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Chapter 1
Bacterial Copper Resistance and Virulence

Lucas B. Pontel, Susana K. Checa and Fernando C. Soncini

Abstract Copper is essential for most organisms. However, it is also toxic even at
low levels, especially when its local concentration or intracellular distribution is not
properly controlled. Similar to other organisms, bacteria have evolved specific
copper homeostasis systems for maintaining a suitable intracellular concentration of
this essential metal and at the same time, avoiding its toxic effects. Recent evidence
indicates that intracellular copper actively contributes to the host innate immune
response against bacterial infections and pathogens have acquired specific mecha-
nisms to deal with this intoxicant. Here, we focus on the different arrays of metal
sensing and regulatory systems employed by bacterial pathogens to mount the
proper response to counteract the toxic effects of copper allowing survival and
replication inside the host.

Keywords Copper homeostasis - Copper function and toxicity - Bacterial path-
ogenesis - Innate immune response - Salmonella + Mycobacterium

1.1 Introduction

The bioavailability of copper in earth dramatically increased after the advent of
oxygen in the atmosphere. These physicochemical changes also resulted in the
oxidation of sulphide group of proteins that became accessible to complex soft
metals such as copper (Cu). As a consequence, many proteins evolved to use Cu as
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a cofactor, integrating it into different electron transfer and metabolic pathways [1].
At the same time, the increased availability of reactive Cu species demanded the
evolution of a number of strategies to handle its intracellular concentration and
counteract unwanted damage [2]. This involved the development of specific sensor/
response systems to tightly control Cu uptake and removal of its excess according
to the metabolic requirements. The ability to maintain the intracellular copper quota
allows microorganisms to adapt to a variety of environments, and recent evidence
indicates that pathogens may have evolved copper handling mechanisms to survive
in the host [3, 4]. Accordingly, both the essentiality and toxicity of Cu, and the
ability of the host to control Cu availability would influence host-pathogen inter-
actions. The outcome of this balance could determine if it results either in a pro-
ductive infection or elimination of the pathogen. Recent evidence also indicates that
mammalian macrophages can actively accumulate Cu ions in subcellular com-
partments, restricting bacterial growth [3]. As a consequence, the genes involved in
Cu resistance acquire particular relevance in pathogens that undergo intracellular
survival and replication during their infective cycle.

In recent years, the number of newly identified or proposed Cu-containing
polypeptides or proteins involved in copper handling has increased as the result of
the direct detection or of newly posted genomic sequences. In this chapter, we
summarize the current knowledge of the mechanisms that bacteria employ to fulfil
their Cu demands and, at the same time, to defend themselves from the harmful
effects of this metal, focusing on pathogens. We discuss how these pathways may
serve to develop new strategies against infection diseases.

1.2 Copper as an Essential yet Highly Toxic Element

Copper is an ideal cofactor for redox enzymatic reactions because it can cycle
between two oxidation states, Cu(I) and Cu(II). This distinctive attribute has made
this transition metal suitable for driving many biological processes that involve
single electron shuttling, such as energy transduction, iron handling, and free
radical neutralization. Examples of enzymes that build their catalytic mechanism on
copper are oxidases [5], in which copper catalyzes the reduction of a dioxygen
molecule to H,O, or to two molecules of H,O, and oxygenases, which use copper
to activate O, and catalyze the incorporation of one or two atoms of oxygen into
organic molecules [6]. Copper is also a catalytic metal in azurins and plastocyanins,
small families of proteins involved in transfer of electrons for diverse processes [7].

Despite these beneficial roles, the imbalance in copper levels can be harmful.
Failure in copper homeostasiscan lead to several human diseases such as Menkes
syndrome, Wilson’s disease, as well as Parkinson and Alzheimer’s diseases [8—10].
The toxicity of Cu has been linked to different mechanisms. Firstly, Cu(I)/(II) is at the
top of the Irving—Williams series that highlights the ability of a metal ion to react with
available ligands. Inside cells, Cu ions interact with sulfur, oxygen and imidazole
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ligands, displacing other cations from their active site in enzymes [11]. Secondly, the
redox potential of the Cu(I)/Cu(Il) pair is close to the redox value of the bacterial
cytoplasm, which makes copper an extremely dangerous cation. Redox cycling of Cu
ions can generate deleterious free radicals derived from oxygen through Fenton-like
reactions, resulting in lipid peroxidation as well as protein and DNA damage [12].
Iron—sulfur clustersiron of proteins that perform key cellular metabolic functions have
been also shown to be direct targets for Cu toxicity. The first observation, made in
Escherichia coli, showed that Cu can block branched-chain amino acid biosynthesis
by inactivating isopropylmalate dehydratase, an enzyme with a solvent-exposed Fe-S
cluster in its active site [13]. Further studies demonstrated that Cu excess not only
displaces iron from their coordinating sulfur ligands in these clusters, but also affects
the formation of new iron-sulfur clusters [14].

1.3 Bacterial Control of the Copper Quota

The essentiality, and at the same time toxicity, of copper makes active handling of
this metal a vital skill for most organisms. Bacteria are not different from other
organisms in their requirement for copper to fulfill essential activities. However,
there is little or no requirement for this metal in the bacterial cytoplasm. This is
probably because most known bacterial cupropropteins are located in the plasma
membrane or in the periplasm, or are secreted extracellularly [15]. Furthermore,
because Cu utilization is linked to aerobic metabolism, obligate anaerobic bacteria
have only few or even no cuproproteins detected to date [16].

Dedicated Cu uptake mechanisms were reported only in a few species, although
the mechanism for Cu acquisition has not been completely elucidated. The mem-
brane bound/periplasmic protein pair CopDC were described to be essential for Cu
uptake in Pseudomonas syringae [17]. Interestingly, in Bacillus subtilis the
homologous YcnJ protein combines both functions in a single polypeptide [18].
Other families of transporters were also linked to Cu influx. A member of the major
facilitator superfamily named CcoA was found to perform this function in
Rhodobacter capsulatus [19]. Outer membrane channels such as OmpF and the
E. coli ComC [20], metal permeases bound to the cell membrane such as ZupT
from E. coli [21], or even broad substrate range ABC-transporters such as MstABC
from Streptococcus pyogenes [22], and ATPases such as HmtA from P. aeruginosa
[23], were also found to mediate Cu acquisition. Some species were reported to
secrete chelators such as copper-specific methanobactin and coproporphyrin or Fe-
uptake siderophores that are essential to acquire the metal from the medium under
Cu-limiting conditions [24]. In some cases they can also sequester the metal outside
the cell to avoid toxicity.

No specific Cu importers or Cu scavenging proteins have been yet identified in
pathogenic bacteria, suggesting that either the intracellular demand for Cu is low or
the metal is readily available in the infected hosts. On the contrary, these pathogens
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dedicate most of their efforts to restrict the availability of Cu, using efflux , redox
conversion or sequestration, as well as directing its intracellular trafficking just to
the target proteins.

1.4 Chaperones, Oxidases and Efflux Systems to Control
Copper Excess

Different families of proteins maintain the copper quota in each compartment.
Central components of this process are Cu-chaperones, a class of small proteins that
safely transport the metal from and to specific partners. The Atx1/CopZ family,
probably the best characterized in this group, is responsible for cytoplasmic Cu(l)
trafficking. These proteins have a characteristic MxCxxC Cu(I) binding motif and a
classic Bappap ferredoxin-like folding [25]. In most genomes, the Cu chaperone
coding gene is usually found next to a gene that encodes a Pig-type ATPases,
which drives copper efflux to the periplasmic space. Directional delivery of Cu(I)
from the chaperone to the membrane transporter was demonstrated, indicating that
these products are actually not only genetically but also functionally linked [26, 27].
Besides, the transfer of Cu(I) from the Atxl-like chaperone to the transporter
located in cyanobacterial thylakoids apparently is essential for proper metallation of
cuproproteins such as plastocyanin and a caaz-type cytochrome oxidase [28]. The
Enterococcus hirae CopZ chaperone provides Cu(I) to metalloregulatory proteins
reinforcing its role in intracellular Cu handling and resistance [28]. A member of a
novel class of cell membrane-anchored Cu(I) chaperones not structurally related to
CopZ was recently identified in Streptococcus pneumonia [29]. This protein, named
CupA, was proposed to increase Cu-resistance by sequestering Cu(I) in the cyto-
plasm and/or by delivering the metal ion to the Pg-type ATPase CopA.

Chaperone-mediated copper handling is achieved not only in the cytoplasm but
also in the periplasm of Gram-negative species. E. coli CusF is an unusual Cu-
chaperone that uses one histidine, two methionines, and the aromatic ring of a
tryptophan to coordinate the metal [30, 31]. This metal-binding architecture prob-
ably facilitates copper binding in the oxidizing environment of the periplasm. CusF
delivers Cu(I) to CusB, the periplasmic component of the CusABC complex that
mediates Cu efflux to the medium (see below) [32].

Different types of Cu chaperones are required during the assembly of cupro-
proteins. For example, the a-proteobacteria Rhodobacter sphaeroides uses three
periplasmic Cu-chaperones, PCu(A)C, PrrC (Sco), and Cox11, to metallate the Cu
centers of the two cytochrome ¢ oxidases required for aerobic growth [33]. B.
subtilis has a membrane-associated protein homologue of the yeast Scol that
provides Cu(]) to the Cuy, site of the caa; oxidase [34]. There are probably other yet
unidentified Cu-chaperones required for the assembly of cuproenzymes. Recently,
CueP from Salmonella enterica serovar Typhimurium was shown to be required for
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the metallation of SodCII [35]. The crystal structure of CueP has been determined
revealing a V-shaped dimeric structure [36] with no homology to other known Cu
chaperones.

Efflux systems were described to play a crucial part in the intracellular handling
of copper. The Pi-type of ATPases transport Cu(I) across cell membranes in a
wide range of organisms, including bacteria, archaea, and eukarya [37]. They share
the common intramembranous CPx motif (Cysteine-proline-x, where x can be
cysteine, serine or histidine). In addition, they have 8 to 12 transmembrane seg-
ments with the N- and C-termini exposed to the cytoplasm, and a large cytoplasmic
domain used to couple the energy provided by ATP hydrolysis to the transport of
substrates. A specific feature of P;g-ATPases is the presence of one to six cyto-
plasmic metal binding domains (MBD). The MBD harbors the metal binding sig-
nature CxxC also present in soluble Cu-chaperones [38]. Functionally, there are two
groups of P g-ATPases [39]. Proteins represented by CopA from E. coli, direct Cu
(D) transport at high rate to eliminate the toxic metal ion from the cytoplasm. The
second, FixI/CopA2 group, drives Cu(I) transport at low rate and has been linked to
cuproproteins metallation. As mentioned above, although there are reports on the
interaction of these Cu(I) transporters with CopZ [26, 27], the strict requirement of
this interaction for efficient metal efflux has not been conclusively demonstrated.

Resistance-nodulation-cell division RND protein family members are efflux
systems also involved in Cu resistance in several bacterial species. The best
characterized is the E. coli CusCFBA system [40]. This multicomponent efflux
pump transports cytosolic or periplasmic Cu(I) across the inner and outer mem-
branes of Gram negative species [41]. CusA, the RND-like protein, is the catalytic
subunit, while CusC forms the outer membrane pore. The membrane fusion protein
CusB not only spans the periplasmic space linking the other two components but
also interacts with CusF, the Cu-chaperone, to drive Cu(I) efflux from the periplasm
[42]. Contrary to P,g-ATPases, these efflux systems are not widespread and some
pathogenic Gram negative bacteria, such as Salmonella, do not harbor a Cus-like
system. Interestingly, a Salmonella-specific gene product, CueP, can phenotypically
substitute Cus, although the molecular mechanism to perform this action is still not
understood [43].

The multicopper oxidases also participate in copper handling, although, they have
been associated to redox modification rather than transference or pumping of Cu. The
best characterized is probably CueO from E. coli [44]. This periplasmic enzyme
harbors four copper atoms that lie in electron transfer and dioxygen reduction sites
[45]. Its cuprous oxidase activity, i.e. the conversion of Cu(l) to the less toxic Cu(Il),
is well documented [46]. The enzyme also exerts oxidase activity against other
substrates including enterobactin and the siderophore precursor 2,3-dihydroxyben-
zoic acid [47]. The oxidized forms of these compounds were proposed to bind
copper, contributing to Cu elimination [48]. CueO is exported to the periplasm by the
TAT system. This suggests that the protein is folded and metallated in the cytoplasm
before its exportation to the periplasm. The cytoplasmic metallation of this protein
has been proposed to contribute to copper tolerance under anaerobic conditions when
the oxidase activity of the protein is inhibited [49].
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In addition to the above-mentioned mechanisms, many bacteria employ metallo-
thioneins, polyphosphate and glutathione among others for achieving intracellular or
extracellular sequestration in an attempt to reduce reactivity of the Cu ions [50-52].

1.5 Copper Monitoring by Dedicated Sensors

A set of dedicated sensory systems continuously monitor the Cu-quota at the dif-
ferent bacterial compartments and orchestrate the proper response to metal stress
[53]. In the cytoplasm, both metal sensing and transcriptional regulation are attained
by regulators able to detect the metal and to control the expression of specific target
genes. In contrast, periplasmic copper levels are detected by two-component sen-
sors that control the activation state of associated response regulators through
phosphorylation.

One of the best characterized sensors of the first group, widely distributed among
Gram negative bacteria, belongs to the MerR family of regulators [54]. These
proteins, named CueR in E. coli, detect either Cu(I), Ag(I) or Au(I) in the cytoplasm
using two conserved cysteine residues present in a C-terminus loop [54]. They
recognize their target operator sequences by an N-terminal helix-turn-helix motif
[55]. Structural data available on E. coli CueR revealed that the metal is coordinated
in a linear array similar to CopZ-like chaperones [56]. The sequence of the metal
binding loop influences its selectivity among metal ion with +1 charge. The single
replacement of the amino acid residues at position 113 and 118 for those present in
GolS, a CueR-like homologue present in Salmonella with an increased selectivity
for Au(l), decreased the sensitivity of the sensor to copper while conserved the
sensitivity to Au ions [57]. On the other hand, the presence of a single serine
residue at the beginning of the dimerization a5-helix together with the hydrophobic
environment is essential to excluded metal ions with +2 charge from the binding
site (our unpublished results). In the presence of copper, CueR induces the
expression of a set of genes that varies depending on the bacterial species [58]. The
most prevalent gene controlled by this transcriptional factor encodes for Pjp-
ATPases. Other target includes genes encoding chaperone, multicopper oxidases
and/or other Cu-binding proteins such as CueP [43, 49, 59, 60].

Repressors undergoing intracellular Cu sensing are more common in Gram
positive and acid-fast bacteria [53]. Similar to the CueR-like activators, they detect
cytoplasmic Cu(I) and regulate the expression of factors required for Cu-resistance,
including Pg-ATPases and Cu chaperons [61-64]. In contrast to the activators, the
interaction of Cu(I) to the regulator provokes their dissociation from the DNA,
leading to the induction of transcription as the result of the derepression. CsoY from
E. hirae was the first member of the family to be identified [62], and afterwards,
other homologues were detected in Gram positive species [61, 63—-65]. The active
repressor form of CopY is an homodimer with zinc bound. When copper levels
increased, the cytoplasmic chaperone CopZ transfers Cu(I) to the conserved
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CXCXXXCXC sequence [66], displacing the bound zinc by copper, inactivating
the repressor which is released from the DNA allowing transcription of the target
genes.

CsoR, first identified in the pathogen Mycobacterium tuberculosis, and lately in
Listeria monocytogenes, Staphylococcus aureus, Corynebacterium glutamicum and
B. subtilis, among other Gram positive bacteria, represents another class of Cu(l)-
binding repressors [64, 67-70]. As CsoY, CsoR controls the expression of P;g-
ATPases and CopZ-like chaperones coding genes, but it does not required a Cu-
chaperone to acquired Cu(l). The active form of this repressor is a tetramer. Binding
of four Cu(l) ions, one in each monomer, releases the complex from the operator
site on the DNA allowing transcription of the gene(s) [71].

The cyanobacterium Oscillatoria brevis uses an unusual member of the SmtB/
ArsR family of repressors to control intracellular Cu [72]. This protein named
BxmR undergoes derepression of its target genes in response to Cu(I), but also to
Ag(D), Zn(Il), CdI) or Pb(Il), although the +1 and +2 charge metal ions are bound
at different sites in the sensor protein. The Cu(I)-binding site is located at the N-
terminal region while Zn(Il) is bound at its C-terminus. Interestingly, a Cu(l)-
responsive repressor member of the TetR family has been recently described in
E. coli [20]. This protein named ComR, controls the expression of the divergent
gene comC in response to copper. ComC localizes to the outer membrane and is
proposed to modulate the permeability to copper ions.

Two-component regulatory systems usually detect signals in the periplasm or the
membrane to exert transcriptional regulation. Among those involved in copper
resistance, the best characterized are the plasmid encoded CopRS and PcoRS from
P. syringae and some E. coli strains, respectively [73, 74], and CusRS from E. coli
that controls the expression of cusCFBA [75]. In these systems, CopS, PcoS and
CusS are the membrane-bound sensor components and CopR, PcoR and CusR the
corresponding response regulators. As with other members of this family, after Cu
(I) detection, presumably in the periplasm, the sensor undergoes an autophospho-
rylation of a specific histidine [1]. This phosphate is then transferred to a conserved
aspartate residue of the response regulator. Phosphorylation of the latter usually
increases its DNA affinity, inducing the expression of Cu-resistance determinants to
deal with periplasmic copper excess [41].

1.6 Copper and the Innate Immune Response to Control
Infections

The innate immune response represents the first line of defense against infections. It
involves a group of cells and mechanisms employed to recognize and respond to
pathogens in a non-specific manner. Macrophages are an essential part of this
response [76]. After detection and uptake of potentially harmful bacteria, a cascade
of events is induced, triggering the production of different antimicrobial compounds
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and the secretion of proinflammatory mediators that serve not only to eliminate the
invading microorganism but also to exacerbate the response. This includes an
abrupt drop in pH, the generation of reactive nitric oxide and oxygen-derived
species, as well as an increase traffic of hydrolytic enzymes and antimicrobial
peptides into the lumen of the phagolysosome [77, 78]. Recent reports provide
compelling evidence that Cu also plays a role in these events [79, 80].

Copper trafficking in mammalians cells depends on shuttle proteins that deliver
the metal to its final destination. One of these proteins is CTR1, a homotrimeric
transporter found at the plasma membrane and also in intracellular vesicles [81].
The distribution of CTR1 between these two compartments and the extent to which
copper influences this location is cell-specific and is modified depending on the
metabolic condition. For example, large amounts of CTR1 protein and the conse-
quent increase in copper uptake are observed in macrophages treated with gamma-
interferon or in response to hypoxia, as well as after infection with M. tuberculosis
[79, 80] (Fig. 1.1). In the same conditions there is an increase in the levels of the
copper-transporting ATPases ATP7A in trans-Golgi network that usually supplies
the metal to a group of secreted cuproenzymes. When cytoplasmic copper levels
increase, binding of the metal to cytoplasmic regions of ATP7A stimulates its traffic
to post-Golgi compartments, including cytoplasmic vesicles and the plasma
membrane, which allows the rapid elimination of the toxic metal by vesicle-med-
iated excretion [82, 83]. The treatment of macrophages with proinflammatory
agents such as IFN-gamma or lipopolysaccharide (LPS) results in the accumulation
of ATP7A in the membrane of endocytic vesicles [84]. The location of ATP7A in
these vesicles was proposed to be linked with the increase in CTR1 levels that direct
the influx of Cu into the cytoplasm after macrophage activation. Accordingly, it was
reported that silencing of ATP7A expression attenuates bacterial killing, suggesting
that copper transport into these vesicles is essential for the bactericidal activity of
macrophages [84]. In fact, an E. coli mutant deleted in copA is hypersensitive to
killing by macrophages, and this phenotype depends on ATP7A expression [84].
These observations indicate that the controlled accumulation of Cu in specific
subcellular compartments is part of the arsenal the host employs as a defense
strategy against invading pathogens.

1.7 Copper Resistance and Bacterial Pathogenesis

1.7.1 Salmonella

S. enterica serovar Typhimurium progresses through diverse environments during
its infection cycle that are expected to contain variable amounts of copper [85].
Within a mammalian host, it must be able to survive in the gastrointestinal tract,
cross the intestinal epithelial barrier and persist within macrophages inside the
Salmonella-containing vacuole (SCV) [86].
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Fig. 1.1 Copper and bacterial pathogenesis. Cu accumulation inside phagolysosome restricts
survival and replication of intracellular pathogens during infection. The coordinated action of the
host’s transporters CTR1 and ATP7A directs the influx of Cu to the bacteria-containing vesicles,
which results in Cu accumulation at this compartment. This rise in the copper level is rapidly
detected by pathogen-dedicated sensors—CueR in Salmonella, and CsoR and RicR in
Mpycobacterium—which induce the expression of a consortium of copper-resistance mechanisms
to counteract Cu toxicity and ensure survival. The main Cu-resistance systems described in
Salmonella and Mycobacterium are shown
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To cope with copper excess, this pathogen harbors the ancestral copper-resis-
tance regulon controlled by CueR which, in the presence of Cu ions, induces the
expression of the P;g-ATPase CopA, the multicopper oxidase CueO (alias CuiD),
and the periplasmic CueP coding genes [43, 49, 87] (Fig. 1.1). In aerobiosis, CueO
is largely the most important resistance factor with a minimal inhibitory concen-
tration (MIC) of 1.25 mM CuSO,4 compared to 4.5 mM for the AcopA strain and
5.5 mM for the wild-type strain [49]. This is well in contrast to the role of these
factors in the non-pathogenic E. coli, in which both CopA and CueO contribute
similarly to copper resistance with MICs of 2.5 and 2.75 mM CuSO,, respectively
[49, 88]. These differences probably envisage that Salmonella requires a tight
protection of the periplasm against copper toxicity, or predict the presence of
alternative copper detoxification mechanisms. In fact, in the absence of CopA,
resistance to the metal ion is partially accomplished by the GolS-controlled P;p-
type ATPase GolT [49] (Fig. 1.1). The double AgolT AcopA knock-out mutant
show an increased sensitivity to copper (MIC 2.75 mM CuSO,) compared to the
AcopA strain, but this phenotype is still less severe than for the AcueO mutant.

The functional complementarity of the two Pg-type ATPases is also evident in
pathogenesis. Although each single mutant has a wild type survival phenotype in
macrophages, the double AgolT AcopA knock-out mutant is outcompeted by the
wild-type strain after 24 h post-infection [89]. By contrast, no difference was
observed in the number of wild-type S. typhimurium or the AcopA AgolT double
mutant isolated from the liver and spleen of orally infected C57/BL6 mice. Besides
these discrepancies, expression of CopA has been shown to increase inside mac-
rophages, suggesting the presence of copper inside the SCV [89, 90]. The increase
in Cu levels in this compartment may be related with the recruitment of ATP7A, as
discussed above. Further support to this hypothesis comes from the observation that
Cu deficiency suppresses respiratory burst, a bactericidal activity against
Salmonella, and the secretion of the inflammatory mediators TNF-a, IL-1b, IL-6
and PGE2 in differentiating U937 human promonocytic cells [91]. In fact, the
addition of the extracellular copper chelator BCS greatly enhanced S. typhimurium
survival within bone marrow derived macrophages (BMM), and copper transport
genes were dramatically up-regulated in BMM in response to either infection with
S. typhimurium or treatment with LPS [92]. As we discuss later, the Cu transporter
CopA has been linked to virulence not only in Salmonella but in other species as
well.

The multicopper oxidase CueO has also been involved in Salmonella patho-
genesis (Fig. 1.1). It has been reported that a mutant deleted in CueO is not only
attenuated for virulence in mice, but also exhibited a significantly decreased col-
onization of liver and spleen [3]. However, its survival is not affected in macro-
phages in vitro assays. This differs from the enhanced bladder colonization
observed in mice for an uropathogenic E. coli cueO mutant [93]. The survival
advantage exhibited by the mutant in this tissue was not linked to Cu resistance.
Instead this strain was shown to have an increased iron acquisition capability
compared with the wild-type strain that ensure survival in the iron-limited
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environment of the mice bladder. Further investigation is required to unravel the
balance between copper and iron in particular during host-pathogen interactions.

In a cueO mutant strain, copper activates the expression of genes controlled by
the multicomponent phosphorelay system RcsCBA-ResF, a regulatory system
involved in Salmonella virulence [94]. As a consequence, the synthesis of colanic
acid is induced and colonies acquired a mucoid aspect (Fig. 1.1). Expression of
CueP in this strain suppresses the cueO mutant mucoid phenotype, suggesting a role
for this protein in alleviating the toxic effect of Cu probably by counteracting the
mechanism that activates Rcs in this conditions [94]. One attractive hypothesis is
that the induction of the Rcs system and probably the location of the colanic acid
exopolysaccharide in the bacterial surface could confer additional protection for
bacterial cells living in copper rich environments [95, 96].

Besides the above mechanisms, the scsABCD locus also contributes to copper
tolerance in Salmonella [97]. These genes code for proteins with homology to
oxidoreductases of the thioredoxin family that has been proposed to assist to control
the envelope oxidative stress working together with the cytoplasmic thioredoxin
TrxA [98]. Despite this function, mutants in the scsABCD locus have no effect in
intracellular replication in RAW264.7 cells, or in mice spleen and liver
colonization.

Additionally to the copper resistance mechanisms describe above, Salmonella
harbors two periplasmic copper-zinc superoxide dismutase proteins (SodCI and
SodCll), which catalyze the dismutation of superoxide into oxygen and hydrogen
peroxide [99]. The sodCI mutant strain has increased susceptibility to be killed by
activated murine macrophages as the result of both respiratory burst and nitric oxide
production [100]. This mutant is highly attenuated for virulence in a systemic
model using C3H/HeN and DBA2 mice [101]. By contrast, the role of the peri-
plasmic superoxide dismutase SodCII in virulence is less clear. Recently it was
shown that under copper limitation, CueP is required to metallate SodCII in a
pathway that would also involve the transport of Cu(I) from the cytoplasm to the
periplasm through CopA or GolT [35].

All together these evidences indicate a clear role of copper in the intracellular life
of Salmonella. However, more work is required to clarify the individual contri-
bution of the bacterial-copper determinants to Salmonella virulence.

1.7.2 Mycobacterium

M. tuberculosis (Mtb) and M. avium are intracellular pathogens that primarily infect
mononuclear phagocytes [102]. Chronic infection is characterized by the formation
of granulomas [103]. Bacteria can persist within granulomas that contained the
bacterial spreading. Breakdown of granulomas in the lung promotes release of
bacteria and is enhanced by the destruction of lung tissue, which is mediated by the
same immune cells necessary for protection during the earlier stages of infection
[102]. Once inside macrophages and monocytes, Mycobacterium resides within
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cytoplasmic vacuoles that neither acidify nor fuse with lysosomes [104]. During the
course of the infection from 1 to 24 h, copper has been reported to fluctuate from
28.3 to 17.3 pM or 426 to 24.7 pM inside the phagosome of macrophage infected
with M. avium or M. tuberculosis, respectively [105]. Evidence of the role of
Mpycobacterium copper-resistance in pathogenicity comes from studies carried out
in guinea pigs. In these animals, larger portions of lung lobes are damaged and the
granulomatous responses are more severe when infected with wild type M. tuber-
culosis than with a mutant strain deleted in the Cu Pg-type ATPase CtpV [106].
Moreover, compared with unaffected lung parenchyma, Cu accumulates in isolated
primary granulomas, the Mycobacterium infection foci [80].

Two related transcriptional regulators, CsoR and RicR, control mycobacterial
copper resistance [68, 107] (Fig. 1.1). In the absence of copper, CsoR represses the
expression of the cso operon, coding for the regulator itself and the P-type ATPase
CtpV [68, 107]. The paralogous repressor RicR controls the transcription of five-
loci including genes coding for a lipoprotein (LqpS), a Cu(I) binding metallothi-
onein (MymT) that can bind up to 6 Cu atoms per protein, a membrane bound
multicopper oxidase (Rv0846c or MmcO), a putative permease (Rv2963), and the
socAB operon of unknown function [68, 107]. Both MymT and MmcO were
reported to affect copper resistance [4, 50], but it remains to be determined the role,
if any, of the other members of the RicR regulon in Mycobacterium virulence.
Preliminary observations indicated that the deficiency of MymT does not impair M.
tuberculosis virulence in mice [50].

Recently, an outer membrane channel protein named MctB was reported to be
essential for both copper resistance and virulence [80] (Fig. 1.1). The burden of
mctB mutants that accumulate in lungs of infected guinea pigs is reduced more than
1000 fold when compared with those infected with wild type M. tuberculosis. The
AmctB mutant is also significantly impaired in dissemination from the lung to the
draining lymph nodes compared with the wild type strain, but it is not affected in its
ability to disseminate from the lung to the spleen [80]. In BALB/c mice model, 10-
fold fewer AmctB than wild type bacteria were counted in lung homogenates after
20 days post-infection. Moreover, the survival of AmctB strain was severely
compromised when mice were fed with copper [80]. In this condition, the mutant
exhibited a 100-fold decrease in cells counts compared to the wild type strain. The
description of MctB as a factor required for virulence of Mycobacterium in mice
could explain why the deficiency of the metallothionein MymT does not impair M.
tuberculosis virulence [50]. In fact, the contribution of MymT to the bacterial Cu-
detoxification inside the eukaryotic cell could be masked by the presence of MctB,
which continuously pump copper out of the bacterial cytoplasm [50].

1.7.3 Other Pathogens

Copper has been shown to influence the virulence of other bacteria as well. In
P. aeruginosa, virulence in mice is severely decreased (20 fold) by mutations in the
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copper exporter CueA [108]. A mutation in the gene coding for this pump also
compromises the fitness of P. fluorescence in plant rhizosphere [109]. In Legionella
pneumophila, the expression of genes coding for two putative copper efflux
transporters, CopAl and CopA2, are induced upon phagocytosis by macrophages
[110]. Nevertheless, deletion of the island containing these copper efflux coding
genes does not affect survival within macrophages or amoebas.

Mutations in the gene encoding the Pg-type ATPase CtpA of L. monocytogenes
impair survival in mice tissues, although no differences were observed in intra-
cellular growth in J774 and HeLa cell lines [111]. Interestingly, deletion of CopA,
encoding another Cu transporting ATPase (Imo1872, different from ctpA) does not
affect the virulence in mice [70]. It was argued that this bacterium rapidly escapes
from eukaryotic vesicles and the metal rise inside the vesicles could not affect
bacterial survival. Alternatively, this could be explained because of the redundancy
of the copper resistance factors, as in Salmonella. Besides copA and ctpA, there are
other loci in Listeria coding for heavy-metal transporting ATPases such as Imo0642
and cadA that could also contribute to Cu efflux [112]. Copper resistance is
important for S. pneumoniae virulence as well. It has been reported that the survival
of mice infected intranasally with a copA mutant is severely impaired when com-
pared to that infected with the wild type D39 strain [63]. Moreover, the growth of
pneumococci copA mutants in the nasopharynx is also compromised at 12, 24 and
36 h post infection. Further studies combining mutants in the copper resistance
factors would be necessary to clarify the copper-mediated killing of Listeria and
Streptococcus in a host model.

1.8 Concluding Remarks

The role of Cu as an external microbicide is well known, as it is its capability to
control infections in plants and animals. In fact, Cu has been used in healthcare and
to improve crops for thousands of years [113]. Moreover, patients that have Cu
deficiency disorders or animals subjected to a Cu deficient diet are highly prone to
microbial infections [114]. The evidences accumulated in the last years indicated
that copper can restrict bacterial growth during infection cycle, particularly of
pathogens like Salmonella and Mycobacterium that undergo intracellular survival
and replication cycles inside phagolysosomal compartments. However, more basic
research is still needed to understand the direct function of copper against these and
other pathogens. For example, the transcriptional profile of Salmonella in the
presence of copper will uncover the whole set of copper-regulated genes involved
in virulence. Additionally, it urges to determine the fluctuation in copper levels
inside the Salmonella-containing vacuole (SCV), and to analyze the effects of
combining different mutants in genes belonging to CueR and GolS regulon on both
cellular and systemic virulence phenotypes. In Mycobacterium, there are still many
copper regulated genes not characterized or tested in virulence. Furthermore, the
results already obtained with mutants in copper transporters genes promise a fertile
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future for this field. These findings will also open novel fields in antimicrobial
compound research. For example, the membrane-permeable bis-thiosemicarbazones
ATSM and GTSM were tested in vitro as potential anti-M. tuberculosis drugs that
exploit the bactericidal properties of copper ions [115]. Some copper binding drugs
are already used to treat alcohol dependence (disulfiram) and Wilson’s disease
(penicillamine) [116], and could be adapted to infection treatments. Also, innova-
tive research is focus on copper binding as anticancer and anti-HIV drugs, and this
could be extended to novel antibiotic development.
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Chapter 2
Shewanella oneidensis and Extracellular
Electron Transfer to Metal Oxides

Daad Saffarini, Ken Brockman, Alex Beliaev, Rachida Bouhenni
and Sheetal Shirodkar

Abstract Anaerobic metal reduction by bacteria plays an important role in bio-
geochemical cycles, bioremediation, and in biotechnological applications such as
electricity generation. Shewanella oneidensis is one of the best-studied metal
reducing bacteria and its analysis led to the identification of the mechanisms this
bacterium uses for respiratory metal reduction. The major proteins involved in
metal reduction in S. oneidensis consist of an outer membrane decaheme c-type
cytochrome (MtrC), an outer membrane porin (MtrB) and a periplasmic decaheme
c-type cytochrome (MtrA). These proteins form a complex that is located on the
outer cell surface and transfers electrons extracellularly to the metal oxides.
Although other proteins, such as the outer membrane decaheme c-type cytochrome
OmcA, are thought to be involved in metal reduction, their role in this process
appears to be minor. Several mechanisms to explain the extracellular electron
transfer to metal oxides have been proposed. These include direct contact of cells
with metal oxides, the use of flavins or electron shuttles, and the use of conductive
appendages or nanowires. Flavins, which are thought to allow metal reduction at a
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distance from the cells, have been shown to function as cofactors that bind to the
outer membrane cytochromes and mediate electron transfer. Conductive append-
ages or pili, also known as nanowires, have been implicated in mediating electron
transfer at a distance. However, S. oneidensis mutants that lack pili are able to
reduce metals similar to the wild type. Recently, these appendages have been shown
to consist of membrane extensions and membrane vesicles. Thus, metal reduction
by S. oneidensis appears to be mostly the result of direct contact of cell’s outer
membrane cytochromes with the insoluble metal oxides.

Keywords Metal reduction - Shewanella oneidensis - Extracellular electron
transfer - Electron shuttles - Nanowires « MtrC - MtrA - MtrB

2.1 Introduction

Iron is an essential micronutrient for almost all living organisms and is one of the
most abundant elements on earth. In nature, iron exists in either reduced (Fe+2) or
oxidized (Fe™) forms with speciation determined by key environmental variables
such as dissolved oxygen tension and pH. Microorganisms are major contributors to
cycling of iron between the oxidized and reduced forms, a process that has become
known as the microbial “ferrous wheel” (see [31, 49, 103] and references within).
Bacteria and Archaea can use reduced iron as an electron source in aerobic,
anaerobic, and acidic environments. As a result, Fe(Il) is oxidized to Fe(III), which
can then be used by metal reducing bacteria as a terminal electron acceptor for
anaerobic respiration. The two best-studied metal reducing bacteria, Shewanella
oneidensis and Geobacter metallireducens, were almost simultaneously isolated in
pure culture in 1988 [54, 70]. Since then, many other metal reducing bacterial and
archaeal species capable of respiratory metal reduction have been isolated and
identified. These include facultative anaerobic bacteria such S. putrefaciens, S.
loihica, Pantoea agglomerans, and Thermus strain SA-01 [35, 36, 48, 76], anaer-
obic bacteria such as G. metallireducens (reviewed in [53]) and Ferribacterium
limneticum [22, 23], and anaerobic archaea such as Geoglobus ahangari [47].
Since the isolation of these organisms, our understanding of the molecular mech-
anisms of metal reduction, its involvement in biogeochemical cycles, and its
potential use in bioremediation and electricity production, has increased exponen-
tially. In this chapter, we focus on S. oneidensis MR-1 and discuss the molecular
mechanisms this bacterium uses to transfer electrons extracellularly to metal oxides.
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2.2 The Shewanella Genus

Members of the genus Shewanella are Gram-negative y-Proteobacteria. They are
widespread in diverse environments that include freshwater and marine sediments
and water columns, crude oil pipelines, hydrothermal vents, iron-rich microbial
mats, activated sludge, and marine fish ([36, 93, 113] for review). Although some
Shewanella species were recovered from freshwater environments, these isolates
are thought to be of marine origin and their presence in freshwater systems is
predicted to be recent [43]. The Shewanella genus is best known for extracellular
electron transfer and, with the exception of S. denitrificans, all species sequenced to
date have the genes required for this process. The DOE Joint Genome Institute site
(http://img.jgi.doe.gov/cgi-bin/w/main.cgi) includes the genome sequences of 36
Shewanella species, 23 of which are complete. Analysis of these genomes provided
insight into the environmental adaptation and evolution of the Shewanella species
and revealed diverse metabolic abilities among its members [36].

2.2.1 Shewanella oneidensis MR-1

S. oneidensis MR-1 is one of the best characterized members of the Shewanella
genus and the first to have its genome sequenced [44]. It was initially isolated as a
Mn(IV) reducer from Oneida Lake sediments and identified as Altermonas putre-
faciens [70] before being classified as Shewanella oneidensis [106]. S. oneidensis
MR-1 uses fermentation products as carbon and/or energy sources and has a well-
developed chitin utilization system [76, 114]. Metabolically, it is the most diverse
of the Shewanella species with regard to the electron acceptors it can use for
respiration which include O,, fumarate, NO; , NO, , trimethylamine N-oxide
(TMAO), dimethylsulfoxide (DMSO), iron and manganese oxides, and sulfur
species such as elemental sulfur and sulfite [25, 36, 67, 70, 76, 102]. Radionuclides
and toxic metals such as Tc, U, Cr, can also serve as electron acceptors [6, 52, 59,
60, 73, 75, 76]. Forty-one c¢ cytochromes are encoded by the S. oneidensis MR-1
genome [44, 89, 104], reflecting its ability to use a wide array of electron acceptors.

The central metal reductase complex in S. oneidensis MR-1 is composed of three
subunits, MtrB, MtrC, and MtrA. These proteins are encoded by the mtrCAB
operon that is expressed under microaerobic and anaerobic conditions, even in the
absence of metal electron acceptors. Contrary to expectations, the expression of
mtrCAB is highest in the presence of fumarate and not in the presence of metal
oxides [4, 5]. Although these genes are required for metal reduction, their
expression is decreased when fumarate-grown cells are transferred to media con-
taining metal oxides [5]. Elevated gene expression under fumarate-growth condi-
tions was also observed for cymA and omcA [4, 5] that have roles in metal reduction
as described in more detail below. Expression of mtrCAB and omcA is controlled by
the cAMP receptor protein CRP [17, 92]. This protein regulates the expression of
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many anaerobic reductase genes in S. oneidensis MR-1, unlike its role in the
regulation of carbon metabolism in other bacteria. The role of CRP in anaerobic
respiration is not limited to S. oneidensis MR-1. A similar mode of regulation has
been shown in Shewanella sp ANA-3 [68] suggesting that this may be a property of
the Shewanella genus.

2.3 The S. oneidensis MR-1 Metal Reduction Electron
Transport Chain

2.3.1 CymA Links the Metal Reductase to the Menaquinol
Pool

CymA is a 21 kDa membrane-anchored c-type cytochrome that belongs to the
NapC/NirT family of quinol dehydrogenases [74, 97]. In contrast to its family
members, CymA lacks specificity and is involved in electron transfer to multiple
terminal reductases [69, 74]. CymA-dependent reductases, which include the
nitrate, nitrite, DMSO, Fe(Ill), and fumarate reductases, appear to be located in the
periplasm or outer membrane of S. oneidensis MR-1 [21, 37, 40, 41, 51, 66, 72, 74,
96]. In contrast, CymA is not involved in electron transfer to inner membrane-
anchored enzymes such as the TMAQ, thiosulfate, and sulfite reductases [8, 16, 25,
38, 102].

CymaA is tetraheme ¢ cytochrome that binds one high-spin and three low-spin
hemes [58]. It is a menaquinol-7 dehydrogenase and its activity is inhibited by the
respiratory chain inhibitor 2-n-heptyl-4-hydroxyquinoline-N-oxide (HQNO) and by
site directed mutagenesis of the putative quinol-binding site [26, 63, 74, 116].
Interestingly, increased expression of SirCD, which is predicted to function as a
quinol oxidoreductase during sulfite reduction in S. oneidensis [102], can com-
plement an S. oneidensis MR-1 cymA mutant and allow reduction of Fe(IIl) and
other electron acceptors [19].

Notably, the location of CymA in the inner membrane does not appear to be
essential for its interaction with the menaquinol pool. A soluble CymA that lacks
the membrane-spanning domain (the first 35 amino acids of the protein) can
complement a cymA mutant [96]. Because CymA is thought to interact with
menaquinones in the cytoplasmic membrane, it is not clear how it can still function
in the absence of its membrane anchor. Zagar and Saltikov suggested that additional
sites in CymA could interact with the inner membrane and allow further interactions
with the quinol pool [116].
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2.3.2 MtrA: A Periplasmic Decaheme ¢ Cytochrome

MtrA is a 32 kDa decaheme c-type cytochrome that has been shown to be essential
for metal reduction in S. oneidensis MR-1 and Shewanella sp. ANA-3 [3, 87]. The
sequence of MtrA includes a leader peptide and its secretion into the periplasmic
space was confirmed by heme staining and Western blot analysis using MtrA-
specific antibodies [3, 87]. In cells lysed by osmotic shock, the protein is present
mostly in the outer membrane and is associated with MtrCB with a 1:1:1 stoi-
cheometry [13, 91]. MtrA binds 10 low-spin hemes, and has a low amino acid to
heme ratio compared to other heme-containing proteins [32, 84]. Based on small-
angle X-ray scattering and analytical centrifugation data, MtrA is estimated to be a
monomeric protein of 104 A in length [32]. Using a bacterial two-hybrid system,
Borloo et al. [9] determined that MtrA interacts with CymA supporting the
hypothesis that CymA transfers electrons directly to the terminal metal reductase.
This interaction, however, appears to be transient and CymA is able to reduce MtrA
in vitro without the formation of a CymA-MtrC complex [33]. In addition to its role
in electron transfer, MtrA appears to be required for stability of the outer membrane
porin MtrB [94].

2.3.3 MtrB: An Outer Membrane Porin

MtrB is an outer membrane protein that is essential for metal reduction [2, 20] but is
the least studied of the metal reductase components. Computer analysis using
PRED-TMBB and proteinase K digestion of MtrB-containing proteoliposomes
predicted MtrB to have 28 B-strands that form the transmembrane B-barrel, peri-
plasmic N-terminus and short loops, and 14 long loops exposed on the exterior cell
surface [109]. Based on this model, MtrB forms a pore of 30-40 A in diameter that
can easily fit MtrA [32, 109]. The N-terminus of MtrB from S. oneidensis MR-1
and metal reducing Shewanella and Ferrimonas species contains a conserved
CXXC motif that appears to be important for metal reduction [108]. Substitution of
the first cysteine in the S. oneidensis MR-1 CXXC motif, C42, with an alanine,
results in complete loss of metal reduction [108]. Substitution of both cysteine
residues in this motif with serines also led to complete loss of metal reduction, and
the mutagenized MtrB was not detected in Western blots, likely due to degradation.
These results suggest that the N-terminus CXXC motif is important for stability of
MtrB (Saffarini and Beliaev, unpublished results).
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2.3.4 MtrC: An Outer Membrane Decaheme c-type
Cytochrome

MtrC was first identified in 2001 as a major contributor to metal reduction [3] and it
is the most studied component of the metal reductase. It is a decaheme c-type
cytochrome located on the outer surface of S. oneidensis MR-1 cells and it transfers
electrons directly to metal oxides and electrodes of microbial fuel cells [11, 12, 91,
110]. The external location of MtrC on the cell surface was determined by pro-
teinase K treatment of whole cells or MtrC-containing liposomes and by atomic
force microscopy [10, 56, 109]. MtrC is a lipoprotein [71] with a conserved N-
terminal sequence (CGGS) found in MtrC proteins from other Shewanella species.
The cysteine acts as the lipid attachment site and its replacement with a serine leads
to accumulation of soluble MtrC in the culture supernatant [100] (Shirodkar and
Saffarini, unpublished). Targeting MtrC to the outer cell surface requires the Type II
secretion system, and mutants deficient in this system completely lose the ability to
reduce metals [10]. MtrC is predicted to be a monomeric protein [42] with a
uniform distribution on the surface of S. oneidensis MR-1 cells [56]. It also appears
to have a slow turnover rate and is relatively insensitive to oxygen [I11].
Biochemical analyses of MtrC indicate that it binds 10 low-spin hemes that are
reduced within a potential window of +100 to —400 mV [42]. The crystal structure
of MtrC has not been resolved, but a model was generated based on the structure of
MtrF, an outer membrane decaheme c-type cytochrome described in more detail
below. Based on this model, MtrC is predicted to have two domains with the hemes
arranged in a staggered cross motif and in close proximity to each other thus
facilitating electron transfer [27].

2.3.5 The Outer Membrane Cytochromes OmcA and MtrF

In addition to MtrC, the S. oneidensis MR-1 genome encodes two decaheme c-type
cytochromes designated OmcA and MtrF. These proteins exhibit similarity to MtrC
and their genes are located upstream of the mtrCAB operon. The participation of
MtrF and OmcA in metal reduction has been extensively investigated and the
results indicate that although both proteins are capable of metal reduction, their
contribution to respiratory growth with Fe(IIl) appears to be minor. Mutants that
lack MtrC exhibit a 75 % decrease in Fe(IIl) reduction compared to the wild type,
suggesting that the residual activity is due to other outer membrane cytochromes.
The contribution of OmcA and MtrF to metal reduction was determined using
mutants that lack these genes. Deletion of m#rF or omcA did not result in a sig-
nificant reduction in the mutants’ ability to use metal oxides as electron acceptors.
The role of MtrF and OmcA, however, became more evident in mutants that also
lacked mtrC. Double (AmirCAomcA) and triple (AmtrCAomcAAmirF) were com-
pletely deficient in metal reduction [20] indicating that the residual metal reductase
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activity observed in m#rC mutants is due to the activity of OmcA, MtrF, or both.
Interestingly, deletion of either omcA or omcA and mtrF in a AmtrC background
gave comparable results with regard to metal reduction [20]. If MtrF contributes to
metal reduction in vivo, one would expect the triple mutant to be more deficient in
metal reduction than the AmtrCAomcA mutant. These results suggest that OmcA
plays a bigger role than MtrF in metal reduction, perhaps accounting for the
majority of the residual reductase activity observed in the Am#rC mutants. To
further investigate the roles of OmcA and MtrF in metal reduction, mutants that
lack all outer membrane c-type cytochromes were generated and transformed with
medium to high copy-number plasmids carrying either omcA or mtrF. Introduction
of omcA into these mutants did not restore metal reduction, in contrast to com-
plementation with mzrF that allowed the mutant to reduce iron oxides to wild type
levels [15, 20]. These results are surprising because MtrF is not known to play a
significant role in metal reduction compared to OmcA. The inability of OmcA to
restore metal reduction in the mutant was attributed to the absence of MtrC that is
thought to transfer electrons to OmcA [15].

Purified OmcA has one high-spin and 9 low-spin hemes and can strongly bind to
and reduce hematite and ferrihydrite [7, 46, 55, 64, 112]. It attaches to hematite in a
confirmation that allows direct electron transfer through maximum contact with the
metal [46]. OmcA also strongly interacts with MtrC to form a tight complex, and this
interaction is thought to enhance metal reduction [64, 91, 99]. MtrF is predicted be a
component of the MtrDEF complex that is similar to MtrCAB, but is postulated to
have a function distinct from other outer membrane c-type cytochromes [82]. The
mtrDEF genes are highly expressed in cell aggregates in response to calcium and it is
suggested that MtrDEF play a role in detoxification or reduction of radionuclides
under aerobic conditions [62]. The structures of OmcA and MtrF were recently
determined at 2.7 and 3.2 A respectively [18, 29]. Although these proteins share low
sequence identity (25 %), their basic structure and heme arrangement appear to be
similar. In both proteins, hemes are arranged in two chains that intersect and form a
staggered cross motif. Each heme is within 7 A from its nearest neighbor thus
allowing rapid electron transfer between hemes [18, 29].

Although the genomes of several Shewanella species contain omcA and mtrF,
others lack these genes despite the fact that these species are able to reduce metals
similar to S. oneidensis MR-1 [36]. Examples include S. putrefaciens W-3-18-1 and
Shewanella sp. strain HRCR-6 that express, in addition to MtrC, an outer mem-
brane c-type cytochrome designated UndA. This protein is an 11-heme c-type
cytochrome that appears to play a role in metal reduction, can partially restore Fe
(II) reductase activity to an S. oneidensis MR-1 AmtrCAomcA mutant, and appears
to have uranium (VI) reductase activity [98, 115]. The crystal structure of UndA
from strain HRCR-6 was recently determined at 1.67 A [28]. Despite the differences
in the number of heme ¢ groups that each protein binds, a comparison of UndA and
MutF structures indicated they share a conserved 10 heme staggered cross motif
[28], similar to OmcA and possibly MtrC.
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2.4 Electron Shuttles and Microbial Nanowires

There has been much debate as to whether S. oneidensis MR-1 reduces metals
directly through contact of the reductase with the metal oxides or through inter-
mediates such as electron shuttles and nanowires. Electron shuttles are soluble
redox-active molecules that can mediate electron transfer between the cell surface
and metal oxides or electrodes. The role of electron shuttles in metal reduction
gained interest following the report by Newman and Kolter [77] who documented
the potential involvement of excreted quinones in extracellular electron transfer
[77]. In 2008, two groups identified riboflavin and flavin mononucleotide (FMN) as
the electron shuttling molecules in S. oneidensis MR-1 and other Shewanella
species [61, 107]. Although flavin secretion is thought to be important for metal
reduction, which occurs under anaerobic conditions, flavin concentrations were
similar in supernatants of aerobic and anaerobic cultures [107]. All 23 sequenced
Shewanella species have the genes for riboflavin biosynthesis, including S. deni-
trificans that secretes flavins but does not reduce metals [14]. Flavins have been
shown to accelerate electron transfer to metals oxides and are thought to allow
greater access to these electron acceptors [1, 18, 50, 61, 107]. Kotloski and Gralnick
isolated a mutant that lacks the bacterial FAD exporter (Bfe; SO_0702) and
determined that this protein is involved in flavin secretion [50]. The bfe mutant was
severely impaired in ferrihydrite reduction but was able to reduce ferric citrate
similar to the wild type. Based on their results, the authors suggested that flavins
account for 75 % of insoluble metal reduction activity under their laboratory
conditions, while the rest is due to direct contact of cells with metal oxides [50].
The slower rate of metal reduction in the absence of flavins led to the hypothesis
that the activity of MtrC and OmcA results in a bottleneck in the electron transfer
pathway that is relieved by redox active molecules such as flavins [1, 90]. Recently
however, Okamoto and colleagues demonstrated that acceleration of electron
transfer by free flavins is not energetically favorable [78]. Rather, flavins associate
directly with outer membrane ¢ cytochromes as semiquinone cofactors that mediate
one-electron transfer reactions [78, 79]. A similar mechanism appears to operate in
the anaerobic metal reducer Geobacter sulfurreducens [80, 81]. Flavin binding to
MtrC and OmcA exhibits specificity where FMN binds to MtrC and riboflavin
associates with OmcA [78, 79].

In addition to flavins, metal reducing bacteria are thought to use appendages,
called nanowires, to transfer electrons to metal oxides and electrodes of microbial
fuel cells at a distance. In S. oneidensis MR-1 cells grown under limited oxygen
conditions, electrically conductive appendages, or nanowires, were detected using
scanning tunneling microscopy and tunneling spectroscopy [39]. Mutants that lack
outer membrane c-type cytochromes, and therefore are deficient in metal reduction,
produced non-conductive nanowires [30, 39]. Electrically conductive nanowires
were also identified in the metal reducer G. sulfurreducens [86]. In this bacterium,
PilA, the major component of type IV pili, was found to be electrically conductive,
and its loss resulted in loss of iron oxide reduction [86]. Aromatic amino acids in
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the G. sulfurreducens PilA C-terminus appear to be important for PilA function,
and their substitution with other amino acids decreases conductivity and metal
reduction [105]. S. oneidensis MR-1 expresses two types of pili, Type IV and Msh,
on its cell surface [11]. To determine the role of these appendages in metal
reduction and electricity production, we generated mutants that are deficient in type
IV and Msh pili biogenesis (Fig. 2.1a). The mutants were able to reduce metal
oxides similar to the wild type (Fig. 2.1b) and generate electricity in microbial fuel
cells [11], suggesting that unlike G. sulfurreducens pili, the S. oneidensis MR-1 pili
are not involved in long-range extracellular electron transfer. Recently, the nature of
the conductive appendages or nanowires in S. oneidensis MR-1 was revealed [83].
Pirbadian and colleagues were able to show in real time the formation of S.
oneidensis MR-1 nanowires. Using immuno-fluorescence imaging, the authors
were able to monitor the formation of the nanowires and show that they are
extensions, or vesicles, of the outer membrane and periplasm [83]. These vesicles
would be expected, therefore, to contain outer membrane c-type cytochromes that
are capable of extracellular electron transfer.

2.5 Extracellular Electron Transfer by S. oneidensis MR-1

The localization of the metal reductase in the outer membrane of S. oneidensis MR-
1 cells with exposure to the extracellular environment requires electron transfer
from the inner membrane, through the periplasmic space and outer membrane, and
finally to the extracellular electron acceptor. Following the identification of the
MtrCAB proteins, a simple model that describes this electron transport chain was
proposed [3]. Since then, a wealth of data elucidated protein-protein interactions,
protein localization and structure, and provided a more detailed and refined model
of the mechanism by which S. ondeidensis MR-1 transfers electrons extracellularly
to metal oxides. Five proteins have been confirmed through biochemical and
genetic analyses to be involved in metal reduction. These consist of MtrB, MtrC,
OmcA, MtrA, and CymA (Fig. 2.2). The core metal reductase components consist
of MtrCAB. These proteins confer metal reductase activity on E. coli [45] and are
sufficient to account for physiological levels of metal reduction in S. oneidensis
MR-1 [109]. MtrA is a periplasmic protein that forms tight interactions with MtrB
and MtrC [91] and is embedded within MtrB forming a “porin cytochrome”
electron transfer module [88]. MtrC is exposed on the outer cell surface, and
presumably interacts with MtrA within the MtrB pore. Our understanding of the
interactions between MtrA and MtrC within the porin cytochrome model is suffi-
cient to explain electron transfer from MtrA to MtrC and subsequently to extra-
cellular electron acceptors.

OmcA, similar to MtrC, is a decaheme c-type cytochrome that is exposed on the
cell surface and requires the type II secretion system to reach its final destination.
Analysis of OmcA crystals suggests that the protein forms a dimer in the outer
membrane [29], and cross-linking experiments identified an MtrC/OmcA complex
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Fig. 2.1 Role of S. oneidensis MR-1 pili in metal reduction. a Scanning electron micrograph of S.
oneidensis MR-1 (left panel) and ApilAmsh mutant that lacks the type IV and Msh pili biogenesis
systems (right panel). Flagella and pili are indicated. White bar = 1 pm. b Iron oxide reduction by
S. oneidensis MR-1 and mutants strains. In contrast to the mutant that lacks MtrC and OmcA,
mutants deficient in type IV or Msh pili biogenesis (Apil and Amsh) reduced iron oxide similar to
the wild type (see [11] for more details)
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MirD

Fig. 2.2 Model of the S. oneidensis MR-1 electron transport chain that leads to extracellular metal
reduction. CymA is predicted to be a dimer and a quinol oxidoreductase that transfers electrons
from the inner membrane to MtrA. It is not clear at present if an intermediate electron carrier links
CymA with the decaheme periplasmic proteins MtrA. The core metal reductase complex consists
of MtrABC, where MtrC is exposed on the cell surface and MtrA is embedded in the MtrB pore
and transfers electrons from the periplasm to MtrC. OmcA participates in metal reduction and is
predicted to be a dimer. MtrDEEF is a second outer membrane complex that is similar to MtrCAB,
but its function in metal reduction is not clear (see text for more detail)

in a 2:1 ratio [29, 112, 117] in support of the oligomeric state of OmcA. Although
OmcA reduces metal oxides, this reduction does not appear to contribute to bac-
terial growth in contrast to metal reduction by MtrC [65]. OmcA is thought to
receive its electrons from reduced MtrC [99], yet m#rC mutants can still carry out
metal reduction. This discrepancy can be explained by two possibilities. OmcA may
be reduced by MtrA and not MtrC in vivo, or a yet to be identified electron carrier is
responsible for reducing OmcA in the absence of MtrC. Although the mechanisms
that lead to OmcA reduction warrant further investigation, it is clear that MtrC and
OmcA participate in extracellular electron transfer to metal oxides and electrodes of
microbial fuel cells.

CymA, a membrane anchored c-type cytochrome, is the only confirmed link to
date between the menaquinol pool and the metal reductase MtrCAB. CymA, as
mentioned above, is a menaquinol oxidase predicted to form a homodimer [9, 58]
and is anchored to the inner membrane facing the periplasm (Fig. 2.2). Use of a
bacterial two-hybrid system provided evidence for the interaction of CymA with
MtrA [9]. This interaction appears to be transient and leads to MtrA reduction [33].
Direct electron transfer, however, from CymA in the inner membrane to MtrA that
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is part of an outer membrane-embedded complex has been debated given the
dimensions of proteins involved and the distance that separates them. Small-angle
X-ray scattering data estimated MtrA to be an elongated monomer of 10.4 nm in
length that fits within the MtrB pore [32]. The distance between the periplasmic side
of the inner membrane and the outer surface of the outer membrane is estimated to
be roughly 28-30 nm [24, 101]. Given that reduction of insoluble electron
acceptors (i.e., metal oxides) occurs on the outer cell surface, electron carriers must
traverse the periplasmic space and the outer membrane (28 nm) to deliver electrons
to MtrC and/or OmcA. If MtrA protrudes into the periplasmic space but forms a
tight complex with MtrCB, then the gap between CymA and MtrA is too wide to
allow direct electron transfer between the two proteins. The organization of the
MtrCAB complex in the membrane is crucial to our understanding of how electrons
are transferred from CymA to MtrA. Is MtrA completely embedded in the MtrB
pore, or does it protrude enough into the periplasm to allow interactions with
CymA? Does the confirmation of the MtrCAB complex change when it interacts
with electron acceptors allowing better CymA/MtrA interactions? Is there an
unidentified electron carrier that can bridge the gap between CymA and MtrA? We
currently do not have answers to these questions, but the possibility of an inter-
mediate electron carrier exists and two c-type cytochromes, FccA and STC, have
been proposed to serve as intermediates that transfer electron from CymA to MtrC.
Strong evidence, however, to support the involvement of these proteins in metal
reduction is lacking. FccA is a flavocytochrome ¢ with confirmed fumarate
reductase activity [51, 57, 92], whereas STC is a small tetraheme c-type cytochrome
that appears to bind chelated Fe(Ill) in vitro but its function in vivo has not been
determined [85, 104]. Experiments with bacterial two-hybrid systems suggested
that FccA and STC interact with MtrA, but interactions between STC and CymA
were not detected [9]. In contrast, using NMR spectroscopy, Fonseca et al. [34]
suggested that FccA and STC transiently interact with CymA and MtrA thus acting
as the bridge in the periplasmic electron transfer to the OM. This finding would
predict that mutants deficient in STC or FccA are impaired in metal reduction. In
contrast to this notion, deletion of ccfA that encodes STC does not affect the ability
of S. oneidensis MR-1 cells to reduce metals [12]. Furthermore, deletion of fccA
leads to increased metal reductase activity [95]. These findings led Fonseca et al.
[34] to predict that STC and FccA have redundant functions. In the absence of
double mutants that lack metal reductase activity, we cannot conclude that either
STC or FccA participate in electron transfer to MtrA.

2.6 Concluding Remarks

Since the isolation of S. oneidensis and G. metallireducens in pure culture in 1988,
intensive investigation and a wealth of data provided in depth insight into the
physiology, biochemistry, and genetics of dissimilatory metal reducing bacteria. S.
oneidensis is a model organism for studying metal reduction, and in this chapter we
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focused mainly on the key components used by this organism to enable extracel-
lular respiration. Unlike other respiratory pathways, the metal reducing electron
transport chain extends from the inner membrane to the outer cell surface in a
process that has become known as extracellular electron transfer. Several mecha-
nisms have been proposed to explain this process in S. oneidensis and other bac-
teria. These include (i) conductive nanowires, (ii) production of soluble
extracellular electron shuttles, and (iii) direct contact of bacterial cells with the
insoluble metals. Conductive extracellular appendages, or nanowires, have been
shown recently to be outer membrane vesicles that would contain metal reductase
components. The commonly used term of nanowires to describe these vesicles does
not accurately reflect the nature of these structures. Once these vesicles separate
from the cell, and without a continuous source of electrons from the cytoplasm, they
will be incapable of extracellular electron transfer. Flavin electron shuttles, that
were thought to allow access to metal oxides at a distance, function as cofactors that
bind to the outer membrane cytochromes and mediate electron transfer. Thus it
appears that S. oneidensis reduces metal oxides and electrodes of microbial fuel
cells mostly by direct contact. In spite of several major breakthroughs described in
this review, gaps in our understanding of the metal reduction pathway still exist.
The precise molecular structures of the periplasmic and outer membrane electron
transport complexes as well as the biogenesis of the metal reductase complex will
be crucial to further our understanding of extracellular electron transport. It is
noteworthy that extracellular electron transfer is not unique to S. oneidensis and is
prevalent in bacterial and archaeal species. Understanding the mechanisms that
underlie this process not only sheds light on an unusual yet widespread and
environmentally significant microbial activity, it also allows us to better design and
use these microorganisms in a variety of applications that range from bioremedi-
ation of contaminated subsurface environments to electricity and biofuel
production.
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Chapter 3
Collection and Enrichment of Magnetotactic
Bacteria from the Environment

Zachery Oestreicher, Steven K. Lower, Dennis A. Bazylinski
and Brian H. Lower

Abstract We describe a relatively inexpensive and effective method for collecting
magnetotactic bacteria (MTB) from the field. This protocol relies on the use of
simple magnets. A clear plastic container can be used to collect sediment and water
from a natural source, such as a freshwater pond. In the Northern hemisphere, the
south end of a bar magnet is placed against the outside of the container just above
the sediment at the sediment-water interface. After some time, the bacteria can be
removed from the inside of the container near the magnet with a pipette and then
enriched further by using a capillary racetrack and a magnet. In the racetrack, a
sterile cotton plug is used to separate magnetic versus non-magnetic cells as the
MTB swim through the cotton towards a magnet placed at the opposite end of the
racetrack. Once enriched, the presence of MTB can be confirmed by using the
hanging drop method and a light microscope to observe MTB swimming in
response to the north or south end of a bar magnet. Higher resolution can be
obtained by depositing a drop of enriched MTB onto a copper grid and observing
the microorganisms with transmission electron microscopy (TEM). Using this
method, isolated MTB may be studied microscopically to determine characteristics
such as swimming behavior, type and number of flagella, cell morphology, shape of
the magnetic crystals, number of magnetosomes, number of magnetosome chains in
each cell, composition of the crystals, and presence of intracellular vacuoles.
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3.1 Introduction

Magnetotactic bacteria (MTB) are aquatic microorganisms that were first notably
described in 1975 from sediment samples collected in salt marshes of Massachusetts
(USA) [13]. Since then MTB have been discovered in stratified water and sediment
columns from all over the world [14]. One feature common to all MTB is that they
contain magnetosomes, which are intracellular, membrane-bound magnetic nano-
crystals of magnetite (Fe;0,), greigite (FeSQy), or both [7, 36, 42]. In the Northern
hemisphere, MTB are typically attracted to the south end of a bar magnet, while in
the Southern hemisphere they are usually attracted to the north end of a magnet
[7, 58]. This property can be exploited when trying to isolate MTB from environ-
mental samples [48].

The chemical composition, size and morphology of the mineral crystals are
under strict control within the magnetosomes [7, 37, 42]. In addition, the
arrangement of the magnetosomes within the bacterium is precisely controlled in
MTB [7, 37, 42]. These are characteristics of biologically controlled mineralization,
as opposed to biologically induced mineralization, where several key steps are
under genetic control [5, 9, 12, 35, 42]. Based on the oldest so-called magneto-
fossils [15, 32, 43, 49, 65], magnetosomes synthesis likely represents the first
example of biologically controlled mineralization on Earth [55].

MTB are either obligate microaerophiles or microaerophiles that are faculta-
tively anaerobic or obligate anaerobes. Magnetosomes are most often arranged as a
chain within the cell (Fig. 3.1), which cause the cell to passively orient and actively
swim along geomagnetic field lines [14, 20, 22, 27]. MTB behave, in effect, as
miniature, motile, living compass needles. The original hypothesis for the biolog-
ically adaptive value of magnetotaxis was that it enabled magnetotactic bacteria to
swim downward along geomagnetic field lines towards less-oxygenated regions of
the water column (or sediment) where oxygen and redox conditions, and perhaps
nutrient requirements, are most favorable [14, 18, 20, 22, 27, 42]. Recent discov-
eries that local molecular oxygen and/or hydrogen sulfide concentrations control
swimming direction of at least one MTB species [20] and regulate the biominer-
alization process [7], suggest the possibility that magnetite-producing MTB use
aerotaxis (chemotaxis in response to oxygen) in conjunction with magnetotaxis to
locate and maintain their optimal position within a water column or sediment [7, 20,
22, 25, 26, 62].

The mineral synthesized in the bacterial magnetosome appears to be species-
specific as bacteria usually biomineralize either iron oxide crystals of Fe;O4 or iron
sulfide crystals of Fes;S, [3, 4, 10-12, 45, 60, 61]. Rarely does a bacterium syn-
thesize both minerals, although there are some exceptions (e.g., see [4, 10, 38]).

Iron oxide magnetosomes consist of stoichiometric magnetite and recent evi-
dence suggests that magnetite forms through phase transformation from a highly
disordered phosphate-rich ferric hydroxide phase, consistent with prokaryotic
ferritins, through transient nanometric ferric (oxyhydr)oxide intermediates within
the magnetosome organelle [2]. In a magnetic and structural study of
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Fig. 3.1 Transmission electron microscope image of a magnetotactic bacterium isolated from the
wetland near the Olentangy River in Columbus, Ohio

magnetosomes of M. gryphiswaldense using a combination of iron K-edge X-ray
absorption near edge structure (XANES) and high-resolution TEM, two phases of
iron, ferrihydrite and magnetite, were identified and quantified [19] suggesting that
ferrihydrite is the source of iron ions for magnetite biomineralization in
Magnetospirillum gryphiswaldense. The magnetite biomineralization process is
thought to proceed in two steps: first, iron appears to accumulate in the form of
ferrihydrite; and second, magnetite rapidly biomineralizes from ferrihydrite.
XANES analysis suggests the origin of the ferrihydrite is bacterial ferritin cores
characterized by high phosphorus content and a poorly crystalline structure [19].
Magnetite magnetosome crystals are of high chemical purity with few impurities
[3, 11, 16, 64]. Iron sulfide magnetosomes contain greigite (Fe;S,) or a mixture of
greigite and non-magnetite iron sulfide mineral phases including mackinawite
(tetragonal FeS) or sphalerite-like, cubic FeS, which appear to be precursor phases
for greigite [51-53]. The morphology of Fe;O, and Fe;S, crystals varies from
species to species, but is highly conserved within the same bacterial species and in
one case, perhaps, within a genus (i.e., Magnetospirillum) [3, 10, 17]. Three
common crystal morphologies have been described in all MTB based on electron
microscopy of the crystal structures: (i) cuboctahedral [1, 31, 44], (ii) elongated
prismatic [8, 31, 47], and (iii) bullet-shaped [6, 10, 17, 36, 37, 63]. The size of
magnetosome crystals range from about 35 to 120 nm in diameter, and appears to
be under strict biological control as all magnetosome crystals, regardless of whether
they consist of magnetite or greigite, are single-domain magnets [10, 21, 30, 56].
Each species or strain exhibits a particular arrangement of magnetosomes within the
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cell usually in the form of a chain or chains that generally traverse the cell along its
long axis (Figs. 3.1 and 3.5) [4, 10, 45, 61].

In all cultured MTB, nano-magnetic particles are covered by a subcellular
structure called the magnetosome membrane [6, 35, 42]. In Magnetospirillum, it
originates as an invagination of the cytoplasmic membrane and is a stable lipid
bilayer 3—4 nm thick comprised of phospholipids, fatty acids, and proteins [1, 29].
As previously stated, magnetosomes contain single-domain Fe3;O4 (or FesS,)
crystals and are arranged in one or more chains that cause the cells to align along
the Earth’s geomagnetic field [21, 30, 45, 56]. The magnetic interactions between
the individual magnetosome crystals in the chain and a complex cytoskeleton
including filaments dedicated to the construction of the magnetosome chain [34, 59]
cause their magnetic dipole moments to orient head-to-tail along the length of the
chain. In doing so the total magnetic moment of the bacterium is the sum of the
permanent magnetic dipole moments of the individual magnetosome particles
[18, 28, 50, 54]. This results in the bacterium exhibiting magnetotaxis, the passive
alignment and active swimming of the cells along geomagnetic field lines.

The biosynthesis of magnetosomes involves several distinct steps including iron
uptake by the cell, magnetosome vesicle formation, iron transport into the mag-
netosome vesicle, and protein-mediated Fe;O,4 or Fe;S, biomineralization within
the magnetosome vesicle [6, 21, 23, 24]. A number of proteins located on or in the
magnetosome membrane have been isolated from MTB (Table 3.1). All proteins in
Table 3.1 are from magnetite-producing MTB because these strains, as opposed to
greigite-producers, are “relatively” easy to grow in pure culture. The so-called Mms
proteins (or their homologues; e.g., MamC, D, G) are particularly interesting
because they seem to be critical for the nucleation, growth and maturity of mag-
netite crystals (Table 3.1). These Mms proteins share similar features in their pri-
mary amino acid sequences. Each of the Mms proteins contains hydrophobic N-
terminus, which may serve as a transmembrane domain that anchors the proteins
into the lipid bilayer membrane of the magnetosome vesicle. Each Mms protein also

Table 3.1 Magnetosome proteins from M. magneticum AMB-1

Magnetosome protein Putative function

MamA, Mam22, Mam24 Scaffold proteins, coordinate assembly of protein
complexes

MamB, MamM, MamN, MamV Transport Fe into magnetosome, form
protein-protein complexes

MamC/Mms13, MamD/Mms7, Mineral nucleation, crystal-lization, mineral size

MamG/Mms5, Mms6 and shape

MamE, MamO, MamP Control arrangement of proteins within

magnetosome membrane

Maml, MamL, MamQ Magnetosome membrane invagination,
bilayer formation

MamJ, MamK Assembly of magnetosome chain

Homologous proteins from different MTB are separated by a slash (e.g., MamC is from
M. gryphiswaldense and Mms13 is from M. magneticun AMB-1)
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contains a hydrophilic C-terminal region consisting of several highly conserved
amino acids that have carboxyl and hydroxyl side groups. Regardless of whether
ferrihydrite is an intermediate in magnetite synthesis [19], it is believed that these
amino acids function as a template that controls the morphology of the nascent
Fe;0, crystals by inhibiting growth in one direction and/or promoting growth in
another.

3.2 Magnetotactic Bacteria Collection

When deciding on a freshwater site to collect magnetotactic bacteria (MTB), it is
often best to start with a pond or slow-moving stream that has a soft muddy
sediment layer. For this isolation protocol, we collected water-sediment samples
from a wetland near the campus of The Ohio State University (OSU) in Columbus,
Ohio (USA). The protocol described herein can be applied to virtually any aquatic
location. The materials used in this protocol can be found in Table 3.2.

Find a location where the depth of the water is between 10 and 100 cm. At such
a location, you should collect the upper-most layer of sediment using a clear, screw-
top container. Scoop the sediment and water into the container until it is filled with
one-third to one-half sediment and the remaining volume with water (Fig. 3.2a).
Keep the container submerged until it is filled with water and then tightly cap the
container with its screw-top lid. It’s not necessary to mix the sediment. Wipe the
outside of the container dry with a towel and then take the sample to your labo-
ratory. It is not necessary to rush the sample back to your laboratory. The MTB
should be viable for several weeks to months as long as you store the samples in a
cool, dark location with the cap loosened.

Once the sample is in your laboratory, loosen the cap but leave it covering the
container to reduce the amount of evaporation. Store the container at room tem-
perature in a dark room, drawer, or completely cover the container with aluminum
foil. Allow the sediment and fine particles to completely settle to the bottom of the
container by leaving the sample undisturbed for several hours to several days. It is
not necessary to mix the sediment, MTB prefer an undisturbed environment. The
clear walls of the plastic container will allow you to confirm that the particles have
settled to the bottom. Depending on your sample, MTB can remain alive in the
sample for many months.

3.3 Magnetotactic Bacteria Isolation

When you are ready to isolate the MTB, place magnets on the sides of the plastic
container approximately 1 cm above the sediment-water interface (Fig. 3.2). Be
careful not to disturb the sediment in the bottom of the container. Place the south
pole of a bar magnet on one side of the container and the north side of another bar
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Table 3.2 List of specific reagents and equipment used to isolate MTB and study the
microorganisms

Item name Company | Catalogue Comments
number

0.22 pm filter Fisher 09-719C

Scientific
1 mL syringe Fisher NC9788564

Scientific
Bar magnet Fisher S95957

Scientific
Container Any Any plastic or glass container that can hold

at least 0.5 L and can be sealed

Cotton Any
Cover slips Fisher 12-542B

Scientific
Diamond pen Fisher 08-675

Scientific

Formvar/Carbon Ted Pella | 01800
200 mesh, copper Inc.

grids
Glass Pasteur pipets | Fisher 13-678-6A
Scientific
Glass slides Fisher $95933
Scientific
Microcentrifuge Fisher 02-681-320
tubes Scientific
Microscope with Zeiss A 60x dry lens is not absolutely necessary,
60x dry lens but this gives a high NA without using oil
O-ring Hardware
store

Tecnai F20 S/TEM | FEI
Tecnai Spirit TEM | FEI

Uranyl acetate Ted Pella | 19481
Inc.

magnet on the opposite side (Fig. 3.2). Almost any magnet can be used, such as a
magnetic stir bar or large refrigerator magnet. Anything can be used to support the
magnets at the correct height above the sediment-water interface. We have found
that resting the magnets on the top of a cardboard or plastic box is best, however,
the magnets can also be taped to the outside of the plastic container. Wait 30 min to
several hours for the bacteria to swim to the magnet.

Use a sterile pipette to carefully collect the water from inside the container
(Fig. 3.2) near the position of the south pole of the bar magnet (for samples
collected in the Northern hemisphere). This water should contain the MTB that
have been attracted to the south pole of the bar magnet. Next, a capillary racetrack
should be used to further enrich the MTB.
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Fig. 3.2 A clear plastic bottle
(1-L) containing a sediment (@
and water sample collected
from the Olentangy River in
Columbus, Ohio (USA). The
bottle contains approximately
one-half sediment and one-
half water. The south end of a
magnet is placed
approximately 1 cm above the
sediment for up to several
hours (a). After removing
some of the fluid from near
the magnet on the inside the
container, it is placed inside
of a capillary racetrack where
the MTB swim through a
cotton plug (arrow) towards
the south end of a bar magnet
(b). A close up view of the
capillary racetrack showing
the sample, cotton, filtered
fluid, sealed end of the
capillary tube and south end
of a bar magnet (c) (b)

Sediment

Cotton Filtered water

i,

@

Bar magnet

3.4 Magnetotactic Bacteria Racetrack

In order to enrich your sample with MTB, a capillary racetrack is necessary
(Fig. 3.1b). These need to be made prior to isolating the cells from the clear-plastic
container. Use a 5.75 in. (146 mm) glass Pasteur pipette to make a racetrack. Use a
diamond pen or file to cut off the top of the pipette, the length of the pipette is not
crucial, but it should be able to contain approximately 1-2 mL of water. Next, use a
Bunsen burner to melt the tip so that it becomes sealed (Fig. 3.2b). The resulting
pipette should have an open end and a sealed end (Fig. 3.2b).
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Make several of these racetracks and then autoclave. Additionally, you will need
to autoclave cotton and several long metal needles. Add filtered sample water to the
tip of the racetrack by collecting liquid from the top of the sample shown in
Fig. 3.2a, to an autoclaved racetrack using a long metal needle attached to a filtered
syringe. The pore size of the filter should be 0.22 pum to eliminate debris and
contaminants from the water. It is important to be absolutely sure that there are no
air bubbles in the glass capillary.

Plug the neck of the sealed half of the racetrack with sterile cotton (Fig. 3.2b)
about 0.5 cm from the sealed tip. Use the metal needle to push the cotton towards
the sealed end of the racetrack so it is 0.5-1 cm away from the sealed tip (Fig. 3.2c).
Using a sterile pipette, remove MTB-containing fluid (as described in the previous
section) from the sample container and add it to the sample reservoir (open end) of a
prepared MTB racetrack (Fig. 3.2b).

3.5 Magnetotactic Bacteria Enrichment

Once the racetrack is filled with sample fluid, lay it on its side on a horizontal
surface (e.g., a benchtop) and place the south pole of a bar magnet (in the Northern
hemisphere) next to the sealed tip of the racetrack (Fig. 3.2). Wait 5-30 min for the
MTB to migrate through the cotton. Then you should collect the fluid near the tip of
the racetrack. Waiting too long can introduce contaminants, such as other motile
bacteria, to the tip of the capillary. Optionally, you could use a light microscope to
view the tip of the racetrack and watch the MTB collect at the racetrack’s tip. This
will allow you to determine how long it takes the MTB to migrate through the
cotton plug.

Then to remove the enriched MTB, gently use the diamond knife to make a little
scratch near the cotton plug and snap off the end of the racetrack. Use a 1 mL
syringe with a narrow needle (25 or 27 gauge) to remove the fluid from the tip of
the racetrack. This liquid sample should now contain the enriched MTB.

3.6 Magnetotactic Bacteria Observation by Light
Microscopy

Place a drop (10-20 pL) of the enriched MTB sample onto a coverslip. Quickly flip
the coverslip over so the drop is now facing down and hanging from the coverslip
(Fig. 3.3). Place the coverslip onto an O-ring that is resting on a glass slide
(Fig. 3.3). The O-ring should have a slightly smaller diameter then the coverslip
(about 1 cm; Fig. 3.3). Place this hanging drop onto a light microscope stage and
focus on one edge of the drop. A 60x dry objective works very well because most
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Fig. 3.3 Once the MTB have been enriched from the racetrack, a small drop can be placed on a
coverslip, which is then turned upside down and placed on an O-ring that is sitting on a slide. This
slide-O-ring-coverslip sandwich can be placed on a light microscope stage and viewed using a 60x
dry objective (oil lenses are inconvenient to use with this method)

have a high numerical aperture, but do not require oil, which is difficult to use when
using the hanging drop method (Fig. 3.3). Place the south end of a bar magnet close
to the hanging drop and MTB will begin to migrate towards the edge of the drop
closest to the magnet (Fig. 3.4). Within a few minutes many MTB should be at the
edge of the drop (Fig. 3.4). You are able to prove that the bacteria are magnetic by
reversing the pole of the magnet and then observe the bacteria swim in the opposite
direction.

3.7 Magnetotactic bacteria Observation by Transmission
Electron Microscopy (TEM)

Place a drop (~20 pL) of the enriched MTB onto a flat surface, such as parafilm,
and place a copper grid on the drop, and allow the bacteria to adsorb onto the grid
for about 10-20 min. Wick off excess water with a piece of clean filter paper.
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Fig. 3.4 Bright field microscope image of MTB swimming (thin long arrows) and gathering at
the edge of the hanging drop (short arrows) which is next to the south pole of a bar magnet

Optionally, the grid can be negatively stained with 2 % uranyl acetate, 2 %
phosphotungstic acid pH 7.2, or 2.5 % sodium molybdate [1, 46, 57]. This is done
by placing the copper grid onto a drop of stain immediately after incubating the grid
with the enriched MTB. Incubate the grid with the negative stain; the times will
vary depending on the stain used, and then wick off the fluid with a piece of clean
filter paper. Observe the MTB using transmission electron microscopy (TEM;
Fig. 3.5). For the work described here MTB were adsorbed to Formvar stabilized
and carbon coated 200 mesh copper grids (Ted Pella #01800). The grids were
placed with the carbon side down on a drop of cell suspension for up to 10 min,
then immediately washed one time by placing the grid on a drop of water for 30 s.
For staining, the grids were placed on a drop of 2 % uranyl acetate (Ted Pella
#19481) for 30 s to 5 min and then dried completely using a piece of filter paper.
The grids were analyzed by TEM using either an FEI Tecnai Spirit at 80 kV.
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Fig. 3.5 Transmission electron microscope images of various MTB isolated from the wetland
near the Olentangy River in Columbus, Ohio. There were several different morphotypes, all
containing crystals (white arrows). Some of the microorganisms contained inclusions (white
arrowheads). Scale bar for each image is 500 nm

3.8 Discussion

Magnetotactic bacteria are not necessarily found in every aquatic environment but
when they do occur, there can be as many as 100—1000 cells/mL [14, 46]. In order
to observe the MTB using optical microscopy, you will need approximately 50
bacteria/mL in your sample [46]. If there are no or few MTB in your sample, then
you will need to either select a new environmental site to collect your samples or try
an enrichment technique like the one described here. First, a magnet is used to
isolate or concentrate magnetotactic bacteria (MTB) contained in the environmental
sample (Fig. 3.2a). Then a capillary racetrack (Fig. 3.2b) can be used to attract
MTB through a cotton plug where they can be separated from non-magnetotactic
microorganisms also contained within the environmental sample.

When you bring your environmental sample back to the laboratory, it may be
beneficial to wait several days or weeks for the sample to acclimate to laboratory
conditions before trying to isolate the MTB using a bar magnet. This acclimation
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period will allow the bacterial community to mature and repopulate the container
leading to higher concentrations of MTB. Another simple technique that often
produces more concentrated MTB samples is to leave the bar magnet on the side of
the sample container (Fig. 3.2a) for a longer period of time (e.g., overnight). This
should allow the MTB more time to migrate to the magnet. Another technique that
may be useful, is to use several racetracks (Fig. 3.2b) at once and then combine the
MTB from each racetrack into one sample. Lastly, you should try collecting more
sediment from the environment using a large plastic tub [46]. This is especially
useful if large numbers of unculturable MTB are needed.

If you believe there is a problem with a racetrack or if there are too many
contaminating microorganisms (i.e., non-MTB) in your enriched sample, you can
place the racetrack under a light microscope to observe the MTB as they swim
through the cotton plug and into the tip. This will allow you to determine if
contaminating microorganisms are also coming through the cotton plug and when
to stop the enrichment process.

There are more sophisticated ways to isolate MTB, but these methods require the
use of more specialized equipment. One example involves the use of a magnetic
coil, instead of a bar magnet, and customized glass vessels to isolate MTB from
freshwater sediments [33, 41]. The protocol described here represents an inex-
pensive and effective method for determining whether an environmental site con-
tains MTB. This isolation and enrichment protocol is straightforward enough that
microbiology students can master and easily “fine-tune” so that higher yields of
MTB can be achieved. Once the MTB have been isolated, other analyses such as
fluorescence in situ hybridization, 16S rRNA sequencing for community analysis,
energy dispersive spectroscopy (EDS), TEM, optical microscopy, and magnetic
measurements can be conducted on the MTB [39, 40].
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Chapter 4
Metabolism of Metals and Metalloids
by the Sulfate-Reducing Bacteria

Larry L. Barton, Francisco A. Tomei-Torres, Hufang Xu
and Thomas Zocco

Abstract The bacteria and archaea that reduce sulfate to sulfide can transform a
variety of metal(loids). The latter include metalloids (As, Se and Te), transition
metals (Au, Co, Cr, Fe, Hg, Mo, Mn, Ni, Pb, Pd, Pt, Re, Rh, Tc, V, and Zn), and
actinides (Pu and U). The conversions are achieved via (1) use of metal-specific
enzymes, (2) cometabolism, i.e., use of non-substrate-specific enzymes, (3) biom-
ethylation, (4) inorganic precipitation, (5) oxidation-reduction reactions in the
growth medium; or (6) oxidation/cathodic depolarization of the elemental form.
Respective examples are (1) the respiration of arsenate by Desulfosporosinus au-
ripigmenti; (2) reduction of selenate and selenite to elemental selenium by enzymes
involved in sulfate respiration or assimilation; (3) methylation of mercury;
(4) precipitation of zinc sulfide in the supernatant; (5) reaction of sulfide and
selenite forming selenium sulfide (SeS,) in the supernatant; and (6) the anaerobic
corrosion of iron. Some of these processes yield valuable commodities, e.g., the
precipitation of gold by Desulfovibrio desulfuricans. The understanding of anaer-
obic corrosion can lead to the prevention of corrosion of pipelines. The formation of
selenium nanoparticles has potential applications in the design of drug-delivery
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systems. The formation of insoluble precipitates facilitates the design of bioreme-
diation technologies. While some metals, e.g., Fe, Co, Mo, Mn, Ni, Se, V and Zn,
are essential nutrients for bacterial growth, this review focuses on detoxification
processes and not on trace metal assimilation into cellular materials.

Keywords Metal reduction - Anaerobic sulfate respiration - Desulfovibrio -
Detoxification of metals - Radionuclides

4.1 Introduction

The physiological groups of bacteria and archaea that utilize sulfate as the final
electron acceptor in anaerobic respiration are known as sulfate-reducing prokary-
otes. Three archaeal species are known to use sulfate respiration and all are
members of the genus Archaeoglobus. They have received relatively little attention
with respect to metal interactions. Thus, our review will rely heavily on the metal
interactions with Gram-positive and Gram-negative sulfate-reducing (SRB)
eubacteria.

The SRB are chemolithotrophs found in anaerobic environments containing
compounds such as toxic metals and metalloids. Resistance to redox-active metals
by SRBs is attributed to reduction processes that produce metal ions of decreased
solubility and decreased toxicity. Divalent cationic transition and heavy metals in
the environment are precipitated by sulfide produced as a product of dissimilatory
sulfate reduction.

Although a paper by Woolfolk and Whiteley [102] reported the capability of
metal reduction by sulfate-reducing bacteria, this activity was not addressed until
bioremediation using anaerobic bacteria was pursued. In the last several decades
many papers have been published concerning metal reduction by sulfate reducers.
These activities have been summarized in numerous reviews (e.g., [8-10, 16, 50,
56]).

The group of sulfate-reducing microbes is highly diverse. Fifty nine genera and
220 species are currently recognized [33]. Of the latter, fifty seven species belong to
the genus Desulfovibrio.

(http://www.bacterio.net/).

This review examines the diversity of systems that are employed by SRB to
interact with metals and metalloids in the environment. Metal stress response in
SRB is a complex process. The review examines some of the major mechanisms
enabling this group of anaerobes to inhabit diverse environments containing toxic
metals. We make particular note of the use of SRB to remediate metal contaminated
sites. We also comment of the interest to produce metals for commercial
applications.
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4.2 Mechanisms of Metal Resistance

4.2.1 Reactions Mediated by Biogenic Sulfide

Sulfidogenic activities in nature are attributed to abiogenic geochemical processes
or to biological transformations. Due to the quantity of sulfide produced by dis-
similatory sulfate reduction, the physiological group of sulfate reducers is
responsible for most of the biosulfide produced. Since there are only three genera of
Archaea and 56 genera of Bacteria, biogenic sulfide production is essentially a
bacterial activity [6]. Biogenic hydrogen sulfide is a potent reducing agent whose
formation accounts for the reduction of metals and metalloids. It forms highly
insoluble metal sulfides, as well [11, 36, 99].

4.2.2 Respiratory Metal Reduction

While the hallmark electron donors for sulfate reducing SRB include pyruvate,
lactate, H,, and formate, specific strains are capable of using over 75 different
substances to support growth [32]. These substances are transformed by the SRB
using a vast array of electron transport components. These include dehydrogenases,
reductases, cytochromes, ferredoxins, and flavodoxins [6, 10, 33, 74]. These
enzymatic capabilities enable the SRB to grow in environments where toxic levels
of metals or metalloids exist.

The metal reductases in SRB lack metal or metalloid specificity. This is observed
from the activities of isolated hydrogenases and cytochromes listed in Table 4.1.
This non-specific enzymatic reduction of metal ions is not limited to SRB. It has
also been reported for hydrogenase, cytochrome, nitrate reductase and catalase
isolated from other anaerobic and facultative-anaerobic bacteria [7, 8].

The reduction of redox-active metal cations by SRB often results in the production
of metallic nanoparticles consisting of the elemental form. A selection of these metal
(loid) nanoparticles produced by SRB is listed in Table 4.2. This production of
nanoparticles is not unique to SRB. Many taxonomically diverse bacteria produce
metallic nanoparticles either in the cytoplasm, periplasm, or extracellular region [7].

4.3 Reduction of Metalloids

4.3.1 Selenate and Selenite Reduction

Selenate shares close chemical similarities with sulfate. Thus, it can replace sulfate in
its reaction with ATP sulfurylase, the first enzyme in the sulfate reduction pathway
[79]. The resulting adduct, adenosine 5'-selenophosphate (APSe), is then reduced to
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Table 4.1 Metal(loid) reductions attributed to hydrogenases and cytochromes from sulfate-

reducing bacteria

Protein ‘ Bacteria | Element reduced | Reference
Cytochromes
c3 D. fructosivorans Te(VID) [25]
c3 D. gigas Fe(II) [55]
c3 Dsm. norvegicum Cr(VI) [64]
c3 Dsm. norvegicum Fe(II) [55]
c3 D. vulgaris Hildenborough Fe(II) [57]
c3 D. vulgaris Hildenborough Se(VI) [1]
c3 D. vulgaris Hildenborough U(VI) [57]
cy Dsf. acetoxidans® Cr(VI) [55]
7 Dsf. acetoxidans Fe(II) [55]
cy Dsf. acetoxidans Mn(1V) [55]
Hydrogenase
D. deslfuricans G 20° Pd(I) [51]
D. deslfuricans G 20 Te(I1I) [53]
[Fe] hydrogenase D. fructosivorans Te(VID) [25]
[Fe] hydrogenase D. vulgaris Hildenborough Cr(VI) [64]
[NiFe] hydrogenase D. fructosivorans Cr(VI) [20]
[NiFeSe] hydrogenase Dsm. norvegicum Cr(VI) [64]
A sulfur-reducing bacterium
PReclassified recently as D. alaskensis
Table 4.2 Production of metal(loid) nanoparticles by D. desulfuricans
Nanoparticle produced Metal/metalloid reduced Reference
Se® SeO;” [94]
Se03” [94]
Re’ ReO,” [105]
A’ HAuCl, [26]
pd° Pd(NH;),Cl [51]
pt° PtO, [81]
Rh° Rh** [106]
U0, uo,** [105]

selenite [27]. This is the same reaction catalyzed in the activation of sulfate to APS
and subsequent reduction to sulfide. However, while sulfite is reduced to hydrogen
sulfide, selenite is reduced to elemental selenium rather than hydrogen selenide.
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SRB cannot conserve energy and grow from the reduction of selenate to selenite
or from selenite to elemental selenium. They do not have a strict need for the
elemental form to synthesize organic compounds essential for growth. The process
cannot be considered as detoxification, either. The reduction of selenite with thiol
groups results in toxicity, not only by reacting with thiol groups in general [71], but
by generating superoxide and other reactive oxygen species as well [86].

Despite the propensity of selenite to react with thiol groups and other redox
sensitive substances, e.g., vitamin C, selenate and selenite reduction does not occur
indiscriminately in actively growing cultures. Evidence suggests that the ability to
reduce selenate and selenite in large quantities to Se(0) is inducible and regulated
by the cells. This phenomenon was studied in D. desulfuricans grown in a semi
defined formate/fumarate and sulfate-free medium with cysteine (0.1 mM) added as
the sole sulfur source [94].

Selenate and selenite concentrations of a few micromolar inhibit the growth of
SRB. But cultures can be adapted to grow in the presence of significantly higher
concentrations. For example, Tomei et al. [94] adapted D. desulfuricans to grow in
the presence of 10 mM selenate or 0.1 mM selenite. These cells grew exponentially
in the presence of the latter concentrations. The only visible effect was the loss of
cell shape, i.e., the curved rods became straight, when grown in the presence of
selenite, but not in the presence of selenate.

Adapted D. desulfuricans cultures reduced both selenate and selenite to ele-
mental selenium, but only after exponential growth ceased and the cells entered into
early stationary growth phase. The elemental selenium accumulated inside the
bacterial cells, see Figs. 4.1, 4.2 and 4.3. Interestingly enough, evaluation of thin
sections of bacterial cells growing in the presence of selenate indicated large
deposits of Se(0) in the region of the periplasm, while the cells grown in the
presence of selenite accumulated the elemental selenium in the cytoplasm.

D. desulfuricans actively growing on sulfate as the terminal electron acceptor
forms particles in the presence of selenite. These particles contain S as well as Se
[104]. This phenomenon can be explained by the abiotic reaction between the
sulfide produced by the bacteria and the selenite present in the growth medium.

2H,S + Se03™ +2H' — SeS, + 3H,0

4.3.1.1 Practical Applications

The observation that D. desulfuricans removes selenium from solution as it reaches
stationary phase can be used as a strategy for bioremediation of waters contami-
nated with selenate and selenite [4]. From a biotechnology perspective, immobi-
lized cells of D. desulfuricans in column tests readily remove selenate as Se(0) [96].
The presence of Se(0) at the interior of the polyacrylamide gel may suggest
involvement of cell respiration because cells remain metabolically active and
multiply when placed in polyacrylamide gels. With D. desulfuricans, a sulfide rich
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600 nm

Fig. 4.1 D. desulfuricans was grown in a formate/fumarate medium with 0.1 mM sodium selenite.
Cells were removed from the culture in early log phase and examined under a JEOL 2000EX
scanning-transmission electron microscope as unstained whole mounts. The dark internal structure
at the arrow was determined to be selenium by energy dispersive X-ray (EDX) microanalysis using
a Tracor Northern 550 spectrometer. The use of copper grids accounts for the copper peaks.
Methods for cultivation and electron microscopy are described by Tomei et al. [94]

Fig. 4.2 D. desulfuricans
was grown in a formate/
fumarate medium with

0.01 mM sodium selenate.
The small dark structures
inside the cells were
determined to be selenium.
Scanning along the line
revealed Se in the granules
identified as “I” and “2”.
Methods for cultivation and
electron microscopy are
described by Tomei et al. [94]
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SR

Fig. 4.3 D. desulfuricans was grown for 2 days in a lactate/sulfate medium containing 0.1 mM
sodium selenate. Inset (A) shows a bottle of uninoculated culture medium with no deposits and the
bottle inoculated with the bacterium shows red deposits in the culture after 2 days. The dark
spheres inside the cells are Se-rich (Se/S) solid solution crystals. Insert (B) is a selected-area
electron diffraction (SAED) pattern indicating crystalline character of the Se deposits (C). High-
resolution image from a nanocrystal of Se (monoclinic) (D). Methods for the cultivation and
electron microscopy are described by Tucker et al. [96], Xu and Barton [104], respectively

environment enhances the conversion of selenite to Se(0) [52]. Elevated concen-
trations of sulfide disperse colloidal Se particles and a method for quantitation of Se
(0) production has been published [13].

Complex reactions occur with selenate and selenite in SRB. Additional research
is required to understand the mechanism of selenium-SRB interactions.

4.3.2 Tellurate Reduction

Resistance to tellurite is found in numerous bacterial species. In some instances,
bacteria detoxify tellurite by glutathione, methyltransferase reactions or by the TeR
plasmid-mediated process [90]. Tellurium (Te), like Se, has stable oxidation states
of +VI (tellurate), +IV (tellurite), O(tellurium) and —II (telluride), however, rela-
tively few microorganisms have been reported to couple anaerobic tellurium res-
piration to growth. Thus far, the only sulfate-reducing bacterium that enzymatically
reduces tellurite is D. desulfuricans [52]. The reduction of Te(VI) by
D. desulfuricans is shown in the image from electron microscopy in Fig. 4.4.
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70.00 nm

Fig. 44 TEM image of tellurite (TeO2) nanocrystals produced by D. desulfuricans grown for
2 days in a lactate/sulfate medium containing 1 mM tellurate. Inset A is a clear bottle of
uninoculated medium and the dark bottle shows the black insoluble tellurite crystals. Inset B is a
selected-area electron diffraction (SAED) pattern indicating the crystalline order of tellurite.
Methods for cultivation and electron microscopy are described by Tucker et al. [96], Xu and
Barton [104], respectively

4.3.3 Arsenate Reduction

While numerous bacteria reduce arsenate [88], there are relatively few reports for
arsenate reduction by SRB. Sulfate reducers that also reduce arsenate include
Desulfosporosinus auripigmenti [69]; formerly Desulfotomaculum auripigmentum
[87], Desulfomicrobium Ben-RB, Desulfovibrio Ben-RA [62], D. desulfuricans
(reclassified as D. alaskensis) G20 [43]. While D. alaskensis G20 and Desulfovibrio
strain Ben-RA reduce arsenate only when sulfate is supplied, Desulfomicrobium
Ben-RBcan grow with arsenate as the sole electron acceptor. In Desulfosporosinus
auripigmenti, arsenate respiration is independent from sulfate reduction and arse-
nate reduction precedes reduction of sulfate. Electron micrographs indicating
reduction of arsenate by D. desulfuricans is given in Fig. 4.5.

For bacterial reduction of arsenate, there appear to be two approaches. One is the
detoxifying ars system and the second is a respiring membrane-associated reduc-
tion. Reduction of arsenate in D. alaskensis G20 is attributed to arsC gene and the
arsRBCC that are located at different sites in the genome [43]. Putative genes, with
some limitations, for the ars system are also present in D. vulgaris Hildenborough,
Desulfotalea psychrophila, and Archaeoglobus fulgidis [16, 43]. Genes of the ars
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Fig. 4.5 EDX microanalysis of extracellular arsenic precipitates produced by D. desulfuricans
grown for 2 days in a lactate/sulfate medium containing 1 mM sodium arsenate as seen in inset (A).
Peaks indicating presence of arsenic are highlighted in red, iron in blue and sulfur in orange. Inset
(B) is a selected-area electron diffraction (SAED) pattern indicating crystalline order of arsenic
deposits. Methods for cultivation and electron microscopy are described by Xu and Barton [104],
Tucker et al. [96], respectively

operon are also found in Desulfuromonas acetoxidans, a sulfur reducing bacterium
[43]. Details of the respiratory-coupled arsenate reduction that supports growth
remain to be established.

4.4 Reactions with Transition Metals

4.4.1 Au(Ill) and Au(l)

In an initial report, gold as Au(Ill) was reported to be precipitated by
D. desulfuricans with the production of Au(0) in the extracellular region [23]. A
subsequent paper indicated that D. desulfuricans will reduce HAuCly, at pH 7 to
crystalline Au(0). These Au nanoparticles are found in the periplasm, on the cell
surface and in the cytoplasm [26]. This reduction by D. desulfuricans is coupled to
the oxidation of Ho,.

A sulfate-reducing bacterium from a gold mine in South Africa has been found
to produce elemental gold [Au(0)] from gold-thiosulfate [49]. This process is
interesting because it is proposed that hydrogen sulfide produced by the sulfate
reducing bacteria destabilizes the Au(S,03), complex resulting in the reduction of
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Au(l) to octahedral nanoparticles of Au(0). While nanoparticles of Au(0) may be
formed in the extracellular surrounding due to the reducing effect of biosulfide
production, there were <10 nm nanoparticles on the cell surface and within the cell
envelope suggesting that electron transport activity may also be involved.

4.4.2 Co(11l) and Ni(IIl)

D. vulgaris interacts with Co(Il) chelated as COEDTA . Cobalt is reduced to Co(II)
and remains complexed as COEDTA?™ [15]. The primary mechanism for reduction of
Co(III) is attributed to biosulfide production where CoS precipitates as D. vulgaris
uses sulfate as a terminal electron acceptor. D. vulgaris does not grow with COEDTA™
as the final electron acceptor. Since Ni(IIl) in the active center of hydrogenase of
D. gigas is reduced to Ni(II) [93], it is likely that Ni(IIl) chelated to EDTA could be
reduced by cells of sulfate reducers in a manner similar to chelated Co(III).

4.4.3 Cr(VI)

The reduction of highly soluble and chemically reactive Cr(VI) to less reactive Cr
(IIT) has been demonstrated with metabolically active cells of sulfate reducers as
well as with cell-free extracts. Using a consortium of bacteria isolated from metal-
refinishing waste water, Fude et al. [35] demonstrated that Cr(IV) reduction
occurred only with the addition of sulfate. The formation of Cr(IlT) was attributed to
sulfide production.

Biofilms containing sulfate-reducing bacteria have also been observed to reduce
Cr(IV) as a result of sulfidogenic metabolism [85]. An isolate, Desulfovibrio sp.
0z7, was reported to reduce Cr(VI) to Cr(IIl) with lactate or H, as the electron
donor, using a bicarbonate buffer [52]. The resistance of D. desulfuricans G20
(recently reclassified as D. alaskensis G20) has been demonstrated to involve thi-
oredoxin. Reduction of Cr(VI) by thioredoxin may alleviate chromate toxicity in the
cytoplasm [44].

Washed or immobilized cells have been useful to avoid the chemical reaction of
hydrogen sulfide with chromate. Cr(VI) reduction by D. desulfuricans immobilized
in polyacrylamide gel revealed that cells continuously exposed to 0.5 mM Cr(VI)
remained metabolically active. Cr(IIl) was precipitated on the surface and inside of
the gel [96]. An image of Cr(VI) reduced by D. desulfuricans is given in Fig. 4.6.

When cells of D. vulgaris were palladized, they were found to readily reduce Cr
(VI), chromate, to Cr(Ill) at pH 3 [40]. A process of commercial potential was
reported by Humpbhries et al. [41] using D. vulgaris NCIMB 8303 immobilized in
agar. From a survey of various sulfate-reducing bacteria, Michel et al. [64] found
that the highest rates of chromate reduction occurred with Desulfomicrobium
norvegicum DSM 1741.
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Fig. 4.6 EDX microanalysis of chromium precipitates associated with cells of D. desulfuricans
grown for 2 days in a lactate/sulfate medium containing 0.1 mM potassium chromate. Cr peaks are
highlighted in green. Inset (A) is a selected-area electron diffraction (SAED) pattern indicating the
lack of crystalline order of chromium. Insert (B) is an electron diffraction pattern from the Cr
precipitates indicating lack of crystalline pattern. Methods for electron microscopy are described
by Xu and Barton [104]

Cell-free experiments have provided information on two proteins that show
chromate reductase activity. Chardin et al. [20] reported that [Fe], [NiFe], and
[NiFeSe] hydrogenases isolated from species of Desulfovibrio or
Desulfotomaculum functioned as chromium reductases. The [3Fe-4S] ferredoxin
from D. gigas was used as a model to address chromium reduction. They found that
the low redox [Fe-S] clusters account for Cr(VI) reduction. This is proposed to be
the mechanism for reduction by hydrogenases [20].

Cytochrome c; isolated from D. vulgaris Hildenborough (ATCC 29579) reduced
chromate [60]. The cytochrome c; from Desulfuromonas acetoxidans has provided
interesting information about chromium reduction [2]. Cytochrome c; has three
heme groups and Cr(VI) binds onto the protein at a site that is closer to heme IV
than to heme III or heme 1. This specific binding site would support the proposal
that cytochrome ¢ is a chromium reductase.

4.4.4 Fe(0) and Fe(IIl)

Dissimilatory iron reduction is associated with a physiological group of SRB.
While several bacteria can reduce Fe(IIl) to Fe(Il), not all of them can couple iron
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reduction to growth. Desulfobacterium autotrophicum, Desulfobulbus propionicus,
D. baculatus, D. baarsii, D. desulfuricans, D. sulfodismutans and D. vulgaris
reduce Fe(Ill) when chelated with nitrilotriacetic acid (NTA) or as Fe(Ill) oxide
[57]. However, Desulfobacter postgatei will reduce Fe(III)-NTA but not iron oxide.
The sulfate reducers that reduced Fe-NTA or Fe-oxide were not capable of coupling
this electron flow to Fe(Ill) and cell growth. Similarly, D. frigidus and
D. ferrireducens displayed capability of reducing Fe(IIl) without growth [100].

Desulfuromonas svalbardensis and Desulfuromonas ferrireducens have dis-
similatory iron reduction systems with growth coupled to acetate as the electron
donor [100]. Many of the sulfate reducers are incapable of reducing Fe(III). These
include Desulfobacter curvatus, Desulfomonile tiedjei and Desulfotromaculum
acetoxidans [57].

Corrosion of metal by bacteria is frequently referred to as microbial induced
corrosion (MIC). SRB are recognized to play a primary role in the anaerobic iron
metal corrosion. Numerous theories on the mechanisms of this MIC have been
developed [12, 31, 68, 70]. Using an environmental scanning electron microscope,
the differential biofilm structures of D. vulgaris in corrosion of ferrous, carbon steel
and steel wire were evaluated with respect to the cathodic depolarization theory
[37]. Recently, a new mechanism for ferrous corrosion has been proposed by
Enning et al. [31]. This involves electroconductive ferrous sulfide crusts where
electrons are released from the formation of the mineral pyrite from FeS and
hydrogen sulfide.

Ironlron corrodes in the absence of oxygen to produce the ferrous cation and the
concomitant formation of hydrogen gas:

Fe’ + 2HY — Fe?t + H,

The liberated hydrogen gas is a natural growth substrate for a wide variety of
bacteria capable of coupling its oxidation to energy conservation and growth. In the
case of the sulfate-reducing bacteria, hydrogen consumption is coupled to the
reduction of sulfate to sulfide. The removal of the H, by bacteria is historically
known as biologically induced corrosion by cathodic depolarization. The question
then becomes whether corrosion is the result of bacterial production of sulfide or
vice versa. The issue was addressed in part by Tomei and Mitchell [95]. The
authors separated the issue of hydrogen consumption from that of sulfide produc-
tion by growing Desulfovibrio in a sulfate-free medium with fumarate as the ter-
minal electron acceptor. Their studies revealed that: (1) The bacteria readily grew
on the H, coming off the metal as the sole source of energy. (2) The corrosion rates
were faster in the presence of the bacterium that in sterile growth medium. (3) The
corrosion rates in the presence of bacteria were a function of temperature, i.e.,
maximum corrosion rates occurred at the optimum growth temperature of the
bacterium and decreased at higher temperatures. (5) However, the highest observed
corrosion rates were significantly lower than those observed under environmental
conditions.
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4.4.5 Hg(Il)

Mercury is a toxic metal. A common strategy for bacteria is to employ the mer
operon as one of the defense mechanisms. This operon encodes proteins for the
detection, binding, transport and reduction of mercury. The reduction of Hg(Il) to
Hg(0) is attributed to an NADPH-dependent enzyme. As indicated in a review by
Bruschi et al. [16], putative genes for mercury reduction have been found in
D. vulgaris Hildenborough, D. alaskensis G20, Desulfotalea psychrophila, and
Archaeoglobus fulgidis. However, direct experimentation of the mer operon func-
tioning in SRB has not been demonstrated.

Another detoxifying system involves mercury methylation and it is of consid-
erable importance because it contributes to movement of mercury from the envi-
ronment and as a result contributes to reduced human toxicity [80]. The initial
reports on mercury methylation by D. desulfuricans LS indicated the involvement
of the acetyl coenzyme A pathway [22] while Ekstrom et al. [29] have demon-
strated that sulfate-reducing bacteria that lack the acetyl-CoA pathway are capable
of mercury methylation.

To alleviate the problems of sulfide precipitation of mercury as HgS, washed
cells are frequently used to follow the mercury methylation reactions localized in
the cytoplasm. Gilmour et al. [38] indicate that over 50 % of the Desulfovibrio
strains tested have the capability of producing methylmercury. From a study
involving 59 species of Desulfovibrio, Graham et al. [39] determined that mercury
methylation is species-specific and is not restricted to a given phylogeny. The 11
species of Desulfovibrio demonstrated to methylate mercury are D. aespoeensis
DSM 100631, D. aftricans DSM 2603, D. alcoholivorans DSM 5433,
D. alkalitolerans DSM 16529, D. carbinoliphilus DSM 17524, D. desulfuricans
ND 132, D. desulfuricans DSM 642, D. piger DSM 749, D. psychrotolerans DSM
19430, D. sulfodismutans DSM 3696, and D. tunisiensis DSM 19275.

Recently, it was shown that for the mercury methylation process in
D. desulfuricans ND132, genes hgcA and hgcB are required [72]. These genes
encode a corrinoid protein, HgcA protein, HgcB protein, and a 2[4Fe-4S] ferre-
doxin that function as a methyl carrier and an electron carrier for corrinoid protein
reduction, respectively. It appears that sulfate reducing bacteria and archaea that
methylate mercury also have these genes.

4.4.6 Mo(VI)

Molybdate, Mo(V]), is reduced by washed cells of D. desulfuricans DSM 642 to
Mo(IV). MoS, is formed in the presence of sulfide [97]. The black precipitate of
MoS, was deposited extracellularly and was confirmed to be molybdenite (MoS,)
by electron diffraction.
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Fig. 4.7 The red-brown color indicates reduction of molybdate by D. desulfuricans grown for
2 days in a lactate/sulfate medium containing sodium molybdate. The black precipitate at the
bottom of the culture tubes contains MoS2 and FeS, (A). Growth in each tube was at a different
concentration of sodium molybdate. Amount of sodium molybdate added to each tube: tube 1,
none; tube 2, 0.05 mM; tube 3, 0.1 mM; tube 4, 0.5 mM; tube 5, 1.0 mM; tube 6, 1.5 mM; and
tube 2.0 mM. Thin section of cells of D. desulfuricans growing in sodium molybdate showing the
localization of MoS2 in the periplasm. Methods for cultivation and electron microscopy are
described by Biswas et al. [14], Xu and Barton [104]

Enzymatic reduction of Mo(VI) was also accomplished using D. desulfuricans
immobilized in polyacrylamide gel [96]. From electron microscopy of thin sections of
cells, the reduction of Mo(VI) with formation of MoS, was found to occur in the
periplasm of D. desulfuricans and D. gigas [14]; see Fig. 4.7. Additionally, MoS, was
intermittently distributed on the surface of the cells of D. gigas. Cells of
D. desulfuricans have been reported to produce MoS, from elemental molybdenum
powder [21].

4.4.7 Mn(1V)

Dissimilatory reduction of manganese has been reported for both Gram-positive and
Gram-negative sulfate reducing bacteria. Growth has been coupled to the reduction
of Mn(IV) by Desulfotomaculum reducens Strain MI-1 [91]. Desulfotomaculum
geothermicum, a spore forming bacterium, reduces manganese oxide [83]. The
dissimilatory reduction of manganese oxide [MnO,; (Mn(VI)] to MnCO; [Mn(II)]
is coupled to lactate oxidation, which supports growth of Desulfovibrio strain
CY17T. The latter is an isolate from sediments of waters streaming from lead, zinc
and antimony mines [84].

Cytochrome c; isolated from a sulfur-reducing bacterium that produces sulfide,
Desulfuromonas acetoxidans, readily reduces manganese (IV) oxide to Mn(Il) [55].
Since cells of D. desulfuricans and Desulfomicrobium baculatum (D. baculatus)
reduce Mn(IV) [58], it is likely that cytochrome c; from these organisms will also
reduce manganese, as these bacteria have cytochromes with bishistidinyl heme iron
coordination.
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In nature, sulfide produced by sulfate-reducing bacteria reacts with manganese
oxide (MnO,) resulting in the precipitation of MnS and production of S(0). This
dependency on sulfate reducers for the reduction of manganese has been reported
by Burdige and Nealson [17]. The process is proposed to be important in naturally-
stratified environments such as the Black Sea.

4.4.8 Pb(1l)

The removal of cationic lead from industrial wastewater has been demonstrated
using biogenic sulfide produced by sulfate-reducing bacteria [92]. Removal of 99 %
of the soluble lead (20 mg/L) occurred if the sulfide:lead molar ratio was 3:1 and the
pH was 8.0. The biosorption of lead by the biomass of sulfate reducing bacteria has
been reported by El Bayoumy et al. [30]. The optimal ratio for lead removal to the
amount of sulfate reducing bacterial biomass is 0.3. This biosorption of lead would
include the precipitation of lead sulfide from biogenic sulfide as well as binding to
cells. While living cells may not have much lead binding, dead cells included in the
biomass could provide for significant biosorption of cationic lead.

4.4.9 Pd(1l)

D. desulfuricans ATCC 29577 reduced 0.5 mM Pd(Il) to Pd(0) when Pd(NH3),Cl
was added to cells energized with pyruvate, formate or H, as electron donors [51].
The observation of thin sections of cells reducing Pd(Il) by transmission electron
microscopy revealed the localization of Pd(0) deposits in the periplasm. The
presence of Pd(0) was established by EDS and X-ray analysis. The involvement of
periplasmic hydrogenase was implicated since H, driven reduction of Pd(II) could
be inhibited by 0.5 mM Cu(ID).

In a related study, cells of D. desulfuricans NCIMB 8307 were immobilized on a
Pd-Ag membrane [106]. The membrane was perfused with a solution composed of
2 mM PdCl,>” and 10 mM HNO; (pH 2) and hydrogen was supplied by an
electrochemical process. Pd(0) produced by this electrobioreactor was established
by polography. Additionally, formation of Pd(0) was demonstrated with cells of
D. desulfuricans NCIMB 8307 suspended in 10 mM HNOj; containing 2 mM
PdCl,>” with H, as the electron donor.

The mechanism of Pd(0) production from Pd(Il) in Desulfovibrio appears to
involve hydrogenase. The reduction of Pd(Il) by D. fructosivorans was examined
using hydrogenase-deficient strains. As reviewed by Mikheenko et al. [65],
D. fructosivorans has two periplasmic hydrogenase (a NiFe hydrogenase and a Fe
hydrogenase), a cytoplasmic NADP-reducing hydrogenase and a NiFe hydrogenase
localized in the cytoplasmic membrane. Using hydrogenase-negative mutants of
D. fructosivorans, Mikheenko et al. [65] was able to demonstrate that the reduction
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of Pd(I) can be accomplished by hydrogenase enzymes localized in the periplasm
or in the cytoplasmic membrane. Under the acidic conditions (pH 2) of the
reduction process, c-type cytochrome in the periplasm of D. fructosivorans was
unable to reduce Pd(II) to Pd(0).

4.4.10 P(1V) and Rh (I1II)

Using living cells of a sulfate-reducing bacterium, Rashamuse and Whiteley [81]
demonstrated that the reduction of Pt(IV) was dependent on hydrogenase activity
and Pt was precipitated in the periplasm. The reduction of Pt(IV) and Rh(IIl) by
D. desulfuricans NCIMB 8307 has been reported by Yong et al. [106]. Cells of
D. desulfuricans in an electrobioreactor were exposed to an industrial precious
metal processing stream containing <5 mM Pt(IV), Rh(Ill), and Pd(Il). With
hydrogen generated electronically and a residence time of 10 to 20 min at pH 2.5,
the removal of Pt(IV), Rh(III), and Pd(I) was 99, 75 and 88 %, respectively.

4.4.11 Re(VII)

Rhenium as Re(VII) is frequently used in laboratory studies because it is a chemical
analogue of Tc(VID), a fission product of uranium. Cells of D. desulfuricans strain
642 readily reduce the oxyanion ReO,4 with the production of Re(0) at the surface
of the cell [105]. The rate of Re(VII) reduction with H, as the electron donor is
greater than the reduction rate with lactate.

4.4.12 Te(VIID)

Technetium is a fission product of **°U. It exists as the highly stable pertechnetate
ion (TcOy4 ) as a product of the nuclear fuel cycle. Not only is the pertechnetate ion
highly mobile, it readily enters the food chain by rapid assimilation into plants by
the sulfate uptake system [19]. To detoxify the environment, several bacteria were
found to reduce Tc(VII) to insoluble black oxide of TcO,, Tc(IV) [50]. Resting
cells of D. desulfuricans ATCC 29577 were found to reduce ammonium pertech-
netate (NH4TcO,) with precipitation of insoluble Tc in the periplasm [53]. Lloyd
et al. [53] were able to determine that the insoluble precipitate was primarily Tc
without sulfur. This mechanism was distinct from an earlier report where insoluble
sulfides of Tc(VII) and Tc(IV) were reported [75]. Since 0.5 mM Cu(ll) inhibited
the reduction of Tc(VII) with H, as the electron donor, it was inferred that depo-
sition of Tc by D. desulfuricans involved periplasmic hydrogenase [54].
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To exclude possible reduction of Tc(VII) by sulfide produced by sulfate reducers,
Desulfovibrio fructosivorans DSM 3604 was grown in a medium with fructose as
the electron donor and fumarate as the electron acceptor. These resting cells were
incubated with 1 mM Tc(VII). High levels of Tc(VII) reduction occurred with H, as
the electron donor and only minimal reduction occurred with fructose, lactate,
pyruvate, or formate [25]. The resting cells with H, as the electron donor followed
Michaelis—Menten kinetics and had an apparent K,,, of 2 mM for Tc(VII) and a
maximal velocity of 7 mmoles of Tc(VII)/g dry wt/h of incubation. In comparison,
the apparent K,,, reported for cells of D. desulfuricans was 0.5 mM [54].

D. desulfuricans has been reported to reduce Tc(IV) to the base metal Tc(0).
This reduction involves hydrogenase activity [52]. In cell-free studies, De Luca
et al. [25] report that the Ni-Fe hydrogenase isolated from the periplasm of
D. fructosivorans was the reductase that converted Tc(VII) to soluble Tc(V) or
insoluble Tc(IV). Cytochrome c5 purified from D. fructosivorans was unable to
reduce Tc(VII) but when purified Ni-Fe hydrogenase was added to the reaction the
rate of reduction was greater than when Ni-Fe hydrogenase were used alone. The
mechanism involving cytochrome c; in this reduction is unresolved.

4.4.13 V(V)

The enzymatic reduction of pentavalent vanadium (VOs , vanadate) to trivalent
vanadium (V>*) is attributed to only a few bacteria [61]. Bacteria with respiratory
coupled vanadium reduction include Clostridium pasteuranium, Pseudomonas
vanadiumreductans, Pseudomonas issachenkovii, Shewanella onedensis, MR-1 and
Geobacter metallireducens [28].

There is the singular report by Wolfolk and Whiteley [102] that Desulfovibrio
fructosivorans coupled the reduction of vanadate to H, oxidation with 0.57 mmoles
of H, consumed/min/mg protein of bacteria. Cultures of anaerobes that would
reduce orthovanadate or metavanadate have been found associated with tubeworms
from hydrothermal vent fields in the eastern Pacific Ocean [24].

4.4.14 Zn(Il)

Zinc in the form of Zn** is a trace nutrient for growth but at elevated concentrations
is toxic. Biogenic hydrogen sulfide produced by sulfate-reducing bacteria reacts
with Zn>* resulting in the precipitation as ZnS. Natural biofilms containing sulfate-
reducing bacteria are known to form ZnS (sphalerite) [47] In several instances
mixed cultures of bacteria resistant to heavy metals have been shown to precipitate
zinc as a sulfide because sulfate-reducing bacteria are present [3, 76]. In The
Netherlands, ground water from the Budelco zinc refinery is treated by sulfide
precipitation. As reviewed by Hocking and Gadd [42], this commercial process uses
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Fig. 4.8 TEM image of ZnS
(sphalerite) nanocrystals and
two cells D. desulfuricans.
Cells were grown for 2 days
in a lactate/sulfate medium
containing 0.1 mM znic
sulfate. Methods for
cultivation and electron
microscopy are described by
Tucker et al. [96], Xu and
Barton [104], respectively

THIOPAQ® technology [http://en.paques.nl/products/featured/thiopaq] where a
two-phase bioprocess is used. In the first phase, sulfate-reducing bacteria produce 2.
5 tons of H,S each day with the precipitation of ZnS and in the second stage,
aerobic bacteria are used to oxidize the sulfide to elemental sulfur [S(0)].

D. desulfuricans cultivated in Postgate medium with 0.5 % tryptone and 0.4 %
yeast extract, formed ZnS on the cells and in the extracellular medium (Fig. 4.8).
Evaluation of the ZnS deposits revealed a crystalline form (Fig. 4.9). Since ZnS was
not seen in inorganic salts medium of LeGall, it appears that the level of Zn(Il) in
the tryptone and yeast extract contributed to the observed precipitation of ZnS.

4.5 Reactions with Actinides

4.5.1 Pu(VI) and Pu(IV)

D. dspoensis DSM 10613 isolated from the granitic rock aquifer was effective in
binding Pu(VI) and Pu(IV) polymers [67]. Prior to the production of Pu(V) from Pu
(VID), Pu binds onto the cell. The surface of the cell binds Pu(V) only weakly and
Pu(V) readily dissociates into the medium surrounding the cell. However, it appears
that some plutonium is found in the cytoplasm of the cell. Evaluation of these
reduction reactions is difficult because the speciation of Pu is markedly complex.
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Fig. 4.9 Evaluation of
extracellular ZnS nanocrystals
shown in Fig 4.8. Image is a
high resolution TEM of the
aggregates of sphalerite
showing lattice fringes within
the nanocrystals. Insert (a) is
an electron diffraction pattern
from the ZnS aggregates.
Insert (b) is the Fourier
Transform of a nanocrystal
(labeled ZnS) along zone axis
[110]. Methods for electron
microscopy are described by
Xu and Barton [104]

[ 110] zone axis

4.5.2 U(Vi)

As a consequence of the development of the nuclear industry, uranium in the
environment is of concern because it remains at the sites where uranium ore was
processed. The role of bacteria and especially sulfate reducing bacteria has been
discussed in recent reviews [5, 10, 101]. Application of anaerobic bacteria to
industrial biomineralization of uranium is an important topic for SRB [66]. Washed
cells of D. desulfuricans reduced soluble uranyl, UO4>"; U(VI), to insoluble ura-
ninite, UO,, U(IV), with lactate or H, as the electron donor [59]. The reduction of U
(VI) to UdV) has been demonstrated with D. desulfuricans in stationary phase
following growth on lactate-sulfate medium [105] and in column studies using
immobilized D. desulfuricans [96, 98]. Reduction of U(VI) by D. desulfuricans is
shown in the electron micrographs in Fig. 4.10. Other reports of U(VI) reduction by
SRB include the following: Desulfomicrobium norvegicum (formerly D. baculatus)
[57]; Desulfosporosinus orientis and Desulfosporosinus sp. P3 [89]; D. baarsii,
D. sulfodismutans and D. vulgaris [57]. Desulfovibrio sp. UFZ B 490 and
Desulfotomaculum reducens are the only SRB that have been reported to grow with
U(VI) as the electron acceptor [77, 78, 91].

Purified cytochrome c3 from D. vulgaris was demonstrated to function as a
uranium reductase [57]. Using mutants of D. alaskensis G20 lacking cytochrome c3
and comparing the rate of U(VI) to wild type cells, the activity of U(VI) reduction
was markedly inhibited with pyruvate or lactate as the electron donor and relatively
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Fig. 4.10 EDX microanalysis of uranium precipitates associated with cells of D. desulfuricans
grown for 2 days in a lactate/sulfate medium containingl mM uranyl acetate. Uranium peaks are
highlighted in yellow. Inset (A) shows a bottle of uninoculated culture medium with uranyl acetate
and no deposits present in the medium. The bottle inoculated with the bacterium shows black
deposits in the culture after 2 days. Insert (B) is an electron diffraction pattern from extracellular
uranium aggregates. Insert (C) indicates TEM image of uraninite nanocrystals produced by
D. desulfuricans. Methods for cultivation and electron microscopy are described by Tucker et al.
[96]

little reduction occurred with H, [73]. Thioredoxin from D. alaskensis G20 will
reduce U(VI) in the presence of thioredoxin reductase and NADPH [44]. Many of
the SRB contain thioredoxin. The role of thioredoxin in reduction of U(VI) by other
SRB remains to be established.

4.6 Biogeochemical Interactions

4.6.1 Biosulfide and Mineral Development

Research by Kucha et al. [46] reveals the possibility that sulfate-reducing bacteria
were active in the Bleiberg lead-zinc deposit in Austria. The authors indicate the
morphological similarity of filaments and spherules of sphalerite, zinc-bearing
calcite and pyrite, as observed by electron microscopy, with mineral deposits
recently reported in biofilms of sulfate-reducing bacteria. Additionally, the 8°*S%o
of sulfur in metal sulfides of the Bleiberg lead-zinc deposit suggests bacteria were
important in ore deposition.

Using sulfate-reducing bacteria added to artificial sea water and H, or lactate as
the electron donor, Bass Becking and Moore [11] demonstrated the reaction with
hydrogen sulfide with numerous metals, metal oxides or metallic salts with the
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production of minerals. Biogenic sulfide reacted with metallic iron to produce
ferrous sulfide, metallic zinc or smithonite produced sphalerite, silver carbonate
produced argentite, covellite was produced from malachite and from chrysocotta,
digenite from cuprous oxide, and galena from lead carbonate. In natural biofilms
containing sulfate-reducing bacteria, sphalerite is produced [47]. The potential for
sulfate-reducing bacteria to contribute to mineral development should not be
underestimated.

4.6.2 Iron and Reduced Selenium Compounds

With H, as the electron donor, a strain of D. desulfuricans reduces selenite to Se(0)
and selenide (Se”), the reduced selenium atoms becomes incorporated into pyrite
as iron-bearing selenides [103]. The mechanism for this formation of modified
pyrite with iron selenides was suggested to follow previous reports that sulfides
(and in this case selenide) absorbed onto cell surfaces readily react with metal ions
[34, 45]. It has been reported that Se(0)could combine with amorphous structures of
FeS and FeS, to produce analogous structures of FeSe, FeSSe, and FeSe, [63]. This
process of bacterial reduction of selenite could promote a stable distribution of
selenium in the geological environment.

4.6.3 Mobility of Arsenic

As reviewed by Lear et al. [48], there is considerable interest in the release of
arsenic from aquatic sediments. With the reduction of sulfate by SRB, the level of
hydrogen sulfide in the environment increases. With Desulfosporosinus auri-
pigmenti (formerly Desulfotomaculum auripigmentum; [87] in a controlled labo-
ratory setting, arsenic trisulfide (As,S3) is precipitated [69]. In a column study
simulating the environment, sand coated with As(Ill)-bearing ferrihydrite [Fe
(OH);] was exposed to D. vulgaris, biosulfide mobilized arsenic [18]. This process
released As(III) into the column effluent and it was attributed to replacement of Fe
(OH); with FeS, mackinawite, and to a lesser amount Fe;O,, magnetite. The
dynamic activity involving mineral presence provides for development of inter-
esting models.

4.7 Summary and Perspective

This review has discussed the metabolism of metalloids, transition metals and
actinides in the sulfate-reducing bacteria. These elements can be reduced, meth-
ylated, oxidized or precipitated by biotic and abiotic mechanisms. The inherent
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production of hydrogen sulfide can precipitate some of these metals as insoluble
metal sulfides. Those elements that are redox active can be reduced by the sulfide,
quite often forming insoluble salts. The oxidation of those found in the elemental
form can be accelerated by both, the presence of sulfide and the consumption of
hydrogen gas evolving from the metal. The redox chemistry of the elements can
also be coupled to the flow of electrons from cellular metabolism. This process
involves substrate- or non-substrate specific enzymatic enzymes that are respiratory
components of the cells. While cytochrome c; has been demonstrated to reduce
specific metallic elements, enzymes and electron carriers with metal cofactors may
also have the capability to reduce metal(loid)s. The cytochromes from sulfate/sulfur
reducers are unique and it has been suggested by Lojou et al. [55], Assfalg et al. [2]
that cytochromes (i.e., c3 and c5), with the bishistidinyl heme iron coordination, act
as metal reducers. The interaction of a detoxifying protein with many different
metals has potential practical applications. Such a system would be available for a
number of detoxification situations. The sulfate-reducing bacteria are ubiquitous
and as such, they are found in the human large intestine [82]. The understanding of
how bacteria regulate the transformation of metal(loid)s can lead to the prevention
and control of acute and chronic exposure to metal(loid)s in the human diet.

Disclaimer The findings and conclusions in this report are those of the author(s) and do not
necessarily represent the views of the Agency for Toxic Substances and Disease Registry.
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