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Exposure of Synechocystis 6803 cells to series of single turnover flashes
increases the psbA transcript level by activating transcription and
down-regulating pshbA mRNA degradation
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Abstract Exposure of Synechocystis sp. PCC 6803 cells to
series of single turnover flashes increases specifically the level of
pshA and pshD2 messages, encoding the D1 and D2 proteins of
photosystem II, as compared to light exposed cells. This increase
is due to maintenance the transcription rate as high as in growth
light and to the down-regulation of transcript degradation as in
darkness. Inhibition of the plastoquinone pool reduction by
DCMU or its oxidation by DBMIB does not diminish the
transcription of the pshbA gene under growth conditions.
However, the degradation rate of psbA transcript, as well as of
other transcripts encoding proteins of thylakoid complexes, is
down-regulated in all conditions leading to the oxidation of the
plastoquinone pool. We conclude that single turnover flashes are
sensed as °‘light’ by transcription machinery of the cells
irrespective of the plastoquinone pool reduction state and as
‘dark’ by the transcript degradation system.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

The D1 protein of PSII in the cyanobacterium Synechocys-
tis 6803, is encoded by a small multigene family [1]. The psbAl
gene is not functional [1] while psbA2 and psbA3 genes pro-
duce identical D1 proteins [2,3], among which the pshA2 gene
product predominates [4,5]. Transcription initiation has been
proposed to be the main regulatory level of the psbA gene
expression in Synechocystis 6803 [6], and a direct correlation
between the transcription activity and light intensity has been
proposed [6,7]. However, later studies have shown that the
psbA gene expression in Synechocystis is not only regulated
at the level of transcription, but also at the level of message
stability [8,9] and translation [10]. Furthermore, studies with
mutant strains have shown that the transcription rate of the
psbA gene is not directly dependent on light [10,11].

The regulation of pshA message level is of particular interest
since psbA gene transcripts and their translation products are
needed for the PSII repair cycle that maintains the PSII ac-
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tivity under varying light conditions [12,13]. In addition to
continuous light treatments, single turnover light flashes
(STF) that induce charge separation but produce only small
amount of reduced plastoquinone, have been shown to induce
degradation of the D1 protein in Chlamydomonas cells [14,15]
and PSII photoinactivation and degradation of the D1 protein
in isolated thylakoids [16]. Thus, it was of interest to test
whether STF treatment may also regulate the level of the
psbA message in vivo.

In this study we have used Synechocystis 6803 cells to in-
vestigate the effect of STF that induces charge separation
followed by recombination during the dark interval between
flashes, on the level of the psbA message. As a control we have
also tested the effect of such treatments on the level of the
psbD gene family, encoding the PSII reaction center protein
D2 that is also degraded in high light exposed cells in vivo
[17]. The psbD gene family consists of two functional members
[18]: psbD2, transcribed into a monocistronic message and
psbD1 that is co-transcribed with the psbC gene encoding
the chlorophyll a binding protein CP43 of PSII. Furthermore,
we have also measured the changes induced in the transcript
levels of the psaAB operon encoding the reaction center pro-
teins of PSI [19] and the perAC operon encoding cytochrome f
and Rieske Fe-S center subunits of the cytochrome bf com-
plex [20]. The results show that exposure of the cells to single
turnover flashes results in a specific increase in the level of the
psbA and psbD2 messages.

2. Materials and methods

2.1. Cell growth and exposure to short light flashes

Synechocystis sp. PCC 6803 cells were grown in BG-11 medium
under continuous illumination of 70 umol photons m™2 s™! as re-
ported before [21]. For single turnover flash treatments, cell suspen-
sions (10 pg chlorophyll ml™', 20 ml) in 6 cm diameter glass dishes
were placed in a temperature controlled (32°C) drum maintained in
the dark. The cell suspension was stirred by magnetic bars and dark
adapted for 5 min before treatments. The drum could be rotated to
bring the cell suspension under a Xenon arc discharge lamp (Micro-
pulser, Xenon Corporation, MA). The rotation of the drum and light
pulses were computer controlled to deliver to the desired dish, series
of single or two consecutive (1 Hz) light pulses at time as desired or
maintain the cells in darkness. The lamp discharged a 2 uF capacitor
charged at 9 kV and delivering about 6 us light pulses. The light was
filtered through a Perspex filter to remove UV radiation. Since such
light pulses are compatible with the generation of single turnover
cycles of the photochemical reaction centers, they will be referred to
in an abbreviated form as single turnover flashes (STF).

2.2. Determination of psbA message levels and half-life times
RNA extraction was performed as described by Tyystjarvi et al.
[10]. For DNA probes, the whole coding regions of the psbA2,
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psbD2, petA genes and the N-terminal half of psad gene were ampli-
fied by PCR from genomic DNA of Synechocystis 6803. The PCR
products were purified with QIAquick purification kit for PCR frag-
ments. Pstl fragment of the pAN4 [22] was used as a rrn probe.
Probes were radiolabeled with [o-?P]JdCTP using a multiprime
DNA labeling kit (Amersham). Prehybridization, hybridization and
washing after hybridization were performed as described earlier [10].
To measure the amount of transcripts, the X-ray films were scanned
with a laser densitometer (Ultroscan XL, LKB) and the area of the
peak was measured. The equal loading of the samples was verified
with a rrn probe. For determination of message stability, rifampicin,
an inhibitor of transcription initiation, was added to a final concen-
tration of 500 pug ml™!.

2.3. Inhibition of electron flow

Reduction of the plastoquinone pool in cells exposed to continuous
light was inhibited by addition of 15 uM DCMU and the activity of
cytochrome b/f complex was inhibited by adding 100 pM DBMIB.
Measurements of oxygen evolution using a Clark type oxygen elec-
trode were used to confirm that both inhibitors totally prevent whole
chain dependent oxygen evolution in vivo.

3. Results and discussion

3.1. Single turnover flashes induce a rise in the level of psbA
and psbD transcripts

Light-grown cells were exposed to STF delivered at 8, 32 or
120 s intervals for 5 h. Alternatively the cells were exposed to
trains of two consecutive flashes (1 Hz) at 32 s intervals. The
level of the pshA message was measured in growth light con-
ditions, and in cells incubated in darkness for 5 h, or after
STF treatments. The psbA message level increased 3- to 4-fold
during the 5 h of STF treatment if the dark interval between
the flashes was 8 s, 32 s or 32 s for two consecutive STF.
However the messages remained at growth light level if the
dark interval between the flashes was 120 s or if the cells were
incubated in darkness (Fig. 1A, B).

Activation of the pshbA gene transcription upon shift of
Synechocystis cells from low to high light conditions is a
well documented phenomenon [6,10]. This phenomenon was
suggested to be related to the light-induced degradation of the
D1 protein [10]. However the degradation rate of the DI
protein induced by the STF treatments was very low as com-
pared with that observed under growth light conditions (data
not shown). The induction of psbAII/IIl gene expression by
high light in another cyanobacterium, Synechococcus sp. PCC
7942, has been proposed to result from binding of high light
dependent regulatory proteins to 5’ upstream region of the
psbAILIIII genes [23]. To test whether the elevated pshbA mes-
sage levels in flash treated Symechocystis cells were due to a
similar activation mechanism, the cells were illuminated with a
low continuous background light (20 umols m~2 s™') during
the STF treatments. Similar pshA message levels were found
in cells exposed to the background light in the presence and

Table 1
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Fig. 1. Single turnover flashes induce an increase in the psbhA tran-
script level. A: Northern blot of psbA messages in cells exposed to
the growth light (LIGHT), after 5 h exposure to STF delivered at
32 s interval (FLASH) or in the dark (DARK). B: Level of psbA
mRNA of cells STF treated for 5 h with single (1f) or two consecu-
tive (1 Hz) light flashes (2f) delivered at 8, 32 or 120 s interval be-
tween the flash series. The amount of pshA messages in cells main-
tained in growth light and after 5 h incubation in darkness are
shown as controls. C: Level of psbA messages before (CONTR.),
after 5 h exposure to STF delivered at 32 s interval under continu-
ous background illumination (FLASH) and after 5 h exposure only
to background light (LIGHT).

absence of STF (Fig. 1C). These results rule out the role of
intense flashes as a signal for high light induction factors.

3.2. Exposure of Synechocystis cells to single turnover flashes
increases the stability of the psbA transcript

Since the STF treatments did not enhance the rate of psbA
gene transcription above the growth light level we considered
the possibility that the increased psbA message levels were due
to stabilization of the messages by the STF treatments. To test
this possibility the life time of the psbA transcript was meas-
ured in cells exposed to series of one or two consecutive STF
(1 Hz) delivered at 32 s intervals as well as in cells maintained
in growth light or in darkness. Rifampicin was added to all
cell suspensions to prevent transcription initiation. The sam-
ples were taken at various times (0, 20, 60 and 120 min) after
addition of the inhibitor and RNAs were isolated and ana-
lyzed by Northern blotting. The result of such experiments
(Fig. 2) shows a considerably slower decay of the psbA mes-

Relation between the state of Q4 and PQ reduction and the activation of pshA4 message transcription and degradation

Exp. conditions Light+DCMU Light+DBMIB Light Dark Flashes
Redox conditions

Qa Qa Qx N Qa (Qa)°
PQ PQH, PQ PQH, PQ PQ
psbA

Transcription Fast Fast Fast Slow Fast
Degradation Fast Slow Fast Slow Slow

*(Qy) indicates that Q, is reduced transiently during the process of charge recombination following every flash excitation (see text).
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sage in cells exposed to single or consecutive flashes or main-
tained in darkness than in cells exposed to growth light. The
calculated half-life of the pshbA messages was 40 min in dark-
ness and in the flash treated cells, and about 10 min under
continuous light.

A simulation of the psbA message level (Fig. 2C), by assum-
ing the same transcription rate as in the growth light and the
half-life of 40 min for the messages, predicts an increase in the
psbA mRNA level by a factor of 3.8 times during the 5 h STF
treatment, in agreement with the experimental data from STF
treated cells (Fig. 1). Thus we can conclude that both, the
maintenance of transcription rate at growth light level and
the stabilization of psb4 messages contribute to the observed
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Fig. 2. The psbA message stability increases in cells exposed to sin-
gle turnover flashes. A: Northern blot demonstrating the degrada-
tion of psbA messages under continuous light and in STF treated
cells. B: Degradation of pshbA messages under different conditions
as indicated. The amount of pshbA mRNA was quantified from
Northern blots and the lines were drawn according to the best first
order fits. C: Simulation of the changes in the level of psb4 mes-
sages in cells exposed to STF, based on the following assumptions:
the rate of transcription is constant and the same under STF and
growth light conditions; the 1/, of the transcripts calculated from
panel B is 40 min. The equation used is: d7/d¢=s—kge, T where T
represents amount of transcripts, s the rate of synthesis and kqeg the
degradation rate constant.
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Fig. 3. Effect of single turnover flashes on the level and stability of
psbD and psbDC messages. A: A Northern blot showing the level
of psbD and psbDC transcripts in cells maintained in growth light
conditions (LIGHT), after 5 h incubation in darkness (DARK) or
exposed STF (FLASH). B: Changes in the level of psbD and psbDC
messages in cells exposed for 5 h to series of STF (If) or two con-
secutive STF (1 Hz) (2f) delivered at 32 s intervals. As a control the
amount of the transcripts was also measured in cells maintained in
growth light (light) and in darkness (dark). C: Degradation of psbD
and psbDC messages in cells maintained in continuous growth light
(light) or exposed to STF (flash). The samples were taken 0, 1 and
2 h after addition of rifampicin.

increase in the message level in the cells exposed to the flash
treatments.

In cells exposed to STF only one plastoquinol molecule is
generated in 50% of the PSII centers at every flash event, and
PQH, produced by the flashes at long intervals is rapidly
oxidized by ambient oxygen. Under these conditions, one
can consider the PQ pool being in the oxidized state as it is
in the dark incubated cells (Table 1). To test whether the
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oxidation of the plastoquinone pool may serve as a signal
for the stabilization of psbA messages, the effect of DCMU
and DBMIB treatments were measured in light exposed
cells. Inhibition of plastoquinone pool reduction by DCMU
stabilized pshA messages like dark treatments (Fig. 2B), while
fast degradation of messages was measured in the cells ex-
posed to light in the presence of DBMIB that prevents oxi-
dation of the plastoquinone pool. Thus we conclude that a
good correlation exists between the plastoquinone pool oxi-
dation and the increase in the psbhA transcript stability (Table

1.

3.3. Linear electron flow is not required for active psbA gene
transcription

Similar transcription activity of the psbA genes occurs
under growth light when photosynthetic electron transfer is
fully active, and in cells exposed to STF treatments (dark
intervals 32 s or 8 s) or treated with DCMU and DBMIB.
These results are in agreement with the earlier result reported
by Mohamed and Jansson [8] indicating that maintenance of
continuous photosynthetic electron flow of the whole electron
transfer path is not required for the transcription of the pshA
genes in Synechocystis 6803. As shown in Table 1 the primary
electron acceptor of PSII, Q,, is reduced in the light exposed
cells in the absence or presence of DCMU or DBMIB. In the
cells exposed to series of one or two flashes, Qp is generated
in 50% of the PSII population at every flash and decays via
back electron flow in the dark period between the flashes by
recombination with the Sy 3 states. In this process Q) is tran-
siently generated via the equilibrium between Qg :Qp/Qa:Q,/
Pheo:Pheo™ that is responsible for the charge recombination
process [15,16]. As shown in Table 1, growth light level of
psbA transcription occurs in all situations in which Q4 under-
goes transient reduction/oxidation cycles. Thus one can not
discard the possibility that in photosynthetically competent
cells, transient formation of Q, may represent one of the
signals in the transcription regulation (D. Kirilovsky, personal
communication). However, Q, reduction can not be the only
or main signal for increase of psbA transcription when cells
are transferred from dark to light. The light effect occurs in
mutant strains that do not contain PSII centers [11]. Thus
additional signal transduction pathways possibly involving
photoreceptors may operate in cyanobacteria. One can also
consider the existence of photoreceptors that can be activated
by short light pulses and can operate if the activated state is
maintained by excitations at the frequencies as used in this
work. Furthermore one should also note that psbA4 transcrip-
tion continues during 5 h dark treatment, albeit at a slower
rate relative to the growth light conditions, as the level of
psbA messages remains constant during the dark treatment
and the half-life of the messages is 40 min.

3.4. STF treatment effect is specific for psbA and psbD2
transcripts

To test the specificity of the flash effect on the expression of
psbA gene, the expression of the psbD gene family was studied
under the same conditions. The transcript level of the psbD2
gene and its life time in cells exposed to STF treatment closely
resembled that of the psbA genes (Fig. 3). Contrary to the
psbD2 messages, the level of the psbDC transcript was lower
in the cells exposed to flashes as compared to that of cells
maintained in continuous light and resemble that in darkness
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Fig. 4. Effect of STF on the level of transcripts encoding PSI and
cytochrome bf subunits. Pattern of transcripts recognized by A:
psaA probe and B: petA probe in cells maintained in growth light
conditions (LIGHT), in darkness (DARK) and in cells exposed to
single turnover flashes delivered at 32 s interval (FLASH).

(Fig. 3B). However, the stabilization of psbDC messages oc-
curred in darkness and in STF treated cells (Fig. 3C).

As a further control we have also determined the effect of
STF on the transcription of the psa4B operon encoding the
PSI reaction center proteins and that of the petAC operon
encoding the cytochrome f and Rieske Fe-S subunits of the
cytochrome bf complex. The results (Fig. 4A) demonstrate
that the psaA probe recognized two main transcripts. Com-
parison of the hybridization pattern with those published ear-
lier [19] suggests that the largest transcript (5 kb) contains a
dicistronic message psaAB, and the other main transcript is
the psaA transcript. The transcripts that are seen as faint
bands in Fig. 4A are too short to contain the whole coding
region of the psaA and are most probably degradation prod-
ucts. The psaAB transcript almost disappeared in both STF
and dark treated cells, while the amount of the psad tran-
scripts decreased by about 20%. The petA probe recognized
multiple transcripts. The transcript patterns were similar in
cells maintained in the dark or illuminated with single turn-
over flashes. Cells maintained under growth light conditions
had at least one additional transcript species suggesting differ-
ential posttranscriptional processing of perA C message in light
and in darkness or under the STF conditions (Fig. 4).

We conclude that the oxidation of the plastoquinone pool
acts as a signal for the stabilization of messages encoding
subunits of the photosynthetic protein complexes in Synecho-
cystis 6803. Although transfer of Symechocystis cells from
darkness to light enhances the transcription of all genes and
operons studied in this work, it seems that the mechanism of
psbA and psbD2 genes transcription is subjected to additional
controlling factors as evidenced by the STF effect reported in
this study.
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