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Potassium (K*) is an essential macronutrient for all living organisms including cyanobacteria.
Cyanobacteria are a group of bacteria performing oxygenic photosynthesis, widely studied in basic
and applied sciences. The primary metabolism of the unicellular cyanobacterium Synechocystis sp. PCC
6803 is altered by environmental conditions, and it excretes organic acids and hydrogen under dark,
anaerobic conditions. Here we demonstrated that K™ widely changes the primary carbon metabolism
of this cyanobacterium. Succinate and lactate excretion from the cells incubated under dark, anaerobic
conditions was enhanced in the presence of K*, while hydrogen production was repressed. The addition
of K* and the genetic manipulation of acetate kinase AckA and an RNA polymerase sigma factor SigE

. additively increased succinate and lactate production to 141.0 and 217.6 mg/L, which are 11 and 46

. times, compared to the wild-type strain without K*, respectively. Intracellular levels of 2-oxoglutarate,

. succinate, fumarate, and malate increased by K+ under dark, anaerobic conditions. This study provides

. the evidence of the considerable effect of K* on the biosynthesis of anionic metabolites in a unicellular
cyanobacterium.

Cyanobacteria are a group of oxygenic photosynthetic bacteria important for carbon and nutrient cycles, and

. contributing at least 25% of global primary productivity'. Cyanobacteria are used as the chassis —a sort of “green

. Escherichia coli”— for synthetic biology because they are responsive to genetic modification®*. Genomic infor-

: mation on cyanobacteria is available on public databases such as CyanoBase (http://genome.microbedb.jp/cyano-

. base/) and CYOREF (http://cyano.genome.jp/).

: Bacterial cells substantially alter their primary metabolism and produce various metabolites during fermen-
tation*. Cyanobacteria including Synechocystis sp. PCC 6803 (hereafter Synechocystis 6803) produce hydrogen
under dark, anaerobic conditions*. This hydrogen coordinates energy expenditure and primary metabolism’.
Under dark, anaerobic conditions, Synechocystis 6803, Synechococcus sp. PCC 7002, and Arthrospira maxima cells
are known to excrete organic acids and/or amino acids®*°. Synechococcus sp. PCC 7002 wild-type cells degrade
intracellular glycogen, and produce lactate, alanine, and acetate under dark, anaerobic conditions®. Synechocystis
6803 produce organic acids such as acetate, succinate, and lactate'?. Acetate is mainly synthesized by an ace-
tate kinase, AckA!. Genetic manipulation by ackA knockout and the overexpression of sigE, which encodes an

: RNA polymerase sigma factor, SigE, increased lactate and succinate production during dark, anaerobic incuba-

* tion'. Another study showed that co-overexpression of heterologous lactate dehydrogenase and pyruvate kinase

: in Synechocystis 6803 increased the L-lactate production under continuous light conditions!*!2. Consequently,

: increased interest in the hydrogen and organic acid productions in cyanobacteria aims to increase potential to

: produce valuable products by direct conversion of CO,.

The potassium ion (K*) is the most important and abundant cation in almost all types of the cells. The cyto-
solic K™ concentration lies within a 100-200-mM range in plant cells, and increases up to ~1 M in bacterial
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cells!>!. KT functions in electrical neutralization of anionic charges, pH homeostasis, protein synthesis, control
of membrane polarization and regulation of osmotic pressures'>!. K™ is also indispensable for metabolic enzyme
and molecular chaperon activation'”. K* is involved in phosphoryl transfer reactions during primary metabolism
by binding to the phosphate backbone of nucleic acids'’. The regulation of K™ transport across the thylakoid
membranes importantly contributes to the maintenance of photosynthesis and respiratory electron transport
in cyanobacteria; it is particularly important under photomixotrophic conditions'®. K* deficiency causes a plei-
otropic effect on cyanobacteria: a decrease in photosynthetic pigments and activity, change in protein profiles,
and aberrant cell volumes after hyperosmotic shock'?. K* is thus known to alter various aspects of the cyano-
bacterial cells at physiological, molecular, and biochemical levels, although a metabolomic analysis has not been
performed.

We examined the effect of K™ on primary metabolism in Synechocystis 6803 under dark, anaerobic con-
ditions and demonstrated that K enhanced the biosynthesis of anionic metabolite both intracellularly and
extracellularly.

Methods

Bacterial strains and culture conditions.  The glucose-tolerant (GT) strain of Synechocystis sp. PCC 6803,
isolated by Williams*!, was grown in modified BG-11 medium, consisting of BG-11, liquid medium?? and sup-
plemented with 5mM NH,CI (buffered with 20 mM HEPES-KOH, pH 7.8). Of the GT substrains, we used the
GT-I strain was used in the current study®. The 1299E strain, lacking acetate kinase and overexpressing sigE, had
been generated previously'’. Liquid cultures were bubbled with air containing 1% (v/v) CO, (the flow rate was
30~50 mL/min) and incubated at 30 °C under continuous white light (~50-70 pmol photons m~?s~!). Modified
BG-11 medium (containing 10 mM NH,Cl in liquid medium) was solidified with agar (1.5% w/v) for plate cul-
tures, and incubated in air at 30 °C under continuous white light (~50-70 umol photons m~2 s7!). Cell densities
were measured at A,;, using a Hitachi U-3310 spectrophotometer (Hitachi High-Tech., Tokyo, Japan).

Dark, anaerobic incubation. Cells grown in 70 mL of modified BG-11 medium (started from A,;,=0.4)
for 3 days were concentrated into 10 mL of HEPES buffer (20 mM HEPES-KOH, pH 7.8) to A,;, =20 in a GC vial
(cells in 50~60 mL culture were harvested). The vial was sealed using butyl rubber, and N, gas was introduced
using syringes for 1h to generate anaerobic conditions. After removing the syringes, the vial was wrapped with
aluminum foil and shaken at 30 °C on a laboratory shaker at 180 rpm. Cell cultures were then centrifuged at
5,800 x g for 2min, the supernatant was filtrated, and 1 mL of supernatant was freeze-dried per day. The dried
sample was used for high-performance liquid chromatography (HPLC) analysis.

Measurement of excreted organic acids by HPLC.  Freeze-dried supernatants were dissolved in 100 uL
of filtered 3 mM perchloric acid. The dissolved samples were analyzed by HPLC using a LC-2000Plus Systems
(JASCO, Tokyo, Japan) with a photodiode array detector and two RSpak KC-811 columns (Showa Denko, Tokyo,
Japan). Organic acids were quantified with 0.2 mM bromothymol blue in 15 mM sodium phosphate buffer; peaks
were detected at 445 nm. The column temperature was 60 °C, and the flow rates of 3 mM perchloric acid and
0.2 mM bromothymol blue solutions were 1.0 mL/min and 1.5 mL/min, respectively. Powders of citrate, succinate,
lactate, and sodium acetate were used as standards and purchased from Wako Pure Chemicals Co. Ltd (Osaka,
Japan).

Gas chromatography-thermal conductivity detector (GC-TCD) analysis. Cells were incubated
under dark, anaerobic conditions as wells as the experiment of organic acid production. The accumulated H,
gas in the headspace of a GC-vial was measured with a gas chromatograph (GC-2010 Plus AT, Shimadzu, Kyoto,
Japan) as described previously?* and in accordance with the manufacturer’s instructions. N, was used as the car-
rier gas with a flow rate of 10 mL/min.

Liquid chromatography mass spectrometry (LC-MS/MS) analysis.  Cells were incubated under dark,
anaerobic conditions as wells as the experiment of organic acid production. Equal amounts of cells (10 mL cell
culture with A;;,=1.0) were harvested by rapid filtration before and after dark, anaerobic incubation for 3 days.
Metabolites were extracted using a previously described method?. The harvested cells were filtered, and the
metabolites were rapidly extracted in 1.2 mL solvent mixture (CHCl;:CH;OH:H,0, 2.5:2.5:1, v/v/v) with 10 ug/L
D-(+)-camphor-10-sulfonic acid as an internal standard. After centrifugation at 15,000 x g at 4°C for 5min,
400 L of the upper phase was transferred to a new tube and vacuum-dried. The metabolites were quantified
by high-performance liquid chromatography coupled with electrospray ionization tandem mass spectrometry
(LCMS-8040 triple quadrupole LC/MS/MS spectrometer; Shimadzu, Kyoto, Japan).

Gas chromatography mass spectrometry (GC-MS) analysis.  Cells were incubated under dark, anaer-
obic conditions as wells as the experiment of organic acid production. Equal amounts of cells (10 mL cell culture
with A;3, = 1.0) were harvested by rapid filtration as with LC-MS/MS analysis. GC-MS was carried out using
a GCMS-QP2010 Ultra (Shimazdu), the detailed protocol of which is described by Osanai et al.?>. A CP-Sil 8
CB-MS capillary column (30 m x 0.25mm X 0.25pum; Agilent, Palo Alto, CA, USA) and helium were used for
metabolite separation and as the carrier gas, respectively (flow rate is 2.1 mL/min). Each 1 pL sample was injected
with a spilt rate of 1:10. An oven temperature was maintained for 10 min at 60 °C, then raised to 315°C at 15°C/
min, and maintained for 6 min. The other equipment was set at 250 °C interface temperature, 200 °C ion source
temperature, and electron impact ionization (EI) at 70 eV. Organic acids were derivatized for 90 min at 30°C in
20 pL 20 mg/mL methoxyamine hydrochloride in pyridine, and trimethylsilylationwas performed for 30 min at
37°C, and for 2 h at room temperature with 50 uL N-methyl-N-(trimethylsilyl)trifluoroacetamide. Pimelate was
used as an internal standard.
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Figure 1. Levels of succinate, lactate, and acetate from the wild-type cyanobacterium Synechocystis

6803 under dark, anaerobic conditions. Organic acids excreted from cells incubated for 3 days under dark,
anaerobic incubation were quantified by HPLC. Data represent means &= SD from four biological independent
replicates. Each salt was added at 100 mM concentration. None designates in the absence of salt during dark,
anaerobic incubation. Asterisks indicate statistically significant differences between samples in the absence and
presence of KCI (Students ¢-test; *P < 0.05).

Statistical analysis. The p-values were determined using paired two-tailed Students t-tests using Microsoft
Excel for Mac 2011 (Redmond, WA, USA). All the results were obtained using biologically independent replicates.

Results

The effect of salts on organic excretion; succinate and lactate production enhanced by K*.
Organic acids are excreted from Synechocystis 6803 GT cells incubated in BG-11 medium or HEPES-buffer under
dark, anaerobic conditions'. To test the effect of salts on organic acid production, cells were incubated in HEPES-
buffer with/without various salts (each salt was added at 100 mM concentration) under dark, anaerobic condi-
tions for 3 days. Succinate excretion was upregulated about 3 times in the presence of KCI (Fig. 1). Lactate levels
increased 5.5 and 9.5 times by the addition of KCl and CaCl,, respectively (Fig. 1). Acetate levels were less affected
by the addition of three different salts (Fig. 1). Acetate was most abundant among organic acids excreted under
dark, anaerobic conditions for all experimental groups (Fig. 1). The ratios of succinate and lactate increased from
6% to 13% and from 2% to 7%, by KClI addition, respectively (Fig. 1). Lactate levels increased to 12% by CaCl,
addition (Fig. 1). Total organic acid production was 231.5 mg/L under salt free conditions, and 185.6, 351.0, and
322.1mg/L in the presence of NaCl, KCl, and CaCl,, respectively (Fig. 1).

Time-course experiments revealed that succinate continued to increase under dark, anaerobic conditions for
up to 5days in the presence of KCI (Fig. 2). Lactate did not increase during 5 days of dark, anaerobic conditions
regardless of K™ addition (Fig. 2). Acetate gradually increased after the prolonged incubation, and KCl addition
reduced the acetate levels after 3 or 5 days in dark, anaerobic incubation (Fig. 2).

In addition to organic acids, hydrogen also accumulates during dark, anaerobic conditions?, and the K* effect
on hydrogen production was examined. The hydrogen levels decreased in the presence of KCl under 1-5 days of
dark, anaerobic conditions (Fig. 3).

The additive effect by K* and genetic manipulation on succinate and lactate production.
Previous studies showed that the succinate production of the strain 1299E, an ackA knockout with overexpressed
sigE, increased to 5 times that of the GT'%; the effect of K™ was tested using this mutant. Both succinate and lactate
production in the 1299E cells increased in the presence of KCI (Fig. 4). The maximum levels of succinate and
lactate were 141.0 and 217.6 mg/L, respectively, which are 11 and 46 times that of the control (the levels of GT
cells without salt) (Fig. 4). Acetate levels of the 1299E cells were lower than those of GT, both in the absence and
presence of KCl (Fig. 4).

In contrast with the GT cells, lactate was the dominant organic acids excreted from 1299E cells (Fig. 4). The
addition of 100 or 200 mM KCl increased the ratio of succinate and decreased the ratio of lactate in 1299E (Fig. 4).
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Figure 2. Time-course experiment measuring the organic acid excretion (succinate, lactate, and acetate).
Organic acids excreted from cells incubated for 1, 3, or 5 days under dark, anaerobic incubation were quantified
by HPLC. Data represent means =+ SD from four biological independent replicates. None and KCI designates

in the absence and presence of 100 mM KCl during dark, anaerobic incubation. Asterisks indicate statistically
significant differences between samples in the absence and presence of KCI (Student’s ¢-test; *P < 0.05).
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Figure 3. Levels of hydrogen accumulated under dark, anaerobic incubation for 1, 3, or 5 days. Hydrogen
concentration was measured by GC-TCD. Data represent means £ SD from six to eight biological independent
replicates. None and KCl designates in the absence and presence of 100 mM KCl under dark, anaerobic
incubation, respectively. Asterisks indicate statistically significant differences between samples in the absence
and presence of KCI (Student’s ¢-test; **P < 0.005).

The total organic acid production reached more than 500 mg/L from 1299E cells in the presence of either 200 or
300 mM KCl, which was about 2 times that of the GT cells in the absence of KCI (Fig. 4). Additionally, we exam-
ined the effect of 100 mM CaCl, on organic acid production in 1299E. CaCl, reduced the succinate levels of 1299E
to less than 20 mg/mL, and hardly affected the levels of lactate and acetate (Fig. S1).

Metabolomic analysis revealing the increase in anionic metabolite biosynthesis by K*. To
investigate the effect of K* on primary metabolism, we measured glycogen and polyhydroxybutylate (PHB) lev-
els before and after dark, anaerobic incubation. Decrease in glycogen under dark, anaerobic incubation was not
affected by K* (Table 1). PHB levels increased during dark, anaerobic incubation and the PHB biosynthesis was
slightly enhanced in the presence of KCI, but the difference was not statistically significant (Table 1).
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Figure 4. Production of organic acids from the cyanobacterium Synechocystis 6803 strain lacking ackA
(s111299) and overexpressing sigE under different KCI concentrations. Levels of organic acids excreted
during 3 days of dark, anaerobic incubation were quantified by HPLC. The 1299E strain represents the strains
lacking ackA and overexpressing sigE. Data represent means & SD from three biological independent replicates.
Asterisks indicate statistically significant differences between GT and 1299E (Student’s ¢-test; *P < 0.05,

P < 0.005).
Glycogen 100£11.6 81.84+9.1 79.1+3.6
PHB 100£52.1 185.8+53.5 243.3+51.4

Table 1. Relative glycogen and PHB levels before and after dark, anaerobic incubation. Data represent
means + SD results from six independent experiments for glycogen and three independent experiments for
PHB, respectively. Glycogen and PHB levels were calibrated relative to that in under light, aerobic conditions
(set at 100%). Anaerobic indicates glycogen and PHB levels of the cells incubated for three days under dark,
anaerobic conditions.

Metabolome analysis was performed using LC-MS/MS and GC-MS. Levels of metabolites from cells grown
for 3 days under continuous light with the air containing 1% CO, were defined as “metabolites under aerobic con-
ditions” Levels of metabolites from cells concentrated into 10 mL HEPES-buffer to be A5, =20 in a vial, followed
by purging air by nitrogen gas, and incubated for 3 days under dark, anaerobic conditions were defined as “metab-
olites under anaerobic conditions”. Sugar phosphates upstream of sugar metabolism such as glucose-6-phosphate,
glucose-1-phosphate, ribose-5-phosphate, and fructose-6-phosphate, did not increase in the GT cells during dark,
anaerobic incubation for 3 days, regardless of KCI addition (Fig. 5 and Table S1). Glyceraldehyde-3-phosphate
and fructose-1,6-bisphosphate in the GT cells increased under dark anaerobic conditions, and the increases were
upregulated in the presence of KCl (Fig. 5). The metabolite levels of upstream sugar metabolism were similar
between the GT and 1299E strains (Fig. 5).

The metabolite levels downstream of sugar metabolism were altered by KCl addition during dark, anaero-
bic incubation for 3 days (Fig. 6 and Table S1). Organic acids such as 2-oxoglutarate, succinate, fumarate, and
malate increased by 5, 12, 30, and 33 times in the GT cells during dark, anaerobic incubation in the presence
of KCl, respectively, compared to their levels under aerobic conditions (Fig. 6). The 1299E strain in particular
accumulated higher levels of isocitrate and succinate than in the GT cells when incubated under dark, anaerobic
conditions (Fig. 6).
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Figure 5. Levels of metabolites from the upper half of sugar metabolism of the cyanobacterium
Synechocystis 6803 before and after dark, anaerobic incubation for 3 days. Data represent means + SD from
three biological independent replicates. Metabolite levels were calibrated relative to those of corresponding
metabolites in the cells under aerobic conditions (set at 100%). Metabolite data without KCl were obtained from
our previous datal. P designates phosphate. Asterisks indicate the statistically significant differences between
samples in the absence and presence of KCI (Student’s ¢-test; *P < 0.05).

Discussion

In this study, we found that the primary metabolism of unicellular cyanobacterium could be altered by salt con-
ditions; in particular, increased K* upregulated the biosynthesis of anionic metabolites and the organic acid
production of Synechocystis 6803 cells during dark, anaerobic incubation.

KCl increased succinate and lactate production, and CaCl, increased lactate, but NaCl did not enhance
organic acid production (Fig. 1). These results suggested that an increase in succinate and lactate was owing to
the salt species, not the salt concentration and osmotic changes. Lactate is produced by lactate dehydrogenase,
which is encoded by ddh (slr1556)!°. Conversion between fumarate and succinate is usually a reversible reaction
in both prokaryotic and eukaryotic cells. In the case of E. coli, succinate dehydrogenase oxidizes succinate to pro-
duce fumarate under aerobic conditions, and fumarate reductase reduces fumarate to produce succinate under
anaerobic conditions?. Succinate dehydrogenase and fumarate reductase are homologous, and their enzymatic
property could not be determined from their amino acid sequences®. Mammalian succinate dehydrogenase can
catalyze both succinate oxidation and fumarate reduction®, and hence, the kinetic property of succinate dehy-
drogenase/fumarate reductase varies depending on the organism. Genetic analysis indicated that Synechocystis
6803 succinate dehydrogenase oxidizes plastoquinones, and a deficiency of succinate dehydrogenase decreases
levels of both succinate and fumarate?. Therefore, succinate dehydrogenase is essential for succinate production,
and determining its kinetic property is required to understand succinate and fumarate metabolism under dark,
anaerobic conditions in this cyanobacterium. The catalytic activity of plant succinate dehydrogenase is negatively
regulated by potassium?’; therefore, K+ may be inclined to reduce fumarate rather than oxidize succinate. The
effect of K* on cyanobacterial succinate dehydrogenase should be further investigated.

Hydrogen production decreased with K* under dark, anaerobic conditions (Fig. 3). Hydrogen is thought to
function with electron valves to maintain redox status; it is closely related to primary metabolism in Synechocystis
6803°!. Hydrogen, lactate and succinate production require NAD(P)H, and our metabolomic analysis revealed
that NADPH disappeared under dark, anaerobic conditions regardless of K™ and strains (Table S1). Hydrogen
and organic acid production may be competitive due to limited NADPH, and K* increased the ratio of reductant
consumption toward organic acid production. We have recently showed that the decrease in hydrogenase activity
increased succinate and lactate production in Synechocystis 6803%%, and K may decrease the hydrogenase activity.
The negative correlation between hydrogen and organic acid biosynthesis is thus rational and may be important
for succinate production using Synechocystis 6803. Negative correlation between succinate/lactate and acetate was
remarkably observed in the 1299E mutant in the presence of K™ (Fig. 4), consistent with our previous results™.
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Figure 6. Levels of metabolites downstream of glycolysis, pyruvate metabolism, and the TCA cycle of the
cyanobacterium Synechocystis 6803 before and after dark, anaerobic incubation for 3 days. Data represent
means £ SD from three biological independent replicates. Metabolite levels were calibrated relative to those

of corresponding metabolites in the cells under aerobic conditions (set at 100%). Metabolite data without KCI
were obtained from our previous data'®. P designates phosphate. Gly designates glycerate. Asterisks indicate the
statistically significant differences between in the absence and presence of KCI (Student’s ¢-test; *P < 0.05).

Metabolome analysis revealed an increase in metabolite levels downstream of sugar metabolism
(fructose-1,6-bisphosphate and glyceraldehyde-3-phosphate) in the presence of K* under dark, anaerobic condi-
tions (Fig. 5). Organic acids such as succinate, fumarate, malate, and 2-OG are also strikingly increased by adding
K* during dark, anaerobic incubation (Fig. 6). Here we first showed the potassium effect on Synechocystis 6803
primary metabolism: K* massively enhanced the biosynthesis of anionic metabolites. One possible explanation
for increased anionic metabolites is to balance ionic charges for increasing K™ concentration. In the case of Vicia
faba L. stomata cells, malate and citrate are the counter ions of K™ during stomata opening?. Thus, organic acids
and sugar phosphates may be counter anions of K* in Synechocystis 6803. Another possibility is the changes in
metabolic enzymes caused by K*. Phosphofructokinases of both prokaryotes and eukaryotes are activated in the
presence of K™ 34%°. Generally, phosphofructokinase participates in a rate-limiting step of glycolysis, but pyruvate
kinase activity is also important for determining the flux of sugar catabolism in eukaryotes®%; pyruvate kinase is
known to be activated by K*%’. Thus, the coordinated regulation of these metabolic enzymes may determine the
flux of sugar catabolism in this cyanobacterium.

The addition of K* to the 1299E strain enhanced succinate and lactate production; the maximum amount in
this study reached up to 141 and 218 mg/L, respectively (Fig. 4). The highest productivity of lactate in cyanobac-
teria is 1.84 g/L%, and therefore, further increase in lactate production is necessary through additional genetic
engineering. In terms of succinate, this is the highest productivity in cyanobacteria without adding external carbon
sources. By exploiting our results, succinate and lactate production are 84 and 132 kg/ha/year, respectively. The
increase in succinate and lactate by ackA knockout/sigE overexpression and K* addition were additive (Fig. 4),
indicating that the K* effect is different from the genetic manipulation of ackA and sigE. SigE is a positive regulator
of glycogen and glucose catabolism, and sigE overexpression increases citrate and isocitrate, but decreases fumarate
and malate under normal light and aerobic conditions®. Therefore, dark, anaerobic conditions with K™ increased
the biosynthesis of the latter half of the TCA cycle metabolites regardless of sigE overexpression. Concerning het-
erotrophic bacteria, genetically engineered Corynebacterium glutamicum produced 146 g/L succinate using glucose
and sodium bicarbonate as carbon sources*. 50 g dry cell weight/L of C. glutamicum cells were used for the maxi-
mum succinate production level®, and in our experiment, the dry cell weight was approximately 4.5 g/L (calculated
using 20 mL cell cultures with A5, =20) to produce the maximum levels (Fig. 4). Thus, the succinate production
rate per dry cell weight by direct conversion of CO, using cyanobacteria is about 100 times less than that of C. glu-
tamicum using glucose as a carbon source. Further metabolic engineering of direct CO, conversion may increase
organic acid production, which requires a better understanding of the primary metabolism of cyanobacteria.
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