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Abstract. Chromate contamination causes serious environmental problem, microbial reduction of chromate from its
most toxic form Cr (VI) to Cr (lll) made it to be a potential way to remediate chromate contamination. We concluded the
molecular mechanism of microbial reduction of chromate, ChrR is a four-electron transfer chromate reductase, it
reduces chromate to trivalent chromium directly, nitroreductase reduces chromate mixed di- and semi-electron
transportation, they are both flavoprotein, FMN are their active center, cytochrome ¢ reduces chromate because of the
redox potential of its hemes. And, we also found a new pathway in which glutaredoxin acts as the role electron donor.
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INTRODUCTION

Chromium is an important industrial metal; it is widely
used in electroplating, dying, pigment manufacturing,
wood preservation, leather tanning and alloy production.
The widespread usage of chromium has caused serious
environmental problem of chromate pollutions from air to
groundwater (Robles-Camacho and Armienta, 2000).
Chromium exists as a valence from +2 to +6 in the
contaminated sites, Cr(lll) and chromate, however, are
more stable forms. Cr(lll) often form CrO3 and Cr (OH)3
or will be precipitated by organic or inorganic ligands by
forming stable complex and makes up small proportion of
the total concentration of chromium in the environment.
But Cr(Vl) presents as hydrochromate (HCrO%),
chromate (CrO*2) or dichromate (Cr’072) in the
solution range from low to high pH value, may persist in
water for a long period of time and easily spread in
environment. Chromate is very dangerous mutagen and
carcinogen, resulting in higher rate of lung cancer of
mammals (Cheng et al., 2000). Cr(VI) is partially reduced
to highly unstable Cr (V), which will be easily oxidized to
chromate and thus caused formation of reactive oxide
species (ROS) inside cells, this is the main reason of its

carcinogenicity (Cohen et al., 1993; Carlisle et al., 1998;
O’Brien et al. 2001; Shi, 1999).

Chromate can also inhibit the growth of plants by both
its chemical toxicity and the ROS produced pathway
(Shanker et al., 2005).

Chromate enters our human bodies mainly by two
ways, one is that we drink Cr(V) contaminated water and
chromate is brought into our bodies directly, another way
is that it enters our bodies by biological enrichment from
some food products such as fish, vegetables and milk
(Jordéo et al., 1997; Imam Khasim et al., 1989; Gardea-
Torresdey et al., 2004).

Last century chromium contamination is a very
common phenomenon, now we could rarely see this
because of careful management of industrial production
activities, but it does happens. A chromium mine of
Quijing (Yunnan, China) was closed last year because it
polluted local water, the government paid more than two
million Yuan to remediate the contaminated site, but a
year later, chromate can still be detected in the water.
There are two mainly types of methods to deal with and
avoid chromate contamination, one is reduction method,



the other is adsorption Cr(VI) directly include ion
exchange. To reduce chromate to Cr (lll) by using
reducing chemical agents can avoid and remediate
chromium contamination, but it is an expensive method
and easily caused secondary contamination. Adsorption
methods are also used in chromate remediation, resin
was thought to be optional adsorption material for
chromate contamination remediation, XSD-296 (Zeng-
nian et al., 2007) resin and D318 (Zeng-nian and Chun-
hua, 2009) resin were shown to adsorb chromate
effectively, but large quantity of chromate contamination
needs huge amount of resin which is high costly, and
there will always be residual chromate in the aquifers
because of the adsorption balance. A biological materials
such as Ocimum americanum L. seed pods (Imam
Khasim et al., 1989), maple sawdust (Gardea-Torresdey
et al.,, 2004), wool, olive cake, sawdust, pine needles,
almond shells, cactus leaves, charcoal (Nivas et al,
1996), Chitosan-Coated Perlite (Gupta et al., 2001) and
active carbon (Das and Guha, 2009) were found could
adsorb chromate, microbes such as Spirogyra species
(Levankumar et al., 2009), Pinus sylvestris (Yu et al.,
2003), Bacillus circulans and Bacillus megaterium
(Dakiky et al., 2002) were found could adsorb chromate
efficiently. Though they are agricultural wastes or are
inexpensive materials, chromate could not be adsorbed
completely and is easily resolved in water. So microbial
reduction of chromate to Cr (lll) to remediate chromate
contamination is an environmental friendly method and
can continuously keep clear of the environment.

Chromate is transported into cells by energy-dependent
sulfate uptake pathway, sulfate and tetracycline reduce
the uptake of chromate into Pseudomonas fluorescens
LB300 and lead to a higher tolerance to chromate,
respirations inhibitors can also inhibit chromate uptaking.

In 1980s, several species of Pseudomonand and
Desufivibrio vulgaris were found to be able to reduce
chromate, now more and more species are found to be
able to reduce chromate, and the molecular mechanism
are being clarified. ChrR nitroreductase and some other
flavoproteins are efficient chromate reduction enzymes
that can transfer electrons from NAD(P)H to chromate,
we also found a new pathway of chromate reduction,
glutaredoxin acts as the role electron donor (Hauser et
al., 2011).

ChrR reduces hexavalent chromium to trivalent
chromium by transferring four electrons

ChrR (chromate reductase) is efficient chromate
reductase, In 1990, Ishibashi et al. (1990) (Ishibashi et
al., 1990) found that soluble protein from Pseudomonas
putida reduces chromate by K., as 40 yM, it is purified to
homogeneity by Park et al. (2000) which reduces
chromate by K, as 374 uM, Vax as 1.72 pmol/min/mg
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protein, ChrR isolated form E. coli was named as YieF
and now it is redefined as ChrR (Barak et al., 2006), it
reduces chromate by K, as 200 puM, Vy.x as 5.0
pmol-min™-mg™ protein, at pH 5.0, 35°C, which shows
very similar kinetics of ChrR isolated from Pseudomonas
putida (Ackerley et al., 2004; Park et al., 2000), it is very
stable even under high temperature, 50°C for 30 min
does not alter its activity (Park et al., 2000). ChrR strains
Serratia marcescens (Peric et al., 2006; Campos et al.,
2005), and Proteus mirabilis (Arif et al., 2005) also show
high chromate reduction ability.

ChrR is a 80 kDa homotetramer that composed of four
20 to 22 kDa subunits and each monomer with a FMN as
its confactor (Park et al., 2000; Jin et al.,, 2012), two
monomers form a 50 kDa dimer and then two dimers
form a 80 kDa tetramer asymmetrically, so in some
studies dimers were isolated.

For each monomer, five parallel B-strands form a sheet,
two a helices are on one side and the other two are on
the other side, FMN is located at the C terminal of the (3-
sheet which is surrounded by three loops, it form
hydrogen bonds with G**SLRKGSFN?* and P®EYNY®
sites on the loops (Figure 1), two monomers bind with the
C terminal of B-sheet by opposite direction when forming
a dimer. When the two dimers form a tetramer, two
hydrogen bonds formed, each involving Tyr™*” and Glu**®
of one dimer and Arg**® and Tyr*® of the other (Figure 2)
(Eswaramoorthy et al., 2012).

FMNs are located at the bottom of a pocket which are

formed by the loops, at the top of this pocket, E**Y®** and
R'® (Jin et al., 2012) are conserved alklic amino acid on
the other loop, they provide the sites for NAD(P)H and
chromate to bind on (Brown et al., 2006; Khaleel et al.,
2013). The Lys™ may play an important but not vital role
in chromate reduction, in Proteus mirabilis, it is an lle
instead of Lys on this site; it shows less efficiency of
chromate reduction (Arif et al., 2005).
ChrR reduces chromate directly by four-electron transfer,
FMNs are reduced by NAD(P)H, each FMN provides an
electron when reducing chromate, three electrons are
transferred to chromate and the other one is transferred
to oxygen to produce H,O,, no flavin semiquione was
detected. ChrR can also increase bacterium resistant to
chromate, because it reduces chromate efficiently and no
single electrons transfer is fired, so the process reduces
production of ROS, and it can also increase bacterium
resistant to H,O, Gonzalez et al., 2005), this character
also protects strains against the toxicity of unavoidable
ROS on its growth with chromate.

Chromate reduction by nitroreductases
Nitroreductase in Shewanelle oneidensis MR-1 shows

chromate reduction activity under both aerobic and
anaerobic conditions and shows a fever of anaerobic
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Figure 1. Alignment

of ChrR sequences form Pseudomonas putida, Proteus mirabilis, Escherichia coli, Serratia

marcescens, the residues of FMN binding sites are in white box, NAD(P)H and chromate binding site are in gray box (Jin et
2006) .

al., 2012; Brown et al.,

Figure 2. ChrR (from Pseudomonas putida) is a homotetramer that composed
of four subunits and each monomer with a FMN as its confactor. Two monomers
form dimer and then two dimers form a tetramer asymetricly. For each
monomer, five parallel B-strands form a sheet, two a-helices are on one side
and the other two are on the other side, FMN is located at the C terminal of the
B-sheet which is surrounded by three loops, FMNs are located at the bottom of
a pocket which are formed by the loops, at the top of this pocket, there are the
sites for NAD(P)H and chromate to bind on (Eswaramoorthy et al., 2012).

condition, it is inducible by nitrite but cannot be induced
by chromate, nitrite inhibit its reduction of chromate
(Viamajala et al., 2002; Brown et al., 2006; Matin et al.,

2010), NfsA from E. coli shows Vo as 250 nmol min/mg
protein, K, of 36 mM (Ackerley et al., 2004), the
nitroreductase purified from Vibrio harveyi reduces



Int. J. Biotechnol. Food Sci. / Zou et al. 49

*' *kk Kk dkkkk kk e e siie w aiisis o *:*:** :* **: **. :':*.
Escherichia_coli "'T TIEL S TDE ISEAQREAIINSARATSSSSELQCSS TDKALREE 80
Vibrio_harveyi NNTIET S TAV ITDEQRQTIIQAGLAASSSSMLQVVS TDSE (6} 80
Bacillus_sp. NNTIET HRS TDELLTAEEIDTLVKSAQAASTSSYVQAYS TDKE K 80
Lesvans 5 wviseed 10.om s wwman s 20 o wian Bvuns & wracans 40 s o B0 v ¢ v 60
* %* % ) : sk .".:*:_ % % Xk *kkk s kkk F*hkkk o kk * ::* * .. %* % %
Escherichia coli "D/ 'NRH Q D————— Q AEQ DT ON ES NN EA'T KL OH 154
Vibrioﬁharveyi DYQRHATIN D—————- OADFTELT DS ON ES NS AQ D ENS 154
Bacillus_sp. DLYRHKKLAEEKGENITELLENTE S DA QONVS ES VE DQVTE T DH 160
........ 90.......100.......110.......120.......130.......140.......150.......160
2 s Fkkkk *kk * 3 5 ped¥er o kN W g S Rk s s Sa®, *
Escherichia_ coli DI‘ D HENSY---Q LD AQYDEQ AEYY TREUSNNRRDTVWSDH RRT! KES DY 231
Vibrio_harveyi H DQN HENQY---QELNLDDIQSYDQTMQVYYASRTSNQR .STWSQEVTCKEPBESR H 231
Bacillus_sp. KQ YHENTYDTNEEHFRSYMKEYDETISAYYDKRTNGKRVETWSDQILOFMKOK RTYLNQY 240
.............. L8O wrovwn 190w 5 360 200005 v 2L wmn « 612200 « wen $2305 waws «w2d0
T LA
Escherichia_ coli ' HKOQ T 240
Vibrio_ harveyi NS 240
Bacillus_sp. KD QKN 249

Figure 3. Alignment of NfsA and NfsB from E. coli, NapB fro

m Vibrio harveyi and NfrA from Bacillus substilus, the residues for

FMN binding are in white box, NAD(P)H and chromate binding site are in gray box (Cortial et al., 2010).

Figure 4. NfsA(from Escherichia coli) is a homodimer that composed of two subunits
and each monomer with a FMN as its confactor. For each monomer, four B-strands
form a sheet, two a helices are on one side and three are on the other side, FMNs are
located at two poles of each side of the complex which is surrounded by loops

(Lovering et al., 2001).

chromate shows K, as 5.4 uM, Vax as 10.7 nmol/min/mg
protein (Kwak et al., 2003).

NfsA is a dimer made up of two 26 to 27 kDa subunits,
each subunit binding a FMN as its confactor (Kwak et al.,
2003), the nitroreductases NfsA from E. coli and V.
harveyi shows the residues for FMN and NAD(P)H and
chromate binding (Figure 3) (Cortial et al., 2010).

The monomer of NfsA shows a sandwiched structure
formed by a B-sheet which is surrounded by a-helices,
FMN anchors on one side of the B-sheet, two homo-
monomers form a dimer, FMNs are located at two poles
of each side of the complex which is surrounded by loops
(Figure 4) (Lovering et al., 2001).

Azoreductase from Rhodobacter spheroides shows



50 Int. J. Biotechnol. Food Sci. / Zou et al.

*
Synechocystis_sp. = =  ————————- M.US EIYT——————-
Escherichia_coli STTIEKIQRQTAEN ILLYMK--GS K
Desulfovibrio_alaskensis —-MS QT A CD'D EQT QC VL HKE
| L0 caiere svane o 20 0 wrrs e 30

. . % *
Synechocystis_sp. DOH DD YAID K. D
Escherichia_coli E DIV E /YQRCE QQ  KET
Desulfovibrio_alaskensis RCCR-AVYTRT NFKELTTLYHSV-———————————

........ 90 cvieme v LBV vune 0nLLO;

HS—————

* e s * * . 5 : * W, & 8
C R AL ILKREK- E QEYC DCDNE RE R NCKRS. O D 63
CCrSIQQ A CE YVDILON DIRAEL KYAN-W TF Q D 77
C_H KN EK N DVEL AVDSEAD E.YCVERV S v 78
........ 7 {1 RSN | : ISR ] SRS | 1 TSP - 1)
88
YKSEE DAE 115

Figure 5. Alignment of glutaredoxin, the box shows the active sites of glutaredoxin.

nitrite, TNT and chromate reduction activity, it is also a
flavinprotein which keeps high identical residues for FMN
binding and shows similar tridimensional construction to
NfsA (Liu et al., 2007).

NfsA reduces chromate by two-step reaction by a
mixed divalent and semi-electron transportation, Cr (V) is
produced during this process, so this process produces
more ROS than chromate reduction by ChrR but much
less ROS is produced than semi-electron transfer
chromate reductase (Ackerley et al., 2004). When
reducing its substrate, nitroreductase is firstly reduced by
NAD(P)H and then reduced nitroreductase reduces
chromate similar to ChrR (Kwak et al., 2003).

A newly found chromate in

Desulfovibrio alaskensis

reduction pathway

Desulfovibrio desulfurican G20 is a kind of sulfate
reducing bacterium, it can reduce many metals include
Cr, Mo, U, Se (Tucker et al., 1998), and Te (Lloyd et al.,
1999). We found an oxidoreductase in this strain can
reduce chromate. This thioredoxin oxidoreductase is
located on a mre operon in D. desulfuricans G20, from
which thioredoxin and thioredoxin reductase are
coexpressed, the assay of mixed purified oxidereductase,
thioredoxin, thioredoxin reductase and NADPH can
reduce chromate (Li and Krumholz, 2009).

D. desulfurican G20 is now determined as Desulfovibrio
alaskensis G20, thioredoxin, thioredoxin reductase and
thioredoxin  oxidereductase  were redefined as
glutaredoxin (Grx), thioredoxin-dislufide reductase (TrxR)
and thiamine pyrophosphate TPP-binding domain-
containing protein (TBP) respectively (Hauser et al.,
2011).

Thioredoxin (Trx) are known electron donors in many
process (Lillig et al., 1999) (Gustafsson et al., 2012; Peng
et al., 2012), Grxs are small oxidoreductase of Trxs
family, they are divided into dithiol and monothiol Grxs,
this Grx is a kind of dithiol Grx as its active sites are Cys-
X-X-Cys (Lillig and Berndt, 2013), GrxA is also a dithiol
Grx, it is key electron donor for arsenate reductase in
Synechocystis sp. PCC6803 (Lopez-Maury et al., 2009),

Grx4 from E. coli is known substrate of thioredoxin
reductase (Fernandes et al., 2005), though in these three
Grxs, Grx4 belongs to monothiol Grx, they are similar
(Figure 5), and they have similar tridimensional structure
of a-helices and B-sheet (Figure 6), so in D. alaskensis
G20, Grx could be reduced by TrxR with the same
process. So in this process, Grx could be reduced by
TrxR, then reduced Grx can reduce chromate, TBB may
act as catalyst.

Chromate reduction by c type cytochrome

Various sulfate-reducing bacterium (SRB) were found to
be able to reduce chromate by their periplasmic ¢ type
cytochrome but cannot grow using chromate as terminal
electron donor (Elias et al., 2004). Cytochrome c3 from
Desulfovibrio vulgaris (Lovley and Phillips, 1994) and
cytochrome c; from Desulfuromonas acetoxidans (Michel
et al., 2001) can reduce chromate, a periplamic c type
cytochrome ApcA of Acidiphilium cryptum JF-5 can be
induced by chromate, reduced ApcA shows chromate
reduction ability (Magnuson et al., 2010). MtrC and OmcA
are extracellular c¢ type cytochrome of Shewanella
oneidensis MR-1 (Reardon et al., 2010); they show high
chromate reducing ability (Belchik et al., 2011).

Chromate binding on the cytochrome c of SRB
because of the mimic structure between sulfate and
chromate, chromate and sulfate share the same binding
sites (Assfalg et al., 2002). The c type cytochrome
reduces chromate mainly because of the redox potential
of its heme(s). Cytochrome c; contains four hemes, the
hemes are labled I, I, lll, IV (Figure 7) (Higuchi et al.,
1984), the heme Il of cytochrome c-; is missed compared
to cytochrome c; (Czjzek et al, 2001). ApcA only
contains one heme (Magnuson et al., 2010), they reduce
chromate with stepwise oxidation, chromate binding on
the surface of cytochrome ¢ which is very near to heme
VI, so chromate gains the first electon from heme 1V,
heme IV could get electron from the other hemes
(Assfalg et al., 2002). MtrC and OmcA are different from
cytochrome c; and c;, they were found containing 10
hemes (Shi et al., 2006).


http://www.ncbi.nlm.nih.gov/protein/YP_389904.1
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Figure 6. Glutaredoxin (Grx). The model shows the organization of a-
helices and B-sheet in G. alakensis G20 Grx, the active sites is marked in
red (Lillig et al., 2013).

heme IV

Figure 7. The tridimensional structural of cytochrome ¢ (A) and cytochrome c3 (B) (Assfalg et al., 2002).

CONCLUSION such as chrB, chrA is its regulator (Alvarez et al., 1999;

Aguilar-Barajas et al., 2012; Morais et al., 2011) or ABC
Chromate entrances microbial cells mainly by sulfate super family transporters, thus causes tolerance of high
transportation system because of their similarity, some concentration of chromate, there is not efflux pump in
strains will efflux intracellular chromate by some pumps chromate sensitive strains. When chromate is transported
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into the cells, chromate will be reduced to Cr (V) by
cytochrome, glutathione reductase, NAD(P)H-dependent
unspecific chromate reduction pathway (Magnuson et al.,
2010) and some other flavinproteins, Cr(V) is most
unstable form which will easily oxide to Cr(VI), this
process lead to production of ROS such as H,0,, O, and
O, they may cause the oxide of some proteins and the
damage of DNA, this is thought to be a central
mechanism of chromate toxicity (Pourahmad and
O’Brien, 2001; Ackerley et al., 2006).

ChrR, nitroreductase and some flavoproteins, are
effective chromate reductase and show a three-layer
a/B/a structure, FMN is their cofactors, when reducing
chromate, they are firstly reduced by NAD(P)H, and then
reduced flavinproteins have the ability to reduce oxidative
substrate binding on them. ChrR reduce chromate by
four-electron transfer and avoid the production of Cr (V)
and ROS, it can also lead to the ability of tolerant to high
concentration of chromate by increase bacterium
resistant to ROS such as H,0,. Nitroreductase are
inducible chromate reductase, they can only be induced
by nitrate instead of chromate, after be cultivated in nitrite
contained medium, the nitroreducing strains can reduce
chromate, and the chromate reduction efficiency
increases by the time they are cultivated in the nitrite
contained medium, they are dimer and reuce chromate

by two-electron transfer.

There are also some other flavin proteins show
effecient chromate reduction activity, an old enzyme
isolated from Thermus scotoductus SA-01 is a kind
flavoprotein (Opperman et al., 2010), it reduces chromate
under both aerobic and anaerobic conditions. For the
favor of aerobic condition, it reduces chromate 180 times
quicker than quinone reductase and 50 times quicker
than nitroreductase (Opperman et al., 2008).

The novel oxidoreductase we found is a new chromate
reduction pathway, instead of directly transfer electrons
from NAD(P)H to Cr(VI), glutaredoxin is its electron
donor, this is a very different pathway and different from
the chromate reductase ChrR and nitroreductase.

Chromate reduction pathways are shown in Figure 8.
There are always many pathways of chromate reduction
in a bacterial cell, like Shewanella oneidensis MR-1,
except its nitrate reduction chromate reduction pathway;,
there is also membrane bound chromate reductase.

PROSPECT
Currently, the main method to deal with chromate

contamination is to reduce chromate to Cr (Ill) with some
chemical methods to avoid its mobility, biological



reduction of chromate is a low-cost and can constantly
keep clear of our environment which can also avoid the
secondary pollution in comparison.

In particular, the ones that are able to use a variety of
nutrients and can reduce chromate under both aerobic
and anaerobic conditions are of more interesting, thus,
we can just mix organic wastes and chromate pollutant to
reduce chromate with inoculation of chromate reducing
bacteria. In this way, we can both deal with organic
contamination and chromate pollution.

Although more and more chromate reduction
mechanisms have been elucidated, more and more
strains that have been isolated from contaminated sites
or from extreme environment, which shows high
chromate tolerance and reduce chromate efficiently; more
efficient chromate reductases are also obtained by site-
directed mutagenesis (Mistry et al., 2010), we are looking
forward of microbial reduction of chromate to control
chromate contamination, but there are still many
problems. Isotopic fractionation during Cr(VI) reduction
by bacteria was also observed (Zink et al., 2010; Sikora
et al., 2008; Ruyang et al., 2012), but the mechanism
was still unknown, once microbes are fired to clear our
environment, how to keep balance between the incoming
species and native species, how to yield enough amount
of microbes in an area to reduce all the chromate, some
efficient chromate reduction strains are pathogens
(Zhang et al., 2013), how to avoid the damaging and
spreading is also a problem, chromate contaminated
environments are always very acidic conditions and
contain even higher concentration of chromate, how
microbes grow in such extreme condition is unsolved
problem till now.

REFERENCES

Ackerley DF, Gonzalez CF, Keyhan M, Blake LR, Matin A (2004).
Mechanism of chromate reduction by the Escherichia coli protein,
NfsA, and the role of different chromate reductases in minimizing
oxidative stress during chromate reduction. Environ. Microbiol.
6(8):851-60.

Ackerley DF, Barak Y, Lynch SV, Curtin J, Matin A (2006). Effect of
Chromate Stress on Escherichia coli K-12. J. bacteriol. 188(9):3371-
3381.

Ackerley DF, Gonzalez CF, Park CH, Blake LR, Matin A, Keyhan M
(2004). Chromate-Reducing Properties of Soluble Flavoproteins from
Pseudomonas putida and Escherichia coli. Appl. Environ. Microbiol.
70(2):873-882.

Aguilar-Barajas E, Jer6nimo-Rodriguez P, Ramirez-Diaz MI,
Rensing C, Cervantes C, Rami M. (2012). The ChrA homologue
from a sulfur-regulated gene cluster in cyanobacterial plasmid pANL
confers chromate resistance. World J. Microbiol. Biotechnol.
28(3):865-869.

Alvarez AH, Moreno-sanchez R, Moreno-sa R (1999). Chromate
Efflux by Means of the ChrA Chromate Resistance Protein from
Pseudomonas aeruginosa. J. bacteriol. 181(23):7398-7400.

Arif A, Ahmed N, Nawaz A, Badar U (2005). Optimization of chromate
reduction by indigenous bacteria. Pak. J. Biochem. Mol. Biol. 38(1-
2):45-48.

Assfalg M, Bertini |, Bruschi M, Michel C, Turano P (2002). The

Int. J. Biotechnol. Food Sci. / Zou et al. 53

metal reductase activity of some multiheme cytochromes c: NMR
structural characterization of the reduction of chromium(VI) to
chromium(lll) by cytochrome c¢(7). Proc. Natl. Acad. Sci. U. S. A.
99(15):9750-9754.

Barak Y, Ackerley DF, Dodge CJ, Banwari L, Alex C, Francis AJ,
Matin A (2006). Analysis of novel soluble chromate and uranyl
reductases and generation of an improved enzyme by directed
evolution. Appl. Environ. Microbiol. 72(11):7074-82.

Belchik SM, Kennedy DW, Dohnalkova AC, Wang Y, Sevinc PC, Wu
H, Lin Y, Lu PH, Fredrickson JK. Shi L (2011). Extracellular
reduction of hexavalent chromium by cytochromes MtrC and OmcA of
Shewanella oneidensis MR-1. Appl. Environ. Microbiol. 77(12):4035-
4041.

Brown SD, Martin M, Deshpande S, Seal S, Huang K, Alm E, Yang Y,
Wu L, Yan T, Liu X, Arkin A, Chourey K, Zhou J, Thompson DK
(2006). Cellular Response of Shewanella oneidensis to Strontium
Stress. Appl. Environ. Microbiol. 72(1):890-900.

Brown SD, Thompson MR, VerBerkmoes NC, Chourey K, Shah M,
Zhou J, Hettich RL, Thompson DK (2006). Molecular dynamics of
the Shewanella oneidensis response to chromate stress. Mol. Cell.
Proteomics. 5(6):1054-1071.

Campos VL, Moraga R, Yanez J, Zaror CA, Mondaca MA (2005).
Chromate reduction by Serratia marcescens isolated from tannery
effluent. Bull. Environ. Contam. Toxicol. 75(2):400-406.

Cheng L, Sonntag DM, Boer JD, Dixon K (2000). Chromium (VI)-
Induced Mutagenesis in the Lungs of Big BlueTM Transgenic Mice. J.
Environ. Pathol., Toxicol. Oncol. 19(3):239-249.

Cohen MD, Kargacin B, Klein CB, Costa M (1993). Mechanisms of
chromium carcinogenicity and toxicity. Crit. Rev. Toxicol. 23(3):255-
281.

Cortial S, Chaignon P, lorga BI, Aymerich S, Truan G, Gueguen-
Chaignon V, Ouazzani J (2010). NADH oxidase activity of Bacillus
subtilis nitroreductase NfrAl: insight into its biological role. FEBS
Lett. 584(18):3916-22.

Czjzek M, Arnoux P, Haser R, Shepard W (2001). Structure of
cytochrome c7 from Desulfuromonas acetoxidans at 1.9 A resolution.
Acta Crystallogr., Sect. D: Biol. Crystallogr. 57(5):670-678.

Dakiky M, Khamis M, Manassra A, Mer’eb M (2002). Selective
adsorption of chromium (VI) in industrial wastewater using low-cost
abundantly available adsorbents. Adv. Environ. Res. 6(4):533-540.

Das SK, Guha AK (2009). Biosorption of hexavalent chromium by
Termitomyces clypeatus biomass: kinetics and transmission electron
microscopic study. J. Hazard. Mater. 167(1-3):685-91.

Elias DA, Suflita JM, Mcinerney Michael J, Krumholz Lee R, Al Elias
ET (2004). Periplasmic Cytochrome c3 of Desulfovibrio vulgaris Is
Directly Involved in H 2 -Mediated Metal but Not Sulfate Reduction.
Appl. Environ. Microbiol. 70(1):413-420.

Sikora ER, Thomas MJ, Thomas DB (2008). Microbial mass-
dependent fractionation of chromium isotopes. Geochimica et
Cosmochimica Acta. 72(2008):3631-3641.

Eswaramoorthy S, Poulain S, Hienerwadel R, Bremond N,
Sylvester MD, Zhang YB, Berthomiue C, Lelie DVD, Matin A
(2012). Crystal structure of ChrR--a quinone reductase with the
capacity to reduce chromate. PloS one. 7(4): e36017.

Fernandes AP, Fladvad M, Berndt C, Andrésen C, Lillig CH,
Neubauer P, Sunnerhagen M, Vlamis-Gardikas A (2005). A novel
monothiol glutaredoxin (Grx4) from Escherichia coli can serve as a
substrate for thioredoxin reductase. J. boil. Chem. 280(26):24544-
24552.

Gardea-Torresdey JL, Peralta-Videa JR, Montes M, Rosa Gl, Corral-
Diaz B (2004). Bioaccumulation of cadmium, chromium and copper
by Convolvulus arvensis L.: impact on plant growth and uptake of
nutritional elements. Bioresour. Technol. 92(3):229-235.

Gonzalez CF, Ackerley DF, Lynch SV, Matin A (2005). ChrR, a soluble
quinone reductase of Pseudomonas putida that defends against
H202. J. boil. Chem. 280(24):22590-22595.

Gupta VK, Shrivastava AK, Jain N (2001). Biosorption of Chromium
(V1) From Aqueous solutions by green algae spirogyra species. Water
Res. 35(17):4079-4085.

Gustafsson TN, Sahlin M, Lu J, Sjéberg BM, Holmgren A (2012).



54 Int. J. Biotechnol. Food Sci. / Zou et al.

Bacillus anthracis thioredoxin systems, characterization and role as
electron donors for ribonucleotide reductase. J. boil. Chem.
287(47):39686-39697.

Hauser LJ, Miriam L, Brown SD, Larimer F, Keller KL, Rapp-Giles
BJ, Price MN, Lin M, Bruce DC, John CD, Tapia R, Han CS,
Goodwin LA, Cheng JF, Pitluck S, Copeland A, Lucas S, Matt N,
Lapidus AL, Palumbo AV, Wall JD (2011). Complete genome
sequence and updated annotation of Desulfovibrio alaskensis G20. J.
bacteriol. 193(16):4268-4269.

Higuchi Y, Kusunoki M, Matsuura Y, Yasuoka N, Kakudo M (1984).
Refined structure of cytochrome c3at 1.8 {A} resolution. J. Mol. Biol.
172(1):109-139.

Imam KD, Nanda KNV, Hussain RC (1989). Environmental
contamination of chromium in agricultural and animal products near a
chromate industry. Bull. Environ. Contam. Toxicol. 43(5):742-746.

Ishibashi Y, Cervantes C, Silver S (1990). Chromium reduction in
Pseudomonas putida. Applied and Environ. Microbiol. 56(7): 2268-
2270.

Jin H, Zhang Y, Buchko GW, Varnum SM, Robinson H, Squier TC,
Long PE (2012). Structure determination and functional analysis of a
chromate reductase from Gluconacetobacter hansenii. PloS one.
7(8):e42432.

Jordao CP, Pereira JL, Jham GN (1997). Chromium contamination in
sediment, vegetation and fish caused by tanneries in the State of
Minas Gerais, Brazil. Sci. Total Environ. 207(1):1-11.

Khaleel JA, Gong C, Zhang Y, Tan R, Squier TC, Jin H (2013).
Mutations in FMN binding pocket diminish chromate reduction rates
for Gh-ChrR isolated from Gluconacetobacter hansenii. Nat. Sci.
5:20-24.

Kwak YH, Lee DS, Kim HB (2003). Vibrio harveyi Nitroreductase Is
Also a Chromate Reductase. Appl. Environ. Microbiol. 69(8):4390-
4395.

Levankumar L, Muthukumaran V, Gobinath MB (2009). Batch
adsorption and kinetics of chromium (VI) removal from aqueous
solutions by Ocimum americanum L. seed pods. J. Hazard. Mater.
161(2-3):709-713.

Li X, Krumholz LR (2009). Thioredoxin is involved in U(VI) and Cr(VI)
reduction in Desulfovibrio desulfuricans G20. J. bacteriol.
191(15):4924-33.

Lillig CH, Berndt C (2013). Glutaredoxins in thiol/disulfide exchange.
Antioxid. Redox Signaling. 18(13):1654-65.

Lillig CH, Prior A, Schwenn JD, Aslund F, Ritz D, Vlamis-Gardikas
A, Holmgren A (1999). New thioredoxins and glutaredoxins as
electron donors of 3'-phosphoadenylylsulfate reductase. J. boil.
Chem. 274(12):7695-7698.

Liu G, Zhou J, Hong LV, Xiang X, Wang J, Zhou M, Yuanyuan QV
(2007). Azoreductase from Rhodobacter sphaeroides AS1.1737 is a
flavodoxin that also functions as nitroreductase and flavin
mononucleotide reductase. Appl. Microbiol. Biotechnol. 76(6):1271-
1279.

Lloyd JR, Ridley J, Khizniak T, Lyalikova NN, Macaskie LE (1999).
Reduction of technetium by Desulfovibrio desulfuricans: biocatalyst
characterization and use in a flowthrough bioreactor. Appl. Environ.
Microbiol. 65(6):2691-2696.

Lopez-Maury L, Sanchez-Riego AM, Reyes JC, Florencio FJ (2009).
The glutathione/glutaredoxin system is essential for arsenate
reduction in Synechocystis sp. strain PCC 6803. J. bacteriol.
191(11):3534-3543.

Lovering AL, Hyde El, Searle PF, White SA (2001). The structure of
Escherichia coli nitroreductase complexed with nicotinic acid: three
crystal forms at 1.7 A, 1.8 A and 2.4 A resolution. J. Mol. Biol.
309(1):203-213.

Lovley DR, Phillips EJP (1994). Reduction of chromate by
Desulfovibrio vulgaris and its c3 cytochrome. Appl. Environ. Microbiol.
60(2):726-728.

Magnuson TS, Swenson MW, Paszczynski AJ, Deobald LA, Kerk D,
Cummings DE (2010). Proteogenomic and functional analysis of
chromate reduction in Acidiphilium cryptum JF-5, an Fe(lll)-respiring
acidophile. Biometals. 23(6):1129-1138.

Matin AC, Barak Y, Ackerley DF (2010). Nitroreductase enzymes for

bioremediation. Google Patents.

Michel C, Brugna M, Aubert C, Bernadac a, Bruschi M. (2001).
Enzymatic reduction of chromate: comparative studies using sulfate-
reducing bacteria. Key role of polyheme cytochromes c and
hydrogenases. Appl. Microbiol. Biotechnol. 55(1):95-100.

Mistry K, Desai C, Patel K (2010). Chromate Reduction by
Vogococcus sp. Isolated from Cr ( VI ) Contaminated Industrial
Effluent. Electron. J. Biotechnol. 6(1):6-12.

Morais PV, Branco R, Francisco R (2011). Chromium resistance
strategies and toxicity: what makes Ochrobactrum tritici 5bvl1 a strain
highly resistant. Biometals. 24(3):401-10.

Nivas BT, Sabatini DA, Shiau BJ, Harwell JH (1996). Surfactant
enhanced remediation of subsurface chromium contamination. Water
Res. 30(3):511-520.

O’Brien T, Xu J, Patierno SR (2001). Effects of glutathione on
chromium-induced DNA. Crosslinking and DNA polymerase arrest.
Mol. Cell. Biochem. 222(1):173-182.

Opperman DJ, Sewell BT, Litthauer D, Isupov MN, Littlechild JA,
Heerden EV (2010). Crystal structure of a thermostable old yellow
enzyme from Thermus scotoductus SA-01. Biochem. Biophys. Res.
Commun. 393(3):426-431.

Opperman DJ, Piater LA, Heerden EV (2008). A novel chromate
reductase from Thermus scotoductus SA-0O1 related to old yellow
enzyme. J. bacteriol. 190(8):3076-3082.

Park CH, Keyhan M, Wielinga B, Fendorf S, Matin A (2000).
Purification to Homogeneity and Characterization of a Novel
Pseudomonas putida Chromate Reductase. Appl. Environ. Microbiol.
66(5):1788-1795.

Peng X, Yamamoto S, Vertés AA, Keresztes G, Inatomi Kl, Inui M,
Yukawa H (2012). Global transcriptome analysis of the
tetrachloroethene-dechlorinating bacterium Desulfitobacterium
hafniense Y51 in the presence of various electron donors and
terminal electron acceptors. J. Ind. Microbiol. Biotechnol. 39(2):255-
268.

Peric IM, Campos VL, Mondaca MA, Moraga R, Zaror CA (2006).
Evidential chromate bioreduction by capillary zone electrophoresis. J.
Chil. Chem. Soc. 51(4):1030-1033.

Pourahmad J, O’Brien PJ (2001). Biological reactive intermediates
that mediate chromium (VI) toxicity. Biological Reactive
Intermediates. 6(500):203-207.

Reardon CL, Dohnalkova AC, Nachimuthu P, Kennedy DW, Saffarini
DA, Arey BW, Shi L, Wang Z, Moore D, Mclean JS, Moyles D,
Mashall Mj, Zachara Jm, Fredrickson Jk, Beliaev AS (2010). Role
of outer-membrane cytochromes MtrC and OmcA in the
biomineralization of ferrihydrite by Shewanella oneidensis MR-1.
Geobiology. 8(1):56-68.

Robles-Camacho J, Armienta MA (2000). Natural chromium
contamination of groundwater at Le{6}n Valley, M{é}xico. J.
Geochem. Explor. 68(3):167-181.

Ruyang H, Liping Q, Shaun TB, John NC, Harry RB (2012).
Differential Isotopic Fractionation during Cr(VI) Reduction by an
Aquifer-Derived Bacterium under Aerobic versus Denitrifying
Conditions. Appl. Environ. Microbiol. 78(7):2462-2464.

Shanker AK, Cervantes C, Loza-Tavera H, Avudainayagam S (2005).
Chromium toxicity in plants. Environ. Int. 31(5):739-753.

Shi L, Chen B, Wang Z, Elias DA, Mayer MU, Gorby YA, Ni S, Lower
BH, Kennedy DW, Wunschel DS, Mottaz HH, Marshall MJ, Hill EA,
Beliav AS, Zakara JM, Fredrickson JK, Squier TC (2006).
Isolation of a high-affinity functional protein complex between OmcA
and MtrC: Two outer membrane decaheme c-type cytochromes of
Shewanella oneidensis MR-1. J. bacteriol. 188(13):4705-4714.

Shi X (1999). Reduction of chromium (VI) and its relationship to
carcinogenesis. J. Toxicol. Environ. Health, Part B. 2(1):87-104.

Carlisle DL, Singh J, Pritchard DE, Patierno SR (1998). Chromium-
induced genotoxicity and apoptosis: relationship to chromium
carcinogenesis (review). Oncol. Rep. 5(6):1307-1325.

Zink S, Ronny S, Michael S (2010). Isotopic fractionation and reaction
kinetics between Cr(lll) and Cr(VI) in aqueous media. Geochimica et
Cosmochimica Acta. 74(2010):5729-5745.

Tucker MD, Barton LL, Thomson BM (1998). Reduction of Cr, Mo, Se



and U by Desulfovibrio desulfuricans immobilized in polyacrylamide
gels. J. Ind. Microbiol. Biotechnol. 20(1):13-19.

Viamajala S, Peyton BM, Apel WA, Petersen JN (2002). Chromate
reduction in Shewanella oneidensis MR-1 is an inducible process
associated with anaerobic growth. Biotechnol. Prog. 18(2):290-295.

Yu LJ, Shukla SS, Dorris KL, Shukla A, Margrave JL (2003).
Adsorption of chromium from aqueous solutions by maple sawdust. J.
Hazard. Mater. 100(1):53-63.

Zeng-Nian S, Chun-Hua X (2009). Adsorption and desorption
properties of D318 resin for Cr(VI). J. Cent. South Univ. Technol.
16:0405-04009.

Int. J. Biotechnol. Food Sci. / Zou et al. 55

Zeng-Nian S, Rong-Jun D, Xu W, Chun-Hua X, Tao L (2007).
Adsorption of XSD-296 resin for Cr(VI). Nonferrous Metals Society of
China. 17(2007):869-873.

Zhang X, Krumholz LR, Zhengsheng Y, Yong C, Xiangkai L (2013). A
Novel Subspecies of Staphylococcus aureus from Sediments of
Lanzhou Reach of the Yellow River Aerobically Reduces Hexavalent
Chromium. J. Biorem. Biodegrad. 04(04).

http://lwww.sciencewebpublishing.net/ijbfs


http://www.sciencewebpublishing.net/ijbfs

