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ABSTRACT
Bacteria have evolved sophisticated cellular transport mechanisms to maintain
metal homeostasis to not only utilize metals as important cofactors but also to evade the
toxicity of these ions. The delicate balance is maintained by several homeostatic
mechanisms that range from active cytoplasmic export, modification, sequestration, and
periplasmic detoxification of toxic metals to the extracellular milieu. One mechanism
involves active periplasmic extrusion of toxic substrates via a transmembrane spanning
tripartite protein complex. The mechanism of substrate binding and subsequent efflux has
yet to be elucidated. However, genetic, comparative genomic, biochemical, and
functional analyses of the components of the heavy-metal efflux family have allowed the
development of proposed models for a substrate transport pathway. The goals of this
research were to identify the roles these systems play and to further characterize these
systems on a molecular level to ultimately understand the mechanism of substrate
transport. Elucidating a transport pathway in metal transporters allows for the
development of a revised working model, which ultimately can have implications for
antimicrobial drug development.
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CHAPTER 1: INTRODUCTION

Since the introduction of antimicrobial agents in the late 1940s, there has been a
dramatic increase of resistant and multi-drug resistant microbes. The wide use of
antimicrobial agents in agriculture, aquaculture, and human therapy has resulted in the
selection of bacterial pathogens that are resistant to a variety of antimicrobials. The
increase of multi-drug pathogens can not only be attributed to the exchange of genetic
information through horizontal gene transfer as a result of the selective pressure exerted
by the intensive use of antibiotics, but also the prevalence of intrinsic genes encoding
resistance determinants (Wright, 2007). Antimicrobial resistance can be achieved through
a wide array of mechanisms that can involve restricting access of an antibiotic to its
target, inactivation of an antibiotic via chemical modification, and modification of the
antibiotic target via mutations (Reviewed in (Nikaido, 2009). Although these mechanisms
are efficient resistance processes, they primarily involve the restriction of a specific class
of antibiotics. However, the major contributor to resistance is the extrusion of a broad
spectrum of antibiotics and toxic substances by multidrug efflux pumps, a ubiquitous
homeostatic mechanism present in all living organisms (Piddock, 2006).

1.1 Active efflux pumps
The mechanism of active efflux for antibiotic resistance was first described in
1980 by McMurry and coworkers in which tetracycline resistance in Escherichia coli was
attributed to four genetically different determinants allowing for substrate efflux
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(McMurry, et al., 1980). Genes encoding these and similar elements were not only found
on the chromosome of other bacterial organisms but also in some Archaea and Eukarya
(Paulsen, et al., 2001).

Presently, there are five recognized families of efflux pump

proteins that are associated with multi-drug resistance: the ATP-binding cassette (ABC)
superfamily, the major facilitator superfamily (MFS), the multidrug and toxic-compound
extrusion (MATE) family, the small multidrug resistance (SMR) family, and the
resistance-nodulation-cell division (RND) superfamily (Figure 1.1). These efflux pumps
are categorized by the number of transmembrane-spanning regions, the number of
components in the pump, the energy source that the pumps use for active extrusion, and
the types of substrates exported. Expression of efflux pumps from more than one family
and more than one type of efflux pump of the same family can be achieved by a single
organism (Piddock, 2006). In Gram-negative bacteria, these transport systems consist of
multiple components that span the cell wall from the inner membrane, through the
periplasm and extend across the outer membrane. Protein pumps of the RND transporter
family are tripartite complexes composed of a proton-substrate antiporter protein (RND)
that resides in the inner membrane, a periplasmic adaptor protein (PAP), and an outer
membrane factor (OMF) that serves as a channel for substrate export (Figure 1.2).

1.2 The Resistance-Nodulation-Cell Division Superfamily
The RND family was first described as a related group of bacterial transport
proteins involved in heavy metal resistance, nodulation, and division (Saier, et al., 1994).

14

Figure 1.1: Schematic of efflux pumps and their substrates.
There are 5 families of multi-drug efflux pumps: ATP-binding cassette (ABC
superfamily, the major facilitator (MFS) superfamily, the resistance nodulation cell
division (RND) superfamily, the multidrug and toxic-compound extrusion (MATE)
family, and the small multidrug resistance (SMR) family. Top panel: Gram-negative
efflux pumps. Bottom panel: Gram-positive efflux pumps.
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Figure 1.2: Schematic of an RND efflux system. RND efflux systems are composed of
an RND inner membrane proton/substrate antiporter that energizes the export of
substrate, a periplasmic adaptor protein, and an outer membrane protein that is exposed to
the extracellular milieu and serves as a channel of substrate export.
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In recent years this family has been recognized as an enormous superfamily
encompassing seven protein families that can be found in all domains of life: the heavy
metal efflux family (HME), the hydrophobe/amphiphiles efflux-1 (HAE1) family (Gramnegative), the nodulation factor exporter (NFE) family, the SecDF protein-secretion
accessory protein (SecDF) family, the hydrophobe/amphiphiles efflux-2 (HAE2) family
(Gram-positive),

the

eukaryotic

sterol

homeostasis

(ESH)

family

and

the

hydrophobe/amphiphiles efflux-3 (HAE3) family (archaea and spirochetes) (Tseng, et al.,
1999). In bacteria and archaea, members of the RND superfamily are involved in the
translocation of a variety of substrates including heavy metals, amphiphiles, nodulation
factors, and hydrophilic compounds.

Typically, an RND transporter is predicted to

contain 12 transmembrane α-helices and two large periplasmic domains between the
transmembrane helices.

The genomic context of RND–encoding systems can be

characterized as an operon by an RND-encoding gene usually flanked by a gene encoding
a member of the periplasmic adaptor protein family (Saier et al., 1994). Usually a third
component encoding a protein that belongs to the outer membrane factor (OMF) family is
located within the operon (Paulsen, et al., 1997, Johnson & Church, 1999). Additionally,
a regulatory system usually is sometimes located upstream of these RND-encoding
operons. The three proteins form an efflux protein complex that exports substrates from
the cytoplasm or periplasm to the extracellular environment.
RND-type systems in E. coli can be divided into two distinct subfamilies: the
hydrophobic and amphiphilic efflux RND (HAE1) and the heavy-metal efflux RND
(HME) families (Tseng, et al., 1999, Nies, 2003). RND-type systems of the HAE1 family
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have broad substrate specificity and have been aptly termed “periplasmic vacuum
cleaners” (Lomovskaya, et al., 2007). These RND transporters are one of the main
sources of bacterial multidrug resistance because they catalyze the active efflux of an
assortment of structurally dissimilar compounds, drugs, and antibiotics. Conversely,
RND-type transporters of the HME family have specific substrate specificity, usually for
1-3 types of metals and an ability to differentiate between monovalent and divalent
cations. For example, the first identified member of the RND family, CzcA was
recognized on a mega-plasmid in a β-proteobacterium Ralstonia metallidurans, which
with its CzcB and CzcC counterparts exports Co(II), Zn(II), and Cd(II) to the
extracellular space while using the proton motive force to energize extrusion of substrate
(Mergeay, et al., 1985, Nies, et al., 1987, Nies, et al., 1989, Nies & Silver, 1989, Nies,
1995). In E. coli, there is only one RND-type protein of the HME family, CusA. Along
with its counterparts, the PAP CusB and the OMF CusC, it forms a functional protein
complex to actively export Cu(I)/Ag(I) (Franke, et al., 2001, Franke, et al., 2003).
Substrate specificity in the HME family can be attributed to highly conserved metalcoordinating residues present among the components comprising these RND-efflux
pumps.

1.3 Structure and mechanism of RND-type efflux pumps
RND-type proteins are associated with two other classes of proteins, the outer
membrane protein channel and the membrane fusion protein to form tripartite complexes
such that each of these three component proteins is essential for substrate efflux. A
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deletion of any of these components results in a nonfunctional substrate-exporting
complex (Ma, et al., 1995, Franke, et al., 2003). These transmembrane spanning efflux
pumps can export substrates from the cytoplasm and the periplasm directly into the
extracellular milieu (Li, et al., 1994, Nikaido, 1996). Both appear to be advantageous to
the cell, because once substrate is extruded from the cell; it must cross the outer
membrane barrier to reenter the cell. The outer membrane has been shown to be an
intrinsic resistance mechanism to several drugs (Vaara, 1993). In mutants that have a
defective outer membrane permeability barrier, bacterial cells become super-susceptible
to hydrophobic and very large hydrophilic antibiotics (Clark, 1984, Vaara, 1993).
In addition to the direct export of substrate from the cytoplasm to the outside,
recent data has revealed that periplasmic substrate export also occurs. In Pseudomonas
aeruginosa, the RND-type protein MexB provided resistance to β-lactams, which reside
in the periplasm because their targets, penicillin-binding proteins are also located in the
periplasm (Li, et al., 1994). Moreover, in E. coli the RND protein AcrD was shown to
exclusively export a very hydrophilic periplasmic substrate, aminoglycoside, that cannot
spontaneously cross membrane bilayers (Aires & Nikaido, 2005). Therefore, it has been
concluded that RND-type efflux systems export both cytoplasmic and periplasmic
substrates or substrates associated with the periplasm-cytoplasm membrane interface.
Genetic approaches involving the use of chimeric genes, site-directed, and
random mutagenesis have provided insight on the mechanism of substrate binding and
efflux of RND pumps. Initial work of subunit swapping in the P. aeruginosa RND pumps
MexA,B-OprM and MexC,D-OprJ has indicated that the homologous RND components
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and their respective PAPs cannot be interchanged to provide substrate resistance
(Yoneyama, et al., 1998). Here, the RND proteins MexB and MexD were genetically
exchanged to form MexA,D-OprM and MexC,B-OprJ complexes. Additionally, the outer
membrane factor (OMF) proteins were exchanged to form a MexA,B-OprJ complex. The
strains producing RND-swapped efflux pumps failed to restore the antibiotic resistance
shown in the strains producing the natural combinations of the subunit proteins. These
data suggest that although these RND proteins are highly homologous, they possess
distinctive variations that allow for the specificity of interactions with PAPs. However,
the strains expressing the RND efflux pump that contained an alternative OMF protein
was able to complement the native OMF protein function partially, suggesting a single
OMF can support the function of several homologous pumps. The flexibility of OMF
proteins can also be recognized with the OMF TolC, which can support the transport
needs of several multidrug efflux pumps (Fralick, 1996). Collectively, the structural
organization and specificity of these tripartite complexes has elucidated that RND
proteins and their cognate PAPs have specific interactions and likely play a significant
role in activation, substrate binding and efflux.
Replacement of large regions of genes with alternative sequences in RND
proteins from close homologs has been insightful in identifying domains important in
substrate binding. Chimeric genes of RND proteins were first created between AcrB and
AcrD of the AcrA,B/D-TolC and multidrug efflux complex (Elkins & Nikaido, 2002).
The E. coli RND protein AcrB provides strong resistance to several antibiotics including
ciprofloxacin, novobiocin, and fusidic acid. Conversely, a homologous RND protein
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AcrD does not provide any resistance to these antibiotics. Exchanging both of the large
periplasmic loops of AcrD with those of AcrB resulted in a transporter that could extrude
substrates of the AcrB efflux pump (Elkins & Nikaido, 2002). Moreover, exchanging
regions within the transmembrane of AcrD with corresponding sequences of AcrB did
not alter substrate specificity. These results suggest that the periplasmic domain plays a
significant role in determining substrate specificity.
Random and site-directed mutagenesis of amino acid residues within RND
proteins has further elucidated the mechanism of substrate binding within the components
of these efflux pumps. With the Cu(I)/Ag(I) efflux pump in E. coli, highly conserved
residues, M573, M623, and M672, initially thought to coordinate Cu(I) substrate were
mutated to a residue lacking a sulfur-coordinating group, isoleucine. These mutations
resulted in a loss of copper resistance (Franke, et al., 2003). With the recent resolution of
crystal structures of CusA (Figure 1.3) and CusA with its cognate PAP CusB (Figure
1.4), the mechanism of substrate binding has been elucidated (Long, et al., 2010, Kim, et
al., 2011, Su, et al., 2011). These residues reside close to the entrance of the periplasmic
large cleft in the AcrB model and it is hypothesized that the RND protein CusA
coordinates substrate from the periplasm and extrudes it through the OMF CusC.
Utilizing spontaneous mutants of P. aeruginosa MexD that acquired the ability to extrude
a non-native substrate carbenicillin proved that the periplasmic domain is the location
within RND proteins where substrate binds (Mao, et al., 2002). All mutants mapped only
to the periplasmic domain, likely the site of periplasmic entry for substrates. Mutational
analysis has also been conducted in the RND protein MexB, in which resistance to
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Figure 1.3: Crystal structure of CusA and its metal-binding site (Long, et al., 2010).
CusA is an inner membrane proton-substrate antiporter that is a trimer. It coordinates
metal ion substrate via 3 methionine residues. The metal binding site is located in the
periplasmic cleft of CusA.
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Figure 1.4: Co-crystal structure of CusBA complex (Su, et al., 2011).
The stoichiometry of CusA to CusB is 1:2. PDB ID 3NE5
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substrates was diminished in mutants containing mutations located within the large lateral
cleft of the periplasmic domain (Middlemiss & Poole, 2004). This work further supports
that the uptake of substrates by RND efflux pumps involves the entry within this
periplasmic domain. Collectively these data suggest that the possible route of substrate
binding and subsequent efflux is located within the periplasmic domain, which contains a
binding pocket with several aromatic and hydrophobic residues.
The PAP proteins of RND-efflux complexes of the HAE and HME families share
some similarities yet are highly specific for their cognate counterparts (Table 1.1). The
PAPs AcrA of E. coli and MexA of P. aeruginosa share 73% sequence similarity and
close conservation of structural elements (Table 1.1), yet cannot functionally
complement each other (Tikhonova, et al., 2002). Comparison of the crystal structures of
the PAPs AcrA (Mikolosko, et al., 2006), MexA (Akama, et al., 2004, Higgins, et al.,
2004, Vaccaro, et al., 2006, Symmons, et al., 2009), CusB (Su, et al., 2009), and ZneB
(De Angelis, et al., 2010) reveal all have conformational flexibility (Figure 1.5). These
conformational changes can be attributed to the hinge regions between the α-hairpin,
lipoyl, and β-barrel domains. At the top close to the outer membrane, the interaction of
the PAP and the OMF appears to be between the α-helical hairpin and the coiled-coil
periplasmic domain of the OMF and at the bottom, biochemical and genetic data suggest
that the C-terminal domain of the PAP contacts the periplasmic region of the RND
protein (Touze, et al., 2004). A structural adjustment or flexibility by the MFP appears
likely in order to engage both the bottom part of the OMF and the top part of the RND
protein (Vaccaro, et al., 2006). It is likely that the PAP plays a significant role as a

24

Table 1.1: Percent similarity among PAPs of the HAE and HME families.
Alignments were analyzed by using default blastp parameters.
AcrA (gi:16128447), CusB (gi:117622797), MexA (gi:15595622),
and ZneB (gi:94314249).

AcrA
CusB
MexA
ZneB

AcrA
100%

CusB
39%
100%

MexA
73%
36%
100%

ZneB
46%
51%
41%
100%

25

Figure 1.5: Crystal structures of PAPs of the HME and HAE families.
MFPs are composed of distinct domains: α-hairpin, lipoyl, β-barrel, and membrane
proximal domains. Top panel are PAPs of the HAE1 family. Bottom panel are PAPs of
the HME family. AcrA and MexA
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flexible adaptor between the OMF and the RND protein during assembly and the opening
of a functional efflux pump across the cell wall of Gram-negative bacteria.

1.4 Efflux pumps in natural ecosystems
Multidrug resistance (MDR) efflux pumps have transpired into being significant
components in the intrinsic and acquired antibiotic resistance among bacterial pathogens.
The highly conserved and tightly regulated expression of the genetic determinants
encoding these systems is present in the chromosomes of all living organisms. These
characteristics suggest that the main function of these systems is not resistance to
therapeutic agents or of clinical relevance; rather they play a major functional role in
natural environmental ecosystems. Moreover, the occurrence of bacteria carrying
multidrug resistance efflux pumps is not limited to environments with a high antibiotic
load, but rather the largest number of MDR pumps is found in the soil or in association
with plants (Konstantinidis & Tiedje, 2004). Chromosomally encoded MDR transport
systems are not antibiotic resistance genes recently acquired by pathogens but rather they
appear to be evolutionarily ancient elements that are significantly relevant for their
biochemical physiology and ecological behavior (D'Costa, et al., 2006). Efflux pumps
likely contribute to adaptation to varying environments by responding to a variety of
cues. One example of the ecological role of MDR pumps is revealed through the
interaction bacteria have with plants. Roots of plants contain a large number of
compounds including nutrients and effectors that mediate plant and bacteria interactions.
MDR pumps play a significant role in this interaction by allowing for the initial bacterial
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colonization and the survival in plant tissues via export of antimicrobial plant chemicals
or adhesion molecules (Espinosa-Urgel, et al., 2000, Barabote, et al., 2003, Matilla, et al.,
2007). Mediation of cell-to-cell communication can also be attributed to MDR efflux
pumps. The transport of quorum sensing molecules to the extracellular environment
including N-acylated homoserine lactones in P. aeruginosa may be important in signal
trafficking. The expression of the MDR efflux pump, MexAB-OprM has been shown to
be enhanced by the presence of quorum sensing autoinducer molecules in P. aeruginosa
(Sawada, et al., 2004).
Lastly, toxic heavy metals are abundant in the environment and microorganisms
have been exhaustively exposed to them since early life.

Therefore, bacteria have

evolved several mechanisms to maintain appropriate levels of metals because although
toxic in excess, many metals are essential for vital biological processes as cofactors.
Efflux pumps play a role in this complex system of maintaining essential levels of these
metals. Cupriavidus metallidurans, an environmental isolate recovered in highly polluted
environments with metallurgic wastes, is a model organism for heavy metal
detoxification (von Rozycki & Nies, 2009). Heavy metal resistance of this bacterium can
be predominantly attributed to metal resistance determinants encoding efflux protein
pumps (Mergeay, et al., 2003). Bacteria likely utilize efflux pumps to regulate their
intracellular metal concentrations even if they are not specialized to grow in the presence
of high concentrations of heavy metals. Collectively, these efflux systems are part of a
complex response network that mediates the adaptation of bacteria in their environmental
niche.
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1.5 Copper in the environment
Copper is trace metal that is occurs naturally in low concentrations in soils, plants,
and organisms. Copper in the environment naturally complexes as minerals and becomes
recalcitrant over time due to various physicochemical and biological processes such as
weathering, sequestration, adsorption, and degradation (Smith, et al., 2011). It exists in
nature in various minerals including sulfides, carbonates, and oxides. Common copper
containing minerals include: malachite Cu2(OH)2CO3, azurite Cu3(OH)2(CO3)2,
chalcocite Cu2S, and chalcopyrite CuFeS2. Concentrations of copper can vary depending
on anthropogenic processes such as fertilization and metal mining, but normally are
present in the approximate range of 5-50 ng m-3 in rural areas and 30-200 ng m-3 in urban
environments (Nriagu, 1979). Current drinking guidelines set by the EPA allows up to
1.3 mg L-1 levels.
Copper may exist in moderate to high concentrations, but may not be bioavailable
or accessible, and thus is non-toxic to plants and animals. Many factors influence the
bioavailability of copper including soil texture, pH, anthropogenic inputs (pesticides,
mining, and fertilizers), and natural inputs (cattle manure and atmospheric deposition).
The widespread use of copper by industries and in agriculture has influenced the increase
of copper bioavailability in a variety of ecological niches. This rise can be attributed to a
variety of human activities including mining, metal production, wood production and
phosphate fertilizer production.
Copper in soils also influences microbial community structure and diversity
(Anderson, et al., 2009, Hagerberg, et al., 2011). Through molecular techniques it has
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been shown that copper inhibits colonization of soil by mycorrhizal fungus and
consequently changes the bacterial community structure to an increased proportion of
copper resistant bacteria. An analysis on copper-amended soils revealed decrease
microbial activity and biomass, as well as shifts in microbial community structure and
function. Moreover, the shaping of these communities was sensitive to several factors
including organic matter and soil pH. Ultimately these parameters may be the driving
force of influencing copper bioavailability and thus microbial community structure within
environmental ecosystems.

1.6 The state of copper
The bioavailability of metals has evolved over time via the advent of an oxidizing
atmosphere. The rapid rise of atmospheric oxygen known as the Great Oxidation Event
almost 2.45 billion years ago changed the bioavailability of copper through the oxidation
of water-insoluble Cu(I) to soluble Cu(II) (Sessions, et al., 2009). This transition metal
primarily cycles between two oxidation states, the reduced Cu(I) cuprous form and the
oxidized Cu(II) cupric form. Cu(I) is a strong soft Lewis acid that can interact with soft
ligands such as sulfur donor atoms in a tetrahedral geometry. Cu(II) is an intermediate
soft Lewis acid that can additionally complex with such as nitrogen donor atoms usually
in a square planar coordination. Residues important in Cu-coordination usually involve
cysteines, methionines, and histidines (Xue, et al., 2008).
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1.7 Copper toxicity
Excess copper is toxic to the cell. Although the mechanism of copper toxicity in
biological systems is not completely understood, several modes of toxicity have been
suggested. One mode of action can occur through the generation of reactive hydroxyl
radicals via a Fenton-type reaction:
Cu+ + H2O2 à Cu2+ + OH- + OH•	
  

	
  

	
  

(Eq. 1)

Copper ions react with cellular hydrogen peroxide and generate reactive hydroxyl
radicals. These reactive oxygen species can have detrimental effects by interacting and
subsequently destabilizing essential cellular components such as lipids and proteins
(Yoshida, et al., 1993). However, this mechanism may not be the primary mode of
toxicity. Hydrogen peroxide concentrations within the cells are relatively low and in cells
expressing catalase, this hydrogen peroxide is rapidly removed (Lu & Solioz, 2002). An
alternative mechanism of copper-induced damage is the depletion of sulfhydryls by the
cycling between the two following reactions:
2Cu+ + 2R-SH à 2Cu+ + R-S-S-R + 2H+

(Eq. 2)

2Cu2+ + 2H+ + O2 à 2Cu2+ + H2O2

(Eq. 3)

Copper ions can coordinate with sulfhydryl groups such as cysteines or glutathione
resulting in the depletion of sulfhydryls (Eq. 2). In Eq. 3, hydrogen peroxide is generated
and can thus further fuel a Fenton-type reaction as described in Eq. 1. The effects of
radical species have not been fully characterized as depicted in Equations 1 and 3.
However, a recent report revealed that intracellular copper does not catalyze the
formation of oxidative of DNA damage (Macomber, et al., 2007). Further important work
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has shown that iron-sulfur clusters of dehydratases, essential in branched-chain amino
acid biosynthesis, are direct intracellular targets. Here, the displacement of iron by copper
ions from iron-sulfur clusters is a direct result of copper toxicity (Macomber & Imlay,
2009). Moreover, because copper is highly competitive, copper ions may compete and
displace less competitive metals in other essential proteins (Robinson & Winge, 2010).

1.8 Copper utilization
Copper is an essential micronutrient that is required for many biological processes
and plays an indispensable role as a cofactor in a variety of classes of proteins. Microbes
have evolved to utilize the high polarizing power of copper, which has a redox potential
over the range of +200 mV to +800 mV (Grass, et al., 2011). Because copper can readily
undergo cycling between +1 and +2 oxidation states, it can be exploited as a useful
electron donor/acceptor in proteins in electron transfer and redox enzymes. Most copper
proteins, such as multi-copper oxidases, lysine oxidase, or amine oxidases appear to be
located within the periplasm or embedded in the cytoplasmic membrane.	
  In prokaryotes,
there have been several Cu-containing proteins characterized (Ridge, et al., 2008). Some
of these metalloproteins include cytochrome c oxidase, a large transmembrane protein in
the electron transport chain, NADH degydrogenase-2, Cu,Zn-superoxide dismutase,
nitrosocyanin, plastocyanin, and Cu-nitrite reductase. Deficiency in these enzymes or
alteration in their activities often results in disease or pathophysiological conditions (Pena
et al., 1999). These cuproproteins cannot replace copper with any other metal ions and
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are dependent on high-affinity uptake via regulatory or auxiliary proteins and from
natural habitats.

1.9 Copper homeostasis mechanisms in Escherichia coli
Because of the high affinity of copper to reduce sulfur compounds, cellular
copper concentrations must be tightly regulated to exist at extremely low levels, c. 10 µM
(Outten & O'Halloran, 2001, Finney & O'Halloran, 2003). Consequently, bacteria have
evolved to endure the toxic effects of copper by employing several homeostasis
mechanisms that involve uptake, sequestration, modification, and active export (Figure
1.6). In Gram-negative bacteria such as E. coli, three primary mechanisms to maintain a
sufficient supply of copper ions have been identified. To rid of excess cytoplasmic
copper, CopA, a PIB-type ATPase actively extrudes cytoplasmic Cu(I) to the periplasm
(Rensing, et al., 2000). Periplasmic copper can be modified to a less toxic state by the
multi-copper oxidase, CueO which oxidizes Cu(I) to the less toxic Cu(II) cupric form
(Grass & Rensing, 2001, Rensing & Grass, 2003). To further relieve copper toxicity,
cuprous copper can also be sequestered by metalloproteins glutathione and CusF (Franke,
et al., 2003). Finally, excess periplasmic copper can be removed by active export via an
RND-type efflux pump, CusCBA (Outten, et al., 2001, Franke, et al., 2003).
Transcriptional regulation of the copper resistance loci is employed by two
regulatory systems, the cus (Cu-sensing) locus and the cue (Cu-efflux) locus. A twocomponent regulatory system CusRS is composed of CusS, a sensor kinase that senses
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Figure 1.6: Copper homeostasis mechanisms in E. coli
Several homeostatic mechanisms detoxify the cell of copper. Copper enters the bacterial
cell through an unknown importer. CueO, multicopper oxidase; CusF, Cu(I)-binding
metallochaperone; CusCBA, RND-driven tripartite complex; CopA, Cu(I)-translocating
P-type ATPase; P, phosphate group. CusS, a histidine kinase, senses periplasmic Cu(I)
and subsequently phosphorylates CusR, a response regulator, to activate transcription of
cusCFBA. CueR senses copper and activates transcription of copA and cueO.
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periplasmic copper and subsequently phosphorylates CusR the response regulator, which
then activates transcription of the cusCFBA operon. The second system, cue is regulated
by CueR, a copper-inducible MerR-like transcriptional activator, which activates the
transcription of copA and cueO (Outten, et al., 2000, Petersen & Moller, 2000, Stoyanov,
et al., 2001).

1.10 The E. coli Cus system
The CusCFBA copper/silver efflux system of Escherichia coli belongs to the
RND transporter family and forms a tripartite complex spanning the inner and outer
membranes of Gram-negative bacteria. It is only required under conditions of extreme
copper stress and is particularly significant in anaerobic environments (Outten, et al.,
2001). The primary function of this transmembrane complex is the periplasmic
detoxification of copper/silver ions.
CusCFBA is energized by a proton-substrate antiporter, CusA, the central RND
transporter (Rensing, et al., 1997, Johnson & Church, 1999). It is also comprises CusB,
the periplasmic adaptor protein, CusC, the outer membrane factor (OMF) protein, and
CusF, a small periplasmic metal binding chaperone (Loftin, et al., 2007).
The Cus (Cu-sensing) system is encoded on the chromosome comprising two
operons transcribed in opposite directions. These genes are induced in response to highly
elevated copper levels by the CusRS two-component sensory system.

One operon

encodes the regulators CusRS, a two-component regulatory system. CusR is a response
regulator that activates transcription of cusCFBA and CusS is a histidine kinase sensing
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copper ions within the periplasm.
cusCFBA genes.

The oppositely transcribed operon, contains the

Expression of cusCFBA is not detected in mutants lacking cusR

(Outten, et al., 2001). Interestingly, Outten coworkers showed that in the presence of
oxygen, half-maximal expression of cueO, a multi-copper oxidase and copA, a P-type
ATPase, occurs at 10 µM copper but half maximal expression from the cusCFBA
promoter occurs at much higher levels of copper (200 µM). These data suggest that the
cus system is only activated once the cue system is overwhelmed by extreme copper
concentrations. Collectively, these data suggest that CusCFBA system sequesters copper
ions within the periplasm and shuttles them across the outer membrane to the
extracellular environment.
With the recent resolution of crystal structures and genetic analyses of the Cus
components, a new working model of a substrate transport pathway has been developed
(Kim, et al., 2011). Initial work on the PAP CusB has revealed that this protein is not
simply an adaptor but plays a more active role in substrate binding and efflux (Bagai, et
al., 2007). Through the coordination of three highly conserved methionine residues
(Figure 1.7) to Cu(I)/Ag(I) ions, a conformational change occurs within this PAP. This
conformational change likely results in an “ON” conformation (Figure 1.8) and allows
for the opening of the OMF protein and subsequent substrate efflux. Moreover, the small
periplasmic protein CusF can coordinate metal ion and deliver the substrate to the PAP
CusB (Figure 1.9). Upon initial copper influx, cusF is immediately transcribed and
abundantly present in the periplasm to sequester free copper ions in order to avoid any
deleterious effects. Consequently, to eliminate these sequestered ions, CusF must deliver
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Figure 1.7: Multiple sequence alignment of putative CusB proteins in all major
phyla of bacteria. Three conserved methionine residues are highlighted in yellow: M21,
M36, M38. The second methionine, M36 is sometimes replaced with a cysteine in some
CusB-like proteins.
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Figure 1.8: Schematic of CusCBA “ON” conformation.
Copper-induced conformational change of the PAP CusB triggers an ON conformation
allowing for substrate efflux.
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Figure 1.9: CusF binds and delivers metal substrate to the PAP CusB.
CusF binds Ag(I)/Cu(I) ions by residues: H36W44M47M49 (Loftin, et al., 2007) and
delivers the metal substrate to CusB of the CusCBA complex (Bagai, et al., 2008).
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its substrate to the CusCBA pump for efflux. Delivery of metal substrate can occur in
both directions between CusF and CusB (Bagai, et al., 2008). Thus, it is likely that the
removal of metal substrate from the PAP CusB by the metallochaperone CusF results in
turning the efflux pump off. Whether or not metal-bound CusB delivers substrate to the
inner membrane RND protein CusA is not known. However, the recent resolution of the
co-crystallization of CusB and CusA (Figure 1.4) reveals a 3:6 (CusA:CusB)
stoichiometry; and therefore it is unlikely that transfer occurs between these two proteins.
To summarize, it is likely that the PAP CusB binds metal either from the periplasm or by
delivery of CusF and changes conformation, allowing for the pump to turn on.
Subsequently, metal substrate enters the pump via the RND protein CusA and exits
through the OMF CusC to the extracellular milieu. This proposed mechanism is termed
the Switch Model.

1.11 Dissertation format
This dissertation consists of an introduction to material presented in the four
appended published manuscripts and a chapter summarizing all unpublished data relating
to the characterization of the CusCFBA efflux system (Chapter 2).
Appendix A is a reprint of the work on characterizing a genetic metal efflux
island in the pathogen Legionella pneumophila published in FEMS Microbiology Letters
journal. I am the primary author of this paper. My contribution to this paper involves the
writing of the manuscript, bioinformatic analyses, cloning of expression vectors, and
functional analyses of all expression vectors.
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Appendix B is a reprint of work on characterizing non-metal substrates of two
RND-efflux systems published in FEMS Microbiology Letters. My contributions to this
paper were writing sections of the manuscript and data and bioinformatic analyses of
both RND efflux systems.
Appendix C is a reprint of work summarizing chaperone-mediated copper
handling in the periplasm of E. coli via the CusFBA system published in Natural
Products Reports. My contributions to this paper were writing sections of the manuscript
and the comparative genomic analysis of CusB and CusF-like proteins in all sequenced
genomes of bacteria.
Appendix D is a reprint of work summarizing our models of the mechanism of
metal transport through metal-exporting efflux pumps published in the Journal of
Bacteriology. This paper was selected by ASM press as a high impact article and
highlighted in the Journal Highlights section of the July issue of Microbe magazine. My
contributions to this paper were writing of the manuscript, bioinformatics analyses and
theorizing our two models of substrate export.
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CHAPTER 2: SUBSTRATE PATHWAY IN CUS SYSTEM SUPPORTS SWITCH
MODEL FOR ACTIVE METAL EFFLUX

2.1 Introduction
Copper is an essential micronutrient for all biological systems and primarily
utilized by microorganisms in aerobic environments (Ridge, et al., 2008); however it is
toxic to the cell when present in excess. This toxicity can be attributed to the high affinity
of copper for sulfur compounds and its ability to displace other biologically relevant
metals coordinated in enzymes that play crucial roles in several vital cellular processes.
One mode of toxicity is the displacement of iron in iron-sulfur clusters, an abundantly
employed enzymatic cofactor (Imlay, 2006). It is hypothesized that copper can damage
proteins essential in pathways such as branched-chain amino acid synthesis by binding to
coordinating sulfur atoms, normally bound to iron. One example includes the disruption
in leucine biosynthesis, which can be caused by copper displacing iron in
isopropylmalate dehydratase (Macomber & Imlay, 2009). Moreover, because of its high
redox potential, copper has become an indispensable catalytic and structural cofactor that
drives many other biochemical mechanisms such as respiration, iron and oxygen
transport, and signal transduction. Because of its necessity, appropriate levels of copper
must be maintained for cell survival.
Bacteria have evolved several orchestrated processes to maintain appropriate
levels of copper, which involve a variety of mechanisms including uptake, sequestration,
modification, and active efflux. In E. coli, periplasmic Cu(I)/Ag(I) extrusion can be
employed by the activation of an RND efflux pump, CusCFBA. This tripartite complex is
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composed of an inner membrane proton/substrate antiporter, CusA that provides the
energy of efflux, an outer membrane factor protein channel, CusC, and a periplasmic
adaptor protein, CusB. Additionally a fourth component, CusF has been identified as a
metallochaperone that binds Cu(I)/Ag(I) ions (Kittleson, et al., 2006) and transports
substrate to the CusCBA complex by delivering it specifically to the metal-binding site of
the PAP CusB (Bagai, et al., 2008). How substrate is channeled through this complex is
not well understood. The delivery of metal to CusB may serve as an entry point for
efflux. Here, described in the Funnel Model, metal is delivered to CusB and then possibly
transferred to the RND protein CusA, which is subsequently eliminated through the OMF
CusC (Kim, et al., 2011). Conversely, an alternative role of CusB may not be the transfer
of metal substrate to the RND protein CusA, but the binding of metal may be a switch
mechanism or a regulatory role. In the Switch model, the substrate-induced
conformational change results in turning the pump “ON” thereby influencing substrate to
exit through the OMF channel.
For metal transfer to be plausible, suggested in the Funnel Model, an interaction
between CusB and CusA at their respective metal-binding sites must occur. The
utilization of chemical cross-linkers can aid in probing for this specific protein:protein
interaction. Chemical cross-linking is a powerful method, which identifies physiological
interactions by capturing interacting proteins in their native state and their natural
environments, thereby providing insight into bacterial cellular mechanisms. This method
can address the plausibility of each metal transport pathway model and the roles of the
components of the metal-efflux system.
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Combining a comparative genomic analysis with the function of the Cus
components allows for the speculation of plausible functions of these proteins, which
ultimately improves our understanding of the indispensable roles metal ions play in
cellular systems. In an analysis to determine the prevalence of putative CusF-like proteins
in all major phyla of Bacteria, a CusA-CusF fusion protein was identified in a
chemolithoautotroph Oligotropha carboxidovorans. This fusion protein led to the
speculation of a possible interaction between CusA and CusF. A metallochaperone role
has been previously identified for CusF in that substrate can be delivered to the PAP
CusB. It also may be possible that CusF delivers metal substrate to the RND protein
CusA. One approach to identify these interacting proteins in the context of multicomponent systems involves chemical cross-linking, which will capture a CusA:CusF
cross-link if these two proteins specifically interact.
Elucidation of a transport pathway and the roles of each component of the metal
exporting complex can be built upon the use of genetic and biochemical analyses. Metal
coordination by specific residues is crucial for the proper molecular recognition in metal
trafficking and subsequent protein:protein interactions (Banci, et al., 2010). Three of the
four components of the CusCFBA complex contain specific metal-coordinating sites that
bind Cu(I)/Ag(I) ions exclusively (Conroy, et al., 2010). Here, the significance of these
coordination sites is challenged by mutating identified metal-coordinating residues to
either alternative metal or non-metal coordinating residues. Challenging the flexibility of
these coordination sites can attest to their functional relevance in copper homeostasis. In
this report, we demonstrate that the incorporation of genetic and biochemical analyses
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provides insight on the intricacy of the molecular mechanisms bacteria have employed to
maintain copper homeostasis.

2.2 Materials and methods
2.2.1 Bacterial strains, growth conditions, and expression conditions
The strains and plasmids used in this study are listed in Table 2.1. Escherichia
coli strains were grown in Luria-Bertani (LB) medium at 37°C with aeration. To
determine the minimum inhibitory concentration (MIC) of CuSO4, E. coli strains and
derivatives were grown overnight from a single colony in LB broth supplemented with
0.02% glucose, diluted 1:50 the following day into LB broth and grown to an OD600=1.0.
Cells were normalized by optical density (OD600) and streak-plated on LB medium
containing varying concentrations of CuSO4 (0, 1.0, 1.25, 1.5, 1.65, 1.75, 1.85, 1.95, 2.0,
2.25, 2.5, 2.75, 3.0, 3.5mM), 0.2% L-arabinose or 200µg L-1 anhydrotetracycline, and
100 µg mL-1 ampicillin. MIC is defined as the lowest concentration of CuSO4 at which no
growth was observed. All experiments were performed at least three times in triplicate.

2.2.2 Construction of expression vectors
Genes cusA (gi: 89107440), cusB (gi: 89107439), and cusF (gi: 89107438), were
PCR-amplified from E. coli W3110 (gi: 89106884) chromosome and cloned under
control of the Tet promoter in the polylinker of pASKIBA3plus (IBA, Germany). cusA
and cusB were cloned in frame with a C-terminal Strep-tag II fusion (SA-WSHPQFEK).
For complementation analysis, cusB and cusF genes were sub-cloned under control of the
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Table 2.1: Strains and plasmids
Genotype
Strains
BL21
F- dcm ompT hsdS (rB- mB-) gal [malB+]K-12(λS)

Source
Amersham

W3110

F– ompT gal dcm lon hsdSB(rB- mB-) λ(DE3 [lacI
lacUV5-T7 gene 1 ind1 sam7 nin5])
Wild-type, F- λ- rph-1 INV(rrnD, rrnE)

EC950

W3110 ΔcusB ΔcueO

EC933

W3110 ΔcusF ΔcueO

GR15

W3110 ΔcusA ΔcueO

(Franke, et
al., 2003)
(Franke, et
al., 2003)
(Franke, et
al., 2003)

Plasmids
pASKIBA3plus
pBAD24
pETDuet1
pcusB
pcusB-M21C
pcusB-M36C
pcusB-M38C
pBAD-cusB
pBAD-cusB-M21C
pBAD-cusB-M36C
pBAD-cusB-M38C
pcusA
pcusA-M573C
pcusA-M623C
pcusA-M672C
pcusF
pcusF-H36A
pcusF-W44A
pcusF-W44M
pcusF-M47I
pcusF-M47C
pcusF-M49I

E. coli plasmid expression vector, ApR
E. coli plasmid expression vector, ApR
E. coli plasmid expression vector, ApR
pASKIBA3plus-Ptet-cusB::Streptag, wild-type, ApR
pASKIBA3plus-Ptet-cusBM21C::Streptag, ApR
pASKIBA3plus-Ptet-cusBM36C::Streptag, ApR
pASKIBA3plus-Ptet-cusBM38C::Streptag, ApR
pBAD24-PBAD-cusB, wild-type, ApR
pBAD24-PBAD-cusBM21C, ApR
pBAD24-PBAD-cusBM36C, ApR
pBAD24-PBAD-cusBM38C, ApR
pASKIBA3plus-Ptet-cusA::Streptag, wild-type, ApR
pASKIBA3plus-Ptet-cusAM573C::Streptag, ApR
pASKIBA3plus-Ptet-cusAM623C::Streptag, ApR
pASKIBA3plus-Ptet-cusAM672C::Streptag, ApR
pASKIBA3plus-Ptet-cusF, wild-type, ApR
pASKIBA3plus-Ptet-cusFM36A, wild-type, ApR
pASKIBA3plus-Ptet-cusFW44A, wild-type, ApR
pASKIBA3plus-Ptet-cusFW44M, wild-type, ApR
pASKIBA3plus-Ptet-cusFM47I, wild-type, ApR
pASKIBA3plus-Ptet-cusFM47C, wild-type, ApR
pASKIBA3plus-Ptet-cusFM49I, wild-type, ApR

IBA
Invitrogen
Novagen
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

BL21 DE3

Amersham

46
pcusF-M49C
pcusF-M47I/M49I
psilFHis
pBAD-cusF
pBAD-cusF-H36A
pBAD-cusF-W44A
pBAD-cusF-W44M
pBAD-cusF-M47I
pBAD-cusF-M47C
pBAD-cusF-M49I
pBAD-cusF-M49C
pBAD-cusFM47I/M49I
pBAD-silFHis
pETDuet-AF

pASKIBA3plus-Ptet-cusFM49C, wild-type, ApR
pASKIBA3plus-Ptet-cusFM47IM49I, wild-type, ApR
pET22b-PT7-silF::Histag, ApR
pBAD24-PBAD-cusF, wild-type, ApR
pBAD24-PBAD-cusFH36A, ApR
pBAD24-PBAD-cusFW44A, ApR
pBAD24-PBAD-cusFW44M, ApR
pBAD24-PBAD-cusFM47I, ApR
pBAD24-PBAD-cusFM47C, ApR
pBAD24-PBAD-cusFM49I, ApR
pBAD24-PBAD-cusFM49C, ApR

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

pBAD24-PBAD-cusFM47I/M49C, ApR
pBAD24-PBAD-silF::Histag, ApR
pETDuet1-PT71-cusA::Streptag-PT72-cusF, ApR

This work
This work
This work
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araBAD promoter in the polylinker of pBAD24 (Invitrogen) by digesting them out of
pASKIBA3plus with restriction enzymes EcoRI and HindIII. Primers for PCRamplification are listed in Table 2.2.

2.2.3 Site-directed mutagenesis
Mutations of functionally relevant residues were introduced using a QuikChange
II XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). Mutations and primers
are listed in Table 2.3. Briefly, primer pairs used to introduce mutations were
overlapping and antiparallel. To remove dam-methylated template DNA, PCR products
were digested with DpnI for 4 hours at 37°C. The digested PCR products were then
directly transformed into ultracompetent XL10 E. coli cells. Mutations were verified by
DNA sequence analysis.

2.2.4 Protein expression and detection from pBAD/pASK derivatives
To determine protein expression of CusA, CusF, and CusB, pBAD24-cusB,
pBAD24-cusF, pASKIBA3plus-cusA and site-directed mutants were introduced into
their respective mutant backgrounds: W3110 ΔcusA/ΔcueO (GR15), ΔcusF/ΔcueO
(EC933), or ΔcusB/ΔcueO (EC950). Cultures were grown overnight in LB broth
containing 100 µg mL-1 ampicillin and 0.02% glucose. The following day, cultures were
diluted 1:50 in fresh LB medium, grown to an OD600 0.6-1.0, and induced with 0.2% Larabinose or 200µg L-1 anhydrotetracycline for two hours at 30°C.
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Table 2.2: Primers used for cloning cus genes into pASKIBA3plus
Gene
Sequence
cusB Forward
AAAAAACTCGAGATGCGCATGGGTAGCACTTTCAGA
cusB Reverse
AAAAAACTCGAGATGCGCATGGGTAGCACTTTCAGA
cusF Forward
cusF Reverse

AAAAAAGAATTCATGAAAAAAGCACTGCAAGTCGCAAT
AAAAAACCATGG TTACTGGCTGACTTTAATATCCTGTA

cusA Forward
cusA Reverse

AAAAAAGAATTCATGATTGAATGGATTATTCGTCGCT
AAAAAACTGCAGTTTCCGTACCCGATGTCGGTGCAGC
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Table 2.3: Primers used for site-directed mutagenesis of functionally relevant
residues of Cus components.
Gene
cusB

Mutation
M21C

cusB

M36C

cusB

M38C

cusB

M190I

cusB

M324I

cusA

M573C

cusA

M623C

cusA

M672C

cusF

M47C

cusF

M49C

Primer
TTCTGGTACGACCCATGCTATCCCAATACGCGGTTCGATAAACCA
TGGTTTATCGAACCGCGTATTGGGATAGCATGGGTCGTACCAGAA
CCAGGTAAATCGCCGTTTTGCGATATGGATCTGGTGCCGAAATATGCC
GGCATATTTCGGCACCAGATCCATATCGCAAAACGGCGATTTACCTGG
CCAGGTAAATCGCCGTTTATGGATTGCGATCTGGTGCCGAAATATGCC
GGCATATTTCGGCACCAGATCGCAATCCATAAACGGCGATTTACCTGG
GACTGGCGGGAATTCCGGAGGCGGATATTC
AATATCCGCCTCCGGAATTCCCGCCAGTC
ACCGCCAGCGAACCGATGCTGCTCATTCCG
CGGAATGAGCAGAATCGGTTCGCTGGCGGT
GAAGGCGACTTGTTGTATTGCCCATCGACGCTGCCGG
CCGGCAGCGTCGATGGGCAATACAACAAGTCGCCTTC
ACCGATTCAGCTCCACTGGAGTGCGTAGAAACGACTATCCAGCTT
AAGCTGGATAGTCGTTTCTACGCACTCCAGTGGAGCTGAATCGGT
CCGCCAATTCGTAACCGTATCGATTGCCTCTCGACTGGCATT
AATGCCAGTCGAGAGGCAATCGATACGGTTACGAATTGGCGG
AACTGGCCGGAGTGCACCATGCGCTTTACCATCACC
GGTGATGGTAAAGCGCATGGTGCACTCCGGCCAGTT
AACTGGCCGGAGATGACCTGCCGCTTTACCATCACC
GGTGATGGTAAAGCGGCAGGTCATCTCCGGCCAGTT
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For CusF and CusB expression detection, whole cell proteins were prepared from
this culture by harvesting equivalent number of cells and hence protein. Samples were
then centrifuged at 16,900 x g at 4°C for two minutes. The pellets were resuspended in
0.2M Tris (pH 8.0) at 4°C in half of the original harvested volume. The samples were
then centrifuged at 16,900 x g at 4°C for two minutes. The supernatants were discarded
and the pellets were resuspended in 200µl 10mM Tris (pH 7.4) plus 50µl 4X SDS-PAGE
loading buffer containing β-mercaptoethanol. For CusA expression detection, CusA was
prepared as described below.

2.2.5 Protein purification and detection for chemical crosslinking
E. coli BL21 carrying expression plasmids were grown from a single colony in
LB broth with aeration at 37°C for 16-18 hours. The following day, cultures were diluted
1:50 in fresh Terrific Broth (TB), grown to log phase, OD600 of 0.8-1.0. During induction
conditions, cultures had 200 µg L-1 anhydrotetracycline added and were grown for 4-8
hours at 30°C with moderate aeration.
After induction, cells were harvested by centrifugation, 5 krpm for 30 minutes at
4°C. Cell pellets were resuspended in Tris-HCl Wash Buffer (TWB: 100 mM Tris-HCl,
150 mM NaCl, pH 8.0) containing a protease inhibitor cocktail (2 µg mL-1 aprotinin, 2 µg
mL-1 leupeptin, 2 µg mL-1 pepstatin, and 0.5 mM PMSF), lysozyme, and DNase I. This
resuspension was stirred constantly at 4°C for 30 minutes. Cells were lysed by a French
press at 1,000 psi at least 3 times. For CusB purification, 0.1% (w/v) 3-[(3-
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Cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS) was added to the
lysate to solubilize membranes. To remove cellular debris, the lysate was centrifuged at
31,000 x g for 1 hour at 4°C. To recover cellular membranes for CusA purification, the
supernatant was then ultracentrifuged at 100,000 x g for 1 hour at 4°C. Membranes were
homogenized by a dounce tissue homogenizer in approximately 4 mL of Buffer A (100
mM sucrose in TWB, pH 8.0). Once homogenized the lysate was brought up to
approximately 40 mL in Buffer B (100 mM Tris-HCl, 500 mM NaCl, 100 mM sucrose,
0.05% Cymal-6, pH 8.0). Lysate was clarified for approximately 1 hour by the dropwise
addition of 1 mL 10% (w/v) Cymal-6 while stirring at 4°C. To remove membrane debris,
the clarified lysate was ultracentrifuged at 100,000 x g for 1 hour at 4°C.
For CusB and CusA purification, the supernatant was loaded onto a Strep-Tactin
resin affinity column (IBA, Germany), washed with TWB, and protein was eluted with
2.5 mM desthiobiotin in TWB in 1.7 mL fractions. Purity of protein fractions was
detected by SDS-PAGE at 65 mA.
For CusF purification, lysate was dialyzed against 60 mM sodium lactate pH 3.5.
Precipitate was removed by centrifugation at 20,000 x g for 10 minutes at 4°C. The
supernatant was loaded onto a HiPrep SPFF 16/10 cation exchange column and protein
was eluted from the column by a linear gradient of 100-500mM NaCl. Fractions with
>95% purity were pooled and concentrated to 4 mL by an Amicon concentrator with a
3.5 kDa molecular weight cut-off. The NaCl concentration within the sample was diluted
by the addition of 4 mL water and then the sample was further concentrated to <1mL.
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The concentrated protein sample was then loaded onto a HiPrep Sephacryl S-100 High
Resolution size exclusion column equilibrated with 100 mM sodium phosphate pH 7.0.
CusB fractions with >90% purity were pooled, dialyzed against 50 mM Tris-HCl
pH 9.0 and loaded onto a MonoQ 10/100 GL anion exchange column (Amersham)
equilibrated with the same buffer. CusB was eluted from the column by a linear gradient
of 0-300 mM NaCl in 50 mM Tris-HCl pH 9.0.
To determine the purity of CusB, CusA, and CusF, samples were electrophoresed
on SDS polyacrylamide gels at 65 mA. Fractions with >95% purity were pooled and
dialyzed against appropriate buffer and concentrated using Amicon concentrators with a
5-20 kDa molecular weight cut-off. Protein concentrations were determined by the
Bradford assay with BSA as a standard.

2.2.6 Chemical cross-linking
2.2.6.1 In vitro BMOE Cross-linking
To determine whether CusA and CusB interact at their metal-binding sites, CusA
and CusB cysteine mutant derivatives were used for in vitro chemical cross-linking.
BMOE, a homobifunctional, maleimide cross-linker was used for conjugation between
sulfhydryl groups (-SH). Proteins were diluted in conjugation buffer (100 mM sodium
phosphate, 325 mM sodium chloride, 100 mM sucrose, 0.05% (w/v) cymal-6, pH 7.2) to
a final concentration of 15 µM. BMOE was added to equal concentration of protein
samples at a final concentration of 50 µM. The reaction mixture was incubated at room
temperature for 1 hour and then quenched with 50 mM DTT for 15 minutes.
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2.2.6.2 in vitro BS3 cross-linking
To determine whether wild-type CusA and CusF interact, BS3 crosslinking
analysis was done. BS3 is a homobifunctional N-hydroxysuccinimide ester that reacts
efficiently with primary amino groups (-NH2) in pH 7-9 buffers to form stable amide
bonds. Proteins were diluted in conjugation buffer to a final concentration of 25 µM. BS3
was added to equal concentration of protein samples at a final concentration of 450 µM.
The reaction mixture was incubated at room temperature for 30 minutes and quenched
with 50 mM Tris-HCl for 15 minutes.

2.2.6.3 in vivo DSS cross-linking
GR15 (W3110 ΔcueO ΔcusA) carrying pcusA was grown from a single colony in
LB broth containing 100 µg mL-1 ampicillin overnight. The following day, the culture
was diluted 1:50 into 2-2L of Terrific broth containing 100 µg mL-1 ampicillin and grown
to an OD600 0.8-1.0 at 37°C. cusA expression was induced with 200 µg L-1
anhydrotetracycline at 30°C for 3.5 hours in both culture-flasks. To 1 culture-flask, 500
µM CuSO4 was added to induce expression of the cusCFBA operon. Cells were harvested
by centrifugation at 5 krpm for 30 minutes at 4°C. Cells pellets were washed three times
with cold wash buffer (100 mM sodium phosphate, 150 mM sodium chloride pH 7.0).
Cells were then resuspended in 200 mL of wash buffer and divided into 2-100 mL
culture-flasks, for a total of 4-100 mL culture-flasks. DSS (final concentration, 5 mM)
was added to 2 culture-flasks: 1 flask containing cells expressing cusA and the other
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containing CuSO4-treated cells expressing cusA. The reaction mixture was incubated at
room temperature for 45 minutes and quenched with 20 mM Tris-HCl for 15 minutes.

2.2.7 Antibody purification
Antigens (purified CusB, CusA, and CusF proteins) were sent to Lampire
Biological Laboratories. Polyclonal antibodies were raised in rabbits over a 50 day
period. IgG was purified from the rabbit sera by Protein A purification (Nunc ProPur kit
Midi A) and concentrated using a concentrator with a 10 kDa molecular weight cut off.
Because CusA and CusB proteins were initially purified via Strep-tag affinity
purification, antibodies reactive towards the Strep-tag were removed by loading the
concentrated protein A purified antibodies on AminoLink Coupling Resin (Thermo
Scientific) conjugated to Strep-peptide (IBA). Purified antibodies were then concentrated
using a 10kDa MWCO concentrator. All antibodies were tested for specificity by western
blotting.

2.2.8 Prevalence of Cus-like components and multiple sequence alignments
To determine the prevalence of genes encoding Cus components, BLAST analysis
was performed by using CusF, CusB, and CusA amino acid sequences as queries using
blastp with default parameters.

BLAST analysis was conducted against all major

bacterial phyla. BLAST hits with a percent sequence identity of >25% and E-value of
<0.001 were selected and scanned for a specific metal-binding motif: CusB M21M36M38,
CusA M572M623M672, and CusF H36W44M47M49. Multiple sequence alignments were
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performed by ClustalW2 by selecting one representative from each phyla for each Cus
component.

2.3 Results and Discussion
2.3.1 Prevalence of Cus-like components in bacteria.
A comparative genomic analysis of putative Cus-like components revealed that
the Cus system is prevalent in the Proteobacteria phylum (Table 2.4). The presence of the
putative CusA-like protein is widespread among many other major phyla of bacteria.
Upon closer inspection of the genetic organization near CusA-like proteins identified in
non-Proteobacterial groups, these regions either lack other Cus components or contain a
putative CusB-like protein that does not contain the typical E. coli triple methionine motif
but rather the first methionine is replaced by a histidine or the second methionine is
replaced by a cysteine. Interestingly, when CusF is used as a query for BLAST analysis
with non-Proteobacterial groups, sequence hits revealed an SCO1/SenC protein with high
identity to CusF. The SCO1/SenC protein family has been recognized as a significant
component in the biogenesis of respiratory and photosynthetic systems (Frangipani &
Haas, 2009). Likely evolutionary selection has shaped these metal-binding domains as
evolutionary elements that through genome recombination acquire slightly altered
cellular functions that contribute to the fitness of microorganisms.
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Table 2.4: Presence of putative Cus-like components in bacteria
Phylum
gi
Acidobacteria
Actinobacteria
Aquificae
Armatimonadetes
Bacteroidetes/Chlorobi
Caldiserica
Chlamydiae
Chloroflexi
Chrysiogenetes
Cyanobacteria
Deferribacteres
Deinococcus-Thermus
Dictyoglomi
Elusimicrobia
Fibrobacteres
Firmicutes
Fusobacteria
Gemmatimonadetes
Lentisphaerae
Nitrospira

CusA
89107440
Yes
None
Yes
None
Yes
None
Yes
None
Yes
None
None
None
None
None
None
Yes
None
Yes
None
None

CusB
89107439
MCM
None
None
None
MCM
None
None
None
HMM
None
None
None
None
None
None
None
None
None
None
None

CusF
89107438
SCO1/SenC*
None
None
None
SCO1/SenC
None
None
None
Yes
None
None
None
None
None
None
None
None
None
None
None

Planctomycetes
Proteobacteria

Yes

MCM

Thiol reductase

alpha
beta
delta
epsilon
gamma

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
None
Yes
Yes
Yes
Yes
Spirochaetes
Yes
None
None
Synergistetes
None
None
None
Tenericutes
None
None
None
Thermodesulfobacteria
None
None
None
Thermomicrobia
None
None
None
Thermotogae
None
None
None
Verrucomicrobia
Yes
Yes
SCO1/SenC
*SCO1= protein contains motif that may be involved in respiration
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2.3.2 Conserved methionines of CusA are required for full copper resistance while
conserved methionines of CusB and CusF have flexibility.
Comparison of putative CusA-like proteins in all major phyla of bacteria reveals
three conserved metal binding methionine residues, M573, M623, and M672 (Figure
2.1). Each methionine residue was mutated to an alternative metal-coordinating residue
cysteine by site-directed mutagenesis. Wild-type cusA and mutant derivatives were
expressed in an E. coli GR15 (ΔcusA, ΔcueO) background. Correct protein expression
from AHT-inducible pASKIBA3plus of wild-type cusA and mutant derivatives was
observed via western blotting. Complementation of wild-type cusA in trans in an E. coli
GR15 (ΔcusA ΔcueO) mutant background revealed partial copper resistance. To
determine the MIC values, comparisons between wild-type CusA and its mutant
derivatives were made. Mutating any of the three conserved methionine residues to
cysteine by site-directed mutagenesis exhibits a copper-sensitive phenotype (Table 2.5)
since an M573C, M623C, or M672C mutation did not differ in copper sensitivity from
empty vector control. Thus, these methionine residues are indispensable for the function
of CusA for full copper mediated resistance.
Comparison of putative CusB-like proteins in all major phyla of bacteria reveals
three conserved methionine residues, M21, M36, and M38 (Figure 2.2). In some close
homologs, rather than containing the M21M36M38 motif, the second methionine is
replaced with a cysteine. Close inspection of the genomic context of these putative CusBlike proteins reveals that flanking genes appear to be in a similar organization when
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Figure 2.1: Multiple sequence alignment of putative CusA proteins in all major
phyla of bacteria. Three conserved methionine residues are highlighted in green: M573,
M623, M672.
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Table 2.5: MICs of copper for E.coli strains and mutant derivatives
MICs
Complementing
Bacterial strain
Relevant Genotype
of
gene in trans
CuSO4
EC950
1.0
W3110 ΔcueO ΔcusB none
cusB wild-type
2.0
cusB M21C
1.0
cusB M36C
1.5
cusB M38C
1.5
cusB M190I
2.0
cusB M324I
2.0
GR15

W3110 ΔcueO ΔcusA none
cusA wild-type
cusA M573C
cusA M623C
cusA M672C

EC933

W3110 ΔcueO ΔcusF none
cusF wild-type
cusF H36A
cusF W44A
cusF M47I
cusF M47C
cusF M47I/M49I
cusF M49I
cusF M49C
silF wild-type

1.0
2.0
1.0
1.0
1.0
2.5
2.75
2.5
2.5
2.5
2.5
2.5
2.5
2.65
2.5
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Figure 2.2: Multiple sequence alignment of putative CusB proteins in all major
phyla of bacteria. Three conserved methionine residues are highlighted in green: M573,
M623, M672.
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compared to the E. coli cusCFBA operon, including an outer membrane factor protein
and an RND protein that is similar to the E. coli CusA, which also contain the triple
methionine motif M573M623M672 (Figure 2.3).
Each methionine residue of CusB was mutated to a cysteine by site-directed
mutagenesis. Wild-type cusB and mutant derivatives were expressed in an E. coli EC950
(ΔcusB, ΔcueO) background. Correct protein expression from AHT-inducible
pASKIBA3plus of wild-type cusB and mutant derivatives was observed via western
blotting. Copper resistance of this strain could be partially restored by expression of wildtype CusB protein in trans. Moreover, CusB mutants containing either an M36C or
M38C mutation mediated partial copper resistance when compared to the empty vector
control.
The metallochaperone CusF coordinates metal ion via residues H36, W44, M47,
and M49. Mutating any of these residues to non-metal coordinating residues such as
isoleucine or alanine led to a complete loss of Cus-mediated copper tolerance when
compared to empty vector control. However, when mutating methionine 49 to a known
copper coordinating residue, cysteine, the CusF M49C mutant could partially restore
copper resistance, revealing flexibility at this coordination site. Collectively, the
functional analyses of the Cus components have revealed that CusA has no flexibility in
its metal-binding site while CusB and CusF can have slight alterations that likely still
result in metal coordination, allowing for partial copper resistance. These results may
reveal the significance of these components in a metal substrate transport pathway.

62

Figure 2.3: Comparative genomic context of organisms containing an M21C36M38
motif in their respective CusB-like protein. Organisms containing a putative CusB-like
protein also contain an OMF protein and a putative CusA-like protein that contains the
metal-binding motif M573 M623, M672. Percentages reflect percent similarity to CusB
of E. coli.
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2.3.3 Two putative metal binding sites reported in the CusB crystal structure do not
play a functional role in copper homeostasis. Two alternative metal-binding sites were
reported in the crystal structure of CusB (Su, et al., 2009). Cu(I) was coordinated by
M324, F358, and R368 located near the bottom of the elongated CusB molecule in the
first domain formed by the N- and C-termini. The second metal-coordination site: M190,
W158, and Q162 was located at the top of the CusB molecule close to the center of the
three-helix bundle in domain 4. Previous experiments on metal-binding by CusB (Bagai,
et al., 2008, Mealman, et al., 2011) have never suggested the possibility of alternative
metal-coordinating residues and upon closer inspection, these residues are not conserved.
We hypothesized that these coordination sites are likely an artificial artifact of the
technique used when soaking the crystal structures with copper and have no functional
role in copper efflux. To determine whether these two putative metal-binding sites played
a functional role in copper resistance, the individual methionines at each site were
mutated to a residue unable to coordinate metal, isoleucine by site-directed mutagenesis.
When both CusB isoleucine mutants and wild-type CusB were complemented in trans in
an E. coli EC950 ΔcusB ΔcueO background, all strains were able to mediate copper
resistance (Table 2.4). Therefore, it is unlikely these two putative metal binding sites play
a functional role in copper homeostasis.

2.3.4 The primary role of CusF is delivery of metal ion to the CusCBA efflux pump.
Single deletions of any of the cus components (cusCFBA) leads to a decrease in
copper resistance, however a single cusF deletion has the smallest effect on copper
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resistance (Franke, et al., 2003). Although CusF mediates copper tolerance to some
extent, it is not absolutely necessary for copper resistance. The metallochaperone CusF
has been shown to sequester metal ion (Kittleson, et al., 2006, Loftin, et al., 2007),
interact and deliver metal ion to the PAP CusB (Bagai, et al., 2008). However, it remains
unclear what is the primary role of CusF: substrate sequestration or substrate delivery? A
close homolog of CusF with 74% similarity (Figure 2.4), SilF, present on a plasmid in
Salmonella enterica serovar Typhimurium can bind Cu(I)/Ag(I) ions but does not interact
with CusB (Bagai, et al., 2008). Using isothermal titration calorimetry, Ag(I)-SilF titrated
into apo-CusB showed no enthalpy changes. So, although SilF can bind metal substrate,
the transfer of metal ion must be attributed to the high degree of specificity in the
interaction.
Thus, a homolog of CusF that can sequester metal but cannot interact with the
PAP CusB can be used to understand the primary role of CusF. If metal sequestration was
the primary role of CusF, then complementation of a metal-binding protein like SilF
should mediate similar levels of copper resistance. Expression of silF in an E. coli strain
EC933 (ΔcusF ΔcueO) did not change the level of copper tolerance from that of cells
containing empty vector control (Figure 2.5). These data suggest that although CusF is
not absolutely necessary for copper resistance, it contributes primarily by delivering
substrate to the CusCBA complex, but also plays a role in metal sequestration to relieve
any periplasmic copper toxicity.
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Figure 2.4: Global alignment of CusF of E. coli and SilF of Salmonella enterica. CusF
and SilF share 71% similarity and contain the conserved metal-binding motif
H36W44M47M49.

66

Figure 2.5: Copper mediated resistance by SilF is diminished.
E. coli strain EC933 (ΔcusF ΔcueO) expressing A.) cusF and B.) silF were serially
diluted and spot inoculated on LB agar containing 1.8 mM CuSO4 and L-arabinose.
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2.3.5 The metallochaperone interacts with the RND protein CusA in vivo and in vitro.
A comparative genomic analysis to identify all putative CusF-like proteins in
sequenced bacterial genomes revealed the presence of CusA-CusF fusion protein (Kim, et
al., 2010) (Figure 2.6). The function of this protein fusion is not known, but it may be
possible that the fused CusF may capture periplasmic ions and deliver the metal to CusA.
This remains to be investigated. However, the discovery of this fusion protein led to the
question whether the metallochaperone CusF interacts with the RND protein CusA,
possibly to deliver metal substrate for subsequent efflux. A chaperone role has already
been established for CusF such that metal delivery occurs between the PAP CusB and
CusF; thus it is plausible that CusF can also deliver Cu(I)/Ag(I) substrate to the inner
membrane protein CusA.
Initially, to probe for this interaction, cusA-Streptag was co-expressed with cusF
from a pETDuet1 expression vector to determine whether these proteins co-purified.
cusA-Streptag was purified with Strep-Tactin affinity purification, and both CusA and
CusF were probed with anti-CusA and anti-CusF antibodies, respectively. CusF copurified with CusA as detected by western blotting (Figure 2.7) and was absent when
cusF was expressed alone. Thus, the affinity of CusF for CusA is strong enough to be
captured by this method, suggesting a possible interaction between these two proteins.
To further demonstrate the validity of the CusA:CusF interaction, in vivo and in
vitro chemical cross-linking can be used. Disuccinimidyl suberate (DSS) is a membranepermeable amine-reactive chemical cross-linker with a spacer arm of 11.4 Å that can be
used to capture in vivo interactions between CusA and CusF. cusA-Streptag was
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Figure 2.6: Comparative genomic analysis reveals a CusA-CusF fusion protein in
Oligotropha carboxidovorans. The amino acid sequence of CusF was used as a query in
a BLAST analysis against all sequenced bacterial genomes. CusF was found to be part of
a putative CusA-like protein that contains the E. coli metal binding motif M573M623M672
with 74% similarity to the E. coli CusA protein. The CusA-CusF fusion protein is flanked
by a putative CusB-like protein with 50% similarity to the E. coli CusB protein Top
panel: Comparison of genetic organization of the E. coli cusCFBA operon and the O.
carboxidovorans cus-like components. Bottom panel: Amino acid sequence of the CusACusF fusion protein of O. carboxidovorans, in red: the CusA M573M623M672 metal
binding motif, in purple: the CusF H36W44M47M49 metal-binding motif.
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Figure 2.7: CusF co-purifies with CusA
CusA-Streptag was purified by Strep-Tactin affinity purification, separated by SDSPAGE, and transferred to a PVDF membrane. A.) anti-CusA antibody or B.) anti-CusF
antibody.
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expressed in the presence and absence of metal and DSS. A higher-molecular weight
protein suggests a captured protein:protein interaction. A CusA:CusF interaction (~130
kDa, CusA + CusF) that anti-CusF antibody recognized was only present when CusA
was expressed in the presence of metal and DSS (Figure 2.8), suggesting that CusA and
CusF interact in vivo. Moreover, in vitro chemical cross-linking of purified CusA and
CusF proteins were done to further reveal the specific interaction of these two proteins.
Bis(sulfosuccinimidyl) suberate (BS3), an amine reactive cross-linker with a spacer arm
of 11.4 Å was used to probe an in vitro interaction. Similar to DSS and BMOE, proteins
that specifically interact can be captured by homobifunctional cross-linkers creating a
stable bond between the two interacting proteins. When CusA/CusF and apoCusA/Ag(I)-CusF were incubated in the presence of BS3, a higher molecular weight
protein band corresponding to a CusA:CusF interaction (~130 kDa) was present as
judged by western blotting probed with an anti-CusF antibody (Figure 2.9). Therefore, in
addition to co-purification and in vivo chemical cross-linking, here we further
demonstrate that in vitro, CusF and CusA interact. This provides evidence for the
possibility of substrate delivery from the metallochaperone CusF to the RND protein
CusA.
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Figure 2.8: CusA and CusF interact by DSS in vivo chemical cross-linking
pcusA-Streptag was induced for 3 hours at 30°C with 200 µg L-1 AHT in an E. coli GR15
strain ΔcusA ΔcueO background. These cells were also treated with 500 µM CuSO4
during induction of pcusA-Strep-tag. After the 3h incubation, cells were washed and the
cells were incubated with the chemical crosslinker DSS for 30 minutes at room
temperature. Reactions were quenched with 1M Tris-HCl for 15 minutes. CusA was
purified via Strep-Tactin affinity purification, separated by SDS-PAGE, and transferred
to a PVDF membrane. CusF was detected with A.) anti-CusF antibody. B.) anti-CusA
antibody. Bands in panels A and B, at approximately 140 kDa correspond to a CusACusF interaction.
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Figure 2.9: CusA and CusF interact by BS3 in vitro chemical cross-linking
Equal amounts of purified CusA and CusF were incubated in the presence (lane 1) and
absence (lane 2) of crosslinker BS3, quenched with 1M Tris-HCl, separated by SDSPAGE, and transferred to a PVDF membrane. CusF was detected with A.) anti-CusF
antibody or B.) anti-CusA antibody. Bands in Lane 1 in panels A and B, at approximately
140 kDa correspond to a CusA-CusF interaction.
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2.3.6 Funneling of metal substrate does not likely occur from CusB to CusA.
In the Funnel Model (Kim, et al., 2011), it is predicted that the PAP CusB binds
metal substrate and directly transfers it to the RND protein CusA, ultimately to be
eliminated through the OMF CusC. In order for this transfer to occur the metal binding
sites of each protein must be in close proximity. To probe these specific protein:protein
interactions, in vitro chemical cross-linking can be utilized.

In vitro chemical

crosslinking is a method that captures specific protein interactions through the use of a
compound that can interact with specific groups from different purified proteins. To
determine whether it is possible for metal substrate to be funneled from CusB to CusA,
each respective metal-binding site must be in close proximity for this to occur. By
mutating each single methionine residue of CusA and CusB to a cysteine, a
homobifunctional

sulfhydryl

crosslinker

bis(maleimido)ethane

(BMOE,

Thermo

Scientific) can be used to capture an interaction.
If two sulfhydryl groups come within an 8Å length, BMOE can capture this
specific protein:protein interaction. Reaction of a sulfhydryl from the cysteine residue to
the maleimide group of BMOE results in the formation of stable thioether linkage. If
CusA and CusB cysteine derivatives interact, a higher molecular weight protein complex
can be resolved and identified by SDS-PAGE and western blotting. All the different
combinations of CusA: CusA M573C, CusA M623C, and M672C were incubated with
CusB: CusB M21C, M36C, and M38C in the presence and absence of BMOE and Ag(I).
CusB M21C and CusF M49C were used as a positive control. None of the combinations
of incubated and cross-linked CusA and CusB cysteine derivatives showed higher
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molecular weight proteins (~160 kDa = CusA + CusB) (Figure 2.10), yet the positive
control revealed a CusB:CusF interaction at ~55 kDa (CusF + CusB). Therefore, CusA
and CusB do not interact at their respective metal-binding sites as determined by this
method. These results suggest that it is improbable for transfer of metal substrate to
occur, making the Funnel Model an unlikely method of substrate transport. Based on the
recent resolved co-crystallization of CusA and CusB, these two proteins interact in a 1:2
ratio, such that if these sites interact one metal binding site of CusA must come into close
proximity with two metal binding sites of CusB. If metal occupies both sites of each
CusB molecule, a bottleneck of substrate transfer to CusA will occur, suggesting that
transfer is unlikely. However, the binding of metal by the PAP CusB, which results in a
conformational change, may play a regulatory role rather than transferring substrate to
the RND protein. Because CusB interacts both with the inner membrane protein CusA
and the OMF protein channel CusC, this change in conformation possibly enables the
opening of the OMF allowing substrate to be eliminated. This mechanism has been
proposed in similar systems such as the AcrAB-TolC complex (Bavro, et al., 2008). The
outer membrane component of this complex has been shown to be a channel that opens
from a sealed resting state during the transport process. The conformational change of the
PAP may be a key player in the opening of this channel or allow substrate accessibility
ultimately influencing the substrate extrusion through the RND protein and out to the
extracellular milieu.
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Figure 2.10: CusB and CusA cysteine derivatives do no interact by BMOE in vitro
cross-linking
Equal amounts of purified CusA and CusB cysteine derivatives were incubated in the
presence (+) and absence (-) of the sulfhydryl crosslinker BMOE, quenched with 1M
Tris-HCl, separated by SDS-PAGE, and transferred to a PVDF membrane. No higher
molecular weight protein corresponding to a CusB:CusA (~160 kDa) interaction was
detected. CusB was detected with an anti-CusB antibody.
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2.4 Conclusion
To elucidate the roles of the components of the E. coli Cu(I)-exporting CusCFBA
complex, the application of comparative genomics, functional and biochemical analyses
is beneficial. Applying these tools improves our understanding of the complexity of these
systems, which allows for the speculation of a substrate transport pathway. The copperinducible Cus system, encoding a transmembrane tripartite complex and Cu(I)transporting metallochaperone has narrow substrate specificity, which can be attributed to
the specific metal coordination sites of the individual components that comprise this
efflux system. These systems are widespread among bacteria but are primarily prevalent
in the Proteobacteria phylum. Close homologs of the RND protein CusA are also found
in many other phyla that do not contain other homologous Cus components such as CusF
or CusB. Interestingly, when mutating single residues of the metal-coordination site of
CusA, Cus-mediated copper resistance is abolished. Together, these data indicate that the
metal-coordination site of CusA is significant in substrate extrusion and that there is little
flexibility in residue substitutions. The CusA metal coordination site is likely the entry
point for metal substrate to be eliminated. Conversely, the prevalence of putative CusBlike proteins revealed some flexibility in residue substitutions in their metal-coordination
sites such that the second methionine was sometimes replaced with a cysteine. In the
epsilon class of the Proteobacteria phylum, both CusA- and CusF-like proteins were
identified, and upon close examination of the genomic context of these proteins, the
putative CusB-like protein did not contain the typical triple methionine motif. This lack
of conservation of the metal binding site may reveal that within this system, they are not
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absolutely essential and therefore transfer does not occur. It is possible that the
mechanism of this system is not typical like that of the E. coli system, but that the RND
protein is the only significant player in substrate binding and subsequent efflux.
However, this remains to be investigated. Moreover, mutational analysis on the Cu(I)binding residues of the CusB revealed that a cysteine substitution mediated partial copper
resistance. Together, these data suggest that CusB has more flexibility in residue
substitutions because it is likely that the primary role of the PAP is a switch mechanism.
Here, CusB plays a regulatory role rather than a participant in substrate transfer by
binding metal and changing in conformation that allows for the activation of substrate
transport activity through the CusCFBA efflux system.
One can envision a dynamic environment with the initial influx of toxic levels of
copper ions where a unicellular organism must tightly regulate copper homeostasis to
survive. These extreme levels of copper induces expression of the cusCFBA operon in
that cusF is the most upregulated gene in E. coli under copper stress (Egler, et al., 2005).
The initial role of CusF is to immediately sequester periplasmic copper ions that are
rapidly toxifying the periplasm. Simultaneously, CusB acquires copper ions either from
CusF or directly from the periplasm allowing for a conformational change, which turns
the CusCBA efflux pump on. Subsequently, the CusCBA complex is actively pumping
out free copper ions to reach homeostasis. At some point the free Cu(I) ion pool has been
depleted and what remains is Cu(I)-bound CusF. CusF can then relinquish bound ions to
the RND protein CusA to ultimately be eliminated through the complex. Moreover, CusF
can be a Cu(I) storage protein to maintain an adequate supply for other cellular
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mechanisms. While copper concentrations have decreased, apo-CusF can then remove the
Cu(I) ions from CusB to turn the pump off. In conclusion, because copper is essential but
toxic in excess, trafficking of copper must be tightly regulated for cell survival and this
mechanism is achieved through a significant player in copper homeostasis: the Cu(I)exporting CusCFBA complex.
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CHAPTER 3: PRESENT STUDY

The methods, results, and conclusions of this study are presented in papers
appended to this thesis. Here I summarize the most significant findings of each
manuscript.

3.1 The metal efflux island of Legionella pneumophila is not required for survival in
macrophages and amoebas (Appendix A)
Summary
Legionella pneumophila is an opportunistic intracellular pathogen and the
causative agent of Legionnaires’ disease, a pulmonary infection acquired by the
inhalation of aerosolized bacteria (Fraser, et al., 1977). As L. pneumophila invade the
lung, they are phagocytized by alveolar macrophages. Here, this pathogen can circumvent
the endocytic trafficking pathways and inhibit phagosome maturation. This new
undetected residence allows for an optimal replication niche. How these microbes thrive
in this environment is not completely understood. Genomic analysis of L. pneumophila
led to the discovery of a 43-kb putative metal-efflux island encoding three putative RNDtype heavy metal efflux systems and five P-type ATPases. It was hypothesized that this
putative metal-efflux island may be important in survival within host macrophages. We
sought to characterize the 43-kb metal efflux island and determine whether this metal
efflux island allowed for the survival of L. pneumophila within macrophages and
amoebas. We show that in a chromosomal deletion of the metal efflux island, L.
pneumophila can still replicate in macrophages and amoebas as compared to wild-type.
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Therefore, the large heavy metal efflux island does not appear to play a role in replication
within host macrophages or amoebas. Further characterization was done on individual
genes within the efflux island, BLAST analysis was conducted to determine putative
functions of these genes and subsequent functional metal resistance assays were done
with various metals. Of the 11 efflux systems, a role was determined for one. lpg1024
encoded a Cu(I)-translocating PIB-type ATPase and was able to complement a coppersensitive copA E. coli strain in trans and confer copper resistance.
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3.2 Chaperone-mediated copper handling in the periplasm (Appendix B)
Summary
Copper is an essential trace element that is utilized in all domains of life, however
it is toxic in excess. Therefore cellular copper levels must be tightly regulated. Bacteria
have evolved several copper homeostasis mechanisms to maintain a sufficient supply of
copper. One system involves the active efflux of periplasmic copper to the extracellular
milieu by a tripartite RND-type efflux pump, CusCBA. In addition to this Cu(I)-efflux
pump, an additional protein is needed to sequester and traffic monovalent copper to the
CusCBA pump, thus activating efflux. This paper summarizes recent findings on how
Escherichia coli employs periplasmic copper efflux and trafficking and further
characterizes the genomic composition and prevalence of these proteins in all sequenced
bacterial genomes. Combining the genomic context and function of CusF and CusB-like
proteins allows for the elucidation of potential roles of these proteins and further
enhances our understanding of how metal ions play role in the biology of
microorganisms.
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3.3 Differing ability to transport nonmetal substrates by two RND-type metal exporters
(Appendix C)
Summary
Multi-protein complexes in the resistance-nodulation-division (RND) family
provide a means by which bacteria can maintain intrinsic levels of a variety of substrates
including antibiotics and metals. In this work, two RND-pumps, the Cu(I)-exporting
CusCFBA pump of Escherichia coli and the Au-exporting GesABC pump of Salmonella
enterica Typhimurium were characterized to determine the substrate range. Further work
was done to determine possible amino acid residues important in coordinating substrates
and subsequent efflux. Here, we show that the CusCFBA efflux pump has narrow
substrate specificity, while the GesABC system conferred resistance to a variety of
organic chemicals. Phylogenetic analysis revealed that the Ges system is highly related to
other RND transporters capable of exporting a variety of substrates including
fluoroquinolones and chloramphenicol. Alternatively, comparative genomic analysis of
the Cus system divulged a number of highly conserved methionine residues, possibly
explaining the result of a narrower substrate range.
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3.4 Switch or funnel: how RND-type transport systems control periplasmic metal
homeostasis (Appendix D)
Summary
Escherichia coli has evolved several mechanisms to maintain an appropriate
amount of cellular copper to utilize in vital biological processes yet can evade its toxic
effects. One mechanism involves the active extrusion of periplasmic metal ions via a
metal-translocating tripartite protein complex that spans both the inner and outer
membranes. These complexes are composed of a central RND proton/substrate antiporter,
an adaptor membrane fusion protein (MFP), and outer membrane protein channel. Recent
findings including the resolution of recent protein structures and genetic analyses of
components of the heavy metal efflux protein family of RND proteins have allowed for
the elucidation of a transport pathway. Here we propose our two models of substrate
extrusion through these RND protein complexes.
Transport of metal substrates via RND-type protein complexes of the heavy metal
efflux protein family involves specific metal-coordinating residues, which allows for the
elucidation of two proposed transport pathways. First, the periplasmic membrane fusion
protein picks up metal substrate at its metal-coordinating site, thereby inducing a
conformational change and creating an open-access state of the extrusion complex. In our
Switch Model, periplasmic metal substrate then enters the efflux pump at the metalbinding site of the proton-substrate antiporter and exits through the outer membrane
channel, bypassing the MFP. Conversely, in our Funnel Model, periplasmic metal
substrate is transferred from the metal-binding site of the MFP directly to the metalbinding site of the proton/substrate inner membrane antiporter and then exits through the
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outer membrane protein to the extracellular space. Here we provide evidence that likely
supports our Switch Model.
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