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The transcription factor LexA in the cyanobacterium Synechocystis sp. strain PCC 6803 has been shown to
regulate genes that are not directly involved in DNA repair but instead in several different metabolic pathways.
However, the signal transduction pathways remain largely uncharacterized. The present work gives novel
insights into the regulation of LexA in this unicellular cyanobacterium. A combination of Northern and
Western blotting, using specific antibodies against the cyanobacterial LexA, was employed to show that this
transcription regulator is under posttranscriptional control, in addition to the classical and already-described
transcriptional regulation. Moreover, detailed two-dimensional (2D) electrophoresis analyses of the protein
revealed that LexA undergoes posttranslational modifications. Finally, a fully segregated LexA::GFP (green
fluorescent protein) fusion-modified strain was produced to image LexA’s spatial distribution in live cells. The
fusion protein retains DNA binding capabilities, and the GFP fluorescence indicates that LexA is localized in
the innermost region of the cytoplasm, decorating the DNA in an evenly distributed pattern. The implications
of these findings for the overall role of LexA in Synechocystis sp. strain PCC 6803 are further discussed.

Besides sharing the basic cellular features of other bacteria,
cyanobacteria possess unique and diagnostic characteristics.
Distinctively, cyanobacteria are the only organisms ever to
evolve coupled photosystems that harvest electrons from water
and produce oxygen as a by-product (21). They are photosyn-
thetic Gram-negative prokaryotes typically possessing the abil-
ity to synthesize chlorophyll a (55). Cyanobacterial ecological
plasticity is remarkable, and their long evolutionary history is
possibly related to some of the reasons for their success in
modern habitats. Synechocystis sp. strain PCC 6803 is a unicel-
lular cyanobacterium amenable to genetic manipulation, which
makes it an attractive research model.

The protein LexA is classically associated in bacteria with
the SOS response, which comprises a set of coordinated phys-
iological responses induced by DNA damage. This response
was one of the first clear networks of transcriptional regulation
identified in Escherichia coli, and its mechanisms seem to be
widely conserved among bacteria. However, there are several
reports in the literature presenting evidence for deviations
from the classical E. coli-type SOS regulation, with Synechocys-
tis sp. strain PCC 6803 being one such case. In this cyanobac-
terium, LexA has been shown to directly regulate genes in-
volved in carbon assimilation or controlled by carbon
availability (8), the bidirectional hydrogenase (15), and the
RNA helicase CrhR (35), but not any genes involved in DNA
metabolism (8, 35). However, the signal transduction pathways
directly or indirectly involved in the regulation of LexA in
Synechocystis sp. strain PCC 6803 and, consequently, its down-
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stream targets remain largely unknown. Since LexA was de-
scribed in Synechocystis sp. strain PCC 6803 as being involved
in regulatory networks other than the SOS response, several
reports have become available describing how the lex4 tran-
script is up- or downregulated in cells exposed to different
environmental conditions (20, 37, 42, 59). However, in most of
these studies, the assumption that a regulatory response on the
downstream targets derives from that change in lexA transcrip-
tion still prevails, without a systematic analysis of the protein
levels.

In addition to the work carried out to demonstrate LexA’s
alternative role in Synechocystis sp. strain PCC 6803 (8, 15, 35),
a careful analysis of the deduced amino acid sequence also
seems to support its divergence in function. LexA in E. coli has
been demonstrated to have autoproteolytic activity, which rep-
resents a crucial step in the overall SOS response (53). The
autoproteolysis is dependent on two conserved protein fea-
tures: a defined cleavage site and a well-characterized active
site (53). However, LexA in Synechocystis sp. strain PCC 6803
does not possess the conserved cleavage site, and one of the
crucial amino acids of the active site has been replaced (8, 29,
33). These changes have been suggested to exert a negative
effect on the autocatalytic cleavage of this transcription factor
(29). In fact, there is no indication in the literature that could
suggest that LexA in Synechocystis sp. strain PCC 6803 can be
autoproteolytically modified.

The proteome of Synechocystis sp. strain PCC 6803 has been
extensively studied over the years, and one aspect that remains
to be understood about LexA is connected to its subcellular
localization. Several proteomic studies identified LexA, includ-
ing two-dimensional (2D) gel analyses (11, 13, 25, 41, 44, 45,
54, 58), as well as those using more advanced techniques, such
as iTRAQ (12). Despite the fact that it is a transcription factor
and is predicted to be a cytoplasmic protein, LexA has also
been identified in studies specifically focusing on membrane
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TABLE 1. Oligonucleotides used in this study

Primer Sequence (5'—3")* Purpose Reference
SlexAF GGATCCGAACCTCTCACCCGAGCCCAAAAAG Probe for Northern blotting 34
SlexAR AAGCTTCTAAACTCCCTGGAAATTGCGC 34
SrnpBF TTCTGTTCCAGGATGCGAGGCA Probe for Northern blotting 2
SrnpBR GAGAGTTAGGGAGGGAGTTG 2
3'RACE adapter GCGAGCACAGAATTAATACGACTCACTATAGGT,CA 3" RACE (RT) This work
3'RACE outer GCGAGCACAGAATTAATACGACT 3" RACE (1Ist PCR) This work
3'RACE inner GAATTAATACGACTCACTATAGG 3" RACE (nested PCR) This work
SlexA-3'RACEL1 CAAAGGCGGTGAACTGGTGGAA 3" RACE (1Ist PCR) This work
SlexA-3'RACE2 TGCTATCAAACGCTATTACCAAGA 3" RACE (nested PCR) This work
slr1735-3'RACEL1 TGATAACTACCCAGACCAACT 3" RACE (1Ist PCR) This work
slr1735-3'RACE2 AGTATCCAATCGGGTCTTTTTCT 3’ RACE (nested PCR) This work
SlexAF-locl GGATCCGAACCTCTCACCCGAGCCCAAAAAG Fragment 1 (LexA::GFP fusion) This work
SlexAR-locl AAACTGCAGAACTCCCTGGAAATTGCGCCAA This work
SlexAF-loc2 AAAACGCGTCCCGGCATTACCGGGAACAGCTCAAAAA Fragment 2 (LexA::GFP fusion) This work
SlexAR-loc2 AAAAAGCTTATGACTTCCCCCACTGCTCCGTTAA This work
gfpF AAACTGCAGTCTAGACTTGAAATGAGCAAGGGCGAGGAG Fragment 3 (LexA::GFP fusion) This work
gfpR AAAACGCGTTTATTACTTGTACAGCTCGTCCAT This work
pUC4KF ACGCGTTGAGGTCTGCCTCGTGAAGAA Fragment 4 (LexA::GFP fusion) 34
pUC4KR ACGCGTAAAGCCACGTTGTGTCTCAAA 34
SlexAF2 TACTCAAAGCCTCCAACAACAAA Test chromosome segregation This work
slr1735R2 ATGCAGTTTGCCCGGGAAGTAT This work
ShoxprF GCAATTGGGGTTGCGACTAT DNA affinity assays 33
ShoxprR CCTCCACAATCTTGCCCACAATAA 33

“ The underlined nucleotides correspond to restriction sites.

proteins, both in thylakoid (23, 45, 54) and in plasma mem-
brane (58) fractions. Since LexA does not possess any pre-
dicted transmembrane helix, in light of these results, there is a
possibility that LexA may be associated with a membrane pro-
tein and, therefore, be tethered to the membrane. However,
there is still no evidence that can support this or any other
hypothesis about LexA localization.

In the present work, we show for the first time evidence that
LexA in Synechocystis sp. strain PCC 6803 is regulated on a
posttranscriptional level, in addition to the classical transcrip-
tional regulation. Furthermore, we present results that indicate
that LexA is posttranslationally modified. Finally, we studied
the subcellular localization of LexA in Synechocystis sp. strain
PCC 6803 by fusing the protein with green fluorescent protein
(GFP). Our results indicate that LexA has a distribution prom-
inently restricted to the cytoplasm, specifically to the region
where the DNA is located, and that it decorates the DNA in an
evenly distributed pattern.

MATERIALS AND METHODS

Organisms and growth conditions. Synechocystis sp. strain PCC 6803 wild-type
cells were routinely grown in BG11 medium (46) supplemented with 10 mM
HEPES, pH 7.5, bubbled with air, at 25°C and with a continuous irradiance of 40
wmol of photons m~2 s~ 1. The Synechocystis sp. strain PCC 6803 mutant cells
were grown under the same conditions as the wild type, except that the medium
was supplemented with kanamycin to a final concentration of 50 pg/ml. For total
RNA and protein extractions, wild-type cells of Synechocystis sp. strain PCC 6803
were grown as described above before being transferred to dark conditions (by
covering the culture with aluminum foil), supplemented with 5 mM glucose, or
transferred to anaerobic (replacing the air bubbling with argon) or dark and
anaerobic (bubbling with argon in addition to covering the culture with alumi-
num foil) conditions. E. coli strains were grown in LB liquid medium or LB agar
plates supplemented with the appropriate antibiotics at 37°C.

Nucleic acid isolation and analysis. Genomic DNA and total RNA were
isolated from Synechocystis sp. strain PCC 6803 cells as described previously
(3, 4, 48). Plasmid DNA was isolated from E. coli using the GenElute Plasmid
Miniprep Kit (Sigma-Aldrich), and all sequencing reactions were performed

at Macrogen Inc. Northern blotting was carried out as described previously
(2, 43), using probes that were obtained by PCR with specific oligonucleotides
(Table 1), and further labeled with [a->?P]dCTP. The even loading of the
total-RNA aliquots was controlled by verification of equal abundance of the
rRNA bands on the agarose gel and of the constitutive RNA component of
the ribozyme RNase P (52). To identify the 3’ ends of the transcripts har-
boring lexA and the gene downstream (slr1735), which lies in the opposite
direction to lexA, 3’ rapid amplification of cDNA ends (RACE) was carried
out. Two micrograms of total RNA was reverse transcribed to cDNA using
the Revert Aid H Minus M-MuLV Reverse-Transcriptase (Fermentas) with
3’ RACE adapter (Table 1) as the reaction primer. The cDNA was then
subjected to nested PCR; the products obtained were analyzed by agarose gel
electrophoresis before being further purified and cloned into the pCR2.1-
TOPO (Invitrogen) vector. The identities of the PCR products were deter-
mined by sequencing.

Production of polyclonal antibodies against recombinant LexA. To raise
antibodies against the cyanobacterial LexA, the Anabaena sp. strain PCC
7120 LexA recombinant protein, containing an amino-terminal six-histidine
tag, was overexpressed in E. coli and purified as described previously (43).
The fractions with the recombinant protein were further purified by excising
the corresponding LexA band from SDS-polyacrylamide gels. In each lane,
160 wg His-tagged LexA was loaded, and in total, five Coomassie blue-stained
bands were cut out and used for polyclonal antibody production in rabbit
(Agrisera, Sweden).

Protein extraction and analysis. In the present work, proteins were extracted in
different extraction buffers, depending on the downstream application. The proteins
were kept under native conditions using a “native extraction buffer” (NEB) com-
posed of 50 mM Tris-HCI, pH 7.5, 1 mM EDTA, pH 8.0, 2 mM dithiothreitol, 0.5%
Triton X-100, and 10% glycerol supplemented with a cocktail of protease inhibitors
(cOmplete Mini, EDTA free, Roche). Alternatively, proteins were extracted under
denaturing conditions using a “denaturing extraction buffer” (DEB) containing 7 M
urea, 2 M thiourea, 4% (wt/vol) CHAPS {3-[(3-cholamidopropyl)-dimethylammo-
nio]-1-propanesulfonate}, 40 mM dithiothreitol, and 2% IPG Buffer (GE Health-
care). In either case, the cell pellet was resuspended with an appropriate volume of
extraction buffer and mixed with 0.35 g of acid-washed glass beads. The cells were
then homogenized using a Precellys 24 homogenizer (Bertin Technologies). The cell
debris was pelleted by centrifugation, and the proteins were stored at —20°C until
further analysis.

For one-dimensional analyses, protein extracts were separated by electropho-
resis on a 12% (wt/vol) SDS-polyacrylamide gel and visualized with colloidal
Coomassie blue staining (Sigma) or transferred to a Hybond ECL nitrocellulose
membrane (GE Healthcare). A buffer containing 192 mM glycine, 25 mM Tris,
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20% (vol/vol) methanol was used as the transfer buffer in a TE 22 tank transfer
unit (Amersham Biosciences). After the transfer, the membranes were blocked
for 2 h with 5% (wt/vol) milk powder in TTBS (Tris-buffered saline [TBS] with
0.1% [vol/vol] Tween 20) and then incubated for 1.5 h with polyclonal rabbit
anti-LexA or anti-green fluorescent protein (GFP) N-terminal antibody pro-
duced in rabbit (Sigma-Aldrich) or THE Anti-His monoclonal antibody (Gen-
Script Corporation). After washing with TTBS, the blots were incubated for 1 h
with enhanced chemiluminescence (ECL) donkey-anti-rabbit IgG (GE Health-
care) when anti-LexA or anti-GFP was used as the first antibody or goat anti-
mouse IgG (GE Healthcare) when anti-His was used as the first antibody, both
linked to horseradish peroxidase. The membranes were washed with TTBS
before immunodetection was performed by chemiluminescence using ECL West-
ern Blotting Analysis System detection reagents (GE Healthcare) in a ChemiDoc
XRS system (Bio-Rad).

For two-dimensional analyses, 35 to 40 g of total protein in DEB buffer was
mixed with rehydration buffer before being absorbed by 7-cm-long Immobiline
DryStrip gels (GE Healthcare) with a pH range of 3 to 10 (linear) or 4 to 7
(linear), according to the manufacturer’s instructions. The isoelectric-focusing
step was carried out on an Ettan IPGphor 3 system (GE Healthcare), after which
the strips were further equilibrated with dithiothreitol and iodoacetamide. After
completion of this step, the strips were applied on top of 12% (wt/vol) SDS-
polyacrylamide gels, and the proteins were further separated by electrophoresis.
Further analyses were performed as described above.

DNA affinity assays. DNA affinity assays were carried out as described previ-
ously (33, 34), using streptavidin-coated magnetic beads (Dynabeads M-280;
Dynal Biotech, Invitrogen). A DNA fragment used in previous similar studies
(33, 34), referred to as ShoxPr, was used as bait. Proteins extracted under native
conditions from wild-type Synechocystis sp. strain PCC 6803, E. coli M15(pREP4)
expressing a histidine-tagged version of Synechocystis sp. strain PCC 6803 LexA
(33), and SFM04 cells were incubated with tagged Shoxpr. The DNA-interacting
proteins were recovered from the DNA either by mixing with SDS loading buffer
and further separation by ordinary SDS-polyacrylamide gel electrophoresis or by
mixing with DEB, loaded on an Immobiline DryStrip gel (GE Healthcare), and
separated by 2D electrophoresis as described above.

Construction of the LexA::GFP fusion strain. Using specific oligonucleotides
(Table 1), four different DNA fragments were amplified by PCR: fragment 1, a
fragment of 606 bp, covering the coding sequence of sl11626 (lexA) but excluding
the stop codon; fragment 2, a fragment of approximately 1 kb, covering the
intergenic region downstream of lex4 and the full coding sequence of slr1735
(fragments 1 and 2 were amplified using Synechocystis sp. strain PCC 6803
genomic DNA as a template); fragment 3, the gene encoding the green fluores-
cent protein (obtained from the vector pTHHO001-GFP [T. Heidorn and P.
Lindblad, unpublished data]); and fragment 4, the kanamycin resistance cassette
from the plamsid pUC4K (GE Healthcare). All fragments were cloned in the
vector pCR2.1-TOPO (Invitrogen), resulting in vectors pTPO1, pTPO2, pTPO3,
and pTPOA4, respectively. The different fragments’ identities were confirmed by
sequencing. Using the restriction sites introduced at both ends of the PCR
fragments, fragment 3 (corresponding to the GFP gene) was cloned into pTPO2
as a PstI-Mlul fragment, upstream of fragment 2, resulting in vector pTPO32.
Then, the approximately 1.8-kb fragment between restriction sites PstI and
HindIII (including fragments 2 and 3) was further cloned in pBluescript SK+
(Stratagene), producing the vector pSPO32. After that, fragment 1 was cut from
pTPO1 using BamHI and PstI and cloned in the same restriction sites of
pSPO32, producing vector pSPO132; with this step, lex4 became fused to the
GFP gene. The final fusion protein possesses a linker sequence composed of
GVLQSRLEMS, where GV are the last 2 amino acids of LexA and MS are the
first 2 residues of GFP. Finally, the kanamycin resistance cassette (fragment 4)
was cloned into the Mlul restriction site of pSPO132, localized between frag-
ments 3 and 2, resulting in the vector pSPO1342.

Transformation of Synechocystis sp. strain PCC 6803 cells with the vector
pSPO1342 was performed as described previously (24). Selection of mutants was
carried out in plates initially supplemented with 15 wg/ml kanamycin, followed by
several rounds of selection in plates with 30 pg/ml kanamycin. To analyze the
extension of chromosome segregation after transforming Synechocystis sp. strain
PCC 6803 with the vector pSPO1342, PCR amplifications were carried out with
specific oligonucleotides (Table 1).

Sample preparation and microscopy. Cells of wild-type Synechocystis sp. strain
PCC 6803, SFM04 (harboring the LexA::GFP fusion), and Synechocystis sp.
strain PCC 6803 harboring pPPMQAKI1-GFP (19) were grown in liquid medium
in an orbital shaker under the same conditions described above but without air
bubbling. In addition, SFM04 cells were also grown in liquid BG11 medium
supplemented with 10 mM HEPES, pH 7.5, and kanamycin and sparged with air,
either at 25 or at 30°C. To experiment with high-light conditions, SFM04 cells
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FIG. 1. LexA is regulated on a posttranscriptional level. (A) The
dynamic range of the anti-LexA antibodies raised in the present work
was tested using purified rLexA; the amount of rLexA loaded on each
well is shown. (B) Synechocystis sp. strain PCC 6803 cells were grown
in BG11 under continuous light before being transferred to dark con-
ditions. Cells were collected at different time points, and total RNA
and proteins were extracted from the samples. Northern blot analyses
of the relative levels of lex4 and rnpB transcripts are shown (two upper
blots). The numbers on the left of the upper blot indicate sizes in
nucleotides as estimated from the rRNA and rmpB bands. The two
lower panels depict the Western blot analysis of LexA and the Coo-
massie blue-stained SDS-polyacrylamide gel showing the equal loading
of the samples. The molecular masses of the Fermentas protein marker
are indicated on the left.

were grown photoautotrophically as described, with a continuous irradiance with
40 pmol of photons m~2 s, before being exposed to 300 wmol of photons m ™2
s~!. Samples (5 pl) were loaded on a glass slide, followed by 12.5 pl of 1%
low-melting-point agarose dissolved in BG11 medium, and this mixture was
finally covered with a coverslip. The GFP emission (collected between 500 and
540 nm) was observed when the cells were exposed to a laser beam at 488 nm,
using a Leica TCS SP5 confocal microscope. Cyanobacterial autofluorescence
was collected between 640 and 720 nm after excitation at 633 nm. Alternatively,
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FIG. 2. Schematic representation of the lexA locus in the genome of Synechocystis sp. strain PCC 6803. (A) The lexA gene is represented in
black, while the upstream and downstream genes are represented in dark and light gray, respectively. The relative positions of the oligonucleotides
SlexAF2 and slr1735R2 are shown as arrowheads. The lower diagram is a magnification of the map represented above, where it is possible to
recognize the transcription start point of lex4 (the arrow upstream of the gene) identified by Domain et al. (8) and the transcription stop points
identified in the present study by 3’ RACE (the black and gray pins are the lex4 and slrl735 transcription stop points, respectively). (B) Physical
map of the lex4 locus in SEM04 (Synechocystis sp. strain PCC 6803 containing a LexA::GFP fusion). The gfp gene is shown in green, the linker
between lexA and gfp is in yellow, and the aphA gene (aminoglycoside 3’-phosphotransferase, which confers resistance to kanamycin) is in white.
The kanamycin resistance cassette taken from the vector pUC4K is highlighted.

epifluorescence was analyzed using a Leica DMRXE microscope, and the filter
specificities were as follows: filter cube A (for the analysis of the DNA-staining
dye Hoechst 33342), excitation filter (ex.), band pass (BP) 340 to 380; dichro-
matic mirror (dc.), 400; emission suppression filter (em.), long pass (LP) 425;
filter cube N2.1 (for cyanobacterial autofluorescence analysis), ex., BP 515 to
560; dc., 580; em. LP 590; and filter cube L5 (for GFP analysis), ex., BP 480/40;
dc., 505; em., BP 527/30.

RESULTS

lexA is posttranscriptionally regulated. In the present work,
the changes in LexA relative levels in response to up- or down-
regulation of lexA transcription were studied. First, cyanobac-
terial LexA polyclonal antibodies were raised, and their dy-
namic ranges were tested using recombinant histidine-tagged
LexA (rLexA) (Fig. 1A). Then, a number of environmental
conditions known to induce up- or downregulation of lexA
transcription were selected (darkness [35], anaerobiosis [20,
47], and presence of glucose in the medium [35]), and wild-type
cells of Synechocystis sp. strain PCC 6803 were exposed to such
conditions. Samples were taken at different time points, and
total RNA and proteins were extracted, separated on gels, and
analyzed by Northern and Western blotting, respectively. Fig-
ure 1B shows that the lexA transcript levels increase in cells
exposed to 30 min of darkness after growing continuously in
light. In addition, the lexA transcript levels steadily increase up
to 3 h into the dark period (the time when it reaches its
maximum level, as monitored in these experiments), gradually
decreasing over the course of the experiment (Fig. 1B). How-
ever, the LexA levels, monitored in samples obtained at the
same time points do not follow this trend; in fact, they remain
unchanged throughout the experiment (Fig. 1B). Similar ex-
periments using cells exposed to anaerobic conditions or cul-
tures to which glucose had been added produced comparable
results: despite the change in RNA levels, the protein levels
remained constant (data not shown).

The lex4 and slr1735 transcripts do not possess overlapping
regions. After observing the results presented in Fig. 1, it
became important to further study the lex4 transcript. Its start
site has been identified —34 bp upstream from the ATG start
codon (8), but no experiments have been done to characterize
the 3’ end of the transcript. Therefore, 3’ RACE (see Fig. S1
in the supplemental material) was used to map the end of the
lexA transcript, and different sites were identified in which a
poly(A)-rich tail was found, as depicted in Fig. 2A. Based on
these results and on the previously identified transcription start
point (8), the size of the longest lexA transcript is 676 nucleo-
tides (nt), which matches well with the estimation of its size by
Northern blotting (approximately 700 nt). Applying the same
3" RACE technique to the gene sir1735, which lies downstream
of lex4 (see Fig. S1 in the supplemental material) but in the
opposite direction (Fig. 2A), it was also possible to identify
similar sites. From this analysis, it seems evident that the lex4
and slr1735 transcripts do not possess overlapping and com-
plementary regions at their 3’ ends, which otherwise could
suggest a mechanism of antisense RNA, as previously de-
scribed for the transcription regulator furA in the cyanobacte-
rium Anabaena sp. strain PCC 7120 (17). Even though 3’
RACE does not exactly determine the point where a given
cyanobacterial transcript is terminated (polyadenylation of
transcripts in Synechocystis sp. strain PCC 6803 is known to
occur [38], but associated with their degradation rather than
with their stabilization, as in eukaryotes), it has been used
successfully with cyanobacterial RNA to examine the 3’ ends
of different transcripts (32, 38). Thus, even assuming that the
real transcription stop points of the lex4 and slr1735 transcripts
are localized between 50 and 80 nucleotides downstream of
each of the identified sites, these transcripts still would not
overlap. Furthermore, large-scale screenings to uncover the
presence of noncoding RNA and antisense RNA in the cya-
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nobacterium Synechocystis sp. strain PCC 6803 did not identify
antisense RNA in the lex4 locus and its vicinity (14, 31).

On the other hand, transcript instability does not seem to ac-
count for the posttranscriptional control described in the present
work either, since the lexA transcript is detectable as a single band
of the same size irrespective of the condition tested, with no
intermediate degradation products accumulating, e.g., in the form
of a smear or other shorter bands (Fig. 1B).

LexA is posttranslationally modified. In the SOS response,
the first step in the regulatory cascade consists of reducing the
levels of functional LexA. Therefore, LexA undergoes auto-
proteolysis with the help of RecA upon induction of DNA
damage, losing its affinity to DNA and consequently ceasing to
work as a transcription regulator (53). Thus, whether LexA
could also be subjected to posttranslational modifications in
Synechocystis sp. strain PCC 6803 developed into an interesting
question to examine. Based on the Western blot analyses per-
formed, it was never possible to observe any proteolytic pro-
cessing of LexA either before or after changing the growth
conditions. Thus, the LexA protein was investigated, making
use of 2D gels, separating the proteins according to their iso-
electric points (pls) in the first dimension and their molecular
mass in the second (Fig. 3). Based on the ExPASy (Expert
Protein Analysis System) calculation tool to determine the pl
of a given protein (http://expasy.org/tools/pi_tool.html), LexA
has an expected pl of 5.84. However, Western blots using
anti-LexA antibodies revealed that LexA exists in at least 3
forms with different pIs—one coincides with the theoretical pI
(~5.8), while the other two were estimated to be approxi-
mately 5.6 and 6.1 (Fig. 3B). These spots do not seem to result
from technical handling of the samples (e.g., carbamylation or
deamidation), since the proteins separated by 2D gels and
visible by Coomassie blue staining of the gels do not show
generalized signs of such modifications (Fig. 3A). However,
attempts to identify the differences between the 3 LexA forms
failed to produce any results using the product of in-gel trypsin
digestions of isolated LexA spots in matrix-assisted laser de-
sorption ionization-time of flight (MALDI-TOF) and tandem
mass spectrometry (MS-MS). The reason for this may be the
fact that, from these experiments, only 50% or less of the LexA
sequence from the obtained peptides could be covered, which
is enough for identification but leaves a significant part of the
protein unexamined. The low coverage percentage may be
explained by LexA’s amino acid sequence, which contains 13
arginine and 16 lysine residues, together representing almost
15% of the full sequence. However, considering the minimal
difference in size between the various forms of LexA, it may be
hypothesized that the functional group(s) attached is rather
small. Performing similar 2D runs, followed by Western blot
analyses using proteins extracted from cells kept in darkness,
produced results comparable to those shown in Fig. 3B (3
spots). Furthermore, no significant differences could be dis-
cerned in either the relative levels of the different forms or the
estimated pls (data not shown).

Following these results, experiments that could clarify which
of these forms of LexA can interact with DNA were per-
formed, making use of DNA affinity assays. The DNA frag-
ment Shoxpr (covering part of the bidirectional hydrogenase
promoter [33, 34]) was used to recover proteins that can inter-
act with it, including LexA, as previously described (33). The
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FIG. 3. LexA in Synechocystis sp. strain PCC 6803 possesses differ-
ent isoelectric points. (A) Coomassie blue-stained 2D gel with approx-
imately 40 pg total protein from Synechocystis sp. strain PCC 6803
grown photoautotrophically in BG11 supplemented with 10 mM
HEPES, pH 7.5, and bubbled with air at 25°C. As the first step,
proteins were separated according to their pls, using a strip with a pH
gradient between 4 and 7, which was followed by the second separation
on a 12% SDS-polyacrylamide gel. (B) Western blot analysis of the
multiple LexA forms. A 2D separation of proteins was performed as
shown in panel A prior to the Western blotting. On the same SDS-
polyacrylamide gel, 5 pg total protein extract was loaded and separated
on the left side of the gel as a control of the position of LexA. Using
this approach, at least three different forms of LexA could be detected,
with pls of approximately 5.6, 5.8, and 6.1.

Shoxpr-interacting proteins were further separated on 2D gels,
and LexA was analyzed by Western blotting. Unexpectedly, 5
spots could now be observed (lower left panel in Fig. 4): 3 of
these have apparent pls that correspond to those of the 3 forms
previously identified (Fig. 3B and upper left panel in Fig. 4),
while 2 new spots could now be discerned, with apparent plIs of
5.4 and 5.9. The additional spots may be forms of LexA that
are present at relatively low levels and that cannot be identified
in the total extract using the method described here. However,
by enriching the total amount of LexA through DNA affinity
assays, they become detectable. Alternatively, these forms of
LexA may also result from the handling of the samples. To rule
out the latter possibility, rLexA (theoretical pl, 6.72) overex-
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FIG. 4. Isoelectric points of LexA and rLexA, both from total cell extracts and recovered from DNA affinity assays. Total protein extracts from
Synechocystis sp. strain PCC 6803 and E. coli expressing rLexA were separated on 2D gels (top). Western blot analyses of LexA (top left) and rLexA
(top right) were carried out using anti-LexA and anti-histidine antibodies, respectively. DNA affinity assays using the DNA fragment Shoxpr were
carried out to recover LexA and rLexA with DNA binding capability and separated on 2D gels (bottom). Western blot analyses of LexA (bottom
left) and rLexA (bottom right) were carried out using anti-LexA and anti-histidine antibodies, respectively. Five micrograms of total protein extract
(either of Synechocystis sp. strain PCC 6803 [left] or of E. coli expressing rLexA [right]) was loaded and separated on the left side of each gel as

a control of the position of LexA. IEF, isoelectric focusing.

pressed in and purified from E. coli was used in similar exper-
iments. After separation of the E. coli protein extracts express-
ing rLexA, Western blot analyses were carried out with
THE Anti-His monoclonal antibody (GenScript Corporation),
which is specific for recognizing the histidine tag. This was
chosen over the anti-LexA antibody to avoid possible difficul-
ties in the interpretation of the results, which could arise from
the cross-reaction of the anti-LexA antibody with the E. coli
native LexA. Four spots were identified (upper right panel in
Fig. 4), while rLexA interacting with Shoxpr in DNA affinity
assays appears as only one form (lower right panel in Fig. 4).
These results indicate that (i) at least some modifications per-
formed by E. coli on rLexA are different from the ones that
LexA experiences in Synechocystis sp. strain PCC 6803, since
not all forms of rLexA could bind to Shoxpr, and (ii) since both
LexA and rLexA were extracted from Synechocystis sp. strain
PCC 6803 and E. coli, respectively, with the same buffer and
conditions and after being handled in similar manners
throughout the various steps of the analysis, the method itself
does not introduce modifications.

The SFM04 mutant is fully segregated. To image the spatial
distribution of LexA in live cells of Synechocystis sp. strain PCC
6803, LexA was fused with GFP and its fluorescence was fur-
ther monitored. This noninvasive method has been used suc-
cessfully in this cyanobacterium to assess the localization of
other proteins (1, 7, 22, 30, 50, 56). The LexA::GFP mutant
was also created with the goal of understanding whether its
localization could shed more light on the mechanisms of tran-
scriptional regulation. The genetic modifications introduced to
produce such a chimeric protein in Synechocystis sp. strain PCC
6803 were targeted to the lex4 locus (Fig. 2B). The objective
was to completely replace the wild-type LexA by LexA fused to
GFP. Transformation of Synechocystis sp. strain PCC 6803 with
the plasmid pSPO1342 (see Materials and Methods) resulted
in several colonies, some of which were further spread on
plates with increasing antibiotic concentrations. After a few
rounds of selection, colony PCR was performed to analyze the
extent of chromosome segregation. Figure SA depicts the anal-
ysis of 4 different colonies, showing that all of them became
fully segregated. To further support these initial observations,

Western blots were carried out with protein samples extracted
from the above-mentioned transformants. Using two different
antibodies, anti-GFP and anti-LexA, it was possible to confirm
that LexA is indeed fused to GFP and that no wild-type LexA
remains in the transformed cells (Fig. 5B). The transformant
chosen for further experiments was named SFMO04.

The fusion protein LexA::GFP retains DNA binding capa-
bility. Various attempts have been made to completely knock
out lexA in Synechocystis sp. strain PCC 6803; however, as
described in the literature, it has never been possible to pro-
duce such a mutant, which has led to the assumption that LexA
plays a vital role in the cyanobacterium (8). The mutant
SFMO04 is therefore the first fully segregated mutant of LexA
ever to be reported, even though its design assumes that LexA
should retain its activity, i.e., interacting with DNA and work-
ing as a transcription regulator. Consequently, the fact that
SFMO04 could be fully segregated was per se an indication that
LexA::GFP was still working as the wild-type LexA. However,
to further verify this possibility, DNA affinity assays were car-
ried out: the DNA fragment Shoxpr was used to recover pro-
teins that can interact with it. Protein samples from both wild-
type Synechocystis sp. strain PCC 6803 and SFM04 were used.
Figure 6 shows that, as previously described (33), LexA could
be recovered when proteins extracted from wild-type cells were
used; alternatively, when proteins from SFM04 were used, no
band could be discerned where LexA was expected (addition-
ally confirming the full segregation of SFM04’s chromosome),
but instead, a band was found with a molecular mass of ap-
proximately 53 kDa. This was further analyzed by mass spec-
trometry and identified as LexA and GFP. These results indi-
cated that the fusion protein LexA::GFP possesses DNA
binding capability.

LexA::GFP is predominantly localized in the cytoplasm.
Confocal microscopy analyses of the strain SFM04 revealed
that the signal from the LexA::GFP fusion protein is localized
in the cytoplasm (Fig. 7), which was expected, given that LexA
is predicted to be a soluble protein. However, the GFP signal
could not be detected throughout the whole cytoplasm, but
instead, it was confined to the most inner and central region of
the cytoplasm (Fig. 7). In order to understand whether this
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FIG. 5. The mutant SFM04 is fully segregated. (A) PCR analysis of 4
different colonies (1 to 4) transformed with the vector pSPO1342 (see
Materials and Methods) and the wild-type Synechocystis sp. strain PCC
6803 (WT). A control using water as a template (C™) is also shown. The
oligonucleotides SlexAF2 and slr1735R2 (Fig. 2) were used to prime the
reaction. Different sizes of the 1-kb marker from Fermentas are shown on
the left. (B) Western blot analyses of protein samples obtained from
transformants 1 to 4 and wild-type cells using an anti-GFP antibody (top)
and the anti-LexA antibody (bottom) are shown. The molecular masses of
the Fermentas protein marker are indicated on the left.

distribution was significant and specific to this chimeric pro-
tein, a previously described strain of Synechocystis sp. strain
PCC 6803 (19) expressing GFP under the control of the frc
promoter (containing two operators for enhanced repression)

J. BACTERIOL.

was used as a control. In this strain, the GFP signal could be
found evenly distributed in the cytoplasm, both in its central
region and in the periphery, where the thylakoid membranes
are located. This confirms that LexA::GFP is specifically and
predominantly localized in the core region of the cytoplasm,
with its diffusion toward outer regions of the cell rather re-
stricted (Fig. 7A).

Given the distribution of the DNA in Synechocystis sp.
strain PCC 6803 analyzed by DAPI (4',6-diamidino-2-phe-
nylindole) staining as previously described (39) and exam-
ining the LexA::GFP signal reported in the present work, it
is striking that they are similar. Therefore, it is plausible that
LexA is mainly found associated with DNA. To test that
possibility, the dye Hoechst 33342 was used to stain the
DNA in SFMO04 cells, and its distribution was compared to
that of the LexA::GFP signal. The resulting micrographs
show that the LexA::GFP signal does colocalize with the
fluorescence signal from Hoechst 33342, confirming that this
fusion protein is found associated with or in the near vicinity
of the DNA (Fig. 7B). It is also possible to observe that
LexA::GFP colocalizes in its full extent with the stained
DNA, i.c., the localization of LexA::GFP does not secem to
be preferentially in a particular region of the DNA. Fur-
thermore, it became evident that the LexA::GFP distribu-
tion is homogeneous, i.e., no concentrated spots with stron-
ger fluorescence could be detected. With other DNA
binding proteins, e.g., RNA polymerase and the transcrip-
tion elongation factors NusA, NusB, and NusG in Bacillus
subtilis (26) or the response regulator OmpR in E. coli (5),
it is possible to distinguish specific regions (transcription
foci) where the tagged proteins preferentially concentrate.
Instead, the LexA::GFP signal characterized here possesses
a “hank shape” (Fig. 7; see Fig. S2 in the supplemental
material), as if decorating the DNA, as opposed to the strain
with GFP only, where the signal is even and smooth.

In the studies where LexA has been identified in membrane
fractions (23, 45, 54, 58), when stated, Synechocystis sp. strain
PCC 6803 wild-type cells were grown photoautotrophically in
BG11 or AA/8 medium at 30°C, with continuous irradiance at
intensities varying between 30 and 60 wmol of photons m ™2
s~!. Bubbling, when performed, was carried out with air. In our
initial experimental setup (Fig. 7), SFM04 was grown photo-
autotrophically in BG11 at 25°C, with a continuous irradiance
of 40 wmol of photons m~2 s~ ! without bubbling (see Mate-
rials and Methods). To address the question of whether
LexA::GFP could be differently localized under other condi-
tions, experiments were carried out with SFMO04 cells, growing
them at different temperature (25°C and 30°C), with air bub-
bling, and by exposing them to high light (300 pwmol of photons
m 2 s~ 1). Under all conditions tested, the GFP signal was
monitored as described above and was consistently found in
the centermost region of the cytoplasm (data not shown). In
addition, when SFM04 cells were subjected to 3 h of darkness,
the signal of LexA::GFP was still distributed in the same fash-
ion as cells that had been growing in continuous light (data not
shown). At least in the latter case, this suggests that no major
changes occur in LexA’s spatial distribution under some con-
ditions that elicit an increase of lex4 transcription.
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FIG. 6. The LexA::GFP fusion protein retains its DNA binding capacity. The Coomassie-stained SDS-polyacrylamide gel shows the results of
DNA affinity assays performed with proteins from both the wild-type Synechocystis sp. strain PCC 6803 (WT) and the SFM04 mutant strain, using
part of the hox promoter as bait. Lanes: WT, 15 pg total protein of Synechocystis sp. strain PCC 6803 wild type; SFM04, 15 pg total protein of the
mutant strain SFM04; M, Fermentas protein marker (the molecular masses are indicated on the left); C™, DNA affinity assay performed with beads
without DNA (negative control) and 600 wg total protein from SFM04; WT-1 and WT-2, DNA affinity assays performed with beads covered with
the DNA fragment Shoxpr and 150 pg and 600 pg of total protein from wild-type Synechocystis sp. strain PCC 6803, respectively; SFM04-1 and
SFMO04-2, DNA affinity assays performed with beads covered with the DNA fragment Shoxpr and 150 pg and 600 pg of total protein from the
mutant strain SFM04, respectively. The identities of some of the peptides are given on the right.

DISCUSSION

The transcription factor LexA in the cyanobacterium Syn-
echocystis sp. strain PCC 6803 has been suggested to regulate
several genes in the most varied regulatory networks. LexA
binding regions have been described in the promoters of lexA
itself (36) and the hox (15, 33), the crhR (35, 36), and the sbtA
(27) genes. More recently, Patterson-Fortin and Owttrim (36)
presented evidence that LexA binds as a dimer to 12-bp direct
repeats containing a CTA-N9-CTA sequence. Therefore, given
that LexA in Synechocystis sp. strain PCC 6803 has different
functions and controlling mechanisms than the LexA-mediated
SOS response in E. coli, it represents an interesting model
protein to understand how molecular evolution can take place
in transcription factors and transcriptional networks.

Despite all the efforts to clarify the role of LexA in Syn-
echocystis sp. strain PCC 6803, it is still not known how the
overall regulation is operated, i.e., how the signal transduction
pathways occur. The environmental cues that trigger LexA to
up- or downregulate its regulon genes, the molecular mecha-
nisms for perceiving the environmental change and transfer-
ring the corresponding signal and the identities of the LexA
gene targets remain largely uncharacterized.

In the current work, we present novel results that show that
LexA is regulated on a posttranscriptional level, in addition to
the classical transcriptional regulation. In fact, the lex4 tran-
script has been shown to respond to various environmental and
growth conditions; high light (18), darkness, cold, the presence
of glucose in the medium (35), and anaerobiosis (20, 47) are
just a few examples. Our results suggest that simply studying

the transcriptional response of lexA to different environmental
cues does not necessarily provide enough information about
the levels of LexA in the cell and, consequently, what sort of
regulation this transcription regulator is exerting on the down-
stream genes. However, the mechanisms by which the cell is
able to regulate the translation of the lexA4 transcript to protein
remain unknown. Among the various possibilities that could
account for the observed results are riboswitches, translation
efficiency, antisense RNA, and transcript stability. This is a
subject that definitely deserves further investigation, given the
strong implications for an understanding of the overall LexA
regulation.

In addition, here, we present evidence that the LexA protein
is modified on a posttranslational level, although in a different
manner than what has been described for E. coli LexA. We
were not able to identify any LexA proteolytic degradation
products under any of the tested conditions, in contrast to what
was observed with LexA from Anabaena sp. strain PCC 7120
(P. Oliveira and P. Lindblad, unpublished results) and in
agreement with what has been reported by Yano and cowork-
ers (57). Instead, we identified different isoelectric forms of the
protein. Other cyanobacterial transcription factors and signal-
ing proteins have been shown to be modified after translation,
as well, such as PII (phosphorylation) (10), the KaiC protein
(phosphorylation) (49), and the AbrB-like protein in Apha-
nizomenon ovalisporum (N-acetylation and methylation) (40).
Particularly in the last example, Shalev-Malul and coworkers
identified differences between the native AbrB-like protein
isolated from the cyanobacterium and the recombinant protein
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FIG. 7. LexA::GFP in SFM04 is located in the core region of the cytoplasm in an evenly distributed pattern. (A) Confocal micrographs were
obtained from cells of the strain SFM04 (possessing the LexA::GFP fusion protein) (top row) and of Synechocystis sp. strain PCC 6803 harboring
the self-replicative plasmid pPMQAKI, which contains gfp expressed under the regulation of a modified frc promoter (19) (bottom row). The
cyanobacterial autofluorescence is depicted in the left column, while the collected GFP signal is shown in the middle column. The result of merging
the signals from both channels (cyanobacterial autofluorescence and GFP) is shown in the right column. Size bars, 2.5 pm. (B) Fluorescence
micrographs were acquired from SFMO04 cells, specifically analyzing the cyanobacterial autofluorescence, the LexA::GFP signal, and the fluores-
cence of the DNA-staining dye Hoechst 33342. An overlay of the different micrographs is shown on the right. Size bars, 2 pm.

produced in and purified from E. coli (40). It was suggested by
the authors of that work that the posttranslational modifica-
tions may affect the structural organization of the protein and
thus its affinity for DNA (40). In this work, we also provide
evidence of differences between the LexA protein isolated
from Synechocystis sp. strain PCC 6803 and the LexA protein
overexpressed and purified from E. coli (rLexA); furthermore,
we show that these differences do affect the binding properties
of the protein (Fig. 4). Even though we were not able to
uncover the chemical nature of the posttranslational modifi-
cations that LexA is subjected to in Synechocystis sp. strain
PCC 6803 in the present work, there are indications of how
LexA may be modified. The soluble protein ferredoxin is the
primary electron acceptor at the end of the photosynthetic
electron transport chain known to directly deliver electrons to
a wide range of proteins involved in various metabolic and
signaling mechanisms (16). A recent screen for ferredoxin elec-
tron transfer partners in Synechocystis sp. strain PCC 6803
identified LexA as one of the interacting partners whose inter-
action was shown to be redox dependent (16). Hanke et al. (16)

showed that LexA could interact with reduced ferredoxin, but
not when it was in its oxidized form, further suggesting that the
redox state of ferredoxin may play a role in regulating LexA-
dependent transcriptional repression and activation (16). How-
ever, more investigations need to be carried out to support this
hypothesis and to reveal the identity of LexA’s modifications.

Another aspect whose study was justified was the localiza-
tion of LexA in Synechocystis sp. strain PCC 6803, not only to
address the question of its subcellular positioning, but also to
understand whether its localization could shed light on its
mechanisms of regulation. In this work, we report that a
LexA::GFP protein fusion is mainly located in the inner region
of the cytoplasm, as monitored by GFP fluorescence. These
results suggest that the identification of LexA in different
membrane fractions reported in various proteomic studies (23,
45, 54, 58) is most likely the result of DNA-contaminated
membrane fractions. On the other hand, LexA was found to be
evenly distributed on the DNA. A bioinformatics analysis of
the genome sequence of Synechocystis sp. strain PCC 6803
revealed that the sequence CTA-N9-CTA (LexA has been
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reported to bind to 12-bp direct repeats containing this motif
[36]) is present 1,389 times. It is highly unlikely that all of these
correspond to genuine binding sites, but it points to the pos-
sibility that LexA has multiple binding sites in the genome of
Synechocystis sp. strain PCC 6803. In agreement with this,
multiple LexA binding sites have been bioinformatically pre-
dicted in the genome of the cyanobacterium Anabaena sp.
strain PCC 7120 (43). This could mean that LexA has a wide-
spread distribution on the DNA, and it could account for the
evenly distributed GFP signal.

However, the question remains, how does LexA regulate the
transcription of the genes within its regulatory network? The
DNA binding functions of many transcription factors are reg-
ulated by multiple and varied mechanisms: small-molecule ef-
fectors referred to as corepressors and inducers are one of
those mechanisms (6). Classical examples of these allosteric
transcription factors are the lactose and purine repressor pro-
teins (28). Binding of small molecules to the respective pro-
teins modulates their affinities for their target sites in transcrip-
tion initiation regions, as a consequence of an alteration in the
orientation of the DNA binding molecules (6). In contrast to
these allosteric transcription factors, the DNA binding prop-
erties of a number of transcription-regulatory proteins are
modulated by small ligands via their effects on the self-assem-
bly of the protein (6). In these systems, the small molecule
functions in altering DNA binding affinity by modulating the
self-assembly of the transcription regulator (6). In addition to
small-ligand binding, transcription factor assembly can also be
influenced by a number of other processes. First, posttransla-
tional modification may promote either assembly or dissocia-
tion of an oligomeric transcription factor or even affect its
DNA binding capacity, as mentioned above. Second, DNA
binding can enhance the assembly of homo-oligomeric and
hetero-oligomeric transcription-regulatory complexes. Finally,
other protein-protein interactions may inhibit or enhance the
assembly of transcription factors, thereby altering their func-
tions in transcription initiation (for a review, see reference 6).
In cyanobacteria, the reported examples of such transcription
factor DNA binding regulation are scarce. Still, it is known that
2-oxoglutarate increases the DNA binding affinity of the global
nitrogen regulator NtcA to its various target sites (51). In
addition, Espinosa et al. (9) reported that PipX interacts with
both PII and NtcA, providing a mechanistic link between the
two factors. Moreover, the authors showed that PipX is re-
quired for NtcA-dependent transcriptional activation, implying
that it may function as a prokaryotic transcriptional coactivator
(9). Given all these possible ways by which the cell can control
the DNA binding function of a transcription factor, it becomes
quite possible that one or more of these mechanisms is crucial
for LexA regulation.

To the best of our knowledge, this is the first time that a
cyanobacterial transcription regulator has been reported to
possess different levels of regulation (transcriptional, posttran-
scriptional, and posttranslational) and has been characterized
in terms of its subcellular localization. Consequently, this study
opens up the possibility for further investigations. How is the
lexA transcript controlled to tune the LexA levels in the cell?
What are the modifications LexA undergoes, and what is their
physiological importance? Why is LexA so homogeneously dis-
tributed on the DNA? How can all these possible regulatory
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points be coordinated to produce a transcriptional response of
the downstream genes? Based on these data, further investi-
gations will definitely clarify the role of the LexA-related pro-
tein in Synechocystis sp. strain PCC 6803 and uncover the
molecular mechanisms by which different environmental cues
trigger a transcriptional response via LexA.
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