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Inactivation of Ca®"/H™" Exchanger in Synechocystis sp. Strain PCC
6803 Promotes Cyanobacterial Calcification by Upregulating
CO,-Concentrating Mechanisms

Hai-Bo Jiang,® Hui-Min Cheng,? Kun-Shan Gao,” Bao-Sheng Qiu?

College of Life Sciences, and Hubei Key Laboratory of Genetic Regulation and Integrative Biology, Central China Normal University, Wuhan, Hubei, People’s Republic of
China?; State Key Laboratory of Marine Environmental Science, Xiamen University, Xiamen, Fujian, People’s Republic of China®

Cyanobacteria are important players in the global carbon cycle, accounting for approximately 25% of global CO, fixation. Their
CO,-concentrating mechanisms (CCMs) are thought to play a key role in cyanobacterial calcification, but the mechanisms are
not completely understood. In Synechocystis sp. strain PCC 6803, a single Ca®>"/H™ exchanger (SIr1336) controls the Ca*>*/H™"
exchange reaction. We knocked out the exchanger and investigated the effects on cyanobacterial calcification and CCMs. Inacti-
vation of slr1336 significantly increased the calcification rate and decreased the zeta potential, indicating a relatively stronger
Ca’"-binding ability. Some genes encoding CCM-related components showed increased expression levels, including the cmpA
gene, which encodes the Ca®>*-dependent HCO, ™ transporter BCT1. The transcript level of cmpA in the mutant was 30 times
that in wild type. A Western blot analysis further confirmed that protein levels of CmpA were higher in the mutant than the wild
type. Measurements of inorganic carbon fluxes and O, evolution proved that both the net HCO; ™ uptake rate and the BCT1
transporter supported photosynthetic rate in the slr1336 mutant were significantly higher than in the wild type. This would
cause the mutant cells to liberate more OH™ ions out of the cell and stimulate CaCOj; precipitation in the microenvironment. We
conclude that the mutation of the Ca®>*/H* exchanger in Synechocystis promoted the cyanobacterial calcification process by up-
regulating CCMs, especially the BCT1 HCO; ™ transporter. These results shed new light on the mechanism by which CCM-facili-

tated photosynthesis promotes cyanobacterial calcification.

Cyanobacterial calcification occurs in lakes, springs, oceans,
and terrestrial ecosystems and is involved in the fundamental
process of the global carbon cycle (1-4). This process makes an
important contribution to the formation of carbonate deposits,
which are now intensively studied as high-resolution continental
archives for environmental change (1, 5-8). Despite the recent
finding of intracellular calcification in the cyanobacterium “Can-
didatus Gloeomargarita lithophora” (9), cyanobacterial calcifica-
tion is usually an extracellular bio-induced process that is medi-
ated by both environmental factors and biological processes.
Although many of the genes and proteins involved in the cyano-
bacterial calcification process are yet to be elucidated, the follow-
ing factors are assumed to be crucial: (i) calcium concentration
(1); (ii) carbonate saturation state and availability of dissolved
inorganic carbon (DIC) (8, 10); (iii) growth medium pH (11); (iv)
temperature (12); (v) availability of nucleation sites, such as an
exopolysaccharide sheath or a proteinaceous surface layer around
the cells (13). Thus, examination of genes involved in Ca**, H™,
and DIC transport in cyanobacteria may help to elucidate the
molecular mechanism of bio-induced extracellular calcification.

CO,-concentrating mechanisms function to transport and ac-
tively accumulate DIC to elevate the CO, concentration around
Rubisco (14-16). The constitutive forms of CCMs are obligate for
cyanobacterial growth in most natural aquatic environments,
while the inducible forms of CCMs are upregulated under DIC-
limited conditions (16). In cyanobacterial cells, the active uptake
of CO, or HCO; ™ could lead to the release of equal amounts of
OH' ions, which would increase the pH of the microenvironment
around the cells. An increase in pH causes a shift in the carbonic
acid equilibrium toward CO5>~, followed by CaCO; precipitation
(3,7,8,10,17).
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It remains controversial whether CCM-facilitated photosyn-
thesis promotes the cyanobacterial calcification process, although
several models of calcification mechanisms have proposed roles
for photosynthesis and CCMs (3, 4, 10). Merz (10) reported that
the calcification in mats of the filamentous cyanobacteria Schizo-
thrix sp. and Scytonema sp. decreased upon addition of ethoxyzo-
lamide (EZ; a membrane-permeable carbonic anhydrase inhibi-
tor) or DCMU [3-(3,4-dichlorophenyl)-1,1-dimethylurea], a PSII
electron transport inhibitor. These findings suggested that CaCO,
precipitation is quantitatively related to photosynthesis and
CCMs. Geological records also suggest that cyanobacterial calcifi-
cation is promoted by CCMs (3, 17). The atmospheric CO, partial
pressure has been estimated to fall below approximately 0.4%
around the Devonian-Mississippian transition (ca. 360 million
years), a level currently sufficient to induce CCMs in cyanobacte-
ria. Meanwhile, microfossil records indicate that sheath-calcified
cyanobacteria (Girvanella) appeared during the Mississippian, ca.
325 to 355 million years, which coincides with the development of
CCMs (3, 17). However, Obst et al. (18) found that photosynthesis
did not directly influence the nucleation process of CaCO; on the
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cell surface of Synechococcus leopoliensis PCC 7942 under low-
nutrient concentrations and continuous CO, supply. A DCMU or
dark treatment had little effect on precipitation rates (18). Thus,
more studies are required to clarify the relationship between cya-
nobacterial calcification and CCM-facilitated photosynthesis.

The freshwater unicellular cyanobacterium Synechocystis sp.
strain PCC 6803 (here Synechocystis 6803) is an important model
species for CCM research (14-16). This strain was the first pho-
totrophic organism to be fully sequenced, and it is amenable to
genetic manipulation. In Synechocystis 6803, Slr1336 (named Syn-
CAX) has been identified as the only Ca>*/H™ exchanger. This
protein is located in the plasma membrane and catalyzes the
Ca**/H" exchange reaction at alkaline pH with a stoichiometry of
H":Ca®" that is higher than 2 (19). The characteristics of the
SynCAX protein, which transports Ca** outand H" into the cells,
make it an ideal candidate to investigate cyanobacterial calcifica-
tion. In this study, we conducted a comparative analysis of Syn-
echocystis 6803 wild type and a Ca’*/H" exchanger mutant
(sIr1336::C.K2) to investigate the molecular mechanism of cyano-
bacterial calcification and its relationship with CCM-facilitated
photosynthesis.

MATERIALS AND METHODS

Strains and culture conditions. A glucose-tolerant wild-type strain of
Synechocystis 6803 was cultured in BG11 liquid medium (20) supple-
mented with 3.4 mM CaCl, and 1 mM KHCOj; at 30°C under continuous
fluorescent cool white lights (40 pmol photons m~* s~ '). According to
the culture requirements of the mutants or complemented strains, kana-
mycin (25 g ml~ "), spectinomycin (20 wg ml™'), or both were added to
the BGI11 medium. All samples were cultured under these photoau-
totrophic growth conditions unless stated otherwise. For light-activated
heterotrophic growth, 5 mM glucose was added to the culture medium.
Samples were exposed to 40 pumol photons m ™~ 2s ™~ * light for 5 min per day
but otherwise kept in the dark (21). Growth was monitored by cell count-
ing with an Epics Altra flow cytometer (Beckman Coulter, Cupertino,
CA), with a known concentration of yellow-green fluorescent micro-
spheres (1.00-pm-diameter beads, catalog number 18860; Polysciences
Inc., Warrington, PA) (22). Specific growth rates were calculated as the
slopes of the linear regression of the In(cell concentration) versus day for
individual cultures over the linear range.

Plasmid construction and generation of cyanobacterial mutants
and the complemented strain. Molecular manipulations were performed
using standard methods. Enzymes were used according to the manufac-
turers’ instructions. The primers used for PCR amplifications are listed in
Table S1 in the supplemental material.

Plasmids for gene disruption were constructed as follows: DNA frag-
ments containing the slr1336 gene or the cmpA (sIr0040) gene were am-
plified from the genomic DNA of Synechocystis 6803 by using the primers
slr1336-F/slr1336-R or CmpA-1/CmpA-2, respectively. The obtained se-
quences were cloned into pMD18-T (TaKaRa) and confirmed by se-
quencing. The C.K2 (kanamycin resistance) cassette was inserted into the
Ncol site of the plasmid pMD18-T::slr1336, resulting in plasmids pHS062
for the inactivation of slr1336 in Synechocystis 6803. Similarly, the omega
cassette was inserted into the Clal site of the plasmid pMD18-T::s1r0040,
resulting in plasmid pHS462 for the inactivation of cmpA in Synechocystis
6803.

The plasmid for complementation was constructed as follows: the
slr1336 gene fragment was amplified from the genomic DNA of Syn-
echocystis 6803 by using the primers slr1336¢-F and slr1336¢-R and Pfu
DNA polymerase (Promega). The PCR fragment was confirmed by se-
quencing and then cloned into the Ndel site of the PpsbAIl expression
platform (pHS298) (23).

Transformation of Synechocystis 6803 was performed as described by
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Williams (24). The mutants and complemented strain were generated by
transformation with the corresponding plasmids. Complete segregation
of mutants was confirmed by PCR.

Calcium precipitation experiments. Calcium precipitation experi-
ments were performed at pH 8.0 under photoautotrophic and light-acti-
vated heterotrophic growth conditions and with 20 mM HEPES-KOH
buffer. The amount of CaCO; precipitated per time interval per cell was
determined after 3 h. Cell numbers at the beginning and the end of exper-
iments were determined by flow cytometry. The precipitated calcium was
presumed to be absent from the filtered supernatant solution. At the end
of the experiments, samples were centrifuged, and the supernatants were
filtered through a 0.22-pm nylon filter and then acidified with HNO;. The
concentration of calcium precipitated in each vial was calculated by sub-
tracting the concentration of calcium in the supernatant from the original
amount of calcium added. All filtered solutions were analyzed to deter-
mine the aqueous Ca”* concentration by atomic absorption spectroscopy
(Varian spectrophotometer AA240 FS), and 2% SrCl, was added before
analysis (25).

Electrophoretic mobility assay. The electrophoretic mobilities of cell
suspensions were measured using a Zetasizer Nano ZS90 instrument
(ZEN3690; Malvern Instruments Ltd., United Kingdom). The zeta poten-
tial was calculated from the measured mobility according to the Smo-
luchowski equation, and samples were prepared as described by Dittrich
and Sibler (26).

Measurement of intracellular pH. For cell dying, 5(6)-carboxyfluo-
rescein diacetate (CF-DA; Sigma) was dissolved in dimethyl sulfoxide
(DMSO) to a final concentration of 10 mM. For calibration, the deesteri-
fied probe 5(6)-carboxyfluorescein (CF; Sigma) was dissolved in DMSO
to a final concentration of 100 mM. These solutions were diluted with
BG11 medium buffered with 20 mM HEPES-KOH (pH 8.0) or 20 mM
CAPS-KOH (pH 10.0) to obtain 10 wM CF-DA or 40 uM CF, respec-
tively. For calibration purposes, we prepared 50 mM citric disodium hy-
drogen phosphate buffers from pH 4.96 to 7.41 in steps of 0.20 pH units.
Cells at exponential phase were harvested, washed, and resuspended in pH
8.0 or pH 10.0 BG11 medium for 3 h at 40 wmol photons m ™~ ? s~ ' and
30°C. Then, these cells were incubated with the pH probe solution for 30
min in the dark at 37°C. For in vivo calibration, 13 wM nigericin (Sigma)
was added to the samples to equilibrate the pH of stained cells to the pH of
the surrounding buffer. Analysis of the fluorescence intensity of individ-
ual cells was performed using an Epics Altra flow cytometer (Beckman
Coulter). Samples were excited with a 488-nm argon ion laser, while the
fluorescence emission was measured through 525-nm and 575-nm band-
pass filters (27). All data were acquired in logarithmic mode with a total of
20,000 cells measured for every sample.

Quantitative reverse transcription-PCR (qRT-PCR). Cells were col-
lected by a brief centrifugation (4,800 X g, 6 min), and total RNA was
isolated with a TRIzol reagent kit (Invitrogen). To remove DNA contam-
ination, the RNA solutions were digested with 4 U RNase-free DNase
(Promega) according to the manufacturer’s instructions. The digest was
extracted with an equal volume of phenol-chloroform-isoamyl alcohol
(25:24:1), and the RNA was precipitated by centrifugation after overnight
incubation at —80°C in the presence of 200 mM LiCl and 75% (vol/vol)
ethanol.

For quantitative RT-PCR analysis, first-strand synthesis was carried
out using Moloney murine leukemia virus reverse transcriptase (Pro-
mega) according to the manufacturer’s instructions. For PCR amplifica-
tions, we used the cDNA products and primers specific for the following
CCM-related genes: cmpA, bicA, sbtA, ndhF3, ccaA, ecaB, and ccmN. The
RNase P subunit B gene (rnpB) served as the control. Amplifications were
carried out in a 20-pl volume using SYBR green real-time PCR master mix
(Toyobo). The primers used in these experiments are provided in Table S1
of the supplemental material. Relative quantification of transcripts in this
study was carried out using the following 272" method, described by
Livak and SChmittgen (28) AACI = (C’D Target CT’ mpB)slr1336 mutant
(CT’ Target CT’ ran)wild type*
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Western blot analysis. For Western blot analysis, cells were collected
by centrifugation, resuspended in 40 mM Tris-HCI (pH 8.0) with 1 mM
phenylmethylsulfonyl fluoride (PMSF), and ruptured with a UP200S
ultrasonic processor (Hielscher Ultrasound Technology, Germany) in an
ice bath for 15 min at 40% amplitude and 0.3 cycles. Cell debris and
unbroken cells were removed by centrifugation at 11,000 X gat 4°C for 10
min. The supernatant was used for the Western blot analysis. SDS-PAGE
and Western blotting were performed using standard methods. Equal
amounts of proteins were loaded, separated by 12% SDS-PAGE, trans-
ferred to nitrocellulose filters (Millipore, Ireland), detected with anti-
CmpA rabbit antiserum (which was obtained from rabbits immunized
with purified CmpA), and visualized with goat anti-rabbit alkaline phos-
phatase antibody with nitroblue tetrazolium (NBT) and 5-bromo-4-
chloro-3- indolylphosphate (BCIP; Amresco) as the substrates.

CA activity assays. The carbonic anhydrase (CA) assay was based on
the rate of change in pH value after the injection of a standard amount of
CO,-saturated water (29). Samples were collected by centrifugation, re-
suspended in pH 8.0 assay buffer (40 mM HEPES, 40 mM MgCl,, and 4
mM PMSF), and ruptured by ultrasonication in an ice bath. Then, 5 ml of
supernatant was added to a stirred, water-jacketed cuvette (4°C), with a
pH electrode inserted into the assay solution. After the temperature equil-
ibrated, 5 ml ice-cold CO,-saturated water was injected, and the time for
the pH to change from 8.0 to 7.0 was recorded. The buffer without cell
crude extract was used as the control. CA activity was calculated as the
difference in the initial rate of CO, hydration between the control and the
samples and is expressed in Wilbur-Anderson units (WAU) per 1 mg of
protein. One WAU is defined as 10 X (t, — t)/t, where t, and t are the times
(in minutes) required for the pH to change by ApH in the control and the
sample, respectively.

C; flux measurements with MIMS. For inorganic carbon (C;) flux
measurements with a membrane inlet mass spectrometer (MIMS), cells
were harvested by brief centrifugation and then resuspended in fresh
modified BG11 medium (no Na,CO;, and NaNOj; was replaced with an
equal amount of KCI, supplemented with 25 mM NaCl, and buffered with
20 mM HEPES-KOH at pH 8.0) as described by Song and Qiu (30). The
CO, (m/z = 44) and O, (m/z = 32) concentrations in the cell suspensions
were monitored simultaneously by using a thermostat-controlled glass
cuvette connected to a membrane inlet mass spectrometer (HPR40;
Hiden). The dark/light/dark intervals lasted about 6 min at 30°C. During
dark intervals, 100 nM KHCO; was added before the beginning of the
subsequent light interval (light intensity, 500 wmol photons m™2 s™').
Net HCO; ™~ uptake, net CO, uptake, leakage of CO,, and influx of CO,
were estimated according to the methods described by Badger et al. (31).
The rate constants for the conversion of HCO, ™~ to CO, were 0.0508 s
for k, (CO, —HCO, ™) and 0.00087 s~ ' for k, (HCO,~ — CO,). Before
C; flux measurements, MIMS was calibrated for O, concentrations with
air-equilibrated and oxygen-free distilled water. MIMS was calibrated for
CO, concentrations by injecting known amounts of NaHCO; into 0.2
mM HCI and adding known amounts of NaOH into C;-free distilled
water.

Measurements of photosynthetic activities of cells. SbtA and BicA
HCO, ™ transporters depend on millimolar levels of Na™ and are specifi-
cally inhibited by Li* ions, which have little effect on other modes of C;
uptake (32, 33). EZ is a membrane-permeable CA inhibitor that specifi-
cally inhibits active CO, uptake (34). To determine the contribution of
different C; transporters to photosynthesis, samples were collected,
washed, and resuspended in NO,~, Na™, and C;-free BG11 medium buff-
ered with 20 mM HEPES-KOH (pH 8.0) as described previously (30), and
then 2-ml aliquots of cell suspensions were placed into an oxygen elec-
trode chamber (Chlorolab 2; Hansatech Instruments Ltd., King’s Lynn,
Norfolk, United Kingdom). After DIC depletion at 150 pwmol photons
m~* s~ for about 30 min, photosynthetic activities were measured as
oxygen evolution under the three treatments (25 mM NaCl, 25 mM NaCl
plus 300 wM EZ, or 25 mM LiCl plus 300 uM EZ) at 650 mol photons
m~ s~ ! and 30°C with supplementation of 1 mM KHCO,.
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RESULTS

Growth and pH changes. To obtain the Ca®"/H™ exchanger mu-
tant in Synechocystis 6803, a kanamycin resistance cassette was
inserted into the Ncol site of the slr1336 gene in the Synechocystis
genome. The complete segregation mutant was obtained by grow-
ing cells for many generations on kanamycin-containing medium
and was confirmed by PCR (see Fig. S1 in the supplemental ma-
terial). When cultured under photoautotrophic conditions, the
slr1336::C.K2 mutant showed a slightly lower growth rate (0.83 =
0.01) than that of the wild type (0.89 * 0.01 [mean * standard
deviation, or SD, of slopes of the linear regression of the In of the
cell concentration versus day for individual cultures over the lin-
ear range]) (¢ test, P << 0.05) (Fig. 1A). In cultures of the wild type
and slr1336::C.K2, the pH of the growth medium increased from
8.0 to approximately 10.34 and 10.54, respectively, after the first 4
days and then decreased to approximately 9.20 and 9.07, respec-
tively (Fig. 1A). However, under light-activated heterotrophic
growth conditions, there were no significant differences in either
the specific growth rate or growth medium pH between the two
strains (Fig. 1B). The slight growth delay of the slr1336::C.K2 mu-
tant under photoautotrophic conditions was probably because of
achange in intracellular pH. Results showed that when the outside
medium pH was 8.0, the intracellular pH was not significantly
different between the wild-type and mutant cells (¢ test, P > 0.05),
but when the medium pH was 10.0, the intracellular pH of
slr1336::C.K2 was significantly higher than that of the wild type (¢
test, P < 0.05) (Fig. 1D). Under photoautotrophic growth condi-
tions, cells conducted photosynthesis and assimilated CO, from
the medium, increasing the pH of the medium. At higher pH,
Synechocystis cells without the only Ca>*/H" exchanger probably
obtained fewer protons from the medium, and their intracellular
pH increased.

Calcium carbonate precipitation and zeta potential. To clar-
ify the effect of knocking out slr1336 on the calcification process in
Synechocystis 6803, we determined the calcium carbonate precip-
itation rate. The precipitated calcium was presumed to be absent
from the filtered supernatant solution. The rate for the slr1336:
C.K2 strain was (2.86 * 0.43) X 10~ ' mol Ca cell ' h™ !, which
was significantly higher than that of the wild type ([1.74 * 0.28] X
107" mol Ca cell ! h™") under photoautotrophic conditions (¢
test, P < 0.05) (Fig. 2A). To determine whether CCM-facilitated
photosynthesis affected the CaCOj precipitation process, we con-
ducted the same measurements under light-activated hetero-
trophic growth conditions. The calcification rates of both wild-
type and sir1336:C.K2 mutant cells under light-activated
heterotrophic conditions were about 100 times lower than those
under photoautotrophic conditions (t test, P < 0.05) (Fig. 2B).
These results suggested that the photosynthetic metabolism pro-
cess promotes cyanobacterial calcification.

Since the metabolism of cyanobacterial cells can influence their
surface potential (35), the zeta potentials of wild-type and slr1336::
C.K2 cells were measured as a function of pH (Fig. 2C). Both
strains had a negatively charged surface over the pH range from
1.27 to 10.00. However, the zeta potential of slr1336::C.K2 cells
was more negative than that of wild-type cells over a broad range
of pH values, suggesting that the mutant cells had a stronger abil-
ity to bind Ca*>* ions. Cyanobacterial cells can specifically adsorb
Ca”" ions onto the cell surface (36). Thus, the lower zeta potential
in the slr1336::C.K2 cells would reduce the interfacial free energy
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FIG 1 Cell numbers, growth medium pH, and intracellular pH of Synechocystis 6803 wild-type and slr1336::C. K2 mutant strains. (A and B) Changes in cell
numbers and growth medium pH during growth under autotrophic growth conditions (A) and under light-activated heterotrophic growth conditions (B). The
symbol designations in panel B are also used in panel A. (C) In situ calibration curve of CF-stained cells measured by flow cytometry. Determined values showed
the best fit to a third-order polynomial curve (as shown in the figure). (D) Intracellular pH of Synechocystis 6803 wild-type and slr1336::C.K2 mutant cells at pH
8.0 or pH 10.0. Conversion from ratio values to pH derived from in situ calibration is indicated as the average intracellular pH. Values are means = SD (n = 3
to 6 independent experiments).

of calcite nuclei and accelerate CaCOj precipitation. The reason
why the inactivation of the Ca®"/H™ exchanger resulted in a lower
zeta potential in the slr1336::C. K2 mutant cells required further
research; this is described below.

Transcriptional analysis of CCM-related genes. The above
results suggested that the CaCOj; precipitation process in Syn-

echocystis cells was influenced by CCM-facilitated photosynthesis.
The operation of cyanobacterial CCMs can change the pH value of
the growth medium (37). Therefore, the expression levels of seven
CCM-related genes were compared between wild-type and
slr1336::C.K2 cells by using quantitative RT-PCR (Fig. 3A). The
transcript level of cmpA was sharply upregulated in slr1336::C.K2
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FIG 2 Calcium precipitation rates and zeta potentials of Synechocystis 6803 wild-type and slr1336::C.K2 mutant cells. (A) Calcification rate under autotrophic
growth conditions. Samples were exposed to 40 wmol photons m ™ s~ " at 30°C in modified BG11 medium with 3.4 mM CaCl,, 1 mM KHCOj3, and 20 mM
HEPES-KOH for 3 h. (B) Calcification rate under heterotrophic growth conditions. Cells were cultured in modified BG11 medium as described above and
supplemented with 5 mM glucose at 30°C in the dark. (C) Zeta potentials of Synechocystis 6803 wild-type and slr1336::C.K2 mutant cells in 0.1 M NaNO; as a
function of pH value. Asterisks indicate significant differences between the wild-type and slr1336::C.K2 strains ( test, P < 0.05). Values are means = SD (n =3
to 4 independent experiments).
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with that in Synechocystis 6803 wild-type cells. Values are means = SD (n = 4 replicate measurements). (B) Protein levels of CmpA in Synechocystis 6803
wild-type, slr1336::C.K2 mutant, and complemented (slr1336::C.K2+psbAlIl ., ;54) cells grown in BG11 medium. Lane 1, wild type; lane 2, sIr1336::C.K2; lane 3,
slr1336::C.K2+psbAll ,, 556 Total protein (10 pg) from each sample was separated by SDS-PAGE (lower panel) and subjected to Western blotting (upper panel).
(C) Total CA activity in crude extracts of Synechocystis 6803 wild-type and slr1336::C.K2 mutant cells. Values are means * SD (n = 3 independent experiments).

mutant cells, to a level more than 30 times that in the wild type.
cmpA encodes a subunit of the BCT1 HCO; ™ transporter, which
has a Ca*"-binding site (38). For the Na™-dependent HCO;~
transporters, sbtA was upregulated in slr1336::C.K2 cells to a level
2-fold that in the wild type, while similar levels of bicA transcripts
were detected in the mutant and wild type. ndhF3, which encodes
a low-C;-induced CO, transport system, was upregulated about
1.5-fold in slr1336::C.K2 relative to wild-type cells. The genes en-
coding carboxysome CA (ccaA) and a possible periplasmic CA
(ecaB) showed similar transcription patterns; their transcripts
were upregulated approximately 2- and 3-fold, respectively, in
slr1336::C.K2 relative to wild-type cells. From these results, we
concluded that the inactivation of the Ca’®"/H" exchanger
(SIr1336) stimulated the expression levels of CCM-related genes,
especially cmpA, which encodes the BCT1 HCO;™ transporter.
Interestingly, the upregulation of these CCM-related genes was
consistent with the increased calcification rate in slr1336::C.K2
(Fig. 2).

Western blot analysis of CmpA protein and total CA activity
analysis. To determine whether the upregulation of cmpA tran-
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scription led to an increase at the protein level, Western blot anal-
ysis was performed using a CmpA antibody (Fig. 3B). When equal
amounts of total proteins from wild-type and slr1336::C.K2 cells
were analyzed, the amount of CmpA was higher in slr1336::C.K2
than in wild-type cells. We also constructed a slr1336::C.K2-com-
plemented strain (sIr1336::C. K2+ psbAll ;,;534) by expressing the
slr1336 gene in the slr1336::C.K2 mutant with a PsbAll expression
vector (23). The complemented strain further confirmed that the
phenotypes of the mutant were caused by the inactivation of
slr1336, and they excluded a second site mutation. When equal
amounts of total proteins were analyzed, there was less CmpA
protein in complemented cells than in slr1336::C.K2 cells, but the
level was similar to that in wild-type cells.

Since the transcriptional analysis indicated that CA-encoding
genes were upregulated in the slr1336::C.K2 mutant, CA activity
was measured to examine whether the upregulated transcript
levels of ccaA and ecaB enhanced the enzymatic activity of
slr1336::C.K2 cells (Fig. 3C). The total CA activity of slr1336::
C.K2was 1.36 = 0.11 WAU mg of protein ™', which was signif-
icantly higher than that of the wild type (0.94 * 0.17 WAU mg
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TABLE 1 C; fluxes of Synechocystis 6803 wild type, slr1336::C.K2, and
the slr1336/cmpA double mutant”

C; flux (wmol C; mg Chla~'h™")

Net HCO;~  Net CO, Influx of Leakage of
Strain uptake uptake CO, CO,
Wild type 1554 +32.4a 282 *174a 52.8 £84a 24.6*10.8ab
slr1336:C.K2 2274 *54b 264 *+72a 624+ 186a 36.6*=18.0a
slr1336/cmpA 129.6 £ 24.0a 12.0 *54a 204 *=30b 84=*48Db

@ Cells were resuspended in fresh modified BG11 medium, and CO, and O,
concentrations in cell suspensions were monitored simultaneously with a MIMS
apparatus during dark/light/dark transitions after addition of 100 uM KHCO; at pH
8.0, 30°C, and 500 pmol photons m ™2 s~ '. Values in the same column followed by
different lowercase letters are significantly different (Tukey multiple comparison, P <
0.05). Values are means = SD (n = 4 independent experiments).

of protein ™' ¢ test, P < 0.05). These findings were consistent with
the qPCR results shown in Fig. 3A.

C; flux and photosynthetic O, evolution. The O, and CO,
concentrations of the Synechocystis 6803 wild type, slr1336::C.K2,
and slr1336/cmpA double mutant were measured by using a mem-
brane inlet mass spectrometer at pH 8.0 according to the methods
described by Badger et al. (31). The net HCO;  uptake rate of
slr1336::C.K2 was significantly higher than that of the wild type
(Tukey multiple comparison, P < 0.05) (Table 1). The net CO,
uptake, CO, leakage, and influx rates showed no significant dif-
ferences between the wild type and slr1336::C.K2 (Tukey multiple
comparison, P > 0.05). For the double mutant of slr1336 and
cmpA, the net HCO; ™ uptake rate was close to that of the wild type
(Tukey multiple comparison, P > 0.05), but it was significantly
less than that of sir1336::C.K2 (Tukey multiple comparison, P <
0.05).

Next, we analyzed the photosynthetic contributions of differ-
ent C; transport systems by determining oxygen evolution rates
after adding different C; uptake inhibitors at pH 8.0 (Table 2).
When 25 mM LiCl plus 300 uM EZ was added, only the BCT1
Na*-independent HCO;~ transporter operated. Under these
conditions, the photosynthetic rate of slr1336:C.K2 cells was
115.2 * 27.6 pmol O, mg Chl a~' h™', which was significantly
higher than that of wild-type cells (69.0 * 15.0 umol O, mg Chl
a ' h™ ttest, P < 0.05). This suggested that photosynthetic ac-
tivity supported by BCT1 HCO; ™ transporter uptake systems is
induced in slr1336::C.K2 cells. This finding was consistent with the
results of QRT-PCR and Western blot analyses (Fig. 3A and B).

Cyanobacterial Calcification and CCM

The photosynthetic activity supported either by CO, uptake sys-
tems or by Na*-dependent HCO; ™ transporters (SbtA and BicA)
showed no significant difference between the mutant and wild
type (¢ test, P > 0.05).

DISCUSSION

According to the model proposed by Riding (17), cyanobacterial
calcification is promoted by CO,-concentrating mechanisms that
developed to accommodate photosynthetic carbon limitation.
The model states that CCMs actively import DIC into the cell for
photosynthetic carbon fixation, meanwhile liberating OH™ ions
out of the cell. This raises the external pH and thus stimulates
CaCOj precipitation at high ambient carbonate saturation (17).
The results reported here support this model. Synechocystis 6803
can utilize glucose as a carbon source and perform light-activated
heterotrophic growth (21). Thus, it is a good model organism to
investigate the effects of photosynthesis on cyanobacterial calcifi-
cation. Our data showed that when cultured in medium with a
high Ca** concentration (3.4 mM CaCl,), the calcification rate of
cells grown under photoautotrophic conditions was 100 times
higher than that in cells grown under light-activated hetero-
trophic conditions (Fig. 2). According to the amount of Chl a per
cell, it can reach up to 3.0% and 4.5% of the maximum photosyn-
thetic rate, respectively, for wild-type and slr1336:C.K2 cells
grown under photoautotrophic condition (measured at 40 pmol
photons m ™2 s~ ") (Fig. 2; Table 2). In spite of certain physiolog-
ical differences between the two strains, the dramatic increase in
the calcification rate under photoautotrophic conditions indi-
cated the significant roles of photosynthesis in the process of cya-
nobacterial calcification. Under heterotrophic conditions, cyano-
bacteria cannot drive photosynthetic C; transport and CO,
assimilation via the Calvin cycle. Consequently, the major meta-
bolic pathway switches to the oxidative pentose phosphate path-
way (OPPP) and the tricarboxylic acid cycle (39, 40), and there-
fore calcification barely occurs outside the cells.

When the only Ca>*/H" exchanger was knocked out in Syn-
echocystis cells, fewer Ca®" ions were transported to the periplas-
mic space and fewer protons were transported into the cytoplasm
(19). This variation in the Ca®>" concentration in the periplasm
probably caused a series of expression changes of genes regulated
by the Ca>* concentration, such as cmpA. In Synechococcus sp.
strain PCC 7942, the cmpABCD operon plays essential roles in
HCO;™ transport (41, 42). In Synechocystis 6803, the key roles of

TABLE 2 Photosynthetic rates of Synechocystis 6803 wild-type and sir1336::C.K2 mutant cells supported by different C; transporters®

Photosynthetic rate (umol O, mg

Chla™'h™")
Treatment (data derivation no.) Operation of C; transport system(s) Wild type slr1336::C.K2
25 mM NaCl (1) BCT]1, SbtA, and BicA HCO; ~ transporters; CO, transport systems 201.0 = 25.2 223.8 = 33.6
25 mM NaCl + 300 uM EZ (2) BCT1, SbtA, and BicA HCO; ™ transporters 164.4 * 28.8 198.6 = 37.8
25 mM LiCl + 300 uM EZ (3) BCT1 HCO; ™ transporter 69.0 = 15.0 115.2 = 27.6%
Rates for derivation 2 — derivation 3 SbtA and BicA HCO; ™ transporters 95.4 =234 83.4 = 36.0
Rates for derivation 1 — derivation 2 CO, transport systems 36.6 = 12.0 252 *+15.0

“ Samples were washed and resuspended in NO; ™ -free, Na™ -free, and C;-free BG11 medium buffered with 20 mM HEPES-KOH (pH 8.0). Then, 1 mM KHCO; was added after C;

depletion at 150 wmol photons m ™~ *s ™!

, and the photosynthetic rate was measured at 650 wmol photons m™~* s~ ' and 30°C under three treatments (25 mM NaCl, 25 mM NaCl

plus 300 pM EZ, 25 mM LiCl plus 300 pM EZ). CO, transport systems were inhibited by addition of 300 M EZ; Na™ -dependent HCO;~ transporters (SbtA and BicA) were
inhibited by addition of 25 mM LiCl and removal of Na™. The asterisk indicates a significant difference between slr1336:C.K2 and the wild-type strain (f test, P < 0.05). Values are

means £ SD (n = 6 independent experiments).
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FIG 4 Scheme showing cyanobacterial calcification promoted by inactivation
of Ca**/H™ exchanger. CCM:s function to transport C; into the cytosol, where
DIC accumulates as HCO; . The pool of HCO, ™ converts to CO, for photo-
synthetic carbon fixation in the carboxysome and liberates OH ™ ions from the
cell, raising the external pH. Inactivation of the Ca>*/H™* exchanger decreases
the zeta potential, induces the BCT1 HCO; ™ transporter, increases CA activ-
ity, and thus increases the pH in the microenvironment around the cell. This
can stimulate CaCOj; precipitation by increasing ambient carbonate satura-
tion. The + symbol indicates upregulated steps demonstrated in the present
study. A, CmpA; OM, outer membrane; PGA, glycerate-3-phosphate; PM,
plasma membrane; Rubisco, ribulose bisphosphate carboxylase-oxygenase;
TM, thylakoid membrane.

the CmpA protein or the BCT1 HCO; ™ transporter still need to be
elucidated, since the inactivation of the cmp operon in an ndhB
mutant of Synechocystis 6803 did not change its growth character-
istics at pH 9.0 (DIC was mainly supplied by HCO; ) (43). Inter-
estingly, the structure of CmpA in Synechocystis 6803 has already
been reported; the Synechocystis CmpA protein is anchored at the
plasma membrane, and its Ca®"-binding site is exposed at the
periplasmic side. The binding of bicarbonate to CmpA is accom-
panied by a Ca®" ion, which probably acts a cofactor in the bicar-
bonate transport activity of CmpA (38). Although limitation in
the methodology did not allow measurement of the Ca®" concen-
tration in the periplasm in this study, we suggest that a short-term
decrease in the Ca>" concentration in the periplasmic space could
be the signal to induce expression of cmpA. This hypothesis is also
consistent with the phylogenetic distribution of the cmp operon or
BCT1 among different cyanobacterial species. BCT1 is generally
present in freshwater cyanobacterial species but not in marine
ones, except for Synechococcus WH5701 (16, 44); it is interesting
that the concentration of calcium is much lower in freshwater
than in seawater (6). The relatively lower Ca®" concentration in
the periplasmic space in the slr1336::C.K2 mutant might be the
main reason for upregulation of the cmpA gene. This hypothesis
was supported by our results, including the increased protein level
of CmpA as determined by Western blot analysis (Fig. 3), the
increase of net HCO;~ uptake as determined by the MIMS assay
(Table 1), and the increased photosynthetic rate supported by the
BCT1 transporter (Table 2). The model in Fig. 4 shows the puta-
tive mechanism of cyanobacterial calcification promoted by the
inactivation of the Ca>*/H™ exchanger.
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In addition to the change in Ca®" concentration, the intracel-
lular pH and zeta potential of the slr1336::C.K2 mutant were also
affected by the inactivation of the Ca**/H ™" exchanger (Syn CAX).
When the pH of the growth medium was 10, the intracellular pH
was higher in slr1336::C.K2 mutant cells than in wild-type cells
(Fig. 1). This result is consistent with the conclusion of Waditee et
al. (19), who reported that SIr1336 catalyzes the Ca**/H™ ex-
change reaction at alkaline pH with a stoichiometry of H":Ca®"
higher than 2. The increase in intracellular pH would result in a
relatively lower CO,/HCO;™ ratio within the cell, which could
result in upregulation of the low-C;-induced CO, transport sys-
tem encoded by ndhF3 and of CA-encoding genes (Fig. 3). The
results of several independent experiments in this study showed
that the zeta potentials of both wild-type and slr1336::C.K2 cells
were negative over a broad pH range (Fig. 2). These findings were
consistent with previously reported results that showed that most
microorganisms exhibit a negative zeta potential at pH levels of
>2.0 (35). Evidently, the slr1336::C.K2 mutant cells exhibited a
lower zeta potential than wild-type cells, and thus, they may bind
cations such as Ca®" more easily. This might contribute greatly to
the higher calcification rate in slr1336::C.K2 cells.

In conclusion, the mutation of the Ca?*/H" exchanger
(SIr1336) in Synechocystis 6803 cells activated CCM-related genes
and increased the activities of C; transport systems, especially that
of the BCT1 transporter. As a result, the slr1336::C.K2 mutant cells
showed higher HCO; ™ uptake than wild-type cells and increased
the pH of the microenvironment around the cells to promote the
calcification process. The lower zeta potential of mutant cells in-
dicated a greater ability to bind calcium ions, thus facilitating
CaCOs precipitation (Fig. 4).
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