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Abstract: Chromobacterium violaceum 1s a gram-negative betaproteobacterium that has
been isolated from various Brazilian ecosystems. Its genome contains the cyn operon,
which gives it the ability to metabolize highly toxic cyanate into ammonium and carbon
dioxide. We used a proteomics approach to investigate the effects of cyanate on the
metabolism of this bacterium. The proteome of cells grown with and without cyanate was
compared on 2-D gels. Differential spots were digested and identified by mass
spectrometry. The bacterium was able to grow at concentrations of up to 1 mM cyanate.
Eighteen spots were differentially expressed in the presence of cyanate, of which 16 were
downregulated and only two were upregulated. An additional 12 spots were detected only
in extracts of cells unexposed to cyanate, and one was expressed only by the exposed cells.
Fourteen spots were identified, corresponding to 13 different proteins. We conclude that
cyanate promotes expression of enzymes that combat oxidative stress and represses
enzymes of the citric acid cycle, strongly affecting the energetic metabolism of the cell.
Other proteins that were under-expressed in bacteria exposed to cyanate are involved in
amino-acid metabolism or are hypothetical proteins, demonstrating that cyanate also
affects expression of genes that are not part of the cyn operon.
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1. Introduction

Chromobacterium violaceum is a free-living gram-negative betaproteobacterium that has been
isolated from various tropical and subtropical regions, including the Amazon forest [1,2], the Brazilian
Cerrado (savanna) and the Atlantic rain forest [3]. This species has a very versatile metabolism, and is
thus able to survive in a variety of different environments [4]. The genome of strain ATCC 12472,
isolated from a freshwater environment in Mentakab, Malaysia, has been sequenced [5]. This strain has
biochemical and molecular characteristics similar to those of strains isolated from the Amazon region
and the Atlantic rain forest in Brazil [3]. A number of genes organized as operons and involved in
detoxification of environmental pollutants were identified in C. violaceum ATCC 12472 [5,6],
including the cynRST operon, which determines resistance to cyanate (CNO ). Bacteria with this
operon are able to metabolize cyanate into ammonia and carbon dioxide, which are then used in
cellular metabolism [6,7].

Cyanate is produced in the cell as an intermediate product in the biosynthesis of amino acids and in
nature through the spontaneous dissociation of urea, a process that has been known for some time [8].
This compound is also a component of the chemical waste produced during the recovery of gold and
other metals from mines, due to photo-oxidation of cyanide (CN ) discharged into mine-waste
impoundments [9]. The highly toxic nature of cyanate for living organisms has been well
documented [10,11]. For many bacteria, however, this compound can serve as a nitrogen source [12,13].

Although the functional mechanisms of the cyn operon are well known [7,13,14], the influence of
cyanate on the expression of other genes has not been investigated. These genes may play fundamental
roles in the processes of cyanate assimilation and degradation, and in the subsequent reduction of this
pollutant in the environment. Proteomic approaches are widely-used for the identification of
differentially-expressed proteins, through techniques such as two-dimensional electrophoresis (2-D),
coupled with mass spectrometry [15-18].

Knowledge concerning the effect of cyanate on bacterial metabolism is crucial for understanding
how they can eliminate this pollutant. We exposed C. violaceum to cyanate, and obtained protein
extracts from exposed and unexposed bacteria for characterization of the proteome associated with
exposure to this compound.

2. Results and Discussion
2.1. Bacterial Resistance to Cyanate

Chromobacterium violaceum was grown in various concentrations of cyanate in order to evaluate its
resistance to this compound. The bacteria grow well at concentrations of cyanate of up to 1 mM
(Figure 1). At 5 mM, growth was 67% of that observed in the control group. Thus, C. violaceum was
able to grow in concentrations of cyanate normally founded in aquatic environments associated with
mine tailings [19]. Above 10 mM, however, C. violaceum was unable to metabolize the cyanate
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effectively, and growth was inhibited considerably. At 50 mM, the bacterial growth was close to zero.
Resistance tests were conducted on two groups of bacteria, one of which was initially cultured in
medium with a low concentration of cyanate (0.1 mM) prior to exposure to higher experimental
concentrations (white bars in Figure 1). This procedure was used to test whether exposure to small
doses of this toxic compound would increase the resistance of the bacteria. However, no significant
difference in resistance was found between the groups (Figure 1). This result indicates that probably
the cyn operon is not responsible for the C. violaceum resistance to cyanate. The ability of
Escherichia coli and bacteria of the genus Pseudomonas to grow in the presence of cyanate has been
described but the cyn operon is not always involved in the resistance [13,20,21]. In Pseudomonas
pseudoalcaligenes the tolerance to cyanate of a cynS mutant was similar to the wild type showing that
the cyn operon is not involved in the resistance mechanism [13].

Figure 1. Resistance of Chromobacterium violaceum to cyanate (CNO ). The resistance
assays were conducted at five concentrations of cyanate (1, 5, 10, 20 and 50 mM), using
two groups of cells, not induced and induced with 0.1 mM cyanate. The error bars indicate
the standard deviations for the mean values derived from the analyses in triplicate. Data on
the growth of the two groups was compared using ANOVA, with a p <0.05 significance level.
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2.2. Comparative Proteomics

To measure the changes in protein expression when cyanate was added to the growth medium, the
protein profiles of cells grown with and without cyanate were compared in 2-D gels. The bacteria were
exposed to a concentration of 1 mM cyanate. Over 71% of the spots of each gel coincided among the
three biological replicates (data not shown). Comparative analysis demonstrated that expression of
18 proteins was affected by cyanate in the culture medium. Of these, 16 were downregulated; only two
were upregulated (Figure 2a). An additional 12 spots were detected exclusively in the control group,
and one was only found in the exposed group (Figure 2b). Fourteen spots, corresponding to 13 different
proteins, were identified using mass spectrometry (Table 1) (see supplementary material for more
information of the identified spots). All of these proteins were classified as cytoplasmatic, with the
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exception of superoxide dismutase, which was characterized as extracellular by PSLpred [22] and
periplasmatic by the PSORTb v.3.0 program [23]. All of the differently expressed proteins had a
theoretical pl of between 5 and 7. Only the 30S ribosomal protein S10 had an alkaline pI of 9.62.

Figure 2. (a) Two-dimensional gels of the soluble proteins of Chromobacterium
violaceum. The 18 differential spots are indicated and identified by their match ID. Spots
443 and 449 were upregulated, while all the other were downregulated. Molecular weight
is shown on the left, and the pH range of the strip used in the first dimension is shown in
the upper part of the gel. The comparative analysis was conducted with three biological
replicates; (b) A detailed view of the spots detected under one of the conditions.
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No proteins encoded by the cyn operon were identified with differential expression. This result may
indicate that these proteins are in low concentration in comparison with other proteins of the cellular
metabolism, making it difficult its detection in the gel, or are among the differentially expressed
proteins that could not be identified by MS/MS. A third explanation is that there is no differential
expression of these proteins under the tested conditions. This could explain the fact that there is no
increase in the bacteria resistance when the culture is pre-induced with cyanate.

Table 1. Proteins that were differentially expressed by Chromobacterium violaceum due to
exposure to cyanate, identified in a mass spectrograph. Proteins are organized in the table
according to COGs (Clusters of Orthologous Groups of Proteins). The relative volumes
with a minus sign represent proteins that were downregulated, while those without a sign
were upregulated.

Match Mascot  Accession Relative  Theoretical
ID score number Protein name volume pI/MW
Energy production and conversion

299 63 34496527 Dihydrolipoamide acetyltransferase —4.10007  6.28 /43031
345 108 34102383 Dihydrolipoamide dehydrogenase —2.26577  6.55/50020
Inorganic ion transport and metabolism

443 202 34103814 Superoxide dismutase 1.40629 5.87/21634
Translation, ribosomal structure and biogenesis

12 164 34105492  30S ribosomal protein S10 —1.52632 9.62/11696
164 113 34499644  Elongation factor G —1.84014 5.23 /77244
631 134 34105448 hoxX-like protein 0* 6.02 /63225
Amino acid transport and metabolism

342 343 46576431  Serine hydroxymethyltransferase —2.82757  6.24 /45060
159 161 34104883 Dihydrodipicolinate synthase —2.12351 5.88/30526
Post translational modification, protein turnover, chaperones

594 80 34105312  Stringent starvation protein A 0* 5.77/23224
Lipid metabolism

598 79 34103391  3-hydroxyisobutyrate dehydrogenase 0* 6.24 /30145
Carbohydrate transport and metabolism

517 52 34104763 Phosphopyruvate hydratase 0 ** 5.14 /22400
Function unknown

162 90 34105156  Hypothetical protein —1.3472 5.68 /32309
Unrelated COG

507 133 34104388 Hypothetical protein —2.09969  5.30/12987

* Protein detected only in the control group; ** Protein detected only in the exposed group.

An in silico predicted proteome was also produced using the online program JVirGel v.2.0 [24]
(supplementary material). This predicted proteome had the same pattern as the experimental gel in the
acidic pH range; few proteins were visualized at pH values close to 3. However, in the alkaline range
the in silico prediction indicated a much larger number of spots than that observed in the gel pattern.

The proteins whose expression was affected by cyanate were classified into COG classes C, E, G, 1,
J, M, O, P, and S (Table 1). One of the spots identified as a hypothetical protein (CV_3077) was not
related to any COG. Proteomic approaches have been used to characterize and validate hypothetical
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proteins [25,26]. In our study, two hypothetical proteins were described and thus had their genomic
prediction confirmed. These proteins were among those under-expressed in the presence of cyanate;
they are encoded by the CV_3077 (Match ID 507) and CV_3850 (Match ID 162) loci. The YicC
domain was detected by InterProScan [27] in the N-terminal portion of the hypothetical protein of the
CV _3850 locus. This protein domain has been observed in proteins responsible for bacterial survival
during the stationary phase of cell growth and during periods of stress due to high temperatures [28].
We found that this protein domain is expressed during the exponential growth phase in C. violaceum,
and that cyanate reduces its expression. The other hypothetical protein (CV_3077 locus) has
177 amino acids, and has a NAD(P) binding domain in the N-terminal portion of the chain.

Superoxide dismutase enzyme (SOD) was one of the over-expressed proteins, expressed at a rate
1.4 times greater than in the control. We were not able to identify the other over-expressed protein.
Increased expression of SOD, which is responsible for dismutation of superoxide radicals, suggests
that cyanate induces oxidative stress in C. violaceum, a scenario normally associated with senescence [29].
Other chemical compounds, such as arsenic, can also induce oxidative stress in bacterial cells,
promoting over-expression of the SOD enzyme [30]. Superoxide radicals preferentially attack specific
groups of proteins [31], such as dihydrolipoamide acetyltransferase and dihydrolipoamide
dehydrogenase, which were among the least expressed proteins in our study. These enzymes are
components of the multi-enzymatic 2-oxoglutarate dehydrogenase complex and are involved in the
production of energy by the citric acid cycle. Dihydrolipoamide acetyltransferase was the protein most
affected by cyanate, with a spot volume 4.1 times smaller in the extracts from bacteria treated with cyanate.

This indicates that, under conditions of chemical stress, such as exposure to cyanate, this bacterium
uses mechanisms similar to those employed for the prolongation of their lifespan during the stationary
growth phase, inducing oxidative stress proteins and repressing aerobic respiratory cycle enzymes [31].

The enzymes dihydrodipicolinate synthetase and serine hydroxymethyltransferase, which are
involved in amino-acid synthesis, were also downregulated (Table 1). The latter enzyme catalyzes
interconversion of the amino acid glycine into serine. Conversion of glycine into cyanide by bacteria of
the genus Chromobacterium is well documented [32,33]. The genome of C. violaceum ATCC 12472
contains the hcnBCA genes responsible for this conversion [6]. Cyanide may also be formed through
the spontaneous dissolution of cyanate [19]. Thus, high concentrations of glycine and cyanate in the
environment can contribute to intracellular production of cyanide, which is extremely toxic at high
concentrations. Repression of serine hydroxymethyltransferase, which converts serine into glycine,
may be a mechanism to control concentrations of this amino acid, which is maintained at basal levels,
allowing the cell to preferentially use the cyanide obtained from the dissolution of cyanate. Serine
hydroxymethyltransferase was identified in two spots of the proteome (342 and 473), with a difference
of 8 kD in molecular mass. This difference can be attributed to post-translational modifications.

The other under-expressed proteins are involved in the translation and structure of ribosomes (Table 1);
they are found in many differential proteomes [34,35]. Given that these proteins are so commonly
found under stress conditions leads to speculation about whether they are a part a cellular response to
stress or are simply technical artifacts [34,35].

Twelve proteins were only visualized in the gels of the control group; three of these were identified
(Figure 2b). Stringent starvation protein A (SspA) is an RNA-polymerase-associated protein that is
essential for lytic growth of the P1 bacteriophage in E. coli [36]. This protein has also been shown to
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be essential for the survival of the cell when nitrogen is scarce [37]. As cyanate is a rich source of
nitrogen, SspA may no longer be essential for the cell, and is thus completely repressed. The other two
proteins that were identified were HoxX and the enzyme 3-hydroxy-isobutyrate dehydrogenase; the
latter is involved in degradation of the amino acid valine. The protein HoxX is expressed in
conjunction with HoxA for transcriptional regulation of genes coding for dehydrogenase
enzymes [38,39]. The hoxA gene is absent in C. violaceum; the functional interactions predicted by the
STRING v.8.3 program [40] for the hoxX gene revealed its interaction with uncharacterized proteins or
transcriptional regulators.

The protein detected only in the presence of cyanate was the enzyme phosphopyruvate hydratase,
which is involved in the final step of the conversion of glucose into pyruvate. As the enzymes involved
in energy production by the citric acid cycle are repressed and C. violaceum is able to grow under both
aerobic and anaerobic conditions [41], the pyruvate formed in glycolysis is probably used for
generation of energy through the production of acetic and formic acid. This pathway is normally
employed to obtain energy only under anaerobic conditions. However stress conditions caused by
cyanate may activate this pathway.

3. Experimental Section
3.1. Bacterial Culture Conditions

The samples of C. violaceum ATCC 12472 were stored in 25% glycerol at =70 °C. The bacteria
were cultivated in LB medium at a constant temperature of 28 °C and 180 rpm agitation. Growth was
monitored by measuring 720 nm optical density (OD7,), since the pigment violacein produced by the
bacteria interferes with optical density readings at 600 nm. Potassium cyanate (KCNO) (Sigma-Aldrich)
was employed as a source of the cyanate ion for the exposure assays.

3.2. Resistance Analysis

The bacteria were initially inoculated in LB agar at 28 °C. Two colonies were selected from the
Petri dish and inoculated into two tubes with liquid LB, one of which contained 0.1 mM potassium
cyanate. These bacteria were incubated overnight at 28 °C and 180 rpm agitation. Subsequently, each
culture was diluted to an OD720 of 0.06, which corresponds to the beginning of the log phase; the LB
liquid had cyanate concentrations that varied from 1 to 50 mM. A control group without cyanate was
also prepared. These media were again incubated at 28 °C and 180 rpm until the mid-log phase, and
the absorbance was measured in an Ultrospec 5300 pro spectrophotometer (Amersham Biosciences).
All cyanate concentrations were tested in triplicate. The highest concentration of cyanate at which
there was no inhibition of growth was used for proteomic analysis.

3.3. Protein Extraction and Quantification

For protein extraction, 100 mL aliquots of bacterial cultures exposed or unexposed to cyanate were
centrifuged at 5,000 g at 20 °C for 10 minutes. The cell pellets were washed with 3 mL of Tris-HCl
50 mM pH 7.5 buffer. One mL of lysis solution (7 M urea, 2 M thiourea, and 4% CHAPS), 50 mM
DTT, and 5 pL mL™" of protease inhibitor cocktail (Roche) were added to the sample. The cells were
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lysed in a sonicator during six 10-second cycles at 60% power, with 10-second intervals between
cycles. After 60 minutes on ice, the samples were centrifuged for 60 minutes at 21,000 g and 4 °C, and
the supernatant containing the solubilized proteins was retrieved and stored at —70 °C until analysis.
The proteins obtained with this procedure were quantified using a 2D Quant kit (GE Healthcare) in an
Ultrospec 5300 pro spectrophotometer (Amersham Biosciences), according to the manufacturer’s protocol.

3.4. Two-Dimensional Gel Electrophoresis

A total of 450 ng of proteins from each sample were precipitated with methanol/chloroform and
resuspended in IEF buffer (7 M urea, 2 M thiourea, 2% CHAPS, 0.002% bromophenol blue, 0.5% IPG
buffer, and 50 mM DTT) and then applied to 24 cm IPG strips with pH 3-11 NL (GE Healthcare). The
strips were rehydrated with each sample for 16 h at room temperature. Isoelectric focusing was
conducted for six cycles in an Ettan ™ [PGphor II instrument (Amersham Biosciences): the first step
was run at 100 V for 1 h, then 500 V for 2 h, a gradient to 1,000 V for 2 h, a gradient to 10,000 V for
3 h, followed by a gradient reaching 80,000 Vh and 75 pA/strip. Following focalization, the gel strips
were equilibrated with solution containing 6 M urea, 30% glycerol, 75 mM of Tris-HCl pH 8.8,
2% SDS, and 0.002% bromophenol blue in two 15-minute steps at room temperature, the first with
64.8 mM DTT, and the second with 135.2 mM iodoacetamide. The second dimension was run in a
15% polyacrylamide gel in a vertical Ettan ™ DALTsix system (Amersham Biosciences) at 5 W per gel
for 30 minutes, and then 17 W per gel, until the bromophenol blue reached the bottom of the gel. The
gels were stained with Colloidal Coomassie Blue and a comparative analysis was made, with three
biological replicates for each condition (control and exposed).

3.5. Image Acquisition and Quantitative Analysis of Protein Expression

The gels were scanned in an Image Scanner Il (GE Healthcare) using the red filter, with an image
resolution of 300 dpi. The gel images were analyzed with the software Image Master 2D Platinum
v.7.0 (GE Healthcare) [42]. The spot volume was normalized considering the total volume of all spots
detected in each gel. Each spot was compared between the different replicates; a spot was considered
differentially expressed when there was a difference of at least 1.3-fold in the relative volume. These
differential spot volumes were compared using ANOVA with a significance value of p < 0.05. The
exclusive spots of one of the conditions were only taken into account when detected automatically in
all replicates of the condition with a p <0.05.

3.6. Protein Identification by MALDI-TOF/TOF

The differential spots were excised from the gels using an Ettan ™ Spot Picker (GE Healthcare).
They were then dehydrated with acetonitrile and incubated on ice with trypsin (20 ng pL™") (Promega
Biosciences) for 1 h. The excess trypsin was removed, and the spots were digested at 58 °C for
30 minutes. The digested peptides were extracted in two 10-minute sonication cycles in 30 uL of a
5% formic acid/50% acetonitrile solution. The solution containing the peptides was concentrated in a
SpeedVac to a volume of approximately 10 pL and then eluted and desalted with ZipTip (Millipore).
The sample was then mixed 1:1 with a a-cyano-4-hydroxycinnamic acid (Sigma) matrix in a final
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volume of 1 pL and transferred to an Anchorchip 600 plate of a MALDI-TOF/TOF AutoflexIIl ™
(Bruker Daltonics). This instrument was calibrated with Peptide Calibration Standard II (Bruker
Daltonics), and the analysis was carried out in the positive/reflectron mode, controlled by FlexControl ™
software. The mass spectrograph spectra were analyzed using the MASCOT search program (Matrix
Science) [43] and compared with the genomic data available for Proteobacteria deposited in the National
Center for Biotechnology Information (NCBI).

3.7. Bioinformatics Tools

The sequences of the identified proteins were obtained from the NCBI database and classified using
the COGnitor tool [44]. The online programs PSORTb v.3.0 [23] and PSLpred [22] were used to
predict the location of each protein in the cell. /n silico prediction of the proteome was made with
JVirGel v.2.0 [21].

4. Conclusions

A large number of studies have focused on potential use of bacteria for eliminating pollutants. The
ability of C. violaceum to eliminate cyanide has been described [45], but there is little information on
the effect of this bacterium on chemical derivatives of cyanide, such as cyanate. Biological treatment
of cyanate can be a less expensive alternative than the chemical and physical methods currently
employed by the mining industry [46].

Chromobacterium violaceum is a free-living bacterium that we found resistant to concentrations of
up to 1 mM of cyanate. We elucidated the biochemical behavior of this bacterium when it is exposed
to cyanate. Cyanate induces expression of enzymes that combat oxidative stress, represses enzymes of
the citric acid cycle, modifying the energy metabolism of the cell, and it represses enzymes involved in
the degradation of amino acids, since cyanate is a rich source of nitrogen. We conclude that
metabolization of cyanate by C. violaceum involves biological routes other than those controlled by the
cynRST operon.
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