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ABSTRACT

Aims: Cyanobacteria are prokaryotes performing oxygenic photosynthesis, and they can be engineered to harness
solar energy for production of commodity and high-value chemicals by means of synthetic biology. The Cu**-
regulated pet.J promoter (P,..s), which controls the expression of the endogenous cytochrome c553, can be used for
expression of foreign products in Synechocystis 6803. We aimed to disclose potential bottlenecks in application of
the P,es in synthetic biology approaches. Methods and Results: Quantitative label-free mass spectrometry
revealed global proteome changes which occurred during nutrient conditions which repress or activate of P,y in
Synechocystis 6803. Conclusions: Some irreversible proteome alterations were discovered due to the copper
stress, including down-regulation of the ribosomal proteins, significant changes in proteins amounts of the cell
surface layer and the outer and inner membranes. Significance and Impact of Study: This study revealed

limitations in the use of P, for biotechnological applications.

KEYWORDS: cyanobacteria, Synechocystis, biotechnology, bioproduct, petJ promoter, copper stress response,

proteomics, quantitative label-free mass spectrometry.
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INTRODUCTION

Presently, many efforts are directed to development of sustainable production platforms and circular
economy. Some living organisms, like green plants and algae, convert sunlight into chemical energy and reducing
equivalents to support growth and concomitantly release oxygen in the process known as oxygenic photosynthesis.
Using synthetic biology approaches, they can be engineered to harness solar energy for production of commodity
and high-value chemicals. Cyanobacteria are the only prokaryotes which perform oxygenic photosynthesis, and
many of them can be easily genetically manipulated. Therefore, they are prospective organisms to be used as
chassis for heterologous expression of proteins and metabolic pathways of interest (Phillips and Silver 2006;
Parmar et al. 2011; Aro 2016). Proof of concept for light-driven production of exogenous proteins and chemicals
has already been demonstrated in engineered cyanobacterial strains (Gudmundsson and Nogales 2015). However,
synthesis of foreign compounds has been shown to compete with natural carbon partitioning in growing cells
(Schuurmans et al. 2017; Giordano and Wang 2018). The carbon partitioning and product yields differ in various
growth phases (Wang et al. 2016; Schuurmans et al. 2017). For instance, enhanced production is obtained by
metabolically active cells in the absence of growth (Berla et al. 2013). Thus, a favourable partition of the carbon
flux into a desirable product can be achieved by in-time separation of biomass accumulation from the production
of a target compound (Phillips and Silver 2006; Murthy et al. 2014). One of the key elements of this
approach is the use of inducible promoters for gene expression. Therefore, the selection of an optimal promoter is
an important step in designing the scheme for genetic manipulation of chassis cells by insertion of heterologous
genes and metabolic pathways.

Synechocystis sp. PCC 6803 (hereafter Synechocystis) is widely used as a model organism for
investigations directed to production of chemicals and biofuels by synthetic biology approaches (Phillips and
Silver 2006; Hagemann and Hess 2018). Only few inducible promoters are available and utilized for production
of valuable chemicals in this strain as well as in other cyanobacteria (Heidorn et al. 2010; Berla et al. 2013;
Englund et al. 2016; Ferreira et al. 2018). One of them is the petJ promoter (P,./) which can be regulated by
varying concentrations of Cu®" ions present in the growth medium (Diaz et al. 1994; Mitschke et al. 2011; Eisenhut

et al. 2012; Kuchmina et al. 2012; Gandini et al. 2017; Pade et al. 2017). The petJ gene encodes the endogenous
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cytochrome css3 (cyt ¢ss3), a protein which functions as the soluble photosynthetic electron carrier in Cu?* limiting
conditions (Sandmann 1986; Zhang et al. 1992; Diaz et al. 1994). When Cu?" is available, petJ is not expressed,
and the cyt css3 protein is substituted by plastocyanin (PC) which is encoded by the petE gene. The petJ promoter
is partially active in standard BG-11 medium (0.3 umol I Cu?*) (Stanier et al. 1971; Rippka et al. 1979). However,
it can be completely repressed by an excess of Cu** ions (5 umol I'!) in the growth medium, or fully induced by
elimination of Cu*" (0 pmol I'") from the extracellular environment. The P,z promoter is regulated in the opposite
way (Zhang et al. 1992; Diaz et al. 1994). Therefore, both P,.; and P,z are considered to be suitable for
overexpression of various genes in biotechnological applications (Kuchmina et al. 2012; Kldhn et al. 2015).
Nevertheless, it is important to keep in mind that the cyanobacterial chassis cells are living organisms with
a complex metabolic network. Therefore, introduction of a foreign genetic element by synthetic biology
approaches and/or changing the growth conditions utilized for controlling the promoter activity most probably
would cause rearrangements of intracellular metabolic pathways (Gudmundsson et al. 2018). This, in turn, might
affect the expression of the introduced genetic element and/or accumulation of the product of interest (Giordano
and Wang 2018). Here we investigated how the Synechocystis proteome responded to conditions which repress
P,.s followed by activation of the promoter. This was reached by supplying excess of copper ions to the growth
medium, followed by shifting the cells a copper-free environment. To this end, we carried out label-free liquid
chromatography-tandem mass spectrometry (LC-MS/MS) quantitative analysis of a Synechocystis strain carrying
an empty self-replicating vector with the petJ promoter. The experiment imitated in-time separation of the growth
and biomass accumulation phase from the target protein production phase, with repressed and activated P,
respectively. Cells were not producing a foreign compound. The obtained results provide insights into metabolic
pathways that are affected even in the absence of introduced foreign genes and, therefore, might become a

bottleneck in real biotechnological experiments.
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MATERIAL AND METHODS

Growth conditions

Synechocystis 6803 PCC-M (Trautmann et al. 2012) harbouring the conjugative plasmid pVZ321 (Zinchenko et
al. 1999) with kanamycin (Km)- and chloramphenicol (Cm)-resistance cassettes (Mitschke et al. 2011) was used
in the present study. Cells were grown at 30°C, under constant illumination of 50 pmol photons? s, in atmospheric
air, in media supplemented with 40 pg ml' Km, 7 ug ml"' Cm. The content of the growth medium differed at
distinct stages of the experiment. Control cells were incubated in the ordinary BG-11 medium (standard condition,
0.3 umol I Cu?*; Rippka et al. 1994). The aliquots of cells grown in standard condition (S) to OD7so ~1 were
taken for the proteome analysis. At the 1st step of the experiment, cells were shifted to high Cu** concentration (5
umol 1) as follows. Cells grown in standard condition were diluted to OD750 ~0.2 with BG-11 medium containing
1 umol I Cu?*. After 1-day incubation, CuSO4 was added to 2.5 pmol 1!, and after 2 days, Cu?* concentration was
finally increased to 5 pmol I"'. When high Cu®*-grown cells reached OD750 ~1, the aliquots (H) were collected
for the proteome analysis. At the 2nd step of the experiment, the high Cu?" -grown cells were washed with Cu?*-
free BG-11 medium, grown in this medium for two days to OD750 ~1, and collected for protein analysis as Cu®"
depleted cells (D). The experiment was performed with three biological replicates.

Protein isolation and digestion to peptides

Synechocystis cells were collected by centrifugation at 4000 g at 4°C for 10 minutes and washed twice with 50
mmol 1! triethylammonium bicarbonate buffer (TEAB; Sigma-Aldrich, Missouri, United States) (pH 8.0). Cell
pellets were re-suspended in a buffer containing 8 mol 1" urea, 100 mmol 1" TEAB pH 8.0, 4 mmol I'' 1,4-
Dithiothreitol (DTT; Sigma-Aldrich, Missouri, United States) and 0.2 mmol 1"' phenylmethylsulfonyl fluoride
(PMSF; Roche, Basel, Switzerland) and broken with an equal volume of glass beads in the mixer mill MM400
(Retsch Inc, Haan, Germany), using three subsequent cycle at 30 Hz, 4°C for 10 min. To facilitate extraction of
membrane proteins, sodium dodecyl sulphate (SDS; Avantor-VWR, Pennsylvania, United States) was added to
the lysates to a final concentration of 0.1% and incubated at RT for 30 min. Cell debris was removed by
centrifugation at 11000 g, RT for 30 min. Protein concentration was determined using Pierce™ BCA Protein Assay
(Thermo Fisher Scientific, Massachusetts, United States). For proteomic analyses, 100 pug of proteins were purified

5
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and treated as follows. The proteins were precipitated with 6 volumes of acetone at —20 °C overnight and
centrifuged at 11000 g, 4°C for 30 min. The pellets were dissolved in the buffer containing 6 mol 1" urea, 25 mmol
' ammonium bicarbonate buffer (ABC) pH 7.5, 0.1% RapiGest FS (Waters Corporation, Massachusetts, United
States). Proteins were reduced with 10 mmol 1! DTT at 30 C for 1 h and alkylated with 35 mmol 1! iodoacetamide
(IAA) (Sigma-Aldrich, Missouri, United States) at RT for 1h followed by dilution with 4 volumes of the same
buffer without urea. The digestion of protein with Trypsin Gold (Promega, Wisconsin, United States) was
performed at 30°C overnight. The tryptic digests were acidified to pH = 2 using formic acid (FA) (Sigma-Aldrich,
Missouri, United States) and incubated at 37 °C for 30 min. RapiGest FS degradation products were removed by
centrifugation at 11000 g, RT, for 30 min. The peptides were desalted using C18 cartridges (Sep-Pack, 50 mg, 3cc,
Waters Corporation, Massachusetts, United States) according to the manufacturer’s protocol. The eluted peptides
were lyophilized in SpeedVac (Savant SPD1010, Thermo Fisher Scientific, Massachusetts, United States),

solubilized in 1% FA, 2% acetonitrile (AcN) and stored at -80 °C prior to LC-MS/MS analyses.

LC-MS/MS Analysis

Equivalents of 200 ng of peptides were injected in the LTQ Orbitrap Velos Pro mass spectrometer (Thermo Fisher
Scientific, Massachusetts, United States) with the electrospray ionization source connected in-line with a nano-
HPLC (high-performance liquid chromatography) system (EasyNanoLC 1000, Thermo Fisher Scientific,
Massachusetts, United States). Peptides were separated on a C18 pre-column (5 x 0.3 mm, PepMap C18, LC
Packings) and a C18 nano-column (15 cm x 75 um, Magic 5 pm 200 A C18, Michrom BioResources Inc.,
Sacramento, CA, USA) with a flow rate of 300 nL min™' using 0.2% FA, 2% AcN as a buffer A and 0.2% FA,
95% AcN as a buffer B. To separate the peptide mixture, 110-min gradient was applied as follows: from 2% to
20% B in 70 min, from 20% to 40% B in 30 min, 100% B for 10 min. MS data were acquired automatically in the
positive mode with 2.3 kV ionization potential using the Thermo Xcalibur software (Thermo Fisher Scientific,
Massachusetts, United States). The data-dependent acquisition (DDA) mass spectrometry method combined MS
survey scans of mass range 300-2000 m z"' and MS/MS scans for up to ten most intensive +2 or +3 charged peptide

ions; fragmentation was performed by collision-induced dissociation (CID), with normalized collision energy of
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35 %. The spectra were registered with resolution of 60000 and 17500 (at m z™! 200) for full scan and for fragment
ions, respectively.

Protein identification and quantitation

The raw files were analysed using the Mascot (v. 2.4) search engine (Perkins et al 1999) and Proteome
Discoverer™ (v.1.4) Software (Thermo Fisher Scientific, Massachusetts, United States). The Synechocystis 6803
protein database used in the searches was retrieved from Cyanobase (Kaneko et al 1996;
http://genome.microbedb.jp/cyanobase) and supplemented with the list of common laboratory contaminants.
Following search criteria were applied: trypsin as enzyme, two miscleavages allowed, carbamidomethylation as
the fixed modification and methionine oxidation as variable one. Precursor mass tolerance was restricted to +£10
ppm for precursor ions and to £0.8 Da for fragment ions. For the validation of spectra identifications, Percolator
algorithm was used with relaxed false discovery rate (FDR) of 0.05. Three biological replicates were assessed for
each growth condition, and protein abundances were estimated based on area of the peaks representing
corresponding peptides (Grouneva et al. 2016; Huokko et al. 2017). Proteins were identified with at least two
unique peptides; few proteins identified based on one peptide were included, too, after manual examination. Global
label-free protein quantitation was performed using Progenesis QI for proteomics software v. 4.0 (Nonlinear
Dynamics, Newcastle upon Tyne, UK). All non-conflicting peptides identified with +10 ppm mass error for a
precursor were taken into account. At the protein level, the statistical significance threshold in Anova was set to
p<0.05. The practical significance threshold for differential expression was set to FC of +/- 1.4. Protein annotation
is given according to Cyanobase; in some cases, manual curation of annotation was performed based on available
literature. When functional information was discovered for proteins annotated in Cyanobase as “hypothetical” or

“unknown”, the proteins were moved to a corresponding category.

RESULTS
Experimental setup
The scheme of the experiment mimicking the expression of heterologous protein(s) under control of the

petJ promoter, here conducted with an empty vector, is shown in Fig 1. The control cells were grown in the
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ordinary BG-11 medium (Rippka et al. 1979) (S in Fig 1). The 1* step of the experiment reflected the repression
of the petJ promoter by high Cu*" concentration. Here, cells grown under standard conditions (0.3 umol 1! Cu*")
were gradually adjusted to high Cu?>" concentration (5 umol 1) (H in Fig 1) where the petJ promoter is fully
repressed (Georg et al. 2014). It is important to note that he gradual addition of copper ions (described in detail in
Materials and Methods) was applied to let cells to acclimate to the toxic Cu?* concentration (>3 pmol I''; Zhang
et al. 1992; Giner-Lamia ef al. 2014) and thus to avoid the known harmful effect of an abrupt shift of cyanobacteria
to medium with high amounts of Cu?*. The 2nd step of the experiment reflected the induction of the pet.J promoter
by Cu** depletion; here, cells incubated at high Cu?" concentration were shifted to copper-free BG-11 medium (D
in Fig 1) and incubated for 2 days to achieve maximal P,.-dependent expression (Eisenhut ef al. 2012). The
activation of the petJ promoter would lead to the production of a potential product in a real biotechnological
experiment. However, no foreign protein(s) were produced in these cells, and all proteome changes during the
course of the experiment should be attributed to the conditions administered to simulate a production process using
the petJ promoter. The changes in OD values during the experiment are shown in Fig.S1. Please note that cells in
all three conditions, S, H, and D, were collected for proteomic analysis at the same OD value of about 1, to avoid

influence of other environmental effects, for example self-shading.

Relative protein quantitation

Protein preparations from cells collected in S, H, and D growth phases (Fig 1) were analysed in parallel
using the label-free LC-MS/MS proteomic approach (Bantscheff ef al. 2007; Grouneva et al. 2016; Huokko et al.
2017). Relative H/S quantitation demonstrated proteome modifications which occurred at the stage of biomass
accumulation and were caused by increased Cu?** concentration. Relative D/H changes reflected the response of
Synechocystis proteome to the removal of Cu?* from the growth medium causing activation of P,.,. Finally, relative
D/S quantitation revealed ultimate changes in the Synechocystis proteome which would occur in real
biotechnological experiments independently on the production of the heterologous protein(s) under control of the
petJ promoter.

In the experiment, 1736 proteins were identified, and 812 of them were quantified with the P-value of
0.05. For each quantified protein, the number of peptides, the average fold change (FC) values in three replicas

8
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and Anova, are presented in the Table S1. The numbers of proteins with significantly altered expression (FC of +
1.40) at distinct stages of the experiment are showed in Table 1. The corresponding proteins are listed in the Table

2 and Table S2.

Cu?" homeostasis

As expected, proteins responsible for the Cu?" homeostasis were strongly affected by changes in the
concentration of the metal ion. Upon addition of 5 umol 1" CuSQys, the proteins encoded by the copMRS operon
showed strong up-regulation, up to 40-fold increase for the CopR protein which, together with CopS, constitute
the two-component Hik31/Rre34 system mediating a tightly controlled Cu®" resistance mechanism. Noteworthy,
Synechocystis encodes two copMRS operons, one on the chromosome (s//0788-sl10790) and another on the
endogenous pSYSX plasmid (s/r6039-slr6041). The corresponding proteins in these operons are highly similar
(95% identity, Giner-Lamia et al. 2012); therefore, collected MS/MS data did not allow to differentiate between
them. The copBAC operon (slr6042-slr6044) encoding the transport system, which exports the surplus of Cu?*
from periplasm and the cytosol (Giner-Lamia et al. 2012), and the small soluble copper metallochaperone Atx1
(Ssr2857) which helps to avoid misallocation of the reactive Cu'* and aberrant interaction with other enzymes,
such as zinc or cobalt transporters (Tottey et al. 2008; Tottey et al. 2012), were also up-regulated at high Cu?*
concentration.

When Cu?* was removed from the growth medium, the proteins of the copper homeostasis described above
showed the opposite effect, being down-regulated in the depleted conditions compared to high Cu®* concentration.
Despite the obvious decrease in accumulation after 2 days of growth in the Cu?**-free medium, the proteins
remained slightly up-regulated compared to the levels in the beginning of the experiment, except CopA which

dropped below levels observed in standard BG-11.

Photosynthesis-related proteins

The alterations in the intracellular concentration of Cu®" were reflected also in differential expression of
the two photosynthetic proteins PC (S110199) and cyt css3 (S111796) at the different stages of the experiment. The
expression of the two soluble electron carriers which is known to be directly regulated by Cu** availability (Zhang

et al. 1992; Giner-Lamia et al. 2014; Giner-Lamia et al. 2016) demonstrated reverse behaviour. During Cu**

9
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excess, PC was strongly up-regulated, and cyt css3 was markedly down-regulated. Upon Cu?" depletion, their
dynamics was reversed, and the drastic up-regulation of cyt css3 indicated that two days of growth in Cu**-depleted
medium were sufficient to efficiently activate the petJ promoter.

The thylakoid-embedded complexes involved in linear electron flow were distinctly affected by the shift
in the Cu?* concentration. For PsaE (Ssr2831) and PsaL (SIr1655) of photosystem I (PSI), down-regulation was
observed at 5 umol I'! Cu?’, and their accumulation did not recover under copper-limiting conditions. The same
effect was observed for PetB (S1r0342) representing the cytochrome b¢f (cyt bsf) complex. Similar tendency was
noticed for some other subunits of PSI, photosystem II (PSII), cyt bsf, and the phycobilisome (PBS) antenna (Table
S1). The cooperative down-regulation of several proteins directly involved in light harvesting and linear electron
flow, which was detected at the end of the experiment compared to the standard level, might indicate that some
irreversible damage occurred to the photosynthesis machinery during treatment of cells with 5 umol I'' Cu?*.
Ferredoxin I (Ss10020) which functions as the acceptor of photosynthesis-derived electrons, was up-regulated at
high Cu?* but its accumulation diminished at the depletion stage.

The synthesis of chlorophyll and porphyrins, the pigments which are vital for the photosynthetic activity,
was also affected, especially during acclimation to high Cu**. HemF (SI111185), HemB (S111994) and HemL
(S110017) participating in conversion of glutamate to protoporphyrin IX, ChlP (S111091) which catalyses the last
step of bacteriochlorophyll synthesis, and heme oxidase Hox1 (SII1184) were down-regulated, in line with
reduction of the photosynthetic protein complexes. HemL remained at low levels also upon Cu?* removal.

Various dynamics were observed for proteins involved in photoprotection, regulation of photosynthesis
and biogenesis of photosystems. Up-regulation during the high Cu** phase was detected for proteins of the PSII
assembly proteins (PAP) operon (S1r0144, Slr0147, S1r0149, Slr0151) known to be induced by high light and
involved in PSII (Wegener et al. 2008; Yang et al. 2014; Rast et al. 2016) and PSI (Kubota et al. 2010)
biosynthesis, Slr1768 with a structural role in maintaining thylakoid membranes under high light (Bryan et al.
2011), and membrane-associated rubredoxin A (SIr2033) essential for PSII assembly (Calderon ef al. 2013). In

contrast, accumulation of flavodiiron proteins Flv2 and Flv4 (S1r0219 and SIr0217), which safeguard PSII in

10
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Synechocystis cells (Bersanini ef al. 2014), dropped at high Cu?* but returned to the standard levels upon removing

the metal ions from the growth medium.

Carbon and nitrogen metabolism and transporters

In line with suppression of photosynthetic proteins, high Cu*" conditions disturbed the carbon uptake
causing down-regulation of the high affinity HCOj3™ transporter (BCT-1) encoded by the cmpABCD operon. All
three quantified subunits (CmpB, SIr0041; CmpC, SIr0043; CmpD, Slr0044) of the transporter were reduced by
50% at 5 pmol 1! Cu®". The structure of carboxysomes, where CO, fixation takes place, was possibly affected
since the CcmK2 shell protein (S111028) was up-regulated while its analogue, CcmK4 (Slr1839), was reduced. At
the depletion stage, the amounts of the BCT-1 transporter returned back to the standard levels, but the CcmK2 up-
regulation increased, and the CecmM protein (S111031), involved in early steps of the carboxysome biogenesis, was
reduced at the end of the experiment. Various dynamics were observed for some emzymes of the TCA cycle (CitH,
S110891; SucD, S111557), glycolysis/glyconeogenesis (Fbp, SIr0952; Pgm, S110395), the pentose phosphate cycle
(CfxE, S110807), formation of the polyhydroxybutyrate granules (the phasine protein, SsI2501); however, a
majority of proteins which belong to the central carbon metabolism were not strongly affected by changes of the
Cu?* concentration (Table S1).

In contrast, nitrogen uptake and assimilation were strongly intensified at high Cu?** concentration.
Glutamine synthetase (GS) type III (S1r0288), otherwise named as glutamate-ammonia ligase GInN and shown to
be highly up-regulated in condition of nitrogen starvation (Reyes et al. 1997), was one of the most strongly induced
enzymes. In line, the GS-inactivating factors IF7 (Ss11911) and IF17 (S111515) were down-regulated in high Cu?*,
with the former being the most negatively affected protein detected in this study. Further, components of the
nitrite/nitrate transport system were up-regulated in 5 pmol ! Cu?', including NtrB (S111451), NtrC (S111452) and
NtrD (S111453) as well as ferredoxin-nitrite reductase NirA (SIr0898). An additional nitrogen uptake was provided
by up-regulation of urea transporter proteins UrtA (SIr0447), UrtC (SI111201) and UrtD (S110764), the urease
subunits beta and gamma (Slr1256 and S110420, respectively) and the cyanate lyase (SIr0899). On the other hand,

the urease-related UreG protein (S110643) was down-regulated. Upon Cu?" depletion, majority of proteins involved

11



254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

in nitrite/nitrate and urea transport return to the standard levels. However, GS GInN remained up-regulated and

both GS-inactivation factors IF7 and IF17 stayed down-regulated.

Protein synthesis and degradation

Importantly, ribosomal proteins were affected during the experiment. Some of them were repressed at the
stage of acclimation to high Cu?, some were decreased upon Cu?* depletion, but in the end several ribosomal
proteins demonstrated marked down-regulation. Similar tendency was observed for translation initiation factors
IF-1 (Ssl3441), IF-2 (S1r0744) and IF-3 (S1r0974). Further, the elongation factor P (S1r0434) involved in translation
was also down-regulated in high Cu** media. Upon switch of cells from high Cu®* to Cu**-depleted growth
medium, amounts of proteins involved in the tRNAs synthesis were restored to the standard expression levels but
the elongation factor P remained significantly downregulated. In parallel to components of protein synthesis,
aminopeptidase P (S110136), which is involved in protein degradation, especially in high light and heat conditions
(Pojidaeva et al. 2013), was down regulated during the high Cu®" phase and further decreased its amount after
switching to Cu?"-depleted medium. In contrast, the periplasmic peptidase YmxG (Slr1331) responsible for the

maturation of periplasmic proteins (Fulda et al. 2000) was up-regulated at the end of the experiment.

Cellular periphery

The changes in Cu?* concentration administered to control a potential PpetJ-driven production process
triggered cell wall remodelling and alteration in outer and plasma membrane content. The Slr1704 protein involved
in synthesis of external protective S-layer (Huang et al. 2004) was highly up-regulated during acclimation to high
Cu?" and its accumulation even enhanced at the stage of the Cu?* depletion. Porins SIr1908 and SIr1841, the PilQ
protein (SIr1277), a component of the type IV pilus (Yoshihara et al. 2001), as well as SynToc75 (SIr1227), one
of the proteins of the secretion channels in the outer envelope (Reumann ef al. 1999; Fulda et al. 2002; Huang et
al. 2004), were up-regulated at Spmol 1"'Cu?" and remained at elevated levels despite Cu®* removal from the growth
medium. The CccP (Slr1668) and CccS (SIlr1667) proteins involved in construction of cell surface components
and in motility processes (Yoshimura et al. 2010), increased in high Cu*" but returned to normal levels upon the
metal ion depletion. Enzymes engaged in peptidoglycan biosynthesis, MurA (SIr0017), MurG (SIr1656), GlImU
(S110899), and LpdX (SIr0776), demonstrated various dynamics. MurG remained to be strongly up-regulated at

12
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the end of the experiment. Diverse transport systems were also affected including the lipopolysaccharide ABC
transporter (RfbB, S110575), sodium/sulfate symporter Sacl (S110640), the Nat permease for neutral amino acids
(NatE, SIr1881), and some others. Several proteins were found to be down-regulated at the end of the experiment,
especially ZiaA (SIr0798), the zinc efflux pump involved in zinc tolerance. The strong ZiaA decrease might be
caused by misincorporation of the copper ion instead of zinc at 5 umol 1" Cu?" since these metals compete in

binding to proteins (Badarau et al. 2011).

Other proteomic perturbations caused by Cu?* treatment

Many other Synechocystis proteins responded to changes in Cu®* concentrations. They belong to various
functional categories and are involved in multiple metabolic routes. Among them are signalling and regulatory
proteins Hik37 (S110094), Hik32 (S111473), Rre21 (SIr1982) which belong of the two-component signalling
systems, the anti-sigma F factor antagonist SIr1859, heat-shock proteins GroES (S1r2075) and DnaJ2 (SIr0093);
redox-regulators like glutaredoxin GrxB (Slr1562), glutathione S-transferase Gstl (S111545) and FTR-ferredoxin-
thioredoxin reductase FtrV (Ssr0330); metal-binding proteins bacterioferritin BfrA (S111341) and iron-sulfur
clusters assembly factor NifU (Ssl2667); elements of the secretion machinery RND multidrug efflux transporter
AcrF (SIr2131), preprotein translocase SecY subunit (S111814), and hemolysin secretion protein HlyD (SI11181);
proteins involved in synthesis of secondary metabolites like thiamine biosynthesis protein ThiG (S1r0633);
pyridoxal phosphate biosynthetic protein PdxJ (SIr1779); the polyphosphate kinase (S110290) involved in the
synthesis of polyphosphate which serves as the inorganic phosphate storage compound; etc. They demonstrated
different dynamics of changes during stages of acclimation to high Cu** and following copper ion depletion.

The largest group of proteins affected by the changes in copper concentrations during the experiment
included those with unknown functions (Table S2). Many of these proteins were differentially regulated at 5 umol
I'! Cu?* and did not return to the standard levels after the copper ion depletion. Thus, the Synechocystis proteome
demonstrated significant alterations caused by changes in the availability of copper ions administered to control

the P, activity.
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DISCUSSION

Cyanobacteria are prospective organisms to be used as chassis for light-driven production of exogenous
proteins and chemicals. The use of inducible promoters is a popular approach for expression of genes introduced
into host cells by synthetic biology techniques (Khalil and Collins 2010). The activity of the pet/ promoter is
controlled by the availability of copper ions in the growth medium: it is partially transcribed in standard BG-11
(0.3 pmol I'' Cu?"); it is completely repressed at 5 umol 1! of Cu?*, and it is fully activated in copper-free medium.
Therefore, it appears to be a promising choice in biotechnological applications, especially those where the biomass
accumulation step is separated from the synthesis of a desirable product, in order to enhance the yield by optimising
the carbon partitioning, or due to a negative effect of a product of interest on cell metabolism (Murthy et al. 2014).

Copper is an essential enzyme cofactor, and cyanobacteria have adapted to its presence in trace amounts
in the growth media. However, copper in excess can be toxic for cyanobacteria and cause cell death when high
Cu®" concentrations are introduced abruptly (Zhang et al. 1992, Giner-Lamia et al. 2014). For example, the toxic
effect of copper ions has been observed when > 3 umol 1! Cu** was added to the copper-free growth medium
(Giner-Lamia et al. 2012, 2014); thereafter, we denote the sharp and drastic increase of copper concentration in
the growth medium as the shock treatment. In contrast, slow acclimation to increasing copper concentrations
allows cells to successfully survive in otherwise toxic conditions (Shavyrina et al. 2001; Stuart et al. 2009; Stuart
etal 2017).

When the petJ promoter is used for biotechnological purposes, the standard procedure includes growing
cells at gradually increasing concentration of Cu®* (up to 5 umol 1" for Synechocystis) followed by depletion of
the medium from this ion for the efficient synthesis of products of interest. During this procedure, cells undertake
profound metabolic rearrangements, first due to the gradual acclimation to the high Cu?" concentration at the
biomass accumulation phase, and then due to copper depletion at the production phase. For practical applications,
it is important to know whether these rearrangements are reversible, and if not, which functions and metabolic
routes are affected. Responses of cyanobacteria to high concentration of metal ions have been extensively
investigated due to possibility to use these organisms as environmentally-friendly bioremediation tools (Jamers et

al. 2006), but the relaxation mechanisms are poorly studied (Pereira ef al. 2011; Kumar 2015).
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Here we mimicked such a biotechnological experiment with Synechocystis cells harbouring an empty
expression plasmid. This plasmid was previously used, for instance, to engineer Synechocystis to produce ethanol
under control of the petJ promoter under copper limitation (Dienst ef al. 2014). Cells grown in standard BG-11
medium were first acclimated to the high Cu?* concentration and subsequently exposed to the Cu**-free condition.
At all three stages, standard (S, 0.3 umol 1! Cu®"), high Cu** (H, 5 pmol I'"), and depletion (D, 0 pmol I'' Cu*"),
samples were taken, in triplicates, for global quantitative proteome analysis by the label-free LC-MS/MS

technique.

The acclimation of the Synechocystis proteome to excess of Cu**

Due to the gradual addition of copper to the growth medium during the S-to-H phase, the cells successfully
acclimated to the high concentration of copper ions, 5 pmol 1! Cu?* (Suppl. Fig. 2). The similar increase of copper
tolerance during the slow acclimation process has been shown for Synechococcus species (Stuart et al. 2009; Stuart
et al. 2017). Thus, by acclimation, we avoided the detrimental, toxic effect of copper ions that has been observed
after the shock treatment (Giner-Lamia et al. 2012, 2014).

Differential expression of proteins at high Cu®" compared to the standard conditions, H/S (Tables 2 and
S2), revealed how Synechocystis cells acclimated during the gradual increase in copper concentration to the
otherwise toxic concentrations of the metal ion. The results are summarized in Fig S2. In line with earlier studies
(Zhang et al. 1992; Diaz et al. 1994; De La Cerda et al. 2008; Giner-Lamia et al. 2014), cyt c¢ss3 encoded by the
petJ gene was strongly down-regulated, indicating that the native petJ promoter became indeed repressed. PC,
which is the main copper containing protein in Synechocystis, was distinctly induced. Significant changes were
observed in proteins involved in copper homeostasis. CopR, CopS, and CopM, encoded by the copMRS operon,
were among the most up-regulated proteins in H. CopR and CopS constitute the two-component Hik31/Rre34
system responsible for the copper resistance in Synechocystis cells (Giner-Lamia ez al. 2012). It has been suggested
that the CopS protein detects copper directly (Giner-Lamia et al. 2012). Thus, CopRS upregulation reflected the
increase in the intracellular copper concentration. From other proteins involved in copper homeostasis, CopB and
CopC, components of the heavy-metal efflux system, were up-regulated in H, as well as the Atx1 protein, the small
chaperonin participating in the intracellular copper transport. From the family of dehydratases that comprise the
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Fe-S clusters which are considered to be primary targets of the copper toxicity (Macomber et al. 2006; Macomber
and Imlay 2009; Giner-Lamia et al. 2014; Huertas et al. 2014), AroQ (Sll1112), 3-dehydroquinate dehydratase
involved in biosynthesis of aromatic acids, was strongly up-regulated in high copper-acclimated Synechocystis
cells.

The global response of cyanobacterial cells to high copper concentrations has been investigated in
Synechocystis (Giner-Lamia et al. 2014) and in marine Synechoccoccus species (Stuart et al. 2009) using
transcriptomic approach. In these studies, the cells have been subjected to the Cu?" shock treatment. Results
described above, such as the down-regulation of many proteins involved in photosynthesis, chlorophyll
biosynthesis, and protein synthesis (Tables 2 and S2), are in line with these investigations. Nevertheless, the
changes in the Synechocystis proteome pattern in cells acclimated to the high copper condition (Table 2 and Suppl.
Table 1) seem to differ from the ones that could be expected from microarray results obtained from the shock-
treated cells (Giner-Lamia et al. 2014). Most probably, the divergence of the responses is due to the different
experimental setup. However, it is also possible that changes in the transcriptome are not reflected in the proteome.
Considering the dehydratase family, LeuC (S111470) and LeuD (Sl111444), the large and small subunits of 3-
isopropylmalate dehydratase involved in leucine biosynthesis, and PheA (S111662), prephenate dehydratase
involved in phenylalanine biosynthesis, remained unchanged in high copper-acclimated cells, unlike their mRNAs
that were up-regulated after the copper shock treatment (Giner-Lamia ef al. 2014). Importantly, in acclimated
Synechocystis cells, SufA (FutAl, IdiA, Slr1295), SufB (S1r0074), SufC (S1r0477), SufD (SIr0076), and SufE
(SIr1419) were at the same levels as in the standard BG-11 medium. In contrast, corresponding mRNAs were up-
regulated in the shock-treated cells, both in Synechocystis (Giner-Lamia et al. 2014) and in Synechococcus (Stuart
et al. 2009). The results suggest the absence of the acute necessity for repair of the Fe-S clusters in acclimated
cells since the proteins involved in Fe-S cluster biogenesis (the suf system) were not differentially regulated.
Further, in copper shock-treated cells, in addition to damaging the Fe-S clusters, high Cu?" concentrations caused
the redox stress due to generation of ROS (Macomber et al. 2006; Macomber and Imlay 2009; Giner-Lamia et al.
2014; Huertas et al. 2014). The up-regulation of genes involved in ROS detoxification system as well as those

related to misfolded protein stress response was detected in shock-treated Synechocystis (Giner-Lamia ef al. 2014)
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and in Synechococcus (Stuart et al. 2009) cells. In contrast, in our study, chaperones (GroEL1, SIr2075 and GroES
S1r2075) and enzymes protecting proteins from the oxidative stress, like peroxiredoxins PrxII (S111621), 2-Cys-
prx (S110755), and NADP-thioredoxin reductase (SIr0600), remained at similar levels in H and S. Next, in the
shock-treated Synechocystis cells, the microarray investigation demonstrated downregulation of both carbon and
nitrogen metabolism (Giner-Lamia et al. 2014). In our experiment, the bicarbonate transport system BCT-1
(CmpB-D) diminished by 50% upon acclimation to high Cu?', but CO,-uptake systems, NDH-134, HCOs
transporter BicA, and GlgP (S111356) and GlgX (SIr1857) involved in glycogen metabolism were not affected.
Considering the nitrogen assimilation systems, in the shock-treated cells, genes encoding for glutamine synthetase
(glnA), the signal transduction protein PII (g/nB) and high activity uptake ammonium permease (amt/) were down
regulated (Giner-Lamia et al. 2014). In contrast, in acclimated cells, GInA, GInB and Amtl did not change, as
well as NtcA, the transcription factor regulating their expression (Osanai et al. 2007). Moreover, several other
proteins involved in uptake and assimilation of nitrogen, like glutamate-ammonia ligase (GInN), subunits of
nitrate/nitrite transporter (NrtB, NrtC, NrtD), urea transporter UrtA, UrtC, UrtD) and urease (UreA), were
increased in H compared to S, while glutamine synthetase inactivation factors IF7 (GifA) and IF17 (GifB) were
distinctly decreased. The results suggest that nitrogen metabolism was activated in high copper-acclimated
Synechocystis cells. Porins also demonstrated dissimilar responses to high copper, depending on treatment. High
copper-dependent down-regulation of porins expression has been observed in various bacteria including E. coli
(Lutkenhaus et al. 1977), Pseudomonas (Teitzel et al. 2006), Synechocystis (Giner-Lamia ef al. 2014) and marine
Synechococcus (Stuart et al. 2009). In our experiment, porins (Slr1908, Slr1841 and SIr1704) were up-regulated.
One of them, the hypothetical S-layer protein Slr1704, was among the most induced proteins in H compared to S.

By transcriptional profiling, Teitzeil et al. (2006) compared Pseudomonas aeruginosa cells subjected to
shock copper stress and after acclimation to higher copper concentrations. In addition to common features, the
important differences were observed between the two types of Cu?' stress. For example, the shock treatment induce
an oxidative stress response; which was not observed in the acclimated cells. Next, the PA2505 gene encoding one
of the uncharacterized porins was strongly induced by long-term Cu?®* exposure, similarly to up-regulation of

Slr1704 in acclimated Synechocystis cells. The proteome changes, described here, corroborated the notion that the
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acclimation process had a profound impact on the response of Synechocystis to the high copper concentration, and

the slow exposure to increasing copper concentrations considerably alleviated the toxic effect of 5 umol I Cu®**.4

Proteome adjustment to the Cu** removal after the copper stress

Comparison of protein amounts in cells after copper depletion in relation to those at high Cu?*, D/H (Table
2), demonstrated Synechocystis proteome rearrangements in response to the removal of copper ions from the
medium. They are summarized in the Fig S3. As expected, cyt css3 was strongly up-regulated corroborating the
activation of the petJ promoter, and the amounts of PC clearly decreased. However, PC remained at the slightly
elevated level compared to the standard conditions (D/S). CopR, CopS, CopM, CopA and CopB were also down-
regulated when the high copper stress was relieved (D/H) but, similarly to PC, not all of them returned to the
standard levels (D/S). Their remaining up-regulation indicated that 2 days in the Cu**-free medium was not enough
to deplete copper inside the cells. Many other proteins, like the bicarbonate transport system BCT-1 and most of
the enzymes related to nitrogen uptake and assimilation, which were mentioned above, restored their expression
to normal levels, or at least changed it toward the opposite direction after change of the media.

Noteworthy, our results demonstrated that some very important cellular systems became impaired by
gradual acclimation to high-copper conditions (see Table 1 and Fig.2). Revealing these systems was the main aim
of our investigation, since their suboptimal performance may have important consequences in biotechnological
applications. Several proteins of the photosynthesis machinery (ApcB, Slr1986; ApcC, Ssr3383; PsbE, Ssr3451;
PsaE, Ssr2831; Psal, SIr1655 ) showed consistent negative changes during the whole experiment and were down-
regulated at the time point when the synthesis of the product should be on-going in the real biotechnological
experiment. Next, the cooperative down-regulation of the ribosomal proteins and regulators involved in translation
(IF-1, IF-2, IF-3 and the elongation factor P) indicated that the efficiency of protein synthesis was decreased which
might compromise the yield of the product of interest. The copper treatment caused also significant alterations in
the protein content of the cell surface layer, outer and plasma membranes. For example, porins Slr1908 and Slr1841
that were up-regulated in H, did not respond to the copper removal, and Slr1704 even further increased at this step.
The latter changes might create problems in the protein secretion if it is desired for the production process. Further,
the down-regulation of acyl-lipid desaturase DesC (S110541) could be a factor to consider the pet/ promoter with
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a caution in biotechnological production of fatty acids and lipids. A large group of proteins annotated as "unknown"
and "hypothetical" also responded strongly to the changes of copper concentration in the growth media (Table S2)
suggesting that so far unknown processes might be affected under the applied conditions.

The results presented in this paper contribute to the understanding of intracellular changes that occur in
Synechocystis during growth conditions applied to control the petJ promoter, and thus facilitate the successful
engineering of cyanobacterial cells for biotechnological purposes. Since the acclimation process significantly
alleviated the toxicity of the high copper concentration, Pp..;. remains to be a useful inducible promoter if revealed
proteome alterations are irrelevant for the final goal. It would be interesting to know how the Syrechocystis
proteome would respond to simulated use of the petE promoter which is repressed by the absence of the copper
ions and activated by their presence. Comparison of two systems might reveal novel mechanisms involved in

response of Synechocystis cells to excess and deprivation of copper in growth media.
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TABLES AND TABLE LEGENDS

Table 1: Numbers of proteins which showed differential expression (FC of £ 1.40) at distinct phases of the
experiment. H/S: acclimation to high 5 pmol 1-1 Cu?*" (H) from standard condition (S); D/H: depletion of copper
from the 5 pmol I'! Cu*" (H) to Cu**free BG-11 (D); D/S: Difference between Cu**free BG-11 (D) condition and
standard BG-11 (S). The proteins were quantified with Anova <0.05.

H/S D/H D/S
UP 103 30 70
DOWN 62 77 75

Table2: The list of Synechocystis proteins which demonstrated altered protein expression under different copper
availability Values are shown in blue for FC > + 1.40 and in magenta for FC<-1.40. Values obtained with Anova
<0.05 are reported in bold. H/S: differential protein expression during acclimation of cells to high 5 umol I'' Cu?*
(H) from standard condition (S) which would repress the PpetJ promoter. D/H: significant proteome changes due
to depletion of copper from the medium (D) ) which would activate the PpetJ promoter. D/S: ultimate protein
changes, caused by extreme Cu?* concentrations which should be used to control the pet] promoter, were
determined by comparison of protein expression between Cu**-free BG-11 (D) condition and standard BG-11

(S).

ORF gene H/S D/H D/S  Description

Cu homeostasis

sir6040; two-component response regulator OmpR
110789 copR 40.84 -13.83 295 subfamily

i;?g%é copS 3.48 -2.75 1.26  two-component sensor histidine kinase

ng ggg g copM 2520  -12.06  2.09  hypothetical protein

sir6042 copB 10.66  -7.53 1.42  cation efflux system protein, part of RND system

slr6044 copC 4.39 -2.17 2.03  efflux RND system outer menbrane protein
slr6043 copA 1.36 -2.60  -1.91 probable cation efflux RND system protein

ssr2857 atx1 1.52 -1.12 1.36  small soluble copper metallochaperone
Light harvesting and photosynthesis

sl10199 petE 1.89 -1.54 1.23  plastocyanin

sl1796 petJ -2.43 3.54 1.46  cytochrome Css3

sir1986 apcB -1.32 -1.06 -1.40  allophycocyanin beta subunit

ssr3383 apcC -1.29 -1.12 -1.45  phycobilisome small core linker polypeptide
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sli1579
ssr3451
sir0342
ssr2831
slr1655
sl1325
5510020

sH118S
sl0017
sl11994
sH1091
sl1184
sir0116

sir0144
slr0147
sir0149
sir0151
510219
sl0217
sl1224
slr1768
sirl743
510223
sl1262
ss11690
sir2033

sir0041
sir0043
sir0044
5110934
siri839
si1028

cpcC2
PpSbE
petB
psak
psaL
atpD
fedl

hemF
hemL
hemB
chlP
hox1

peyA

ndbB
ndhB
ndhN
ndhO
rubA

cmpB
cmpC
cmpD
ccmA
ccmK4
ccmK2

phycobilisome rod linker polypeptide
cytochrome b559 alpha subunit
cytochrome bg

photosystem I subunit [V
photosystem I subunit XI

ATP synthase delta chain of CF(1)

ferredoxin I

Chlorophyll biosynthesis

coproporphyrinogen III oxidase
glutamate-1-semialdehyde aminomutase
porphobilinogen synthase
geranylgeranyl hydrogenase

heme oxygenase

phycocyanobilin:ferredoxin oxidoreductase

Photoprotection and regulation of photosynthesis

component of the PSII assembly proteins operon
component of the PSII assembly proteins operon
component of the PSII assembly proteins operon
component of the PSII assembly proteins operon
flavodiiron protein 2

flavodiiron protein 4

bidirectional hydrogenase hydrogenase subunit
unknown protein

type-2 NADH dehydrogenase

NDH-1 subunit B

NDH-1 subunit N

NDH-1 subunit O

rubredoxin A

Carbon metabolism

-1.37  -1.06 -1.45
-1.19 -1.21 -1.43
-1.44 1.03 -1.41
-1.45 -1.11 -1.61
-1.44 -1.03 -1.48
-1.52 1.09 -1.39
1.70 -1.31 1.30
-1.40 1.01 -1.39
-1.65 1.15 -1.43
-1.41 1.39 -1.01
-1.49 1.08 -1.39
-1.56 1.31 -1.19
-1.08 -1.30 -1.41
1.65 -1.10 1.51
1.59 -1.13 1.40
1.42 -1.22 1.16
1.42 -1.25 1.13
-1.80 1.83 1.02
-1.73 1.49 -1.16
1.35 -1.69 -1.25
1.66 -1.28 1.30
1.48 -1.37 1.08
1.11 -1.40  -1.27
1.52 -1.59 -1.04
1.56 -1.22 1.28
1.51 -1.19 1.27
-1.99 2.20 1.11
-2.56 2.27 -1.13
-1.60 1.29 -1.24
-1.33 -1.07 -1.42
-1.53 1.20 -1.28
1.51 1.50 2.27

CO; transport system permease protein

CO; transport system ATP-binding protein
bicarbonate transport system ATP-binding protein
carboxysome formation protein A

CO; concentrating mechanism protein K4

CO; concentrating mechanism protein K2
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si1031
sl10891
sl1557
sir0952
5110395
sl0807
slri448
sir0301
sl1358

slr0288
sli515
ssl1911
sl1450
sll1451
sl1452
sl1453
sir0898
slr0447
siri201
sl0764
siri256
si1750
5110643
slr0899
5110450
sl10100
sirl653

sll1244
si1819
ssr2799
ssr1604
5813445
ssl1426

cemM
citH
sucD
Jop
pmg
cfxE
cscK

ppsA

mncA

ginN

gifA
nrtA
nrtB
nrtC
nrtD
nirA
urtA
urtC
urtD
ureA
ureC
ureG
cynS
norB

ama

rpl9
rpll7
rpl27
rpl28
rpl31
rpl35

-1.24
1.42
1.39

-1.08
1.24
1.44
1.31
1.55
1.52

-1.53
-1.28
-1.54
-1.32
-1.20
-1.05

-1.16
1.04
-1.52
-1.32
-1.44
1.11
-1.47
-1.06
-1.14

-1.38
-1.06
2.33
-1.52
-2.22
-2.11
-3.05
-1.57
-1.12
-1.34
-1.66
1.35
-1.50
1.23
-1.94
-1.35
1.32
-1.66

1.15
-1.23
-1.33
-1.29
-1.20
-1.63

-1.44
1.47
-1.09
-1.42
-1.17
1.60
-1.12
1.46
1.34

CO; concentrating mechanism protein M
malate dehydrogenase

succinyl-CoA synthetase alpha chain
fructose-1,6-bisphosphatase
phosphoglycerate mutase
pentose-5-phosphate-3-epimerase
fructokinase

phosphoenolpyruvate synthase

putative oxalate decarboxylas

Nitrogen metabolism

2.69
-1.77
-6.88
-1.37
-1.05

1.22

1.08

1.03

1.82

1.12
-1.10
3.40
-1.13
-1.25
-1.19

1.08

1.75
-1.18

glutamate--ammonia ligase

glutamine synthetase inactivating factor IF17
glutamine synthetase inactivating factor IF7
nitrate/nitrite transporter substrate-binding protein
nitrate/nitrite transporter permease protein
nitrate/nitrite transporter ATP-binding protein
nitrate/nitrite transport system ATP-binding protein
ferredoxin-nitrite reductase

urea transport system substrate-binding protein
urea transport system permease protein

urea transport system ATP-binding protein

urease gamma subunit

urease alpha subunit

urease accessory protein G

cyanate lyase

cytochrome b subunit of nitric oxide reductase
N-acyl-L-amino acid amidohydrolase

N-acyl-L-amino acid amidohydrolase

Protein synthesis

-1.33
-1.58
-2.04
-1.70
-1.44
-1.71

508 ribosomal protein L9

50S ribosomal protein L17
508 ribosomal protein L27
50S ribosomal protein L28
508 ribosomal protein L31
508 ribosomal protein L35
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slr0469
sl1822
sli1817
sli1816
5813437
ss13432
ssi3441
sir0744
sir0974
sir0434
sl0136
slri331
slri228
sir0958

slr1704
slr1908
slri1841

slri1277
slri1227

slr1668

slr0017

slr1656

5110899

slr0776

sl0575
5110640

slr1881

slr0798

slri615

rps4

rps9
rpsll
rpsi3
rpsl7
rpsl9
infA

infC

efp
pepP
ymxG

prfC
cysS

pilQ
SynToc75

cccP

murA

murG

glmU

IpxD

rfbB
sacl
natk
ziaA

rfbE

-1.42
-1.18
-1.04
-1.45
-1.17
-1.23
-1.01
-1.10
1.06
-1.56
-1.38
1.42
1.41
-1.51

36.15
1.79
1.76

1.62

1.50

1.94

-1.87

3.25

-1.60

1.16

-1.47
-1.14

-1.01

-3.45

1.91

-1.17
-1.21
-1.47
-1.12
-1.47
-1.87
-1.54
-1.29
-1.62
1.07
-1.09
1.11
-1.31
1.73

1.49
-1.06
1.06

1.74

1.07

-2.03

1.41

3.00

1.12

1.26

1.26

-1.23

-1.43

-1.17

-1.15

-1.66  30S ribosomal protein S4
-1.43  30S ribosomal protein S9
-1.53  30S ribosomal protein S11
-1.63  30S ribosomal protein S13
-1.73  30S ribosomal protein S17
-2.30  30S ribosomal protein S19
-1.56 initiation factor IF-1
-1.43  initiation factor IF-2
-1.54 initiation factor IF-3
-1.46 elongation factor P
-1.50  aminopeptidase P
1.58  periplasmic processing protease
1.08  peptide-chain-release factor 3
1.15  cysteinyl-tRNA synthetase
Cellular periphery
53.90  hypothetical S-layer protein
1.69  probable porin
1.86  probable porin
2.82 pilus assembly protein homologous to general
’ secretion pathway protein D
1.41  outer envelope membrane protein
-1.05 periplasmic protein involved in cell surface
: components and biofilm syntesis
133 UDP-N-acetylglucosamine 1-
: carboxyvinyltransferase
UDP-N-acetylglucosamine--N-acetylmuramyl-
9.76  (pentapeptide) pyrophosghoryl -undecaprenol N-
acetylglucosamine transferase
-1.44  UDP-N-acetylglucosamine pyrophosphorylase
1.46 UDP-3-0-[3-hydroxymyristoyl] glucosamine n-
’ acyltransferase
117 robable lipopolysaccharide ABC transporter ATP
: inding subunit
-1.40  probable sodium/sulfate symporter
1.45 ATP-binding subunit of the ABC-type Nat
) permease for neutral amino acids
4.05 zinc-transporting P-type ATPase (zinc efflux pump)
o involved in zinc tolerance
1.66  perosamine synthetase
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651

652

653

654

655

656

sir2015 pil49
5110094 hik37
sl1473 hik32
slr1982 rre2l
slri859
sir2075 groES
sir0093 dnaJ?
sir1562 grxB
sll1545 gstl
ssr0330 ftrv
sl1341 bfrA
5512667 nifUu
sir2131 acrF
sli814 secY
sH1181 hlyD
sirl779 pdxJ
slr0633 thiG
sl10541 desC
FIGURE LEGENDS

-1.23

1.66
-1.05
-1.39
1.33
-1.55
1.16
1.66
1.21
-1.12
1.25
-1.13
-1.37
-1.40
-1.42
-1.03
-1.42
-1.98

1.44

-1.29
1.60
1.77
1.50
1.15

-1.47
1.04

-1.43

-1.25

-1.48
217

-1.03

-1.00
1.09

-1.35
1.20

-1.41

1.17

type 4 pilin-like protein, essential for motility

Other

two-component sensor histidine kinase
phytochrome-like sensor histidine kinase
two-component response regulator CheY family
anti-sigma f factor antagonist

10kD chaperonin- GroES

Dnal, heat shock protein 40, molecular chaperone
glutaredoxin

glutathione S-transferase
FTR-ferredoxin-thioredoxin reductase, variab chain
bacterioferritin

iron-sulfur clusters assembly factor

RND multidrug efflux transporter

preprotein translocase SecY subunit

similar to hemolysin secretion protein

pyridoxal phosphate biosynthetic protein PdxJ
thiamine biosynthesis protein ThiG

acyl-lipid desaturase (delta 9)

Figure 1: Schematic representation of Cu?* changes in growth media during the experiment. The details are

described in the Materials and Methods. Samples analysed by quantitative label-free LC-MS/MS represent

proteomes of cells grown in standard BG-11 (S), at high Cu** (H) and in Cu®" -depleted (D) conditions.

Figure 2: Schematic representation of background changes occurring in Synechocystis proteome under a

subjective biotechnological applications using the petJ promoter. Cells were first acclimated to 5 umol 1! cu’’

and then shifted to Cu’" free medium. Protein which were differentially regulated at the end of the experiment

(D) compared to the standard condition (S) are shown in blue (up-regulated) and magenta (down-regulated). The

FC threshold value is + 1.40
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SUPPLEMENTARY FILE:

Table S1

1_Combined table of differential protein expression: Table of differential protein expression where results
presented in sheets 2, 3 and 4 are combined. H/S: differential protein expression resulting from acclimation of
cells to high 5 umol I'! Cu?* (H) from standard condition (S); D/H: significant proteome changes due to
subsequent depletion of copper from the medium (D); D/S: final proteome changes caused by treatment of cells
with extreme Cu®" concentrations. Only proteins with Anova <0.05 in at least one phase are reported;
Anova<(.05 are in blue and Anova and FC of respective proteins are in bold. The threshold for significantly
altered expression (FC) was + 1.40. Differential expression values over +1.40 are in blue, the ones below -1.40

are in magenta. For each quantified protein, the number of peptides, Anova and FC are reported.

2 H/S: Quantitation of changes in protein amounts during acclimation of cells to high 5 umol 1! Cu?** (H) from
standard condition (S). FC is marked in blue if FC>1.40 or in magenta if FC< -1.40. For each quantified protein,

the number of peptides, Anova and FC reported. Anova<0.05 are in blue.

3 D/H: Quantitation of changes in protein amounts after shift of cells from BG-11 supplemented with 5 pmol 1!
Cu*" (H) to Cu** - free BG-11 (D). FC is marked in blue if FC>1.40 or in magenta if FC< -1.40. For each

quantified protein, the number of peptides, Anova and FC reported. Anova<0.05 are in blue.

4 D/S: Calculation of changes in protein amounts in cells subjected to Cu?* treatment (gradual adaptation to 5
umol I"'Cu?* followed by shift to Cu?" depleted condition). FC is marked in blue if FC>1.40 or in magenta if

FC<-1.40. For each quantified protein, the number of peptides, Anova and FC reported. Anova<0.05 are in blue.

Table S2

The list of Synechocystis hypothetical and unknown proteins which demonstrated altered protein expression
upon repression and activation of the petJ promoter. Values are shown in blue for FC > + 1.40 and in magenta
for FC<-1.40. Values obtained with Anova <0.05 are reported in bold. H/S: differential protein expression

during acclimation of cells to high 5 pmol I'!' Cu?" (H) from standard condition (S); D/H: significant proteome
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changes due to depletion of copper from the medium (D); D/S: ultimate protein changes, caused by treatment of
cells with 5 pmol I'! Cu?* followed by copper depletion, were determined by comparison of protein expression

between Cu**-free BG-11 (D) condition and standard BG-11 (S).
Figure S1

Growth curves of Synechocystis cells in standard BG-11 (green line) or subjected to the Cu®" treatment.
Acclimation of cells to the high Cu?* concentration (black line) was started in BG-11 medium containing 1 umol
I'! Cu?* and followed by step-wise addition of 2.5 umol I'! and 5 umol I'' Cu?" CuSO4 (marked by arrows). At the
2nd step of the experiment, the cells acclimated to high Cu** were washed with Cu?" - free BG-11 medium

(dotted vertical line) and grown further in this medium for two days (blue line).
Figure S2

Schematic representation of changes occurring in Synechocystis during acclimation to increasing copper
concentration (H/S) which is based on data reported in Table 1, 3rd column. Up-regulated proteins, with FC > +
1.40, are shown in turquoise. Down-regulated proteins, with FC<-1.40 are shown in magenta. Only proteins with

Anova <0.05 are reported in colour.
Figure S3

Schematic representation of changes occurring in Synechocystis when high copper-acclimated cells were shifted
to Cu**-free BG-11 (D/H) which is based on data reported in Table 1, 4rd column. Up-regulated proteins, with
FC >+ 1.40, are shown in turquoise. Down-regulated proteins, with FC<-1.40 are shown in magenta. Only

proteins with Anova <0.05 are reported in colour.
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