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Metabolic engineering of photosynthetic organisms is
required for utilization of light energy and for reducing carbon
emissions.Control of transcriptional regulators is a powerful
approach for changing cellular dynamics, because a set of genes
is concomitantly regulated. Here, we show that overexpression
of a group 2 o factor, SigE, enhances the expressions of sugar
catabolic genes in the unicellular cyanobacterium, Synechocystis
sp. PCC 6803. Transcriptome analysis revealed that genes for
the oxidative pentose phosphate pathway and glycogen catabo-
lism are induced by overproduction of SigE. Immunoblotting
showed that protein levels of sugar catabolic enzymes, such
as glucose-6-phosphate dehydrogenase, 6-phosphogluconate
dehydrogenase, glycogen phosphorylase, and isoamylase, are
increased. Glycogen levels are reduced in the SigE-overexpress-
ing strain grown under light. Metabolome analysis revealed that
metabolite levels of the TCA cycle and acetyl-CoA are signifi-
cantly altered by SigE overexpression. The SigE-overexpressing
strain also exhibited defective growth under mixotrophic or
dark conditions. Thus, SigE overexpression changes sugar
catabolism at the transcript to phenotype levels, suggesting a o
factor-based engineering method for modifying carbon metab-
olism in photosynthetic bacteria.

Carbon metabolism in photosynthetic organisms has
received considerable attention because increasing carbon
emission is thought to be the cause of global warming. Primary
production is governed not only by land plants but also by
ocean-dwelling phytoplanktons, including cyanobacteria. Cya-
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nobacteria are widely distributed in diverse ecological niches,
and the unicellular cyanobacteria Synechocystis sp. PCC 6803
(hereafter Synechocystis 6803) is one of the most widely used
species for the study of photosynthetic bacteria. The genome of
Synechocystis 6803 was first determined in 1996 (1), and tran-
scriptome and proteome analyses have been performed. Several
genes have been identified whose mutations alter the metabo-
lite levels of primary carbon metabolism (2—4).

The engineering of carbon metabolism leads to modified
production of various metabolites; however, the robust control
of primary metabolism often obstructs such modification. For
example, overexpression of the genes of eight enzymes in yeast
cells did not increase ethanol formation or key metabolite levels
(5). Several researchers have modified genes encoding tran-
scriptional regulators instead of metabolic enzymes. Yanag-
isawa et al. (6) generated transgenic Arabidopsis thaliana
plants expressing increased levels of the Dof1 transcription fac-
tor, which is an activator of gene expression associated with
organic acid metabolism, including phosphoenolpyruvate car-
boxylase. Overexpression of Dofl resulted in increased enzy-
matic activities of phosphoenolpyruvate carboxylase and pyru-
vate kinase, increased metabolite levels, such as amino acids
(asparagine, glutamine, and glutamate), and better growth
under low nitrogen conditions (6). These results indicate that
modification of transcriptional regulator(s) is practical for met-
abolic engineering.

Primary carbon metabolism is divided into anabolic reac-
tions, such as the Calvin cycle and gluconeogenesis, and cata-
bolic reactions, such as glycolysis and the oxidative pentose
phosphate (OPP)* pathway (7). Glycogen, the carbon sink of
most cyanobacteria, provides carbon sources and reducing
power under heterotrophic conditions. Glycogen degradation
is catalyzed by glycogen catabolic enzymes, such as glycogen
phosphorylase (encoded by glgP) and isoamylase (encoded by
glgX). The genome of Synechocystis 6803 contains two glgP
(sl11356 and slr1367) and two glgX (slr0237 and slr1857) genes
(8). A metabolomic study showed that glucose produced from

2 The abbreviations used are: OPP, oxidative pentose phosphate; CE/MS, cap-
illary electrophoresis/mass spectrometry; Glc-6-PD, glucose-6-phosphate
dehydrogenase; GT, glucose-tolerant; 6PGD, 6-phosphogluconate dehy-
drogenase; DIG, digoxigenin.
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glycogen is degraded mainly through the OPP pathway under
heterotrophic conditions (9). Glucose-6-phosphate dehydro-
genase (Glc-6-PD, encoded by zwf) and 6-phosphogluconate
dehydrogenase (6PGD, encoded by gnd) are key enzymes of the
OPP pathway, producing NADPH and pentose phosphate for
nucleotide biosynthesis. Cyanobacterial Glc-6-PD is up-regu-
lated by OpcA through protein-protein interaction, and opcA is
essential for NADPH production during nighttime (10, 11).
The transcript levels of genes of the OPP pathway are altered by
light-dark transition, circadian cycle, or nitrogen status (12—
14). Thus, sugar catabolic enzymes, including Glc-6-PD and
6PGD, are regulated at both the transcriptional and post-trans-
lational levels in cyanobacteria.

o factors, subunits of the bacterial RNA polymerase, are
divided into four groups, and cyanobacteria are characterized
by possessing multiple group 2 o factors, whose promoter rec-
ognition is similar to group 1 o factor (15, 16). Transcriptome
analysis revealed that the disruption of sigE, one of four group 2
o factors in Synechocystis, results in decreased transcript levels
of three glycolytic genes (pfkA, encoding phosphofructokinase;
gapl, encoding glyceraldehyde-3-phosphate dehydrogenase;
and pyk, encoding pyruvate kinase), four OPP pathway genes
(2wf, opcA, gnd, and tal (encoding transaldolase)), and two gly-
cogen catabolic genes (glgP (sll1356) and glgX (slr0237)) (12).
SigE protein levels and activities are controlled in response to
light signals (17). Phenotypic analysis showed that the disrup-
tion of sigE results in decreased level of glycogen and reduced
viability under dark conditions (12). Thus, transcriptome and
phenotypic analyses indicate that SigE is a positive regulator
of sugar catabolism, although proteomic and metabolomic
analyses have not been performed.

In this study, we generated a SigE-overexpressing strain and
measured the transcript, protein, and metabolite levels and the
phenotypes associated with sugar catabolism. We revealed that
SigE overexpression activates the expressions of sugar catabolic
enzymes and modifies the amounts of glycogen, acetyl-CoA,
and metabolites of the TCA cycle.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Culture Conditions—The glucose-tol-
erant (GT) strain of Synechocystis sp. PCC 6803, isolated by
Williams (18), and the SigE-overexpressing strain were grown
in BG-11, liquid medium with 5 mm NH,Cl (buffered with 20
mM Hepes-KOH (pH 7.8)), termed modified BG-11 medium.
Liquid cultures were bubbled with 1% (v/v) CO, in air at 30 °C
under continuous white light (~50-70 wmol photons m~>s™ ')
(19). For plate cultures, modified BG-11, (the concentration of
NH,Cl was 10 mm instead of 5 mm in liquid medium) was solid-
ified using 1.5% (w/v) agar (BD Biosciences) and incubated in
air at 30 °C under continuous white light (~ 50-70 wmol pho-
tons m~ 2 s~ '). The null mutant of sigE, named G50, was gen-
erated as published previously (12). For the SigE-overexpress-
ing strain and the sigE null mutant, 20 pg/ml kanamycin
(Sigma) was supplemented in the modified BG-11 liquid
medium. Dark conditions were achieved by wrapping culture
plates with aluminum foil. Growth and cell densities were
measured at A, with a Beckman DU640 spectrophotometer.
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Construction of SigE-overexpressing Strain—The sigE
(sl11689) coding region was amplified by PCR using KOD
DNA polymerase (Toyobo), the forward primer 5-ATT-
ATTCATATGAGCGATATGTCTTCC-3’, and the reverse
primer 5'-CCGATATCCTATAACCAACCTTTGAG-3'. The
resulting 1.1-kb amplified fragment was digested with Ndel and
EcoRV (Takara Bio) and inserted into an Ndel- and Hpal-di-
gested vector constructed by Satoh et al (20), named
pTKP2031V. The sigE gene with the psbAIl promoter (span-
ning —297 to +3 from the initiation codon of psbAIl) was intro-
duced into the genomic region between slr2030 and slr2031
together with a kanamycin resistance cassette, because slr2031
was not functional in this strain. Transformation was per-
formed as described previously (12). Briefly, cells of mid-expo-
nential phase cultures of Synechocystis 6803 were suspended in
100-200 ul of BG-11 liquid medium, and 1 ul of plasmid solu-
tion (about 250 pg/ml) was mixed in a test tube. The culture
was then spread onto a mixed nitrocellulose membrane filter
placed on a BG-11 plate. After cultivation at 30 °C under con-
tinuous white light for 1 day, the membrane filter was trans-
ferred onto a BG-11 plate with 50 ug/ml kanamycin. The
resultant colonies were replated three times, and the trans-
formation was confirmed by Northern blotting and
immunoblotting.

RNA Isolation and Microarray Analysis—Cells of mid-expo-
nential phase cultures of Synechocystis 6803 (A3, 0.5—0.7)
grown in modified BG-11 were collected by centrifugation at
9,800 X g for 3 min. RNA was isolated from the cells by the
previously described acid phenol/chloroform method (21).
Microarray analysis was performed as described previously
(12). Signals were quantified using ImaGene software version
4.0 (BioDiscovery).

RT-PCR—RNA was isolated as for the microarray analysis.
¢DNA was produced with Superscript First-Strand Synthesis
system (Invitrogen) with 4 ug of total RNAs. Absence of
genomic DNA was checked using samples without reverse
transcriptase. The cDNAs were then amplified with GoTaq
(Promega) in a thermal cycler (Bio-Rad, iCycler). Thermal
cycling was programmed as 95 °C for 30 s, 54 °C for 30 s, and
72 °C for 1 min for 25-28 cycles, followed by holding at 4 °C.
Gene-specific primers used for cDNA amplification are as fol-
lows; fball forward, 5'-ATGGGATCCCCATGGCTCTTG-
TACCAATG-3', and fball reverse, 5'-TGAGTCGACCTACA-
CAGCAACGGAGGT-3'; apqZ forward, 5-ATGAAAAA-
GTACATTGCTG-3', and apgqZ reverse, 5'-TCACTCT-
GCTTCGGGTTC-3'; sll0783 forward, 5'-ATGCCAGAGG-
TAACTAAG-3', and sll0783 reverse, 5 -TTACATTGTC-
CAAGTATC-3'; nrtB forward, 5'-ATGGCTAGTTCCAC-
CGCT-3’, and wnrtB reverse, 5-TCACTTTTGCTCCG-
CTGG-3'; recA forward, 5'-CTTGACCCCGTTTATTCC-3/,
and recA reverse, 5'-AGCGGCGATTTCAGGATT-3'.

Northern Blot Analysis—RNA was isolated as for microarray
analysis. Northern blot analysis was performed with digoxige-
nin (DIG) probes according to the manufacturer’s protocol
(Roche Applied Science). RNAs were electrophoresed through
an agarose gel containing 3% formaldehyde. The RNAs were
blotted onto Hybond-N+ membrane (GE Healthcare) by cap-
illary blotting with 10X SSC (1.5 m NaCl, 150 mwm sodium cit-
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rate) and incubated with Hybridization buffer (5X SSC, 50%
formamide, 50 mm sodium phosphate (pH 7.0), 2% Blocking
Reagent (Roche Applied Science), 0.1% N-lauroylsarcosine, 7%
sodium lauryl sulfate, and 50 ug/ml yeast total RNA) for 1 h at
48 °C. One microliter of gene-specific DIG-labeled probe gen-
erated as in Ref. 12 was then mixed with a membrane in Hybrid-
ization buffer and incubated at 48 °C overnight. The membrane
was washed with Wash buffer 1 (2X SSC, 0.1% SDS) for 10 min
at room temperature and Wash buffer 2 (0.1 X SSC, 0.1% SDS)
for 30 min at 68 °C, followed by washing with Wash buffer 3 (0.1
M maleic acid, 0.15 m NaCl (pH 7.5), and 0.3% Tween 20) for 5
min at room temperature. The membrane was then incubated
with Blocking buffer (0.1 M maleic acid, 0.15 m NaCl (pH 7.5),
and 1% Blocking Reagent) for 1 h at room temperature. Anti-
bodies for DIG (anti-DIG-AP, Fab fragments, Roche Applied
Science) were added at a dilution of 1:10,000 and incubated for
1 h at room temperature. The membrane was washed with
Wash buffer 3 for 30 min and equilibrated by Equilibration
buffer (0.1 m Tris-HCI (pH 9.5), 0.1 m NaCl, 50 mm MgCl,) for
10 min at room temperature. After adding CDP-Star, Ready-to-
Use (Roche Applied Science), and incubating for 15 min under
dark conditions, chemiluminescence was detected by a photon
counter (Hamamatsu Photonics, ARGUS-20, version 2.0).

Production of Antisera and Immunoblotting—Antisera
against Glc-6-PD, 6PGD, GlgX (SIr1793 and SlIr0237), GlgP
(SIr1367 and Sl1356), Gap2 (one of two glycolaldehyde-3-
phosphate dehydrogenases), and Fball (one of two fructose-
1,6-bisphosphate aldolase) were commercially produced by
Tampaku Seisei Kogyo Co. Ltd. Peptides of sequence GGK-
PVPGYREEPGVDPSSTT for Glc-6-PD, SSSLDYFDSYRRAV-
LPQN for 6PGD, NFALPRFPDENDGSE for GlgX (SIr0237),
GTQPNWDDIYQHRGRLS for GlgX (SIr1857), EIIHNEKN-
QPK for GlgP (SIr1367), EP'YTDDQGNYR for GlgP (S111356),
SDRNPLNLPWAEWN for Gap2, and CHGAYKFTRKPT-
GEVL for Fball were synthesized and injected into rabbits.
Immunoblotting was performed as described previously (15).

Measuring Glycogen Levels—Cells (~6 X 10%) were sus-
pended in 100 ul of 3.5% (v/v) sulfuric acid and boiled for 40
min. After centrifugation for 1 min, the supernatant was mixed
with 350 ul of 10% TCA solution (as a blank control, 100 ul
water was used), followed by placing for 5 min at room temper-
ature. After centrifugation for 5 min, 150 ul of supernatant and
750 ul of 6% o-toluidine reagent (diluted by acetic acid) were
mixed and briefly vortexed. After boiling the mixture for 10
min and cooling with water (room temperature) for 3 min,
the amount of glycogen was monitored by the absorbance at
635 nm.

Analysis of Glc-6-PD and 6PGD Activities—Glc-6-PD and
6PGD activities were measured by monitoring the glucose-6-
phosphate- or 6-phosphogluconate-dependent increase in
NADPH concentration at A,,, with a Beckman DU640 spec-
trophotometer. For assaying Glc-6-PD activity, cells were sus-
pended in 1 ml of buffer A (55 mm Tris-HCI (pH 8.0), 3.4 mm
MgCl,) and disrupted by sonication. The lysate was centrifuged
at 17,400 X g for 5 min, and the resulting supernatant, contain-
ing 90 ug of proteins, was used for the enzyme assay. The reac-
tion was initiated at 25 °C in a mixture containing 45 mm Tris-
HCl (pH 8.0), 2.8 mm MgCl,, 1 mmM NADP ™, and 10 mm glucose
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6-phosphate, and the change in A;,, was monitored for 1 min.
As a control, the change in As,, in the absence of glucose
6-phosphate was measured and subtracted from the experi-
mental values. For assaying 6PGD activity, cells were suspended
in 1 ml of 100 mm Hepes-KOH (pH 7.5) and disrupted by son-
ication. The lysate was centrifuged at 17,400 X g for 5 min, and
the resulting supernatant, containing 40 ug of proteins, was
used for the enzyme assay. The reaction was initiated at 25 °C in
a mixture containing 100 mmM Hepes-KOH (pH 7.5), 1 mm
NADP¥, and 10 mm 6-phosphogluconate, and the change in
As,o was monitored for 1 min. As a control, the change in A,,,
in the absence of 6-phosphogluconate was measured and sub-
tracted from the experimental values. One unit of Glc-6-PD or
6PGD activity was defined as the formation of 1 pumol of
NADPH per min under the experimental conditions.

Capillary Electrophoresis/Mass Spectrometry (CE/MS) Anal-
ysis—Cells of mid-exponential phase cultures of Synechocystis
6803 (A3, 0.5-0.7) grown in modified BG-11 were collected
by centrifugation at 9,800 X g for 3 min, followed by freezing in
liquid nitrogen. 50-200 mg of cells (fresh weight) were sus-
pended in 600 ul of 60% (v/v) methanol, including 27 um
10-camphorsulfonic acid as an internal standard, and vortexed
by a MicroSmash (Tomy) eight times for 1 min at 4 °C, followed
by centrifugation at 20,400 X g for 5 min at 4 °C. 400 ul of the
supernatant was then centrifuged through a Millipore 5-kDa
cutoff filter at 10,000 X g for 90 min. 300 ul of the filtrate was
dried for 120 min by a centrifugal concentrator. The residue
was dissolved in 20 ul of water and used for CE/MS analysis.
The CE/MS system and conditions were as described previ-
ously (22).

RESULTS

Overexpression of SigE Induces Sugar Catabolic Genes and
Genes Related to Energy Metabolism and Signal Transduction—
To increase the expression of SigE, the promoter of psbAIl, whose
full-length gene encodes Photosystem II D1 protein, was fused
with the coding region of sigE (Fig. 1A). Immunoblotting showed
increased levels of SigE proteins in the recombinant strain, which
was named GOX50 (Fig. 1A4). We then compared the transcript
profiles of the parental glucose-tolerant (GT) strain of Synechocys-
tis 6803 and GOX50 grown under light. First, we performed an
internal control experiment in which Cy3- and Cy5-labeled
c¢DNAs were synthesized from total RNA of GT cells (Fig. 1B). All
spots, for which the signals from Cy3-labeled cDNA were divided
by signals from Cy5-labeled cDNA, corresponded to expression
levels of 1.8 and 0.5 (supplemental Table S1). Total RNA was then
extracted from GT and GOX50 cells and used for a microarray
experiment with a gene chip, CyanoChip version 1.6 (Takara Bio),
containing fragments of 3076 Synechocystis ORFs (Fig. 1C). The
top 20 genes whose expression increased in response to SigE over-
expression are listed in Table 1. Genes that were previously shown
to be SigE regulons, such as tal, gnd, cph1 (encoding cyanobacterial
phytochrome 1), glgP (s111356), and glgX (slr0237) were induced by
more than 1.8-fold by SigE overexpression (Table 1 and supple-
mental Table S2). In addition to sugar catabolic genes, the expres-
sion levels of genes encoding bidirectional hydrogenases (sl11220 —
sll1226), NAD(P) transhydrogenase (pntA;slr1239 and pntB;
slr1434), and poly(3-hydroxyalkanoate) synthases (slr1829 and
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FIGURE 1. A, SigE overexpression in Synechocystis sp. PCC 6803. A 1.1-kb frag-
ment of the sigE coding region was ligated with the promoter of psbAll. A
kanamycin resistance cassette is located upstream of the psbAll promoter and
flanked by sIr2030 and sIr2031. The lower panel shows the protein levels of
SigE in the GT and GOX50 strains. A total of 5 g of protein was subjected to
SDS-PAGE, and SigE proteins were detected by SigE antiserum (12). B, internal
control experiment for the microarray analysis using RNAs from GT cells. Total
RNAs isolated from biologically independent GT cells were labeled with either
Cy3 or Cy5. Each point represents the GT/GT expression ratio, and the signal
intensity of the Cy3-labeled cDNAs for an ORF fragment on the array is shown.
G, microarray analysis of gene expression, comparing transcript profiles of the
GT and GOX50 cells. Each point represents the GOX50/GT expression ratio,
and the signal intensity in the GT strain for an ORF fragment on the array is
shown. Experiments were performed three times with biologically indepen-
dent RNAs. The data from the means of three experiments are shown.

slr1830) were increased in GOX50 (Table 1 and supplemental
Table S2). To confirm the microarray analysis, Northern blotting
with cphl, pntA, and gnd probes was performed. The result dem-
onstrated that the mRNA levels of the three genes were increased
by SigE overexpression (supplemental Fig. S1A4). The transcript
levels of genes down-regulated by SigE overexpression (fball,
apqZ, s110783, and nrtB) were also measured by RT-PCR and were
consistent with the microarray analysis (supplemental Fig. S1B).
Increased Levels of OPP and Glycogen Catabolic Enzymes and
Decreased Glycogen Storage by SigE Overexpression—Northern
blotting was then performed with the GT and GOX50 strains
grown under light or dark conditions. First, we checked the
transcript and protein levels of SigE under light and dark con-
ditions. SigE transcripts and proteins persisted in GOX50 at
least 3 days after light-to-dark transition (supplemental Fig. S1,
Cand D). Northern blotting showed that the transcript levels of
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four genes of the OPP pathway (zwf, opcA, gnd, and tal)
increased by 1.5—4 times in GOX50, compared with the paren-
tal GT strain under both light and dark conditions (supplemen-
tal Fig. S2). Protein levels of Glc-6-PD and 6PGD were subse-
quently measured by immunoblotting. A sigE-null mutant,
named G50, showed reduced transcript levels of zwf and gnd
(12). The protein levels of Glc-6-PD and 6PGD in G50 were
decreased under either light or dark conditions (Fig. 2). Con-
versely, SigE overexpression resulted in 1.5—3-fold increases in
Glc-6-PD and 6PGD protein levels (Fig. 2). The protein levels of
Glc-6-PD and 6PGD remained relatively constant for 6 h after
the transition from light to dark conditions in the GT, G50, and
GOXA50 strains (Fig. 2).

For glycogen catabolic enzymes, we generated antisera
against two GlgPs (Sll1356 and SIr1367) and two GlgXs
(SIr1857 and SlIr0237); however, the antiserum against GIgP
(SIr1367) could not detect the protein clearly. The results of
immunoblotting showed that the protein levels of GlgP
(SI11356) and GlgX (SIr0237) were decreased by SigE disruption
and increased by SigE overexpression, whereas those of GlgX
(SIr1857) were unchanged (Fig. 34). The amount of glycogen in
the SigE overexpression strain was about 70% that in GT strain
under light conditions (Fig. 3B). The rates of glycogen degrada-
tion under dark conditions were similar between the GT and
GOX50 strains (Fig. 3B).

The transcript levels of zwf, opcA, gnd, tal, and protein levels
of Glc-6-PD and 6PGD in cells grown under prolonged dark
conditions were also measured. The transcripts of four the OPP
pathway genes diminished 1 day after light-to-dark conditions
inboth GT and GOX50 (Fig. 44). However, the protein levels of
Glc-6-PD and 6PGD in both GT and GOX50 were unchanged 3
days after light-to-dark transition (Fig. 4B). The enzyme activ-
ities of Glc-6-PD and 6PGD were also measured, and the results
showed that both activities were increased by SigE overexpres-
sion (Fig. 5). The activities of Glc-6-PD and 6PGD were
increased by about two to four times compared with those in
GT by SigE overexpression, under both light and dark condi-
tions (Fig. 5).

In addition to genes induced in GOX50, genes repressed by
SigE overexpression were investigated. Fball, a fructose-1,6-
bisphosphate aldolase, class II, was the second most down-reg-
ulated gene in GOX50 (supplemental Table S2). Antibodies
against Fball were generated, and the protein levels were
assessed (supplemental Fig. S3). The results showed that Fball
proteins were decreased by SigE overexpression under light
conditions and 1 day after light-to-dark transition (supplemen-
tal Fig. S3).

CE/MS Analysis Revealed the Alteration of Metabolite Levels
of the TCA Cycle and Acetyl-CoA by SigE Overexpression—Be-
sides the transcript and protein levels of sugar catabolic
enzymes, metabolite levels of sugar catabolism were measured.
CE/MS analysis detected 67 peaks that were annotated as
known metabolites, although several peaks showed large stan-
dard deviation values (supplemental Table S3). The metabolome
analysis revealed that the levels of metabolites of glycolysis, such as
glucose-6-phosphate, fructose-6-phosphate, dihydroxyacetone-
phosphate, and phosphoenolpyruvate were similar between the
GT and GOX50 strains (supplemental Table S3). In terms of the
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TABLE 1

Top 20 genes whose expression levels increased by SigE overexpression
Data represent the ratio of transcript level in GOX50 to that in GT. The array included at least two spots for each ORF. Values represent means * S.D. of data from six spots.

Gene ORF No. Gene function Ratio (GOX50/GT)
sigE sl11689 Group 2 o factor SigE 4.70 = 1.15"
slr0869 Hypothetical protein 3.53 £ 1.22°
slr0870 Hypothetical protein 2.98 + 1.59*
tal slr1793 Transaldolase 2.92 +0.13%
gnd s110329 6-Phosphogluconate dehydrogenase 291 + 0.20*
slr1240 Hypothetical protein 2.86 + 0.59”
hoxE sl11220 Putative diaphorase subunit of the bidirectional hydrogenase 2.65 = 0.95"
slr0871 Hypothetical protein 2.54 + 1.41
pntA slr1239 Nucleotide transhydrogenase a subunit 2.48 = 0.21°
slr1437 Hypothetical protein 2.44 * 0.64"
s110611 Hypothetical protein 241 = 0.91°
sll1222 Hypothetical protein 2.40 * 0.29*
cphl slr0473 Cyanobacterial phytochrome 1 240 *+ 0.83°
ss11533 Hypothetical protein 2.39 +0.88°
slr1241 Hypothetical protein 2.34 + 0.57*
fus s1110830 Elongation factor EF-G 2.31 £ 1.22
phaE slr1829 Putative poly(3-hydroxyalkanoate) synthase component 2.28 +0.24"
hoxF sll1221 Diaphorase subunit of bidirectional hydrogenase 2.26 = 0.39"
sl11236 Hypothetical protein 2.26 = 0.93%

“ Student’s ¢ test was performed with data from six spots (supplemental Table S4), and the genes with differences in expression between GT and GOX50 that were statisti-

cally significant are p < 0.005).

? Genes with differences in expression between GT and GOX50 and statistically significant, p < 0.05.
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FIGURE 2. Levels of Glc-6-PD, 6PGD, and Gap2 proteins in the GT, G50, and GOX50 strains under light and dark conditions. Total protein (12 ug for
Glc-6-PD (G6PD) and Gap2 or 6 g for 6PGD) was subjected to immunoblotting. Gap2 protein levels are shown as a control. Data represent means =+ S.D. of
values from five independent experiments. The levels were calibrated relative to the value obtained in the GT strain under light conditions, which was set at
100%. Differences between GT and G50 or GOX50 analyzed using Student’s t test were statistically significant (*, p < 0.05; **, p < 0.005).

metabolites of the OPP pathway, the total amounts of ribulose
5-phosphate and ribose 5-phosphate (the analysis could not
distinguish the two metabolites) were slightly increased by SigE
overexpression, whereas erythrose 4-phosphate did not change
(supplemental Table S3). In contrast to metabolites upstream
of sugar catabolism, metabolite levels of the TCA cycle and
acetyl-CoA were altered by SigE overexpression. Acetyl-CoA,
citrate, cis-aconitate, and isocitrate were increased by 1.3-2.0-
fold in the GOX50 strain compared with the GT strain (Fig. 6
and supplemental Table S3). Conversely, malate in the GOX50
strain decreased to about 75% of levels of the parental GT strain
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(Fig. 6 and supplemental Table S3). It was also found that UDP-
glucose and several cofactors, such as FAD, GDP, dCTP, or
dGTP, were increased by SigE overexpression (supplemental
Table S3).

SigE-overexpressing Strain Exhibited Glucose and Dark-sen-
sitive Phenotypes—Following the analyses at the transcript,
protein, and metabolite levels, the physiological phenotypes
associated with sugar catabolism were analyzed in GOX50. A
previous study showed that mutants of glycolytic enzymes
could not grow in the presence of glucose (23). The GT and
GOXH50 strains were cultivated with or without 5 mm glucose
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FIGURE 3., levels of GIgP (SIl1356) and GlgX (SIr0237 and SIr1857) proteins in the GT, G50, and GOX50 strains under light and dark conditions. Total protein (16
1g) was subjected to immunoblotting. Data represent means = S.D. of values from seven or five independent experiments of immunoblotting with antisera
against GIgP (SI11356) and GlgX (SIr1857), respectively. The levels were calibrated relative to the value obtained in the GT strain under light conditions, which
was set at 100%. Differences between GT and G50 or GOX50 analyzed using Student’s t test were statistically significant (*, p < 0.05; **, p < 0.005). B, levels of
glycogen in the GT and GOX50 strains under light and dark conditions. Data represent means = S.D. of values from three independent experiments. The levels
were calibrated relative to the value obtained in the GT strain under light conditions, which was set at 100%. Differences between GT and GOX50 analyzed

using Student’s t test were statistically significant (¥, p < 0.05; **, p < 0.005).

on solid medium. The results showed that overexpression of
SigE abolished survival in the presence of glucose (Fig. 7A4).
Viability under dark conditions was also measured, because
sugar catabolism is essential for heterotrophic growth. Both the
GT and GOX50 strains were spotted onto modified BG-11
plates (without glucose) and cultured under dark conditions for
3 days and then transferred to light growth conditions. The
results showed that SigE overexpression reduced viability
under dark conditions (Fig. 7B). The growth curves under pho-
toautotrophic, photomixotrophic, and light-activated hetero-
trophic conditions were generated (Fig. 7, C and D). The results
showed that the growth under photomixotrophic conditions
was delayed by SigE overexpression, whereas there was no

SEPTEMBER 2, 2011« VOLUME 286 +NUMBER 35

effect under photoautotrophic and light-activated hetero-
trophic conditions (Fig. 7, C and D).

DISCUSSION

In this study, we generated a strain overexpressing SigE, and
the data showed that sugar catabolism is widely regulated by
SigE at the transcript, protein, metabolite, and phenotype lev-
els. The results indicate that RNA polymerase o factor SigE
plays pivotal roles in the transcriptional control of genes
involved in primary carbon metabolism in this unicellular
cyanobacterium.

The transcriptome analysis showed that expressions of genes
for four of the OPP pathway enzymes and two glycogen catab-
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FIGURE 4. A, Northern blot analysis of transcripts derived from four genes of the OPP pathway (zwf, opcA, gnd, and tal) under light and dark conditions. The GT
and GOX50 strains were grown in modified BG-11 medium, and their RNA was isolated either before or 1 or 3 days after the shift from light to dark. B, levels of
glucose-6-phosphate dehydrogenase (G6PD) and 6PGD proteins in the GT and GOX50 strains under light and dark conditions. Proteins were extracted from
cells grown under light or dark for 1 or 3 days. Total protein (12 mg for Glc-6-PD or 6 mg for 6PGD) was subjected to immunoblotting. Data represent means =+
S.D. of values from five independent experiments. The expression levels were calibrated relative to the value obtained in the GT strain under light conditions,
which was set at 100%. Differences between GT and GOX50 analyzed using Student'’s t test were statistically significant (¥, p < 0.05; **, p < 0.005).

olism enzymes were increased by SigE overexpression; how-
ever, the expressions of three glycolytic genes (pfkA (s111196),
gapl, and pyklI) did not change (Fig. 8 and supplemental Table
S2). These results demonstrate the complex regulation of the
expressions of glycolytic genes. Recent studies showed that dis-
ruption of a histidine kinase, Hik8, or a response regulator,
Rre37, resulted in decreased transcript levels of glycolytic genes
(24-26), indicating that multiple transcriptional regulators
control expressions of glycolytic genes. In contrast to enzymes
of the OPP pathway and glycogen catabolism, Fball was
reduced by SigE overexpression (supplemental Fig. S3). Con-
sidering the metabolic flux, the down-regulation of Fball may
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be favorable for activation of sugar catabolism, especially glu-
cose degradation, through the OPP pathway (Fig. 8). It is note-
worthy that Rre37 is a positive regulator for the upper half of
glycolysis, including Fball (25, 26). Thus, the ratio of glucose
degradation through glycolysis or the OPP pathway may be
determined by a balance between Rre37 and SigE. Summerfield
and Sherman (27) also revealed that other group 2 o factors,
SigB and SigD, regulate the expressions of sugar catabolic
genes, including fball and gnd, in response to light/dark transi-
tion. Further analysis is required to unravel the coordinated
regulation of sugar catabolic genes and metabolic flux by vari-
ous transcriptional regulators.
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FIGURE 7. Phenotypic analysis of the SigE overexpression strain. A, cul-
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the light. Plates were photographed 4 days after the shift from dark to light.
G, growth curves of cells under photoautotrophic (PA) or photomixotrophic
(PM) conditions. For photomixotrophic conditions, 1 mm glucose was supple-
mented in modified BG-11 liquid medium. Data represent means * S.D. of
values from three independent experiments. Differences between GT and
GOX50 analyzed using Student’s t test were statistically significant (¥, p <
0.05; **, p < 0.005). D, growth curves of cells under light-activated hetero-
trophic conditions (LAHG). The cells were grown in modified BG-11 liquid
medium with 1 mm glucose. The cells were grown under continuous dark
conditions, except for exposure to white light for 15 min per day.

Time (day)

In addition to transcriptional control, post-translational reg-
ulation of SigE and enzymes regulated by SigE were controlled
by light status. SigE is repressed by ChlH, an H-subunit of mag-
nesium chelatase, by protein-protein interaction under light
conditions and is transiently activated under dark conditions
(17). Glc-6-PD is up-regulated by OpcA through protein-pro-
tein interaction (10), although there have been no reports con-
cerning post-translational control of 6PGD in cyanobacteria.
Although the transcript levels of zwfand gnd in the GT strain
diminished 1 day after light-to-dark transition, the proteins
remained under prolonged dark conditions (Fig. 4), revealing
no correlation between the mRNA and protein levels. Our
results showing that Glc-6-PD enzymatic activity is increased
by light-to-dark transition but that 6PGD activity is not may
reflect the difference between their post-translational regula-
tions. OpcA promotes oligomerization of Glc-6-PD (28); thus,
the ratio of the oligomeric form of Glc-6-PD may be increased
by light-to-dark conditions or by SigE overexpression. Pro-
teomic studies also revealed that glycogen phosphorylase and
Fball of Synechocystis 6803 are targets of thioredoxin, a small
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protein involved in disulfide/dithiol reactions (29, 30). Disrup-
tion of thioredoxin systems in Synechocystis results in defects in
adaptation to light and redox changes (30). Thus, integrative
analysis of transcriptional to post-translational regulation of
sugar catabolic enzymes indicates their significance for light
adaptation in cyanobacteria. SigE also has some roles under
high salt or heat shock conditions, in concert with other group
2 o factors (31, 32), suggesting the importance of o networks to
survival during various environmental conditions.

CE/MS analysis revealed that metabolite levels upstream of
sugar catabolism were not significantly affected, whereas those
downstream of sugar catabolism, the TCA cycle and acetyl-
CoA, were changed by SigE overexpression (Fig. 6 and supple-
mental Table S3). These results suggest that metabolites down-
stream of sugar catabolism have flexibility in their pool sizes,
compared with upstream metabolites. Escherichia coli cells
show tolerance to drastic changes in metabolic flux and energy
production, because of the considerable elasticity in permitted
pool sizes for pyruvate and acetyl-CoA (33). However, elevated
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sugar phosphates lead to growth inhibition and loss of viability
of E. coli cells (34). Thus, metabolite levels of sugar phosphates
in cyanobacteria might also be robustly controlled because of
their toxicity, similarly to enteric bacteria. A glucose-sensitive
mutant lacking pmgA (s111968), a gene named from its defect in
survival under photomixotrophic growth conditions and
encoding a functionally unknown protein, showed increased
levels of isocitrate under both photoautotrophic and photomix-
otrophic conditions (2). Takahashi et al. (2) also found that
levels of malate, succinate, and 2-oxoglutarate were increased
by pmgA knock-out under photoautotrophic conditions. Com-
bined with our data, these results suggest that an aberrant TCA
cycle might cause the defect in glucose resistance observed in
Synechocystis 6803 cells, suggesting that the integrity of TCA
cycle is significant for mixotrophic growth of unicellular cya-
nobacteria. In consequence, expansion of cyanobacterial
metabolomics will be vital for revealing the causes of pheno-
types, providing deeper understanding of the physiology of
cyanobacteria.
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