JOURNAL OF BACTERIOLOGY, Feb. 1994, p. 959-965
0021-9193/94/$04.00+0
Copyright © 1994, American Society for Microbiology

Vol. 176, No. 4

Adaptation to High Light Intensity in Synechococcus sp. Strain

PCC 7942: Regulation of Three psbA Genes and Two Forms
of the D1 Protein

RESHAM D. KULKARNI anp SUSAN S. GOLDEN*
Department of Biology, Texas A&M University, College Station, Texas 77843-3258

Received 17 September 1993/Accepted 7 December 1993

The three psbA4 genes in the cyanobacterium Synechococcus sp. strain PCC 7942 encode two distinct forms of
the D1 protein of photosystem IL. The psbAI message, which encodes form I, dominates the psbA transcript pool
at low to moderate light intensities; however, exposure to high light triggers a response in which the psbAI
message is actively degraded while psbAII and psbAIII, which encode form II, are transcriptionally induced. We
addressed whether these changes result from a generalized stress response and examined the consequence of
light-responsive psb4 regulation on the composition of D1 in thylakoid membranes. Heat shock and oxidative
stress had some effect on levels of the three psb4 transcripts but did not produce the responses generated by
an increase in light intensity. Prolonged exposure to high light (24-h time course) was characterized by elevated
levels of all psbA transcripts through maintenance of high levels of psbAII and psbAIIl messages and a rebound
of the psbAI transcript after its initial decline. Form II-encoding transcripts were enriched relative to those
encoding form I at all high-light time points. Form II replaced form I in the thylakoid membrane at high light
despite an abundance of psbAI transcript at later time points; this may be explained by the observed faster
turnover of form I than form II in the membrane. We propose that form II is less susceptible to damage at high
light and that this qualitative alteration, coupled with increased turnover of D1, protects the cells from

photoinhibition.

Photosystem II (PSII) is a membrane-embedded protein-
pigment complex involved in key reactions of oxygenic photo-
synthesis: charge separation in response to excitation of a
chlorophyll molecule by light and by oxygen evolution. This
mode of photosynthesis, which requires two photosystems
(PSII and photosystem I), is conserved in cyanobacteria, algae,
and higher plants. The reaction center of PSII contains two
structurally similar proteins, D1 and D2, which harbor the
photoreactants involved in the primary reactions. D1 and D2,
along with cytochrome bss4 and the 4.8-kDa psbl gene product,
form the core of the PSII reaction center (16, 31, 33).

Light intensity modulates the composition of thylakoid
membranes in plants as well as in cyanobacteria to best use the
available light (2, 3, 30). This involves variation in the relative
proportions of light-harvesting pigments, PSII and photosys-
tem I reaction centers, electron carriers, and ATP synthase (2).
On exposure to light intensities in excess of those found in
optimal growth conditions, a decline in photosynthetic capac-
ity, i.e., oxygen evolution and CO, fixation, which is termed
photoinhibition, occurs. The D1 protein is believed to be the
initial site of photoinhibition, with its damage reflected in the
loss of PSII activity (26, 35). The D1 protein of plants is rapidly
turned over in the light, with the rate being proportional to
light intensity. Thus, it is thought to play a role in protection of
PSII against photoinhibition and may be designed to be
removed and replaced as fast as possible (35). Light-induced
turnover of D1 has also been demonstrated in the cyanobac-
terium Synechococcus sp. strain PCC 7942 (15, 21, 36).

Expression of two different forms of D1, encoded by psbA
multigene families, is a unique cyanobacterial characteristic
not observed in higher plants. Synechococcus sp. strains PCC
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7002 and PCC 7942 and Synechocystis sp. strains PCC 6714 and
PCC 6803 each possess three psbA genes (5, 12, 14, 20),
whereas Anabaena sp. strain PCC 7120 has four pshA genes
(42). In the glucose-tolerant derivative of Synechocystis sp.
strain PCC 6803 that is widely used for PSII structure-function
analysis, the pshbA-2 and psbA-3 genes are nearly identical,
whereas psbA-1 is more divergent (32). The psbA-2 and psbA-3
transcript levels in this strain are stimulated by light; the
psbA-1 gene is not expressed. In Anabaena sp. strain PCC 7120,
psbAIl, psbAIIl, and psbAIV predict identical polypeptides that
differ from the putative psbAI product by 21 amino acid
residues. The psbAI gene and one or more of the other psbA
genes are expressed in PCC 7120 under standard laboratory
conditions (42). In higher plants, the psbA transcript is chlo-
roplastic and increases in abundance during chloroplast bio-
genesis and in response to light (17).

The regulation of a psbA multigene family is best understood
in Synechococcus sp. strain PCC 7942. The product of psbAI,
form I of the D1 protein, differs by 25 amino acid residues from
form II, which is encoded by psbAIl and psbAIlll (14). The
three members of the gene family are differentially expressed
in response to changes in light intensity (9, 37, 38). Each of the
psbA genes gives rise to a monocistronic 1.2-kb message; an
additional psbAII transcript (1.6 kb) initiates further upstream
and carries a second open reading frame (9). The levels of the
1.2-kb psbAII and psbAIIl messages increase rapidly when cells
are shifted to high light intensity, whereas the psbAI transcript
level decreases. Induction of both psbAIl and psbAIIl tran-
scripts is attributable to an increase in transcription from these
genes and not to increased transcript stability (25). The decline
in the psbAI transcript level is caused by accelerated degrada-
tion of this message; the psbAIlIl message, but not that of
psbAII, is also subject to this posttranscriptional regulation at
high light. The 1.6-kb psbAII transcript is not regulated by light
intensity (9).
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These responses of the PCC 7942 psbA genes occur during
the first 30 min after a shift to high light. The aim of the
present work was to monitor regulation of the psbA4 genes
during adaptation to a high-light environment and to examine
the consequences of differential psb4 response for the D1
composition of the thylakoid membrane. Another objective
was to test whether any of the psbA responses are in part due
to high light intensities triggering a generalized stress response.
We found that the high-light response is distinct from those
elicited by heat shock or oxidative stress. The long-term
response to high light was characterized by elevated levels of
psbA messages, through maintenance of high levels of psbAIl
and psbAIII transcripts and a rebound of the psbAI transcript
succeeding its initial decline. At high light intensity, form II
replaced form I in the thylakoid membrane despite a high
abundance of the psbAI transcript at later time points; this may
be explained by the observed faster turnover of form I than
form II in the membrane at high light intensity.

MATERIALS AND METHODS

Culture conditions. Wild-type Synechococcus sp. strain PCC
7942 was grown in BG-11 medium (1) as modified by Bustos
and Golden (8). For all studies, cells were grown in a turbi-
dostat (8) as a continuous culture in which cells were main-
tained at a constant cell density (optical density at 750 nm, 0.5)
and a constant light intensity. Cultures were incubated at 30°C
with aeration as well as efficient mixing of the culture achieved
by bubbling with 1% CO, in air. The turbidostat culture served
as the source of cells adapted to standard light intensity (130
pE-m~2-s71) for all experiments. Light intensity (photosyn-
thetic photon flux density [PPFD]) at the center of the culture
was measured by an immersible probe (Biospherical Instru-
ments, San Diego, Calif.) and reported as microeinsteins per
square meter per second.

For high-light studies, the PPFD was increased to 500
pE-m~%-s~T by moving the light source towards the culture
growing in the turbidostat. For studies in which either rifampin
or paraquat was added to the culture, or for heat shock
treatment, cells were collected from the turbidostat and trans-
ferred to Pyrex tubes. These tubes were suspended in an
aquarium maintained at 30°C or at 45°C for heat shock studies,
and the cultures were bubbled with 1% CO, in air. PPFD was
varied as described for each experiment. Cells were harvested
at the time points indicated, poured over crushed ice, pelleted
immediately, and frozen in liquid nitrogen. All samples were
stored at —85°C for RNA extraction or for thylakoid mem-
brane isolation.

Stress treatments. Cells adapted to standard PPFD were
subjected to the following stress conditions. To create heat
shock stress, the temperature of the aquarium was increased to
45°C prior to the transfer of cells from the turbidostat. To
create oxidative stress conditions, paraquat (Sigma Chemical
Co., St. Louis, Mo.) was added to the cells to give a final
concentration of 500 uM.

RNA methods. RNA was extracted from PCC 7942 cells as
described previously (25). RNA samples (5 ug based on a
reading at an optical density of 260 nm) were denatured with
formaldehyde, separated by electrophoresis on a 1.2% agarose
gel, and blotted onto a charged nylon membrane (Magna-
charge; Micron Separations Inc., Westboro, Mass.) as de-
scribed by Ausubel et al. (4). Blots were probed with radioac-
tive antisense transcripts from plasmids that contain fragments
from the unique upstream untranslated regions of each of the
psbA genes (7). The antisense RNAs were produced by using
an in vitro transcription kit and [a->PJUTP (Ambion Inc.,
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Austin, Tex.). A Clal-Sall fragment from the groEL gene (43)
was gel purified and radiolabeled by using a random-primer
labeling kit and [a->’P]dCTP (Boehringer Mannheim Bio-
chemicals, Indianapolis, Ind.). Hybridization and washing con-
ditions were the same as those described previously by Bustos
et al. (9).

RNase protection assays were performed with the RPA kit
(Ambion). Radiolabeled RNA probes were synthesized as
described above except that unlabeled UTP at a final concen-
tration of 5 uM was added to each reaction mixture. Incorpo-
ration of [a->*PJUTP into RNA was determined by comparing
counts per minute of trichloroacetic acid-precipitable material
with that of an unprecipitated aliquot of the reaction mixture.
The full-length radiolabeled RNA probes were identified on a
12% polyacrylamide gel and eluted from gel slices by incuba-
tion for 1 h at 37°C in buffer provided in the Ambion kit. PCC
7942 total RNA samples (0.5, 1.0, 1.5, 2.0, and 2.5 pg) were
hybridized with radiolabeled probes. The different concentra-
tions of RNA were used to ensure that the probe was in excess
and the quantitation was linear. After overnight hybridization
of RNA samples with each of the psbA probes, single-stranded
regions of the hybrids were digested with RNases provided in
the kit. Twice the amount of Dx solution recommended in the
kit instructions was required to precipitate these RNA hybrids,
which are shorter than the species used by Ambion to develop
the protocol. Samples were separated on a 12% polyacryl-
amide gel, and protected fragments were cut out of the gel and
subjected to scintillation counting. Values were normalized for
the specific activities of the three probes on the basis of the
number of uridine nucleotides in their sequences.

To calculate RNA half-lives in high-light-adapted PCC 7942,
cells growing in the turbidostat at a standard PPFD were
shifted to high PPFD. Six hours after the high-PPFD shift, cells
were transferred to Pyrex tubes in the presence or absence of
rifampin (Sigma; 200 n.g/ml) and were subjected to continued
high PPFD. RNA was extracted from samples collected at
appropriate time points and used for Northern (RNA) blot
analysis. To ensure even loading of total RNA in the lanes, the
16S RNA bands from photographic negatives of the ethidium
bromide-stained gels were scanned with a Bio-Rad model 620
densitometer, and small corrections were made from these
values. Autoradiograms of appropriate exposure were
scanned, and half-lives were calculated from the equation
generated by subjecting the data to exponential regression.

Isolation of thylakoid membranes and immunoblot analysis.
Cells growing at standard PPFD in the turbidostat were shifted
to high PPFD and harvested at several time points. Thylakoid
membranes were isolated as described by Schaefer and Golden
(38). Membrane fractions were stored at —85°C in small
aliquots. Solubilized membranes were separated by lithium
dodecyl sulfate-polyacrylamide gel electrophoresis (18), and
the proteins were electroblotted onto nitrocellulose as recom-
mended by Ausubel et al. (4). Immunoblot analysis was
performed by using an ECL Western blotting (immunoblotting
detection kit (Amersham International plc, Buckinghamshire,
England). Blots were probed with antisera specific for form I
or form II of D1 (38) or an anti-D1 antiserum raised against
the protein from spinach (41) which recognizes both form I
and form II of D1 in PCC 7942. Immunoblot conditions were
those recommended by Amersham. The secondary antibody
was horseradish peroxidase-conjugated anti-rabbit antibody.
Blots were exposed to X-ray film after incubation with the
detection reagents.

Turnover rates of the two forms of D1 were calculated from
cells that were grown at standard PPFD and shifted to high
PPFD for 30 min before the addition of chloramphenicol (250
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pg/ml; Sigma) to block new protein synthesis. Cells were
harvested at intervals starting 5 min after the addition of
chloramphenicol for thylakoid membrane isolation and immu-
noblot analysis. Densitometry and calculation of protein half-
lives were performed as those used for RNA half-lives.

Computer-generated images. An Apple OneScanner and
Ofoto software (version 1.1; Light Source Computer Images,
Inc.) were used to generate graphic images. The files were
transferred to Canvas (version 3.0.6; Deneba Systems, Inc.) for
lettering and printed on a Tektronix Phaser IISD dye-sublima-
tion printer.

RESULTS

The psbA light response is distinct from known generalized
stress responses. We wanted to know whether the psbA
response to high light represents a distinct light-dependent
signal pathway or is actually part of a generalized stress
response triggered by the sudden change in light intensity. We
tested whether any of the characteristic psbA light responses
are seen in cells subjected to well-established stress conditions.
In Escherichia coli, a shift from 30 to 45°C results in a dramatic
increase in the production of heat shock proteins, among which
are the GroEL and GroES proteins (19). The groESL operon
has been sequenced from PCC 7942, and its message level
increases dramatically when cells are shifted from 30 to 45°C
(43). Our heat shock treatment reproduced this result (data
not shown). The psbAI message level decreased slightly by 15
min after heat shock but returned to its initial level within 30
min. Transfer to high light also causes the psbAI message level
to decrease, but it does not come back up within 30 min of
exposure to high PPFD (9). The psbAII and psbAIII transcripts
rapidly declined upon heat shock but showed some recovery
within 60 min of exposure to high temperature. This is not
similar to the characteristic light-induced increase of psbAIl
and psbAIIl messages at high light (9, 25). A gradual increase
in the groESL message level was observed in cells shifted to
high PPFD, but it was not comparable in magnitude to the heat
shock response (data not shown).

Oxygen radicals produced during electron transport reac-
tions within the photosynthesis machinery have been postu-
lated to damage the D1 protein (40). Since oxygen radicals may
be formed when cells are shifted to high light, we followed the
psbA response in cells subjected to oxidative stress. Paraquat,
which is a redox cycling agent known to create oxidative stress
conditions in vivo (11), was added to PCC 7942 cells. The
psbAII and psbAIIl message levels did not change rapidly but
increased by about 3- and 10-fold, respectively, by 60 min after
the addition of paraquat (data not shown). Even though we
saw an eventual increase in psbAII and psbAIIl message levels,
the change did not correspond to the rapid transcriptional
induction seen with the high-light response. The levels of these
messages were actually lower 15 min after the addition of
paraquat than before the addition. The psbAI message level
decreased to 40% of the control value by 60 min after the
addition of paraquat. The groESL message level was not
enhanced under these conditions. Oxidative stress has not
been well characterized in PCC 7942 with respect to gene
regulation, and we did not have a probe for an oxidative
stress-induced message to confirm generation of the stress.

All three psbA genes are expressed at a higher level in cells
adapted to high light. We changed the intensity of illumination
of a turbidostat (continuous) culture from standard PPFD to
high PPFD and sampled cells over a time course to determine
whether the rapid changes in psbA4 transcript levels are main-
tained in cells subjected to high light over longer periods. The
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FIG. 1. Time course of psbA transcripts after transfer of cells from
standard PPFD to high PPFD. Cells growing at standard PPFD (130
pE-m~2-s") were shifted to high PPFD (500 puE-m~2-s~ '), and
samples were collected at the following time points after exposure to
high PPFD for RNA isolation and Northern blot analysis: 0 h or
standard PPFD (lane 1), 0.5 h (lane 2), 1 h (lane 3), 3 h (lane 4), 6 h
(lane 5), 9 h (lane 6), 12 h (lane 7), and 24 h (lane 8). The blots were
probed with antisense RNA probes specific for psbAl, psbAIl, or
psbAIII to detect the transcript indicated for each panel.

psbAII and psbAIII transcript levels increased and remained
high throughout the 24 h of sampling (Fig. 1). The increases in
the psbAIl and psbAIIl messages were about 20- and 8-fold,
respectively, after 30 min at high light intensity, as reported
previously (25). The psbAI transcript level decreased after the
shift to high PPFD and remained low up to 1 h; however, the
level then increased to about 1.5-fold its value at standard
PPFD by 6 h after the light shift (Fig. 1). Thus, levels of all
three psbA transcripts increase in cells adapted to higher
PPFD, and the decrease in the psbAI transcript is only a
transient response.

The increase in the psbAI transcript seen after the cells
adapt to high PPFD (Fig. 1, lane 4) could be a result of either
increase in transcription of psbAI or cessation of accelerated
degradation of the message. We shifted cells to high light for 6
h before adding rifampin to measure the stability of the psbA
messages after adaptation of the cells to high PPFD. Northern
blot analysis showed that the psbAIII transcript is still degraded
at the faster rate typically seen for cells subjected to high light
(25) (Table 1; Fig. 2). However, the psbAI message half-life did
not reflect the accelerated decay rate seen immediately after a
shift to high light but was the same as that observed when
rifampin was added before the light shift, blocking synthesis of
the putative light-induced degradation factor (Table 1). Thus,

TABLE 1. Half-lives of the psb4 messages at high light intensity

Half-life (min) when rifampin was added:

Transcript At 5 min before shift At 6 h after shift
to high light to high light”
psbAI 250 + 3.6 247 £ 29
psbAII 295 + 2.7 34.1 + 3.2
psbAIIl 11.6 = 3.7 55+05

“ Half-life values for rifampin added 5 min before the light shift are from
Kulkarni et al. (25).

® The experiment was done as described in the legend to Fig. 2. Data were
obtained by densitometry of the autoradiograms, and haif-lives were calculated
by regression analysis. The values are the means of two experiments, and the
range between these experiments is indicated.
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FIG. 2. Stability of the psbA messages at high PPFD. PCC 7942
cells growing at standard PPFD (130 pE-m~2-s™ ") were shifted to
high PPFD (500 pE - m~2-s™"). Six hours after the light shift, cells
were transferred to Pyrex tubes either in the presence (+rif) or
absence (—rif) of rifampin as described in Materials and Methods.
Cells were collected at the following time points for RNA isolation and
Northern blot analysis: 0 min (lane 1), 5 min (lane 2), 10 min (lane 3),
15 min (lane 4), 20 min (lane 5), 25 min (lane 6). Blots were probed
with antisense RNA probes specific for each of the psbA genes.

the psbAI message is restabilized after prolonged exposure to
high PPFD, which accounts, at least in part, for the increase in
the level of psbAI transcript after several hours at high PPFD.

Relative and absolute amounts of transcripts encoding form
II of D1 increase at high PPFD. Previous experiments indi-
cated that for every 100 psbA transcripts, 94 are from psbAI, 1.4
are from psbAII, and 4.6 are from psbAIIl (14). These studies
were not done under controlled light conditions, but the
illumination was lower than the standard light intensity used in
Fig. 1, lane 1. We performed RNase protection assays to
determine whether the increase in psbAIl and psbAIIl tran-
script levels at high light significantly biases the psbA transcript
pool to favor form II-encoding messages. The RNA samples
were from (i) cells adapted to standard PPFD, (ii) cells
subjected to high PPFD for 30 min, and (iii) cells subjected to
high PPFD for 6 h. These time points correspond to lanes 1, 2,
and 5 of Fig. 1 and represent the psbA population at standard
light, at the maximum induction of form Il-encoding tran-
scripts, and after the rebound in psbAI transcript abundance.
The results of the analysis are shown in Fig. 3. The psbAl
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FIG. 3. Comparison of the abundance of the psbAI (@), psbAll
(8), and psbAIIl (N) transcripts at standard PPFD (130
pE-m~2-s7") and after transfer to high PPFD (500 pE-m~?-s").
Relative amounts of the transcripts were determined by an RNase
protection assay using radiolabeled gene-specific probes as described
in Materials and Methods. The value of each band (in counts per
minute) is reported as a fraction of the total counts per minute of all
samples at all time points, such that all bar heights can be compared.
Bar heights indicate the means of values from two experiments, and
the variation between experiments is shown by range bars.
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FIG. 4. Changes in the D1 composition of thylakoids at high PPFD.
PCC 7942 cells were transferred from standard light (130
pE-m~2-57") to high light (500 wE - m~2-s~ ') and back to standard
light. Thylakoid membranes were isolated from samples collected at
standard PPFD (lane 1), at 0.5 and 6 h (lanes 2 and 3, respectively)
after the shift to high PPFD and at 0.5 min and 6 h (lanes 4 and 5,
respectively), after the shift down to standard PPFD. Thylakoid
membranes were subjected to lithium dodecyl sulfate-polyacrylamide
gel electrophoresis and electroblotted onto nitrocellulose membranes
which were then probed with the following antisera: anti-form I,
anti-form II, and anti-D1. The anti-D1 serum was raised against D1
protein from spinach and it recognizes both form I and form II in PCC
7942.

transcript predominated at standard PPFD, constituting 82%
of the total pshA message population. This ratio changed
dramatically within 30 min after the shift to high light, with
psbAII transcripts forming 80% of the psb4 message popula-
tion. The fraction of form Il-encoding transcripts remained
higher after cells were exposed to high light for 6 h than at
standard light, i.e., 66% compared with 18%. Total psbA
transcript levels also increased 300 to 400% by 6 h at high light
intensity.

Rapid light-dependent changes in composition of the D1
pool. We monitored the levels of form I and form II of D1 in
thylakoid membranes with form-specific antisera (38) to see
whether protein changes accompany the rapid changes in the
psbA RNA population. Immunoblot analysis showed that the
total D1 pool, as detected by anti-spinach D1 antiserum which
recognizes both forms of D1, did not change significantly in
response to a shift to high PPFD (Fig. 4). The total D1 protein
level decreased slightly at high PPFD and increased again
when cells were shifted back to standard PPFD (lanes 4 and 5).
The quality of the D1 pool was, however, radically changed.
The level of form II increased upon a shift to high light,
whereas form I barely could be detected by 6 h after the shift
(lane 3). Form II disappeared when cells were shifted back to
standard light, whereas the level of form I recovered (lane 5).
These results point to two conclusions: (i) the increase in the
psbA message levels at high light does not result in an increase
in the total D1 in the thylakoid but may compensate for the
known high turnover of the protein at high PPFD; and (ii) even
though psbAI transcript levels increase after adaptation to high
PPFD (Fig. 3), no corresponding increase in the amount of
form I in the thylakoid is apparent.

Turnover of the two forms of D1 at high light intensity. One
possible explanation for the undetectable levels of form I after
6 h at high PPFD (Fig. 4, lane 3), in spite of abundant pshAIl
transcript (Fig. 3), is that there is a difference in the turnover
of the two forms of the D1 protein. We calculated the turnover
of form I and form II by monitoring their disappearance after
blocking new protein synthesis with chloramphenicol. We
selected a window of time during high-light adaptation when
both forms of D1 could be detected easily. Cells growing at
standard PPFD were shifted to high PPFD, and chloramphen-
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FIG. 5. Turnover of form I and form II of D1 at high PPFD. Cells
growing at standard PPFD (130 pE-m~2-s~ ') were transferred to
high PPFD (500 wE-m~2-s~!), and chloramphenicol was added 30
min later. Cells were harvested at the following time points after
chloramphenicol addition for thylakoid isolation and immunoblot
analysis: 0 h (lane 1), 0.5 h (lane 2), 1 h (lane 3), and 1.5 h (lane 4).
Blots were probed with anti-form 1 and anti-form II antisera. A
strongly cross-reacting band, unrelated to D1, is evident in the
anti-form 1 panel; its detection on immunoblots varies with the
antiserum dilution.

icol was added to the culture 30 min after the light shift
(equivalent to Fig. 4, lane 2). Cells were harvested at several
time points for isolation of thylakoid membranes and immu-
noblot analysis. Figure 5 shows that form I turns over at a
faster rate than form II at high light. The film images were
scanned on a densitometer, and half-lives of the proteins were
calculated by exponential regression of the data. Form I had a
half-life of about 36 min, and form II had a half-life of about
90 min. These results indicate a difference between form I and
form II which may play a role in efficient functioning of these
two proteins under different light conditions.

DISCUSSION

The high-light responses of the psbA genes, namely, tran-
scriptional induction of psbAII and psbAIIl and an accelerated
decay of psbAI and psbAIII transcripts (25), could be directly
mediated by changes in light intensity or indirectly through
other pathways. We addressed whether shifting cells from
standard PPFD to high PPFD triggers a generalized stress
response which accounts for the observed changes in gene
expression. When PCC 7942 cells were heat shocked, levels of
both psbAII and psbAIII transcripts decreased within 15 min
(data not shown). In cells subjected to oxidative stress, the
levels of psbAIl and psbAIII transcripts were high at 60 min
after the addition of paraquat, but at 15 min, the levels were
even lower than those before the addition of the drug (data not
shown). On the basis of these results, we conclude that the
rapid transcriptional induction of psbAIl and psbAIIl, which
can be observed even within 5 min of a high PPFD shift (25),
is not a heat shock or oxidative stress response. All three pshA
message levels were low 15 min after the heat shock and
oxidative stress treatments. Thus, the stress response appears
to be a transient decay of all three psbA messages. Light-
induced degradation of psbA messages is more specific, since
only psbAI and psbAIIl messages turn over faster when cells
are shifted to high light (25). We cannot rule out the possibility
that turnover of psbAI and psbAIII at high light may be similar
to a stress response. psbAI message levels decrease when cells
are shifted to high PPFD or to high temperature, although the
magnitude and the length of the two responses are different.

We observed that groESL message levels, which are highly
induced (120-fold) upon heat shock (43), do not increase
immediately when cells are shifted to high PPFD but do
gradually increase to levels intermediate between standard
PPFD and heat shock values. A gradual increase in groESL
expression might be expected on the basis of an increase in
metabolic activity of the cells at high light intensity and thus an
increase in biosynthesis requiring molecular chaperones. We
did not have a probe that could indicate whether shifting cells
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to high light increases transcripts from genes that are sensitive
to oxidative stress.

The long-term high-light response of the psbA genes is the
maintenance of high levels of psbAIl and psbAIIl transcripts
and a rebound of the psbAI message by 3 h after the high
PPFD shift (Fig. 1). Restabilization of the psbAI message after
adaptation to high light contributes to its recovery (Table 1).
We showed previously that both transcription and translation
are required after a shift to high PPFD for the accelerated
turnover of psbAl and psbAIIl messages. When rifampin is
added 10 min after the light shift, the half-lives of these
messages are shorter than when rifampin is added before the
light shift, showing that active degradation of these two
messages occurs but requires a period at high light to synthe-
size a putative degradation factor (25). Figure 2 and Table 1
showed that, in cells adapted to high light, the psbAI message
is restabilized; the psbAIII transcript, however, continues to be
degraded at the faster rate, indicating a differential regulation
of the psbAI and psbAIIl transcript stabilities. We have not
determined conclusively whether changes in psbAI promoter
activity contribute to the observed increase in the psbAIl
message after adaptation to high light. A psbAl-lacZ reporter
strain consistently shows a small decrease in B-galactosidase
activity after exposure to high light (29), but a subsequent
increase at later time points was not observed (28).

Brusslan and Haselkorn (7) reported an unexplained in-
crease in the steady-state levels of psbAII transcript in a culture
which had been passaged continuously over a period of several
years, which they designated as WT.. They proposed that the
culture might have acquired a mutation which increased psbAIl
expression. However, subsequent analysis of the psbAIl pro-
moter in this strain showed no evidence of mutation (6), and
we did not observe elevated psbAIl levels in WT, when they
provided us with the strain (data not shown). Our current
analyses suggest that Brusslan and Haselkorn observed ele-
vated psbAIl message levels in high-light-adapted wild-type
cells. Their measurements were made before we had estab-
lished the light-regulated nature of the three psbA genes and
while they were attempting to achieve optimal growth condi-
tions for RNA analysis in PCC 7942; this involved keeping cell
cultures dilute, which improves light penetration (7). The
quantitation of the psbA transcript pool composition in the
WT, strain by Brusslan and Haselkorn matches well our results
for cells that have been at high PPFD for 6 h (7).

We often saw fluctuations in the levels of the psbA tran-
scripts during long-term sampling as were seen for the psbAIll
messages in Fig. 1. Figure 3 shows that there was significant
variation between the two experiments in psbA message level
quantitation at the 6-h time point after the light shift, but not
at the 0- or 0.5-h time points. The variations were also
apparent from Northern blot analysis of these samples. One
cause of variation may be that the shift to high PPFD serves to
trigger circadian rhythmicity of these genes. Expression of
psbAI shows circadian cycling (22); circadian rhythms of the
psbAIl and psbAIII transcript levels also have been observed
after cells were subjected to high light (27).

The psbA response in cells adapted to high light is an
increase in all three of the psbA transcripts, with an overall
three- to fourfold increase in the total psbA message (Fig. 1
and 3). The total D1 protein levels are not significantly altered;
D1 abundance decreased slightly upon a shift to high light but
recovered when cells were shifted back to standard light.
Increased psbA gene expression may thus serve one main
purpose, i.e., to increase D1 protein synthesis to compensate
for the increased turnover of D1 at high PPFD. D1 is well
known for its increased turnover at high PPFD (26, 35); this
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has also been demonstrated in PCC 7942 (15, 21, 36). Expres-
sion from the psbD gene family in PCC 7942, in which two
genes code for identical D2 polypeptides, increases in response
to high light (8). This induction appears to compensate for
faster turnover of D2 at high light.

The composition of the psbA transcript population changes
at high light with psbAIl and psbAIIl, the form II-encoding
messages, forming the predominant fraction. This is particu-
larly evident immediately upon shift to high light, as repre-
sented by the 30-min sample (Fig. 3). Thus, the first few hours
after the shift to high PPFD may be a critical transition period
in which PCC 7942 cells increase synthesis of form II of D1 and
actively promote its insertion into the membrane in place of
form I. Our results showed that a rapid substitution of form II
in place of form I occurs at high light. A concurrent study from
another lab showed interchange of the two forms during
photoinhibition (10). One of the important questions is
whether form II is better suited for high-light growth and
survival. Studies with mutants have shown that R2K1, a strain
that has psbAI inactivated and thus produces just form II of
D1, is more resistant to photoinhibition than the wild type or
R2S2C3, which has both psbAIl and psbAIIl inactivated (10,
23). Thermoluminescence studies on mutants lacking form I or
form II indicate that there may be a functional difference
between these two forms (13). We have shown that there is a
difference in the turnover of the two proteins at high PPFD
(Fig. 5), i.e., 36 min for form I and 90 min for form II. Even
though the psbAI transcript is abundant after several hours at
high light, levels of form I are insignificant in the thylakoid
membrane. The half-life of total D1 protein at high PPFD as
detected by anti-D1 antiserum corresponds to the half-life of
form II, which confirms the absence of a measurable quantity
of form I in the thylakoid membranes (data not shown). In
general, the turnover of D1 protein increases with increasing
light intensities, which may serve to rid PSII of D1 protein that
is damaged and needs to be replaced faster at high light (34, 35,
39). Whether form II, which has a longer half-life, is better
than form I for high-PPFD growth is intriguing for this reason.
R2S2C3, which lacks form II, has impaired growth upon shift
to high PPFD compared with R2K1, which has only form II of
D1 (24). Further experiments are directed towards establishing
the specific functional differences of the two forms of D1 and
the biological significance of regulating their synthesis differ-
entially in relation to light intensity.

ACKNOWLEDGMENTS

We thank Bob Webb and Lou Sherman for providing a plasmid that
carries groEL, Wim Vermaas for supplying anti-spinach D1 antiserum,
and Susan Hardin and Paul Hardin for advice regarding computer-
generated images.

This research was supported by Public Health Service grant R0O1 GM
37040 from the National Institutes of Health. The dye-sublimation
printer was purchased with funds from National Science Foundation
Instrumentation and Instrument Development grant BIR-9217251.

REFERENCES

1. Allen, M. M. 1968. Simple conditions for growth of unicellular
blue-green algae on plates. J. Phycol. 4:14.

2. Anderson, J. M. 1986. Photoregulation of the composition, func-
tion, and structure of thylakoid membranes. Annu. Rev. Plant
Physiol. 37:93-136.

3. Andersson, B., and S. Styring. 1991. Photosystem II: molecular
organization, function, and acclimation, p. 1-81. In C. P. Lee (ed.),
Current topics in bioenergetics. Academic Press, Inc., New York.

4. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G.
Seidman, J. A. Smith, and K. Struhl. 1987. Current protocols in
molecular biology. Wiley Interscience, New York.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.
. Li, R., and S. S. Golden. Unpublished results.
29.

J. BACTERIOL.

. Bouyoub, A., C. Vernotte, and C. Astier. 1993. Functional analysis

of the two homologous psbA gene copies in Synechocystis PCC
6714 and PCC 6803. Plant Mol. Biol. 21:249-258.

. Brusslan, J. (University of California, Los Angeles). Personal

communication.

. Brusslan, J., and R. Haselkorn. 1989. Resistance to the photosys-

tem II herbicide diuron is dominant to sensitivity in the cyanobac-
terium Synechococcus sp. strain PCC7942. EMBO J. 8:1237-1245.

. Bustos, S. A, and S. S. Golden. 1992. Light-regulated expression

of the psbD gene family in Synechococcus sp. strain PCC 7942:
evidence for the role of duplicated psbD genes in cyanobacteria.
Mol. Gen. Genet. 232:221-230.

. Bustos, S. A., M. R. Schaefer, and S. S. Golden. 1990. Different

and rapid responses of four cyanobacterial psbA transcripts to
changes in light intensity. J. Bacteriol. 172:1998-2004.

Clarke, A. K., A. Soitamo, P. Gustafsson, and G. Oquist. 1993.
Rapid interchange between two distinct forms of cyanobacterial
photosystem II reaction-center protein D1 in response to photo-
inhibition. Proc. Natl. Acad. Sci. USA 90:9973-9977.

Farr, S. B., and T. Kogoma. 1991. Oxidative stress responses in
Escherichia coli and Salmonella typhimurium. Microbiol. Rev.
55:561-585.

Gingrich, J. C., J. S. Buzby, B. L. Stirewald, and D. A. Bryant.
1988. Genetic analysis of two new mutations resulting in herbicide
resistance in the cyanobacterium Synechococcus sp. PCC 7002.
Photosyn. Res. 16:83-99.

Gleiter, H. M., N. Ohad, J. Hirschberg, R. Fromme, G. Renger, H.
Koike, and Y. Inoue. 1990. An application of thermoluminescence
to herbicide studies. Z. Naturforsch. Sect. C 45:353-358.
Golden, S. S., J. Brusslan, and R. Haselkorn. 1986. Expression of
a family of psbA genes encoding a photosystem II polypeptide in
the cyanobacterium Anacystis nidulans R2. EMBO J. 5:2789-2798.
Goloubinoff, P., J. Brusslan, S. S. Golden, R. Haselkorn, and M.
Edelman. 1988. Characterization of the photosystem II 32-kDa
protein in Synechococcus PCC 7942. Plant Mol. Biol. 11:441-447.
Gounaris, K., D. J. Chapman, and J. Barber. 1989. Isolation and
characterization of a D1/D2/cytochrome b-559 complex from
Synechocystis 6803. Biochim. Biophys. Acta 973:296-301.
Gruissem, W. 1989. Chloroplast gene expression: how plants turn
their plastids on. Cell 56:161-170.

Guikema, J. A, and L. A. Sherman. 1983. Chlorophyll-protein
organization of membranes from the cyanobacterium Anacystis
nidulans. Arch. Biochem. Biophys. 220:155-166.

Hendrix, R. W. 1979. Purification and properties of groE, a host
protein involved in bacteriophage assembly. J. Mol. Biol. 129:375-
392.

Jansson, C., R. J. Debus, H. D. Osiewacz, M. Gurevitz, and L.
McIntosh. 1987. Construction of an obligate photoheterotrophic
mutant of the cyanobacterium Synechocystis 6803. Plant Physiol.
85:1021-1025.

Koenig, F. 1992. Development of shade-type appearance-light
intensity adaptation and regulation of the D1 protein in Synecho-
coccus, p. 545-550. In J. H. Argymudi-Akoyunoglou (ed.), Regu-
lation of chloroplast biogenesis. Plenum Press, New York.
Kondo, T., C. A. Strayer, R. D. Kulkarni, W. Taylor, M. Ishiura,
S. S. Golden, and C. H. Johnson. 1993. Circadian rhythms in
prokaryotes: luciferase as a reporter of circadian gene expression
in cyanobacteria. Proc. Natl. Acad. Sci. USA 90:5672-5676.
Krupa, Z., G. Oquist, and P. Gustafsson. 1991. Photoinhibition of
photosynthesis and growth responses at different light levels in
psbA gene mutants of the cyanobacterium Synechococcus. Physiol.
Plant. 82:1-8.

Kulkarni, R. D., and S. S. Golden. Unpublished data.

Kulkarni, R. D., M. R. Schaefer, and S. S. Golden. 1992. Tran-
scriptional and posttranscriptional components of psbA response
to high light intensity in Synechococcus sp. strain PCC 7942. J.
Bacteriol. 174:3775-3781.

Kyle, D. J., I. Ohad, and C. J. Arntzen. 1984. Membrane protein
damage and repair: selective loss of a quinone-protein function in
chloroplast membranes. Proc. Natl. Acad. Sci. USA 81:4070-4074.
Lebedeva, N., and S. S. Golden. Unpublished data.

Li, R., and S. S. Golden. 1993. Enhancer activity of light-respon-



VoL. 176, 1994

30.

31

32.

33.

34.

3s.

36.

sive regulatory elements in the untranslated leader regions of
cyanobacterial psbA genes. Proc. Natl. Acad. Sci. USA 90:11678-
11682.

Liere, L. V., and A. E. Walsby. 1982. Interactions of cyanobacteria
with light, p. 9-46. In N. G. Carr and B. A. Whitton (ed.), The
biology of cyanobacteria. University of California Press, Berkeley.
Marder, J. B., D. J. Chapman, A. Telfer, P. J. Nixon, and J.
Barber. 1987. Identification of psbA and psbD gene products, D1
and D2, as reaction center proteins of photosystem II. Plant Mol.
Biol. 9:325-333.

Mohamed, A., and C. Jansson. 1989. Influence of light on accu-
mulation of photosynthesis-specific transcripts in the cyanobacte-
rium Synechocystis 6803. Plant Mol. Biol. 13:693-700.

Nanba, O., and K. Satoh. 1987. Isolation of a photosystem II
reaction center consisting of D-1 and D-2 polypeptides and
cytochrome b-559. Proc. Natl. Acad. Sci. USA 84:109-112.
Ohad, L, D. J. Kyle, and C. J. Arntzen. 1984. Membrane protein
damage and repair: removal and replacement of inactivated
32-kilodalton polypeptides in chloroplast membranes. J. Cell Biol.
99:481-485.

Ohad, 1., D. J. Kyle, and J. Hirschberg. 1985. Light-dependent
degradation of the Qb-protein in isolated pea thylakoids. EMBO
J. 4:1655-1659.

Ohad, N., D. Amir-Shapira, H. Koike, Y. Inoue, 1. Ohad, and J.
Hirschberg. 1990. Amino acid substitution in the D1 protein of
photosystem II affect QB-stabilization and accelerate turnover of

ADAPTATION TO HIGH LIGHT INTENSITY IN SYNECHOCOCCUS SP.

37.

38.

39.

40.

41.

42.

43,

965

D1. Z. Naturforsch. Sect. C 45:402—408.

Schaefer, M. R., and S. S. Golden. 1989. Differential expression of
members of a cyanobacterial psbA gene family in response to light.
J. Bacteriol. 171:3973-3981.

Schaefer, M. R., and S. S. Golden. 1989. Light availability influ-
ences the ratio of two forms of D1 in cyanobacterial thylakoids. J.
Biol. Chem. 264:7412-7417.

Schuster, G., R. Timberg, and 1. Ohad. 1988. Turnover of thyla-
koid photosystem II proteins during photoinhibition of Chlamy-
domonas reinhardtii. J. Biochem. 177:403-410.

Sopory, S. K., B. M. Greenberg, R. A. Mehta, M. Edelman, and
A. K. Mattoo. 1990. Free radical scavengers inhibit light-depen-
dent degradation of the 32 kDa photosystem II reaction center
protein. Z. Naturforsch. Sect. C 45:412-417.

Vermaas, W. F. J., M. Ikeuchi, and Y. Inoue. 1988. Protein
composition of the photosystem II core complex in genetically
engineered mutants of the cyanobacterium Synechocystis sp. PCC
6803. Photosyn. Res. 17:97-113.

Vrba, J. M., and S. E. Curtis. 1989. Characterization of a
four-member psbA gene family from the cyanobacterium
Anabaena PCC 7120. Plant Mol. Biol. 14:81-92.

Webb, R., K. J. Reddy, and L. A. Sherman. 1990. Regulation and
sequence of the Synechococcus sp. strain PCC 7942 groESL
operon, encoding a cyanobacterial chaperonin. J. Bacteriol. 172:
5079-5088.



