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Originality-Significance Statement

IsaR1 is a critically important riboregulator that affects the photosynthetic apparatus of
cyanobacteria in response to iron starvation. However, here we demonstrate a previously
hidden function of IsaR1 and uncover a dual role of this small RNA. In addition to the main
iron-related set of target genes, IsaR1 also interferes with the osmoregulation of the
important cyanobacterial model strain Synechocystis sp. PCC 6803. To counterbalance low
water potential of saline or aride environments bacteria generally accumulate compatible
solutes - one of the major factors to cope with abiotic stresses. Many salt-tolerant
cyanobacteria including Synechocystis accumulate glucosylglycerol (GG) as main
compatible solute. GG accumulation is essential at high salt concentrations but also demand
high metabolic and energy resources. Apparently, IsaR1 is involved in regulating GG
synthesis by targeting its key synthesizing enzyme. At a first glance the meaning of this
regulation is not obvious since GG synthesis is not iron-dependent per se. However, high
salinity and low iron availability often occur in combination, i.e. in marine environments.
IsaR1 is involved in the integration of the responses to different environmental perturbations,
slowing down the osmotic adaptation process in cells suffering from parallel iron starvation.
With this work we present the first bacterial regulatory RNA involved in the regulation of
compatible solute synthesis. The integrating function of IsaR1 provides a new paradigm for

other SRNA regulators in bacteria.

Summary

In nature, microorganisms are exposed to multiple stress factors in parallel. Here, we
investigated the response of the model cyanobacterium Synechocystis sp. PCC 6803 to
simultaneous iron limitation and osmotic stresses. Iron is a major limiting factor for bacterial
and phytoplankton growth in most environments. Thus, bacterial iron homeostasis is tightly
regulated. In Synechocystis, it is mediated mainly by the transcriptional regulator FurA and
the iron-stress activated RNA 1 (IsaR1). IsaR1 is an important riboregulator that affects the

acclimation of the photosynthetic apparatus to iron starvation in multiple ways. Upon
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increases in salinity, Synechocystis responds by accumulating the compatible solute
glucosylglycerol (GG). We show that IsaR1 overexpression causes a reduction in the de
novo. GG. synthesis rate upon salt shock. We verified the direct interaction between IsaR1
and the 5’UTR of the ggpS mRNA, which in turn drastically reduced the de novo synthesis of
the key enzyme for GG synthesis, glucosylglycerol phosphate synthase (GgpS). Thus, IsaR1
specifically interferes with the salt acclimation process in Synechocystis, in addition to its
primary regulatory function. Moreover, the salt-stimulated GgpS production became reduced
under parallel iron limitation in WT - an effect which is, however, attenuated in an isaR1
deletion strain. Hence, IsaR1 is involved in the integration of the responses to different
environmental perturbations and slows the osmotic adaptation process in cells suffering from

parallel iron starvation.
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Introduction

Microbial stress acclimation is well studied under controlled laboratory conditions, e.g.,
applying ‘a single stress factor in a time-course experiment. However, in nature, multiple
stress factors usually occur in parallel. For instance, iron is an essential nutrient because
crucial biological processes rely on iron-containing proteins. Iron cofactors are required in
electron transfer processes, e.g., in the photosynthetic apparatus, which is one of the most
iron-rich cellular systems. Despite elemental iron being highly abundant on earth, virtually no
free soluble iron is available (Wandersman and Delepelaire, 2004). Consequently, it is a
major limiting factor for bacterial and phytoplankton growth in most aquatic environments.
This problem is especially severe in marine environments (Boyd et al., 2007; Moore et al.,
2013). An excess of the physiologically relevant Fe?" is also detrimental, as it causes Fenton
reactions that eventually lead to the formation of reactive oxygen species (Halliwell and
Gutteridge, 1992). Therefore, microbial iron homeostasis is strictly regulated to ensure that
its| acquisition, storage and consumption are adjusted to meet demand and availability
(Andrews.et al., 2003). In many bacteria, this regulation is primarily mediated by the ferric-
uptake regulator (Fur) (Hantke, 2001). In addition, Fur-repressed small RNAs (sRNAs) have
been identified in many bacteria and contribute to the regulation of iron homeostasis at the
post-transcriptional level (Massé and Gottesman, 2002; Wilderman et al., 2004; Georg et al.,

2017).

In addition to iron limitation, organisms living in a marine environment have to cope with high
salinity, which is another major abiotic factor that affects biological processes. Thus, low iron
availability and high salinity often occur in combination. Moreover, both iron availability and
salinity-can strongly fluctuate in parallel, e.g., during estuarine mixing, where large-scale and
rapid removal of iron from river water occurs while salinity increases (Boyle et al., 1977).
High salinity causes two major problems: (i) reduced water availability due to low external
osmotic potential and (ii) the passive influx of inorganic ions due to a high concentration
gradient. Both affect, for example, the hydration shell of proteins, which leads to reduced

enzyme activity and metabolism. To maintain a low intracellular ion content as well as water
4
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uptake, the typical acclimation strategy of bacteria combines active extrusion of inorganic
ions with the accumulation of small organic, non-toxic molecules, also known as compatible
solutes (Brown, 1976; Kempf and Bremer, 1998; Wood et al., 2001; Hagemann, 2011; Lebre

et al;; 2017).

With only a few exceptions, cyanobacteria that exhibit low salt tolerance accumulate sucrose
and/or trehalose, whereas marine cyanobacterial strains with moderate salt tolerance use the
heteroside glucosylglycerol (GG). The unicellular model strain Synechocystis sp. PCC 6803
(hereafter referred to as Synechocystis) was originally isolated from a freshwater habitat
(Stanier et al., 1971). However, it is a true euryhaline strain and can grow at salt
concentrations twice those found in seawater (Reed and Stewart, 1985). It primarily
accumulates GG by de novo synthesis in a two-step enzymatic reaction. First, the key
enzyme GG-phosphate synthase (GgpS) catalyzes the glycosylation of glycerol-3-phosphate
(G3P) by wusing ADP-glucose. The intermediate GG phosphate (GGP) is then
dephosphorylated by a second enzyme, GGP phosphatase (GgpP) (Hagemann and
Erdmann, 1994). GgpS is regulated at both the transcriptional and biochemical levels (Marin
et al.; 2002; Novak et al., 2011). Cells grown in freshwater medium only express basal levels
of GgpS and are almost free of GG. However, upon salt shock, the internal GG level rapidly
increases. due to the activation of preformed enzymes and the salt-dependent initiation of
expression. Two proteins have been proposed to be involved in the transcriptional regulation:

GgpR and LexA (Klahn et al., 2010; Kizawa et al., 2016).

In addition to transcription factors, sRNAs can mediate important steps in the acclimation of
bacteria to abiotic stresses at the posttranscriptional level (Waters and Storz, 2009). The
iron=stress activated RNA 1 (IsaR1) in cyanobacteria plays a crucial regulatory role in the
acclimation to iron starvation, affecting the photosynthetic apparatus in at least three ways
(Georg et al., 2017). Here, we show that the ggpS gene is a direct target of IsaR1 in addition
to the reported iron-related genes. Thus, IsaR1 is the first known bacterial sSRNA with a

specific regulatory role in the synthesis of compatible solutes, which is fundamental to
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osmoregulation. IsaR1 coordinates the cell responses to iron starvation with osmotic

acclimation by effectively mediating an offset of the latter to prioritize the former.

Results

Modulation of IsaR1 abundance has a strong effect on ggpS expression levels

Recently, IsaR1 has been functionally verified as a crucial post-transcriptional regulator for
iron homeostasis in cyanobacteria (Georg et al., 2017). The IsaR1 regulon consists of more
than 15 direct targets, including several Fe?*-containing proteins as well as proteins of the
iron-sulfur cluster biogenesis system. Interestingly, upon pulse-overexpression of IsaR1 in
Synechocystis, a slightly decreased abundance of the ggpS mRNA was also observed,
despite the general low ggpS expression resulting from the experiments being performed
with cells grown under freshwater conditions (Georg et al., 2017). This observation raised the
possibility that IsaR1 might also interact with the ggpS mRNA, interfering with its translation
and thereby impacting the salt acclimation process in Synechocystis. To investigate this
possibility, we used a previously generated IsaR1 overexpression strain (IsaR10E) (Georg et
al., 2017), to analyze ggpS expression at the mRNA and protein levels compared to the wild-
type strain (WT) (Figure 1). To ensure adequate ggpS expression, all strains were cultivated
in the presence of 4% (w/v) NaCl throughout the experiment. In addition to the native isaR1
gene on the chromosome, the IsaR10E strain carried a plasmid with a second copy of the
isaR1 gene that was fused to the plastocyanin promoter (PpetE). This promoter is rapidly up-
regulated. when copper is added to the medium (Ghassemian et al., 1994) and has
repeatedly been used for controllable gene expression purposes in Synechocystis (Tan et
al., 2011; Klahn et al., 2015; Englund et al., 2016). Accordingly, low IsaR1 expression levels
were observed in Cu®*-depleted medium in all strains, with a slightly increased IsaR1
abundance observed for the 1saR10E strain compared to the WT strain (Figure 1A). This
observation was probably caused by trace amounts of Cu?* that were introduced with the
high amounts of NaCl used in this experiment. Nevertheless, the ggpS expression level was

similar in both strains. In contrast, 24 h after the addition of 2 uM Cu?, drastically increased
6
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IsaR1 levels were observed in IsaR10E. Simultaneously, the ggpS mRNA abundance
decreased by ~50% in the IsaR10E strain compared to the WT strain (Figure 1A). It is
frequently observed that sSRNA:mRNA interactions alter the stability of the mRNA, which is
due to direct or indirect effects (Caron et al., 2010; Storz et al., 2011). This has also been
found in the PsrR1:psaL. mRNA interaction in the here studied organism, where upon sRNA
binding RNase E is recruited destabilizing the mRNA (Georg et al., 2014). To verify that the
changes observed for IsaR10E also affected GgpS protein level, we performed immunoblots
using a GgpS-specific antibody. Indeed, 24 h after the addition of Cu?*, the GgpS protein
abundance was slightly reduced in the IsaR10E strain compared to the WT strain (Figure

1B). We concluded that IsaR1 interferes with ggpS expression in Synechocystis.

IsaR1 directly interacts with the ggpS mRNA and impacts the translation of GgpS.

The regulon of IsaR1 contains several photosynthesis genes. Accordingly, IsaR1
overexpression is accompanied by a decrease in PSI yield and impacts cell physiology in
multiple additional ways (Georg et al., 2017). Therefore, we addressed the possibility that the
altered ggpS abundance observed after inducing IsaR1 overexpression was caused
indirectly. To this end, we performed experiments to verify a direct IsaR1:ggpS interaction.
First, an interaction between IsaR1 and the ggpS 5’UTR was predicted near the ggpS start
codon using the IntaRNA webserver (Busch et al., 2008; Wright et al., 2014) (Figure 2A).
This location, which overlaps with the sequence elements needed for translation, is typical of
regulation by non-coding RNAs (Storz et al., 2011), which makes a direct effect very likely.
Second, we aimed to verify the interaction of IsaR1 with the ggpS 5’UTR in vitro. To this end,
we performed primer extension analysis showing that cDNA synthesis from a ggpS RNA is
blocked in presence of IsaR1 at positions close to the predicted interaction sites
(Supplementary Figure S1). And third, we used a well-established heterologous reporter
system (Urban and Vogel, 2007; Corcoran et al., 2012) to verify the direct interaction
between IsaR1 and ggpS and assess its regulatory effect on GgpS translation in vivo. To this
end, the ggpS 5’UTR was transcriptionally fused to the superfolder green fluorescent protein

(sgfp) gene and was coexpressed with IsaR1 in E. coli. GFP fluorescence was measured in
7
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vivo using a flow cytometer and strains with various combinations of plasmids (Figure 2C).
Compared to a negative control, significant GFP fluorescence was observed in the strain
carrying the ggpS-5°UTR::sgfp fusion, confirming that it was suitable to initiate translation in
E. coli (Figure 2C). However, co-expression of IsaR1 decreased the GFP fluorescence
almost 3-fold, thus confirming a diminished translation of sgfp due to an interaction of IsaR1
with the ggpS 5’'UTR. Finally, to verify that IsaR1 indeed binds to the predicted site upstream
of the start codon (Figure 2A), point mutations were established in the seed region that is
essential for the ggpS-IsaR1 interaction (Figure 2B). We chose point mutations that did not
change the secondary structure of the respective RNAs. Moreover, the point mutation in the
ggpS'mRNA (a C to G exchange at position +354 with respect to the transcriptional start site
+1) did not affect the translation initiation, since a similar fluorescence was observed
compared to the strain carrying the native ggpS-5'UTR::sgfp fusion (Figure 2C). However,
mutation of either IsaR1 (at position +19, an exchange of G to C) or ggpS led to an increased
translation rate, as a diminished sgfp repression (2-fold) was observed compared to the full
repression (3-fold) (Figure 2D). In contrast, the combination of the complementary mutations
restored the full repression. These results confirmed a direct interaction between IsaR1 and
the ggpS mRNA. Thus, the decreased ggpS transcript and GgpS protein levels in
Synechocystis (Figure 1) are a direct consequence of IsaR1 binding to the ggpS mRNA,

affecting.its stability and translation.

IsaR1 overexpression causes a delay in GgpS protein expression upon salt shock.

Pulse-overexpression of IsaR1 in Synechocystis led to a strong decrease of ggpS mRNA
levels, whereas the effect was rather low at the protein level. In our initial experiment, the
ggpS gene was already highly expressed due to long-term cultivation in presence of 4%
NaCl. It is thus possible that the effects of IsaR1 pulse-overexpression on ggpS translation
were masked because of high GgpS stability. Therefore, we investigated GgpS accumulation
during the transition to high salinity, i.e., immediately after the addition of salt. To this end,
WT and IsaR10E cells were first pre-cultivated in Cu?*-depleted BG11 without NaCl. To

induce ectopic IsaR1 expression in IsaR10E, all cultures were supplemented with 2 uM
8
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Cu?*; then, after 24 h, a sudden increase in salinity was provoked by adding crystalline NaCl
to a final concentration of 4%. In the WT strain, the GgpS protein strongly accumulated 4 h
after salt. shock (Figure 3A). In the IsaR10E strain, however, GgpS accumulation was
clearly delayed compared to the WT strain (Figure 3A). In IsaR10E cells that were cultivated
for 7 days in the presence of 4% NaCl and could thus be considered salt-acclimated, the
GgpS abundance remained more than 50% lower compared to the WT (Figure 3B),
demonstrating that IsaR1 overexpression also has a strong effect on the steady-state
abundance of GgpS. However, since the experimental setup using high, ectopic IsaR1
expression has a rather artificial character we were wondering if such a dynamic expression
response might also be observable for the chromosomal copy of the isaR1 gene at high
salinity. We performed similar salt shock experiments using the WT strain. Indeed, in
response to salt stress IsaR1 showed increased expression and highly dynamic kinetics
similar to ggpS (Figure 3C). Altogether, the data indicate that IsaR1 interferes with ggpS
expression after salt shock and delays the de novo synthesis of the key enzyme of GG

synthesis.

IsaR1 overexpression results in slower GG accumulation after salt shock.

All_previous results suggested that IsaR1 interacts with the ggpS mRNA and is involved in
controlling the de novo synthesis of GgpS. Assuming that the reaction catalyzed by GgpS is
the rate-limiting step, the delayed GgpS synthesis observed in the IsaR10E strain should
also result in a decreased accumulation rate of GG upon salt shock. It was previously shown
that _under freshwater conditions, cells are virtually free of GG but that GG quickly
accumulates within the first few hours after salt shock (Erdmann et al., 1992) by activating
preformed GgpS enzyme and inducing its expression in a salinity-dependent manner (Marin
et al., 2002). It has been shown that modulating the preformed GgpS levels also changed the
rate of GG synthesis upon salt shock (Klahn et al., 2010). To verify an impact of IsaR1 on
GG accumulation, we again performed salt shock experiments and measured the internal
GG amounts in the IsaR10E and WT strains at different time points. Indeed, within the first

few hours after salt shock, the IsaR10E strain showed a lowered rate of GG accumulation
9
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compared to the WT strain (Figure 4A). However, this effect was observed only transiently.
In salt-acclimated cells, the GG levels were similar in both strains (Figure 4B), although the
GgpS protein level was decreased in the IsaR10E strain. Thus, the impact of IsaR1 on GG
synthesis is restricted to the initial phase after the shift in salinity. Nevertheless, consistent
with a decreased GG accumulation rate in the IsaR10E strain, this strain also showed
altered kinetics of the secondary compatible solute, sucrose (Suc) (Figure 4C). In the
IsaR10E strain, the initial Suc accumulation after salt shock was similar to the WT strain, but
the maximum amount was reached a few hours later (Figure 4C). The shift of the maximum
Suc level was observed in the same time range in which a difference in GG synthesis was
seen;.indicating that the decreased levels of GG at this time caused a feedback in the Suc
pool and elongated its transient accumulation. After 48 h, the Suc levels were similar in both
strains as observed before for GG. Moreover, in salt-acclimated 1saR10E cells, we observed
an increase in the G3P pool (Figure 4D) that serves as a precursor for GG synthesis. This
finding is consistent with a decreased GG synthesis rate, although the final GG levels were
similar in.all tested strains. Apparently, the steady-state GG amounts are not determined by
the overall GgpS amount as after salt shock. It has been shown that GgpS activity is
regulated at the biochemical level due to binding and/or releasing the protein from the
inhibitory binding of DNA in an ion-content dependent manner (Novak et al., 2011). This
biochemical regulation primarily ensures the stress-proportional accumulation of GG in long-

term acclimated cells.

The ggp$S gene is responsive to iron limitation via post-transcriptional regulation by
IsaR1.

In the previous experiments we focused on the effect ectopic IsaR1 expression has on the
salt-inducible expression of ggpS and GG biosynthesis. Albeit the highly stimulated IsaR1
expression in WT during salt shock this effect appears to be transient (Figure 3C). However,
IsaR1 has been shown to be strongly and continuously induced under iron limitation and the
core set of verified IsaR1 target genes is also iron-regulated (Georg et al., 2017). Because

the ggpS mRNA abundance is strongly decreased upon IsaR1 overexpression, an up-
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regulation of IsaR1 by iron-depletion in the WT strain might also interfere with ggpS, thus
making it iron-responsive. To test this hypothesis, ggpS gene expression was analyzed in
iron-depleted cells of the WT, IsaR10E and in addition an isaR1 deletion strain, which was
also obtained in a previous study (Georg et al., 2017). To ensure adequate ggpS expression,
all strains were grown in salt-supplemented BG11 medium (4% NaCl), and iron limitation was
induced by the addition of the Fe?*-specific chelator desferrioxamine B (DFB). After long-term
iron-depletion, the ggpS mRNA levels were similar in all strains (Figure 5A). In contrast, the
AisaR1 knockout strain showed increased levels of the GgpS protein, even after 7 days of
iron-depletion, indicating that IsaR1 is also involved in maintaining the appropriate GgpS
levels.in iron-limited cells (Figure 5B). The conclusion that the ggpS gene is indeed iron-
regulated was further supported by measuring expression kinetics after the addition of DFB
to the WT and AisaR1 cultures (Figure 6). In WT, the IsaR1 levels started to increase
strongly two days after the depletion of Fe?. At the same time, the ggpS mRNA levels
dropped by ~40% compared to the initial levels (Figure 6A). In addition, the GgpS protein
levels also decreased upon iron depletion (Figure 6B). As expected, no IsaR1 was
detectable in the AisaR1 mutant. Interestingly, the ggpS mRNA level also decreased in this
strain, albeit at a slightly lower rate than in the WT strain. However, the GgpS protein level
did not decrease in the AisaR1 mutant upon iron limitation, in contrast to the WT strain
(Figure 6B). These data support the idea that the ggpS gene is both salt-regulated and iron-

regulated, the latter of which is at least partially mediated by IsaR1.

Discussion

Severe iron starvation and osmotic shock are both challenging stresses for microorganisms.
Using IsaR1 overexpression and knockout strains we observed an inverse relationship
between ‘IsaR1 abundance and ggpS expression levels through various experiments,
suggesting that the responses to these two stresses become coordinated through the action

of IsaR1 on the 5UTR of ggpS. Such an integrating function highlights the possible
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importance of small regulatory RNAs as fine tuners of gene expression under combined

stress conditions, which likely also applies to other sSRNA regulators in bacteria.

Since IsaR1 is a widely conserved post-transcriptional regulator of iron homeostasis among
cyanobacteria (Georg et al., 2017) the interconnection with a salt acclimation mechanism is
somewhat surprising. However, we showed that IsaR1 expression is highly dynamic in
response to fluctuations in external iron supply and salinity as well (Figures 3 and 6)
enabling the possibility of posttranscriptional regulation of the salt-induced ggpS gene by
IsaR1. The interaction of IsaR1 with the ggpS mRNA impacts the biosynthesis of GgpS and
GG upon salt shock in Synechocystis, which might also occur in other cyanobacteria
expressing the two genes. Although only some cyanobacterial genomes harbor homologs of
both ggpS and isaR1, in silico analyses have suggested that this type of regulation might
also be common in other salt-tolerant cyanobacteria, such as Halothece sp. PCC 7418

(Supplementary Figure S2).

Consistent with a lowered de novo GgpS synthesis and reduced GG accumulation rate upon
salt shock, 1saR1 overexpression also affected the pool of the secondary compatible solute
Suc (Figure 4C). Suc is known to accumulate more rapidly than GG after a salt shock but
declines in concentration, when GG accumulates in later phases of the salt-acclimation
process (Reed et al., 1985). Probably this is due to its replacement by GG, since internal GG
and Suc.accumulation seem to be synchronized. That both osmolytes can partially be
replaced by each other is supported by the fact that a AggpS mutant strain accumulated
increased amounts of sucrose instead of GG (Marin et al., 1998). The change of Suc
accumulation in parallel to the decreased GG accumulation rate in response to IsaR1
overexpression supports our conclusion that IsaR1 indeed interferes with the salt acclimation
process_in: Synechocystis. This is in addition to its primary regulatory function in the iron-

dependent regulation of photosynthetic apparatus proteins (Georg et al., 2017).

However, the modulation of IsaR1 expression did not alter the steady-state GG levels in

long-term salt-acclimated cells. Clearly, the IsaR1-mediated regulation of ggpS is not an
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‘on/off mechanism but fine-tunes the rate of GgpS synthesis according to environmental
conditions. Such regulation might be particularly useful under fluctuating salt concentrations,
such.as in estuary brackish water habitats, where an increase in salinity is accompanied by a
rapid removal of iron from river water (Boyle et al., 1977). Thus, in addition to salinity
changes, estuary habitats exhibit strong fluctuations in iron availability. Moreover, the
availability of iron in ocean waters is predominately limited by its solubility (Johnson et al.,
1997; Liu and Millero, 2002). Consistently, iron is the major limiting factor for phytoplankton
growth in many marine habitats (Boyd et al., 2007; Moore et al., 2013). Therefore, the co-
regulation of iron and salt acclimation is potentially beneficial for bacteria living predominantly
under.such conditions. Interestingly, it has been shown that high salinity also causes iron
limitation in Bacillus subtilis, which triggers the de-repression of a variety of iron-controlled
genes (Hoffmann et al., 2002; Steil et al., 2003). In Synechocystis, the isiA gene, which
encodes a chlorophyll-binding protein, is strongly up-regulated under iron limitation but was
also shown to respond to salt stress (Vinnemeier et al., 1998). As mentioned, we found that
IsaR1 expression is also highly stimulated upon salt shock and shows expression kinetics
similar to ggpS (Figure 3). However, it is not yet clear whether this is a direct salinity effect

on IsaR1 expression or is indirectly caused by lowered iron availability.

In addition to the effects IsaR1 overexpression has on the acclimation to increasing salinity,
we show that ggpS expression is also down-regulated in response to iron limitation. This has
probably been overseen so far, since previous analyses investigating the iron starvation
response.were performed in low-salt medium, a condition at which ggpS is only weakly
expressed (Hernandez-Prieto et al., 2012). Since an isaR1 knockout strain is impaired in
ggpS downregulation under iron limitation, IsaR1 is involved in that regulation. At a first
glance, the biological significance of an IsaR1-mediated down-regulation of ggpS expression
under iron'limitation might not seem obvious since GG synthesis is not iron-dependent per
se. However, high level GG accumulation requires substantial quantities of energy and
metabolic resources, which are products of iron dependent pathways. This is obvious for

ATP production because photosynthetic and respiratory complexes are rich in iron-cofactors.
13
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In addition, GgpS competes with other enzymatic reactions for the precursors. For example,
ADP-glucose is also the glucosyl donor for cyanobacterial glycogen synthesis (Ball and
Morell, 2003). It was reported that iron limitation causes a large increase in glycogen storage
granules in the freshwater cyanobacterium Synechococcus elongatus PCC 7942 (Sherman
and Sherman, 1983) (synonymous with Anacystis nidulans R2). Assuming that a similar
increase in glycogen also occurs under iron limitation in other cyanobacteria, diminishing

ADP-glucose consumption by GgpS might be beneficial in Synechocystis.

The second GgpS substrate, G3P, is also used in high quantities for the de novo synthesis of
membrane lipids. It is well-known that stress acclimation of bacterial cells often includes an
adjustment of the fatty acid (FA) composition in the membrane to modify its biophysical
properties (Mansilla et al., 2004; Zhang and Rock, 2008). Interestingly, changes in the fatty
acid composition have been reported for cyanobacteria under iron deficiency (Ilvanov et al.,
2007) and high salinities (Allakhverdiev et al., 1999, 2001). Sudden FA modification on
existing-membranes is mainly performed by FA desaturases that catalyze O,-dependent
dehydrogenations and use iron as a co-factor (Fox et al., 1993; Shanklin et al., 2009).
Hence, it is likely that FA desaturase activities are affected under iron-limitation. At high
salinity, however, FA unsaturation is required in cyanobacteria (Allakhverdiev et al., 1999). It
could be speculated that at high salinity and parallel iron limitation, cells increase de novo
synthesis of unsaturated FAs that are incorporated into the membrane. However, such a

process would compete with GG synthesis for the G3P pool, which might become limiting.

An additional hint towards a limiting G3P pool, is the presence of three independent G3P-
synthesizing enzymes in Synechocystis. According to CyanoExpress (Hernandez-Prieto and
Futschik, 2012), the gene sIr1755, which encodes the NAD*-dependent G3P dehydrogenase,
is constitutively expressed. However, the two other genes, a glycerol kinase (glpK, slr1672)
and a second G3P dehydrogenase (glpD, sll1085), are strongly up-regulated under salt
stress (Marin et al., 2004). The up-regulation of two G3P synthesizing enzymes supports the

idea that G3P is a limiting precursor during high salt conditions and that its consumption
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could be fine-tuned by IsaR1 during parallel iron starvation. Consistently, we showed that
changes in IsaR1 expression indeed affect the G3P pool at high salinity (Figure 4D).
Nevertheless, the here suggested connection is highly speculative and a physiological

meaning of an iron-dependent ggpS expression remains to be elucidated in future analyses.

Experimental Procedures

Strains-and growth conditions

Synechocystis sp. PCC 6803, substrain “PCC-M” (Trautmann et al., 2012), served as the WT
strain. The IsaR1 mutant strains were previously described (Georg et al., 2017). Liquid
cultures were grown with gentle agitation in Cu®*-free BG11 medium (Rippka et al., 1979)
buffered with 20 mM TES, pH 8.0 at 30°C under continuous white light illumination of 50
umol quanta m? s™. To induce the ectopic expression of IsaR1 driven by the petE promoter
in strain 1saR10E, 2 yM CuSO, was added to all cultures. To induce salt stress, crystalline,
autoclaved NaCl was added at a final concentration of 4% (m/v). To induce iron starvation,
the .iron. chelator desferrioxamine B (DFB, Sigma-Aldrich, USA) was added at a final

concentration of 300 uM, which was 10-fold higher than the iron amount in BG11.

RNA extraction and Northern blots

RNA extraction and Northern hybridization with *?P-labelled, single-stranded transcript
probes was carried out as previously described (Steglich et al., 2008; Hein et al., 2013). The
primers used to amplify templates for generating RNA probes by in vitro transcription are

given in Supplementary Table S1.

Protein extraction and immunoblots

Cells were mechanically disrupted as described (Baumgartner et al., 2016). The protein
extract was fractionated by SDS-PAGE on a 15% gel and blotted onto nitrocellulose
membranes (Amersham™ Protran™ Premium 0.45 um, GE Healthcare, USA) by semi-dry
electrophoretic transfer. Prior to immunohybridization were blocked with 5% milk powder in

TBS-T and hybridized with rabbit serum containing anti-GgpS primary antibody (titer 1:5,000)
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(Marin et al., 2002). All washing steps were performed with gentle agitation in TBS-T at room
temperature. An HRP-conjugated anti-rabbit secondary antibody and the ECL start Western
Blotting Detection Reagent (GE Healthcare, USA) were used to detect anti-GgpS.

Densitometric evaluation was performed using Quantity One software (BIO-RAD, USA).

GFP reporter assays

For the experimental target verification, we used a previously described reporter system
(Urban-and Vogel, 2007; Corcoran et al., 2012). The primers used for cloning and the
resulting plasmids are given in Supplementary Tables S1 and S2. pZE12_IsaR1_WT was
generated by amplifying the backbone of pZE12-luc using the primers PLlacoB and PLlacoD
and IsaR1 from Synechocystis gDNA using the primers Syr22 5 phos and Syr22_3 xbal.
Both PCR products were digested with Xbal and ligated. pXG10_ggpS_WT was generated
by amplifying the entire ggpS 5’UTR (from +1 to +435, where +1 refers to the first transcribed
nucleotide; the first nucleotide of start codon is at pos. +379) from gDNA using the primers
ggpS._ 5 PCC6803_Nsil and ggpS_3 PCC6803_Nhel followed by a Nsil/Nhel digestion and
subsequent ligation with pXG10_SF. Point mutations within the ggpS and IsaR1 sequences
were-introduced by PCR amplification of the original plasmids pXG10_ggpS_WT or
pZE12_IsaR1._WT by wusing primer combinations ggpS_mut_5/ggpS_mut 3 and
IsaR1_gg. mut_5/IsaR1_gg_mut_3, respectively. The PCR products were purified using the
NucleoSpin Gel and PCR Clean Up kit (Macherey-Nagel, Germany) and enzymatically
digested with Dpnl at 37°C. E. coli DH5a cells were transformed with the final plasmids,
which were subsequently checked by sequencing. For target verification, E. coli TOP10 cells
were transformed with seven different combinations of plasmids (pXGO0 + pJdV300;
pXG10.ggpS WT + pJdV300; pXG10 _ggpS mut + pJV300; pXG10 _ggpS WT +
pZE12_IsaR1_WT; pXG10_ggpS WT + pZE12_IsaR1_mut; pXG10_ggpS_mut +
pZE12_IsaR1_WT; pXG10 ggpS mut + pZE12 IsaR1_mut). The plasmids pXGO and
pJV300 served as negative controls. For the flow cytometry-based fluorescence

measurements were performed as described (Wright et al., 2013).
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Glucosylglycerol quantification
Low molecular mass carbohydrates were extracted and determined using gas

chromatography as previously described (Hagemann et al., 2008; Klahn et al., 2010).

Glycerol-3-phosphate measurements

G3P was_determined using an established gas chromatography-electron ionization-time-of-
flight-mass spectrometry (GC-EI-TOF-MS) profiling platform as described (Kopka et al.,
2017). Relative metabolite levels were measured in arbitrary units. Average percentages
relative to the maximum measurement and standard deviations were calculated after outlier

removal.
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Figure legends

Figure 1. Changes in the ggpS mRNA and GgpS protein abundances in response to
altered IsaR1 expression. A: Northern blots showing the RNA levels of ggpS and IsaR1 in

cells grown in Cu2+-depleted BG11 or 24 h after the addition of 2 yM cu’" to induce the petE

promotor driven expression of IsaR1. The blots were hybridized with 32P-Iabeled, single-
stranded RNA probes. To ensure adequate ggpS expression, all strains were cultivated in
presence of 4% (w/v) NaCl throughout the experiment. B: GgpS protein levels 24 h after the

addition of cu”. Lc. - loading control, either excerpts of the corresponding ethidium bromide
stained RNA gels showing the 16S rRNA (Northern blots) or an excerpt of a Ponceau-stained
membrane showing the same size range of proteins (immunoblots). For each strain, two
replicates are shown (1 and 2). C: Densitometric evaluation of the signals shown in panels a
and b after normalization to the loading control. The values for each strain are indicated as
relative levels referring to WT (replicate 1) and are given as the means + SD for the two
replicates. WT, Synechocystis wild type carrying an empty pVZ322-PpetE::oop plasmid
backbone; IsaR10E, strain carrying pVZ322-PpetE::isaR1::00p plasmid (overexpression
strain).

Figure 2. Verification of the post-transcriptional regulation of ggpS through direct
IsaR1 interaction using a GFP reporter system. A+B: Predicted interaction site between
IsaR1 and the ggpS 5’'UTR close to the ggpS start codon (boxed) using the respective WT
sequences (A) and sequences carrying complementary point mutations at pos. +19 (IsaR1,
G to C) and pos. +354 (ggpS, C to G), respectively (B). We chose mutations within the seed
region (underlined) that drastically reduced the hybridization energies but did not change the
secondary structure of the RNAs. Predictions were made using the IntaRNA webserver
(Busch et al., 2008) with default parameters. In the RNA sequences, the numbers refer to the
transcriptional start site (TSS) at position +1. C: GFP fluorescence measurements of E. coli
TOP10 strains with various combinations of plasmids expressing IsaR1 and the sgfp gene
fused to the 5’UTR of ggpS. The plasmids pXG-0 (encoding luciferase) and pJdV300
(encoding a control RNA) were used as negative controls. D: Analogous data presented as
fold repressions for various combinations, including plasmids expressing the point mutated
sequences. Representative fluorescence data are given as the means + SD of six biological
replicates from two independent experiments. Asterisks indicate significant differences
determined by t test (***, P < 0.001).

Figure 3. Effect of altered IsaR1 expression on de novo GgpS synthesis. A: A Western
blot that was hybridized with a GgpS-specific antibody and shows its expression kinetics in
the IsaR1 mutant strains in response to a sudden salt shock. Ponceau-stained parts of the
corresponding membranes are shown as the loading control (L.c.). Prior to salt shock which
was triggered by adding crystalline NaCl to a final concentration of 4% (w/v), overexpression

of IsaR1 was induced with 2 yM Cu2+ for 24 h. It should be noted that the samples for the WT
and. IsaR10E were loaded onto the same membrane and thus kinetics are directly
comparable. B: Steady-state GgpS protein levels in long-term salt acclimated cells. The
same experimental setup was used as in panel A but protein samples were taken 7 days
after salt shock. For each strain, two replicates are shown (1 and 2). WT, Synechocystis wild
type carrying an empty pVZ322-PpetE::oop plasmid backbone; IsaR10E, strain carrying
pVZ322-PpetE::isaR1::00p plasmid (overexpression strain). C: Northern blot using ggpS or
IsaR1 specific radio-labelled probes showing expression kinetics of both RNAs upon salt

shock (4% NaCl) in WT.
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Figure 4., Intracellular accumulation of glucosylglycerol (GG) and the secondary
compatible solute sucrose (Suc) after salt shock and the levels of glycerol 3-
phosphate (G3P) under combined salt and iron-stress. A: GG accumulation kinetics
during the first hours after sudden salt shock of 4% (w/v) NaCl in a representative culture of
the WT and the overexpression strain IsaR10E. The experiment was performed twice using
two biological replicates, respectively, and albeit different ranges in all cases lower GG
accumulation rates were observed in IsaR10E. B: Steady state GG levels in salt-acclimated
cells of the WT, IsaR10E and AisaR1 strains. The data are presented as the means = SD of
two biological replicates and integrate the measurements at 24 hours, 48 hours and 7 days
after the salt shock for each strain. C: Suc accumulation kinetics of the same culture used for
measuring GG kinetics (panel A). D: Relative levels of G3P in salt-acclimated cells of the
respective: strains measured by GC-EI-TOF-MS. Data represent the means + SD of n
biological replicates as indicated. WT, Synechocystis wild type carrying an empty pVZ322-
PpetE::oop plasmid backbone; 1saR10E, strain carrying pVZ322-PpetE::isaR1::00p plasmid
(overexpression strain).

Figure 5. Steady state levels of the ggpS mRNA (A) and GgpS protein (B) in long-term
iron-limited cells of the WT and mutant strains with absent (AisaR1) or increased
IsaR1 levels (IsaR10E). To induce iron depletion, a 10-fold excess of the Fe-specific
chelator DFB was added to the cells, which were then grown for a further 7 days. The
medium was supplemented with 4% (w/v) NaCl and 2 uM CuSO, throughout the experiment
to ensure adequate ggpS expression and ectopic expression of IsaR1 in the overexpression
strain. L.c. — loading control, either excerpts of the corresponding ethidium bromide stained
RNA gels showing the 16S rRNA (Northern blots) or an excerpt of a Ponceau-stained
membrane showing the same size range of proteins (immunoblots). For each strain, two
replicates are shown (1 and 2). C: Densitometric evaluation of the signals from panels A and
B after normalization to the respective loading control. WT, Synechocystis wild type carrying
an empty pVZ322-PpetE::oop plasmid backbone; IsaR10E, strain carrying pVZ322-
PpetE::isaR1::00p plasmid (overexpression strain); AisaR1, isaR1 deletion mutant.

Figure 6. Expression kinetics of IsaR1 and ggpS mRNA (A) or GgpS protein (B) in
response to iron limitation. To induce iron depletion a 10-fold excess of the Fe-specific
chelator DFB was added to the cells. To ensure adequate ggpS expression the medium was
supplemented with 4% (w/v) NaCl throughout the experiment. L.c. — loading control, either
excerpts of the corresponding ethidium-bromide-stained RNA gels showing the 16S rRNA
(Northern blots) or an excerpt of a Ponceau-stained membrane showing the same size range
of proteins (immunoblots). C: Densitometric evaluation of the signals after normalization to
the loading control. The respective values are indicated as the relative levels referring to the
WT at time point O (prior to iron depletion, set to level of 1). WT, Synechocystis wild type
carrying an empty pVZ322-PpetE::oop plasmid backbone; AisaR1, isaR1 deletion mutant.
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