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ABSTRACT Salinity is one of the most important abiotic factors in various natural
habitats of microbes. Cyanobacteria are the most widely distributed family of photo-
synthetic microorganisms in environments with fluctuating salinity. In response to
salt stress, many cyanobacteria de novo synthesize compatible solutes to maintain
osmotic balance in the cell. However, the regulation of intracellular accumulation of
these compounds is still not well understood. The freshwater cyanobacterium Syn-
echococcus elongatus PCC 7942 (Syn7942) exclusively accumulates sucrose as a com-
patible solute upon salt stress and is thus an ideal model microorganism for studying
the metabolism of compatible solute dynamics. Here, we focused on elucidating the
regulatory mechanisms involved in salt-induced sucrose accumulation in Syn7942. Using
a series of physiological and biochemical experiments, we showed that the ionic effect
of salt stress plays an important role in inducing sucrose synthesis, whereby elevated ion
concentration directly activates the sucrose-synthesizing enzyme sucrose-phosphate syn-
thase and simultaneously inhibits the sucrose-degrading enzyme invertase, resulting in a
rapid sucrose accumulation. Thus, we propose a novel mechanism for cyanobacterial
adaption to salt stress and fluctuating salinity, i.e,, the ion-induced synergistic modula-
tion of the enzymes synthesizing and degrading compatible solutes. These findings
greatly enhance our current understanding of microbial adaptation to salt.

IMPORTANCE Most microbes de novo synthesize compatible solutes for adaptation
to salt stress or fluctuating salinity environments. However, to date, one of the core
questions involved in these physiological processes, i.e, the regulation of salt-induced
compatible solute biosynthesis, is still not well understood. Here, this issue was system-
atically investigated by employing the model freshwater cyanobacterium Synechococcus
elongatus PCC 7942. A novel mechanism for cyanobacterial adaption to salt stress and
fluctuating salinity, i.e,, the ion-induced synergistic modulation of key synthesizing and
degrading enzymes of compatible solutes, is proposed. Because the ion-induced activa-
tion/inhibition of enzymes is a fast and efficient process, it may represent a common
strategy of microbes for adaptation to environments with fluctuating salinity.

KEYWORDS cyanobacteria, salt stress, salt acclimation, compatible solute

alinity is one of the most important abiotic factors in various natural habitats of
microbes. It highly fluctuates in association with geographical (e.g., water merging
in estuaries and tidal fluxes) and climatic (e.g., rainfall and desiccation) changes and

April 2020 Volume 86 Issue 7 €02904-19 Applied and Environmental Microbiology

Citation Liang Y, Zhang M, Wang M, Zhang W,
Qiao C, Luo Q, Lu X. 2020. Freshwater
cyanobacterium Synechococcus elongatus PCC
7942 adapts to an environment with salt stress
via ion-induced enzymatic balance of
compatible solutes. Appl Environ Microbiol
86:€02904-19. https://doi.org/10.1128/AEM
.02904-19.

Editor Robert M. Kelly, North Carolina State
University

Copyright © 2020 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Quan Luo,
luoquan@gqjibebt.ac.cn, or Xuefeng Lu,
lvxf@gibebt.ac.cn.

Received 12 December 2019

Accepted 12 January 2020

Accepted manuscript posted online 17
January 2020
Published 18 March 2020

aem.asm.org 1


https://doi.org/10.1128/AEM.02904-19
https://doi.org/10.1128/AEM.02904-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:luoquan@qibebt.ac.cn
mailto:lvxf@qibebt.ac.cn
https://crossmark.crossref.org/dialog/?doi=10.1128/AEM.02904-19&domain=pdf&date_stamp=2020-1-17
https://aem.asm.org

Liang et al.

factitious activities (e.g., discharge of sewage). Salt stress usually challenges living cells
via its two associated effects, i.e., high ionic strength and high external osmotic
pressure. The former leads to an influx of inorganic ions (e.g., Na* and CI-), some of
which are toxic to cell metabolism (1, 2). The latter causes a direct loss of intracellular
water, which in turn reduces cell turgor and inhibits cell growth. To cope with these
challenges, microbes have developed two strategies, the “salt-in” and “salt-out” strat-
egies (3). Some archaea and a few halophilic bacteria adopt the “salt-in” strategy. High
concentrations of inorganic salts (generally K+ and CI-, up to 2 to 3 M) are accumulated
in the cytoplasm and required for the growth and structural stability of cells. The
intracellular enzymatic machineries of these microorganisms maintain proper confor-
mation and activity at near-saturating salt environments. Under low salt concentrations,
most proteins become denatured (3-7). For most microbes, including cyanobacteria,
the “salt-out” strategy is adopted. These microorganisms maintain a relatively low
intracellular ion concentration by actively pumping out inorganic ions and accumulate
high levels of compatible solutes, which are small water-soluble organic compounds
such as sucrose, glycerol, glycine betaine, ectoine, etc., by either de novo biosynthesis
or uptake from the environment to ensure osmotic balance (6, 8, 9).

Microbes dynamically maintain intracellular levels of compatible solutes as stimulus-
induced intermediates. When the environmental salinity abruptly or gradually de-
creases, the cell secretes or degrades these compounds for a rapid or gradual
decrease of their levels. This response is physiologically important for microbes, en-
abling adaptation to fluctuating salinity. However, the majority of previous studies on
the regulation of compatible solute metabolism focused on the expression and enzyme
activity of key synthesizing genes/enzymes (10-17). Much less attention has been paid
to the degradation of compatible solutes. Only a few enzymes participating in the
degradation of compatible solutes, such as sucrose and glucosylglycerol (GG), have
been identified (18-21). The regulation and the role of degrading actions in compatible
solute metabolism, especially from the point of view of the synthesis/degradation
balance, are rarely examined (22) and require further study. Their delineation will
enable a deep understanding of the mechanisms of microbial salt acclimation.

Cyanobacteria are a large group of microorganisms adopting the “salt-out” strategy
for salt acclimation. These bacteria can be found in almost all light-exposed environ-
ments and play an important role in the global substance and energy cycling because
of their oxygenic photosynthetic capabilities (23). A rough correlation between the salt
tolerance of and the compatible solutes produced by cyanobacteria is found (24-27).
Species with low salt tolerance (up to 0.7 M NaCl, equivalent to 4.1% salinity) synthesize
sucrose and/or trehalose, and species with moderate salt tolerance (up to 1.8 M NaCl)
mainly accumulate GG and sometimes glucosylglycerate. Highly salt-tolerant cyano-
bacteria (up to 3.0 M NaCl) mainly accumulate glycine betaine and glutamate betaine.
Recently, a novel compatible solute, homoserine betaine, was identified from the
oceanic cyanobacterium Trichodesmium erythraeum (28). Among these compatible
solutes, some have great potential for industrial or biotechnological applications, such
as food additives, human nutrients, and moisturizing agents (29). Direct photosynthetic
production of sucrose by cyanobacteria is also considered a potential strategy to
provide abundant sugar feedstock for biorefineries (30).

The molecular basis of sucrose metabolism in cyanobacteria has been clearly
elucidated. Whereas sucrose-phosphate synthase (SPS) and sucrose-phosphate phos-
phatase (SPP) catalyze sucrose synthesis from fructose-6-phosphate and UDP-glucose,
three enzymes, i.e., alkaline/neutral invertase (19, 22), sucrose synthase (18), and
amylosucrase (20), are able to catalyze sucrose degradation. Recently, cyanobacteria
have been extensively metabolically engineered for photosynthetic production of
sucrose. The overexpression of key enzymes and/or sugar transporters, inactivation of
competing pathways, and rerouting of carbon flux in cellular metabolism have greatly
improved their sucrose productivity (30-34). For example, overexpressing the native sps
gene in Synechocystis sp. PCC 6803 (Syn6803) and Synechococcus elongatus PCC 7942
(here referred to as Syn7942) improved the intracellular sucrose accumulation by
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FIG 1 Sucrose accumulation in Syn7942 cells challenged by different stresses. (a) Cells were stressed by NaCl,
sorbitol, mannitol, and PEG6000 under different osmolality conditions for 4 h. (b) Cells were stressed by NaCl,
sorbitol, mannitol, and PEG6000 under the same osmolality (602 mmol/kg) for different times. (c) Cells were
stressed by NaCl, KCI, and NaNO, under the same osmolality (602 mmol/kg) for different times. The data are
presented as means from at least three independent replicates (n = 3 in panels a and ¢; n = 4 in panel b) with the

standard deviations.

approximately 3- and 2-fold, respectively (32, 33). The introduction of Escherichia coli
proton/sucrose symporter CscB into S. elongatus strains resulted in a successful export
of sucrose from the cytoplasm to the medium, channeling up to 80% of the fixed CO,
into sucrose production (30, 31). The enhancement of glycogen synthesis and inacti-
vation of invertase also effectively improved sucrose production in Syn7942 and
Syn6803, respectively (22, 34).

Compared to the well-characterized genetic background and the great progress in
metabolic engineering, the inducing and regulatory mechanisms of salt-induced su-
crose biosynthesis in cyanobacteria are poorly understood. A few core questions about
this physiological process still must be clearly answered. What is the core inducing
factor of sucrose synthesis? At which level(s) is sucrose synthesis regulated? How is
sucrose synthesis/degradation dynamically regulated? Finally, what is the sensory/
signaling mechanism for cyanobacterial acclimation to fluctuating salinity? Previous
studies on the regulation of salt-induced GG synthesis in Syn6803 (a moderately
salt-tolerant cyanobacterium) provide us valuable clues. GG metabolism was found to
be regulated at the levels of both gene expression and biochemical regulation (13, 15,
21). In the present study, we systematically addressed these questions using the model
freshwater cyanobacterium Syn7942 (synthesizing sucrose as the only compatible
solute upon salt stress) on multiple levels (transcriptional, translational, and biochem-
ical). The present study provides evidence that the ion-induced enzymatic balance of
compatible solute turnover represents an important regulatory mechanism.

RESULTS

lonic compounds are more effective than osmotic compounds in the induction
of sucrose synthesis. Salt stress causes two basic types of stresses to the living cell, i.e.,
jonic stress and osmotic stress. To obtain more information about the effects of these
stresses on the induction of sucrose synthesis, NaCl and three commonly used osmotic
compounds (sorbitol, mannitol, and PEG6000) were used to challenge Syn7942 cells
under equal osmolality conditions (see Table S1 in the supplemental material). We first
analyzed sucrose production after a short-term (4 h) stress (Fig. 1a). All osmotic
compounds induced sucrose synthesis, and the induction was osmolality dependent
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within a certain range (=602 mmol/kg), similar to the effect of NaCl. However, the
inductive efficiency of these compounds was markedly lower than that of NaCl. Sucrose
accumulation in the sorbitol-, mannitol-, and PEG6000-stressed cells was only 0 to 23%,
12 to 31%, and 4 to 40% of that in the NaCl-stressed cells, respectively. The long-term
effects of these compounds were examined in a time course manner (up to 72 h) at
602 mmol/kg (Fig. 1b). Differences in sucrose accumulation were apparent for the two
types of compounds. The sucrose content in the NaCl-stressed cells rapidly increased
after stress and achieved the highest level (22.1 mg/liter/OD, 5, [optical density at 730
nm]) within 8 h, which was subsequently maintained. In contrast, the intracellular
sucrose levels induced by sorbitol, mannitol, and PEG6000 increased slowly; the max-
imum amounts were only 5.0 to 8.0 mg/liter/OD,5,, which corresponded to 22.6 to
36.2% of the level induced by iso-osmolar NaCl. After achieving the highest level at 4
h (sorbitol) or 8 h (mannitol and PEG6000), the sucrose amount turned to decline. At 24
h (sorbitol) or 48 h (mannitol and PEG6000), only traces of sucrose were detected. Thus,
the patterns of sucrose accumulation caused by NaCl and the osmotic compounds
were clearly different. Whereas NaCl induced a relatively high and long-term produc-
tion of sucrose in Syn7942, sorbitol, mannitol, or PEG6000 only induced a relatively low
and transient sucrose accumulation. These results suggest that ionic compounds may
be more effective than osmotic compounds in the induction of sucrose production.

To verify this hypothesis, the effects of two additional inorganic salts, KCl and
NaNOs, on the induction of sucrose synthesis were examined and compared to that of
NaCl (Fig. 1c). Iso-osmolar KCl exhibited an effect almost identical to that of NaCl. The
intracellular sucrose rapidly increased after KCl stress and attained the steady level at
8 h (13.0 mg/liter/OD,,). After 72 h of stress, a similar level of intracellular sucrose
(14.6 mg/liter/OD,5,) was still maintained. For NaNO,, although the accumulation of
sucrose was not as pronounced in the first 24 h compared to NaCl and KCl, a similar
amount of sucrose was attained in the fully acclimated cells (at 48 and 72 h). Thus, all
three inorganic salts exhibited effective induction of sucrose synthesis in Syn7942. In
addition to sucrose accumulation, cell growth of Syn7942 cells under different salt
stresses was also examined to evaluate the possible toxicity of high concentrations
of the involved ions (Fig. S1). At a concentration of 300 mM (corresponding to an
osmolality of 600 mmol/kg) or below, the KCI- or NaNO,-stressed cells showed growth
similar to that of the NaCl-stressed cells, indicating that NaCl, KCl, and NaNO; at the
same concentrations have similar effects on the growth of Syn7942.

Sucrose synthesis in Syn7942 is regulated on multiple levels of sps/SPS. SPS is
the key enzyme catalyzing the rate-limiting step of sucrose synthesis in cyanobacteria
(32, 33). In Syn7942, this enzyme is encoded as a fusion protein containing both SPS
and SPP domains by Synpcc7942_0808 (referred to as sps,q,,) (35). To unravel the
regulatory mechanisms of salt-induced sucrose synthesis in cyanobacteria, the expres-
sion of sps,q,, and the biochemical aspects of sucrose production by Syn7942 in
response to different stresses were analyzed.

The transcription of sps,q,, was first examined in cells stressed by 300 mM NacCl
(causing an osmolality of 602 mmol/kg) (Fig. 2a). A basic level of transcription of sps,q.4,
was observed under the nonstress condition (0 h). After addition of NaCl, the transcrip-
tion of sps,4,, was upregulated. The mRNA levels increased by approximately 4.3- and
2.9-fold at 0.5 and 2 h, respectively. The sps.,, transcription was also analyzed in cells
stressed by sorbitol, mannitol, and PEG6000. In all cases, an increase of the sps,q,>
mRNA level was observed in the tested period, despite a certain reduction of this level
after 0.5 h in the presence of sorbitol.

The expression of sps,q,, was further examined by immunoblotting (Fig. 2b).
Consistent with the transcription analysis, a basic level of SPS.,,, protein was
detected under the nonstress condition. The amount of SPS.,,, mildly increased after
addition of NaCl, achieving the highest level at 8 h (~2-fold), and then returned to the
initial level at 24 h. The sorbitol stress also resulted in an immediate increase of
SPS, 942, by ~3-fold at 0.5 h. The SPS,4,, level remained constant in the following 24 h.
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FIG 2 Effects of ionic and osmotic compounds on the expression of sps..,, (@ and b) and the sucrose-
producing activity (c and d) in Syn7942. In panels a and b, Syn7942 cells were stressed by NaCl, sorbitol,
mannitol, and PEG6000 at 602 mmol/kg for the indicated times, and the amounts of sps.,, transcript (a)
and SPS,,, protein (b) were analyzed by RT-PCR and immunoblotting, respectively. In panels c and d,
the sucrose-producing activity of Syn7942 was analyzed with extracts of Syn7942 cells grown under
standard conditions. Different concentrations of NaCl, KCl, sorbitol, and mannitol were included in the
enzymatic reactions. The produced sucrose was determined by ion-exchange chromatography (d) or
HPLC (c). The data are presented as means from three independent replicates with the standard
deviations.

In the case of mannitol and PEG6000 stresses, the compounds did not appear to clearly
affect the SPS,,, levels within the tested period. Hence, the notable increase in sps,q4-
mRNA levels was not observed on the protein level. The transcription and translation
of sps,q4, Under the tested stresses were not always causally correlated.

In the above-described experiments, the slight increase of SPS,4,, level under NaCl
stress seemed not sufficient to fully explain the rapid sucrose accumulation, and the
similar increase of SPS,4,, amount under NaCl and sorbitol stresses also could not
explain the different profiles of sucrose accumulation. Therefore, the biochemical
aspects of sucrose production were further examined. Sorbitol and mannitol are small
molecules compared to PEG6000, and they might flow into the cell following the
concentration gradient during stress. The subsequent results confirmed this hypothesis,
i.e., increasing amounts of sorbitol and mannitol in Syn7942 cells were detected after
applying sorbitol or mannitol stress (Fig. S2). To determine whether the influx of ions
(e.g., Na™ and CI) during salt stress or small osmotic compounds (e.g., sorbitol and
mannitol) during osmotic stress into the cell affects sucrose production, the sucrose-
producing activity of Syn7942 was analyzed in vitro using cell extracts of Syn7942
grown in the standard BG11 medium. Different concentrations of inorganic salts and
osmotic compounds were used in the assay reactions (Fig. 2c). Under the control
condition (0 mM), the sucrose-producing activity was under the detection limit and
could not be detected. The activity was notably induced by the addition of NaCl at
concentrations greater than 50 mM and exhibited a concentration-dependent profile.
The activity at 100 and 200 mM NaCl rose to 1.7 X 103 and 2.9 X 1073 nmol sucrose/
ng/min, respectively (Fig. 2c). In contrast, the presence of isomolar concentrations of
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plasmid pRSFDuet-1 were used as negative controls (n.c.). AP (alkaline phosphatase; NEB, Ipswich, MA) was used
as a positive control. In panel ¢, the underlined amino acids were replaced.

sorbitol and mannitol did not induce any sucrose synthesis, indicating that these small
compounds did not directly stimulate the sucrose-producing enzyme activity. To
evaluate whether the activation of sucrose-producing activity is specific to NaCl, the
effect of KCl was also examined (Fig. 2d). Similar to NaCl, KCI exhibited a concentration-
dependent induction of sucrose-producing activity. At all tested concentrations (50 to
200 mM), isomolar KCl appeared to be more effective than NaCl. The sucrose-producing
activity induced by KCl was 7.7- and 2.3-fold that induced by NaCl at 50 and 100 mM,
respectively. At the concentration of 200 mM, the activity caused by KCl was still 43%
higher than that of NaCl. These observations strongly suggested that sucrose produc-
tion in Syn7942 is mainly regulated on the biochemical level and that such biochemical
regulation is mediated by the inorganic ions from the inorganic salts. To further explore
the regulatory mechanisms, detailed analyses of the enzymes involved in the synthe-
sizing and degrading aspects of sucrose metabolism were performed.

SPS, .4, possesses a bifunctional SPS/SPP activity. In many cyanobacteria, SPS
and SPP are encoded by separate genes or are expressed as (i) a fused protein of a
functional SPS domain and a nonfunctional SPP domain and (ii) a separate functional
SPP (16, 35, 36). However, the genomes of some Synechococcus species (e.g., Syn7942,
S. elongatus PCC 6301, and S. elongatus UTEX 2973) only encode fused forms of SPS and
SPP, suggesting the bifunctional activity of these proteins. Recently, Martinez-Noél and
colleagues provided the first evidence supporting the dual biochemical activity of
SPS,44> Using native and recombinant proteins (35). In the present study, this was
further verified by a comprehensive analysis of the wild-type SPS.,,, and its single
amino acid-substituted variants, before the detailed enzymatic analyses of SPS,,, were
performed.

We heterologously expressed SPS,,, in E. coli and purified the recombinant protein.
The activity of SPS,o,, was examined using two sets of substrates, fructose-6-
phosphate and UDP-glucose (SPS substrates) and sucrose-6-phosphate (SPP substrate).
Compared to the negative controls, SPS,,,, was found to catalyze the apparent
formation of sucrose from both sets of substrates (Fig. 3a and b), agreeing well with the
bifunctional activity of this protein.

E-X,-E and D-X-D-X-T are the highly conserved motifs of SPS and SPP, respectively,
and they play important roles in enzymatic catalysis (37-39). The structural analyses of
SPS and SPP indicated that these motifs participate in the formation of active sites of
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comparing them to the value at 0 mM.

the enzymes (39, 40). Whereas the first Glu residue of E-X,-E may function as the
nucleophile and the second Glu may function as the general acid/base catalyst (38), the
invariant first Asp of D-X-D-X-T works as a functional nucleophile initiating the phos-
phohydrolysis of sucrose-6-phosphate (39). Therefore, the corresponding residues
(E356, E364, and D473) in the E-X,-E and D-X-D-X-T motifs of SPS,,,, were analyzed
with regard to the protein activity (Fig. 3c). Three variants (E356A, E364A, and D473A)
of SPS,,,, were constructed and purified. Although the substitutions in the SPS domain
(E356A and E364A) disrupted sucrose synthesis only from fructose-6-phosphate and
UDP-glucose, the substitution in the SPP domain (D473A) inhibited sucrose
synthesis from fructose-6-phosphate and UDP-glucose, as well as from sucrose-6-
phosphate (Fig. 3a and b). Therefore, the glutamate residues at positions 356 and 364
(E356 and E364) are important for the SPS activity, and the aspartate residue at position
473 (D473) is necessary for the SPP activity. Together, these results confirmed that
SPS,445 is @ bifunctional enzyme.

The activity of SPS,,,, is activated at the SPS domain in an ion-induced
manner. To further analyze the enzymatic regulation of sucrose synthesis, the effects
of inorganic ions on the activity of purified SPS,,,, were investigated. In line with the
increased sucrose-producing activity in the cyanobacterial cell extract, the addition of
NaCl also induced the bifunctional activity of SPS,4,, (Fig. 4a). In the presence of NaCl
concentrations below 150 mM, the bifunctional activity was slightly increased. At
200 mM or higher concentrations, the activity was dramatically stimulated, by approx-
imately 30- to 40-fold. However, when the SPP activity was analyzed using sucrose-6-
phosphate as the substrate, the activity was almost unaffected by the addition of NaCl
at all tested concentrations (Fig. 4b), indicating that the activity of the SPS domain,
rather than the SPP domain, was activated. In parallel, the effects of the osmotic
compounds sorbitol and mannitol on SPS,.,, activity were analyzed (Fig. 4c). The
bifunctional activity was almost unaffected regardless of the presence or absence of
sorbitol and mannitol, indicating that these compounds do not directly modulate
SPS, 445 activity. This agrees well with the results of the sucrose-producing activity when
using Syn7942 cell extracts (Fig. 2c). Thus, it becomes clear that the activation of
SPS,445 activity is realized in an ion-induced manner and occurs at the SPS domain.

To investigate whether such activation exhibits an ion preference, three additional
inorganic salts (i.e., KCl, NaNO;, and NH,Cl) were analyzed in parallel with NaCl. Similar
to NaCl, all of these salts markedly activated SPS,,,. The enzyme activity was increased
by approximately 22- to 33-fold at concentrations of 150 or 200 mM of these com-
pounds (Fig. 4d).

The Syn7942 invertase is regulated in a manner contrary to SPS,,,,. The
accumulation of sucrose in cyanobacteria is an outcome of sucrose synthesis and
degradation under salt stress. Hence, the sucrose catabolism of Syn7942 was also
analyzed in the present study. To this end, the enzyme(s) responsible for sucrose
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performed using sucrose (Suc, 2 mM) as a substrate. In panel a, the products glucose (Glu) and fructose (Fru) were examined by ion-exchange chromatography.
The assay buffer and the empty plasmid pRSFDuet-1 were used as negative controls (n.c.). In panels b and c, different concentrations of NaCl, KCl, NaNO,, NH,Cl,
sorbitol, or mannitol were included in reaction mixtures, as indicated. The measured activities were normalized by comparing them with the starting values
(at 0 mM). The data are presented as means from at least three independent replicates (n = 3 in panel b; n = 4 in panel ¢) with the standard deviations.

degradation was first identified. A search of the Syn7942 genome for sequences
encoding the reported cyanobacterial enzymes for sucrose catabolism, e.g., alkaline/
neutral invertase (19, 22), sucrose synthase (18), and amylosucrase (20), was performed.
Only one invertase homolog was identified in this cyanobacterium, encoded by Syn-
pcc7942_0397. The deduced protein sequence shares 36 to 42% identity with the
biochemically identified invertases of Synechocystis sp. PCC 6803 (SI10626) and
Anabaena sp. PCC 7120 (InvA-Alr1521 and InvB-Alr0819). To characterize the bio-
chemical properties of the enzyme, an N-terminal His-tagged invertase of Syn7942
(termed INV,g,,) was produced and purified in E. coli. As predicted, the protein
efficiently catalyzed the hydrolysis of sucrose to fructose and glucose (Fig. 5a). Treha-
lose, raffinose, and stachyose were also used as substrates, but no noticeable activities
toward these oligosaccharides were detected (data not shown).

To analyze the impact of ionic compounds on INV,,, activity, increasing concen-
trations of NaCl, KCl, NaNO;, and NH,Cl were included in the assay buffer (Fig. 5b). The
activity of INV,4,, was quickly reduced to approximately 50% at 150 mM NaCl and
slowly decreased to 39% at 500 mM NaCl. In the case of KCl, NaNO;, and NH,Cl, a strong
inhibition was also observed at 0 to 150 mM, which was followed by a sustained
inhibition at 150 to 500 mM. Similar to SPS.,,,, the INV,y,, activity was almost
unaffected by the addition of sorbitol or mannitol (Fig. 5¢). Taken together, these data
indicated that the activity of INV,4,, is regulated in an ion-dependent manner, with the
inhibition contrasting with SPS.4,, activation.

DISCUSSION

Syn7942 is a freshwater cyanobacterium synthesizing sucrose as the only compat-
ible solute for adaption to salt stress. Early studies have shown that this cyanobacterium
is able to tolerate maximally 0.5 M NaCl (32, 41), a salinity (2.9%) lower than that of
seawater (3.5%). Due to the influences of geographical, climatic, and factitious factors,
one can image that this cyanobacterium often encounters fluctuating salinity in its
aquatic habitats. It is of interest to understand how the salt-induced sucrose synthesis
of this cyanobacterium is dynamically regulated according to the environmental salin-
ity.

Induction of compatible solute synthesis. Salt stress and osmotic stress have
often been used as synonymous terms in the early studies of microbial responses and
adaption to high-salinity environments. However, there is increasing evidence that the
ionic and osmotic challenges involved in salt stress exhibit clearly different effects on
the genetics, biochemical processes, and physiology of microbes. For example, salt
(NaCl) and osmotic (sorbitol) stresses induce different sets of genes and cause differ-
ential changes in the cytoplasmic volume and different levels of damage to the
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photosynthetic machinery in the cyanobacteria Syn6803 and/or Syn7942 (2, 42, 43),
indicating that the two stresses are recognized as different stimuli by these microor-
ganisms. Therefore, before delving deep into the regulatory mechanisms of salt-
induced sucrose synthesis in Syn7942, we first determined the accumulating profiles of
intracellular sucrose under the two types of stresses. To this end, three commonly used
osmotic compounds (sorbitol, mannitol, and PEG6000) and three inorganic salts (NaCl,
KCl, and NaNO,) were used to apply exogenous stresses. Different profiles of sucrose
accumulation in Syn7942 were observed. Whereas the ionic compounds exhibited a
notable and relatively long-term inducing effect on sucrose accumulation, the osmotic
compounds had only a minor and relatively short-term effect (Fig. 1a and b). A similar
phenomenon was observed by Marin et al. in the study of the synthesis of GG, the main
compatible solute in the intermediate salt-tolerant cyanobacteria (44). Elevated NaCl
levels induced a proportional increase of GG content in Syn6803 cells, but sorbitol and
maltose only caused a weak GG accumulation, close to the background level. Based on
these observations, we propose that, in general, the ionic compounds could more
effectively induce compatible solute synthesis than the osmotic compounds in cyano-
bacteria. However, these results did not provide us enough information to figure out
the “real” or key factor that induces compatible solute synthesis. Further analyses on
the levels of gene expression and biochemical regulation were thus performed.

Regulation of compatible solute synthesis. Compared to the well-characterized
synthetic pathways and the expanding metabolic engineering of cyanobacteria for
target compound production (28, 31, 32, 45, 46), the regulatory mechanisms of
compatible solute synthesis in cyanobacteria still need to be further studied. The
existing data indicate that such regulation could proceed on multiple levels, i.e., the
expression of key genes and the modulation of key enzymes (14, 15, 47, 48). However,
the importance of the two strategies in a specific microorganism may be different. In
Syn6803 and Anabaena sp. PCC 7120, in which sucrose is used as a secondary
compatible solute or plays an additional role in N, fixation (14, 49), the regulation of
sucrose synthesis is accomplished mainly by the salt-induced stimulation of sps expres-
sion (12, 14, 47, 48). With regard to GG synthesis in Syn6803, it is regulated via a
combination of alteration of ggpS (the GG-phosphate synthase gene) expression and
biochemical regulation of GGPS activity, with the latter playing a key role in the rapid
early adaptation of cells to salt stress environments (15).

In the present study, the transcription, translation, and enzyme activity of sps,q../
SPS,,,4, Were systematically investigated, and the regulation at all these levels was
observed. While the transcription of sps.4,, was notably upregulated shortly after salt
(NaCl) stress (0.5 h) (Fig. 2a), the amount of SPS,,,, was only slightly affected and slowly
increased after NaCl stress (within 24 h), i.e., the fast induction of sps.,,, transcription
was not directly relayed on the protein level. According to a previous study, immedi-
ately after a salt shock of 684 mM NaCl, the protein synthesis in Syn6803 in almost
completely blocked (50). Therefore, the nonsynchronous regulation of sps..,, transcrip-
tion and translation in Syn7942 might be caused by the fast and serious inhibition of
protein synthesis machinery after a salt shock. The salt-induced sucrose synthesis in
Syn7942 is a rapid physiological process. It could reach a steady level within 3 h of salt
stress, without a lag phase (51). The slow and slight increase of SPS.,, levels seems
insufficient to fully explain the rapid increase of sucrose accumulation. Hence, addi-
tional efficient strategies may be used by Syn7942. NaCl-mediated modulation of SPS
activity has been demonstrated in Synechococcus sp. PCC 6301, a species closely related
to Syn7942 (48). However, this phenomenon was observed using cyanobacterial cell
extracts rather than purified SPS; the question of whether NaCl activates SPS directly or
indirectly still remains unanswered. Data presented in the present study clearly indi-
cated that regardless of whether the cell extracts of Syn7942 or the purified protein was
used, the enzyme activity depends on the high NaCl content in the assay reaction (Fig.
2 and 4), thus confirming the direct activation of SPS,,, by NaCl. The activation occurs
at the SPS domain, since the SPP activity was not affected at all by increased salt

April 2020 Volume 86 Issue 7 €02904-19

Applied and Environmental Microbiology

aem.asm.org 9


https://aem.asm.org

Liang et al.

concentrations (Fig. 4b). Furthermore, this activation seems not to be restricted to NaCl.
Other selected inorganic salts also showed marked stimulation of enzyme activity (Fig.
4d). We conclude from these observations that the salt-induced sucrose synthesis in
Syn7942 is mainly regulated by the ion-mediated activation of the SPS domain activity
of the bifunctional SPS.g,,.

In the physiological experiment, it is interesting to see that the osmotic compounds
(sorbitol, mannitol, and PEG6000) also caused low levels of sucrose accumulation in
Syn7942 at the early stage of salt acclimation (Fig. 1a and b). We suppose that the
osmotic stress caused by these compounds led to an increase of intracellular ion
concentration by shrinking cells (43), and the elevated ion concentration in turn
induced gentle sucrose synthesis. Further investigations on changes in the cell volume
and intracellular ion concentration of the stressed Syn7942 cells will provide more
information.

Although the regulation modes of sucrose synthesis in Syn7942 and GG synthesis in
Syn6803 are similar, there is an obvious difference in enzyme modulation. While GGPS
can be activated in cell extracts but not purified protein, the activity of SPS,,, can be
activated in either cell extracts or purified protein (Fig. 2 and 4). Hagemann et al.
proposed that a factor inhibiting GGPS might be present in the cell extracts of Syn6803
and is lost during biochemical purification of GGPS, with the purified protein retaining
an active state in the in vitro assays (13). In the present study, the inhibiting factor might
not have been removed during purification and the purified SPS,,,, remained inactive
in the absence of salts. It is also possible that SPS,4,,-inhibiting factors do not exist and
that the ion-mediated modulation of SPS,,,, uses a mechanism distinct from that of
GGPS. Further studies of the molecular basis of salt-induced activation of SPS,,, will
help elucidate the activation or inhibition-activation mechanism.

Recycling of compatible solute. Compatible solutes are temporary metabolites
involved in the stress response. Hence, the recycling of compatible solutes obviously
makes important cellular or physiological sense for microbes from at least two per-
spectives: first, to finely regulate their intracellular contents in response to the extra-
cellular salt stress, and second, to avoid a net loss of carbon and energy. Three sucrose
breakdown enzymes have been identified in cyanobacteria: (i) sucrose synthase, which
uses (A/U)DP to reversibly split sucrose into (A/U)DP-glucose and fructose; (ii) amylo-
sucrase, which catalyzes the splitting of sucrose into free fructose and glucose that is
transferred to maltooligosaccharides; and (iii) invertase, which hydrolyzes sucrose
directly into glucose and fructose (18-20). Whereas sucrose synthase is mainly found in
N,-fixing filamentous cyanobacteria and amylosucrase is only present in a few cyano-
bacteria, invertase is widespread among both unicellular and N,-fixing cyanobacteria
species and represents the main degrading pathway for intracellular sucrose balancing.
In the present study, the invertase encoded by Synpcc7942_0397 was identified as the
only enzyme catalyzing sucrose breakdown in Syn7942. The purified enzyme efficiently
hydrolyzed sucrose to glucose and fructose. More interestingly, the activity of this
enzyme was sensitive to elevated ion concentrations in the assay buffer. This response
was in contrast to that of SPS,,,, (activated by ions). Such synergistic enzyme modu-
lation of SPS,4,, and INV,,,, enables the cell to meet the biochemical requirements
for the dynamic balance of intracellular sucrose.

Enzymatic balance of compatible solute. Based on the information presented
above, we demonstrate that the regulation of salt-induced sucrose accumulation in
Syn7942 occurs on multiple levels, including gene expression and biochemical regu-
lation, and that the biochemical modulation mediated by inorganic ions plays an
important role in this process. In Syn7942, the sucrose-synthesizing gene sps,q,, is
constitutively expressed. A basic amount of SPS.g,, is maintained by the cell (Fig. 2).
Under the nonstress condition, the SPS.,,, protein may retain an inactive state, and
INV,4,, functions with a high activity. As a result, the dynamics of sucrose metabolism
tends to be in the direction of degradation. Only traces of sucrose could be detected
in cyanobacterial cells (Fig. 1b and c). Under the salt stress (e.g., NaCl) condition, the
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inorganic ions (Na* and ClI-) rapidly diffuse into cyanobacterial cells following the salt
gradient, leading to an increase of intracellular ion concentrations. To ensure a fast
response to salt stress, the activity of the existing SPS,,,, is directly activated by the
elevated ion concentrations and the activity of INV,,, is depressed. Thus, the dynamics
of sucrose metabolism tends to be in the direction of sucrose synthesis. A fast
accumulation of intracellular sucrose is thereby observed (Fig. 1). During further salt
acclimation (a few hours after salt stress), the intracellular content of inorganic ions may
be reduced by actively pumping out the ions (7), and a new balance of intracellular
sucrose is achieved by reducing SPS.,,, activity and enhancing INV.,, activity. The
gentle upregulation of sps,4., expression during this time (Fig. 2a and b) also favors the
maintenance of a steadily high level of intracellular sucrose. A similar regulatory effect
of inorganic ions has also been reported for GG metabolism in Syn6803. Whereas GGPS,
the key enzyme catalyzing GG synthesis, is biochemically activated by inorganic ions,
GghA, the GG-degrading enzyme, is simultaneously inhibited, which results in a dy-
namic regulation of the intracellular GG level (17, 21). In the natural environment, the
salinity highly fluctuates. A fast and fine regulation of intracellular compatible solute is
needed for microbe acclimation to such fluctuating environments. The ion-induced
modulation of the synthesizing and degrading enzymes is an efficient way to accom-
plish this response and thus may be the predominant manner by which cyanobacteria,
and possibly other microbes, regulate intracellular compatible solutes.

With regard to the photosynthetic production of sucrose by cyanobacteria, the
highest level of sucrose productivity was achieved in Syn7942 and S. elongatus UTEX
2973 (a strain highly similar to Syn7942) (30, 31). In both strains, the sucrose transporter
CscB was introduced. Our results provide useful information for guiding further bio-
technological investigations in these strains. Because the biochemical modulation of
key enzymes seems to play the predominant role in the regulation of sucrose metab-
olism in Syn7942 (and probably also in UTEX 2973), we suppose that further engineer-
ing to improve the expression level of SPS would have limited effects for the further
improvement of sucrose productivity. More efforts might be put into protein engineer-
ing of SPS and invertase after further explorations of the ion-mediated modulating
mechanisms of these enzymes, in combination with the search for more efficient
sucrose exporters and the development of efficient sucrose-utilizing strategies (e.g.,
cocultivation with heterotrophic microorganisms) (33, 52).

MATERIALS AND METHODS

Microbial strains and cultivation conditions. For standard cultivation, Syn7942 cells were grown in
100 ml of BG11 medium (53) in 250-ml flasks, on a horizontal rotary shaker at 150 rpm and 30°C under
constant white-light illumination (30 wmol/m?/s). The starting cell density of cyanobacterial cultures was
set to an OD,;, of 0.08. Cell growth was monitored by measuring the OD,,,. To perform stress
experiments, cyanobacterial cells pregrown in the BG11 medium were transferred into 100 ml of BG11
medium supplemented with different concentrations of ionic salts (NaCl, KCI, NaNO,, or NH,CI) or
osmotic compounds (sorbitol, mannitol, or PEG6000) in the 250-ml flasks described above. E. coli strain
DH5a was used for routine cloning purposes, and E. coli strain BL21(DE3) (Transgen, Beijing, China) was
used for the overproduction of target proteins.

Determination of sucrose in Syn7942 cells or enzymatic reactions. For sucrose determination,
1 ml of Syn7942 culture grown in the flasks on a shaker under different conditions (see above) was
sampled at designated time points. Cells were harvested by centrifugation at 10,000 X g for 2 min and
treated as described previously (34). The amount of sucrose in the resulting liquid samples or enzymatic
reactions was analyzed by ion-exchange chromatography as described previously (34) or using a
sucrose/p-glucose assay kit (Megazyme, Bray, Ireland) according to the manufacturer’s instructions.

Heterologous expression and purification of SPS,,,, and invertase. The coding sequences of the
5PS,94- (Synpcc7942_0808) and invertase (Synpcc7942_0397) genes were amplified from the total DNA
of Syn7942 using the primer pairs 0808-F/0808-R and 0397-F/0397-R, respectively (see Table S2 in the
supplemental material), via PCR. The resulting fragments were cloned into the pRSFDuet-1 vector
(Novagen, Merck, Darmstadt, Germany) by using the BamHI and Notl sites, generating the recombinant
expression plasmids pRSFDuet-0808 and pRSFDuet-0397, respectively, which were then used to trans-
form E. coli strain BL21(DE3). The sequences of both cloned PCR products were confirmed by sequencing.

For the overexpression of N-terminal His-tagged SPS,,,, and INV,,,, the transformed E. coli cells
were grown in a modified lysogeny broth (LB) medium (NaCl-free) containing 37.5 ug/ml kanamycin at
37°C. At an ODg,, of ~0.6, cells were induced by 0.2 mM IPTG (isopropyl-B-p-thiogalactopyranoside)
overnight at 18°C (for SPS,,,,) or 25°C (for INV,,,,). After induction, cells were harvested by centrifuga-
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tion and disrupted by sonication in prechilled lysis buffer (50 mM KH,PO,-K,HPO, buffer [pH 7.4], 5 mM
imidazole, 0.1% Tween 20, and 5 mM B-mercaptoethanol). The lysates were centrifuged at 20,000 X g for
50 min, and the resulting supernatants were filtered through 0.22-um-pore polyethersulfone membranes
and then loaded onto a Ni Sepharose 6 FF column (GE Healthcare, Chicago, IL) for affinity chromatog-
raphy. Eluted factions were further loaded onto Superdex 200 10/300 GL column (GE Healthcare)
equilibrated with 50 mM KH,PO,-K,HPO, buffer (pH 7.4) with (for SPS,,,,) or without (for INV,,,) 5 mM
MgCl,. The protein concentration in the fractions was determined by the Bradford method (54), and the
purity of target proteins was examined by SDS-PAGE.

To obtain SPS,,,, variants, the designed mutations were introduced into pRSFDuet-0808 by site-
directed mutagenesis. The primers used for this purpose, i.e.,, E356A-F/E356A-R, E364A-F/E364A-R, and
D473A-F/D473A-R, are listed in Table S2. All generated constructs were confirmed by DNA sequencing.
The expression and purification of SPS,,,, variants were performed using the procedure described
above.

RNA isolation, reverse transcription, and semiquantitative analysis. To determine gene tran-
scription, Syn7942 cells were inoculated into 100 ml of BG11 medium supplemented with different stress
compounds in the 250-ml flasks with a starting OD,,, of around 1.0. At designated time points, cells from
15-ml cultures were harvested by centrifugation at 4°C and frozen immediately by liquid nitrogen. Cells
were broken by grinding in a mortar for 10 min. Proper amounts of liquid nitrogen were supplemented
into the mortar to keep cells frozen during grinding. RNA was extracted by using a MiniBEST plant RNA
extraction kit (TaKaRa Bio, Shiga, Japan) and treated with DNase | (TaKaRa Bio). Reverse transcription of
RNA was performed as previously described (55). Equal amounts of cDNA were used for further DNA
amplification by PCR by using the primer pairs RT-sps-F/RT-sps-R and RT-rnpB-F/RT-rnpB-R (Table S2). The
resulting products were visualized by electrophoresis. Semiquantitative analysis was performed with
windows covering all signals for each sample using the software ImageJ (56). The data obtained were
normalized using the rnpB signal.

Immunodetection of SPS,,,,. Rabbit polyclonal antibodies against SPS.,, were provided by
Yangkai Duan of our lab and used for immunoblotting. Syn7942 cells grown under different stresses were
harvested by centrifugation and resuspended in 50 mM Tris-HCl buffer (pH 7.4). An appropriate amount
of quartz sand was added to the cell suspension, and the cells were disrupted by vortex mixing. After
centrifugation, the protein concentration in the supernatant was determined by the Bradford method
(54). Then, 100 ug of total protein was subjected to SDS-PAGE, and the immunoblotting analysis was
performed according to a previously described protocol (57). The semiquantification of SPS,,, hybrid-
ization signals was accomplished using the software ImageJ (56).

Enzymatic assay with Syn7942 cell extracts. Syn7942 cells grown under standard conditions were
harvested by centrifugation, resuspended in 50 mM HEPES buffer (pH 8.0), and disrupted by quartz sand
as described above. The obtained cell extracts were then used in enzymatic assays. The reaction mixtures
contained 20 mM HEPES (pH 8.0), 10 mM MgCl,, 20 mM UDP-glucose, 20 mM fructose-6-phosphate, the
appropriate volume of cell extract (for a final total protein concentration of 1 mg/ml), and different
concentrations of ionic or osmotic compounds, as indicated. After incubation at 30°C for 12 h, the
reactions were terminated by boiling, and the generated sucrose was analyzed by ion-exchange
chromatography or high-pressure liquid chromatography (HPLC) by using an Agilent 1260 Infinity | HPLC
system equipped with a refractive index detector (Agilent Technologies, Inc., La Jolla, CA) and a Shodex
Asahipak NH2P-50 4E analytical column (Showa Denko, Japan); the column was equilibrated and eluted
with 75% acetonitrile at a flow rate of 1.0 ml/min (column temperature, 30°C).

Enzymatic assay with purified SPS,,,, and INV,,,,. Fructose-6-phosphate (Solarbio, Beijing,
China), UDP-glucose (Solarbio), and sucrose-6-phosphate (Sigma-Aldrich, St. Louis, MO) were used as the
substrates to determine the SPS and/or SPP activities of SPS,,,,; sucrose was used to determine the
invertase activity of INV,,,. For the assay involving SPS.,,,, 20 mM HEPES buffer (pH 8.0) containing
5 mM MgCl, and different concentrations of ionic compounds or osmotic compounds was used. For the
assay involving INV,,,,, 20 mM HEPES buffer (pH 8.0) containing different concentrations of ionic
compounds or osmotic compounds was used. All enzymatic reactions were performed with incubation
at 30°C and terminated by heating at 85°C for 5 min. The enzymatic rates were calculated based on
reactions in which less than 20% of the substrate was consumed and normalized to controls for
comparison. The reaction product, i.e., sucrose or glucose, was quantified by using the sucrose/p-glucose
assay kit.
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