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Highlights

- First report of proteomic profile of Synechocystis sp. PCC 6803 wild type and mutant

strains in response to excess Ni, Co and Cd.

- Identification of proteins commonly responsive to all three metals.

- Identification of chaperones specifically modulated by Ni and Co.

- Support for the suggestion of the existence of other sensory systems for Co.
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Abstract

Cyanobacteria represent the largest and most diverse group of prokaryotes
capable of performing oxygenic photosynthesis and are frequently found in
environments contaminated with heavy metals. Several studies have been performed in
these organisms in order to better understand the effects of metals such as Zn, Cd, Cu,
Ni and Co. In Synechocystis sp. PCC 6803, genes involved in Ni, Co, Cu and Zn
resistance have been reported. However, proteomic studies for the identification of
proteins modulated by heavy metals have not been carried out. In the present work, we
have analyzed the proteomic pattern alterations of the cyanobacterium Synechocystis sp.
PCC 6803 in response to Ni, Co and Cd in order to identify the metabolic processes
affected by these metals. We show that some proteins are commonly regulated in
response to the different metal ions, including ribulosel,5-bisphosphate carboxylase and
the periplasmic iron-binding protein FutA2, while others, such as chaperones, were
specifically induced by each metal. We also show that the main processes affected by
the metals are carbon metabolism and photosynthesis, since heavy metals affect proteins

required for the correct functioning of these activities.

Significance: This is the first report on the proteomic profile of Synechocystis sp. PCC
6803 wild type and mutant strains for the identification of proteins affected by the
heavy metals Ni, Co and Cd. We have identified proteins commonly responsive to all
three metals and also chaperones specifically modulated by each metal. Our data also

supports previous studies that suggest the existence of additional sensor systems for Co.
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Introduction

Environmental contamination has been an aspect of major concern in recent
years. The occurrence of heavy metals in the biosphere is a natural phenomenon as they
are elements that cannot be destroyed or degraded. Differently from organic pollutants,
heavy metals tend to accumulate in the environment, especially in marine and lake
sediments [1, 2]. One of the approaches to control the presence of heavy metals involves
the use of microorganisms to remediate these contaminants [3].

Cyanobacteria represent the largest and most diverse group of prokaryotes
capable of performing oxygenic photosynthesis and are frequently found in
environments contaminated with heavy metals. Several studies have been performed
with these organisms in order to better understand the effects of metals such as Cr, Zn,
among others [4-8]. It has been shown that cyanobacteria can perform a passive
accumulation of these metals and also remove them from the environment [9-11]. It was
observed that polysaccharides and carboxyl groups present in the biomass of these
organisms are responsible for metal ion ligation [12, 13]. These studies demonstrate the
potential use of cyanobacteria for biorremediation of contaminated areas.

Metal resistance systems have been characterized in different microorganisms
and recent progress has been made in the identification of the genes and proteins
involved [14-21].The main resistance mechanism that bacteria use to overcome the
toxicity of transition metal ions is the efflux of these metals out of the cytoplasm. In
cyanobacteria, proteins that sense metal ions and regulate metal efflux pumps have been
characterized in Anabaena sp. PCC 7120 [22] and Osciliatoria brevis [23, 24]. In
Synechocystis sp. PCC 6803 (hereafter Synechocystis) substrate binding proteins, which
seem to help load metal ions onto the correct ATP binding cassette (ABC)-type

importers have been described for Mn, Zn and Fe [25-30]. Furthermore, Synechocystis



genes involved in Ni, Co, Cuand Zn resistance have also been reported and are grouped
in a gene cluster [16, 31-34]. Moreover, exopolysaccharides (EPS) have been implicated
in metal resistance; it was shown that the most resistant isolate of Synechocystis sp.
(BASO670) produced the highest levels of EPS [35]. Recently, Jittawuttipoka et al. [36]
also showed that EPS protects cyanobacteria against salt and metal stresses.
Synechocystis has been considered an attractive model for functional genomic
analyses, including proteomic studies, since the genome of this cyanobacterium has
been sequenced [37] and is available at CyanoBase

(www.kazusa.or.jp/cyano/Synechocystis/index.html). Most proteomic analyses in

Synechocystis have focused on the search for proteins present in the external membrane
[38] and thylakoids [39-42], as well as proteins involved in heterotrophy [43] and salt-
stress [44]. However, proteomic studies for the identification of proteins modulated by
heavy metals have not been reported so far.

In the present work, we have analyzed the proteomic alterations of Synechocystis
in response to Ni, Co and Cd. Metal concentrations that inhibited growth but maintained
cells viable were used in an attempt to better understand the metabolic processes
involved in the homeostasis of these metals. We show that some proteins were
commonly regulated in response to the different metal ions, including those related to
carbon metabolism and photosynthesis, while others, such as chaperones, were

specifically induced by each metal.

Materials and Methods
1. Synechocystis sp. PCC 6803 growth conditions
The wild type cyanobacterium Synechocystis sp. PCC 6803 (WT) and the mutant

strains nrsRS (lacking the Ni sensors nrsR (s110797) and nrsS (s110798)) [32] and corR



(lacking the Co sensor CoR (s110794)) [31], were grown photo-autotrophically at 30° C
under continuous illumination with white light (50 uE/mzs) in liquid BG11 medium
[45] supplemented with 1 g of NaHCOs3 per liter (BG11C) and bubbled with 1% v/v
CO; in air. At the mid-exponential phase, when the culture reached a chlorophyll
concentration of 3-4 pg/mL [31], different concentrations of NiSO4, CoCl, and CdCl,
were added in order to determine the maximum amount of metal tolerated, which
resulted in growth inhibition. A pmolar range from 5 to 50 uM was tested for all metal

ions.

2. Preparation of Synechocystis sp. PCC 6803 soluble cytosolic fraction

Samples of the growing cultures were harvested at 6, 24 and 48 h after the
addition of the corresponding metal and broken with glass beads as previously
described [46] using a buffer containing 25 mM HEPES-NaOH (pH 7.0), 15 mM CacCl,,
5 mM MgCl,, 15% v/v glycerol and 1 mM PMSF. The cellular debris were removed by
centrifugation at 3000 g for 5 min and total membranes were thereafter pelleted by
centrifugation at 16000 g for 20 min, yielding a supernatant containing most cytosolic
proteins. All steps of this procedure were carried out at 4° C and the samples were
stored at -20 °C. Protein concentration determination was performed using the Bradford

Reagent (BioRad), according to the manufacturer’s instructions.

3. Bidimensional electrophoresis (2-DE)

Isoelectric focusing was conducted using 11-cm immobilized pH gradient (IPG)
strips with a pH range of 4-7 and a Protean IEF Cell electrophoresis system (BioRad).
Strips containing approximately 250 pg of protein were rehydrated with 2% (v/v)

CHAPS, 8 M urea, 40 mM dithiothreitol (DTT) and 2% IPG buffer. Second dimension



analysis was performed by SDS-PAGE using 12% polyacrylamide gels and the
molecular mass marker “Low range SDS-PAGE standard” (Bio-Rad). Three biological
and five technical replications of each condition were performed. Protein spots were

visualized after Comassie brilliant blue (CBB) staining.

4. Image analysis

The 2D gel images were analyzed by laser densitometry scanning with a GS-800
calibrated densitometer (Bio-Rad) and three high quality gels (each representing a
biological replicate) from each condition were analyzed using the PDQuest software
version 7.0 (Bio-Rad). Automatically detected spots were checked and some of them
were manually added or removed. Following the detection procedure, the normalization
step was carried out to attribute a common spot identity for the same spots derived from
different images using the reference gel construct. A synthetic gel from each condition
was constructed by using the mean value of volume percentage of each protein spot
present in the three biological replicates. Missing values were estimated based on the
minimum detectable spot according to the PDQuest software’s (Bio-Rad) instructions.
The synthetic gels were overlapped using the molecular marker as well as several
protein spots present in all profiles as landmarks. The proteins were accepted as having
been differentially expressed when they displayed a fold change of at least 1.5 and
differences were significant in Student’s t-test at a significance level of 95%. Image
analysis was performed on the set of reproducible spots from each stage and in order to
obtain consensus results, only spots present in at least two out of three replicates were

considered for the differential expression analysis.

5. Trypsin digestion and mass spectrometry analysis



CBB-stained proteins were excised from the gels, destained, dried and
rehydrated in 100 pL 50 mM NH4HCO;. A total of 15 pL of 0.1 mg/mL trypsin in 1
mM HCI were added and digestion was performed overnight at 37°C. Peptides were
extracted with 20 pL 0.5% TFA and 0.5 pL of each sample were applied onto the
MALDI plate. MALDI-TOF MS spectra were acquired on an Autoflex apparatus
(Bruker Daltonics). External calibration was performed using Peptide Calibration
Standard (Bruker Daltonics) and the trypsin auto-digestion products of m/z values
842.5094 and 2211.1046 were used for internal calibration. Proteins were identified as
the highest ranked result by searching the databases NCBInr or MSDB, including all
species, using the MASCOT search engine (Matrix Science, London, UK). The mass
tolerance was of 100 ppm and one missed cleavage was allowed.
Carbamidomethylation of cysteines, oxidation of methionine, and acrylamide-modified
cysteines were considered for PMF searches. For accepting the identification, the cutoff
value for the Probability Based Mowse score calculated by MASCOT (at p < 0.05) was
used. For MS/MS data, the peptide mass tolerance was of 0.5 Da, MS/MS ion mass

tolerance of 0.5 Da, allowance of 1 missed cleavage, and charge state +1.

6. RNA isolation and Northern blot hybridization.

Total RNA was isolated from 25 mL samples of cultures at the mid-exponential
growth phase (3 to 4 pg of chlorophyll/mL). Extractions were performed by vortexing
cells in the presence of phenol-chloroform and acid-washed baked glass beads (0.25 to
0.3 mm diameter; Braun) as previously described [47].

For Northern blot analyses, 5 pg of total RNA was loaded per lane and
electrophoresed in 1.2% agarose denaturing formaldehyde gels. Transfer to nylon

membranes (Hybond N-Plus; Amersham), prehybridization, hybridization, and washes



were in accordance with Amersham instruction manuals. Probes for Northern blot
hybridization were PCR synthesized using the following primer pairs: groSF and
groSR, Gpx1F and GpxIR, NRSBF and NRSBR, HspAF and HspAR, futA2F and
futA2R (Table 1). DNA probes were *°P labeled with a random-primer kit (GE
Healthcare) using (0->*P) dCTP (3000 Ci/mmol). All of the filters were stripped and
reprobed with a HindIIl-BamHI 580-bp probe from plasmid pAV1100 that contains the
constitutively expressed RNase P RNA gene (rnpB) from Synechocystis sp. strain PCC
6803 [48]. To determine counts per minute of radioactive areas in Northern blot
hybridizations, an Instant Imager Electronic Autoradiography apparatus (Packard
Instrument Company) was used. Radioactive signals of three independent experiments
for each strain were quantified and averaged. RNA levels were normalized with the

rnpB signal and expressed as fold change of treated vs non-treated.

Results and Discussion

Determination of minimal inhibitory metal concentrations

In the present work, we have analyzed the effects of three heavy metals (Ni, Co
and Cd) on the protein expression by Synechocystis. We have used metal concentrations
that inhibited growth but maintained cells viable in order to investigate the metabolic
processes involved in the homeostasis of these metals. As a first step, the highest metal
concentration tolerated by the cyanobacterium in liquid culture was screened. For that,
cells were grown until mid-exponential phase, exposed to increasing concentrations of

metal and used for chlorophyll content measures to monitor growth. For Ni, the



concentrations of 5, 10, 20, 30, 40 and 50 pM NiSO, were tested and the results showed
that Synechocystis stopped growth at 40 uM NiSO4, however, cells were still viable (see
Supplementary Fig. 1). These results indicate that at this concentration, Synechocystis
activates mechanisms for Ni homeostasis in order to maintain cell survival. We also
analyzed the mutant strain nrsRS, which lacks nrsRS genes coding for a two-component
system that detects extracellular Ni and activates transcription of the nrsBACD Ni
resistance operon [32]. This mutant strain presented a lower tolerance to Ni exposure on
plates [32]. We observed that the nrsRS strain could tolerate only 20 uM NiSO4 (see
Supplementary Fig. 1), half of the amount tolerated by the wild type strain, which
reflects the inability to activate the expression of the nrsBACD operon required for Ni
resistance.

In the case of Co, concentrations of 5, 10, 20, 30 and 40 uM were tested for the
wild type and 5, 10 and 15 uM for the corR mutant strain, which lacks the Co-sensing
transcription factor CorR [31].This transcriptional factor activates the expression of
corT in response to an excess of Co [31, 33] and in response to vitB;, (cyanocobalamin,
a Co containing vitamin) metabolism [33]. WT was able to grow in the presence of up
to 20 uM CoCl,, while corR mutant strain tolerated only 10 uM, in agreement with the
sensitivity previously described for this strain [31, 33] (see Supplementary Fig. 2).
Finally we also analyzed the growth of the WT strain in the presence of CdCl, using
final concentrations of 5, 15, 20 and 30 uM and determined that it could tolerate up to15
uM CdCl, (see Supplementary Fig. 3).

Once the metal concentration tolerated by each strain was determined, samples
were collected at 6, 24 and 48 h after the addition of maximum tolerated concentrations
of the corresponding metal. The SDS-PAGE protein profiles of the WT in the presence

of the corresponding metal were compared to the control condition (a parallel culture



without metal added). The results obtained revealed a more pronounced alteration in the
profiles at 48 h after the addition of the metal (data not shown). Therefore, all further

analyses using two-dimensional electrophoresis were performed using the 48 h samples.

Proteins responsive to Ni

Ni is a highly toxic metal at high concentrations, known to inhibit processes
such as respiration and photosynthesis. On the other hand, Ni is an essential metal for
the catalytic activity of several enzymes. Therefore, the maintenance of a precise
homeostasis through sensing and transport systems is of extreme importance for cell
survival. It is known that the uptake of Ni in microbial organisms is mediated by non-
specific transport systems as well as by high affinity specific systems such as
multicomponent ABC (ATP-binding cassette) transport systems [49] and one-
component permeases [50-52]. Transcription factors that repress and/or activate specific
genes in response to nickel have also been identified [53, 54]. Export systems are
equally important for metal homeostasis and have also been reported in
microorganisms. The Cnr (cobalt, nickel) and the Ncc (nickel, cobalt, cadmium)
systems, for example, are membrane protein complexes involved in Ni efflux [55-58].
In Synechocystis, a nickel resistance operon (nrsBACD) formed by four open reading
frames (ORFs) was described [31]. Lopez-Maury et al. [32] showed that a two-
component signal transduction system controls the Ni-dependent induction of the
nrsBACD operon and is involved in Ni sensing. Although genes directly involved in Ni
sensing and transport have been reported, little is known about the metabolic processes

affected by Ni exposure.

In this study, we have investigated the global protein changes that occur in

Synechocystis in the presence of 40 uM NiSOy,, a concentration that inhibited growth.



The results obtained showed that the main targets of Ni excess were proteins related to
photosynthesis and carbon metabolism (Figure 1 and Table 2), which are in agreement
with other studies on heavy metal effects in plants and microorganisms [59, 60]. Several
of these proteins were down-regulated including  glucose-1-phosphate
adenylyltransferase, also known as ADP-glucose pyrophosphorylase or AGP, ribulose
bisphosphate carboxylase large subunit, phycocyanin and uroporphyrinogen

decarboxylase, among others.

The periplasmic iron-binding protein (FutA2) was also clearly down-regulated
by Ni exposure (Figure 1 and Table 2, spot 3302). This protein is involved in Fe and Cu
uptake and may also be implicated in the transport of other metals since it is able to alter
the periplasmic pools of Mn, Co and Zn [20]. However, the role of this protein in Ni

homeostasis has not been reported so far.

Furthermore, we have also identified an HspA chaperone (spot 2005), which was
specifically up-regulated by Ni (Figure 1 and Table 2). HspA has been primarily
associated to thermotolerance [61-63], however additional roles in salt and oxidative
stress responses have also been reported [64-66]. Sakthivel et al. [66] suggested that
HspA stabilizes membrane proteins and protects photosystems and phycobilisomes
from oxidative damage. Schauer et al [67] reported that Helicobacter pilori possesses a
particular HspA, which contains a unique His-rich C-terminal extension and was able to
bind Niin vitro. The HspA reported in the present study does not present this Ni
binding domain. It is possible that the up-regulation of this chaperone observed in our
study could be related to the protection of the cells against the oxidative stress damage
caused by excess of Ni. Further studies are needed in order to verify the specific
induction of this chaperone by Ni and to determine the function of this protein in Ni

tolerance.



Another protein exclusively induced by Ni was the cation efflux system protein
NrsB (spot 0206), which is involved in Ni and Co tolerance [31]. This protein is
encoded by nrsB which is part of nrsBACD operon regulated by the NrsRS two-
component system [32]. The up-regulation of the NrsB protein in the presence of Ni
observed in our study (Figure 2) was expected, since it has been demonstrated that the
nrsBACD operon is highly induced in response to Ni [31, 32].

The mutant strain nrsRS [32] was also analyzed and its protein profile
determined in the presence of 20 uM NiSO,4. The proteins identified in the WT strain
were searched in the nrsRS profile in order to verify the behavior of these proteins in the
mutant strain. As expected, the NrsB protein was exclusively expressed in the WT in
response to Ni but not in the nrsRS protein profile. HspA, which was specifically
induced by Ni in the WT, was also absent in the protein profile of the nrsRS strain.
Interestingly, when the nrsRS mutant protein profile was compared to that of the wild
type, an opposite expression pattern for several proteins could be observed. The
induction of translation related proteins in the WT strain (elongation factor G, 30S
ribosomal protein) could be reflecting that WT cells are able to respond to high levels of
Ni by increasing translation. In contrast, the nrsRS strain repressed translation-related
processes and induced catalase and AGP (glucose-1-phosphate adenylyltransferase).
This could reflect an inability to respond to Ni, which causes an increase in oxidative
stress, growth impairment and therefore the accumulation of fixed carbon into glycogen.
These results indicate that the two-component signal transduction system composed by
the nrsS and nrsR genes may be the main sensor system for Ni although another Ni
sensing system has been recently characterized [68]. This system contains a new
protein named InrS (internal nickel-responsive sensor), which is involved in Ni

homeostasis by repressing the nrsD gene, the last gene of the nrsBACD operon, in the



absence of Ni. However, it seems that InrS alone is not able to protect the cells from
excess levels of Ni, since in our study the nrsRS strain showed a lower tolerance to Ni
exposure when compared to the WT.

Ni excess also down-regulated lysyl-tRNA synthetase (spot 6605) both in the
WT and the nrsRS strains. Aminoacyl-tRNA synthetases (aaRS) are enzymes that
catalyze the correct attachment of amino acids to their cognate tRNAs primarily during
protein synthesis [69, 70]. It has been shown that tRNAs are implicated in cellular
functions that go beyond protein biosynthesis, such as transfer of amino acids to
membrane lipids and proteins and as intermediates for antimicrobial molecule synthesis
[71]. 1t has also been reported that the levels of lysyl-tRNA synthetase decrease in
response to heat shock, oxidative stress or ethanol stress in bacteria [72, 73]. Although
different aaRS have been associated to other functions, including stress conditions, their
direct relation with metal stress response has not been reported.

In order to further investigate the differential expression observed in this study,
Northern blot analysis was performed. The results obtained for zspA (Figure 2) revealed
an increased abundance of mRNA was observed after exposure to Ni. These results are
consistent with the proteomic results, which show an increase in HspA protein at 48h.
Unexpectedly, in the nrsRS strain, ~zsp4 mRNA was also induced at higher levels but
only at the beginning of the stress treatment (6 h after Ni stress). At later time, hspA
expression is highly reduced in this strain, which could explain the failure to detect this
protein at 48 h after Ni addition. The early expression of AspA in the nrsRS strain may
be due to a strong Ni stress in this strain lacking the Ni homeostasis mechanism. nrsB
expression was also highly induced by Ni with a maximum expression after 6 h in the

WT strain and this induction was completely abolished in the nrsRS strain (Figure 2).



Northern blot analysis was also performed for the fut42 gene, which was down-
regulated in response to Ni. The results showed repression of fut42 mRNA in the WT
exposed to Ni (Figure 3), which is in agreement with the 2-DE analysis. Further studies

need to be performed in order to verify if this gene could be involved in Ni homeostasis.

Protein expression altered by Co

Co is essential as a trace element, however, above critical concentrations it can
be toxic to the cell. Co is the central metal cofactor in the corrin ring of vitamin B, and
also plays important biological roles. As for Ni, Co uptake is mediated by nonspecific
transport systems and by high-affinity specific systems. A gene (nhlF) from
Rhodococcus rhodochrous J1 that mediates Co transport into the cell in an energy-
dependent manner has been identified [74]. Co export and resistance operons have also
been described including czc (for Cd, Zn, and Co resistance) [75], cnr (for Co and Ni
resistance) [57], and ncc (for Ni, Co, and Cd resistance) [58]. In Synechocystis, a gene
cluster composed of nine open reading frames (ORFs) involved in Ni, Co and
Zn sensing and tolerance was described [31, 33]. However, information on the
metabolic processes responsive to high concentrations of Co is still limited.

In this study, the analyses of the 2D maps of Synechocystis in response to Co
were compared to the control condition (without Co). The results revealed that, as in the
case of Ni stress, several proteins were down-regulated in the presence of Co (Figure 4
and Table 3). Several enzymes involved in carbon metabolism showed reduced intensity
including phosphoglycerate kinase (spot 3502), glyceraldehyde-3-phosphate
dehydrogenase 1 (spot 7404), ribulose 1,5 bisphosphate carboxylase (spots 7704 and

8703) and AGP (glucose-1-phosphate adenylyltransferase; spot 9603). It is possible that



the stress caused by the presence of this metal lead to a reduction in the central carbon
metabolism as a protection mechanism.

As reported for Ni, the periplasmic iron-binding protein, FutA2 was again
clearly down-regulated by Co exposure (Figure 4; spot 3406). As mentioned earlier,
Synechocystis futA2 mutant cells showed Co accumulation in the periplasmic space,
indicating that FutA2 may be involved in its transport inside the cell [20].

The chaperonin GroES (spot 6003) was specifically induced by Co exposure
(Figure 4 and Table 3). This chaperonin is different from HspA, the chaperone induced
by Ni. Interestingly, Hongo et al. [76] reported a novel Co/Mn-dependent ATP/ADPase
activity in thermostable chaperonins from Pyrococcus furiosus, Pyrococcus horikoshii,
Methanococcus jannaschii and Thermoplasma acidophilum and suggested that this
function may be a general feature of these chaperonins. Although the dependence on Co
for a specific chaperonin activity was reported, the effect of high Co levels in the
induction of chaperonins has not been shown. It would be interesting to further
investigate the induction and the specificity of these chaperones in order to understand
their role in Co and Ni resistance.

Unexpectedly, the comparison between the WT strain and the corR mutant strain
in the presence of 20 uM CoCl, revealed a very similar expression pattern (Table 3); in
other words, proteins up-regulated in the WT were also up-regulated in the corR mutant.
This suggests the existence of other Co sensor systems in Synechocystis, which allowed
the mutant strain to respond and adapt to the presence of Co. Although the corR mutant
strain showed a similar protein pattern, the amount of Co tolerated was lower than that
of the WT. The presence of an alternative system involved in Co tolerance has been
suggested previously [31] and may account for the similarities found in the WT and

corR mutant protein expression profiles. The only protein that showed an inverse



expression in response to Co in the WT (-1.95) when compared to the corR mutant
(1.47) was identified as a seryl-tRNA synthetase. As discussed above in the response to
Ni stress, it is possible that tRNA synthetases may play a role in metal response,
however additional work would be required for confirmation.

Northern blot analysis was performed to further investigate the induction of
groES and glutathione peroxidase (gpx/) in response to Co. The results obtained
revealed that in the WT strain, gpx/ mRNA was induced shortly after Co addition and
remained high at 24 and 48 h after Co exposure (Figure 5). Likewise, in the corR
mutant strain, higher levels of gpx/ mRNA were detected at all sampling points after Co
addition, when compared to the control condition. In the case of groES, its levels of
expression remained almost constant during the time courses in both the WT and corR
mutant strains. Regarding the fut42 expression, its mRNA levels remained almost

unchanged during the first 24h and reduced only at 48 h (Figure 3).

Protein expression in response to Cd

Cd toxicity has long been reported [77] since Cd is one of the most abundant
toxic metals present in the environment and it is intensively spread out due to fossil-fuel
burning and manufacturing of paints, batteries and screens [78]. Unlike Co and Ni, Cd
has no known function in the cell, although it was shown that the addition of Cd to Zn-
limited cultures enhanced growth in the phytoplankton species Thalassiosira weissflogii
[79].

Houot et al. [80], by using a transcriptomic approach, showed that Cd triggers a
reorganization of Synechocystis metabolism, under the control of the Slr1738 regulator.
These authors reported that cells activated an ATP-sparing mechanism through down-

regulation of cell metabolism in a way to limit Cd uptake and its poisoning



incorporation in place of the cognate metal cofactor of metalloenzymes. On the other
hand, a breakdown of the photosynthetic machinery that impairs ATP production,
releases different compounds that become available for the synthesis of Cd-toxicity
protecting enzymes [80].

The effect of heavy metals on the photosynthetic process has been well
documented and is reviewed in Aggarwal et al. [59]. Several studies have shown a
stronger inhibition of PSII by heavy metals when compared to PSI [60, 81-83]. In our
study, we have observed a contrasting situation: some photosynthesis proteins were
down-regulated, such as the ferredoxin-NADP oxidoreductase, whereas others were up-
regulated including the 12 kDa extrinsic protein of photosystem II (PsbU), whose
expression increased 10 fold in treated cells, and a putative thylakoid lumen peptidyl-
prolylcis-trans isomerase (s110408), important for the stabilization of PSII (Figure 6 and
Table 4). These two proteins have also been identified as up-regulated in response to Cd
in Synechococcus sp WH8102, suggesting a conserved response in cyanobacteria [60].

Several proteins were up-regulated in the presence of Cd including ribosomal
proteins, a cell division protein and a sulfolipid biosynthesis protein, required for
sulfoquinovosyl diacyl glycerol biosynthesis [84], which is a typical constituent of
photosynthetic membranes in plants and photosynthetic bacteria [85, 86]. Houot et al.
[80] reported a down-regulation of protein synthesis genes, however the sampling was
performed between 90 and 360 minutes of treatment and lethal doses of the metal were
used. The results obtained in the present study suggest that at 48 h of Cd exposure, cells
may have already adapted to the stress caused by Cd. In contrast, enzymes of carbon
metabolism such as, phosphoribulokinase and ribulose bisphosphate carboxylase were

down-regulated, while fructose 1,6 bisphosphatase was up-regulated. Similar results



were obtained by Houot et al. [80], who reported the down-regulation of most carbon
metabolism genes in response to Cd excess.

Interestingly, several protein spots in the Cd-exposed Synechocystis protein
profile (Figure 6) were identified as the periplasmic iron binding protein FutA2 and
were also down-regulated, as observed in the response to the other metals used in this
study. By contrast, Houot et al. [80] reported that Fe uptake genes were up-regulated by
Cd exposure. It is known that Cd disturbs metal homeostasis and alters the expression of
several metal transport genes [80], but further studies will have to be performed in order
to better understand the relations of Fe uptake and other metal homeostasis.

As opposed to what was observed for Ni and Co, we did not find chaperones
specifically induced by Cd. Houot et al. [80] reported that chaperone genes were
induced as an early response to Cd (after 30 min), and our analyses were performed at a
longer Cd exposure period.

In the Northern blot analysis of futA2, again a lack of correlation between the
mRNA and protein levels were obtained (Figures 3 and 6; Table 4), as observed in the
response to Co stress. An up-regulation of fut42 mRNA was observed at 6 h, with an
increase at 24 h after Cd addition (Figure 2), although a clear reduction in the protein
spot intensity could be observed in the 2D map of the WT exposed to Cd (Figure 6).
The lack of correlation between mRNA and protein levels has been well documented
[61] and seems to be the case for fut42 expression in response to Cd. It is probable that
post-translational regulation occurs and could account for this difference as we have
detected several spots corresponding to FutA2. Further analyses need to be performed in

order to understand the regulation of fuz42 in response to Cd and Co.

Comparison of the proteins expressed in response to Ni, Co and Cd



A comparison of the proteins of Synechocystis responsive to the different metals
identified in this study was performed based on the gene ID. The results obtained
revealed that 7 proteins were commonly differential in response to the metals analyzed
(Table 5). Most proteins showed a similar expression pattern, including ribulosel,5-
bisphosphate carboxylase and periplasmic iron-binding protein, which were decreased
upon exposure to all three metals. A hypothetical protein was also decreased in the
response to Ni and Co. This protein could be an interesting candidate for future
functional studies to determine its relation to metal stress.

Aspartyl/glutamyl-tRNA (Asn/Gln) amidotransferase subunit B showed an
opposite expression pattern in Ni and Co treatments (Table 2 and Table 3). As discussed
above, this protein is involved in protein biosynthesis and the direct relation of this
protein to metal stress has not been reported so far. Similarly, the protein Ferredoxin-
NADP oxidoreductase was increased in response to Ni and decreased after Cd exposure.
This protein is involved in photosynthesis and oxidative stress protection and it seems
that Synechocystis increases the abundance of this protein to control Ni stress effects.
Cd is a more toxic metal to the cell and it may be more difficult for Synechocystis to
cope with Cd stress.

We have also observed several proteins (with distinct gene IDs) responsive to
the different metals with similar biological functions in the cell. For example, ribosomal
proteins 30S and 50S were increased in response to Ni and Cd, respectively. Similarly,
elongation factors G, Ts and Tu were increased by exposure to Ni (G) and Co (Ts and
Tu). Generally, heavy metals suppress protein synthesis machinery in both prokaryotic
[87] and eukaryotic organisms [88-90]. On the other hand, heavy metal tolerance
involves the participation of proteins in the induction of transcription factors as well as

protection and restoration of macromolecules [91]. It is possible that the increased



abundance of ribosomal proteins and elongation factors in Synechocystis may be related
to the synthesis of proteins involved in Ni and Co transport and chelation as part of a
metal resistance mechanism.

Glycolysis was also affected by the metals, especially by Co since most enzymes
involved in this process were identified in Co exposed cultures. Glyceraldehyde-3-
phosphate dehydrogenase 1, Glucose-1-phosphate adenylyltransferase and Glucose-6-
phosphate isomerase were decreased in response to Co stress. The down-regulation of
glycolytic enzymes has been observed previously in the response to heavy metals [92,
93].

Among the most important effects of heavy metal toxicity are oxidative stress
[94] and reduced activity of sensitive enzymes [95]. Indeed, in Synechocystis most
proteins were down-regulated in response to metal toxicity, including several enzymes
involved in photosynthesis (Table 2, Table 3 and Table 4). One of the few proteins that
showed up-regulation was glutathione peroxidase in the response to Co (Table 3). This
protein is related to anti-oxidant activity and was 13 fold higher in the Co-exposed
culture when compared to the non-exposed culture. This protein showed the highest fold
difference when all three metal responses were compared. It seems that the exposure to

Co resulted in a strong protective response against oxidative stress.

Conclusions

The results obtained in this study indicate that several proteins were affected
after the addition of different metals (Ni, Co or Cd) to Synechocystis cultures. A general
decline in proteins related to carbon metabolism and photosynthesis could be observed

in response to all three metals. An interesting result obtained was the down-regulation



of FutA2 by all metals. This protein is primarily involved in the transport of Fe and Cu
and seems to be essential for metal homeostasis in the cell. Another interesting result
was the specific up-regulation of two different chaperones, one by Ni (HspA) and the
other (GroES) by Co. The expression of these chaperones may be directly involved in
the tolerance process by avoiding damage to proteins essential for cell survival.
Although the up-regulation of chaperones during metal stresses is well known, the
expression of HspA and GroES in response to Ni and Co, respectively, had not been
reported earlier. The similarities observed in the protein expression pattern between the
WT and the corR mutant strains in the presence of Co also allows us to suggest that
there may be additional Co signaling systems. This is the first report of the global
protein profile of Synechocystis in response to Ni, Co and Cd stress. Overall, the results
obtained in this study give an insight into the proteins with altered abundance in
response to heavy metals in Synechocystis and can provide basic information for future
studies aiming at the elucidation of heavy metal resistance mechanisms in

cyanobacteria.

Acknowledgements

This work was supported by Ministerio de Economia y Competitividad and the
European Regional Found (FEDER) by grant BFU2010-15708, and plan E-CLPN09-
001). A. Mehta was recipient of a fellowship from Empresa Brasileira de Pesquisa
Agropecuaria (Embrapa) and L. Lopez-Maury has a contract of Junta de Ampliacion de

Estudios-Doctor from Consejo Superior de Investigaciones Cientificas (CSIC).

References



[1] Guerra-Garcia JM, Garcia-Gomez JC. Assessing pollution levels in sediments of a
harbour with two opposing entrances. Environmental implications. J Environ Manage.
2005;77:1-11.

[2] Peng J-f, Song Y-h, Yuan P, Cui X-y, Qiu G-l. The remediation of heavy metals
contaminated sediment. J Hazard Mater. 2009;161:633-40.

[3] Haferburg G, Kothe E. Microbes and metals: interactions in the environment. J
Basic Microbiol. 2007;47:453-67.

[4] Andrade L, Keim CN, Farina M, Pfeiffer WC. Zinc detoxification by a
cyanobacterium from a metal contaminated bay in Brazil. Braz Arch Biol Technol.
2004;47:147-52.

[5] Blindauer CA. Zinc-Handling in Cyanobacteria: An Update. Chem Biodivers.
2008;5:1990-2013.

[6] Cano MZdM, MC.; Caire, G.; Halperin, D. Biofertilization of rice plants with the
cyanobacterium Tolypothrix tenius (40d.). International Journal of Experimental Botany
(Phyton). 1993;54:149-55.

[7] Kumar MS, Praveenkumar R, Ilavarasi A, Rajeshwari K, Thajuddin N. Oxidative
stress response and fatty acid changes associated with bioaccumulation of chromium
[Cr(VI)] by a fresh water cyanobacterium Chroococcus sp. Biotechnol Lett.
2012;34:247-51.

[8] Suresh Babu G, Hans RK, Singh J, Viswanathan PN, Joshi PC. Effect of Lindane on
the Growth and Metabolic Activities Of Cyanobacteria. Ecotoxicol Environ Safety.
2001;48:219-21.

[9] Bender J, Gould JP, Vatcharapijarn Y, Young JS, Phillips P. Removal of zinc and
manganese from contaminated water with cyanobacteria mats. Water Environ Res.
1994;66:679-83.

[10] Micheletti E, Colica G, Viti C, Tamagnini P, De Philippis R. Selectivity in the
heavy metal removal by exopolysaccharide-producing cyanobacteria. J Appl Microbiol.
2008;105:88-94.

[11] Slotton DG, C.R. Goldman, and A. Frank. Commercially Grown Spirulina Found
to Contain Low Levels of Mercury and Lead. Nutr Rep Int. 1989;40:1165-72.

[12] Gardea-Torresdey JL, Becker-Hapak MK, Hosea JM, Darnall DW. Effect of
chemical modification of algal carboxyl groups on metal ion binding. Environ Sci
Technol. 1990;24:1372-8.

[13] Micheletti E, Pereira S, Mannelli F, Moradas-Ferreira P, Tamagnini P, De Philippis
R. Sheathless Mutant of Cyanobacterium Gloeothece sp. Strain PCC 6909 with
Increased Capacity To Remove Copper lons from Aqueous Solutions. Applied and
Environmental Microbiology. 2008;74:2797-804.

[14] Canovas D, Duran C, Rodriguez N, Amils R, De Lorenzo V. Testing the limits of
biological tolerance to arsenic in a fungus isolated from the River Tinto. Environ
Microbiol. 2003;5:133-8.

[15] Cavet JS, Borrelly GPM, Robinson NJ. Zn, Cu and Co in cyanobacteria: selective
control of metal availability. FEMS Microbiol Rev. 2003;27:165-81.

[16] Giner-Lamia J, Lopez-Maury L, Reyes JC, Florencio FJ. The CopRS Two-
Component System Is Responsible for Resistance to Copper in the Cyanobacterium
Synechocystis sp. PCC 6803. Plant Physiol. 2012;159:1806-18.

[17] Guven K, Togrul S, Uyar F, Ozant S, De Pomerai DI. A comparative study of
bioassays based on enzyme biosynthesis in Escherichia coli and Bacillus subtilis
exposed to heavy metals and organic pesticides. Enzyme Microbial Technol.
2003;32:658-64.



[18] Lopez-Maury L, Florencio FJ, Reyes JC. Arsenic Sensing and Resistance System
in the Cyanobacterium Synechocystis sp. Strain PCC 6803. J Bacteriol. 2003;185:5363-
71.

[19] Silver S, Phung LT. Bacterial heavy metal resistance: New Surprises. Annual
Review of Microbiology. 1996;50:753-89.

[20] Waldron KJ, Tottey S, Yanagisawa S, Dennison C, Robinson NJ. A Periplasmic
Iron-binding Protein Contributes toward Inward Copper Supply. J Biol Chem.
2007;282:3837-46.

[21] Nishino K, Nikaido E, Yamaguchi A. Regulation of Multidrug Efflux Systems
Involved in Multidrug and Metal Resistance of Salmonella enterica Serovar
Typhimurium. J Bacteriol. 2007;189:9066-75.

[22] Liu T, Golden JW, Giedroc DP. A Zinc(II)/Lead(Il)/Cadmium(IIl)-Inducible
Operon from the Cyanobacterium Anabaena Is Regulated by AztR, an a3N ArsR/SmtB
Metalloregulator Biochemistry. 2005;44:8673-83.

[23] Liu T, Nakashima S, Hirose K, Uemura Y, Shibasaka M, Katsuhara M, et al. A
metallothionein and CPx-ATPase handle heavy-metal tolerance in the filamentous
cyanobacterium Oscillatoria brevis. FEBS Lett. 2003;542:159-63.

[24] Tong L, Nakashima S, Shibasaka M, Katsuhara M, Kasamo K. A Novel Histidine-
Rich CPx-ATPase from the Filamentous Cyanobacterium Oscillatoria brevis Related to
Multiple-Heavy-Metal Cotolerance. J Bacteriol. 2002;184:5027-35.

[25] Journal of Molecular BiologyBanerjee S, Wei B, Bhattacharyya-Pakrasi M, Pakrasi
HB, Smith TJ. Structural Determinants of Metal Specificity in the Zinc Transport
Protein ZnuA from Synechocystis 6803. J Mol Biol. 2003;333:1061-9.

[26] Bartsevich VV, Pakrasi HB. Molecular identification of an ABC transporter
complex for manganese: analysis of a cyanobacterial mutant strain impaired in the
photosynthetic oxygen evolution process. EMBO J. 1995;14:1845-53.

[27] Bartsevich VV, Pakrasi HB. Manganese Transport in the Cyanobacterium
Synechocystis sp. PCC 6803. J Biol Chem. 1996;271:26057-61.

[28] Katoh H, Hagino N, Grossman AR, Ogawa T. Genes Essential to Iron Transport in
the Cyanobacterium Synechocystis sp. Strain PCC 6803. J Bacteriol. 2001;183:2779-84.
[29] Katoh H, Hagino N, Ogawa T. Iron-Binding Activity of FutA1 Subunit of an ABC-
type Iron Transporter in the Cyanobacterium Synechocystis sp. Strain PCC 6803. Plant
Cell Physiol. 2001;42:823-7.

[30] Rukhman V, Anati R, Melamed-Frank M, Adir N. The MntC Crystal Structure
Suggests that Import of Mn2+ in Cyanobacteria is Redox Controlled. J Mol Biol.
2005;348:961-9.

[31] Garcia-Dominguez M, Lopez-Maury L, Florencio FJ, Reyes JC. A Gene Cluster
Involved in Metal Homeostasis in the Cyanobacterium Synechocystis sp. Strain PCC
6803. J Bacteriol. 2000;182:1507-14.

[32] Lopez-Maury L, Garcia-Dominguez M, Florencio FJ, Reyes JC. A two-component
signal transduction system involved in nickel sensing in the cyanobacterium
Synechocystis sp. PCC 6803. Mol Microbiol. 2002;43:247-56.

[33] Rutherford JC, Cavet JS, Robinson NJ. Cobalt-dependent Transcriptional
Switching by a Dual-effector MerR-like Protein Regulates a Cobalt-exporting Variant
CPx-type ATPase. J Biol Chem. 1999;274:25827-32.

[34] Thelwell C, Robinson NJ, Turner-Cavet JS. An SmtB-like repressor from
Synechocystis PCC 6803 regulates a zinc exporter. Proc Natl Acad Sci U S A.
1998;95:10728-33.



[35] Ozturk S, Aslim B, Suludere Z. Cadmium(II) sequestration characteristics by two
isolates of Synechocystis sp. in terms of exopolysaccharide (EPS) production and
monomer composition. Bioresour Technol. 2010;101:9742-8.

[36] Jittawuttipoka T, Planchon M, Spalla O, Benzerara K, Guyot F, Cassier-Chauvat C,
et al. Multidisciplinary Evidences that Synechocystis PCC6803 exopolysaccharides
operate in cell sedimentation and protection against salt and metal stresses. PLoS ONE.
2013;8:e55564.

[37] Kaneko T, Sato S, Kotani H, Tanaka A, Asamizu E, Nakamura Y, et al. Sequence
Analysis of the Genome of the Unicellular Cyanobacterium Synechocystis sp. Strain
PCC6803. II. Sequence Determination of the Entire Genome and Assignment of
Potential Protein-coding Regions. DNA Res. 1996;3:109-36.

[38] Huang F, Hedman E, Funk C, Kieselbach T, Schroder WP, Norling B. Isolation of
Outer Membrane of Synechocystis sp. PCC 6803 and Its Proteomic Characterization.
Mol Cell Proteomics. 2004;3:586-95.

[39] Huang F, Parmryd I, Nilsson F, Persson AL, Pakrasi HB, Andersson B, et al.
Proteomics of Synechocystis sp. strain PCC 6803: identification of plasma membrane
proteins. Mol Cell Proteomics. 2002;1:956-66.

[40] Kashino Y, Lauber WM, Carroll JA, Wang Q, Whitmarsh J, Satoh K, et al.
Proteomic Analysis of a Highly Active Photosystem II Preparation from the
Cyanobacterium Synechocystis sp. PCC 6803 Reveals the Presence of Novel
Polypeptides Biochemistry. 2002;41:8004-12.

[41] Kieselbach T, Schroder WP. The proteome of the chloroplast lumen of higher
plants. Photosynth Res. 2003;78:249-64.

[42] Schroder WP, Kieselbach T. Update on chloroplast proteomics. Photosynth Res.
2003;78:181-93.

[43] Kurian D, Jansén T, Mienpdd P. Proteomic analysis of heterotrophy in
Synechocystis sp. PCC 6803. Proteomics. 2006;6:1483-94.

[44] Huang F, Fulda S, Hagemann M, Norling B. Proteomic screening of salt-stress-
induced changes in plasma membranes of Synechocystis sp. strain PCC 6803.
Proteomics. 2006;6:910-20.

[45] Rippka R DJ, Waterbury J B, Herman M, Stanier R Y. Generic assignment, strain
histories and properties of pure cultures of cyanobacteria. ] Gen Microbiol. 1979;111:1-
61.

[46] Reyes JC, Florencio F. Electron transport controls transcription of the glutamine
synthetase gene (glnA) from the cyanobacterium Synechocystis sp. PCC 6803. Plant
Mol Biol. 1995;27:789-99.

[47] Garcia-Dominguez M, Florencio FJ. Nitrogen availability and electron transport
control the expression of gInB gene (encoding PII protein) in the cyanobacterium
Synechocystis sp. PCC 6803. Plant Mol Biol. 1997;35:723-34.

[48] Vioque A. The RNase P RNA from cyanobacteria: short tandemly repeated
repetitive (STRR) sequences are present within the RNase P RNA gene in
heterocystforming cyanobacteria. Nucleic Acids Res. 1997;25:3471-7.

[49] Navarro C, Wu L-F, Mandrand-Berthelot M-A. The nik operon of Escherichia coli
encodes a periplasmic binding-protein-dependent transport system for nickel. Mol
Microbiol. 1993;9:1181-91.

[50] Eitinger T, Friedrich B. Cloning, nucleotide sequence, and heterologous expression
of a high-affinity nickel transport gene from Alcaligenes eutrophus. J Biol Chem.
1991;266:3222-7.



[51] Mobley HLT, Garner RM, Bauerfeind P. Helicobacter pylori nickel-transport gene
nixA: synthesis of catalytically active urease in Escherichia coli independent of growth
conditions. Mol Microbiol. 1995;16:97-109.

[52] Fu C, Javedan S, Moshiri F, Maier RJ. Bacterial genes involved in incorporation of
nickel into a hydrogenase enzyme. Proc Natl Acad Sci U S A. 1994;91:5099-103.

[53] Mulrooney SB, Hausinger RP. Nickel uptake and utilization by microorganisms.
FEMS Microbiol Rev. 2003;27:239-61.

[54] Eitinger T, Mandrand-Berthelot MA. Nickel transport systems in microorganisms.
Arch Microbiol. 2000;173:1-9.

[55] Grass G, Fan B, Rosen BP, Lemke K, Schlegel H-G, Rensing C. NreB from
Achromobacter xylosoxidans 31A Is a Nickel-Induced Transporter Conferring Nickel
Resistance. J Bacteriol. 2001;183:2803-7.

[56] Collard JM, Provoost A, Taghavi S, Mergeay M. A new type of Alcaligenes
eutrophus CH34 zinc resistance generated by mutations affecting regulation of the cnr
cobalt-nickel resistance system. J Bacteriol. 1993;175:779-84.

[57] Liesegang H, Lemke K, Siddiqui RA, Schlegel HG. Characterization of the
inducible nickel and cobalt resistance determinant cnr from pMOL28 of Alcaligenes
eutrophus CH34. J Bacteriol. 1993;175:767-78.

[58] Schmidt T, Schlegel HG. Combined nickel-cobalt-cadmium resistance encoded by
the ncc locus of Alcaligenes xylosoxidans 31A. J Bacteriol. 1994;176:7045-54.

[59] Aggarwal A, Sharma I, Tripathi BN, Munjal AK, Baunthiyal M, Sharma V. Metal
Toxicity and Photosynthesis. In: Itoh S, Mohanty P, Guruprasad KN, editors.
Photosynthesis: Overviews on Recent Progress and Future Perspective. New Delhi: 1.K.
International Publishing House Pvt. Ltd.; 2012. p. 229-36.

[60] Cox A, Saito M. Proteomic responses of oceanic Synechococcus WH8102 to
phosphate and zinc scarcity and cadmium additions. Front Microbiol. 2013;4:387.

[61] Lee PS, Shaw LB, Choe LH, Mehra A, Hatzimanikatis V, Lee KH. Insights into
the relation between mrna and protein expression patterns: II. Experimental
observations in Escherichia coli. Biotechnol Bioeng. 2003;84:834-41.

[62] Lee S, Owen HA, Prochaska DJ, Barnum SR. HSP16.6 is involved in the
development of thermotolerance and thylakoid stability in the wunicellular
Cyanobacterium, Synechocystis sp. PCC 6803. Curr Microbiol. 2000;40:283-7.

[63] Suzuki I, Simon WJ, Slabas AR. The heat shock response of Synechocystis sp.
PCC 6803 analysed by transcriptomics and proteomics. J Exp Bot. 2006;57:1573-8.

[64] Asadulghani, Nitta K, Kaneko Y, Kojima K, Fukuzawa H, Kosaka H, et al.
Comparative analysis of the hspA mutant and wild-type Synechocystis sp. strain PCC
6803 under salt stress: evaluation of the role of hspA in salt-stress management. Arch
Microbiol. 2004;182:487-97.

[65] Fang F, Barnum SR. Expression of the Heat Shock Gene hsp16.6 and Promoter
Analysis in the Cyanobacterium, Synechocystis sp. PCC 6803. Curr Microbiol.
2004;49:192-8.

[66] Sakthivel K, Watanabe T, Nakamoto H. A small heat-shock protein confers stress
tolerance and stabilizes thylakoid membrane proteins in cyanobacteria under oxidative
stress. Arch Microbiol. 2009;191:319-28.

[67] Schauer K, Muller C, Carricre M, Labigne A, Cavazza C, De Reuse H. The
Helicobacter pylori GroES Cochaperonin HspA Functions as a Specialized Nickel
Chaperone and Sequestration Protein through Its Unique C-Terminal Extension. J
Bacteriol. 2010;192:1231-7.



[68] Foster AW, Patterson CJ, Pernil R, Hess CR, Robinson NJ. Cytosolic Ni(II) Sensor
in Cyanobacterium: Nickel detection follows nickel affinity across four families of
metal sensors. J Biol Chem. 2012;287:12142-51.

[69] Lenhard B, Orellana O, Ibba M, Weygand-Durasevic 1. tRNA recognition and
evolution of determinants in seryl-tRNA synthesis. Nucleic Acids Res. 1999;27:721-9.
[70] Tumbula D, Vothknecht UC, Kim H-s, Ibba M, Min B, Li T, et al. Archaeal
Aminoacyl-tRNA Synthesis: Diversity Replaces Dogma. Genetics. 1999;152:1269-76.
[71] Banerjee R, Chen S, Dare K, Gilreath M, Praetorius-Ibba M, Raina M, et al.
tRNAs: Cellular barcodes for amino acids. FEBS Lett. 2010;584:387-95.

[72] Katz A, Orellana O. Protein Synthesis and the Stress Response, Cell-Free Protein
Synthesis: ISBN: 978-953-51-0803-0, InTech, DOI: 10.5772/50311. ; 2012.

[73] Yang S, Giannone R, Dice L, Yang Z, Engle N, Tschaplinski T, et al. Clostridium
thermocellum ATCC27405 transcriptomic, metabolomic and proteomic profiles after
ethanol stress. BMC Genomics. 2012;13:336.

[74] Komeda H, Kobayashi M, Shimizu S. A novel transporter involved in cobalt
uptake. Proc Natl Acad Sci U S A. 1997;94:36-41.

[75] Nies DH, Nies A, Chu L, Silver S. Expression and nucleotide sequence of a
plasmid-determined divalent cation efflux system from Alcaligenes eutrophus. Proc
Natl Acad Sci U S A. 1989:86:7351-5.

[76] Hongo K, Hirai H, Uemura C, Ono S, Tsunemi J, Higurashi T, et al. A novel
ATP/ADP hydrolysis activity of hyperthermostable group II chaperonin in the presence
of cobalt or manganese ion. FEBS Lett. 2006;580:34-40.

[77] Bischoff B. Effects of cadmium on microorganisms. Ecotoxicol Environ Safety.
1982;6:157-65.

[78] Satarug S, Baker JR, Urbenjapol S, Haswell-Elkins M, Reilly PEB, Williams DJ, et
al. A global perspective on cadmium pollution and toxicity in non-occupationally
exposed population. Toxicol Lett. 2003;137:65-83.

[79] Kiipper H, Kroneck PM. Heavy metal uptake by plants and cyanobacteria. Met
Tons Biol Syst. 2005;44:97-144.

[80] Houot L, Floutier M, Marteyn B, Michaut M, Picciocchi A, Legrain P, et al.
Cadmium triggers an integrated reprogramming of the metabolism of Synechocystis
PCC6803, under the control of the Slr1738 regulator. BMC Genomics. 2007;8:350.

[81] Gross RE, Pugno P, Dugger WM. Observations on the Mechanism of Copper
Damage in Chlorella. Plant Physiol. 1970;46:183-5.

[82] Clijsters H, Assche F. Inhibition of photosynthesis by heavy metals. Photosynth
Res. 1985;7:31-40.

[83] Kupper H, Kupper F, Spiller M. Environmental relevance of heavy metal-
substituted chlorophylls using the example of water plants. J Exp Bot. 1996;47:259-66.
[84] Guler S, Essigmann B, Benning C. A cyanobacterial gene, sqdX, required for
biosynthesis of the sulfolipid sulfoquinovosyldiacylglycerol. J Bacteriol. 2000;182:543-
5.

[85] Benning C. Membrane lipids in anoxygenic bacteria. . In: Murata PASaN, editor.
Lipids in photosynthesis: structure, function and genetics. Boston, MA: Kluwer
Academic Publishers; 1998. p. 83—101.

[86] Imhoff JFUB-I. Lipids, quinones and fatty acids of anoxygenic photosynthetic
bacteria. . In: R. E. Blankeship MTM, and C. E. Bauer, editor. Anoxygenic
photosynthetic bacteria. Dordrecht, The Netherlands: Kluwer Academic Publishers;
1995. p. 179-205.

[87] Wang A, Crowley DE. Global Gene Expression Responses to Cadmium Toxicity
in Escherichia coli. J Bacteriol. 2005;187:3259-66.



[88] Van Assche F, Clijsters H. Effects of metals on enzyme activity in plants. Plant,
Cell & Environment. 1990;13:195-206.

[89] Semane B, Dupae J, Cuypers A, Noben J-P, Tuomainen M, Tervahauta A, et al.
Leaf proteome responses of Arabidopsis thaliana exposed to mild cadmium stress.
Journal of Plant Physiology. 2010;167:247-54.

[90] Jin YH, Dunlap PE, McBride SJ, Al-Refai H, Bushel PR, Freedman JH. Global
Transcriptome and Deletome Profiles of Yeast Exposed to Transition Metals. PLoS
Genet. 2008;4:¢1000053.

[91] Hall JL. Cellular mechanisms for heavy metal detoxification and tolerance. J Exp
Bot. 2002;53:1-11.

[92] Hao Z, Chen S, Wilson DB. Cloning, Expression, and Characterization of
Cadmium and Manganese Uptake Genes from Lactobacillus plantarum. Applied and
Environmental Microbiology. 1999;65:4746-52.

[93] Kieffer P, Schroder P, Dommes J, Hoffmann L, Renaut J, Hausman J-F. Proteomic
and enzymatic response of poplar to cadmium stress. Journal of Proteomics.
2009;72:379-96.

[94] Kachur AV, Koch CJ, Biaglow JE. Mechanism of copper-catalyzed oxidation of
glutathione. Free Radic Res. 1998;28:259-69.

[95] Gong P, Ogra Y, Koizumi S. Inhibitory Effects of Heavy Metals on Transcription
Factor Spl. Ind Health. 2000;38:224-7.

Figure legends

Figure 1. 2D maps of the WT and nrsRS mutant strains in response to Ni. WT and
nrsRS mutant strains were cultured in the control condition (WTC and nrsRSC) and
after 48 h exposure to 40 puM NiSOs (WTNi) and 20 uM NiSO4 (nrsRSNi),
respectively. Lines and numbers indicate the differentially expressed proteins identified

by mass spectrometry.

Figure 2. Changes in nrsB and hspA expression in response to Ni.
A. Northen blot of nrsB and hspA in response to Ni in the WT and nrsRS strains. Total
RNA was isolated from Synechocystis cells grown in BG11C medium not exposed or

exposed for 1, 6, 24 and 48 h to 40 uM Ni for the WT strain and 20 pM NiSO, for the



nrsRS strain. Five micrograms of total RNA was denatured and separated by
electrophoresis in a 1% agarose gel, blotted, and hybridized with probes for nrsB or
hspA genes. The filters were stripped and re-hybridized with an rnpB gene probe as a
control. A representative experiment is shown. B. Quantification of the mRNA levels of
nrsB and hspA in response to Ni. Radioactive signals of three independent experiments
for each strain were quantified and averaged. RNA levels were normalized with the
rnpB signal and expressed as fold change of treated vs non-treated; sample error bars

represent SE (Standard Error).

Figure 3. Changes in fut42 expression in response to different metals in the media.

A. Northern blot analysis of fut42 expression in response to different metals in the
media. Total RNA was isolated from Synechocystis cells grown in BG11C medium not
exposed or exposed for 1, 6, 24 and 48 h to Ni, Co and Cd at the same concentrations
used for the proteomic analysis. Five micrograms of total RNA was denatured and
separated by electrophoresis in a 1% agarose gel, blotted, and hybridized with a probe
for futA2 gene. The filters were stripped and re-hybridized with an rnpB gene probe as a
control. A representative experiment is shown. B. Quantification of the mRNA levels of
futA? in response to different metals. Radioactive signals of three independent
experiments for each strain were quantified and averaged. RNA levels were normalized
with the rmpB signal and expressed as fold change of treated vs non-treated. sample

error bars represent SE (Standard Error).

Figure 4. 2D maps of the WT and CorR mutant strains in response to cobalt. WT
and corR mutant strains were cultured in the control condition (WTC and CorRC) and

after 48 h exposure to 20 uM (WTCo) and 10 uM CoCl, (CorRCo), respectively. Lines



and numbers indicate the differentially expressed proteins identified by mass

spectrometry.

Figure 5. Changes in gpx and groES expression in response to Co.

A. Northen blot of groES and gpx in response to Co in the WT and corR strains. Total
RNA was isolated from Synechocystis cells grown in BG11C medium not exposed or
exposed for 1, 6, 24 and 48 h to 20 uM CoCl, for the WT strain and 10 uM CoCl, the
corR strain. Five micrograms of total RNA was denatured and separated by
electrophoresis in a 1% agarose gel, blotted, and hybridized with probes for gpx or
groES genes. The filters were stripped and re-hybridized with an rnpB gene probe as a
control. A representative experiment is shown. B. Quantification of the mRNA levels of
gpx and groES in response to Co. Radioactive signals of three independent experiments
for each strain were quantified and averaged. RNA levels were normalized with the
rnpB signal and expressed as fold change of treated vs non-treated; samples error bars

represent SE.

Figure 6. 2D maps of the WT strain in response to cadmium. WT was cultured in
the control condition (WTC) and after 48 h exposure to 15 uM CdCl, (WTCd). Lines
and numbers indicate the differentially expressed proteins identified by mass

spectrometry.
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Table 1. Primers used for amplification of probes for Northern blot analysis.

Gene symbol Gene product Forward primer Reverse primer
groES 10 kDa chaperonin (groES) groSF 5’-GCCAAAGAAAAACCCCAAAT-3’ groSR 5’-GCCGGCATACTTGGAATAGA-3’
gpxl glutathione peroxidase-like Gpx1F 5’-GCTTCACTCCCCAATACCAA-3’ Gpx1R 5’-GGAAAACCAAGCACCGTAAA-3’
NADPH peroxidase
nrsB Cation efflux system NRSBF 5’-ATCGGTGGGGGAAAAATTAG-3’ NRSBR 5’-GCCACAACTGGTTCTTTGGT-3’
protein involved in nickel
and cobalt tolerance
hspA Chaperone (hspA) HspAF 5-GGATACCCATAGCACCGAAA-3’ HspAR 5’-TGTGTTTTGGATTGCTCCAG-3’
futA2 Periplasmic iron-binding futA2F 5’-GGGTACCCATTGATCCTGTG-3’ futA2R 5’-GAGCTGAATCGGGTTGGTAA-3’

protein




Table 2. Proteins differentially expressed by Synechocystis 6803 WT and mutant strain nrsRS in response to 40 pM and 20 uM

NiSO,, respectively, identified by mass spectrometry.

Spot Gene ID Protein description NCBI Fold change’ Fold change”
Accession # WINI/WTC nrsRSNi/nrsRSC
0206 slr0793 Cation efflux system protein involved in NP_442628 exclusive to -
nickel and cobalt tolerance WTNi
2005 sll1514 Chaperone (hspA) NP 440316 exclusive to -
WTNi
2809° slr1463 Elongation factor G NP_442851 1.7 -
sl11553 Phenylalanyl-tRNA synthetase subunit NP_441710 1.7 -
beta
3302 slr0513 Periplasmic iron-binding protein NP 442521 -4.6 -4.1
3303 sl11578 Phycocyanin a-subunit NP_440551 -1.5 -1.5
4303"¢ slr0244 Hypothetical protein NP_440027 -1.8 -1.2
Phycocyanin associated linker protein ABO058393 -1.8 -1.2
4702 s111987 Catalase HPI NP 441295 -1.8 2.6
5301 sl11260 30S ribosomal protein S2 NP_441467 1.6 -1.3
5507 slr1133 Argininosuccinate lyase NP_440604 2.3 -1.2
5607 sl11435 Aspartyl/glutamyl-tRNA(Asn/Gln) P74215 2.7 3.2
amidotransferase subunit B
6302 slr1643 Ferredoxin-NADP oxidoreductase NP_441779 1.6 1.6
6603 slr1322 Putative modulator of DNA gyrase NP_441393 2.1 1.0
6605 slr1550 Lysyl-tRNA synthetase NP_440803 -1.6 Exclusive to
nrsRSC
6608 slr0118 Thiamine biosynthesis protein ThiC NP_442586 2.1 1.1
7204 slr1161 Hypothetical protein NP_441650 -1.7 1.0
7407 slr0536 Uroporphyrinogen decarboxylase NP_442753 -1.5 1.0
7601° slr1945 Phosphoglyceromutase NP_441933 -1.7 -2.0
8502 slr1165 Sulfate adenylyltransferase NP_441655 1.9 1.0
8511 slr1176 Glucose-1-phosphate adenylyltransferase NP_443010 -1.9 1.4
8601 slr0009 Ribulosel,5-bisphosphate carboxylase NP 442120 -2.0 -2.6

*The “-” signal indicates down-regulation.
°Mixture of proteins detected in Mascot search
“Spot present in two out of three gel replicates



Table 3. Proteins differentially expressed by Synechocystis 6803 WT and mutant strain CorR in response to 20 pM and 10 pM

CoCl,, respectively, identified by mass spectrometry.

Spot Gene ID Protein description NCBI Fold change” Fold change”
Accession # WTCo/WTC CorRCo/CorRC

2002 slr0923  Hypothetical protein NP_442404 24 1.2

3406 slr0513  Periplasmic iron-binding protein NP_442521 -4.8 -5.2

3502 slr0394  Phosphoglycerate kinase NP_441843 -1.6 -1.4

4302 slr0244  Hypothetical protein (universal stress NP_440027 -3.1 -5.0
protein)

4504 slr2094  Fructose 1,6-bisphosphatase 1T NP_441308 -1.5 -1.5

4707 slr0452  Dihydroxy-acid dehydratase NP_442995 -2.5 -1.6

5302 sll1261 Elongation factor Ts NP_441466 43 5.1

6003 slr2075 10 kDa chaperonin (groES) Q05971 exclusive to WTCo exclusive to CorRCo

6304 sll1261 Elongation factor Ts NP_441466 2.1 4.5

6501 sll1099  Elongation factor Tu NP 441641 2.6 1.3

6805 s110529 Hypothetical protein (Thiamine NP_442804 -1.5 -3.5
pyrophosphate (TPP) enzyme family)

7203 slr1259  Hypothetical protein NP 441173 3.6 1.8

7404° slr1887  Porphobilinogen deaminase NP_441025 -1.8 -1.3

slr0884  Glyceraldehyde-3-phosphate P49433 -1.8 -1.3

dehydrogenase 1

7505 sll0018  Fructose-1,6-bisphosphate aldolase NP_442114 2.9 1.4

7603 slr1703 Seryl-tRNAsynthetase NP_440547 -1.9 1.4

7704° sl11435 Aspartyl/glutamyl-tRNA(Asn/Gln) P74215 -2.1 -1.1
amidotransferase subunit B

slr0009  Ribulosel,5-bisphosphate carboxylase NP_442120 -2.1 -1.1

7706 slr1349  Glucose-6-phosphate isomerase NP_441488 -2.6 -3.5

8208 sll1742  Transcription antitermination protein NP 440740 exclusive to WTCo exclusive to CorRCo
NusG

8306° slr1842  Cysteine synthase P73410 -1.5 -1.6

8405 slr0884  Glyceraldehyde-3-phosphate P49433 -1.6 -1.3
dehydrogenase 1

8501 sll0018  Fructose-1,6-bisphosphate aldolase NP_442114 2.0 1.1

8703 slr0009  Ribulosel,5-bisphosphate carboxylase NP_442120 -2.3 -2.2

9103 slr1171 Glutathione peroxidase NP_441664 13.3 exclusive to CorRCo

9603 slr1176  Glucose-1-phosphate NP_443010 2.5 -5.5
adenylyltransferase

9701° sll1750  Urease subunit alpha NP_440403 -3.0 -5.0

9703 sl10735 Hypothetical protein NP 442931 -3.2 -2.0

the “-” signal indicates down-regulation.
®Mixture of proteins detected in Mascot search
“Spot present in two out of three gel replicates



Table 4. Proteins differentially expressed by Synechocystis 6803 in response to 15 pM CdCl,,
identified by mass spectrometry.

Spot Gene ID Protein description NCBI Fold change®
Accession # WTCd/WTC
0101 sl11194 12 kDa extrinsic protein of BAA12221 10.3
photosystem IT
0303 s110408 Putative thylakoid lumen peptidyl- Q55118 exclusive to
prolylcis-trans isomerase s110408; WTCd
1101 sll1746 50S ribosomal protein L7/L12 NP_440736 24
3203 slr0513 Periplasmic iron-binding protein NP_442521 -2.0
3302 slr0513 Periplasmic iron-binding protein NP_442521 -4.8
4301 sll1525 Phosphoribulokinase NP_441778 -1.5
4305° slr0513 Periplasmic iron-binding protein NP_442521 -1.9
sl11578 Phycocyanin a-subunit NP 440551 -1.9
4805 sl11043 Polynucleotide NP_439981 2.2
Phosphorylase/polyadenylase
6301 slr0952 Fructose-1,6-bisphosphatase NP_441738 3.6
6601 slr0009 Ribulose 1,5-bisphosphate NP_442120 -6.3
carboxylase
7407 slr1020 Sulfolipid biosynthesis protein NP_440474 -1.6
SqdB
8503 slr1643 Ferredoxin-NADP oxidoreductase NP 441779 -2.0
8602 slr0374 Cell division cycle protein NP 442025 2.6

the “-” signal indicates down-regulation.
°Mixture of proteins detected in Mascot search



Table 5. Proteins with overlapping differential expression in response to the
different metals in Synechocystis 6803.

Gene ID Protein description Protein expression pattern
Ni Co Cd
Aspartyl/glutamyl-
sll1435  tRNA(Asn/Gln) amidotransferase up down -
subunit B
sl11578 Phycocyanin a-subunit down - down
SIr0009 Ribulosel,5-bisphosphate down down down
carboxylase
slr0244 Hypothetical protein down down -
slr0513 Periplasmic iron-binding protein down down down
sle1176 Glucose-1-phosphate down down )
adenylyltransferase
slr1643 Ferredoxin-NADP up i down

oxidoreductase
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