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ABSTRACT 

 Bacterial organisms continuously maintain homeostasis even in changing 

environments. This ability to maintain homeostasis is especially critical for pathogenic and 

opportunistic bacteria, which must adapt to both abiotic and biotic host environments. Both 

types of environments present unique limitations and conditions. Transition metal 

homeostasis under these varying conditions is important for bacterial survival. Transition 

metals such as zinc, cobalt, iron and copper are essential for cell survival, but become toxic 

if in excess. The host organism often takes advantage of this requirement by greatly 

limiting access to transition metals to limit infections, but in other environments, toxic 

levels of metal may be present. Bacterial organisms have developed many mechanisms to 

maintain transition metal homeostasis. This study focuses on two bacterial systems that are 

utilized to maintain metal balance; the heme-acquiring iron surface determinant (Isd) 

system of Bacillus anthracis and the copper and silver export Cus system of Escherichia 

coli.  

 Host organisms use many proteins and systems to limit iron access from pathogenic 

bacteria, known as nutrient immunity. B. anthracis must acquire iron from the host 

organism upon infection and so has evolved multiple iron acquisition systems. The Isd 

system employs two extracellular proteins, IsdX1 and IsdX2, to remove heme from 

hemoglobin to use as an iron source. Once bound to heme, these hemophores transfer heme 

to a cell surface attached protein, IsdC, which further relays the molecule to be transferred 

into the cell for iron use. This study focused on the kinetics of heme transfer to better 

understand how acquisition occurs. This study determined that the oxidation state of the 

iron-heme molecule plays a significant role in the kinetics of heme acquisition by IsdX1 
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and subsequent transfer to IsdC. This work clarifies and further establishes the mechanism 

of iron acquisition by B. anthracis during infection. 

 Copper and silver are used in many settings as antimicrobial agents, including as 

an alternative to antibiotic drugs. Pathogenic and opportunistic bacteria, such as E. coli, 

experience stress upon contact with copper and silver surfaces and materials. Copper is an 

essential transition metal, while silver is not biologically used, but both become toxic when 

in excess due to redox properties and disruption of biological molecules. E. coli utilizes 

several systems to remove excess copper and silver to resist toxicity. The Cus system, 

consisting of the soluble CusF and tripartite pump CusCBA, specifically exports copper 

and silver from the periplasm. Several roles of CusF have been suggested from in vitro 

data. The components CusAB were hypothesized to be the essential proteins of the 

CusCBA pump, while the outer membrane unit may not contribute specificity or be 

necessary for export. This study focused on the role and importance of CusF and outer 

membrane channel CusC during copper stress in vivo. An in vivo interaction between CusF 

and CusB was identified during copper stress. The data from this work indicate that cusF 

and cusC directly affect intracellular copper accumulation. Furthermore, this study 

revealed that SdsP may play in a secondary role to CusC to complement CusC to maintain 

copper resistance. This works establishes the importance of CusC as the main outer 

membrane component during copper export in E. coli.
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CHAPTER 1: INTRODUCTION 

 This introduction is separated into two main sections, the first on iron acquisition 

and the second on copper toxicity and resistance, beginning with a broad background on 

metal homeostasis. The first section begins with a summary on the biological uses of iron 

and how iron is limited by the human body. Bacterial systems are described that bypass 

human iron limitation with a specific focus on Bacillus anthracis. The second section is a 

description of copper toxicity and copper resistance systems in bacteria. Finally, an in-

depth summary on the Cus system of Escherichia coli is provided.  

1.1 Homeostasis of essential transition metals 

The transition metals that are essential for microbial survival are often 3d block 

metals. The most common are zinc, iron, and copper; whereas vanadium, chromium, 

molybdenum, tungsten, manganese, cobalt, and nickel are used to a lesser extent.1 Its 

interesting to note that silver and cadmium, which are within the same groups as copper 

and zinc, respectively, are highly toxic to microbes. Zinc, copper and iron are utilized in 

many biological processes such as enzymatic centers and in structural stabilization. Copper 

and iron primarily exist in two redox states (Cu1+/Cu2+ and Fe2+/Fe3+), which are often 

utilized for biological roles. Zinc exists in only one redox state (Zn2+), so unlike iron and 

copper, cannot be used as a redox center.2 This dissertation will focus on the biological use 

and acquisition of iron and the export of excess copper to maintain iron and copper 

homeostasis. 

1.2 Biological roles of iron 

Iron is the most common transition metal in biological systems, and is the transition 

metal in E. coli with the highest concentration.2 Bacteria on average require an intracellular 
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concentration of 10-7 to 10-5 M iron.3 Iron is utilized by proteins in many forms: bound to 

porphyrin rings, as a mononuclear center, as a dinuclear center, in iron-sulfur clusters, and 

coordinated in mixed metal complexes (Fig 1.1). Depending on the differing ligands and 

environments of protein-bound iron, the redox potential values of Fe2+/Fe3+ can range from 

-300 to +700 mV.4 The modulation of the redox potential of iron is often utilized for 

enzymatic activity and electron transport. Iron also has high affinity for electrons, oxygen 

species and nitrogen species, so iron is often involved in electron transport, oxygen binding 

and sensing, and nitrogen species reduction.  

Microorganisms must adapt to many different and ever changing conditions in 

order to survive. Specifically, pathogenic or opportunistic bacteria must be able to survive 

in a nutrient rich host while also be able to adapt to life in a more barren abiotic 

environment. In order to survive in many environments homeostasis must be maintained; 

bacteria must extract and acquire essential nutrients from the surroundings while 

simultaneously handling toxins. Transition metals present a unique challenge in that 

several are essential nutrients, such as zinc, iron, copper, and manganese, while once in 

excess become toxic to the cell. Other transition metals do not perform a biological role, 

such as silver, cadmium, and lead, but are highly toxic due to their related properties to 

biometals that are within the same group, often due to high thiophilicity.5 Bacteria have 

developed highly controlled transition metal influx and resistance systems that often act in 

concert to maintain transition metal balance.  

Many enzymes bind iron as an iron-sulfur cluster utilizing cysteine ligands and 

sulfide to ligate one to eight iron atoms.6 Proteins containing iron-sulfur clusters are 

ubiquitous and involved in many important cellular processes from metabolism to  
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A) 

 

 

B) 

 

 

C) D)  

Figure 1.1. Iron structures used in biological processes. A) Iron bound to 

protoporphyrin IX, ligated by four equatorial nitrogen atoms, other ligands from proteins 

or the environment bind iron in the axial and distal sites. Iron-bound protoporphyrin IX is 

known as heme B. B) An example of an iron-sulfur cluster, shown is a 4Fe-4S cluster. 

Iron is ligated by sulfur-cysteine residues and sulfide. C) Mononuclear iron is ligated to 

proteins often in an octahedral geometry. D) An example of a dinuclear iron center, 

specifically from ribonucleotide reductase from Salmonella typhimurium structure (pdb= 

2BQ1).7 The two iron atoms are connected by a bridging µ-oxo ligand and a carboxylic 

acid acting as a bidentate ligand.  
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biosynthesis and gene regulation. Glutamate dehydrogenase is a flavoprotein that contains 

one or more iron sulfur clusters to produce glutamate from glutamine and oxoglutarate.8, 9 

Glutamate dehydrogenase in E. coli contains three iron sulfur clusters that are required for 

intramolecular electron transfer from the donor, NADPH, to the acceptor substrate in the 

synthesis of glutamate.10 Iron-sulfur clusters have a role in nucleotide synthesis as well. 

Dihydro-oro-tate dehydrogenase (DHOD) is involved in the de novo pyrimidine nucleotide 

biosynthetic pathway; DHOD oxidizes dihydroorotate to orotate with nM affinity.8, 11 

Much like glutamate dehydrogenase, DHOD binds flavin molecules and two iron-sulfur 

clusters that are required for catalytic activity.12 Involved in metabolism as a part of the 

TCA cycle, aconitase requires the iron-sulfur cluster for activity to convert citrate into 

isocitrate.13, 14 Upon loss of iron, aconitase will become a mRNA binding protein to iron-

responsive elements modulating expression of proteins.15 SoxR is another gene regulator 

containing two iron-sulfur clusters per dimer to activate the transcription of soxS, which 

then in turn induces the expression of other genes.16 SoxR binds its target DNA with and 

without iron, but only remains active in its oxidized, holo state.17  

Iron is often ligated to porphyrin rings for stability, solubility and modulation.18 

The most commonly utilized iron-porphyrin complex is iron protoporphyrin IX, known as 

heme. Heme is utilized in oxidative stress response, oxidative reactions, electron transport, 

oxygen sensing and storage. Catalase is a well-studied protein that utilizes heme to rapidly 

oxidize peroxide to form O2 and water.19, 20 Catalase is an important protein in the 

protection against oxidative stress, so E. coli expresses two catalases, one in the periplasm, 

the other in the cytoplasm.21-23 Many proteins cycle between Fe2+ and Fe3+, but catalase 

utilizes the reduction potential of Fe3+/Fe4+ during its catalytic cycle.24-26 Other enzymes 
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that utilize iron-porphyrin complexes are cytochromes, which are involved in aerobic and 

anaerobic respiration.27-29 Cytochromes utilize heme during catalysis.30, 31 As mentioned, 

in addition to enzymatic activity, heme is involved with oxygen sensing and storage. In B. 

subtilis, the myoglobin-like HemAT contains a heme molecule that binds O2 at the ferrous 

iron-heme that causes dynamic changes to the C terminus to signal chemotaxis.32 Bacteria 

express various other types of globin molecules with diverse roles. Flavohemoglobins 

perform enzymatic reactions with the combination of flavins and heme molecules in Gram-

positive and -negative bacteria.33, 34 Hmp is a flavohemoglobin with a hemoglobin-like 

domain and a dihydropteridine reductase domain.34 Hmp reduces NO which binds 

specifically to the ferric heme molecule of Hmp.35, 36 Traditional, cooperative hemoglobin 

molecules are also utilized in bacteria for oxygen binding. M. tuberculosis expresses a 

homodimeric hemoglobin that cooperatively binds two O2 molecules to bind and store 

oxygen during the stationary phase.37 By ligating iron to the porphyrin ring, proteins can 

better control iron ligands and activity, while benefiting from the unique properties of the 

aromatic ring.  

Iron that is bound to proteins often is bound as iron-sulfur clusters or porphyrin 

complexes, but proteins are still able to bind and use mononuclear and dinuclear iron for 

mechanisms not suitable for porphyrin-bound or sulfur-bound iron. In the active site of 

ribonucleotide diphosphate reductase there is a dinuclear iron complex.38, 39 The iron 

complex stabilizes a long-lived radical that is involved in the enzymatic activity to reduce 

5’-cytidine, uridine, adenosine and guanosine diphosphates depending on the effector 

present.40, 41 A well-known mononuclear iron-bound protein is iron superoxide dismutase 

(SOD), which ligates iron in a pentacoordinate manner.42 Along with heme-bound 



26 

 

catalases, superoxide dismutases are important to responding to oxidative stress, by 

catalyzing the mutation of superoxide to O2 and hydrogen peroxide.43 SODs may have 

different metals bound (Fe, Cu/Zn and Mn) for various conditions and roles. Fe-SOD of E. 

coli is constitutively expressed to protect against exogenous superoxide species, whereas 

Mn-SOD of E. coli only is expressed in the presence of O2 and is more effective at 

protecting DNA from endogenous superoxide species.44-46   

In the absence of iron, bacterial pathogens and opportunistic pathogens are unable 

to survive. As described above, iron is an essential nutrient as it is involved in many 

biological processes. Without iron, glutamate and several nucleotide syntheses would not 

occur. Respiration and the TCA cycle would no longer occur. Cells become more prone to 

oxidative stress due to the loss of the essential heme center of catalase. The human body 

has many processes and proteins that greatly reduce the amount of free iron as a mechanism 

to reduce the viability of potential pathogens. Relatedly, pathogenic bacteria exert a lot of 

energy to acquire iron from their host, often relying on several systems to bypass the human 

proteins and systems protecting its iron sources. The limitation of free iron by the human 

body is often referred to as nutritional immunity. Once free or available iron is increased 

in the host, susceptibility thereby increases.47 

1.3 Iron limitation by the human body 

Iron unbound to proteins in human serum is estimated to be 10-24 M, even though 

the total iron is about 40 mg per kg of body weight.48, 49 The low serum concentration of 

iron is largely dependent upon ferritin, transferrin and lactoferrin, which are effective iron 

binding proteins with the primary biological role of binding and storing iron. Ferritin is a 

storage protein that consists of 24 subunits to form a large intramolecular cavity with the 
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capacity to hold 4500 ferrous iron atoms.50 Ferritin is primarily stored intracellularly but 

also has been measured in serum at 35-69 ng/mL concentrations.51 Transferrin and 

lactoferrin are implemented in binding and transporting free iron versus for storage; 

transferrin in serum and lactoferrin in milk, tears and leukocytes.52, 53 Lactoferrin and 

transferrin have been implemented as antimicrobial agents by binding free iron with an 

affinity constant in the range of 1022 M-1 .52, 54 As a protective mechanism, in a healthy 

human body, serum transferrin is not fully saturated, even under elevated iron 

concentrations.55 To maintain nutritional immunity by limiting free iron, ferritin stores 

large quantities of iron while lactoferrin and transferrin act as scavengers and transporters 

by binding free iron in serum, milk and tears.  

The majority of human iron is not stored or bound to ferritin, transferrin or 

lactoferrin, but rather bound to protoporphyrin IX as a heme molecule. It is estimated that 

around 66 to 80% of total iron is bound to hemoglobin alone (Fig 1.2). Hemoglobin is itself 

sequestered within red blood cells, but if and when red blood cells are lysed the body has 

several protective proteins to scavenge free hemoglobin and heme. Free hemoglobin and 

heme are sources of iron for bacteria and are cytotoxic.56 Hemoglobin is readily oxidized 

once it is extracellular, known as methemoglobin, and dissociates into dimers. Active 

hemoglobin in the red blood cell is a tetrameric protein that is a dimer of heterodimers with 

2 subunits, alpha and beta; each dimer consists of one alpha and one beta subunit. Active 

hemoglobin has four reduced Fe2+-heme molecules that each bind an O2 molecule, known  
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Figure 1.2 Oligomeric forms of human hemoglobin. Active hemoglobin is reduced 

tetrameric hemoglobin. Tetrameric hemoglobin is a dimer of heterodimers, two alpha 

(shown in blue) and two beta (shown in orange) subunits. Tetrameric hemoglobin can 

dissociate to heterodimers with one alpha and one beta subunit. Haptoglobin is a dimer, 

shown in gray; each monomer binds a hemoglobin dimer.  
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as deoxyhemoglobin in the absence of oxygen and oxyhemoglobin in the presence of 

oxygen. Dissociation into dimers enhances oxidation, while dissociation into dimers is 

more likely for methemoglobin versus deoxyhemoglobin, Kdissociation= 3 x 10-5 M and 10-12 

M respectively.57-59 Methemoglobin dimers can be reduced by erythrocytes or will be 

readily bound to haptoglobin.60 Haptoglobin is a serum protein that readily binds 

specifically to hemoglobin dimers with a rate constant ~ 105 M-1s-1 and µM affinity.61, 62 

Once hemoglobin dimers bind to haptoglobin, hemoglobin can no longer release or transfer 

heme and the complex is then cleared from the serum and recycled; methemoglobin is no 

longer cytotoxic upon binding to haptoglobin as well.56, 63 Along with hemoglobin removal, 

free heme must be removed upon red blood cell lysis. 

The human body produces hemopexin to bind rapidly to free heme molecules, while 

albumin also provides protective heme-binding properties. Hemoglobin has less affinity 

for ferric hemin than ferrous heme, and as mentioned above, upon oxidation tetramer 

dissociation to dimer increases.57, 59, 64, 65 The dissociation of hemin from methemoglobin 

is greater from dimer methemoglobin versus the tetramer.66  Heme is toxic to the body and 

is an excellent iron source for pathogenic bacteria, so hemopexin is expressed in the liver 

and sent to the serum to limit free heme within serum.67 Hemopexin has high affinity for 

heme (Ka = 2 x 1014 M-1), with higher affinity for the alpha subunit of hemoglobin versus 

the beta.65 Heme-hemopexin is then absorbed by the liver to be disposed.67, 68 Hemopexin 

and ferrihemoglobin have much tighter affinity for heme, but albumin also acts a scavenger 

for free heme (Ka = 5 x 107 M-1).69, 70  Heme is then transferred from albumin to 

hemopexin.71 In order to maintain low levels of free heme and hemoglobin, haptoglobin, 
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hemopexin and albumin act simultaneously to rapidly bind hemoglobin or heme upon its 

release into serum. 

Similarly to hemopexin and haptoglobin, lipocalin-2 is utilized as an addition 

protection against iron access by bacterial pathogens. Lipocalin-2 (Lcn-2) is produced as 

an antimicrobial agent several cell types such as neutrophils and macrophages.72 Lcn-2 

contribute to nutritional immunity by sequestering holo-siderophores (siderophores are 

discussed in Section 1.4).72  Once bound to siderophores, Lcn-2 signals for the arrival of 

more neutrophils to target the bacterial pathogen,72 and therefore acts to stop iron 

trafficking of bacterial pathogens. 

As iron is an essential nutrient for pathogenic and opportunist bacteria, the human 

body maintains nutritional immunity by maintaining low levels of free iron. Unbound 

mononuclear iron is bound intracellularly by ferritin for storage. Extracellularly, unbound 

iron is bound to transferrin or lactoferrin, which both act as scavengers and iron 

transporters. Separate proteins and strategies exist for heme and hemoglobin. Haptoglobin 

binds hemoglobin dimers to prevent the release of heme. Upon the release of heme from 

hemoglobin, hemopexin rapidly binds heme and transports it to be processed in the liver. 

When hemopexin is overwhelmed, albumin becomes a heme scavenger as well. Overall 

these proteins and mechanisms combined maintain a low level of available iron for 

bacterial organisms to help bacterial infection by way of nutritional immunity.  

1.4 Iron acquisition mechanisms by bacteria  

 Pathogenic bacteria have evolved sophisticated mechanisms to bypass the 

extensive iron limitation set by the human body. Bacteria are able to acquire all forms of 

iron, protein-bound or free. Iron in the human body exists as free iron (usually bound to 
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citrate), transferrin- or lactoferrin-bound, within ferritin, bound to intracellular enzymes, 

coordinated as heme, and more specifically, bound to hemoglobin and hemoglobin-

haptoglobin. Bacteria utilize all of these forms as iron sources, as summarized in Figure 

1.3. 

Many bacterial species synthesize and utilize small molecule chelators, known as 

siderophores that scavenge iron that is free or transferrin-bound. Siderophores bind ferric 

iron and have the ability to steal iron from transferrin.73 Transferrin has strong affinity for 

ferric iron, but siderophores can have dissociation constants less than 10-20 M.73 Bacteria 

may synthesize their own siderophores and many are able to utilize xenosiderophores 

produced by other bacteria.73 For example, Bacillus cereus and Bacillus anthracis 

synthesize two siderophores bacillibactin and petrobactin that are both able to effectively 

remove iron from transferrin.74 Siderophores are exported out of the cell by a variety of 

transporters of the: ATP-binding cassette family, resistance nodulation division family and 

major facilitator family.75 The molecules scavenge iron extracellularly then return to the 

bacterial cell to be imported back into the cell.76 Once the ferric-siderophore is in the cell, 

the siderophore is cleaved to release free iron or can be recycled for renewed iron 

scavenging.76  Enterobactin, a siderophore produced by E. coli, is digested by an esterase 

for iron release.77 E. coli synthesizes an additional siderophore, aerobactin, which was 

shown to be recycled.78 As mentioned previously, Lcn-2 inhibits iron acquisition by 

siderophores by sequestering the iron-siderophore complex. Several bacteria have further 

bypassed this protective mechanism of Lcn-2 by evolving siderophores that Lcn-2 is not 

able to bind, such as the glycosylated salmochelins produced in Salmonella and Klebsiella.  
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Figure 1.3. Bacterial mechanisms for iron acquisition from host. Hemophores bind 

heme as an iron source, and small molecule siderophores bind free iron. Both hemophores 

and siderophores interact with import proteins that transport heme or iron-bound 

siderophores into the cell. Cell attached receptors bind host heme-proteins or ferro-

proteins, including hemoglobin, haptoglobin-hemoglobin, hemopexin, transferrin and 

lactoferrin. Once receptors bind the heme- or ferro-protein, iron and heme is removed and 

imported. Many organisms utilize several mechanisms to bypass iron limitation in the host.   
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Bacteria also utilize protein receptors that bind directly to transferrin and 

lactoferrin, known as transferrin-binding or lactoferrin-binding proteins. In Neisseria 

meningitidis, the lactoferrin-binding proteins LbpA and LbpB bind lactoferrin and 

transports it into the cell and detoxifies lactoferrin by binding to lactoferricin; lactoferrin 

can be digested to release the antimicrobial peptide lactoferricin.79 N. meningitidis also 

expresses transferrin-binding proteins TbpA and TbpB that acquire iron by binding 

transferrin with high affinity of 4 x 107 M-1.80 TbpB is the transferrin receptor that acts as 

the transferrin scavenger; TbpB selectively binds holo-transferrin versus the apo-form.81 

LbpAB and TbpAB are not ubiquitous though and other systems exist to bind transferrin, 

such as E. coli utilizes porins to bind transferrin.82  Intracellular pathogens often utilize 

ferritin as an iron source, but as ferritin is primarily an intracellular protein these systems 

are not ubiquitous or common.83 Bacterial pathogens utilize both small molecule 

siderophores and protein receptors to acquire iron from transferrin and lactoferrin; while 

separate systems exist for the use of heme-iron.  

Hemoglobin, haptoglobin-hemoglobin, hemopexin, heme-albumin and heme 

acquisition systems are implemented by pathogenic bacteria. Gram-positive and Gram-

negative bacteria alike secrete soluble hemophores that acquire heme as shown in many 

organisms such as: Serratia marcescens, Streptococcus, and Bacillus anthracis. S. 

marcescens, Pseudomonas aeruginosa and other related Gram-negative bacteria utilize the 

secreted hemophore HasA, which binds hemin from methemoglobin with µM affinity.84-87 

Unlike other characterized secreted hemophores though, HasA does not form a complex 

with hemoglobin during heme transfer.88 Identified in Streptococcus species, Shr is a 

soluble hemophore that steals hemin directly from methemoglobin by directly interacting 
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with the hemoglobin molecule; Kd = 50 nM for Shr-methemoglobin complex.89 B. 

anthracis utilizes two distinct hemophores, IsdX1 and IsdX2 that much like Shr interact 

directly with methemoglobin.90 Further details on the Isd system of B. anthracis will be 

included on following page. Relatedly, Staphylococcus aureus utilizes an Isd system with 

two cell-attached heme receptors, IsdB and IsdH, which bind either hemoglobin or 

hemoglobin-haptoglobin for heme acquisition.91, 92 Haemophilus influenzae can utilize 

hemoglobin, heme, haptoglobin-hemoglobin, hemopexin and heme-albumin as iron and 

heme sources.93 Specifically for hemopexin use, H. influenzae utilizes HxuA to bind 

hemopexin with nM affinity to use as a heme source.94-97 HxuA can be cell surface 

associated or soluble in the extracellular environment.95, 98, 99 Several hemophores and 

heme receptors are utilized by many organisms to take heme from the host as an iron 

source.  

1.5 Bacillus anthracis  

 Bacillus anthracis is an obligate, zoonotic pathogen that causes the anthrax 

infection. B. anthracis forms spores upon nutrient starvation and can survive for decades 

dormant in the soil.100 This characteristic contributes to the pathogenesis as the spores can 

be aerosolized and subsequently used as a bioweapon. Several anthrax attacks have 

occurred over the past century, beginning in World War I by Germany.100 Most non-

weaponized forms of anthrax infection occur in animals though, especially grazing 

herbivores that happen to graze over soil that contains dormant anthrax spores.100 Anthrax 

infection has three modes: cutaneous, inhalation and gastrointestinal, with the potential for 

all three forms to become meningitis. Cutaneous is the most common occurring when 

spores enter the body through cuts and abrasion; inhalation occurs when spores are 
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breathed in and enter the body through the lungs; and gastrointestinal infection occurs when 

spores are ingested.  

The spores germinate in the presence of nutrients upon entry into the body, then 

release two toxins, aptly named edema and lethal toxins. Edema toxin acts by increasing 

cytosolic cAMP of host cells, thereby dramatically affecting many cellular processes and 

blocking immune response.101 Whereas, lethal toxin is a metallo-protease that cleaves 

mitogen-activated protein kinases and eventually causes macrophage apotosis and lysis 

with cytokine subsequent release.101, 102 The most fatal form is through inhalation, even 

with antibiotic treatment, survival is low. 103 However, it is rare for spores to become 

infective through this route; spores are typically 3-10 µm and spores greater than 5 µm are 

easily cleared from the lungs.100 Gastrointestinal anthrax infection is also often fatal, and 

both gastrointestinal and inhalation anthrax infections are more likely to be 

misdiagnosed.103 If anthrax infection becomes systemic, the mortality rate is close to 

100%.103 Systemic anthrax infection occurs when the bacteria are able to reach the lymph 

nodes and then are spread through the blood stream, which occurs in about 20% of cases.104 

Endospores are engulfed by macrophages, which transport the bacteria to the lymph 

nodes.105 While in macrophages, spores germinate and express the lethal and edema toxins 

become free and are then disseminated into the blood stream.105, 106 Once in the blood 

stream, bacteria levels increase to 107 to 108 cells/mL, causing severe septicemia, while the 

toxins cause toxemia.103  On average, death occurs only 3 days after symptoms have 

appeared.103 Several types of antibiotics are effective towards B. anthracis including 

penicillin, doxycycline and ciprofloxacin, but due to severe toxemia from anthrax toxins 

early administration is important.104 Moreover, the spores can persist in the body for long 
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periods before germination so antibiotic treatment continues for long periods, usually at 

least 60 days.104 Several antibody treatments are currently in clinical trials, antitoxin 

research is underway, and toxin receptor decoys are being developed.104 Live spore 

vaccines have been developed and are effective veterinary vaccines. However, live spore 

vaccines cause necrosis at the injection site, much like pathogenic cutaneous infection, 

and/or requires many re-administrations and boosters, so vaccine research is still 

underway.104 This pathogen is highly virulent and difficult to target and treat: anthrax is a 

serious threat especially when weaponized. Since B. anthracis depends upon its host for 

iron, B. anthracis expresses two siderophores and the iron-regulated surface determinant 

(Isd) system to acquire iron during infection. One approach to help prevent infection is to 

target iron uptake systems to cause iron starvation. 

1.6 Heme acquisition by Bacillus anthracis  

 Through the Isd system, B. anthracis targets hemoglobin as an iron source once in 

the blood stream by stealing heme then degrading the porphyrin ring to release free iron, 

shown in Figure 1.4. The Isd system of B. anthracis is expressed in a locus that is controlled 

by iron levels by Fur regulation.107 Two hemophores, IsdX1 and IsdX2, are released from 

the cell to actively scavenge heme.90 After heme binding, IsdX1 and IsdX2 transfer the 

heme to cell-attached IsdC, which is attached to the cell wall by sortase B.108, 109 IsdC 

transfers heme across the cell wall to the membrane protein IsdE, which is associated with 

an ABC channel, IsdDF.110, 111 Heme is transported across the cell membrane by IsdEDF 

and is subsequently digested by IsdG, a heme monooxygenase that releases iron by 

degradation of porphyrin ring to biliverdin.112 IsdX1, IsdX2 and IsdC contain NEAT 

domains, which consists of around 125 amino acid residues in an IgG-like fold that is  
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Figure 1.4. Iron-regulated surface determinant system of Bacillus anthracis. IsdX1 

and IsdX2 interact directly with hemoglobin of the human organism, and therby acquire 

heme, shown as red diamonds. IsdC receives heme from IsdX2 and IsdX1 and transfers 

heme through the cell wall to IsdE. IsdEDF transports heme across the cellular membrane 

into the cell. Heme is then degraded by IsdG to release free iron. 
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involved in heme acquisition and binding of heme, hemoglobin and haptoglobin-

hemoglobin.113 Staphylococcus aureus expresses a similar protein system with proteins 

IsdH, IsdB, IsdC, and IsdA that all have NEAT domains. The Shr/Shp proteins of 

Streptococcus also contain NEAT domains.89  

The Isd system of S. aureus is highly similar to that of B. anthracis and has been 

extensively studied (Fig 1.5). It utilizes cell wall bound IsdH and IsdB to scavenge heme.91, 

92 IsdH and IsdB each have multiple NEAT domains, which each have specific roles during 

heme scavenging. IsdH (also known as HarA) consists of three NEAT domains, one 

domain binds heme, and the other two domains bind to methemoglobin with α and β 

specificity and preferential binding to haptoglobin-hemoglobin complex.92, 110, 114, 115 IsdB 

has two NEAT domains, one for heme binding, the other specifically binds hemoglobin.110, 

116, 117 IsdB and IsdH relay heme to IsdA. IsdA is also cell wall localized and is a non-

specific binding protein of several iron sources, such as transferrin, hemoglobin, 

haptoglobin-hemoglobin, and heme.118 IsdA transfers heme to IsdC, homologous in 

sequence and role to B. anthracis IsdC.119 Once bound to IsdC, heme is transferred into the 

cell in the same manner as in B. anthracis. The striking differences between the two 

systems of S. aureus and B. anthracis are the use of soluble hemophores in B. anthracis 

versus the cell wall bound IsdH and IsdB of S. aureus.  

The soluble hemophore IsdX1 of B. anthracis is a unique protein in that it has a 

single NEAT domain that fulfills all roles of heme acquisition. IsdX1 is 126 amino acid 

residues long and has moderate affinity for heme with a Kd value of 5.4 ± 0.8 µM (Fig 

1.6).90 It interacts directly with hemoglobin during transfer then dissociates after transfer, 

but interaction is metal dependent. IsdX1 will interact with holo-hemoglobin with Kd value  
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Figure 1.5. Isd system of Staphylococcus aureus. IsdB, IsdH, IsdA and IsdC are all 

covalently attached to the cell wall. IsdB and IsdH act as hemophores, each have one 

domain that binds heme (shown as red diamond). IsdB specifically binds hemoglobin and 

IsdH binds the alpha and beta subunits of hemoglobin bound to haptoglobin, shown in gray. 

IsdB and IsdH transfer heme to IsdA. IsdA transfers heme to IsdC, which transfers heme 

to lipoprotein IsdE. IsdE assistances in the transport of heme by IsdDF across the cell 

membrane into the cell. IsdI and IsdG are both monooxygenases that degrade the porphyrin 

ring to release free iron.  
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Figure 1.6. Crystal structure of holo-IsdX1. (pdb 3SIK)120 IsdX1 forms an IgG-like fold. 

IsdX1 binds to heme by ligation of the iron atom, shown as a sphere in red. The porphyrin 

ring is displayed in black. Residue tyrosine 136 ligates the iron atom as a tyrosinate. The 

tyrosinate is stabilized by nearby tyrosine 140. Tyr136 and Tyr140 are shown in cyan. The 

YXXXY motif is essential for heme binding. 
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of 7.3 µM, but not to apo-hemoglobin (Kd = 9 mM). 90 After transport to IsdC, IsdX1 forms 

a direct interaction with IsdC during transfer with µM dissociation.108 To bind heme, it 

utilizes a conserved tyrosine residue that acts as a tyrosinate ligand for the iron center.120 

The tyrosinate is stabilized by an additional nearby tyrosine residue.  An essential 310 helix 

lip region is involved in heme binding as well. The heme is still highly exposed to the 

environment, which is thought to promote easy transfer to IsdC. The lip region does not 

cover the distal site of iron-heme, but four residues of the lip region (S52, S53, R54, and 

M55) are required for heme binding. When these four residues were mutated to alanine 

residues individually, endogenous and exogenous heme binding was greatly reduced, heme 

dissociation increased by 400 times, and S53A and R54A mutants had reduced interaction 

with holo-hemoglobin. There are no large structural changes in the crystal structures with 

and without heme. The small hemophore IsdX1 utilizes a single domain to bind 

hemoglobin, bind heme, and bind IsdC.  

The other hemophore, IsdX2, is more like IsdB and IsdH of S. aureus in that it 

contains multiple NEAT domains that have specific roles. IsdX2 is a large protein with five 

NEAT domains that have been individually purified and characterized, referenced as N1, 

N2, N3, N4, and N5.121 Each domain shares 70% sequence similarity to one another, even 

though they have separate roles and specificities. It is also important to note that about 25% 

of IsdX2 remains cell wall localized. Four of the five NEAT domains bind free heme, N1, 

N3, N4, and N5.121 N1 and N5 each scavenge heme from holo-hemoglobin and have high 

affinity for holo-hemoglobin. For holo-hemoglobin, N1 has a Kd of 41 nM and N5 has a 

Kd of 0.75 µM, whereas the other three NEAT domains have µM dissociation constants of 

holo-hemoglobin. Once heme is bound, only N1, N3 and N4 transfer heme to IsdC. The 
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high specificity of N1 and N5 versus the other three NEAT domains was determined to be 

due to a conserved glutamine in the 310 helix.122 This glutamine residue of N5 was mutated 

to determine its role in heme binding and scavenging from holo-hemoglobin. Heme binding 

still occurred but mutant N5 could not scavenge heme from methemoglobin. Therefore, 

similarly to IsdX1 the 310 helix lip of IsdX2 N5 domain is implicated in heme scavenging 

from methemoglobin. It has also been shown that holo-IsdX1 interacts with apo-IsdX2 

with high affinity with a dissociation constant of 10 nM. Whereas IsdX1 is a single domain 

protein, IsdX2 performs a similar role to IsdX1 but as a large multi-domain protein both 

actively extracting heme from hemoglobin to transfer heme to IsdC.  

IsdC is the cell wall localized protein that contains a NEAT domain to accept heme 

from IsdX1 and IsdX2 to transfer heme into the cell. Sortase B anchors IsdC to the cell 

surface by recognizing and cleaving a NPKTG motif at the glycine residue to covalently 

attach IsdC to the cell wall.109 In fact, without the sortase B gene, srtB, growth of B. 

anthracis is dramatically reduced on media with hemin as the sole iron source. The same 

phenotype is witnessed for ΔisdC indicating that IsdC is necessary for heme acquisition. 

srtB is also under iron control by Fur and is directly downstream to the isdCX1X2EFD 

operon. Once anchored to the cell wall, IsdC is enveloped in the cell wall. Apo-IsdC 

interacts directly with holo-IsdX1 and IsdX2 both with µM affinity.108 IsdC then interacts 

with IsdE.119 IsdC has µM affinity for bound heme, which should allow for ready transfer 

to IsdE.109 Based on the homologs IsdC and IsdE of S. aureus, IsdC ligates iron-heme with 

a tyrosinate residue that is stabilized by a nearby tyrosine residue (Fig 1.7);123 whereas IsdE 

ligates iron-heme in a hexacoordinate manner with two lobes that each provide a ligand, 

conserved Met and His residues.124 Also, just like IsdX1, the solvent-exposed portion of  
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Figure 1.7. Crystal structure of holo-IsdC. (pdb 2o6p)125 IsdC forms an IgG-like fold. 

IsdC binds to heme by ligation of the iron atom, shown as a sphere in red. The porphyrin 

ring is displayed in black. Residue tyrosine 132 ligates the iron atom as a tyrosinate. The 

tyrosinate is stabilized by nearby tyrosine 136. Tyr132 and Tyr136 are shown in green. The 

YXXXY motif is essential for heme binding. 
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heme bound to IsdC remains high at 34%.125 IsdE does not form an IgG-like fold and only 

19% of the porphyrin molecule is solvent exposed. Much like what was observed in IsdX1 

and IsdX2, the loop region of S. aureus IsdC is involved in heme binding, specifically a 

glutamate and phenylalanine residue. Studies indicate a direct and specific interaction 

between S. aureus IsdC and IsdE; hemophores IsdB and IsdH transfer heme to IsdA, but if 

IsdC is not present heme cannot be delivered to IsdE by way of IsdA.119 Another NEAT 

domain-containing protein was identified in B. anthracis that is expressed separately from 

the isd operon, named as BslK. BslK is localized on the cell surface as well, bound non-

covalently.126 It binds heme with a Kd less than 100 nM, then transfers heme rapidly to 

IsdC through a direct interaction.126 Interestingly, no transfer occurred between holo-BslK 

and apo-IsdX1, further suggesting a specific interaction between BslK and IsdC that is 

heme dependent. The studies on S. aureus and B. anthracis IsdC proteins suggest that the 

role of IsdC is to act as a central conduit to IsdE for transfer into the cell.  

1.7 Copper toxicity  

 Copper has dual properties as an essential nutrient for many biological processes 

but becomes toxic at excess concentrations. Biological copper exists at two redox states, 

Cu+ and Cu2+, which are utilized by enzymes. Even though iron is the most utilized 

transition metal in biological systems, the redox potential of Cu+/Cu2+ is higher than 

Fe2+/Fe3+ at +250 to +750 mV, so copper is utilized as a redox active metal in reactions 

iron is unable to participate in.127 In terms of overall protein binding, Cu2+ typically binds 

ligands more strongly as compared to other divalent first row transition metals, with 

thermodynamic affinity constants for the same ligand following the Irving-Williams series 

(i.e., Mn2+ < Fe2+ < Co2+ < Ni2+ < Cu2+ > Zn2+).  In addition, according to which the 
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Hard/Soft Acid/Base Theory (HSAB Theory), hard acids have higher affinity for hard 

bases, while soft acids have higher affinity for soft bases.1 Metals are Lewis acids, and the 

overall binding specificity of transition metals is dependent upon their oxidation state and 

relative softness or hardness. More specifically, hard acids are less polarizable with smaller 

ionic radii and have higher affinity for hard bases, while conversely soft acids are more 

highly polarizable, have larger ionic radii, and have higher affinity for soft bases. Many 

biologically relevant transition metals are considered borderline such as Fe2+, Co2+, Zn2+ 

and Cu2+, and Cu+ is considered a soft acid.1 Meanwhile, Cu2+ has the highest affinity for 

soft bases, as compared to other divalent transition metals.1 Related to biological systems, 

thiols are considered soft bases, so Cu+ and Cu2+ are able to replace essential divalent 

transition metals bound to thiols, such as in iron-sulfur clusters.5  

 Cu+ and Cu2+ are both utilized in biological systems, but free Cu+ is highly toxic 

largely due to its high affinity for thiols.1, 5 To study the effects of toxicity of cuprous Cu+ 

versus cupric Cu2+, Beswick and colleagues studied toxicity of both Cu+ and Cu2+ under 

anoxic conditions, in order to control the oxidation state. Cuprous copper was more toxic 

than cupric copper, and cupric copper was more toxic under anaerobic conditions versus 

aerobic.128 Under anaerobic conditions, cupric copper is readily reduced to cuprous copper, 

so in fact it was due to the higher toxicity of cuprous copper.128  Cu+ toxicity may be due 

to its reaction with hydrogen peroxide in a Fenton-like reaction, equation 1.129 Cu2+ is also 

able to also react with hydroperoxides, equation 2, Cu2+ will also react with thiols to 

generate Cu+ and disulfides, equation 3.130, 131 Lastly, under aerobic conditions, Cu+ will 

be oxidized to Cu2+, equation 4.131 

(1) Cu+ + ROOH → Cu2+ + RO∙ + -OH 
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(2) Cu2+ + ROOH → Cu1+ + RO2∙ + H+ 

(3) 2 Cu+2 + 2 RSH → 2 Cu+ + RSSR + 2 H+ 

(4) 2 Cu+ + 2 H+ + O2 → 2 Cu2+ +H2O2 

Hydroxyl  radicals will react rapidly and readily with biological molecules.129 Properties 

of copper that lead to its biological roles, such as redox cycling and high affinity to thiols 

leads to its toxicity under excessive levels.  

 More specifically, studies have been performed to understand the exact targets for 

copper toxicity in vivo. Experiments have been performed with the addition of Cu+ and 

Cu2+ salts and bacteria grown on metallic surfaces. Copper and copper alloy surfaces are 

being implemented in medical settings with high-risk of antibiotic resistant bacteria. An 

initial study by Mikolay and colleagues, indicate that the use of copper for door knobs, 

push plates and light switches in a hospital decreased the amount of viable bacterial cells 

as compared to aluminum or plastic surfaces.132 Pathogenic and non-pathogenic strains of 

E. coli were killed within ten minutes on copper and copper alloy surfaces.133 Many 

bacterial species have been shown to be immediately killed upon contact with copper 

surfaces, such as Salmonella enterica, Bacillus cereus, Enterococcus faecilis and 

Enterococcus faecium.133-137 For reference and perspective, vancomycin-resistant E. 

faecium and E. faecalis were still viable and present on stainless steel after 60 days, but 

were killed within 1-3 hours on copper alloy surfaces; genomic DNA and plasmids 

conferring resistance were destroyed as well.137 Research indicates that this is due to the 

leeching of copper cations and subsequent uptake and accumulation of Cu+ and Cu2+ by 

the organism.133, 135, 136, 138 If Cu+ and Cu2+ chelators are added or copper corrosion is 
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prevented, susceptibility is significantly increased, whereas if copper export systems are 

deleted then susceptibility increases.133, 135, 138, 139  

Copper toxicity affects different organisms in different manners, and has been 

implicated in lipid peroxidation, DNA degradation, DNA mutation, DNA double- and 

single-strand breaks, iron-sulfur cluster targeting, mismetallation, and overall oxidative 

stress. In pathogenic and non-pathogenic E. coli and Salmonella enterica, copper toxicity 

was due to cell membrane damage, inhibition of respiration, reactive oxygen species (ROS) 

generation, and DNA degradation.133, 134 With the use of ROS inhibitors or quenchers, 

superoxide generation is immediate but not long term.133 In terms of membrane damage, 

copper has been implemented in several roles. Lipid peroxidation occurs at bacteriostatic 

concentrations of Cu2+, specifically unsaturated fatty acid chains.140 An extensive study 

determined the effect of Cu2+ on the dielectric properties of E. coli, all effects were 

dependent upon the concentration of Cu2+: the outer membrane permeability is increased, 

the conductivity of the periplasm is decreased and inner membrane permeability is 

decreased.141 Along with overall membrane damage and the disturbance of membrane 

permeability, as free copper is increased more K+ is released from the cell indicating cell 

membrane damage.142  

Studies on copper-induced DNA damage are often contradictory. Cu2+ has been 

shown to increase the mutation frequency and corresponding survival decrease, which 

increases in the presence of hydrogen peroxide.143 An in vitro study gave evidence that 

Cu2+ chelates DNA and thereby creates lesions, with a higher percentage of single-stranded 

breaks versus double-stranded.144 E. coli and Salmonella plasmid and genomic DNA was 

degraded after contact with copper surfaces, which was due to the presence of hydroxyl 
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radical.133 However, Santo and colleagues found that E. coli exposure to copper surfaces 

did not increase mutation rate or cause double-stranded breaks.136 This was supported by 

Macomber and collegues, who suggested that intracellular copper blocks and protects 

against DNA damage by hydrogen peroxide in vivo.145 Whereas a separate study indicated 

DNA degradation of E. coli does occur at 70% or higher copper, but that DNA damage 

may occur post-cell death.140 It is unclear if copper toxicity is due to overall DNA damage, 

but it is clear that copper toxicity in bacterial cells is due to alteration of biological 

structures: cellular membrane perturbations and potentially DNA mutation, degradation 

and lesions. 

Copper ions also affect individual proteins thereby causing negative effects. Main 

targets for copper toxicity are iron-sulfur clusters of dehydratases. In E. coli without copper 

detoxification protein systems, copper inactivated dehydratases by reducing [4Fe-4S]2+ 

clusters to [3Fe-4S]0, which then degraded to apoenzyme. 146 Moreover, in the presence of 

copper, endogenous hydrogen peroxide was produced at a higher rate and branched chain 

amino acid synthesis pathway was halted.146 This toxicity was independent of oxygen and 

in vitro studies indicate that cuprous copper is more effective than cupric.146 In 

Streptococcus pneumoniae, copper misplaces manganese in an enzyme active site, which 

then causes a decrease in aerobic ribonucleotide synthesis.147 By reducing essential metal 

sites or simply replacing essential metals, excess copper levels alter and halt essential 

enzymes.  

1.8 Copper resistance mechanisms by bacteria  

 Much like antibiotic resistance, bacterial organisms have developed copper 

resistance to lessen the toxic effect of copper. In general, transition metal resistance is 
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achieved in a few ways: 1) As one oxidation state is often more toxic than other oxidation 

states, enzymes can either reduce or oxidize metals so that the less toxic oxidation state is 

present; 2) The transition metal can be pumped out of the cytoplasm and the cell; 3) The 

import of metal can be blocked; 4) The transition metal can be chelated to metallophores 

so that the metal becomes inavailable. Copper resistance occurs by all four methods in 

bacterial organisms, as summarized in Figure 1.8.  

 Damage to DNA has serious implications, so the export of copper from the 

cytoplasm is a common approach found in many organisms in copper resistance. 

Macomber and colleagues determined that intracellular copper did not cause oxidative 

damage to DNA in E. coli because the majority of Cu+ is localized in the periplasm, 

presumably due to its inner membrane, Cu+-pumping protein, CopA, a P-type ATPase.145 

Pseudomonas aeruginosa expresses an essential P-type ATPase, CueA, that is 

implemented in copper resistance.148 CueA contributes to overall copper resistance, growth 

rate and pathogenicity within a murine model.148 A similar P-type ATPase was identified 

in Mycobacterium tuberculosis, known as CtpV, which was induced under copper stress 

and required for copper resistance.149, 150 The P-type ATPase, CopA, is highly characterized 

and studied, expressed in several organisms such as E. coli and Salmonella. CopA 

dephosphorylates ATP to generate energy to transport Cu+ or Ag+ across the inner 

membrane.151, 152 This ATP-dependent transport causes a decrease of copper accumulation 

inside the bacterial cell.153 CopA has an essential role in copper resistance as ΔcopA has 

the largest and most detrimental effect as compared to other copper resistance 

systems.154As such, copA is expressed even in the absence of copper at a basal level under 

aerobic and anaerobic conditions.155 Upon copper shock, expression from the copA   
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Figure 1.8. Cellular mechanisms of copper resistance. Copper ions can be exported by 

specific membrane spanning transporter proteins. Copper ions are bound by chelators, 

which are either proteins or small molecules. Enzymes transform copper ions into less toxic 

oxidation states, acting as either oxidases or reductases. Often these mechanisms act 

simultaneously to confer copper tolerance to the organism. Ions are shown as blue circles. 
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promoter (copAp) increases, mRNA transcript of copA increases, and CopA levels 

increase.152, 155-157 Once Cu+ ions are transported to the periplasm by CopA or its 

homologues, proteins localized to the periplasm act to further detoxify the cell.  

Many organisms utilize multi-copper oxidases to detoxify copper ions in the 

periplasm by oxidizing the more toxic cuprous ion. Escherichia coli expresses the multi-

copper oxidase CueO for this purpose. Much like copA, upon copper shock, cueOp is 

induced and cueO transcript is induced both in a copper-dependent manner, and CueO 

contributes to the prevention of intracellular copper accumulation. 156-158 CueO contributes 

to copper tolerance by protecting the periplasm from copper-induced oxidative stress by 

oxidizing several substrates implemented in copper toxicity including Cu+.159-161 Several 

other putative multi-copper oxidases that are homologous to CueO include CuiD from 

Salmonella and CopA from R. metallidurans. cuiD greatly contributes to copper resistance 

of Salmonella and copA of R. metallidurans fully complements cueO in a E. coli ΔcueO 

background.154, 162 Its important to note that CueO and its homologues are still present and 

expressed under anaerobiosis, but are only active in the presence of oxygen so have 

minimal effect under anaerobic conditions.155, 162 Meanwhile, periplasmic multi-copper 

oxidases are not the only enzymes implemented in copper detoxification. Escherichia coli 

also utilizes components of the respiratory chain to reduce Cu2+. NADH dehydrogenase 2 

(NDH-2) and ubiquinone have the largest contribution to Cu2+ reduction.163 NDH-2 

specifically reduces Cu2+ to protect the cells from copper toxicity and even increases the 

growth of E. coli in the presence of sublethal concentrations of copper.164 This may initially 

seem counter-intuitive as cuprous copper is more toxic than cupric, but as CopA only 
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specifically exports cuprous copper, NDH-2 reduction of cupric copper may allow the 

copper to be exported out of the cytoplasm by CopA.  

 After Cu+ is exported out of the cytoplasm, excess copper ions accumulates in the 

periplasm; periplasmic cuprophores can increase copper resistance by binding excess 

copper. Salmonella typhimurium expresses CueP, which is a periplasmic protein that is 

induced by copper.162 Its role is to bind copper in vivo as Salmonella do not have a system 

for copper export out of the cell; its role is more important under anaerobic conditions 

versus aerobic due to the activity of CuiD in the presence of oxygen.153, 162 E. coli does not 

appear to have a chromosomally expressed protein with the sole purpose of copper 

chelation, but CueO is able to produce a siderophore that can bind copper.160 CueO can 

utilize ferric enterobactin as a substrate. Once oxidized, catechol siderophores gain copper 

binding ability, and upon copper binding forms an insoluble complex that is then exported 

out of the cell.160 Much like CueP, Myobacteria species express a small protein, MymT, 

under metal shock that is involved in copper resistance by binding up to six cuprous ions.165 

To bind excess copper ions in the periplasm, bacteria utilize small molecule and protein 

chelators so that copper is not free. In addition to the use of metal chelators, Gram-negative 

bacteria utilize large inner and outer membrane-spanning systems to pump copper ions 

from the periplasm out of the cell. This dissertation largely focuses on one such system, 

the Cus system of E. coli.  

 Another mechanism to reduce metal toxicity may be to reduce the import of metal 

into the cell. No clear evidence exists to indicate the import mechanism for copper, even 

though ABC-type ATPases have been implemented in the import for manganese, zinc, 

nickel and iron in Gram-positive and Gram-negative bacteria.166 Porins may allow for 
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passive diffusion of copper ions into the cell. In Pseudomonas aeruginosa, transcriptional 

regulation was studied in cells that were shocked with high concentration of copper or 

given continuous sub-toxic concentration (classified as copper-adapted cells); all porin 

family genes were downregulated in the copper-adapted cells.167 In E. coli, porins have 

been involved in silver-resistance. Ag+ and Cu+ have similar properties and many 

resistance systems provide tolerance to both metals.168 Silver resistant E. coli strains were 

selected for and analyzed genomically to determine genotype for the silver resistance 

phenotype. All resistant strains studied were deficient in OmpC and OmpF, both outer 

membrane porins, which lead to a reduced outer membrane permeability and reduced 

intracellular silver accumulation.169 One of these strains was further analyzed in a 

proteomic study; CusF and CusB of the Cus Cu+/Ag+ export system were constitutively 

expressed.170 The absence of OmpC and F and the constitutive expression of CusF and 

CusB were found to be due to mutations in their regulatory systems: ompR and cusS, 

respectively.171 However, separately, the mutation in ompR or cusS did not provide 

resistance to silver; it should be noted that this strain was not resistant to copper.170 In a 

separate microarray study, ompC and ompA were down regulated in the presence of copper, 

again implementing outer membrane porins in the import of copper.172 However, it is 

unclear if porins are the sole site for metal entry into the cell, or that porin downregulation 

is a common copper resistance mechanism.  

Another outer membrane protein has been implemented in copper resistance by 

altering import, known as ComC, YcfR or BhsA. The exact function of ComC is unknown, 

but it is a small protein localized to the outer membrane that has upregulated expression in 

the presence of intracellular copper.173 ComC is involved in overall stress response, but 
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also affects the outer membrane permeability and biofilm formation.174 In terms of copper 

resistance, ΔcomC cells are more sensitive to copper, due to increased amounts of 

intracellular copper.173 This suggests that ComC reduces outer membrane permeability to 

decrease the amount of copper entering the cell under copper stress. Overall, copper import 

may be reduced under copper stress by the presence of ComC and the reduction of outer 

membrane porins.  

So far, only systems expressed from the genome have been mentioned. However, 

resistance systems expressed from plasmids are of special interest to the potential of future 

metal-resistant, as they are comparable to antibiotic resistanct plasmids that are readily 

spread between bacteria. Copper resistance bearing plasmids could be transferred among 

bacteria causing a future rise to metal-resistant pathogens. Escherichia coli can harbor one 

such plasmid borne system known as the Pco system. Initially, a plasmid pRJ1004 that 

conferred copper tolerance was isolated from the effluent of a piggery that fed pigs CuSO4 

daily.175 pRJ1004 only confers resistance to copper with a frequency of conjugative transfer 

between 10-6 to 10-4.175 Further analysis of the plasmid implicated 7 genes, designated 

pcoABCDRSE.176 The Pco system is involved in detoxification of copper inside of the 

periplasm.177 

 Copper resistance systems are controlled by highly specific and sensitive regulators 

that act to immediately induce expression of copper resistance proteins upon copper 

toxicity. As copper is an essential metal, these systems could be detrimental if expression 

was constitutive since they act to remove free copper from the cell. In E. coli, two copper 

regulators exist with an additional plasmid-born regulator: CueR, and CusR. Potentially, 

the regulator for ComC, known as YcfQ or ComR, may be a copper sensing regulator as 
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well. ComR released the promoter region of comC upon addition copper, silver and gold, 

acting as a repressor in the absence of metal.173 Meanwhile, CueR is a MerR family 

regulator that have zeptomolar affinity for Cu+, acting as a repressor until copper 

binding.178 The genes mentioned above that are regulated by CueR include cueP of 

Salmonella, copA of E. coli and Salmonella, and cueO of E. coli 162, 179, 180 Additionally, a 

total of 129 sequences were identified in E. coli with putative CueR box-like sequences.157 

CueR is itself copper responsive, the level of CueR significantly increases after the addition 

of sub-lethal concentration of copper.157 CusR has a much more limited role, with only two 

identified CusR box sequences, one within the cusRp and in the cusCp.157 However, it also 

is essential for the expression of pcoE, from the Pco system.181 CusR is coupled to its 

partner CusS; together CusRS is a two-component system. cusS and cusR are expressed 

together as a single dicistronic operon.168 CusS binds metal ion by way of its periplasmic 

domain, which causes a conformation change.182 This increases the kinase activity of the 

cytoplasmic domains of CusS and subsequently activates CusR by phosphorylation; many 

kinases have multiple targets whereas CusS only phosphorylates CusR.183 CusR acts as an 

activator upon phosphorylation rather than a repressor and depends upon CusS; cusCFBA, 

the main CusR target, is not expressed in the absence of CusS, thereby decreasing copper 

resistance.184 CusR and CueR utilize different regulator methods, but both act to control 

and maintain copper homeostasis; CusR responds to periplasmic copper and CueR 

responds to cytoplasmic copper.  

1.9 Export of copper by Cus system in Escherichia coli  

  Escherichia coli utilizes several mechanisms to maintain high copper tolerance up 

to 4 mM for strain W3110 or 7 mM in strain W3110 with a plasmid bearing the pco 
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cluster.177 E. coli tolerates copper by way of cooperation between systems. In the 

cytoplasm, CueR senses low (zeptomolar) levels of free copper to express CopA and 

CueO.178, 179 Meanwhile, NDH-2 reduces cupric copper to cuprous copper in the 

cytoplasm.163, 164 Cuprous copper is bound and transported out of the cytoplasm and into 

the periplasm by CopA, using the energy from ATP hydrolysis.151, 152 Once in the 

periplasm, cuprous copper can be oxidized to cupric copper by CueO and bound by an 

oxidized siderophore.155, 159-161 Additionally, CusCFBA can acquire copper in the 

periplasm and pumps both Cu+ and Ag+ out of the cell; silver has similar binding properties 

as Cu+.  

 The Cus system is comprised of two components, the CusCBA pump and soluble 

CusF, shown in Figure 1.9. The CusCBA pump is a member of the resistance-nodulation-

division (RND) protein family, with CusA as the RND transporter. More specifically, 

CusA is within the heavy metal efflux RND transporter family.185 All RND transporters 

act by utilizing the energy from proton flow from the periplasm into the cytoplasm to 

transport its substrate out the periplasm186. CusA forms a homotrimer structure with two 

domains, one in the inner membrane and the other in the periplasm. CusA undergoes a 

large conformational change within the periplasmic and transmembrane domains upon 

binding of cuprous or silver ions.187 A metal binding site has been identified that is 

comprised of three methionine residues in the periplasmic domain, plus an additional four 

methionine residue pairs within the funnel that are implemented in silver transport.187 In 

vitro studies indicate that CusA can transport metal from both the cytoplasm and the 

periplasm, but as CusA is unable to complement CopA, the biological relevancy of 

cytoplasmic metal transport is not known.168, 187  
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Figure 1.9. Copper export by the Cus system of Escherichia coli. CusCBA is a tripartite 

CBA transporter spanning the periplasm, from the inner membrane to the outer membrane. 

CusA acts as the transporter, utilizing proton flow into the cytoplasm to pump Cu+ and Ag+ 

ions out of the periplasm. CusC is the outer membrane channel, and CusB is the periplasm 

adaptor protein interacting with CusA and CusC. CusF is a soluble metallochaperone 

localized to the periplasm that may interact with the CusCBA transporter. Ions are shown 

as blue circles.  
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For full copper resistance due to the Cus system, CusA and CusB are essential for 

copper response by the Cus system.154, 188 CusB is a flexible adaptor protein that binds to 

CusA in a 2:1 ratio, six CusB molecules per CusA trimer, with CusB forming a hexameric 

funnel structure.189-191 CusB has one metal binding site that consists of three 

thioether/thiolate ligands that were identified as methionine residues, within the essential 

N-terminus.191, 192 CusB has tight affinity for silver with a Kd of 25 nM.191 CusB also 

interacts with CusC, thereby holding the transporter CusA in contact with the channel 

CusC. CusC is a large homotrimer barrel channel that is anchored into the outer membrane 

with a very large periplasmic domain.193 No metal binding sites have been identified in 

CusC, but interestingly the interior of CusC is highly electronegative. The interior cavity 

is very large and filled with water, so it was hypothesized that copper or silver ions flow 

through in the bulk water.193 It has been proposed that a equatorial domain on the outside 

of the periplasmic region is responsible for specific interaction with CusB.193 This may 

confer the specificity of CusC to copper resistance, as ΔcusC does experience a significant 

decrease in copper tolerance even though it is not as severe as ΔcusCFBA, ΔcusA and 

ΔcusB.188 The CusCBA pump spans the inner membrane to the outer membrane to 

transport copper and silver ions from the periplasm out of the cell.  

 The Cus system utilizes an additional protein, CusF, which is a soluble metal 

binding protein located in the periplasm.188 CusF confers copper tolerance but is not 

essential, similar to CusC. CusF is a smaller protein at about 10 kDa that forms a β-barrel 

structure.194 CusF binds metal in a distorted trigonal planar geometry with a histidine and 

two methionine ligands. An additional residue, a tryptophan, caps over the metal 

interacting with the metal, as π-metal interaction, to protect from outside ligands and Cu+ 
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oxidation.195, 196 CusF binds 1 metal ion per protein with tight binding to Ag+ and Cu+, with 

specificity of Cu+ versus Cu2+; Kd(Ag+) = 38 nM and Kd(Cu+) = 500 nM.188, 197 CusF is 

able to bind free copper or silver ions in the periplasm but also act as a metallochaperone, 

interacting with several proteins. CusF interacts with CusS metal sensing domain, the 

histidine kinase, in a metal dependent manner to presumably deactivate CusS (Aravind and 

McEvoy, unpublished data). CusF interacts with CusB in a metal-dependent manner to 

transfer metal. CusF is able to transfer metal to CusB when CusB is apo, and accept metal 

from CusB; but the two proteins only interact transiently, and one protein must be in an 

apo state.198, 199 CusF interacts with CusA in vivo (Kim and Mealman, unpublished data), 

and transfers metal to CusA in vitro.200 CusB acts as a metal-regulated switch for the pump; 

CusB is unable to transfer metal to CusA, but CusA is only able to accept metal from CusF 

when CusB is present and metal-bound. After CusF has transferred copper to CusA, in the 

presence of Ag-CusB, it can subsequently accept Ag+ from CusB, thereby “shutting off” 

transfer from CusF to CusA.200 There is evidence of CusF interaction with CusC, as well, 

as shown in a bait/predator assay in S. cerevisae.188 CusF also accepts Cu+ from CopA 

directly interacting with CopA periplasmic domain.201 Interaction only occurs in the 

presence of ATP signifying the importance of CopA ATP hydrolysis in its release of 

Cu+.201 Many studies have shown that CusF has a complicated role in copper resistance in 

E. coli.  

  



60 

 

1.10 Contributions   

 This dissertation was formatted by the guidelines of the University of Arizona 

Graduate School and Department of Chemistry and Biochemistry, presented within 5 

chapters.  

The first chapter is a summary of current related research in the field of metal 

homeostasis to provide context for this work.  

 In the second chapter, the mechanism of heme acquisition and transfer by IsdX1 is 

described. My contributions to this chapter have been the development and execution of 

all described plasmids, experiments and writing.  

 In the third chapter, I have described evidence towards understanding the in vivo 

role of CusF during copper export in Escherichia coli. This was completed with 

contribution from Alayna George Thompson who created the pUC-cusF construct, and 

designed and created the ΔcusCp::cat and ΔcusFp::cat strains, which were used to 

generate the ΔcusCp and ΔcusFp strains. My contributions are the development and 

execution of all remaining experiments, and the writing of this work.  

 In the fourth chapter, I have described in trans complementation and copper 

accumulation in E. coli knockout mutants of genes encoding outer membrane channels. 

This was done with contribution from Eun-hae Kim, who designed the primers for ΔyohG 

and ΔsdsP. My contributions are the development and execution of all remaining 

experiments, and the writing of this work. 
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 The last chapter summarizes my findings from chapters 2 through 4. In this chapter, 

I also provide suggestions for further studies and experiments that would contribute to and 

support the conclusions from this dissertation.
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CHAPTER 2: IRON OXIDATION STATE BOUND TO HEME IS CRITICAL TO 

ACQUISITION AND TRANSFER BY THE BACILLUS ANTHRACIS 

HEMOPHORE ISDX1  

2.1. Abstract  

 During infection Bacillus anthracis employs the iron surface determinant (Isd) 

system to evade host iron starvation. The largest store of host iron is bound to 

protoporphyrin IX, known as heme. Moreover, the majority of heme is bound tightly to 

hemoglobin. The Isd system has evolved to obtain heme from hemoglobin to use as an iron 

source. B. anthracis expresses two extracellular proteins that act as hemophore scavengers, 

IsdX1 and IsdX2. Upon heme acquisition from hemoglobin, IsdX1 and IsdX2 transport the 

heme molecule to IsdC, which is attached to the bacterial cell wall. IsdC is then involved 

in a relay system that transports heme into the cell. IsdX1 is unlike other hemophores 

employed by bacteria. This body of work studied the mechanism by which IsdX1 acquires 

heme from hemoglobin and transfers heme to IsdC. These results indicate that the heme 

molecule must be in the oxidized form, Fe3+-hemin, for acquisition to occur by IsdX1 from 

hemoglobin. Moreover, subsequent transfer to IsdC is kinetically driven.   
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2.2 Introduction 

Iron is an essential transition metal for the majority of organisms. Bacterial 

pathogens must acquire iron from the host for survival. However, iron is tightly regulated 

within the human body, as it is required for numerous cell processes, but free iron can be 

toxic and destructive.202 Though there are 3-4 grams of iron in the body, free iron is 

estimated at 10-18M.48, 203 Moreover, several scavenging proteins are located in the serum, 

lymph, and external excretions to rapidly bind free iron or iron-bound molecules, such as 

iron-binding transferrin, heme-binding hemopexin and hemoglobin-binding 

haptoglobin.61, 65, 203, 204 Bacterial pathogens must bypass these systems to acquire iron. 

Heme acquisition is one such mechanism that many bacterial pathogens have developed to 

bypass iron sequestration in the human host, as up to 80% of iron is bound to 

protoporphyrin IX as heme.  

Proteins containing the Near-iron Transporter (NEAT) domain have been 

implicated in actively acquiring heme as an iron source in many Gram-positive bacteria.205 

Characterized NEAT domains have various roles from heme binding to binding to 

hemoglobin or haptoglobin-hemoglobin.90-92, 114, 121 All NEAT domains consist of about 

125 amino acid residues with a conserved motif YXXXY.113 The causative agent of anthrax 

infection, Bacillus anthracis, expresses a heme acquisition system known as Iron-regulated 

surface determinant (Isd) system that utilizes the NEAT domain for iron import under low 

iron conditions (Fig 2.1).107 The Isd system is comprised of two hemophores IsdX1 and 

IsdX2; which interact directly with hemoglobin to extract heme. IsdX2 contains five NEAT 

domains that bind heme and/or hemoglobin.121 IsdX1 utilizes only one NEAT domain to  
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Figure 2.1. Iron-regulated surface determinant system of Bacillus anthracis. IsdX1 

and IsdX2 interact directly with hemoglobin of the human organism, and acquire heme, 

shown as red diamonds. IsdC receives heme from IsdX2 and IsdX1 and transfers heme 

through the cell wall to IsdE. IsdEDF transports heme across the cellular membrane into 

the cell. Heme is then degraded by IsdG to release free iron. 
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interact with hemoglobin and bind heme (Fig 2.2).90, 120 After acquisition, through 

transient interactions, IsdX1 and IsdX2 transfer heme to IsdC, a cell wall localized 

protein with a NEAT domain.108, 109, 121 From IsdC, heme will be transported into the cell 

by an ABC-type importer IsdDEF; where it can be degraded to release iron by IsdG.112 In 

genetic studies of B. anthracis, ΔisdX1, ΔisdX2, and especially ΔisdX1/ΔisdX2 strains 

had growth deficits when grown on media with hemoglobin as the iron source; the ΔisdC 

strain had similar growth deficits when grown with hemin as the iron source.90, 109 These 

studies indicate that IsdX1, IsdX2 and IsdC play important roles during heme acquisition 

by B. anthracis. 

The Isd system of B. anthracis differs slightly from the well characterized Isd 

system expressed in Staphylococcus aureus. All proteins in the S. aureus Isd system are 

cell wall localized, unlike IsdX1 and IsdX2.110, 206 IsdB and IsdH both steal heme from 

hemoglobin or haptoglobin-hemoglobin, then transfer heme to IsdA, which binds to a wide 

range of proteins and heme.118 IsdA directly interacts with IsdC to transfer heme to IsdC; 

which is homologous to B. anthracis IsdC.119, 207 IsdC transfers heme to IsdE through a 

direct and specific protein-protein interaction.119, 208 From IsdE, it is transported into the 

cell by IsdDF, where it is degraded by IsdI or IsdG to release free iron.209, 210 The heme 

acquisition proteins IsdB and IsdH have multiple NEAT domains that are responsible for 

separate roles. IsdH NEAT1 and NEAT2 domains bind preferentially to haptoglobin-

hemoglobin complex, IsdB NEAT1 domain binds hemoglobin, and IsdH NEAT3 and IsdB 

NEAT2 domains bind heme.91, 92, 117, 211 Upon heme acquisition by IsdB or IsdH, further 

transfer is unidirectional and dependent upon specific protein-protein interactions.119 It is  
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Figure 2.2. Cartoon depiction of holo-IsdX1. (pbd: 3sik)120The essential 310-helix is highlighted in blue. The heme 

molecule is in black with the iron center as a red sphere A) Side view. Shown as lines in purple are residues Tyr136 and 

Tyr140. Tyr136 ligates the iron atom of heme through its hydroxyl group, mostly likely as a tyrosinate. Tyr140 stabilizes 

Tyr136 through hydrogen bonding by its hydroxyl group. B) Top view. IsdX1 forms an IgG-like fold. The 310-helix is 

located above and to the side of the heme binding lip region. 
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also driven thermodynamically, as each protein in the transfer pathway has a tighter Kd 

value.208, 212  

The difference in role of NEAT domains between IsdX1, IsdB and IsdH suggests a 

difference in heme acquisition mechanism between S. aureus and B. anthracis. Moreover, 

Kd values of IsdC-heme and IsdX1-heme do not suggest a thermodynamic component to 

transfer as they are comparable to one another; Kd(IsdC-heme) ~3 µM and Kd(IsdX1-heme) 

~5 µM.90, 109 Structural differences between IsdX1 and IsdC are not evident when 

comparing crystal structures (Fig 2.3). It has been shown that the 310 helix of IsdX1 plays 

an essential role for interaction with hemoglobin and transfer of heme (Fig 2.2).120 

Moreover, based on the crystal structure of IsdX1, IsdX1 does not have large structural 

flexibility as shown by B-factor coloring on the crystal structure of IsdX1 (Fig 2.4).  

Other heme acquisition systems suggest that kinetics drive heme acquisition 

rather than thermodynamics. During infection, Pseudomonas aeruginosa expresses Shr, 

Shp, and HstA to acquire heme as an iron source. Shr contains two NEAT domains which 

acquire heme from met-hemoglobin, then transfers it to Shp, which subsequently 

transfers heme to HstA.89, 213-215 This three-step process is driven kinetically, as the ktransfer 

of methemoglobin to apo-Shr is ~ 0.03 s-1, the ktransfer of holo-Shr to apo-Shp is ~ 19 s-1, 

and finally the ktransfer from holo-Shp to apo-HtsA is 43s-1. 89, 215, 216  

As S. aureus IsdB, S. aureus IsdH, and B. anthracis IsdX2 have separate NEAT 

domains to bind either hemoglobin or heme, IsdX1 may be a unique heme acquisition 

protein. This study demonstrates that IsdX1 undergoes a dynamic change upon heme 

binding that IsdC does not experience. Unlike the Isd system in S. aureus, dissociation 

constants indicate that in B. anthracis thermodynamics do not drive the transfer of heme  
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Figure 2.3. Comparison of holo-IsdX1 and holo-IsdC. The crystal structure of holo-

IsdX1 (pdb: 3sik)120 (purple) is superimposed on the crystal structure of holo-IsdC (pdb: 

2o6p)125 (blue). The structures were superimposed using the program Pymol. 
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Figure 2.4. Crystal structure of apo-IsdX1. (pdb: 3SZ6)120 The ribbon diagram of IsdX1 

is colored by B-factor effect. The larger the B-factor the more flexible the region, indicated 

by a red color. Regions that are blue in color indicate a small B-factor, which signifies 

rigidity.  
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into the cell. In this study, to understand the mechanism of heme acquisition by IsdX1, 

the possible kinetic role of transfer is probed by monitoring the transfer of reduced Fe2+-

heme and Fe3+-hemin from hemoglobin to IsdX1 to IsdC. This study has determined that 

transfer of heme is kinetically driven and is dependent upon the oxidation state. 
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2.3 Materials and Methods 

2.3.1 Construction of expression vectors 

The isdX1 gene without the region encoding the signal peptide was cloned into 

pGEX-2TK with a sequence encoding for the TEV cut site within the linker region between 

the gst and isdX1 genes. The region encoding the TEV cut site was introduced via the 

forward primer. The PCR product was digested by FastDigest restriction enzymes EcoRI 

and BamHI (Thermo Scientific) and ligated into pGEX-2TK. The isdC gene was cloned 

without the region encoding for the signaling peptide into pET22B, without a tag. The PCR 

product was digested by Fast Digest restriction enzymes EcoRI and BamHI (Thermo 

Scientific) and ligated into pET22B. pGEX-isdX1 and pET22B-isdC were sequenced for 

accuracy. Primers are listed in Table 2.1. 

2.3.2 Protein expression and purification 

 pGEX2TK-isdX1 and pET22B-isdC were each introduced into BL21 DE3. 

Cultures were grown for 14-16 hours in LB media with 100 µg mL-1 ampicillin at 37°C. 

The next day, cultures were diluted 1:50 into fresh LB media and grown at 37°C. At 

OD600nm = 0.6 to 0.8, 1 mM IPTG was added to induce protein expression, and the culture 

was allowed to grow for an additional 4 hours. Cells were harvested by centrifugation for 

20 minutes at 4°C and stored at -20°C.  

 To purify IsdX1 from BL21 DE3, cells were resuspended in 1X PBS with 2 µg/mL 

pepstatin, 2 µg/mL leupeptin, 50 µg/mL lysozyme, trace DNase,  and 0.1 mM PMSF. Cells 

were lysed by French press at 1000 psi at a minimum of three passages. Supernatant was 

loaded onto Glutathione Sepharose 4B resin column (GE Lifesciences) and GST-IsdX1   
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Table 2.1. Primer list used in this study.  

Gene  Forward primer Reverse primer 

isdX1 AAAAAGGATCCGGGGAAAACCT

GTATTTTCAGGGCGCAAAGGCTG

CTACAAAACTAGC 

AAAAAGAATTCTTATTTAATAC

TGTTCCCATCAAATAC 

 

isdC AAAAACATATGGCTGATGGTACT

TACGATATTAATTACG 

AAAAACTCGAGCTATTTTTCGA

ACTGCGGGTGGCTC 
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fusion protein was eluted with 50 mM Tris pH 8.0, 30 mM reduced glutathione. For 

cleavage of GST tag at the TEV cut site, fractions containing the fusion GST-IsdX1 were 

incubated with TEV protease at 30 µg/mL with 1 mM DTT and 1 mM EDTA. Proteolysis 

was allowed to occur for 14-16 hours at room temperature. After proteolysis, IsdX1 was 

separated from GST and TEV utilizing HiPrep SP FF 16/10 column (GE Lifesciences) 

equilibrated with HEPES buffer. IsdX1 was eluted from the column with a gradient of 0 to 

1 M NaCl in 50 mM HEPES (pH 8.40). Fractions containing IsdX1 were identified by 10% 

SDS-PAGE and collected and concentrated with a 10,000 MWCO concentrator (Amicon 

Ultra).  

 For IsdC purification, cells were resuspended in 50 mM Tris pH 7.80 with 2 µg/mL 

pepstatin, 2 µg/mL leupeptin, 50 µg/mL lysozyme, trace DNase and 0.1 mM PMSF. Cells 

were lysed by French press at 1000 psi at a minimum of three passages. Supernatant was 

loaded onto HiPrep Q FF 16/10 column (GE Lifesciences) equilibrated with Tris buffer. 

IsdC was eluted from the column with a gradient of 0 to 1 M NaCl in 50 mM Tris (pH 

7.80). Fractions containing IsdC were identified by 10% SDS-PAGE and concentrated with 

a 10,000 MWCO concentrator (Amicon Ultra). IsdC was purified further by gel filtration 

using HiPrep 26/60 Sephacryl S-200 High Resolution column (GE Lifesciences). Fractions 

containing IsdC were identified by 10% SDS-PAGE and collected.  

2.3.3 Heme extraction 

 The protocol for heme extraction was adapted from Adams217. Bromophenol blue 

was added as a pH indicator, then 1 M HCl was added dropwise until pH<3 as indicated 

by the bromophenol blue. A volume of MEK equal to the protein volume was added. After 

extraction, the organic layer containing heme was removed. Extraction was repeated three 
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times. To refold the protein, it was dialyzed against a series of buffers: 1 mM sodium 

bicarbonate, water, then lastly 200 mM Tris pH=8.0. Protein was concentrated with 10,000 

MWCO concentrators (Amicon Ultra). Final protein concentration was determined by the 

Bradford assay. 

2.3.4 Heme loading 

The protocol for loading the proteins with heme was adapted from Ekworomadu, 

et al120 and Gaudin, et al.117 4 mg of hemin chloride (Sigma Aldrich) was incubated with 

0.1 M NaOH and incubated at 0°C for 30 minutes and vortexed several times. 1 M Tris pH 

7.4 was added then centrifuged at 13,000 rpm for 10 minutes at 4°C. 50 mM Tris pH 7.4, 

150 mM NaCl was added then centrifuged again to remove non-soluble hemin chloride. 

1.5X molar equivalent hemin chloride was added to the protein and allowed to incubate for 

1 hour. Holo-IsdC was separated from excess hemin chloride by gel filtration using HiPrep 

26/60 Sephacryl S-200 High Resolution column (GE Lifesciences). Holo-IsdX1 was 

separated from excess hemin chloride by desalting resin using HiPrep 26/10 Sephadex G25 

column (GE Lifesciences). Protein was concentrated with 10,000 MWCO concentrators 

(Amicon Ultra). Final protein concentration was determined by Bradford assay. 

2.3.5 Circular Dichroism Spectroscopy  

 Circular dichroism spectroscopy was performed in an Olis DSM 20 double bean 

spectrometer with a 1 mm cuvette. Apo-IsdX1, apo-IsdC, holo-IsdX1, and holo-IsdC were 

analyzed in 5 mM sodium phosphate pH 8.0 50 mM NaCl. Spectra were collected from 

205 to 260 nm with 1 nm increments and 10 second integration time. Spectra were collected 

of buffer alone and used as a baseline correction for protein spectra. Four to five sets were 

collected for each protein sample. Protein concentration was calculated for each sample by 
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Bradford assay, and ranged from 0.15 to 0.4 mg/mL. Spectra were normalized based on 

protein concentration and number of amino acid residues. Holo-IsdX1 and holo-IsdC were 

verified by UV-Vis Absorbance Spectroscopy by analysis of the Soret peak.  

2.3.6 UV-Vis Absorbance Spectroscopy and Kinetic Analysis 

 Kinetic experiments were performed on a Varian Cary 50 Bio UV-Vis 

Spectrometer at room temperature in a 1 cm path-length quartz cuvette. The protein 

samples were dialyzed into 1X PBS pH=7. Spectra were collected by scanning at 1 nm 

intervals at 600 nm/min scan rate from 390 to 420 nm under oxidized conditions and 410 

to 440 nm under reduced conditions, interval cycles varied on the protein. As controls, 

human hemoglobin (Sigma Aldrich), holo-IsdX1 and holo-IsdC were each scanned for 16 

hours with interval cycle time of 15 minutes to ensure stability of the heme-loaded protein 

in the buffer conditions.  

 For oxidized buffer conditions, 50 mM potassium ferricyanide was added to the 

cuvette. For reduced buffer conditions, 1X PBS pH 7 with 1 mg/mL sodium dithionite was 

purged by bubbling Ar(g) through the closed cuvette. Protein samples were degassed, then 

extra oxygen was removed from the protein by blowing Ar(g) over the top. Protein was 

added to the airtight cuvette by a gas tight syringe.  

To study the rates of heme dissociation, the Soret absorbance wavelength shift of 

apo-sperm whale H64Y/V68F myoglobin (gift from W. R. Montfort) was followed as 

described by Hargrove, et al.64 Holo-Isd protein at 1 µM was incubated with 10 µM apo-

Mb as spectra were collected. To study the rate of heme transfer, the Soret absorbance 

wavelength shift was measured in a similar manner with 1 µM holo-protein and 10 µM 

apo-protein. To study the dissociation of Fe3+-hemin from holo-IsdX1, Fe2+-heme from 
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holo-IsdC or Fe3+-hemin from holo-IsdC, holo protein was mixed with apo-myoglobin 

(Mb), as Mb will readily bind free heme/hemin; spectra were collected for 15 hours at 15 

minute intervals. To study the dissociation of Fe2+-heme from holo-IsdX1, spectra were 

collected for 200 minutes at 2 minute intervals. The transfer of hemin from hemoglobin to 

IsdX1 was measured at 0.5 minute intervals for 30 minutes, 2 minute intervals for an 

additional 30 minutes, then 3 minute intervals for 40 minutes, for a total of 100 minutes. 

The transfer of heme from hemoglobin to IsdX1 was measured at 15 minute intervals for 

16 hours. The transfer of hemin and heme from IsdX1 to IsdC was measured at 0.1 minute 

intervals for 3 minutes then 0.25 minutes intervals for 12 minutes for a total of 15 minutes. 

The backward transfer of hemin from IsdC to IsdX1 was measured at 0.5 minute intervals 

for 30 minutes, 1 minute intervals for 30 minutes, then 2 minute intervals for 60 minutes, 

for 120 minutes total. The maximal change in Soret absorbance was plotted versus time 

and fit to an independent double 3-parameter exponential using Kaleidagraph.  
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2.4 Results  

2.4.1 IsdX1 undergoes structural changes upon heme binding 

 To study the dynamics of heme binding, IsdX1 and IsdC were analyzed by circular 

dichroism spectroscopy in the presence and absence of heme. Both IsdX1 (Figure 2.5) and 

IsdC (Figure 2.6) spectra are indicative of a largely β-sheet secondary structure as expected 

with a minimum molar ellipticity at about 220 nm. Upon heme binding to IsdX1, the 

secondary structure content increases as demonstrated by the increase in negative molar 

ellipticity. IsdC does not show a similar change. Secondary structure content increases 

upon heme binding in IsdX1 indicating a dynamic change that does not occur in IsdC. It 

was confirmed that IsdC and IsdX1 were each bound to heme by analysis of the Soret 

absorbance with UV-Vis absorbance spectroscopy.  

2.4.2 IsdX1 and IsdC bind endogenous hemin  

 IsdX1 and IsdC are expressed from plasmid DNA in E. coli BL21 DE3 in the 

cytoplasm, without the addition of excess heme. IsdX1 and IsdC both purify bound to 

endogenous heme acquired from the cytoplasm of E. coli. It has been documented that the 

oxidization state of the endogenous heme-bound proteins can be indicative of oxidation 

state preference.218 Therefore, to study the possible role of oxidation state in heme 

acquisition, the oxidation state of the endogenous heme was probed by UV-visible 

absorbance spectroscopy. It is important to note that these data are indicative of oxidation 

state preference, but does not take all variables into account. For example, hemoglobin 

preferentially binds ferrous heme but in the presence of oxygen the heme is oxidized, so 

hemoglobin is bound to hemin. The spectra of endogenous heme-bound IsdX1 are shown  
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Figure 2.5. Circular Dichroism Spectra of IsdX1. The CD spectra of apo-IsdX1 (black) 

and holo-IsdX1 (red) are shown. Error bars depict standard deviation, as each is an average 

of three sets of data.  
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Figure 2.6. Circular Dichroism Spectra of IsdC. The CD spectra of apo-IsdC (black) 

and holo-IsdC (red) are shown. Error bars depict standard deviation, as each is an average 

of three sets of data.  
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in Figure 2.7. Upon reduction by sodium dithionite, the Soret peak red shifts from 401 nm 

to 418 nm. Following oxidization by potassium ferricyanide, the Soret peak of IsdX1 blue 

shifts back from 418 nm to 401 nm. There is a slight decrease in maximum absorbance, 

but this can be attributed to dilution by the addition of reducing and oxidizing agents. IsdC 

experiences a similar change, as shown in Figure 2.8. Upon reduction by sodium dithionite, 

the IsdC Soret peak red shifts from 407 nm to 424 nm. After subsequent oxidation by the 

addition of potassium ferricyanide, the Soret peak of IsdC shifts back to 407 nm from 424 

nm. Again there is a decrease in the maximum absorbance of IsdC after oxidation as 

compared to the initial spectrum of holo-IsdC, but this is attributed to dilution by the 

addition of reducing and oxidizing agents. These spectra indicate that IsdX1 and IsdC 

purify with oxidized hemin acquired from E. coli. 

2.4.3 Oxidized holo-IsdX1 and holo-IsdC are more stable than reduced heme 

complexes 

 To investigate the role of oxidation state in the transfer of heme from hemoglobin 

to IsdX1 to IsdC, we first examined the dissociation of heme and hemin from IsdX1 and 

IsdC using a protocol adapted from Hargrove et al.64. To measure dissociation rates, excess 

H64Y/V68F apo-Mb was mixed with holo-protein, H64Y/V68F apo-Mb has a unique 

absorbance spectrum and high affinity for heme. IsdX1, IsdC and mutant Mb have unique 

Soret wavelengths that are dependent upon oxidation state (Table 2.2). By measuring the 

shift and change in Soret absorbance and wavelength, the rate of heme dissociation is 

determined (Figure 2.9A).  

 The heme dissociation rate was measured under oxidizing and reducing conditions. 

With 10-fold excess apo-Mb, neither IsdX1 nor IsdC dissociate from hemin over 15 hours   
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Figure 2.7. UV-Visible Absorbance Spectra of holo-IsdX1. The spectrum of IsdX1 

bound to endogenous heme is shown in black. Upon addition of the reducing agent, sodium 

dithionite, holo-IsdX1 is reduced and shows a red shift of the Soret peak (blue). Upon 

addition of potassium ferricyanide, holo-IsdX1 is oxidized (red).   
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Figure 2.8. UV-Visible Absorbance Spectra of holo-IsdC. The spectrum of IsdC bound 

to endogenous heme is shown in black. Upon addition of the reducing agent, sodium 

dithionite, holo-IsdC is reduced and experiences a red shift of the Soret peak (blue). Upon 

addition of potassium ferricyanide, holo-IsdC is oxidized (red).   
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Table 2.2. Soret wavelength of heme/hemin-protein complexes under 

reduced and oxidized conditions.  

PROTEIN REDUCED: Fe2+ OXIDIZED: Fe3+ 

IsdX1 418 nm 402 nm 

IsdC 420 nm 407 nm 

H64Y/V68F Mb 435 nm 411 nm 

Hemoglobin 431 nm 407 nm 
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A)  

B)  

 

Figure 2.9. Heme dissociation from IsdC. Depicted in A) is heme dissociation from holo-

Isd protein and subsequent binding of heme by apo-Mb. The concentration of apo-Mb is 

ten molar excess to holo-Isd protein so kobserved can be measured as koff. B) Dissociation of 

heme from holo-IsdC as measured by subsequent heme binding by myoglobin. Reduced 

Fe2+-heme dissociation is depicted as circles, dissociation of oxidized Fe3+-hemin is 

depicted with diamonds. The double exponential fit of heme dissociation is shown as a 

solid line. 
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(Figure 2.9B and Figure 2.10). This indicates that the hemin-IsdX1 and hemin-IsdC 

complexes do not dissociate during this time. It is unlikely that IsdX1 and IsdC have a 

higher affinity for hemin than Mb, since the Kd values of IsdX1 and IsdC have been 

previously measured to be in the µM range,90, 109 while mutant Mb has a much higher 

affinity with a pM Kd value.64 Therefore, based on the competition with apo-Mb, the data 

show that ferric IsdX1 and IsdC complexes are highly stable over this time period.  

IsdX1 and IsdC complexes dissociated from heme in the presence of excess apo-

Mb as measured by the absolute change in absorbance (Figure 2.9B and 2.10). Based on 

estimations, the dissociation rate of hemin from IsdX1 and IsdC both are ≤ 0.001 min-1 

(Table 2.3). Dissociation of heme from IsdX1 occurs with a fast rate of 0.40 ± 0.03 min-1 

and a slow rate of 0.028 ± 0.002 min-1, which is more rapid than the dissociation from IsdC, 

with a fast rate of 0.0184 ± 0.0007 min-1 and slow rate of (3.96 ± 0.09) x 10-3 min-1 (Table 

2.4). There is not a significant difference in heme affinity between IsdX1 and IsdC, so these 

data suggest that the ferrous holo-IsdX1 complex is less stable than the ferrous holo-IsdC 

complex.90, 109 The biphasic nature of dissociation is most likely due to restructuring 

required in IsdX1 and IsdC to release heme. From the double exponential fit, the percentage 

of proteins participating in either the fast or slow dissociation phases can be determined. 

For IsdX1, 65.0 % of the protein contributes to the fast dissociation rate, while for IsdC, 

only 35.5% of the protein species contributes to the fast dissociation rate.  

2.4.4 Transfer of hemin is kinetically favorable 

 The rates of heme transfer between hemoglobin, IsdX1, and IsdC were determined 

by monitoring the change of the Soret wavelength and absorbance as the Soret wavelength 

values are different between these proteins (Table 2.2). It should be noted that the Soret  
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Figure 2.10. Heme dissociation from IsdX1. The dissociation of heme  from holo-IsdX1 

as measured by the subsequent heme binding by apo-Mb. Reduced Fe2+-heme dissociation 

is depicted as circles, dissociation of oxidized Fe3+-hemin is depicted with diamonds. The 

dissociation of hemin from IsdX1 was studied for a total of 900 minutes. The double 

exponential fit of heme dissociation is shown as a solid line.  
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Table 2.3. Rates of Fe3+-hemin transfer.  All measurements were performed in triplicate. The error represents the standard 

deviation. a From Hargrove, et al. 1994, 1997.64, 66 

  Transfer to:  

Transferred from: IsdX1 IsdC Dissociation 

Hemoglobin k1 = 0.42 ± 0.03 min-1 
-- 

kα = 0.01 min-1 a 

  k2 = 0.075 ± 0.002 min-1 kβ = 0.13 min-1 a 

IsdX1 
-- 

k1 = 1.7 ± 0.2 min-1 
≤ 0.001 min-1 

  k2 = 0.18 ± 0.02 min-1 

IsdC k1 = 0.17 ± 0.02 min-1 
-- ≤ 0.001 min-1 

  k2 = 0.022 ± 0.002 min-1 
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Table 2.4. Rates of Fe2+-heme transfer. All measurements were performed in triplicate. The error represents the standard 

deviation.  

a From Hargrove, et al. 1994.64 

  Transfer to:  

Transferred from: IsdX1 IsdC Dissociation 

Hemoglobin 
≤ 0.001 min-1 -- Not measurable a 

  

IsdX1 
-- 

k1 = 4.3 ± 0.1 min-1 k1 = 0.40 ± 0.03 min-1 

  k2 = 0.36 ± 0.02 min-1 k2 = 0.028 ± 0.002 min-1 

IsdC 
Not measured -- 

k1 = 0.0184 ± 0.0007 min-1 

  k2 = (3.96 ± 0.09) x 10-3 min-1 
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wavelength values of ferric IsdC and methemoglobin are the same, so the transfer from 

methemoglobin to apo-IsdC was not measured. However, IsdC is attached to the cell 

membrane while IsdX1 is secreted, so it is anticipated that IsdX1 acts as the main 

hemophore.90, 108, 109  

 As shown in Figure 2.11, ferric hemin is readily transferred from methemoglobin 

to IsdX1. Hemoglobin has lower affinity for ferric hemin than ferrous heme, thereby 

allowing IsdX1 to acquire the heme molecule.64 The fast phase rate of transfer is more 

rapid than the dissociation of hemin from the β subunit of hemoglobin to apo-H64/V68F 

Mb, 0.42 ± 0.03 min-1 and 0.13 min-1 respectively (Table 2.3).64  The slow phase rate of 

transfer is more rapid than the dissociation from the α subsunit of hemoglobin, 0.075 ± 

0.002 min-1 and 0.01 min-1 respectively (Table 2.3).64 From these data, it is not possible 

to determine if the biphasic transfer is due to different transfer rates from the β and α 

subunits. This trend has been measured previously though with differential preference for 

a subunit of hemoglobin, such as in haptoglobin that binds preferentially to the β subunit 

of hemoglobin.219 Furthermore, from these data, it is not possible to elucidate if IsdX1 

directly interacts with hemoglobin to acquire hemin, but previous studies using surface 

plasmon resonance spectroscopy indicate a heme dependent interaction of 

methemoglobin and apo-IsdX1 that leads to transfer of hemin to IsdX1.90 Ferric IsdX1 

can then transfer hemin to IsdC, even though the ferric holo-IsdX1 complex is stable over 

a 15 hour time period (Figure 2.12). This corresponds to previous studies that indicate 

that IsdX1 has a direct interaction with IsdC, which is dependent upon heme transfer.108 

This suggests that in order for IsdX1 to release hemin, holo-IsdX1 needs to make direct 

contact with IsdC.  
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Figure 2.11. Transfer of Fe3+-hemin from methemoglobin to apo-IsdX1. The transfer 

of hemin was measured by absolute difference in the change in Soret peak absorbance of 

holo-IsdX1 versus the change in the Soret peak absorbance of holo-hemoglobin over 100 

minutes. The double exponential fit of transfer is shown in each panel as a solid line.  
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Figure 2.12. Transfer of Fe3+-hemin from IsdX1 to IsdC. The transfer of hemin was 

measured by absolute difference in the change in Soret peak absorbance of holo-IsdC 

versus the change in the Soret peak absorbance of holo-IsdX1 over 15 minutes. The double 

exponential fit of transfer is shown as a solid line.  
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The forward transfer of hemin from methemoglobin to IsdX1 to IsdC is kinetically 

favorable based on rates of transfer as the rate of transfer to IsdX1 is slower than the rate 

of transfer from IsdX1 to IsdC (Table 2.3). The transfer of hemin from holo-IsdC to apo-

IsdX1 does occur (Figure 2.13), but occurs at a 10-fold slower rate for both fast and slow 

phases of transfer (Table 2.3). The slower transfer from IsdC to IsdX1 is further evidence 

that the forward transfer of hemin from hemoglobin into the cell is kinetically favorable. 

The biphasic transfer between IsdX1 and IsdC may be due to reorientation of proteins 

during interaction that is required for transfer between the two proteins.  

2.4.5 Transfer of heme is dependent upon oxidation state 

 The Soret wavelength and absorbance was monitored over time under reduced 

conditions to measure the transfer of ferrous heme between hemoglobin, IsdX1 and IsdC. 

The transfer of ferrous heme from hemoglobin to IsdX1 does not occur over a 15 hour 

period (data not shown). The ferrous hemoglobin complex is highly stable while the ferrous 

IsdX1 complex is not stable, as ferrous hemoglobin will not dissociate from heme and 

ferrous IsdX1 readily dissociates from heme.64 Transfer may occur to IsdX1, but as the 

ferrous IsdX1 complex is unstable it may be transferred back to hemoglobin. Moreover, 

hemoglobin has very tight affinity for ferrous heme.64 

Ferrous heme is transferred from IsdX1 to IsdC (Figure 2.14). The rate of transfer 

of ferrous heme from IsdX1 to IsdC is faster than the transfer of ferric hemin, at about four 

times faster for both the slow and fast phases (Table 2.4). The ferrous heme-IsdX1 complex 

is less stable than the ferrous heme-IsdC and the ferric hemin-IsdX1 complexes; which 

could cause the transfer to increase from IsdX1 as the dissociation rate is more rapid from 

ferrous IsdX1.   
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Figure 2.13. Transfer of Fe3+-hemin from IsdC to IsdX1. The transfer of hemin was 

measured by absolute difference in the change in Soret peak absorbance of holo-IsdC 

versus the change in the Soret peak absorbance of holo-IsdX1 over 120 minutes. The 

double exponential fit of transfer is shown as a solid line.  
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Figure 2.14. Transfer of Fe2+-heme from holo-IsdX1 to apo-IsdC. The transfer of heme 

was measured by absolute difference in the change in Soret peak absorbance of holo-IsdC 

versus the change in the Soret peak absorbance of holo-IsdC over 15 minutes. The double 

exponential fit of transfer is shown as a solid line. 
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2.5 Discussion 

2.5.1 IsdX1 experiences a change in secondary structure content upon heme binding 

 The structure of S. aureus IsdC has been solved by X-ray crystallography and NMR 

spectroscopy, whereas the X-ray crystal structure of IsdX1 has also been solved. No 

significant structural difference exists between IsdC and IsdX1 (Fig 2.4), the RMSD for 

the superposition of the two structures is 1.43 Å. Based on the difference in function 

between IsdX1 and IsdC, circular dichroism spectroscopy was performed to study solution 

dynamics in for apo- and holo-IsdX1 (Fig 2.5), and apo- and holo-IsdC (Fig 2.6). The 

spectra showed that IsdX1 gains secondary structure content that was not apparent in the 

crystal structure B-factor values. However, IsdC does not experience any difference as the 

CD spectra of apo- and holo-IsdC are the same. This dynamic change in IsdX1 may 

contribute to its heme binding. Based on mutagenesis data, it was suggested that the 310-

helix of IsdX1 plays an essential role in its role- both interacting with hemoglobin and 

binding heme.120 The percent helicity of holo-IsdX1 versus apo-IsdX1 does not change, as 

both are 7.7%. Regions around the 310 helix may become more rigid once IsdX1 is bound 

to heme.  

IsdX1 is a hardy, robust protein; IsdX1 remains folded at high temperatures. A 

study on the melting temperature of IsdX1 was undertaken by Anthony Kendrick 

(unpublished data) by thermal circular dichroism spectroscopy. At pH 8.0, the melting 

temperature of apo-IsdX1 was 57°C, and of holo-IsdX1 increased to 72°C. Additionally, 

IsdX1 is highly resistant to proteolysis. Limited proteolysis was performed on IsdX1 with 

chymotrypsin and trypsin. Proteolysis did not occur at room temperature for 1:50 

trypsin:IsdX1 incubated through 4 days or 1:1 chymotrypsin incubated through 14 hours. 
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(A. Kendrick, K. Polzin, M. McEvoy; unpublished data) The apparent stability of IsdX1 

may reflect the fact that it is exported out of the cell and may encounter a wide range of 

conditions, so to remain active in the variable extracellular milieu IsdX1 must remain 

stable.  

2.5.2 Ferric-IsdX1 and IsdC complexes are stable 

UV-visible absorbance spectroscopy was used to determine the oxidation state of 

endogenous heme bound to IsdX1 and IsdC after purification and to study the dissociation 

of heme and hemin from IsdX1 and IsdC. Initially, endogenous heme was probed by 

comparing the spectra of initial holo-protein, reduced holo-protein and oxidized holo-

protein. The spectra are shown in Figures 2.7 and 2.8. These data indicate that IsdX1 and 

IsdC both bind endogenous ferrous heme. To study dissociation of heme and hemin, holo-

Isd protein was incubated 1:10 with apo-H64Y/V68F Mb over a period of 15 hours. Under 

oxidizing conditions, hemin dissociation from IsdX1 and IsdC did not occur over a 15 hour 

period. The tight binding of IsdX1 and IsdC to hemin could be due to differences in affinity 

between the Isd proteins and Mb or due to kinetic stability of the hemin-Isd complex 

(Figure 2.9B and 2.10). The measured equilibrium constants of IsdX1 and IsdC for hemin 

are in the µM range, while the affinity of mutant Mb for hemin is much tighter, which is 

an indication that the ferric holo-IsdX1 and holo-IsdC complexes are kinetically stable.64, 

90, 109 Under reducing conditions, heme dissociated from IsdX1 and IsdC as indicated by 

the transfer of heme to mutant Mb (Figure 2.9B and 2.10). The transfer was measured as 

the change in Soret wavelength and absorbance from that of the Isd protein to that of Mb 

over time.  
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Based on the competition assay, the ferrous complexes are less stable than the ferric 

complexes, which is expected based on the tyrosinate ligand that binds the center iron atom 

in IsdX1 and IsdC.120, 123, 125 IsdX1 and IsdC each consist of a NEAT domain that is about 

125 amino acid residues, with two conserved tyrosine residues with the motif YXXXY.113 

Previously characterized NEAT domain-containing proteins all ligate the central iron atom 

by a tyrosinate oxygen that is stabilized by hydrogen bonding to a nearby tyrosine.117, 120, 

123-125, 220, 221 Generally, phenolic oxygen preferentially binds to ferric hemin iron, which 

has been confirmed in other Isd proteins, IsdA, IsdH, IsdB from S. aureus.124, 211, 222  When 

the heme-iron was reduced in S. aureus protein IsdA, the iron became more accessible to 

the solvent, which was also shown in IsdH and IsdB.211, 223 In IsdX1 and IsdC, the 

preferential binding of tyrosinate ligands to ferric hemin may contribute to the stability of 

the ferric complex compared to the corresponding reduced ferrous complex, as indicated 

by dissociation of hemin from IsdX1 or IsdC. As compared to other heme acquisition 

systems, these reported dissociation rates are similar. The dissociation rate of hemin from 

S. aureus IsdA was measured to be 0.016 min-1, while the dissociation rate of hemin from 

Streptococcus pyogene Shp is 0.018 min-1.215, 224 Both of these heme-binding proteins have 

μM affinity for hemin, similarly to IsdX1 and IsdC.90, 109, 215, 224 

The rate of ferrous heme dissociation from IsdX1 is 100-fold greater than that for 

IsdC, which indicates that the ferrous IsdC complex is more kinetically stable than the 

ferrous IsdX1 complexes. The Kd values of IsdX1 and IsdC are within the same order of 

magnitude, indicating similar thermodynamic stability of the complexes.90, 109 IsdX1 acts 

as a hemophore by acquiring heme from hemoglobin then transporting it to IsdC. As an 
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efficient transporter, it would be beneficial for the holo-IsdX1 complex to be less stable 

than the holo-IsdC to kinetically drive the transfer of the heme molecule to IsdC.  

2.5.3 Transfer is kinetically favored and oxidation state dependent 

 The difference between the rates of heme dissociation of IsdX1 and IsdC could 

affect the transfer of heme and hemin between the proteins. The Isd system from 

Staphylococcus aureus does not contain a soluble hemophore, such as IsdX1 or IsdX2 from 

B. anthracis.110, 206 Instead of soluble hemophores, S. aureus utilizes IsdB and IsdH that 

acquire heme from hemoglobin and haptoglobin respectively.91, 92 IsdX2, IsdB, and IsdH 

consist of several NEAT domains that each have different properties in regards to protein-

protein interactions and heme binding, whereas IsdX1 only contains one NEAT domain 

that interacts with hemoglobin and binds heme.90, 92, 114, 116, 119, 121, 225, 226 Meanwhile, in 

several Gram negative pathogens, the hemophore HasA has very high affinity for hemin 

with a Kd ≤ 10-8 M, whereas IsdX1 has a Kd value in the µM range.84, 87, 90, 227 It should be 

noted that HasA does not directly interact with hemoglobin and IsdX1 does, so it is more 

beneficial for HasA to have tighter affinity for hemin as it is dependent upon hemin 

dissociation from hemoglobin.84, 88, 90 The ferric IsdX1 complex is highly stabilized against 

dissociation which complements the lesser stability of the methemoglobin complex 

compared to the ferrous hemoglobin complex, so we hypothesized that the oxidation state 

of the iron-heme atom may play a role in acquisition and transfer by IsdX1.  

Under similar conditions to measure the dissociation constant using H64Y/V68F 

Mb, the dissociation of ferrous heme from hemoglobin did not occur, while the dissociation 

of ferric hemin from hemoglobin occurred with koff of 0.01 min-1 for the α subunit and koff 

of 0.13 min-1 for the β subunit.64 To study if the rates of dissociation correlate with the 
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transfer of heme from hemoglobin to IsdX1 to IsdC, transfer was measured by mixing a 

ten molar excess of apo-protein with holo-protein and monitoring the Soret wavelengths 

and absorbance as the Soret wavelengths are dependent upon the hemoprotein (Table 2.2). 

Initially, the transfer was studied under oxidizing conditions to study the possible 

correlation between the stability of the ferric IsdX1 and IsdC complexes and transfer of 

ferric hemin. The transfer of ferric hemin occurred readily between methemoglobin to apo-

IsdX1 (Figure 2.11). Even though ferric holo-IsdX1 is highly stabilized against 

dissociation, ferric hemin is readily transferred from holo-IsdX1 to apo-IsdC (Figure 2.12). 

The rate of transfer of hemin from methemoglobin to apo-IsdX1 is five-fold slower than 

the transfer of hemin from holo-IsdX1 to apo-IsdC (Table 2.3). Transfer occurs quickly in 

the forward direction, which would impede hemoglobin from reacquiring hemin from 

IsdX1. As confirmation, the backward transfer of hemin from holo-IsdC to apo-IsdX1 was 

studied (Figure 2.13). The transfer of hemin from holo-IsdC to apo-IsdX1 occurs at a 10-

fold slower rate than the reverse transfer (Table 2.3). Based on Kd values, there is not a 

large thermodynamic drive for heme acquisition by IsdX1 and transfer to IsdC,90, 108 but 

the rates of transfer suggests that the transfer of hemin is kinetically favored.  

To determine the role of oxidation state on the acquisition and transfer of heme, 

transfer studies were repeated under reducing conditions in the presence of sodium 

dithionite, a strong reducing agent. The transfer of ferrous heme from holo-IsdX1 to apo-

IsdC occurred rapidly (Table 2.4). The rate of dissociation of ferrous heme from IsdX1 is 

more rapid than the rate of dissociation from IsdC, which could cause the rapid transfer to 

IsdC. For IsdA, IsdB, and IsdH, magnetic circular dichroism spectroscopy studies indicate 

that the heme iron becomes more open and accessible to solvent under reduction and the 
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ligating residues may change, but the proteins continued to bind the reduced heme.211, 221 

The homologous IsdC from S. aureus  has been crystallized and studied structurally by 

NMR spectroscopy; from those studies the 310-helix becomes more rigid upon binding of 

the porphyrin molecule.123, 125 Perhaps the 310-helix becomes more flexible upon reduction 

of hemin allowing further access to the heme-iron, which allows for the rapid transfer of 

heme from IsdX1 to IsdC.  

Acquisition of ferrous heme from hemoglobin to IsdX1 did not readily occur over 

a 15 hour period. This was anticipated due to the overall high stability of ferrous 

hemoglobin, and low stability of ferrous IsdX1 (Table 2.4).64 HasA is also unable to acquire 

heme from reduced hemoglobin, only from methemoglobin.84 IsdX1 most likely has a 

lower affinity for ferrous heme than hemoglobin as the hemoglobin-heme bond is near 

covalent. Therefore if any transfer does occur, the transfer back to hemoglobin will most 

likely occur, so that no net heme movement will occur. Ferrous IsdX1 is not as stable as 

the ferrous hemoglobin complex, which would also cause the backward transfer from 

IsdX1 to hemoglobin to occur rapidly. Methemoglobin forms readily extracellularly, often 

dissociating into dimers.57, 58 The transfer of hemin from methemoglobin has been 

measured with many proteins from hemophores such as Shr to serum proteins such as 

human serum albumin.89, 228 As with other proteins, for heme-iron acquisition by IsdX1, 

hemoglobin must be oxidized to methemoglobin. The extracellular concentration of free 

hemoglobin is low unless erythrocytes are lysed. Wu, et al. found that anthrax protective 

antigen indirectly causes hemolysis with a correlative increase of hemoglobin 

concentration in plasma.229 Therefore, upon anthrax infection, IsdX1 can extract hemin 

from the increased amount of free methemoglobin in the blood.  
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2.6 Conclusions 

Based on the kinetics of acquisition and transfer of hemin/heme from hemoglobin 

to IsdX1 then to IsdC, a model of acquisition is proposed as shown in Figure 2.15. This 

study suggests that an initial oxidation step must occur to form methemoglobin before 

IsdX1 can acquire the iron-hemin molecule. IsdX1 then rapidly transfers the ferric hemin 

molecule to IsdC for transfer into the cell, which is favored kinetically. IsdX1 and IsdC 

may act as opportunistic hemophores and hemoproteins as both still bind ferrous heme. 

IsdX1 is unable to acquire ferrous heme from hemoglobin, but if acquired elsewhere will 

transfer heme to IsdC as well. This study further elucidates the mechanism of heme 

acquisition and transfer by IsdX1 from methemoglobin to IsdC in B. anthracis. For future 

studies, the protein-protein interactions between IsdX1 and IsdC during transfer will be 

probed. 
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Figure 2.15. Model for oxidation state dependent heme acquisition by IsdX1. IsdX1 

(dark purple) is able to acquire hemin from methemoglobin (orange and red, shown as a 

heterodimer), or binds free heme and hemin in solution. Once IsdX1 is bound to hemin or 

heme, it transfers the heme molecule to IsdC (blue) for further relay into the cell. IsdDEF 

(magenta) act together to transport the heme moiety into the cell, where IsdG (green) 

degrades the porphyrin ring to release free iron. Heme and hemin are shown as red 

diamonds. 
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CHAPTER 3: THE IN VIVO ROLE AND INTERACTIONS OF PERIPLASMIC 

CUSF IN ESCHERICHIA COLI 

3.1 Abstract  

 Upon metal stress, bacterial organisms must detoxify the metal often by exporting 

the excess metal. During copper and silver stress, Escherichia coli utilizes the CusCBA 

system to export Cu+ and Ag+ from the periplasm out of the cell. Along with CusCBA, the 

periplasmic protein CusF may be involved in metal resistance. This chapter focuses on the 

investigation of CusF in vivo during copper stress. These results indicate that cusF affects 

both cell viability and intracellular copper accumulation. An in vivo interaction between 

CusF and CusB was also measured. Additionally, this study has provided evidence for an 

alternative promoter that controls expression of cusB.  
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3.2 Introduction 

 Metal ions have antimicrobial properties that are utilized to prevent the spread of 

bacterial infections; this is an especially important endeavor as multidrug resistant bacteria 

are on the rise. Resistance nodulation division (RND) systems are commonly utilized by 

bacteria to resist antibiotic compounds, including heavy metals. Escherichia coli has 

several RND systems, but only expresses one metal-resistant RND system, the Cus system, 

which exports Cu+ and Ag+ ions from the periplasm. The Cus system consists of a tripartite 

pump that spans the inner and outer membranes and an additional periplasmic protein, 

CusF. The tripartite pump consists of CusA, CusB, and CusC. CusA is the inner membrane 

RND transporter, CusB is a periplasmic adaptor protein, and CusC is an outer membrane 

channel (Fig 3.1). However, the exact in vivo role of CusF is still unknown. Similar 

resistance systems include Czr, Cnc, Ncc, and Sil, which are all heavy metal RND systems. 

Czr, Cnc, and Ncc are responsible for Co2+, Zn2+, Cd2+, and Ni2+ resistance.230 The Sil 

system is a plasmid-encoded system responsible for silver resistance.171 Of these systems, 

the Sil system includes a protein homologous to CusF, known as SilF, which has high 

sequence identity to CusF (63%). When silF is deleted from the plasmid, silver resistance 

is decreased similarly to when cusF is deleted from the E. coli genome171, 188, however, the 

in vivo role of SilF is also unknown. 

In vitro studies demonstrate that CusF can act as a metallophore with specific 

binding to Cu+ or Ag+. CusF is monomeric both with and without metal, and binds only 

one Cu+ or Ag+ ion per monomer.197 CusF has negligible Cu2+ binding based on isothermal 

titration calorimetry and NMR studies, with a Kd larger than 25 µM versus nM for Cu+ and 

Ag+.197 CusF binds to Ag+ more tightly than Cu+,197 though this is unsurprising as Ag+ has  
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Figure 3.1. Export by the Cus system of E. coli. CusA, in red, is located in the inner 

membrane. CusA utilizes the proton gradient across the inner membrane to pump Cu+ or 

Ag+ ions (blue circles) from the periplasm out of the cell. CusC, in blue, spans the outer 

membrane acting as a channel for the metal ion through which the metal ion can exit the 

cell. CusB (green) is the periplasmic adaptor protein that interacts with CusA and CusC. 

CusF (orange) binds Cu+ and Ag+ ions and acts as a metallochaperone within the periplasm.  
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tighter affinity for ligands than Cu+. CusF ligates the metal ion by a structurally unique 

binding site, utilizing a two methionine residues and a histidine residue, capped by a 

tryptophan (Fig 3.2).196 CopZ is a functionally similar protein from Enterococcus hirae 

that acts as a copper chaperone in the cytoplasm;231 CopZ utilizes cysteine residues as 

copper binding ligands, which is common in other copper binding proteins, such as 

Atx1.232, 233 Meanwhile, CopZ and CusF have low sequence identity, 16%, and are within 

different cellular environments. The periplasm is a more oxidizing environment than the 

cytoplasm, so the thioester of methionine residues of CusF are better suited ligands than 

thiolates in the periplasm. The tryptophan capping residue is unique to CusF and 

participates in a π-cation interaction (Fig 3.2).195 This residue was shown to protect the 

metal ion from oxidation.195  

Initially, it was hypothesized that CusF could aid in copper/silver resistance by 

simply removing free metal ion as a metallophore, but several studies indicate further roles 

as a metallochaperone. CusF is expressed within the cus operon as a tetracistronic mRNA, 

cusCFBA (Fig 3.1).168 As cusF is expressed with the genes for the CusCBA pump, its 

interaction with the pump was studied. CusF and CusB interact in a metal-dependent 

manner to transfer metal between them. CusF and CusB only interact when one is metal 

bound and the other is apo-form.198, 199 Furthermore, homologous SilF does not interact 

with CusB, which indicates a specific interaction between CusF and CusB.198 A further 

study utilizing X-ray spectroscopic techniques demonstrated that CusB does not transfer 

metal to CusA, but in the presence of holo-CusB, CusF also transfers metal to apo-CusA.200 

Once transfer from holo-CusF to apo-CusA occurs, transfer then occurs from CusB to  
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Figure 3.2. Cartoon depiction of CusF bound to silver ion. In blue are the four residues 

involved in metal binding, H36, M47, M49 and W44. PDB 2QCP.196 
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CusF.200 This study showed that CusB acts as a switch to allow transfer from CusF to CusA; 

CusF transfers metal to CusB and CusA, while also accepting metal from CusB.  

The Cus system exports Cu+ and Ag+ ions from the periplasm out of the cell, whereas a 

separate protein, CopA, is responsible for the export of ions out of the cytoplasm; CusF 

may act as metallochaperone between CopA and CusCBA. CopA is a P-type ATPase that 

is specific for Cu+ or Ag+ much like the Cus system; it is essential for copper resistance.151, 

152, 155 In vitro, CusF interacts with CopA in a metal dependent manner.201 The transfer of 

Cu+ from CopA to CusF is dependent upon the ATPase activity of CopA.201 Furthermore, 

this interaction is specific between E. coli CopA and E. coli CusF, as transfer did not occur 

between E. coli CopA and CopZ.201 This study indicates CopA releases metal ion to CusF 

upon ATP hydrolysis, so that CusF may deliver metal to the CusCBA pump.  

Additionally, CusF may attenuate the activation of CusR by CusS, thereby 

controlling its own expression by the cusCFBA activator CusR. CusS and CusR are a two-

component Cu+/Ag+ sensory and signaling system; CusS is a dimeric histidine kinase that 

auto-phosphorylates that then phosphorylates its partner, CusR.183 CusR recognizes the 

promoter region in front of cusRS and cusCFBA (Fig 3.1), acting as an activator.168 CusS 

is localized to the inner membrane, but may sense and bind copper and silver ions in its 

periplasmic domain.182 The expression of cusCFBA is dependent upon the presence of 

CusS and is metal-dependent.184 It is hypothesized that when there is excess Cu+ or Ag+, 

CusS binds metal, which causes a conformational change that induces the phosphorylation 

relay to activate the transcription of cusCFBA, so that CusCFBA will act to export the 

excess Cu+ or Ag+ ions. NMR studies indicate that CusS interacts with CusF to transfer 

metal to CusF; this may turn off the expression of cusCFBA when there is no longer an 
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excess of metal.(Gudipaty & McEvoy, unpublished) These in vitro data indicate an 

important role for CusF as a metallochaperone in the periplasm connecting cytoplasm 

export to periplasm export and attenuating cellular gene expression that is under metal 

control (Fig 3.3).  

Expression profiles and genomic knockout strains support the in vitro data that 

indicate that CusF plays an important role in metal resistance. In two separate microarray 

studies, cusF expression was greatly increased in the presence of copper;157 in fact cusF 

was the only cus gene identified to be upregulated in the presence of excess copper in a 

study by Kershaw et al.156 This was confirmed by RT-PCR that determined that cusF had 

the greater fold induction as compared to copA.156 By creating a ΔcusF knockout, copper 

resistance decreased, but was not as pronounced as other Δcus knockout strains.188 

Furthermore, a silver-resistant strain of E. coli was found to rely on the constitutive 

expression of cusF and cusB, due to a point mutation in cusS.170, 171 These studies suggest 

the presence of a separate promoter upstream of cusF after cusC, as the silver-resistant 

strain only had constitutive expression of cusF and cusB, and cusF induction was 

measured, while cusCBA were not.  

In this study, the possible interactions and roles of CusF identified by previous in 

vitro studies are probed in vivo. The in vivo interaction between CusF and CusB in the 

presence of excess copper has been identified. The phenotype of cus knockouts were 

verified. Furthermore, this study supports the hypothesis that cusF may have a secondary 

promoter.
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Figure 3.3. Model for the role of CusF in copper homeostasis in Escherichia coli. CopA transports copper across the inner 

membrane into the periplasm. CusF and CopA interact as copper is transferred from CopA to CusF. CusF transfers copper to 

and from CusB, which allows for CusA to accept copper from CusF. Without metalation of CusB, CusA is unable to accept 

copper from CusF. CusF interacts with the sensor domain of CusS. Copper ions are shown as blue circles.  
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3.3 Materials and Methods  

3.3.1 Construction of cell lines and expression plasmids 

List of cell strains used is in Table 3.1. List of primers used is in Table 3.2. List of 

plasmids used is in Table 3.3. Knockout strains were constructed using lambda-red 

recombinase technology, as described by Datsenko and Wanner.234 The cat gene or aph 

gene was PCR amplified with FRT sites from plasmids pKD3 or pKD4, and flanking 

regions from primers corresponded to the gene to be deleted from the genome. This linear 

DNA was electroporated into cells with the pKD46 plasmid, containing lambda-red 

recombinase. The antibiotic cassette was removed from the genome using FLP expressed 

from pCP20. Deletion of genes was verified by PCR amplification of the region and 

digestion. PCR product was digested with endonucleases that would specifically cut the 

target gene. The digestion products on a 1% agarose gel. To construct ECP14, cusF was 

deleted from GR1. To construct ECP16, cueO was deleted from BW25113. Construction 

of ECP17-22 was performed by deleting the respective genes from ECP16. Removal of 

antibiotic cassettes was not performed in ECP16 through ECP22.  

3.3.2 Determination of copper susceptibility  

To study copper susceptibility, cell survival was measured for Δcus strains in the 

presence of CuCl2. Pilot cultures were grown for 14 to 16 hours at 37°C in LB. Cultures of 

4 mL LB were inoculated with 40 µL pilot cultures and shaken at 37°C until OD600nm ≥ 

0.7. Cultures were normalized to OD600nm of 0.70. A serial dilution was created from this 

normalized culture of 1:10 down to 10-7 dilution of the normalized parent culture, as shown 

in Table 3.4. Based on cfu/mL determination, an OD600nm of 0.7 correlates to 108 cfu/mL. 

These eight cultures were plated two times each in 10 µL aliquots on LB agar with  
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Table 3.1. Cell strains used in this study. 

Cell strain Genotype Relevant genotype Source 

W3110 E.coli K12 λ-, IN(rrnD-rrnE)1, rph-1 parental 
Lab 

stock 

GR1 W3110 ΔcueO  Wild-type 154 

GR10 W3110 ΔcueO ΔcusCFBA GR1 ΔcusCFBA 154 

GR15 W3110 ΔcueO ΔcusA GR1 ΔcusA 154 

EC950 W3110 ΔcueO ΔcusB GR1 ΔcusB 188 

EC951 W3110 ΔcueO ΔcusC GR1 ΔcusC 188 

EC933 W3110 ΔcueO ΔcusF GR1 ΔcusF 188 

ECP14 W3110 ΔcueO ΔcusF GR1 ΔcusF 
this 

study 

ECP27 W3110 ΔcueO cusF(G207/213C)-cat GR1 cusF-G207/213C 
this 

study 

ECP24 W3110 ΔcueO ΔcusCp GR1 ΔpcusC 
this 

study 

ECP25 W3110 ΔcueO ΔcusFp GR1 ΔpcusF 
this 

study 

BW25113 

E. coli K12 Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ-, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

Parental strain 234 

ECP16 BW25113 ΔcueO::cat Wild-type 
this 

study 

ECP17 BW25113 ΔcueO::cat ΔcusF::aph ECP16 ΔcusF 
this 

study 

ECP19 BW25113 ΔcueO::cat ΔcusCFBA::aph ECP16 ΔcusCFBA 
this 

study 
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 Table 3.2. List of primers used in this study to delete genes from E. coli 

 

 

  

Gene deleted forward primer reverse primer 

cusF 

ATGAAAAAAGCACTGCAAG

TCGCAATGTTCAGTCTGTTT

ACCGTTATTGGCGTGTAGGC

TGGAGCTGCTTC 

TTACTGGCTGACTTTAATATCCTGTAA

TAAAGAAAGGTTGCCCTGCTGGAATG

GGAATTAGCCATGGTCC 

cusCFBA 

ATGTCTCCTTGTAAACTTCT

GCCATTTTGTGTGGCCCTTG

CGCTAACCGGTGTGTAGGCT

GGAGCTGCTTC 

TCCACACGGTTAAACGGGGTATCCTG

CTTTTATTTCCGTACCCGATGTCGATG

GGAATTAGCCATGGTCC 

cueO 

ATGCTCAACGTTTGATTTTG

TTTCGCCTGCTTAAGAATAA

GGAAATAACTGTGTAGGCT

GGAGCTGCTTC 

ATCAGTTTAATGCCCGGAGAGATCCG

GGCATATTTCCGAATACGGTCTTTATG

GGAATTAGCCATGGTCC 

cusF::cusF-cat 

CTGCAACTCGAATTATTTAG

AGTATGACTTTTAACTCCAG

GAGAGAATAAATGAAAAAA

GCACTGCAAGT 

 

ATCATGCTGCCGATAATAAGCGCGAT

TTTTTTCATCTCATTAAACCTGGGATG

GGAATTAGCCATGGTCC 
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Table 3.3. Plasmids used in this study.  

Plasmid  Relevant Genotype Source  

pUC19   ThermoScientific 

pUC-cusF full length cusF  Lab stock 

pBAD    ThermoScientific 

pBAD-cusFs full length cusF with C-terminal strep tag   This study 

pASKIBA3    IBA 

pASK-cusF full length cusF  Lab stock 

pASK-cusFs full length cusF with C-terminal strep tag   Lab stock 

pET22B    Novagen 

pET-cusF full length cusF  Lab stock 

pECD735 

Full length cusF with C terminal strep tag 

and point mutations G207/213C 
188 

pASK-cusFm-cat pECD735 with cat gene after cusF This study 
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Table 3.4. Conversion between score, cfu/mL at that specific dilution spot and 

corresponding % cell survival.  

Score cfu/mL % cell survival 

8 10-1 100 

7 100 100 

6 101 10 

5 102 1 

4 103 0.1 

3 104 0.01 

2 105 0.001 

1 106 0.0001 

0 - 0 
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increasing CuCl2 concentrations ranging from 0 to 3.25 mM. Plates were incubated for 15 

to 17 hours at 37°C then scored based on survival at each dilution spot on each plate. All 

cell strains were tested a minimum of three replicates. As the last dilution culture has an 

estimated 101 cfu/mL, plated is only 10-1 cfu, and in the seventh dilution spot, plated is 100 

cfu; 100% growth was measured as growth out to the seventh and eighth dilution spots.  

3.3.3 Determination of intracellular copper concentration  

 Intracellular copper concentrations were measured for Δcus strains after copper 

stress. Pilot cultures were grown at 37°C for 14 to 16 hours, then diluted 1:100 into fresh 

LB media. These cultures were grown at 37°C until OD600nm was 0.6 to 0.8, at which point 

cells were given 1 mM CuCl2, 2 mM CuCl2,, or no copper as a control. All cell cultures 

were grown for an additional 4 hours at 37°C. The OD600nm measurements were collected 

for each culture to be used for normalization. Cell aliquots were then prepped for cfu/mL 

measurements, Western blot analysis of CusFBA levels, or atomic absorbance 

spectroscopy. 

Cells used for Western blot analysis were harvested in 2 mL aliquots by 

centrifuging at 5000 rpm for 10 minutes. Pellets were resuspended in Bugbuster Master 

Mix (EMD Millipore) and PMSF. The volume of Bugbuster added equaled the final 

OD600nm x 100 µL. The resulting cell lysate was used for Western blot analysis as described 

below.  

Cell analyzed by atomic absorbance spectroscopy were aliquoted so that the 

OD600nm = 0.7 in a 1 mL volume. Pellets were resuspended and washed in 1X PBS + 2 mM 

EDTA to remove extracellular metal, three times. Pellets were dried by speed-vac at 75°C 

for two hours. To each dried pellet, 1 mL 70% trace metals nitric acid was added to 
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mineralize cells and heated at 70°C for 2 hours. Samples were then diluted to a final 5% 

nitric acid concentration with nano-pure water. These samples were run on a 

ThermoScientific graphene furnace iCE3000 atomic absorbance spectrophotometer, with 

a standard calibration curve with a copper standard (final R2 ≥ 0.95). Samples were run 

three times each and averaged for analysis.   

3.3.4 In trans complementation 

 As verification, the ability of plasmid expressed cusF to complement the ΔcusF 

phenotype, copper susceptibility was determined. Copper susceptibility was measured as 

described above. Pilot cultures and parent cultures were grown in LB media with 100 

µg/mL ampicillin, and parent cultures were grown to OD600nm ≥ 0.8 rather than 0.7. 

Cultures were normalized to OD600nm of 0.80. Dilutions were created as above. For 

expression from pUC and pET plasmids, dilutions were plated onto LB agar with 100 

µg/mL ampicillin and 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) with CuCl2 

concentrations ranging from 0 to 3 mM. For expression from pASK plasmids, dilutions 

were plated onto LB agar with 100 µg/mL ampicillin and 200 µg/L anhydrotetracycline 

(AHT) (dissolved in dimethylformamide) with CuCl2 concentrations ranging from 0 to 3 

mM. For pBAD plasmids grown on LB plates, dilutions were plated on LB agar with 100 

µg/mL ampicillin and 0.2 % arabinose (w/v) and a range of CuCl2 from 0 to 3 mM. For 

pBAD plasmids in minimal media, dilutions were plated on modified M63 agar media: 

M63 salts, 1 mM MgSO4, 0.2% glycerol, 0.5 µg/mL thiamine, 0.1% casamino acids, and 

0.2% to 0.8% arabinose (w/v). The minimal inhibitory CuCl2 concentration decreases in 

minimal media, so the CuCl2 concentration ranged from 0 to 500 µM.  
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3.3.5 Insertion of cusF-G207/213C into genome 

 Primers used are listed in Table 3.3, while plasmids are listed in Table 3.2. Plasmid 

pASK-cusF(G207/213C), known as pECD735, was utilized,.188 Previously, these two 

point mutations were introduced into full length cusF with a C-terminal region encoding a 

strep tag. The gene cat was amplified from pKD3234 with enzyme cut sites in the flanking 

region of the primers that correspond to cut sites recognized by PstI and HindIII. The gene 

cat was inserted into the plasmid pECD735 utilizing these cut sites, which are located in 

between cusF and the region encoding the strep tag. The cat gene is transcribed in the 

opposite direction from cusF. This new plasmid construct was confirmed by DNA 

sequencing. The corresponding cusF(G207/213C)-cat was inserted into the genome of 

GR1 as described above in 3.3.1. This was confirmed by PCR amplification of this region 

on the genome, and the PCR product was sent for sequencing as additional verification. 

This strain was named ECP27 (Table 3.1).  

3.3.6 In vivo crosslinking  

 To identify an in vivo interaction between CusF and CusB, chemical crosslinking 

was performed and detected by Western blot analysis. Initially, one pilot culture of ECP14 

with pBAD-cusFs was grown at 37°C for 14-16 hours in LB with 100 µg/mL ampicillin 

and 0.11 mM glucose. Two 1 L cultures of LB with 100 µg/mL ampicillin were inoculated 

1:50 with the same pilot culture of ECP14 with pUC-cusFs. These two cultures were 

shaken at 37°C until OD600nm = 0.6 to 0.8. Both cultures were given 0.2% arabinose to 

induce expression of cusFs, and one culture was given 0.5 mM CuCl2 to induce the 

expression of the cus operon. The cultures were then grown for an additional 4 hours at 

37°C. The cultures were split into two 500 mL cultures, resulting in four samples. Cells 
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were harvested by centrifuging at 5000 rpm for 10 minutes. Each pellet was washed in 1X 

PBS three times. The pellets were resuspended into 100 mL 1X PBS. To one culture grown 

without CuCl2 and one culture grown with CuCl2, 2 mM disuccinimidyl suberate (DSS) 

(Thermo Scientific Pierce) dissolved in DMF was added, and to the remaining two cultures, 

an equivalent volume of DMF was added without chemical crosslinker.The final four 

samples are 1) CuCl2 and DSS, 2) CuCl2, 3)DSS, and 4) neither.  All four were shaken at 

room temperature for 30 minutes, the reaction was then quenched with 20 mM Tris pH=7.5. 

Cells were harvested by centrifuging at 5000 rpm for 20 minutes, and stored at -20°C.  

3.3.7 Purification of crosslinked protein samples  

 Pellets from chemical crosslinking were lysed by lysing the outer membrane and 

maintaining the spheroplasts with lysozyme and sucrose, as described by Imperi et al.235 

Spheroplasts were discarded and the periplasm fraction was used for purification of CusF 

and CusB. The periplasmic fraction was loaded onto Strep-Tactin Sepharose column (IBA) 

and washed with Buffer W (100 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA, 5 mM 

DTT). Protein was eluted with Buffer E (100 mM Tris pH 8.0, 150 mM NaCl, 1 mM 

EDTA, 5 mM DTT, 2.5 mM desthiobiotin). Fractions containing protein were collected 

and concentrated using 3 kDa molecular weight cutoff Amicon concentrators (Millipore).  

3.3.8 Growth of E. coli in the presence of copper for Western blot analysis 

 To study the protein levels after copper stress, cells were grown with metal and 

proteins detected by Western blot analysis. Pilot cultures were grown overnight in LB 

media with 100 µg/mL ampicillin. Pilot cultures were diluted 1:100 in LB with 100 µg/mL 

ampicillin, or M63 media where specified. When cells reached an OD600nm of 0.6 to 0.8, 

cells were induced with CuCl2 and 1 mM IPTG for plasmids pUC, pASK, and pET or 0.2% 
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arabinose for pBAD plasmids. For promoter deletion studies, pilot cultures were grown in 

the absence of ampicillin, then diluted 1:100 in LB. When cells reached an OD600nm of 0.6 

to 0.8, cells were induced with 0.5 mM CuCl2. After induction, all cells were grown for an 

additional 4 hours then the final OD600nm was measured. Cell pellets were harvested by 

centrifuging at 5000 rpm for 10 minutes. Pellets were resuspended into Bugbuster Master 

Mix (EMD Millipore) and PMSF for cell lysis. The volume of Bugbuster added was 100 

µL x final OD600nm measurement. These samples were used for Western blot analysis.  

3.3.9 Western blot analysis  

 Samples were run on 12 % SDS PAGE, then transferred onto PVDF membrane. 

Membranes were blocked in 1X PBS + 0.5% Tween 20 + 3% powder milk. Cus proteins 

were detected by immunoblotting, with anti-CusF, anti-CusA or anti-CusB primary 

antibody from rabbit (Lampire Biological Laboratories). An anti-rabbit goat secondary 

antibody IR dye was used for detection (IRDye 800CW goat anti-rabbit IgG, Li-COR). 

Membranes were imaged with a LiCOR Odyssey instrument at 800 nm.  

3.3.10 Homology modelling of SilF  

 A model of SilF was created using SWISS-MODEL236 with CusF as the template, 

pdb 2QCP.196 
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3.4 Results  

3.4.1 The cusCFBA genes are all essential for full cell survival in the presence of 

copper  

 In a previous study, the minimal inhibitory concentrations (MICs) were determined 

for Δcus strains.154, 188 MIC values are dependent upon media and dilution factors utilized, 

so in this study copper resistance was determined by determination of the percent cell 

survival at different copper concentrations. Serial dilutions on stationary cells were created 

correlating to 106 cfu to 100 cfu (Table 3.4); to determine cfu, cfu/mL was determined for 

cells at an optical density of 0.7. The series of dilutions were plated on LB agar with various 

CuCl2 concentrations, then scored accordingly for percent cell survival at each copper 

concentration. The parental strain was E. coli strain K-12 W3110. However, to study Δcus 

phenotypes, ΔcueO knockout strains were used as the background strain. CueO is a 

multicopper oxidase in the periplasm that detoxifies copper by oxidizing Cu+ to less toxic 

Cu2+.159 In the presence of cueO, ΔcusCFBA phenotype cannot be determined based on 

MIC values,154 as CusCBA transports Ag+/Cu+.187 CueO is not functional in the absence of 

O2, but anaerobic studies are difficult to implement. The deletion of cueO does not greatly 

affect the overall copper tolerance under these conditions, as can be seen in the comparison 

of growth for W3110 and GR1 (ΔcueO) (Fig 3.4).  

 By deleting the cusCFBA operon, cell survival is dramatically decreased under 

copper stress. Cell survival is reduced beginning at 1.25 mM added CuCl2 for ΔcusCFBA 

(Fig 3.4). The phenotypes of ΔcusA and ΔcusB are the same as the full ΔcusCFBA 

phenotype, indicating an essential role for both. In vitro studies demonstrate that CusA is 

the active RND transporter,187 and CusB acts as the switch to allow CusA to pump metal  
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Figure 3.4. Cell survival of cus knockout strains in E. coli K12 W3110 ΔcueO in the 

presence of cupric chloride. Error bars indicate standard deviation of triplicate 

experiments. Concentration of cupric chloride is the concentration added to the media. 

  

0.0000

0.0001

0.0010

0.0100

0.1000

1.0000

10.0000

100.0000

0 0.5 1 1.5 2 2.5 3

%
 C

el
l 

S
u
rv

iv
al

Concentration cupric chloride, mM

W3110 GR1 ΔcusCFBA ΔcusA

ΔcusB ΔcusC ΔcusF



123 

 

ion,200 so these phenotypes are supported by in vitro findings. The ΔcusC strain is 

negatively affected also at 1.25 mM CuCl2, with a more marked decrease in cell survival 

at 1.5 mM CuCl2; but is not as detrimental as ΔcusA or ΔcusB (Fig 3.4). This effect is 

studied further in Chapter 4. The strain ΔcusF also experiences a decrease in cell survival 

at 1.5 mM CuCl2, but much like ΔcusC is not as detrimental to cell survival under copper 

stress as ΔcusCFBA until cells are grown with 2.5 mM CuCl2. This indicates that CusF 

may have an important role during copper export.  

3.4.2 CusCFBA all affect intracellular copper concentrations  

 Intracellular copper concentrations of cells stressed with CuCl2 were measured by 

graphene furnace atomic absorbance spectroscopy on whole cells. Cells were grown in LB 

media and supplemented with 1 mM CuCl2 or 2 mM CuCl2. After growth, cultures were 

normalized to an OD600nm of 0.7, which correlates to 108 cfu/mL; this cfu/mL value was 

confirmed for cells after copper stress. Initially, the intracellular copper levels were 

measured in the absence of excess copper. All Δcus strains had indistinguishable copper 

levels grown in LB media, as determined by ANOVA statistical analysis. This result is 

anticipated as the cus operon is not transcribed without excess copper,168 so regardless of 

the presence or absence of cus genes, the intracellular copper level should remain the same. 

Moreover, the amount of intracellular copper is estimated to be in the nM range, which 

equates to about 106 copper atoms per cell. 

Phenotypic differences arise under conditions of excess copper in Δcus strains. The 

intracellular copper concentration increases after growth in 1 mM CuCl2 (Fig 3.5), even 

though cell survival is not negatively affected at this copper concentration in LB media 

(Fig 3.4). All Δcus strains have an increased accumulation compared to GR1 (Fig 3.5),  
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Figure 3.5. Intracellular copper concentrations of Δcus knockout mutants. The 

amount  of intracellular copper (in nanograms) was determined for cells with an OD600 = 

0.7, which correlates to 108 cfu/mL. The concentration of copper at 0 mM added CuCl2 

(red), 1 mM added CuCl2 (gray) and 2 mM added CuCl2 (blue) are shown. * indicates 

significant difference from GR1 with p ≤ 0.05.   
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strains ΔcusCFBA, ΔcusF, ΔcusC, and ΔcusA are statistically significant from GR1 (p ≤ 

0.05), while ΔcusB is not (p = 0.08). Moreover, the knockout strains are not statistically 

different from one another. The strains ΔcusCFBA, ΔcusA, ΔcusB have a greater effect on 

cell survival at higher copper concentrations (Fig 3.4), but from this data, all Cus proteins 

have a similar effect on intracellular copper accumulation.   

The intracellular copper levels further increase after growth with 2 mM CuCl2 (Fig 

3.5). All Δcus strains have statistically different intracellular copper levels from GR1 (p ≤ 

0.05). This correlates to cell survival phenotypes, in which all Δcus strains have a marked 

decrease from GR1 (Fig 3.4). The Δcus strains at 2 mM CuCl2 are not significantly 

different from one another (p > 0.1). Overall, this indicates that by removing Cus proteins, 

an increase in intracellular copper concentration occurs; this accumulation most likely 

contributes to the decrease in copper tolerance. Intracellular copper concentrations do not 

directly correlate to free copper levels, so it is possible that in strains ΔcusC and ΔcusF the 

remaining Cus proteins are saturated with copper, thereby decreasing the effects of copper 

toxicity even though the cells have higher overall copper levels.  

As a control measure, CusF, CusB and CusA levels were measured by Western blot 

analysis after growth in 1 mM or 2 mM CuCl2. After growth, cells were either prepped for 

atomic absorbance spectroscopy or for Western blot analysis. Previous Western blot 

analysis on Δcus strains focused on the minimal copper concentrations for induction of the 

cus operon, versus at higher copper concentrations that affect cell viability. To ensure that 

phenotypes were due to the deletion of a cus gene and not due to reduction in other Cus 

protein levels, protein levels were measured. At 1 mM CuCl2, levels of CusB, CusF and 

CusA were equivalent among the strains (Fig 3.6). At 2 mM CuCl2, the levels of CusB,  
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A) 

 

B) 

 

C) 

 

Figure 3.6. Western blot analysis of whole cell lysate after growth in 1 mM CuCl2. A) 

Immunoblot detection by anti-CusB antibody. B) Immunoblot detection by anti-CusA 

antibody. C) Immunoblot detection by anti-CusF antibody. Arrows indicate bands of 

interest. CusB has two bands, due to a cytoplasmic fraction that retains the signal 

peptide.(George Thompson & McEvoy, unpublished data)   
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CusF, and CusA again were equivalent among the strains (Fig 3.7). Western blot analysis 

demonstrates that Cus protein expression is unaltered at these higher copper concentrations 

and copper accumulation cannot be attributed to altered expression of remaining Cus 

proteins in Δcus strains. 

3.4.3 CusF and CusB interact in vivo  

 To study the intracellular role of CusF, in vivo crosslinking was performed between 

CusF and CusB. CusF was expressed from a controllable plasmid (pBAD) as full length 

protein with a C-terminal strep tag (CusFs) and the signal peptide was included in the gene 

construct to ensure that CusF was properly translocated to the periplasm. Cells were grown 

with and without copper and induced to express CusFs; cells without copper addition will 

not express CusB. After growth, a membrane permeable crosslinker, DSS, was added to 

half of the cells grown in copper and half of the cells grown without copper, to have four 

sets of cells: +Cu/+DSS, +Cu/-DSS, -Cu/+DSS, and –Cu/-DSS. The cells lysate was run 

over Strep-Tactin Sepharose, thereby purifying CusFs with any and all proteins chemically 

crosslinked to only CusFs. Samples were analyzed by Western blot analysis with detection 

of CusF and CusB by anti-CusF and anti-CusB antibodies (Fig 3.8A and B). CusB was 

purified with CusFs, indicating an in vivo interaction between the two proteins.  

In vivo crosslinking may occur between two proteins when both are near one 

another, which can be artificially forced when one protein is overexpressed from a plasmid. 

As a control, arabinose concentrations were tested to ensure that CusFs was not artificially 

high due to its expression from pBAD plasmid (Fig 3.9). CusF expression from the genome 

is unaltered in various arabinose concentrations in GR1. Meanwhile, at 0.2% arabinose,  
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A) 

 

B) 

 

C) 

 

Figure 3.7. Western blot analysis of whole cell lysate after growth in 2 mM CuCl2. A) 

Immunoblot detection by anti-CusB antibody. B) Immunoblot detection by anti-CusA 

antibody, arrow indicates band of interest. C) Immunoblot detection by anti-CusF antibody. 

Arrows indicate bands of interest.CusFs levels from pBAD-cusFs are equivalent to CusF  

  



129 

 

A) 

 

B) 

 

Figure 3.8. Chemical crosslinking between CusB and CusF. Detection of chemical 

crosslinking of CusF-strep. A) Western blot analysis with anti-CusB antibody. B) Western 

blot analysis with anti-CusF antibody.  
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Figure 3.9. Western blot analysis of expression of CusF in GR1 strains from pBAD 

plasmid. Cell lysate after growth with 250 µM CuCl2. Percentage values indicate the 

amount of arabinose added to cells to induce expression from pBAD. Arrow indicates band 

of interest. 
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levels expressed from the genome; this was the arabinose concentration used during 

chemical crosslinking. 

3.4.4 In trans complementation of cusF does not occur in E. coli W3110 ΔcueO 

ΔcusF or BW25513 ΔcueO ΔcusF 

 Two strains were created and utilized to test the effect of ΔcusF on survival of E. 

coli in the presence of copper: GR1 ΔcusF and ECP16 ΔcusF (Table 3.1). Initially, EC933 

was used, but a Western blot analysis indicated a lower expression of CusB due to the 

upstream ΔcusF (Fig 3.10). In trans complementation was initially performed with pUC-

cusF in GR1 ΔcusF (Fig 3.11) and showed a minimal effect that was not significantly 

different from GR1 with empty vector. Based on Western blot analysis, the expression of 

CusF from the pUC-cusF plasmid is very low; pUC19 is a low expression plasmid that 

cannot be altered to increase expression levels (Fig 3.12). Complementation was then 

performed with pBAD-cusFs in GR1 ΔcusF (Fig 3.13), as CusF was detected at 0.2% and 

0.02% arabinose in GR1 ΔcusF (Fig 3.12). The in trans complementation was not 

reproducible and pBAD-cusFs did not complement GR1 ΔcusF (Fig 3.13). pBAD is a high 

expression vector with an expression level that can be altered by changing the 

concentration of the inducer, arabinose.237 The vector pBAD relies on promoter BAD of 

araBAD and its regulatory gene araC; AraC represses the operon in low amounts of cAMP, 

or high concentrations of glucose, while becoming an activator in the presence of 

arabinose.237 Even by changing the concentration of arabinose, in trans complementation 

did not occur. W3110, the parental strain of GR1 ΔcusF, is araD+, which metabolizes 

arabinose and is controlled by the same promoter as the pBAD vector as a part of the  
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Figure 3.10. Expression of CusB from original Δcus strains. Western blot analysis on 

whole cell lysate after growth with CuCl2. ΔcusF strain is EC933,188 in which the ΔcusF 

altered CusB levels. Arrow signifies band of interest. 
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Figure 3.11. Cell survival of GR1 ΔcusF with pUC-cusFs in the presence of cupric 

chloride. Error bars indicate standard deviations of triplicate experiments.  
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Figure 3.12. Western blot analysis of CusF expression from plasmids pUC and pBAD. 

Membranes were immunoblotted with anti-CusF antibody. A) Cell lysate after growth with 

250 µM CuCl2. Percentage values indicate the amount of arabinose added to cells to induce 

expression from pBAD. Arrow signifies band of interest. 
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Figure 3.13. Cell survival of GR1 ΔcusF with pBAD-cusFs in the presence of cupric 

chloride. Error bars indicate standard deviations of triplicate experiments.  
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araBAD operon. Therefore, the expression from the pBAD vector is variable and leads to 

irreproducible expression of cusF. 

The pBAD vector is an excellent vector for complementation experiments. Many 

vectors have uncontrollable expression, either low, medium or high expression. Protein 

expression from the genome is variable, so it is beneficial to use a controllable vector such 

as pBAD to better reproduce the expression rates of genes during in trans 

complementation. The expression and translation of the resulting cusF mRNA is easily 

monitored by semi-analytical Western blot analysis. Another E. coli K12 substrain 

BW25113 is a better parental strain for expression from pBAD as it is ΔaraD-B.234 To 

study in trans complemention, the strain BW25113 ΔcueO::cat was generated (ECP16), 

and then the corresponding Δcus::aph strains in BW25113 ΔcueO::cat (Table 3.1). Initially 

in trans complementation was attempted in LB media (Fig 3.14), but was unsuccessful. LB 

contains glucose, so minimal media M63 with glycerol and casamino acid. was utilized 

(Fig 3.15). Complementation did not occur due to the stress of the extremely minimal 

media; the cells were too stressed to handle the minimal media, copper stress, and 

expression of a protein from a plasmid (Fig 3.16). ECP16 and ECP16 ΔcusF (ECP17) 

expressed CusB in M63 media, while ECP16 also expressed CusF, but expression of CusFs 

from pBAD-cusFs did not occur.  

To continue to study complementation, the vector pBAD was replaced by two other 

plasmids: pET22B and pASKIBA3. The plasmids pASK-cusF and pASK-cusFs could not 

be utilized as it was found that empty pASKIBA3 affects cell viability; the inducer AHT 

is toxic, so may have a negative effect on cell survival. The empty vector pET22B does not 

affect overall cell growth in the presence and absence of copper. GR1 ΔcusF with pET-  
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Figure 3.14. Cell survival of ECP16 ΔcusF with pBAD-cusFs in the presence of cupric 

chloride. Error bars indicate standard deviations of triplicate experiments.  
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Figure 3.15. Cell survival of ECP16 ΔcusF with pBAD-cusFs in M63 media in the 

presence of cupric sulfate. Error bars indicate standard deviations of triplicate 

experiments. 
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A) 

 

B) 

 

Figure 3.16. Expression of CusF does not occur from pBAD in M63 media. Western 

blot analysis was performed on whole cell lysate after growth in M63 with 250 µM CuCl2 

and 0.2% arabinose for induction of cusF from pBAD as compared to wild-type CusF. A) 

Immunoblotting with anti-CusF antibody. B) Immunoblotting with anti-CusB antibody. 

Arrow indicates band of interest. 
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cusF did not have a different cell survival rate than GR1 ΔcusF with empty pET22B (Fig 

3.17). It should be noted that inducer concentrations were altered, and CuCl2 and CuSO4 

both were used. Western blot analysis was utilized to ensure that CusF was localized 

appropriately to the periplasm (Fig 3.18). In trans complementation for cusF does not occur 

under these conditions.  

3.4.5 Metal binding mutant recovers ΔcusF phenotype 

 The gene for the mutant CusF-M47/49I was inserted into the genome in place of 

wild-type cusF. If the ΔcusF cell survival phenotype is due to the absence of cusF, strain 

ECP27 (cusF::cusF(G207/213C)) would share the same phenotype, as CusFM47/49I does 

not bind copper. The strain ECP27 has a fully recovered copper resistance phenotype (Fig 

3.19). This indicates that the phenotype of ΔcusF is not due to the absence of cusF but a 

polarity effect. CusFM47/49I is expressed at a similar level as wild-type CusF, and is 

properly translocated to the periplasm (Fig 3.20). CusB expression also appears to be 

unaltered in GR1 versus ECP27.  

3.4.6 Evidence for a promoter region between cusC and cusF  

 The regions corresponding to cusCp and cusFp were deleted in GR1, shown in 

Figure 3.21. The partial CusR recognition site remains in the cusCp region, but both the -

10 and -35 regions are removed. The region before cusF after cusC does not contain a CusR 

recognition site, so the potential -10 and -35 regions were removed. These two strains 

ECP24 (ΔcusCp) and ECP25 (ΔcusFp) were tested for their effects on cell survival in the 

presence of CuCl2 (Fig 3.22). By deleting the region upstream of cusF, no effect on cell 

survival was observed, while ΔcusCp experienced a decreased cell survival, but was not as 

detrimental to copper resistance as any Δcus strain. It would be anticipated that if ΔcusCp  
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Figure 3.17. Cell survival of GR1 ΔcusF with pET-cusFs in the presence of cupric 

chloride. Error bars indicate standard deviations of triplicate experiments.  
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Figure 3.18. Expression and localization of CusF from pET plasmid. Western blot 

analysis was performed on periplasmic fractions of ΔcusF pET-cusF to detect CusF levels 

with anti-CusF antibody.  
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Figure 3.19. Cell survival of strain GR1 with CusF-M47/49I in the presence of cupric 

chloride. The gene cusF was replaced with cusF-G207/213C which encodes for non-

copper binding CusF-M47/49I. Concentration of cupric chloride is the concentration added 

to media. Error bars indicate standard deviations of triplicate experiments.  
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A) 

 

B) 

 

C) 

 

Figure 3.20. Expression and localization of CusFM47/49I mutant. In A), SDS-PAGE 

Coomassie stain and B) Western blot analysis with anti-CusF of whole cell lysate (wc) or 

periplasmic fraction (peri) of wild-type CusF expression in GR1 or CusFM47/49I 

expression in ECP27. C) Western blot analysis with anti-CusB of whole cell lysate (wc) of 

wild-type CusB expression from GR1 or ECP27. Arrows indicate band of interest. 
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A) cusCp region: 

GTAGCGGGATCAGATGGCAATCGCTTATTGGCAAAATGACAAT

TTTGTCATTTTTCTGTCACCGGAAAATCAGAGCCTGGCGAGT

AAAGTTGGCGGCATAAAATCACCAGAAATTATGAGCCTATG 

B) cusFp region 

TGACAGCAATATACTCGTCATACTTCAAGTTGCATGTGCTGCGT

CTGCGTTCGCTCACCCCAGTCACTTACTTATGTAAGCTCCTGGG

GATTCACTCGCTTGTCGCCTTCCTGCAACTCGAATTATTTAG

AGTATGACTTTTAACTCCAGGAGAGAATAAATG 

Figure 3.21. Regions upstream of cusC and cusF. In bold are the regions deleted in 

strains ECP24 and ECP25. Blue indicates -10 and -35 regions. A) cusCp region in red is 

the ATG start codon for cusC. The CusR recognition site is underlined. B) Region 

correlating to possible cusF promoter. In red are the TGA stop codon of cusC and ATG 

start codon for cusF.  
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Figure 3.22. Cell survival of promoter region deletions in the presence of CuCl2. Error 

bars indicate standard deviations of triplicate experiments. Concentration of cupric 

chloride is the concentration added to the media.  
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was the only promoter for cusCFBA expression, by the phenotype of ΔcusCp would be 

equivalent to ΔcusCFBA. The effects on Cus protein expression were tested by Western 

blot analysis. Strain ΔcusCp mirrors that of ΔcusCFBA or ΔcusF; no CusF was detected in 

ΔcusCp (Fig 3.23A). When detected for CusB expression, neither ΔcusCp nor ΔcusFp 

affected CusB levels (Fig 3.23B). This indicates that there may be a secondary promoter 

region that is independent to the cusCp, and that cusF is upstream to this region. Sequence 

alignment of the DNA sequence from cusC to cusB does not reveal either a CusR 

recognition site or a CueR recognition site, which are the two copper responsive 

transcription regulators of E. coli. 
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A) 

 

B) 

 

Figure 3.23. Western blot analysis of strains ΔcusCp and ΔcusFp. Western blot analysis 

of whole cell lysate after induction by copper. A) Membrane imaged by immunoblot with 

anti-CusF antibody. B) Membrane imaged by immunoblot with anti-CusB antibody.  

Arrows indicate band of interest. 
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3.5 Discussion   

 The Cus system of E. coli is a heavy metal RND system involved in the export of 

copper and silver ions from the periplasm out of the cell. It consists of the RND pump 

CusA, an adaptor protein CusB, a channel CusC, and a unique soluble protein CusF. It has 

been hypothesized that CusF acts as a metallochaperone as CusF has been implemented in 

several interactions with other proteins during in vitro studies. CusF interacts directly with 

CusB to transfer metal between one another, but only does so when either CusF or CusB 

is metal-bound, but not both.198, 199 Moreover, CusF seems to help attenuate the Cus pump. 

In an X-ray spectroscopy experiment, CusF transferred metal to CusA, but only when CusB 

was also metal-bound. After metal transfer by CusF to CusA, CusF was then able to accept 

metal from CusB.200 This indicates that CusB must be metal-bound for CusA to accept 

metal, but also that CusF has a role in this switching on and off of the Cus pump. Once 

metal is transferred from CusB to CusF, CusA would no longer be able to accept metal.  

In a separate in vitro study, a metal-dependent interaction was measured between 

CusF and CopA, the inner membrane copper transporter.201 This indicates that CusF may 

accept metal from the cytoplasm via CopA then transport the metal ions to the CusCBA 

system to be transported out of the cell. Furthermore, CusF and CusS may interact as 

well.(Gudipaty and McEvoy, unpublished) CusS senses copper and silver ions in the 

periplasm, which leads to the activation of the cusCFBA operon by CusR.181, 184 Figure 3.3 

shows a model of the possible interactions and roles of CusF. 

 In order to probe the in vivo role of CusF further, the overall cell survival of Δcus 

strains was studied in the presence of increasing amounts of copper. Previous studies 

indicated that CusA and CusB were essential for copper resistance, while CusC and CusF 
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were not.188 However, with the in vitro data as described above, Western blot analysis 

revealed that CusF may play a significant role during copper resistance. The CusF protein 

levels are about ten times higher than CusB protein levels.(George Thompson and 

McEvoy, unpublished) This excess of CusF is further exacerbated because there is a 

cytoplasmic pool of CusB that does not get translocated to the periplasm.(George 

Thompson and McEvoy, unpublished) It would be necessary to have such a high level of 

CusF molecules in the periplasm if CusF did not have an important role during copper 

stress. This finding is supported by microarray data, which determined that cusF mRNA 

levels are higher than the other cus mRNA levels.156 Furthermore, based on RT-PCR, cusF 

fold induction was greater than copA or cueO,156 even though ΔcopA has a larger effect.155  

In this study, cell survival was affected negatively by ΔcusF under copper stress, 

but not essential. Cell survival experiments correlated to previously determined minimal 

inhibitory copper concentrations for Δcus strains.188 The strains ΔcusCFBA, ΔcusA, and 

ΔcusB were the most detrimental to cell survival during copper stress, while ΔcusC and 

ΔcusF are essential for full resistance but are not as detrimental as cusA or cusB (Fig 3.4).  

These strains were further studied by atomic absorbance spectroscopy to measure 

intracellular copper levels. Cells without excess copper grown in liquid LB had equivalent 

copper levels in the low nM range, which is expected as the cus operon is only induced 

upon copper stress.168 When cells were stressed with 1 mM CuCl2, all strains experienced 

an increase in intracellular copper levels to around 10-100 nM, including cus+ strain GR1 

(Fig 3.5). GR1 and Δcus strains do not experience a reduced level of cell survival during 

growth at 1 mM CuCl2 (Fig 3.4), but Δcus strains accumulate more copper than GR1. 

Intracellular copper levels were not distinguishable between Δcus strains including ΔcusC 
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or ΔcusF. The role and effects of cusC are further explored and described in Chapter 4. 

When cells were further stressed with 2 mM CuCl2, the intracellular copper levels further 

increased to sub-µM concentrations. Strains followed the similar pattern with all Δcus 

strains having more intracellular copper than GR1 (Fig 3.5). At this concentration of 

copper, cell survival is largely decreased for all Δcus strains (Fig 3.4). Moreover, the 

intracellular copper levels between Δcus strains remained statistically identical to one 

another (p = 0.12). This study demonstrates that all four Cus proteins have a strong effect 

on copper accumulation under copper stress.  

To investigate and validate the role of CusF as a metal transporter to CusCBA, in 

vivo crosslinking was performed with CusF to identify an interaction between CusF and 

CusB. Whole cells were incubated with a membrane-permeable cross-linker and 

purification was performed targeting CusF, so any proteins identified after purification 

formed an interaction with CusF. CusB was detected by Western blot analysis. This is 

indication that the in vitro findings pertaining to interactions between CusF and CusB are 

physiologically relevant.  

However, the effects of promoter deletions, in trans expression of cusF and of strain 

cusF::cusF(G207/213C) suggest that CusF may not have a large role in overall copper 

survival. In trans expression of cusF did not occur, whereas the expression of mutant CusF-

M47/49I from the genome recovered the ΔcusF phenotype (Fig 3.19). Residues M47 and 

M49 are two of the three metal ligands provided by CusF (Fig 3.2), so when mutated to 

isoleucine residues only bound 0.2 moles Cu/mole CusF.188 As comparison, wild-type 

CusF binds 0.93 moles Cu/mole CusF.188 Moreover, this non-metal binding mutant did not 

interact with CopA during an in vitro metal transfer study.201 As all proposed roles of CusF 
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are dependent upon its metal binding ability, the full recovery by cusF(G207/213C) 

indicates that metal binding roles of CusF are not causing these defect in copper tolerance, 

but rather a polarity effect. The strain ΔcusCp suggests a possible secondary promoter 

region before cusB, as CusB levels remain unchanged in ΔcusCp. Meanwhile CusF was 

not expressed in ΔcusCp (Fig 3.23), so this secondary promoter may be within or include 

regions of cusF. The DNA sequence from cusC to the start codon of cusB does not include 

a CusR recognition site or CueR recognition site, which are the two metal responsive 

transcription regulators of E. coli.179, 181 It is possible that there is a low level constitutive 

or non-inducible expression independent of CusR or CueR. If there is an additional 

promoter region before cusBA, then the phenotype of ΔcusF may be due to a slightly lower 

expression of CusB and CusA, versus negative effects caused by the absence of CusF.  

Furthermore, these data indicate that cusF does not have a unique promoter in the 

region upstream of cusF downstream of cusC, as suggested by higher CusF levels as 

compared to CusB molecule levels.(George Thompson and McEvoy, unpublished data) 

This study proposes that the higher CusF molar ratio is due to post-translational 

modification or post-transcription regulation of mRNA levels rather than a transcriptional 

control by an additional cusF promoter. The DNA region between cusC and cusF has been 

identified as an intergenic repeat unit, also known as Enterobacterial repetitive intergenic 

consensus (ERIC). These ERIC sequences are about 127 bp imperfect palindromes with a 

high percentage of adenine and guanine on ssDNA.238, 239 These regions are common in 

between genes transcribed as an operon, and may affect expression of individual genes of 

an operon by forming stem loops, which can stabilize mRNA.238 The operon yjbEFGH is 

one example in which there is a higher expression of yjbE versus yjbFGH due to a 
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intergenic repeat unit in between yjbE and yjbF.240 If more CusF is synthesized than CusB, 

it may be due to mRNA stability of cusF contributed by the intergenic repeat region.  

3.6 Conclusions 

 This study aimed to further understand the in vivo role of CusF of E. coli and its 

role in copper resistance through export by CusCFBA. The proposed roles of CusF are 

depicted in Figure 3.3, as based on several in vitro findings. The results described in this 

chapter indicate that CusF does interact with CusB in vivo under copper stress. 

Furthermore, all Δcus strains (ΔcusCFBA, ΔcusA, ΔcusB, ΔcusC, and ΔcusF) were found 

to have detrimental effects on cell survival under copper stress and had equivalent effects 

on copper accumulation. This suggests that all Cus proteins are required for full efficiency 

of copper export. Additional studies gave unclear results, but negated the hypothesis that 

cusF has a promoter region directly upstream. The phenotypes measured in ΔcusF may be 

due to polarity effects or the presence of a promoter region within or including the cusF 

sequence. This study identified the increase in copper accumulation in Δcus strains, while 

providing evidence that the role of CusF in vivo is complicated and may not directly 

correlate with in vitro findings.  
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CHAPTER 4: THE OUTER MEMBRANE CHANNEL CUSC IS AN ESSENTIAL 

COMPONENT FOR COPPER EXPORT IN ESCHERICHIA COLI 

4.1 Abstract  

 The bacterial organism Escherichia coli utilizes the tripartite CusCBA system to 

export excess copper and silver from the periplasm. CusC is the outer membrane 

component that interacts with the transporter CusA and adaptor protein CusB. Specificity 

of the CusCBA pump is thought to be due to CusA and CusB, while CusC may just be an 

interchangeable unit. This hypothesis was probed by studying homologous outer 

membrane channels in E. coli as a way to further understand the mechanisms of copper 

resistance. Knockout mutants of each outer membrane channel were generated and studied 

for their effects on copper accumulation and cell survival under copper stress. We 

determined that SdsP may complement CusC during copper stress, but CusC is the crucial, 

primary outer membrane channel utilized by E. coli during copper export.  
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4.2 Introduction  

 Many antibiotics and heavy metals are exported from Gram negative bacteria by 

way of CBA Resistance-Nodulation-Division (RND) systems. RND systems are tripartite 

systems involved in the detoxification of the periplasm that consist of an inner membrane 

pump, an outer membrane channel and an adaptor protein that connects the inner 

membrane pump to the channel. The inner membrane pump uses the proton gradient across 

the inner membrane to transport substrates from the periplasm out of the cell. The adaptor 

protein is involved in specificity and is essential for resistance.191 The adaptor protein 

stabilizes the complex and may be responsible for the opening and closing of the outer 

membrane channel.191, 241, 242 The outer membrane channel is hypothesized to be 

interchangeable and often does not affect specificity of the system.185, 193, 243  

 The channels are large, homotrimer pores that span the outer membrane and a large 

portion of the periplasm. The inner membrane transporter and the adaptor genes are 

typically expressed in the same operon, whereas the channel gene can be located separately. 

For example, in the Cus system of E. coli the operon contains all three components of the 

pump168, whereas, in the resistance system AcrAB-TolC, the outer membrane channel gene 

tolC is expressed in a separately-controlled operon from that of acrAB.244 Sequence identity 

tends to be low between outer membrane channels, often below 30% (Table 4.1), but outer 

membrane channels that have been structurally characterized show the same overall tertiary 

structure, such as TolC,245 CusC,193 VceC,246 OprM,247 and CmeC.248, 249 In Table 4.1, 

sequence identities between outer membrane channels are compared. CusC has the highest 

sequence similarity to OprM, which is involved in multi-drug resistance in P. 

aeruginosa.250 Meanwhile, CusC does not share high sequence identity with other similar   
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Table 4.1. Outer membrane channel sequence identity percentage 

Protein Bacterial species TolC YohG SdsC OprM VceC SmeC CnrC CmeC 

CusC E. coli 18.5 22.8 25.2 43.8 25.6 40.1 17.4 25.8 

TolC E. coli - 13.8 15.2 20.7 19.6 18.9 15.5 16.4 

YohG E. coli - - 33.05 22.5 24.8 23.1 16.7 18.9 

SdsC E. coli - - - 21.8 26.2 25 16.5 18.2 

OprM P. aeruginosa - - - - 24.7 52.7 21.4 22.6 

VceC V. chlorea  - - - - - 23.9 18.9 20.8 

SmeC S. maltophilia - - - - - - 19 22.7 

CnrC R. metallidurans - - - - - - - 11.7 

CmeC C. jejuni - - - - - - - - 
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metal resistance proteins, such as CnrC.251 The two characterized outer membrane channels 

from E. coli, CusC and TolC, have a structural RMSD of 1.56 Å, even though the two 

proteins only have a 25.8 % sequence identity (Fig 4.1).193, 245 The homotrimeric channels 

have three domains, a β barrel that is within the outer membrane, a large α-helical domain 

in the periplasm and an equatorial region that is on the outside of the periplasmic domain 

(Fig 4.2). It has been hypothesized that the equatorial region is involved in the interaction 

of the adaptor protein and the outer membrane channel.193  

 Of importance to this study is the heavy-metal resistance protein CusC, the outer 

membrane channel component of the Cus system of Escherichia coli. CusC forms a 

tripartite pump with CusB, the periplasm adaptor, and CusA, the RND pump. CusC has 

insofar only been implemented in copper and silver export. In a screen of twenty classes of 

antibiotics, E. coli ΔcusC did not have an altered phenotype as compared to wild-type,252 

but the E. coli ΔcusC strain does have a reduced tolerance for copper ions.188 CusC does 

not seem to bind Cu+ or Ag+; crystals that were soaked with either metal did show bound 

metal and the three interior methionine residues of CusC are not close enough to each other 

to chelate metal (Figure 4.3). However, the interior of the channel is largely electronegative 

(Figure 4.4A); it has been hypothesized that water ions coat the interior surface to allow 

for Cu+ and Ag+ to flow through with bulk water.193 The CusC channel has an open and 

closed conformation, but only the closed conformation has been determined by 

crystallography.193 It has been suggested that outer membrane channels open upon 

interaction with the adaptor protein; crystal structures of both conformations have been 

solved for TolC (Figure 4.5). As CusC only affects the tolerance for Cu+ or Ag+, it may 

have a specific interaction with CusB, the adaptor protein.  
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 Figure 4.1. Superimposition of TolC and CusC. The ribbon depiction of CusC (3PIK)193 

(blue), is superimposed with TolC (1EK9),245 (orange).  
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Figure 4.2. Domains of outer membrane channel CusC. The crystal structure of the 

outer membrane channel CusC (3PIK).193 The β-barrel (red) is located in the outer 

membrane, the α-helical domain (gray) is located in the periplasm, and the equatorial 

domain is shown in blue.  
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Figure 4.3. Potential metal-binding methionine residues of CusC. Ribbon depiction of 

the CusC monomer showing the interior face with methionine residues highlighted in green 

space-filling (3PIK).193  
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A) CusC 

 

B) TolC 

 

C) YohG 

 

D) SdsP 

 

Figure 4.4. Comparison of the electrostatics of the interior of outer membrane channels. Shown for all structures is the 

surface depiction with Coulombic approximation of electrostatics from Chimera. Red indicates a potential that is ≤ -5.93 

kcal/(mol*e), blue indicates a potential ≥ +5.93 kcal/(mol*e). A) The interior of CusC monomer, pdb 3PIK.193 B) The interior 

of TolC monomer, pdb 1EK9.245 C) The interior of YohG monomer and D) the interior of SdsP monomer, both modelled on 

VceC pdB 1YC9.246  
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A) B) 

  

Figure 4.5. The open and closed states of TolC. A) Surface depiction of the opening at 

the periplasm entrance of TolC in the closed conformation (1EK9).245 B) Surface depicition 

of the opening at the periplasm entrance of TolC in the opened conformation (2VDD).253 
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 Other known outer membrane channels form specific interactions with the adaptor 

protein and RND pump, but do not confer specificity. CusC does affect copper tolerance, 

but the ΔcusC strain still maintains more resistance than ΔcusCFBA, ΔcusA, or ΔcusB.188 

Based on the phenotype of ΔcusC, we hypothesize that another outer membrane channel 

may be able to complement CusC during the export of excess Cu+ or Ag+. The E. coli 

genome contains four outer membrane channel genes: cusC, tolC, and putative yohG and 

sdsP.  

TolC has been implemented in many cellular processes and resistance systems. 

TolC is involved in survival, metabolism, virulence, and resistance. In terms of virulence, 

TolC is required for the release of several toxins: the antibiotic peptide microcin J25, 

hemolysin and colicin.254-256 TolC is also necessary for metabolism and overall survival of 

cells. Without TolC, enterobactin is not exported out of the cell to acquire iron.257 To 

control cyclic AMP levels, TolC is required to export excess cyclic AMP.258 Furthermore, 

NAD/NADH and glutathione are depleted in ΔtolC cells, this is connected to overall stress 

of the cells.244 The proton motive force was decreased, which caused damage to the inner 

membrane.244 TolC also interacts with several RND pumps and adaptor proteins to 

maintain resistance to many antibiotics and solvents. The AcrBA-TolC pump alone is 

responsible for the resistance to cyclohexane259, tetracycline260, macrolides261, β-lactams, 

chloramphenicols, azoles, aminonucleosides, novobiocin, methotrexate, quinolones, 

fusidic acid, cholates, sodium dodecyl sulfate, acriflavins, crystal violet, ethidium bromide, 

tetraphenyl phosphonium, tetraphenyl arsonium, rhodamine, quaternary ammonium 

molecules, redox agents daunomycin and plumbagin, and proton motive force 

uncouplers.252  
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TolC can interact with both chromosomal and plasmid encoded proteins to affect 

numerous cellular processes. As an example, an E. coli strain was isolated with resistance 

to olaquindox, a swine growth enhancer. Resistance was attributed to a large plasmid with 

a RND pump and adaptor protein.262 Resistance of olaquindox by this system, OqxAB, was 

dependent upon genome encoded TolC. Due to the wide range of uses for TolC, tolC has 

4 promoters that each respond to different signals.263  

The putative channels YohG and SdsP are involved in resistance to several 

antibiotics, but much less research has been done on these two proteins. sdsP (originally 

named yjcP) is encoded with putative RND pump and adaptor protein genes, as sdsRQP, 

much like CusC. However yohG is expressed separately from a RND or adaptor gene, so 

may interact with several systems like TolC.249 YohG and TolC have low 14% sequence 

identity, so may not act in the same systems (Table 4.1). Strains ΔsdsP and ΔyohG were 

found to have increased susceptibility to puromycin (a lipophilic basic compound), 

acriflavin (an intercalator) and lipophilic quaternary amino compounds.252 The operon 

sdsRQP was isolated as a region controlled by LeuO, expressed during the stationary 

phase.264 Further study of this operon indicated its role in sulfadiazine resistance; ΔsdsR 

had a reduced tolerance to 7 sulfadiazine drugs.264 The system was renamed from YjcRQP 

to SdsRQR (sulfa drug sensitivity) system. LeuO is a LysR-like regulatory protein that is 

involved in the an antagonist role to H-NS, and represses rpoS; but overall LeuO is a global 

regulator expressed in many bacteria.265, 266 Therefore, the role of SdsPRQ cannot be 

further inferred by its regulator. YohG and SdsP have relatively high sequence identity as 

compared to other outer membrane channels, so may be paralogues (Table 4.1), even 

though it should be noted that TolC, CusC, YohG and SdsP all are considered 
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paralogues.249 Due to a relative lack of phenotype of ΔyohG or ΔsdsP, it has been suggested 

that the roles of YohG and SdsP are protective; perhaps only when TolC or CusC are not 

expressed or viable, YohG and SdsP become important through complementation.  

In this study, the role and specificity of CusC is probed by determining whether 

another outer membrane channel is able to complement CusC for Cu+ resistance in E. coli. 

Previously, a double knockout was created, ΔcusC ΔtolC, to determine if the outer 

membrane channel TolC was complementing CusC to maintain the limited copper 

resistance phenotype of ΔcusC; but based on minimal inhibitory concentrations, TolC does 

not complement CusC.188 Therefore, YohG and SdsP are the potential targets for this study 

as complements for CusC. This study determined that YohG, SdsP and TolC are all unable 

to complement CusC to maintain Cu+ resistance, which indicates that CusC has an essential 

role in Cu+ resistance by the Cus system.   
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4.3 Methods and Materials  

4.3.1 Construction of deletion strains and expression plasmids 

 Strains and plasmids used and generated are listed in Table 4.2. Primers are listed 

in Table 4.3. Full length cusC, yohG, sdsP, and tolC were cloned into pETDuet multiple 

cloning site 1. The sequence for a strep tag (TGGAGCCACCCGCAGTTCGAAAAA) was 

added to the C-termini of each gene with the reverse primer. The four genes were amplified 

from the genome of Escherichia coli W3110 strain. The genes cusC, sdsP and tolC were 

inserted in between cut sites NcoI and HindIII. The gene yohG was inserted in between cut 

sites NcoI and EcoRI. Primers were ordered from IDT, and cloning was verified by 

sequencing plasmid DNA.  

 Knockout strains were created by using the protocol developed by Danseko and 

Wanner using lambda red recombinase technology.234 Plasmid pKD3 was used as template 

for cat gene with flanking FRT sites. Plasmid pKD46 was utilized to express lambda red 

recombinase, and plasmid pCP20 was utilized to express FLP. GR1 (E. coli W3110 ΔcueO) 

was used as the parent strain for ΔcueO ΔsdsP and ΔcueO ΔyohG. EC951 (E. coli W3110 

ΔcueO ΔcusC) was used as the parent strain for ΔcueO ΔcusC ΔsdsP::cat and ΔcueO 

ΔcusC ΔyohG. E. coli W3110 ΔtolC::aph was used as the parent strain for ΔcueO::cat 

ΔtolC::aph.  

4.3.2 Determination of copper susceptibility 

 To determine cell survival of different knock out strains as a measure for copper 

susceptibility, pilot cultures were grown overnight for 12-16 hours at 37°C. The pilot 

culture was diluted 1:100 into fresh LB media and grown at 37°C until OD600nm  ≥ 0.7. A 

series of LB agar plates were made with added CuCl2 with concentrations ranging from 0  
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Table 4.2. Cell strains and plasmids used in this study.  

Cell Strain  Genotype 

Relevant 

genotype Source 

W3110 
E.coli K12  F-, λ-, IN(rrnD-

rrnE)1, rph-1 

Parental strain Lab stock 

 

GR1 W3110 ΔcueO Wild-type 154 

 

GR10  W3110 ΔcueO ΔcusCFBA ΔcusCFBA 154 

 

EC951  W3110 ΔcueO ΔcusC ΔcusC 188 

 

ECP6 W3110 ΔcueO ΔsdsP ΔsdsP this study 

 

ECP5 W3110 ΔcueO ΔcusC ΔsdsP::cat ΔcusC ΔsdsP this study 

 

ECP8 W3110 ΔcueO ΔyohG ΔyohG this study 

 

ECP9  W3110 ΔcueO ΔcusC ΔyohG ΔcusC ΔyohG this study 

 

ECP26 W3110 ΔcueO ΔtolC::aph ΔtolC this study 

 

ECA067  W3110 ΔcueO ΔcusC ΔtolC::aph ΔcusC ΔtolC 188 

Plasmid     

pETDuet T7 promoter, ampR, pBR322 ori EMD 

 

pETDuet-cusC full length cusC with C terminal strep tag in MCS1  this study 

 

pETDuet-tolC full length tolC with C terminal strep tag in MCS1 this study 

 

pETDuet-yohG full length yohG with C terminal strep tag in MCS1 this study 

 

pETDuet-sdsP  full length sdsP with C terminal strep tag in MCS1 this study 
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Table 4.3. List of primers used in this study. 

Purpose forward primer reverse primer 

ΔyohG 
GACTTTTCGGCGGATATGGAGCGGCAAAAAATGTC

GGCAGAAGGCTTAATGTGTAGGCTGGAGCTGCTTC 

TAGAAGGCGCATATCATCAGCGTTTGTACCCCCCG

CCCAACGCACCAGTGATGGGAATTAGCCATGGTCC 

ΔsdsP 
ATGATCAATCGTCAACTTTCACGTCTGTTGTGCAG

CATTCTCGGCAGGTGTAGGCTGGAGCTGCTTC 

CACGCGGCAGACATTTTATTTTTTCTCGACGACGG

GACCTGCCTGATACCATGGGAATTAGCCATGGTCC 

ΔcueO 
ATGCTCAACGTTTGATTTTGTTTCGCCTGCTTAAG

AATAAGGAAATAACTGTGTAGGCTGGAGCTGCTT

C 

ATCAGTTTAATGCCCGGAGAGATCCGGGCATATTT

CCGAATACGGTCTTTATGGGAATTAGCCATGGTCC 

pET-cusC 
AAAAACCATGGGCTCTCCTTGTAAACTTCTGCCAT

TTTG 

AAAAAAAGCTTCTATTTTTCGAACTGCGGGTGGCT

CCAACCGCCACCAAGTGCGGTATAC 

pET-yohG AAAAACCATGGGCTCGGCAGAAGGCTTAATGGG 

AAAAAGAATTCCTATTTTTCGAACTGCGGGTGGCT

CCAGCGTTTGTACCCCCCGCCC 

 

pET-sdsP 
AAAAACCATGGGCATCAATCGTCAACTTTCACGTC

TGC 

AAAAAAAGCTTCTATTTTTCGAACTGCGGGTGGCT

CCATTTTTTCTCGACGACGGGACC 

pET-tolC 
AAAAACCATGGGCAAGAAATTGCTCCCCATTCTT

ATCG 

AAAAAAAGCTTCTATTTTTCGAACTGCGGGTGGCT

CCAGTTACGGAAAGGGTTATGACC 
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to 3.25 mM. Each culture was normalized to an OD600nm = 0.70; the normalized cultures 

were diluted 1:100 to create a serial dilution series to 10-7 (8 total dilutions). Each of the 

dilutions were plated two times onto each LB agar plate. The plates were grown overnight 

at 37°C for 16 to 18 hours. Plates were then scored for growth at each dilution spot. Growth 

was initially scored 0 to 8. A score of 8 was given as growth out to the 10-7 dilution. A 

score of 0 was given for zero growth in any dilution spot. An OD600nm of 0.7 was calculated 

as 108 cfu/mL, Table 4.4 shows how the score was converted to cfu/mL then to percent cell 

survival. The calculation of cfu/mL is given in equation 1; when the cfu/mL is known the 

equation can be manipulated to determine estimate # colonies (Equation 2).  

 (1)  
cfu

mL
=  

# colonies x dilution factor

mL plated
  

 (2)  # colonies =  
(

cfu

mL
) x mL plated

dilution factor
  

Based on known cfu/mL of 108 for an OD600nm = 0.7, there are an estimated 0.1 colonies in 

the 101 cfu/mL dilution spot; growth in the eighth dilution was rare. Therefore, growth out 

to the seventh and eighth dilution spots were both given a % cell survival of 100%, as 

shown in Table 4.4. For each strain, experiments were repeated in triplicate.  

4.3.3 In trans complementation of copper susceptibility  

 To study complementation of the copper sensitive phenotype, in trans expression 

of each channel gene was tested for cell survival with excess copper. Pilot cultures were 

grown overnight at 37°C for 12-16 hours in LB with 100 µg/mL ampicillin. LB cultures of 

4 mL with 100 µg/mL ampicillin were inoculated with 40 µL pilot culture and grown at 

37°C until OD600nm ≤ 0.8. Cultures were normalized to an OD600nm = 0.800, then serial 

dilutions were created as above. These eight dilutions were plated two times on each plate. 

Plates were LB agar with 100 µg/mL ampicillin and 1 mM isopropyl β-D-1-  
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Table 4.4. Conversion between score, cfu/mL at that specific dilution spot and 

corresponding % cell survival.  

Score cfu/mL % cell survival 

8 10-1 100 

7 100 100 

6 101 10 

5 102 1 

4 103 0.1 

3 104 0.01 

2 105 0.001 

1 106 0.0001 

0 - 0 
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thiogalactopyranoside (IPTG). Cells were grown at 37°C for 16.5 to 17.5 hours then scored 

as described above. For each strain and plasmid combination, experiments were repeated 

in triplicate. 

4.3.4 Intracellular copper concentration determination 

 Knockout strains were grown with copper then tested to determine the intracellular 

copper levels of whole cells. Pilot cultures were grown overnight at 37°C for 12-16 hours 

in LB broth. Cultures of LB broth were inoculated with 1:100 dilution from pilot cultures 

and grown at 37°C. When cells reached an OD600nm = 0.6 – 0.8, cells were given 1 mM 

CuCl2 and grown for an additional 4 hours at 37°C. Control cultures were grown 

simultaneously without CuCl2. Final optical density was measured for each culture then 

cultures were normalized to a final OD600nm of 0.7. Cells were harvested at 5000 rpm for 

10 minutes, then washed 3 times in 1X PBS 2 mM EDTA to remove excess extracellular 

copper. Pellets were then dried for 2 hours at 75°C by speed vacuum. To each pellet, 1 mL 

70% trace metals nitric acid was added, cells were then mineralized by heat at 70°C for 2 

hours, then vortexed thoroughly. Samples were diluted to a final nitric acid concentration 

of 5% with nano-pure water.  

 Samples were run on a ThermoScientific graphene furnace iCE3000 atomic 

absorbance spectrophotometer. A standard curve was generated by running four standards 

ranging up to 30 ppb Cu, with final R2 ≥ 0.95. Samples were run three times each and 

averaged.   

4.3.5 Growth of outer membrane channels and Western blot analysis  

 To monitor protein expression, cells were grown and induced for expression of each 

channel protein and final protein levels were measured by Western blot. Pilot cultures of 
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EC951 with pET plasmids were grown in LB with 100 µg/mL ampicillin at 37°C for 14-

16 hours. Cultures of 8 mL LB with 100 µg/mL ampicillin were inoculated with 80 µL 

pilot culture and shaken at 37°C until OD600nm = 0.6 to 0.8. Outer membrane gene 

expression was then induced with 1 mM IPTG; cells were grown for an additional 4 hours. 

The OD600nm was measured  for future normalization and 2 mL aliquots of cultures were 

harvested by centrifuging at 5000 rpm for 10 minutes. Cells were lysed with Bugbuster 

Master Mix (EMD Millipore) and PMSF. The volume of Bugbuster Master Mix used was 

equivalent to the final OD600nm x 100 µL as a normalization measure. Cell lysate was run 

on 12% SDS-PAGE and stained with Coomassie for visualization; or run on 12% SDS-

PAGE then transferred onto nitrocellulose membrane. For Western blot analysis, proteins 

were detected with StrepMAB-Classic HRP conjugate antibody (IBA).  

4.3.6 Homology modeling of YohG and SdsP 

 The structures of YohG and SdsP were modelled using SWISS-PRO.236 

Models were analyzed based on QMEAN4 Z-scores for accuracy. Both YohG and SdsP 

were most accurately modelled on VceC, pdb: 1YC9.246 The YohG model had a QMEAN4 

Z-score of -4.54, an all atom Z-score of 0.71, and shares sequence similarity of 34 % with 

VceC. The SdsP model had a QMEAN4 Z-score of -4.06, an all atom Z-score of -1.89, and 

shares sequence similarity of 33%.  
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4.4 Results  

4.4.1 Copper susceptibility is affected by yohG, sdsP and tolC in a ΔcusC 

background 

 To study copper susceptibility, eight dilutions of cells were grown on LB agar in 

the presence of varied concentrations of CuCl2 under aerobic conditions. All strains tested 

also were ΔcueO mutants; CueO is a multicopper oxidase in the periplasm that utilizes O2 

to oxidize Cu+ to the less toxic Cu2+.159 The Cus system is specific for Cu+ versus Cu2+, so 

in aerobic conditions, in cueO+ background there is no phenotype for ΔcusCFBA.154 

Therefore, to study Cu+ resistance by CusCBA in aerobic conditions, phenotypes were 

studied in a ΔcueO background, which is considered the wild-type strain for the purposes 

of this study. After growth, cells were scored based on survival at each dilution spot, 

phenotypes are reported as percent cell survival at each CuCl2 concentration. The 

ΔcusCFBA strain starts to have decreased resistance to copper at 1.25 mM CuCl2, whereas 

wild-type does not have decreased tolerance until 3.25 mM CuCl2 (Chapter 3). The strain 

ΔcusC experiences a copper sensitive phenotype at 1.25 mM CuCl2, but retains a higher 

level of tolerance than ΔcusCFBA from 1.25 mM to 3.25 mM CuCl2 (Chapter 3). 

Double knockouts of outer membrane channel genes were created in a ΔcueO strain 

to test whether an outer membrane channel may act in a secondary role, only replacing 

CusC when CusC is absent.  If an outer membrane channel complements CusC, then in a 

ΔcusC background, when the gene is deleted, copper resistance should be further 

decreased. This strain would be expected to have a phenotype resembling that of 

ΔcusCFBA. All three double mutants of ΔcusC ΔsdsP, ΔcusC ΔyohG and ΔcusC ΔtolC  
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exhibited a slight reduction of cell survival at higher copper levels than Δcus alone (Fig 

4.6). Their growth was similar to that of ΔcusCFBA. Based on the phenotype of these three 

double knockout mutants, all three may complement CusC in vivo to maintain copper 

resistance in the absence of CusC. 

4.4.2 Copper resistance is not affected by the absence of yohG, sdsP, tolC  

 The strains ΔyohG, ΔsdsP, and ΔtolC were studied as compared to the phenotype 

for ΔcusC and double outer membrane gene knockout mutants. If YohG, TolC or SdsP 

interact with the CusB-CusA complex during copper extrusion, it is expected that copper 

resistance would be affected by deletions of any of the three genes. The growth of each 

strain was tested in the presence of varying levels of copper, and ΔyohG, ΔsdsP and ΔtolC 

each retain 100% cell survival until 3 mM CuCl2, indicating full resistance to copper as 

compared to ΔcusCFBA and ΔcusC (Fig 4.7). If any of these three channels affect copper 

resistance, it is as a secondary role, not when the full Cus system is present.  

To test whether any of the outer membrane channels play a secondary role in copper 

resistance, the strain ΔcusCFBA with each outer membrane channel gene on a plasmid was 

studied for copper resistance. The presence of pET-cusC, pET-sdsP, pET-tolC, and pET-

yohG did not recover any copper resistance for ΔcusCFBA (Fig 4.8). This is expected as 

ΔcusB and ΔcusA strains share the same phenotype as ΔcusCFBA (Chapter 3). As the 

ΔcusCFBA with an outer membrane gene still does not have cusFBA, there should be no 

recovery in phenotype. This also suggests that sdsP, tolC and yohG do not inherently affect 

copper resistance in the absence of CusA and CusB. 
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Figure 4.6. Cell survival of knockout strains of outer membrane channel genes in E. 

coli GR1 ΔcusC in the presence of cupric chloride. Error bars indicate standard deviation 

of triplicate experiments. Concentration of cupric chloride is the concentration added to the 

media. 
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Figure 4.7. Cell survival of outer membrane channel gene knockouts in E. coli GR1 

in the presence of cupric chloride. Error bars indicate standard deviation of triplicate 

experiments. Concentration of cupric chloride is the concentration added to the media. 
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Figure 4.8. Cell survival of ΔcusCFBA with plasmids in E. coli GR1 in the presence 

of cupric chloride. Error bars indicate standard deviation of triplicate experiments. 

Concentration of cupric chloride is the concentration added to the media. GR1 + pETDuet 

is shown as a reference.  
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4.4.3 The phenotype of strain ΔcusC is complemented by cusC and sdsP 

In trans complementation studies were performed on ΔcusC with pET-tolC, pET-

yohG, pET-sdsP or pET-cusC. The strain ΔcusC with each pET plasmid was grown in the 

presence of CuCl2 and IPTG for plasmid induction. Wild-type, ΔcusC, ΔcusCFBA with  

empty vector did not have an altered phenotype as compared to phenotypes in the absence 

of vector. Wild-type with empty vector does not experience copper susceptibility until 2.5 

mM CuCl2, whereas ΔcusC and ΔcusCFBA begin to have a phenotype at 1.25 mM CuCl2 

(Fig 4.9). The phenotype of ΔcusC was fully complemented by pET-cusC; as in wild-type, 

copper susceptibility did not occur until 2.5 mM CuCl2 (Fig 4.9). The plasmids pET-yohG 

and pET-tolC did not recover the ΔcusC phenotype. The in trans expression of yohG and 

tolC in ΔcusC still had copper susceptible phenotypes at 1.25 mM CuCl2   and were 

indistinguishable from ΔcusCFBA (Fig 4.9). The plasmid pET-sdsP partially recovered the 

ΔcusC phenotype (Fig 4.9). In trans complementation by sdsP did not fully recover the 

ΔcusC phenotype as the cells did not have fully copper resistance from 2 to 3 mM CuCl2, 

as compared to GR1 or ΔcusC with pET-cusC.  

Protein expression from pETDuet plasmids was tested to ensure that appropriate 

levels of the proteins were produced. Western blot analysis was performed on ΔcusC cells 

containing each pETDuet plasmid and strep-tag proteins were detected by immunoblot 

with an anti-Strep tag antibody. The expression of each protein from pETDuet was similar 

and none were largely over- or under-expressed as detected by SDS-PAGE (Fig 4.10).  
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Figure 4.9. Cell survival of ΔcusC strain in E. coli GR1 in the presence of cupric 

chloride in the presence of plasmids expressing outer membrane genes. Error bars 

indicate standard deviation of triplicate experiments. Concentration of cupric chloride is 

the concentration added to the media. 
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A) 

 

B) 

 

 

Figure 4.10. Western blot analysis of expression of outer membrane genes from 

pETDuet. The strain ΔcusC was grown with pET-cusC, pET-yohG, pET-sdsP, or pET-

tolC. Cells were lyzed and analyzed by SDS-PAGE Coomassie staining (A) and Western 

blot analysis (B) with anti-strep tag antibody. Arrows indicate band of interest. 
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4.4.4 Copper accumulation without excess copper is not affected by deleting channel 

genes 

 To study intracellular copper accumulation, liquid cultures were grown aerobically 

then given 1 mM CuCl2 when cells reached an optical density of 0.6 to 0.8 at 600 nm. The 

cells were allowed to accumulate copper for 4 hours, then washed three times with EDTA 

to remove extracellular copper. Cells were mineralized and analyzed for copper by 

graphene-furnace atomic absorbance spectroscopy. As a comparison, cultures were grown 

simultaneously that were not supplemented with additional copper to measure the amount 

of copper accumulation from cells grown in liquid LB. The copper accumulation in all cell 

strains grown in LB media without additional CuCl2 was not significantly different from 

one another based on ANOVA data analysis (Fig 4.11). Therefore, the deletions of cusC, 

yohG, sdsP, or tolC do not affect copper import into the cell. Comparisons of ΔcueO, 

ΔcueO ΔcusCFBA, ΔcueO ΔcusC, and other cus gene knockouts can be found in Chapter 

3. 

4.4.5 YohG does not affect copper susceptibility or accumulation 

 By studying in trans complementation in double knockout mutants, the role of 

yohG, sdsP and tolC during copper tolerance can be further clarified. The strain ΔcusC 

ΔyohG did not have a significantly altered phenotype in the presence pET-yohG (Fig 4.12). 

The copper survival phenotype is partially recovered with pET-cusC from 1.75 mM to 2.5 

mM CuCl2. These data suggest that the decreased copper resistance phenotype is due to 

overall negative effects associated with removing yohG, not due to a potential role of YohG 

in copper resistance. Cells with multiple genes deleted encoding outer membrane channels 

are noticeably sick. As the phenotype is partially recovered in the presence of pET-cusC  
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Figure 4.11. Copper accumulation of E. coli cells in knockout strains. Copper 

accumulation in cells that were grown in LB without added CuCl2 after 4 hours. Copper 

levels are measured as ng Copper per cells with an OD600nm of 0.7. Error bars indicate 

standard deviations. All data was measured in triplicate.  

  

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

90.00

C
o
n

ce
n
tr

at
io

n
 C

o
p
p
er

, 
n
g
/(

O
D

=
0
.7

)



183 

 

 

Figure 4.12. Cell survival of ΔcusC ΔyohG strain in E. coli GR1 in the presence of 

cupric chloride in the presence of plasmids expressing outer membrane genes. Error 

bars indicate standard deviation of triplicate experiments. Concentration of cupric chloride 

is the concentration added to the media. 
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(Fig 4.12), the lower copper resistance can be partially attributed to the absence of cusC. 

The phenotype of ΔyohG is unaltered by pET or the in trans expression of cusC or yohG 

(Fig 4.13). 

 The ΔyohG strains were further studied for copper accumulation. The cells were 

grown with the addition of 1 mM CuCl2 for four hours, then analyzed for intracellular 

copper concentration. The ΔyohG strains experienced an altered intracellular copper 

concentration. The strain ΔyohG has the same intracellular copper accumulation as wild-  

type, GR1 (Fig 4.14). This strain is significantly less than ΔcusCFBA (p = 0.04), but not 

significantly different from ΔcusC. Meanwhile, the strain ΔcusC ΔyohG, ECP9, has an 

elevated intracellular copper concentration as compared to GR1 (p = 0.06) (Fig 4.14). 

ECP9 does not significantly differ from ΔcusC or ΔcusCFBA. ECP9 also has a greater 

intracellular copper concentration than ΔyohG (p = 0.06) (Fig 4.14). The intracellular 

copper concentration of ECP9 indicates that the additional deletion of yohG in ΔcusC does 

not cause an increase in intracellular copper levels.  

4.4.6 SdsP does not largely affect susceptibility of ΔcusC ΔsdsP, but has an effect on 

intracellular copper concentration 

 The strain ΔcusC ΔsdsP (ECP5) has a reduced copper susceptibility phenotype as 

compared to ΔcusC (Fig 4.6). As a way to study the role of sdsP, ECP5 was complemented 

with pET-cusC and pET-sdsP (Fig 4.15). The phenotype of ECP5 was only partially 

recovered with either plasmid. The plasmid pET-cusC causes an increase in cell survival 

at 2 mM CuCl2, while plasmid pET-sdsP causes an increase at 1.75 mM CuCl2. The strain 

ΔsdsP was studied with these same plasmids, and no effect was measured (Fig 4.16). The 

intracellular copper concentration was determined for both ΔcusC ΔsdsP and ΔsdsP and  
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Figure 4.13. Cell survival of ΔyohG strain in E. coli GR1 in the presence of cupric 

chloride in the presence of plasmids expressing outer membrane genes. Error bars 

indicate standard deviation of triplicate experiments. Concentration of cupric chloride is 

the concentration added to the media. 
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Figure 4.14. Copper accumulation of E. coli cells in ΔyohG strains. Gray bars show 

copper accumulation in cells that were grown in the presence of 1 mM CuCl2 for 4 hours. 

* indicates a statistically significant difference from GR1 for p ≤ 0.06. ** indicates a 

statistically significant difference from ΔcusCFBA with p ≤ 0.05. Copper levels are 

measured as ng copper per cells with an OD600nm of 0.7. Error bars indicate standard 

deviation. All data was measured in triplicate.  

  

*

*

**

*

0.00

100.00

200.00

300.00

400.00

500.00

600.00

700.00

GR1 ΔcusCFBA ΔcusC ΔyohG ΔcusC ΔyohG

C
o
n
ce

n
tr

at
io

n
 C

o
p
p
er

, 
n
g
/(

O
D

=
0
.7

)



187 

 

 

Figure 4.15. Cell survival of ΔcusC ΔsdsP strain in E. coli GR1 in the presence of 

cupric chloride in the presence of plasmids expressing outer membrane genes. Error 

bars indicate standard deviation of triplicate experiments. Concentration of cupric chloride 

is the concentration added to the media. 
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Figure 4.16. Cell survival of ΔsdsP strain in E. coli GR1 in the presence of cupric 

chloride in the presence of plasmids expressing outer membrane genes. Error bars 

indicate standard deviation of triplicate experiments. Concentration of cupric chloride is 

the concentration added to the media. 
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compared to that of ΔcusC and wild-type (Fig 4.17). The strain ΔsdsP had a slight 

increase in intracellular copper concentration as compared to wild-type (p = 0.06). The 

strain ΔcusC ΔsdsP had a larger intracellular copper concentration than wild-type, ΔsdsP 

and ΔcusC (p ≤ 0.05), but not ΔcusCFBA. This indicates that sdsP affects intracellular 

copper concentrations, in the presence and absence of cusC. Moreover, the effects of 

ΔcusC and ΔsdsP are additive in terms of intracellular copper levels. 

4.4.7 TolC affects the susceptibility of ΔcusC ΔtolC and intracellular copper 

concentrations  

The ΔtolC strains with the plasmid constructs indicate that TolC might complement 

CusC during copper resistance, as shown in Figure 4.18. The ΔtolC strain retains full 

copper resistance until 2.5 mM CuCl2 as does the wild-type strain regardless of the plasmid 

(Fig 4.6 and 4.19). This supports the hypothesis that tolC may act in a secondary role, only 

complementing CusC during copper tolerance in the absence of CusC. When ΔcusC ΔtolC, 

ECA067, had the in trans expression of cusC (from pET-cusC), percent cell survival 

remains low and similar to ECA067 without pET-cusC (Fig 4.18). However, strain 

ECA067 with pET-tolC has fully recovered resistance phenotype, suggesting that the 

reduced phenotype of ECA067 (as compared to ΔcusC) can be attributed to the absence of 

tolC and its role in overall copper tolerance.  

The strain ECA067 has a largely decreased concentration of intracellular copper 

after the addition of 1 mM CuCl2. ECA067 not only is significantly different from strains 

ΔcusC and ΔcusCFBA but also GR1, with p ≤ 0.01 (Fig 4.20). The strain ΔtolC has an even 

more marked decrease in intracellular copper concentration than ECA067; it is statistically 

different from ECA067 (p =  0.007) as well as GR1, ΔcusC and ΔcusCFBA (Fig 4.20).  
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Figure 4.17. Copper accumulation of E. coli cells in ΔsdsP strains. Gray bars show 

copper accumulation in cells that were grown in the presence of 1 mM CuCl2 for 4 hours. 

Copper levels are measured as ng copper per cells with an OD600nm of 0.7. Error bars 

indicate standard deviations. * indicates these strains are statistically different from GR1 

with p ≤ 0.05. ** indicates these strains are statistically different from ΔcusC ΔsdsP with 

p ≤ 0.05. All data was measured in triplicate. 
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Figure 4.18. Cell survival of ΔcusC ΔtolC strain in E. coli GR1 in the presence of 

cupric chloride in the presence of plasmids expressing outer membrane genes. Error 

bars indicate standard deviation of triplicate experiments. Concentration of cupric chloride 

is the concentration added to the media. 
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Figure 4.19. Cell survival of ΔtolC strain in E. coli GR1 in the presence of cupric 

chloride in the presence of plasmids expressing outer membrane genes. Error bars 

indicate standard deviation of triplicate experiments. Concentration of cupric chloride is 

the concentration added to the media. 
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Figure 4.20. Copper accumulation of E. coli cells in ΔtolC strains. Gray bars show 

copper accumulation in cells that were grown in the presence of 1 mM CuCl2 for 4 hours. 

* indicates a statistically significant difference from GR1 of p ≤ 0.05; ** indicates a 

statistically significant difference from GR1 of p ≤ 0.005. Copper levels are measured as 

ng copper per cells with an OD600nm of 0.7. Error bars indicate standard deviations.  
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This indicates that the phenotype of ECA067 in the presence of increasing amount of CuCl2 

(Fig 4.6) is not due to copper accumulation. By removing tolC, intracellular copper 

concentrations decrease, while ΔcusC increases the intracellular copper concentration even 

in the absence of tolC. 
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4.5 Discussion  

 The Cus system of Escherichia coli is involved in the detoxification of copper and 

silver ions by exporting Cu+ or Ag+ ions out of the periplasm. It has been hypothesized that 

the outer membrane channel, CusC, does not contribute to the high specificity of the Cus 

system. The Cus outer membrane channel has been previously crystallized and its structure 

has been solved by X-ray crystallography; CusC is an open channel that did not crystallize 

with copper or silver ions.193 The phenotype of ΔcusC was studied by the determination of 

its minimal inhibitory concentration (MIC) value for copper, which indicated that CusC 

contributes to full resistance but was not an essential component.188 In our future studies, 

this hypothesis was supported based on cell survival percentages and intracellular copper 

concentrations (Chapter 3). There was a marked decrease in cell viability at 1.25 mM CuCl2 

for ΔcusC, which corresponded with ΔcusCFBA, but ΔcusC cells survived at a higher 

overall percentage than ΔcusCFBA from 1.75 to 3.25 mM CuCl2. Meanwhile, at additions 

of 1 mM and 2 mM CuCl2, ΔcusC had a significantly higher intracellular copper 

concentration than the wild-type and was not significantly different from ΔcusCFBA, 

indicating that CusC is required for copper export. Western blot analysis confirmed that 

CusF and CusB expression did not change in the strain ΔcusC (Chapter 3). Furthermore, 

the ΔcusC phenotype was recovered by in trans complementation of cusC, and by sdsP 

(Fig 4.9). To further study the role of CusC during copper export, in this work, the 

homologous outer membrane channels of E. coli, known as tolC, yohG, and sdsP, were 

studied to determine if any of these channels are able to complement CusC (Table 4.1).  

YohG is a putative outer membrane channel of E. coli that has been implemented 

in the resistance to a few antibiotics.252 Initial experiments indicated that yohG may 
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complement cusC, as ΔcusC ΔyohG had a reduced copper resistance phenotype as 

compared to ΔcusC (Fig 4.6); while ΔyohG had a similar phenotype as wild-type (Fig 4.7). 

When this strain was further studied by intracellular copper accumulation and in trans 

complementation, these results indicate that YohG does not complement CusC. The 

phenotype of ΔcusC ΔyohG (ECP9) is not recovered by pET-yohG or by pET-cusC (Fig 

4.12), nor is strain ΔcusC recovered by pET-yohG (Fig 4.9). This indicates that the 

phenotype of ECP9 is unrelated to the Cus system. Moreover, the copper accumulation 

data indicates that ECP9 does not have a significantly different intracellular copper 

concentration as compared to ΔcusC (Fig 4.14). The strain ΔyohG has a similar 

intracellular copper concentration to wild-type, and is significantly different from 

ΔcusCFBA (p = 0.04) (Fig 4.14), but the increase in copper accumulation of ECP9 can be 

attributed to ΔcusC. The ECP9 colonies are phenotypically sick, so the increase of copper 

sensitivity as measured in ECP9 may be due to a decrease in cell viability from deleting 

two outer membrane proteins rather than complementation of CusC by YohG.  

SdsP is the outer membrane component to SdsPRQ, which is involved in sulfa-drug 

resistance and tolerance to a few antibiotics.252, 264 Unlike tolC and yohG, in trans 

expression of sdsP complemented the phenotype of ΔcusC and affected intracellular 

copper levels in a ΔcusC background. The strain ΔcusC was partially complemented by 

pET-sdsP, whereas only pET-cusC recovered full cell survival, and pET-yohG and pET-

tolC did not affect the ΔcusC phenotype. Expression of all four outer membrane channels 

from pET did not differ from one another, based on Western blot analysis (Fig 4.10). This 

indicates that SdsP complements CusC in the absence of CusC during the export of cuprous 

ions. Copper accumulation data supports this hypothesis. The strain ΔcusC ΔsdsP has an 
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increased intracellular copper level as compared to GR1, ΔsdsP and ΔcusC. This indicates 

that SdsP has an effect on copper export and that the effect of ΔcusC and ΔsdsP is additive. 

By deleting sdsP in the presence of the full cus operon, the overall copper susceptibility is 

not affected (Fig 4.7), but the intracellular copper concentration increases to an equivalent 

level as ΔcusC (Fig 4.17). This indicates that copper levels increase without sdsP, but that 

does not necessarily correlate to a reduction in copper tolerance. This effect is similar to 

that seen in ΔcusC and ΔcusF, in which the intracellular copper levels are increased but 

cells retain partial copper resistance as compared to ΔcusCFBA, ΔcusA, and ΔcusB 

(Chapter 3). It is hypothesized that the intracellular copper concentration does not directly 

and immediately correlate to susceptibility as remaining Cus proteins and other copper 

chelators may be more saturated with copper than in GR1. In trans complementation 

studies are unclear for ΔcusC ΔsdsP as pET-cusC and pET-sdsP may both give slight 

recovery to the ΔcusC ΔsdsP phenotype, but neither gives full recovery (Fig 4.15). This 

does not negate the hypothesis that SdsP may complement CusC for copper export, but it 

indicates that neither sdsP nor cusC are able to fully complement the phenotype of ΔcusC 

ΔsdsP. A possible explanation for this phenotype is that the recovery in copper survival by 

pET-sdsP in ΔcusC is due to an excess of SdsP. In the ΔcusC strain with pET-sdsP, SdsP 

will be expressed from the genome and plasmid so may be in overall excess levels. If SdsP 

is able to complement CusC in the absence of CusC, then in excess a phenotype recovery 

may occur. However, this may not be physiologically relevant, as this indicates that 

complementation would only occur under conditions of over-expression of SdsP.  

The outer membrane channel TolC has been implemented in many cellular 

processes and export systems, but a previous study indicated that it could not complement 
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cusC; the strain ΔcusC ΔtolC had the same MIC value as ΔcusC.188 TolC has been found 

to complement other outer membrane channels, including GesC of the Salmonella 

GesCBA system, which is induced by gold similar to cusCFBA.267, 268 The strain ΔtolC did 

not have an increase in copper sensitivity (Fig 4.7), while ΔcusC ΔtolC (ECA067) did (Fig 

4.6). The double channel knockout has a copper resistance phenotype more similar to 

ΔcusCFBA rather than ΔcusC. This indicates that ΔtolC does have a negative effect on E. 

coli growth in the presence of excess copper. This phenotype is recovered by pET-tolC but 

not pET-cusC, which indicates that the negative effect is not due to its role in the Cus 

system (Fig 4.18). Furthermore, strain ECA067 had a reduced intracellular copper 

concentration at 1 mM extracellular CuCl2 (Fig 4.20). By removing tolC, less copper may 

enter the cell, even in ΔcusC. It should be noted that ECA067 has a significantly larger 

intracellular copper concentration than ΔtolC, after the addition of 1 mM CuCl2. These data 

combined indicate that TolC does not complement CusC to export excess Cu+ ions by way 

of the Cus pump.  

When E. coli cells do not have TolC, many negative effects occur. cAMP is 

exported by TolC, so in tolC- strains intracellular cAMP levels are high which alters 

cellular signaling processes.258 Cells that are tolC- were found to have an altered 

metabolism, with less metabolites and reduced intracellular glutathione levels.244 Cells 

under stress in minimal media grew at a slower growth rate, while growth in rich media 

remained unaltered as compared to wild-type.244 The strain ECA067 may have reduced 

growth as compared to ΔcueO ΔcusC due to overall lower viability of ΔtolC mutants under 

stress of copper. tolC- mutants also have stressed inner membranes with a decreased proton 

motive force, which causes inhibition of membrane bound NADH dehydrogenases.244 An 
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inner membrane NADH dehydrogenase, Ndh-2, has been implemented in copper 

resistance;164 if the inner membrane is stressed due to the absence of cusC and tolC, this 

may negatively affect the activity of Ndh-2. These effects most likely act together to cause 

the decrease in cell survival measured in ΔcusC ΔtolC. The phenotype of ECA067 is fully 

recovered by pET-tolC; this is likely a large positive response to the reversal of the negative 

effects of ΔtolC.  

The decrease in copper accumulation measured in ECA067 may be influenced by 

SoxS;  SoxS and TolC are involved indirectly in a signal relay system. TolC has four 

promoters, and two respond to SoxS.263 Meanwhile, in tolC mutants, the transcription of 

soxS increases.269 TolC is required to export many metabolites and toxins that induce 

expression of soxS, to induce expression of stress response genes. One such gene that is 

induced by SoxS is comC (known also as ycfR and bhsA), and comC is controlled by 

cAMP.174 ComC acts during copper stress to reduce permeability of the outer membrane, 

which decreases intracellular copper levels in an unknown mechanism.173 Even though cell 

viability has decreased in the presence of copper, ComC expression may be increased, due 

to the increase in SoxS and cAMP levels, causing a decrease in overall copper 

accumulation. If the cells have the anticipated build-up of toxic metabolites and stressors 

due to ΔtolC, the cells may experience lower tolerance for copper. This study suggests that 

ΔtolC reduces the import of copper, while causing cells to be more susceptible to copper 

toxicity when cusC is deleted.  

 The requirement for CusC as component of the copper export machinery most 

likely is due to interactions with CusB and CusA. CusB may form specific interactions 

with CusC. In Figure 4.21, the external electrostatics of each outer membrane channel are  
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A) CusC 

 

B) TolC 

 

C) YohG 

 

D) SdsP 

 

Figure 4.21. Comparison of the electrostatics of the exterior of outer membrane channels. Structures are oriented with the 

periplasmic entrance at the bottom. Coulombic approximations of electrostatics are shown as calculated by Chimera. Red 

indicates a potential ≤ -5.9 kcal/(mol*e), blue indicates a potential ≥ +5.9 kcal/(mol*e). A) The exterior of CusC trimer, pdb 

3PIK.193 B) The exterior of TolC trimer, pdb 1EK9.245 C) The exterior of YohG trimer and D) the exterior of SdsP trimer, both 

modelled on VceC pdB 1YC9.246



201 

 

compared. There is a large difference between each channel. Moreover, it is anticipated 

that the equatorial regions of outer membrane channels are involved in binding to the 

adaptor protein. The sequence identity and sequence similarity of these regions are highly 

divergent between CusC, TolC, YohG, and SdsP. Beyond identification by CusB and the 

subsequent interaction with CusB, the channel component to RND systems must open, as 

initially the periplasmic entrance is closed as shown for TolC (Fig 4.5) and modelled for 

CusC (Fig 4.22). CusB is responsible for allowing CusA to accept metal; only when 

CusB is metal bound will CusA accept metal from CusF.200 A similar mechanism may 

trigger the opening of the entrance of CusC; many hydrogen bonds must be broken and 

reorganized to allow for the opening of the CusC entrance. It was suggested that the 

interior region may contribute to specificity of CusC, but as shown in Figure 4.4, there is 

not a large electrostatic difference between the four outer membrane channels. Another 

possible reason for presumed CusC specificity in copper export is that it is expressed 

upon copper stress, while tolC, yohG, and sdsP were not induced as determined by 

microarray.157 The other three outer membrane channels may not be appreciably 

expressed during copper stress so do not participate with CusB, so CusC may not have 

specificity or specific interactions with CusB but may be the main outer membrane 

channel available under copper stress. Most likely, a combination of these factors cause 

the specificity of CusAB for CusC as the outer membrane component for metal export. 
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A) 

 

B) 

 

Figure 4.22. Periplasmic entrance of CusC. A) Surface depiction of the opening at the 

periplasm entrance. B) Ribbon depiction of the opening at the periplasm entrance showing 

the side chains of the residues surrounding the entrance shown in blue; black dotted lines 

indicate hydrogen bonding. (pdb 3PIK)193 
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4.6 Conclusions 

 The E. coli outer membrane channel CusC was studied by atomic absorbance 

spectroscopy and by in trans complementation with homologous channels TolC, YohG 

and SdsP. CusC is essential for full cell survival during E. coli copper stress. By removing 

cusC, the subsequent intracellular copper accumulation is equivalent to that of ΔcusCFBA 

and other Δcus strains. YohG did not affect intracellular copper levels or complement 

CusC, whereas, both TolC and SdsP influence copper accumulation and copper 

susceptibility. Even though tolC affects both accumulation of copper and cell survival, this 

study suggests TolC does not directly complement CusC. Sulfa-drug sensitive SdsP affects 

intracellular copper levels; this affect by ΔsdsP is additive with ΔcusC. Furthermore, sdsP 

recovers the copper sensitive phenotype of ΔcusC during in trans complementation. These 

data indicate that the effect of SdsP on copper survival is secondary to CusC. Perhaps SdsP 

only acts as the channel during copper export in the absence of CusC. This study concludes 

that CusC is the required outer membrane component for copper export in E. coli.
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

 This body of work focused on the mechanisms used by bacterial organisms to 

maintain metal homeostasis, specifically iron-heme acquisition by Bacillus anthracis and 

copper export by Escherichia coli. The mechanism by which extracellular IsdX1 removes 

heme from hemoglobin was analyzed in Bacillus anthracis. In E. coli, the in vivo roles and 

importance of outer membrane channel CusC and periplasmic CusF were examined during 

copper stress. 

 In Chapter 2, the Isd system was studied to better understand heme capturing by B. 

anthracis, a potent bioweapon.  The human body contains several proteins and systems to 

regulate and limit the amount of free iron, thus maintaining what is known as nutritional 

immunity. Iron is an essential transition metal for many cellular processes, so if B. 

anthracis is unable to procure iron during infection, it will not survive. The Isd system is 

expressed to bypass nutritional immunity by taking iron-heme directly from hemoglobin 

as an iron source. Similar systems have been studied in other Gram-positive bacteria, but 

the Isd system in B. anthracis is unique in that one of the proteins that interacts with 

hemoglobin is a small single-domain protein, IsdX1. Other systems utilize proteins that 

have separate domains for each purpose, a domain for hemoglobin recognition and binding, 

and another domain for heme binding.92, 121, 211 Previously, it was found that IsdX1 binds 

directly to hemoglobin and binds heme.90 IsdX1 then transfers heme to IsdC, which is 

attached to the cell wall.108, 109 In the homologous Staphylococcus aureus Isd system, 

binding then subsequent transfer is driven by thermodynamics, in which each successive 

protein has higher affinity for heme than the previous.212, 270 This thermodynamically-

driven mechanism does not correlate to the Bacillus anthracis Isd system, as IsdX1 and 
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IsdC have similar affinity.90, 109 The goal of this study was to determine how IsdX1 is able 

to acquire heme from hemoglobin and the details of transfer between IsdX1 and IsdC.  

 The results described in Chapter 2 indicate that the oxidation state of the heme 

molecule is critical for IsdX1 to remove heme from hemoglobin at physiologically relevant 

rates. Circular dichroism spectroscopy was used to measure structural changes in IsdX1 

and IsdC upon heme binding. Even though IsdX1 and IsdC have high sequence identity 

and share similar folds,120, 125 Circular dichroism spectra indicate differences between 

IsdX1 and IsdC. IsdX1 experiences an increase in secondary structure content upon heme 

binding, while IsdC does not. Through a competition assay with a mutant myoglobin 

protein, it was determined that both IsdC and IsdX1 form more stable complexes with 

oxidized hemin than reduced heme. Neither IsdC nor IsdX1 dissociated from hemin under 

the experimental conditions, whereas both dissociated from reduced heme. Absorbance 

spectroscopy was used to study and measure transfer between proteins. IsdX1 could only 

acquire hemin from hemoglobin and not reduced heme. Additionally, the transfer to IsdC 

from IsdX1 was more rapid than hemin acquisition by IsdX1, indicating that it is kinetically 

driven. These results demonstrate that previous oxidation of hemoglobin to methemoglobin 

must occur in order for IsdX1 to acquire hemin. Hemoglobin is readily oxidized to 

methemoglobin upon erythrocyte lysis.58 Based on these data, it is concluded that before 

transfer to IsdX1, hemoglobin is released from erythrocytes and oxidized to 

methemoglobin, then the subsequent transfer to IsdC is kinetically driven.  

 This work clarifies the requirements for metal acquisition and transfer. Circular 

dichroism experiments performed in this study suggest that IsdX1 may experience overall 

structural changes that lead to an increase in secondary structure content. Perhaps this 
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change protects hemin during transport by IsdX1 back to B. anthracis cells. Further 

experiments are needed to study the dynamics of hemin binding and interactions between 

IsdX1 and IsdC. In depth dynamics studies can be performed with a combination of 2D 

and 3D NMR spectroscopy. NMR spectroscopy can be useful to study structural dynamics 

and protein-protein interactions. 1H-15N HSQC can be performed on 15N-IsdX1 with and 

without Zn2+-protoporphyrin IX, as a substitute for heme, to better understand structural 

dynamics that may change upon porphyrin binding. 1H-15N HSQC can also be used to study 

protein-protein interactions by measuring changes in 15N-IsdX1 in the presence of 14N-

IsdC. These experiments would be dependent upon the identification of HSQC peaks, 

which requires 3D NMR spectroscopy on 15N-13C-labelled IsdX1. However, IsdX1 is a 

small (14 kDa) stable protein, and initial NMR conditions have been studied. IsdX1 

remains stable at low pH with minimal salt concentrations; this is evidence that IsdX1 is a 

suitable protein for NMR studies. Additionally, isothermal titration calorimetry (ITC) 

could be used to study hemin binding. Previously, absorbance spectroscopy was used to 

measure Kd values.90, 120  But to study dynamics of hemin binding, ITC could provide 

further information about hemin binding by IsdX1, as it is a sensitive technique that would 

detect thermodynamic changes during hemin binding. This information could greatly 

supplement and support any information gleaned from NMR studies. These future NMR 

and ITC studies proposed will further elucidate the role and mechanism of heme acquisition 

of IsdX1, as IsdX1 would be an appropriate target for antibiotic design to limit iron 

acquisition by B. anthracis.   

 If the Isd system was targeted by antibiotic design, iron acquisition could be greatly 

reduced in Bacillus anthracis, or toxic metals could be delivered into the organism. When 
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iron access is limited within the human body, pathogen viability is reduced. The ability of 

bacterial pathogens to acquire iron is related to overall virulence.72 The Isd system could 

be targeted by antibiotics to stop heme acquisition. These antibiotic molecules would be 

most successful if they mimicked heme, other metallo-porphyrin complexes. If the metallo-

porphryin bound to the Isd system, but was not transferred between one another, this 

metallo-porphyrin would act as an inhibitory competitor to heme acquisition. Furthermore, 

this design could be utilized to deliver toxic transition metals into B. anthracis. These 

potential antibiotic molecules have been named “Trojan Horse” antibiotics, by Moriwaki 

et. al.212, 220 Similar to inhibitory competitor metallo-porphyrin antibiotics, the porphyrin 

would contain a toxic transition metal that would be released by IsdG, causing the bacterial 

organism to undergo toxic metal stress, which can be fatal. Research has been performed 

utilizing potential Trojan Horse molecules in Staphylococcus aureus; Ga3+-protoporphyrin 

IX and Mn3+-protoporphyrin IX were identified as potential antibiotics targeting S. aureus 

IsdH.220 This body of work concludes that the oxidation state of potential metallo-

porphyrin antibiotics would be essential to target the Isd system of B. anthracis. 

 In Chapters 3 and 4, the Cus system of E. coli was studied to confirm and probe the 

in vivo roles of CusC and CusF. E. coli uses several mechanisms for to resistant the 

negative, toxic effects of excess copper and silver ions. The Cus system is a resistance 

nodulation division (RND) system that exports copper and silver ions from the periplasm 

out of the cell. CusA is an inner membrane RND pump component, acting as the 

transporter.187 CusC is the outer membrane component, a large porin type channel.193 CusC 

and CusA are connected by the adaptor CusB, which regulates the ability of CusA to accept 

metal.190, 200 The CusCBA complex is expressed with an additional protein, CusF, which is 
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a soluble periplasmic protein with metal binding capability.168, 188 Previous studies have 

indicated that only CusA and CusB are essential for copper resistance by the Cus system.188 

However, CusF has been implicated with several possible roles in previous studies. These 

in vitro studies identified CusF metal-dependent interactions with CopA, CusB, CusA and 

CusS. When crystallized for structure determination, CusC did not purify with copper or 

silver ions.193 However, by removing cusC from the E. coli genome copper resistance is 

reduced, and an initial study determined that paralogous tolC did not complement cusC.188  

 In Chapter 3, previously proposed roles for CusF were probed during copper stress 

in E. coli K-12 strains. Initially, the phenotypes of Δcus strains were studied in more depth 

by measuring cell survival in the presence of copper as compared to measurements of 

minimal inhibitory concentrations. Each gene of the cusCFBA was necessary for full 

copper resistance, but strains ΔcusCFBA, ΔcusA, ΔcusB were most detrimental to cell 

survival under copper stress and equivalent to one another. The intracellular copper 

concentration was measured for each strain at several copper concentrations by atomic 

absorbance spectroscopy. The strains ΔcusCFBA, ΔcusA, ΔcusB, ΔcusF, and ΔcusC had 

elevated intracellular copper concentrations as compared to GR1, which is cus+. Moreover, 

the Δcus strain had indistinguishable intracellular copper concentrations. This indicates 

that all Cus transport proteins are necessary for full copper export in E. coli during copper 

stress. To understand the role of CusF in full copper export, in vivo chemical crosslinking 

was implemented. This experiment measured an in vivo interaction between CusF and 

CusB under copper stress, supporting previous in vitro conclusions. Genomic mutation of 

cusF and deletions of promoter regions were generated to further understand phenotypes 

of ΔcusF. These data combine suggest that the phenotype of ΔcusF may not be due to cusF- 
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but may be due to the presence of a secondary promoter before cusBA in the operon 

cusCFBA. This study determined that this potential promoter is not in the intergenic region 

upstream of cusF. Overall from this data, it is concluded that deletion strains on the 

cusCFBA operon affect both cell survival percentages and copper accumulation. 

Furthermore, CusF interacts with CusB in vivo, but may not be essential for full copper 

resistance.  

 This research provided new questions about CusF during copper resistance. These 

include: Is CusF vital to copper resistance, as opposed to the effects of cusF on expression 

from the cusCFBA operon? Does a secondary promoter region exist involved in the 

expression of cusB? These questions can be addressed by performing RT-PCR on the 

strains: GR1, ΔcusFp, and ΔcusF, and measuring cusB levels to determine if cusB levels 

are dependent upon cusF or the intergenic region upstream of cusF. If RT-PCR identifies 

a potential promoter region in cusF or cusFp involved in the expression of cusB, more 

specific DNA mutations can be created to identify the exact region of this promoter. By 

deleting the remaining sequence of cusF outside of this potential region, the phenotype of 

ΔcusF could be separated from that connected to altered cusB expression. RT-PCR is a 

great approach to measure RNA levels, but an additional way to study these questions 

would be to use a reporter gene. The creation of a plasmid construct in which a reporter 

gene was downstream of cusFp-cusF, then the reporter gene would only be expressed if 

this region acted as a promoter. These experiments would provide information on the 

existence of a secondary promoter region within the cusCFBA operon and if the ΔcusF 

phenotype is due to the role of CusF. 
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 In Chapter 4, the outer membrane channels, TolC, YohG, and SdsP, were studied 

to better understand the specificity of CusAB for CusC during copper stress. By deleting 

each outer membrane channel gene in a ΔcusC background, the resulting phenotype can 

infer complementation information. These double knockout mutants indicated that tolC, 

yohG, and sdsP may all complement CusC in the absence of CusC. However, further 

experiments were performed on these strains with in trans expression of all four channel 

genes and copper accumulation measurements. SdsP recovered the ΔcusC phenotype and 

caused an increase of intracellular copper levels when deleted from the genome. TolC 

altered both copper susceptibility and intracellular copper levels, but it was concluded from 

these results that TolC does not complement CusC. Meanwhile, it was concluded that 

YohG did not affect copper accumulation nor did it complement CusC. The conclusion 

from Chapter 4 is that CusC is specific for the Cus pump as it is the main outer membrane 

channel for copper efflux, but SdsP may be able to complement CusC when SdsP is 

overexpressed to maintain full copper resistance.  

 Future experiments involving CusC should focus on SdsP and providing further 

evidence on a specific interaction between CusC and CusBA. To address SdsP, the 

remaining question is what is the expression level of SdsP? This body of work concludes 

that SdsP may only complement CusC in the absence of CusC and when overexpressed. 

Several studies have looked at the induction of genes after metal stress and identification 

of these induced genes.156, 157 Neither sdsP nor sdsRQ have been detected in these 

examinations of gene induction by copper. However, SdsP may have high expression 

regardless of copper stress. RT-PCR on sdsP would determine the level of sdsP mRNA, 

which can be indicative of high levels of SdsP. Furthermore, Western blot analysis could 
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be performed on GR1 versus ΔcusC detecting SdsP expressed from the genome to 

determine if SdsP levels are high. To control for expression rate, in trans expression of 

sdsP in a controllable induction plasmid could be performed. By controlling induction, in 

trans complementation could be studied with variable levels of SdsP.  

 To investigation the interaction between CusC and CusBA, protein-protein 

interactions should be measured. In vitro chemical crosslinking between CusB and each 

channel may clarify possible specificity by CusB for CusC. Subsequent analysis of 

crosslinking by proteolysis and tandem mass spectrometry will further identify sites of 

interaction between CusC and CusB. As the interaction between CusB and the outer 

membrane component may be metal dependent, the effects of copper ions should be 

investigated as a variable. CusC and CusB are too large for analysis by NMR spectroscopy. 

CusC is a membrane protein while CusB is a soluble protein, so ITC would also not be an 

appropriate technique as solvent restructuring would most likely cause large fluctuations 

in signal. Therefore, even though there are limitations to in vitro crosslinking experiments, 

other techniques that are commonly used for protein-protein analysis would not be 

appropriate for this system. By isolating crosslinking sites between CusC and CusB by 

tandem mass spectrometry, a more detailed analysis would be possible. These experiments 

would provide further evidence that CusC is the specific outer membrane channel for the 

Cus export system.  

 The Cus system has high similarity to multi-drug efflux systems within the 

resistance nodulation division (RND) superfamily. RND systems are one of many 

mechanisms utilized by bacteria that contribute to multi-drug resistance. Currently to 

prevent the spread of antibiotic resistance, copper surfaces are utilized as bacteria do not 



212 

 

easily survive on metallic copper. 132, 136 The effect of copper resistance systems on survival 

on metallic copper surfaces was studied in E. coli; the Cus system, along with CopA and 

CueO, conferred resistance on surface with 60% copper.135 Moreover, the study of a silver 

resistant strain of E. coli identified silver resistance could be attributed to the constitutive 

expression of CusF and CusB.170 These studies suggest that the Cus system have clinical 

significance. If or when copper resistance becomes more prevalent among bacteria, the Cus 

system will be an important target to stop the spread of multi-drug resistant bacteria. 

In this dissertation, I have described the mechanism of iron acquisition by B. 

anthracis and expanded our knowledge on the mechanism of copper export by E. coli.  This 

body of work further develops our understanding of how bacteria maintain transition metal 

homeostasis in ever-fluctuating environments. Iron acquisition systems have been 

proposed to be antibiotic targets. This investigation determined that to target B. anthracis 

infection through the Isd system, the efficacy of these antibiotics will be dependent upon 

its oxidation state. In E. coli, copper resistance by the Cus system is similar to antibiotic 

resistance by homologous RND systems. Copper is a commonly used antimicrobial agent 

to prevent the growth of antibiotic-resistant bacteria, so future ubiquitous copper resistance 

is a dangerous possibility, as copper could no longer be used to reduce the spread of 

antibiotic resistant bacteria. This research has shown that all Cus proteins are required for 

full copper resistance by E. coli, which is an important consideration when halting copper 

resistance.  
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