control. Negative controls consisted of identical reactions with reverse transcriptase
omitted.

Knock-in complementation analysis of PSRA1. PSRA1 was complemented via
a strategy analogous to that followed in the gene deletion protocol. Wild-type psr4 was
PCR-amplified from MR-1 genomic DNA with psrA-specific primers PSRADI and
PSRADA4. The resulting amplicon contained the entire ORF and ~750 bp of upstream and
downstream DNA for subsequent recombination into PSRA1. The amplicon was cloned
into pK02.0 using identical restriction sites and the resulting construct was subsequently
transformed into E. coli strains as described above. “Knock-in” complementation was
performed as described for in-frame deletion above, except that PSRA1 was used as
recipient strain. Insertion into the proper location of the genome was confirmed via PCR
amplification with flanking primers PSRADTF, PSRADTR (Table 2.2) followed by
DNA sequencing (University of Nevada, Reno Genomics Center). The resulting “knock-

in” complemented strain was designated PSRA+.

Table 2.2: Primers used in this study.

Name Sequence

PSRADI GACTGGATCCCACAGCTTATTTGGTCGTACCGA

PSRAD2 ATATCTTTTCGTCATTTGAGCCTCCAAGGTTACCTCCATCACACTCA
PSRAD3 TGAGTGTGATGGAGGTAACCTTGGAGGCTCAAATGACGAAAAGATAT
PSRAD4 GACTGTCGACACAAGCCAAGCCTAAGCTGATGG

PSRADTF GCGTGCATTTTGAACGACAG

PSRADTR GCTTTCTAAAGGGCATAAGCAGC

RT-PSRAF GTCGCCGATAAAGCCGATGAATGGTA

RT-PSRAR GGCATATCTTTTACGCCGGGCTTAC

RT-PSRBF TATGGCGAAATGCCCAATCTGC

RT-PSRBR AAGCGGGTGTCCTTACAGAAGT

RT-PSRCF AGTCACGACAAGACGTTAGCCA

RT-PSRCR GCTTTGGCCCGCATACACAATA

RT-RPOAF GTTCAACACGAGCTGCTTCTA

RT-RPOAR GGCTTAGCAGTGACTATCGAG



RESULTS

Construction of new suicide vector pKO2.0. Suicide vector pKO2.0 was
constructed in a step-wise fashion, integrating the hallmark components of previously
constructed vectors. The R6K oriV and RP4 oriT origins from pKNOCK-Gm and the
chloramphenicol resistance marker (caf) and the LacZ-containing polylinker (MCS) from
the broad-host range vector pPBBRIMCS were independently PCR-amplified and joined
to form pKOCat-MCS (Figure. 2.1). The cat gene was subsequently removed via inverse
PCR and the resulting product (containing R6Kori, oriT, and MCS) was ligated with the
PCR product containing the Gentamycin resistance gene (Gm") and sacB encoding
levansucrase (Figure. 2.1).

Identification of S. oneidensis gene products that display similarity to the
PhsA homolog of S. typhimurium. BLAST analysis revealed that the S. oneidensis MR-
1 genome contained a three gene cluster (annotated as psr4BC) whose translated products
displayed 59-73% and 65-80% amino acid similarity to the phsABC (psrABC) clusters of
S. typhimurium LT2 and W. succinogenes, respectively (Table 2.3). The three gene psr
cluster in S. oneidensis MR-1 has the same genomic organization as the three gene psr
clusters in both S typhimurium and W. succinogenes (data not shown). Clustal W multiple
alignments of PsrA functional domains with those of other proteobacteria indicated that
S. oneidensis PsrA contains the conserved 4Fe-4S cluster and molybdopterin guanine-
dinucleotide (MGD) binding motifs postulated to contribute to PsrA activity (Figure.
2.2). PsrA contained the predicted Pfam domains consistent with other members of the

polysulfide (thiosulfate) reductase family of proteins, including the 4Fe-4S cluster
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B

PsrA_MRT NEMYF IQGKVAVHTNGARMHNVPMIPANLMSDN-AVWV BPIRLTSSVGT
PhsA_LT2 NEYF IQGKVAVHTNGAMOYVPIJ#SELMWDN-AVWV B E IWLENATGK
PsA_Ws DENYFVQGKTPVRSNSHUMGNVPWHENNLMEYD-AIWT BATELYNKFSS
PF015686 L I ITGRVLYQYHTGTRMRRSLRIAEPEPREPFVET BLVEVTSRRGS

PsrA_MR1 FGSKNKELV

FGAKAGAKT
FGHVSKDLK
WWEAGDRGG

NATGKGIHCGNLLPHVTAPVCGM
NATTHGIHCGNLLPHVTSPVSGT
NAYGKGVNSNALMPSFTSPNSGM
ANALTSDATDPLSGGPEFKTTA

PhsA_LT2
PsrA_Ws
PFO1568

Figure 2.2. Identification of conserved PFam domains in PsrA family of proteins.
ClustalW multiple alignment of PsrA-family proteins containing conserved PFam
Domains. A) multiple alignment of PFam domain PF04879 (Fe4S4-binding domain)
with S. oneidensis MR-1 PsrA (PstA_MR1), S. typhimurium LT2 PhsA (PhsA LT2), and
W. succinogenes PsrA (PstA_Ws). B) multiple alignment of PFam domain PF01568 (bis-
MGD binding domain). Identical residues are shaded.



(PF04879) and MGD binding motifs (PF01568) (Figure. 2.2). Proteins homologous to the
S. typhimurium TtrA (tetrathionate reductase) or AsrA (anaerobic sulfite reductase) were
not detected in the S. oneidensis genome (data not shown).

$,0;"-reducing members of the genus Shewanella contain Psr homologs with
high amino acid sequence similarity. The psrABC cluster was also identified in the
recently sequenced genomes of Shewanella strains that respire S° and S0, including S.
putrefaciens CN32, S. putrefaciens 200, S. putrefaciens W3-18-1, S. amazonensis SB2B,
S. frigidimarina NCIMB400, S. baltica OS155, S. pealeana, S. sp. ANA-3, S. loihica PV-
4, S. sp. MR-4, S. sp. MR-7, S. benthica, S. halifaxens, S. piezotolerans, and S. sediminis.
The psr gene cluster was missing from the genomes of S. denitrificans OS217 and S.
woodyi, a finding that correlated with the inability of these two strains to respire S,03>
(57). PsrA (85-98%), PsrB (90-99%) and PsrC (66-99%) amino acid sequence
similarities were highly conserved among S,05>-respiring Shewanella spp. (Table 2.3).

Construction and confirmation of in-frame deletion mutant strain PSRA1
and Knock-in complementation strain PSRA+. S. oneidensis psrA was deleted in-
frame via application of the newly developed pKO2.0-based gene deletion system.
Regions flanking psr4 were PCR-amplified and joined to construct a region used for
gene deletion. This region was cloned into pKO2.0 (designated pKOPSRA) and
subsequently mobilized into S. oneidensis via conjugal transfer. Single integrants were
selected by resistance to Gm and confirmed via PCR using test primers flanking the
recombination region. The second step involved resolution of the single integration by
counterselection on media containing sucrose. Several sucrose-resistant colonies were

screened by PCR, and selected for further study. A single strain (designated PSRAT)
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displaying a PCR product corresponding to an in-frame psr4 deletion was chosen and
tested for expression of downstream genes psrB and psrC via RT-PCR. Transcripts for
psrB and psrC were detected in PSRA1, while transcripts for psr4 were not (Figure. 2.3).

To avoid problems associated with in trans complementation (e.g., inadvertent
overexpression), newly constructed suicide vector pK0O2.0 was used to generate a
“knock-in” genetic complementation strain, designated PSRA+. psrd and regions
upstream and downstream (identical to those used to construct PSRA1) was PCR-
amplified and cloned into pKO2.0 as described above. pKOPSRA+ was used to re-insert
the psr4 gene into PSRA1 as described for construction of the in-frame deletion with the
exception that PSRA1 was used as the recipient strain. Insertion of wild-type psrA4 back
into PSRA1 was confirmed via DNA sequencing and RT-PCR analyses as described
above (Figure. 2.3).

Anaerobic growth capabilities of S. oneidensis strains PSRA1 and PSRA+.
Wild-type S. oneidensis, deletion mutant PSRA1, and complemented mutant PSRA+
were tested for anaerobic respiration on a combination of two electron donors (lactate or
formate) and a set of alternate electron acceptors. PSRA1 was severely impaired in its
ability to respire anaerobically on S,05% and S° with lactate or formate (Figures. 2.4 and
2.5), yet retained the ability to grow on all other combinations of electron donors and
electron acceptors including O,, DMSO, Fe(Ill)-citrate, HFO, NOj5", fumarate, Mn(III)-
pyrophosphate, and TMAO (Figure. 2.6). Anaerobic growth of wild-type S. oneidensis
and PSRA+ on S’-containing solid growth medium was accompanied by the production
of a clearing zone in the colony periphery. The clearing zone, indicative of S° reduction

was more pronounced with formate rather than lactate as electron donor (Figure. 2.5).















Figure 3.6. Fluorescent micrograph of S. oneidensis wild-type (panel A) and ASO3800
(panel B) cells adhered to hematite surfaces. Cells were double-stained with DAPI (blue
stain) and TRITC-ConA (red stain, to visualize cell surface exopolysaccharides). The
ASO3800 mutant strain bound significantly more TRITC-ConA stain, an indication of
increased cell surface-associated exopolysaccharide.

Figure 3.7. Cryoetch-HRSEM of S. oneidensis wild-type and ASO3800 cells. Fumarate-
grown cells were visualized by cryoetch-HRSEM. Wild-type cells were devoid of any
prominent cell surface features (A-C), while ASO3800 cells displayed pilus-like
structures and a textured surface (D-F).



the cell and Fe(III) oxide surfaces is required to facilitate electron transfer from surface-
exposed, c-type cytochromes MtrC and OmcA (39) . A distance of < 15 A is required for
direct electron transfer from the catalytic heme group of MtrC to hematite (22). MtrC and
OmcA are also hypothesized to bind Fe(IIl) oxides directly (30, 45). A specific bond may
be formed between MtrC or OmcA and the hematite surface (29), an adhesion strategy
that may aid in electron transfer to insoluble Fe(IIl) oxides. A recent study based on
phage display and molecular dynamics simulation modeling has predicted that a
conserved amino acid sequence (Thr-Pro-Thr) found adjacent to the terminal heme group
in both MtrC and OmcA may function as a hematite-binding motif (28). The mechanism
by which S. oneidensis whole cells adhere to hematite surfaces, however, remains poorly
studied. An adhesion deficient strain of S. algae BrY, RAD20, expressed lower levels of
OM proteins and was significantly less hydrophobic than wild-type, thereby suggesting
that hydrophobic OM proteins may alter the surface properties of Shewanella species (9).
In addition, Type IV pili (43) and flagella (6) have also been implicated in attachment of
bacterial cells to mineral surfaces.

S. oneidensis protein SO3800 was identified in an initial screen of potential
Fe(IlI)-binding adhesins located in the peripheral protein fraction of S. oneidensis.
SO3800 contained predicted structural motifs similar to serine protease-like adhesins
found in other gram-negative bacteria, including the SPATES YadA of Y. pestis and
AIDA-1 of enteropathic E. coli (47). SO3800 displayed proteolytic activity with casein as
substrate and contained predicted structural features found in some, but not all, serine
protease-like autotransporters (e.g., S8 and S53 peptidase conserved domains,  strand-

rich C-terminal region and N-terminal signal peptide) (47). In-frame gene deletion



mutant ASO3800 was severely impaired in its ability to adhere to hematite in suspension
or on pressed hematite surfaces (adhesion levels approximately 35-37% of the wild-type
strain). The mechanism by which SO3800 facilitates adhesion of S. oneidensis to Fe(Ill)
oxides is not well understood, but may include 1) a direct mechanism in which the overall
electrostatic charge (or an Fe(Ill)-binding motif) of SO3800 facilitates adhesion to the
hematite surface, or 2) an indirect mechanism in which SO3800 protease activity
remodels the S. oneidensis cell surface (e.g., removes excess EPS) to facilitate binding of
other proteins to hematite. SO3800 does not contain a Thr-Pro-Thr motif, an indication
that a direct Fe(IIl)-binding motif of SO3800 will be different than that predicted for
MtrC(28). Evidence supporting the indirect mechanism includes the observed decrease
in cell surface charge, increase in electrophoretic softness and increase in capsular
exopolysaccharide of ASO3800 compared to the wild-type strain. The SO3800-catalyzed
removal of EPS, for example, may allow surface-exposed, MtrC and OmcA to directly
adhere and transfer electrons to hematite surfaces.

ASO3800 cells were severely impaired in their ability to adhere to insoluble
Fe(Ill)-oxide surfaces, yet they retained the ability to respire all anaerobic electron
acceptors, including insoluble Fe(Ill) oxides. One interpretation of these results is that
S0O3800 facilitates adhesion to and respiration of insoluble Fe(Ill) oxides under growth
conditions not used in the present study. An alternate explanation is that adhesion of S.
oneidensis to Fe(IIl) oxides is not required for respiration of Fe(Ill) oxides at wild-type
rates, an indication that electron transfer to Fe(Ill) oxides may proceed through indirect
pathways such as Fe(IIl) solubilization(42) or electron shuttling reactions (11, 31, 33). In

a recent study, MtrC- and OmcA-catalyzed Fe(Ill) oxide reduction rates measured in



vitro could not account for Fe(Ill) oxide reduction rates measured for OM fractions or
whole cells of S. oneidensis in vivo.(36). These results were also interpreted as evidence
that S. oneidensis respires insoluble Fe(Ill) oxides at a distance via indirect electron
shuttling pathways, negating the requirement for adhesion prior to electron transfer.

The relative contributions of the direct contact, electron shuttling and Fe(III)-
solubilizing pathways to the overall rate of microbial Fe(III) reduction in the environment
are not well understood. The environmental factors dictating which strategy dominates,
or if multiple pathways are used simultaneously, remain unclear. Such information is
crucial to predicting the rates of biogeochemical processes that are linked to microbial
Fe(III) reduction, including the reductive mobilization of insoluble metals, the reductive
precipitation of contaminant radionuclides, and the oxidative degradation of natural and
contaminant organic matter. In the direct contact pathway, for example, the rate of
electron transfer to Fe(Ill) oxides may be limited by Fe(Ill) oxide surface area, a
limitation relieved by the electron shuttling and Fe(III)-solubilizing pathways. Redox-
active, electron shuttling compounds (humic acids, fulvic acids, phenazines) are found in
significant concentrations in both marine and freshwater systems and may represent a
dominant pathway for microbial Fe(III) reduction (7, 8, 17, 19, 20, 25, 33). Only recently
has the Fe(Ill)-solubilizing pathway been recognized as a potential means of providing
Fe(I1I)-respiring bacteria with a readily accessible electron acceptor (5, 42). Current work
with S. oneidensis is focused on identifying those growth conditions that require SO3800
for Fe(Ill) oxide respiration, and determining the molecular mechanism by which

S0O3800 facilitates adhesion of S. oneidensis cells to Fe(IlI) oxide surfaces.
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CHAPTER 4

A CONSERVED CYSTEINE (CYS42) OF OUTER MEMBRANE
PROTEIN MTRB IS REQUIRED FOR METAL RESPIRATION BY
SHEWANELLA ONEIDENSIS MR-1

Abstract

Shewanella oneidensis MR-1 respires a variety of compounds as terminal electron
acceptor for anaerobic respiration, including insoluble Fe(Ill) and Mn(IV) oxides. MtrB
contains an N-terminal Cys-X-X-Cys motif also found in thioredoxin- and peroxidase-
family proteins. An in-frame gene deletion mutant of m#rB was unable to respire
insoluble Fe(Ill) or Mn(IV) oxides, yet retained wild-type respiratory ability on other
electron acceptors, including nitrate, fumarate, thiosulfate trimethylamine-N-oxide and
dimethylsulfoxide. Both cysteine residues were strictly conserved in all MtrB homologs
found in recently sequenced Shewanella spp. Cys42 and Cys45 were independently
changed to alanine using site-directed mutagenesis. A C42A mutant displayed a similar
respiratory phenotype to that of the deletion mutant, while a C45A mutant resembled
wild-type MR-1. The site-directed mutants also displayed unique outer membrane
protein profiles. The C42A mutant displayed a protein profile similar to the in-frame
deletion mutant while the C45A mutant displayed an aberrant outer membrane protein
profile. All three MtrB mutants (null, C42A, and C45A) displayed increased cytochrome
abundance in outer membrane fractions. Additionally, the C42A mutant displayed a

marked decrease in mitrB expression as measured by QRT-PCR. These results



demonstrate that Cys42 but not Cys45 is required for Fe(III) respiration and suggest that
MtrB may be involved in sensing the presence of transition metals for anaerobic

respiration.

Introduction

Metal-respiring bacteria occupy a central position in a variety of environmentally
important processes including the biogeochemical cycling of metals and carbon,
biocorrosion of steel surfaces, bioremediation of radionuclide-contaminated aquifers, and
electricity generation in microbial fuel cells (11, 13, 30). Metal-respiring bacteria are
presented, however, with a unique physiological challenge: they are required to respire
anaerobically on electron acceptors (e.g., Fe(IIl) oxides, elemental sulfur) that are highly
insoluble at circumneutral pH and unable to enter the cell and contact inner membrane-
localized respiratory systems. To overcome these physiological problems, metal-
respiring bacteria are postulated to employ a variety of novel respiratory strategies not
found in other bacteria, including 1) direct enzymatic reduction at the cell surface, 2)
electron shuttling between the cell and metal surfaces, 3) metal solubilization by
bacterially-produced organic ligands followed by respiration of the soluble organic-metal
complexes, and 4) the use of nanowires to conduct electrons from the cell surface to solid
metal oxide surfaces (14, 18, 24, 32, 55). Despite the environmental significance of
microbial metal respiration, the molecular mechanism remains poorly understood.

S. oneidensis MR-1 contains a highly branched electron transport chain organized
in a modular fashion. Primary dehydrogenases oxidize electron donors (e.g. lactate,

formate, H,) and transfer electrons to an inner membrane (IM)-bound quinone pool.



Reduced quinols (either ubiquinol or menaquinol) subsequently transfer electrons to an
IM-bound tetraheme c-type cytochrome, CymA (35, 36, 40, 49-52). Quinols may also
directly transfer electrons to quinol oxidase components of other respiratory terminal
reductase complexes such as TorABC (trimethylamine-N-oxide oxidoreductase) (9) or
PsrABC (thiosulfate and elemental sulfur reductase) (7). CymA functions as a central
branch point in the anaerobic respiratory chain in S. oneidensis. CymA deletion mutants
are unable to respire Fe(Ill), Mn(IV), Nitrate (NOj3’), Nitrite (NO;"), dimethylsulfoxide
(DMSO) or fumarate (36, 50, 51). For the reduction of metal oxides, CymA is postulated
to transfer electrons to a series of soluble, periplasmically-localized c-type cytochromes
including Small tetraheme cytochrome (STC), and a decaheme cytochrome MtrA.
Electrons are transferred across the outer membrane (OM) via OM-associated proteins
MtrB (an integral OM beta-barrel protein) and MtrC and OmcA (peripheral OM
decaheme cytochromes) (3-6, 15, 20, 21, 39, 41, 42, 44, 57, 59). In vitro studies suggest
that both MtrC and OmcA may directly bind and reduce Fe(Ill) oxides albeit with
different binding constants and consequently different reduction rates (15, 48). In a recent
study, MtrB is postulated to form a complex with OM cytochromes OmcA and MtrC as
well as periplasmic protein MtrA to construct an “electron conduit” for electrons
traversing the OM (21). The precise roles MtrB, OmcA, MtrA and MtrC play in electron
transfer to metal oxides however, remain unclear.

MtrB is an OM protein strictly required for metal respiration; MtrB deletion
mutants mislocalize OM cytochromes OmcA and MtrC (37). MtrB is also required for
the reduction of anthraquinone-2,6-disulfonate (AQDS), a small quinonoid compound

which may act as an exogenous electron shuttle (53). MtrB contains a Cys-Lys-Gly-Cys



motif in the N-terminal region of the protein and the function of these cysteine residues is
currently unknown. Beta barrel proteins typically do not contain cysteine residues, as it
can interfere with the structure of the integral membrane proteins (43). Proteins
containing Cys-X-X-Cys motifs (where X is any amino acid) perform a wide variety of
functions in both prokaryotic and eukaryotic systems. These include the refolding of
mismatched disulfide bonds (Protein Disulfide Isomerase, PDI (58)), general electron
carrier (Thioredoxin (17)), and components responsible for sensing oxidative stress
(OxyR (60)). The main objective of the present study is to determine if the conserved N-
terminal cysteines of MtrB are required for anaerobic metal respiration in S. oneidensis
MR-1.
Materials and Methods
Bacterial Strains and cultivation conditions

For genetic manipulations, S. oneidensis MR-1 was cultured at 30°C in Luria
Bertani medium (10 g L™ NaCl, 5 g L™ yeast extract, 10 g L™ tryptone). For anaerobic
growth experiments, cells were cultured in a defined salts medium (SM) supplemented
with lactate (18 mM) or formate (30 mM) as carbon/energy source (38). Anaerobic
growth experiments were carried out in 13 mL Hungate tubes (Bellco Glass, Inc) filled
with 10 mL of SM and sealed with black butyl rubber stoppers under an N, atmosphere.
Electron acceptors were added from filter-sterilized stocks (synthesized as described
previously (12): O, (atmospheric); NOs', 10 mM; Fe(Ill) citrate, 50 mM; hydrous ferric
oxide (HFO), Mn(IIl)-pyrophosphate, 10 mM; 40 mM; trimethylamine-N-oxide
(TMAO), 25 mM; S,05%, 10 mM; S40¢%, 2 mM; fumarate, 30 mM:; dimethylsulfoxide

(DMSO0), 25 mM; and S°, 20 mM. When required, gentamycin (Gm) was supplemented



at 15 ug mL™. For growth of Escherichia coli p2155 A pir, diaminopimelate (DAP) was
supplemented at 100 ug mL™" (10).

Cell growth was monitored by direct cell counts via epifluorescence microscopy
and by measuring terminal electron acceptor depletion or end product accumulation.
Acridine orange-stained cells were counted (Carl Zeiss Axiolmager Z1 Microscope)
according to previously described procedures (31). Cell numbers at each time point were
calculated as the average of 10 counts from two parallel yet independent anaerobic
incubations. NO,  was measured spectrophotometrically with sulfanilic acid-N-1-
naphthyl-ethylene-diamine dihydrochloride solution (34).  Fe(Ill) reduction was
monitored by measuring Fe(Il) production with the ferrozine technique (54). Mn(III)-
pyrophosphate concentration was measured colorimetrically as previously described (28).
S,05” and S404” concentrations were measured by cyanolysis as previously described
(26). Growth on O,, TMAO, DMSO, and fumarate were monitored by optical density at
600 nm (ODggp). Control experiments consisted of incubations with cells that were heat-

killed at 80°C for 30 minutes prior to inoculation.

Nucleotide and amino acid sequence analyses

Genome sequence data for S. oneidensis MR-1 (23), S. putrefaciens 200,
S. putrefaciens CN32, S. putrefaciens W3-18-1, S. amazonensis SB2B, S. denitrificans
OS217, S. baltica OS155, S. baltica OS195, S. baltica OS185, S. baltica OS223, S.
frigidimarina NCIMB400, S. pealeana ATCC 700345, S. woodyi ATCC 51908, S. sp.
ANA-3, S. sp. MR-4, S. sp. MR-7, S. loihica PV-4, S. halifaxens HAW-EB4, S.

piezotolerans WP3, S. sediminis HAW-EB3, and S. benthica KT99 were obtained from



the National Center for Biotechnology Information (NCBI,
http://www.ncbi.nlm.nih.gov). S. oneidensis MR-1 MtrB homologs in other Shewanella
spp were identified via BLAST analysis (1). Multiple alignments of MtrB homologs
from Shewanella spp. were generated using ClustalW (56). LOGO diagrams (8) were

generated from http://weblogo.berkeley.edu using Clustal W alignment files.

In-frame gene deletion and site-directed mutagenesis

mtrB was removed from the S. oneidensis genome via application of a newly
constructed gene deletion system (7). Briefly, regions corresponding to ~750 bp
upstream and downstream of the m#rB open reading frame (ORF) were independently
PCR-amplified and subsequently joined using overlap-extension PCR. The resulting
fragment was cloned into suicide vector pKO2.0, which does not replicate in S.
oneidensis. This construct (pKO-MTRB) was mobilized into wild-type MR-1 via
conjugal transfer from an E. coli donor strain. S. oneidensis strains with the plasmid
integrated into the genome were selected on solid LB medium containing gentamycin (15
ng mL™"). Single integrations were verified via PCR with primers flanking the
recombination region. Plasmids were resolved from the genomes of single integrants by
plating on solid LB medium containing sucrose (10% w/v) with NaCl omitted. In-frame
deletions were verified by PCR and direct DNA sequencing (University of Nevada, Reno
Genomics Center).

Single amino acid mutations in MtrB (C42A or C45A) were constructed using the
Quikchange Lightning site-directed mutagenesis kit (Stratagene). The m#rB ORF and

regions corresponding to ~750 bp upstream and downstream were PCR-amplified as a



single fragment and subsequently cloned into the broad host range cloning vector
pBBRIMCS (29). Mutagenesis primers (C42A-Sense, C42A-Antisense, C45A-Sense,
C45A-Antisense, Table 4.1) were designed according to the manufacturer’s instructions.
Mutagenesis PCR reactions were carried out according to the manufacturer’s instructions
and subsequently transformed into XL10 Gold Kan® competent cells (Stratagene).
Correct amino acid mutations (C42A or C45A) were verified by direct DNA sequencing
using primers MTRB-SeqF and MTRB-SeqR (Table 4.1, University of Nevada, Reno
Genomics Center). Correct constructs were subsequently cloned into pK0O2.0 in an
analogous manner as described above. Mutated m#B ORFs were “knocked-in” as
described previously, to alleviate any problems associated with in trans complementation

and verified by PCR and direct DNA sequencing (7).

Quantitative Real-Time PCR and Gene expression analyses

S. oneidensis MR-1 and mutant strains MTRB1, C42A, and C45A were cultured
in SM with 30 mM fumarate as terminal electron acceptor. Cells were grown to mid-log
phase growth and total RNA was harvested using PureZol (Bio-Rad, Hercules, CA)
according to the manufacturer’s instructions. Total RNA was processed with the QiaSpin
RNeasy kit with on-column DNasel treatment (QIAGEN). Total cDNA was synthesized
using the High Capacity cDNA archive kit (Applied Biosystems) according to the
manufacturer’s instructions. Quantitative real-time PCR data was obtained using custom
TagMan® assays designed for mtrd, mtrB, mtrC, omcA, and gyrB. Cycling routines
consisted of 95 C for 20 sec. and 40 cycles of 95 °C for 1 second and 60 °C for 20 sec

and were performed using a StepOne Plus Real-Time Sequence detection system
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(Applied Biosystems). Gene expression data was obtained using the comparative (AACr)
method in the StepOne Plus software. Wild-type MR-1 was used as the reference sample
and gyrB was used as the endogenous control. PCR reactions were performed in

triplicate.

Peripheral Protein Extraction and Identification

Wild-type S. oneidensis MR-1 cells were cultivated and harvested as previously
described (14). Cells were cultivated to late exponential growth phase and peripherally
attached proteins were released using a KCI wash buffer (0.5 M KCI, 100 mM Tris-HCI,
1 mM EDTA). Peripheral proteins were concentrated using ultrafiltration. Concentrated
protein samples were normalized for protein content (for wild type and mutant strains)
and separated electrophoretically according to standard techniques using 8-16% linear
gradient Tris-HCI polyacrylamide gels (Bio-Rad). SDS-PAGE gels were stained for total
protein using Bio-Safe Coomassie Blue (Bio-Rad) or for c-type cytochrome heme
peroxidase activity (16).

Protein bands were excised from SDS-PAGE gels and identified by peptide mass
fingerprinting and MALDI-TOF MS/MS analyses. Samples were reduced (20 mM
tributylphosphine), alkylated (40 mM iodoacetamide) and digested in-gel with trypsin
(Sigma-Aldrich, St. Louis, MO). Tryptic fragments were analyzed by an AB4700
Proteomic Analyzer (Applied Biosystems) operated in reflector mode. Spectra were
analyzed using GPS explorer software (Applied Biosystems) and the MASCOT™

database (Matrix Science Inc., Boston, MA)



Results

MtrB homologs contain a conserved Cys-X-X-Cys Motif. Multiple sequence
alignments of MtrB homologs from sequenced Shewanella spp. displayed a conserved
motif in the N-terminus consisting of two cysteine residues separated by two other amino
acids. The second amino acid (lysine) in the motif was also strictly conserved. The third
amino acid displayed the only variance. 12 out of 20 sequenced MtrB homologs
contained glycine as the third residue while 5 out of 20 contained arginine. 2 out of 20
contained asparagine and a single member (S. frigidimarina NCIMB400) contained
alanine. These results are represented as a LOGO diagram in Figure 4.1. S. denitrificans
did not contain a MtrB homolog and is therefore not respresented in the LOGO diagram

or percentages listed above.
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Figure 4.1. LOGO Diagram of CXXC region of MtrB. Diagram generated from multiple
alignments of MtrB homologs from all metal-respiring Shewanella spp. Letter height
corresponds to percentage of sequences with specific residue at the indicated position.
Numbering is according to S. oneidensis MR-1.



Construction of in-frame deletion and site-directed mutant strains. m#B was
removed from the S. oneidensis genome by application of the newly constructed gene
deletion system (7). Site-directed mutants C42A and C45A were constructed in an
analogous manner, except that individual nucleotides were changed via site-directed
mutagenesis and the in-frame deletion mutant (MtrB1) was used as the recipient strain,
and the construct containing modified mtrB sequences plus upstream and downstream
DNA was mobilized and selected for insertion. Mutant strains were verified via direct
DNA sequencing (data not shown) and RT-PCR (to confirm expression of upstream and
downstream genes).

In-frame deletion mutant MtrB1 and site-directed mutant C42A (but not
C45A) display anaerobic respiratory deficiencies. Wild-type S. oneidensis, deletion
mutant MtrB1, site-directed mutants C42A and C45A, and complemented mutant
MTRB+ were tested for anaerobic respiration on a combination of two electron donors
(lactate and formate) and a set of alternate electron acceptors. MtrB1 and C42A were
severely impaired in their ability to respire Fe(Ill), Mn(IIl) and Mn(IV) (Figure. 4.2).
Growth on alternate terminal electron acceptors including NOs', S,05%, fumarate,
DMSO, TMAO, and S° was unaffected.

Outer membrane protein profiles of MtrB1 and site-directed mutant strains
C42A and C45A. Loosely attached peripheral proteins were removed from the surface
of wild-type MR-1 and mutant strains (MtrBl, C42A and C45A). Proteins were
separated by SDS-PAGE and stained for c-type cytochrome-linked heme peroxidase
activity (Figure. 4.4). All strains tested displayed a prominent c-type cytochrome at

approximately 80 kDa, however in both MTRB1 and C42A the cytochrome was
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Figure 4.2. c-type cytochrome-linked heme peroxidase activity stain of peripheral
protein fractions. Peripheral protein fractions were washed from wild-type S. oneidensis
(MR-1) and mutant strains and separated via SDS-PAGE. Molecular weight markers are
indicated to the left of the gel lanes.



significantly more abundant (Figure 4.3). All lanes contained the same amount of total
protein, as determined by a modified Lowry method.

Identification of increased abundance c-type cytochrome from MtrB1 and
C42A. Protein bands displaying increased abundance in MtrB1 and C42A were excised
from gels stained with Bio-Safe Coomassie and prepared for identification as described
above. Peptide samples were identified via multi-stage MALDI-TOF MS/MS in
triplicate. The band displaying increased c-type cytochrome abundance from MtrB1 and
C42A was identified as the decaheme outer membrane cytochrome OmcA. OmcA was
also identified from the corresponding band in wild-type MR-1 and C45A.

QRT-PCR of genes in the mtr operon in MtrB1 and site-directed mutant
strains. Wild-type MR-1 and mutant strains were grown to mid-log phase using lactate
and fumarate as electron donor and acceptor, respectively. Total RNA was harvested and
subsequently purified of any contaminating genomic DNA by treatment with DNasel.
Gene expression levels were quantified using the AACr method (22, 33) via relative
fluorescence during QRT-PCR. Transcripts for mtrA, mtrB, mtrC, and omcA were
detected in all strains (no m#rB transcript was detected in MTRB1) and expression values
were normalized to an endogenous control gene (gyrA4) and also normalized to the wild-
type MR-1 values. Expression of m#B in the C42A mutant strain was decreased
approximately 10 fold compared to wild-type MR-1 and C45A, while expression of other
genes was unaffected (Figure. 4.4)

Discussion
Shewanella spp. are an environmentally diverse group of bacteria responsible for

a variety of biogeochemical processes including the weathering of clays,
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Figure 4.3. Relative quantitation results from individual mtr genes from wild-type S.
oneidensis and MtrB mutant strains. Bars represent relative fluorescence change
monitored during QRT-PCR relative to the MR-1 reference sample and normalized to the
gyrB expression level. mtrA4 — black, mtrB — red, mtrC — blue, and omcA — yellow.



biotransformation of transition metals including Iron and Manganese, mobilization of
sulfur, and respiration of contaminant radionuclides. Compared to the wealth of
knowledge about alternative respiratory processes including SO,* respiration, nitrogen
fixation and even relatively newly discovered processes such as methanogenesis and
anaerobic ammonia oxidation, a gene or protein responsible for metal respiration has yet
to be conclusively identified. Metal respiration in Shewanella spp. requires the OM
decaheme c-type cytochromes MtrC and OmcA and periplasmically-localized decaheme
c-type cytochrome MtrA. Additionally, integral OM protein MtrB is also strictly
required for Fe(Ill) and Mn(IV) respiration in S. oneidensis MR-1 and deletion mutants
are severely impaired in metal reduction activity. MtrB contains a conserved N-terminal
CXXC protein motif similar to those found in thioredoxin and peroxidase proteins.
Interestingly, cysteine residues are usually absent from beta barrel proteins due to
structural considerations.

Cys-X-X-Cys (where X represents any amino acid) motifs are typically found in
redox-active proteins such as thioredoxins and in proteins responsible for properly
folding disulfide bonds (DSBs) (45, 47). CXXC-motif proteins refold disulfide bonds or
transfer electrons in a multistep process. First, a single cysteine residue thiol group in the
thioredoxin (or similar) protein attacks the disulfide bond in the target protein and forms
an intermolecular disulfide. This disulfide is attacked by the second cysteine residue
(resolving cysteine) and subsequently forms an intramolecular disulfide bond in the
thioredoxin protein, while forming a dithiol in the target protein (2, 46, 47). A total of
two electrons are transferred in the process and results in a strained conformation in the

thioredoxin protein, which is significantly more stable in the dithiol form (25). Proteins



responsible for forming DSBs operate in the opposite fashion (preferring an oxidized
conformation) and form DSBs by removing electrons from a dithiol-containing protein
(25). DSB proteins and thioredoxin proteins both contain a proline residue between the
two cysteines in the CXXC motif. This proline causes a kink in the peptide backbone
and results in strained conformation for each protein. The position of the proline residue
(CPGC in thioredoxin and CGPC in DsbA) determines whether a dithiol or disulfide
formation is preferred (25, 47).

Additionally, CXXC-containing proteins such as peroxidases may act as redox
sensors by oxidation of conserved cysteine residues to reversible sulfenic (R-SOH) and
irreversible sulfinic (R-SO,H) and sulfonic (R-SOsH) states of the thiol group (19). The
best characterized system is the hydrogen peroxide (H,0,)-sensing protein OxyR and the
corresponding oxyR regulon in E. coli. OxyR exists as a tetramer and contains conserved
residues Cys199 and Cys208. Under H,O,-stress conditions, Cys199 is oxidized to the
R-SOH form and inititates formation of an intramolecular disulfide bond with Cys208.
This alters the DNA binding characteristics of OxyR which affects expression of genes
required for detoxification of reactive oxygen species (ROS) (60). Alternatively, Cys199
may be oxidized to the R-SOH form and interact directly without forming an
intramolecular disulfide (27).

CXXC-motifs are also found in proteins that coordinate metal or metal-containing
cofactors such as Zinc (Zn*"), Heme (c-type cytochromes), or Iron-Sulfur (FeS) clusters
(19). Although cofactors may be directly bound to proteins via conserved cysteine
residues (e.g. c-type cytochromes), additional residues such as proximal and distal

histidines or additional cysteine residues (for FeS clusters) are often required to bind the



cofactor and ensure functionality (19). Proteins that bind Zn®" may also act as
transcriptional regulators in response to oxidative stress. When cysteine residues
coordinating Zn>" ions become oxidized, Zn*" is removed from the protein, which then
undergoes a conformational change, resulting in altered DNA binding properties and
subsequent transcriptional changes (19, 27, 60).

Recently, protein homologs to MtrB and MtrA were identified in a wide range of
bacterial phyla, suggesting that trans-OM electron transfer may not be restricted to metal
respiring bacteria (21). Additionally, MtrB contains a conserved N-terminal Cys-X-X-
Cys motif which has been proposed as a metal-binding site in previous studies (3).
Interestingly, other MtrB (or PioB, from Fe(Il)-oxidizing bacteria) homologs do not
contain the conserved CXXC motif in the N-terminus and, when combined with results
from the present study, these results suggest that MtrB may provide a unique function in
Shewanella spp. as compared to other bacteria containing the OM “electron conduit.”
C42A mutations in MtrB from S. oneidensis MR-1 displayed similar phenotypes to
MtrB-null mutations, indicating that C42 is strictly required for MtrB function. Because
C45A mutations did not disrupt MtrB function, it is unlikely that the CXXC motif in
MtrB functions similar to those found in thioredoxins or proteins involved with DSB
folding. Additionally, peroxidases or other proteins involved in sensing oxidative stress
also require both cysteine residues for function, but limited function has been reported
when the resolving cysteine is modified to serine (47). Results from the present study
potentially represent a new class of CXXC motifs where only a single cysteine is required
for function. Current work is aimed at determining the function of C42 of MtrB in metal

respiration in Shewanella oneidensis MR-1.
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CHAPTER 5

CONCLUSIONS

Shewanella oneidensis MR-1 respires a variety of compounds as terminal electron
acceptor during anaerobic respiration. S. oneidensis is postulated to respire highly
crystalline Fe(II) oxides via one or more of the following mechanisms: 1) direct contact
between the cell and mineral oxide allows direct electron transfer between redox active
protein complexes present on the cell surface and the solid Fe(IIl), 2) the use of soluble,
redox active electron shuttles which are reduced inside the cell, diffuse to the mineral
surface, transfer electrons to the oxide and subsequently return to the cell to be re-
reduced, 3) The use of electrically conductive “nanowires” which carry electrons great
distances from the cell surface and directly transfer electrons to the mineral oxide, and 4)
secretion of a small organic ligand that chelates Fe(III) and delivers it to the cell, where it
may be internalized and reduced by periplasmically localized Fe(III) terminal reductases.
Previous studies indicate that Shewanella spp. and Geobacter spp. utilize different
mechanisms for respiring Fe(IIl) oxides as Geobacter strictly requires direct contact,
while Shewanella may respire Fe(IIl) at a distance.

This study presents conflicting data about the molecular mechanism of anaerobic
Fe(III) respiration. S. oneidensis MR-1 uses a Type II protein secretion system to localize
an Fe(III) terminal reductase (FeR) to the outer face of the outer membrane of the cell.

This Fe(III) reductase complex is mislocalized and functional in the periplasmic space in



a T2SS mutant strain, suggesting that the multicomponent reductase is secreted in
complete and folded form. The T2SS mutant strain is severely impaired in Fe(IIl)
respiratory ability, suggesting that without the direct contact of FeR proteins to Fe(III)
oxide surfaces, no respiration can occur. However, a serine protease adhesin mutant is
deficient in adhesion to Fe(IIl) oxides, yet retains Fe(IIl) respiratory capability,
suggesting that direct contact between the cell and mineral surfaces is not required.
Additionally, because electron transfer between surface exposed heme groups in OM
cytochromes OmcA and MtrC and Fe(III) oxide surfaces is only efficient when the heme
groups are within ~14 angstroms of the mineral surface, any surface exopolysaccharide
or exopolymer would likely interfere with the ability of the heme groups to make contact
with the insoluble Fe(III).

Electron shuttles (e. g. riboflavin, menaquinone, and melanin) have recently been
proposed as viable alternatives to direct electron transfer. Electron shuttles alleviate
many problems associated with microbial metal respiration, including the need for direct
contact between the cell surface and the mineral. Riboflavin may be secreted by S.
oneidensis as a combination shuttle/chelator (“shelator”) whereby it nonreductively
dissolves solid Fe(Ill), returns to the cell as a soluble Fe(Ill)-riboflavin complex and is
reduced by a Shewanella FeR. Recent data suggest, however, that riboflavin may be too
energetically costly to produce and excrete in significant quantities required for electron
shuttling, especially in nutrient limited environments. Furthermore, riboflavin is
relatively insoluble at circumneutral pH and would likely precipitate in the S. oneidensis
environment. Alternate electron shuttles including menaquinone and melanin have been

attributed to cell culture artifacts such as cell lysis. Shewanella alga BrY only produced



melanin as an electron shuttle growth medium was supplemented with L-Tyrosine at 2 g
per liter (11 mM). These levels are not physiologically relevant, considering that cells
would have to produce and secrete millimolar levels of tyrosine to trigger melanin
production in vivo.

With the recent release of 22 genome sequences for members of the Shewanella
genus, a reliable and efficient method for generating deletions of candidate FeR proteins
is needed. In the present study, hallmark components from different plasmid vectors
were combined to generate a new suicide vector for constructing markerless, in-frame
gene deletions. The newly constructed vector contains the R6K origin of replication
(which Shewanella spp. are unable to replicate), the RP4 mobilization origin, a
gentamycin resistance cassette, and sacB (encoding levansucrase, which, when
expressed, is lethal in gram-negative bacteria). The pKO2.0 vector was tested via
deletion of the putative thiosulfate reductase, PsrA. psrd was removed from the S.
oneidensis genome via stepwise selection, counterselection mechanism. The resulting
mutant PSRA1 was unable to respire S,05> or S° as terminal electron acceptor while
respiration on all other electron acceptors was unaffected. RT-PCR confirmed that the
remaining genes in the psr operon were still transcribed and the single gene deletion did
not affect their expression. In addition, pKO2.0 was also used to “knock-in” the wild-
type psrA gene at the same locus where psr4 was removed. This further extends the
functionality of the gene-deletion system by allowing complementation of the deleted
gene without the adverse effects associated with in trans expression of complemented
genes from broad host range plasmids. Because PsrA is localized to the cytoplasmic

membrane, but oriented to the periplasmic space, PSRA1 provides valuable information



to the mechanism of S” respiration. S° exists as an insoluble Sg ring that is presumably
unable to cross the outer membrane and be reduced inside the cell. Interestingly, all
bacterial species that respire S° also respire Fe(III) (which is also insoluble and unable to
enter the cell). Because PSRA1 was abolished in not only S,05> respiration but also S°
respiration, the S” reduction mechanism likely involves an abiotic (purely chemical)
terminal reduction step where end products of the PsrA enzymatic reaction diffuse from
the cell and reduce the insoluble S°. Trace amounts of S,05>" present in media containing
S? are reduced by PsrA to SO;> and S*; the lone pair of SO;> can perform a nucleophilic
attack to open the S” ring and remove a chain terminating S atom from the polysulfide
chain to form additional S,O;>". The resulting S,05% may then be reduced by PsrA to
sustain the intermolecular sulfur cycle. Because PsrA deletion mutants retained Fe(III)
respiratory ability, it is unlikely that sulfide (S*) acts as an electron shuttle to insoluble
Fe(III) oxides.

MtrB was removed from the MR-1 genome using the recently developed gene
deletion system and tested for its ability to respire Fe(Ill) oxides. The MtrB-null mutant
strain (MTRB1) was severely impaired for both solid and soluble Fe(Ill) respiration.
Interestingly, MtrB contains a conserved N-terminal CXXC motif similar to those found
in thioredoxin and peroxidase proteins. [-barrel proteins typically do not contain
cysteine residues due to restrictions in forming secondary structure inside membranes.
The conserved cysteine residues were independently changed to alanine and the resulting
mutant strains were also tested for the ability to respire Fe(Ill). Surprisingly, only the
more N-terminal cysteine mutation displayed a mutant phenotype, suggesting a

potentially novel mechanism different than that of thioredoxins or peroxidases. OM



protein profiles from the null and site directed mutant strains differed significantly from
wild type and potentially represent the biochemical function of MtrB and its conserved
cysteine residues. Decaheme cytochrome OmcA was strikingly more abundant in
peripheral protein fractions from both MTRBI and C42A mutant strains. These data
suggest that MtrB plays a role in OM scaffolding with OmcA as the likely partner.
Additionally, the C42A mutant strain displayed a 10 fold decrease in mtrB expression,
implying an autoregulatory mechanism for MtrB. Taken together, the overall role MtrB
plays in Fe(III) respiration in S. oneidensis MR-1 is a globally important one. Not only
does MtrB function as a scaffold protein for potential OM Fe(III) reductases, but also as a
regulatory protein which may sense redox conditions and alter gene expression
accordingly. Additionally, because MtrB mutants are completely deficient in Fe(III)
respiration, other mechanisms including both endogenously produced electron shuttles
(e.g. quinones and riboflavin) and nanowires seem unlikely as predominant reduction
pathways terminating with Fe(IlI). As a final caveat, MtrB displays structural homology
to known Fe(Ill) import proteins FecA (importing Fe(Ill)-citrate) and FepA (importing
Fe(Ill)-pyoverdine) from other bacteria. Collectively, this suggests that MtrB is an OM
Fe(IlI)-chelate transporter that operates in a similar manner to those Fe(Ill) transporters
required for assimilatory Fe(III) reduction. MtrB likely functions as a redox probe on the
OM of the cell and works with an unknown transcription factor to regulate expression of
metal respiration genes. MtrB also likely works in conjunction with OmcA, as OmcA
mutants display little to no deficiency in Fe(IIl) respiratory ability. OmcA may sense
redox conditions using the 10 covalently bound heme groups that have varying redox

potentials. The oxidation of these heme groups may cause conformational changes in





