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Abstract Hexavalent chromium [Cr(VI)] is a priority pollut-
ant causing serious environmental issues. Microbial reduction
provides an alternative strategy for Cr(VI) remediation. The
dissimilatory metal-reducing bacterium, Shewanella
oneidensis MR-1, was employed to study Cr(VI) reduction
and toxicity in this work. To understand the effect of mem-
brane cytochromes on Cr(VI) response, a comparative protein
profile analysis from S. oneidensis MR-1 wild type and its
mutant of deleting OmcA and MtrC (2omcA/mtrC) was con-
ducted using two-dimensional electrophoresis (2-DE) tech-
nology. The 2-DE patterns were compared, and the proteins
with abundant changes of up to twofold in the Cr(VI) treat-
ment were detected. Using mass spectrometry, 38 and 45
differentially abundant proteins were identified in the wild
type and the mutant, respectively. Among them, 25 proteins
were shared by the two strains. The biological functions of
these identified proteins were analyzed. Results showed that
Cr(VI) exposure decreased the abundance of proteins in-
volved in transcription, translation, pyruvate metabolism, en-
ergy production, and function of cellular membrane in both
strains. There were also significant differences in protein
expressions between the two strains under Cr(VI) treatment.
Our results suggest that OmcA/MtrC deletion might result in
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the Cr(VI) toxicity to outer membrane and decrease assimila-
tion of lactate, vitamin B,, and cystine. When carbohydrate
metabolism was inhibited by Cr(VI), leucine and sulfur me-
tabolism may act as the important compensatory mechanisms
in the mutant. Furthermore, the mutant may regulate electron
transfer in the inner membrane and periplasm to compensate
for the deletion of OmcA and MtrC in Cr(VI) reduction.

Keywords Shewanella oneidensis - Cr(VI) reduction -
Proteomics - OmcA/MtrC - Membrane

Introduction

Chromium (Cr), one of the most abundant heavy metals, is
widely discharged into the environment through industrial
activities including electroplating, leather tanning, dyeing,
metallurgy, and wood treatment. Due to its mutagenic and
carcinogenic properties, Cr leads to severe environmental
pollution and poses a significant threat to plants, microorgan-
isms, and human (Narayani and Shetty 2013). Two dominant
forms of Cr in the environment are the trivalent [Cr(III)] and
hexavalent [Cr(VI)] forms. The adverse effects of Cr are
mainly from Cr(VI) because of its solubility, mobility, and
high oxidizing potential. On the contrary, Cr(III) is much less
toxic and insoluble. A great deal of work has focused on
Cr(VI) reduction through various applications of chemical or
biological approaches to Cr(IIT) (Dhal et al. 2013), in which
microbe-mediated reduction of Cr(VI) is a promising strategy
for Cr detoxification (Ge et al. 2013).

The dissimilatory metal-reducing bacterium Shewanella
oneidensis MR-1 is capable of reducing Cr(VI) under both
aerobic and anaerobic conditions (Belchik et al. 2011; Brown
et al. 2006). The anaerobic reduction of Cr(VI) is associated
with electron transfer systems that involve membrane cyto-
chromes (e.g., b and ¢) (Wang and Shen 1995). In
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S. oneidensis MR-1, the membrane c-type cytochromes, in-
cluding CymA, MtrA, MtrB, MtrC, and OmcA, transfer elec-
tron from the inner membrane, across the periplasm and outer
membrane, to the cell surface (Shi et al. 2012). MtrA and
MtrB are present in the periplasm and outer membrane, re-
spectively. They are required to transfer electrons from CymA
to MtrC. MtrC and OmcA located on the outer membrane are
responsible for electron transfer to extracellular electron ac-
ceptors (Shi et al. 2012). By this process, extracellular Cr(VI)
can be reduced as the terminal electron acceptor (Belchik et al.
2011).

Bencheikh-Latmani et al. (2005) reported that the cyto-
chrome genes encoding MtrA, MtrB, MtrC, and OmcA in
S. oneidensis MR-1 were upregulated under Cr(VI) exposure.
A mutant experiment showed that deletion of these cyto-
chrome genes (mtrd, mtrB, mtrC, and omcA) significantly
decreased Cr(VI) reduction rates (Belchik et al. 2011;
Bencheikh-Latmani et al. 2005). MtrC and OmcA can respec-
tively transfer electrons to extracellular Cr(VI) at the outer
membrane, and their cooperation effectively improves Cr(VI)
reduction (Wang et al. 2013b). Compared to deleting single
MtrC or OmcA, the mutant of MtrC and OmcA that is simul-
taneously deleted could further decrease Cr(VI) reduction
ability (Belchik et al. 2011; Wang et al. 2013b) and may
ultimately affect the response of S. oneidensis MR-1 to the
Cr(VI) challenge. However, there was a paucity of current
knowledge about the effect of MtrC/OmcA on the Cr(VI)
response. Cr(VI) reduction and toxicity are two co-existing
processes. The change in reduction ability may influence the
Cr(VI]) toxicity, because both toxicity and resistance level
exhibited by S. oneidensis MR-1 are highly dependent on
Cr(VI) concentrations (Brown et al. 2006; Thompson et al.
2007). Furthermore, other electron transfer pathways may be
induced to be responsible for Cr(VI) reduction after deletion
of MtrC and OmcA. A better understanding of how both MtrC
and OmcA affect the response of S. oneidensis MR-1 to
Cr(VI) can give new insights into microbial remediation
mechanisms.

Proteomics is a powerful tool for understanding the cellular
molecular networks responsive to environment stress through
identifying the differentially expressed proteins. Since two-
dimensional electrophoresis (2-DE) was successfully
employed as a proteomic technology, a large number of cel-
lular proteomes have been studied. With the application of 2-
DE in recent years, the Cr(VI)-responsive proteins identified
in S. oneidensis MR-1 provided useful information on the
molecular mechanism underlying Cr(VI) reduction and toxic-
ity (Brown et al. 2006; Thompson et al. 2007). Unfortunately,
these studies failed to provide the detailed information on the
biological effects of OmcA/MtrC on Cr(VI) response.
Therefore, in the present study, a comparative proteomic
analysis between S. oneidensis MR-1 and its OmcA/MtrC
mutant under Cr(VI) treatment was conducted using 2-DE.
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The differentially expressed proteins in response to Cr(VI)
treatment were identified by matrix-assisted laser desorption/
ionization time-of-flight/time-of-flight mass spectrometry
(MALDI-TOF/TOF-MS). In order to assess the effect of
OmcA/MtrC on cellular processes of S. oneidensis MR-1
under Cr(VI) exposure, the identified proteins were further
analyzed on the basis of their biological functions. In addition,
the transcript expressions of genes encoding the differentially
abundant proteins were detected using real-time quantitative
polymerase chain reaction (QRT-PCR). The obtained informa-
tion will shed light on the understanding of the metabolisms of
Cr(VI) reduction and toxicity in S. oneidensis MR-1 and
facilitate its application in bioremediation.

Materials and methods
Strains and Cr(VI) treatment

S. oneidensis MR-1 (ATCC No. 700550) and the cyf ¢ mutant
with deletion of OmcA and MtrC (2omcA/mtrC) have been
described in our previous study (Wu et al. 2013). Strains were
grown anaerobically in 100-mL serum bottles containing
50-mL Luria-Bertani (LB) medium (pH 7.2). Sodium lactate
(10 mM) was added to the medium as the electron donor. The
cultures were operated on a shaker at 100 rpm at 30 °C.
Anaerobic conditions were provided by nitrogen. When the
OD at 600 nm reached 0.45 (mid-exponential phase), Cr(VI)
stock solution (100 mM K,CrO,) was added anaerobically to
the medium to obtain a final concentration of 0.3 mM. The
treatment of heat-killed cells was carried out as the control.
The cultures without Cr(VI) were also conducted for proteo-
mic and qRT-PCR analysis. Then, all cultures were allowed to
grow at 100 rpm at 30 °C. After exposure for 0, 30, 60, 120,
and 240 min, Cr(VI) concentration remaining in the medium
was measured using 1,5-diphenylcarbazide method (Urone
1955). Each treatment had three replicates.

After Cr(VI) exposure of 60 min, the cells (wild type and
somcA/mtrC mutant) incubated with or without Cr(VI) were
harvested from three independent biological replicates by
centrifugation at 5,000 g for 5 min at 4 °C and washed three
times with ice-cold sterile distilled water. The operation for
harvesting and washing the cells was carried out under anaer-
obic condition, which was provided by nitrogen in an anaer-
obic incubator. The washed cells were immediately used for
protein and RNA extraction.

Protein extraction

The washed cells were lysed by sonication at 4 °C (Brown
et al. 2006) in a lysis buffer (50 mM Tris-HCI, pH 7.5,
250 mM sucrose, 10 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, | mM dithiothreitol [DTT], 1 % [w/v] Triton X-100).
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Total soluble protein was extracted according to the phenol
extraction method (Carpentier et al. 2005). The final protein
pellet was air-dried and dissolved in a hydration solution (§ M
urea, 2 M thiourea, 4 % [w/v] 3[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate [CHAPS], 40 mM
DTT, and 1 % [v/v] immobilized pH gradient [IPG] buffer
[pH 4-7, GE Healthcare, Piscataway, NJ, USA]). Protein
concentration was determined using the Bradford method
(Bradford 1976).

2-DE and image analysis

Two-dimensional electrophoresis was carried out according to
Bjellqvist et al. (1982). For each replicate, 800 pg of protein
was loaded onto an 18-cm IPG strip (pH 47, GE Healthcare,
Piscataway, NJ, USA) and rehydrated for 18 h at room tem-
perature. Isoelectric focusing was performed using an Ettan
IPGphor system (GE Healthcare Amersham Bioscience, Little
Chalfont, UK) at 20 °C for a total of 64,000 Vh. The focused
strips were first equilibrated in an equilibration solution
(50 mM Tris-HCI, pH 8.8, 6 M urea, 30 % [v/v] glycerol,
2 % [w/v] sodium dodecyl sulfate [SDS], and 1 % [w/v] DTT)
for 15 min. After that, a same equilibration solution with DTT
replaced with 2.5 % (w/v) iodoacetamide was used for another
15 min. The proteins in IPG strips were separated using
12.5 % SDS-polyacrylamide gels. Gels stained with
Coomassie brilliant blue R250 were scanned at 600-dpi reso-
lution using a PowerLook 2100XL (UMAX Technologies
Inc., Dallas, TX, USA). Gel images were analyzed using
PDQuest software (version 8.01, Bio-Rad, Hercules, CA,
USA). Protein spots on the gel were detected, background
subtracted, matched, and quantified. The reproducibility of the
gels among the biological replicates was analyzed using the
scatter plot. Statistical differences in the protein abundance
from three independent gels for each treatment were defined
using the Student’s ¢ test (p<0.05). The protein spots with an
average abundance change of more than twofold and present
in all biological replicates for each treatment were identified
by MS analysis.

Protein identification

Protein spots excised from the gels were firstly distained in a
solution of methanol and 50 mM NH4HCO; (1:1, v/v) and
dried using a vacuum centrifuge. Dried gel spots were
digested with 0.1 mg uL™' of sequencing grade trypsin
(Promega, Madison, WI, USA) in 25 mM NH4HCO; for
16 h at 37 °C. The protein peptides were collected and dried
and then dissolved in 1 puL 40 % acetonitrile (ACN)/0.5 %
trifluoroacetic acid (TFA). Finally, the mixture of 0.5-uL
peptide solution and 0.5-uL matrix solution (o«-cyano-4-
hydroxycinnamic acid in 50 % ACN/0.1 % TFA) was spotted
onto anchor chips (Bruker Daltonics, Bremen, Germany). The

peptide mass fingerprint was acquired using MALDI-TOF/
TOF-MS analysis (Bruker Daltonics, Bremen, Germany). The
mass spectrum was processed with the software Flex Analysis
(version 3.2, Bruker Daltonics, Bremen, Germany). After that,
the peptide mass was submitted to the Mascot search engine
(www.matrixscience.com) to search the National Center for
Biotechnology Information non-redundant (NCBInr) database
(37,332,560 entries, downloaded on 6 January 2014). The
searched parameters were set: taxonomy, bacteria; no
MW/pl restrictions; missed cleavages, 1; enzyme, tryp-
sin; mass tolerance, 100 ppm; the fixed modifications:
carbamidomethyl; and significant protein MOWSE score at
p<0.05. The match of the highest Mascot score (=86) was
considered as a criterion for correct identification.

Protein functional classification and hierarchical cluster
analysis

The biological functions of the identified proteins were
searched in the UniPort database (www.ebi.uniprot.org/
index) and NCBI database (www.ncbi.nlm.nih.gov).
Hierarchical clustering of protein abundance profiles was
carried out using Cluster software (version 3.0), and the
linkage clustering was visualized using TreeView software
(version 1.6) (Wang et al. 2013a).

RNA extraction and qRT-PCR analysis

Total RNA was extracted with RNAprep pure Cell/Bacteria Kit
(Tiangen Biotech Co., Ltd., Beijing, China). The complementary
DNA (cDNA) was immediately synthesized using FastQuant RT
kit (Tiangen) according to the manufacturer’s instructions. After
that, the cDNAs were used as templates for qRT-PCR. The qRT-
PCR was performed for the genes encoding differentially abun-
dant proteins detected in the 2-DE gel, and primers for the
assayed genes were given in Supplemental Table S1. Bacterial
ribosomal DNA (16S rDNA) primer was used as the internal
standard. PCR reactions were carried out in an iCycler iQ real-
time detection system (Bio-Rad, Hercules, CA, USA) as de-
scribed by Ram et al. (2008). The relative quantification of each
gene was obtained using the 272" method (Livak and
Schmittgen 2001). Three independent replicates were performed
for each sample.

Results

Cr(VI) reduction by the wild type and the 2omcA/mtrC
mutant

When 0.3 mM Cr(VI) was added to the LB medium, approx-
imately 10 % Cr(VI) was immediately removed by the
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reducing substances existing in the medium (Fig. 1). Cr(VI)
removal by the wild type in 30 and 60 min was 65.9 and
82.7 %, respectively, which were significantly higher than that
by the mutant (23.8 and 30.9 %) (Fig. 1). Cr(VI) was
completely removed by the wild type in 120 min,
whereas 58.4 and 43.9 % of Cr(VI) still remained in
the medium for the mutant at 120 and 240 min, respec-
tively. The heat-killed cell did not affect the Cr(VI)
concentration (Fig. 1). These results indicate that deletion of
MtrC and OmcA significantly decreases the Cr(VI) reduction
ability of S. oneidensis MR-1.

Differentially expressed proteins in the wild type and mutant
under Cr(VI) treatment

More than 1,100 protein spots were detected reproducibly on
each gel for the wild type and the 2omcA/mtrC mutant
(Fig. 2). Three repeated gels showed a high degree of identity,
and the correlation coefficients of the triplicates varied from
0.860 to 0.913 (Supplemental Fig. S1). A total of 58 protein
spots exhibited the differentially abundance changes (more
than twofold) in response to Cr(VI) exposure (Table 1 and
Fig. 2). Figure 2c shows close-up views of several protein
spots. Of these 58 proteins, 38 and 45 proteins were differen-
tially expressed in the wild type and the mutant, respectively.
In the wild type, the relative abundances of six protein spots
were increased, and those of 32 protein spots were decreased
(Fig. 3). In the mutant, the number of increased and decreased
protein spots was 6 and 39, respectively. Regarding the dif-
ferentially abundance proteins shared by the two strains, 1 was
increased in relative abundance and 24 were decreased in
relative abundance (Fig. 3).

0.4
R —i— Heat-killed control
= —&— Wild type
£ 0.34 —A— AN omcA/mtrC mutant
I . =
©
c
8 0.21
c
o}
(&)
= 011
O
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0 1 2 3 4
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Fig. 1 Cr(VI) concentrations in the medium culturing S. oneidensis MR-
1 wild type and 2omcA/mtrC mutant. The added Cr(VI) concentration is
0.3 mM, and ODggq of the cells is 0.45. Heat-killed cells are used as
control
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Functional classification and clustering analysis

The 58 protein spots with differentially expressed abundance
were identified by MALDI-TOF/TOF-MS, and their detailed
information is shown in Table 1. Functional annotations in
databases (UniPort or NCBI) existed for the majority of the
protein spots, whereas 7 proteins (spots 5, 15, 27, 35, 49, 50,
and 56) were unknown or hypothetical function proteins
(Table 1). These proteins were classified according to their
annotated biochemical functions. As shown in Fig. 4, the most
enriched categories in the two strains were metabolism
(36.84 % for the wild type, 35.56 % for the mutant). The
second enriched categories in the wild type and the mutant
were protein biosynthesis (15.79 %) and transport (13.33 %),
respectively. Other categories were involved in transcription,
biogenesis of cellular components, cell cycle, and unknown
functions (Fig. 4). In the wild type, six upregulated proteins
were mainly involved in protein biosynthesis, metabolism,
and biogenesis of cellular components. For six upregulated
proteins in the mutant, the biological functions included trans-
port, metabolism, transcription, and biogenesis of cellular
components (Fig. 4).

To comprehensively analyze the abundance dynamics of
the identified proteins in the wild type and the mutant, hierar-
chical clustering was performed. Figure 5 shows that all the
identified proteins were divided into two groups, i.e., an
increased group and a decreased group. In the increased
group, although the protein functions were involved in me-
tabolism, transport, transcription, and protein biosynthesis,
they appeared independently in the wild type (spots 4, 6, 35,
37, and 53) or in the mutant (spots 30, 32, 39, 41, and 48).
Specifically, the increased proteins related to electron transfer
were only found in the mutant, suggesting that some election
transfer pathways may be induced by Cr(VI) for the mutant
(Fig. 5 and Table 1). The decreased group mainly contained
three change patterns. First, the proteins in the first pattern
were decreased in relative abundance in both strains. Second,
seven proteins (spots 10, 12, 19, 21, 46, 50, and 56), which
were related to metabolism and protein biosynthesis, were
only identified in the wild type. The third pattern was the
proteins statistically changed only in the mutant (Fig. 5); they
were involved in transport, metabolism, protein biosynthesis,
and cell cycle. The proteins related to outer membrane syn-
thesis were decreased in relative abundance only in the mutant
(Fig. 5 and Table 1), indicating that Cr(VI) treatment has a
serious impact on the formation of outer membrane in the
mutant.

Expression analysis of Cr(VI)-responsive genes using
gqRT-PCR

To further confirm the proteomic results, we used qRT-PCR to
analyze the messenger RNA (mRNA) levels of nine genes
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encoding protein spots 9, 11, 20, 29, 30, 32, 38, 39, and 52.
Figure 6 shows that the relative abundances of eight protein
spots changed in parallel with their mRNA levels in both
strains when exposed to Cr(VI) treatment and only the relative
transcription of gene encoding protein spot 32 exhibited no
significant change in Cr(VI)-treated mutant.

identified in the mutant. Spots 1, 38, and 51 are involved in the
peptidoglycan synthesis of bacterial outer membrane. For
example, UDP-N-acetylmuramoylalanyl-D-glutamate-2,6-
diaminopimelate ligase (spot 1) catalyzes the assembly of
the peptidoglycan pentapeptide (McCoy and Maurelli 2006),
and glycosyl transferase (spot 51) catalyzes the formation of
the carbohydrate chains from disaccharide subunits in the
peptidoglycan synthesis (Lovering et al. 2007). The thymidine
diphosphate (dTDP)-4-dehydro-6-deoxy-D-glucose as prod-
uct of the enzyme dTDP-glucose 4,6-dehydratase (spot 29)
participates in the outer membrane lipopolysaccharide pro-
duction (Liu and Thorson 1994). Decreased abundances of
these proteins indicate that Cr(VI) interfered the outer mem-
brane syntheses of the mutant. A previous study in
S. oneidensis MR-1 also found that prolonged Cr(VI) expo-
sure disturbed outer membrane synthesis and further led to the

Discussion

Deletion of OmcA and MtrC aggravates Cr(VI) toxicity
to outer membrane

During bioremediation of Cr(VI), microbes also suffer from
the toxic effect of Cr(VI) in a dose-dependent manner (Brown

et al. 2006). In this study, more Cr(VI) ions were remained in
the medium for culturing the mutant (Fig. 1), indicating that
the mutant should be subjected to more serious toxicity of
Cr(VI) than the wild type at the same time of Cr(VI) treatment.
The outer membrane of bacteria is the first site in response to
outer stress (Nikaido 1994). Here, we observed that Cr(VI)
treatment led to the significant reduction in the abundances of
four proteins related to outer membrane synthesis (Table 1,
spots 1,29, 38, and 51). Interestingly, these proteins were only

abnormally cell morphologies (Chourey et al. 2006).

As the components of outer membrane, cytochromes
OmcA and MtrC are considered as two important electron
transporters. In this study, the growth of wild type was slightly
better than the mutant under anaerobic condition (Fig. S2 in
the Supplementary Material). Deletion of OmcA and MtrC
decreased electron transfer from periplasm to extracellular
electron acceptors (Belchik et al. 2011); it may result in
negative effect on growth. In addition, their absence also
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Wild type

Fig. 3 Venn diagram of the increased (a) or decreased (b) abundance
changes of proteins in the wild type and the mutant under Cr(VI) expo-
sure. Red indicates the protein spots shared by both the wild type and the
mutant. Blue indicates the protein spots only shown in the wild type or the
mutant

AomcAlmitrC

affects surface composition of outer membrane. Our previous
study showed that the deletion of both MtrC and OmcA
decreased surface N content, protein, and polysaccharide con-
tent and increased lipid content in S. oneidensis MR-1 (Wu
et al. 2013). Peptidoglycan consists of amino acids and poly-
saccharide and can modulate its structure and composition to
respond to environmental challenge (Horcajo et al. 2012). The
decreased content of N and polysaccharide in the mu-
tant may affect the function of peptidoglycan in the
outer membrane. This should attribute to Cr(VI) suscep-
tibility, probably to facilitate Cr(VI) toxicity to outer mem-
brane in the mutant.

Deletion of OmcA and MtrC disturbs transcription
and translation processes under Cr(VI) exposure

Cr(VI) exposure results in an inevitable impact on transcrip-
tion and translation processes of bacteria (Bencheikh-Latmani
et al. 2005). Here, Cr(VI) decreased the abundances of three
transcription-related proteins (spots 13, 33, and 43) in the two
strains. AraC family transcriptional regulator (spot 41), which
can regulate the expression of some genes responded to stress
and virulence (Martin and Rosner 2001), increased in relative
abundance only in the mutant under Cr(VI) treatment. AraC
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Fig.4 Functional classification of the identified proteins in the wild type
(a) and the mutant (b) under Cr(VI) exposure

family transcriptional regulators function as monomers to
regulate gene transcription. For example, MarA, a member
of the AraC family transcriptional regulators, could facilitate
bacteria resistance to antibiotics, organic solvents, and oxida-
tive stress agents by controlling expression of the mar regulon
(Alekshun and Levy 1997). This result indicates that AraC
family transcriptional regulator may play positive role in
defending Cr(VI) toxicity in the mutant.

Under Cr(VI) exposure, three (spots 12, 28, and 58) and
five (spots 7, 18, 28, 36, and 58) translation-related proteins
decreased in their abundances in the wild type and the mutant,
respectively. Cr(VI) treatment might inhibit translation elon-
gation and glycine-rich protein synthesis due to the decreased
abundances of elongation factor G (spots 7 and 58) and
glycyl-transfer RNA (tRNA) synthetase (spot 28) in the two
strains. Additionally, the toxic effect of Cr(VI) on the mutant
also showed the decreased abundance of SurA (spot 36), a
chaperone involved in the folding and assembly of outer
membrane proteins (Rouviere and Gross 1996). This supports
the above result that deletion of MtrC and OmcA increased the
toxic effect of Cr(VI) on the synthesis of outer membrane.

Three proteins, which were involved in phenylalanine-rich
protein synthesis (phenylalanyl-tRNA synthetase, spot 4),
hydrolysis of peptide bond from proline residues (peptidase
S9 prolyl oligopeptidase, spot 6), and phosphorylation of
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Fig. 5 Hierarchical cluster analysis of the identified proteins in the wild
type and the mutant under Cr(VI) exposure. Fold changes of protein
abundances between Cr(VI) treatment and control are shown in Table 1.
Spot numbers are labeled to the right of the corresponding heat map

serine or threonine residues of proteins (serine/threonine pro-
tein kinase, spot 37), significantly increased in their abun-
dances only in the wild type, but not in the mutant. In contrast,
the abundance of serine protein kinase (spot 18) showed
negative change in the mutant. Serine/threonine protein
kinase widely functions in bacteria development and is
required for phosphorylation of proteins, which is an
important signal of environmental stress (Yang et al.
1996). These results imply that the wild type might
adapt Cr(VI) stress through regulating the synthesis
and function of specific proteins, whereas they were not
associated with the mutant.

Different metabolism pathways between the two strains
in response to Cr(VI)

Carbohydrate metabolism is primarily responsible for provid-
ing substrates and energy to biological processes. In our study,
a large number of proteins involved in carbohydrate metabo-
lism were identified (Table 1 and Fig. 4). Firstly, we focused
on the proteins associated to pyruvate turnover. Pyruvate
kinase (spot 26) and phosphoenolpyruvate synthase (spot 2)
are enzymes involved in the conversion of phosphoenolpyr-
uvate (PEP) to pyruvate in the glycolysis and gluconeogene-
sis, respectively (Imanaka et al. 2006). PEP-protein phospho-
transferase (spot 42) catalyzes PEP to pyruvate for sugar

44, mRNA [ wild type [ Mutant

Log, [Cr(VI) treatment/control] Q)

2+ Protein

Log, [Cr(VI) treatment/control] "
o

O AN 0 ® o 4l op 2
= 5\>°\’\ s‘?"‘?' 5\’6‘7’ 59"‘3 596‘3 5<>°\359°\’595\>°\6

Fig. 6 Changes in mRNA (a) and protein (b) levels for selected nine
protein spots in both strains with Cr(VI) treatment. The log, values were
used as the relative expression, and the expression change with a <0.5 or
>2 was calculated and normalized to <—1 or >1 via the fit of log,. Spot 9,
pyruvate formate-lyase PfIB; spot 11, TonB-dependent vitamin B, re-
ceptor BtuB; spot 20, succinate dehydrogenase flavoprotein subunit; spot
29, dTDP-glucose 4,6-dehydratase RfbB; spot 30, Na-translocating
NADH-quinone reductase subunit A NqrA; spot 32, aldehyde oxidore-
ductase; spot 38, D-alanyl-D-alanine carboxypeptidase DacA; spot 39,
isovaleryl-CoA dehydrogenase LiuA; spot 52, L-lactate dehydrogenase
complex protein LIdG

phosphorylation which participates in carbohydrate transport
(Barabote and Saier 2005). The abundances of these three
proteins decreased in the two strains when exposed to
Cr(VI). Formate metabolism is an important anaerobic carbo-
hydrate metabolism pathway. In cells, formate is produced
from the non-oxidative cleavage of pyruvate via pyruvate
formate-lyase and is oxidized by formate dehydrogenase to
CO, (Leonhartsberger et al. 2002). Here, the proteins related
to pyruvate formate-lyase (formate acetyltransferase) (spots 8,
9, and 10) and formate dehydrogenase (spot 30) decreased in
their abundances in the two strains, which were consistent
with their mRNA changes (Fig. 6). These results suggest that
carbohydrate metabolism involving pyruvate may be one of
the Cr(VI) toxicity mechanism and that pyruvate may be an
important target of Cr(VI) toxicity.

Most notably, the decreased abundance of L-lactate dehy-
drogenase (spot 52) was only found in the mutant. In the
present experiment, lactate was added as an important carbon
source and is converted to pyruvate by L-lactate dehydroge-
nase with concomitant production of NADH (Dong et al.
1993). Consistent with our results, Thompson et al. (2010)
also reported that when lactate was used as the sole carbon
source, the abundance of lactate dehydrogenase obviously
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decreased in Cr(VI)-treated Pseudomonas putida F1. Hence,
we proposed that Cr(VI) inhibited the expression of L-lactate
dehydrogenase in the mutant, thereby decreasing utilization of
lactate.

Some compensatory mechanisms may be induced to be
responsible for Cr(VI) adaptation. Under Cr(VI) treatment,
glycerol-3-phosphate dehydrogenase (spot 53) was observed
to increase in abundance only in the wild type. This enzyme
catalyzes the production of glycerol from the glycerol 3-
phosphate during anaerobic growth (Rawls et al. 2011). The
glycerol production can maintain cytosolic redox balance and
compensate for cellular reactions through producing NADH
under anaerobic condition (Gonzalez et al. 2008). This should
be an adaptive strategy employed by the wild type in response
to Cr(VI).

In the 2omcA/mtrC mutant, amino acid and sulfur metab-
olism can be regulated by Cr(VI), and they may be the
important compensatory mechanisms. When carbohydrate
metabolism is restrained, some amino acids are produced from
protein breakdown to metabolize for respiratory (Aubert et al.
1996). In our study, the relative abundance of isovaleryl-CoA
dehydrogenase (IVD, spot 39), which is responsible for the
conversion of isovaleryl-CoA to 3-methylcrotonyl-CoA in the
leucine catabolism pathway, increased in protein and mRNA
levels only in the mutant exposed to Cr(VI). IVD is also a
membrane flavoenzyme, which transfers the electrons gener-
ated into the respiratory chain through the ubiquinol pool
(Binder et al. 2007). Previous study has showed that leucine
might participate in Cr(VI) reduction (Gnanamani et al. 2010).
Besides amino acid, some sulfur compounds including
sulfoacetate, sulfolactate, taurine, isethionate, and ethane-
1,2-disulfonate can be utilized as sulfur or as carbon and
energy sources, and all are converted to sulfoacetaldehyde,
which is catalyzed by sulfoacetaldehyde acetyltransferase
(XSC) to acetyl phosphate with desulfonation. The acetyl
phosphate is subsequently converted to acetyl CoA for the
TCA cycle (Cook and Denger 2002). It should be noted that
the abundance of XSC (spot 48) increased only in the mutant
after Cr(VI) treatment. In agreement with our result, the in-
creased abundances of Cr(VI)-responsive proteins involved in
sulfur metabolism were also detected in other studies about
S. oneidensis MR-1 (Brown et al. 2006) and P. putida F1
(Thompson et al. 2010). Although carbohydrate metabolism
was inhibited by Cr(VI), leucine and sulfur metabolism could
be induced to provide substrate and energy for the 2omcA/
mtrC mutant.

Change of substance and electron transport-related proteins
in cell membrane

The interaction between bacteria and external environment

requires transportation function of cell membrane, and these
processes consume energy. In bacteria, cellular energy is

@ Springer

produced in the inner membrane. In this study, membrane
transportation-related protein (spot 55) and energy
generation-related proteins (spots 23, 45, and 47) exhibited
obvious decrease in their abundances in both strains. Twin-
arginine translocation (Tat) system (spot 55) is responsible for
the transportation of proteins from cytoplasm to the periplasm,
outer membrane, or medium (Robinson et al. 2011). Spots 23
and 45 are directly associated with ATP synthesis.
Additionally, TonB2 energy transduction system (spot 47), a
member of TonB system, transmits the energy produced in the
inner membrane to the outer membrane for substrate transpor-
tation (Postle and Larsen 2007). These observations suggest
that Cr(VI) repressed energy production and substrate trans-
portation into and out of the cell, thereby decreasing interac-
tion with external environment.

TonB system has been well studied in iron and vitamin B,
transport (Fischer et al. 1989). Vitamin B, plays a significant
role in affecting the DNA synthesis, fatty acid synthesis, and
energy production (Rodionov et al. 2003). The relative abun-
dance of TonB-dependent vitamin B, receptor BtuB (spot 11)
involved in the transportation of vitamin B, into cells de-
creased in protein and mRNA levels only in the mutant,
revealing that Cr(VI) may decrease assimilation of vitamin
B, in the mutant. ATP-binding cassette (ABC) transporters
are transmembrane proteins that utilize energy to carry sub-
strates into the cells (Bulut et al. 2012). The decreased abun-
dance of cystine ABC transporter (spot 40) in the mutant
might reduce the uptake of cystine that is an important
sulfur-containing amino acid for microbial growth (Cantoni
et al. 1995). These results suggest that the toxic effect of
Cr(VI) on the mutant might also exhibit the decreased utiliza-
tion of vitamin B, and cystine in cells.

The anaerobic Cr(VI) reduction is linked to the electrons
transferred from cellular internal to cell surface. This process
is directly related to electron transport chains, which are
present in the cellular membrane (Belchik et al. 2011). The
flavoprotein, an important component of the electron transport
chains, is involved in electron transfer from NADH to the
ferredoxin in the inner membrane of anaerobic bacteria
(Herrmann et al. 2008). Here, the decreased abundances of
three flavoprotein subunits (spots 20, 21, and 44) suggest that
Cr(VI) exposure may reduce electron production from NADH
in the two strains. However, in the mutant, Na-translocating
NADH-quinone reductase (NQR) may exhibit functional
compensation for this process. In our study, the abundance
of Na-translocating NQR subunit A (spot 30) increased in
protein and mRNA levels only in Cr(VI)-treated mutant. Na-
translocating NQR is a Na'-dependent redox enzyme which
drives primary Na" pump in the inner membrane and further
improves the activity of the membrane-bound NADH oxidase
(Hayashi et al. 2001). Additionally, flavin as the cofactor of
Na'-translocating NQR can transfer electrons from the inner
membrane to the periplasm through reducing ubiquinone-1 to
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ubiquinol (Hayashi et al. 2001). A previous study has reported
that Na'-translocating NQR nparticipated in the extracellular
reduction of Fe(Ill) and azo compound in S. oneidensis MR-1
(Wang et al. 2010).

Besides, another protein related to membrane electron
transfer, aldehyde oxidoreductase (spot 32), was also induced
only in the mutant. The aldehyde oxidoreductase belongs to
the xanthine oxidase family which is molybdenum-containing
enzyme. As its cofactors, two [2Fe-2S] clusters are involved
in intramolecular electron transfer in the periplasm (Neumann
et al. 2009). Cr(VI), as a soluble ion, is also transported into
the cytoplasm and periplasm to be reduced (Belchik et al.
2011). This result suggests that aldehyde oxidoreductase
should play an important role in Cr(VI) reduction in the
mutant, through transporting electrons in the periplasm, fur-
ther to the outer membrane.

The mutant incompletely inhibited the reduction ability of
S. oneidensis MR-1 to Cr(VI) (Fig. 1), suggesting that OmcA
and MtrC are not the only outer membrane c-Cyts that func-
tion as terminal reductases. For example, MtrF, an MtrC
homolog, is another decaheme c-type cytochrome located on
the surface of the cell and involved in Fe(IIl) oxide reduction
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Fig. 7 Schematic model of the wild type and the 20mcA/mtrC mutant in
response to Cr(VI) exposure. The protein spots in the figure are the same
as those in the Fig. 2 and Table 1. The increased and decreased proteins
are marked by 1 and |, respectively. The red arrows represent the
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(Clarke et al. 2011). MtrF can also compensate for the loss of
MtrC with respect to flavin reduction (Coursolle and Gralnick
2010). Due to deletion of both OmcA and MtrC, MtrF may
play akey role in Cr(VI) reduction in the 2omcA/m#rC mutant.
The function of MtrF in Cr(VI) reduction requires further
investigation. In this study, the outer membrane proteins in-
volved in electron transfer chains were not detected, implying
that Cr(VI) has less effects on these decaheme c-type cyto-
chromes in S. oneidensis MR-1.

Based on these data, we proposed a schematic model of the
responses of S. oneidensis MR-1 wild type and the mutant to
Cr(VI) (Fig. 7). The differences between the two strains were
attributable to the deletion of OmcA and MtrC. In the model,
Cr(VI)-responsive proteins were involved in transcription,
translation, metabolism, and the synthesis and function of
cellular membrane. Under Cr(VI) treatment, OmcA and
MtrC affect the cell responses in these biological processes.
Deletion of OmcA and MtrC may aggravate Cr(VI) toxicity
via decreasing the abundances of outer membrane synthesis-
related proteins and reducing the abundances of proteins
involved in assimilation of substrates. Notably, OmcA/MtrC
deletion affects electron transport chains in the cellular

differentially change shared by both the wild type and the mutant; the
green and blue arrows represent the change independently in the wild
type and the mutant, respectively
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membrane. The mutant could regulate the expressions of Na-
translocating NQR and aldehyde oxidoreductase to improve
electron transfer in the inner membrane and periplasm, which
might be useful for Cr(VI) reduction. This study would be
helpful to understand the biological functions of OmcA and
MtrC in the bioremediation of Cr(VI) pollution.
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