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Abstract 

All living cells have requirements for metals, largely for the catalytic functions of 

metalloenzymes and other metal-containing proteins. However, metals become toxic to 

cells at higher concentrations. Therefore, it is imperative that organisms maintain 

intracellular metal concentrations within a viable range. As such, cells have many means 

through which to import, export, store, and detoxify metals, in order to fine-tune the 

intracellular concentration and reduce the toxicity of each. 

Iron is one of the most-used metals in metalloproteins, due to both its abundance 

in the Earth’s crust and its redox flexibility. Easily reduced to the ferrous state (Fe2+) or 

oxidized to ferric state (Fe3+), iron is widely used in enzymes involved in electron 

transfer, such as cytochromes, or redox sensing, such as transcription factors. The 

importance of iron is underscored by the large number of cellular processes that have 

been discovered in all domains of life that regulate the concentration and usage of iron. 

Multiple transport systems, for example, mediate the influx and efflux of both Fe2+ and 

Fe3+. Additionally, the redox flexibility of iron and its midrange redox potentials make iron 

a potential substrate for anaerobic respiration.  

Shewanella oneidensis strain MR-1 is a dissimilatory metal-reducing bacterium 

that lives in the redox transition zones of aquatic sediments. S. oneidensis produces 

numerous cytochromes that allow it to respire a wide variety of substrates, including 

extracellular, insoluble Fe3+ compounds, which are reduced to Fe2+. Fe2+ is much more 

soluble than Fe3+ in physiologically relevant conditions; therefore, S. oneidensis must 

contend with increasing local concentrations of soluble Fe2+ as it continues to respire 

Fe3+. How S. oneidensis interacts with Fe2+ and resists Fe2+ toxicity is the subject of this 

thesis.  

The second and third chapters of this thesis describe two newly discovered Fe2+ 

transport proteins in S. oneidensis. The first, which has been named FeoE (ferrous iron 

export), is an Fe2+ exporter that reduces the intracellular Fe2+ concentration during Fe3+ 

respiration by S. oneidensis. FeoE belongs to the Cation Diffusion Facilitator superfamily 

of divalent metal efflux proteins, which includes transporters of Cd2+, Co2+, Cu2+, Fe2+, 

Ni2+, and Zn2+. Studies presented in this dissertation demonstrate that FeoE is 



iv 
 

exclusively an Fe2+ exporter. The transporter described in Chapter 3, which was named 

FicI (ferrous iron and cobalt importer), is an Fe2+ and Co2+ importer. FicI belongs to the 

Magnesium Transporter-E (MgtE) family of Mg2+ and Co2+ importers; this is the first 

discovery of an MgtE protein that imports Fe2+ and not Mg2+. FicI appears to represent a 

secondary Fe2+ importer active at higher Fe2+ concentrations. FicI doesn’t require 

nucleotide hydrolysis for Fe2+ import, unlike the primary Fe2+ importer FeoB, therefore 

allowing the cell to conserve energy under high Fe2+ conditions.  

The fourth chapter in this thesis concerns the ATP-dependent protease ClpXP. 

ClpXP has previously been found to be involved in various cellular functions in several 

bacterial species, including releasing stalled proteins from ribosomes and the regulation 

of sigma factors, which influence the transcription of large groups of genes. The work 

presented in Chapter 4 shows that ClpXP is needed for the resistance of S. oneidensis 

to higher concentrations of Fe2+, which does not appear to involve previously described 

functions of ClpXP. Data presented in Chapter 4 indicate that ClpXP may target 

metalloproteins during Fe2+ stress, a finding that implicates high Fe2+ concentrations in 

protein mismetallation and misfolding. Supplementary Tables S1 and S2 contain 

transposon screen and protein-trapping results, respectively, relevant to this chapter. 

The work in this thesis expands the knowledge of the ways in which S. 

oneidensis interacts with Fe2+, including its uptake and efflux, and presents a potential 

mode of Fe2+ toxicity under anoxic conditions. As iron is an essential metal to most living 

organisms, and as there are many microorganisms living in metal-rich environments, the 

work presented here is relevant both to the study of S. oneidensis and to microbiology in 

general. The protein families discussed here are highly conserved among many 

microorganisms, and their newly discovered functions in S. oneidensis are likely to apply 

in others as well. More broadly, this work presents several widely-conserved proteins 

that have been repurposed or given added functions to meet the needs of an organism 

in order for it to thrive in a particular environmental niche, which reflects the adaptive 

nature of evolution.  
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Chapter 1: Introduction on Bacterial Interactions with Metals. 
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1.1 The respiratory versatility of Shewanella 

Cellular respiration is the process by which organisms transfer electrons, 

generated by the oxidation of reduced molecules, across a membrane to compounds 

called terminal electron acceptors (reviewed in White 2012). Respiration is the major 

means by which cells create energy: electron transfer is coupled with the generation of 

an electrochemical ion gradient across a membrane (Mitchell 1961), which the cell can 

then utilize to make ATP (Maloney 1974). Electrons are transferred along a redox 

potential gradient from more reducing compounds with lower potential to more oxidizing 

compounds with higher potential. Respiration pathways in cells are arranged in such a 

way as to pass electrons from an electron donor through carriers with increasing 

potentials and finally to a terminal electron acceptor. Along a respiration pathway, the 

free energy of electron transfer between membrane-bound electron carriers is used to 

move protons across the membrane. 

One of the highest potential electron acceptors is O2. However, cellular life 

preceded atmospheric oxygen by hundreds of millions of years, and early life forms first 

developed anaerobic respiration, or the respiration of electron acceptors other than O2 

(Castresana 1995). Anaerobic respiration pathways continue to be utilized by numerous 

bacterial, eukaryotic, and archaeal species living in anoxic environments, such as the 

Earth’s subsurface, hot springs, the deep ocean, and animal intestinal tracts.  

In recent decades, a handful of bacterial species have been discovered that are 

capable of anaerobically respiring insoluble, extracellular metals (Myers 1988, Lovley 

1988, Roden 1993, Rosselló-Mora 1995, He 2003, Wrighton 2011). The genus 

Shewanella, of the class Gammaproteobacteria, is comprised of the most diverse 

organisms discovered to date in terms of their respiratory capabilities (Nealson 2006). 

Shewanella oneidensis MR-1, originally isolated from Lake Oneida in New York State 

(Myers 1988), lives in metal-rich redox transition zones, such as lakebed sediments, 

where the oxygen concentration is continually in flux (see discussion of S. oneidensis 

environments in “Reactive sediment minerals” below). S. oneidensis has multiple 

electron carrier pathways, some of which end in the periplasm while others lead to the 

outside of the cell, which allows the organism to respire both soluble and insoluble, 

extracellular electron acceptors. Unlike obligate anaerobes, S. oneidensis appears to be 
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a “respiratory opportunist” that upregulates many anaerobic respiratory pathways at 

once in the absence of oxygen (Barchinger 2016), in what appears to be an evolutionary 

strategy of respiring any accessible electron acceptor to survive until conditions again 

turn oxic. Compounds that can be used as terminal electron acceptors by these 

facultatively anaerobic bacteria include oxygen, fumarate, sulfite, thiosulfate, nitrite, 

nitrate, and trimethylamine N-oxide (Myers 1988), as well as metals such as manganese 

(Myers 1988), iron (Kostka 1995), cobalt (Liu 2002), chromium (Myers 2000), and 

uranium (Lovley 1991). 

Only a few of the metal respiratory pathways harbored by some of the Gram-

negative metal-respiring species have been determined; the general structure is an 

electron conduit composed of cytochromes leading from the inner membrane, crossing 

the periplasm and outer membrane, and terminating at the cell surface (see example of 

the S. oneidensis metal-reduction cytochrome pathway in Fig 1.1). These extracellular 

respiration pathways can also transfer electrons to electrodes, thus generating an 

electrical current. The respiratory diversity of S. oneidensis and other metal-respiring 

microbes gives them great potential for biotechnological applications, including in 

microbial fuel cells (Hamamoto 2016), biosensors for detection of toxic contamination 

(Webster 2014), and bioremediation of heavy metal-contaminated environments (Lovley 

2003). Understanding the means by which S. oneidensis naturally interacts with metals 

and resists metal toxicity will allow for optimal microbial engineering for biotechnology 

purposes. 
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Figure 1.1 S. oneidensis extracellular respiration pathway. OM, outer membrane; 

IM, inner membrane; Q, oxidized quinone; QH2, reduced quinone; CymA and MtrCAB, 

cytochromes.  

 

1.2 Reactive sediment minerals  

Soils and sediments are composed of minerals that originate from the weathering 

of rocks, producing phyllosilicates and hydrous metal oxides with highly reactive 

surfaces (Nesbitt 1997, Essington 2015). In sediments, these minerals are often poorly 

crystalline and react easily with other compounds (Canfield 1989). Iron and manganese 

transform easily between redox states (Nealson 1994), allowing minerals containing 

these metals, such as ferrihydrite, birnessite, and siderite, to serve as sources of 

electron acceptor or donor to the numerous microorganisms living in sediments (Ottow 

1971, Jones 1983, Nealson 1994, Chaudhuri 2001). Mineral respiration and oxidation 

are particularly relevant in the oxic-anoxic transition zones that begin a few centimeters 

below the sediment interface with oxic water (Matisoff 2005), where oxygen 

concentrations ebb and flow due to environmental conditions and the activities of 

resident microbes (Jonasson 2012). It is in these redox transition zones that the vast 

majority of microbial respiratory interaction with metals occurs (Thamdrup 1994).  

The oxidation and reduction of metals in minerals greatly impact biogeochemical 

cycling in aquatic sediments. As the valence state of a metal changes, so do its physical 
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properties, including solubility (Marshall 1979, Nealson 1994). Iron and manganese in 

their oxidized forms (Fe3+, or ferric iron, and Mn4+) are solid at circumneutral pH, but in 

their reduced states (Fe2+, or ferrous iron, and Mn2+), they may be either soluble or part 

of insoluble compounds, depending on the pH and chemical composition of the medium 

(Nealson 1994, Thamdrup 1994). Mn3+ is generally unstable and only occurs naturally in 

minerals with mixed Mn oxidation states (Davison 1993). The composition, reactivity, 

and redox potential of iron and manganese minerals changes with the oxidation state of 

the metals therein (Fischer 1987, Nealson 1994). As minerals break down or reform due 

to microbial respiration and oxidation, the surrounding soluble chemical composition 

changes. Manganese and iron hydroxides act as major adsorbents, and upon reduction 

those minerals can release previously sequestered cations, phosphates, and other 

molecules (Wang 2015), in addition to soluble Mn2+
 or Fe2+. Conversely, metal oxidation 

can cause the formation of solid minerals and the sequestration of free molecules. 

Shifting soluble concentrations of metals and other molecules affects the microbial 

communities living in sediments, as they must adapt to continual fluctuations in 

bioavailable toxins, nutrients, and metals.  

1.3 Iron and other metals in living cells 

Metals are required for numerous cellular functions, largely as cofactors in 

enzymes. It has been estimated that, on average, one-fourth to one-third of all cellular 

proteins and around 40% of enzymes require metals (Waldron 2009, Andreini 2008). 

The metal most frequently associated with enzymes is magnesium, followed by zinc, 

iron, and manganese; calcium, cobalt, molybdenum, tungsten, copper, and nickel 

associate with enzymes least frequently (Andreini 2008). This series roughly correlates 

with both the relative abundance in the cytoplasm (Foster 2014) and the ionic radius of 

each metal (Hughes 1991), save for magnesium, which has the smallest ionic radius but 

the largest hydration shell of the biologically relevant cations (Moncrief 1999). As the 

ionic radius of a metal decreases, the strength of its interaction with ligands increases, 

making metals like copper and nickel most likely to bind to a protein (Irving 1953, 

Hughes 1991, Foster 2014). Metalloproteins with different enzymatic reactions require 

different properties of their bound metal ion(s); therefore, cells have evolved means of 

ensuring insertion of the proper metal into each protein. Metals with higher ligand 
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affinities are tightly controlled within a cell, both in concentration and in delivery to 

proteins, in order to prevent their misincorporation into a metalloprotein requiring a metal 

with lower affinity. Various metal delivery systems exist to ensure proper protein 

metallation, including for copper (Argüello 2013), nickel (Brayman 1996, Song 2011, Xia 

2009), cobalt (Raux 1997, Raux 1998), molybdenum (Leimkühler 2011), and iron 

(Ferreira 1995). Conversely, metals with lower ligand affinity, such as magnesium and 

manganese, often get inserted into proteins simply based on their higher abundance in 

the cytoplasm (Tottey 2008, Hung 2011). 

Metalloproteins are involved in myriad cellular processes as disparate as 

respiration (Méjean 1994), RNA processing (Keppetipola 2008), DNA repair (Rudolf 

2006), and substrate transport across membranes (Coudray 2013). Iron, being the 

fourth-most abundant element in the Earth’s crust (McDonough 2000), is one of the most 

common metals found in metalloproteins. Iron is readily reduced to Fe2+ or oxidized to 

Fe3+; due to this oxidative flexibility, iron is often involved in electron transfer between 

substrates. Iron-sulfur clusters frequently serve as the active centers in oxidoreductases 

(Teintze 1982), dehydratases (Flint 1996), photosystems (Vassiliev 2001), redox-

sensing transcription factors (Hidalgo 1994), and enzymes involved in enzyme radical 

formation (Broderick 1997) and RNA modification (Kimura 2015), among others. Iron-

containing hemes are ubiquitously utilized as electron carriers in cytochromes (reviewed 

in Liu 2014). Multiple other iron-containing proteins exist that do not utilize heme or iron-

sulfur clusters, including transcriptional regulators (Tucker 2007), phosphodiesterases 

(Diethmaier 2014), and oxidases (Rui 2014). Altogether, iron enzymes comprise 18% of 

metal-containing enzymes with known structures (Andreini 2008). 

1.4 Metal concentration control: transport 

Cells utilize many transport proteins to control the intracellular concentrations of 

biologically relevant metals. There are many protein families involved in the transport of 

numerous metals; the following is but a brief introduction to some of them. For further 

information on transport protein families, the Transporter Classification Database is a 

comprehensive source for membrane transport system literature (Saier 2006). 
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Many metal uptake systems have been discovered in all domains of life. One of 

the more widespread groups of metal ion importers is the Nramp (“natural resistance-

associated” macrophage protein) family (Gunshin 1997). Nramp2 proteins are found only 

in eukaryotes and are highly promiscuous, with a preference for Fe2+ followed by Zn2+, 

Mn2+, Co2+, Ca2+, Cu2+, Ni2+, and finally Pb2+ (Gunshin 1997). Nramp1 members (MntH in 

bacteria), on the other hand, are more substrate-specific, with a strong preference for 

Mn2+ (Kehres 2000).  

Bacterial cells have various ways to take up iron, with different systems specific 

for either ferric or ferrous iron. Many bacteria, particularly those growing aerobically, 

largely depend upon chelation of Fe3+ by secreted siderophores to bind, solubilize, and 

import iron (Rosenberg 1974). The periplasm-spanning TonB system was originally 

discovered as essential for Fe3+ uptake in Escherichia coli (Wang 1969a), and has since 

been implicated in the uptake of numerous substrates including vitamin B12, Ni2+, and 

carbohydrates, in addition to chelated Fe3+, in Gram-negative bacteria (reviewed in 

Schauer 2008). In other bacterial species, or under anaerobic conditions, Fe2+ is 

frequently the dominant iron species targeted for import. The GTPase FeoB is an inner-

membrane Fe2+ importer (Wang 1969b, Hantke 1987, Kammler 1993) ubiquitous across 

the Bacteria and Archaea, although it may not be responsible for Fe2+ import in all 

species in which it is found (Raphael 2003). 

Several families of Mg2+ importers have been discovered in bacterial species. 

CorA is the predominant Mg2+ importer in bacteria, which is also capable of Co2+ and 

Ni2+ import (Nelson 1972, Park 1976, Snavely 1989, Papp 2004). MgtA and MgtB are P-

type ATPases discovered as secondary Mg2+ importers, also capable of importing Ni2+, 

in Salmonella enterica serovar Typhimurium (Hmiel 1989, Maguire 1992). The MgtE 

family of Mg2+/Co2+ transporters (Smith 1995) is present in multiple Gram-positive and 

Gram-negative bacterial species, but it is not as widespread as CorA (Townsend 1995). 

No energetic mechanism has been determined for CorA or MgtE import activity; 

transport activity appears to be driven by ligand-gating, in which the channel remains in 

the closed position when bound by cytosolic Mg2+ and opens due to a change in 

stabilization energies when the cation binding sites are unbound (Takeda 2014, Matthies 

2016). 
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As metals are toxic at too high a concentration (see “Metal toxicity to living cells” 

below), many efflux protein families have evolved in bacteria to prevent intracellular 

metal buildup. The cation diffusion facilitator family of heavy metal transporters, found 

ubiquitously across all three domains of life, includes exporters of Zn2+, Fe2+, Cd2+, Co2+, 

Ni2+, and Mn2+; members of this family utilize membrane potential to drive substrate 

export (Nies 1995, Paulsen 1997, Montanini 2007). The P-type ATPase family includes 

the cadmium resistance transporter CadA (Nucifora 1989) and the cobalt exporter CoaT 

(Rutherford 1999). MntP and MneA are more recently discovered Mn2+ exporters 

(Waters 2011, Fisher 2016). CorA also appears to perform Mg2+ efflux rather than influx 

under certain conditions in strains that also carry corBCD (Gibson 1991). Mechanisms 

for Mn2+ and Mg2+ efflux by MntP, MneA, and CorA have yet to be determined. 

1.5 Metal toxicity to living cells 

While metals are required for numerous cellular processes, it is critical that 

intracellular concentrations of metals do not reach toxic levels. Unregulated, heavy 

metals will catalyze various detrimental reactions within a cell.  

Cuprous copper (Cu+), for example, damages iron-sulfur clusters, replacing the 

iron atoms and causing their release from proteins (Macomber 2009). Copper also 

reacts with O2 and H2O2 to produce DNA-damaging radical oxygen species via Fenton 

reactions (where “Me” denotes a metal): 

MeX + O2
• - → MeX-1 + O2  

2O2
• - + 2H+ → H2O2 + O2 

MeX-1 + H2O2 → MeX + •OH + OH-    (Stohs 1995). 

Cadmium has a high affinity for sulfur and will bind sulfide groups, forming 

intracellular CdS precipitates (Helbig 2008). Cadmium is also believed to bind the thiols 

of iron-sulfur clusters and to cause the release of free iron, which increases cellular 

damage (Helbig 2008). Cobalt is thought to take the place of iron during the assembly of 

iron-sulfur clusters; as cobalt is more redox stable than iron, substituting iron with cobalt 

in these clusters results in less active enzymes (Ranquet 2007). Co2+ and Co+ have also 
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been postulated to generate radical oxygen species through Fenton chemistry (Leonard 

1998). 

Fe2+ is also believed to cause cellular damage via oxidative stress when cells are 

growing under or introduced to aerobic conditions (Stohs 1995). Hydroxyl radicals, 

calculated to be produced by Fe2+ via the Fenton reaction at a rate of around 50 per 

second per cell (Stohs 1995), readily acquire hydrogens from deoxyribose and introduce 

DNA strand breaks (Balasubramanian 1998). Fe2+ is also known to be toxic under anoxic 

conditions; however, the mechanism of anaerobic Fe2+ toxicity is not yet known. See 

Chapter 4 for further discussion of potential mechanisms of anaerobic Fe2+ toxicity. 

1.6 Metal concentration control: storage and detoxification 

Due to their potential for toxicity and misincorporation into proteins, most metals 

must be detoxified and/or sequestered inside cells. Even metals that are not required by 

cells may still enter the cytoplasm and cause toxicity, and therefore many bacteria living 

in metal-rich or -contaminated environments have mechanisms for detoxification or 

removal of these metals. The mer operons, for example, are clusters of genes found in 

diverse bacteria that encode enzymes to reduce organic mercury complexes to Hg2+ and 

subsequently to Hg0, which passively exits the cytoplasm as a gas (reviewed in Barkay 

2003). 

Several storage systems for various metals exist, the most well-studied of which 

are metallothioneins (copper-binding proteins) and ferritins (iron-binding proteins). 

Bacterial metallothioneins coordinate metal ions through four Cys residues in a zinc 

finger-like structure (reviewed in Blindauer 2009 and Capdevila 2011). The first 

metallothionein discovered in bacteria, SmtA in Synechococcus PCC 7942, is able to 

bind Cd2+, Zn2+, and Hg2+ in addition to copper (Shi 1992). Indeed, the genomes of many 

bacteria examined appear to encode just one metallothionein, suggesting that most 

bacterial metallothioneins may bind multiple metal species (Blindauer 2009). There are 

exceptions, however, particularly in organisms that have adapted to metal-rich 

environments and are therefore more likely to have evolved multiple means of metal 

toxicity resistance. Three metallothionein-like proteins called “pseudothioneins,” for 
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example, were identified in a Pseudomonas putida strain isolated from sewer sludge, 

which were found to bind cadmium, zinc, and copper (Higham 1986). 

Ferritins utilize a unique, roughly spherical three-dimensional structure to bind 

iron within the interior of the protein and sequester it from the cytoplasm (reviewed in 

Andrews 2010). Ferritin-like molecules discovered in bacteria include the classical 

ferritins (Granick 1942), Dps proteins (Almirón 1992, Evans 1995), and bacterioferritins 

(Stiefel 1979). As Fe3+ is much less soluble and less toxic than Fe2+ under physiological 

conditions, ferritins oxidize Fe2+ to Fe3+ via “ferroxidase centers” before storage 

(Andrews 2010).The classical ferritins and bacterioferritins are thought to function 

primarily as storage molecules, whereas Dps proteins may function more as Fe2+ 

detoxifiers (Andrews 2010). More recently, a novel iron- and copper-binding Dps-like 

protein was discovered in Borrelia burgdorferi (Wang 2012). It is likely that further 

sequestration proteins for the storage and detoxification of other metals will continue to 

be discovered. 

1.7 AAA+ Proteases 

As discussed above, metalloproteins that receive the incorrect metal may be 

misfolded or display the incorrect activity. Proteolysis is required for the degradation of 

misfolded or mutant proteins and the regulation of various enzymes under different 

conditions (Gottesman 1996). The first ATP-dependent protease discovered in bacteria 

was Lon (originally called La), which was determined to depend on a serine residue for 

catalytic activity (Swamy 1981, Waxman 1982). Shortly thereafter, several other ATP-

dependent proteases were discovered in E. coli, including ClpP (originally called Ti), 

another serine protease (Hwang 1987, Katayama 1987). ClpP and Lon were later 

categorized as AAA+ proteases.  

The term AAA+ was coined by Kunau et al (1993) to define ATPases associated 

with diverse cellular activities, a broad category of proteins that require ATP for activity. 

There are five AAA+ proteases encoded in the genomes of S. oneidensis and other 

gammaproteobacteria: ClpXP, ClpAP, Lon, FtsH, and HslVU. ClpXP, ClpAP, and HslVU 

are comprised of two subunits, an ATPase (ClpX, ClpA, and HslU) and a peptidase 

(ClpP and HslV) (Gottesman 1990, Chuang 1993), whereas Lon and FtsH are encoded 
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by discrete genes and display both ATPase and peptidase activities (Charette 1981, 

Herman 1993, Kihara 1995). The ATPase subunit or domain of the AAA+ proteases 

determines substrate specificity, using ATP to unfold target proteins and feed them into 

the peptidase subunit or domain for degradation into peptide fragments (Katayama 

1988, Wojtkowiak 1993).  

Proteolysis targets are usually recognized by proteases via amino acid sequence 

tags near their C- or N-terminus (Flynn 2003) or via short peptide tags that are attached 

to targets by delivery proteins (Keiler 1996). AAA+ proteases are involved in numerous 

cellular functions. Lon was originally discovered due to the inability of lon mutants to 

degrade abnormal protein fragments and missense proteins (Gottesman 1978). Since 

then, AAA+ proteases have been implicated in the regulation of a vast array of cellular 

processes as diverse as DNA damage response, cell cycle and differentiation, heat 

shock response, lipid synthesis, and DNA transcription and replication (reviewed in 

Gottesman 1996, Van Melderen 2009, Ambro 2012, Okuno 2013). Further discussion of 

the cellular functions regulated by ClpXP can be found in Chapter 4.  

1.8 Thesis summary 

This thesis describes the investigation of the ways in which S. oneidensis 

interacts with iron and the mechanisms encoded in its genome that allow it to resist Fe2+ 

toxicity. Chapter 2 discusses the Fe2+ exporter FeoE. FeoE is a member of the cation 

diffusion facilitator protein family and is taxonomically related to FieF, which is an E. coli 

protein that has been determined to be a Zn2+/Cd2+/Fe2+ exporter. This chapter 

demonstrates that FeoE is required for optimal growth of S. oneidensis under iron-

respiring conditions, and FeoE requirement is due to its function in exporting excess Fe2+ 

from the cytoplasm. Unlike FieF, FeoE is specific for Fe2+ and does not export other 

divalent metals; FeoE also appears to be a more efficient Fe2+ transporter than FieF. 

Chapter 3 details the discovery that FicT, an MgtE family member encoded in the 

S. oneidensis genome, imports Fe2+ rather than Mg2+, in addition to Co2+. Two other 

genes encoding MgtE proteins are annotated in the S. oneidensis genome; neither of 

these appears to import Mg2+ either. Experiments in this chapter show that FeoB is the 

primary Fe2+ importer under low-iron conditions, while FicT imports Fe2+ under high-iron 
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conditions. The evolution of different Fe2+ importers in S. oneidensis may reflect an 

adaptive strategy to reduce the energy involved in iron uptake when possible, given the 

iron-reducing conditions under which this organism frequently lives. 

Chapter 4 explores the role of the protease ClpXP in resisting Fe2+ toxicity in S. 

oneidensis. ClpXP is important for the growth of S. oneidensis under high-Fe2+ 

conditions; however, previously studied cellular processes known to be regulated by 

ClpXP are not involved in Fe2+ resistance. ClpXP appears to target metalloproteins 

during Fe2+ stress, which could indicate that high Fe2+ causes toxicity by overwhelming 

metal sequestration capacity and overriding the normally tightly regulated processes for 

correct metal insertion into metalloproteins.  

Chapter 5 introduces some preliminary work relating to the sigma factor σE, 

which appears to be necessary for wild-type levels of Fe3+ respiration. The role of rpoE 

in extracellular respiration is thus far unclear, but it does not appear to involve Fe2+ 

stress response or the production of biofilms. 
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Chapter 2: A Ferrous Iron Exporter Mediates Iron Resistance in Shewanella 

oneidensis MR-1 

 

 

This chapter is a reprint, with minor alterations, of a published manuscript. 

 

Bennett BD, Brutinel ED, Gralnick JA. 2015. A ferrous iron exporter mediates iron 

resistance in Shewanella oneidensis MR-1. Appl Environ Microbiol. 81:7938–7944. 
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2.1 Summary 

Shewanella oneidensis strain MR-1 is a dissimilatory metal-reducing bacterium 

frequently found in aquatic sediments. In the absence of oxygen, S. oneidensis can 

respire extracellular, insoluble oxidized metals, such as iron (hydr)oxides, making it 

intimately involved in environmental metal and nutrient cycling. The reduction of ferric 

(Fe3+) iron results in the production of ferrous (Fe2+) iron ions, which remain soluble 

under certain conditions and are toxic to cells at higher concentrations. We have 

identified an inner-membrane protein in S. oneidensis, encoded by gene SO_4475 and 

here called FeoE, which is important for survival during anaerobic iron respiration. FeoE, 

a member of the cation diffusion facilitator (CDF) protein family, functions to export 

excess Fe2+ from the MR-1 cytoplasm. Mutants lacking feoE exhibit an increased 

sensitivity to Fe2+. The export function of FeoE is specific for Fe2+, as a feoE mutant is 

equally sensitive to other metal ions known to be substrates of other CDF proteins (Cd2+, 

Co2+, Cu2+, Mn2+, Ni2+, or Zn2+). The substrate specificity of FeoE differs from that of 

FieF, the Escherichia coli homolog of FeoE, which has been reported to be a Cd2+ / Zn2+ 

or Fe2+ / Zn2+ exporter. A complemented feoE mutant has an increased growth rate in the 

presence of excess Fe2+ compared to ΔfeoE complemented with fieF. It is possible that 

FeoE has evolved to become an efficient and specific Fe2+ exporter in response to the 

high levels of iron often present in the types of environmental niches in which 

Shewanella species can be found. 

2.2 Introduction 

Shewanella oneidensis strain MR-1 is a versatile, facultatively anaerobic 

bacterium that lives in aquatic environments and is capable of respiring numerous 

organic and inorganic compounds in the absence of oxygen. The respiratory diversity of 

S. oneidensis has widespread effects on biogeochemical cycling (Nealson 2006) and 

has therefore been a focus for applications in biotechnology and bioremediation 

(Gralnick 2007). Terminal electron acceptors that S. oneidensis can use aside from 

oxygen include dimethylsulfoxide (DMSO), trimethylamine N-oxide, fumarate, nitrate, 

and sulfite (Myers 1998, Myers 2001, Samuelsson 1985, Shirodkar 2011), as well as 

oxidized metals such as iron and manganese (hydr)oxides (Myers 1998, Kostka 1995), 
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which are abundant in the types of sediments (Canfield 1989) allow dissimilatory metal-

reducing bacteria to survive in iron-rich conditions, however, are not fully understood. 

Respiration of ferric iron (Fe3+) results in the production of ferrous iron (Fe2+), 

which can remain as aqueous Fe2+ ions or become incorporated into solid-phase 

minerals (O’Reilly 2005, Blöthe 2008), depending on the environmental conditions. As 

iron respiration by S. oneidensis continues, the local concentration of aqueous Fe2+ may 

increase, and Fe2+ ions can be taken up by cells through transition metal ion uptake 

systems, primarily the iron transport complex FeoAB (Kammler 1993). At higher 

concentrations, however, Fe2+ is toxic to cells. Aerobically, Fe2+ toxicity is thought to be 

caused by oxidative damage from hydroxyl radicals produced through the Fenton 

reaction (Imlay 1988), but the cause of damage under anaerobic conditions is not well 

understood. Several possible causes of anaerobic Fe2+ toxicity have been proposed, 

such as the production of reactive nitrogen species (Carlson 2012) or inhibition of the 

F0F1 ATPase (Dunning 1998). Regardless of the basis for toxicity, microorganisms have 

evolved means of minimizing cellular damage caused by high concentrations of Fe2+ and 

other metal ions.  

One of the well-characterized mechanisms that microorganisms use to prevent 

metal toxicity is efflux via membrane transporters. Metal efflux proteins are widespread 

in all three domains of life and comprise multiple protein families and superfamilies. For 

example, the major facilitator family includes the tetracycline-metal ion transporter TetL 

in Bacillus subtilis (Jin 2002) and the iron citrate exporter IceT in Salmonella enterica 

serovar Typhimurium (Frawley 2013). P-type ATPases, which couple the uptake or efflux 

of cations to ATP hydrolysis, include the cadmium exporter CadA in Staphylococcus 

aureus and B. subtilis (Nucifora 1989, Tsai 1992) and the copper transporter CopA in 

Escherichia coli (Fan 2002). To date, however, there have been no proteins mediating 

Fe2+ resistance described in S. oneidensis.  

A transposon screen identified mutations in gene locus SO_4475 resulting in a 

strong growth defect during ferric citrate respiration, but not during respiration of 

fumarate or DMSO (Brutinel and Gralnick, unpublished data). SO_4475 is predicted to 

encode a metal ion exporter in the cation diffusion facilitator (CDF) family, a group of 
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inner membrane proteins that utilize proton motive force (PMF) to export a range of 

divalent metal cations (Nies 1995, Paulsen 1997). The closest homolog of SO_4475 

described in the literature, at an amino acid sequence similarity of 60.9% and identity of 

47.7%, is the E. coli protein FieF (YiiP). FieF from E. coli has been reported to export 

Zn2+/Cd2+ by some researchers (Chao 2004, Wei 2005) and Fe2+/Zn2+ by others (Grass 

2005); the protein encoded by SO_4475 was described as exporting Zn2+/Cd2+ (Coudray 

2013), although Fe2+ transport was not evaluated in that study. Here we characterize 

SO_4475, which we name feoE (for ferrous iron export), and show physiological 

evidence demonstrating that the encoded protein exports excess Fe2+ from S. 

oneidensis and is important for survival in iron reducing conditions. 

2.3 Materials and methods 

Bacterial strains and growth conditions.  

S. oneidensis strain MR-1 was originally isolated from Lake Oneida in New York, 

USA (Myers 1988). E. coli strains used for cloning (UQ950) and mating (WM3064) have 

been previously described (Saltikov 2003). E. coli K-12 strain MG1655 was used for 

FieF analysis. Cloning strains, derivative strains of MR-1 and MG1655, and plasmids 

used in this study are found in Table 2.1. Liquid overnight Luria-Bertani (LB) cultures 

supplemented with 50 μg/mL kanamycin, when appropriate, were inoculated with 

isolated colonies from freshly streaked -80°C stocks. All cultures were grown at 30°C (S. 

oneidensis) or 37°C (E. coli); liquid cultures were shaken at 250 rpm. Unless otherwise 

noted, all experiments using liquid and solid media were performed with LB; where 

indicated, Shewanella basal medium (SBM) (Hau 2008) supplemented with 0.05% (w/v) 

casamino acids, 5 mL/L vitamin solution (Balch 1979), and 5 mL/L mineral solution 

(Marsili 2008) was used as a defined minimal medium. Anaerobic cultures were flushed 

with nitrogen gas and supplemented with 20 mM sodium lactate and an electron 

acceptor as indicated. Results are reported as the mean of three biological replicates ± 

one standard deviation. Data were statistically analyzed using ANOVA. 

Plasmid and mutant construction.  

Primers used to construct plasmids are listed in Table 2.2. In-frame deletion of 

feoE from the MR-1 genome and fieF from the MG1655 genome was performed as 
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previously described (Saltikov 2003). Briefly, fragments 1 kb upstream and downstream 

of feoE (SO_4475) with flanking SacI and BamHI sites were fused via a SpeI restriction 

site and ligated into the suicide vector pSMV3, which has kanamycin resistance and 

sacB cassettes. Fragments 1 kb upstream and downstream of fieF (b3915) with flanking 

SpeI and BamHI restriction sites were fused via a SacII site and ligated into pSMV3.  To 

make the feoE complementation vector, feoE was cloned from the S. oneidensis MR-1 

genome with flanking BamHI and SacI restriction sites and inserted into the pBBR1MCS-

2 multiple cloning site (Kovach 1995). To make the fieF complementation vector, fieF 

(b3915) was cloned from the E. coli MG1655 genome with flanking BamHI and SpeI 

restriction sites and inserted into the multiple cloning site of pBBR1MCS-2.  

Growth curves.  

Overnight cultures of each strain were pelleted, washed once, and resuspended 

in fresh LB or SBM. For aerobic and anaerobic Fe3+ cultures, SBM was supplemented 

with 20 mM sodium lactate and 80 mM ferric citrate. Growth of anaerobic Fe3+ cultures 

was measured by periodically plating serial 1:10 dilutions of each culture to LB plates 

and performing colony counts after one day of incubation. Growth of aerobic Fe3+ 

cultures was measured by taking the optical density at 600 nm (OD600). For cultures with 

divalent metals, LB was supplemented with 0.45 mM CdCl2; 0.8 mM CoCl2; 2.2 mM 

CuCl2; 20 mM sodium lactate, 40 mM sodium fumarate, and 1.0 mM, 2.5 mM, 3.5 mM, 

5.0 mM, or 7.0 mM FeCl2; 20 mM sodium lactate, 40 mM sodium fumarate, and 8.0 mM 

MnCl2; 1.0 mM NiCl2; or 1.0 mM ZnCl2. Cultures with FeCl2 and MnCl2 were grown 

anaerobically to prevent oxidation of Fe2+ to Fe3+
 or Mn2+ to Mn4+. Growth was measured 

periodically as OD600
 using a spectrophotometer.  

Iron citrate reduction assay.  

Fe3+ respiration was measured using ferrozine assays as previously described 

(Coursolle 2010). Briefly, overnight cultures of each strain were pelleted, washed once, 

and resuspended in fresh SBM and adjusted to an OD600 of 1.00. 30 μL of this 

suspension was inoculated into 270 μL SBM with 20 mM sodium lactate, 5 mM ferric 

citrate, 5 mL/L vitamin solution, and 5 mL/L mineral solution in anaerobic 96-well plates. 
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Fe2+ production was monitored over time using ferrozine absorbance at 542 nm 

(Stookey 1970).  

Iron retention assay.  

Overnight cultures of each strain were pelleted, washed once, and resuspended 

in fresh LB. Suspensions were inoculated into 5 mL anaerobic cultures of LB with 20 mM 

sodium lactate and 40 mM sodium fumarate to an OD600 of 0.05. Cultures were 

incubated at 30°C until growth reached an OD600 of approximately 0.50. FeCl2 was 

spiked into each culture to a concentration of 2.5 mM, and the cultures were incubated 

at 30°C for one hour. Each culture was pelleted, washed once, and resuspended in 5 mL 

fresh SBM. Cell suspensions were assayed for iron concentration via inductively coupled 

plasma mass spectrometry (ICP-MS) analysis by the Analytical Geochemistry Lab in the 

Department of Earth Sciences at the University of Minnesota. Iron concentrations were 

normalized to the final OD600 before harvesting.  

2.4 Results 

ΔfeoE has decreased survival with ferric citrate as an electron acceptor.  

A transposon screen indicated that inactivation of feoE (SO_4475) in S. 

oneidensis caused a growth defect during anaerobic ferric citrate respiration but not 

during respiration of fumarate or DMSO (Brutinel and Gralnick, unpublished data). These 

results indicated that the protein product of feoE is important for growth during Fe3+ 

respiration, rather than anaerobic growth in general. To confirm the results of the 

transposon screen, an in-frame deletion of feoE was made in S. oneidensis. No 

significant differences in growth rate between ΔfeoE and wild-type were found in 

anaerobic cultures supplemented with 20 mM lactate and 40 mM fumarate (doubling 

time of 1.94 ± 0.23 and 1.91 ± 0.22 hours, respectively) or 20 mM lactate and 40 mM 

DMSO (doubling time of 1.48 ± 0.16 and 1.45 ± 0.15 hours, respectively). To evaluate 

the importance of feoE during respiration of Fe3+, growth was monitored in anaerobic 

cultures supplemented with 20 mM lactate and 80 mM ferric citrate. Deletion of feoE 

resulted in impaired growth over time during iron respiration compared to wild-type (Fig. 

2.1). Complementation of ΔfeoE and wild-type with pBBR1MCS-2::feoE enhanced the 

log phase growth rate of both strains over wild-type with empty vector (doubling time of 
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1.57 ± 0.48, 1.48 ± 0.66, and 4.71 ± 1.20 hours, respectively). The complemented 

strains also displayed steeper die-off than either MR-1 or ΔfeoE with empty vector (Fig. 

2.1). A similar growth impairment of ΔfeoE was observed in anaerobic SBM cultures 

supplemented with 20 mM lactate, 40 mM fumarate, and 1 mM ferric citrate (Fig. 2.6). 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Anaerobic growth of wild-type MR-1 and ΔfeoE strains on ferric citrate.  

The rate of growth in SBM with 20 mM lactate and 80 mM ferric citrate was measured for 

(○) ΔfeoE with empty pBBR1MCS-2, (□) MR-1 with empty pBBR1MCS-2, (●) ΔfeoE with 

pBBR1MCS-2::feoE, and (■) MR-1 with pBBR1MCS-2::feoE. Growth was determined by 

counting colony-forming units per mL of culture medium (CFU/mL). Results are the 

mean of three biological replicates ± 1 standard deviation (SD).  

 

To rule out the possibility that the growth defect seen for ΔfeoE during Fe3+ 

respiration was due to an increased sensitivity to citrate or soluble Fe3+, aerobic growth 

of cultures supplemented with 20 mM lactate and 80 mM ferric citrate was evaluated. 

ΔfeoE showed no difference from wild-type in growth rate during aerobic respiration in 

the presence of ferric citrate (doubling time of 1.16 ± 0.04 and 1.15 ± 0.04 hours, 

respectively, during log phase). 
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Deletion of feoE does not impair ferric citrate respiration.  

To determine whether the impaired growth of ΔfeoE during anaerobic Fe3+ 

respiration was due to a defect in the strain’s ability to use Fe3+ as an electron acceptor, 

ferrozine assays were performed to measure the production of Fe2+ from respiration of 

ferric citrate. No statistically significant difference (p > 0.05) in the initial rate of Fe2+ 

production was observed between ΔfeoE and MR-1, whether complemented with 

pBBR1MCS-2::feoE or with empty vector (Fig. 2.2). Complementation of ΔfeoE and wild-

type with pBBR1MCS-2::feoE led to slightly higher final concentrations of produced Fe2+ 

than for the empty-vector strains (p < 0.01; Fig. 2.2).  

 

 

 

 

 

 

 

 

 

Figure 2.2 Ferric citrate reduction by wild-type MR-1 and ΔfeoE strains.  

The rate of ferric citrate reduction was measured for (○) ΔfeoE with empty pBBR1MCS-

2, (□) MR-1 with empty pBBR1MCS-2, (●) ΔfeoE with pBBR1MCS-2::feoE, and (■) MR-1 

with pBBR1MCS-2::feoE. Results are the mean of three biological replicates ± 1 SD.  

 

feoE mutants exhibit greater sensitivity to Fe2+.  

Because ΔfeoE was not defective in reducing Fe3+, we hypothesized that the 

growth defect displayed by ΔfeoE during Fe3+ respiration was due to increased 

sensitivity to Fe2+, the byproduct of Fe3+ respiration. To determine if ΔfeoE is more 
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sensitive to Fe2+ than wild-type, cultures of ΔfeoE and wild-type with pBBR1MCS-2 and 

pBBR1MCS-2::feoE were grown anaerobically in LB with 20 mM lactate, 40 mM 

fumarate, and 1 mM FeCl2. ΔfeoE displayed a greater sensitivity to Fe2+ than the parent 

strain, as indicated by a slower growth rate (Fig. 2.3). Complementation of the mutant 

with pBBR1MCS-2::feoE restored growth in the presence of Fe2+ to that of wild-type (Fig. 

2.3). The average doubling time during log phase was 3.69 ± 0.14 hours for ΔfeoE with 

empty vector, 2.35 ± 0.16 hours for ΔfeoE with pBBR1MCS-2::feoE, 2.36 ± 0.12 hours 

for wild-type with empty vector, and 2.41 ± 0.16 hours for wild-type with pBBR1MCS-

2::feoE.  

 

 

 

 

 

 

 

 

 

Figure 2.3 Growth of wild-type MR-1 and ΔfeoE strains in the presence of excess 

Fe2+.  

The rate of growth in anaerobic LB with 20 mM lactate, 40 mM fumarate, and 1 mM 

FeCl2 was measured for (○) ΔfeoE with empty pBBR1MCS-2, (□) MR-1 with empty 

pBBR1MCS-2, (●) ΔfeoE with pBBR1MCS-2::feoE, and (■) MR-1 with pBBR1MCS-

2::feoE. Results are the mean of three biological replicates ± 1 SD. 
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Loss of feoE increases Fe2+ retention.  

The protein product of feoE has been annotated as belonging to the CDF protein 

family, which confer increased resistance to a variety of divalent metal ions via active 

export of the ions from a cell’s cytoplasm (Paulsen 1997). In order to determine whether 

the increased sensitivity to Fe2+ seen in ΔfeoE was due to an impaired ability to export 

Fe2+, iron retention assays were performed. Wild-type and ΔfeoE with empty vector and 

pBBR1MCS-2::feoE were grown anaerobically with 20 mM lactate and 40 mM fumarate 

into log phase (OD600
 approximately 0.5) and then spiked with 2.5 mM FeCl2. The 

concentration of 2.5 mM FeCl2 was chosen because growth of both the feoE mutant and 

wild-type is decreased but not arrested at this concentration. After incubation with Fe2+ 

for one hour, cells in each culture were harvested and analyzed by ICP-MS for total iron 

content. ΔfeoE cells with empty pBBR1MCS-2 retained a significantly greater amount of 

iron (p < 0.0001) than did ΔfeoE with pBBR1MCS-2::feoE, wild-type with empty vector, 

or wild-type with pBBR1MCS-2::feoE (218.0 ± 9.1, 148.9 ± 6.3, 141.3 ± 8.0, and 137.3 ± 

7.8 ng*mL-1*OD600
-1 iron, respectively). Similar results were observed in experiments 

performed using SBM in place of LB (data not shown). 

The export function of FeoE is specific for Fe2+.  

To determine the export specificity of FeoE, the sensitivity of wild-type and ΔfeoE 

to various divalent metals was tested. Cultures of ΔfeoE and wild-type were grown 

aerobically in LB with excess CdCl2, CoCl2, CuCl2, NiCl2, or ZnCl2, and anaerobically in 

LB with 20 mM lactate, 40 mM fumarate, and excess MnCl2. No difference in sensitivity 

to any of these divalent metals was observed between ΔfeoE and wild-type (Fig. 2.4). 

Similarly, no difference in sensitivity to any of these metals was seen in zone of inhibition 

assays performed anaerobically on tryptone medium plates using noble agar as the 

solidifying agent (Table 2.3). 
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Figure 2.4 Growth of wild-type MR-1 and ΔfeoE in the presence of divalent metals. 

Growth was measured over time in LB with (A) 0 mM or 0.45 mM  CdCl2; (B) 0 mM or 

0.8 mM CoCl2; (C) 0 mM or 2.2 mM CuCl2; (D) 20mM sodium lactate, 40mM fumarate, 

and 0 mM or 8 mM MnCl2; (E) 0 mM or 1.0 mM Ni Cl2; or (F) 0 mM or 1.0 mM ZnCl2. No 

metal added: MR-1, □; ΔfeoE, ○. Metal added: MR-1, ■; ΔfeoE, ●. Results are the mean 

of three biological replicates ± 1 SD. 

 

FeoE confers greater resistance to Fe2+ than the E. coli homolog FieF.  

An earlier study indicated that E. coli FieF, the closest characterized homolog of FeoE, 

may export Fe2+ (Coudray 2013). In order to determine how the function of FeoE 

compares to that of FieF, a cross-complementation study was performed in which ΔfeoE 

was transformed with pBBR1MCS-2::fieF. Anaerobic cultures of ΔfeoE with empty 

vector, pBBR1MCS-2::feoE, or pBBR1MCS-2::fieF were grown in LB with 20 mM 

lactate, 40 mM fumarate, and 1.0 mM, 2.5 mM, 3.5 mM, or 5.0 mM FeCl2. The growth 

rates of ΔfeoE complemented with pBBR1MCS-2::fieF were similar to those of ΔfeoE 
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complemented with pBBR1MCS-2::feoE at 1.0 and 2.5 mM FeCl2, but at higher Fe2+ 

concentrations, growth of the fieF-complemented mutant was considerably diminished 

compared to the mutant complemented with feoE (Fig. 2.5). Similarly, E. coli ΔfieF 

grown anaerobically in LB with 20 mM lactate, 40 mM fumarate, and 7 mM FeCl2 

showed significantly impaired growth when complemented with pBBR1MCS-2::fieF than 

with pBBR1MCS-2::feoE (p < 0.001; Fig. 2.7). 
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Figure 2.5 Growth of ΔfeoE complemented with feoE or fieF in the presence of 

excess Fe2+.  

Growth in anaerobic LB with 20 mM lactate, 40 mM fumarate, and (A) 1 mM, (B) 2.5 

mM, (C) 3.5 mM, or (D) 5 mM FeCl2 was measured for ΔfeoE with (●) empty 

pBBR1MCS-2, (■) pBBR1MCS-2::feoE, or (▲)  pBBR1MCS-2::fieF. Results are the 

mean of three biological replicates ± 1 SD. 

 

2.5 Discussion 

Efflux proteins, responsible for the maintenance of intracellular concentrations of 

various small molecules, are found among all domains of life. The actions of cation 
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exporters allow cells to maintain sub-toxic intracellular levels of heavy metals, most 

frequently Cd2+, Co2+, Ni2+, Fe2+, and Zn2+ (Cubillas 2013). Here we have characterized 

FeoE, a member of the CDF family found in S. oneidensis MR-1, encoded by gene locus 

SO_4475, which specifically exports Fe2+ and is important for survival during Fe3+ 

respiration.  

FeoE is well conserved throughout the shewanellae, with closely related 

homologs found in the other metal-reducing Shewanella spp. ANA-3, MR-4, MR-7, and 

putrefaciens CN-32 (92.0-94.3% identity), suggesting that Fe2+ efflux is an important 

strategy for iron-respiring organisms. Interestingly, distantly related FeoE homologs can 

also be found in the metal-reducing Deltaproteobacteria species Geobacter 

metallireducens and Geobacter sulfurreducens, but the sequence similarity between 

these proteins and FeoE (23.1-25.6% identity) is too low to conclude function without 

additional experimentation. 

Initial experiments indicated that deletion of SO_4475 (feoE) resulted in 

decreased cell density over time during growth with ferric citrate as a terminal electron 

acceptor (Figs. 2.1 and 2.6), but not during respiration of DMSO or fumarate. 

Complementation of both wild-type and the feoE mutant with a plasmid carrying feoE 

conferred an increased rate of growth to each strain during ferric citrate respiration (Fig. 

2.1), indicating that having multiple copies of the gene allows cells to minimize the 

inhibitory effects of increased Fe2+. Unexpectedly, both feoE-complemented strains 

displayed a rapid die-off after reaching stationary phase (Fig. 2.1). One possible 

explanation for this phenomenon is that production of excess FeoE is energetically 

taxing to cells. However, we think a more likely explanation is that the initial expansion to 

a high cell density causes the feoE-complemented strains to run out of a limiting nutrient 

earlier than the empty-vector strains, given that the strains grow much faster with feoE 

constitutively expressed from a multi-copy vector. Alternatively, the increased amounts 

of FeoE in cells could result non-specific efflux of a trace metal(s) required for growth. 

To confirm that the decrease in cell density seen for the feoE mutant during 

growth on ferric citrate (Fig. 2.1) was not due to a respiratory defect, production of Fe2+ 

from ferric citrate respiration by resting cells was measured. Both ΔfeoE with empty 



26 
 

vector and ΔfeoE with pBBR1MCS-2::feoE produced Fe2+ at the same rate as the 

corresponding wild-type strains (Fig. 2.2). Interestingly, the feoE-complemented wild-

type and ΔfeoE strains produced a slight but statistically significant (p < 0.01) increase in 

the amount of Fe2+ produced near the end of the assay (Fig. 2.2). It appears that, similar 

to the results seen in the ferric citrate growth curve (Fig. 2.1), producing more copies of 

the FeoE transporter allows feoE-complemented strains to minimize inhibition by Fe2+ 

and thus increase metabolic processes.  

To determine whether the decline in cell density seen for ΔfeoE during ferric 

citrate respiration (Fig. 2.1) was due to an increased susceptibility to Fe2+ toxicity, growth 

curves were performed with 1 mM FeCl2. The feoE mutant with empty vector displayed a 

notably slower rate of growth than ΔfeoE with pBBR1MCS-2::feoE, wild-type with either 

empty vector, or wild-type with pBBR1MCS-2::feoE, indicating that deletion of feoE 

caused greater sensitivity to Fe2+ (Fig. 2.3). Commensurate with the ferric citrate 

respiration assays (Figs. 2.1 and 2.2), both wild-type and ΔfeoE complemented with 

feoE displayed a significant (p < 0.0001) increase in log-phase growth rate over wild-

type with empty vector in the presence of excess Fe2+ (Fig. 2.3), again suggesting that 

enhanced activity of FeoE facilitates greater resistance to Fe2+. Of note is that growth of 

ΔfeoE was not completely abolished in excess Fe2+, implying that additional 

mechanisms of Fe2+ resistance exist in S. oneidensis.  

To verify that the increased Fe2+ sensitivity observed by ΔfeoE was due to higher 

cellular concentrations of iron, analysis of iron concentration in wild-type and ΔfeoE 

strains was performed. ΔfeoE cells with empty vector retained considerably more iron 

than did ΔfeoE with pBBR1MCS-2::feoE, wild-type with empty vector, or wild-type with 

pBBR1MCS-2::feoE. Greater iron retention by ΔfeoE indicates that the increased 

sensitivity of ΔfeoE to Fe2+ (Fig. 2.3) is due to the inability of the mutant to export excess 

Fe2+ from the cytoplasm through FeoE.  

Previous studies have characterized E. coli FieF as being an Fe2+, Cd2+, and/or 

Zn2+ exporter (Wei 2005, Grass 2005). FieF and FeoE have 47.7% amino acid identity, 

which does not enable prediction of substrate specificity (Tian 2003, Rost 2002). In order 

to determine whether FeoE is responsible for export of any other divalent metals known 
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to be substrates of cation diffusion facilitators, growth curves in LB with or without an 

excess of Cd2+, Co2+, Cu2+, Mn2+, Ni2+, or Zn2+ were performed for wild-type and ΔfeoE S. 

oneidensis strains. No difference was seen between the two strains in sensitivity to any 

of these metals (Fig. 2.4; Table 2.3), indicating that FeoE is specific for export of Fe2+.  

In order to compare the functionality of S. oneidensis FeoE to that of E. coli FieF, 

growth rates were compared between the respective mutants and complemented strains 

in each species. The mutant strains complemented with pBBR1MCS-2::feoE and 

pBBR1MCS-2::fieF had similar growth rates at Fe2+ concentrations of 1.0 or 2.5 mM 

(Fig. 2.5), but a difference in the ability of each strain to resist Fe2+ toxicity emerged at 

higher concentrations (Figs. 2.5 and 2.7). The strains carrying fieF had slower growth 

rates in the presence of higher Fe2+ concentrations, suggesting that FeoE activity results 

in more effective Fe2+ export. The vector and expression strategy used for fieF and feoE 

complementation is identical; therefore expression levels should not influence the 

observed activity differences in vivo.  

To determine a potential explanation for the difference in transport specificity and 

efficiency between FeoE and FieF, we compared the protein sequences of each. 

Structural studies of FieF have determined that metal binding sites A and B are 

responsible for Zn2+ transport, while binding site C is important for structural integrity of 

the homodimer (Coudray 2013, Lu 2009). Despite an amino acid sequence identity 

between FeoE and FieF of 47.7%, the key metal-coordinating residues in the three metal 

binding sites, as well as those responsible for salt bridge formation (Lu 2009), are 

conserved between all 47 E. coli and 29 Shewanella strains investigated (Table 2.4), 

aside from one metal-binding residue at site 285 in E. coli M605. However, one 

difference was found between FieF and FeoE in a residue at the cytoplasmic end of 

transmembrane helix 2 (TM2). In all E. coli strains investigated, this residue is a 

glutamine at position 65, which forms a hydrogen bond with a zinc-coordinating histidine 

at position 75 in binding site B (Lu 2009). All Shewanella spp. investigated, excepting S. 

denitrificans and S. amazonensis, encode a valine in place of glutamine at this position. 

S. denitrificans and S. amazonensis encode an alanine and a threonine at this position, 

respectively. The substitution of glutamine, a polar residue, with a hydrophobic one such 

as valine could alter the conformation of binding site B, thereby changing the metal 
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coordination geometry. Additionally, two residues important for dimerization in E. coli, an 

aspartic acid at site 69 and a serine at site 70, also located at the base of TM2 (Lu 

2009), are poorly conserved among the shewanellae. Any of these three substitutions 

could also affect the position of TM2 respective to TM5 and therefore change the 

coordination geometry of metal binding site A. Alternatively, one or more of these 

substitutions could influence the hinge architecture at the base of TM2, affecting the 

conformational change that occurs to facilitate cation exchange (Coudray 2013). 

Currently there is no high-resolution structural information available for FeoE. Further 

investigation would be needed to determine if these residues affect transport specificity 

and efficiency.  

The difference in Fe2+ transport efficacy between FieF and FeoE should not be 

surprising considering the environmental conditions in which their respective species are 

found: the primary environmental niche of E. coli is the mammalian and avian intestinal 

tract (Gordon 2003, Ishii 2007), where microorganisms frequently must scavenge for 

adequate iron rather than mitigate the toxic effects of high iron concentrations (Raymond 

2003). Meanwhile, Shewanella spp. thrive in the oxic/anoxic transition zones of 

sediments, often rich in iron and manganese cycling between their oxidized and reduced 

states (Nealson 2006, DiChristina 1993), causing continual shifting in the cells between 

aerobic and anaerobic respiratory strategies. Retaining a low concentration of 

intracellular iron would become especially important upon a return to oxygen respiration, 

in order to minimize the production of damaging reactive oxygen species. S. oneidensis 

has therefore likely evolved greater Fe2+ export efficiency by FeoE, affording it better 

survival in iron-rich, redox-active environments.  
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Table 2.1 Strains and plasmids used in this work. 

Strain Description Source 

JG274 S. oneidensis MR-1, wild type Myers 1988 

JG2989 JG274 ΔfeoE This work 

JG168 JG274 with empty pBBR1MCS-2, Kmr Hau 2008 

JG2993 JG2989 with empty pBBR1MCS-2, Kmr This work 

JG2780 JG274 with pBBR1MCS-2::feoE, Kmr This work 

JG2994 JG2989 with pBBR1MCS-2::feoE, Kmr This work 

JG2997 JG2989 with pBBR1MCS-2::fieF, Kmr This work 

MG1655 E. coli K-12, wild type Provided by Prof. Arkady 

Khodursky, University of 

Minnesota 

JG3304 MG1655 ΔfieF This work 

JG3306 JG3304 with empty pBBR1MCS-2, Kmr This work 

JG3307 JG3304 with pBBR1MCS-2::fieF, Kmr This work 

JG3308 JG3304 with pBBR1MCS-2::feoE, Kmr This work 

UQ950 E. coli DH5α λ(pir) cloning host; F-

Δ(argF-lac)169 

Φ80dlacZ58(ΔM15) glnV44(AS) rfbD1 

gyrA96(NalR) recA1 endA1 spoT1 thi-1 

hsdR17 deoR λpir+ 

Saltikov 2003 

WM3064 E. coli conjugation strain; thrB1004 pro thi 

rpsL hsdS lacZΔM15 RP4-1360 

Δ(araBAD)567 ΔdapA1341::[erm pir(wt)] 

Saltikov 2003 

Plasmid Description Source 

pSMV3 Deletion vector, Kmr, sacB  Coursolle 2010 

pBBR1MCS-2 Broad-range cloning vector, Kmr Kovach 1995 

pBBR1MCS-2 

::feoE 

SO_4475 (feoE), 48 bp upstream, 

51 bp downstream, Kmr 

This work 

 

pBBR1MCS-2 

::fieF 

b3915 (fieF), 76 bp upstream, 

26 bp downstream, Kmr 

This work 
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Table 2.2 Primers used for mutant construction and complementation in this work. 

Primer Sequence Restriction Site 

4475USF GTACGGATCCGCAGAGCGCGTAACACTTC BamHI 

4475USR GTACACTAGTCCATTGTATATCAGCTTGGCG SpeI 

4475DSF GTACACTAGTGCGACACTGAATCGATTATTCAAC SpeI 

4475DSR GTACGAGCTCGCTCAGTCACAGCGGCATTAACAC SacI 

4475CompF GTACGGATCCCGCCAAGCTGATATACAATGG BamHI 

4475CompR GTACACTAGTGGCATAACCACTCCTTTGATTG SpeI 

ECfieFUSF GATCACTAGTCGATACCATTTTTCTTCGGC SpeI 

ECfieFUSR GATCCCGCGGCATAAATACTCCCGCTATCAAC SacII 

ECfieFDSF GATCCCGCGGCGGTCTATGCTTTCATAATCAG SacII 

ECfieFDSR GATCGGATCCCATACGGGAAGCCAGAATAC BamHI 

ECfiefF GTACGGATCCCAATTTGCCTGCTGCTTAATGC BamHI 

ECfiefR GTACACTAGTGCGGGTCTGGCTCTCTTTTATAC SpeI 

 

2.7 Supplemental material 

Methods 

Filter disk assays.  

Filter disk assays were performed using a modified version of a previously 

described protocol (Rugh 1996). Overnight cultures of each strain were pelleted, washed 

once, resuspended in fresh tryptone medium, and adjusted to an OD600 of 0.05. 50 μL of 

this suspension was spread onto tryptone medium plates with noble agar, 20 mM 

lactate, and 40 mM fumarate. 20 μL of 1 M CdCl2, 1 M CoCl2, 1 M CuCl2, 6 M FeCl2, 4 M 

MnCl2, 1 M NiCl2, or 1 M ZnCl2 was placed onto a 6-mm filter disk in the center of the 

plate. Zones of growth inhibition were measured after plates were incubated 

anaerobically at 37°C for two days. 

Fumarate and ferric citrate growth curve.  

Overnight cultures of each strain were pelleted, washed once, and resuspended 

in fresh SBM. Cultures of anaerobic SBM supplemented with 20 mM lactate, 40 mM 

fumarate, and 1 mM ferric citrate were incubated with shaking at 30°C. Growth was 
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measured by periodically plating serial 1:10 dilutions of each culture to LB plates and 

performing colony counts after one day of incubation. 

 

Table 2.3 Inhibition of wild-type and ΔfeoE by divalent metals in filter disk assays. 

 Wild-type ΔfeoE 

Metal  Ave. zone size (mm) S.D. (mm) Ave. zone size (mm) S.D. (mm) 

FeCl2  26.3 0.6 35.0 2.0 

CdCl2  41.0 1.0 41.0 1.0 

CoCl2  36.7 2.1 36.7 1.5 

CuCl2  31.0 1.0 31.7 0.6 

MnCl2 14.3 1.5 14.3 2.1 

NiCl2  27.3 0.6 26.3 0.6 

ZnCl2  21.7 3.1 21.0 0.0 
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Table 2.4 Shewanella and E. coli strains used for FieF and FeoE alignment 

Species name Strain Protein Accession No. 

Escherichia coli 042 CBG37114.1 

Escherichia coli 101-1 EDX38712.1 

Escherichia coli 55989 CAV01107.1 

Escherichia coli ABU 83972 ADN48832.1 

Escherichia coli APEC O1 ABJ03381.1 

Escherichia coli BL21(DE3) ACT45593.1 

Escherichia coli BW2952 ACR65792.1 

Escherichia coli CFT073 AAN83294.1 

Escherichia coli DH1(ME8569) BAJ45640.1 

Escherichia coli ED1a CAR10725.2 

Escherichia coli FVEC1302 EFI17836.1 

Escherichia coli H299 EGI48340.1 

Escherichia coli H591 EGI43690.1 

Escherichia coli H736 EGI08350.1 

Escherichia coli HS ABV08323.1 

Escherichia coli IAI1 CAR00891.1 

Escherichia coli IAI39 YP_002409011.1 

Escherichia coli IHE3034 ADE89170.1 

Escherichia coli K12(DH10B) ACB04927.1 

Escherichia coli K12(MG1655) NP_418350.1 

Escherichia coli K12(W3110) BAE77395.1 

Escherichia coli LF82 CAP78372.1 

Escherichia coli M605 EGI13549.1 

Escherichia coli M718 EGI18796.1 

Escherichia coli NA114 AEG38898.1 

Escherichia coli NC101 EFM53266.1 

Escherichia coli NRG 857C YP_006122251.1 

Escherichia coli O103:H2(12009) BAI33309.1 

Escherichia coli O111:H(11128) BAI38485.1 
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Escherichia coli O127:H6(E2348/69) CAS11767.1 

Escherichia coli O139:H28(E24377A) KIO42250.1 

Escherichia coli O157:H7(EDL933) AIG71382.1 

Escherichia coli O157:H7(Sakai) NP_312867.1 

Escherichia coli O157:H7(TW14359) ACT74675.1 

Escherichia coli O26:H11(11368) BAI27835.1 

Escherichia coli O55:H7(CB9615) ADD59161.1 

Escherichia coli P12b AFG42844.1 

Escherichia coli REL606 ACT41437.1 

Escherichia coli S88 CAR05545.1 

Escherichia coli SMS-3-5 ACB16239.1 

Escherichia coli TA143 EGI29243.1 

Escherichia coli TA206 EGI24455.1 

Escherichia coli TA271 EGI33945.1 

Escherichia coli TA280 EGI38874.1 

Escherichia coli UMN026 CAR15569.1 

Escherichia coli UM146 ADN73293.1 

Escherichia coli UTI89 ABE09910.1 

Shewanella sp.  38A_GOM-205M WP_028780032.1 

Shewanella sp. ANA-3 WP_011715494.1 

Shewanella sp. ECSMB14102 WP_039034709.1 

Shewanella sp. MR-4 WP_011621062.1 

Shewanella sp.  MR-7 WP_011627504.1 

Shewanella sp.  POL2 WP_037425101.1 

Shewanella sp.  W3-18-1 ABM23071.1 

Shewanella sp. ZOR0012 WP_047538636.1 

Shewanella amazonensis SB2B ABM01633.1 

Shewanella baltica OS185 ABS06427.1 

Shewanella baltica OS223 ACK44795.1 

Shewanella benthica KT99 EDP98627.1 

Shewanella colwelliana ATCC 39565 WP_028762938.1 
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Shewanella denitrificans OS217 ABE56734.1 

Shewanella fidelis ATCC BAA-318 WP_028769358.1 

Shewanella frigidimarina NCIMB 400 ABI70177.1 

Shewanella halifaxensis HAW-EB4 ABZ74916.1 

Shewanella loihica PV-4 ABO25434.1 

Shewanella marina JCM 15074 WP_025821863.1 

Shewanella oneidensis MR-1 WP_011074103.1 

Shewanella pealeana ATCC 700345 ABV89241.1 

Shewanella piezotolerans WP3 ACJ27086.1 

Shewanella putrefaciens 200 ADV52715.1 

Shewanella putrefaciens CN-32 ABP74101.1 

Shewanella sediminis HAW-EB3 ABV34894.1 

Shewanella waksmanii ATCC BAA-643 WP_028773609.1 

Shewanella woodyi ATCC 51908 ACA84584.1 

Shewanella violacea DSS12 BAJ00217.1 

Shewanella xiamenensis BC01 KEK26877.1 
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Figure 2.6 Anaerobic growth of wild-type MR-1 and ΔfeoE strains on fumarate and 

ferric citrate.  

The rate of growth in SBM with 20 mM lactate, 40 mM fumarate, and 1mM ferric citrate 

over time was measured for (○) ΔfeoE with empty pBBR1MCS-2, (□) MR-1 with empty 

pBBR1MCS-2, (●) ΔfeoE with pBBR1MCS-2::feoE, and (■) MR-1 with pBBR1MCS-

2::feoE. Growth was determined by counting colony-forming units per mL of culture 

medium (CFU/mL). 
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Figure 2.7 Growth of E. coli ΔfieF complemented with fieF or feoE in the presence 

of excess Fe2+.  

Growth in anaerobic LB with 20 mM lactate, 40 mM fumarate, and 7 mM FeCl2 was 

measured for E. coli ΔfieF with (●) empty pBBR1MCS-2, (■) pBBR1MCS-2::feoE, or (▲) 

pBBR1MCS-2::fieF. 
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Chapter 3: An MgtE Homolog Acts as a Secondary Ferrous Iron Importer in 

Shewanella oneidensis MR-1 
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3.1 Summary 

The transport of metals into and out of cells is necessary for the maintenance of 

appropriate intracellular concentrations. Metals are needed for incorporation into 

metalloproteins but become toxic at higher concentrations. Many metal transport 

proteins have been discovered in bacteria, including the Mg2+ Transporter-E (MgtE) 

family of passive Mg2+/Co2+ importers. Low sequence identity exists between members 

of the MgtE family, indicating that substrate specificity may differ among MgtE 

transporters. Under anaerobic conditions, dissimilatory metal-reducing bacteria such as 

Shewanella and Geobacter are exposed to high levels of soluble metals including Fe2+ 

and Mn2+. Here we describe the role of SO_3966, which encodes an MgtE homolog in 

Shewanella oneidensis strain MR-1 that we name FicI, in maintaining metal 

homeostasis. A SO_3966 deletion mutant has a growth benefit over wild-type when 

grown under high Fe2+ or Co2+ concentrations but exhibits wild-type Mg2+ transport and 

retention phenotypes. Conversely, deleting feoB, which encodes an energy-dependent 

Fe2+ importer, confers a growth defect in low Fe2+ concentrations but not in high Fe2+ 

conditions. FicI represents a secondary, less energy-dependent mechanism for iron 

uptake by S. oneidensis under high Fe2+ concentrations.  

3.2 Introduction 

The dissimilatory metal-reducing bacterium Shewanella oneidensis strain MR-1, 

commonly found in the oxic-anoxic transition zones of aquatic sediments (Myers 1988), 

can have a large impact on geochemical cycling of metals. Known for their highly 

versatile respiratory capacity, most Shewanella species are able to use numerous 

compounds as terminal electron acceptors, including oxygen, fumarate, nitrate, and 

sulfite (Myers 1988, Samuelsson 1985, Shirodkar 2011), as well as extracellular metals 

such as iron(III), manganese(IV), chromium(IV), arsenate(VI), uranium(IV), and 

cobalt(III) (Myers 1988; Myers 2000, Saltikov 2003, Truex 1997, Liu 2002). The oxidation 

or reduction of a metal can influence its physical properties, including solubility. Iron, for 

example, is commonly found in soils and sediments as an insoluble ferric (Fe3+) 

(hydr)oxide; upon reduction to ferrous iron (Fe2+), however, it may become soluble or 

reincorporate into mixed-valence minerals, depending on environmental conditions 

(O’Reilly 2005, Blöthe 2008). Therefore, as Fe3+ respiration by dissimilatory metal-
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reducing bacteria proceeds, minerals can dissolve, releasing into the surrounding 

medium bioavailable metals, toxins, and nutrients that had previously been adsorbed to 

the minerals. When the sediment is again exposed to oxygen, the iron will become 

oxidized and reform into insoluble minerals. Due to the cyclic nature of the availability of 

electron acceptors and soluble metals in its environment, S. oneidensis and other 

bacteria living in metal-rich conditions have evolved means of rapidly adapting to 

changes in extracellular metal concentrations.  

Microorganisms require metals to facilitate structure stability and enzymatic 

activity in numerous proteins, including cytochromes, peptidases, and oxidoreductases 

(Malmström 1964). The major mechanism by which bacteria maintain appropriate 

intracellular metal concentrations is through the activity of transport proteins. Numerous 

metal transport proteins have been described across all three domains of life, including 

members of the Cation Diffusion Facilitator (Nies 1995, Paulsen 1997), Metal Ion 

Transporter (Vidal 1993, Cellier 1995), Mg2+ Transporter-E (MgtE) (Smith 1995, 

Townsend 1995, Hattori 2007), and P-type ATPase (Pedersen 1987, Snavely 1991, 

Odermatt 1993) protein families. S. oneidensis requires a large iron supply for the 

production of heme groups, the redox-active cofactors in the many c-type cytochromes 

that allow S. oneidensis to respire numerous anaerobic electron acceptors. Bacteria 

have multiple mechanisms for maintenance of intracellular iron concentration: In S. 

oneidensis growing anaerobically, when Fe2+ levels become too high, the inner-

membrane exporter FeoE removes excess Fe2+ from the cytoplasm (Bennett 2015). 

When iron levels are low, the trans-periplasmic TonB-dependent Fe3+ import system and 

the inner-membrane Fe2+ importer FeoB drive the uptake of iron into the cytoplasm 

(Wang 1969, Hantke 1987, Kammler 1993). In this work, we describe a second transport 

protein in S. oneidensis that imports Fe2+ under higher Fe2+ concentrations. 

Three genes in the S. oneidensis genome have been annotated as encoding 

MgtE-family Mg2+/Co2+ transporters: SO_1145, SO_1565, and SO_3966 (Heidelberg 

2002, Daraselia 2003). Homologs of these three MgtE proteins are well conserved 

among many Shewanella species (of 36 Shewanella genomes, 16 encode a homolog of 

SO_1145, 21 encode a homolog of SO_1565, and 26 encode a homolog of SO_3966). 

However, the amino acid sequences encoded by each S. oneidensis mgtE gene share 
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little sequence identity with each other and with described MgtE proteins in other species 

(Table 3.1). While the mechanism of metal transport is likely to be similar between the S. 

oneidensis homologs and other described MgtE family members, substrate specificity is 

more difficult to predict (Rost 2002, Tian 2003). A Tn-Seq screen indicated that while 

inactivation of SO_3966 had no effect on growth rate in the presence of low Fe2+, the 

mutation conferred a fitness benefit under high Fe2+ conditions; no significant fitness 

effect was seen for either SO_1145 or SO_1565 in either condition (Table S1). Here we 

characterize the function and specificity of SO_3966, which we name FicI (ferrous iron 

and cobalt importer), and describe its role in mediating cytoplasmic Fe2+ and Co2+ 

concentrations. 

3.3 Materials and methods 

Bacterial strains and growth conditions.  

Bacterial strains and plasmids used in this study are summarized in Table 3.2. S. 

oneidensis MR-1 was originally isolated from Lake Oneida in New York State, USA 

(Myers 1988). Escherichia coli strains for cloning (UQ950) and transformation (WM3064) 

have been described previously (Saltikov 2003). Liquid Luria-Bertani (LB) cultures were 

supplemented with 50 μg/mL kanamycin when appropriate and grown overnight using 

colonies from freshly streaked -80°C stocks. E. coli cultures were grown at 37°C and S. 

oneidensis at 30°C; all liquid cultures were shaken at 250 rpm. Experimental cultures 

were grown in Shewanella basal medium (SBM) supplemented with 5 mL/L vitamins, 5 

mL/L trace minerals, and 0.05% casamino acids (Hau 2008) or tryptone medium (15 g 

tryptone, 5 g NaCl, and 1 pellet NaOH per liter). Where indicated, cultures were made 

anaerobic by flushing with nitrogen gas and supplemented with 20 mM sodium lactate 

and 40 mM sodium fumarate. Co(III)ethylenediaminetetraacetic acid- (EDTA-) was made 

as previously described (Taylor 1995). Results of all experiments are reported as the 

mean of three biological replicates ± one standard deviation. Statistical analysis was 

performed using ANOVA. 

Plasmid and mutant construction.  

Primers used to create deletion and expression plasmids are listed in Table 3.3. 

In-frame deletion of ficI and feoB from the S. oneidensis genome was performed as 
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previously described (Saltikov 2003). Briefly, 1kb fragments upstream and downstream 

of each gene with flanking SacI and ApaI (ficI) or SpeI and BamHI (feoB) restriction sites 

were fused via internal ScaI (ficI) or NheI (feoB) restriction sites and ligated into pSMV3, 

which has sacB and kanamycin-resistance cassettes. SO_1145, SO_1565, and ficI 

expression plasmids were created by cloning each gene from the S. oneidensis genome 

and inserting them into the multiple cloning site of pBBR1-MCS2 via KpnI and SacI 

(SO_1145) or XhoI and XbaI (SO_1565 and ficI) restriction sites.  

Growth curves.  

Overnight cultures of each strain were pelleted, washed once, and resuspended 

in 1 mL fresh tryptone or SBM. Co2+, Mg2+, and Fe2+ growth curves were performed in 

tryptone supplemented with 0.63, 0.65, or 0.70 mM CoCl2, 230 or 300 mM MgCl2, or 2.0 

or 2.5 mM FeCl2, respectively. Co3+ growth curves were performed in SBM 

supplemented with 20 mM sodium lactate, 40 mM sodium fumarate, and 5 mM 

Co(III)EDTA-. Growth of tryptone cultures was measured by taking the optical density at 

600nm (OD600). Growth of Co(III)EDTA- cultures was measured by periodically plating 

serial 1:10 dilutions of culture aliquots to LB agar and counting colonies after one day of 

incubation. Results represent the mean of three biological replicates ± one standard 

deviation. 

Metal retention assays.  

Overnight cultures were pelleted, washed once, and resuspended in fresh 

tryptone. Suspensions were inoculated into aerobic tryptone (Co2+ and Mg2+ 

experiments) or anaerobic tryptone supplemented with 20 mM sodium lactate and 40 

mM sodium fumarate (Fe2+ experiments) to an OD600 of 0.05. Cultures were incubated at 

30°C until growth reached ~0.5 OD600. CoCl2, MgCl2, or FeCl2 was added to cultures at a 

concentration of 0.7 mM, 230 mM, or 2.5 mM, respectively, and the cultures were 

incubated for a further one hour. Cultures were pelleted, washed once in 0.9% NaCl, 

and resuspended in deionized water. Cell suspensions were analyzed for cobalt, 

magnesium, or iron concentration using inductively coupled plasma mass spectrometry 

(ICP-MS) at the Analytical Geochemistry Lab in the Department of Earth Sciences at the 
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University of Minnesota. Metal concentrations were normalized to the final OD600 before 

pelleting.  

3.4 Results 

ficI is less sensitive to Fe2+.  

A Tn-Seq screen indicated that mutations in ficI enhanced resistance to high 

levels of Fe2+ under anaerobic conditions (Table S1). To confirm the results of the 

transposon screen, an in-frame deletion of ficI was made in S. oneidensis. ficI and wild-

type S. oneidensis containing either empty vector (pBBR1MCS-2) or a complementation 

vector (pBBR1MCS-2::ficI) were grown anaerobically in tryptone medium with and 

without 2 mM FeCl2. ficI displayed no difference in phenotype from wild-type while 

growing in tryptone without metal supplementation (doubling time of 0.90 ± 0.08 and 

0.88 ± 0.08 hours, respectively). When FeCl2 was added to the medium, ficI with empty 

vector displayed enhanced growth compared to wild-type with empty vector (Fig 3.1). 

Complementation with ficI into either wild-type or the ficI mutant enhanced sensitivity to 

Fe2+ in both strains (Fig 3.1); wild-type with empty vector had the same growth 

phenotype as the complemented ficI strain. 
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Figure 3.1 Anaerobic growth of wild-type and ΔficI strains with excess FeCl2. 

The rate of growth in anaerobic tryptone with 20 mM lactate, 40 mM fumarate, and 2 mM 

FeCl2 was measured for (□) wild-type with empty pBBR1MCS-2, (■) wild-type with 

pBBR1MCS-2::ficI, (○) ΔficI with empty pBBR1MCS-2, and (●) ΔficI with pBBR1MCS-

2::ficI.  

 

Deletion of ficI decreases cellular iron retention.  

To determine whether the decreased Fe2+ sensitivity of ficI was due to altered 

Fe2+ uptake, iron retention assays were performed. ficI and wild-type with empty or 

complementation vectors were grown anaerobically in tryptone medium with 20 mM 

lactate and 40 mM fumarate into log phase (~0.5 OD600) and then supplemented with 2.5 

mM FeCl2. Cultures were harvested after one hour of further incubation and analyzed by 

ICP-MS for total iron content. Wild-type and ficI carrying empty vector retained 

approximately half the concentration of iron (p < 0.0001) than did wild-type or ficI 

carrying the ficI complementation vector (Table 3.4).  

FicI imports Co2+ but not Mg2+.  

MgtE proteins have been described in other bacterial species as importers of 

Mg2+ and Co2+ (Smith 1995, Townsend 1995). To determine whether FicI imports either 



44 
 

of these metals in addition to Fe2+, cultures of ficI and wild-type S. oneidensis were 

grown in tryptone with either 0.7 mM CoCl2 or 230 mM MgCl2. No difference in sensitivity 

to Mg2+ was seen between wild-type and ficI; however, ficI displayed a faster growth 

rate than wild-type when grown with excess Co2+ (Fig. 3.2). To determine whether the 

increased growth rate seen for ficI in excess Co2+ was due to a decrease in Co2+ 

uptake, Co2+ retention assays were performed on cultures grown in tryptone 

supplemented with 0.7 mM CoCl2. ficI retained over 50% less (p < 0.0001) Co2+ than 

did wild-type (Table 3.4).  

 

        

       

 

 

 

 

 A       B 

 

Figure 3.2 Growth of wild-type and ΔficI with excess MgCl2 or CoCl2.  

The rate of growth was measured in anaerobic tryptone with 20mM lactate, 40 mM 

fumarate, and (A) 0 mM or 230 mM MgCl2 or (B) 0 mM or 0.7 mM CoCl2. (□) wild-type 

with no metal added; (○) ΔficI with no metal added; (■) wild-type with metal added; (●) 

ΔficI with metal added.  

ficI has a survival benefit during Co(III)EDTA- respiration.  

Since deletion of ficI conferred a faster growth rate over wild-type in the presence 

of a high concentration of Co2+, we hypothesized that deletion of ficI would confer a 

benefit under Co3+ respiration conditions. Wild-type and ficI were grown anaerobically 



45 
 

in SBM with 20 mM lactate, 40 mM fumarate, and 5 mM Co(III)EDTA-. No difference in 

growth rate was seen for the two strains; however, after entry into stationary phase, wild-

type displayed a significant survival defect compared to ficI (Fig. 3.3).  

 

 

 

 

 

 

 

 

 

Figure 3.3 Anaerobic growth of wild-type and ΔficI on Co(III)EDTA-.  

The rate of growth in anaerobic SBM with 20 mM lactate, 40 mM fumarate, and 5 mM 

Co(III)EDTA- was measured for (■) wild-type and (●) ΔficI. Growth was determined by 

counting colony-forming units per mL of culture medium (CFU/mL).  

 

No MgtE homologs encoded by S. oneidensis transport Mg2+.  

To determine the substrate specificity of the other two MgtE homologs encoded 

by the S. oneidensis genome, SO_1155 and SO_1565, growth curves with an excess of 

Co2+, Mg2+, or Fe2+ were performed. Cultures of wild-type S. oneidensis, ΔSO_1155, 

ΔSO_1565, and ΔficI were grown anaerobically in tryptone with or without 2.5 mM FeCl2 

or 0.63 mM CoCl2. Only ΔficI displayed a growth benefit in the presence of either excess 

Fe2+ or Co2+ (Fig. 3.4). Cultures of the wild-type strain carrying empty pBBR1MCS-2, 

pBBR1MCS-2::SO_1145, pBBR1MCS-2::SO_1565, or pBBR1MCS-2::ficI were grown 

aerobically in tryptone with or without 0.65 mM CoCl2 or 300 mM MgCl2, or anaerobically 

in tryptone supplemented with 20 mM lactate and 40 mM fumarate with or without 2.5 
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mM FeCl2. No difference in growth rate was observed between any of the four strains 

under excess Mg2+ conditions (Fig. 3.5A). Each strain of wild-type overexpressing an 

mgtE homolog displayed a slower growth rate under high Fe2+ or Co2+ conditions than 

wild-type with empty vector (Figs. 3.5B and 3.5C).  

 

 

 

 

 

 

 

  A                 B   

 

Figure 3.4 Anaerobic growth of wild-type, ΔSO_1145, ΔSO_1565, and ΔficI in 

excess Fe2+ and Co2+.  

The rate of growth in anaerobic LB with 20 mM lactate, 40 mM fumarate, and A) 2.5 mM 

FeCl2 or B) 0.63 mM CoCl2 was measured for (□/■) wild-type S. oneidensis, (○/●) 

ΔSO_1145, (Δ/▲) ΔSO_1565, and (▽/▼) ΔficI. No metal added, empty symbols; 

excess metal, closed symbols.  
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Figure 3.5 Growth of wild-type strains overexpressing mgtE homologs.  

The rate of growth was measured in (A) aerobic tryptone with or without 300 mM MgCl2, 

(B) aerobic tryptone with or without 0.65 mM CoCl2, or (C) anaerobic tryptone with 20 

mM lactate, 40 mM fumarate, and 2.5 mM FeCl2. Wild-type with (□/■) empty 

pBBR1MCS-2, (○/●) pBBR1MCS-2::SO_1145, (Δ/▲) pBBR1MCS-2::SO_1565, (▽/▼) 

pBBR1MCS-2::ficI. No metal added, empty symbols; excess metal, closed symbols.  

 

ficI and feoB mutants vary in Fe2+ requirement and sensitivity.  

The iron retention phenotypes of strains either missing ficI or with enhanced 

expression of ficI are consistent with a role for this putative transporter in Fe2+ import. 

The S. oneidensis genome also encodes the energy-dependent FeoAB import system, 

which has been described as the primary Fe2+ importer in multiple bacterial species 

(Kammler 1993, Velayudhan 2000). To determine the conditions under which FeoB and 

FicI import Fe2+, cultures of wild-type S. oneidensis, feoB, and ficI were grown 

anaerobically in tryptone supplemented with 20 mM lactate and 40 mM fumarate, with 

and without 2 mM FeCl2. In conditions without added Fe2+, ficI and wild-type displayed 

the same growth phenotype, whereas feoB displayed a significantly slower growth rate 

(Fig. 3.6A). Under high Fe2+ conditions, feoB displayed the same growth rate as wild-

type, while ficI had a faster growth rate than the two other strains (Fig. 3.6B).  
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 A            B 

 

Figure 3.6 Growth of wild-type, ΔficI, and ΔfeoB strains.  

The rate of growth in anaerobic tryptone with 20 mM lactate, 40 mM fumarate, and (A) 

without or (B) with 2 mM FeCl2 was measured for (■) wild-type, (●) ΔficI, and (▲) ΔfeoB.  

 

3.5 Discussion 

The import of metals, and the maintenance of intracellular metal homeostasis, is 

crucial for the growth and survival of all types of living cells. As such, transport proteins 

for the import and export of biologically relevant metals have evolved in all three 

domains of life. Here we have described an Fe2+ and Co2+ importer in S. oneidensis that 

belongs to the MgtE protein family, which have until now been described as inner-

membrane Mg2+ and Co2+ importers (Smith 1995, Townsend 1995).  

 Deletion of ficI increases resistance to a high Fe2+ concentration compared to 

wild-type, while overexpressing ficI confers increased Fe2+ sensitivity (Fig. 3.1). There 

was no difference between ΔficI and wild-type during growth without added Fe2+ (Fig. 

3.6A), indicating that ΔficI does not have an inherently faster growth rate than wild-type. 

Strains overexpressing ficI retain approximately twice as much iron than those with 

empty vector (Table 3.4). Taking the phenotypes observed in Fe2+ growth curves 

together with the iron retention results, uptake of and sensitivity to Fe2+ appears to 

increase concomitantly with copies of ficI, supporting the hypothesis that ficI encodes a 

Fe2+
 importer. 
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As MgtE proteins have previously been described as Mg2+ and/or Co2+ importers, 

we wanted to determine whether FicI imports either of these metals in addition to Fe2+. 

ficI had the same phenotype as wild-type when grown in excess Mg2+ but had a growth 

benefit over wild-type when grown in excess Co2+ (Fig. 3.2). Metal retention assays 

showed that while ficI cells contained less cobalt than wild-type, there was no 

difference in magnesium content between the strains (Table 3.4). Together these results 

indicate that ficI encodes a transporter that imports Fe2+ and Co2+ but not Mg2+. We also 

determined that, due to the uptake of Co2+ by FicI, deletion of ficI confers a survival 

benefit during respiration of Co(III)EDTA- and consequent production of Co2+ (Fig. 3.3).  

The uptake of Fe2+ or Co2+ via FicI could be a double-edged sword for S. oneidensis: 

FicI presents a lower energy option for obtaining metals required for cellular functions, 

but excessive influx can cause toxicity, as seen when ΔficI is exposed to high 

concentrations of either metal (Fig. 3.1, Fig. 3.2B). 

 Three genes in the S. oneidensis genome have been annotated as encoding 

MgtE homologs: SO_1145, SO_1565, and FicI. As FicI does not appear to transport 

Mg2+, we wanted to determine the activity of the proteins encoded by SO_1145 and 

SO_1565. In a transposon screen, inactivation of SO_1145 and SO_1565 had no 

significant fitness effect under either normal or high Fe2+ concentrations (Table S1). 

Additionally, deletion of SO_1145 or SO_1565 conferred no change in growth rate in the 

presence of excess Fe2+ or Co2+ (Fig. 3.4). Surprisingly, when SO_1145, SO_1565, and 

ficI were over-expressed in wild-type, all three strains displayed increased sensitivity 

over wild-type with empty vector to high levels of both Fe2+ and Co2+, but none enhanced 

sensitivity to Mg2+ (Fig. 3.5). The Mg2+ growth curves indicate that none of the MgtE 

homologs in S. oneidensis is an Mg2+ importer under the conditions we tested, 

underscoring the importance of determining a gene’s physiological role with 

experimental data.  

Aside from MgtE, three other families of Mg2+ importers have been discovered in 

bacteria: CorA, MgtA, and MgtB (Hmiel 1989). CorA, like MgtE, is predicted to be an ion 

channel that imports cations along an electrochemical gradient (Lunin 2006), while MgtA 

and MgtB are P-type ATPases (Snavely 1991, Tao 1995). There are no genes 

annotated as mgtA or mgtB homologs in the S. oneidensis genome, but there is a 
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predicted corA gene. CorA is more widespread in bacteria and has been shown to have 

a lower Km than MgtA, MgtB, or MgtE in other Gammaproteobacteria species (Hmiel 

1986, Townsend 1995), suggesting that CorA is most likely to be the primary Mg2+ 

importer even in species encoding multiple Mg2+ transporters. As no other Mg2+ import 

genes are annotated in the MR-1 genome, we postulate that CorA is the predominant 

Mg2+ importer in S. oneidensis.  

Global expression profiles of S. oneidensis have reported no differential 

expression for SO_1145, SO_1565, or ficI under numerous conditions, including 

respiration of various substrates including iron and other metals (Beliaev 2002, Beliaev 

2005, Bencheikh-Latmani 2005), metal stress (Brown 2006a, Brown 2006b), or deletion 

of the iron-response regulator Fur (Thompson 2002, Wan 2004). SO_1145 expression 

may increase approximately twofold upon exposure to alkaline pH (Leaphart 2006), the 

only condition shown to induce an expression change for any of these three genes. The 

discrepancy between the phenotypes observed for transposon and deletion mutants 

(Table S1, Fig. 3.4) and over-expression strains (Fig. 3.5), along with the results from 

various expression profiles, indicates that SO_1145 and SO_1565 are likely expressed 

at low levels in wild-type cells, at least in the conditions tested thus far. Low expression 

of SO_1145 and SO_1565 could indicate that the proteins encoded by SO_1145 and 

SO_1565 are not normally produced under the conditions tested in our experiments, 

explaining why knocking out each gene would not manifest in a detectable phenotype. 

Overexpression of each gene indicates that the function of each of the three MgtE 

transporters in S. oneidensis is the import of Fe2+ and Co2+; however, the transport by 

SO_1145 and SO_1565 is likely to be low under physiologically relevant conditions. The 

evolutionary imperative for retaining all three mgtE genes in the S. oneidensis genome 

remains unclear at this time.   

The deactivation of feoB, which encodes an Fe2+ importer (Wang 1969, Kammler 

1993), confers a strong fitness defect in lower Fe2+ conditions but has little effect on 

growth in high Fe2+ (Table S1, Fig. 3.6). Conversely, a ficI mutant has the same growth 

rate as wild-type under lower Fe2+ conditions but is less sensitive to high Fe2+ (Table S1, 

Fig. 3.6). These results indicate that FeoB is likely the primary importer of Fe2+ when 

concentrations are low, and the transporter encoded by ficI is likely a secondary importer 
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active only when extracellular Fe2+ concentrations are high. That S. oneidensis has 

evolved to have two separate systems for Fe2+ import should not be surprising 

considering that it inhabits redox transition zones of metal-rich sediments (Myers 1988). 

The transitory respiration of solid Fe3+ minerals creates temporary high local 

concentrations of soluble Fe2+ available for uptake. Additionally, S. oneidensis respires 

numerous substrates anaerobically and therefore produces more cytochromes than, for 

example, E. coli or Salmonella enterica, and it thus has a high requirement for iron. As 

such, it is likely that S. oneidensis has adapted to have two different systems for Fe2+ 

transport under different conditions: FeoB, which uses nucleotide hydrolysis to take up 

Fe2+ (Kammler 1993, Velayudhan 2000), and FicI, a member of the MgtE family of 

passive metal importers (Takeda 2014). In this way, S. oneidensis can maximize energy 

conservation by using FicI to import Fe2+ under higher local Fe2+ concentrations during 

periods of anaerobic iron respiration and lower ATP production.  

3.6 Conclusion 

Metal-respiring bacteria have adapted to metal-rich environments and large 

fluctuations in local concentrations of soluble metals. Their mechanisms for maintenance 

of metal homeostasis are extremely important for survival. Here we have discovered a 

transport protein in S. oneidensis that imports Fe2+ and Co2+, which was unexpected 

based on phenotypic descriptions of MgtE proteins in other bacterial species. 

Additionally, we have determined that none of the three MgtE homologs encoded by the 

S. oneidensis genome is an Mg2+ importer, but all three can import Fe2+ and Co2+. 

Furthermore, we posit that while SO_1145 and SO_1565 may not import physiologically 

relevant concentrations of Fe2+, FicI represents a secondary, less energy-dependent 

Fe2+ importer active under high Fe2+ concentrations.  

 

 



 

 
 

5
2
 

Table 3.1 Amino acid identities between MgtE homologs. 

 

 SO_1145 SO_1565 FicI 

Providencia 

stuartii 

Thermus 

thermophilus HB8 

Pseudomonas 

aeruginosa PAO1 

SO_1565 23%      

FicI 24% 36%     

Providencia 

stuartii 31% 24% 25%    

Thermus 

thermophilus HB8 33% 25% 29% 33%   

Pseudomonas 

aeruginosa PAO1 27% 35% 40% 28% 29%  

Aeromonas 

piscicola AH-3 29% 25% 25% 55% 35% 27% 
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Table 3.2 Strains and plasmids used in this work. 

 

Strain Description Source 

JG274 S. oneidensis MR-1, wild type Myers 1988 

JG3275 JG274 ΔficI (SO_3966) This work 

JG168 JG274 with empty pBBR1MCS-2 Hau 2008 

JG3376 JG3275 with empty pBBR1MCS-2 This work 

JG379 JG3275 with pBBR1MCS-2::ficI This work 

JG3373 JG274 with pBBR1MCS-2:: 

SO_1145 

This work 

JG3374 JG274 with pBBR1MCS-2:: 

SO_1565 

This work 

JG3375 JG274 with pBBR1MCS-2::ficI This work 

JG3574 JG274 ΔfeoB (SO_1784) This work 

UQ950 E. coli DH5α λ(pir) cloning host; F-

Δ(argF-lac)169 Φ80dlacZ58(ΔM15) 

glnV44(AS) rfbD1 gyrA96(NalR) recA1 

endA1 spoT1 thi-1 hsdR17 deoR λpir+ 

Saltikov 2003 

WM3064 E. coli conjugation strain; thrB1004 pro 

thi rpsL hsdS lacZΔM15 RP4-1360 

Δ(araBAD)567 ΔdapA1341::[erm pir(wt)] 

Saltikov 2003 

   

Plasmid Description Source 

pSMV3 Deletion vector, Kmr, sacB Coursolle 2010 

pBBR1MCS-2 Broad-range cloning vector, Kmr Kovach 1995 

pBBR1MCS-2:: 

SO_1145 

SO_1145, 11 bp upstream, 54 bp 

downstream, Kmr 

This work 

pBBR1MCS-2:: 

SO_1565 

SO_1565, 18 bp upstream, 15 bp 

downstream, Kmr 

This work 

pBBR1MCS-2::ficI ficI, 39 bp upstream, 24 bp downstream, 

Kmr 

This work 
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Table 3.3 Primers used for mutant construction and complementation in this work.  

 

Primer Sequence Restriction Site 

FeoBUSF  GTACACTAGTGTTATGATTACCCAGCGGG            SpeI 

FeoBUSR GTACGCTAGCGTGACGCAATGAAACTGCTTAG NheI 

FeoBDSF GTACGCTAGCCGGATTATTACTGAGTAAACCC NheI 

FeoBDSR GTACGGATCCCTCATATTGACGAGTACGATTTGG BamHI 

3966USF GTACGAGCTCCCATTAAACTCGAAGGCAAGC SacI 

3966USR GTACAGTACTCATGTTTCCTCCAGGGTG ScaI 

3966DSF GTACAGTACTGCGACCTTGTATTTAATGCACTAG ScaI 

3966DSR GTACGGGCCCCATTGATGGCGGGTATGG ApaI 

1145CompF GTACGGTACCGAGAATGAACTATGAACATGAAC KpnI 

1145CompR GTACGAGCTCGCTCGTACCTTTTACGCAGC SacI 

1565CompF GTACCTCGAGCAGCAGAAGGGCGTTTAG XhoI 

1565CompR GTACTCTAGACGCTTAATATCAAACTTAAAGG XbaI 

3966CompF GTACCTCGAGCAACCTATGCTCCACCGC XhoI 

3966CompR GTACTCTAGAGCTTTAGCAAGGCTTGGG XbaI 
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Table 3.4 Metal retention by wild-type and ficI strains.  

 

Strain Average Fe (ng*OD600
-1*mL-1) S.D. 

Wild-type + empty 

pBBR1MCS-2 

109.1 12 

Wild-type + pBBR1MCS-2::ficI 225.5 15.1 

ficI + empty pBBR1MCS-2 99.9 4 

ficI + pBBR1MCS-2::ficI 200.9 16.32 

  

Strain Average Co (ng*OD600
-1*mL-1) S.D. 

Wild-type 55.4 2.1 

ficI 26 1.4 

  

Strain Average Mg (ng*OD600
-1*mL-1) S.D. 

Wild-type 204.2 10.4 

ficI 204.6 13.2 
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Chapter 4: The Protease ClpXP is Required for Fe2+ Resistance by Shewanella 

oneidensis MR-1  
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4.1 Summary 

Shewanella oneidensis MR-1 is a versatile bacterium capable of respiring 

extracellular, insoluble ferric oxide minerals under anaerobic conditions. The respiration 

of iron minerals results in the production of soluble ferrous ions, which at high 

concentrations are toxic to living organisms. It is not fully understood how Fe2+ is toxic to 

cells anaerobically; nor is it fully understood how S. oneidensis is able to resist high 

levels of Fe2+. Here we describe the results of a transposon screen and deletion of the 

genes clpX and clpP in S. oneidensis, which indicate that the protease ClpXP is required 

for anaerobic Fe2+ resistance. Many cellular processes are regulated by ClpXP, including 

entry into stationary phase, envelope stress response, and the turnover of stalled 

ribosomes. None of these processes, however, appear to be responsible for mediating 

Fe2+ resistance in S. oneidensis. Protein trapping studies to identify ClpXP targets 

indicate that ClpXP degrades metalloproteins in S. oneidensis under Fe2+ stress. These 

data indicate that Fe2+ may be toxic under anaerobic conditions by becoming 

misincorporated into non-iron metalloproteins, causing misfolding. These misfolded, 

mismetallated proteins may then become targets for degradation by ClpXP in order to 

prevent the cytoplasmic buildup of nonfunctional proteins.  

4.2 Introduction 

The bacterium Shewanella oneidensis MR-1 is a member of the 

gammaproteobacteria that resides in the oxic-anoxic transition zones of water columns 

and aquatic sediments (Myers 1988, Nealson 1991, Brettar 1993). S. oneidensis is a 

facultative anaerobe able to utilize numerous compounds as terminal electron acceptors 

in the absence of oxygen, including nitrate, sulfite, trimethylamine N-oxide, fumarate 

(Samuelsson 1985, Shirodkar 2011, Myers 1988), and metals such as iron and 

manganese (hydr)oxide minerals (Myers 1988, Kostka 1995), which are frequently 

abundant in aquatic sediments (Canfield 1989). The respiration of and consequent 

change in oxidation state of a metal can influence that metal’s solubility. For example, 

ferric iron (Fe3+) is often found in sediments as insoluble iron oxides (Schwertmann 

1991), but upon reduction, these minerals can dissolve and release soluble Fe2+ 

(Schwertmann 1991, O’Reilly 2005).  
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Like many transition metals, iron is required for numerous biological functions 

(Riordan 1977), but at higher concentrations it becomes toxic to organisms (Moore 1908, 

Stohs 1995, Dunning 1998). Fe2+ toxicity during aerobic respiration is believed to be due 

to oxidative stress resulting from the production of hydroxyl radicals (Sutton 1985, Touati 

1995, Stohs 1995), but the mechanism for anaerobic Fe2+ toxicity is not known. S. 

oneidensis is capable of tolerating millimolar levels of Fe2+ anaerobically (Kostka 1995), 

higher than many other bacterial species (Berman 1993, Kersters 1996, Dunning 1998), 

likely due to its adaptation to metal-rich environments. S. oneidensis is able to limit the 

buildup of intracellular iron via the activities of the iron uptake regulator Fur, which 

suppresses the production of siderophores and iron import systems under iron-replete 

conditions (Hantke 1981, Wan 2004, Yang 2008). The inner-membrane efflux protein 

FeoE removes excess Fe2+ from the cytoplasm produced during Fe3+ respiration and 

lowers Fe2+ sensitivity (Bennett 2015). To discover other Fe2+ resistance mechanisms 

encoded in the S. oneidensis genome, and to look for mechanisms of anoxic Fe2+ 

toxicity, we performed a transposon screen under excess Fe2+ conditions. In this paper, 

we present two genes that, upon inactivation, conferred a defect in the presence of 

excess Fe2+: clpP and clpX.  

clpP and clpX encode the AAA+ (ATPases associated with diverse cellular 

activities) cytoplasmic protease ClpXP. The ATP-dependent unfoldase ClpX recognizes 

substrate proteins (Wojtkowiak 1993) and feeds them into the serine protease ClpP, 

which degrades the unfolded target proteins into small peptides (Hwang 1987, 

Katayama 1987). ClpXP is one of five AAA+ proteases encoded in the S. oneidensis 

genome, the other four being ClpAP, Lon, HslVU, and FtsH (Gottesman 1990, Chung 

1981, Charette 1981, Chuang 1993, Herman 1993). Of the genes encoding these five 

AAA+ proteases, only deactivation of clpX and clpP conferred a significant defect in the 

presence of excess Fe2+ in the above-mentioned transposon screen. ClpXP has several 

roles in bacterial cells, including regulating entry to stationary phase via degradation of 

the stress response regulator σS, degradation of cell division proteins, promoting release 

of the envelope stress response regulator σE, and turning over ribosomes by degrading 

proteins stalled during translation (30‒36). Here we investigate the role of ClpXP in 
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responding to Fe2+ stress in S. oneidensis, which appears to be unrelated to previously 

described cellular processes in which ClpXP is involved. 

4.3 Materials and methods 

Bacterial strains and growth conditions. 

Table 4.1 lists bacterial strains and plasmids used in this work. S. oneidensis 

MR-1 was isolated from Lake Oneida, New York State (Myers 1988). Escherichia coli 

strains for cloning (UQ950) and mating (WM3064) are described in Saltikov et al (2003). 

Overnight liquid Luria-Bertani (LB) cultures, supplemented with 50mg/mL kanamycin 

when appropriate, were inoculated from freshly streaked -80°C stocks. S. oneidensis 

and E. coli cultures were grown at 30°C and 37°C, respectively. Cultures were grown in 

LB or Shewanella basal medium (Hau 2008) supplemented with 5 mL/L vitamins, 5 mL/L 

trace minerals, and 0.05% casamino acids. Anaerobic cultures were flushed with 

nitrogen gas and supplemented with 20 mM sodium lactate and 40 mM sodium 

fumarate. Liquid cultures, except for 1 L cultures prepared for protein purification, were 

shaken at 250 rpm.  

Creation and analysis of Tn-Seq mutant libraries.  

Transposon library creation and selection were performed as previously 

described (Brutinel 2012). Briefly, a delivery vector with MmeI restriction sites 

surrounding the MiniHimar transposon, which is randomly inserted into a chromosomal 

TA site (Bouhenni 2005), was transferred into wild-type and ΔfeoE S. oneidensis strains 

via conjugation. Parent transposon libraries were outgrown for selection in anaerobic 

Shewanella basal medium with or without 0.8 mM FeCl2. Cultures were harvested and 

DNA extracted after approximately five doublings. Parent and outgrown DNA libraries 

were processed and sequenced as previously described (van Opijnen 2009). Adapters 

and primers used to prepare the DNA for sequencing have been published previously 

(van Opijnen 2010). Briefly, DNA was phenol-chloroform extracted and digested with 

MmeI. Adapters containing library-identifying barcodes were ligated to the digested 

DNA, and the transposon-insertion sites were PCR-amplified using primers containing 

Illumina-specific sequences. Single-read, 50 base-pair sequence analysis was 

performed on an Illumina HiSeq250 at the University of Minnesota Genomics Center. 
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Downstream sequence processing was performed using the Galaxy server maintained 

by the Minnesota Supercomputing Institute. Between 20 million and 33 million reads 

were mapped to the S. oneidensis chromosome and megaplasmid (NC_004347.2 and 

NC_004349.1, respectively) for each parent and outgrown library. Reads that did not 

match the genome sequence 100%, did not match uniquely to a gene, or fell in the first 

1% or last 10% of the coding sequence were omitted from analysis. The number of 

reads for each gene was normalized to the total number of reads in each library. Fitness 

effects of each gene under the outgrowth conditions were calculated by taking the 

natural log of the normalized number of reads in the outgrowth libraries divided by that in 

the parent library. Tn-Seq results are reported in Table S1. To exclude genes that confer 

a growth benefit or defect upon deactivation regardless of Fe2+ concentration, the net 

fitness effect of growing in excess Fe2+ for each gene was calculated by subtracting the 

fitness effect for the low Fe2+ condition from that in the high Fe2+ condition. A net fitness 

effect of ≥ ± 1.0 was considered significant. 

Plasmid and mutant construction.  

Table 4.2 lists primers used for construction of deletion and expression plasmids. 

In-frame deletion of genes was performed via homologous recombination as described 

in Saltikov et al (2003). Briefly, 1kb upstream and downstream fragments for each gene 

were fused via a restriction site and inserted into the multiple-cloning site of pSMV3, 

which has kanamycin-resistance and sacB cassettes. Complementation plasmids were 

created by cloning clpPX from the S. oneidensis genome and clpPX and clpX from E. 

coli MG1655 genome and inserted into the multiple cloning site of pBBR1MCS-2 via 

BamHI and SpeI restriction sites. Tagged genes for protein purification were ordered as 

gBlocks from Integrated DNA Technologies and ligated into the expression vector 

pBBR1MCS-2 via EcoRI and BamHI restriction sites. Tagged alleles of clpP were 

created without the propeptide sequence (Δ2-9), a C-terminal affinity (His6-TEV-Myc3) 

tag codon-optimized for S. oneidensis, and with or without a point mutation in the active 

site (S106A), creating clpPTrap and clpPTag, respectively. clpPTag and clpPTrap sequences 

are listed in Table 4.2.  
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Growth curves.  

Overnight liquid LB cultures were grown from freshly streaked -80°C stocks. 

Cells were pelleted, washed once, and resuspended in LB or tryptone. Fe2+ cultures 

were supplemented with 2 or 2.5 mM FeCl2. A higher Fe2+ concentration was needed for 

growth curves than in Tn-Seq to visualize the growth defects of mutants. Growth was 

measured by taking the optical density at 600 nm (OD600). Results are reported as the 

mean ± one standard deviation of three biological replicates. 

ClpP trapping and protein purification.  

A previously described ClpP trapping protocol (Flynn 2003) was adapted for S. 

oneidensis. Briefly, ΔsmpBΔclpPΔclpA, ΔsmpBΔclpPX, and ΔsmpBΔclpPXΔclpA with 

pBBR1MCS-2::clpPTrap were grown anaerobically for 12 hours in 1 L anaerobic LB 

supplemented with 20 mM lactate and 40 mM fumarate; ΔsmpBΔclpPΔclpA with 

pBBR1MCS-2::clpPTrap was also grown for 12 hours in in 3 L anaerobic LB 

supplemented with 20 mM lactate, 40 mM fumarate, and 1.1 mM FeCl2. 1.1 mM FeCl2 

was chosen because clpP mutant strains are impaired but still able to grow at this 

concentration (data not shown). Cell pellets were centrifuged 10 minutes at 5,000 rpm, 

resuspended in 40 mL TRIS-buffered saline with 1 mM ethylenediaminetetraacetic acid 

and 10 μM phenylmethylsulfonyl fluoride (pH 7.5), and centrifuged 10 minutes at 5,000 

rpm. Cell pellets were resuspended in 40 mL TRIS-buffered saline and 10 μM 

phenylmethylsulfonyl fluoride (pH 8.0) and lysed by passing through a French press 

three times at 1200 PSI. The lysate was centrifuged 20 minutes at 10,000 rpm. The 

lysate supernatant was incubated with 4 mL anti-c-Myc agarose (25% slurry; Thermo 

Scientific) 5 hours on a rocker at 4°C. The resin was collected on a 10 mL column and 

washed with 10 mL TRIS-buffered saline with 0.5% Tween-20. The resin was eluted with 

4 mL 50 mM NaOH, which was concentrated to 100 μL in a SpeedVac (Thermo 

Scientific).  

Protein analysis.  

20 μg of each protein elution was run into a Bio-Rad 8-16% Criterion precast 

polyacrylamide gel for 22 minutes at 25 mA. Bands were excised, digested in-gel with 

trypsin, and analyzed on Orbitrap Velos and Orbitrap Fusion mass spectrometers. 
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Detected peptides were mapped to S. oneidensis MR-1 (Ref Seq Shewanella 70863) 

and common laboratory contaminants protein databases with Scaffold (Proteome 

Software Inc.). The abundance of proteins trapped by ClpPS106A-Trap for each sample was 

quantified by evaluating both exclusive spectrum counts and percentage of total spectra 

for each protein. Proteins with fewer than two spectra in the Fe2+ condition were 

excluded from analysis. Complete Scaffold results are listed in Table S2. Protein 

cofactors were determined using Uniprot (The Uniprot Consortium 2014) and the 

Conserved Domain Database (Marchler-Bauer 2015). 

4.4 Results 

Tn-Seq reveals genes required for Fe2+ toxicity response.  

To find genes involved in responding to high concentrations of Fe2+, Tn-Seq was 

performed on wild-type and ΔfeoE S. oneidensis libraries grown in the presence or 

absence of 0.8 mM FeCl2. Both wild-type and ΔfeoE strains were used in order to serve 

as replicates for the experiment while providing a means to discover genes that, upon 

deactivation, confer a stronger fitness defect in a strain with increased Fe2+ sensitivity. 

The results of the Tn-Seq screen are listed in Table S1. The fitness costs of genes 

encoding proteins known to interact with Fe2+ were evaluated as controls to confirm the 

validity of the Tn-Seq results. feoB, which encodes an Fe2+ importer (Kammler 1993), 

had a strong net Fe2+ fitness benefit in both wild-type and ΔfeoE (+3.68 and +1.77, 

respectively; see Materials and Methods for an explanation of fitness effect calculations). 

feoE, which encodes an Fe2+ efflux pump (Bennett 2015), had a significant net Fe2+ 

fitness defect (-1.24) in wild-type. No reads were mapped to feoE in any of the ΔfeoE 

libraries, indicating that no cross-library contamination had occurred.  

 Two genes that, upon deactivation, gave strong net fitness defects under high 

Fe2+ were clpP and clpX (-1.09 and -1.55 in the wild-type background, -2.05 and -2.73 in 

ΔfeoE, respectively). Together clpP and clpX encode the protease ClpXP (Wojtkowiak 

1993). To confirm the Tn-Seq results, in-frame single- and double-deletions were made 

of clpP and clpX from the S. oneidensis genome. ΔclpP, ΔclpX, and ΔclpPX had strong 

growth defects compared to wild-type when grown anaerobically in LB supplemented 
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with 20 mM lactate, 40 mM fumarate and 2 mM FeCl2, but not when grown without 

added FeCl2 (Fig. 4.1).  

 

 

 

 

 

 

   A         B  

 

Figure 4.1 Growth of ΔclpP, ΔclpX, and ΔclpPX with and without high FeCl2.  

A) The rate of growth over time in anaerobic LB supplemented with 20 mM lactate and 

40 mM fumarate was measured for wild-type S. oneidensis (■) and ΔclpPX (▼). B) The 

rate of growth over time in anaerobic LB supplemented with 20 mM lactate, 40 mM 

fumarate, and 2 mM FeCl2 was measured for wild-type S. oneidensis (■), ΔclpPX (▼), 

ΔclpX (▲), and ΔclpP (●). 

 

ClpXP role in Fe2+ response is not related to known proteolytic functions.  

ClpXP is a widely conserved and well-studied protease responsible for the 

degradation of numerous cytoplasmic proteins. Much of the research into its functions 

and structure has taken place in E. coli, although as more recent work on ClpXP in other 

bacterial species and mitochondria has grown, the list of roles this protease plays 

continues to expand. We limit our investigation of ClpXP proteolysis targets here to 

those encoded in the S. oneidensis genome. ClpXP targets the starvation and 

stationary-phase regulator sigma factor σs during exponential growth, thereby regulating 

growth rate (Schweder 1996). ClpXP also degrades proteins stalled in translation via 

recruitment by SspB and recognition of the SsrA transfer-messenger RNA tag, which is 
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attached to the stalled protein by SmpB (Gottesman 1998, Karzai 1999, Levchenko 

2000). None of these genes had significant net Fe2+ fitness effects (our threshold for 

significance being ≥ ± 1.0) in our Tn-Seq data (rpoS: -0.08, sspB: -0.57, ssrA: +0.19, and 

smpB: +0.36 in the wild-type background, Table S1).  

 A group of E. coli proteins believed to be regulated by ClpXP are the cell-division 

proteins FtsZ, ZapC, FtsA, MinD, and SulA (Flynn 2003, Neher 2006, Buczek 2016). The 

S. oneidensis genome does not encode a ZapC homolog, but it does contain genes 

encoding the cell-division proteins ZapA and ZapB. Deactivation of neither zapA, zapB, 

ftsA, minD, nor sulA conferred a net Fe2+ fitness defect in our Tn-Seq data (-0.34, +0.33, 

+0.85, -0.15, and +0.29, respectively, in the wild-type background; Table S1). ftsZ 

appears to be an essential gene in S. oneidensis according to our Tn-Seq data, as no 

sequencing reads were mapped to the gene in any of the libraries (Table S1), consistent 

with previous observations (Brutinel 2012).  

 ClpXP is involved in the release of the cell envelope stress-response sigma 

factor σE by degrading the cytoplasmic domain of the anti-sigma factor RseA (Flynn 

2004). The periplasmic protease DegS and intramembrane peptidase RseP are also 

required for degradation of RseA (Ades 1999, Saito 2011), while RseB acts as a 

secondary negative regulator of σE (De Las Peñas 1997). None of the genes encoding 

proteins involved in regulating σE had significant net Fe2+ fitness costs in our Tn-Seq 

data (+0.61, -0.42, +0.09, +0.31 in the wild-type background, respectively). However, 

deactivation of rpoE, the gene encoding σE, did confer a net Fe2+ defect near our 

significance threshold (-0.92 in the wild-type background, -1.06 in the ΔfeoE 

background). To determine whether the stress-response σE is involved in Fe2+ toxicity 

resistance, an in-frame deletion of rpoE was made in the wild-type S. oneidensis 

genome. The growth rate of ΔrpoE was not significantly impaired compared to wild-type 

in either the presence or absence of excess Fe2+ (Fig. 4.2).  
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Figure 4.2 Growth of ΔrpoE with high FeCl2.  

The rate of growth over time for wild-type S. oneidensis and ΔrpoE in anaerobic LB 

supplemented with 20 mM lactate and 40 mM fumarate, with or without 2.5 mM FeCl2. 

No metal added: wild-type, □; ΔrpoE, ○. Metal added: wild-type, ■; ΔrpoE, ●. 

 

ClpXP targets metal-binding proteins for degradation in high Fe2+ conditions.  

To determine the proteolysis targets of ClpXP under high Fe2+ conditions, we set 

up a ClpP trapping experiment modified from Flynn et al (2003). Mutation of the catalytic 

serine in the active site of ClpP (S106A) abrogates proteolytic activity, creating ClpPTrap. 

ClpPTrap folds correctly and continues to bind the ATPase subunits ClpA or ClpX, which 

feed protease targets into ClpPTrap. Substrate proteins are slowly released by ClpXPTrap 

or ClpAPTrap (Singh 2000), allowing for the use of ClpPTrap, in conjunction with protein 

mass spectrometry, to detect which proteins are targeted for degradation by ClpXP or 

ClpAP. 

A ΔsmpBΔclpP background was used for all trapping strains, in order to remove 

ssrA-tagged proteins from protein analysis and to prevent degradation of ClpXP targets 

by an active ClpP protease (Flynn 2003). clpA and clpX deletions were created in this 

background to isolate proteins specifically targeted for degradation by either ClpXP or 

ClpAP. Additionally, a ΔclpAΔclpX mutant was used to identify proteins that non-
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specifically bind to ClpPTrap or the anti-Myc resin without being targeted by ClpX or ClpA. 

Each strain was transformed with pBBR1MCS-2::clpPTrap.  

To confirm that deletion of smpB and clpA did not affect the growth of S. 

oneidensis, wild-type, ΔsmpB, and ΔclpA were grown anaerobically in LB supplemented 

with 20 mM lacatae, 40 mM fumarate, and 2 mM FeCl2. There was no difference in 

growth rate between wild-type ΔsmpB, and ΔclpA (Fig 3A). ΔsmpBΔclpPΔclpA with 

pBBR1MCS-2::clpPTrap had the same growth defect as ΔsmpBΔclpPΔclpA with empty 

pBBR1MCS-2 when grown in anaerobic LB supplemented with 20 mM lactate, 40 mM 

fumarate, and 2 mM FeCl2 (Fig. 4.3B), confirming that the S106A mutation inactivates 

ClpP. ΔsmpBΔclpPΔclpA with pBBR1MCS-2::clpPTag had a faster growth rate than 

ΔsmpBΔclpPΔclpA with pBBR1MCS-2::clpPTrap (Fig. 4.3B), confirming that removal of 

the propeptide sequence from and addition of the purification tag to ClpP did not 

interfere with proper folding.  

 

       

 

 

 

 

   A         B 

 

Figure 4.3 Growth of proteomics analysis strains.  

A) The rate of growth over time for wild-type S. oneidensis (■), ΔsmpB (○), and ΔclpA 

(Δ) was measured in anaerobic LB supplemented with 20 mM lactate, 40 mM fumarate, 

and 2 mM FeCl2. B) The rate of growth over time for wild-type S. oneidensis with empty 

pBBR1MCS-2 (□), ΔsmpBΔclpAΔclpP with empty pBBR1MCS-2 (○), ΔsmpBΔclpAΔclpP 

with pBBR1MCS-2::clpPTag (■), and ΔsmpBΔclpAΔclpP with pBBR1MCS-2::clpPTrap (●) 
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was measured in anaerobic LB supplemented with 20 mM lactate, 40 mM fumarate, and 

2 mM FeCl2. 

The three ClpP trapping strains were grown anaerobically in LB supplemented 

with 20 mM lactate and fumarate; the ClpX-only strain was also grown in anaerobic LB 

supplemented with 20 mM lactate, 40 mM fumarate, and 1.1 mM FeCl2. ClpP-trapped 

proteins were identified using mass spectrometry. Proteins listed in Table 4.3 were 

detected at least twice as frequently in the Fe2+ culture as in any of the others in at least 

two of three mass spectrometry runs. Proteins trapped by ClpXP that were enriched 

under high Fe2+ conditions have disparate functions but frequently (10 of 11 proteins 

trapped) contain metal binding sites (Table 4.3, Table S2), a higher proportion than the 

proteins trapped with ClpXP in lower Fe2+ conditions (7 of 15), ClpAP (11 of 33), or ClpP 

with no ATPase adapter (17 of 37).  

E. coli clpPX complements S. oneidensis ΔclpPX.  

The % amino acid identities for ClpP and ClpX between E. coli and S. oneidensis 

are high (78% and 81%, respectively). To determine whether the proteolytic activity of 

ClpXP is required for Fe2+ resistance in E. coli as well as in S. oneidensis, ΔclpPX was 

complemented with pBBR1MCS-2::clpPXE. coli, and ΔclpX was complemented with 

pBBR1MCS-2::clpXE. coli There was no difference in growth rate between wild-type with 

empty vector, ΔclpPX with pBBR1MCS-2::clpPXE. coli, ΔclpPX with pBBR1MCS-

2::clpPXMR-1, and ΔclpX with pBBR1MCS-2::clpXE. coli when grown anaerobically in LB 

supplemented with 20 mM lactate, 40 mM fumarate, and 2.5 mM FeCl2 (Fig. 4.4).  
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Figure 4.4 Growth of ΔclpPX and ΔclpX complemented with cpPX and clpX from E. 

coli in excess Fe2+.  

The rate of growth over time in anaerobic tryptone supplemented with 20 mM lactate, 40 

mM fumarate, and 2.5 mM FeCl2 was measured for wild-type S. oneidensis with empty 

pBBR1MCS-2 (□), ΔclpPX with empty pBBR1MCS-2 (○), ΔclpPX with pBBR1MCS-

2::clpPXMR-1 (■), ΔclpPX with pBBR1MCS-2::clpPXE. coli (▼), and ΔclpX with 

pBBR1MCS-2::clpXE. coli (●). 

 

4.5 Discussion 

AAA+ proteases have been implicated in numerous cellular processes in various 

bacterial species. Here we have provided evidence for a new function of the AAA+ 

protease ClpXP: resistance to Fe2+ toxicity via the degradation of metalloproteins.  

 The loss of either clpP or clpX was shown to be detrimental to S. oneidensis 

growing under high Fe2+ conditions but not in lower Fe2+ concentrations (Table S1, Fig. 

4.1). The loss of clpA, which encodes another ATP-dependent chaperone that 

complexes with ClpP (Mauizi 1991), or clpS, which encodes an adaptor to the ClpAP 

complex (Erbse 2006), had no effect on the sensitivity of S. oneidensis to high Fe2+ 

concentrations (Table S1, Fig. 4.3A), indicating that the proteins specifically targeted by 

ClpX but not ClpA for degradation by ClpP are involved in Fe2+ sensitivity.  
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 ClpXP regulates a number of cytoplasmic proteins, including cell-division proteins 

(Flynn 2003, Neher 2006, Buczek 2016) and the stress-response sigma factors σs and 

σE (Schweder 1996, Flynn 2004), and it facilitates the turnover of ribosomes by 

degrading stalled nascent proteins (Gottesman 1998). None of these processes, 

however, appear to be involved in the resistance of S. oneidensis to high Fe2+ 

concentrations (Table S1, Figs. 4.2 and 4.3).  

Previous studies of σE in E. coli have indicated that σE is essential and rpoE 

mutants can be made only in conjunction with suppressor mutations (De las Peñas 

1997b). Suppressor mutations could explain why we did not see an increase in Fe2+ 

sensitivity for our ΔrpoE strain; however, we believe that σE is neither essential in S. 

oneidensis nor critical for Fe2+ stress response. We had no trouble making rpoE 

transposon or deletion mutants, none of which displayed a significant increase in Fe2+ 

sensitivity (Table S1, Fig. 4.2). Additionally, we tested multiple ΔrpoE strains, all of which 

displayed identical phenotypes regarding resistance to Fe2+ and increased sensitivity 

over wild-type to Cu2+ and ethanol (data not shown). Therefore, we hold that the role 

ClpXP plays in Fe2+ resistance is not the promotion of σE release.  

As we could not identify the function of ClpXP in response to Fe2+ toxicity through 

Tn-Seq data or phenotypic tests with deletion mutants, we adapted a ClpP-trapping 

method (Flynn 2003) to identify ClpXP proteolysis targets in S. oneidensis. While one-

fourth to one-third of cellular proteins are believed to require a metal cofactor (Waldron 

2009), nearly all proteins that were enriched for ClpXP trapping under Fe2+ conditions 

are predicted to contain metal-binding domains (Table 4.3), many more than for the 

proteins trapped by ClpAP or ClpXP in lower Fe2+ (Table S2). The mass-spectrometry 

data provided here can be only suggestive of relative quantitation; however, the protein-

trapping results were largely repeatable. We therefore believe that, given the controls 

and conditions used here, the proteomics results are highly suggestive of a pattern of 

ClpXP targeting metalloproteins in S. oneidensis under Fe2+ stress. 

It is notable that many proteins targeted by ClpPTrap in the high Fe2+ condition 

bind Mg2+ (Table 4.3, Table S2). The Irving-Williams series places the order of metal 

affinity to proteins as Ca2+ < Mg2+ < Mn2+ < Fe2+ < Co2+ < Ni2+ < Cu2+ > Zn2+ (Irving 1953), 
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making Fe2+ likelier to bind proteins than Mg2+, Ca2+, Mn2+, and, under certain conditions, 

Zn2+. Cells have delivery systems to direct the insertion of most metals into their proper 

protein binding sites: the molybdenum cofactor Moco (Leimkühler 2011), copper 

chaperones such as CopZ and CusF (Argüello 2013), iron chelatases (reviewed in 

Ferreira 1995), nickel chaperones such as UreE and HypA (Brayman 1996, Song 2011, 

Xia 2009), and cobalt chelatases such as CbiK and CbiX (Raux 1997, Raux 1998). 

Proper insertion of metals at the lower end of the Irving-Williams series, such as Mn2+ 

and Mg2+, on the other hand, frequently simply depends upon high relative intracellular 

concentrations of those metals (Tottey 2008, Hung 2011). 

 The intracellular concentration of Mg2+ is commonly kept around 1 mM, the 

highest concentration of all metals evaluated (Foster 2014). Not coincidentally, the 

intracellular concentrations of each metal in the Irving-Williams series is inversely 

correlated with its affinity for proteins (Foster 2014), indicating that cells compensate for 

low binding affinity with high relative concentration. It is therefore not surprising that 

Mg2+-binding proteins were most frequently targeted by ClpXP under high Fe2+ in our 

study: as the concentration of Fe2+ rose, it likely overwhelmed the cells’ iron-storage 

capacity and began outcompeting Mg2+ and other metals less dependent on specific 

delivery systems for insertion into the correct protein binding sites. 

Corroborating the hypothesis that high Fe2+ concentrations interfere with Mg2+ 

insertion into metalloproteins, inactivation of the corA gene in our Tn-Seq screen caused 

a strong net fitness defect in both wild-type and ΔfeoE under high Fe2+ (-1.23 and -1.70, 

respectively; Table S1). CorA is a high-affinity Mg2+ importer (Hmiel 1989, Snavely 

1989), which appears to be the primary Mg2+ importer in bacteria (Niegowski 2007). 

Further lowering the ratio of Mg2+ to Fe2+ by knocking out corA increases sensitivity to 

high Fe2+, which we believe occurs due to mismetallation of Mg2+-requiring proteins. 

While Fe2+ is believed to be toxic under aerobic conditions due to Fenton 

chemistry and the production of radical oxygen species (Sutton 1985, Touati 1995, 

Stohs 1995), the mechanism by which Fe2+ is toxic under anoxic conditions has not been 

well understood. Previously published hypotheses about Fe2+ anoxic toxicity have 

included formation of organic radicals, inhibition of the F-ATPase (Dunning 1998), or 
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reduction of Cu2+ to the more toxic Cu+ (Bird 2013). However, based on our findings in 

this study, we propose that a major mechanism by which Fe2+ is toxic under anoxia is 

through overwhelming the normal mechanisms of proper metal insertion into 

metalloproteins, with Fe2+ replacing the required metal. These “mismetallation” events 

interfere with proper enzyme activity, causing a buildup of inactive cytoplasmic proteins.  

Previous works have indicated the ability of other metals to interfere with proper 

metal insertion into proteins. Zn2+ is believed to cause toxicity in Streptococcus 

pneumoniae by outcompeting Mn2+ for binding to the Mn2+ permease PsaA (McDevitt 

2011). Mn2+ is believed to replace Mg2+ and thus deactivate the Mg2+-dependent 

enzymes isocitrate lyase, isocitrate dehydrogenase, and 5-aminolevulinic acid 

dehydratase in Bradyrhizobium japonicum (Hohle 2015). UO2
2+ was shown to replace 

Ca2+ in the binding site of Pseudomonas aeruginosa pyrroloquinoline quinone PQQ 

(VanEngelen 2011), and Cu+ causes the release of Fe2+ from the iron-sulfur cluster in 

fumarase A in E. coli (Macomber 2009). However, this work appears to be the first to 

implicate toxic levels of a metal as causing general metalloprotein inactivation.  

How mismetallated proteins may become targets of ClpXP is not fully clear from 

the results presented here. We speculate that mismetallation causes protein misfolding, 

which could expose a ClpX recognition site that would remain sequestered inside the 

properly folded protein. Complementing ΔclpPX with the clpPX genes from E. coli 

restores wild-type growth of S. oneidensis (Fig. 4.4), indicating that both proteases target 

the same substrates during Fe2+ toxicity. Five different ClpX recognition sequence motifs 

in E. coli were described by Flynn et al (2003), three N-terminal signal patterns and two 

C-terminal tags similar to the SsrA and MuA recognition sequences. Of the 11 proteins 

we identified as ClpXP targets during Fe2+ stress in our trapping experiment, eight have 

tags similar to those identified previously. RecA and the DEAD box helicase encoded by 

SO_1383, for example, have N-terminal residues identical to the start of Motif 2 (NH2-

Met-basic-hydrophobic) as described by Flynn et al (2003). The N-terminal residues of 

GapA encode Motif 2 (NH2-Met-basic-hydrophobic-hydrophobic-hydrophobic-X-X-X-

hydrophobic) (Flynn 2003), although offset by two residues from the N-terminal Met. The 

C-terminal residues of CydA, LepB, the CzcA family permease encoded by SO_0520, 

and the metal transporter encoded by SO_1145 match the ssrA-like motif (Flynn 2003). 
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Additionally, the C-terminal end of the RNA helicase DeaD shares three basic residues 

with the MuA sequence in crucial locations (Flynn 2003). The C- and N-terminal residues 

in these eight proteins in could be ClpXP recognition sequences. Of 61 proteins listed as 

ClpXP targets by Flynn et al (2003), eight (13%) did not have N- or C-terminal tags 

matching the five motifs they described. It is therefore probable that there are other ClpX 

recognition sequences that have not yet been determined, which could explain the lack 

of similarity between some ClpXP targets in our study and previously described ClpX 

recognition tags.  

To conclude, S. oneidensis requires several mechanisms to resist high Fe2+ 

concentrations, which occur transiently and locally during the respiration of solid Fe3+ 

minerals. Here we have determined that the AAA+ protease ClpXP is an important factor 

in Fe2+ resistance by S. oneidensis, and that no previously described functions of ClpXP 

are involved in resistance to Fe2+. Proteomic evidence indicates that ClpXP targets 

metalloproteins for degradation under Fe2+ stress. This may be due to an imbalance in 

the intracellular concentrations of divalent metal cations, causing the mismetallation of 

metalloproteins with Fe2+. These mismetallated proteins must be degraded by ClpXP in 

order to prevent cytoplasmic buildup of misfolded, inactive proteins, and therefore for S. 

oneidensis to continue to thrive in an iron-rich environment.  
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Table 4.1 Bacterial strains and plasmids used in this study. 

Strain Description Source 

JG274 S. oneidensis MR-1, wild type Myers 1988 

JG2989 JG274 ΔfeoE Bennett 2015 

JG3354 JG274 ΔrpoE This work 

JG3355 JG274 ΔclpPX This work 

JG3486 JG274 ΔclpP This work 

JG3492 JG274 ΔclpX This work 

JG3552 JG274 ΔsmpB This work 

JG3556 JG274 ΔclpA This work 

JG3560 JG274 ΔsmpBΔclpPΔclpA This work 

JG3565 JG274 ΔsmpBΔclpPX This work 

JG3632 JG274 ΔsmpBΔclpPXΔclpA This work 

JG168 JG274 with empty pBBR1MCS-2, Kmr Hau 2008 

JG3488 JG3355 with empty pBBR1MCS-2, 

Kmr 

This work 

JG3549 JG3486 with empty pBBR1MCS-2, 

Kmr 

This work 

JG3495 JG3355 with pBBR1MCS-2::clpPXMR-1 This work 

JG3667 JG3355 with pBBR1MCS-2::clpPXE. coli This work 

JG3668 JG3492 with pBBR1MCS-2::clpXE. coli This work 

JG3570 JG3560 with pBBR1MCS-2::clpPTag This work 

JG3599 JG3560 with pBBR1MCS-2::clpPTrap This work 

JG3600 JG3565 with pBBR1MCS-2::clpPTrap This work 

JG3635 JG3632 with pBBR1MCS-2::clpPTrap This work 

UQ950 E. coli DH5α λ(pir) cloning host; F-

Δ(argF-lac)169 Φ80dlacZ58(ΔM15) 

glnV44(AS) rfbD1 gyrA96(NalR) 

recA1 endA1 spoT1 thi-1 hsdR17 

deoR λpir+ 

Saltikov 2003 
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WM3064 E. coli conjugation strain; thrB1004 

pro thi rpsL hsdS lacZΔM15 RP4-

1360 Δ(araBAD)567 

ΔdapA1341::[erm pir(wt)] 

Saltikov 2003 

   

Plasmid Description Source 

pSMV3 Deletion vector, Kmr, sacB Coursolle 2010 

pBBR1MCS-2 Broad-range cloning vector, Kmr Kovach 1995 

pBBR1MCS-2::clpPXMR-1 SO_1794‒5 (clpPX), 26 bp upstream, 

8 bp downstream 

This work 

pBBR1MCS-2::clpPXE. coli b0437‒8 (clpPX), 22 bp upstream, 28 

bp downstream 

This work 

pBBR1MCS-2::clpXE. coli b0438 (clpX), 30 bp upstream, 28bp 

downstream 

This work 

pBBR1MCS-2::clpPTag SO_1794 (clpP) Δ2-9, downstream, 

HIS6-TEV-MYC3, Kmr 

This work 

pBBR1MCS-2::clpPTrap SO_1794 (clpP) Δ2-9, S106A, 

downstream HIS6-TEV-MYC3, Kmr 

This work 
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Table 4.2 Primers and allele sequences used for mutation and complementation in 

this work. 

Primer Sequence Restriction Site 

1342USF GTACGGATCCCAATGCTTCGGTCAGCAG BamHI 

1342USR GTACACTAGTCTCATCCGAGCCGACTTC SpeI 

1342DSF GTACACTAGTGCCTTTGCTGGAAGAGTAAATTC SpeI 

1342DSR GTACGAGCTCCACCCTGAATATGATTAGAGAGG SacI 

1794USF GTACGGATCCGATGTGGACAGCATGATTG BamHI 

1794USR GTACACTAGTGGCGAACTGCTAATCAAGTC SpeI 

1794DSF GTACACTAGTGATTTTTACTTTCGACTGGGC SpeI 

1794DSR GTACGAGCTCCTCAACTTGAGACAGGGTTTC SacI 

1795USF GTACGGATCCCTCTATGGCTTCTGCTTACG BamHI 

1795USR GTACACTAGTGCCCATTAATTACCTCATTTGC SpeI 

1795DSF GTACACTAGTGGCGAGCAATAATTGTACAG SpeI 

1795DSR GTACGAGCTCCAGACATCGGTGACATCATG SacI 

2626USF GTACGAGCTCCGCTAAACAAGCTATTGATTG SacI 

2626USR GTACGAATTCCAGATCTTTGTTCAGCATAAGC EcoRI 

2626DSF GTACGAATTCGCTTAACGCCAAGCTAATTTAC EcoRI 

2626DSR GCATACTAGTCTATTAGCCATAGGCTTTCG SpeI 

1473USF GTACGAGCTCCTTCATCCTTGGCTTTATCAG SacI 

1473USR GTACGAATTCGTTTTTCTTTACCATAGTGGC EcoRI 

1473DSF GTACGAATTCGGATAATGAACAAACGATTGAAC EcoRI 

1473DSR GTACACTAGTGCAATCTGTGCTTCTCTATG BamHI 

1794F GTACGGATCCGCCATTTTTATTTAGGGAAATG SpeI 

1795R GTACACTAGTCTGTACAATTATTGCTCGCC SpeI 

ECb0437F GTACGGATCCCAATTTTATCCAGGAGACGG SacI 

ECb0438F GTACGGATCCGCACAAAGAACAAAGAAGAGG BamHI 

ECb0438R GTACACTAGTGGTTAACTAATTGTATGGGAATGG SpeI 
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clpPTag (EcoRI-start-clpP(Δ2‒9)-HIS6-TEV-MYC3 tag-stop-BamHI) 

GGCCCGCGAATTCATGGCTTTAGTGCCTATGGTGATCGAACAGACTGCTAAAGGTG

AACGCTCATTTGATATTTATTCTCGTTTGTTAAAAGAGCGGATTATCTTTTTAGTGGG

CCAAGTAGAAGAGCATATGGCGAATCTGATTGTGGCGCAGTTACTATTCCTTGAGT

CAGAAAGCCCTGACAAGGATATTTTCTTATATATCAACTCACCTGGTGGCTCTGTTA

CCGCGGGTATGGCAATTTACGACACCATGCAGTTTATTAAGCCTAATGTGAGCACT

GTGTGTATTGGCCAAGCGGCTAGCATGGGTGCATTTTTATTAGCGGGTGGTGAAAA

GGGCAAGCGTTTCTGCTTACCTAATTCGCGCGTTATGATCCATCAACCTTTGGGTG

GTTTCCAAGGTCAGGCTTCTGATATCGCGATTCATGCTCAAGAGATTTTGGGCATTA

AGAATAAACTGAACCAGATGTTAGCTGATCATACTGGACAACCCCTCGAAGTAATTG

AGCGTGATACCGATCGTGACAACTTCATGAGTGCTACTCAAGCTGTAGAATATGGT

TTAGTTGACGCAGTGATGACTAAACGCGGCGATTCTATCTTAACTCACCGTAACCGT

TCTCACCATCACCATCACCATGGTGGTGAAAACTTATACTTCCAAGGTGCATACACC

TCTGGCGAGCAAAAGTTAATCTCTGAAGAAGATTTAAATGGAGAACAAAAATTAATC

TCTGAAGAAGATTTAAACGGTGAACAAAAATTAATCTCTGAGGAAGATCTGAACTGA

GGATCCGGCTC 
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clpPTrap (EcoRI-start-clpP(Δ2‒9,S106A)-HIS6-TEV-MYC3 tag-stop-BamHI) 

GGCCCGCGAATTCATGGCTTTAGTGCCTATGGTGATCGAACAGACTGCTAAAGGTG

AACGCTCATTTGATATTTATTCTCGTTTGTTAAAAGAGCGGATTATCTTTTTAGTGGG

CCAAGTAGAAGAGCATATGGCGAATCTGATTGTGGCGCAGTTACTATTCCTTGAGT

CAGAAAGCCCTGACAAGGATATTTTCTTATATATCAACTCACCTGGTGGCTCTGTTA

CCGCGGGTATGGCAATTTACGACACCATGCAGTTTATTAAGCCTAATGTGAGCACT

GTGTGTATTGGCCAAGCGGCTGCCATGGGTGCATTTTTATTAGCGGGTGGTGAAAA

GGGCAAGCGTTTCTGCTTACCTAATTCGCGCGTTATGATCCATCAACCTTTGGGTG

GTTTCCAAGGTCAGGCTTCTGATATCGCGATTCATGCTCAAGAGATTTTGGGCATTA

AGAATAAACTGAACCAGATGTTAGCTGATCATACTGGACAACCCCTCGAAGTAATTG

AGCGTGATACCGATCGTGACAACTTCATGAGTGCTACTCAAGCTGTAGAATATGGT

TTAGTTGACGCAGTGATGACTAAACGCGGCGATTCTATCTTAACTCACCGTAACCGT

TCTCACCATCACCATCACCATGGTGGTGAAAACTTATACTTCCAAGGTGCATACACC

TCTGGCGAGCAAAAGTTAATCTCTGAAGAAGATTTAAATGGAGAACAAAAATTAATC

TCTGAAGAAGATTTAAACGGTGAACAAAAATTAATCTCTGAGGAAGATCTGAACTGA

GGATCCGGCTC 

 

Table 4.3 Proteins trapped by ClpXP in high Fe2+ 

Protein Function Metal Cofactor   

RecA Recombinase A Mg2+ 

DeaD ATP-dependent RNA helicase Mg2+ 

NrdA  Aerobic ribonucleoside-diphosphate reductase 

alpha subunit  

Fe3+ 

NrdD Anaerobic ribonucleoside-triphosphate reductase Zn2+ 

GapA Glyceraldehyde-3-phosphate dehydrogenase None 

TnpB_MuSo2 Mu phage transposase OrfB Mg2+ 

CydA Cytochrome d ubiquinol oxidase subunit I Fe3+ 

SO_1145 Magnesium transporter MgtE Mg2+, Ca2+ 

SO_0520 Heavy metal efflux component permease CzcA Cu2+ 

SO_1383 ATP-dependent RNA helicase DEAD box family Mg2+ 

LepB Signal peptidase I Mg2+, K+ 
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Chapter 5: The Stress Response Sigma Factor σE May be Involved in Extracellular 

Respiration but Does Not Respond to Fe2+ Stress  
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5.1 Introduction 

 Sigma factors are proteins that associate with the RNA polymerase complex and 

specify the genes to be transcribed (reviewed in Reznikoff 1985). Multiple sigma factors 

are encoded by microorganisms in order to tune the cellular response to various 

conditions. σE is a stress response sigma factor that becomes active when bacterial cells 

experience various stresses that lead to misfolded periplasmic and outer-membrane 

proteins (reviewed in Raivio 2001). Stresses shown to require σE response in various 

Gammaproteobacteria species include ethanol, elevated Cu2+, and high temperature 

(Haines-Menges 2014, Egler 2005, Hiratsu 1995). The gene encoding σE, rpoE, is 

thought to be essential in E. coli, and it is believed that rpoE mutants of E. coli can only 

be made along with suppressor mutations (De las Peñas 1997). 

 In S. oneidensis, σE is predicted to regulate several outer membrane protein 

assembly genes (Dai 2015). Expression of rpoE is upregulated during oxygen limitation 

(Barchinger 2016), and inactivation of rpoE caused a decline in viability under Fe3+-

respiring conditions (Evan Brutinel, unpublished data). Taken together, this evidence 

indicates that σE may play a role in extracellular respiration by S. oneidensis. That 

hypothesis is explored further in this work. 

5.2 Materials and methods 

Bacterial strains and growth conditions 

 S. oneidensis MR-1 was isolated from Lake Oneida, New York State (Myers 

1988). Deletion of rpoE from the S. oneidensis genome is described in Chapter 4. 

Overnight cultures were grown in LB from freshly streaked -80°C stocks. Shewanella 

strains were grown at 30°C and E. coli at 37°C; liquid cultures were shaken at 250 rpm. 

Anaerobic media were flushed with nitrogen to remove oxygen. 

Growth curves 

 Overnight LB cultures were pelleted, washed once in LB, and resuspended in LB. 

Experimental cultures were grown aerobically in LB with or without 2.0mM CuCl2 or 4% 

ethanol, or anaerobically in LB with 20mM sodium lactate and 40mM sodium fumarate 

with or without 2.5mM FeCl2. Growth was measured by periodically taking the optical 
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density at 600 nm (OD600). Results represent the average of three biological replicates ± 

1 standard deviation (SD). 

Iron respiration assays 

 Fe3+ respiration was measured using ferrozine assays as previously described 

(Coursolle 2010). Briefly, overnight LB cultures were pelleted, washed once in 

Shewanella basal medium (SBM) (Hau 2008), and resuspended in SBM. Cultures were 

inoculated to an OD600 of 0.1 into SBM with 20 mM lactate, 5 mM Fe3+ oxide (FeOOH) or 

5 mM Fe3+ citrate, 5 mL/L vitamin mix, (Balch 1979), 5 mL/L mineral mix (Marsili 2008) in 

anaerobic 96-well plates. Plates were incubated at room temperature in the dark. Fe2+ 

production was measured over time using absorbance of ferrozine at 542 nm (Stookey 

1970). Results are reported as the average of three biological replicates ± 1 SD. 

Electrochemistry 

 Electrode respiration was measured using graphite electrodes. 100 μL of 

overnight cultures was inoculated into 5 mL anaerobic LB with 20 mM lactate and 40 mM 

fumarate and incubating at 30°C with shaking until the OD600 reached approximately 0.5. 

1 mL of this culture was added to 14 mL anaerobic Shewanella basal medium (Hau 

2008) with 60 mM lactate, 40 mM fumarate, and 0.05% casamino acids in three-

electrode bioreactors containing graphite electrodes. Electrodes were constructed as 

previously described (Baron 2009, Kane 2013). Briefly, polished 3 cm2 graphite flags 

were connected to a platinum working electrode and placed in glass cone bioreactors 

along with platinum counter and vycor Ag/AgCl reference electrodes. Bioreactors were 

capped with tops fitted with rubber gaskets and continually degassed with N2 to prevent 

oxygenation. Graphite electrodes were poised at 240 mV (vs. standard hydrogen 

electrode). Current production was measured with a 16-channel potentiostat. 

Biofilm assay 

 Biofilm production was measured as previously described (O’Toole 2011). 

Briefly, overnight LB cultures were pelleted, washed once in SBM, and resuspended in 

SBM. Cells were diluted to an OD600 of 0.05 in 100 μL SBM with 20 mM lactate, 40 mM 

fumarate, 5 mL/L vitamins, 5 mL/L minerals, and 0.05% casamino acids in 96-well 
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plates. Cultures were grown 24 hours without shaking. Wells were aspirated and washed 

twice with 300 μL deionized H2O. 125 μL 0.1% crystal violet was added to wells for 15 

min. Wells were aspirated and washed four times with 125 μL deionized H2O; the plate 

was then dried for 3 hours. 125 μL 30% glacial acetic acid was added to each well for 15 

min and then transferred to new wells. Crystal violet absorbance was measured at 550 

nm. Results are the average of four biological replicates ± 1 SD. 

5.3 Results and discussion 

σE is needed for optimal extracellular respiration 

 To determine whether σE is involved in promotion of extracellular electron 

transfer, Fe3+ and electrode respiration assays were performed. ΔrpoE had a mild but 

repeatable defect in respiration of both soluble Fe3+ citrate and insoluble Fe3+ oxide 

(Figure A.1) and a strong defect in respiration of graphite electrodes (Figure A.2), 

indicating that σE is needed for wild-type levels of extracellular respiration. It must be 

noted that the electrochemistry was performed only once; however, the results are 

consistent with those of the Fe3+ respiration assays.  

 

 

 

 

 

 

    A           B 

 

Figure 5.1 Respiration of Fe3+ by ΔrpoE and wild-type S. oneidensis 

The rates of Fe2+ production from anaerobic respiration of A) soluble Fe3+ citrate and B) 

insoluble Fe3+ oxide were measured for ΔrpoE (○) and wild-type S. oneidensis (□). 
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Figure 5.2 Respiration of electrodes by ΔrpoE and wild-type S. oneidensis 

The rate of current produced by anaerobic respiration of graphite electrodes was 

measured for ΔrpoE (—) and wild-type S. oneidensis (—). 

 

σE is not required for Fe2+ response 

It is possible that the defect in Fe3+ respiration by ΔrpoE was due to an increased 

sensitivity to the Fe2+ produced by Fe3+ respiration. However, there was no significant 

difference in growth rate between ΔrpoE and wild-type growing anaerobically in LB with 

20 mM lactate and 40 mM fumarate with or without 2.5 mM FeCl2 (Fig 4.2). The lack of 

increased Fe2+ sensitivity indicates σE is not required for Fe2+ stress response, and the 

Fe3+ respiration defect observed for ΔrpoE is not due to increased sensitivity to Fe2+.  

σE is not essential but is required for Cu2+ and ethanol stress response in S. oneidensis 

Transposon data indicated that rpoE is not essential in S. oneidensis, as several 

thousand rpoE transposon mutants were detected in our library (Table S1). Additionally, 

rpoE was easily deleted from the S. oneidensis genome. To determine whether the 

ΔrpoE mutant contained suppressor mutations that allowed for rpoE deletion, growth 

curves in ethanol and copper were performed to determine the response of ΔrpoE to 

stresses. ΔrpoE had a growth defect compared to wild-type when grown in LB with 4% 

ethanol or 2 mM Cu2+ (Figure A.3), indicating that the rpoE mutant does not have 

suppressor mutations that make it less sensitive to stresses other than Fe2+. rpoE does 
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not appear to be essential in S. oneidensis, and the lack of increased Fe2+ sensitivity by 

ΔrpoE is likely not due to suppressor mutations.  

  

 

 

 

 

 

   

  A          B 

 

Figure 5.3 Growth of ΔrpoE and wild-type S. oneidensis in the presence of Cu2+ 

and ethanol.  

The rates of growth in aerobic LB with A) 2.0 mM CuCl2 or B) 4% ethanol were 

measured for wild-type S. oneidensis (□) and ΔrpoE (○). 

 

ΔrpoE is able to form biofilms 

 Direct interaction with Fe3+ oxides and biofilm formation on electrodes has been 

shown to be involved in respiration of insoluble substrates (Das 2000, Lower 2001, 

Marsili 2008). To determine whether the Fe3+ oxide and electrode respiration defect 

observed for ΔrpoE is due to an inability by the mutant to attach to a surface, biofilm 

assays were performed. ΔrpoE was able to form biofilms as well as wild-type (crystal 

violet absorbance 0.040 ± 0.017 and 0.025 ± 0.010, respectively). Wild-type level 

production of biofilms by ΔrpoE indicates that σE is not necessary for biofilm production, 

and the lower rate of Fe3+ oxide and electrode respiration by ΔrpoE is not due to an 

inability to attach to insoluble iron. 
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Concluding remarks 

It seems probable that, given the moderate effect of an rpoE mutation on Fe3+ respiration 

by S. oneidensis (Fig. A.1), traditional transposon screens were not sufficient to pick up 

rpoE mutants with Fe3+ respiration defects. Additionally, to our knowledge no transposon 

screens under electrode respiration have been performed for S. oneidensis, which is 

likely why the importance of rpoE to extracellular respiration (Fig. A.2) has not been 

discovered before now.  

σE has previously been shown to respond to stress stemming from misfolded outer-

membrane and periplasmic proteins (Raivio 2001). Additionally, σE in S. oneidensis is 

predicted to regulate genes encoding outer-membrane protein chaperones and the 

protease DegQ (Dai 2015), which degrades misfolded periplasmic proteins (Waller 

1996). Further work must be done to elucidate the role that σE plays in extracellular 

respiration, but the work presented here indicates that σE is involved in extracellular 

electron transfer in S. oneidensis, perhaps through promoting the proper folding of outer-

membrane and periplasmic cytochromes involved in extracellular respiration, as part of a 

response to the stress of decreased electron acceptor availability. 
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Chapter 6: Conclusions and Future Directions 
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In the redox transition zones of aquatic sediments, where the bacterium 

Shewanella oneidensis MR-1 can be found, the O2 tension periodically rises and falls. 

This changeable environment favors organisms like S. oneidensis that have evolved to 

respond rapidly to fluctuating conditions. That S. oneidensis is able to respire insoluble, 

extracellular Fe3+ complexes in O2-limited conditions has been known for several 

decades; however, until now it has not been well-understood how this organism is able 

to resist the high local concentrations of soluble Fe2+ produced as a byproduct of this 

respiration. The ways in which S. oneidensis interacts with Fe2+ are important for 

understanding how this organism has evolved to thrive in a metal-rich environment, 

particularly one in which the availability of O2 continually waxes and wanes. The work 

presented in this thesis demonstrates newly discovered mechanisms by which the 

bacterium S. oneidensis transports Fe2+ into and out of the cytoplasm and resists Fe2+ 

toxicity. 

In Chapter 2, S. oneidensis was determined to produce an Fe2+-specific member 

of the Cation Diffusion Facilitator protein superfamily. This inner-membrane Fe2+ 

exporter, which was named FeoE (ferrous iron export), is required for optimal growth of 

S. oneidensis under anaerobic, Fe3+-respiring conditions. It was shown that FeoE is not 

directly involved in the respiration of Fe3+, but that FeoE expels from the cytoplasm 

excess Fe2+ produced by Fe3+ respiration, preventing the intracellular buildup of Fe2+ to 

toxic concentrations. FeoE may also represent a means by which S. oneidensis prevents 

aerobic Fe2+ toxicity: the expulsion of excess Fe2+ from the cytoplasm during anoxia 

would also lessen the amount of oxidative damage caused by Fe2+-generated reactive 

oxygen species upon a return to high O2 conditions.  

Chapter 3 described a member of the Magnesium Transporter-E (MgtE) family 

encoded in the S. oneidensis genome that imports Fe2+ and Co2+, which was named FicI 

(ferrous iron and cobalt importer). The substrate specificity of FicI contrasts with all other 

members of the MgtE family described in the current literature, which are importers of 

Mg2+ and Co2+. FicI and FeoB, the primary Fe2+ importer produced by S. oneidensis, 

appear to be active under different conditions: FeoB seems to import Fe2+ under lower 

Fe2+ concentrations, while FicI seems to do so under high Fe2+ concentrations. As FeoB 

requires energy for Fe2+ uptake and FicI is likely to be a passive importer, this may 
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represent an adaptation by S. oneidensis to its lifestyle of periodic Fe3+ respiration. S. 

oneidensis appears to have evolved a passive Mg2+ transporter to import Fe2+ instead, 

allowing it to take advantage of temporarily high local Fe2+ concentrations produced 

during Fe3+ respiration for less energy-dependent Fe2+ uptake.  

Taking the findings in Chapters 2 and 3 together, S. oneidensis appears to have 

adapted to an environment with continually changing O2 and Fe2+ concentrations by 

evolving three different Fe2+ transporters to work in concert. FeoB, FicI, and FeoE likely 

work together to fine-tune the intracellular Fe2+ concentration to stay within viable limits: 

high enough for the production of cytochromes and other iron-containing proteins, but 

not so high that the concentration becomes toxic (Fig. 5.1). Additionally, minimizing the 

amount of energy required to take up Fe2+ at higher concentrations via FicI would be 

especially important during anaerobic respiration, which provides less energy than 

aerobic respiration.  

 

Figure 6.1 Fe2+ transport in S. oneidensis. OM, outer membrane; IM, inner 

membrane; Q, oxidized quinone; QH2, reduced quinone, CymA and MtrCAB, 

cytochromes; FeoB, FicI, Fe2+ importers; FeoE, Fe2+ exporter. 
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In Chapter 4, the protease ClpXP was discovered to be required for Fe2+ 

resistance by S. oneidensis. ClpXP is a highly conserved, well-described cytoplasmic 

protease with multiple cellular functions; however, none of the previously described 

processes regulated by ClpXP appear to be involved in Fe2+ resistance. A ClpXP 

protein-trapping assay determined that proteins with metal binding sites were 

disproportionally targeted by ClpXP under Fe2+ stress. This indicates that Fe2+ may 

cause toxicity at high concentrations by interfering with the insertion of correct metal 

cofactors into metalloproteins, likely causing protein misfolding. These mismetallated, 

misfolded proteins would then become targets for degradation by ClpXP. As an E. coli 

ΔclpXP mutant has increased sensitivity to Fe2+, and as the ClpXP protease from E. coli 

can complement the ΔclpXP Fe2+ sensitivity phenotype in S. oneidensis, it appears likely 

that the involvement of ClpXP in resisting Fe2+ stress is not limited to S. oneidensis but 

likely applies to E. coli and other organisms as well. It also appears likely that ClpXP 

homologs from both S. oneidensis and E. coli target the same subset of protein targets, 

at least under Fe2+ stress. It is likely that other metals, particularly those higher in the 

Irving-Williams series of metal affinities for protein, would also cause toxicity at high 

concentrations by the same mechanism as Fe2+.  

Future studies of the role ClpXP plays in Fe2+ resistance should be performed to 

confirm the quantification of proteins targeted by ClpXP during Fe2+ stress. Targeted 

experiments with synthetic peptides from proteins of interest could confirm the relative 

quantification of ClpXP-trapped proteins under normal and high Fe2+ concentrations that 

are suggested by the data presented in this thesis. To confirm that the proteins targeted 

by ClpXP under Fe2+ stress are mismetallated, ICP-MS analysis should be performed on 

purified ClpXP-targeted metalloproteins during Fe2+ stress to determine their metal 

cofactors. This would allow for confirmation that ClpXP targets proteins that have 

misincorporated iron as a cofactor, and it would support the hypothesis that protein 

misfolding due to mismetallation is a mechanism of anoxic Fe2+ stress. 

Chapter 5 describes the finding that the stress-response regulator σE is involved 

in extracellular respiration by S. oneidensis. Previous work by many groups has shown 

that conditions causing cell envelope stress and misfolding of membrane proteins 

activate σE, which then upregulates numerous stress-response genes. σE is required for 
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wild-type rates of respiration of both Fe3+ and electrodes, indicating that σE is likely to be 

somehow involved in regulating the cytochromes that make up the extracellular 

respiration pathway. It may be that extracellular respiration, which occurs under electron-

acceptor limitation, can be considered a stress condition, and that σE promotes proper 

folding of extracellular respiration proteins under electron acceptor-limitation stress. 

Further work to elucidate the role of σE in extracellular respiration should include 

determining which genes regulated by σE are required for metal respiration. For 

example, σE upregulates several outer-membrane protein assembly genes, which could 

be involved in promoting proper assembly and/or folding of the Mtr pathway proteins. 

Overexpression of these assembly genes in a σE mutant would show whether proper 

folding of outer-membrane proteins is a major factor in the importance of σE for 

extracellular respiration.  

To conclude, the work in this thesis illuminates a multi-level system that 

maintains the intracellular concentration of Fe2+ in S. oneidensis, demonstrates several 

means by which S. oneidensis counteracts Fe2+ toxicity, and presents a potential 

mechanism for Fe2+ damage under anaerobic conditions. As S. oneidensis lives in 

redox-active sediments where it periodically respires Fe3+, the ways in which S. 

oneidensis interacts with the Fe2+ produced from Fe3+ respiration are essential for a full 

understanding of how this bacterium thrives in its metal-rich niche. More broadly, a 

deeper understanding of the ways in which metals cause toxicity and in which bacteria 

interact with metals and resist metal toxicity will be important for optimal engineering of 

S. oneidensis and other microorganisms for potential uses in bioremediation.  
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