval
between the first and second flashes. The results are the average (
the standard error of three independent experiments.

FIGURE 5: Immunodetection of PSII core complexes from thylakoid
membranes using (A) D1, and (B) CP43 antibodies following
separation by BN-PAGE. Thylakoids were solubilized with 1%
n-dodecyl �-D-maltoside, and 5 µg of chlorophyll was loaded onto
a 5-12% gradient gel. Protein was transferred to PVDF membrane
for detection. Lanes: 1, wild type; 2, ∆PsbL; 3, ∆PsbM; 4, ∆PsbT;
5, ∆PsbL:∆PsbM; 6, ∆PsbL:∆PsbT; 7, ∆PsbM:∆PsbT.
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DISCUSSION

Deletion of psbM in Synechocystis sp. PCC 6803. Removal
of PsbM in ∆PsbM cells resulted in a 28% reduction of
assembled PSII centers, with a concomitant reduction in PSII
activity and an increased photoautotrophic doubling time.
These results were corroborated by a reduction in both
monomer and dimer formation and the appearance of the
CP43-less monomer subcomplex. This suggests an important
role for PsbM in assembly of active monomeric PSII from
the CP43-less assembly intermediate. Disrupted assembly in
the ∆PsbM mutant appears to differ from tobacco where
PsbM is not required for biogenesis of higher order PSII

complexes (31). Moreover, recombination of QA
- with the

S2 state appeared to be similar in wild type and ∆PsbM cells,
whereas in the tobacco ∆psbM mutant, backward electron
flow was impaired (31). Our findings also indicated only a
slight alteration in the forward rate between QA

- and QB,
again contrasting with evidence for an altered QB binding
site in ∆psbM tobacco plants (31). However, ∆PsbM cells
were light sensitive and rapidly photoinactivated, which is
consistent with an observed increased light sensitivity in the
tobacco mutant.

In our ∆PsbM mutant, recovery from high-light-induced
damage proceeded during a dark incubation in a similar
fashion to recovery observed in the light. Dark-recovery of
photodamaged PSII has been reported in Synechocystis sp.
PCC 6803 following high-light stress in combination with
low temperature which traps PSII in an inactive state (32-34).
We therefore hypothesize that PSII in ∆PsbM cells also
enters a dark-reversible inactive state in our experiments.
However, further studies are required to verify if the PSII
intermediate state identified by Murata and co-workers is
related to the inactive state of PSII in ∆PsbM cells.

InactiVation of psbT in Cyanobacteria. The psbT gene has
been inactivated in T. elongatus and did not impair photo-
autotrophic growth or oxygen evolution. However, a decrease
in the number of dimers was obtained following isolation
of PSII core complexes and anion exchange chromatography
(7). In Synechocystis sp. PCC 6803, PsbT has 50% identity
with PsbT from T. elongatus. The majority of sequence
similarity is associated with the C-terminal half of the
polypeptide and amino acid residue differences in the
N-terminal region retain the hydrophobicity contributing to
the R helix that spans the membrane (Figure S3 in the
Supporting Information).

The ∆PsbT mutant in Synechocystis sp. PCC 6803
exhibited slowed photoautotrophic growth, with oxygen
evolution 62% of wild type and PSII assembly reduced to a
similar extent. This suggests fewer assembled PSII centers
in the strain lacking PsbT than in the ∆PsbM mutant.
Moreover, ∆PsbT cells showed slowed QA

- reoxidation after
a single turnover flash in contrast to the situation in the
∆PsbM strain. However, our BN-PAGE data for the ∆PsbT
mutant suggest slightly elevated levels of the different PSII
complexes than seen in ∆PsbM cells, and it is possible that
an altered acceptor side in ∆PsbT cells may have resulted
in an underestimation of PSII centers by our herbicide-
binding assay. However, the apparent dissociation constant
for both ∆PsbM and ∆PsbT cells was ∼380 nM compared
to ∼250 nM for wild type.

Results with T. elongatus suggested that PsbM may not
bind to PSII in the absence of PsbT (7); however, in
Synechocystis sp. PCC 6803 we found the removal of PsbM
was additive when combined with the removal of PsbT. The
∆PsbM:∆PsbT double mutant was found to only have
monomeric forms of PSII but retained sufficient active PSII
complexes to support photoautotrophic growth, although
oxygen evolution was rapidly photoinactivated. There was
also an additive effect on forward electron transfer in the
double mutant with an increase in the amplitude of the slower
component(s) over that observed for the ∆PsbT strain.
However, the number of assembled PSII centers detected
by our herbicide-binding assay remained similar to the levels
observed in the single ∆PsbT mutant.

FIGURE 6: Recovery of oxygen-evolving activity following high-
light stress. Cell suspensions at 10 µg of chlorophyll/mL were
subjected to 45 min of high-intensity white light at 2.0 mE m-2

s-1 (HL), then allowed to recover under (A) low-light conditions
(0.03 mE m-2 s-1), (B) low-light conditions in the presence of
chloramphenicol (cam) (added at 45 min when light stress removed),
and (C) dark. Strains: wild type (closed squares), ∆PsbM (closed
circles), ∆PsbT (open diamonds), ∆PsbM:∆PsbT (open triangles).
The data are the average ( the standard error of three independent
experiments.
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In the green alga Chlamydomonas reinhardtii, the rate of
photodamage was found to be similar in wild type and ∆PsbT
cells (11, 12); however, the rate of photodamage or inactiva-
tion of PSII activity was accelerated in our ∆PsbT strain
when compared to wild type (Figure 6 and ref 35).
Nevertheless, as in C. reinhardtii, our ∆PsbT strain exhibited
a slower recovery than wild type when the high-light stress
was removed. Moreover, in the dark, recovery was incom-
plete and thus required additional light-dependent steps not
required in ∆PsbM cells. Also, recovery of oxygen evolution
following inactivation by high light was blocked by both
chloramphenicol (Figure 6B) and lincomycin (35) in our
∆PsbT strain; whereas the dark recovery in ∆PsbM cells

was not prevented when lincomycin was added immediately
prior to the recovery phase following high-light treatment
(35).

Intriguingly, ∆PsbM:∆PsbT cells recovered to a greater
extent than ∆PsbT cells in the dark following high-light
exposure and, under low light, recovered to give rates of
oxygen evolution considerably higher on a chlorophyll basis
than observed before the cells were stressed. Our BN-PAGE
conditions failed to detect any dimers in this mutant,
suggesting that persistence of monomers in this strain may
affect regulation of active PSII levels. However, it is possible
dimers formed but were susceptible to the 1% n-dodecyl �-D-

FIGURE 7: The effect of removing Psb27 in wild type and mutant strains. (A) Insertion of a 2.0-kb chloramphenicol-resistance cassette
(CamR) within the unique intragenic ClaI site of psb27. PCR verification of complete segregation of the interrupted psb27 gene is shown.
Lanes: M, 1 Kb Plus DNA Ladder (Invitrogen, Carlsbad, CA); 1, wild type; 2, ∆Psb27; 3, ∆PsbM:∆Psb27; 4, ∆PsbT:∆Psb27. (B)
Photoautotrophic growth as measured by the optical density at 730 nm. Strains shown are wild type (closed squares), ∆Psb27 (closed
triangles), ∆PsbM:∆Psb27 (closed circles), ∆PsbT:∆Psb27 (open diamonds). The data are representative of three independent experiments.
(C) Traces of oxygen evolution in the presence of K3Fe(CN)6 and DMBQ. The 1 mL reaction chamber held cell suspensions containing 10
µg of chlorophyll/mL. Average initial rates of oxygen evolution over the first min of illumination are given in µmol of O2 (mg of chlorophyll)-1

h-1. Data are representative of three independent experiments and rates were reproducible to within 15% of the average. (i) Wild type, 483;
(ii) ∆Psb27, 473; (iii) ∆PsbT:∆Psb27, 372; (iv) ∆PsbM:∆Psb27, no measurable rate. Arrows indicate when light was turned on and off.
(D) Relative levels of PSII assembly as determined by DCMU-replaceable [14C]atrazine binding, normalized to a wild-type chlorophyll/
PSII ratio of 746. The data are the average ( the standard error of three independent experiments. (E) Recovery of oxygen-evolving
activity following high-light stress. Cell suspensions at 10 µg of chlorophyll/mL were subjected to 45 min of high-intensity white light at
2.0 mE m-2 s-1 (HL), then allowed to recover under low-light conditions (0.03 mE m-2 s-1). Strains: wild type (closed squares), ∆Psb27
(closed triangles), ∆PsbT:∆Psb27 (open diamonds). The data are the average ( the standard error of three independent experiments.

FIGURE 8: Immunodetection of PSII core complexes from thylakoid membranes using (A) D1 and (B) CP43 antibodies following separation
by BN-PAGE. Thylakoids were solubilized with 1% n-dodecyl �-D-maltoside, and 5 µg of chlorophyll was loaded onto a 5-12% gradient
gel. Protein was transferred to PVDF membrane for detection. Lanes: 1, wild type; 2, ∆Psb27; 3, ∆PsbM:∆Psb27; 4, ∆PsbT:∆Psb27.
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maltoside treatment performed prior to electrophoresis,
resulting in only monomeric PSII being observed in our
experiment.

The Effect of RemoVing Psb27 in ∆PsbM and ∆PsbT
Cells. Although absent from X-ray crystallographic structures
of PSII, Psb27, a lumenal polypeptide, has been detected in
inactive PSII monomers lacking the PsbO, PsbU and PsbV
extrinsic subunits of T. elongatus (8, 29). Moreover, Psb27
is present in isolated PSII complexes from Synechocystis sp.
PCC 6803 where it facilitates photoactivation of PSII (9, 30).
We therefore investigated the requirement for Psb27 in the
recovery from high-light stress in the ∆PsbM and ∆PsbT
strains. Unexpectedly, the ∆PsbM:∆Psb27 strain could not
assemble PSII centers beyond CP43-less monomers. In
contrast, recovery of ∆Psb27 cells was prevented in the
∆PsbT:∆Psb27 mutant although the phenotype was other-
wise similar to the ∆PsbT strain. These data are summarized
in Figure 9 and demonstrate that the absence of Psb27
introduced a complete block in biogenesis in the ∆PsbM
background but selectively blocked the recovery process in
cells lacking PsbT.

The Requirement for PsbL in Cyanobacterial Photosystem
II. In contrast to an earlier report with a psbL deletion mutant
of Synechocystis sp. PCC 6803 where no photoautotrophic
growth was observed (10), we found removal of PsbL
resulted in limited photoautotrophic growth with a doubling
time of >120 h. Given this difference we verified the absence
of PsbL in our mutant using a PsbL-specific antibody (Figure
S4 in the Supporting Information). We have also recently
constructed a psbL deletion mutant and found there was no
message expressed for psbJ; however, we did obtain message
for psbJ in our interruption mutant indicating that PsbJ may
be present in our ∆PsbL strain (Figure S5 in the Supporting
Information). Hence our results indicate the obligate pho-
toheterotrophic phenotype associated with deletion of psbL
in Synechocystis sp. PCC 6803 arises from the concomitant
inactivation of psbJ. However, limited photoautotrophic
growth is still possible when psbL has been interrupted
provided psbJ expression is not prevented.

The Effect of High-Light Exposure on Oxygen EVolution
in Wild Type. For this study experimental conditions were
selected whereby the rate of photodamage and repair were
balanced in wild-type cells (Figure S6 in the Supporting
Information). We observed an initial drop to approximately
75% of the initial rate following an ∼45 min exposure to 2
mE m-2 s-1 at 30 °C at a chlorophyll concentration of 10
µg/mL. When these conditions continued over 2 h, the cells
were subsequently able to acclimate with oxygen evolution

recovering to ∼90% of the initial rate (35). These experi-
ments led to the discovery that a pre-exposure to high light
induced oxygen evolution in wild-type cells to ∼125% of
their initial activity when transferred back to low light (0.3
mE m-2 s-1). In Figure 6B we demonstrate that this effect
requires protein synthesis and is abolished by the addition
of chloramphenicol.

Interestingly, we have recently reported that the observed
stimulation of oxygen evolution when transferring cells from
our high-light to low-light conditions is insensitive to
lincomycin (35). It is known that high light exposure results
in elevated association of psbA mRNA with polysomes (36)
and that lincomycin does not interact with ribosomes with
bound nascent peptides and will therefore not act on
preformed polysomes. However, chloramphenicol is effective
against peptide bond formation in ribosomes and polysomes
(37). Therefore our working hypothesis is that additional
stimulation of oxygen evolution upon transferring cells to
low-light conditions arises from the insertion of preformed
D1 from membrane-associated polysomes. Our results also
suggest that this incorporation of newly synthesized D1 does
not require light (Figure 6C). Moreover, this phenomenon
is observed in cells lacking PsbM but does not occur in
∆PsbT cells.
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