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ABSTRACT

ENZYME ACTIVITY, MATURATION AND REGULATION OF ANAEROBIC
REDUCTASES IN SHEWANELLA ONEIDENSIS MR-1

by
Kenneth L Brockman

The University of Wisconsin-Milwaukee, 2014
Under the Supervision of Dr. Daad Saffarini

Shewanella oneidensis MR-1 is a metal-reducing bacterium capable of using a
wide range of terminal electron acceptors. These include oxygen, metal oxides and
organic compounds such as dimethyl sulfoxide (DMSO) and fumarate. In addition,
several nitrogen and sulfur based compounds can be used as terminal electron acceptors,
including sulfite, for which the terminal reductase was recently identified as an
octaheme c-type cytochrome that contains an atypical heme binding site. In this study,
several additional components involved in sulfite reduction were identified. These
include SirCD that form a membrane-bound electron-transferring complex with SirA,
SirBI that appear to be involved in protein folding and SirEFG that is involved in the
specific attachment of heme to SirA. In addition to the heme sythetase SirEF, and apo-
cytochrome ¢ chaperon SirG, an additional chaperon, Ccml, was shown to be involved in
heme attachment to the atypical site of SirA. Surprisingly, Ccml was required for the
maturation of the nitrite reductase, NrfA, which contains an atypical heme binding site,
and plays a role in maturation of other ¢ cytochromes required for respiration. Regulation
of the many terminal reductases was also found to be complex and unlike that in other
organisms studied to date. Promoter activities, transcript levels and enzyme activities of

several terminal reductases were analyzed in cells grown in the presence of different

ii



electron acceptors and revealed regulation that occurs both transcriptionally and post-
transcriptionally. It was found that the regulation of some reductases is more tightly
regulated than others, and in addition, the availability of some electron acceptors has a

more pronounced regulatory affect than others.
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Chapter 1
Introduction

Cellular respiration is a fundamental process for most organisms in the three
domains of life. This process allows organisms to harvest energy from nutrients, such as
sugars and amino acids, and generate proton motive force and ATP through the activity of
the electron transport chain (ETC). Aerobic respiration, or the use of oxygen (O2) as an
electron acceptor, is one of the most common modes of energy generation in both
eukaryotic and prokaryotic organisms. Many bacteria, however, can also respire
anaerobically and are able to use alternate electron acceptors that range from soluble
organic and inorganic molecules such as fumarate, dimethyl sulfoxide (DMSO), nitrate
(NO3), and sulfate (SOa), to insoluble compounds such as iron oxides and oxyhydroxides.
Examples include the anaerobes Geobacter, Desulfobacter, and Desulfovibrio (1, 2), (3),
and facultative anaerobes such as Escherichia, Paracoccus, and Shewanella species (4-6).

In addition to serving as an essential energy generating mechanism in bacterial
cells, anaerobic respiration plays an important role in geochemical cycling, especially in
aquatic environments. For example, anaerobic reduction of insoluble metals such, as
Fe(IlI) and Mn(IV), plays an important role in metal cycling in sediments and water
columns, contributes to the carbon and phosphorus cycles, and may lead to mobilization of
toxic elements (7). Similarly, anaerobic respiration of nitrate is an important process in the
global nitrogen cycle. Nitrate reduction can provide important sources of ammonia (NH4)
for plants and algae, and may play a role in decreasing high ground water nitrate levels
caused by excess agricultural fertilization (8). Bacterial anaerobic respiration also has

application in bioremediation and biotechnology. Anaerobic reduction of soluble



radioactive metal ions such as U(VI) and Cr(VI) to insoluble forms, U(IV) and Cr(III),
facilitates the immobilization of hazardous waste, thus limiting ground water
contamination (9). Bacteria that use metals as terminal electron acceptors during anaerobic
respiration are also being developed for use in microbial fuel cells. Bacteria with metal
reductases on their outer cell surface allow electrons to be directly transferred from the

bacterial ETC to metal anodes resulting in the generation of an electrical current (10, 11).

Shewanella oneidensis MR-1

Shewanella species have received considerable attention in the past decade mainly
due to their unprecedented respiratory versatility. They are Gram-negative facultative
anaerobes that appear to be ubiquitous in aquatic environments such as the Black Sea,
Baltic Sea, Oneida Lake, Lake Michigan, and hydrothermal vents. Due to the
environmental significance of these organisms, the genomes of 23 Shewanella species have
been sequenced to date (12). S. oneidensis is the best studied member of this genus. S.
oneidensis was originally isolated from Oneida Lake, NY, and classified as Alteromonas
putrefaciens (4), and then reclassified based on 16S rRNA and gyrase gene sequences. S.
oneidensis MR-1 appears to be the most versatile of the Shewanella species with regard to
the electron acceptors it can use during anaerobic respiration. These include oxygen,
fumarate, dimethyl sulfoxide (DMSO), trimethylamine N-oxide (TMAO), nitrate (NO3),
nitrite (NOz), and insoluble metal oxides. In addition, S. oneidensis is able to reduce
radionuclides and toxic metals such as Tc, U, and Cr (13-17). The ability of S. oneidensis

to reduce and immobilize toxic metals makes it an attractive candidate for use in



bioremediation of water supplies contaminated with hazardous metals and radioactive
materials (12).

The S. oneidensis genome consists of a 4.97 Mb circular chromosome and a 161.6
kb plasmid (18). The genome encodes 42 c-type cytochromes (18, 19), which contribute to
its ability to respire with a large number of electron acceptors. Some of these cytochromes,
such as CymA, function as intermediates in electron transfer to multiple terminal
reductases. CymaA is a tetraheme c-type cytochrome required for the reduction of fumarate,
DMSO, metal oxides, and nitrite (20-23). Other c-type cytochromes function as terminal
reductases or as components of terminal reductase complexes. The enzymes FccA, NrfA,
SirA, and MtrC are multi-heme c-type cytochromes that reduce fumarate, nitrite, sulfite,
and metal oxides, respectively, whereas NapB, TorC, DmsE, and MtrA are c-type
cytochromes that are subunits of the terminal nitrate, TMAO, DMSO, and metal reductase
complexes (20, 24-28). Because S. oneidensis relies on respiration for energy production,
synthesis of a large number of c-type cytochromes allows it to easily adapt and survive in
its natural environment where the nature and availability of electron acceptors can fluctuate

rapidly.

Cytochrome ¢ maturation in S. oneidensis

As mentioned above, the S. oneidensis genome encodes 42 c-type cytochromes. c-
type cytochromes are characterized by the covalent attachment of heme b vinyl groups to
the cysteines of the typical CXXCH heme-binding motif (29). In members of the al ! and
y[JProteobacteria, attachment of heme to CXXCH requires the function of the System I

cytochrome maturation proteins CcmABCDEFGH (see (29-31) for review). CcmABCD



are required for transport and loading of heme b onto CcmE whose function is to provide
heme to the heme lyase complex (29, 30). Heme lyases are involved in heme attachment
to the cysteine residues of the CXXCH motif of apocytochromes c. In E. coli, CcmFH form
a complex and function as a heme lyase, whereas in other Gram-negative bacteria, such as
Rhodobacter capsulatus, the heme lyase complex consists of CcmFHI (32).

Similar to other Gram-negative bacteria, maturation of c-type cytochromes in S. oneidensis
requires the product of the cytochrome ¢ maturation genes ccmABCDE and ccmFGH
operons (System I cytochrome ¢ maturation). Mutations in these genes lead to complete
loss of mature c-type cytochromes (33, 34). Recently, SO 0265 was identified as ccml,
and was determined to have a nonessential role in cytochrome ¢ maturation in S. oneidensis
(34).

In addition to the CXXCH motifs, heme b can be attached to atypical sites, such as
CXXCK and CXi5CH, by specialized heme lyase systems (35, 36). In E. coli, heme ligation
to the CXXCK site of NrfA requires the heme lyase NrfEFG (35). In Wolinella
succinogenes, two heme lyases, CcsAl and Nrfl, are required for heme attachment to the
CXi1sCH and the CXXCK heme-binding sites in the sulfite and nitrite reductases,
respectively (32-34). Two atypical heme-binding sites have been identified in S. oneidensis
c-type cytochromes. The CXXCK motif is found in the periplasmic nitrite reductase NrfA
(37), and the CX15CH motif is found in the sulfite reductase SirA (38). SirA is an octaheme
c-type cytochrome that is predicted to be the catalytic subunit of the sulfite reductase
SirACD (38). The S. oneidensis nitrite reductase (NrfA) is a pentaheme c-type cytochrome
that is similar to NrfA of E. coli and other bacteria, and catalyzes the reduction of NO2 to

ammonia. The proteins involved in heme attachment to SirA and NrfA are not known.



Results presented in Chapter 4 identify a role for SirEFG and Ccml in the maturation of

these enzymes.

S. oneidensis and metal reduction

Shewanella species are best known for their ability to reduce insoluble metal oxides
during anaerobic respiration. With the exception of S. denitrificans, all sequenced
Shewanella genomes encode the metal reductase complex MtrCAB. Metal oxides are
insoluble, and as such do not readily diffuse into the cell. To overcome this limitation, S.
oneidensis MR-1 transfers electrons from the menaquinol pool to these extracellular
electron acceptors through the outer membrane c-type cytochrome MtrC. Although most
c-type cytochromes in Gram-negative bacteria are located in the inner membrane or the
periplasm, several S. oneidensis c-type cytochromes are located on the outer leaflet of the
outer membrane. Examples include MtrC and OmcA, both of which are decaheme c-type
cytochromes localized to the outer membrane by the Type II secretion system (39). The
metal reductase complex of S. oneidensis MR-1 consists of the periplasmic decaheme c-
type cytochrome MtrA, the outer membrane porin-like protein, MtrB, and MtrC. (28, 40,
41). Although OmcA has been implicated in metal reduction, it does not appear to play a
significant role compared to MtrC. The location of MtrC on the outer surface of S.
oneidensis cells allows direct contact with and extracellular electron transfer to the
insoluble metal oxides. This property also allows S. oneidensis cells to transfer electrons
to electrodes of mediator-free microbial fuel cells (10, 28, 42).

In addition to direct contact with the surface exposed MtrC, two indirect

mechanisms have been proposed to explain metal reduction. One mechanism involves the



use of “electron shuttles” such as riboflavins. Addition of riboflavins to microbial fuel cells
or to cells growing in the presence of insoluble metal oxides increases the rate of electron
transfer to these electron acceptors (43, 44). The second mechanism of indirect
extracellular electron transfer in S. oneidensis is proposed to involve the use of electrically
conductive nanowires (45). The metal reducing Geobacter species are also hypothesized
to use nanowires for insoluble metal reduction (46). In both S. oneidensis and G.
sulfurreducens, nanowires are thought to consist of type IV pili. However, we have recently
generated S. oneidensis mutants that lack pili and flagella and confirmed the loss of these
appendages by electron microscopy. Further analysis of these mutants indicated that pili
do not play a role in metal reduction or electron transfer to electrodes of microbial fuel

cells as previously suggested (10).

Sulfite reduction

Sulfur is an essential element for all living organisms and a component of the amino
acids cysteine and methionine. Cysteine is the primary source of sulfur used in the
biosynthesis of sulfur containing amino acids and cofactors (47, 48). Archaea, bacteria,
plants, and algae are able to carry out assimilatory sulfate reduction whereas animals lack
this ability and must acquire cysteine from plant sources (49-51). Sulfur has important roles
in electron transport and environmental sensing as a component of Fe-S proteins such as
ferredoxins (52). Sulfur compounds also play a significant role in anaerobic respiration in
many aquatic environments. In aquatic environments rich in sulfur compounds, sulfate
(SO4%) is a major anaerobic electron acceptor (53, 54). Other sulfur species, such as sulfite

(SO3%), thiosulfate (S203%) and tetrathionate (SsOs%), can also be used as electron



acceptors by sulfate and non-sulfate reducing bacteria. S. oneidensis does not reduce
sulfate, but it can use several organic and inorganic sulfur compounds as electron acceptors
for anaerobic respiration. These include DMSO, thiosulfate, trithionate, tetrathionate and
elemental sulfur. The ability of S. oneidensis to reduce numerous sulfur compounds under
anoxic conditions indicates an important role for this organism in biogeochemical cycling
of sulfur in aquatic environments.

Some of the S. oneidensis enzymes involved in the reduction of sulfur compounds
have unusual features that distinguish them from similar enzymes in other bacteria. The
DMSO reductase is a molybdoenzyme that consists of a molybdopterin catalytic subunit,
a tetraheme c-type, and an Fe-S protein. In addition the DMSO reductase includes an outer
membrane protein that is similar to the metal reductase protein MtrB described above.
Furthermore, the S. oneidensis DMSO reductase is localized to the outer membrane (55),
similar to the metal reductase. Thiosulfate, trithionate, tetrathionate, and polysulfide appear
to be reduced by one enzyme, the molybdopterin-containing PstABC, in S. oneidensis [(56)
and Shirodkar, in preparation]. This is in contrast to Salmonella typhimurium, which uses
TtrABC to reduce tetrathionate and trithionate and PhsABC to reduce thiosulfate and
polysulfide (57, 58). Although the octaheme c-type cytochrome known as OTR has been
shown to reduce tetrathionate in vitro (59), results from our laboratory suggested that this
protein was not involved in tetrathionate reduction in vivo (Shirodkar, in preparation).

In addition to the sulfur species mentioned above, S. oneidensis also uses sulfite as
a terminal electron acceptor. Bacterial dissimilatory sulfite reductases studied to date are
siroheme-containing enzymes that catalyze the reduction of sulfite to sulfide (60). Two

mechanisms have been proposed to explain dissimilatory sulfite reduction. One suggests



that the reduction occurs through a 6-electron transfer reaction without the formation of
metabolic intermediates, whereas the other mechanism proposes multiple reduction steps
that involve the production of trithionate as an intermediate. Recent evidence suggests that
sulfite reduction in S. oneidensis occurs via a 6-electron transfer reaction that does not
release a trithionate intermediate (61). The reductase that catalyzes reduction of sulfite was
identified as SirACD, where SirA is an octaheme ¢ cytochrome that appears to function as
the terminal catalytic subunit of the reductase complex. The sequence of SirA contains an
unusual motif predicted to bind heme c. This motif is also found in the MccA family of c-
type cytochromes (62). Unlike many sulfite reductases, the S. oneidensis sulfite reductase
does not appear to require a siroheme cofactor (38). It also does not require the membrane
anchored c-type cytochrome CymA that transfers electrons from the menaquinol pool to
the fumarate, DMSO and nitrite reductases (63). The sulfite reductase components SirCD
are thought to function as a menaquinol oxidase and replace CymaA in the electron transport
chain that leads to sulfite reduction (64). In addition to sirCD, several additional genes are
located within the sir locus, and are predicted to encode proteins involved in protein
folding, heme maturation and Cu transport. Analysis of these genes and their role in sulfite

reduction is described in Chapter 3

Nitrite reduction

Another important and highly abundant element in the environment is nitrogen. It
is commonly found as dinitrogen gas and is the most abundant gas in the earth’s
atmosphere. Nitrogen is a component of the building blocks of life, such as amino acids,

DNA, and RNA, and therefore the biogeochemical nitrogen cycle is of great importance to



all living organisms (65). Microorganisms play a major role in nitrogen cycling, with
bacteria acting as key players in nitrogen fixation, ammonification, nitrification and
denitrification (66-68). Under anaerobic conditions, many bacteria, including Shewanella
species, are able to reduce nitrate or nitrite to nitrogen gas or ammonia. Shewanella
denitrificans and S. loihica have the genes that are needed for reduction of nitrate to N2 in
a process known as denitrification (20, 69-71). Other members of the Shewanella genus,
such as §. oneidensis, carry out dissimilatory nitrate (NO3) and nitrite (NOz) reduction and
generate ammonia (NHs) as the endproduct (72-74).

The S. oneidensis nitrate (NapA) and nitrite (NrfA) reductases are periplasmic c-
type cytochromes. The nitrite reductase, NrfA, is similar to nitrite reductases from other
bacteria, such as E. coli, and contains the atypical heme-binding motif CXXCK. In E. coli,
the nitrite reductase gene nrf4 is located in an operon that includes n7fBCD, subunits of the
nitrate reductase complex (75), and nrfEFG, which form a heme lyase involved in
maturation of the E. coli NrfA (35). Interestingly, nrf4 of Shewaenlla is monocistronic and
the S. oneidensis genome lacks genes similar to nrfBCDEFG that are found associated with

and involved in the maturation of NrfA in other bacteria (75).

Anaerobic gene regulation in S. oneidensis

Bacterial gene regulation occurs in response to a wide range of internal and external
stimuli. Global transcriptional regulators play an important role in the regulation of gene
expression in bacteria by controlling the expression of many genes in response to

environmental cues. Two well studied global regulators in bacteria are the fumarate nitrate
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reductase regulation protein (FNR) and the cyclic adenosine mono phosphate receptor
protein (CRP) of E. coli (76).

In E. coli, and other bacteria, the shift from aerobic to anaerobic respiration requires
the activation of the global transcriptional regulator FNR (77, 78). FNR regulates
expression of several genes, including those involved in anaerobic respiration, in response
to environmental oxygen levels. Under anoxic conditions FNR is able to form an active
dimer stabilized by the formation of a [4Fe-4S] cluster (79). In the presence of oxygen the
[4Fe-4S] cluster is destabilized resulting in inactive monomeric FNR. The S. oneidensis
FNR homolog, EtrA, although able to complement an E. coli FNR mutant (80), does not
function as the primary regulator of the Shewanella anaerobic reductases (81, 82). Contrary
to expectations, the cAMP receptor protein (CRP), which regulates carbon metabolism in
E. coli, controls the expression of anaerobic reductases in S. oneidensis MR-1 (83). crp
mutants are deficient in anaerobic respiration with several electron acceptors and the
activities of the fumarate, DMSO, and nitrate reductases are either severely decreased or
undetectable (83).

Although genetic and phenotypic data clearly implicate CRP in the activation of
anaerobic reductases in S. oneidensis MR-1, the mechanisms of this regulation remain
unclear. CRP lacks obvious redox-sensing domains, and unlike FNR, is not expected to
respond to changes in oxygen concentrations. Complementation of the S. oneidensis crp
mutant with the E. coli crp indicated that CRP in both organisms is similarly activated. In
E. coli, CRP is activated by the secondary signaling molecule cAMP, and addition of
cAMP to aerobically growing cultures of S. oneidensis MR-1 lead to a significant induction

in the activity of the anaerobic fumarate reductase (83). Therefore, transcriptional
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regulation by the S. oneidensis CRP is likely linked to cAMP production. cAMP is
synthesized from ATP by enzymes known as adenylate cyclases (84). The S. oneidensis
genome contains three genes that encode adenylate cyclases, two of which appear to have
a role in regulation of anaerobic reductases (85).

Protein synthesis can also be regulated post-transcriptionally. For example, in E.
coli, Salmonella species, and other Gram-negative bacteria, OmpF mRNA is degraded by
micF anti-sense RNA (86, 87), thus reducing the amount of mRNA available for
translation. Initiation and progression of translation can also be regulated by formation of
base-paired mRNA structures or by binding of mRNA repressor proteins (for review see
(88, 89)). Many Gram-negative bacteria also rely on post-translational degradation of
proteins as a mechanism to rapidly regulate the level of enzymes in the cell. For example,
in E. coli, the Lon protein regulates capsule synthesis via degradation of the transcriptional
regulator RcsA (90). In E. coli, transcriptional regulation of anaerobic reductases is
regulated by anoxic conditions (FNR) and by electron acceptor availability (91, 92). In
contrast, many anaerobic reductase genes in S. oneidensis appear to be expressed under
anaerobic conditions regardless of the electron acceptors present, but their enzyme activity
varies, suggesting that some of these reductases may be regulated post-transcriptionally.
Chapter 5 investigates the regulation of anaerobic reductase components at the
transcriptional, translational and post-translational level and aims to elucidate unique

regulatory mechanisms in S. oneidensis.
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Chapter 2
Materials and Methods

Bacterial strains and growth conditions

Bacterial strains and plasmids used in this study are listed in Table 2.1. Luria
Bertani (LB) medium was routinely used for aerobic growth of S. oneidensis MR-1 and E.
coli strains. Anaerobic cultures of S. oneidensis MR-1 strains were grown in basal medium
pH 7.4 supplemented with 50 mM lactate and 0.02% casamino acids (83). Electron
acceptors were used at 10 mM unless noted otherwise. Chloramphenicol (20 pg/ml),

kanamycin (25 pg/ml), and gentamycin (25 pg/ml), were added as appropriate.

Table 2.1. List of strains and plasmids used in this study.

Strain Description Source

Shewanella oneidensis

MR-1 Lake Oneida S. oneidensis isolate )
SR1207 MR-1 ASO_0479 (sirA) (10)
AnrfA MR-1 Anrf4 (6)
SR1518 AsirA containing pTC1 This Work
SR1550 MR-1 ASO 0265 (ccml) This Work
SR1576 Acceml containing pTC2 This Work
SR1566 MR-1 ASO_0476 (sirH) This Work
SR1570 AsirH containing pTC3 This Work
SR1542 MR-1 ASO_0477-8 (sirEF) This Work
SR1590 MR-1 ASO_0480-1 (sirBI) This Work
SR1548 AsirEF containing pTC4 This Work
SR1593 MR-1 ASO_0482 (sirG) This Work

SR1592 AsirG containing pTC5 This Work
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Strain Description Source

SR1594 AcemlI ASO_0482 (sirG) This Work

SR1595 AcemlIAsirG containing pTC2 This Work

SR1596 AcemlIAsirG containing pTC5 This Work

SR1441 MR-1 ASO_0483-4 (sirCD) This Work

SR1436 MR-1 ASO 0485-8 (sirJKLM) This Work

SR689 MR-1 ASO_0689 (sirR) (Shirodkar S)

Escherichia coli

p2155 pir::RP4, KmR 37

Plasmid Description Source

pER21 R6K ori, Gm®, sacB, lacZ a-fragment (10)

pJBC1 Cloning and sequencing vector, Cm® (24)

pTC1 SO 0479nss9c in pJBC1 This Work

pTC2 SO 0265 (ccml) in pJBC1 This Work

pTC3 SO 0476 (sirH) in pJBC1 This Work

pTC4 SO 0477-8 (sirEF) in pJBC1 This Work

pTC5 SO 0482 (sirG) in pJBC1 This Work

Table 2.2. List of primers used in this study.

Name Sequence Description

Chromosomal Deletion Primers

265dUF CTGTTCTGCGATGCTGAC ASO_0265

Upstream DNA

265dUR TACGAATTCCATCTACAATAGCGCTAAGTC Fragment

265dDF TACGAATTCCACTTTAGTTTGCATAAAAGCG ASO_0265
Downstream DNA

265dDR GTCCAGTTACGGAATGCAC

Fragment
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Name Sequence Description
476dUF GATTCTTCCCAAGCAATTGC ASO_0476
Upstream DNA
476dUR TACGAATTCTCCCGTAAAGCACGGCG Fragment
476dDF TACGAATTCTATTCAAACTGATCGAGTCGC ASO_0476
Downstream DNA
476dDR ATCCCGCACCTCAAAACAAC Fragment
477dUF GGCGATAAAGTCAATTTCACG ASO_0477-8
Upstream DNA
477dUR GATCGGATCCGGATTAACCCATGAAATCTTAC Fragment
478dDF GATCGGATCCATTAGTTAACGATTTAC ASO_0477-8
Downstream DNA
478dDR CGTCTTAGAGTGACGTGAACGTC Fragment
480dUF TCACTTAGACGGTGGTATCGG ASO_0430
Downstream DNA
480dUR CTAAGGATCCTCTTAAGTTCCCGACATCCGAAG Fragment
481dDF GATCGGATCCGGTTTGGTTTGAGGATAGGTT ASO_0481
Downstream DNA
481dDR TACAATCGCCACAACCGACAC Fragment
482dUF CTGGCGCATGTCAGGAAG ASO_0482
Upstream DNA
482dUR GACTGGATCCGAGTGCGATGGTGAACCC Fragment
482dDF GACTGGATCCCGCGATGCCATCAATAACGC ASO_04382
Downstream DNA
482dDR GAGCGACTACTGCGACTAACG Fragment
4821F CCAGTGCTGTGCAGTGGTG ASO_0433-4
Upstream DNA
483dUR TCGAGGATCCTCCGTCTCTCTATATTTTC Fragment
484F2 GATCGGATCCCAATGTAATAAGGCC ASO_0483-4
Downstream DNA
484R2 GCTGTCCGTCACAGACTCGAG Fragment
484DF GCCGCGCCACTGCTACTC ASO_0436-7
Upstream DNA
nosR1 GATCGGATCCGCTGTCCGTCACAGACTCGAG Fragment
nosF2 GATCGGATCCGTGGTACCGCCGAGTTTGC ASO_0486-7
Downstream DNA
490R 1 CTAAGATCTCTGTGACTCTATACTCAG Fragment
Complementation Primers
265cF TGCGCTAAGCCAAGACTTAG SO_0265
Complementation
265dDR GTCCAGTTACGGAATGCAC

DNA Fragment
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Name Sequence Description
A76F AAGCATATCACATATGATGAAATCTTACACAGCC SO 0476
AAGC Complementation
476cR CATTTACCGCCGTGCTTTAC DNA Fragment
477cF GTAAGATTTCATGGGTTAATCC SO_0477-8
Complementation
ARDCF AAGCATATCACATATGGCATGGCAAGTTTAGGGT SO 0482
TC Complementation
482cR GGCTAGCGACTTGATTAATATC DNA Fragment
Site Directed Mutagenesis Primers
479subE CGGCTTCTGACCACGACGTAACTGAATGCAAAGG
su TTGTCATAGCCAGTTCCAATC SO_0479 Site
Directed
479subR GATTGGAACTGGCTATGACAACCTTTGCATTCAG Mutagenesis

TTACGTCGTGGTCAGAAGCCG

Cistron Mapping RT-PCR Primers

CGGCTTCTGACCACGACGTAACTGAATGCAAAGG

479subF TTGTCATAGCCAGTTCCAATC Fragment 1
(607 bp)
479DR CGTTATAGGGCACCTCTGAC
482dUF3 CTGGCGCATGTCAGGAAG Fragment 2
482dUR3B GACTGGATCCGAGTGCGATGGTGAACCC (1032 bp)
482DF GAGGCAATCGATCATTGGC Fragment 3
482DR GCTTATGGGCGCTGTCAGC (317 bp)
4831F CTCGGGTGATCCTTGAGCAG Fragment 4
482dDR3 GAGCGACTACTGCGACTAACG (838 bp)
484DF GCCGCGCCACTGCTACTC Fragment 5
484DR CACCATGCCGCACAGGTGAC (397 bp)
Real-Time RT-PCR Primers
16SIRNARTF  CGTCGTAGTCCGGATTGGAG 16S rRNA
RT Product

16STRNARTR CCACTTCTTTTGCAGCCCAC

(145 bp)
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Table 2.2. List of primers used in this study.

Name Sequence Description
fccARTF CGTATCAGACAAAGGTGGCGTC SO_970
RT Product
fccARTR GCTATGGCAAGCATCACAATAAGC (211 bp)
dmsARTF CCAATGATGAGTATGGCAACCAC SO_1429
RT Product
dmsARTR AACTTCGCTTCCCCACGCTTAC (130 bp)
napARTF GGTTTTGGTGGAATCGTGCC SO_0848
RT Product
napARTR GCCAGGTAACAGCCCATTCT (173 bp)
nrfARTF GCTAAATCCCAGCGCCATTG SO_3980
RT Product
nrfARTR GCCACAGCCAAACCAAAGAG (201 bp)
phsARTF CATTGGGTTGGTACGGGACA SO_4062
RT Product
phsARTR CGACCAAGTGGAAGAGCAGT (110 bp)
SirARTF TCGCTACAGCGCCTATGAAG SO_0479
RT Product
sirARTR ATCGACCTCTGGATGTTCGC (198 bp)
sirFRTF CCGCCGAGCATCATGAAAAG SO_0477
RT Product
sirFRTR GATCGACCACGGTTTTTGGC (137 bp)
torARTF CGCCATCTTTAATGCCACGG SO_1232
RT Product
torARTR GAAAAAGCTGAACGCAGCCA (195 bp)

Generation and complementation of chromosomal deletion mutants

Chromosomal deletions were generated using the suicide vector pER21 (10).
Approximately 1 kb DNA fragments that flank these genes were amplified by PCR using
primers listed in Table 2.2 and Phusion polymerase (New England BioLabs). The internal
primers were engineered to include restriction enzyme sites and allow ligation of the
amplified fragments. The ligated fragments were cloned into the Smal digested pER21,
and the recombinant plasmids were transferred into S. omeidensis MR-1 cells by

conjugation from E. coli 2155 (93). Mutants were isolated following sucrose selection as
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described previously (94) and chromosomal deletions were confirmed by PCR. To
complement the mutants, DNA fragments that carry the respective genes were generated
by PCR using Phusion polymerase (New England BioLabs) and primers listed in Table
2.1. Amplified fragments were cloned into pJBC1 (10) then transferred from E. coli 2155

(93) to S. oneidensis MR-1 strains by conjugation.

Protein feature predictions

Protein signal sequence predictions were performed with SignalP version 4.1 (95).
Membrane helices were predicted using TopPred 1.10 (96, 97) and confirmed with
TOPCONS (98). Default settings were used unless noted. Probable lipid attachment sites

were identified using LipoP 1.0 (99) and default setting were used unless noted.

Endpoint RT-PCR

RNA was purified from wild-type MR-1 cells grown anaerobically in the presence
of Na2SOs for 24 hours. The cells were then harvested and total cell RNA was extracted
using TRI Reagent (Ambion — Life Technologies, Grand Island, NY) per manufacture
guidelines. The isolated RNA was subsequently treated with RNase-free DNase I
(ThermoScientific, Waltman, WA) followed by ethanol precipitation. RNA concentrations
were measured on a Biophotometer (Eppendorf, Hauppauge, NY). Reverse Transcription
and cDNA amplification were performed using illustra Ready-to-Go RT-PCR Beads (GE
Healthcare, Piscataway, NJ) and primers listed in Table 2.2 per manufacturer guidelines.

20 pmol of gene-specific primers were used to generate cDNA using 100 ng total RNA as
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the template. Following heat inactivation of the reverse transcriptase, the resultant cDNA

was amplified for 30 cycles.

Detection of reductase activity in native polyacrylamide gels

S. oneidensis wild type and mutant strains were grown anaerobically in basal
medium supplemented with 50 mM lactate, 0.02% casamino acids and 10 mM sodium
sulfite or 0.5 mM potassium nitrite as electron acceptors. Cell extracts were prepared using
B-PER lysis reagent (PIERCE, Rockford, IL). Protein concentrations were determined
using the Coomassie Plus Protein Assay kit and 50 pg total protein was separated on 10%
native polyacrylamide gels. Enzyme activities were assayed essentially as previously
described (100). Gels were transferred to a Coy anaerobic chamber (Coy Laboratory
Products, Grass Lake, MI) and stained for 20 min with reduced methyl viologen [38.9 mM
methyl viologen dichloride and 57.4 mM sodium hydrosulfite in 10 mM Tris pH 7]. 10
mM of Na2SO3 or NaNO3 was added and the gels were incubated further until bands of
clearing, indicating reduction of the electron acceptors, were observed. Gels were imaged

using a Kodak DC290 digital imaging system (Eastman Kodak, Rochester, NY).

Mass spectrometry

Protein bands displaying sulfite reduction activity were excised from Native
Polyacrylamide gels and rinsed three times in dH20 to remove excess stain. Gel samples
were sent to the University of Wisconsin — Madison Biotechnology Center for trypsin

digestion and evaluation on a 4700 Proteomics Analyzer (Applied Biosystems, Foster City,
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CA). The resultant spectra were compared against the MR-1 proteome for protein

identification.

Sulfite reduction assays

Reduction of sulfite was performed anaerobically in a Coy anaerobic chamber using
biometer flasks as described previously (38). The flasks contained 100 ml of deoxygenated
basal medium supplemented with 50 mM lactate, 0.02% casamino acids and 10 mM
sodium sulfite as the sole electron acceptor. Chloramphenicol (20 pg/ml) was added as
appropriate. The side arm of the flasks contained 10 ml of 40% KOH to trap Ha2S (101).
Overnight cultures of S. oneidensis strains grown in LB were used as inocula. Cultures
were sampled to measure HaS and SO3 every 12 to 24 hrs for up to 120 hrs. Ha2S was
measured using the mixed diamine assay (102) with modification. Briefly, 0.5 ml of the
KOH trap was transferred to 25 ml of dH20 and 1 ml of mixed diamine reagent [20 g N, N-
dimethyl-p-phenylenediamine sulfate, 30 g ferric chloride (FeCls-6H20) in 500 ml of 50%
hydrochloric acid] was added. The color was allowed to develop for 20 minutes and the
absorbance was measured at 670 nm. Hydrogen sulfide concentrations were determined
using sodium sulfide as a standard. Sulfite was measured using the fuchsin assay as
described previously (103). Briefly, 100 ul of 1.18 mM fuchsin dye (dissolved in 2.25 N
H2SO4) was added to 20 pl of sample mixed with 870 pl of water. Following a 10 min
incubation at room temperature, 10 pl of formalin was added, and the absorbance was
measured at 570 nm. Sulfite concentrations were determined using sodium sulfite as a

standard.
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Anaerobic growth assays

Anaerobic growth of S. oneidensis strains was performed in Hungate tubes filled
with minimal medium (28) supplemented with 50 mM lactate and 0.02% casamino acids.
Fumarate and DMSO were used as electron acceptors at a final concentration of 10 mM.
Absorbance at 600 nm was measured for up to 24 hours on a Genesys 20 spectrophotometer

(ThermoScientific, Waltham, MA).

Protein detection by western blots

Antibodies against SirA peptides (N- DGSWGAHGPRYTQKRLD and N'-
CHGPQYEKWRRSRHSK) were generated and affinity purified by Biomatik corp.
(Cambridge, Ontario). Strains of S. oneidensis were incubated anaerobically in basal
medium supplemented with 50 mM lactate, 0.02% casamino acids and 10 mM sodium
sulfite for 24 hours, unless otherwise indicated. Cells were harvested by centrifugation and
aliquots were used for determination of protein concentrations or resuspended directly in
SDS loading buffer and lysed by boiling for 10 min (104). Proteins were separated on 10%
sodium dodecyl sulfate-polyacrylamide gels and transferred to polyvinylidene difluoride
membrane (Thermo Scientific, Rockford, IL). The membranes were incubated with SirA
antibodies and developed using Supersignal West Pico Chemiluminescent substrate
(Thermo Scientific, Rockford, IL). Blots were imaged using a FOTO/Analyst Luminary
FX Workstation (FOTODYNE Inc., Hartland, WI). Protein concentrations were

determined using the Coomassie Plus Protein Assay kit (PIERCE, Rockford, IL)



21

Nitrite reduction assay

Reduction of nitrite was performed anaerobically in a Coy anaerobic chamber.
Serum vials containing deoxygenated basal medium supplemented with 50 mM lactate,
0.02% casamino acids, 0.5 mM potassium nitrite, were inoculated with S. oneidensis
cultures grown overnight in LB. Chloramphenicol (20 pg/ml) was added as appropriate.
Cultures were sampled every hour and nitrite concentrations were measured using N-(1-
naphthyl)ethylenediamine dihydrochloride and sulfanilic acid. The color was allowed to

develop for 10 min, and the absorbance was measured at 540 nm.

Site directed mutagenesis of SirA

The QuikChange II Site-Directed Mutagenesis Kit from Stratagene (Agilent
Technologies, Inc., Santa Clara, CA) was used to generate a mutation in the atypical heme-
binding site of SirA. The primers (479subF & 479subR; Table 2.2) extend 26 bases
upstream and downstream of the corresponding N589 codon in SirA. The N589 codon,
AAC, was changed to TGC resulting in an N859C substitution in the translated sequence.
The mutagenized fragment was amplified by PCR using PfuUltra HF DNA polymerase
and the base substitution was confirmed by DNA sequencing (Eurofins MWG Operon,
Huntsville, AL). The mutagenized sir4 and its native promoter were cloned into the S.
oneidensis expression plasmid pJBC1 (10). The resulting plasmid was transferred from E.

coli 2155 (93) into AsirA by conjugation.
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Generation of promoter-lacZ fusions

DNA fragments directly upstream of the DMSO reductase operon (dmsEFAB;
SO 1427-SO_1430), the fumarate reductase gene (fccA; SO_0970), the sulfite reductase
operon (sirABIGCDJKLM; SO _0479-SO_0488) and the thiosulfate reductase gene (psr4;
SO 2493) were amplified by PCR using the primers listed in Table 2.2 and Phusion
polymerase (New England BioLabs). The resulting fragments were digested with HindIII
and BamHI and then cloned into pMC10 (85), which carries a promoterless lacZ.
Following transformation of E. coli B2155 (93), the plasmids were transferred into S.
oneidensis wild type and mutant strains by conjugation as described above. Recombinant
strains were grown anaerobically with 10 mM fumarate, DMSO or TMAO, 1 mM nitrite
or nitrate for 4 hours or with 5 mM sulfite or thiosulfate for 24 hours in minimal medium
supplemented with 50 mM lactate and 0.02% casamino acids. For aerobic growth, 20 ml
cultures were grown in 500 ml flasks with vigorous shaking for 4 hr. Cultures were assayed

for B-galactosidase activity as described previously (105).

Real-time RT-PCR expression analysis

S. oneidensis MR-1 wild type was grown anaerobically in basal medium
supplemented with 50 mM lactate, 0.02% casamino acids and either 10 mM fumarate, 10
mM DMSO, or 1 mM KNO: for 4 hours or with 5 mM Na>SO3 or NaS>03 for 24 hours.
Cell cultures were pelleted, and total RNA was extracted from the cells using the Tri
Reagent (Ambion — Life Technologies, Grand Island, NY) according to the manufacturer's
instructions. The total RNA obtained was treated with RNase-free DNase I

(ThermoScientific, Waltham, MA) for 1 hr at 37°C and ethanol precipitated to remove
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residual enzymes. The absence of contaminating DNA in the RNA samples was confirmed
by PCR using primers 16STRNARTF and 16SrRNARTR (Table 2.2) and 50 ng of the total
RNA extracted. RNA concentrations were determined using a Biophotometer (Eppendorf,
Hauppauge, NY). Aliquots of the RNA samples were run on a 1% proteinase K treated
agarose gel to verify the integrity of the total RNA. To verify primer specificity and relative
total RNA concentrations, endpoint RT-PCR was performed using primers 16StTRNARTF
and 16STRNARTR (Table 2.2) and illustra Ready-to-Go RT-PCR Beads (GE Healthcare,
Piscataway, NJ).

RT-PCR was performed using the primers listed in Table 2.2 and the iTaq Universal
SYBR Green One-Step Kit (Bio-Rad, Hercules, CA) per the manufacturer guidelines. 100
pg total RNA and 20 pMoles of each primer were used in a 20 pL total reaction volume in
Hard-Shell low-profile 96-well semi-skirted PCR plates (Bio-Rad, Hercules, CA). The
reverse transcription, cDNA amplification and fluorescents detection were performed in a
CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA). Analysis of

the data generated was performed with CFX Manager 3.1 (Bio-Rad, Hercules, CA).
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Chapter 3
Analysis of genes located in the sir operon

Introduction

Sulfur is an essential element for all living organisms and is a component of amino
acids, such as cysteine and methionine, and Fe-S containing proteins such as ferredoxins
(52). Sulfur compounds also play a significant role in anaerobic respiration in many aquatic
environments. Sulfate (SO4%) is the most oxidized form of sulfur and is used for respiration
by many anaerobic bacteria. In many environments, SO4* is the major anaerobic electron
acceptor (53, 54). Other sulfur compounds such as sulfite (SO3%), thiosulfate (S203%) and
tetrathionate (S4Os”) can also be used for dissimilatory reduction under anoxic conditions.
They are abundant in marine and brackish aquatic environments and are important oxidants
for organic matter. Sulfur species with intermediate oxidation states, such as thiosulfate
and sulfite, are formed by the oxidation of sulfide and are rapidly consumed by thiosulfate
and sulfite reducing bacteria (106, 107). Approximately 80% of the sulfide produced is
recycled to sulfate through the formation of sulfur compounds of intermediate oxidation
states (108). The low abundance of intermediate sulfur species compared to sulfate is
attributed to their rapid use by microorganisms (108). In addition to their role as terminal
electron acceptors or energy sources, various sulfur species interact with metals and play
an important role in metal cycles. For example, the chemical reduction of Tc, U, Cr, and
Co by HzS and elemental sulfur leads to their immobilization (109-113). H2S also reduces
Fe(III), and the reduced iron is thought to participate in the reduction and immobilization

of radionuclides mentioned above (109).



25

The ability of S. oneidensis MR-1 to reduce a wide range of non-metal electron
acceptors is essential for its ecological success. Detectable turbidity and robust growth in
batch cultures is observed when TMAO, fumarate, DMSO, polysulfide, thiosulfate, and
sulfite are used as electron acceptors. It is interesting to note that four of these six anaerobic
electron acceptors are sulfur compounds. Despite their importance, little is known about

the mechanisms by which S-species are reduced by S. oneidensis.

In many bacteria and archaea, the dissimilatory sulfite reductases (Dsr) belong to a
family of proteins that also includes assimilatory nitrite and sulfite reductases (114-116).
Interestingly, Dsr is also found in the phototroph Chromatium vinosum and the sulfur
oxidizer Thiobacillus denitrificans, where it acts as a reverse sulfite reductase (117, 118).
Although §. oneidensis can reduce sulfite, its genome lacks the traditional dissimilatory
sulfite reductase (dsr) genes. We have recently identified the terminal sulfite reductase in
S. oneidensis MR-1 as an octaheme c cytochrome that belongs to the MccA family of
proteins, and has been designated SirA (38). Enzyme activity assays using methyl viologen
as the electron donor confirmed that SirA is a component of the terminal sulfite reductase.
sirA is located within a gene cluster that is conserved in the genomes of sulfite reducing
Shewanella species (38). Sulfite reduction by S. oneidensis was analyzed using biometer
flasks that allowed removal of toxic H2S produced during reduction. Intermediates, such
as thiosulfate and trithionate, were not detected during sulfite reduction suggesting that the

terminal sulfite reductase catalyzes a six-electron reduction reaction (38).

Siroheme is thought to be an important cofactor required by enzymes that catalyze
six-electron reduction reactions (119). Analysis of the genome sequence of S. oneidensis

MR-1 identified two putative siroheme synthetase genes. SO 3108 is predicted to encode
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a putative siroheme synthetase, while SO 3278 is predicted to encode a uroporphyrin-III
C-methyltransferase that functions in siroheme biosynthesis (120, 121). Results from our
laboratory indicated that these genes are not required for sulfite reduction in S. oneidensis
(122). This is further supported by the observation that the identified S. oneidensis sulfite
reductase components lack siroheme-binding motifs.

The sulfite reductase gene, sir4, is located in a 10-gene cluster that is predicted to
form an operon (38). This gene cluster includes sirCD that are proposed to encode a
menaquinol oxidase, and sirJKLM that are predicted to encode an ABC copper transporter.
In addition to sirJKLM, the sir locus encodes a peptidyl-prolyl cis-trans isomerase
(SO_0481; Sirl) that may play a role in protein folding, and a sulfurtransferase (SO_0480;
sirB) that exhibits a high degree of similarity to rhodaneses. The exact functions of
rhodaneses are not known, but one of the roles attributed to these enzymes is sulfur transfer
to proteins (123). The presence of sirB within the sulfite reductase operon allows us to
speculate that this rhodanese-like protein may play a role in sulfur transfer to the sulfite
reductase. Although NosDFYL, the homologs of SirJKLM, are thought to be involved in
copper transport, some reports suggest that these proteins are involved in the transfer of
sulfur needed for the formation of a 4Cu-S center, from the cytoplasm to the periplasmic
space (124). The function of genes in the sir gene cluster is not known and is the subject

of the work presented in this chapter.
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Results

Genes of the sir Locus

Genes involved in sulfite reduction are located in a gene cluster containing 14
genes, designated sir. Ten of these genes, including sirACD that encode the sulfite
reductase are predicted to form an operon based on the proximity of these genes to each

other (Fig. 3.1).

sird sirB sird sir(s sirC sirD) sirJ sirk sirl sirM

1kb

Figure 3.1. Arrangement of the predicted sir gene operon on the S. oneidensis
chromosome.

sirA (SO_0479) encodes a 708 amino acid octaheme c-type cytochrome that
functions as the terminal sulfite reductase and catalyzes the 6-electron reduction of sulfite
to sulfide (38). sirB (SO _0480) encodes a protein of 148 amino acid that is annotated as a
rhodanese domain containing sulfurtransferase. Sulfurtransferase proteins catalyze the
transfer of a sulfane sulfur to a donor molecule and can break the S-S bond of thiosulfate
to produce sulfite (125). sir/ (SO_0481) is predicted to encode a peptidyl-prolyl cis-trans
isomerase (PPIase) of 259 amino acids. PPlases have been reported to play important roles
as protein folding chaperones (126). sirG encodes a cytochrome ¢ maturation chaperone
and will be discussed in more detail in Chapter 4. sirC (SO_0483) encodes a 235 amino
acid ferredoxin predicted to contain a [4Fe-4S] center, whereas sirD (SO _0484) is

predicted to encode a membrane bound menaquinol oxidase of 315 amino acids. SirCD
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share 51% identity/70% similarity and 54% identity/72% similarity with NrfCD of
Wolinella succinogenes respectively. SirCD are also similar to the thiosulfate reductase
subunits PhsBC of S. oneidensis with 49% identity/65% similarity and 48% identity/61%
similarity respectively. sirJKLM (SO_0485-8) encode proteins similar to those involved in
Cu transport and Cu binding to the nitrous oxide reductase of several bacteria, including
Pseudomonas and Rhizobium species (Table 3.1) (127, 128). SirJ is similar to NosL, a
periplasmic Cu chaperone. SirK is similar to NosD, which is responsible for Cu insertion
into the active site of the N20O reductase of Pseudomonas and Sinorhizobium species (128,
129). Like NosD, SirK is predicted to be a lipoprotein localized to the periplasmic face of
the inner membrane (Table 3.2). SirL is similar to NosF, which is thought be an ATP-
binding component of the Cu transport systems in Pseudomonas and Sinorhizobium. SirL
contains an ATP/GTP-binding WALKER A motif/P-loop, (A/G)X4GK(S/T) (130), which
is also found in the NosF of several denitrifying bacteria (128, 131). SirL lacks a predicted
signal peptide sequence and is thus likely to be associated with the cytoplasmic face of the
inner membrane. SirK is similar to NosY, which in P. stutzeri is a transmembrane
component suggested to link energy-generation by NosL to the energy-dependent Cu

insertion by NosD (129).
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Table 3.1 Comparison of SirJKLLM to the copper transport proteins NosLDFY (% Identity/%
Similarity)

SirJ SirK SirL SirM

Pseudqmonas NosL NosD NosF NosY
stutzeri ATCC

(44/59) (40/57) (43/62) (38/58)
17588
Pseudomonas NosL NosD NosF NosY
aeruginosa PAO1 (42/55) (42/59) (42/62) (43/61)
Sinorhizobium NosL NosD NosF NosY
meliloti 1021 (38/51) (35/50) (38/57) (40/58)
Paracoccus NosL NosD CcmA NosY
denitrificans (40/54) (36/52) (39/60) (35/55)

Table 3.2 Predicted location and modifications of SirJKLM

Length in Predicted Membrane Predicted Predicted
Amino Acids Signal Sequence Helices Localization Lipoprotein

. MKKFFGLLLLLPLLL Periplasmic

Sir] 163 GCNKSEAT-DHQH None surface of IM Yes
. MLRLLLLCWLCGVS Periplasmic

SirK 424 FIGGAQ-ELRV None surface of IM Yes

SirL 348 None None Cytoplasmlc, ™M No
associated

SirM 298 None 6 IM Integral No

To confirm the prediction that sird BIGCDJKLM form a single transcriptional unit,
end-point RT-PCR was performed using primers designed to amplify the intergenic regions
indicated in Figure 3.2. Bands of the expected sized were obtained confirming the
prediction that these genes are organized in an operon. The start sites of sirKLM all reside

within the coding sequence of the previous gene, and as such no intergenic regions exist.
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sird sirB  sirl sirG sirC sirD sirJ sirk sirL sirM
N 1 —.
kb 0 N S S S S - £ N, S R
—
607 bp 1032 bp 317bp 838 bp 397 bp
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Figure 3.2 End-point RT-PCR mapping of sir gene mRNA. Solid black lines indicate
location and size of expected RT-PCR products. Images of fragments separated on agarose

gels are shown below, 1 kb DNA ladder is shown to the left (250 bp, 500 bp, 750 bp, 1 kb,
1.5 kb, 2kb, 2.5 kb, 3 kb)

Analysis of proteins with sulfite reductase activity by mass spectrophotometry
Sulfite reductase activity can be detected in native polyacrylamide gels using
methyl viologen as the electron donor and Na>SOs as the electron acceptor (38). Based on
sequence analysis we predicted that SirCD may be components of the terminal sulfite
reductase in addition to SirA (38). In an effort to identify proteins that make up the terminal
sulfite reductase, wild-type MR-1 cell extracts were used to obtain a sulfite reductase band
for sequence analysis. This band was excised from the gel and analyzed by LC-MS/MS.
The results revealed five peaks that corresponded to SirA fragments (Fig. 3.3). Because
native PAGE was used to isolate the sulfite reductase active band, we expected to detect
other components of the sulfite reductase such as SirC or SirD; these proteins were not

identified in our analysis.
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Figure 3.3 LC-MS/MS analysis of the sulfite reductase from native polyacrylamide gel.
A) LC-MS/MS spectra; peaks of SirA peptides are indicated by arrows. B) Results of
peaks indicative of SirA as indicated by arrows. Start and end site of peptide relative to
peptide sequence, observed peak, expected and calculated mass (Mr), mass difference
and identified sequence. C) SirA sequence with peptides identified by LC-MS/MS

shown in bold.

Reduction of sulfite and respiration of DMSO and fumarate by sir mutants
As mentioned above, the sir operon encodes 10 proteins that are predicted to be

involved in sulfite reduction. Mutants that lack sir4 and sirGCD were generated previously
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and determined to be deficient in sulfite reduction (38). The role of additional genes within
the sir operon in sulfite reduction or anaerobic respiration has not been determined. To test
the role of these genes, chromosomal deletions of sirBI, sirG, sirCD, and sirKL, were
generated and tested for anaerobic growth with fumarate and DMSO. All mutants were
able to grow similar to the wild-type indicating that none of the sir genes are required for
anaerobic respiration with these electron acceptors (Fig. 3.4 and 3.5). These mutants were
also tested for sulfite reduction. As expected, AsirBI and AsirCD were unable to reduce
sulfite and H2S was not detected in these cultures (Fig. 3.6). AsirG was able to reduce

sulfite following a long lag phase and is discussed further in Chapter 4.
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Figure 3.4 Growth of wild-type and sir mutants with fumarate as the electron acceptor.
None of the mutants exhibited any deficiency indicating that the sir genes were not
involved in fumarate reduction. Error bars indicate standard deviation across 3 replicates.



33

0.20 1
0.10 1
0.09 |
0.08 1
g 0.07;
=
0.06 1
S = MR-1
S 0.05
= -+ AsirA
S 0.04 1 -+ AsirBI
: 4
_g 2= AsirG
§ 0.03 - AsirCD
< = AsirKL
0-02 L) T T 1
0 6 10 12
Hours

Figure 3.5. Growth of wild-type and sir mutants with DMSO as the electron acceptor.
None of the mutants exhibited any deficiency indicating that the sir genes were not
involved in DMSO reduction. Error bars indicate standard deviation across 3 replicates.
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Figure 3.6 Sulfite reduction by wild-type and mutant strains. Asir4, AsirBI and AsirCD
are all deficient on reduction with sulfite. AsirG shows a lag of 48 hours before HzS is
detected. Error bars indicate standard deviation across 3 replicates.

Role of SirJKLM in sulfite reduction

SirJKLM exhibit similarity to Nos proteins involved in Cu transport and delivery
to the nitrous oxide reductase in other denitrifying bacteria. sirJKLM are part of the sir
operon and are predicted to play a role in sulfite reduction. To test this prediction, AsirKL
was tested for sulfite reduction in biometer flasks as described in Chapter 2. In contrast to
mutants that lack sirBICD, the sirKL mutant was able to reduce sulfite but after a lag phase

of 72 hr (Fig. 3.7).
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Figure 3.7 Sulfite reduction by wild-type MR-1 and AsirKL mutant. Sulfite in the growth
medium (solid lines) was depleted within 3 days of incubation in wild-type cells. H2S
(dashed lines) was detected in wild-type cells after 24 hours of incubation. AsirKL did
not reduce appreciable amounts of sulfite during the first 72 hours as evidenced by sulfite
and H2S concentrations in the medium. Error bars indicate standard deviation across 3
replicates.

The role of Cu in sulfite reduction is not known, but the results described above
suggested that the predicted copper transport proteins SirJKLM were required for wild-
type sulfite reduction levels. To determine if Cu affects sulfite reduction, I used the copper
chelator tetrathiomolybdate (TTM) to deplete the growth media of copper. TTM is thought
to be a copper specific chelator and has been successfully used to remove excess Cu in
patients with Wilson’s disease and some cancers (132-134). To determine if TTM has a
generalized effect on growth of S. oneidensis wild-type or AsirKL strains, up to 5 uM TTM
was added to cultures incubated anaerobically with fumarate as the electron acceptor (Fig.

3.8). Both strains were able to grow at similar rates with or without added TTM. These
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results suggested that TTM does not have a general effect on anaerobic growth of S.
oneidensis. TTM was also added to the growth media of wild-type and AsirKL cultures
supplemented with NaxSO3 as the sole electron acceptor. Surprisingly, addition of 1 uM
TTM to wild-type cells resulted in a slight increase in sulfite reduction (Fig. 3.9).
Increasing TTM concentrations to 3 and 5 uM resulted in a progressively decreased rate of
sulfite reduction (Fig. 3.9). Similar results were seen when AsirKL was grown in media
supplemented with TTM. Addition of just 1 uM showed a marked decrease in sulfite
reduction and addition of 3 uM TTM or greater completely inhibited sulfite reduction (Fig.

3.10). These results suggest that Cu may be required as a cofactor for optimum sulfite

reduction.
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Figure 3.8 Growth of wild-type MR-1 (m) and AsirKL (¢) in Basal Medium
supplemented with fumarate and TTM. Addition of up to 5 uM TTM had no affect on
the growth rate of wild-type or AsirKL.
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Figure 3.9 Sulfite reduction by wild-type MR-1 in Basal Medium supplemented with
TTM as indicated. Addition of 1 uM TMM exhibited a slightly increased rate of
reduction compared to non-supplemented medium. Addition of 3 uM or 5 uM TTM
resulted in a decreased rate of sulfite reduction.
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Figure 3.10 Sulfite reduction by AsirKL in Basal Medium supplemented with TTM as
indicated. Addition of 1 uM TMM exhibited a decreased rate of reduction compared to
non-supplemented medium. Addition of 3 uM or 5 uM TTM resulted in loss of sulfite
reduction.

Enzyme activity and protein stability in wild-type and sir mutants

To determine if the lack of anaerobic sulfite reduction in S. oneidensis mutant
cultures was due to loss of enzyme activity or loss of an intermediate component of the
electron transport chain, I tested the mutants described above for sulfite reductase activity
in native polyacryamide gels. Cell extracts were tested using methyl viologen as the
electron donor and NaxSOs as the electron acceptor. A mutant (AsirR) that encodes a
transcriptional regulator of the sulfite reductase (S. Shirdkar, unpublished) was included as

a control. The results of these experiments indicated that sulfite reductase activity was
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absent from Asird, AsirBI, AsirCD, AsirG, and AsirR cell extracts (Fig. 3.11). This
suggested that the terminal reductase, SirA, was absent or inactive in these mutants, and
that the deficiency in sulfite reduction was not due to loss of other electron transport chain
components. A sulfite reductase activity band was detected in AsirKL cell extracts in
contrast to cell extracts of sir mutants described above. The activity in AsirKL was slightly
reduced compared to wild-type (Fig. 3.11). These results are in agreement with the sulfite
reduction observed in cell cultures where AsirKL exhibited a longer lag phase than the
wild-type.

To distinguish between enzyme activity and protein stability in sir mutants, I tested
cell extracts of wild-type and mutants for the presence of SirA using peptide antibodies
generated against SirA. A reactive band corresponding to SirA was detected in wild-type
but not in Asird, AsirBI, AsirCD, AsirG or AsirR cell extracts (Fig. 3.12). This suggests
that the SirA protein is either not translated or is unstable in these mutants. In contrast,
AsirKL cell extracts resulted in a band that reacted with SirA antibodies similar to the wild-
type, suggesting that the protein is produced in appreciable amounts following a 24 hour
incubation with Na2SOs3 as the sole electron acceptor (Fig. 3.12). These results suggested
that the lack of sufite reduction in AsirKL mutant during the first 24 hr of incubation may

be due to deficiency in protein activity and not due to deficiency in SirA protein levels.
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Figure 3.11 Sulfite reductase activity by wild-type and sir mutants. A band of clearing
representative of sulfite reductase activity, indicated by arrow, was seen in wild-type
MR-1 cell lysates and to a lesser extent AsirKL. Sulfite reductase activity was not present
in cell lysates of the other sir locus mutants. Cultures were grown for 24 hours with
NaxSOs as the sole electron acceptor; 50 g total protein was loaded per lane.

MR-1
AsirA
AsirBI

Figure 3.12 Western blot with antibodies against the terminal sulfite reductase SirA. A
reactive band at ~80 kDa, indicative of SirA, was detected in wild-type MR-1 cell
extracts. AsirKL had a reactive band similar to wild-type. Reactive bands were not
detected with any of the other mutants. Cultures were incubated anaerobically for 24
hours with sulfite as the sole electron acceptor. 30 pg total protein was loaded in each
lane.



41

Discussion

The sulfite reductase in S. oneidensis MR-1 has been identified as an octaheme
¢ cytochrome designated SirA. Unlike other sulfite reductase studied to date, SirA is a non-
siroheme enzyme that catalyzes a 6-electron transfer reaction similar to siroheme
containing-enzymes (38). To further understand the mechanisms that lead to sulfite
reduction, I analyzed additional proteins encoded by the sir operon and determined their

role in sulfite reduction.

sirABIGCDJKLM constitute an operon

Based on proximity of sir4A-M to each other, they are predicted to form an operon.
sirKLM each overlap the coding region of the previous gene, and thus lack any intergenic
space. However, sird-J all contain small intergenic regions between their coding
sequences. The results of end-point RT-PCR confirm the presence of a single sird-J
message (Fig. 3.2). Taken together, these results confirm that sirdBIGCDJKLM form an

operon.

Proteins involved in electron transfer to the terminal sulfite reductase

Respiration by S. oneidensis with a majority of electron acceptors, fumarate,
DMSO, NO3, NO2, Fe, Mn and U for example, requires CymA for electron transfer from
the menaquinone pool to components of the terminal reductases (63, 135). In contrast,
thiosulfate (S203%) reduction is CymA-independent (Shirodkar, Biddle, Saffarini,
Manuscript in preparation), and based on sequence similarity to the Salmonella

typhimurium enzyme (56, 58), it is likely that PhsBC function in place of CymA in electron
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transfer from the menaquinol pool to the thiosulfate reductase. Sulfite reduction, similar to
thiosulfate reduction, is CymA-independent (38). The S. oneidensis sirCD are predicted to
encode a ferredoxin and membrane bound menaquinol oxidase, similar to PhsBC of S.
oneidensis and NrfCD of Wolinella succinogenes. In Wolinella, NrfCD are members of the
nitrite reductase complex and function as a membrane-bound quinol oxidase (136).
Cordova et al, has shown that overexpression of SirCD in a cymA4 mutant can partially
restore reduction of fumarate, DMSO and Fe (III) (64). These finding further support the
predicted role of SirCD as a menaquinone oxidase (38). To experimentally test the role of
SirCD in sulfite reduction, a AsirCD mutant was generated and tested for sulfite reduction
and for SirA activity and stability. As predicted, the mutant was not able to reduce sulfite
indicating the requirement for SirCD (Fig. 3.6). Surprisingly, sulfite reductase activity was
absent in cell extracts of the AsirCD mutant and Western blot analysis failed to detect SirA
in the mutant cell extracts (Fig. 3.11 and 3.12). It appears that, in the absence of SirCD,
SirA is not stable and is likely degraded by periplasmic proteases. SirA is predicted to be
a periplasmic protein that is anchored in the membrane by interactions with SirC and the
membrane-protein component SirD (Figure 3.13), and it is possible that maturation of SirA
involves interactions with SirD and SirC. In an attempt to determine the components of the
terminal sulfite reductase, we analyzed the make up of the sulfite reductase active band
obtained on native polyacrylamide gels by LC-MS/MS. Analysis of protein in the sulfite
reductase band indentified SirA (Fig. 3.3), but not SirC or SirD. These results suggest that
while SirCD are required for in vivo sulfite reduction and likely the maturation of SirA,

mature SirA is stable and active in the absence of SirCD.
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IM Sir[;'"' Menaquinone

Figure 3.13. Schematic of electron flow through the
sulfite reductase complex. Dashed line represents electron
flow from the menaquinone pool to the terminal sulfite
reductase, SirA.

Role of SirBI in the maturation and conformational folding of SirA

sirBI are located in the sir operon directly downstream of sirA4. SirB is predicted to
be a rhodenase domain containing sulfurtransferase, which functions in the transfer of a
sulfane sulfur. Sirl is predicted be a peptidyl-prolyl cis-trans isomerase involved in protein
conformation and folding. Loss of SirBI leads to complete loss of sulfite reductase activity
and SirA protein (Fig. 3.11 and 3.12). It is possible that SirB is needed for the transfer of
sulfur that is required for proper maturation or conformational stability of SirA. Loss of
this transferase activity may prevent attachment of a required cofactor or lead to general
protein instability. Sirl, predicted to be a peptidyl-prolyl isomerases (126) may be involved
in proper folding of the sulfite reductase, and its absence would result in loss of protein due
to degradation by periplasmic proteases. In E. coli, the periplasmic protease DegP is
responsible for the degradation of improperly matured apocytochromesc (137). S.
oneidensis lacks a degP gene, but has deg(OS which are predicted to encode proteins similar
to DegP. In E. coli, DegQ also acts as a periplasmic protease and can functionally

complement loss of DegP (138). Future experiments using degQS mutants will allow us to
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determine if the lack of SirA in AsirBI mutants is due to degradation of the protein due to

misfolding.

Role of Cu and related proteins in sulfite reduction

The sir operon encodes a set of genes predicted to function in copper transport and
attachment. SirJKLM are homologues of the NosLDFY found in Pseudomonas and
Rhizobium species, which are involved in maturation of the nitrous oxide (N20) reductase.
In Pseudomonas stutzeri the nitrous oxide reductase has been identified as NosZ. NosZ
contains two Cu centers, Cua and Cuz. Cua is involved in electron transfer to the Cuz
center, which is the active site of N2O reduction (131). Attachment of Cu to the Cuz site
requires several enzymes including the ABC transporter NosDFY, which use cytoplasmic
ATP to facilitate the insertion of Cu in the periplasmic apo-NosZ (129). Protein sequence
analysis of SirKLM suggested the formation of a trans-cytoplasmic membrane complex
similar to that of NosDFY. SirM is predicted to be an inner membrane protein with 6
transmembrane helices and SirL is predicted to be a cytoplasmic protein. Based on the
location and predicted function of these proteins we suggest that SirL interacts with the
cytoplasmic portion of SirM, and transfers the energy from ATP hydrolysis to SirK through
SirM. SirK, a lipoprotein located on the periplasmic face of the inner membrane, is
predicted to function in the energy-dependant attachment of Cu to either SirA or to a yet
to be identified protein. The nosDFY operon in Pseudomonas and Rhizobium also contain
a fourth gene, nosL. NosL is not essential for N2O reduction, but data suggests it may
function as a Cu chaperone and deliver Cu to the NosDFY-Z complex (139). SirJ, the NosL

homologue, is predicted to be a lipoprotein localized to the periplasmic surface of the inner
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membrane. If SirJ] were responsible for delivery of Cu to SirK, as predicted in other
organisms, it would make sense that they localize together on the inner membrane. Unlike
nosDF in other organisms, sirKL are not required for sulfite reduction in MR-1. However,
AsirKL exhibits a 72 hour lag in the start of sulfite reduction compared to wild-type (Fig.
3.7). It remains unclear if SirA requires Cu as a co-factor; if so, it is possible that the
observed lag in sulfite reduction is a result of the action of another Cu processing enzyme
or spontaneous attachment of Cu to SirA or a related enzyme.

The involvement of Cu in sulfite reduction was tested by removal of free Cu from
growth media using the chelator tetrathiomolybdate (TTM). TTM has been shown to
specifically chelate Cu and has been used in the treatment of Wilson’s disease to remove
excess Cu build up in the body (132). Addition of exogenous TTM to S. oneidensis cultures
did not affect the rate of anaerobic growth with fumarate (Fig. 3.8) indicating that the
chelator does not have a generalized effect on anaerobic growth. However, addition of
TTM had a significant adverse effect on sulfite reduction by wild-type and AsirKL (Fig.
3.9 and 3.10). This effect was observed when TTM levels exceeded 1 pM. Contrary to
expectations, the addition of 1 uM TTM had a slightly positive effect on sulfite reduction
by wild-type cells. This may be due to the effect of excess Cu in the basal medium that is
used to grow S. oneidensis with certain electron acceptors. S. oneidensis cells exhibit a
shorter lag phase when grown in basal medium not supplemented with Cu in the presence
of DMSO or sulfite (140) (data not shown). Addition of Cu to media treated with > 1 uM
TTM restored sulfite reduction, further supporting the hypothesis that Cu may be a cofactor

in sulfite reduction (data not shown).
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Sulfite reductase activity and Western blot analysis were used to determine levels
of SirA in the AsirKL mutant (Fig. 3.11 and 3.12). The results indicated that SirA protein
levels in the mutant were similar to wild-type levels. Sulfite reductase activity, however,
was decreased in mutant cell extracts. This suggests that the lack of SirKL does not affect
translation of SirA, but does affect its activity. Based on the results presented here, I suggest
that a Cu-cofactor is required for optimum activity of the sulfite reductase SirA, and that
SirJKLM are involved in transport and delivery of Cu to the sulfite reductase. Future
experiments to elucidate the structure of SirA should provide additional information

regarding the metal-cofactor that is needed for its optimal activity.
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Chapter 4

Specialized components involved in maturation of c-type cytochromes

Introduction

c-type cytochromes are characterized by the covalent attachment of heme b vinyl
groups to cysteines of the typical CXXCH heme-binding motif (29). In members of the o
and y Proteobacteria, attachment of heme to CXXCH requires the function of the System I
cytochrome ¢ maturation proteins CcmABCDEFGH (see (29-31) for review). CcmABCD
are required for transport and loading of heme b onto CcmE, whose function is to provide
heme to the heme lyase complex (29, 30). Heme lyases, also called cytochrome c
synthases, are involved in heme attachment to the cysteine residues of the CXXCH motif
in apocytochromes c. In E. coli, CcmFH form a complex and function as a heme lyase,
whereas in other Gram-negative bacteria, such as Rhodobacter capsulatus, the heme lyase

complex consists of CcmFHI (32).

The S. oneidensis MR-1 genome contains two gene clusters, ccm and sir, which
encode proteins predicted to play a role in cytochrome ¢ maturation (Fig. 1). The ccm genes
are organized in three transcriptional units and encode components of System I.
ccmABCDE and cemFGH encode proteins that are similar to CcmABCDEFGH from other
bacteria, and are required for maturation of c-type cyrochromes in S. oneidensis MR-1 (33,
34). Recently, SO 0265 was identified as ccml, and a mutant was generated and tested for
anaerobic respiration. The results indicated that Ccml was involved in anaerobic growth
with TMAO and DMSO, but the extent of its involvement was not significant (34). ccml
encodes a protein of 415 amino acids with two predicted membrane spanning domains. It

belongs to a family of tetratricopeptide (TPR)-domain containing proteins that function as
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chaperones and facilitate protein-protein interactions (for review see (141). The S.
oneidensis Ccml is 29-32% identical to Ccml proteins from Pseudomonas species such as
P. putida, P. aeruginosa, and P. stutzeri. It also shares a high degree of identity with Ccml
proteins of other Shewanella species such as ANA-3 (94%), MR-4 (93%), and W3-18-1
(89%). Ceml proteins from Rhodobacter sphaeroides and P. aeruginosa are thought to act
as apocytochrome c chaperones and constitute a heme ligation complex along with CcmFH

(142, 143).
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Figure 4.1. Arrangement of the ccm and sir gene clusters on the S. oneidensis
chromosome. Letters correspond to ccm or sir genes unless indicated otherwise.

In addition to CXXCH motifs, some c-type cytochromes contain atypical sites, such
as CXXCK and CXisCH, which require specialized heme lyase systems for maturation
(35, 36). In E. coli, heme ligation to the CXXCK site of NrfA requires the heme lyase
complex NrfEFG (35). In Wolinella succinogenes, two unique heme lyases, CcsAl and
Nrfl, are required for heme attachment to the CX1sCH and the CXXCK heme-binding sites
in the nitrite and sulfite reductases, respectively (32-34). Two atypical heme-binding sites
have been identified in S. oneidensis c-type cytochromes. The CXXCK motif is found in

the periplasmic nitrite reductase NrfA (37), and the CX1sCH motif is found in SirA (38).
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The second set of genes predicted to be involved in cytochrome ¢ maturation in S.
oneidensis MR-1 is located in the sir gene cluster (Fig. 1). sirG (SO_0482), originally
annotated as nrfG, lies within a 10 gene operon that includes the terminal sulfite reductase
genes sirACD and encodes a protein of 224 amino acids predicted to contain TPR and
membrane spanning domains. SirG is 35% identical to the N-terminus (amino acids 102-
283) of the S. oneidensis Ccml described above and 35% identical and 52% similar to NrfG
of E. coli. The E. coli NrfG is an apocytochrome ¢ chaperone and subunit of the NrfEFG

heme lyase complex required for maturation of the NrfA nitrite reductase (35, 144).

The proteins involved in heme attachment to the atypical sites of NrfA and SirA in
S. oneidensis have not been previously identified. In this chapter I describe the role of
SirEFG and Ccml in the maturation of these enzymes. sirEFH (SO _0478 - SO _0476) lie
directly upstream of the sirABIGCDJKLM operon (Fig. 1) and encode proteins of 685, 149,
and 194 amino acids, respectively. SirE shares a high degree of sequence identity with
CemF from S. oneidensis (47%), E. coli (42%), and P. aeruginosa PAO1 (42%), and with
the E. coli NrfE (44%). It is predicted to be an inner membrane protein containing the
conserved tryptophan rich domain ELGWGGWWFWDPVEN that is found in the
cytochrome ¢ synthetase CcmF of S. oneidensis and other bacteria (27). SirF, which was
previously annotated as NrfF, also appears to be an inner membrane protein and is similar
to CemH from P. aeruginosa and S. oneidensis (41% and 37% identity respectively), NrfF
from E. coli (38% identity), and the N-terminal region of CemH from E. coli (35%
identifity). CcmH proteins are thought to be involved in reduction of apocytochromes c
prior to heme liagation (25,27). Interestingly, the second conserved Cys in the LRCXXC

motif present in CcmH and NrfF proteins (145, 146) is absent in SirF. This second cysteine
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is also missing in SirF sequences of other Shewanella species. The significance of this
substitution remains to be determined. The third gene in the sirEFH operon, sirH, encodes
a protein that is similar to thioredoxin-like proteins of the TIpA — DsbE — ResA family
(147). 1t is predicted to be a periplasmic protein with 38% identity and 63% similarity to
the protein encoded by SO 0269, which lies downstream of ccmH (Fig. 1). SirH also shares
similarity with P. aeruginosa thioredoxins (NP_251167.1 and NP 249644.1) with 29%
identity/54% similarity and 29% identity/49% similarity, respectively. To determine the
role of these genes in the maturation of sulfite and nitrite reductases, I generated
chromosomal deletion mutants and tested them for growth, enzyme activity, and protein
stability. Contrary to expectations, our results indicated that the NrfE homolog, SirE, which
is predicted to act as a cytochrome c synthetase, is required for maturation of SirA but not
NrfA. Furthermore, the putative apocytochrome ¢ chaperone, Ccml, appears to participate

in the maturation of c-type cytochromes containing all three heme-binding motifs.

Results

Role of ccm and sir genes in nitrite reduction

Although several genes that belong to the ccm or sir clusters described above were
tested for cytochrome ¢ maturation (33, 34), genes specifically required for the maturation
of the nitrite reductase NrfA were not previously identified. Mutants with chromosomal
deletions of ccml, sirG, sirEF, and sirH were generated and tested for nitrite reduction.
AsirG, AsirEF, and AsirH mutant strains were able to reduce nitrite similar to the wild-type
(Fig. 4.2). Similar results were obtained when cell extracts from these mutants were tested

for nitrite reductase activity using methyl viologen as the electron donor (Fig. 4.3),
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indicating a lack of involvement of SirEFGH in NrfA maturation. In contrast, Accml was
completely deficient in nitrite reduction (Fig. 4.2). Complementation of the mutant by
introduction of ccml on a plasmid restored its ability to reduce nitrite (Fig. 4.2). Nitrite
reductase activity was detected in cell extracts of the complemented Accml mutant, but not
in cell extracts of Accml! or of the Anrf4 mutant, which lacks the nitrite reductase gene (Fig.

43).
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Figure 4.2. Nitrite reduction by wild-type and mutant strains. Deletion of sirEF, sirG,
or sirH did not have a significant effect on nitrite reduction. Deletion of ccm! resulted in
complete loss of nitrite reduction, which was restored by complementation with ccm/ on
a plasmid (Accmi+ccml). AsirA, which lacks the sulfite reductase, was included as a
control.



52

MR-1
AsirH
AsirEF
. Acceml + ceml

Figure 4.3 Nitrite reductase activity of cell extracts using methyl viologen as electron
donor and nitrite as electron acceptor. Cell extracts from wild-type (MR-1), AsirH,
AsirEF, and AsirG, resulted in nitrite reductase activity bands that were absent from
Anrf4 mutant, which lacks the nitrite reductase gene. Nitrite reductase activity was also
absent in cell extracts of Accml/ but present in the complemented mutant (Accml! + ccml).
Cultures were grown for 4 hours with nitrite as the sole electron acceptor before
harvesting. 30 pg of protein was loaded in each lane.
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Ccml is required for optimum anaerobic growth with DMSO and TMAO

To determine if the cytochrome maturation genes described above were required
for maturation of c-type cytochromes involved in anaerobic respiration with other electron
acceptors, mutants lacking these genes were tested for growth with fumarate, DMSO and
TMAO. Deletion of sirG, sirH or sirEF did not have an effect on anaerobic growth with
any of these electron acceptors (Fig. 4.4). This is similar to the results reported recently by
Jin et al. (34). In contrast, deletion of ccml led to slower growth and a longer lag phase
when DMSO (Fig. 4.4A) or TMAO (Fig. 4.4B) were used as the terminal electron
acceptors. Complementation of Accml restored growth with both electron acceptors to
wild-type levels. Interestingly, Accml was able to grow anaerobically with fumarate similar
to the wild-type (Fig. 4.4C). Sequence analysis of c-type cytochromes involved in
fumarate, TMAO, and DMSO respiration indicated that they contain only typical CXXCH
heme-binding domains. For reasons not yet clear, it appears that Ccml has a differential

effect on the maturation of c-type cytochromes involved in these respiratory pathways.
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Figure 4.4. Anaerobic growth of wild-type and mutant strains with DMSO (A), TMAO
(B), and fumarate (C). Accml was deficient in growth with DMSO and TMAO, and
complementation of the mutant restored growth with these electron acceptors to wild-
type levels. Deletion of ccml did not have an effect on anaerobic growth with fumarate.



55

Role of ccm and sir genes in the maturation of the sulfite reductase SirA

The S. oneidensis sulfite reductase SirA contains a CX12NKGCH heme-binding
site. Based on studies of heme maturation systems in other bacteria, such as E. coli and W.
succinogenes, it is hypothesized that heme ligation to this atypical site of SirA should
require a specific and dedicated heme lyase complex. To identify proteins involved in
maturation of SirA, Accml and AsirG were tested for sulfite reduction in anaerobic cultures
supplemented with 10 mM sulfite. Mutants lacking either sirG or ccml were able to reduce
sulfite, although a lag phase of 24 and 48 hours respectively was observed before HaS
production was detected (Fig. 4.5). To determine if SirG and Ccml, both apocytochrome ¢
chaperones, may have partially redundant roles in maturaton a double deletion was
generated. The double mutant AsirGAceml was completely deficient in sulfite reduction
(Fig. 4.5). Complementation of AsirGAccml with sirG on a plasmid restored sulfite
reduction similar to the single the Accm/ mutant. Similarly, complementation of the double
mutant with ccml allowed the cells to reduce sulfite similar to the AsirG mutant (Fig. 4.6).
These results indicated that, contrary to nitrite reduction where Ceml was essential, neither
Ceml nor SirG were essential for sulfite reduction. They appear to have a partially
redundant function, and complete loss of sulfite reduction was observed only when both

proteins were absent.
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Figure 4.5. Sulfite reduction by wild-type and mutants. As expected, H2S was not
produced by Asir4, which lacks the terminal sulfite reductase gene. AsirG and Accml
were able to reduce sulfite but the start of reduction was delayed by 24 and 48 hours,
respectively. A double mutant that lacks ccml and sirG was completely deficient in
sulfite reduction.



57

450
400
350
300
mﬂ
= 250 -+ MR-1
g 200 + AsirA
150 > AsirGAcceml
& AsirGAccml
100 + ccml
50 o AsirGAccml
+ sirG
0 - * * X
0 12 24 36 48 60 72 84 96 108 120

Hours

Figure 4.6. Sulfite reduction by AsirGAccml complemented with ccml or sirG. Wild-
type, AsirdA and AsirGAccml were included as controls. H2S was not produced by
AsirGAcceml. Addition of Accml (AsirGAceml + ceml) resulted in a delayed reduction,
similar to AsirG. Addition of AsirG (AsirGAccml + sirG) resulted in a delayed reduction,
similar to Accml.

As mentioned above, sirEF encode proteins similar to the NrfEF cytochrome ¢
synthetase and thiol-oxidoreductase that are required for heme ligation to the CXXCK site
in NrfA (31). Deletion of these genes resulted in complete loss of sulfite reduction similar
to AsirA, which lacks the catalytic subunit of the sulfite reductase (Fig. 4.7).
Complementation of AsirEF with a plasmid that carries sirEF and its native promoter
restored sulfite reduction to wild-type levels (data not shown). In contrast, deletion of sirH,
which appears form an operon with sirEF, was able to reduce sulfite at a rate similar to the

wild-type after a lag period of 48 hours (Fig. 4.7). This delay in reduction may be due to
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inefficient maturation of the sulfite reductase, suggesting that SirH is important for this

process but not essential.
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Figure 4.7. Sulfite reduction by wild-type, Asird, AsirH, and AsirEF. Sulfite was
reduced to H2S by wild-type MR1 but not in the AsirEF mutant. Sulfite reduction by
AsirH was delayed 48 hours, and then proceeded at a rate similar to the wild-type.

Sulfite reductase activity and protein stability

To further elucidate the effects of the heme lyase proteins described above on the
maturation of the terminal sulfite reductase, cell extracts from wild-type and mutant strains
grown for 24 hours with Na2SO3; were tested for sulfite reductase activity on native
polyacrylamide gels using methyl viologen as the electron donor. As expected, Asird was

completely deficient in sulfite reductase activity (Fig. 4.8A). AsirH and AsirG cell extracts
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exhibited a decreased sulfite reductase activity that was restored to wild-type levels by
complementation. In contrast, AsirEF completely lacked sulfite reductase activity (Fig.
4.8A), further supporting our observation above that SirEF were essential for sulfite
reductase maturation. Cell extracts from Accml cells were also deficient in sulfite reductase
activity. This is in agreement with our results above (Fig. 4.5) that indicated lack of sulfite

reduction by Accml cells during the first 24 hours of incubation.

As expected from the results obtained with cell cultures (Fig. 4.5), cell extracts of
the double mutant AccmlAsirG completely lacked sulfite reductase activity (Fig. 4.8A).
Complementation of this mutant with ccm/ on a plasmid resulted in a sulfite reductase
activity band that was not detected when AccmiAsirG was complemented with sirG (Fig.
4.8A). These results support the findings above (Fig. 4.5) that Ceml plays a more
prominent role in sulfite reductase maturation than SirG during early stages of reduction.
The above observations indicated that sulfite reduction by whole cells in mutant strains is
proportional to sulfite reductase activity detected in cell extracts, and further suggested that
the observed sulfite reduction deficiency in the mutants was not due to loss of other c-type

cytochromes that are part of the electron transport chain that leads to sulfite reduction.
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Figure 4.8. Sulfite reductase activity and protein levels of wild-type, mutant, and
complemented mutant cell extracts. A) Sulfite reductase activity using methyl viologen
as the electron donor. Cells were grown for 24 hours with sulfite as the sole electron
acceptor. Bands of clearing correspond to sulfite reductase activity. 50 pg total protein
was loaded in each lane. B) Western blot analysis of cell extracts in panel A using SirA
peptide antibodies. Reactive bands corresponding to SirA are indicated. 10 pg total
protein was loaded in each lane.

The observed decrease or absence of sulfite reductase activity in cell extracts of
ceml and sirEF, sirG, and sirH mutants may be due to a decrease in catalytic activity or to
reduced protein levels. To distinguish between these two possibilities, wild-type and
mutant cell extracts were tested for SirA levels using peptide antibodies generated against
SirA. A reactive band of around 80 kDa that corresponded to the predicted size of SirA
was detected in wild-type and to a lesser extent in AsirH and AsirG cell extracts (Fig. 4.8B).

This band was absent in cell extracts of AsirEF and Accml and was restored by
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complementation. Similar to the results obtained for enzyme activity (Fig 4.8A),
AsirGAccml lacked SirA, presumably as a result of protein degradation. In cell extracts of
AsirGAccml complemented with ccml, a faint band that reacted with SirA antibodies was
observed, but was absent in cell extracts of the mutant complemented with sirG (Fig. 4.8B).
These results indicated that the sulfite reduction deficiency observed in the cytochrome ¢
maturation mutants was due to decreased protein levels, likely due to protein instability

and degradation (137).

Role of SirA atypical heme binding motif in sulfite reduction

The S. oneidensis sulfite reductase SirA belongs to the MccA family of c-type
cytochromes and contains a CX12NKGCH motif predicted to bind heme (148). A
CX12AKGCH motif was found to be essential for the activity of the W. succinogenes sulfite
reductase (36). It is hypothesized that this atypical heme-binding motif is essential for the
S. oneidensis SirA sulfite reductase activity. To test this, a SirA mutant, SirAnssoc, was
generated in which the asparagine in the CX12NKGCH motif was replaced with a cysteine
to generate a typical heme-binding site (CXi12CKGCH). The ability of SirAnssoc to restore
sulfite reductase activity to the Asir4 mutant was tested by measuring H2S production in
cultures supplemented with 10 mM sulfite. Our results indicated that SirAnssoc was
completely deficient in sulfite reduction (Fig. 4.9). Furthermore, we did not detect sulfite
reductase activity by SirAnssoc in native gels using methyl viologen as the electron donor
(Fig. 4.10A). This deficiency appears to be due to loss of protein as evidenced by the lack

of a band that reacted with SirA antibodies (Fig. 4.10B). These results support the
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prediction that CXi2NKGCH is essential for active SirA, as observed in its W.

succinogenes counterpart.
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Figure 4.9. Sulfite reduction by wild-type and Asir4 expressing the modified sulfite

reductase SirAnssoc. Introduction of the modified sir4 did not result in complementation
of the mutant as evidenced by lack of hydrogen sulfide production.
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Figure 4.10. Sulfite reductase activity (A) and Western blot analysis (B) of cell extracts
from wild-type, AsirA, and SirAnssoc. Cultures were grown for 24 hours with sulfite as
the sole electron acceptor. A band that reacted with SirA antibodies was detected in the
wild-type but not in mutants cell extracts. A band of clearing indicating sulfite reductase
activity was also seen only in wild-type cells. 50 pg and 10 pg total protein loaded per
lane, activity and western respectively.
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Discussion

Maturation of c-type cytochromes requires specialized systems for the covalent
attachment of heme b to CXXCH motifs in apocytochromes c. In bacteria, System I (Ccm)
or System II (Ccs) is required for holocytochrome ¢ maturation with the step involving an
apocytochrome ¢ chaperone and a cytochrome ¢ synthetase. In bacteria such as
Rhodobacter capsulatus and P. aeruginosa, Ccml and CemF fulfill these roles, while in .
coli CcmF appears to be a fusion protein that carries out both functions (29, 31, 142, 143).
For c-type cytochromes with atypical heme-binding motifs, such as CXXCK found in the
nitrite reductase of E. coli and other bacteria, specific heme lyases are required for heme
attachment to these non-conventional sites. The genome of the metal reducer S. oneidensis
encodes 42 c-type cytochromes (18, 19), many of which serve as terminal reductases during
anaerobic respiration and all contain the typical CXXCH motif. The System I proteins
CcmABCDEFG were found to be essential for maturation of all c-type cytochromes in S.
oneidensis (33, 34), but none of these proteins were predicted to act as the apocytochrome ¢
chaperone component of the heme lyase. Recently, Ccmls, (SO_0265) was identified as a
cytochrome ¢ maturation protein (33, 34) that we predict functions as an apocytochrome ¢
chaperone. In contrast to an R. capsulatus ccml null mutant that is completely deficient in
mature c-type cytochromes (149), an S. oneidensis ccml mutant was able to grow
anaerobically similar to the wild-type with some electron acceptors, but failed to grow with
others (33, 34). This mutant, however, was not tested for anaerobic sulfite or nitrite
reduction. To further investigate the role of Ccmls, in cytochrome ¢ maturation, we
generated Accmls, and determined that it completely lacked nitrite reductase activity. The

mutant, however, was able to produce mature sulfite reductase, but more slowly than the
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wild-type. We consistently observed a lag phase of 48 hours in sulfite reduction by Accmliso
(Fig. 4.5). This suggested that unlike its essential role in the maturation of the nitrite
reductase NrfA, Ccml was involved in, but not required for, maturation of the sulfite
reductase SirA. Accmls, was also deficient in DMSO and TMAO respiration but was able
to grow to wild-type levels after a long lag phase. In contrast, growth with fumarate was
not affected by loss of ccml. The Accmliso phenotypes described here were surprising for
several reasons. First, all c-type cytochromes involved in TMAO, DMSO, and fumarate
reduction contain only typical CXXCH heme-binding motifs and a differential role for
Ccml in the maturation of these proteins was unexpected. Second, the atypical heme-
binding sites of the nitrite and sulfite reductases (CXXCK and CX12NGKCH respectively)
are different from one another, yet Ceml was involved in the maturation of both proteins,
but was only essential for the maturation of NrfA. Finally, if Ccml and SirG are the only
chaperones encoded by the S. oneidensis genome, and which do not appear to be involved
in cytochrome ¢ maturation of the fumarate reductase FccA, then how is the
apocytochrome delivered to the heme-ligation site of this protein? It is possible, although
unlikely, that a chaperone is not needed for the maturation of some c-type cytochromes in
S. oneidensis. Alternatively, a third apocytochrome ¢ chaperone may be encoded by the S.
oneidensis genome but cannot be detected by sequence analysis due to its low similarity to

known chaperones such as Ccml and SirG.

The S. oneidensis sulfite reductase subunit, SirA, is an octacaheme c-type
cytochrome with 7 CXXCH heme-binding motifs and an atypical CX12NKGCH site (38).
Similar atypical sequences have also been identified in the sulfite reductase of W.

succinogenes and in the MccA family of c-type cytochromes (36, 148). In S. oneidensis,
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this site appears to be important for the activity and stability of SirA, and may be the
catalytic site of the enzyme. Substitution of the asparagine residue in CX12NKGCH with a
cysteine, to mimic the typical CXXCH heme-binding motif, resulted in complete loss of
the sulfite reductase. These findings are similar to previous reports where amino acid
substitutions in the heme-binding site or deletion of ccm genes lead to instability and
degredation of the apocytochromes (35, 36, 150, 151). To date, the maturation of the MccA
family of c-type cytochromes has been studied only in W. succinogenes. In this bacterium,
a specific heme lyase system is responsible for heme attachment to the CXisCH motif (36,
152). In S. oneidensis, 1 have identified SirEFG as a heme lyase that appears to be specific
for the maturation of SirA. SirEFG are similar to the E. coli proteins NrfEFG that make up
the heme lyase required for maturation of the E. coli NrfA (35, 75). SirEF, which are similar
to cytochrome c synthetases (CcmF) and thiol oxidoreductases (CcmH) (153), appear to be
essential for sulfite reductase activity and stability. This suggests that SirA requires a
dedicated cytochrome ¢ synthetase for its maturation. However, unlike other c-type
cytochromes studied to date, which only require one apocytochrome c chaperone for their
maturation, SirA appears to require both SirG and Cemls, for this process. Single mutants
lacking either of these chaperones were able to express an active SirA enzyme more
slowely than the wild-type, whereas the double mutant AccmlAsirG mutant completely
lacked sulfite reductase activity and the SirA protein. Based on these results, I propose that
SirEFG along with Ceml constitute a 4-subunit heme-lyase complex that functions in the
maturation of SirA (Fig. 4.11 A). I further propose that loss of SirG results in a less efficient
maturation complex composed of SirEF and either a single Ccml or a Ceml homodimer

(Fig. 4.11 B). Likewise, loss of Ccml would result in formation of an even more inefficient
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maturation complex composed of SirEF and either a single Ceml or possibly a Ceml

homodimer (Fig. 4.11 C).
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Figure 4.11. Models of proposed apo-SirA lyase complexes. A) Wild-type heme lyase
complex, resulting in optimal production of mature SirA. B) Heme lyase complexes
lacking SirG, resulting in a lag of 24 hours. C) Heme lyase complexes lacking Ceml,
resulting in a lag of 48 hours.

The S. oneidensis nitrite reductase, NrfAso, is a pentaheme c-type cytochrome with

4 CXXCH and one CXXCK heme-binding sites (37), and is similar to the NrfA proteins
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of E. coli and W. succinogenes (35, 75, 154, 155). Maturation of NrfA in W. succinogenes
and E. coli requires the dedicated heme lyases Nrfl and NrfEFG, respectively (35, 144,
152, 156). Our results suggested that, unlike these bacteria, S. oneidensis does not appear
to have a dedicated heme lyase system for the maturation of its NrfAs, protein. Although
Ccmls, was essential for the maturation of NrfAs,, it also participated in the maturation of
other c-type cytochromes. Furthermore, we did not identify a cytochrome ¢ synthetase
similar to CcmF or SirE that is specific for the maturation of NrfAso. The lack of a dedicated
cytochrome ¢ synthetase system for maturation of the nitrite reductase in S. oneidensis,
suggests that CcmFHI may form the heme lyase complex responsible for heme attachment
to the CXXCK site (Fig. 4.12). If this is the case, then it further suggests that the same
heme synthetase CemF of S. oneidensis is able to ligate heme to apocytochromes ¢ with

both CXXCH and CXXCK heme-binding motifs.
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Figure 4.12. Model of proposed apo-NrfA lyase complex.

In summary, S. oneidensis has two predicted heme synthetases, CcmF and SirE and
two apocytochromes ¢ chaperones, Ceml and SirG. I predict that multiple combinations of

these proteins in S. oneidensis can form heme lyase complexes depending on growth
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conditions. For example, Ceml may interact with CcmF and CemH when nitrite and DMSO
are used as electron acceptors. Ccml may also interact with SirEFG when cells are grown
with sulfite. Unlike other bacteria studied to date, S. oneidensis does not appear to have a
dedicated and specific heme lyase complex for each of the heme-binding motifs found in
its c-type cytochromes. These findings add another twist to the already complex

mechanism of cytochrome ¢ maturation in bacteria.



70

Chapter 5

Regulation of anaerobic reductases expression and activity in Shewanella oneidensis

Introduction

Shewanella oneidensis MR-1 is a facultative anaerobe that can use a large number
of electron acceptors such as oxygen, nitrate, fumarate, dimethylsulfoxide (DMSO), Fe(III)
oxides, uranium, and chromium (7, 13, 157). S. oneidensis is dubbed an “interface
organism” because it lives at the boundary between the aerobic and anaerobic zones where
the availability of electron acceptors can fluctuate rapidly. It cannot ferment, and rapid
adaptation to changes in oxygen tensions is essential for its survival. This is perhaps one
of the reasons why many terminal reductases are expressed in the absence of their
substrates upon oxygen limitation (158). This level of expression is modulated further by
electron acceptor availability, and cells incubated with different electron acceptors exhibit
differential regulation of reductase and cytochrome genes indicating specific responses (85,
159). For example, the DMSO reductase genes are expressed when cells are incubated
anaerobically with fumarate or thiosulfate, but are induced further in the presence of
DMSO (85, 159).

In most bacteria, the oxygen-sensing FNR regulates the expression of respiratory
genes in response to oxygen limitation (78, 160). However, in S. oneidensis, with the
exception of the TMAO reductase, the cAMP receptor protein (CRP) regulates the
expression of all anaerobic reductases and most ¢ cytochrome genes (83, 85). A similar
mechanism of regulation was also found to operate in the related Shewanella sp. ANA-3

(161). S. oneidensis crp mutants are deficient in anaerobic respiration of fumarate, DMSO,
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Fe(II), Mn(IV), and nitrate. Furthermore, fumarate, DMSO, and nitrate reductase activities
are either severely decreased or undetectable in Acrp, indicating that CRP regulates the
expression of these anaerobic reductases (83). Activation of CRP requires the synthesis of
cAMP by adenylate cyclases. In S. oneidensis, two adenylate cyclases, CyaA and CyaC,
are required for expression of anaerobic reductase genes (85).

In addition to CRP, additional regulatory systems that control the expression of
anaerobic reductase genes have been identified in S. oneidensis. The two-component
system TorSR positively regulates the expression of the TMAO reductase genes in the
presence of TMAO (162). TorSR appear to be active when TMAO is present irrespective
of oxygen availability (163). The second system, ArcB1/HptA/ArcA regulates the
expression of the S. oneidensis DMSO reductase genes (164, 165), but the mechanisms that
lead to activation of ArcB1/HptA/ArcA are not clear. Recent evidence from our laboratory
identified SirR as a positive regulator of sulfite reductase gene expression (Shirodkar,
manuscript in preparation). Although several regulatory systems that control the expression
of anaerobic reductase genes have been identified, many aspects of the regulation of S.
oneidensis anaerobic respiration are unclear. In this chapter, [ investigate the transcriptional
regulation of sulfite reduction and the possible post-transcriptional regulation of several

anaerobic reductases.

Results
Promoter-lacZ fusions
To assess the expression of anaerobic reductase genes, promoter-/acZ fusions were

generated and assayed for B-galactosidase activity under different growth conditions. As
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anticipated, the fumarate reductase promoter was active under anaerobic conditions with
all electron acceptors tested (Figure 5.1). Under aerobic conditions, the fumarate reductase
promoter showed a 70% decrease in expression compared to anaerobic conditions (Fig.
5.1). The DMSO reductase promoter shows a similar expression pattern to the fumarate
reductase promoter with the exception that it was not expressed under aerobic conditions
(data not shown). However, when the sird promoter was fused to lacZ, hardly any [-
galactosidase activity was detected even in the presence of sulfite (Fig. 5.2). This suggested
that the use of lacZ fusions might not be ideal for measuring promoter activity under all
growth conditions. Furthermore, interpretation of [-galactosidase assay may be

complicated by the stability and half-life of the enzyme.
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Figure 5.1. B-galactosidase activity of the fumarate reductase (fccA) promoter fused to
lacZ in pMC10. Cells were grown to mid-log phase with fumarate, DMSO, sulfite,
thiosulfate, nitrate or oxygen as the sole electron acceptor.
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Figure 5.2. B-galactosidase activity of the sulfite reductase (sir4) promoter fused to lacZ
in pMC10. Cells were grown to mid-log phase with fumarate, DM SO, sulfite, thiosulfate,
nitrate or oxygen as the sole electron acceptor.

Effect of electron acceptor availability on the fumarate reductase

To overcome the problems associated with using /acZ-fusions described above, |
used real-time RT-PCR to get a more accurate measure of mRNA levels in cells grown in
the presence of different electron acceptors. Expression of the fumarate reductase gene was
determined using primers designed to amplify a 211 bp fragment of fccA (SO_0970, Table
2.2). Similar to promoter activity (Fig. 5.1), I did not detect appreciable differences in fccA4
mRNA levels when cells were grown with different electron acceptors (Fig. 5.3 A).
Aliquots of the same cultures used for RNA extractions and quantitative RT-PCR were
used to test for fumarate reductase activity in native PAGE. Similar to fcc4 expression,

fumarate reductase activity was detected in all cell extracts tested. However, cells grown
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with DMSO and nitrite displayed markedly less fumarate reductase activity than cells
grown with fumarate, sulfite or thiosulfate (Fig. 5.3 B). As expected, AfccA lacked

fumarate reductase activity (Fig. 5.3 B).
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Figure 5.3. Fumarate reductase transcript and activity levels of cell extracts from wild-
type MR-1 grown anaerobically with fumarate, DMSO, NOz, SO3 and S203. A) Real-
time RT-PCR detection of fcc4 message. Relative message levels are normalized to 16S
rRNA transcript. B) Fumarate reductase activity using methyl viologen as the electron
donor and fumarate as the electron acceptor. Bands of clearing correspond to fumarate
reductase activity. AfccA grown anaerobically with fumarate was loaded as a control. 10
ng of total protein was loaded in each lane.
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Effect of electron acceptor availability on the sulfite reductase

As mentioned above, the use of promoter-/acZ fusions to test the expression of
sirA was not successful. I therefore used quantitative RT-PCR to determine the level of
sirA mRNA in MR-1 cells grown with different electron acceptors. sir4 mRNA was
measured using primers designed to amplify a 198 bp fragment of sir4 (SO_0479, Table
2.2). sirA mRNA was detected in cells grown in the presence of sulfite and thiosulfate
(Fig. 5.4 A). Very low levels of sirA mRNA were detected in cells grown with nitrite, and
none was detected in cells grown with either fumarate or DMSO (Fig. 5.4 A).

Sulfite reductase activity was tested on native polyacrylamide gels using methyl
viologen as the electron donor and sulfite as the electron acceptor. Similar to mRNA
levels, sulfite reductase activity was observed in extracts of cells grown in the presence of
sulfite and thiosulfate. A sulfite reductase activity band was not observed in extracts of
cells grown in the presence of nitrite, DMSO, or fumarate. Sulfite reductase activity was
also absents from AsirA4 cell extracts, which lack the sulfite reductase SirA (Fig. 5.4 B).
These results suggest that anaerobic conditions in the absence of sulfite or thiosulfate,

which is reduced to sulfite, are not sufficient for sulfite reductase expression.
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Figure 5.4. Sulfite reductase transcript and activity levels of cell extracts from wild-
type MR-1 grown anaerobically with fumarate, DMSO, NOz, SO3 and S203. A) Real-
time RT-PCR detection of sir4 message. Relative mRNA levels are normalized to 16S
rRNA transcript. B) Sulfite reductase activity using methyl viologen as the electron
donor and Na>SOs as the electron acceptor. Bands of clearing correspond to sulfite
reductase activity. Asir4 grown anaerobically with Na2SO3 was loaded as a control. 50
pg of total protein was loaded in each lane.
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Effect of electron acceptor availability on the thiosulfate reductase

Thiosulfate reductase gene expression was tested in S. oneidensis cells grown
anaerobically with different electron acceptors using quantitative RT-PCR. mRNA levels
of phsA, which encodes the catalytic subunit of the thiosulfate reductase, were determined
using primers designed to amplify a 110 bp fragment of phs4 (SO _4062, Table 2.2).
Relative to the other anaerobic reductase genes, phsA transcript was very low under all
growth conditions. The highest level of phs4A mRNA was detected in cells grown with
thiosulfate, and to a lesser extent in cells grown with sulfite. A significant decrease in
message was found in cells grown with fumarate, DMSO or nitrite (Fig 5.6 A). Thiosulfate
reductase activity was detected in cell extracts of MR-1 grown with thiosulfate. No activity
is seen when grown with fumarate, DMSO or nitrite. Extremely low levels of thiosulfate
reductase activity are present in cells grown with sulfite (Fig. 5.5 B). These results are
intriguing because phs4 mRNA is detected in cells grown in the presence of sulfite, but
enzyme activity is almost absent, suggesting that thiosulfate reductase expression may be

subject to post-transcriptional regulation.
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Figure 5.5. Thiosulfate reductase transcript and activity levels of cell extracts from wild-
type MR-1 grown anaerobically with fumarate, DMSO, NO2, SO3; and S203. A) Real-
time RT-PCR detection of phsA message. Relative message levels are normalized to 16S
rRNA transcript. B) Thiosulfate reductase activity using methyl viologen as the electron
donor and NaS:20s3 as the electron acceptor. Bands of clearing correspond to thiosulfate
reductase activity. AphsA grown anaerobically with NaS203 was loaded as a control. 50
pg of total protein was loaded in each lane.
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Effect of electron acceptor availability on the nitrite reductase

The results described above indicated that the fumarate reductase was expressed in
cells grown anaerobically with different electron acceptors, whereas the sulfite and
thiosulfate reductases were expressed only when their respective electron acceptors were
available. To determine if constitutive expression under anaerobic conditions is unique to
the fumarate reductase, I measured nrf4 transcript levels in cell extracts of wild-type MR-
1 grown with fumarate, DMSO, nitrite, sulfite and thiosulfate (Fig. 5.6 A). I also tested
nitrite reductase activity. Nitrite reductase activity was detected in extracts of cells grown
with nitrite but was absent in Anrf4, which lacks the nitrite reductase gene (Fig. 5.6 B).
Interestingly, nitrite reductase activity was also detected in extracts of cells grown in the
presence of sulfite and thiosulfate (Fig. 5.6 B). Nitrite reductase activity was greatly
diminished in extracts of cells grown in the presence of DMSO or fumarate grown cells

(Fig. 5.6 B).
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Figure 5.6. Nitrite reductase transcript and activity levels of cell extracts from wild-
type MR-1 grown anaerobically with fumarate, DMSO, NOz, SO3 and S203. A) Real-
time RT-PCR detection of nrf4 message. Relative message levels are normalized to
16S rRNA transcript. B) Nitrite reductase activity using methyl viologen as the
electron donor and NaNO:z as the electron acceptor. Bands of clearing correspond to
nitrite reductase activity. Anrf4 grown anaerobically with NaS20O3 was loaded as a
control. 50 ug of total protein was loaded in each lane.
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DISCUSSION

Regulation of gene expression and enzyme activity is of critical importance in all
living cells. Cells are constantly assessing and responding to a plethora of internal and
external stimuli and signals. Most bacteria experience frequent changes in their
environment and need to be able to quickly adapt. For facultative anaerobes, the transition
between oxic and anoxic conditions is crucial for survival. In E. coli the transition from
aerobic to anaerobic growth requires a series of regulatory events that begin with the global
regulator FNR. FNR responds to anoxic conditions by forming a homo-dimer that then
regulates the expression of many genes involved in aerobic respiration, anaerobic
respiration and fermentation. E. coli further regulates gene expression based on nutrient
availability.

In S. oneidensis, FNR does not regulate the transition to anoxic conditions, rather
the cyclic AMP receptor protein (CRP) regulates transcription of anaerobic respiration
genes. Unlike FNR, CRP does not contain an oxygen-sensing domain, but responds to
levels of the secondary signaling molecule cAMP. Production of cAMP is regulated by
activity of three adenylate cyclases (cya). We have reported previously on the effect of
adenylate cyclases and CRP on gene expression when cells are shifted from oxic to anoxic
growth conditions (85). The work described here investigates further the growth conditions
that affect expression and activity of anaerobic respiratory enzymes.

We have used [B-galactosidase activity measurements as a proxy for promoter
activity using promoter-/acZ fusions. The fumarate reductase promoter was active under
anaerobic growth conditions with different electron acceptors. Some activity was detected

also in the presence of oxygen. These results are in agreement with previous findings that
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the fumarate reductase of S. oneidensis is expressed at low levels in aerobic cultures, and
this expression is increased under anaerobic conditions (80, 83). The use of sulfite
reductase promoter-lacZ fusions, however, did not reveal useful information. [-
galactosidase activity in these experiments was very low and similar to the activity obtained
in strains that carry a promoterless /acZ. To get a more accurate measure of gene
expression, I used real time RT-PCR to determine mRNA levels of the fumarate, sulfite
and thiosulfate reductases. fcc4A mRNA levels were high and were similar in cells grown
with different electron acceptors. These results were similar to results obtained with fccA
promoter-lacZ fusions. Fumarate reductase activity was also detected on native
polyacrylamide gels regardless of the electron acceptor that was present during cell growth.
However, a moderate decrease in fumarate reductase activity was observed in cells grown
in the presence of nitrite and DMSO. This decrease in activity did not correspond to mRNA
levels in cells grown with these electron acceptors. fccA mRNA levels were similar in
nitrite and fumarate grown cells, and only slightly reduced in DMSO grown cells. These
results suggest that, in addition to transcriptional regulation by CRP, the fumarate reductase
may be subject to additional regulation, either at the translational or enzyme activation
level. Alternatively, the fumarate reductase, FccA, may be less stable under certain growth
conditions. Further experiments are required to determine any post-transcriptional
regulation of the fumarate reductase enzyme.

The sulfite reductase, SirA, appears to be regulated more stringently than the
fumarate reductase. sir4A mRNA was abundant in cells that were grown anaerobically in
with sulfite or thiosulfate (Fig. 5.4 A). However, low levels of sirA mRNA were present in

cells grown with fumarate, DMSO or nitrite (Fig 5.5 A). It is possible that sir4 transcription
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occurs at low levels under anaerobic conditions and is further induced by sulfite or
thiosulfate. Alternatively, sir4 transcripts may be unstable or degraded in the absence of
these electron acceptors. A similar finding was obtained when levels of the thiosulfate
reductase gene phs4 were measured. phsA transcripts were present at high levels in cells
grown with sulfite and thiosulfate, but were either absent or low in cells grown with
fumarate, nitrite, or DMSO. Sulfite reductase enzyme activity appeared to correlate well
with sirA mRNA levels. In contrast, thiosulfate reductase activity was detected in
thiosulfate grown cells, and an activity band was barely detectable in sulfite grown cells in
spite of the presence of relatively high levels of phsA transcripts in these cells. Based on
these results we hypothesize that translation of the phs4 mRNA or activity of the
thiosulfate reductase enzyme may be inhibited in the presence of sulfite. Future
experiments are planned to determine levels of PhsA and identify the reason for loss of
thiosulfate reductase activity in sulfite grown cells.

It is interesting to note that the sulfite and thiosulfate reductase genes, in addition
to being regulated by CRP, are also subject to additional regulation by SirR and TsaSR
respectively (Shirodkar, Biddle, and Saffarini, in preparation). Regulatory proteins that
control the expression of the fumarate reductase gene have not been identified. The tight
regulation observed in gene expression of sirdA and phsA, compared to the constitutive
expression of fccA, may be due to the activity of additional regulatory proteins mentioned
above. As mentioned in Chapter 4, S. oneidensis expresses a nitrite reductase gene, nrf4,
which is also regulated by CRP, as well as, the two-component system NarQP (166). To
determine if the nitrite reductase enzyme is active only in the presence of nitrite, I tested

its activity in native polyacrylamide gels as described above. A band of nitrite reductase
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activity was detected in cells grown with nitrite, sulfite, and thiosulfate. Low levels of
activity were detected in cells grown with fumarate and DMSO. This suggests that the
nitrite reductase is expressed at low levels and further induced in the presence of nitrite. It
is intriguing that this level of activity was also present in cells grown with sulfite and
thiosulfate. The reason for this is currently not known. However, because all tested
enzymes were either expressed or active in the presence of sulfite and thiosulfate, this
suggests that these electron acceptors do not have a negative effect on the expression of
the fumarate and nitrite reductases. In contrast, DMSO appeared to have a negative effect
on the expression or activity of all reductases tested in this study. The results presented
here suggest regulation of the anaerobic terminal reductase in S. oneidensis is not only at
the level of promoter activation. However, it appears that other factors, in addition to
transcriptional regulatory proteins, may be involved in controlling anaerobic respiration in
S. oneidensis. Additional experiments that investigate in more detail gene expression,
proteins levels, and enzyme activities are needed to fully understand the mechanisms that

control anaerobic respiration in S. oneidensis MR-1.
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Chapter 6

Concluding Remarks

Shewanella oneidensis is of interest due to its ability to respire on a vast range of
electron acceptors. Respiration with some electron acceptors such as Fe oxides, fumarate
and DMSO has been well studied. Respiration on sulfur containing compounds is not as

well understood and is the topic of this study.

The terminal sulfite reductase has been identified as SirA, an octaheme c-type
cytochrome. In this work I present several additional components involved in sulfite
reduction. The ferredoxin and menaquinol oxidase SirCD form a complex with and
function in electron delivery to the terminal sulfite reductase SirA, accounting for the
CymA independent nature of sulfite reduction. Two proteins involved in folding and
stability of SirA were also identified. SirBI likely play a role in folding about the atypical
cofactor attachments sites of SirA. These proteins, coded for by genes in the sir operon,
are essential for SirA stability and sulfite reduction. An additional set of proteins, SirJKLM
are proposed to be involved in delivery and attachment of Cu as an enzyme cofactor.

SirJKLM are not strictly required, but are needed for optimal sulfite reduction.

The sulfite reductase also requires complex and specialized machinery for its
maturation. In addition to the typical CXXCH heme-binding motif found in all c-type
cytochromes, two atypical heme-binding sites are found in S. oneidensis. SirA codes for a
CX12NKGCH heme attachment site which requires the function of the heme synthetase
SirEF and the chaperones SirG and Ccml for maturation. This is the first report of a
maturation system where two chaperones are involved in apocytochrome ¢ maturation.

Ccml is also unique in its involvement in the maturation of all three heme attachment sites.
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All other bacterial cytochrome maturation systems reported have dedicated and specific

maturation machinery for each different heme-binding motif.

The other atypical heme site, CXXCK, is located in the S. oneidensis nitrite
reductase, NrfA. In other bacteria, NrfA maturation requires NrfEFG for heme attachment
to the CXXCK site. The S. oneidensis genome lacks genes that encode NrfEFG. Instead
NrfA maturation requires Ccml, which takes the place of NrfG as the apo-NrfA chaperone.
It is likely that the role of NrfEF is carried out by an unidentified synthetase and future
work will be required to identify the CXXCK specific synthetase. Generation of a strain
deficient in apocytochrome degradation will allow for analysis of unmatured reductases
permitting greater insight into the details of the highly complex ctype cytochrome

maturation in S. oneidensis MR-1.

Regulation of anaerobic reductases in S. oneidensis is different than in other
organisms such as E. coli and is quite complex. Transcriptional regulation of the expression
of genes involved in anaerobic respiration only appears to be a part of the regulation
scheme in S. oneidensis. Levels of transcript play an import role, possibly through
alterations in message stability or regulation of degradation. Additional post-translational
regulation is suggested and may occur through regulation of enzyme maturation or protein
degradation and turn over. This work provides a platform for the further study of these

complex regulatory mechanisms in Shewanella.

In this work I describe the role of genes involved in sulfite reduction and provide a
basis for further study of the roles of Cu and the Cu processing SirJKLM in sulfite
reduction. I also identify and describe novel cytochrome maturation systems of S.

oneidensis MR-1. Future work to identify additional cytochrome chaperones and
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synthetases should be performed to elucidate the intricacies of this complex maturation.
Future work to identify possible methods of post-transcriptional regulation is needed. I
believe future results will continue to reveal a link between the regulation, maturation and

activity of the S. oneidensis reductases.
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