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The psbA2 gene exhibits light-dependent and rhyth-
mic expression in a unicellular cyanobacterium, Mi-
crocystis aeruginosa (Synechocystis) K-81. To further
understand the psbA2 expression, biological analyses
were performed in homologous and heterologous cya-
nobacterial cells. The results of the experiments using
the K-81 cells revealed that (i) the light-dependent
expression appeared on transcriptional and/or post-
transcriptional level(s) under light/dark cycles, (ii)
circadian-rhythmic transcripts were also observed
under the control of an endogenous clock. To assess
whether light-dependent and rhythmic psbA2 expres-
sion occurs in heterologous cyanobacterium, Synecho-
coccus sp. strain PCC 7942, the K-81 psbA2 5’-upstream
region of which the promoter and its around se-
quences share with those of PCC 7942 psbAll, was
fused to the bacterial lacZ reporter gene, introduced
into the genome of PCC 7942 and the psbA2 transcripts
were directly investigated by primer extension. The
K-81 psbA2 specific transcripts were also light-
dependent and rhythmic in PCC 7942, strongly dem-
onstrating that a common regulatory mechanism ex-
ists per se for the psbA2 expression in both strains.
Furthermore, psbA2 expression in the recombinant
PCC 7942 strain, AG400 in which the region from —404
to +111 of psbA2 is fused to lacZ, exhibited clear rhyth-
micity, while very little or no rhythmicity was ob-
served in AG429 (—38 to +14, the only promoter re-
gion), suggesting that the region(s) around the
promoter was essentially required for clear rhythmic

expression. © 1999 Academic Press

The Microcystis aeruginosa K-81 (hereafter called
K-81), a unicellular and colony-forming cyanobacte-
rium capable of driving oxygenic photosynthesis, was
previously isolated (1) and characterized (2—4). In cya-
nobacteria, the D1 protein of the Photosystem Il is
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encoded by a multigene family, termed psbA genes (5,
6). These genes differentially express under altered
environmental conditions (7-9). Moreover, most of
these photosynthetic genes are presumed to be regu-
lated by a biological clock for efficient photosynthesis to
occur for development of the organism under change-
able environmental cues. These biological clocks,
which exist in most eukaryotic organisms (10, 11) and
also in some prokaryotes (12), are known to have ap-
proximately 24 hours periodicity but not exactly 24
hours under constant conditions. Recently, the psbA2
gene, which also encodes D1 protein homolog of Photo-
system |1, was clones from K-81 and its transcription
exhibited light-responsiveness and rhythmicity under
light-dark (L/D) cycle conditions (13). In addition,
structural similarities of the psbA promoters among
cyanobacteria and a novel DNA curvature, CIT
(changeable bending-center sites of an intrinsic curva-
ture under temperature conditions), were also explored
at the 5’-upstream region (—141 to —184) of K-81
psbA2 (14, 15). To further extend our knowledge on
light-dependent and rhythmic expression of K-81
psbA2, its transcripts were characterized in homolo-
gous and heterologous cyanobacteria cells. In this
study, we report evidence that light-dependent and
possibly circadian-rhythmic expression are controlled
on transcriptional and/or post-transcriptional level in
both types of cyanobacteria, implying that a common
regulatory mechanism exists for psbA expression.

MATERIALS AND METHODS

Cyanobacterial strains, media, and culture. The M. aeruginosa
K-81 and recombinant Synechococcus sp. strain PCC 7942 (AG400
and AG429) were grown in CB (4) and BG11 liquid medium (16)
containing spectinomycin sulfate (40 pg/ml), respectively, at 30°C
under continuous light illumination (1,700 lux) until the mid-log
phase (OD;;, = 0.4 to 0.5) followed by either L/D (12 h-dark/
12 h-light of 1,700 lux), light (1,700 lux) or high light (8,500 lux)
illumination.

Constructions of a reporter plasmid and a recombinant Synecho-
coccus strain. The pHNL7-up plasmid DNA (15), carrying the 5'-
upstream promoter region of the K-81 psbA2 gene, was digested with
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Smal and Bglll and the resultant fragment (—404/+111) was in-
serted into the Smal-Bglll site of pAM990 (17), which is a promoter-
probe vector with a lacZ reporter gene, to creat pAG400. A fragment
(—38/+14) was amplified by PCR with primers [GKA7, 5'-ttg-
ccccgggCCCTTTACATAACTAT-3'; GKA34, 5'-cggaagatctTCTTTG-
TTTGACATGA-3': upper case letters correspond to sequences of
psbA2 and its 5'-upstream regions and lower case letters in the GKA
primers are tag sequences containing Bglll or Smal site (italics)] and
pPHNL7-up. This amplified fragment (—38/+14) was inserted into the
Smal-Bglll site of pAM990 to yield pAG429. The sequence of the
insert at the junction site to lacZ on pAG400 or 429 for frame
analysis was verified by DNA sequencing (18). To construct recom-
binant PCC 7942 strains, PCC 7942 was naturally transformed by a
double cross-over reaction with donor pAG400 and 429 DNAs (19, 20)
and spectinomycin-resistant cells, called AG400 and 429, were se-
lected on BG11 plates containing spectinomycin sulfate. Genomic
DNAs were isolated from AG400 or 429 and recombination was
confirmed by Southern analysis at 55°C using a BamHI-EcoRV frag-
ment, carrying the psbA2 5’-upstream region (—404/+111) and the
part of lacZ derived from pAG400, as a probe.

RNA isolation and primer extension analysis. The total RNA,
isolated from cell cultures (50 ml) and the primer extension analyses
were carried out as described previously (13). The 5’-ends of a D21
synthetic oligonucleotide (5'-TGTTGTAGAGTTGTA-3' according a
position from +72 to +58 of the pshA2structural gene) were labeled
with [y-*P]ATP (5,000 Ci/mmol) and used as a primer. Since AG429
recombinant strain contains the only —38/+14 regulatory region of
psbA2, the primer extension analysis was performed with a lacZ
internal primer, called lacZ-RIl (5'-AGTTGGGTAACGCCAGGGT-
TTTCCCA-3'). After reaction of the extension, samples were dena-
tured at 95°C for 5 min, quickly chilled on ice for 2 min and then 1 pl
in case of K-81 and 3 ul in recombinant PCC 7942 strains (out of 7 ul)
were loaded on a 6% polyacrylamide gel containing 8 M urea. Elec-
trophoresis was performed with 1/2X TBE buffer at 2,500 constant
voltage for 50 min followed by X-ray exposure at —80°C for 24 to 48
hours. The signal intensity of the band corresponding to the pshA2
transcripts on the original gels was measured by Ultraviolet BIO-
PROFIL (Vilber Lourmat, Cedex, France), and the relative abun-
dances were plotted.

RESULTS

The light-dependent psbA2 expression on transcrip-
tional and/or post-transcriptional level(s) in K-81.
Previous Northern analysis revealed that the K-81
psbA2 transcript was light-dependent (13). To further
understand light-dependent psbA2 expression under a
sequencial condition of the L/D cycles in K-81, the
psbA2 transcripts were investigated by primer exten-
sion analysis. The K-81 cells grown under a continuous
light condition until the mid-log phase were subjected
to the L/D regime. The cells were collected in the sec-
ond stage of the cycle (Fig. 1A). The psbA2 transcripts
in total RNA isolated from the cells significantly in-
creased under the light cycle, reaching its transcript
maxima at 6 hours followed by gradual decrease in the
dark cycle. The 5’-end of psbA2 transcripts was also
observed at the same position according to the tran-
scription start point (+1). These results are compatible
with those previously reported (12, 13). Furthermore,
to characterize the expression, antibiotics for tran-
scriptional or translational inhibitors were added to
the cell cultures and their effects against to the light-
dependent psbA2 expression were assessed (Fig. 1B,C).
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FIG. 1. The light-dependent psbA2 transcripts in the K-81 cells.

(A) L/D (12 h/ 12 h) cycles and the transcript under light conditions. The
M. aeruginosa K-81 cells were grown under a continuous light (Cont. L)
condition until the mid-log growth phase at 30°C, then entrained into
the L/D cycles. Total RNA was isolated from the cells and subjected to
primer extension analysis. The signal bands corresponding to the tran-
scription start point (+1) of psbA2 on an X-ray film are shown. Sequen-
tial harvesting time is shown at the top of each lane. (B) Effect of
antibiotics on the light-dependent expression. Rifampicin (Rif, 200 g/
ml) or chloramphenicol (Cm, 250 ug/ml) was added into the cell culture
at 1.5 hours in the second light period, considering it as 0 hour followed
by further sampling at 1.5 and 4.5 hours. (C) Relative abundance of
psbA2-mRNA according to the signal intensities in panel (B) is given.
The error rate is less than 15%.

When rifampicin (Rif) was added to the K-81 cells at
1.5 hours in the second light cycle (Fig. 1A) and incu-
bation continued for 4.5 hours (Fig. 1B), the synthe-
sized transcripts within 1.5 hours consequently re-
sulted in a decrease. These signal intensities of the
transcript were also measured and are represented in
Fig. 1C. If the psbA2 mRNA is stable, a constant
amount of the transcripts must appear after the addi-
tion of rifampicin because this bacteriocidal antibiotic
inhibits RNA synthesis by binding to and inhibiting
the B-subunit of RNA polymerase. However, the quan-
tity of the transcript was actually not constant but
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FIG. 2. Circadian rhythmic psbA2 transcript in K-81. (A) Temperature compensation assay. The cells grown under a continuous light
condition until the mid-log growth phase at 30°C were subjected to 12 hours of Dark (D) pulse followed by continuous light condition at 25,
30, and 35°C, respectively, as permissive growth conditions. Cell harvesting was performed every 6 hours, total RNA was isolated from the
cells and subjected to primer extension. Signals are presented the same as in Fig. 1. (B) The relative abundance of the pshbA2-mRNA. The

signal intensities in panel (A) are shown.

degradable, indicating that its mMRNA is not stable in
the light condition. Whereas, light-induced psbA2 tran-
scripts were still observed under the conditions with
chloramphenicol (Cm), as well as no addition of the
antibiotics (Fig. 1B). Interestingly, the ratio of light-
induced transcripts is higher (the value is 3.5 at 4.5
hours) with chloramphenicol than that (1.8 at 4.5
hours) with no antibiotic, suggesting that the addition
of chloramphenicol causes up shifting of the pshA2
light-inducible expression. Since chloramphenicol in-
hibits protein synthesis by interacting with the 50S
ribosomal subunit and inhibiting the peptidyltrans-
ferase reaction, there is a possibility that synthesis of
some negative protein which acts on the psbA2 light-
inducible expression was hindered by the addition of
chloramphenicol and the psbA2 mMRNA synthesis
and/or stability was eventually increased. Further-
more, we essentially observed the same results for the
light-inducible expression with the addition of erythro-
mycin which inhibits protein synthesis, as well as that
of chloramphenicol (data not shown). These results
indicate that the light-dependent psbA2 expression in
the K-81 cells is regulated on transcriptional and/or
post-transcriptional level(s).

Circadian-rhythmic expression in K-81. Three cri-
teria of (i) persistence under constant conditions, (ii)
phase resetting by light and dark signals and (iii) tem-
perature compensation of the period (10, 12), are re-
quired to satisfy the evidence for a circadian clock.
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Although the psbA2 expression exhibited rhythmicity
under constant darkness (13), it remains unclear
whether the K-81 cells possess the circadian clock for
psbA2. To clear this point, we performed temperature
compensation assay (Fig. 2). The K-81 cells grown at
25, 30, or 35°C, respectively, under continuous light
condition followed by 12 hours of dark adaptation were
collected, the psbA2 transcripts in the cells were di-
rectly analyzed by primer extension (Fig. 2A) and the
signal intensities were measured (Fig. 2B). Peaks of
psbA2 expression were observed periodically at ap-
proximate 24 hour intervals for each temperature (Fig.
2B, vertical broken lines), indicating that rhythmicity
was also exhibited under the constant light condition
referring to the first criteria. This rhythmicity was
shifted by a phase resetting of a dark pulse (not
shown), according the second criteria. In addition, the
calculated Q,, value for frequency (1/period) of the
rhythm is 1.0 (Fig. 2B), referring the third criteria.
This value is compatible with those of previous reports
for the circadian clock and is far from that of most
biological processes, such as growth or respiration, for
which the Q,, values are usually between 2 and 3. This
evidence satisfies the three criteria and shows that the
psbA2 expression possesses circadian rhythm.

The light-dependent psbA2 transcripts in a heterolo-
gous cyanobacterium, PCC 7942. The nucleotide se-
guence of the region upstream of K-81 psbA involving a
promoter exhibits similarities among cyanobacterial
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FIG. 3. The light-dependent psbA2 transcripts in homologous
and heterologous cells. (A) The K-81 and AG400 cells, grown in the
CB and BG11 media until mid-log growth phase, respectively, at
30°C under continuous light (L; 1,700 lux), were subjected to high
light (HL; 8,500 lux), dark (D; complete darkness), and light (L; 1,700
lux). The cells were collected after 6 hours (shown by arrow). (B)
5’-end mapping of the psbA2 transcript. Total RNA isolated from the
cells (A) was subjected to primer extension. The transcription start
point (+1) is indicated by arrows. The sequence ladders (A, T, G, and
C) were also created by using the same primer, D211 and pHNL7-up
as a template DNA. (C) The relative abundance of the psbA2-mRNA
is shown in the panel (B). The error rate is less than 13%.

psbA genes (14). Especially, the sequence of K-81
psbA2 well shares to that of PCC 7942 psbAll which
exhibits the high light inducible transcription. If there
is a common regulatory system for the psbA expression
in cyanobacteria, the K-81 psbAz2 light-dependent (and
high light inducible) transcript can be also observed in
a heterologous cyanobacterium, PCC 7942 of which the
transformation system has been established (19, 20).
To examine this possibility, we constructed pAG400
carrying the psbA2 5’-upstream region (—404/+111),
introduced into the PCC 7942 genome as a monocopy,
then the K-81 psbA2 specific transcript was analyzed
by primer extension in the recombinant cell, AG400,
under various growth conditions (Fig. 3). When the
AG400 cells were cultivated for 6 hours-light (L), -high
light (HL), and -dark (D) conditions (Fig. 3A) following
a continuous light (Cont. L), high light inducible (the
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ratio of values in high light and light conditions, HL/L)
and light dependent (the ratio of values in light and
dark conditions, L/D) transcripts were observed (Fig.
3B) in the heterologous cells. This pattern is also es-
sentially the same as observed in the original K-81
cells as a control. A signal corresponding to the tran-
scriptional start point (+1) was also detected at the
same position in both K-81 and AG400 cells. These
results showed that the K-81 psbA2 light-responsive
transcription also occurs in the heterologous PCC 7942
cells, suggesting that the common regulatory system
for the psbA expression exists in both cells. From the
results displayed in Fig. 3C, the ratio of values refer-
ring to high light induction (the ratio is 3.5 in HL/L)
and light-dependent (20 in L/D) in PCC 7942 was
higher than those (1.5 and 5.0, respectively) in K-81,
indicating that the K-81 psbA2 light-responsiveness
under both HL/L and L/D was enhanced in the PCC
7942 cells. Furthermore, we investigated the K-81
light-dependent expression under the sequencial con-
ditions of L/D cycles in both cells (Fig. 4). In the K-81
cells, the psbA2 transcript detected by primer exten-
sion increased under the light cycle, reaching a max-
ima at 6 hours as observed in Fig. 1A, but decreased
under darkness. The same result was observed in the
AG400 cells, but the strength of the signal intensities
was clearer than that in K-81, as shown in Fig. 3. Since
the K-81 psbA2 light-dependent transcripts were de-
tected in the heterologous cyanobacterium, the affect of
antibiotics on expression was investigated (data not
shown). Similar patterns of signals, except for the
slower decay of psbA mRNA in the presence of rifam-
picin, were also observed using AG400, as exhibited in
K-81 (Fig. 1), strongly confirming that a common reg-
ulatory system for light-dependent psbA2 expression
exists on transcriptional and/or post-transcriptional
level(s) in both cells. Since the AG400 construct carries
the region from —404 to +111 of K-81 psbA2, only this

0 12 24 36 48 60 h
"Cont. 1. S D D
0 6 18 225 30 345 42 54 h
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8

FIG. 4. The light-dependent psbA2 transcripts in K-81 and
AG400 under L/D cycles. The K-81 and AG400 cells grown under a
continuous light condition (Cont. L; 1,700 lux) until the mid-log
growth phase at 30°C were subjected to the L/D cycles. The total
RNA isolated from the cells were subjected to primer extension and
the signals according to the psbA2 transcript are shown the same as
in Fig. 1.
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FIG. 5. The rhythmic psbA2 expression in the AG400 cells. (A) A sampling condition. The cells were cultivated under a continuous light
condition until the mid-log phase at 30°C, then given 12 hours of Dark (D) pulse followed by continuous light condition at 30°C. (B) The
relative abundance of psbA2-lacZ mRNA according to the signal intensities in panel (A) is presented.

cis-region may be sufficient for light-dependent expres-
sion in the heterologous cell.

Rhythmic expression in PCC 7942. Although the
psbA2 transcription exhibits circadian rhythms in
K-81, whether the K-81 psbA2 5'-upstream also main-
tains the rhythmic fluctuation in PCC 7942 remains
unclear. To ascertain this, the psbA2 transcript in
AG400 cells was investigated by primer extension un-
der the same continuous light condition at 30°C as
shown in Fig. 2 (Fig. 5). The results show a rhythmic
pattern of periodicity close to 24 hours, implying that a
possible circadian clock for the K-81 psbA2 expression
exists in PCC 7942. This result is not contradictous to
evidence that gene expression of endogenous genes in
PCC 7942 are dependent on the circadian clock (21).
Since the rhythmic psbA2 transcripts were observed in
AG400 (—404/+111), we investigated whether the
rhythmicity is observed in AG429 (—38/+14) which
carries a minimal cis-element with the promoter for
transcription. The result indicated that very little or no
rhythmicity in AG429 was observed on the original gel,
suggesting that the region(s) around the promoter was
required for clear rhythmicity.

DISCUSSION

This is comparative studies that the psbA light-
dependent and rhythmic expression have been per-
formed in heterologous cells of a cyanobacterium in
which the psbA gene expresses the same as in the
original K-81 cells. Although unicellular cyanobacte-
ria, Microcystis (Synechocystis) strains are taxonomi-
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cally far from the Synechococcus-group (22), the psbA
light-dependent and rhythmic expression can be ob-
served in both cells. Findings in this work suggest a
possible common regulatory system for psbA expres-
sion at transcriptional and/or post-transcriptional lev-
el(s) exists in phylogenetically distant cyanobacteria.
Specific recognition of the K-81 psbA2 promoter by
RNA polymerases containing principal sigma factors
has been reported (14). This psbA2 expression was
light-dependent in K-81 whereas it was constitutive in
E. coli under the light/dark cycles. Therefore, such a
unique regulatory system for the light-dependence and
rhythmicity could exist only in phototrophic organ-
isms. Potential trans-acting factors and ribonucleases
have been known to associate and modify light-
responsive gene expression on mRNA synthesis and its
decay, respectively, in cyanobacteria and plants (23—
28). It is also implied that the psbA2 mRNA degra-
dated under the light cycle (Fig. 1). Which psbA tran-
script is more stable under the light or dark condition?
An analysis of the mRNA stability under dark condi-
tions with antibiotics in the L/D regime sheds light on
the question. Cyanobacteria are photoautotrophic or-
ganisms capable of oxygen-producing photosynthesis
similar to that in eukaryotic algae and plants, involv-
ing light-dependent and circadian-rhythmic gene ex-
pression. Evidence from DNA sequence and phyloge-
netic analyses indicate that chloroplasts are close
relatives of cyanobacteria and are derived from an
endosymbiotic event (29, 30). Therefore, it would be
interesting to compare common regulatory system be-
tween plant and cyanobacteria.
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We can also discuss minor but noteworthy differ-
ences in the K-81 psbA2 light-dependent (involving the
MRNA stability) and rhythmic gene expression be-
tween K-81 and recombinant PCC 7942 cells as follows:
(i) strength of signal intensities referring to the psbA2
transcript in PCC 7942 were clearer than that in K-81
(Figs. 3 and 4), (ii) the mRNA stability with addition of
rifampicin might be lower in K-81 (Fig. 1), and (iii) a
time lag of the peaks in rhythms (Figs. 2 and 5). At
first, the M. aeruginosa K-81 strain can grow under the
L/D cycle condition in the CB (or BG11) medium for one
month at least, whereas the Synechococcus sp. strain
PCC 7942 can grow only for several days. We conse-
guently set up the condition in which each strain was
subjected to preincubation under continuous light con-
dition, then entrained into the L/D cycle for several
days in CB medium for K-81 or BG11 medium for PCC
7942 (Figs. 1, 3 and 4). Previously our experiment
revealed that almost all of the K-81 psbA2 transcript
rapidly diminished until 1.5 hours in dark conditions
in the L/D cycle from the inoculation of the cells (13),
however, the mRNA was still detected in this study (at
13.5 hours in Fig. 1). The continuous L/D cycles from
the inoculation are required for effective psbA light-
dependent expression in K-81, whereas one cycle of L/D
regime may be sufficient for them in the recombinant
PCC 7942 cell, AG400 (Fig. 4). Whether this difference
arises from the media (CB or BG11) or the cells (K-81
or recombinant PCC 7942), the K-81 cells can grow in
the BG11 medium and the psbA2 transcripts should be
observed the same as in Fig. 4. The decay-rate of psbA2
MRNA was more rapid in K-81 than in PCC 7942
under the situation with rifampicin in the light cycle
(Fig. 1), and this might be caused by the differences in
sensibilities against the antibiotics or in activities of
trans-acting factors (e.g. ribonucleases) against the
MRNA in both cells. Approximately 6 hours of phase
delay was observed in the recombinant PCC 7942 cells,
AG400, which carries the psbA2 (—404 to +111)-lacZ
fragment (Fig. 5). The cloned region from psbA2 might
affect the rhythm in heterologous cells and this rhythm
may be rectified to the same pattern without the time
lag in K-81 by several L/D pulses prior the continuous
light conditions. However, these phenomena are not
substantial obstacles for analysis of light-dependent
and rhythmic psbA expression in heterologous cells.

Gene expression is generally controlled at the tran-
scriptional, post-transcriptional, translational and
post-translational levels. It is also known that the psbA
expression is regulated at each level in phototrophic
organisms (8, 23, 31-34). Our results revealed the K-81
psbA2 light-dependent and circadian rhythmic tran-
scripts. Furthermore, its expression might be con-
trolled at least at the transcription and/or post-
transcription. Especially on the transcriptional and
post-transcriptional regulation, it is known in plants
that RNA polymerases containing sigma factors can
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control transcription and the synthesized transcripts
were edited by ribonucleases (25, 28, 35-37). Although
the participation of these in cyanobacteria have not
been solved sufficiently at present, an RNA polymerase
with the principal sigma factor can specifically recog-
nize the psbA gene (14, 38, 39) and an alternative type
of sigma factor can modify circadian expression (40).
Since the results found in this study also show the
robust rhythm of the psbA2 expression in AG400
(—404/+111) whereas very low or no amplitude in
AG429 (—38/+14), effective cis-elements around the
promoter region can attend to the regulation for clear
rhythmicity (Fig. 5). Characterization of cis-elements
and trans-acting factors for light-dependent and rhyth-
mic psbA expression and functional analyses in the
homologous/heterologous cyanobacteria are required
and are being currently performed in our laboratory.
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