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Singlet oxygen production in intact cells of the cynobacterium Synechocystis 6803 was studied using chemical
trapping by histidine, which leads to O, uptake during illumination. The rate of O, uptake, measured by a
standard Clark-type electrode, is enhanced in the presence of D,0, which increases the lifetime of '0,, and
suppressed by the '0, quencher NaNs. Due to the limited mobility of 0, these data demonstrate that
exogenous histidine reaches close vicinity of '0, production sites inside the cells. Flash induced chlorophyll
fluorescence measurements showed that histidine does not inhibit Photosystem II activity up to 5 mM
concentration. By applying the histidine-mediated O, uptake method we showed that '0, production linear-
ly increases with light intensity even above the saturation of photosynthesis. We also studied '0, production
in site directed mutants in which the Gln residue at the 130th position of the D1 reaction center subunit was
changed to either Glu or Leu, which affect the efficiency of nonradiative charge recombination from the
primary radical pair (Rappaport et al. 2002, Biochemistry 41: 8518-8527; Cser and Vass 2007, BBA
1767:233-243). We found that the D1-GIn130Glu mutant showed decreased 0, production concomitant
with decreased rate of photodamage relative to the WT, whereas both '0, production and photodamage
were enhanced in the D1-GIn130Leu mutant. The data are discussed in the framework of the model of
photoinhibition in which 3P680 mediated '0, production plays a key role in PSII photodamage, and
nonradiative charge recombination of the primary charge separated state provides a photoprotective pathway.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Photosynthesis is driven by light, which can be highly energetic and
potentially dangerous substance that can damage the photosynthetic
apparatus (for a historical overview see Ref. [1]). The light-induced de-
cline of photosynthetic activity is broadly termed as photoinhibition,
and this important phenomenon has been a topic of intense research
in the last 30 years. The major site of photoinhibition is the Photosytem
Il (PSII) complex whose electron transport is inhibited and protein
structure is damaged as a consequence of light exposure (see Ref. [2]
for a review).

Abbreviations: Chl, chlorophyll; D1 and D2, reaction center protein subunits of
Photosystem-II; DanePy, 3-[N-(b-diethylaminoethyl)-N-dansyl]aminomethyl-2,2,5,5-
tetramethyl-2,5-dihydro-1H-pyrrole; DCMU, 3-(3’,4’-dichlorophenyl)-1,1-dimethylurea;
NPQ, non-photochemical quenching; PQ and PQH2, plastoquinone and plastoquinol, re-
spectively; PSII, Photosystem-II; P680, reaction center Chl; OCP, orange carotenoid protein;
ROS, reactive oxygen species; SOD, superoxide dismutase; SOSG, Fluorescence Sensor
Green; TEMP, 2.2,6,6-tetramethylpiperidine; TEMPD-HCI, 2,2,6,6-tetramethyl-4-
piperidone hydrochloride
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Although significant efforts have been devoted to clarify the
mechanisms of photoinhibition of PSII no consensus has been reached
yet and different models are considered to explain the detrimental ef-
fects of visible light on PSII (for recent reviews see [3-7]). These
models include: (i) Modifications in the functioning of the Qg [8]
and Q, acceptors [9-11] under conditions of excess excitation when
the capacity of secondary metabolic processes is not sufficient to uti-
lize the electrons produced in the primary photoreactions. (ii) Charge
recombination processes that result in triplet Chl formation [12] and
their involvement in subsequent singlet oxygen production in the
PSII reaction center [9,11,13-16]. (iii) Visible light induced direct
damage of catalytic Mn complex of water oxidation has also been sug-
gested [17,18], and it is known from EPR studies that spin state
changes in the Mn cluster can be induced by light at the far-red
edge of the visible range [19].

Singlet oxygen ('AgO,, which will be abbreviated as '0;) is pro-
duced via interaction of ground state molecular oxygen (32g02)
with Chl triplets in PSII, and has been implicated in the process of
photoinhibition as an important mediator of light induced damage.
Production of '0, has been demonstrated in isolated PSII reaction
center complexes by histidine- or imidazole mediated chemical trap-
ping [20], and also by direct 1270 nm luminescence measurements
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[21,22]. In thylakoid membrane particles EPR spin trapping was ap-
plied successfully for 10, detection by using either TEMP [15,23,24],
or TEMPD-HCI [25], see also Ref. [26] for a recent summary of the
method. The direct 1270 nm luminescence measurements could
also be used in isolated PSII complexes [27]. In intact plant systems
the fluorescent '0, traps DanePy [28,29] and Fluorescence Sensor
Green (SOSG) have been applied [30]. However, detection of singlet
oxygen production in intact cyanobacterial cells presents a signifi-
cantly larger challenge since the EPR and fluorescent spin traps do
not penetrate inside the cells (E. Hideg, personal communication),
and application of the direct 1270 nm luminescence method is
hampered by the influence of background Chl fluorescence [31]. It is
of note that there has been an attempt to use SOSG in intact
Synechocystis cells [32]. However the requirement of long illumination
under photonhibitory conditions (3 h at 1000 umol quanta m~2 s~ 1)
for the induction of the SOSG fluorescence signal [32] together with
10, production by illuminated SOSG itself, which induces an artifactual
fluorescence increase in the absence of exogenous singlet oxygen
source [33] limits the applicability of this method for quantitative
detection of singlet oxygen in Synechocystis.

Here we describe in detail the applicability of histidine mediated
chemical trapping for the detection of 'O, in intact Synechocystis
6803 cells, and demonstrate that '0, production linearly depends on
light intensity. We also show that the efficiency of 10, production is
modulated by amino acid replacements at the 130th position of the
D1 protein, which modifies the redox potential of Phe and affects the
efficiency of non-radiative charge recombination of the primary radical
pair. The presented results provide support for the photoprotective role
of non-radiative charge recombination processes in the PSII reaction
center.

2. Materials and methods
2.1. Cell cultures

Synechocystis sp. PCC 6803 (which will be referred to as
Synechocystis) cells were propagated in BG-11 growth medium in a
rotary shaker at 30 °C under a 3% CO,-enriched atmosphere. The in-
tensity of white light during growth was 40 umol quanta m~2 s~ !,
Cells in the exponential growth phase (Asgo of 0.8-1) were used.
The D1-GIn130Leu and D1-GIn130Glu mutants were constructed in
the psbA3 gene of Synechocystis sp. PCC 6803 by Peter Nixon as

described previously [34].

2.2. Light treatment

Cells were harvested by centrifugation at 8000 g for 5 min and
resuspended in 100 mL fresh BG-11 medium at 5 pug Chl mL™" con-
centration. Before starting high light treatment cells were left for
1 h under 40 pmol quanta m~2s™! light at continuous stirring
followed by a measurement of the control value of oxygen evolution,
which was used as zero time point for the high light treatment. For
photoinhibitory treatment cells were illuminated with 500 pmol
quantam™ 2 s~ ! light in the presence of the protein synthesis inhib-
itor lincomycin (300 pg/ml).

2.3. Variable fluorescence measurements

Flash-induced increase and the subsequent decay of chlorophyll
fluorescence yield was measured by a double-modulation fluorome-
ter (PSI Instruments, Brno) [35] in the 150 ps to 100 s time range as
described earlier [36]. The sample concentration was 5 pg Chl/ml.
The same instrument was used for the measurement of variable fluo-
rescence under continuous illumination by using the so called OJIP
protocol.

2.4. Oxygen evolution measurements

Oxygen evolution for quantification of light induced loss of PSII ac-
tivity was measured with a Hansatech DW2 O, electrode at saturating
light intensity in the presence of 0.5 mM DMBQ, as an artificial elec-
tron acceptor. 2 mL of cells at 5 ug Chl mL™" was used in each mea-
surement, and three replicates were measured.

2.5. Histidine mediated oxygen uptake measurements

10, production in cell free BG-11 medium was initiated by illumi-
nation in the presence of 1 uM Rose Bengal (RB). 10, was detected by
measuring the rate of light induced oxygen uptake in the presence of
5 mM histidine. For the enhancement of 0, production H,O was re-
placed with D,0 in BG-11, while quenching of '0, was achieved by
the addition of 10 mM NaNs. The effect of further reactive oxygen
species on His-mediated oxygen uptake was probed by oxygen mea-
surements in BG-11 medium containing 5 mM His in the presence of
500 uM H,0,, or artificially generated hydroxyl radials (500 uM
H,0, + 200 pM Fe(NH4)2(SO4)2), or artificially generated superox-
ide (100 uM xanthine + 0.025 unit/ml xanthine oxidase [37,38]).

Singlet oxygen production in intact cells was detected by measur-
ing the rate of light induced oxygen uptake in the presence of 5 mM
His as described earlier for isolated PSII reaction center complexes
[20]. Synechocystis cells were centrifuged and resuspended in fresh
BG-11 medium before O, uptake measurements, which were
performed by using a Hansatech DW2 O, electrode in the absence
of artificial electron acceptors.

2.6. Simulation of PSII electron transport

Light induced accumulation of Q4 as well as >P680 was simulated
on the basis of a coupled differential equation system describing 18
different states of PSII based on the electron transport network
shown in Scheme 1 (see below). For the sake of simplicity some rare-
ly populated states are omitted from Scheme 1 although they were
considered for the calculations. The equations were solved numerical-
ly by using MATLAB with the rate constants shown in Table I of the
Supplementary material.

3. Results and discussion

In order to establish a method that can be applied for detection of
10, production in intact Synechocystis cells we used a chemical trap-
ping method in which a good singlet oxygen acceptor, such as histi-
dine (or imidazole) reacts with '0, [39]. This reaction occurs via the
addition of the singlet oxygen molecule to the imidazole ring to
yield short-lived peroxide species and leads to incorporation of oxy-
gen into oxidized endproducts (see Refs. [40,41]). This process
removes dissolved O, from the cell suspension in a '0,-concentration
dependent way, which effect can be easily quantified by oxygen
uptake measurements by using a standard oxygen electrode.

3.1. His-mediated O, uptake reflects '0, production in cell free culture
medium

As shown in Fig. 1A the O, level was not affected by illumination
in the BG11 medium in the presence of 5 mM His alone (closed cir-
cles). When BG11 was supplemented with Rose Bengal (RB), which
is a strong sensitizer of light induced '0, production, switching on
the light induced a rapid O, uptake in the presence of His, which is
due to the removal of dissolved O, by His-mediated '0, trapping
(Fig. 1A, down triangles). It is of note that a small light induced de-
crease of the O, level was also observed when RB was added without
His (up triangles). This effect is most likely the consequence of 10,
trapping by organic ingredients of BG11.
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Scheme 1. Main pathways of electron transport in PSII in relation to >P680 formation and '0, production. Panels A and B of the scheme show events that occur in the presence of
initially oxidized and reduced Qa, i.e. in open and closed PSII centers, which are characteristic for low and high light conditions, respectively. In open PSII centers the following pro-
cesses are considered (when appropriate the reverse processes are also shown with an r subscript in the rate constants): Light induced excitation of P680 (kexc); Initial charge sep-
aration (ksep); Direct recombination of the singlet primary charge pair (k); Stabilization of the singlet primary charge pair via reduction of Phe™ by Qa (ks _s); Elimination of the
P680""Q4 " state via direct recombination (k.q), as well as via reverse electron flow to the singlet and triplet primary charge pair (K s, and Ky (,, respectively); Spin conversion of
the singlet primary charge pair into its triplet form (ke); Stabilization of the triplet primary charge pair via reduction of Phe™ by Qa (ks ); Recombination of the triplet primary
charge pair to >P680 (k) followed by its decay to the ground state directly (k.q), or via 'O, production; Stabilization of the P6807Qj " state via electron donation from PSII donors
to P680*" (kq); Secondary electron transport from Qa to Qg and the PQ pool, as well as from water to oxidized PSII donors (Kse). The processes that occur in closed PSII centers are
basically the same as in the open PSII, but have different rate constants, which are indicated with Q in the subscript. The main difference is that in the closed centers stabilization of
the primary charge pair can occur only via electron donation from PSII donors to P680 " both in the singlet and triplet configuration of the (kq_s_q and kq_¢ q). Closed centers can be

converted to open centers after partial oxidation of the PQ pool allowing the oxidation of Q4 via Qg or Qg .

The correlation of His-mediated O, uptake with !0, trapping was
further confirmed by adding NaNs, which is a '0, quencher (see Ref.
[42]), and suppressed the O, uptake effect (Fig. 1A, open circles). Fur-
thermore, addition of D,0, which extends the lifetime of '0, [43,44]
and therefore increases the probability for its trapping by His, en-
hanced the rate of O, uptake (open squares). The calculated O, uptake
rates confirm that the presence of D,0 significantly enhances the rate
of His-mediated oxygen removal, whereas NaN; almost completely
eliminates it (Fig. 1A inset). Another '0, sensitizer, methylene blue,
was also applied which led essentially to the same results as RB (not
shown). The above data demonstrate that His-mediated chemical
trapping can be applied for '0, detection in BG11 containing media.

Since His may also react with reactive oxygen species other than
10, we checked the effect of H,0,, hydroxyl radicals and superoxide

on the level of dissolved oxygen in the presence of His. As shown in
Fig. 1B, the addition of 0.5 mM H,0, in the presence of 5 mM His
did not induce any oxygen uptake (Fig. 1B, full circles). Hydroxyl rad-
icals, which were produced via the Fenton reaction by mixing 0.5 mM
H,0, + 200 uM Fe?™" added in the form of Fe(NH,4),(S04),, did not
lead to His mediated O, uptake either (Fig. 1B, full triangles). Produc-
tion of superoxide by mixing 100 uM xanthine + 0.025 unit/ml
xanthine oxidase [37,38] induced an O, uptake effect by converting
0, to O (Fig. 1B, open diamonds). However, the O, uptake was not
affected by the addition of His together with xanthine and xanthine
oxidase (Fig. 1B closed diamonds). These data show that the presence
of H,0,, hydroxyl radicals, or superoxide is not expected to induce
His mediated O, uptake that would compromise the effect arising
from the trapping of '0,.
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Fig. 1. His-dependent oxygen uptake in BG11 culture medium. A, Concentration changes of
dissolved oxygen were measured by a Clark type oxygen electrode in cell free BG11 culture
medium in the presence of 5 mM His (closed circles), 1 uM Rose Bengal (RB) (up triangles),
5 mM His + 1 uM RB (down triangles), 5 mM His + 1 uM RB in D,0 containing BG11
(squares), 5mM His + 1 puM RB + 10 mM NaN; (open circles). The light intensity
was 2300 umol quanta m~2 s~ . The inset shows rates of oxygen uptake calculated from
traces like those shown in the presence of His, RB, RB + His, RB + His + D,0, and
RB + His + NaNs. The data represent mean values from 3 independent measurements
with the indicated errors. B, Oxgen uptake measurements were performed in the dark in
the presence of 500 pM H,0, (open circles), 5 mM His (half-closed circles), 500 uM
H,0, + 5 mM His (closed circles), 100 uM xanthine + 0.25 unit/mL xanthine oxidase
(open diamonds), 100 uM xanthine + 0.25 unit/mL xanthine oxidase (open diamonds) +
5 mM His (closed diamonds). In a separate experiment the effect of 500 uM H,0, +
200 UM Fe?* (added in the form of Fe(NH,),(S0s),) + 5 mM His was also checked (closed
triangles). This curve is shown together with its 500 uM H,0, + 5 mM control (open trian-
gles). For the sake of clarity the H,0, + His, and H,0, + His + Fe?™ curves are shown after
shifting along O, concentration axis by 1 umol O,L ™. The actual position of these curves is
shown by the arrow.

3.2. His-mediated O, uptake reflects 10, production in intact
Synechocystis cells

An important prerequisite of '0, trapping in intact cells is that the
trap molecules should reach cell compartments where !0, is
produced. Due to their short lifetime the mobility of '0, molecules

is very limited (ca. 200 nm in water and 400 nm in membranes
[45]), which prevents their migration from the cells to the external
medium. Therefore, the observation that His induces light dependent
0, uptake in the suspension of Synechocystis cells (see below in
Fig. 3), while it has no effect in cell free BG11 medium (Fig. 1A)
shows that exogenous His penetrates inside the cells reaching close
vicinity of the site of '0, production.

A further requirement for the applied trap is that it should not in-
hibit PSII electron transport activity, which could influence O, produc-
tion and therefore lead to a misleading calculation of singlet oxygen
production. Such an effect would represent an artifact in the O, uptake
measurements in Synechocystis cells, which produce O, themselves
during illumination. The effect of exogenously added His on PSII was
assessed by flash induced variable Chl transients, which reflect the
functioning of electron transport both at the donor and acceptor side
of PSIL Illumination of Synechocystis cells with a single turnover satu-
rating flash reduces the Q4 acceptor, which leads to increased fluores-
cence yield (Fig. 2A). Subsequent reoxidation of Qa in the dark results
in the relaxation of fluorescence yield exhibiting three main decay
phases. The two faster decay components reflect the reoxidation of
Qa by PQ molecules which are already bound to the Qg site at the
time of the flash (T ~ 500-600 ps) or bind from the PQ pool after the
flash (T ~ 5-10 ms), respectively [46G]. Whereas, the slow phase of
the decay (T ~ 10-15 s) arises from back reaction of the S, state of
the water-oxidizing complex with Q4 , which is populated via the equi-
librium between Qa Qg and QaQs ([47,48]). In the presence of DCMU,
which blocks the Qg binding site the fluorescence relaxation occurs via
recombination of Qa with oxidized PSII donors components and the
process is dominated by the S;Qa recombination [48].

It is clear from Fig. 2A. that neither the amplitude nor the kinetics
of the fluorescence signal is affected at 5 mM His concentration, in
the absence or presence of DCMU. As a consequence His does not in-
duce modification of PSII electron transport at the level of the Q4 and
Qg quinone electron acceptors, or the water oxidizing complex. How-
ever, at higher concentrations (above 10 mM) His addition induces a
small decrease in the amplitude of flash induced Chl fluorescence re-
laxation traces (not shown), which shows that exogenously added
His can reach the immediate vicinity of the PSII complex, or its anten-
na. The so called OJIP variable Chl fluorescence transient, which re-
flects the efficiency of electron transfer from the water oxidizing
complex to the acceptor side of PSII, was also measured. Again, this
variable fluorescence transient was not affected by 5 mM His either
in the absence or presence of DCMU (Fig. 1B). Based on these data
we can conclude that up to 5 mM concentration His does not inter-
fere with PSII activity and potentially suitable for 'O, trapping in
intact Synechocystis cells.

The 0, quencher NaNj; is known to affect photosynthetic activity
and expected to decrease the rate of oxygen evolution (see [49]),
which would interfere with the O, uptake assay if it is applied in
cells with functional oxygen evolving activity. Therefore, NaN3 was
applied in the presence of DCMU, which blocks the Qg site and elim-
inates O, evolution. As shown in Fig. 2B addition of 10 mM NaNjs in-
duced a decrease of variable fluorescence in the presence of DCMU
showing a partial inhibition of PSII activity. However, this effect is
not expected to interfere significantly with the His mediated O, up-
take when performed in the presence of DCMU (see below).

We have also tested the effect of imidazole, which was used earlier
as a chemical trapping agent for '0, detection in isolated PSII reaction
center complexes [20]. However, in contrast to histidine 5 mM imid-
azole induced a significant inhibition of PSII activity as revealed by
the decreased amplitude and retarded relaxation kinetics of the
flash induced Chl fluorescence traces, as well as by the decreased
induction of the OJIP fluorescence transient (not shown). The mecha-
nism of this inhibitory effect of PSII activity by imidazole is not clear
at present, and we restricted our studies to using His as chemical
10, trap.
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Fig. 2. Effect of histidine addition on variable fluorescence characteristics of Synechocystis
cells. A, Flash induced Chl fluorescence traces in the absence (open symbols) and pres-
ence of 5 mM His (closed symbols). The curves, which were measured either without
electron transport inhibitor (circles), or in the presence of 10 uM DCMU (squares) are
shown after shifting them to the same initial Fo fluorescence level. B, Variable Chl fluores-
cence traces in the absence (open symbols) and presence of 5 mM His (closed symbols).
The traces were measured either without electron transport inhibitor (circles), or in the
presence of 10 uM DCMU (squares and triangles). The effect of 10 mM NaNj is shown in
the presence of DCMU (triangles). The curves are presented after shifting them to same
initial Fo fluorescence level.

When the effect of 5 mM His was checked on the O, evolving ac-
tivity of Synechocystis cell cultures no modification of the rate of dark
respiration was observed, in contrast the apparent rate of light in-
duced oxygen evolution was decreased (Fig. 3A, open and closed
squares). Since inhibition of PSII electron transport does not occur
at this His concentration (see above, Fig. 2), the apparent decrease
of the O, evolution rate indicates that His induces an O, removal pro-
cess from the cell suspension. This process is in competition with light
induced oxygen evolution and can be related to His-mediated 10,
trapping. This hypothesis was verified by using D,0 in the suspension
medium instead of H,0, which extends the lifetime of 10, [43,44] and
therefore enhances the probability of 0, trapping by His (Fig. 3A,
open and closed circles). Although D,0 in itself decreased the rate

L L L
WT Synechocystis
—o— No add.

238 F—a— His

——D,0

[ —e— D,O+His

——DCMU

236 —— DCMU+His .
— —— DCMU+His+NaN,
- [ —— D,0+DCMU
o
E —v— D,0+DCMU+His
< B4 I D,0+DCMU+His+NaN, i
S g
[
£
3
c 232 4
o
o
(8]
o

230 -1

228 -

1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
0 10 20 30 40 50 60 70
Time (s)
BG11 +D,0
o VA 44
s 5l DCMU, DCMU, |
g His, His,
% 10+ NaN3 NaN3 i
®)
£
= -15 / b
o )
s 20t : ! 1
£ DCMU, 7
2, . .
le) o5 His His i
S
(0]
S 3ot 1 chz:\iﬂsU’ |
B His

Fig. 3. Effect of D,0 and sodium azide on His-mediated O, uptake in Synechocystis.
A, Light induced changes in the concentration of dissolved oxygen were followed in
Synechocystis cell suspensions containing H,O (squares and up triangles) or D,0
(circles and down triangles) in the absence (open symbols), and in the presence of
5 mM His (closed, and half closed symbols). The measurements were also performed
in the presence of 10 pM DCMU (triangles) where the effect of 10 mM NaNj3 in the
presence of 5 mM His was also tested (half closed symbols). Light intensity during
the oxygen measurements was 2300 umol quanta m~2 s~ ', For the sake of clarity
some curves are shown after shifting along O, concentration axis. The actual position
of these curves is shown by the arrow. B, Rate of His-mediated O, uptake in H,0 and
D,0 containing cell suspensions. The data are mean values from 3 measurements
performed at 2300 pmol quanta m~2 s~ light intensity with the indicated errors.

of O, evolution the extent of O, uptake by His addition was clearly in-
creased relative to that obtained in the H,O containing medium
(Fig. 3B), which supports the idea that His-mediated O, uptake
reflects '0, trapping.

Further support for the idea that His-mediated O, uptake arises
from '0, trapping is provided by the observation of real O, uptake in
the presence of DCMU, which blocks O, evolution by occupying the
Qg binding site. When only DCMU was added to the Synechocystis
cells light induced increase in the level of dissolved oxygen was almost
completely eliminated (Fig. 3A, open op triangles). The apparent small
residual O, evolution could arise from the non-complete inhibition of
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PSII activity by the applied 10 uM DCMU. However, this effect must be
very small since the flash induced fluorescence relaxation curves
(Fig. 2A) and steady state variable fluorescence transients (Fig. 2B)
show a large extent inhibition of electron transport at the acceptor
side of PSII. Another reason for the apparent residual O, evolution in
the presence of DCMU could be a light induced decrease in the rate
of respiration, as was shown earlier for another cyanobacterium
Trichodesmium spp. by membrane inlet mass spectrometry, which
effect was assigned to partial diversion of electrons that would end
up at the terminal oxidase(s) in the dark towards NADP™ in the light
via PSI [50]. The rate of respiration in the presence of DCMU is
apparently smaller than in the absence of this inhibitor. This effect
most likely arises from the usage of different cell culture batches for
the measurements, which were performed in the absence and presence
DCMU. We did not observe DCMU affect on the respiration rate when
the measurements were performed in the same cell culture with and
without DCMU (not shown). The previous membrane inlet mass spec-
trometry data did not show DCMU effect on the respiration rate either
[50]. Mlumination in the presence of DCMU + His an absolute O,
uptake was observed (Fig. 2A, closed up triangles), which effect was
enhanced in the presence of D,O (Fig. 2A, closed down triangles) in
agreement with the increased lifetime of 0, in D,0. These observa-
tions confirm that His-mediated O, uptake in intact Synechocystis
cells in the absence of DCMU cannot be caused by a small inhibition
of O, evolution by His addition, which may cause such a small extent
of change in the variable fluorescence characteristics in Fig. 2 that is
masked by experimental error.

Based on these findings DCMU inhibition of O, evolution could be a
standard part of the His-mediated O, uptake measurement protocol.
However, electron transport inhibitors, which act at the Qg site modify
the redox potential of Q4 and influence charge recombination path-
ways in PSII and modify '0, production efficiency [51,52]. Such an ef-
fect may interfere with the modifications of charge recombination
characteristics induced by the studied mutations (see below). There-
fore, we prefer to perform the O, uptake measurements without
DCMU unless other treatments, such as NaNs, induce partial inhibition
of O, evolution which should be masked by complete inhibition of O,
evolving activity.

Further support for '0, trapping by His comes from the suppression
of 0, uptake in the presence of the '0, quencher NaNs. Since NaNs
inhibits O, evolution [49] its '0, quenching effect was tested in the
presence of DCMU where the artifact that would arise from the
decreased of O, evolution rate could be avoided. Addition of NaNs
almost completely reversed O, uptake either in H,0, or D,0 containing
cell suspensions (Fig. 3A, half closed up and down triangles,
respectively).

It has to be noted that NaNs causes a partial inhibition of PSII activ-
ity even in the presence of DCMU (Fig. 2B). However, this inhibitory
effect is not expected to eliminate '0, production, which can be ob-
served even in isolated PSII reaction center complexes that lack
completely O, evolving activity [20]. It is also of note that NaNj is
not only a '0, quencher, but also an inhibitor of SOD [53] and catalase
[49]. Therefore, NaN3 addition could lead to accumulation of Oz and/
or H,0, in the cells besides quenching '0,. However, it is highly un-
likely that this effect could cause an artifact that would be responsible
for the observed elimination of His-mediated O, uptake in the pres-
ence of NaN3 as observed in Fig. 3 since our data show that neither
03, nor H,0; interacts with His (Fig. 1B) that would modify the
level of dissolved O,. Therefore, the NaN; induced elimination of
His-mediated O, uptake in the presence of DCMU provides strong
support for the idea that the O, uptake effect is indeed due to '0,
trapping by His.

Based on the above presented key observations, which show that
illumination in the presence of His induces O, uptake both in the ab-
sence and presence of DCMU, that is enhanced by D,O and
suppressed by NaN3 we can conclude that His at 5 mM concentration

is a suitable chemical trap for '0, detection in intact Synechocystis
cells.

3.3. 10, production is linearly dependent on light intensity

The production of singlet oxygen in photosynthetic systems
involves the formation of triplet Chl states in the PSII reaction center,
or in the light harvesting antenna (see Refs. [4,54,55]). This is followed
by the interaction of Chl triplets with molecular O,, which also has trip-
let configuration in its ground state, and leads to the formation of high-
ly reactive '0,. Since the amount of O, is usually high in comparison
with the amount of Chl triplets the yield of 10, production is limited
by the availability of >Chl. On the other hand, the amount of Chl triplets
is expected to be linearly dependent on light intensity not only in the
light harvesting antenna, but also in the case of the PSII reaction center
Chl P680 (see discussion below). Therefore, the yield of '0, production
is expected to be linearly increasing with increasing light intensity. This
expectation has been supported earlier in isolated PSII membranes by
using EPR spin trapping [56]. The hypothesis that light intensity depen-
dence of '0, production can be followed by His-mediated O, uptake
was tested in an in vitro system of BG11 medium and Rose Bengal as
10, sensitizer, which indeed showed linear light intensity response in
the 34-2300 pmol quanta m~2 s~ ! intensity range (not shown).

In photosynthetic systems most of the 0, production is expected
to arise from the triplet state of the P680 reaction center Chl assem-
bly. 3P680 is produced via charge recombination from the triplet
charge separated state (> [P680""Phe~"]) whose amount is deter-
mined by the competition of spin conversion and forward electron
transport from the singlet charge separated state (! [P680™ Phe ),
as well as of reverse electron flow from the P680 " 'PheQs " state to
the singlet and triplet charge separated states (Scheme 1).

In low light, when secondary electron transport toward CO, fixation
and other light-independent processes (such as the water-water cycle
and chlororespiration) are able to utilize the electrons which are liber-
ated from water by the primary charge separation event, Qa is mainly
oxidized, and PSII is in the so called open state. Under these conditions
charge stabilization via forward electron transport from Phe™ to Q4 can
compete efficiently with spin conversion, therefore reverse electron
flow from P680*+PheQx * to 3 [P680"+Phe ~+]Q, is the main source of
3P680 formation in low light (Scheme 1A.). With the increase of light
intensity the electron transport chain will be gradually reduced,
which stabilizes Q4 * and converts PSII into the so called closed state.
Under these conditions the newly formed primary radical pair can be
stabilized only via electron donation to P680* from secondary PSII do-
nors (Scheme 1B). This process has a low rate (ca. 4*10° - 2107 s~!
depending on the oxidation state of the water-oxidizing complex
[57]) relative to that of spin conversion (ca. 3 « 108 [58]). If the rate
constant of primary charge separation and the stability of 3P680
would remain the same in the closed PSII centers as in the open centers
the above processes would drastically enhance the yield of the 3P680
forming pathway as can be observed in isolated PSII reaction center
complexes, which lack Qa, or have doubly reduced Q4 that is neutral-
ized by protonation [59]. Based on picosecond fluorescence and ab-
sorption change measurements the rate of charge separation and the
yield of primary radical formation are expected to decrease by a factor
of 2-3 in the presence of fully reduced Qa [60]. Parallel EPR and flash
absorption spectroscopy measurements also showed an = 2-fold de-
crease in the yield of primary radical pair formation [59]. In addition
a significant, ca. 100-fold, acceleration of the decay of 3P680 was ob-
served in the presence of Qa* in cryogenic temperatures [59] from
which an accelerated decay of 3P680 can also be predicted at room
temperature in closed PSII centers. Therefore, the decreased yield of
primary charge pair formation can partly compensate the increase,
which is expected to occur in the yield of >P680 due PSII closure. In ad-
dition, the accelerated decay of >P680 decreases the probability that
3P680 can interact with O.. These effects together partly compensate
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the potential for the increase in the yield of '0, in closed PSII centers,
which however is expected to be still higher than in open PSII. Since
the rate of primary charge separation is light intensity dependent the
steady state level of >P680 should increase with increasing light inten-
sities in closed PSII centers, even if the yield of > [P680 " +Phe ~+] forma-
tion is low and 3P680 decay is accelerated in the presence of Qx
leading to light intensity dependent increase of 0.

A computer simulation on the basis of Scheme 1. using the rate
constants shown in Table I of the Supplementary material indeed
shows that the concentration of >P680 increases linearly in a wide in-
tensity range even after Q, is fully reduced (Fig. 4A). This prediction

T T T T T
10| o 40.20
08| Jo16 T
= £
[ =
£ o]
X E
€ 06} 4012 ©
B S
IS g
3] L
S 04} H0.08 =
w o
= 2
<
) &
02} H0.04
0.0} 4 0.00
—_—
0.0 2.0x10* 4.0x10* 6.0x10*
Rate of excitation (Key, s7')
T T T T T
200} B 4100
S £
e =
- <
S, 160 /Q/I:I 180
£ €
o o
s
= 120f {60 2
S 2
5 )
° Q
g 8or 40 2
S ©
“— (o]
o [O)
pY o
= 40 ©
T 420
i - T
A A"
0 [ OL .J; 1 i 1 i 1 i 1 " . 0
0 500 1000 1500 2000

Light intensity (uM m=2 s

Fig. 4. Light intensity dependence of *P680 formation and singlet oxygen production.
A, Light induced changes in the amount of Qx and >P680 were calculated by using a
differential equation system based on Scheme 1 and the rate constants in Table I of
the supplementary material. The fraction of PSII centers with Q4 (open circles) and
with 3P680 (closed circles) are plotted as a function of the rate of excitation, which
is proportional with light intensity. B, Measured rates of O, evolution in Synechocystis
cells without addition (open circles) and in the presence of 5 mM histidine (open
squares), as well as the rate of O, uptake, which reflects the rate of '0, production
(open triangles). The data are mean values from 3 measurements on independent
biological samples with the indicated errors.

could also be verified experimentally when '0, production was mea-
sured in a suspension of intact Synechocystis cells and yielded linear
light intensity dependence in the 30-2300 pmol quanta m~2s~!
range (Fig. 4B).

This result is highly important from the point of view of the light
intensity dependence of photodamage. Experimental data demon-
strate that the initial rate of photodamage linearly increases with
light intensity even above the saturation of photosynthetic electron
transport [61]. It has been argued that this finding can be explained
only by assuming that photodamage of PSII is initiated by direct
light induced inactivation of the Mn cluster of the water oxidizing
complex [17,18]. The data, which were obtained earlier in isolated
PSIl membranes [56], and those presented here in intact Synechocystis
cells demonstrate that the charge recombination mechanism of
photodamage, in which 3P680 mediated '0, production is a key
event, can also explain the linear light intensity dependence of
photoinhibition in a wide light intensity range, which extends well
above the saturation level photosynthesis.

It has been reported recently that in higher plants ApH dependent
dissipation of absorbed light energy via the non-photochemical
quenching (NPQ) mechanism decreases '0, formation and partially
protects against photodamage [62]. In cyanobacteria NPQ does not
depend on ApH, but occurs via light induced conformational change
of the so called orange carotenoid protein (OCP) [63]. Since OCP-
dependent NPQ is induced when light intensity increases one could
expect a retardation of '0, production at the onset of light energy
dissipation via NPQ. Our data did not indicate such a process in the in-
vestigated light intensity range, which might be due to the saturation
of the OCP-dependent quenching effect at high light intensities, or to
some other effect whose background is not clear at present. This
interesting question could be investigated in future studies by using
Synechocystis mutants in which the level and activity of OCP-
dependent NPQ can be controlled.

The rate of O, uptake at 2300 pmol quanta m 2 s~ ! is ca. 20 umol
0,/mg Chl/h when measured in a Synechocystis cell suspension at 5 pg
Chl/mL, corresponding to 5.6 uM Chl concentration (Fig 4B). In abso-
lute terms this corresponds to 0.055 pmol O,/L/s rate of changing in
the level of dissolved O, in the suspension. Considering that in
cyanobacteria PSII and PSI contains ca. 35 and 96 Chl molecules based
on their crystal structures [64,65], respectively, and also that the ratio
of PSI:PSII is ~3 [66] the 5.6 uM total Chl corresponds to ~17 nM
PSII concentration. In comparison, 1 uM RB in cell free BG11 induces
ca. 16 umol 0,/L/s uptake rate at 2300 umol quanta m~2 s~ ! light
intensity due to '0, trapping by His (Fig. 1B). Although the '0, produc-
ing efficiency of RB and Chl cannot be exactly compared due to their
different absorption characteristics, from the above data we can con-
clude that under illumination with white light the overall '0, produc-
ing efficiency of Chls in intact Synechocystis cells is ca. 0.06% that of RB
when equal number of sensitizing molecules are considered. However,
if we consider whole PSII units as 10, sensitizers and assume also that
contribution of antenna Chls in PSI to the overall '0, production is neg-
ligible in comparison to PSII, which is supported by EPR spin trapping
measurements [67], we obtain that one PSII complex can produce !0,
with ca. 20% efficiency of one RB molecule when identical white light
illumination is used. Since the main source of !0, production in PSII
is expected to be >P680 this represents very efficient '0, formation in
the heart of PSII.

3.4. 0, production and photodamage are correlated, and modulated by
the efficiency of nonradiative charge recombination in the PSII reaction
center

It has been show earlier that the amino acid residue at the 130th
position of the D1 PSII reaction center subunit influences the redox po-
tential of the primary electron acceptor Phe by modifying H-bonding
interactions [68,69]. Higher plants have a Glu residue at this position,
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whereas numerous cyanobacteria have multiple D1 protein forms,
which have either D1-130Glu or D1-130GIn. The Glu residue occurs
in the so called high light D1 forms, which are expressed under high
light exposure, whereas Gln occurs in the so called low light D1
forms, which are expressed under low light exposure of the cells (see
[70]). Studies with site directed mutants of Synechocystis 6803, which
have the same D1 form with D1-GIn130 under both low and high
light conditions have demonstrated that the replacement of Gln with
Glu increases the midpoint redox potential of Phe by 33 mV, whereas
the D1-GIn130Leu mutation decreases the E.,(Phe/Phe™) by 74 mV
[68]. Biophysical characterization of these mutants have revealed that
the D1-GIn130Glu accelerates charge recombination of the S;Qp°
state, whereas the D1-GIn130Leu slows it down [71,72]. These effects
have been assigned to the modulation of the rate of nonradiative
recombination pathway from the primary charge separated state
P680+Phe " [71,72]. It has also been suggested earlier that non-
radiative charge recombination within PSII [73], and in particular
from the singlet state of the primary radical pair ' [P680""Phe "] acts
as an important photoprotective pathway (indicated by k. in
Scheme 1A), which competes with 3P680 formation and the conse-
quent '0, production [4,16,72]. Although this hypothesis is well
supported by various lines of experimental evidence, so far only pre-
liminary data were reported about the comparison of '0, production
and photodamage in intact cyanobacterial cells [74].

Here we applied the His-mediated O, uptake assay of '0, detec-
tion in the D1-GIn130GIu and D1-GIn130Leu mutants in which the
non-radiative recombination pathway is enhanced and retarded, re-
spectively, in parallel with the measurement of PSII photodamage.
As shown in Fig. 5A the rate of His-mediated oxygen uptake is smaller
in the D1-GIn130Glu mutant, and higher in the D1-GIn130Leu mutant
as compared to the WT. In order to confirm that the different rates of
oxygen uptake in the mutants reflect different rates of '0, production
the measurements were performed in the presence of D,0, which in-
creases the lifetime of '0.. As expected D,0 increased the rate of O,
uptake in both mutants and the WT (Fig. 5A) supporting its origin
from singlet oxygen trapping.

This idea was further confirmed by the effect of NaNs, which is a
specific singlet oxygen quencher. Since NaNj3 partially inhibits oxygen
evolution the O, uptake assay was performed after blocking oxygen
evolution by DCMU. Addition of NaN3 to DCMU treated cells drastical-
ly decreased the His-mediated O, uptake, which supports further the
correlation of '0, production with O, uptake in the presence of His.
The residual rate of O, uptake in the presence of NaN3; may arise
from the inability of NaN; to react with all '0,, which is accessible
to His, or could reflect His oxidation by other ROS forms than '0,.
The extent of His-dependent O, uptake, which can be quenched by
NaNs3 is significantly higher in the D1-GIn130Leu than in the
D1-GIn130Glu mutant, whereas the WT rate shows an intermediate
level (Fig. 5A). These data confirm that the D1-GIn130Leu mutant
produces '0, at a significantly higher rate than the D1-GIn130Glu
mutant, while the WT shows an intermediate rate.

Fig. 5A also shows that the rate of O, uptake due to His-mediated 10,
trapping is smaller in the presence of DCMU than without addition. It has
been shown earlier that binding of electron transport inhibitors to the Qg
site shifts the redox potential of Qa [51,75]. In case of DCMU E;,(Qa/Qa )
is shifted by +50 mV [51], which increases the free energy gap between
P680+Phe " and P680"Qx . As a consequence reverse electron transfer
from the PggoQa " charge separated state to > [P680""Phe ~"] is thermody-
namically disfavored and its rate decreases at the expense of direct
recombination (k. in Scheme 1A), which decreases the probability of
3P680 and '0, formation (see Refs. [51,52]). This prediction has been val-
idated earlier by EPR detection of '0, in isolated PSI membranes [24,56],
and supported further by our data in intact cells.

When susceptibility to photoinhibitory damage of PSII electron
transport was measured in the presence of the protein synthesis inhib-
itor lincomycin, which prevents protein synthesis dependent repair
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Fig. 5. The effect of D1-GIn130Glu and D1-GIn130Leu mutations on singlet oxygen pro-
duction and photodamage in Synechocystis cells. A, '0, production was assessed by
measuring the rate by His-mediated oxygen uptake in WT, D1-GIn130Glu and
D1-GIn130Leu Synechocystis strains. The measurements were performed using H,0
or D,0 in the BG-11 medium without further addition, or in the presence of 10 uM
DCMU with or without 10 mM NaNs. B, Light induced damage of PSII activity was
assessed by measuring the rate of O, evolution in the presence of 0.5 mM DMBQ as ar-
tificial electron acceptor during exposure of WT (circles), D1-GIn130Glu (triangles)
and D1-GIn130Leu (squares) to illumination with 500 umol quanta m~2 s~ ! light
intensity. The data represent mean values form three independent measurements
using different cell cultures, with the indicated error.

of PSII, the D1-GIn130Glu cells were less inhibited than the WT
(Fig. 5B). In contrast, the D1-GIn130Leu cells were damaged to a larger
extent than either the D1-GIn130Glu, or the WT cells. This shows that
the D1-GIn130Glu amino acid replacement provides protection against
photodamage, while the D1-GIn130Leu replacement enhances it. It is
very important to note that the extent of photodamage is correlated
with the rate of '0, production. Since the replacement of D1-GIn130
with Glu accelerates the efficiency of nonradiative charge recombina-
tion from the '[P6807"Phe ] charge separated state, while the Leu
replacement slows it down [72]these data provide further support for
the earlier proposed [16,73] protective role of nonradiative charge
recombination against '0, mediated photodamage.
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3.5. Concluding remarks

Here we report a method for detection of '0, production in intact
Synechocystis cells by using histidine as a chemical '0, trap. This meth-
od requires only a standard oxygen electrode and can be easily applied
in a wide range of organisms, provided that the exogenously added His
penetrates through the cell wall. Therefore, the measurement of
His-mediated O, uptake can remove the serious bottleneck of '0, de-
tection in intact aquatic photosynthetic organisms, which is imposed
by the lack of EPR, or fluorescencent '0, sensors that can readily pen-
etrate the cell wall of cyanobacteria or algae. By applying this method
we show that singlet oxygen production is linearly dependent on
light intensity even above the saturation of photosynthesis. This find-
ing provides further evidence that the experimentally observed linear
light intensity dependence of the rate of photoinhibition [61] can be
explained by '0,-mediated photodamage of PSII in agreement with
earlier results obtained in isolated PSII membranes [56].

Our data also show that in the D1-GIn130Glu mutant, in which
nonradiative charge recombination of the primary radical pair state is
enhanced '0, production is decreased, which effect is accompanied by
decreased photodamage. In contrast, increased '0, production concom-
itant with enhanced photodamage is observed in the D1-GIn130Leu
mutant, in which nonradiative charge recombination of the primary
radical pair state is enhanced. These data support the mechanism of
photoinhibition in which '0, production via interaction with 3P680 is
a key step of PSII photodamage. The presented data provide support
also for the hypothesis that nonradiative charge recombination of the
singlet primary radical pair state provides photoprotection via competi-
tion with P680 and subsequent 'O, formation.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbabio.2013.02.016.
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