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ABSTRACT 

 

Copper homeostasis in Escherichia coli is mediated in part by a copper sensing 

system (the Cus system) that includes a tripartite protein complex, CusCBA, which spans 

both the inner and outer membranes of E. coli.  The inner membrane protein, CusA, 

belongs to the RND superfamily of protein transporters and couples the export of copper 

ions with an influx of protons.  CusB, the membrane fusion protein, is a soluble protein 

that forms a complex with CusA and is believed to interact with CusC, the outer 

membrane factor protein.  CusF, the fourth component of this system, is a small 

periplasmic metallochaperone that delivers metal to the CusCBA pump.  The research 

presented in this work describes the elucidation of protein-protein interactions and metal 

transfer between components of the Cus system.  Chemical cross-linking and mass 

spectrometry reveal that CusF and CusB interact at their metal-binding sites.  The N-

terminal region of CusB, which includes the metal-binding site, is characterized utilizing 

a variety of biochemical and molecular tools and demonstrates metal-binding and metal 

transfer with CusF.  Cross-linking experiments and XAS preliminary results reveal a 

novel interaction between CusF and CusA, which supports our theory that CusA acquires 

metal from CusF rather than CusB.  Together, these findings aid in our understanding of 

the mechaniam of metal transport and the molecular details involved in protein-protein 

interactions within CusCFBA. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Overview 

Cells survive in the midst of adverse conditions.  Cellular responses to an ever-

changing environment are a necessity for any organism’s survival.  Maintaining 

homeostasis is crucial; every living cell must be incredibly efficient at bringing important 

nutrients into the cell while simultaneously removing harmful toxins from the cell.  In the 

environment, organisms such as bacteria are often challenged with elevated levels of 

metals, such as copper and silver.  For cells, copper is a double-edged sword.  While it is 

an essential metal involved in many cellular processes, it is extremely toxic in excess, so 

copper concentrations must be carefully regulated within the cell.  In contrast, silver is 

not a biometal (a term used for metals necessary for biological function) and thus is not 

required for cellular function.  Silver, within the same chemical group as copper, resides 

directly below copper on the periodic table; these elements share many of the same 

chemical properties.  Because of the known toxic effects that these metals have on 

bacteria, industries have taken advantage of copper and silver by incorporating them into 

a number of antimicrobial agents.  This dissertation will describe how Escherichia coli 

maintains copper/silver homeostasis through efflux of these destructive ions by the Cus 

system. 
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1.1.1 Biological importance of copper 

The major elements of all eukaryotic and prokaryotic cells are H, C, O, N, S, and 

P; these constitute roughly 97% of an Escherichia coli cell’s dry weight (Wackett, et al., 

2004).  Metals comprise ~3%, but play a more important role in biology than this statistic 

implies of them (Ainscough & Brodie, 1976).  These elements, Na, K, Mg, Ca, Mn, Fe, 

Co, Cu, Mo, and Zn, are necessary for a number of vital cellular processes and life 

depends upon them.  Transition metals are of particular importance because of their 

ability to accept and donate electrons, resulting in their intimate involvement in 

metabolism and their use as cofactors in many enzymes (Nelson, 1999).  The first 

metalloenzyme to be reported, carbonic anhydrase, was discovered in 1939 (Keilin, 1939) 

and hundreds more have been found since then.  Interestingly, the first globular protein 

structure to be solved by X-ray crystallography was of a metalloprotein, haemoglobin 

(Perutz, 1962).  Currently, an estimated 25-33% of all proteins require metal 

(Rosenzweig, 2002, Waldron & Robinson, 2009).  

Copper is the second most abundant transition metal in E. coli cells; the most 

prevalent being iron (Malmstrom & Leckner, 1998) (zinc is technically not considered a 

transition metal).  Copper is an essential cofactor for many enzymes and is involved in a 

number of important cellular functions, including electron transport, respiration, control 

of oxidative damage, photosynthesis, connective tissue cross-linking, neuropeptide 

amidation, catecholamine synthesis, and antioxidant defense (Lin & Culotta, 1995, 

Abajian & Rosenzweig, 2006, Frangipani & Haas, 2009, Robinson & Winge, 2010). 
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1.1.2.  Copper toxicity 

 While the ability of transition metals to transfer electrons makes them good 

cofactors, the redox cycling of these metals leads to oxidative stress by the generation of 

oxygen free radicals.  Biological reductants, such as ascorbate or glutathione, can reduce 

Cu(II) to the redox labile Cu(I) ion (Singleton & Le Brun, 2007).  Cu(I) can readily react 

with hydrogen peroxide (H2O2), catalyzing the formation of toxic reactive hydroxyl 

radicals (OH) through a Fenton-like reaction (Figure 1.1A).  These hydroxyl radicals 

react very quickly with amino acids, sugars, organic acids, phospholipids, and DNA 

within the cell, resulting in protein oxidation, lipid peroxidation, and DNA cleavage, 

eventually leading to cell death (Gaetke & Chow, 2003).  Both Cu(I) and Cu(II) have a 

tendency to form stable complexes and thus facilitate their toxicity by competing with 

and displacing other metals from metalloproteins.  Preferentially binding over other 

divalent metals, Cu(II) is at the top of the Irving-Williams series (Figure 1.1B).   
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Figure 1.1: A) Copper catalyzes the conversion of H2O2 through the Fenton reaction to 
produce highly reactive hydroxyl radicals.  B) Copper is at the top of the Irving-Williams 
series and forms stable complexes with tighter binding compared to other divalent metals.  
(Adapted from (Robinson & Winge, 2010) 
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In humans, oxidative damage due to copper redox cycling has been implicated in 

a number of neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease 

(Valko, et al., 2005, Gaggelli, et al., 2006).  Additionally, two fatal human diseases, 

Wilson’s disease and Menkes disease, are directly related to copper cytotoxicity.  Both 

are caused by mutations in metal-binding P-type ATPases, leading to disruption of 

copper trafficking within cells.  In Wilson’s disease, copper accumulates in the liver and 

brain; Menkes disease results in a cellular copper deficiency (Wernimont, et al., 2000, 

Kitzberger, et al., 2005).  Transition metals cannot be degraded or modified like other 

organic molecules; therefore, one tactic used by cells to deal with metal toxicity is to 

develop metal efflux systems for the extrusion of such ions (Nies, 2003).  The 

Cu(I)/Ag(I) efflux pump from E. coli is the focus of the work presented here. 

 
 
1.2 Copper homeostasis in E. coli 

In E. coli, copper tolerance is mediated by two chromosomally encoded systems, 

the Cue and Cus systems, which are induced under conditions of excess copper (Rensing 

& Grass, 2003).  The Cue system provides the first line of defense in copper resistance, 

as it is induced under low copper concentrations (Outten, et al., 2001).  The Cus system is 

important for copper tolerance in anaerobic conditions and under aerobic conditions 

when levels of copper stress are extreme (Outten, et al., 2001).  The Cue system includes 

a multicopper oxidase, CueO, and a P-type ATPase, CopA.  CopA pumps Cu(I) from the 

cytoplasm into the periplasm (Rensing, et al., 2000).  CueO resides in the periplasm, 

where it converts Cu(I) into the less toxic Cu(II) (Singh, et al., 2004).  If copper 
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concentrations continue to increase, the expression of the Cus system increases, as 

regulated by a two-component signaling system, CusR and CusS (Munson, et al., 2000, 

Gudipaty, et al., 2012).  The cusCFBA operon, encoding the proteins CusC, CusF, CusB 

and CusA, is induced by both copper and silver (Munson, et al., 2000, Franke, et al., 

2001, Franke, et al., 2003).  Genetic and phenotypic analyses strongly suggest that the 

products of cusCFBA form a CBA-type multimeric Cu(I) or Ag(I) efflux complex that 

spans from the cytoplasm to the extracellular space (Figure 1.2) (Munson, et al., 2000, 

Grass & Rensing, 2001, Outten, et al., 2001, Franke, et al., 2003).   
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Figure 1.2: Cartoon representation of the Cus Cu(I)/Ag(I) export complex.  The inner 
and outer membrane proteins, CusA and CusC, are trimers.  There are six copies of the 
membrane fusion protein, CusB, shown in red and orange.  The metallochaperone CusF 
is yellow.  Proton flow across the inner membrane is coupled with copper and silver 
export to the extracellular space. 
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1.3 Resistance Nodulation and cell Division (RND) transporters  

CBA-type transporters are usually composed of three proteins and are involved in 

the export of metal ions, xenobiotics and drugs (Nies, 2003).  The three conserved 

components of CBA-transporters include a proton-substrate antiporter of the RND-family 

(Resistance, Nodulation and cell Division), a membrane fusion protein (also called a 

periplasmic adaptor protein), and an outer membrane factor (Zgurskaya & Nikaido, 1999, 

Zgurskaya & Nikaido, 2000, Nies, 2003).  In the Cus system, these proteins are CusA, 

CusB, and CusC, respectively.  Copper/silver efflux systems often have a fourth 

periplasmic component, such as CusF in the Cus system (Franke, et al., 2003, Loftin, et 

al., 2005), which can function as a metallochaperone (Bagai, et al., 2008). 

The RND superfamily of protein transporters is composed of membrane-spanning 

proteins that drive substrate movement by coupling proton influx with substrate export 

(Nies, 1995, Goldberg, et al., 1999).  RND transporters are involved in the efflux of a 

wide variety of substrates, including organic compounds, transition metals, and 

polypeptides (Tseng, et al., 1999, Saier, 2000).  While other types of efflux pumps 

(MATE, ABC, SMR, MFS) of Gram-positive bacteria function individually (Piddock, 

2006), the RND transporters of Gram-negative systems form tripartite protein complexes 

with a periplasmic membrane fusion protein (MFP) and an outer membrane factor (OMF) 

protein, as described above for the Cus system in E. coli.  RND proteins are fairly large in 

size; they contain more than 1,000 amino acids and consist of two large hydrophobic 

domains and two large hydrophilic domains and are assembled into trimers (Goldberg, et 

al., 1999). 
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Within the RND superfamily, seven families have been identified, of which two 

of these have been studied extensively.  The first family is involved in the efflux of 

hydrophobic and amphiphilic substrates (HAE-RND) (Piddock, 2006), which consists of 

a range of compounds including antibiotics, bile salts, dyes, organic solvents, and 

peptides.  A review of the structure and mechanism of multidrug efflux systems 

belonging to this RND protein family has been published recently (Nikaido, 2011).  The 

second extensively characterized RND family consists of transporters that mediate heavy-

metal efflux (HME-RND) (Nies, 2003).  E. coli contains seven RND efflux transporters, 

six of which are multidrug efflux pumps of the HAE-RND family and include AcrB, 

AcrD, AcrF, MdtB, MdtC, and YhiV (Tseng, et al., 1999).  There is only one known 

HME-RND transporter in E. coli, the Cu(I)/Ag(I) efflux protein CusA (Franke, et al., 

2001, Franke, et al., 2003).  HME-RND systems from other organisms, such as SilA from 

Salmonella enterica serovar Typhimurium and CzcA from C. metallidurans, have also 

been identified and characterized (Rensing, et al., 1997, Silver, 2003). 

In general, HAE-RND systems provide resistance to a wide variety of substrates 

and hence have been termed “periplasmic vacuum cleaners’ (Lomovskaya, et al., 2007), 

while HME-RND systems demonstrate a high degree of substrate specificity, primarily 

transporting only metal ions with similar properties (Kittleson, et al., 2006, Conroy, et 

al., 2010).  The narrow substrate specificity of HME-RND systems is likely due to the 

metal binding site(s) present in the RND protein itself, as well as metal binding sites in 

the other proteins in the complex.  These metal binding sites not only provide specificity, 

but are likely to serve a dual function in metal resistance by keeping the metal ion 
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coordinated, thus preventing the cellular damage that can be caused by the free metal.  As 

described below, the metal binding sites and the transfer of metal ions from one protein to 

the next have been partially elucidated for the Cus system, providing valuable insight into 

the resistance mechanisms for this family of proteins.  

 

1.4 CusCFBA system components 

1.4.1 CusA 

The inner membrane RND proton/substrate antiporter CusA is the central 

component of the Cus system and is essential for full function, as deletion of cusA leads 

to complete loss of cus-mediated copper resistance (Franke, et al., 2003), demonstrating 

the same copper sensitivity as removal of the entire cus operon (when CueO is also 

deleted) (Grass & Rensing, 2001, Grass & Rensing, 2001).  Early sequence alignments of 

CusA, which comprises 1,047 amino acids, with SilA (Gupta, et al., 1999) and other 

putative RND transporters, revealed the presence of five conserved methionines in one of 

the periplasmic domains of CusA (Franke, et al., 2003).  These residues are not 

conserved in divalent cation RND transport proteins, such as CzcA (Nies, et al., 1989, 

Goldberg, et al., 1999).  Individual mutations of three of these residues (M573, M623, 

and M672) to isoleucines resulted in the loss of copper resistance, demonstrating their 

functional importance.  Mutations of the other two conserved methionines in the first 

periplasmic domain, along with four additionally conserved methionines in the second 

periplasmic domain, and a three-methionine cluster (MXXMXXM, a common copper-

binding motif) adjacent to the second periplasmic domain, led to little or no effect on 
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copper tolerance.  Thus, while these residues are conserved and even include a common 

copper-binding motif, they do not appear to be essential for CusA function.   

Furthermore, two acidic residues of CusA (D405 and E412) are also conserved 

within the RND family of metal transporters (Tseng, et al., 1999), along with A399, 

which is conserved in monovalent cation RND transporters (Nies, 2003).  These residues 

are located within or close to the transmembrane helix IV and mutational analysis in 

CusA (D405N, E412Q, and A399D) revealed the necessity of all three RND protein 

residues for cus-mediated copper resistance (Franke, et al., 2003).  At the time of these 

studies, there was no structure for CusA; however, the crystal structure of the RND 

protein, AcrB, from the multidrug efflux system, AcrAB-TolC had just been determined 

(Murakami, et al., 2002).  AcrB, which forms a homotrimer, revealed a central cavity 

within the periplasmic portion of the RND protein, formed by two large periplasmic 

loops (LPLs) of each monomer, ideal for substrate binding from the cytoplasm or the 

periplasm.  Further studies indicate that these loops are important for substrate 

recognition (Mao, et al., 2002).  When the LPLs of AcrD are replaced with those from 

AcrB, the resulting chimeric protein demonstrates AcrB substrate specificity, rather than 

that of AcrD (Elkins & Nikaido, 2002).  Similar substitutions were made with AcrB and 

MexB, resulting in the same outcome (Tikhonova, et al., 2002).  While no known copper-

binding motif for CusA was identified in the cytoplasmic regions or in the LPLs of the 

protein, analysis of the conserved methionines in the second periplasmic loop led to the 

identification of three residues necessary for CusA function and a proposed metal-

binding site consisting of M573, M623, and M672 (Franke, et al., 2003).  These results, 
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together with the identification of methionine-rich motifs in copper transport proteins of 

non-RND systems from Schizosaccharomyces pombe (Zhou & Thiele, 2001) support this 

proposed metal-binding site. 

With the elucidation of the structure of the E. coli multidrug HAE-RND 

transporter AcrB in 2002, efforts were made to crystalize the HME-RND homolog CusA 

under similar conditions, but these efforts were unsuccessful.  Sequence alignment of 

AcrB and CusA show that these proteins share only 19% sequence identity and an 

extensive limited proteolysis study revealed that CusA is extremely flexible in solution 

compared to AcrB, suggesting an explanation for the difficulty observed in crystallization 

of CusA in similar conditions as AcrB (Deniaud, et al., 2009).  The crystal structure of 

CusA was determined to 3.52 Å in 2010 by Long and Su et al, making it the first RND 

transport protein of the heavy-meal efflux (HME) subfamily to be determined (Long, et 

al., 2010).  Multiple structures, including apo-CusA, Ag(I)-CusA, and Cu(I)-CusA, are 

all presented together, providing long-awaited structural information about HME-RND 

proteins.  CusA is reported to be a homotrimer, which is in good agreement with the 

previously determined structures of HAE-RND proteins, AcrB (Murakami, et al., 2002) 

and MexB from Pseudomonas aeruginosa (Sennhauser, et al., 2009), involved in 

multidrug efflux systems and is in agreement with analytical ultracentrifugation 

experiments of CusA in solution (Stroebel, et al., 2007).  The final CusA model includes 

97.9 % of the residues and a superimposition of the CusA structure with that of AcrB 

results in a large rmsd of 11.4 Å (for 1,003 Cα atoms), implying a significant difference 

in the overall structure of these RND transporters. 
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CusA is a large protein comprised of 1,047 amino acids and contains both 

periplasmic and transmembrane regions (Figure 1.3A).  Each CusA monomer consists of 

12 transmembrane helices (TM1-TM12) and a large periplasmic domain formed by two 

LPLs, one between TM1 and TM2 and the other between TM7 and TM8.  One difference 

between CusA and the structures of AcrB and MexB is the extension of four helices 

(TM4, TM5, TM10, and TM11) into the cytoplasm where they form a cytoplasmic 

domain.  Additionally, TM2 and TM8 protrude into the periplasmic space and form 

portions of the periplasmic domain.  Similar to the periplasmic domains of AcrB and 

MexB, this domain of CusA is divided into six subdomains.  Four subdomains constitute 

the pore domain (PN1, PN2, PC1, and PC2, in which N and C refer to N- or C- terminal) 

and two subdomains compose the docking domain (DN and DC), which is hypothesized 

to interact with the OMF CusC.  Within the pore domain, PN1 is central and appears to 

stabilize the trimer, while the remaining subdomains, PN2, PC1, and PC2, are arranged 

facing out towards the periplasm.  Subdomains PC1 and PC2 form an external 

periplasmic cleft that is closed in the apo-CusA structure.   Interestingly, a single α-helix 

(residues 690-706) and three β-strands (residues 681-687, 711-716, and 821-827) appear 

to be tilted into the periplasmic cleft, closing the opening in the apo structure.  

Furthermore, there is a single horizontal α-helix, composed of residues 665-675, present 

at the bottom of the cleft, roughly separating the periplasmic and transmembrane 

domains.  The structural features of the periplasmic cleft are unique from that of AcrB 

and MexB, potentially governing the specificity of CusA for monovalent cation efflux. 

26



 

 
Figure 1.3: The inner membrane protein CusA.  A.) Ribbon diagram of one subunit of 
CusA.  Copper is shown in spacefilling representation.  B.) Close up view of the three-
coordinate metal-binding site consisting of Met 573, Met 623, and Met 672.  Structures 
are based on PDB file 3K0I (Long, et al., 2010).  
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In the Cu(I)-CusA and Ag(I)-CusA structures, metal is coordinated by a three-

methionine cluster composed of M573, M623, and M672 (Figure 1.3B), as was 

previously proposed (Franke, et al., 2003).  These residues are located above the 

horizontal helix at the base of the periplasmic cleft.  The overall structure of apo-CusA 

differs distinctly from that of the metal-bound structures.  Superimposition of Cu(I)-CusA 

and apo-CusA results in a rmsd of 3.9 Å (for 1,006 Cα atoms).  Metal binding by CusA 

induces significant conformational changes in both the periplasmic and transmembrane 

domains, demonstrated in Figure 1.4A.  Binding of Cu(I) and Ag(I) produce nearly 

identical conformational changes and superimposition of Cu(I)-CusA and Ag(I)-CusA 

structures result in a rmsd of 1.0 Å (for 1,021 Cα atoms).   

The most notable changes occur in the PC2 region.  The periplasmic cleft formed 

between PC1 and PC2 is closed in the apo-CusA structure, but this cleft is open in the 

Cu(I)-bound structure.  Furthermore, superposition of the two structures reveals a shift in 

position of the entire PC2 domain upon metal binding, resulting in the formation of the 

periplasmic cleft between PC1 and PC2.  There are also substantial movements in the 

horizontal α-helix at the bottom of the periplasmic cleft and a transmembrane helix 

(TM8) just below when metal is bound.  In the Cu(I)-CusA structure, the C-terminal end 

of the horizontal helix is tilted upwards by 21° compared to the apo-CusA structure.  The 

upward movement of this helix, coupled with a shift in the N-terminal end of TM8, 10° 

away from the core, brings M672 closer to M623 and M573, allowing for metal 

coordination by the three sulfur atoms of these Met residues (Figure 1.4B).  Movement of 

TM8 could lead to signaling within the other transmembrane helices and it has been 
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suggested that these conformational changes could initiate proton movement across the 

inner membrane (Long, et al., 2010).  In addition to the movement exhibited by TM8 

upon metal binding, all of the other transmembrane helices, except TM2, appear to 

undergo a horizontal and, in the case of TM1, TM3, and TM6, an upward shift, some as 

large as 3-4 Å.  This ultimately results in the upward shift of PN1 by about 3 Å, which 

corresponds to a single upward turn in the central α-helix of the pore domain.  The cleft 

between PC1 and PC2 of CusA provides a periplasmic entry point for metal ions and 

could be the site of interactions with the MFP CusB or the periplasmic copper chaperone 

CusF.  It has been suggested that the three-methionine cluster could be involved in 

transient metal transfer with CusB or CusF, similar to that observed in the Atx1-Ccc2 

complex (Banci, et al., 2006). 
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Figure 1.4: Movements in apo and metal-bound CusA.  A.) Ribbon representation of one 
monomer of CusA in the apo state (cyan) and the Cu(I)-bound state (green).  Movement 
of domain PC2 in the Cu(I)-bound state opens the cleft between PC1 and PC2.  B.) Met 
573 and Met 623 of CusA are in similar positions in both apo (cyan) and Cu(I)-bound 
(green) structures.  The conformation of Met 672 changes significantly in the metal-
bound state.  Structures are based on PDB files 3KO7 and 3K0I (Long, et al., 2010).  
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Previous mutational analysis of conserved residues in or near TM4, D405, E412, 

and A399 indicate that these residues are essential for full CusA function and could be 

involved in the proton relay network (Franke, et al., 2003).  In the crystal structure, acidic 

D405 is found to interact with E939 of TM10 and K984 of TM11 (Long, et al., 2010).  

Individual mutations of these three residues to alanine resulted in the loss of copper 

resistance, revealing that they are essential for transport function.  Mutation of E412, 

which is located near the triad formed by D405, E939, and K984, did not result in the 

complete loss of copper resistance, but showed a significant decrease compared to the 

wild-type.  Together, it is suggested that these charged residues are involved in proton 

translocation across the inner membrane.   

The transmembrane domain of CusA also contains six methionine residues that 

appear to form distinct pairs: M410 and M501, M403 with M486, and M391 paired with 

M1009.  All six methionine residues are conserved within HME-RND-type Cu(I)/Ag(I) 

efflux pumps (when 30 of these pumps are aligned) (Long, et al., 2010).  Two-

methionine or two-cysteine pairs have been implicated in the binding of Cu(I) and Ag(I) 

by other copper tolerance proteins, for example CusF (Loftin, et al., 2005), CueR 

(Changela, et al., 2003), and Atx1 (Arnesano, et al., 2001).  Thus, it is suggested that 

these methionine pairs in the transmembrane domain of CusA could be involved in metal 

transport from the cytoplasm.  In addition to the three methionine residues identified to 

compose the periplasmic metal-binding site of CusA, there are two more residues (M271 

and M755) in the periplasmic domain which could constitute another methionine pair.  

However, M755 is not completely conserved across the HME-RND pumps examined.   

31



 

Mutational analysis of these methionine residues reveals that individual mutations 

of the residues composing the metal-binding site (M573, M623, and M672) to isoleucines 

result in the complete loss of copper resistance, as was previously demonstrated by 

Franke et al (Franke, et al., 2003).  Minimum inhibitory concentrations (MICs) of CuSO4 

for these mutants were 0.50 mM, compared to 2.25 mM of wild-type CusA.  Mutants of 

residues involved in the methionine pairs (M391I, M410I, M486I, and M755I) showed a 

decrease in copper tolerance but not a complete loss of CusA function, with a MIC value 

of 1.25 mM for M391I and 1.75 mM for M410I, M486I, and M755I.  This suggests that 

these methionine pairs contribute to CusA function and could potentially be involved in 

metal transport from the cytoplasm.  However, because mutation of these residues did not 

result in complete loss of copper resistance, they do not appear to be essential for CusA 

function.  It is possible that these mutations affect the structure of CusA consequently 

impairing function of the pump.  Additionally, a genetic study demonstrated that CusA 

does not functionally substitute for the inner membrane transporter CopA, suggesting that 

the primary substrates for transport by the Cus system originate in the periplasm (Grass & 

Rensing, 2001).  It seems likely that periplasmic Cu(I)/Ag(I) transport through the metal-

binding site in the cleft of CusA is the physiologically relevant pathway.  CusA may be 

capable of additional cytoplasmic metal efflux; however, further investigation will 

elucidate these transport details. 
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1.4.2 CusB 

In addition to the inner membrane protein, the membrane fusion protein (MFP) 

(sometimes referred to as the periplasmic adaptor protein) (Dinh, et al., 1994, Saier, et 

al., 1994) is an essential component of CBA-type transport systems (reviewed in 

(Zgurskaya, et al., 2009)).  MFPs stabilize CBA transport complexes through association 

with both the inner and outer membrane proteins and are required for tripartite complex 

assembly.  Membrane association is a common feature of multidrug resistant MFPs, 

which anchor to the inner membrane via an N-terminal transmembrane α-helix (N-TMS) 

or an N-terminal lipid modification (typically via cysteine) (Zgurskaya, et al., 2009).  The 

MFP in the Cus system, CusB, is essential for cus-mediated metal resistance in E. coli 

(Franke, et al., 2003); however, CusB differs from other MFPs in that it purifies as a 

soluble protein and does not associate with either membrane (Bagai, et al., 2007).   

Initial CusB characterization in vitro indicates that this 379 amino acid protein is 

monomeric in solution and that the oligomeric state does not change upon metal binding 

(Bagai, et al., 2007).  CusB binds Ag(I) with a 1:1 stoichiometry and high affinity (Kd of 

24.7 nM) by isothermal titration calorimetry (ITC) (Bagai, et al., 2007).  X-ray 

absorption spectroscopy (XAS) was utilized to probe the metal-binding site of CusB and 

determined that Cu(I) is bound in a 3-coordinate environment by three sulfur atoms 

(Bagai, et al., 2007).  Mutational analyses demonstrated that M21I, M36I, or M38I 

(numbering is of the mature protein without the leader sequence) substitutions all had 

significant effects on metal binding in vitro.  Furthermore, in vivo these mutants 

decreased the ability of E. coli cells to grow on copper-containing media and suggested 
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that metal binding by CusB is functionally important for resistance (Bagai, et al., 2007).  

Size exclusion chromatography revealed that CusB undergoes a conformational change 

upon metal binding, adopting a more compact structure; thus, it was proposed that CusB 

and other MFPs of RND-type transport systems play an active role in substrate efflux and 

are not simply adaptors (Bagai, et al., 2007).  Substrate-induced conformational changes 

have also recently been observed in ZneB, the MFP of the zinc efflux complex from 

Cupriavidus metallidurans CH34 (De Angelis, et al., 2010), supporting a similar role.  

In 2009, the crystal structure of CusB was determined to 3.4 Å (Su, et al., 2009) 

(Figure 1.5).  The structure contains 78% of the total protein sequence (residues 61-357, 

using numbering of the mature protein after processing of the signal peptide).  60 

residues from the N-terminus and 22 residues from the C-terminus were unable to be 

resolved (Su, et al., 2009), suggesting that these regions could potentially be disordered, 

dynamic, or possibly proteolyzed during crystallization.  Two molecules of CusB were in 

the asymmetric unit of the crystal and both reveal an elongated protein structure (116-121 

Å long and 37-40 Å wide); however, each molecule has a distinct conformation, which 

suggests that it is flexible in nature, as has been observed with other MFPs (Mikolosko, et 

al., 2006, Vaccaro, et al., 2006, Wang, et al., 2012).   
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Figure 1.5: Ribbon representation of CusB, showing the four domains that are resolved 
in the crystal structure.  Based on PDB file 3OOC (Su, et al., 2009). 
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Based on sequence alignments of CusB homologs, it was predicted that the 

structure of CusB would resemble that of MFPs from the well-characterized multidrug 

RND-efflux systems, MexA and AcrA.  CusB shares 13% sequence identity and 52% 

sequence similarity with MexA from MexAB-OprM of Pseudomonas aeruginosa, the 

majority (91%) of which has been determined by X-ray crystallography (Akama, et al., 

2004, Higgins, et al., 2004, Symmons, et al., 2009).  Another close homolog, AcrA from 

AcrAB-TolC of E. coli, shares 16% sequence identity and 54% sequence homology with 

CusB.  The structure of a stable core fragment of AcrA has been determined and consists 

of 66% of the total protein sequence, missing 98 residues from the C-terminus and 27 

from the N-terminus (Mikolosko, et al., 2006).  Together with the recently resolved 

structures of MacA (Yum, et al., 2009) and ZneB (De Angelis, et al., 2010), MFP 

structures appear to have the same organization of domains with each domain consisting 

of a common distinct fold.  Each polypeptide chain begins in the first β-domain, 

progresses through two more β-domains and the α-helical domain where it reverses and 

returns back through the β-domains until it reaches the first β-domain.  CusB consists of 

four distinct domains, three of which contain mostly β-strands and the fourth, closest to 

the outer membrane, is completely α-helical, similar to MFP structures from other 

systems.  However, the N-terminal metal-binding region seems to be unique to CusB, as 

the MFPs of other systems lack a homologous region. 

The first β-domain common to each MFP structure is called the membrane 

proximal (MP) domain because of its proximity to the inner membrane.  This domain of 

CusB forms a β-barrel composed of six β-strands (one from the N-terminus and five from 
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the C-terminus).  The MP domain is predicted to interact with the RND-transporter 

protein (Symmons, et al., 2009, De Angelis, et al., 2010), which is supported by cross-

linking data in the Cus system (Su, et al., 2009).  Further interactions between CusB and 

CusA have recently been elucidated with the CusBA co-crystal structure, showing direct 

interactions between these proteins (Su, et al., 2011), described below.   

Adjacent to the MP domain is the β-barrel domain, which, in one molecule of 

CusB consists of six β-strands and one short α-helix and in the other molecule consists of 

six β-strands and two short α-helices.  The N-terminal residues of CusB contribute one β-

strand and the remaining secondary structural features are from the C-terminal end.  In 

the asymmetric unit of the crystal cell, the MP domains of each molecule interact with the 

β-barrel domains of the other molecule.  This interaction, however, does not seem to be 

physiologically relevant, as these interactions are not maintained in the CusBA crystal 

structure.  Furthermore, other MFP structures suggest that MFPs align unidirectionally 

within the periplasm (Reffay, et al.).  The next globular β -domain is called the lipoyl 

domain and consists of a β -barrel formed by eight β -strands.  These two domains are 

connected by a linker region composed of two small loops, which could potentially act as 

a flexible hinge for conformational changes necessary for CusB function and tripartite 

assembly.  The presence of two distinct conformations of CusB within a single 

asymmetric unit, together with the presence of linkers between domains, points towards 

the conformational flexibility of the protein, also observed in AcrA (Mikolosko, et al., 

2006). 
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The most striking structural difference between CusB and other MFPs is in the all 

α-helical domain.  While other MFPs contain an α -helical hairpin motif, the helical 

domain in CusB forms an antiparallel, three-helix bundle, a unique feature which has not 

been found in any other MFPs.  The three-helix bundle is comprised of a helix-turn-helix-

turn-helix secondary structure and is ~27 Å long, which makes it at least 20 Å shorter 

than the α-helical hairpin domains of MexA (Akama, et al., 2004, Higgins, et al., 2004), 

AcrA (Mikolosko, et al., 2006), and MacA (Yum, et al., 2009).  The α-helical domain of 

MFPs has been shown to be involved in direct interactions with the OMF protein 

(Tikhonova & Zgurskaya, 2004, Touze, et al., 2004).  Furthermore, this interaction has 

proven to be essential for functional assembly of the tripartite complex (Seeger, et al., 

2006, Lobedanz, et al., 2007, Bavro, et al., 2008, Kim, et al., 2010, Janganan, et al., 

2011); thus, it is possible that the unique structure of the α -helical domain of CusB is 

essential for recruitment of CusC and functional assembly of CusCBA. 

By the addition of metal solutions to apo-CusB crystals, two putative metal-

binding sites were proposed (Su, et al., 2009).  The first, composed of M296, F330, and 

R340, is located in the MP domain and the second, composed of W130, Q134, and M162, 

is within the three-helix bundle.  Previous ITC and EXAFS results demonstrated that full-

length CusB binds a single metal ion in a three-sulfur coordination site consisting of 

conserved residues M21, M36, and M38 (Bagai, et al., 2007).  Mutation of these three 

methionines to isoleucines causes a loss of metal-binding activity and a significant 

decrease in copper resistance of E. coli cells in vivo.  Mutation of putative metal-binding 

residues proposed from crystallography, M162I and M296I, show no significant decrease 
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in copper resistance (Kim, E. H., Mealman, T. D., Rensing, C., and McEvoy, M. M. (In 

preparation), Appendix A), therefore suggesting that these residues are not 

physiologically relevant metal-binding sites, but rather a result of nonspecific metal 

association due to the soaking of CusB crystals in high metal concentrations.  Further 

characterization of this critical region of CusB is needed to more fully understand 

structure and function.  Analysis of the N-terminal region of CusB (residues 1-61) is 

described in Chapter III.  

 

1.4.3 CusC 

CusC is the outer membrane component of the CusCFBA efflux pump.  Initial 

analysis of the cusCFBA operon revealed that deletion of cusC led to a strong decrease in 

copper resistance, but did not lead to complete loss of resistance, as was exhibited with 

deletion of cusA or cusB (Franke, et al., 2003).  Thus, it is likely that another OMF gene 

can complement the loss of CusC and confer slight resistance.  It was hypothesized that 

TolC, the OMF from the E. coli multidrug efflux system AcrAB-TolC, may substitute 

this role; however, removal of the tolC gene (ΔcueO ΔcusC ΔtolC::Kan triple mutant 

strain) resulted in the same copper resistance as the ΔcueO ΔcusC double mutant strain, 

indicating that TolC cannot partially substitute for CusC.  This is most likely because 

TolC is unable to form a functional assembly with CusBA.  Potentially, one of the other 

OMF proteins in E. coli can substitute for CusC, but further investigation is needed. 

The crystal structure of the OMF CusC from E. coli was solved in 2011 to 2.3 Å 

and was the first OMF of any HME-RND system to be determined (Kulathila, et al., 
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2011) (Figure 1.6).  Structures of the OMFs OprM (Akama, et al., 2004) from the 

multidrug resistance system MexAB-OprM of Pseudomonas aeruginosa and TolC 

(Koronakis, et al., 2000) from E. coli had been determined previously.  CusC shares 45% 

sequence identity with OprM; therefore, OprM was used as the model for molecular 

replacement in order to solve the structure of CusC.  The final model contains the full 

sequence of the mature protein, except for residues 21-31 in the equatorial domain, which 

appear to be disordered.  One monomer (440 residues) of CusC is present in the 

asymmetric unit of the crystal.  CusC forms a trimer within the crystal and its elution 

profile by gel filtration also matches that of a trimer in solution.  This is in good 

agreement with the oligomeric behavior of all other OMF proteins; furthermore, the 

structure of CusC is very similar to OMF proteins solved previously.  The overall 

trimeric structure of CusC is that of a cannon-shaped molecule formed by a long α/β -

barrel, ~130 Å in length.  The 12-stranded β-barrel of CusC is located within the outer 

membrane, in which 4 β -strands are contributed from each monomer.  The remainder, 

and majority, of the protein forms an α-barrel in the periplasm, consisting of 12 long α-

helices, 4 from each monomer of CusC.  Two of these helices are not continuous, but are 

formed by two short separate helices that meet end-to-end.  Together, the monomers form 

a trimer with a large water-filled internal cavity that is cylindrical in shape and has a 

volume of ~28,000 Å3.  
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Figure 1.6: Ribbon representation of the outer membrane protein CusC.  The three 
subunits of CusC are shown in three different colors.  Based on PDB file 3PIK 
(Kulathila, et al., 2011). 
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The charge distribution of CusC is similar to other OMF proteins, demonstrating 

that the outside surface of CusC does not contain extensive patches of charged residues.  

A space filling view of the inside of the cavity, however, reveals that the interior is 

extremely electronegative.  This feature raises the question as to how Cu(I)/Ag(I) ions are 

transported through CusC without getting trapped in the electronegative interior.  It has 

been suggested that since the channel is ~25 Å in diameter, this area is sufficiently large 

enough for the monovalent cations to travel through the middle of the channel along with 

the bulk solvent without getting trapped by electrostatic interactions between the 

positively charged metal ions and the negatively charged residues lining the inside.  

Presumably, the relatively hydrophobic periplasmic end of the α-barrel interacts directly 

with the top of the periplasmic domain of the inner membrane protein CusA (Misra & 

Bavro, 2009, Symmons, et al., 2009).   

Similar to OprM, but unique from TolC, CusC has an N-terminal extension 

comprising 20 residues that extend ~25 Å between the β -barrel and the equatorial 

domain.  Because the first amino acid of the N terminus is a cysteine residue, CusC is 

predicted to be an OM lipoprotein.  In the crystal structure of CusC, density is observed 

for three partial acyl chains, shown to attach to Cys1 of each CusC monomer, thus 

anchoring it into the outer membrane.  It would appear that Cys1 of CusC, like the Braun 

lipoprotein from E. coli and other bacterial lipoproteins, is triacylated with N-acyl and S-

diacylglycerol functionalities (Neilsen, et al., 2001).  The length of these acyl chains is 

unclear from the electron density; however, they are positioned in the same area as a 

region termed the aromatic belt.  This region is formed by aromatic residues that 
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surround the interface between the β-barrel and the α-helical barrel, corresponding to the 

inner leaflet of the outer membrane.  To our knowledge, this is the first example of an 

OM lipoprotein that is anchored by a triacylated N terminus.  It is unclear why CusC is 

triacylated, as it also contains a hydrophobic OM-anchoring region of 20-25 Å.  It has 

been hypothesized that either the presence of a serine residue in the middle of the OM 

region or the presence of the large periplasmic α -barrel could affect the OM channel 

insertion.  However, because TolC is not acylated and still maintains a very similar 

structure to CusC and OprM, this suggests another reason still to be discovered for the 

additional membrane anchor in CusC.   

Interestingly, even though the Cus system transports small substrates (Conroy, et 

al., 2010), CusC has the largest extracellular opening observed for any OMF (~30 Å 

diameter).  For comparison, the extracellular openings of TolC and OprM are ~12 Å in 

diameter, even though their substrates are much larger in size than monovalent cations.  

The observed extracellular opening of CusC, with loops splayed apart, is most likely a 

representation of the open state of the OMF.  This is in contrast to the closed periplasmic 

β-barrel region that will require a substantial conformational change to open, as seen in 

other outer membrane proteins (Symmons, et al., 2009).  There are no known metal-

binding motifs in CusC and it is very unlikely that the OMF protein contains a specific 

metal-binding site.  The soaking of CusC crystals in high concentrations of Cu(I) and 

Ag(I) did not lead to any observable metal binding (Kulathila, et al., 2011).  Additionally, 

there are only three methionines located on the interior of each monomer of CusC, but 

they are located too far away from each other to constitute a three-coordinate binding 

43



 

site, as is exhibited by CusB and CusA.  It is unlikely that CusF or CusB transfer metal to 

a binding site within CusC.  Metal ions most likely enter the channel via CusA and are 

subsequently transported by diffusion with the bulk solvent. 

 

1.4.4 CusF 

CusF, the novel fourth component of the Cus efflux system, is only found in 

putative copper/silver resistance systems.  It is a small periplasmic metallochaperone that 

delivers metal to the membrane fusion protein CusB (Bagai, et al., 2008).  CusF is 

required for full copper resistance; however, deletion of cusF results in a copper-sensitive 

phenotype (Franke, et al., 2003) but not a complete loss of cus-mediated copper 

tolerance, as is exhibited by deletion of either cusA or cusB.  Under copper stress, the 

cusF gene transcript increases the most compared to all E. coli gene transcripts (Egler, et 

al., 2005).  Because CusF homologs are only found in putative copper/silver transport 

systems and not in well-characterized CBA-type transport systems, extensive 

investigations have been performed in order to determine the role of CusF in metal 

resistance. 

The crystal structure of apo-CusF, which was determined in 2005 to a resolution 

of 1.5 Å, shows that CusF forms a small five-stranded β-barrel, consisting of two three-

stranded antiparallel β-sheets that share the first β-strand in each sheet (Loftin, et al., 

2005) (Figure 1.7).  Interactions between β3 and β5 close the barrel and result in a 

topology typical of a domain with an OB-fold (Murzin, 1993).  Proteins in the OB-fold 

family perform a variety of functions; however, many of them are oligonucleotide-
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binding proteins, from which the fold derives its name.  To our knowledge, no other 

copper-binding protein has been identified with an OB-fold.  Characterization of other 

copper metallochaperones, reviewed in (Robinson & Winge, 2010), reveal distinctly 

different folds, such as the βαββαβ (ferredoxin)-fold (Lamb, et al., 1999, Arnesano, et al., 

2001, Banci, et al., 2003, Stasser, et al., 2007), the cupredoxin-like fold (Arnesano, et al., 

2002, Wernimont, et al., 2003, Banci, et al., 2005), or the helical hairpin motif (Abajian, 

et al., 2004).   
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Figure 1.7: Ribbon representation of the periplasmic metallochaperone CusF.  The major 
conformation of the metal coordinating residues are shown as sticks with Ag(I) shown in 
spacefilling representation.  Based on PDB file 1QCP (Loftin, et al., 2007). 
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In addition to its unique fold, CusF demonstrates a unique metal-binding site 

compared to other copper-binding proteins.  A multiple-sequence alignment of CusF 

homologs reveals three highly conserved residues in all instances: one histidine and two 

methionines (corresponding to H36, M47, and M49, using CusF numbering) (Loftin, et 

al., 2005).  In reducing environments, such as the cytoplasm, copper chaperones 

commonly utilize the sulfur atoms of cysteine residues for metal coordination (Lamb, et 

al., 1999).  Because the periplasm is an oxidizing environment and oxidation of cysteines 

would occur rapidly, methionine residues are commonly utilized by periplasmic copper-

binding proteins (Roberts, et al., 2002, Jiang, et al., 2005, Davis & O'Halloran, 2008).  

The metal-binding site of CusF, initially mapped by NMR chemical shift experiments 

(Loftin, et al., 2005, Kittleson, et al., 2006) and later confirmed by metal-bound crystal 

structures and X-ray absorption spectroscopy (XAS) (Loftin, et al., 2007, Xue, et al., 

2008), consists of the three conserved residues H36, M47, and M49, located within the 

second and third β-strands and clustered at one end of the protein.  The side chains of the 

three ligands (histidine imidazole and two methionine thioesters) point toward the interior 

of the β-barrel.   

The crystal structures of Cu(I) and Ag(I) complexes of CusF reveal an additional 

unique feature: the presence of a tryptophan residue that caps the binding site and appears 

to stabilize metal binding (Loftin, et al., 2007, Xue, et al., 2008).  The metals are believed 

to form a π-cation interaction with the tryptophan aromatic ring, which, although within 

bonding distance, is too weak to be detected by EXAFS spectroscopy.  The nature of this 

unique interaction and its possible functional role have been investigated by mutagenesis 

47



 

of W44 to Ala (Loftin, et al., 2009) and Met (Xue, et al., 2008, Loftin, et al., 2009), as 

well as by computational methods (Chakravorty, et al., 2011).  These studies suggest that 

the Trp residue provides ~10 kcal of stabilization for the metal binding, in keeping with a 

modest decrease in affinity of the W44A mutant.  On the other hand, mutation of the Trp 

residue to Met allows the Met at position 44 to bind, producing a 4-coordinate Cu(I)-

His(Met)3 center, and increasing the affinity of the site for copper by about three orders 

of magnitude.  Computational studies broadly confirm the structural data, but suggest that 

the metal center would pay a relatively large energetic penalty if the Trp residue were to 

swing away during metal binding or transfer.  Since many natural CusF homologues have 

Met residue at position 44, the significance of the Trp residue is unclear.  However, both 

EXAFS and DFT suggest that a major role may be to protect the Cu(I) site from solvent 

access and subsequent oxidation to Cu(II).  This function would be important for copper 

but not for silver export.  Clearly further work will be necessary to fully understand the 

role of this unique residue in copper binding and efflux. 

 

1.5 Cus complex assembly 

Shortly after the X-ray crystal structures of the MFP CusB (Su, et al., 2009) and 

the HME-RND transporter CusA (Long, et al., 2010) were solved, Su and Long et al 

reported the co-crystal structure of the CusBA efflux complex (Su, et al., 2011), resolved 

to a resolution of 2.90 Å.  The CusBA complex structure reveals that two elongated 

molecules of CusB interact specifically with the periplasmic domain of one monomer of 

CusA (Figure 1.8).  Therefore, the CusA trimer makes direct connection with six CusB 
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molecules, which together form a channel that is hypothesized to be involved in 

interaction with the OMF CusC.  The overall conformation of CusA within the complex 

resembles that of the previously determined apo-CusA structure (Long, et al., 2010).  

However, two distinct conformations of CusB were captured within the complex, 

resulting in a high rmsd of 7.5 Å (321 Cα atoms) when these two structures are 

superimposed.  Comparisons of these two CusB molecules with the two conformations of 

the CusB molecules from the individual CusB crystal structure determination, 

demonstrates four distinct conformations.  The major differences reside in the membrane 

proximal domain, suggestive of the flexible nature of this domain, which is consistent 

with previous findings (Symmons, et al., 2009, De Angelis, et al., 2010, Modali & 

Zgurskaya, 2011).  The membrane proximal and β-barrel domains of each CusB molecule 

form a concave surface, which establish a close fit with one CusA protomer.  Previously, 

the N and C termini (residues 1-60 and 358-379) of the individual CusB crystal structure 

were hypothesized to be disordered, as these regions were missing from the electron 

density map of the isolated CusB structures (Su, et al., 2009).  However, in the co-crystal 

structure of CusBA, some of these residues form several short α -helices.  C-terminal 

residues 364-371 of CusB molecule 1 form a short α -helix.  Amino acids 1-50 are still 

absent from the structure and residues 51-67 compose a long random coil.  In CusB 

molecule 2, residues 51-57 also form a random coil; however, residues 58-64 form a 

short α -helix.  The C-terminal residues form two short α -helices instead of one, 

composed of residues 354-364 and 366-372. 
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Figure 1.8: Structure of the CusBA complex.  CusB is shown in red and blue in the 
ribbon representation and in orange for the surface representation.  CusA is shown in 
green in the ribbon representation and in cyan for the surface representation.  Based on 
PDB file 3NE5 (Su, et al., 2011).  
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Interactions between the six subunits of CusB, through side-by-side packing, 

result in a funnel-like structure and form an internal channel, which has recently been 

reported for multidrug tripartite efflux complexes (Xu, et al., 2011).  The membrane 

proximal domain and the lower half of the β -barrel domain mostly create a cap-like 

structure, through which they interact with the inner membrane protein CusA.  The upper 

half of the β-barrel, the lipoyl, and the α-helical domains compose the central channel and 

contribute to the funnel structure.  The inner surface of the channel is negatively charged, 

as was also previously determined for the inner surface of the channel formed by CusC 

(Kulathila, et al., 2011).  The close association of CusBA, which is expected to be 

contiguous with CusC, provides a protected environment for the movement of Cu(I) or 

Ag(I) to the extracellular environment. 

Early investigations into the role of CusF hypothesized that CusF could either act 

as a metallochaperone, delivering metal to the CusCBA pump, or it could act as a metal-

dependent regulatory protein, activating metal efflux of the CusCBA complex through 

metal binding and protein-protein interactions (Loftin, et al., 2005).  Based on positive 

results in yeast-two-hybrid experiments (Franke, et al., 2003), in vitro experiments were 

performed to determine whether or not CusF could interact with and transfer metal to 

CusB.  Through isothermal titration calorimetry (ITC) and X-ray absorption spectroscopy 

(XAS) experiments, specific and direct metal transfer between CusF and CusB was 

observed (Bagai, et al., 2008).  The first important result of these experiments is that the 

interaction is metal dependent.  No interaction is observed in the absence of metal or 

when both proteins have metal bound.  However, regardless of which protein starts with 
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the metal (Ag(I)-CusF or Ag(I)-CusB), upon mixing with the apo form of the protein 

partner, an interaction is observed by ITC.   

Demonstration of a role as a metallochaperone through direct metal transfer 

between proteins is difficult to observe experimentally and often relies on labeling one 

member of the chaperone-target pair with an affinity tag, followed by mixing and 

separation on an affinity chromatography column.  This approach has two major 

drawbacks.  First, tagging may perturb protein-protein interactions critical for selectivity, 

and, second, the process of mixing and separating the components takes minutes to hours, 

resulting in the loss of kinetic information on the transfer process.  With the Cus system, 

a novel XAS technique was developed to enable the spectroscopic measurement of metal 

transfer without the need for separation of the protein components (Bagai, et al., 2008).  

In this approach, the metal-binding sites of CusF and CusB are distinguished from each 

other by replacing methionine residues with selenomethionine (SeM) in one of the two 

proteins, in this case CusF.  This allows for the two methionine residues in CusF to be 

distinguished from the three methionine residues in CusB, in order to determine to which 

protein the metal ion is bound in protein mixtures.  In these experiments, copper-loaded 

SeM-labeled CusF was mixed with apo-CusB and the mixtures frozen at set time points 

after mixing.  EXAFS spectra of the mixtures were then recorded at the Cu and Se 

absorption edges.  Initially, copper is bound to the Se atoms of the SeM-labeled CusF, but 

if transfer occurs it will migrate out of the Se environment of CusF into the non-selenium 

(S) environment of CusB.  The extent of transfer can be determined from the decrease in 

the Se-Cu peak in the Fourier transform of the Se-edge data.  
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These XAS experiments demonstrated direct copper transfer between CusF and 

CusB.  Additionally, transfer occurs in both directions and the metal is distributed about 

equally between the two proteins, which is probably due to their similar binding affinities 

in solution.  Metal transfer is also very rapid, as transfer was observed in a sample that 

was allowed to interact for only four minutes.  To test the specificity of this CusF/CusB 

interaction, similar experiments were performed with a close CusF homolog, SilF, which 

shares 51% sequence identity with CusF (Gupta, et al., 1999).  SilF binds Ag(I) with a 

similar affinity as CusF.  ITC showed no interaction between SilF and CusB  (or SilF and 

CusF) in the presence (or absence) of silver.  This further demonstrates that the 

interaction between CusF and CusB is specific and implies that recognition is necessary 

for the protein-protein interaction and direct metal transfer.  Determination of the 

CusF/CusB interaction site is described in Chapter II. 

 

1.6 Techniques utilized to probe protein-protein interactions and metal transfer 

Proteins are essential components of organisms and are necessary for the function 

of virtually every process that occurs within cells.  The determination of protein structure 

and the elucidation of protein-protein interactions are important areas of research.  New 

protein structures will help us gain information into their function and the identification 

of protein-protein interactions will allow us to better understand cellular processes such 

as signaling, transport, protein modification, and complex formation.  To date, the most 

popular techniques for this work are high-resolution methods such as X-ray 

crystallography and nuclear magnetic resonance spectroscopy (NMR).  However, these 
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techniques have limitations, as they require large amounts (10-100mg) of very pure 

protein.  NMR is also limited by the size of the protein (~50kDa limit), while 

crystallography relies on the formation of a crystal.  Here, additional techniques to probe 

protein structure, protein-protein interactions, and metal transfer are discussed. 

   
 

1.6.1 Chemical cross-linking and mass spectrometry 

Chemical cross-linking is a technique that has been used since the 1970s to study 

protein-protein interactions (Das & Fox, 1979); however, it has gained popularity more 

recently upon the coupling of cross-linking with mass spectrometry (Sinz, 2006, Ahrman, 

et al., 2007, Chen, et al., 2010, Iglesias, et al., 2010, Chavez, et al., 2011, Mealman, et 

al., 2011).  In this technique, proteins are chemically cross-linked through reacting them 

with a cross-linker reagent (Figure 1.9), which introduces a covalent bond between 

specific amino acids of the protein.  The cross-linker imposes a distance constraint on the 

location of protein functional groups, capturing a snapshot of their interaction.  Cross-

linking can occur intermolecularly, between multiple proteins, or intramolecularly to gain 

insight into the 3-dimentional structure of a single protein (Young, et al., 2000, Singh, et 

al., 2010).  Some of the major advantages to cross-linking are: it only requires low (uM) 

concentrations of protein, it captures proteins in their native/dynamic conditions, and it 

can be coupled to mass spectrometry for detection of cross-linked products and 

identification of cross-linked site.  
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Figure 1.9: The different types of chemical cross-linking reagents: homobifunctional, 
heterobifunctional, trifunctional, and cleavable.  One example of each cross-linker type is 
displayed on the right. (Adapted from (Sinz, 2006)) 
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In a typical in vitro cross-linking experiment, the purified proteins of interest are 

combined in solution with the cross-linking reagent and allowed to react for a certain 

period of time.  Cross-linked products are confirmed with an SDS-PAGE gel before in-

solution or in-gel digest with an enzyme, typically trypsin.  Analysis of cross-linked 

reaction mixtures or in-gel digestion products is performed using mass spectrometry 

prefaced with a high performance liquid chromatography (HPLC) system for separation 

of complex peptide mixtures.  Cross-linked peptides are usually in very low abundance in 

the sample mixture, and HPLC separation alone may not be sufficient to fractionate the 

peptides well enough for sensitive detection.  When available, analysis with a high-

resolution mass spectrometer is incredibly advantageous, providing high mass accuracy 

measurements of the parent cross-linked peptide ion and the fragment ions.  For cross-

linking experiments described in the work presented here, samples were analyzed using a 

Thermo LTQ-Orbitrap mass spectrometer.  High mass accuracy measurements typically 

result in a more efficient and confident data analysis process.  The development of 

computer programs and algorithms for the analysis of cross-linked mass spectral data has 

been increasing as this technique becomes more popular (Rinner, et al., 2008, Singh, et 

al., 2008, Panchaud, et al., 2010).  Additionally, in vivo chemical cross-linkers can be 

used to capture protein-protein interactions within cells (Zheng, et al., 2011). 

In this work, homobifunctional amine-reactive N-hydroxysulfosuccinimide 

(Sulfo-NHS) esters are utilized for inter-protein and intra-protein cross-linking 

experiments.  These cross-linkers react with primary amines within proteins, thus they 

cross-link at lysine residues or the N-terminus of the protein.  A schematic for the 
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chemical reaction is displayed in Figure 1.10.  NHS esters have a half-life of 4-5 hours at 

pH 7 and 1 hour at pH 8; thus, it is recommended that cross-linking reactions be 

performed in a buffer at pH 7. 
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Figure 1.10: A schematic showing the chemical reaction that occurs between the 
primary amines of two proteins and the chemical cross-linker (BS2G).  The lone pair 
of electrons on the nitrogen of the primary amine of each protein attacks one of the 
carbonyl carbons of the cross-linker (demonstrated with blue arrows) resulting in the 
formation of an amide bond between the cross-linker and each protein. 
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1.6.2 Native mass spectrometry 

Mass spectrometry has become a very powerful technique for studying biological 

macromolecules, such as proteins (Benesch & Ruotolo, 2011).  In 2002, John Fenn was 

awarded a share of the Nobel Prize in Chemistry for his work in the 1980s developing 

electrospray ionization (ESI), an ionization technique for mass spectrometric analysis of 

large biomolecules (Fenn, et al., 1989).  By ESI, intact biomolecules, such as proteins 

and nucleic acids, with very large molecular masses, are capable of being transformed 

into multiply charged gas-phase ions (Loo, 1997, Benesch, et al., 2007).  Thus, mass 

spectrometry has become an advantageous tool for studying structural biology, 

particularly due to its ability to study non-covalent protein complexes through the 

determination of protein complex stoichiometry and protein conformational changes 

(Hernandez & Robinson, 2007).  The term “native” mass spectrometry has been coined to 

refer to research in this area, reflecting its ability to maintain native-like protein structures 

(Heck, 2008).  With the use of native-like buffers and the gentle ionization conditions of 

nanoelectrospray ionization (nanoESI) (Wilm & Mann, 1996), the disruption of native 

protein structures is minimized during transfer of proteins from solution into the gas 

phase (Sobott & Robinson, 2006).  Therefore, this technique is effective for the study of 

protein-ligand binding (Kitova, et al., 2012) and subsequently is used to monitor protein-

metal binding and transfer between proteins in this work. 
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1.6.3 X-ray absorption spectroscopy 

X-ray absorption spectroscopy (XAS) is a technique used to determine the local 

geometric and/or electronic structure of atoms.  An intense and energy-tunable source of 

X-ray beams is required in order to acquire XAS measurements; therefore, these 

experiments are usually carried out at synchrotron radiation sources, such as the Stanford 

Synchrotron Radiation Lightsource (SSRL).  The data presented in this work was 

acquired at SSRL.  A monochromator is used to tune the photon energy to a range in 

which core electrons can be excited (0.1-100 keV).  At particular energies, absorption 

increases severely, giving rise to what is called an absorption edge.  Edges occur when 

the energy of an incident photon is sufficient to produce excitation of the absorbing 

atom’s core electrons (i.e. production of photoelectrons) to a continuum state. 

There are three main regions of an XAS spectrum.  The most dominant feature of 

the spectrum is the “rising edge”, typically referred to as XANES (X-ray Absorption 

Near-Edge Structure).  The region of energies below the rising edge is called the “pre-

edge” and the region of energies above the rising edge is called EXAFS (Extended X-ray 

Absorption Fine Structure).  The EXAFS region corresponds to scattering of the ejected 

core electron, due to the nearest neighboring atoms.  XANES is typically used to 

determine the formal oxidation state and coordination chemistry of an absorbing atom, 

while EXAFS is utilized to probe the distances, coordination number, and identification 

of the neighboring atoms. 
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1.7 Current questions and dissertation outline 

How do metals pass through the Cus complex to the extracellular environment?  

The Cus system has a high degree of specificity for Cu(I) and Ag(I) (Conroy, et al., 

2010), particularly compared to the promiscuous multidrug resistance systems 

(Lomovskaya, et al., 2007).  Metal binding to multiple proteins and direct transfer could 

provide an additional check for the correct substrate and prevent toxicity of the free metal 

ion.  Identification and elucidation of the molecular details of the CusF/CusB interaction 

site are discussed in Chapter II.  Metal transfer from CusF to CusB could initiate 

activation of the pump; however, the entry point of metal into the CusA metal-binding 

site has not yet been determined.  It is possible that CusB transfers metal to CusA for 

subsequent export, or that CusA acquires metal from either CusF or solution.  

In the CusBA co-crystal structure, the most N-terminal residue of each CusB 

molecule (residue 51) is located near the periplasmic cleft of CusA formed by PC1 and 

PC2, which supports the idea that CusB can transfer metal to CusA for export (Figure 

1.11).  The intriguing placement of these regions suggests that metal transfer from the N-

terminal metal-binding region of CusB to the three Met metal-binding site of CusA is 

possible, even though there is a mismatch in stoichiometry of the CusB to CusA 

molecules.  The expected high degree of flexibility of the N-terminal region of CusB 

could contribute to dynamic interactions from both CusB subunits if transfer is to occur 

to a single CusA metal site.  Knowledge of the precise location of the N-terminal regions 

of CusB, which contain the metal-binding site, would help resolve this issue.  Metal 

61



 

binding and metal transfer studies, together with in vivo functional analysis, of the 

essential N-terminal region of CusB are described in Chapter III. 
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Figure 1.11: The N-terminal regions of CusB are near the cleft between PC1 and PC2 of 
CusA.  Residues 51 of both CusB molecules are near the cleft leading to the metal-
binding site of CusA, which suggests the N-terminal metal-binding site of CusB (Met 21, 
Met 36, and Met 38) may also be nearby, though this region is missing from the crystal 
structure.  Based on PDB file 3NE5 (Su, et al., 2011). 
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If metal is not transferred from CusB to CusA, then what is the fate of the metal 

that is bound by CusB?  Perhaps the observed conformational change in CusB leads to 

activation of the Cus complex and functions in a regulatory role.  As metal is removed 

from the periplasm by the Cus complex and metal concentrations decrease, metal could 

be transferred back to CusF, thus deactivating the Cus complex.  The observed 

bidirectional transfer of metal between CusF and CusB supports this possibility (Bagai, et 

al., 2008, Reffay, et al.).  Experiments designed to probe the conformational changes of 

CusB upon metal binding are described in Chapter V. 

If CusA acquires metal ions from a source other than CusB, from where is CusA 

most likely to obtain these metal ions?  CusA may bind metal ions directly from the 

periplasm or by transfer from CusF.  However, if metal ions are bound directly from the 

periplasm, this means they would be uncomplexed prior to entry into the Cus system, and 

thus potentially could cause cellular damage.  We favor the possibility that CusA acquires 

metal from CusF or from CusB, which would maintain the metal ion in a sequestered 

environment until it is exported.  Furthermore, metal binding by multiple proteins may 

provide a high degree of specificity for particular metal ions.  Experiments designed to 

probe CusB/CusA and CusF/CusA metal transfer events are discussed in Chapter IV.  A 

summary of the conclusions presented in this work and future directions are discussed in 

Chapter VI. 
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CHAPTER II 

INTERACTIONS BETWEEN CUSF AND CUSB IDENTIFIED BY NMR 

SPECTROSCOPY AND CHEMICAL CROSS-LINKING COUPLED TO 

MASS SPECTROMETRY 

 

In this chapter, I describe our results from the determination of the interaction site of 

CusF and CusB.  For this work, NMR samples and spectra were prepared and acquired 

by Ireena Bagai.  I performed the chemical cross-linking and mass spectrometry analysis 

and combined my results with those from NMR analysis for publication.  Portions of the 

text and figures have been modified and reprinted with permission from Mealman, T. D., 

Bagai, I., Singh, P., Goodlett, D. R., Rensing, C., Zhou, H., Wysocki, V. H., McEvoy, M. 

M. (2011) Interactions between CusF and CusB identified by NMR spectroscopy and 

chemical cross-linking coupled to mass spectrometry, Biochemistry 50, 2559-2566.  

Copyright 2011 American Chemical Society. 
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2.1 Abstract 

The E. coli periplasmic proteins CusF and CusB, as part of the CusCFBA efflux 

system, aid in the resistance of elevated levels of copper and silver by direct metal 

transfer between the metallochaperone CusF and the membrane fusion protein CusB, 

before metal extrusion from the periplasm to the extracellular space.  Although previous 

in vitro experiments have demonstrated highly specific interactions between CusF and 

CusB that are crucial for metal transfer to occur, the structural details of the interaction 

have not been determined.  Here, the interactions between CusF and CusB are mapped 

through nuclear magnetic resonance (NMR) spectroscopy and chemical cross-linking 

coupled with high-resolution mass spectrometry to better understand how recognition and 

metal transfer occur between these proteins.  The NMR 1H-15N correlation spectra reveal 

that CusB interacts with the metal-binding face of CusF.  In vitro chemical cross-linking 

with a 7.7 Å homobifunctional amine-reactive cross-linker, BS2G, was used to capture 

the CusF/CusB interaction site and mass spectral data acquired on an LTQ-Orbitrap 

confirm the following two cross-links: CusF K31 to CusB K29 and CusF K58 to CusB 

K32; thus, revealing that the N-terminal region of CusB interacts with the metal-binding 

face of CusF.  The proteins transiently interact in a metal-dependent fashion and contacts 

between CusF and CusB are localized to regions near their respective metal binding sites. 
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2.2 Introduction 

2.2.1  CusB and CusF 

The periplasmic membrane fusion protein (MFP), CusB, serves an essential role 

in conferring copper/silver resistance in the Cus system.  CusB has a substrate binding 

function where it binds a single Cu(I) or Ag(I) ion through an N-terminal 3-methionine 

coordination site (Bagai, et al., 2007).  If this metal binding site is disrupted, a loss of 

metal resistance is observed, demonstrating the importance of metal binding by CusB in 

the efflux process (Bagai, et al., 2007).  This metal binding site in CusB may serve as the 

metal entry point into the efflux complex.  However, structural details about this metal 

binding site are still needed, as this region of CusB is missing from the recently reported 

crystal structure (Su, et al., 2009).  

CusF is a small periplasmic metal-binding protein that is essential for maximal 

function of the Cus system.  CusF homologs are found only in putative copper/silver 

transport systems, making them a unique component when compared to the multidrug 

resistance systems (Loftin, et al., 2005).  CusF functions as a metallochaperone, similar 

to previously studied yeast cytoplasmic copper chaperone systems (Culotta, et al., 1999, 

O'Halloran & Culotta, 2000, Rosenzweig, 2001), though it is structurally unrelated to 

other characterized copper chaperones (Loftin, et al., 2005).   

 

2.2.2  CusB/CusF interaction 

Previous isothermal titration calorimetry (ITC) experiments demonstrated highly 

specific interactions between CusF and CusB.  Furthermore, these interactions only take 
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place when one of the proteins is bound to metal, and no interaction is observed when the 

proteins are either both in the apo state or both in the metal-bound state.  This result 

suggests that the metal sites are important for promoting the interaction between CusF 

and CusB.  As evidence for the role of CusF as a metallochaperone for CusB, 

experiments have shown that CusF directly transfers metal to CusB (Bagai, et al., 2008).  

In vitro, metal transfer occurs in both directions regardless of which protein was initially 

bound to metal, and metal is distributed approximately equally between the two proteins 

when CusF and CusB are at equimolar concentrations (Bagai, et al., 2008).  This 

distribution in vitro is a reflection of the similar metal binding affinities of these two 

proteins (Kittleson, et al., 2006, Bagai, et al., 2007). 

The interaction between CusF and CusB is critical for direct metal transfer to 

occur, though the structural details of the interaction are not yet understood.  In this 

chapter, results of experiments designed to probe the molecular details of the interaction 

between CusF and CusB are described.   

 

2.2.3  CusF residues that interact with CusB  

First, NMR spectroscopy is used to identify CusF residues affected by interactions 

with CusB.  Resonance positions are a result of the local environment of each nucleus 

influenced by both covalent and non-covalent interactions; thus, CusF residues involved 

in interaction with CusB can be mapped through analysis of chemical shift perturbations 

(Wuthrich, 2000). 
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2.2.4  Chemical cross-linking and mass spectrometry 

Chemical cross-linking coupled to mass spectrometry is a very powerful tool for 

determining protein-protein interactions and is used in the present work to identify the 

region of CusB involved in the CusF/CusB interaction site.  Cross-linking captures 

proteins interacting in their native/dynamic state and can resolve interaction sites down to 

the peptide/amino acid level.  When coupled to mass spectrometry, this technique has 

advantages over other structural techniques such as NMR and X-ray crystallography in 

that it requires very low concentrations of protein and is unlimited by protein size (Sinz, 

2006).  The results of these experiments demonstrate a specific interaction between the 

proteins in a region that involves each protein’s metal-binding site. 
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2.3 Materials and Methods 

2.3.1  Cell growth and protein purification   

For preparation of uniformly 15N–labeled CusF, E. coli BL21-(λDE3) containing 

cusF in pASK-IBA3 was grown in M9 minimal media containing 1.0 g/liter 15NH4Cl 

(Cambridge Isotopes Laboratories) as the sole source of nitrogen.  Cells were grown in 

20 mL of Luria Bertani (LB) media overnight, then centrifuged and transferred to 1 L of 

M9 media and grown at 37 ºC until they reached an O.D.600 of 0.6-1.0, then induced with 

200 µg/L of anhydrotetracycline (AHT).  Growth was continued at 30 ºC for 8-10 hrs.  

For the uniform 15N, 13C and 2H-labeled sample, the procedure was slightly modified.  

From the glycerol stock of cells maintained at -80 ºC, 3.0 mL of LB media was 

inoculated.  Cells were grown for approximately 3 hours at 37 ºC after which they were 

transferred to 50 mL of M9 media made in H2O and containing 0.15 g 13C glucose and 

0.05 g 15NH4Cl, resulting in final concentrations of 3.0 g/L 13C glucose and 1.0 g/L 

15NH4Cl.  The cells were grown for another 7 hours to an O.D.600 of approximately 1.5 

then pelleted by centrifugation and resuspended in 200 mL of M9 media made in 2H2O 

and containing 13C glucose and 15NH4Cl at the above stated concentrations.  Cell growth 

was continued for approximately 20 minutes before transferring to 800 mL of M9 made 

with 13C-glucose (3.0 g/L), 15NH4Cl (1.0 g/L) and 2H2O at 37 ºC.  At an O.D.600 of 0.2, 

cells were induced with AHT (200 µg/L) and the temperature was reduced to 28 ºC.  

Cells were grown for another 12 hours before being harvested by centrifugation.  The 

purification of CusF was performed as described previously (Loftin, et al., 2005).  Cell 
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growth and purification of CusB were performed as previously described (Bagai, et al., 

2007). 

 

2.3.2  NMR sample preparation, data collection and analysis   

For NMR samples, the [15N]-CusF, [U-15N,13C,2H]-CusF, and CusB were 

dialyzed against 50 mM cacodylate pH 7.0.  AgNO3 was added to either CusB or CusF at 

the described stoichiometry.  The proteins were then re-dialyzed against 50 mM 

cacodylate pH 7.0 to remove unbound Ag(I).  CusF and CusB were separately 

concentrated using Amicon concentrators with 5 kDa molecular weight cut-offs.  Protein 

concentrations were determined using the BCA assay (Pierce Biotechnology).   

 All spectra were acquired at 298 K on a 600 MHz Varian Inova instrument 

equipped with a four-channel pulsed-field gradient triple-resonance cold probe, using 

pulse sequences from Varian Biopack.  1H-15N Heteronuclear Single Quantum Coherence 

(HSQC) (Bodenhausen & Ruben, 1980)spectra with the TROSY option (Riek, et al., 

2000) were collected on four different samples: (i) 150 µM apo-[U-15N,13C,2H]-CusF; (ii) 

150 µM Ag(I)-[U-15N,13C,2H]-CusF; (iii) 170 µM Ag(I)-[U-15N,13C,2H]-CusF mixed 1:1 

with apo-CusB and; (iv) 160 µM apo-[U-15N,13C,2H]-CusF mixed 1:1 with Ag(I)-CusB.  

All samples contained 10% 2H2O and 0.02% NaN3.  256 increments of 2048 complex 

data points were collected for each experiment.  Spectral widths of 7.2 kHz and 1.82 kHz 

were used in the 1H and 15N dimensions respectively.  Spectra were processed with 

NMRPIPE (Delaglio, et al., 1995) and analyzed with NMRView (Johnson & Blevins, 

1994).   
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2.3.3  Chemical cross-linking strategy 

An overview of the cross-linking strategy is provided in Figure 2.1.  Cross-linking 

reagent BS2G-d0 (bis(sulfosuccinimidyl)glutarate-d0) was purchased from Pierce 

(Rockford, IL).  Sequencing-grade trypsin and all other chemicals were purchased from 

Sigma-Aldrich unless otherwise stated.  Micro Bio-Spin Chromatography Columns were 

purchased from Bio-Rad (Hercules, CA).  UltraMicro Spin C18 cartridges were 

purchased from the Nest Group (Southborough, MA).  
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Figure 2.1: Schematic illustrating cross-linking strategy: Ag(I)-CusF and apo-CusB are 
mixed in 1:1 molar ratios with 50-fold excess cross-linker (BS2G-d0).  Cross-linked 
product is confirmed using one-dimensional SDS-PAGE prior to in-solution tryptic 
digest.  The complex peptide mixture is separated with nano-HPLC and analyzed by an 
LTQ-Orbitrap.  LC-MS/MS data are searched with Phenyx and Popitam to identify cross-
links.  (CusF pdb code 1ZEQ (Loftin, et al., 2005), CusB pdb code 3H9I (Su, et al., 
2009), modified with a cartoon depiction of the missing N and C terminal regions.  The 
three black circles within the N-terminus represent the three-methionine metal binding 
site, M21, M36, and M38.) 
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For the cross-linking reactions, Ag(I)-CusF and apo-CusB were mixed in a 1:1 

molar ratio (10 µM final concentration each) in 40 mM MOPS buffer, pH 7.0.  The 

homobifunctional cross-linking reagent BS2G-d0 was prepared as a stock solution (50 

mM) in DMSO shortly prior to addition.  BS2G-d0 was added immediately upon protein 

mixing with a final concentration of 500 µM (50-fold molar excess of protein 

concentration) with a final reaction volume of 100 µL.  The reaction was carried out at 

room temperature for 30 minutes and was quenched upon addition of NH4HCO3 (20 mM 

final concentration).  A small portion (12 µL) of the reaction mixture was saved for 

cross-linked product verification with one-dimensional SDS-PAGE (4-20% gradient gel) 

and silver staining.  The remaining reaction mixture was buffer exchanged into 25 mM 

NH4HCO3 and dried to 1 mg/mL protein concentration in a Speed Vac.  The cross-linked 

sample was denatured with 6 M urea, diluted, and digested with trypsin (50:1 ratio of 

protein:trypsin) overnight at 37 °C.  Prior to MS analysis, the cross-linked sample was 

desalted using a mini C18 column.  

 

2.3.4  Nano-HPLC and Mass Spectrometry 

The digested peptide sample was analyzed on a hybrid linear ion trap-Orbitrap 

instrument, the LTQ-Orbitrap (Thermo Fisher, San Jose, CA).  Peptides were ionized by 

electrospray ionization in positive ion mode.  The LTQ-Orbitrap mass spectrometer was 

coupled to a nanoflow HPLC system (NanoAcquity; Waters Corporation, Milford, MA) 

equipped with a 100 µm i.d. x 18 mm long precolumn packed with 200 Å C18 stationary 

phase (5 µm, C18AQ; Michrom) for trapping peptides and a 75 µm i.d. x 150 mm long 
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analytical column packed with 100 Å C18 stationary phase (5 µm, C18AQ; Michrom) for 

separation of peptides prior to MS analysis.   

About 0.5 µg of the peptide digest was injected onto the precolumn at a flow of 4 

µL/min in water/acetonitrile (95/5) with 0.1% (v/v) formic acid and eluted with an 

acetonitrile gradient with a flow of 250 nL/min.  The mobile phase consisted of: (A) 

water/acetonitrile (95/5), 0.1% formic acid, (B) acetonitrile, 0.1% formic acid.  A linear 

HPLC gradient was applied, as previously described (Singh, et al., 2008).  

MS survey scans were acquired in the Orbitrap over a m/z range of 400-2000, a 

resolution of 60000 (m/z 400) and an ion population of 5 x 105.  For tandem MS scans in 

the Orbitrap, the precursor isolation width was set to 4 m/z units, resolution to 7500 and 

an ion population of 2 x 105.  Collision Induced Dissociation (CID) was performed in the 

LTQ with collision energy of 40%.  The five most abundant peaks in an MS survey scan 

were selected for tandem MS using the data dependent scanning mode.  The data-

dependent selection was set up to reject all un-assigned, singly-, doubly- and triply-

charged precursors (as cross-linked peptides often have a charge state of 4 or higher, e.g. 

two amino termini and two basic C-terminal residues from tryptic cleavage).  Dynamic 

exclusion was used to minimize data redundancy by excluding previously selected 

precursor ions (-0.1/+1.1 Da) for 45 sec after they have been fragmented once.   

 

2.3.5  Data Analysis 

Tandem mass spectra were converted into peaklists (.dta files), deconvoluted, and 

searched by the open-modification pipeline as described previously (Singh, et al., 2008).  
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Briefly, Phenyx was used to identify and filter out the spectra originating from linear 

peptides and the unidentified spectra were searched with the open-modification search 

engine, Popitam.  Popitam aids in the identification of cross-links by identifying all 

peptides with modifications of any mass on any amino acid and associates these modified 

peptides with their corresponding tandem mass spectra.  
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2.4 Results 

2.4.1  CusB and CusF interact only in the presence of metal. 

 CusF and CusB interact specifically in a metal dependent manner and metal 

transfer can occur between the two proteins (Bagai, et al., 2008).  To gather further 

information on the interactions of these proteins, NMR 1H-15N correlation (HSQC) 

spectra were collected on samples of isotopically labeled CusF in the presence of 

unlabeled CusB.  In agreement with the previously published results from isothermal 

titration calorimetry data (Bagai, et al., 2008), the NMR spectra showed chemical shift 

changes indicative of an interaction only when either one protein or the other is bound to 

metal but not in the absence of metal or when both proteins are in the Ag(I)-bound state.  

Furthermore, similar spectra of CusF are obtained regardless of which protein was 

initially bound to metal, supporting the previous finding that metal transfer can occur 

from either protein to the other and that an approximately equal distribution of metal 

occurs when the proteins are in equimolar amounts (Bagai, et al., 2008).  Control spectra 

of CusF taken in the presence of bovine serum albumin or the E. coli periplasmic 

multicopper oxidase CueO in the presence of Ag(I) show no chemical shift changes 

indicative of a specific interaction. 

 

2.4.2  The CusB interaction face on CusF 

 The residues of CusF that interact with CusB were identified from NMR 

experiments.  1H-15N correlation spectra were collected of Ag(I)-2H/15N/13C-CusF mixed 

with apo-CusB at an equimolar concentration, hereafter referred to as the 

77



 

CusF/CusB/Ag(I) sample, though note that only CusF is isotopically labeled.  A 

comparison of the spectra acquired for CusF/CusB/Ag(I) and either apo-CusF or Ag(I)-

CusF shows that significant changes have occurred.  Because of metal redistribution 

between the two proteins, the CusF/CusB/Ag(I) spectrum reflects a spectrum in which 

half of the CusF proteins are bound to metal, plus additional spectral effects from the 

interaction of CusF with CusB.  In order to interpret the chemical shift effects from 

CusB, the resonances in the CusF/CusB/Ag(I) spectrum were assigned as described in the 

methods and then compared to the spectrum of CusF with a half stoichiometric 

equivalent of Ag(I) (Figure 2.2a).  From this comparison, the CusF residues that were 

most significantly affected by the addition of CusB are L80, V42, N71, Q74, K31, S79, 

H35, T54, and T52, in decreasing order of effect (Figure 2.2b).  The resonances of seven 

residues: I32, H36, M47, T48, R50, F51 and Q75 were not observed due to line 

broadening, which also indicates an effect at these residues though the magnitude of the 

effect cannot be determined.  The CusF-binding site of CusB could not be obtained by 

NMR experiments, since CusB spectra of sufficient quality could not be acquired.  

Therefore, chemical cross-linking coupled with mass spectrometry was used to obtain 

further information regarding the interaction. 
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b) 

 
Figure 2.2: a) Overlay of 1H-15N correlation (HSQC) spectra of Ag(I)-15N-CusF (0.5:1) 
(red) and Ag(I)-15N-CusF (1:1) mixed equimolar with unlabeled CusB (black).  b) 
Combined 1HN and 15N chemical shift changes between the spectra shown in a) are 
plotted for each residue in CusF.  Residues whose chemical shifts were broadened 
beyond detection are indicated with a hatched bar. 
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2.4.3  The interaction site of CusF and CusB 

The general strategy for determining the interaction site of CusF and CusB by 

chemical cross-linking mass spectrometry is illustrated in Figure 2.1.  A 7.7 Å 

homobifunctional amine-reactive cross-linker, BS2G, was used to capture the metal-

dependent interaction.  No cross-linking between CusF and CusB was observed in the 

presence of cross-linker when both proteins were in their apo form. This is consistent 

with the NMR data above that show no evidence of an interaction in the absence of 

metal.  However, when either CusF or CusB was metal-bound and the other protein was 

in the apo state, cross-linked products were observed on silver-stained SDS-PAGE gels at 

a position consistent with the sum of molecular weights of CusF and CusB (Figure 2.3). 

Following tryptic digestion of the cross-linked sample and LC-MS/MS data 

acquisition on an LTQ-Orbitrap, two CusF/CusB cross-linked products were identified 

using the open-modification pipeline.  The mass to charge ratios of both cross-linked 

product precursor ions were within 20 ppm of the theoretical masses (Table 2.1).  The 

first cross-link that was identified consisted of peptides with residues 51-63 of CusF and 

residues 30-43 of CusB.  The second cross-linked product consisted of residues 31-50 of 

CusF and residues 27-55 of CusB.  To further confirm the identity of the cross-linked 

products, fragment ions were assigned in the MS/MS spectra of the precursor ions 

(shown for the first cross-linked product in Figure 2.4 and the second cross-linked 

product in Figure 2.5) using General Protein Mass Analysis for Windows (GPMAW) 

(Lighthouse Data, Odense, Denmark).  Based on the MS/MS fragmentation, the cross-
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linking positions were identified as CusF K58 and CusB K32 in the first product and 

CusF K31 and CusB K29 in the second product.  

Overlapping regions of CusB were identified in the two cross-linked products, 

while adjacent peptides of CusF were identified.  In each cross-linked product, distinct 

lysine residues from both CusF and CusB peptides were involved in forming the cross-

links.  The peptides of CusB belong to the N-terminal region of the protein, which was 

previously identified as the metal-binding region (Bagai, et al., 2007).  One of the 

peptides of CusF contains the previously determined metal binding residues (H36, M47, 

M49) (Loftin, et al., 2005, Loftin, et al., 2009), and the other peptide is adjacent in 

sequence to this region.  Based on the crystal structure of CusF (Loftin, et al., 2005), 

lysine residues CusF K31 and CusF K58, which participate in the two cross-linked 

products, are 13.79 Å apart (distance measured between alpha-carbons).  
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Figure 2.3: Silver-stained SDS-PAGE gel of cross-linking experiment shows bands for 
CusF, CusB and CusF/CusB cross-linked (XL) product.  The higher molecular weight 
band was not analyzed, but is likely to be CusB/CusB cross-linked product. 
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CusF peptide  
Residues (cross-linked residue)  

CusB peptide 
Residues (cross-linked residue) 

 

Measured 
Precursor   
(m/z) 

Error 
(ppm) 

FTITPQTKMSEIK 
51-63  (K58) 

PGKSPFMDMDLVPK 
30-43  (K32) 

3195.66 18.8 

KITIHHDPIAAVNWPEMTMR 
31-50  (K31) 

FDKPGKSPFMDMDLVPKYADEESSASGVR 
27-55  (K29) 

5673.73 2.1 

 
Table 2.1: List of amino acid sequences and residue numbers involved in CusF/CusB 
cross-linked products.  The measured precursor masses are included, along with the error 
of the measured precursor ion compared to the theoretical mass. 
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Figure 2.4: MS/MS spectrum of the cross-linked precursor: 3195.66 amu.  CusB30-43 and 
CusF51-63 are labeled as α and β respectively.  Fragmentation resulting in b and y ions is 
marked within the peptide sequence and labeled in the spectrum. 
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Figure 2.5: Tandem MS spectrum of cross-linked product with precursor ion m/z 
1135.55.  The cross-link includes CusF31-50 with cross-link at K31 and CusB27-55 with 
cross-link at K29.  Fragment ions are labeled in the spectrum and fragmentation is 
displayed within the peptide sequence. 
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2.5 Discussion 

2.5.1  CusF/CusB interaction is metal dependent 

Results from both NMR and chemical crosslinking coupled with mass 

spectrometry demonstrate that the interaction between CusF and CusB is metal-

dependent, consistent with previous ITC and EXAFS results (Bagai, et al., 2008).  The 

HSQC spectrum of apo-CusF mixed 1:1 with apo-CusB showed no change in the 

chemical shifts when compared with the spectrum of apo-CusF alone, indicating no 

interaction in the absence of metal.  The HSQC spectra for apo-CusF mixed 1:1 with 

Ag(I)-CusB and apo-CusB mixed 1:1 with Ag(I)-CusF showed significant changes 

compared to the spectrum of apo-CusF alone, indicating that the two proteins interact in 

the presence of metal.  The similarity of these spectra clearly points to an identical 

interaction between the two proteins regardless of which one contained metal before 

mixing with the apo-form of the other.  

 

2.5.2  CusB interacts with CusF in the metal binding region 

The CusB interaction face on CusF, as identified by the chemical shift 

perturbations listed above, is in the same region of the protein that contains the metal 

binding site.  This region consists primarily of one end of the β-barrel and residues 

extending down the side (Figure 2.6).  It is intuitive that CusB would interact with CusF 

in this region because metal is necessary for the interaction.  Other proteins that share the 

same fold as CusF, the OB fold, primarily use the face of the β-barrel for interactions 

rather than the end (Agrawal & Kishan, 2003).  A close look at the residues in CusF 
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affected by CusB binding reveals that three-fourths of these residues are either basic, 

aromatic or polar uncharged.  It is thus plausible that CusF interacts with CusB via 

electrostatic/hydrophilic interactions.  This interaction is highly specific, as evidenced by 

the failure of SilF, a close homolog of CusF (51% sequence identity), to interact with 

CusB (Bagai, et al., 2008). To analyze the nature of this specificity, the sequences of SilF 

and CusF were examined for differences in the CusB binding residues.  Of the CusF 

residues most affected by CusB interactions, the corresponding residues in SilF are 

conserved in all but three positions, 35, 54, and 71 (using CusF numbering).  At position 

71, the residues of CusF and SilF still have somewhat similar properties, with a serine in 

SilF and an asparagine in CusF. However, at the other two positions, there are significant 

differences between the two proteins in the properties of the residues. SilF has a serine in 

place of H35 and a valine in place of T54.  These two residues (H35 and T54) are most 

likely involved in specific electrostatic/hydrophilic interactions with CusB and their 

differences in charge or polarity with the corresponding SilF residues could explain why 

SilF fails to interact with CusB.  Electrostatic interactions have been previously shown to 

be the prime recognition feature in other copper chaperone/acceptor systems like Atx1-

Ccc2 (Arnesano, et al., 2001, Banci, et al., 2001) and Cox17-Sco1 (Abajian & 

Rosenzweig, 2006).   
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a)        b) 

 
 
Figure 2.6: (a) Ribbon diagram and (b) surface representation of CusF (PDB code 2QCP 
(Loftin, et al., 2009)) indicating the residues whose resonances show significant chemical 
shift effects (purple), broaden beyond detection (red), and lysines K31 and K58 (yellow) 
that cross-link to CusB.  H36, M47, and M49, which form the metal-binding site, are 
shown in stick representation in the ribbon diagram with the Ag ion shown as a small 
black sphere. 
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2.5.3  Interaction site of CusF and CusB 

Chemical cross-linking coupled with mass spectrometry was used to identify the 

interaction site of CusF/CusB during metal transfer in vitro.  These results are consistent 

with the NMR results demonstrating that CusB interacts with the metal-binding face of 

CusF; however, NMR was unable to determine the region of CusB involved in the 

protein-protein interaction.  Chemical cross-linking coupled with mass spectrometry was 

able to further resolve the interaction site between CusF and CusB by determining that 

peptides from the N-terminal region of CusB crosslink with CusF.  Previous results from 

our lab have determined that CusB binds metal in a three-coordinate system with 

conserved residues M21, M36 and M38 (Bagai, et al., 2007).  Two of these residues 

(M36 and M38) are included in both peptides (27-55 and 30-43) involved in cross-links 

with CusF.  The third methionine (M21) is adjacent to this region.  These cross-linked 

peptides identify the N-terminal metal binding region of CusB as interacting with CusF.  

This N-terminal region of CusB (residues 1-61, using the numbering without the leader 

sequence) is missing from the previously determined crystal structure (Su, et al., 2009), 

and this region is predicted to be mostly disordered.  Though alternative CusB metal 

binding sites outside of the N-terminal region have been proposed (Su, et al., 2009), the 

residues composing these sites are not conserved and mutagenesis of the individual 

methionines in these proposed sites does not affect functionality (Kim, Rensing and 

McEvoy, unpublished results).  The cross-linking data reported here further support the 

identification of the N-terminal M21, M36, and M38 site as the physiologically relevant 
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metal binding site of CusB that interacts with CusF. This region of CusB could 

potentially prove to be the entry point of metal into the CusCBA efflux system.   

The two peptides of CusF found cross-linked to CusB are adjacent to one another 

(31-50 and 51-63).  CusF also uses a three-coordinate system for metal binding, residues 

H36, M47 and M49 (Loftin, et al., 2005).  All three of these residues are present in one of 

the cross-linked peptides, CusF31-50.  The other CusF peptide involved in cross-linking is 

adjacent to the first, with the lysine residues involved in both cross-links in close 

proximity to each other (~14 Å).  Of the 16 CusF residues from the NMR results that 

experienced significant chemical shift changes or were broadened beyond detection, 11 

are included in the CusF peptides involved in cross-linking with CusB.   

Together, these results demonstrate that the interaction between the periplasmic 

proteins, CusF and CusB, is a transient, metal-dependent interaction that occurs at the 

metal binding regions of both proteins.  This interaction may mark the initial entry point 

for metals into the Cus complex, ultimately driving the selectivity for Cu(I)/Ag(I) ions.  
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CHAPTER III 

THE N-TERMINAL REGION OF CUSB IS SUFFICIENT FOR METAL 

BINDING AND METAL TRANSFER WITH THE 

METALLOCHAPERONE CUSF 

 

In this chapter, I describe the characterization of the N-terminal metal-binding region of 

CusB (CusB-NT), which includes in vitro experiments that I performed to probe the 

structure of this region of the protein, to determine metal binding, and to investigate 

metal transfer.  Additionally, in vivo functional analysis of CusB-NT was examined.  I 

performed all of the experiments reported in this chapter, with the exception of the 

EXAFS data collection and analysis, which was carried out by Ninian Blackburn.  Mowei 

Zhou contributed significantly to the mass spectrometry acquisition and data analysis.  

Mariana Aranguren helped with protein purification and with the functional analysis.  

Content in this chapter has been submitted and accepted for publication.  Portions of the 

text and figures have been modified and reprinted with permission from Mealman, T. D., 

Zhou, M., Affandi, T., Chacón, K. N., Aranguren, M. E., Blackburn, N. J., Wysocki, V. 

H., McEvoy, M. M. (2012) The N-terminal region of CusB is sufficient for metal binding 

and metal transfer with the metallochaperone CusF, Biochemistry 51, 6767-6775.  

Copyright 2012 American Chemical Society. 
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3.1 Abstract 

Gram-negative bacteria, such as Escherichia coli, utilize efflux resistance systems 

in order to expel toxins from their cells.  Multidrug and heavy-metal resistance is 

mediated by resistance nodulation cell division (RND)-based efflux pumps composed of 

a tripartite complex that includes an RND-transporter, an outer-membrane factor (OMF), 

and a membrane fusion protein (MFP) that spans the periplasmic space.  MFPs are 

necessary for complex assembly and have been hypothesized to play an active role in 

substrate efflux.  High-resolution crystal structures of MFPs from well-characterized 

RND-driven efflux systems are available, however incomplete, as large portions of the 

apparently disordered N and C termini are unresolved.  Such is the case for CusB, the 

MFP of the E. coli Cu(I)/Ag(I) efflux pump, CusCFBA.  In this work, we have 

investigated the structure and function of the N-terminal region of CusB, which includes 

the metal-binding site and is missing from previously determined crystal structures.  

Results from mass spectrometry and X-ray absorption spectroscopy show that the 

isolated N-terminal 61 residues (CusB-NT) bind metal in a 1:1 stoichiometry with a 

coordination site composed of M21, M36, and M38, consistent with full-length CusB.  

NMR spectra show that CusB-NT is mostly disordered in the apo state; however, some 

structure is adopted upon metal binding.  Much of the intact protein’s function is 

maintained in this fragment as CusB-NT binds metal in vivo and transfers metal to the 

metallochaperone CusF in vitro.  Functional analysis in vivo shows that both CusB-NT 

and the rest of the protein are necessary in an intact polypeptide for full metal resistance, 

though CusB-NT alone can contribute partial metal resistance.  This finding reinforces 
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the theory that the role of CusB is not only to bind metal, but also to play an active role in 

efflux. 
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3.2 Introduction 

3.2.1  Copper/silver homeostasis and the Cus system 

Transition metal homeostasis is of great importance in biology.  While transition 

metals are essential for many biological functions in the cell and life would not be 

possible without them, they can cause cellular damage and eventually cell death if their 

concentrations are not properly regulated (Nies, 2009, Waldron & Robinson, 2009).  In 

the Gram-negative bacterium, Escherichia coli, copper and silver ions are extruded from 

the cell by the metal efflux pump, CusCFBA, whose corresponding operon is up-

regulated in response to elevated metal levels in the periplasm (Franke, et al., 2003).  

CusCBA is believed to form a tripartite complex (Figure 3.1) that spans the periplasmic 

space between the inner and outer membranes, similar to the assembly of tripartite 

multidrug efflux systems (Tikhonova & Zgurskaya, 2004, Symmons, et al., 2009).  

However, unlike the multidrug efflux pumps, which demonstrate broad substrate 

specificity, CusCFBA is highly specific for Cu(I)/Ag(I) (Loftin, et al., 2005, Kittleson, et 

al., 2006, Conroy, et al., 2010).   
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Figure 3.1: Schematic of the periplasmic Cu(I)/Ag(I) efflux pump, CusCFBA: trimeric 
RND-transporter CusA (orange), trimeric OMF CusC (pink), MFP CusB (green) and 
metallochaperone CusF (blue). 
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Studies of the individual components of the Cus system have revealed important 

structural and functional details (reviewed in (Mealman, et al., 2012)).  CusF, the novel 

fourth component of the Cus system, is a small soluble periplasmic metallochaperone that 

is essential for maximal Cus metal resistance (Franke, et al., 2003) and delivers metal to 

the membrane fusion protein (MFP), CusB (Bagai, et al., 2008).  CusB interacts with 

both CusA and CusC, most likely stabilizing the intermembrane tripartite complex 

similar to AcrA in the well-characterized multidrug efflux pump AcrAB-TolC 

(Zgurskaya & Nikaido, 1999, Zgurskaya & Nikaido, 2000, Tikhonova & Zgurskaya, 

2004, Su, et al., 2009).  CusB and CusF interact in a metal-dependent manner and 

distribute metal approximately equally between the two proteins when mixed in vitro in 

equimolar concentrations, representative of their similar metal-binding affinities 

(Kittleson, et al., 2006, Bagai, et al., 2007).  The inner membrane transporter protein, 

CusA, belongs to the resistance nodulation cell division (RND) superfamily of proteins 

and utilizes the proton motive force to drive substrate efflux (Tseng, et al., 1999).  Over 

the last few years, crystal structures of CusB (Su, et al., 2009), CusA (Long, et al., 2010), 

and the outer-membrane factor (OMF) protein, CusC (Kulathila, et al., 2011), have been 

solved individually, along with a co-crystal structure of CusBA (Su, et al., 2011), 

suggesting a ratio of 3:6:3 for the intact CusCBA complex.  Evidence for the same 

stoichiometry within the MtrCDE multidrug efflux complex has recently been 

demonstrated and supports this hypothesis (Janganan, et al., 2011).  While these 

structures provide a framework for our understanding of the stoichiometry and 

orientation of the components of the pump upon assembly, they do not elucidate the 
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dynamic mechanism of metal efflux nor do they reveal the specific protein-protein 

interactions necessary for metal transfer within the pump.   

 

3.2.2  N-terminal region of CusB 

CusB belongs to a protein family termed the membrane fusion protein (MFP) 

family due to the early observation that many MFPs appeared to be anchored to both the 

inner and outer membranes (Dinh, et al., 1994, Saier, et al., 1994, Zgurskaya, et al., 

2009).  While many MFPs contain a single N-terminal transmembrane α-helix (N-TMS) 

(Johnson & Church, 1999) or lipid modification embedding them in the inner membrane 

(Ge, et al., 2009), CusB demonstrates no association with either membrane, as it lacks the 

N-TMS motif and is soluble during purification (Bagai, et al., 2007).  CusB plays a 

central structural role in the Cus complex by linking the inner and outer membrane 

proteins and is essential for metal resistance (Franke, et al., 2003).  The crystal structure 

of CusB shows four domains (Reffay, et al.), termed the membrane proximal (MP), β-

barrel, lipoyl and α-helical domains. However, the N-terminal region of CusB is missing 

from both crystal structures (Su, et al., 2009, Su, et al., 2011).  This region of the protein, 

consisting of the first 61 amino acids of the mature protein, is of great importance 

because it includes the three conserved Met residues (M21, M36, and M38) previously 

determined to comprise the metal-binding site of CusB (Bagai, et al., 2007).  The N-

terminal region of CusB has also recently been identified as the region that interacts with 

CusF during metal transfer (Mealman, et al., 2011).   
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In this manuscript, we describe experiments performed to probe the structure and 

function of this essential N-terminal region of CusB.  In vitro experiments, including 

nuclear magnetic resonance (NMR) spectroscopy, mass spectrometry, and X-ray 

absorption spectroscopy (XAS), were used to investigate metal binding, metal transfer, 

and structural changes upon metal binding.  In vivo function was examined through 

bacterial growth on copper-containing plates. 
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3.3 Materials and Methods 

3.3.1  Plasmid construction of CusB-NT  

The N-terminal sequence of CusB from Escherichia coli, residues Glu1-Thr61 

(using the numbering without the leader sequence, hereafter referred to as CusB-NT) was 

PCR amplified using taq DNA polymerase (Fermentas) from a plasmid containing the 

gene of the full-length CusB sequence using the nucleotide primer pair: 

5’AAAAAGGATCCGGGGAAAACCTGTATTTTCAGGGCGAACCGCCTGCAGAA

AAAACGTCG3’ and 5’AAAAAGAATTCTCACGTCTGAGTCGGGTCAATGC3’ 

(Culotta, et al.).  The forward primer was designed to include a region encoding for the 

Tobacco Etch Virus (TEV) protease cut site (ENLYFQG), which, once cleaved, leaves an 

N-terminal Gly residue.  The resulting fragment was purified using the QIAquick PCR 

purification kit (Qiagen) prior to digestion with BamHI and EcoRI (Fermentas).  This 

insert was ligated into the pGEX-2TK vector (GE Healthcare) which introduces a 

glutathione S-transferase (GST) tag at the N-terminus of the protein.  The cloned gene 

was sequenced and verified for accuracy (The University of Michigan DNA Sequencing 

Core).  The resulting plasmid pGEX_CusB-NT (Figure 3.2a) was transformed into E. coli 

BL21-(λDE3) cells (Invitrogen). 

 

3.3.2  Cell growth and protein purification  

 For preparation of CusB-NT, E. coli BL21-(λDE3) cells containing pGEX_CusB-

NT were grown in LB media containing 100 µg/mL ampicillin at 37 ºC until they reached 

an O.D.600 of 0.8-1.0, then induced with 1 mM of isopropyl β-D-1-thiogalactopyranoside 
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(IPTG).  Growth was continued at 37 ºC for 4-5 hours before the cells were harvested by 

centrifugation and frozen.  For preparation of uniformly 15N–labeled CusB-NT, E. coli 

BL21-(λDE3) cells containing pGEX_CusB-NT were grown in M9 minimal media 

(Sambrook, et al., 1989) containing 1.0 g/L 15NH4Cl (Cambridge Isotopes Laboratories) 

as the sole nitrogen source.  Cells were grown in 20 ml of Luria Bertani (Stroebel, et al.) 

media overnight, then centrifuged and transferred to 1 L of M9 media and grown at 37 ºC 

until they reached an O.D.600 of 0.8-1.0, then induced with 1 mM of isopropyl β-D-1-

thiogalactopyranoside (IPTG).  Growth was continued at 37 ºC for 4-5 hours.  The 

purification protocol was the same for unlabeled and 15N-labeled CusB-NT and was as 

follows.  Pelleted cells were resuspended in 10 mL/g of PBS buffer (140 mM NaCl, 2.7 

mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.3).  Lysozyme (final concentration 

12.5 µg/mL), phenylmethyl-sulfonyl fluoride (final concentration 0.5 mM), leupeptin and 

pepstatin (final concentration 2 µg/mL), and DNAse (~150 units) were added and cells 

were lysed using a French press.  The lysate was centrifuged at 31000g for 1 hour to 

remove cell debris and the supernatant was loaded onto a GST resin (GE Healthcare) 

affinity column, equilibrated with PBS.  After washing with PBS, the CusB-NT fusion 

protein was eluted with 10 mM reduced glutathione in 50 mM Tris, 5 mM DTT, pH 8.0.  

Fractions containing the fusion protein were combined and TEV protease was added (1 

mg protease:10 mg substrate) along with EDTA (final concentration, 0.5 mM).  TEV 

proteolysis of the fusion protein was performed at room temperature for 2 hours without 

agitation (see Figure 3.2b for an example of TEV proteolysis by SDS-PAGE analysis).   
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The resulting mixture was concentrated using a 3-kDa molecular weight cut-off 

concentrator (Amicon).  CusB-NT was separated from the GST-tag and TEV protease 

using an S100 gel filtration column (GE Healthcare) equilibrated with the appropriate 

buffer, depending on the experiment.  Aliquots of the fractions were run on SDS-

polyacrylamide gels and stained with Coomassie (Figure 3.2d).  Fractions judged to be 

>95% pure were pooled and concentrated.  Protein concentrations were determined using 

the Bradford assay (Compton & Jones, 1985) (Bio-Rad).  The average intact molecular 

weight of the protein (theoretical average MH+ mass: 7,042 amu) was confirmed using 

MALDI-TOF mass spectrometry (Figure 3.2c).  CusF was grown and purified as 

previously described (Loftin, et al., 2005).  Ubiquitin for mass spectrometry was obtained 

from Sigma-Aldrich (St. Louis, MO). 
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c)          d)  
 

     
 
Figure 3.2: a) CusB-NT (pink) was cloned into the pGEX-2TK plasmid (green) along 
with an N-terminal TEV cut site, resulting in a construct with a cleavable N-terminal 
GST-tag (blue). b) SDS-PAGE gel demonstrating TEV proteolysis of GST-NT fusion 
protein over time.  The band corresponding to the fusion protein decreases in intensity 
over time while the bands corresponding to GST + TEV protease and NT1 alone increase 
in intensity.  L1=marker, L2=TEV protease, L3-L6 = fusion protein + TEV protease at 30 
min, 1 hr, 2 hr and 3 hr respectively. c) MALDI-TOF mass spectrum of CusB-NT with 
m/z 7,043 amu. d) 18% SDS-PAGE showing CusB-NT post gel filtration. 
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3.3.3  Circular dichroism spectroscopy 

Circular dichroism spectra of 28 µM CusB-NT in 50 mM Tris buffer, pH 8.0, 

were acquired on an Olis DSM 20 CD Spectrophotometer with a path length of 1 mm.  

For the Ag(I)-CusB-NT spectrum, a two-fold molar excess of AgNO3 was added.  For 

both spectra, the instrument was set to scan between 200-260 nm in 60 increments with 

an integration time of 8 sec. 

 

3.3.4  NMR analysis 

15N-labeled CusB-NT was expressed and purified as described above and 

concentrated to ~1 mM in 20 mM MES pH 5.7.  1H-15N Heteronuclear Single Quantum 

Coherence (HSQC) spectra were acquired at 298 K on a 600 MHz Varian Inova 

instrument using pulse sequences from Varian Biopack of the following samples: (i) apo-

CusB-NT and (ii) Ag(I)-CusB-NT (1:1 molar amount of AgNO3 added to the apo 

sample).  All samples contained 10% D2O and 0.02% NaN3.  Spectra were processed 

with NMRPIPE (Delaglio, et al., 1995) and analyzed with NMRView (Johnson, 2004). 

 

3.3.5  Mass spectrometry   

All protein samples were buffer exchanged into 100 mM ammonium acetate (pH 

7) using size exclusion chromatography spin columns (BioRad) before analysis.  Non-

specific metal binding was minimized by dialyzing away excess metal after binding.  The 

Kd values of CusB and CusF for silver are in the low nM range (Kittleson, et al., 2006, 
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Bagai, et al., 2007); therefore, the proteins should bind ligand in the absence of excess 

metal in solution. 

Mass spectra were acquired on a Synapt G2 quadrupole/time-of-flight mass 

spectrometer (Waters Corporation, Manchester, UK).  3-5 µL protein solution was 

injected each time into a glass capillary, and a platinum wire was inserted into the 

capillary to apply high voltage (1-1.5 kilovolts) for nanoelectrospray.  The source 

temperature was kept at room temperature without any desolvation gas.  All the 

conditions in the mass spectrometer were tuned to minimize activation and disruption of 

the non-covalent interactions in the protein samples.  Backing pressure was set to 4.4 

mbar.  The pressure in the time-of-flight mass analyzer was at 5×10-7 mbar.  Mass 

calibration was performed with cesium iodide clusters in m/z range 50-5000.  Data were 

analyzed with MassLynx v4.1 without further smoothing.  The spectra were interpreted 

manually.  Abundances of apo/Ag(I) species were obtained by integrating the identified 

protein peaks.  For simplicity, none of the buffer adducts (non-specific addition of 

sodium, potassium, HEPES, etc.) were taken into consideration.  

 

3.3.6  X-ray absorption spectroscopy sample preparation   

XAS samples were prepared in an anaerobic chamber.  CuCl2 was added to CusB-

NT in 50 mM Tris, pH 8.0 (1:1 metal:protein concentration) in the presence of 50 mM 

ascorbate buffered at pH 8.0.  75 µL of Cu(I)-CusB-NT was mixed with 25 µL of 

ethylene glycol, transferred to an XAS vial, and flash-frozen in liquid nitrogen.  The final 

protein concentration was ~500 µM. 
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3.3.7 XAS data collection and analysis   

Cu K-edge (8.9 keV) extended X-ray absorption fine structure (EXAFS) and X-

ray absorption near edge structure (XANES) data were collected at the Stanford 

Synchrotron Radiation Lightsource operating at 3 GeV and 300 mA under continuous 

top-up mode on beam line (BL) 7-3 using a Si[220] monochromator and a Rh-coated 

mirror upstream of the monochromator with a 13 keV energy cutoff to reject harmonics.  

Data were collected in fluorescence mode using a high-count-rate Canberra 30-element 

Ge array detector with maximum count rates below 120 kHz.  A Z-1 Ni oxide filter and 

Soller slit assembly were placed in front of the detector to reduce the elastic scatter peak.  

Energy calibration was achieved by reference to the first inflection point of a copper foil 

(8980.3 eV) placed between the second and third ionization chamber.  The samples (80 

µL) were measured as aqueous glasses (> 20% ethylene glycol) at 10 – 15 K.  Six scans 

of a sample containing only sample buffer were collected, averaged and subtracted from 

the averaged data for the protein samples to remove Z-1 Kβ fluorescence and produce a 

flat pre-edge baseline.  Data reduction and background subtraction were performed using 

the program modules of EXAFSPAK (George, 1990).  Data from each detector channel 

were inspected for glitches, drop-outs, or other non-linear behavior before inclusion in 

the final average.  Spectral simulation was carried out using the program EXCURVE 9.2 

(Gurman, 1984, Gurman, 1986, George, 1990, Binsted, 1998) as previously described 

(Bagai, et al., 2007, Siluvai, et al., 2010, Siluvai, et al., 2011).  The parameters refined in 

the fit included shell occupancy N, Cu-scatterer distance R, and Debye-Waller factor 
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(2σ2) for each shell, and the threshold energy for photoelectron ionization (E0), which 

was constrained to be the same for all shell of scatterers. 

 

3.3.8  Cloning constructs for complementation assay   

The cusB gene (including the region encoding the signaling peptide, which targets 

the protein to the periplasm) was amplified from a plasmid containing the gene of the 

full-length CusB sequence and cloned into the multiple cloning site 1 (MCS1) of 

pETDuet-1 (Novagen) using the restriction enzymes BamHI and HindIII (Fermentas).  

The resulting construct, containing the full-length cusB gene, was used as a template for 

site-directed mutagenesis (QuikChange Kit, Stratagene) to remove the region of the gene 

encoding for the protein sequence CusB-NT (residues Glu1-Thr61) while keeping the 

signaling peptide, referred to as cusB_∆NT.  Next, the gene encoding for CusB-NT 

(including the signaling peptide) was amplified and cloned into the MCS2 of both 

constructs just described and into empty pETDuet-1 using the restriction enzymes NdeI 

and XhoI (Fermentas).  A schematic illustration of the five constructs is provided in 

Figure 3.3.  The DNA sequences of all constructs were verified for accuracy (University 

of Arizona Genetics Core).  These constructs were each transformed into E. coli strain 

EC950-(λDE3).  The strain EC950, which contains a ∆ cusB∆cueO background, was 

chosen for the integration of λDE3 prophage into the chromosome using a λDE3 

lysogenization kit (Novagen).  Appropriate induction of each plasmid was tested by 

growing cells in 5 mL LB media containing 100 µg/ml ampicillin at 37 ºC until they 

reached an O.D.600 of 0.8-1.0, then each was induced with 1 mM of isopropyl β-D-1-
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thiogalactopyranoside (IPTG).  Growth was continued at 37 ºC for 4 hours before 

performing a whole-cell protein preparation of 1 ml of each culture and verifying 

induction of the appropriate size region of CusB for each construct by SDS-PAGE gel 

and/or Western Blot (data not shown).  
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Figure 3.3: Schematic of pETDUET constructs for in vivo functional analysis labeled 
with corresponding residue numbers; numbering is for the mature protein without the 
signal peptide (SP); however, all constructs included the SP for processing into the 
periplasm.  MCS1 = multiple cloning site 1, MCS2 = multiple cloning site 2 
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3.3.9  Functional analysis with copper plates   

LB agar plates containing 100 µg/mL ampicillin, 1 mM IPTG and a range of 

CuSO4 concentrations (0-2 mM) were prepared.  5 ml cultures of EC950-(λDE3) E. coli 

cells containing each construct were grown in LB medium at 37 ºC to an O.D.600 of ~0.5, 

normalized, streaked on plates and placed in 37 ºC incubator for 24 hours.  Growth was 

observed and allowed to continue for up to 24 hours more at room temperature.  Cell 

growth was scored on a scale of 0-4, with 0 representing no growth and 4 representing 

healthy growth, which was determined by observing the cell growth on plates with no 

copper.  Two individuals scored the plates independently and the analysis was performed 

three times for the same set of plates.   
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3.4 Results 

3.4.1  CusB-NT is mostly disordered but adopts residual structure upon metal binding 

The N-terminal portion of CusB (CusB-NT) is responsible for metal binding and 

interacting with the metallochaperone CusF, however structural and functional 

information on this region is incomplete.  The region containing the first 61 amino acids, 

which are absent from the previously determined crystal structure of CusB (Su, et al., 

2009), is predicted to be mostly disordered; however, it is of great importance because it 

contains the three methionines used for metal coordination (Bagai, et al., 2007).  To 

examine the function of this region of the protein, CusB-NT was cloned, expressed, and 

purified for in vitro studies.  In order to probe the secondary structure of CusB-NT, 

circular dichroism spectra were obtained of apo-CusB-NT and Ag(I)-CusB-NT (Figure 

3.4).  The resulting spectra match well to that predicted for a random coil (Johnson, 

1988).  Thus, as predicted, CusB-NT appears to be mostly disordered by CD.  Upon the 

addition of metal, no significant change was observed by CD spectroscopy. 
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Figure 3.4: Overlay of circular dichroism spectra of Apo-CusB-NT (black) and Ag(I)-
CusB-NT (red). 
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To further investigate the structure of CusB-NT, NMR 1H-15N correlation 

(HSQC) spectra were collected of apo-CusB-NT and Ag(I)-CusB-NT (Figure 3.5).  The 

lack of dispersion in the peaks of the apo-CusB-NT HSQC spectrum is indicative of a 

mostly disordered protein, consistent with the CD results.  Upon the addition of metal, 

however, a significant number of peaks shift and, in general, become slightly more 

disperse, signifying that CusB-NT binds metal and adopts partial structure upon metal 

binding.  More peaks are observed in the Ag(I)-CusB-NT spectrum compared to the apo-

CusB-NT spectrum, which may be due to multiple conformations in the Ag(I)-bound 

state.  In Ag(I)-CusB-NT, approximately 72 peaks can be counted (excluding probable 

side chain peaks), though only 54 non-proline peaks are expected. 
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Figure 3.5:  Overlay of NMR 1H-15N correlation (HSQC) spectra of apo-CusB-NT (red) 
and Ag(I)-CusB-NT (black). 
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3.4.2 CusB-NT binds metal in 1:1 stoichiometry 

Native mass spectrometry has become a powerful technique to study intact 

proteins and other large biological molecules (Heck, 2008).  With the gentle ionization 

conditions of nanoelectrospray (nanoESI) (Wilm & Mann, 1996), the disruption of native 

protein structures is minimized during transfer of proteins from solution into the gas 

phase (Sobott & Robinson, 2006) and therefore this technique is effective for the study of 

protein-ligand binding (Hu, et al., 1994, Pan, et al., 2009, Shirran & Barran, 2009, De 

Angelis, et al., 2010).  Protein-ligand binding studies have been performed in which the 

ligand is added to the protein in solution and subsequently the apo and holo species are 

examined in the mass spectra (Deng, et al., 2010, Erba & Zenobi, 2011, Kitova, et al., 

2011).   

Mass spectrometry was used to investigate the metal-binding capability and 

stoichiometry of CusB-NT.  Protein ions generated by electrospray commonly exhibit 

multiple charge states, and the molecular weights of the species can be obtained by 

deconvoluting the mass spectra.  Mass spectrometric analysis of Ag(I)-CusB-NT 

produced the spectrum displayed in Figure 3.6, in which the major peaks correspond to 

the multiply protonated protein with one Ag(I) bound.  All the protein peaks have 

isotopic resolution and can be easily assigned based on their experimental mass.  The 

deconvoluted isotopic molecular weight of Ag(I)-CusB-NT is determined to be 7143.6 

Da.  This is 107 Da larger in mass than the measured molecular weight of apo-CusB-NT 

(measured molecular weight of 7036.6 Da (Figure 3.6), which matches the mass of one 

Ag(I) atom.  The peak at m/z 1478, next to the strongest peak (m/z 1430) in the spectrum, 
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originates from CusB-NT binding one Ag(I) and one HEPES, suggesting that the 

experimental conditions are gentle enough to preserve non-covalent interactions in the 

gas phase.  No significant secondary Ag(I) binding could be observed in the spectrum.  It 

is important to realize that non-specific binding of excess ligand, which is a common 

problem in the analysis of protein-ligand binding by electrospray mass spectrometry, is 

eliminated in this experiment by removing excess silver through multiple stages of 

dialysis prior to MS analysis.  Therefore, the 1:1 binding stoichiometry of Ag(I) to CusB-

NT observed by mass spectrometry is a direct reflection of the solution phase 

stoichiometry. 
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Figure 3.6: NanoESI mass spectra of 40µM apo-CusB-NT (Singh, et al.) and 40µM 
Ag(I)-CusB-NT (bottom).  Peaks corresponding to apo-CusB-NT and Ag(I)-CusB-NT 
are labeled with open and filled green circles, respectively, along with their 
corresponding charge states. 
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The Cu(I) center of CusB-NT was studied by X-ray absorption spectroscopy for 

comparison with results obtained previously for the full-length CusB protein.  Figure 3.7 

shows the Fourier transform and EXAFS (top insert) for the Cu(I)-loaded CusB-NT 

protein.  The lower insert compares the absorption edges of the truncated protein (blue 

trace) with the full-length protein (red trace).  Analysis of the data confirms that the Cu(I) 

is coordinated by three sulfur atoms as expected for a binding site composed of M21, 

M36, and M38.  The Cu-S bond length of 2.29 Å matches well with that reported 

previously for full-length CusB (Bagai, et al., 2007).  However, small differences do exist 

in the absorption edges suggesting that the N-terminal fragment may have subtle 

differences in coordination geometry of the Cu(I) bound at the Met triad.  We note that 

the crystal structures of CusB and of the CusA/CusB complex reveal four different 

conformations of the full-length CusB molecule, although the N-terminal Cu(I) binding 

site is missing from these structures.  Therefore, it is possible that CusB-NT may be in a 

different conformational state to that measured previously (Bagai, et al., 2007). 
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Figure 3.7: X-ray absorption spectroscopy of CusB-NT.  Main panel shows the Fourier 
transform with the EXAFS plotted in the top insert.  Black traces are experimental data 
and red traces are simulated data.  The bottom insert shows a comparison of CusB-NT 
(blue) with the full-length protein (red).  The Cu-S(Met) bond length determined from 
simulation is 2.29 Å for both CusB-NT and the full-length CusB. 
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3.4.3 CusF transfers metal to CusB-NT 

The metallochaperone CusF interacts with CusB in a metal-dependent manner and 

metal transfer between the proteins has been observed (Bagai, et al., 2008).  Previous 

chemical cross-linking/mass spectrometry experiments have determined that CusB and 

CusF interact at their metal-binding regions (Mealman, et al., 2011), implicating CusB-

NT as the important region for protein-protein interaction and metal transfer.  Thus, mass 

spectrometry was further utilized to monitor metal transfer between CusB-NT and CusF.  

When Ag(I)-CusF and apo-CusB-NT are mixed at 1:1 molar ratio in solution and 

analyzed by mass spectrometry (Figure 3.8), all major peaks can be unambiguously 

assigned based on their molecular weights calculated from the charge and m/z measured 

in the spectrum.  A m/z shift corresponding to Ag(I) can be clearly observed if there is a 

metal addition or loss to the protein, which results in doublet peaks in the mass spectra.  

Each peak within the doublet pairs will be at the same charge states with the lower m/z 

corresponding to the apo protein and higher m/z corresponding to the holo protein.  The 

monoisotopic molecular masses of the apo-CusB-NT and Ag(I)-CusB-NT are measured 

to be 7036.7 Da and 7143.6 Da, respectively (calculated monoisotopic masses are 7036.4 

Da and 7143.3 Da).  Similarly, the monoisotopic molecular masses for apo-CusF and 

Ag(I)-CusF are determined to be 9847.5 Da and 9954.3 Da (calculated monoisotopic 

masses are 9847.0 Da and 9953.9 Da).  Deconvolution of the apo and Ag(I)-bound 

protein peaks allows an estimation of the abundance of each species, as illustrated in the 

bar graphs next to the spectra.  The lower total abundance of CusF than CusB-NT in the 
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mixed sample is most likely due to different ionization efficiencies in the electrospray 

process.   
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Figure 3.8: NanoESI mass spectra of (a) apo-CusB-NT at 40µM, (b) Ag(I)-CusF at 
40µM, and (c) 1:1 mixture of apo-CusB-NT and Ag(I)-CusF, both at 40µM.  Apo-CusB-
NT and Ag(I)-CusB-NT are labeled with open and filled green circles respectively.  Apo-
CusF and Ag(I)-CusF are represented with open and filled blue triangles respectively.  
Relative abundances of the apo vs. Ag(I)-bound proteins after deconvolution are listed as 
bar graphs in the column on the right for corresponding mass spectra on the left.  The 
purple asterisk at m/z 2125 corresponds to the Ag(I)/CusF/CusB complex.  
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Apo-CusB-NT is free of Ag(I) before mixing, and the majority of CusF is bound 

to Ag(I) in the Ag(I)-CusF sample before mixing.  Observation of peaks corresponding to 

Ag(I)-CusB-NT and apo-CusF upon mixing in solution prior to analysis by mass 

spectrometry indicates direct metal transfer between CusF and CusB-NT.  As a negative 

control, Ag(I)-CusF was mixed with ubiquitin and no metal transfer was observed (data 

not shown).  The relative abundances of the apo and Ag(I)-bound forms of CusF and 

CusB-NT suggest that the metal distributes equally between the two proteins.  However, 

further investigation is necessary to gain a quantitative understanding of the 

thermodynamics of the metal transfer process.  Spectra of mixtures of 2:1 apo-CusB-NT 

and Ag(I)-CusF or 1:2 apo-CusB-NT and Ag(I)-CusF show distribution of metal between 

the two proteins, and both apo and Ag(I)-bound peaks for both proteins are apparent in 

the spectra (Figure 3.9).  In each case, the available metal distributes approximately 

equally between the two proteins, as previously observed with the full-length CusB 

protein (Bagai, et al., 2008).  A small  peak at m/z 2125 with a charge state of +8 was 

observed, which is indicative of a small fraction of a Ag(I)/CusF/CusB-NT complex 

(Figure 3.8c).  A minor fraction of Ag(I)/CusF/CusB-NT complex is consistent with 

previous observations of the full-length proteins which do not form a stable complex 

(Mealman, et al., 2011).  
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Figure 3.9: NanoESI mass spectra of Apo-CusB-NT and Ag(I)-CusF mixture at (a) 2:1 
ratio, (b) 1:1 ratio, and (c) 1:2 ratio.  Apo-CusB-NT and Ag(I)-CusB-NT are labeled with 
open and filled circles, respectively.  Apo-CusF and Ag(I)-CusF are represented with 
open and filled triangles, respectively.  Relative abundances of the apo vs. silver-bound 
proteins of all the charge states are listed as bar graphs in the right column for 
corresponding mass spectra on the left.  
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3.4.4  CusB functional analysis in vivo  

 To investigate metal binding and functional metal resistance by CusB in vivo, 

survival of E. coli cells with various CusB constructs were evaluated on copper-

containing media (Figure 3.10).  These experiments were performed in cells in which the 

chromosomal genes for cusB and the multicopper oxidase cueO have been deleted.  Cells 

were transformed with plasmids containing genes that encode CusB-NT, full-length 

CusB, CusB with the N-terminal region deleted (CusB_ΔNT), and dual combinations of 

these proteins.  Analysis of E. coli growth showed that cells containing CusB_∆NT grew 

the same as cells without CusB (empty vector) and did not grow at higher copper 

concentrations (above 1.6 mM CuSO4).  Cells containing both full-length CusB and 

CusB-NT showed slightly better growth than those containing full-length CusB alone, as 

the colonies from full-length CusB plus CusB-NT were larger and appeared healthier.  

Cells containing both of these constructs (full-length CusB plus CusB-NT) grew at the 

highest copper concentration evaluated (2 mM CuSO4).  Interestingly, cells dually 

expressing both CusB in which the N-terminal region was deleted (CusB_ΔNT) and 

CusB-NT grew in a similar manner as those cells that only express CusB-NT, and in both 

cases these cells grew to a copper concentration of 1.8 mM.  This copper concentration is 

higher than that of cells containing empty vector or CusB_∆NT, but lower than that of 

cells containing full-length CusB alone or full-length CusB plus CusB-NT. 
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Figure 3.10: Functional analysis of E. coli cells grown on copper plates with CuSO4 
concentrations labeled on the x-axis and scores on a scale of 0-4 on the y-axis.  Color 
scheme for corresponding plasmids:  Empty vector,  CusBΔNT,  CusBΔNT + 
CusB-NT,  CusB-NT,  CusB_full-length,  CusB_full-length + CusB-NT. 
 
  

0.0 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

4.0 

0.0  1.3  1.4  1.6  2.0 

Sc
or
e 

[CuSO4] (mM) 

125



 

3.5 Discussion 

3.5.1  N-terminal metal-binding site of CusB 

Previous work has shown that the metal-binding site of CusB consists of three 

methionine residues (M21, M36, and M38) (Bagai, et al., 2007), all of which are 

contained within the N-terminal region of CusB, which is the region that interacts with 

CusF (Mealman, et al., 2011).  However, further efforts to understand the structure and 

function of this region of CusB have been hampered by its absence from the crystal 

structures of CusB.  Therefore, we sought to characterize this region in isolation.  Our 

results show that the metal-binding function of CusB is maintained in CusB-NT.  We 

have shown by mass spectrometry that CusB-NT binds metal with a 1:1 stoichiometry.  

Furthermore, the CusB-NT metal coordination site identified by EXAFS consists of three 

Cu(I)-S bonds.  Because there are only three Met residues and no Cys residues in CusB-

NT, the three S atoms of M21, M36, and M38 are coordinating the metal.  The Cu(I)-S 

bond distances are the same as those observed in full-length CusB (Bagai, et al., 2007); 

thus, metal binding by CusB-NT is consistent with metal binding by the full-length 

protein and consists of these three Met residues. 

 

3.5.2 CusB metal-induced structural adoption  

The structure of CusB-NT is mostly disordered, as demonstrated by circular 

dichroism and NMR.  This finding is not surprising, as this region of CusB has been 

predicted to be disordered and is missing from two previously determined crystal 

structures of full-length CusB (60 residues in the CusB structure and 51 residues in the 
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CusBA co-crystal structure), along with the C terminus (22 residues in the CusB structure 

and 7 residues in the CusBA co-crystal structure) (Su, et al., 2009, Su, et al., 2011).  

Similarly, early crystal structures of multidrug efflux MFPs, such as MexA and MacA, 

are also missing their N and C termini (Akama, et al., 2004, Higgins, et al., 2004, Yum, 

et al., 2009); the apparent disorder of these portions of MFPs suggests that these regions 

are flexible and dynamic in nature.  However,  our NMR experiments demonstrate that 

CusB-NT adopts some structure upon metal binding, as evidenced by the increased 

dispersion in the Ag(I)-CusB-NT spectrum.     

A similar phenomenon is observed in the crystal structure of ZneB, another MFP 

of the heavy-metal efflux (Wehmeier, et al.) subclass of RND-driven efflux systems from 

C. metallidurans CH34.  The ZneB metal coordination site is in a different region than in 

CusB, where it is located at the flexible interface between the β-barrel and membrane 

proximal (MP) domains; however, the MP domain (composed of the N-/C-terminal 

regions of this protein) is only visible in the metal-bound form and is unresolved in the 

apo form of the crystal structure (De Angelis, et al., 2010).  Furthermore, the structures of 

apo and holo ZneB, observed in the same crystal, adopt different conformations.  The apo 

form is arranged in a more linear, extended shape while the holo form bends to adopt a 

crescent shape upon metal binding.  Metal-induced conformational changes have also 

been observed in full-length CusB by analytical gel filtration, which suggest 

conformational flexibility (Bagai, et al., 2007).  The changes observed here in the HSQC 

spectra of CusB-NT could potentially explain this conformational change. 
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3.5.3  Comparison of N-terminal regions of MFPs 

While the four domains of CusB observed in the crystal structure (Su, et al., 

2009) are conserved among all characterized MFPs, MFPs show variability in their N- 

and C-terminal regions adjacent to the MP domain.  The N termini of all MFPs are 

unresolved (presumably disordered) and therefore missing from their corresponding 

crystal structures.  In AcrA, MexA, and ZneB, the missing portion consists of 9-13 

residues; however, in CusB, the N-terminal portion adjacent to the MP domain consists 

of 60 residues (CusB-NT), enough to constitute an additional domain and it is conserved 

in putative CusB homologs.  We hypothesize that the N-terminal region of CusB is an 

additional domain that is unique to monovalent metal efflux systems.  This domain 

contains a metal-binding function, and likely plays a role in selectivity for specific metals 

or regulation of CusCBA activity.  Promiscuous multidrug transporters, which show little 

substrate specificity, may not need this additional substrate-binding site.  

 

3.5.4 The role of CusB 

How CusB contributes to metal resistance is still unknown.  Previous work 

suggests that metal binding by CusB is essential for function and that metal binding 

induces a conformational change (Bagai, et al., 2007), potentially altering CusA and/or 

CusC and activating the efflux pump.  These findings have suggested that CusB plays an 

active role in metal transport.  Two models have been proposed which incorporate these 

findings (Kim, et al., 2011).  In one model, the funnel model, it is proposed that metal is 

transferred to the periplasmic cleft of the inner membrane protein CusA from the CusB 
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metal-binding site and then is subsequently exported from the cells.  Because the N-

terminal region of CusB, including the metal-binding site, is missing from the co-crystal 

structures of CusBA, it is difficult to hypothesize if metal transfer from CusB to CusA is 

feasible (Su, et al., 2011).  The N-terminal tails of both CusB molecules are located 

outside the periplasmic cleft between subdomains PC1 and PC2 of CusA; however, the 

tail of molecule 1 appears to be closer and potentially more accessible to the metal-

binding site of CusA.  Interestingly, previous in vitro chemical cross-linking between 

CusA and CusB resulted in the identification of one cross-link between K67 of CusB and 

K150 of CusA with the 11.4Å cross-linker DSS (Su, et al., 2009).  Further examination 

of CusBA together with the cross-linking distance constraint is consistent with the cross-

link being between molecule 1 of CusB and CusA.  Thus, the N-terminal region of CusB 

could be localized near the metal-binding site of CusA and possibly funnel metal to the 

antiporter for extrusion.  Previous structure determination of the MP domain of MexA 

together with in vivo cross-linking of AcrA and AcrB have been successful in mapping 

the surface contacts between the MFP and RND-transporter in these multidrug systems.  

These results show that the MP domain of the MFP directly interacts with the antiporter 

subdomains PN2 and PC1 (Symmons, et al., 2009).  Furthermore, modeling of the 

MexA/MexB interaction localizes the MP domain of MexA near the MexB substrate 

binding pocket and the flexible MP domain has been hypothesized to release substrate to 

MexB.  

The other model, the switch model, proposes that metal binding to CusB is 

associated with a regulatory function that induces an active conformation in the Cus 
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efflux pump to allow metals to be exported.  However, in this model, the metal bound by 

CusB is not directly transported out of the cell, but must enter CusA through a different 

path.  The 2:1 stoichiometry of CusBA may support this model.  A regulatory role has 

been hypothesized for the zinc binding MFP ZneB, whose unique metal binding site 

between the MP and β-barrel domains is not predicted to be within the periplasmic cleft 

of ZneA, suggesting that metal transfer is unlikely (De Angelis, et al., 2010). 

In the N-terminal CusB construct (CusB-NT) described here, we have been able 

to uncouple the metal binding function and complex assembly function of CusB.  We 

have found that while CusB-NT alone has some contribution to metal resistance, it is not 

fully functional.  This finding rules out the possibility that the function of CusB is solely 

to act as a metal chelator, since metal binding is retained in the CusB-NT construct.  

When CusB-NT is expressed independently along with the remainder of the CusB 

protein, the resistance is the same as when CusB-NT is expressed alone.  This finding 

supports the idea that metal binding triggers a functional conformational change in full-

length CusB, which cannot be replicated when the components are not part of an intact 

polypeptide.  

The residual metal resistance that is provided by CusB-NT alone is likely a result 

of metal chelation by this fragment.  This interpretation is supported by the observation 

that metal resistance increases when CusB-NT is expressed in addition to full-length 

CusB, beyond the resistance level seen for full-length CusB alone.  Another interpretation 

of the increased metal resistance observed when CusB-NT and full-length CusB are 

expressed together may be because the efflux system remains “on” longer if metal is not 
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removed from full-length CusB in the Cus complex.  If CusB functions as a regulator, the 

system is postulated to turn off upon metal dissociation from CusB due to release to the 

periplasm or transfer to CusF.  However, since CusB-NT alone can transfer metal to 

CusF, as demonstrated here by mass spectrometry and EXAFS, this may eliminate much 

of this route of metal removal from full-length CusB when CusB-NT is present. 
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CHAPTER IV 

DIRECT METAL TRANSFER AND PROTEIN-PROTEIN 

INTERACTIONS IN THE CUS SYSTEM 

 

In this chapter, I describe experiments designed to elucidate direct metal transfer events 

and protein-protein interactions between proteins of the CusCFBA efflux system.  For 

this work, I expressed and purified all of the proteins, with the help of an undergraduate 

student, Mariana Aranguren, and a graduate student, Trisiani Affandi.  I performed the 

CusF/CusA chemical cross-linking and mass spectrometry analysis.  Some of the results 

presented here have been combined with work performed by Eun-Hae Kim for the 

submission of a manuscript (Kim, E. H., Mealman, T. D., Rensing, C., and McEvoy, M. 

M. Periplasmic copper homeostasis: fine-tuning by substrate-mediated allosteric control 

and protein-protein interactions in the CusCFBA transport system (In preparation), 

which is included in Appendix A.  Linda Breci from the Arizona Proteomics Consortium 

(University of Arizona) and Trisiani Affandi, a graduate student in the McEvoy 

laboratory, were also involved in helping with the mass spectrometric analysis.  For the 

X-ray absorption spectroscopy (XAS) experiments, I prepared the samples and Ninian J. 

Blackburn performed the data collection and analysis at Stanford Synchrotron Radiation 

Lightsource (SSRL), assisted by a graduate student in his research group, Kelly Chacón.  
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4.1 Abstract 

 Metal resistance in bacteria is often mediated by efflux systems such as the 

Cu(I)/Ag(I) tripartite periplasmic-spanning CusCBA complex, which expels toxic ions 

from the periplasm.  CusF, the novel fourth component of the Cus system, is a small 

periplasmic metallochaperone that has been shown to deliver metal to the membrane 

fusion protein (MFP) CusB.  In the work described here, we hypothesize that CusF also 

delivers metal to the inner membrane RND protein CusA.  Through chemical cross-

linking and high-resolution mass spectrometry, an interaction between CusF and CusA is 

revealed for the first time.  Furthermore, X-ray absorption spectroscopy (XAS) is utilized 

to probe metal transfer between CusF and CusA and between the N-terminal region of 

CusB (CusB-NT) and CusA.  EXAFS results presented here support an efflux model in 

which CusA acquires metal from the metallochaperone CusF and not from CusB.  In this 

model, CusB plays a regulatory role in activating the pump upon substrate-induced 

conformational changes.  Elucidation of the protein-protein interactions and metal 

transfer partners within the Cus system is crucial for discovering the mechanism of metal 

efflux through CusCFBA.  
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4.2 Introduction 

4.2.1  The metallochaperone CusF 

 The CusCFBA efflux system expels toxic copper and silver ions from the 

periplasm of E. coli; however, the pathway of these substrates during efflux and the 

primary role of each protein in the system are not completely understood (Chapter I, 

Figure 1.2).  The small periplasmic metal-binding protein, CusF, has been shown to act as 

a metallochaperone, delivering metal to the tripartite CusCBA pump and is involved in 

specific interactions with the MFP, CusB, in a metal-dependent manner.  Direct metal 

transfer between CusF and CusB has been demonstrated previously (Bagai, et al., 2008) 

and these proteins interact at their metal-binding sites (Mealman, et al., 2011).  Metal 

binding by CusB induces a conformational change (Bagai, et al., 2007) that could lead to 

activation of the efflux pump, however these details are not well understood yet and are 

the focus of Chapter V.   

 

4.2.2  Two proposed models for metal efflux 

One major inquiry regarding the mechanism of metal efflux through the Cus 

system is the question of where metal ions enter the pump.  One option is that CusF 

delivers copper to CusB, which is subsequently funneled to the metal-binding site in 

CusA for removal to the extracellular space through the OMF CusC.  CusB and CusA 

form a complex, wherein the metal-binding site of CusB is likely in proximity to that of 

CusA; however, the metal-binding site (M21, M36, and M38) of CusB is unresolved in 

this co-crystal structure.  The funneling of metal from CusB to CusA has traditionally 
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been the proposed mechanism for efflux through the Cus system; however, direct metal 

transfer between CusB and CusA has not been observed.   

In the second proposed model, metal binding by CusB induces a conformational 

change in the protein, which leads to activation of CusCBA for the elimination of metal, 

but without funneling of metal from CusB to CusA.  Instead, metal binding by CusB 

serves a regulatory role, turning the pump on and off.  One can imagine a point at which 

the efflux pump would need to be turned off, after a sufficient amount of metal ions have 

been expelled and the appropriate copper/silver concentrations have been reached.  In this 

model, it is proposed that CusB metal dissociation, through metal transfer back to CusF 

or simply dissociation into the periplasm, could result in the termination of efflux through 

CusCBA.  If this model were true, CusA would be the substrate entry point and could 

acquire metal from the periplasm.  Free metal ions likely do not exist in the periplasm 

because they would be incredibly toxic.  Instead, metal ions are probably kept in complex 

with proteins or small molecules such as siderophores.  Thus, we made the hypothesis 

that CusF could also deliver metal to CusA. 

 

4.2.3  CusF/CusA interaction  

 A comparative genomic study of the individual Cus components throughout all 

sequenced bacterial genomes resulted in the discovery of a number of putative CusF-like 

proteins (Kim, et al., 2010).  Interestingly, a CusA-CusF fusion protein was identified in 

Oligotropha carboxidovorans, which further led to the speculation that there may be an 

interaction between CusF and CusA.  A metallochaperone role has already been 
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identified for CusF, as it delivers metal to CusB (Bagai, et al., 2008).  We hypothesize 

that CusF could additionally deliver metal to the inner membrane RND protein CusA for 

efflux through the complex.  Under copper stress, the cusF gene transcript increases the 

most compared to all E. coli gene transcripts (Egler, et al., 2005).  If this also translates to 

protein expression levels, there would be an excess of CusF in the periplasm, compared 

to the other proteins of the Cus system.  Thus, it is reasonable to predict that CusF could 

deliver metal to both CusB and CusA. 

 In this chapter, experiments designed to investigate protein interactions and metal 

transfer between Cus proteins are described.  First, chemical cross-linking coupled with 

mass spectrometry is utilized to probe an interaction between CusF and CusA and 

subsequently to determine the location of an interaction site.  Second, XAS experiments 

are performed to examine direct metal transfer between CusF and CusA and between 

CusB and CusA.  These techniques are discussed in detail in section 1.6 of Chapter I. 
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4.3 Materials and Methods 

4.3.1  Plasmid construction, cell growth, and protein purification 

 cusA was PCR-amplified using the E. coli W3110 (gi: 89106884) chromosome as 

a template and cloned under control of the Tet promoter in the polylinker of 

pASKIBA3plus (IBA, Germany) with a C-terminal Strep-tag II fusion (SA-

WSHPQFEK) by Eun-Hae Kim.  For protein expression, this construct was transformed 

into E. coli BL21-(λDE3) cells and grown in LB at 37 ºC until they reached an O.D.600 of 

0.6-1.0, then induced with 200 µ g/L of anhydrotetracycline (AHT).  Growth was 

continued at 30 ºC for ~4 hours and then the cells were harvested by centrifugation.   

For CusA purification, cell pellets were resuspended in buffer W (100 mM Tris-

Base, 150 mM NaCl, pH 8.0) containing protease inhibitors (2 µg/mL aprotinin, 2 µg/mL 

leupeptin, 2 µg/mL pepstatin, and 0.5 mM PMSF), 12.5 µg/mL 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 3-4 times.  The lysate was centrifuged at 31,000 x g for 1 hour 

to remove cell debris and in order to recover cellular membranes, 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 8 mL of buffer A (100 mM Tris-Base, 

500 mM NaCl, 100 mM sucrose, 0.5 % cymal-6, pH 8.0).  Once homogenized the lysate 

was brought up to approximately 20 mL in buffer A and clarified for approximately 1 

hour by stirring at 4 °C.  To remove membrane debris, the clarified lysate was 

ultracentrifuged at 100,000 x g for 1 hour at 4 °C.  The supernatant was loaded onto a 

Strep-Tactin resin affinity column (IBA, Germany), equilibrated with buffer E (100 mM 
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Tris-Base, 500 mM NaCl, 100 mM sucrose, 0.05 % cymal-6, pH 8.0) and protein was 

eluted with 2.5 mM desthiobiotin in buffer E in 1.7 mL fractions.  Purity of protein 

fractions was detected by Coomassie-stained SDS-PAGE.  An example of one CusA 

purification gel is displayed in Figure 4.1.  Fractions > 85% pure were pooled and 

dialyzed against appropriate buffer and concentrated using Amicon concentrators with a 

10 kDa molecular weight cut-off.  Protein concentrations were determined by the 

Bradford assay (Compton & Jones, 1985) (Bio-rad) with BSA as a standard.  CusF was 

purified as described previously (Loftin, et al., 2005). 
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Figure 4.1: Coomassie stained 7.5% SDS-PAGE of CusA, molecular weight ~115 kDa.  
Molecular weights of corresponding proteins from the ladder are indicated above.  
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4.3.2  Selenomethionine-labeled cell growth 

 For XAS studies, selenomethionine-labeled CusB-NT (SeM-CusB-NT) and CusF 

(SeM-CusF) were produced from E. coli BL21-(λDE3) cells containing the pGEX_CusB-

NT and pASKIBA3/cusF plasmids respectively.  CusB-NT was chosen instead of full-

length CusB because of the ability to obtain higher concentrations of this protein 

fragment compared to the full-length protein.  Cells were grown in M9 minimal medium 

supplemented with L-selenomethionine, leucine, isoleucine, and valine at 50 mg/L and 

lysine, phenylalanine, and threonine at 100 mg/L (Doublie, 1997).  Purification of SeM-

CusB-NT was performed as described in Chapter III and SeM-CusF as described 

previously (Loftin, et al., 2005).  MALDI-TOF mass spectrometry was utilized to verify 

the correct molecular masses of both proteins and to estimate the incorporation (>95%) of 

selenium into both proteins (data not shown). 

 

4.3.3 Chemical cross-linking 

Chemical cross-linking reagents BS2G (bis(sulfosuccinimidyl)glutarate) and BS3 

(bis(sulfosuccinimidyl)suberate), with linker lengths of 7.7 Å and 11.4 Å respectively, 

were purchased from Pierce (Rockford, IL).  Sequencing-grade trypsin and all other 

chemicals were purchased from Sigma-Aldrich unless otherwise stated.  For the cross-

linking reactions, Ag(I)-CusF and apo-CusA were mixed in a 1:1 molar ratio (20-30 µM 

final concentration each) in 20 mM Na-Hepes, 0.05% cymal-6, pH 7.5.  The 

homobifunctional cross-linking reagents BS2G and BS3 were prepared as separate stock 

solutions (50 mM) in DMSO shortly prior to addition.  Cross-linker was added 
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immediately upon protein mixing with a final concentration of 50-fold molar excess of 

protein concentration and a final reaction volume of 100 µL.  The reaction was carried 

out on ice for 90 minutes and was quenched upon addition of NH4HCO3 (20 mM final 

concentration).  The strategy for cross-linking is shown in Figure 4.2. 
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Figure 4.2: CusA/CusF cross-linking strategy.  Schematic illustrating cross-linking 
strategy: Ag(I)-CusF and apo-CusA are mixed in 1:1 molar ratios with 50-fold excess 
cross-linker (BS2G or BS3).  Cross-linked product is confirmed using one-dimensional 
SDS-PAGE and Western blot analysis prior to in-solution tryptic digest of silver-stained 
gel bands.  The complex peptide mixture is separated with nano-HPLC and analyzed by 
an LTQ-Orbitrap.  LC-MS/MS data are searched with SQID-XLink for identification of 
cross-links.  (CusF PDB code 1ZEQ (Loftin, et al., 2005)) (CusA PDB code 3KO7 
(Long, et al., 2010)). 
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A small portion (12 µL) of the reaction mixture was used to identify a cross-

linked product with one-dimensional SDS-PAGE (4-8% gradient gel) and Western blot 

analysis.  Because of the molecular weights of the proteins (CusA is ~115 kDa and CusF 

is ~10 kDa), it is difficult to resolve a CusA monomer band from that of a CusF/CusA 

cross-linked product band (~125 kDa).  Therefore, Western blot with a specific CusF-

antibody was used to probe for the presence of CusF at the higher molecular weight of 

CusA.  Upon verification of a cross-linked product by Western blot analysis, the 

remaining cross-linked reaction mixture is also analyzed by SDS-PAGE and silver 

stained.  Using the Western blot as a guide, bands corresponding to a cross-linked 

product between CusF and CusA were excised from the silver-stained gel and in-gel 

tryptic digests of these bands were performed as described (Shevchenko, et al., 2006).  

Prior to MS analysis, the cross-linked samples were desalted using C18 zip tips 

(Millipore).  

 

4.3.4  Nano-HPLC and mass spectrometry 

Cross-linked samples were analyzed on a hybrid linear ion trap-Orbitrap 

instrument, the LTQ-Orbitrap Velos (Thermo Fisher, San Jose, CA).  Peptides were 

ionized by electrospray ionization in positive ion mode using a NanoMate nanospray 

source (Advion, Ithaca, NY).  The LTQ-Orbitrap Velos mass spectrometer was coupled 

to a nanoflow HPLC system (Proxeon nanoEASY HPLC; Thermo) equipped with a 100 

µm i.d. x 20 mm long C-18 precolumn (Easy column, Thermo) for trapping peptides and 

a 75 µm i.d. x 100 mm long C-18 analytical column (Easy column, Thermo) for 
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separation of peptides prior to MS/MS analysis.  The peptide mixture produced by 

protein digestion was first loaded onto the pre-column with 5% solvent B (0.1% formic 

acid in acetonitrile) at a flow rate determined by maximum 280 bar pressure loading, 

generally 20 µL/min. The sample was then separated on the analytical column using a 50 

minute gradient from 5% B to 35% B, followed by a 5 minute gradient to 85% B and 

then a 5 minute gradient to 95% B at 300 nL/min.  The peptides were directly introduced 

into the LTQ-Orbitrap Velos using the NanoMate with the spray voltage set at 1.77 kV.   

To identify the cross-linked peptides, data-dependent MS/MS analysis (m/z 350–

2000) was performed using MS acquisition software (Xcalibur 2.1, Thermo Fisher 

Scientific), in which a full high-resolution MS scan at 30,000 resolution was followed by 

a maximum of ten MS/MS scans of the ten most intense precursor ions with charge states 

≥ 3.  The data-dependent selection was set to reject all un-assigned, singly-, and doubly-

charged precursors (as cross-linked peptides often have a charge state of 4 or higher, e.g. 

two amino termini and two basic C-terminal residues from tryptic cleavage).  In order to 

perform MS/MS of the less abundant ions, dynamic exclusion was set to select and 

fragment ions of a given m/z once and then place the selected ion on an exclusion list for 

a duration of 45 seconds.  Precursor ions were selected and excluded using the 

monoisotopic precursor selection (MIPS) feature of the LTQ Orbitrap Velos, which 

allowed a selected ion width of 10 ppm and required that the isotope pattern of the 

selected precursor fit a model for peptide ions calculated for similar mass.  For MS/MS, 

precursor ions were selected with a mass width of 4 amu, and were fragmented in the ion 

trap at 50% relative energy with 30 msec activation time before transfer to the Orbitrap 

144



 

for mass measurement at 7,500 resolution.  MS/MS spectra were converted to *.dta files 

using Thermo Proteome Discoverer 1.2 (Thermo Fisher Scientific) for de novo 

sequencing. 

 

4.3.5  Tandem MS data analysis 

Tandem mass spectral .dta files were searched by an in-house program, SQID-

XLink, developed by Wenzhou Li (Li, et al., 2012).  Briefly, a list of potential peptides 

from a tryptic digestion was generated and masses of linear peptide combinations that 

included cross-linker masses were searched against the corresponding peaklist files.  

Calculated masses of b and y-ion fragments were searched against the MS/MS peaklist 

files and lists of identified matches were scored with respect to the number of fragments 

identified.  Manual verification of each match was made by comparing the raw data, 

using Xcalibur (Thermo), with theoretical MS/MS fragment ion lists from GPMAW 

(Lighthouse Data) and/or Protein Prospector (UCSF, http://prospector.ucsf.edu). 

 

4.3.6  X-ray absorption spectroscopy sample preparation   

XAS samples were prepared in an anaerobic chamber.  CuCl2 was added to CusA, 

SeM-CusB-NT, and SeM-CusF in appropriate buffer (1.2:1 metal:protein concentration) 

in the presence of 50 mM ascorbate buffered at the same pH as the protein buffer.  Excess 

metal was removed with size exclusion chromatography spin columns (BioRad).  

Proteins (apo-CusA and Cu(I)-SeM-CusF or Cu(I)-SeM-CusB-NT) were mixed with a 

final protein concentration ratio of 1:1.  75 µL of each sample was mixed with 25 µL of 
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ethylene glycol, transferred to an XAS vial, and flash-frozen in liquid nitrogen.  These 

experiments were performed multiple times. 

 

4.3.7  XAS data collection and analysis   

 Data collection and analysis were performed as described previously in Chapter 

III, section 3.3.7.  In addition to Cu K-edge (8.9 keV) extended X-ray absorption fine 

structure (EXAFS), Se K-edge (12.7 keV) EXAFS data were collected at Stanford 

Synchrotron Radiation Lightsource (SSRL).  For Se measurements, a monochromator 

with a 15 keV energy cutoff was used to reject harmonics and energy calibration was 

achieved by reference to the first inflection point of a selenium metal foil (12.7 keV), 

placed between the second and third ionization chambers. 
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4.4 Results 

4.4.1  Identification of CusF/CusA cross-linked product 

 We have recently proposed that the metallochaperone protein CusF and the inner 

membrane RND protein CusA interact, potentially as CusF delivers metal to CusA for 

elimination through the OMF protein CusC.  However, an interaction between CusF and 

CusA has never been shown before, to our knowledge.  Chemical cross-linking was used 

to probe this interaction in the presence of metal.  Because of the difficulty in resolving a 

band corresponding to the molecular weight of CusA monomer (~115 kDa) and that of a 

CusF/CusA cross-linked product (~125 kDa) by SDS-PAGE, Western blot analysis was 

utilized to identify the presence of CusF at the higher molecular weight of CusA using an 

anti-CusF specific antibody (Figure 4.3a).  Bands excised from silver-stained gels (Figure 

4.3b) and analyzed by mass spectrometry resulted in the identification of two non-cross-

linked CusF peptides, indicating that CusF is present in the higher molecular weight 

band.  The MS/MS spectrum of one CusF peptide is shown in Figure 4.4.  It has a parent 

m/z of 2034.10 amu and an error of 1.72 ppm. 
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a)     b) 

 
 
Figure 4.3: CusF/CusA cross-linking results: a) Western blot analysis (probed with anti-
CusF): 1) protein ladder 2) AgCusF (no BS2G) 3) AgCusF + BS2G 4) AgCusF + apo-
CusA (no BS2G) 5) AgCusF + apo-CusA + BS2G, 1hr 6) AgCusF + apo-CusA + BS2G, 
30 min 7) AgCusF + apo-CusA + BS2G, 2 hr and b) silver-stained SDS-PAGE: 8) protein 
ladder 9) AgCusF (no BS2G) 10) apo-CusA (no BS2G) 11) AgCusF + BS2G 12) apo-
CusA + BS2G 13) AgCusF + apo-CusA (no BS2G) 14) AgCusF + apo-CusA + BS2G, 1hr 
15) AgCusF + apo-CusA + BS2G, 30 min 16) AgCusF + apo-CusA + BS2G, 2 hr.  The * 
indicates the bands corresponding to the presence of CusF at the higher molecular weight 
of CusA (CusF/CusA cross-linked products). 
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Figure 4.4: MS/MS spectrum of CusF68-85.  Fragment ions of CusF68-85 are labeled as b 
and y ions within the spectrum and within the amino acid sequence. 
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Analysis of multiple cross-linked samples with XLink-SQID has resulted in the 

determination of one potential cross-linked peptide between CusF and CusA in the 

presence of metal.  The potential cross-link is located between CusF K30 or K31 and 

CusA K594.  The experimental m/z of this cross-linked product is 5588.775 amu with an 

error of 4.34 ppm.  Five fragment ions can be confidently identified in the MS/MS 

spectrum (Figure 4.5); however, all fragments are from the CusA peptide.  Other peaks in 

the spectrum are unable to be identified, even manually, and could be a result of multiple 

cleavages and/or internal cleavages.  Furthermore, because fragment ions from the CusF 

peptide are unable to be identified, determination of the exact CusF location (K30 vs 

K31) of the cross-link is unable to be resolved.   
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Figure 4.5: MS/MS spectrum of a potential CusF/CusA cross-link.  The location of the 
cross-link is between CusF K30/K31 and CusA K594.  The peptide precursor m/z is 
5588.775 amu.  CusA and CusF peptides are labeled as α and β respectively.  
Fragmentation resulting in y ions is marked within the peptide sequence and labeled in 
the spectrum. 
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4.4.2 CusA intramolecular cross-links 

 CusA intramolecular cross-links were identified by XLink-SQID and verified by 

measuring the distances between lysine residues (specifically the side-chain amino 

nitrogen atoms) involved in cross-links in the crystal structure (Long, et al., 2010).  A 

table listing these confirmed CusA intramolecular cross-links, including their residue 

numbers and measured distances is listed in Table 4.1.  All confirmed cross-links have 

10 or more fragment ions identified in their MS/MS spectra and precursor mass errors of 

less than 20 ppm.  The cross-linker BS3 has a spacer arm of 11.4 Å and the measured 

distances of 12.2-28.2 Å from the crystal structure are reasonable, when considering the 

dynamic nature of proteins. 
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Residues Distance (Å) 
K169/K295 17.0 
K169/K307 13.2 
K594/K608 21.5 
K150/K169 28.2 
K305/K312 12.2 
K150/K165 27.0 
K678/K871 28.2 
K295/K305 19.1 
K295/K307 16.6 

 
Table 4.1: Table of intramolecular CusA cross-links.  Intramolecular BS3 cross-links 
within CusA were identified and verified by comparison with distances measured 
between cross-linked residues (lysine side chain amino nitrogen atoms) in the CusA 
crystal structure (PDB code 3KO7). 
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4.4.3  The copper coordination site of CusA 

 Preliminary EXAFS results of Cu(I)-CusA at the Cu-edge (Figure 4.6) reveal a 3-

sulfur coordination site, as is expected from the crystal structure in which metal is bound 

by M573, M623, and M672.  The experimental data were fit to theoretical calculations 

using two Cu-S bonds at 2.2 Å and one longer Cu-S bond distance of 2.7 Å.   
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Figure 4.6: EXAFS of Cu(I)-CusA.  Main panel shows the Fourier transform with the 
EXAFS plotted in the inset.  Blue traces are experimental data and red traces are 
simulated data.  The Cu-S(Met) bond lengths determined from simulation are two Cu-S 
bonds at 2.2 Å and one Cu-S bond length of 2.7 Å. 
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4.4.4 Metal transfer between Cus proteins 

 Analysis of preliminary data from EXAFS experiments designed to probe metal 

transfer between CusF and CusA revealed a decrease in Se-signal corresponding to the 

Cu-Se(Met) bonds of Cu(I)-SeM-CusF upon the addition of CusA (Figure 4.7).  

Additionally, EXAFS data of Cu(I)-SeM-CusB-NT plus apo-CusA did not show 

evidence of any metal transfer (data not shown). 
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Figure 4.7: EXAFS of metal transfer between CusF and CusA.  Se-edge EXAFS of 
Cu(I)-SeM-CusF (red) and Cu(I)-SeM-CusF + apo-CusA (blue).  The inset shows 
EXAFS data and the main panel shows the Fourier transform, demonstrating a decrease 
in signal corresponding to Cu(I)-Se of CusF upon the addition of CusA. 
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4.5 Discussion 

4.5.1 CusF and CusA interact in the presence of metal 

 Excess metal ions are toxic to E. coli and an understanding of the mechanism of 

metal efflux through the Cus system is crucial in order to gain insight into metal 

resistance by these types of systems.  An essential part is the elucidation of protein-

protein interactions and metal transfer between Cus proteins.  A metallochaperone role 

has been established for CusF; it delivers metal to the MFP CusB, which we believe 

activates the pump for metal elimination.  How metal is transferred through the pump and 

eventually extruded through the OMF protein CusC and where metal ions enter the pump 

have yet to be determined.  Metal binding by CusA could provide an entry point, but 

from where does CusA acquire metal? 

 In order to probe an interaction between CusF and CusA in the presence of metal, 

in vitro chemical cross-linking was utilized.  When apo-CusA and Ag(I)-CusF are 

incubated in the presence of cross-linker, a higher molecular weight protein band 

corresponding to a CusF/CusA cross-linked product is present upon analysis by Western 

blot.  Further analysis by high-resolution mass spectrometry has revealed a potential 

location of this cross-link between CusF K30/K31 and CusA K594.  Examination of the 

location of K594 within the crystal structure of CusA reveals it is in close proximity to 

the metal-binding site of CusA (Figure 4.8).  This would be a reasonable location for an 

interaction with CusF, if indeed CusF delivers metal to the three-methionine site within 

CusA.   
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Figure 4.8: CusA K594 involved in potential CusF/CusA cross-link.  The metal-binding 
site residues of CusA (M573, M623, and M672) are displayed in purple with copper 
shown in yellow.  K594 is colored pink.  Structures from PDB file 3K0I (Long, et al., 
2010). 
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While the parent mass of the cross-linked peptide is in good agreement with the 

theoretical mass (4.34 ppm error), the absence of any identifiable CusF fragment ions and 

the presence of unidentifiable peaks within the spectrum need to be addressed.  Better 

fragmentation information is needed for greater confidence in this assignment.  Most 

likely the unidentifiable peaks are a result of internal cleavages and multiple cleavages 

within the cross-linked product, which we currently do not have an effective way of 

analyzing.  Additional fragmentation and/or tools capable of analyzing internal 

fragmentation and multiple cleavages would aid in the identification of more cross-linked 

product cleavage sites of this potential cross-link, leading to a stronger validation of this 

CusF/CusA interaction site.  With the development of more algorithms and programs for 

cross-linking data analysis, these problems can be addressed in the future.  

These cross-linking results are consistent with the CusF/CusA interaction 

observed by co-purification and in vivo chemical cross-linking (performed by Eun-Hae 

Kim and described in the manuscript in Appendix A).  Collectively, these data 

demonstrate that CusA and CusF interact both in vivo and in vitro, supporting the 

possibility that metal delivery to the inner membrane RND protein CusA may be through 

the metallochaperone CusF. 

 

4.5.2  A proposed model for metal efflux 

Cu(I)-CusA EXAFS results identify a copper coordination site consisting of three 

sulfur atoms, presumably from the three methionine residues that comprise the metal-

binding site of CusA (M573, M623, and M672) (Long, et al., 2010).  However, distances 
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of Cu-S bonds within the crystal structure are unable to be determined precisely from the 

3.52 Å structure.  Through EXAFS, these Cu-S bond distances could be probed.  M672 is 

located on a small horizontal alpha helix of CusA that shifts significantly upon metal 

binding.  We hypothesize that the sulfur atoms of M573 and M623 are involved in the 2.2 

Å Cu-S bonds, while M672 is the Met residue corresponding to the Cu-S bond with the 

longer distance (2.7 Å) and that mobility of this residue, in combination with a mobile 

helix, could provide the movement necessary for metal transfer. 

Preliminary EXAFS results have revealed metal transfer between Cu(I)-SeM-

CusF and apo-CusA, which provides additional support of a delivery role for the 

metallochaperone CusF to the RND protein CusA.  To our knowledge, this is the first 

example of metal transfer between the metallochaperone CusF and the inner membrane 

RND protein CusA.  Furthermore, the lack of transfer observed between Cu(I)-SeM-

CusB-NT and apo-CusA suggests that metal is not funneled from CusB to CusA for 

efflux.  In the CusBA co-crystal structure, the stoichiometry of CusB:CusA is 2:1, 

presenting an issue if two metal ions from the CusB molecules are both being transferred 

to the single CusA metal-binding site.  This could produce a bottleneck effect and does 

not seem favorable.  Additionally, in vitro chemical cross-linking experiments designed 

to capture an interaction between CusB and CusA, if an interaction occurs at their metal-

binding sites, did not result in the appearance of any cross-linked products by Western 

blot analysis (Kim, E. H., Mealman, T. D., Rensing, C., and McEvoy, M. M. (In 

preparation), Appendix A).  From this, we conclude that the metal-binding sites of CusA 

and CusB are most likely not in close proximity to one another.  Because the metal-
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binding site of CusB is missing from the co-crystal structure, further work must be done 

to elucidate the details of interactions between CusA and the N-terminal region of CusB. 

 Our results provide support for a model of metal efflux termed the Switch Model 

(Kim, et al., 2011), in which metal binding by the MFP CusB induces a substrate-linked 

conformational change in CusB, which acts as an allosteric regulator, turning the pump 

on and allowing for the entry of periplasmic copper/silver ions via the RND protein CusA 

and subsequent elimination through the OMF CusC.  We have shown that the 

metallochaperone protein CusF interacts with CusA in the presence of metal and is 

capable of transferring metal to CusA in vitro.  Thus, we believe CusF is involved in 

delivery of copper/silver ions to CusA for efflux to the extracellular space.  If CusB 

serves a regulatory role, metal dissociation from CusB to the periplasm or transfer from 

CusB to CusF, could terminate pump activity and allow efflux to stop when copper 

concentrations have reached appropriate levels. 
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CHAPTER V 

INVESTIGATION OF METAL-INDUCED CONFORMATIONAL 

CHANGES IN THE MFP CUSB 

 

In this chapter, I discuss experiments performed to probe the substrate-linked 

conformational change in CusB observed by a previous graduate student in the McEvoy 

laboratory, Ireena Bagai (Bagai, et al., 2007).  I expressed and purified all of the proteins 

used for these experiments.  I performed the chemical cross-linking experiments and 

high-resolution mass spectrometry analysis with the help of Linda Breci from the Arizona 

Proteomics Consortium (University of Arizona).  I carried out the limited proteolysis 

experiments with the help of an undergraduate student, Anthony Kenrick.  MALDI-TOF 

mass spectrometric analysis of limited proteolysis samples was performed with Arpad 

Somogyi in the Mass Spectrometry Facility (University of Arizona).  Ion mobility mass 

spectrometry (IM-MS) experiments were designed and carried out with Mowei Zhou, 

who also analyzed the IM-MS data. 
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5.1 Abstract 

 Membrane fusion proteins (MFP) are essential components of CBA-type efflux 

systems and are required for pump assembly and function.  Conformational flexibility 

within MFPs has been demonstrated and is believed to play a significant role in 

contributing to protein function and interactions with the inner membrane RND protein 

and the outer membrane factor (OMF) protein.  A substrate-linked conformational change 

in CusB has been observed previously (Bagai, et al., 2007).  Here, conformational 

changes are probed by three techniques, each coupled to mass spectrometry: chemical 

cross-linking, limited proteolysis and ion mobility.  The cross-linking experiments did 

not reveal structural differences between apo-CusB and Ag(I)-CusB, but provide 

evidence for the location of the N-terminal region of CusB when metal-bound, which is a 

region that is missing from all crystal structures.  Limited proteolysis profiles of apo and 

holo species are not significantly different, but demonstrate that the largest, most stable 

fragment of CusB consists of T68 through the C-terminus.  Potentially the remaining 

smaller stable fragment contains the N-terminal metal-binding region.  Drift times of apo-

CusB and Ag(I)-CusB measured by ion mobility are essentially the same.  Collectively, 

the results presented here do not demonstrate any striking differences between the 

structure of apo-CusB and Ag(I)-CusB. 
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5.2 Introduction  

5.2.1  Structure of CusB 

 The MFP CusB is essential for Cus-mediated copper resistance in E. coli and 

serves a crucial role in stabilizing the efflux pump through interactions with both the 

inner membrane RND protein CusA and the outer membrane factor protein CusC.  MFPs 

have been shown to be required for CBA complex assembly in multidrug efflux systems 

(Seeger, et al., 2006, Lobedanz, et al., 2007, Bavro, et al., 2008, Kim, et al., 2010, 

Janganan, et al., 2011).  The structure of CusB consists of four domains separated by 

linker regions (Su, et al., 2009), which could contribute to the flexibility of CusB 

necessary for function and pump assembly (Mikolosko, et al., 2006, De Angelis, et al., 

2010).  Within the asymmetric unit of the crystal structure, two CusB molecules are 

present, each with its own distinct conformation (Su, et al., 2009).  Additionally two 

other conformations of CusB are observed in the CusBA co-crystal structure (Su, et al., 

2011).  A comparison of the four conformations of CusB by superimposition, suggests 

that the main difference comes from domains 1 and 2 (the membrane proximal (MP) and 

β-barrel domains) (Su, et al., 2011).  These unique conformations could represent the 

most stable forms of the protein and suggest that CusB is most likely very flexible and 

dynamic in nature, which is true of other MFPs (Mikolosko, et al., 2006, Vaccaro, et al., 

2006, Wang, et al., 2012). 

  

5.2.2 CusB conformational change 
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 Initial characterization of the soluble MFP CusB, revealed that it is monomeric 

and plays an active role in efflux (Bagai, et al., 2007).  While almost all MFPs from the 

well-characterized multidrug efflux systems do not bind substrate, CusB binds a single 

copper/silver ion (Bagai, et al., 2007) and analytical gel filtration experiments 

demonstrated that CusB undergoes a conformational change upon binding metal.  Metal-

bound CusB appears to adopt a more compact structure compared to apo-CusB, as the 

Ag(I)-CusB species elutes 0.5 mL later than the apo form (Bagai, et al., 2007).  This is 

not a change in the oligomeric state of CusB, as analytical ultracentrifugation (AUC) 

results demonstrate no difference in oligomeric state upon metal-binding (Bagai, et al., 

2007).  A similar substrate-linked conformational change has been observed with the 

MFP ZneB of the zinc efflux system in Cupriavidus metallidurans CH34 (De Angelis, et 

al., 2010). 

 We sought to characterize the metal-induced conformational change in CusB 

through intramolecular chemical cross-linking coupled to high-resolution mass 

spectrometry, limited proteolysis with trypsin and chymotrypsin, and ion mobility mass 

spectrometry (IM-MS).  For each technique, experimentation was performed with apo-

CusB and Ag(I)-CusB separately and the data were compared in order to draw 

conclusions regarding structural differences between the two species. 
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5.3 Materials and Methods 

5.3.1 Cell growth and CusB protein purification 

 pASK-IBA3 containing the full-length cusB gene with a C-terminal Strep affinity 

tag was cloned by Ireena Bagai (Bagai, et al., 2007).  This plasmid was transformed into 

BL21-(DE3) E. coli cells.  For protein production, cells were grown in LB media at 37 ºC 

until they reached an O.D.600 of 0.6-1.0, then induced with 200 µ g/L of 

anhydrotetracycline (AHT).  Growth was continued at 30 ºC for ~6 hours and then the 

cells were harvested by centrifugation.  Purification of full-length CusB was performed 

as described previously (Bagai, et al., 2007).  CusB-NT was cloned, expressed, and 

purified as previously described in Chapter III sections 3.3.1-3.3.2. 

 

5.3.2 Intramolecular chemical cross-linking and mass spectrometry 

 Chemical cross-linking experiments and mass spectrometric analysis were 

performed as described previously in Chapter IV sections 4.3.3-4.3.5.  Cross-linking 

reactions were carried out with apo-CusB and Ag(I)-CusB separately.  The final protein 

concentration was 10-20 µM and the cross-linker (BS2G or BS3) concentration was 50-

fold. 

 

5.3.3 Limited proteolysis 

 Apo-CusB and Ag(I)-CusB were separately subjected to limited proteolysis with 

trypsin and chymotrypsin independently.  Proteases were added to CusB (final 

concentration 30 µM) in 100 mM ammonium bicarbonate pH 8.0 at a ratio of 50:1 wt/wt 
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trypsin:protein and 300:1 wt/wt  chymotrypsin:protein.  Proteolysis was carried out on ice 

and reactions quenched by removal of samples at particular time points and the addition 

of 4x SDS loading dye and boiling for 5 mins.  Samples were analyzed by SDS-PAGE 

and MALDI-TOF mass spectrometry.  Selected bands from the SDS-PAGE gel were 

excised and in-gel tryptic digests were performed as described (Shevchenko, et al., 2006) 

and submitted for LC-MS/MS analysis to the Arizona Proteomics Consortium. 

 

5.3.4 Ion mobility mass spectrometry 

 Full-length apo-CusB, full-length Ag(I)-CusB, apo-CusB-NT and Ag(I)-CusB-NT 

were analyzed by ion mobility mass spectrometry with a Synapt G2 QTOF mass 

spectrometer as described previously in Chapter III, section 3.3.5.  For ion mobility, the 

capillary and cone voltages were set to 1.15 kV and 50 V respectively.  Helium and 

nitrogen flow rates were 180 mL/min and 90 mL/min respectively.  IMS wave was set to 

180 m/s and 16 V for full-length CusB and 120 m/s and 12 V for CusB-NT.  The backing 

pressure and TOF pressure were 4.82 mbar and 6.73E-7 mbar for full-length CusB and 

4.88 mbar and 6.68E-7 mbar for CusB-NT. 
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5.4 Results 

5.4.1 Mapping intramolecular CusB cross-links 

 Chemical cross-linking and mass spectrometry were utilized to identify cross-

links between lysine residues within apo-CusB and Ag(I)-CusB in order to map the 

conformations of CusB in solution.  Figure 5.1 shows the structure of CusB with lysine 

residues colored in purple throughout the structure to denote potential sites for cross-

linking to occur.  Four cross-links were identified within apo-CusB and five within Ag(I)-

CusB with an error of less than 20 ppm.  The identified cross-links are listed in Table 5.1 

along with their precursor m/z, number of fragments, and distance measured within the 

crystal structure (distances measured between side chain amino nitrogen atoms).  All 

cross-link distances (7.29-25.25 Å) are consistent with the expected cross-linking 

distances for BS2G and BS3.  A representative MS/MS spectrum of one cross-linked 

peptide from Ag(I)-CusB, showing a cross-link between K246 and the N-terminus is 

displayed in Figure 5.2. 
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Figure 5.1: The structure of CusB with lysine residues colored in purple and labeled with 
residue numbers to denote potential cross-linking sites.  Based on PDB file 3OOC (Su, et 
al., 2011). 
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Sample Cross-linker Residues m/z Fragments 
identified 

Distance 
(Å) 

apo-CusB BS2G K175/K203 2597.44 12 25.25 
apo-CusB BS2G K183/K106 3665.98 12 12.49 
apo-CusB BS3 K183/K106 3708.03 10 12.49 
apo-CusB BS3 K183/K118 5011.74 10 7.29 

Ag(I)-CusB BS2G K67/N- 
terminus 

2708.41 14 n/a 

Ag(I)-CusB BS2G K13/K43 5142.43 14 n/a 
Ag(I)-CusB BS2G K13/K29 

or K32 
5787.74 12 n/a 

Ag(I)-CusB BS2G K246/N- 
terminus 

2995.57 11 n/a 

Ag(I)-CusB BS2G K348/K67 4986.59 11 11.03 
 
Table 5.1: Cross-linking results for apo-CusB and Ag(I)-CusB with BS2G and BS3.  
Cross-linked residues are listed, along with their precursor m/z, number of fragments, and 
distances measured in the crystal structure, PDB 3OOC (Su, et al., 2011). 
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Figure 5.2: MS/MS spectrum of Ag(I)-CusB intramolecular cross-link between K246 
and the N-terminus of the protein.  Peptide fragments are labeled within the spectrum 
with CusB232-251 designated as α and CusB1-6 designated as β. 
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CusB consists of four domains (Chapter I, Figure 1.5): (1) the membrane 

proximal (MP) domain, (2) the β-barrel domain, (De Angelis, et al.) the lipoyl domain, 

and (4) the alpha helical domain.  A comparison of the cross-links identified within apo-

CusB and Ag(I)-CusB reveal that all four cross-links within apo-CusB are within or 

between the lipoyl and the alpha helical domains (domains 3 and 4), while all five of the 

cross-links within Ag(I)-CusB are within or between the membrane proximal domain, the 

β-barrel domain, and the N-terminal region of the protein (domains 1, 2, and the N-

terminal portion which is missing from the crystal structure).  Ideally, cross-links that 

differ between apo-CusB and Ag(I)-CusB would indicate regions where changes in 

structure have occurred.  Because all of the cross-links identified between samples (apo 

vs. holo) differ, this type of a comparison is difficult to make.  One interpretation is that 

the apo and holo conformations differ greatly and thus no common cross-links are 

identified. 

Within Ag(I)-CusB, two intramolecular cross-links were identified within the N-

terminal first 60 amino acids of CusB, which are missing from the crystal structure, 

(K13/K43 and K13/K29 or K32).  These cross-links could provide information about the 

structure of this region of CusB.  Interestingly, the N-terminus of CusB is found cross-

linked to K67 of the membrane proximal domain and K246 of the β-barrel domain when 

the protein is bound to metal.  This suggests that the N-terminal region of CusB could be 

located between these residues (K67 and K246) when metal-bound (Figure 5.3).   
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Figure 5.3: The membrane proximal and β-barrel domains (domains 1 and 2) of 
CusB.  The N-terminus of CusB was found to be involved in cross-links with K67 of 
the membrane proximal domain and K246 of the β-barrel domain when bound to 
metal.  Lysine residues are colored purple with K67 and K246 labeled within the 
figure.  The N-terminal region may be located in the space between K67 and K246 
when metal-bound.  Based on PDB file 3OOC (Su, et al., 2011). 
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5.4.2 Limited proteolysis of CusB 

 Limited proteolysis of apo-CusB and Ag(I)-CusB was performed in order to 

probe structural differences between species.  First, limited proteolysis experiments were 

carried out with apo-CusB in the presence of trypsin and chymotrypsin with samples 

quenched at the following time points: 3 min, 30 min, 1 hr, 2hr, and 4 hr.  Aliquots of 

these reactions were analyzed by SDS-PAGE and Coomassie staining, as shown in 

Figure 5.4.  Proteolysis with trypsin resulted in fewer CusB fragments than chymotrypsin 

and thus was chosen for further experiments to compare apo-CusB and Ag(I)-CusB.  

Trypsin cleaves N-terminal to lysine and arginine residues.  The structure of CusB is 

displayed in Figure 5.5 with lysine residues colored purple and arginine residues colored 

blue to denote all possible tryptic cleavage sites. 
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Figure 5.4: Limited proteolysis of apo-CusB with trypsin and chymotrypsin.  16% SDS-
PAGE with lanes: 1) Ladder 2) CusB, no proteolysis 3) trypsin, 3 min 4) trypsin, 30 min 
5) trypsin, 1 hr 6) trypsin, 2 hr 7) trypsin, 4 hr 8) chymotrypsin, 3 min 9) chymotrypsin, 
30 min 10) chymotrypsin, 1 hr 11) chymotrypsin, 2 hr 12) chymotrypsin, 4 hr. 
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Figure 5.5: Structure of CusB with lysine residues colored purple and arginine residues 
colored blue, denoting the potential sites for trypsin cleavage during limited proteolysis.  
Based on PDB file 3OOC (Su, et al., 2011). 
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 Limited proteolysis of apo-CusB and Ag(I)-CusB with trypsin at 5 min, 30 min, 1 

hr, and 3 hr was analyzed by SDS-PAGE and is displayed in Figure 5.6.  While slight 

differences between the digestion profiles may exist, tryptic proteolysis appears to 

produce primarily the same bands in apo-CusB and Ag(I)-CusB.  Further analysis of the 

reaction mixtures of apo-CusB and Ag(I)-CusB at 5 min and 30 min were examined by 

MALDI-TOF mass spectrometry in order to identify CusB fragments.  Multiple peaks 

were observed in the spectra and a few representative spectra are displayed in Appendix 

B, along with their proposed sequence identifications.  One example is shown in Figure 

5.7 with peaks corresponding to two N-terminal CusB fragments ([14-67] and [1-55]).  

While it is difficult to compare intensities between samples because MALDI is not a 

quantitative ionization technique, the peak intensity of fragment [1-55] of both samples at 

5 min is ~3x larger than that of both samples at 30 min.  Therefore, it appears that this 

fragment is being partially proteolyzed between 5 and 30 min; however, fragment [1-55] 

is not completely digested at 30 min, suggesting that it is a stable fragment.  This region 

contains 7 possible cleavage sites (Lys and Arg residues).  Fragment [14-67] is also a 

stable fragment at 30 min, but at much lower abundance.  Comparison of the fragments 

identified in the MALDI-TOF mass spectra of apo-CusB with those from Ag(I)-CusB did 

not reveal any striking differences. 
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Figure 5.6: Limited proteolysis of apo-CusB and Ag(I)-CusB with trypsin.  16% SDS-
PAGE with lanes: 1) apo-CusB, no trypsin 2) apo-CusB, trypsin, 5 min 3) apo-CusB, 
trypsin, 30 min 4) apo-CusB, trypsin, 1 hr 5) apo-CusB, trypsin, 3 hr 6) Ladder 7) Ag(I)-
CusB, no trypsin 8) Ag(I)-CusB, trypsin, 5 min 9) Ag(I)-CusB, trypsin, 30 min 10) 
Ag(I)-CusB, trypsin, 1 hr 11) Ag(I)-CusB, trypsin, 3 hr.  Bands labeled a and b were 
excised for mass spectrometric analysis. 
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Figure 5.7: MALDI-TOF mass spectra of apo-CusB (top two panels) and Ag(I)-CusB 
(bottom two panels) after 5 and 30 min of proteolysis with trypsin.  Peptide [14-67] has a 
theoretical MH+ of 6199.1 amu and peptide [1-55] has a theoretical MH+ of 6329.2 amu.  
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 Two bands corresponding to the most abundant fragments from the apo-CusB 

tryptic proteolysis at 3 hr were excised from the gel displayed in Figure 5.6 and in-gel 

tryptic digests were performed.  These samples (labeled a and b within Figure 5.6) were 

analyzed by LC-MS/MS and the results are displayed in Figure 5.8 and Figure 5.9.  

Analysis of band a reveals that it consists of a large fragment of CusB, starting with 

residue T68 and continuing through the remainder of the protein (including the strep tag).  

The theoretical mass of this fragment (36,273 amu) is consistent with its location in the 

gel (just below the 35 kDa marker in the ladder).  The MS/MS spectrum of one 

representative peptide from this region is also displayed in Figure 5.8.  Analysis of band 

b results in the identification of peptides from many regions of CusB (two are shown in 

Figure 5.9).  Thus, the exact CusB fragment present in this band cannot be determined 

and is most likely a mixture of a few fragments with masses between 10-15 kDa 

(according to the ladder markers on the gel). 
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Figure 5.8: Sequence coverage of peptides identified from LC-MS/MS analysis of band a 
is displayed in yellow within the sequence of CusB.  Scaffold MS/MS spectrum of 
peptide [74-199] with fragment ions labeled within the spectrum.  
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Figure 5.9: Sequence coverage of peptides identified from LC-MS/MS analysis of band 
b is displayed in yellow within the sequence of CusB.  Scaffold MS/MS spectra of 
peptides [14-26] (top) and [356-369] (bottom) with fragment ions labeled within the 
spectra.   
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5.4.3 Ion mobility of CusB 

 The full-length protein and the N-terminal CusB fragment (CusB-NT) were both 

analyzed with and without metal by ion mobility.  In both cases, there does not appear to 

be a substantial difference in their drift times upon metal binding (Figure 5.10).  An 

overlay of the +4 and +5 charge states of apo-CusB-NT and Ag(I)-CusB-NT appear to 

align nearly perfectly, while overlays of the +12, +13, and +14 charge states of full-

length apo-CusB and Ag(I)-CusB are not perfectly matched.  In each case, it could be 

argued that the drift time of the Ag-bound species is slightly less than that of the apo 

species.  However, this slight change is approximately 1%, which is less than the 

experimental error for this technique. 
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a)      b) 

 
Figure 5.10: Ion mobility of apo-CusB and Ag(I)-CusB.  a) Drift times for the +12, +13, 
and +14 charge states of full-length apo-CusB (blue) and full-length Ag(I)-CusB (red).  
b) Drift times for the +4 and +5 charge states of apo-CusB-NT (blue) and Ag(I)-CusB-
NT (red).  
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5.5 Discussion 

 This chapter discusses the experimental approaches utilized to probe the 

substrate-induced conformational change of CusB, demonstrated previously by analytical 

gel filtration (Bagai, et al., 2007).  Results from intramolecular chemical cross-linking 

reveal different cross-links identified within apo-CusB and Ag(I)-CusB; however, 

because of the limited number of overall cross-links identified, future experiments should 

be performed in order to further elucidate the differences between species.  Cross-links 

between the N-terminus of CusB and lysine residues in the membrane proximal and β-

barrel domains suggest that the N-terminal region of CusB is located between or near 

these domains when bound to metal.  Movement of the N-terminal region may account 

for the metal-induced conformational change observed, as this region contains the metal-

binding site. 

 Limited proteolysis of apo-CusB and Ag(I)-CusB with trypsin resulted in similar 

digestion profiles and thus no structural differences could be resolved between the two 

species.  The most stable fragment of CusB appears to be a 36 kDa fragment beginning 

with residue T68 and continuing through the C-terminus, including the strep tag.  Similar 

analysis of the multidrug MFP AcrA from E. coli revealed a 28 kDa stable core that is 

missing (due to proteolysis) most of the membrane proximal domain (which consists 

largely of the C-terminal residues) (Mikolosko, et al., 2006).  This stable fragment of 

AcrA was utilized for X-ray crystallographic analysis and lead to the first structure 

determination of AcrA.  Interestingly, four conformations of AcrA are exhibited in the 

crystal and provide evidence for AcrA conformational flexibility, particularly at the base 
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of the α-helical hairpin domain where there appears to be a hinge between the α-helical 

hairpin and lipoyl domains.  The authors suggest that AcrA conformational flexibility 

could be mechanistically significant for AcrAB-TolC pump assembly and TolC channel 

opening.  Similarly, multiple distinct conformations of CusB are present in the CusB 

crystal structure and the CusBA co-crystal (Su, et al., 2009) (Su, et al., 2011), indicative 

of its conformational flexibility, which is potentially necessary for CusCBA assembly 

and CusC channel opening. 

 By ion mobility mass spectrometry, the apo and metal-bound full-length species 

exhibit the same drift times, with a slight decrease in drift time for Ag(I)-CusB vs. apo-

CusB; however, the magnitude of this change is within the experimental error of the 

technique.  Collectively, results gathered from ion mobility experiments do not 

demonstrate striking differences between the conformations of apo-CusB and Ag(I)-

CusB.  However, cross-linking results imply that there may be large differences between 

apo and holo species.  Perhaps the effects of metal binding are localized to the N-terminal 

region.  NMR experiments described in Chapter III, section 3.4.1, demonstrate that 

CusB-NT adopts structure upon metal binding (Mealman, et al., 2012).  Localized 

structural changes in the N-terminal region could account for the difference in elution 

volumes observed by analytical gel filtration experiments.  Additionally, movement of 

the N-terminal region may explain the conformational change; however, future 

experiments will need to be performed in order to elucidate these structural details. 
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CHAPTER VI 

SUMMARY AND FUTURE DIRECTIONS 

 

In this chapter, I summarize the findings from each chapter presented in this thesis.  I also 

provide future directions for further experimentation and analysis, which I believe would 

be fruitful for the continuation of the studies described here.  Together, the work 

presented in this thesis contributes to our understanding of the details involved in the 

mechanism of copper efflux through the Cus system by elucidating important protein-

protein interactions and characterization of Cus proteins.  The results provided here will 

increase our knowledge of metal-resistant and multidrug-resistant systems. 
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6.1 CusF and CusB interact at their metal-binding sites 

In order to identify the specific CusF/CusB interaction site, NMR spectroscopy 

and chemical cross-linking coupled to mass spectrometry were utilized (Mealman, et al., 

2011).  This work is described in Chapter II.  NMR spectroscopic analysis of labeled 

CusF in the absence and presence of unlabeled CusB confirmed previous ITC results 

supporting a metal-dependent CusF/CusB interaction as no interaction was observed in 

the absence of metal or when both proteins were metal-bound.  The same observation 

was made by chemical cross-linking with the 7.7 Å cross-linker BS2G; a cross-linked 

band corresponding to the mass of CusF cross-linked to CusB (~50 kDa band) was only 

observed in the presence of metal.   

NMR analysis of the 1H-15N chemical shift changes of labeled Ag(I)-CusF upon 

the addition of apo-CusB allowed the mapping of CusF residues involved in interaction 

with CusB.  CusF residues L80, V42, N71, Q74, K31, S79, H35, T54, and T52 were 

significantly affected (listed in decreasing order of effect) upon addition of CusB and I32, 

H36, M47, T48, R50, F51, and Q75 were not observed in the spectrum due to line 

broadening which indicates an effect, although the magnitude is unable to be determined.  

The chemical shift changes can be mapped to the metal-binding face of CusF.  

Furthermore, the interaction was shown to be transient with NMR relaxation results 

revealing approximately 38% of CusF involved in complex with CusB, corresponding to 

a dissociation constant of ~160 µM.   

Chemical cross-linking in combination with high-resolution mass spectrometric 

analysis was further utilized to locate the region of CusB involved in the CusF/CusB 
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interaction site, elucidating the resolution of this interaction down to the peptide/amino 

acid level.  Two CusF/CusB cross-links were identified: CusF K31 to CusB K29 and 

CusF K58 to CusB K32, thus revealing that CusF interacts with the N-terminal region of 

CusB and the proteins interact in a transient, metal-dependent manner at their metal-

binding sites.  Elucidation of the CusF/CusB interaction site led to the design and 

implementation of experiments utilized to probe the structure and function of this region 

of CusB, missing from previously determined crystal structures. 

 

6.2 N-terminal region of CusB binds and transfers metal with CusF 

The work described in Chapter III focuses on investigation of the N-terminal 

region of CusB.  A construct containing the N-terminal 61 amino acids of CusB (CusB-

NT) was cloned, expressed, and purified for in vitro studies used to probe the metal 

binding and metal transfer capabilities of this region.  Circular dichroism spectroscopy 

and NMR were utilized and showed that CusB-NT is mostly disordered.  Upon the 

addition of metal, however, some structure is adopted, as observed by NMR.  Native 

mass spectrometry experiments show that CusB-NT binds metal with a 1:1 stoichiometry 

and the metal-binding site consists of three-conserved methionine residues (M21, M36, 

and M38), demonstrated by EXAFS.  These results are consistent with those previously 

determined for full-length CusB.  Additionally, CusB-NT maintains its ability to interact 

with CusF; native mass spectrometry is used to demonstrate metal transfer between CusF 

and CusB-NT.  Evidence of a small peak corresponding to a Ag(I)/CusF/CusB complex 
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is also observed in these spectra, providing support for the transient nature of this 

interaction observed by NMR in Chapter II. 

 Functional analysis of constructs described in Chapter III was performed in order 

to investigate the function of CusB-NT in vivo.  Results revealed that while CusB-NT 

alone can bind metal, providing partial copper resistance, an intact full-length CusB is 

necessary for full cus-mediated copper resistance.  We hypothesize that metal binding in 

the N-terminal region of CusB induces a conformational change, elsewhere in the full-

length protein, which is essential for substrate efflux.  If CusB subsequently funnels 

metal to CusA for export, in vivo metal transfer from CusB-NT to the metal-binding site 

of CusA should be maintained; thus, we conclude that the remainder of the protein is also 

important for pump activation and substrate extrusion.   

Together, these finding are very exciting because they provide an example of an 

unstructured region of a protein whose function is maintained as it adopts structure upon 

metal binding.  The HSQC 1H-15N correlation spectra show more peaks in the Ag(I)-

bound spectrum than in the apo spectrum and a significant number of peaks shift upon 

metal binding.  CusB-NT is a small protein (7 kDa) and capable of high-yield 

purification; thus, it is an ideal construct for future structure determination studies by 

NMR.  Additionally, a few attempts were made to crystallize CusB-NT, but this endeavor 

was never fervently pursued.  Due to the absence of this region from multiple crystal 

structures, it may prove to be very difficult to crystallize on its own.  Because some 

structure is adopted upon metal binding, it would seem wise to pursue crystallization of 

the more structured Ag(I)-bound protein instead of the apo species.   
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These results also highlight unique features of CusB, compared to other MFPs 

from well-characterized multidrug efflux systems.  In other systems, MFPs typically do 

not bind substrate and have been hypothesized to play mostly a stabilizing role through 

connecting the inner membrane RND protein with the outer membrane factor protein.  

Here, we have an example of a MFP that binds substrate, inducing a conformational 

change, which potentially activates the CusCBA pump for efflux.  All MFPs contain the 

same overall elongated structure, composed of four domains: helical, lipoyl, beta-barrel, 

and membrane proximal (MP).  While ~10 residues are missing from the N-terminus of 

other MFP structures (AcrA, MexA, and ZneB) adjacent to the MP domain, 60 residues 

are missing from the N-terminus of the CusB crystal structure.  Thus, we hypothesize that 

CusB-NT forms an additional domain, conserved in putative CusB homologs, unique to 

monovalent efflux systems. 

 

6.3 CusF/CusA interaction revealed by cross-linking MS and EXAFS 

Chapter IV describes the investigation of protein-protein interactions and metal 

transfer events in the Cus system.  First, in vitro chemical cross-linking and high-

resolution mass spectrometry is utilized to reveal an interaction between the 

metallochaperone CusF and the inner membrane RND protein CusA.  These results, 

together with co-purification of these proteins (Kim, E. H., Mealman, T. D., Rensing, C., 

and McEvoy, M. M., Appendix A), represent the first direct evidence for an interaction 

between these proteins, to our knowledge.  We first hypothesized that an interaction 

between CusF and CusA may exist based on genomic analysis of CusF-like proteins, 
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which resulted in the identification of a CusA-CusF fusion protein (Kim, et al., 2010).  

Additionally, the cusF transcript is increased more than any other transcript in E. coli 

upon copper stress (Egler, et al., 2005).  Perhaps CusF does more than solely deliver 

metal to CusB; could it deliver metal to CusA as well?  The CusF/CusA cross-link 

identified by mass spectrometry needs to be confirmed with the identification of more 

MS/MS fragments.  While the parent mass of this cross-link is accurate, only fragment 

ions from CusA are identified in the MS/MS spectrum.  Identification of fragments from 

the CusF peptide would lead to stronger confidence in this cross-link.  

Direct metal transfer between proteins in the Cus system was examined by XAS.  

By labeling one protein’s metal-binding site with selenomethionine, it can be 

distinguished from the metal-binding site of its interacting partner.  Metal transfer 

between CusF and CusA was investigated, as well as metal transfer between CusB-NT 

and CusA in order to determine the metal pathway through the Cus system during export.  

Preliminary EXAFS results show copper transfer from CusF to CusA, but no transfer is 

observed from CusB-NT to CusA.  These experiments are in the process of being 

repeated, as a higher protein concentration for CusA is necessary and beam time at SSRL 

is limited. 

In the future, metal transfer events between Cus proteins could also be 

investigated by native mass spectrometry, as was described in Chapter III for transfer 

between CusF and CusB-NT.  The greatest challenges of measuring metal transfer 

between CusF or CusB-NT and CusA by this method are being able to electrospray and 

detect CusA.  Because CusA is a membrane protein, it is more difficult than soluble 
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proteins to spray natively because just the right detergent/buffer conditions must be 

utilized.  Additionally, CusA is a trimer with molecular mass of ~ 350 kDa; 

transformation of membrane proteins this size into the gas phase for native mass 

spectrometric analysis is still a developing area of research in MS.  Initial attempts to 

electrospray CusA proved to be successful in detection of monomer but not trimer.  

Furthermore, the CusA peaks were not very well resolved, making it incredibly difficult 

to detect whether or not a silver ion was bound.   

 

6.4 Probing the conformational change of CusB 

 In Chapter V, the metal-induced conformational change of the MFP CusB is 

investigated through chemical cross-linking/mass spectrometry, limited proteolysis, and 

ion mobility MS.  No major structural differences between apo-CusB and Ag(I)-CusB are 

observed by these techniques.  Chemical cross-linking coupled to mass spectrometry 

revealed a number of intramolecular cross-links within both samples of CusB; however, 

these findings do not shed light upon the substrate-linked conformational change because 

not enough cross-links are identified for significant differences to be observed.  Future 

cross-linking experiments with additional chemical cross-linkers will aid in the 

identification of more cross-links, ideally allowing for a comparison to be made between 

cross-links identified in the apo and holo samples, leading to information regarding the 

structural changes CusB undergoes upon binding metal.  Additionally, cross-linking MS 

results allow us to hypothesize the location of the N-terminal region of CusB, which is 

missing from previously determined crystal structures.  In the metal-bound sample, the N 
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terminus is found cross-linked to K246 (of the β-barrel domain) and K67 (of the 

membrane proximal domain), suggesting that CusB-NT may be located between these 

two domains when metal-bound.  These cross-links are not observed in the apo-CusB 

sample; thus, perhaps movement of the N-terminal region of CusB accounts for the 

conformational change observed upon binding substrate.  Further studies will need to be 

performed to probe this idea. 

 Limited proteolysis experiments with trypsin and chymotrypsin do not reveal any 

striking differences between the proteolysis of apo-CusB and Ag(I)-CusB; thus, no 

structural changes are able to be determined between these two species.  A large stable 

fragment of CusB was identified by in-gel digest and LC/MS-MS analysis.  This protein 

fragment, with a molecular weight of ~36 kDa, consists of T68 through the C terminus, 

including the strep tag.  The other smaller stable fragment could contain the N-terminal 

region of CusB.  N-terminal fragments are observed in the MALDI-TOF MS data.  

Future limited proteolysis with alternative enzymes may be successful in elucidating 

structural differences between apo-CusB and Ag(I)-CusB.  However, these changes may 

be minor (such as the relocation of the N-terminal region of CusB) and may not be 

measurable by this particular technique.  Small-angle X-ray scattering (SAXS) would be 

a good technique to use to probe structural changes upon metal binding. 

 Ion mobility mass spectrometry (IM-MS) of full-length CusB and CusB-NT does 

not reveal significant differences in drift times between apo and holo species.  Together, 

these results do not expose any striking differences between the structure of apo-CusB 

and Ag(I)-CusB.  Further experimentation using additional techniques and/or 
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continuation of techniques described here will be necessary to probe the substrate-linked 

conformational change of CusB. 

  

196



 

APPENDIX A 

PERIPLASMIC COPPER HOMEOSTASIS: FINE-TUNING BY 

SUBSTRATE-MEDIATED ALLOSTERIC CONTROL AND PROTEIN-

PROTEIN INTERACTIONS IN THE CUSCFBA TRASPORT SYSTEM 

 

In this appendix, some of the results presented in Chapter IV have been combined with 

work performed by Eun-Hae Kim for the submission of a manuscript: Kim, E. H., 

Mealman, T. D., Rensing, C., and McEvoy, M. M. Periplasmic copper homeostasis: fine-

tuning by substrate-mediated allosteric control and protein-protein interactions in the 

CusCFBA transport system (In preparation).  The manuscript was prepared primarily by 

Eun-Hae Kim.  I contributed to the planning and execution of the chemical cross-linking 

experiments and made significant scientific contributions towards the manuscript 

conclusions and preparation. 
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Periplasmic Copper Homeostasis: Fine-Tuning by Substrate-Mediated Allosteric Control and Protein-
Protein Interactions in the CusCFBA Transport System 

Eun-Hae Kim1,2, Tiffany D. Mealman1, Christopher Rensing2,3, and Megan M. McEvoy1,2 

1From the Department of Chemistry and Biochemistry, 2Department of Soil, Water, and Environmental 
Science, University of Arizona, Tucson, AZ 85721 

3Present address: Center for Agricultural and Environmental Biotechnology, RTI International, Research 
Triangle Park, NC 27709 

Running title: Periplasmic copper homeostasis by the CusCFBA system 

To whom correspondence should be addressed: Megan M. McEvoy, Department of Chemistry and 
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Fax: (520) 621-1697; E- mail: mcevoy@email.arizona.edu 

Keywords:  Metal homeostasis, copper, silver, chemical cross-linking

Background: RND-type efflux systems maintain 
appropriate cellular levels of metals. 
Results: RND-protein CusA and 
metallochaperone CusF interact, but the metal 
sites of adaptor protein CusB and CusA are not 
proximal. 
Conclusion: Metal export pathway is likely CusF 
to CusA to CusC. CusB functions as an allosteric 
regulator of CusCFBA function. 
Significance: The metal transport mechanism 
through RND-type systems is critical to 
understanding metal homeostasis. 
 
SUMMARY 
  Microorganisms employ an extensive 
network of sensing and transport proteins in 
response to elevated copper concentrations to 
tightly control delivery of copper to requisite 
cuproproteins and decrease the detrimental 
effects of copper overabundance.  In 
Escherichia coli, detoxification of periplasmic 
copper is mediated by a membrane-spanning 
RND-driven tripartite protein complex, 
CusCFBA. Previous work on the CusCFBA 
efflux system has revealed key substrate-linked 
processes, however the mechanism of active 
extrusion of metal substrate is not known. 
Using a suite of molecular analyses including 
mutagenesis, protein co-purification and in 
vivo/in vitro chemical cross-linking, as well as 
comparative genomics, we have explored the 

protein interactions and the substrate transport 
pathway in this system. Our results show that a 
novel interaction occurs between the 
metallochaperone CusF and RND protein 
CusA.  Since a close homolog of CusF with 
similar metal binding affinity cannot substitute 
for a cusF deletion, the protein interactions of 
CusF are likely crucial to CusF’s 
metallochaperone role in metal resistance. 
Mutational analyses of the periplasmic adaptor 
protein CusB and RND protein CusA, coupled 
with cross-linking experiments to probe the 
proximity of their metal-binding sites, suggest a 
mechanism of metal transport through the Cus 
complex. Rather than substrate being funneled 
from CusB directly to CusA for extrusion, we 
propose that metal ions are likely to enter the 
CusCBA complex by direct binding to CusA or 
by delivery to CusA from CusF.  Metal binding 
to CusB is likely important for allosteric 
regulation of the CusCBA efflux pump through 
substrate-induced conformational changes in 
CusB. 
 
 Microorganisms have evolved sophisticated 
cellular transport mechanisms to not only utilize 
the high polarizing power of metals as 
indispensable catalytic and structural cofactors but 
also to evade the toxicity posed by an excess of 
these ions. Specifically for cuproproteins, which 
serve key functions in critical biochemical 
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processes including respiration, iron and oxygen 
transport, and signal transduction (1), cells must 
maintain an adequate supply of copper ions for 
their functional activity. The delicate balance of 
copper concentrations is maintained by several 
homeostatic mechanisms that include active 
cytoplasmic export, modification to less toxic 
states, sequestration, and periplasmic 
detoxification to the extracellular milieu (2). Cells 
actively employ these mechanisms because even a 
slight excess of copper is lethal to the cell. This 
toxicity can be attributed to the high affinity of 
Cu(I) for sulfur compounds and the ability of 
Cu(II) to bind to oxygen or imidazole nitrogen 
groups (3,4). Additionally, toxicity of silver, an 
ion with related properties to copper, also 
primarily occurs through sulfhydryl binding (5-7). 
Consequently, copper and silver can displace 
biologically relevant metals from their cognate 
ligands, disrupting structural and functional 
activity in critical cellular processes (8). One such 
direct intracellular target for copper is iron-sulfur 
clusters (9). Here, copper displaces iron, an 
abundantly employed enzymatic cofactor, in key 
enzymes thus disrupting proteins essential in 
branched-chain amino acid synthesis (10). 
Moreover, copper toxicity is exacerbated by the 
generation of reactive oxygen species due to the 
redox cycling of copper from Cu(I) to Cu(II), thus, 
damaging nucleic acids, lipids, and proteins (11).  
 With the advent of increasing oxygen 
concentrations and consequential increase in the 
bioavailability of copper, microbes developed an 
extensive protein network of Cu-sensing 
regulatory proteins and transporters to intercept 
the toxicity of copper (12-19). In microorganisms, 
copper toxicity is reduced by multiple systems 
involving sensing, sequestration, shuttling, and 
active export of Cu ions, which are mediated by 
two-component regulatory systems, Cu -oxidases, 
metallochaperones, and transmembrane 
transporters. This copper-relay-network allows for 
both the maintenance of appropriate copper levels 
and the proper trafficking to transport systems. 
 In Escherichia coli, active efflux of excess 
periplasmic copper and silver ions is employed by 
a tripartite resistance-nodulation-cell division 
(RND) efflux pump, CusCFBA (17,20). This 
transmembrane complex comprises an active inner 
membrane proton/substrate antiporter, CusA (21), 
a periplasmic adaptor protein (PAP), CusB 

(22,23), and an outer membrane factor protein 
channel (OMF), CusC (24). Additionally, a fourth 
component, CusF, has been identified as a 
metallochaperone that exclusively binds 
Cu(I)/Ag(I) ions and transports metal substrate 
directly to the metal binding site of CusB of the 
CusCBA complex (3,15,25-29). 
 While the structures of the components of the 
CusCFBA system are known (22,23,30-32) the 
transport mechanism has yet to be resolved. Metal 
binding sites have been identified in CusF, CusA, 
and CusB, and the expectation is that metal ions 
will be transferred between these sites in order to 
sequentially move metals from the periplasm to 
the extracellular space.  However, the sequence of 
metal ion binding and the fate of the metal in 
different binding sites are unclear.  Two models of 
a metal transport pathway have been proposed 
(33). In the Funnel Model, CusB serves as an entry 
point for the metal which is to be exported, such 
that metal is delivered to CusB, directly 
transferred to the RND protein CusA, and is 
subsequently eliminated through the OMF CusC 
(33). Conversely, the Switch Model proposes an 
alternative role for CusB; rather than funneling of 
substrate, the role of metal-binding by CusB is a 
switch mechanism. Here, the metal-induced 
conformational change of CusB activates the 
pump in an “ON” conformation, allowing entry of 
periplasmic ions through the RND protein CusA 
and out the OMF channel, bypassing CusB.  
 The Funnel Model predicts that the metal-
binding sites of both CusB and CusA must be in 
close proximity for metal transfer to occur. To test 
this hypothesis, chemical cross-linking methods 
can be applied to probe for a protein:protein 
interaction at their respective metal-binding sites.  
Chemical cross-linking is a powerful tool that 
identifies physiological associations by capturing 
interacting proteins in their native state and natural 
environment, thereby providing direct evidence for 
cellular mechanisms (29,34). The utilization of 
chemical-crosslinking methods to understand 
transport mechanisms leverages substantial benefit 
from current genetic analyses by exploring key 
interactions and thus, enables us to define the roles 
of individual constituents of multi-component 
systems.  
 Metal coordination by specific residues is 
crucial for the proper molecular recognition in 
metal trafficking and subsequent protein:protein 
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interactions (4,35,36). Three (CusA, -B, -F) 
components of the CusCFBA system contain 
specific metal-coordinating sites that bind 
Cu(I)/Ag(I) ions exclusively (22,30,31,37). A 
comparative genomic analyses of all sequenced 
bacterial genomes, specifically targeting the Cus 
system (38) revealed metal-binding residues are 
often substituted with alternative metal-
coordinating amino acids. For example, in E. coli, 
the PAP CusB coordinates Cu(I)/Ag(I) ions via 
three Met residues: M21M36M38, however, in many 
non-Proteobacteria phyla, highly similar CusB-
like proteins contain an M21C36M38 motif. A Cys 
substitution likely has tighter binding affinity for 
Cu(I) substrate (36), suggesting that the role of 
Cu-binding by CusB may not be a substrate 
transfer mechanism, but rather a regulatory role 
for substrate extrusion. In this report, the copper 
resistance of CusA, CusB, and CusF is challenged 
by mutating identified metal-coordinating residues 
to either alternative metal or non-metal -
coordinating residues. These genetic tools will 
allow us to examine the residue ‘flexibility’ of 
these coordination sites and their functional 
relevance in copper homeostasis, thereby 
providing insight on a metal transport mechanism. 
  Finally, a comparative analysis of the 
genomic composition and context of Cus 
components in Bacteria can not only help improve 
our understanding of the indispensable roles metal 
ions play in cellular systems but also reveal novel 
key players in substrate transport. In previous 
comparative genomic and subsequent biochemical 
analyses, an in silico CusB-CusF fusion protein 
was identified and revealed that CusF, indeed, is a 
metallochaperone that delivers metal substrate 
directly to the PAP CusB (28). Recent work has 
identified an additional in silico fusion between 
CusA-CusF in a chemolithoautotroph, 
Oligotropha carboxidovorans (38). This fusion 
protein has led to the speculation of an interaction 
between CusA and CusF. In the present study, we 
hypothesize that the metallochaperone role of 
CusF shown for CusB can also be extended to the 
RND protein CusA. To test this hypothesis, and 
capture a specific interaction between CusA and 
CusF, we have applied biochemical analyses 
including protein co-purification paired with in 
vivo and in vitro chemical cross-linking.  
 In this study, we have employed an integrated 
genetic and biochemical approach to understand 

the controls on periplasmic copper homeostasis by 
i.) performing comparative genomic analyses to 
help elucidate functional roles of Cus components 
and a substrate transport pathway, ii.) testing the 
Funnel Model by probing for CusB:CusA 
interactions at their metal-binding sites through in 
vitro chemical cross-linking, iii.) testing residue 
‘flexibility’ of the metal-binding motifs of CusA, 
CusB, and CusF, and iv.) determining the 
functional role of CusF by a suite of co-
purification, chemical cross-linking methods and 
complementation analyses.  
   
EXPERIMENTAL PROCEDURES 
Prevalence of Cus-like components and multiple 
sequence alignments-BLAST (39) 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 > 30% and Expect 
value of < 0.0001 were selected and scanned for 
respective metal-binding motifs: CusB: 
M21M36M38, CusA: M572M623M672, and CusF: 
H36W44M47M49. Multiple sequence alignments 
were performed by ClustalW2 (40,41) by selecting 
one representative sequence from each phylum for 
each Cus component: CusB, CusF, and CusA. 
Bacterial strains, growth conditions, and 
expression conditions -The strains and plasmids 
used in this study are listed in Table S1.  
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 of 0.8 to 1.0.  Cells were normalized by 
optical density (OD600) and streak-plated or serial-
diluted spot inoculated 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, 2.65, 2.75, 
3.0, 3.5mM), 0.2% L-arabinose or 200 µg 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 three times with 
triplicate technical replicates. 
Construction of expression vectors-Genes cusA 
(gi: 89107440), cusB (gi: 89107439), and cusF (gi: 
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89107438), were PCR-amplified using the E. coli 
W3110 (gi: 89106884) chromosome as a template 
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 
araBAD promoter in the polylinker of pBAD24 
(Invitrogen) by digesting them out of 
pASKIBA3plus with restriction enzymes EcoRI 
and HindIII.  
Site-directed mutagenesis-Mutations were 
introduced using a QuikChange II XL Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, 
CA). 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 at the UAGC facility (University of 
Arizona). 
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 of 0.6-1.0, and 
induced with 0.2 % L-arabinose or 200 µg L-1 
anhydrotetracycline for two hours at 30 °C.   
  For detection of CusF and CusB expression, 
whole cell proteins were prepared from this 
culture by harvesting an equivalent number of 
cells and hence protein.  Samples were centrifuged 
at 16,900 x g at 4 °C for two minutes.  The pellets 
were resuspended in 0.2 M 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 200 
µl 10 mM Tris (pH 7.4) plus 50 µl 4X SDS-PAGE 
loading buffer containing β-mercaptoethanol.  For 

detection of CusA expression, CusA was prepared 
as described below. 
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 an 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. CusB 
was purified as described previously (42). CusF 
was purified as described previously (32). 
Cysteine derivatives were purified as described 
previously (32,42) with the addition of DTT. 
 For CusA purification, cells were harvested by 
centrifugation 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. To 
recover cellular membranes for CusA purification, 
the supernatant was ultracentrifuged at 100,000 x 
g for 1 hour at 4 °C.  Membranes were 
homogenized in Buffer A (100 mM sucrose in 
TWB, pH 8.0). Once homogenized the lysate was 
diluted in Buffer B (100 mM Tris-HCl, 500 mM 
NaCl, 100 mM sucrose, 0.05 % cymal-6, pH 8.0). 
Lysate was clarified by the dropwise addition of 
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. 
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 Coomassie-
stained SDS-PAGE. Fractions > 95% pure 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. 
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 
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ampicillin overnight. The following day, the 
culture was diluted 1:50 into two 2 L of Terrific 
broth containing 100 µg mL-1 ampicillin and 
grown to an OD600 0.8 to 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. Simultaneous to cusA expression, 
500 µM CuSO4 was added to only one culture-
flask to induce expression of the cusCFBA operon 
and incubated for 3.5 hours. Cells were harvested 
by centrifugation 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 two 100 mL cultures, for a total of four 100 
mL cultures. Membrane-permeable disuccinimidyl 
suberate (DSS, Thermo Scientific) was added to 2 
cultures at a final concentration of 5 mM: one 
culture containing cells expressing cusA and the 
other 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. CusA-Streptag was 
purified from all four experimental conditions as 
described in CusA purification methods above, 
separated by SDS-PAGE, and detected by silver 
staining and Western blotting. All experiments 
were performed three times. 
In vitro BS3

 cross-linking-
Bis(sulfosuccinimidyl)suberate (BS3, Thermo 
Scientific) crosslinking analysis experiments were 
conducted to determine whether wild-type CusA 
and CusF interact. 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 
concentrations of protein samples for 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. Controls used in these experiments 
include incubation of the following combinations 
in conjugation buffer: 1.) CusA alone, 2.) CusA 
with BS3, 3.) CusF alone, and 4.) CusF with BS3. 
All experiments were performed three times. 
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. Bismaleimidoethane (BMOE, Thermo 
Scientific), 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, and 
0.05 % (w/v) cymal-6, pH 7.2) to a final 
concentration of 20 µM. BMOE was added to 
equal concentrations of protein samples for 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. 
Controls used in these experiments include the 
following combinations in conjugation buffer: 1.) 
CusA mutants (M573C, M623C, and M672C) 
alone, 2.) CusA mutants (M573C, M623C, and 
M672C) with BMOE, 3.) CusB mutants (M21C, 
M36C, M38C) alone, 4.) CusB mutants (M21C, 
M36C, M38C) with BMOE, 5.) CusF M49C and 
CusB M36C alone, and 6.) CusF M49C and CusB 
M36C with BMOE. All experiments were 
performed three times. 
Chemical cross-linking analysis-For in vitro 
chemical cross-linking, quenched samples were 
separated by SDS-PAGE, and the approximate 
molecular weight of protein samples was detected 
by silver stain and Western blot analysis. For in 
vivo chemical cross-linking, CusA was purified as 
described in purification methods. The 
approximate molecular weight of products was 
determined by silver stain and Western blot 
analysis. 
Antibody production and purification-For antibody 
development, antigens (purified CusB, CusA, and 
CusF proteins) were sent to Lampire Biological 
Laboratories (Pipersville, PA). Polyclonal 
antibodies were raised in rabbits over a 50 day 
period and sera was sent to the University of 
Arizona. 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. 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 10 kDa 
MWCO concentrator. All antibodies were tested 
for specificity by Western blotting. 
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RESULTS 
Conserved methionines of CusA are required for 
full copper resistance while conserved 
methionines of CusB have flexibility.-Comparative 
genomic analyses were performed to improve our 
understanding of the potential roles of the Cus 
components, ultimately facilitating studies that can 
deliver insight on the mechanism of a substrate 
transport pathway in the CusCFBA efflux system. 
These analyses have identified specific 
components of the Cus systems in the 
Proteobacteria phylum and also in many other 
major phyla of Bacteria (Table 1). The immediate 
genetic context of CusA-like proteins identified in 
non-Proteobacterial (Acidobacteria, Bacteroidetes, 
and Chrysiogenetes) phyla either lack other Cus-
like components or contain putative CusB proteins 
that contain alternative metal-binding motifs, 
H21M36M38 or M21C36M38 (Fig. S1). In all 
identified putative CusA proteins, the metal-
coordinating motif, M573M623M672 is completely 
conserved (Fig. S2). Complete conservation of the 
metal-binding motif led to the hypothesis that 
mutation of any of the metal-binding residues in 
CusA to alternative residues, such as isoleucine 
(15) and cysteine, would lead to complete loss of 
copper resistance. To test this, site-directed 
mutagenesis was used to direct the incorporation 
of cysteine instead of each methionine. 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 ascertained via Western blotting 
(data not shown). Complementation of wild-type 
cusA in trans in an E. coli GR15 (ΔcusA ΔcueO) 
mutant background revealed copper resistance at 
2.0 mM CuSO4 (Table 2). However, 
complementation of any of the Cys mutant 
derivatives exhibited a copper-sensitive phenotype 
(1.0 mM CuSO4), which is equivalent to the empty 
vector control (1.0 mM CuSO4). Thus, these 
methionine residues are indispensable for the 
function of CusA for full copper mediated 
resistance. 

Most often, the genomic context of putative 
CusB proteins reveals a similar genetic 
organization when compared to the E. coli 
cusCFBA operon, including an outer membrane 
factor protein and an RND protein that shares high 

sequence similarity and metal-binding motif with 
E. coli CusA. However, comparison of putative 
CusB proteins in Bacteria revealed alternative 
metal-binding motifs; rather than containing a 
M21M36M38 motif, many microorganisms contain 
an M21C36M38 motif.  (Fig. S1). To determine 
whether these alternative metal-binding sites 
identified in CusB-like proteins mediate copper 
resistance in E. coli, each methionine residue was 
individually mutated to cysteine by site-directed 
mutagenesis. Complementation analysis was 
performed by expressing wild-type cusB and the 
cysteine mutant derivatives in an E. coli EC950 
(ΔcusB, ΔcueO) background. Correct protein 
expression from L-arabinose inducible pBAD24 of 
wild-type cusB and mutant derivatives was 
ascertained by Western blotting (data not shown). 
Complementation of wild-type CusB in this strain 
was able to rescue a copper sensitive phenotype 
(2.0 mM CuSO4) (Table 2). Expression of both 
CusB Cys derivatives, M36C and M38C mediated 
partial copper resistance (1.5 mM CuSO4) when 
compared to the empty vector control (1.0 mM 
CuSO4).   

CusF-like proteins are present in all divisions 
of the Proteobacteria phylum as identified by 
performing a search for the CusF metal-binding 
motif H36W44M47M49. This finding suggests that in 
Proteobacteria, the metal binding site is intolerant 
to substitutions, with the exception of position 44 
as either W or M.  Interestingly, when CusF is 
queried in BLAST analyses against several non-
Proteobacterial phyla, sequence hits revealed high 
identity to annotated SCO1/SenC proteins 
containing a similar CusF metal-binding motif 
H36M44M47M49. The SCO1/SenC protein family 
has been recognized as a significant component in 
the biogenesis of respiratory and photosynthetic 
systems(43).  SCO1/SenC proteins identified in 
Saccharomyces cerevisiae and Rhodobacter 
capsulatus have been shown to coordinate copper 
via a conserved two cysteine and histidine motif 
and may be involved in the assembly of 
cytochrome c oxidases (44,45). The functional 
reason is unclear for the absence of the typical 
SCO1/SenC metal binding motif in these proteins 
and the substitution by the CusF-like metal 
binding motif. An example identified in an 
acidobacterium, Granulicella tundricola contained 
both a similar CusF metal-binding motif and a 
conserved double Cys and His motif. The role of 
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both of these metal-binding motifs within one 
protein is yet to be investigated. However, we can 
speculate that evolutionary selection may have 
shaped these metal-binding domains as key 
elements that through genome recombination 
acquire slightly altered cellular functions that 
contribute to the fitness of microbes.   
 Mutational analyses were performed to 
determine the CusF metal-binding residue 
“flexibility” and effect on copper resistance by 
individually altering metal-binding residues. 
Mutation of any of the metal-binding residues of 
CusF to the alternative residues isoleucine, 
alanine, or cysteine led to a complete loss of Cus-
mediated copper tolerance (2.5 mM CuSO4) when 
compared to complementation of wild-type (2.75 
mM CuSO4) and empty vector control (2.5 mM 
CuSO4) (Table 2). Therefore, an intact metal 
binding site in CusF is necessary for full copper 
resistance. 
 Collectively, the comparative genomic 
analyses paired with functionally relevant assays 
testing for Cus-mediated copper resistance show 
that CusA and CusF do not have flexibility in their 
metal-binding sites. Conversely, the metal-binding 
site of CusB can tolerate substitutions with 
alternative metal-coordinating residues, thereby 
mediating partial copper resistance. These results 
may reveal the significance of these components 
in a metal substrate transport pathway. 
Putative metal binding sites reported in the CusB 
crystal structure do not play a functional role in 
copper homeostasis. -In addition to the 3-
methionine metal coordination site of CusB 
discussed above, two alternative metal-binding 
sites were reported in the Cu(I)-soaked crystal 
structure of CusB (22). In one of these sites, Cu(I) 
was coordinated by residues M324, F358, and 
R368, which are located near the bottom of the 
elongated CusB molecule in the first domain 
formed by the N- and C-termini.  In the assembled 
CusCBA complex, this domain is expected to be 
adjacent to the cytoplasmic membrane. The 
second proposed alternative metal-coordination 
site, formed by M190, W158, and Q162, is located 
at the top of the CusB molecule close to the center 
of the three-helix bundle in domain 4. This domain 
is expected to be in the periplasm, closer to the 
outer membrane. Previous work examining metal-
binding by CusB via isothermal titration 
calorimetry and EXAFS analyses (28,29) 

determined that CusB binds only one metal ion, 
and did not suggest the possibility of alternative 
metal-coordinating residues. Additionally, BLAST 
analyses reveal that these proposed alternative 
metal-binding residues are not conserved in CusB 
(data not shown). We hypothesized that these 
coordination sites are likely an artifact of the high 
concentrations of metal added to the crystals and 
have no functional role in mediating copper efflux. 
To determine whether these two putative metal-
binding sites played a functional role in copper 
resistance, the individual methionines (M324 and 
M190) at each site were mutated to a non-
coordinating residue, isoleucine, by site-directed 
mutagenesis. These CusB isoleucine mutants in an 
E. coli EC950 ΔcusB ΔcueO background were 
able to mediate copper resistance (2.0 mM CuSO4) 
to the same extent as wild-type CusB levels (2.0 
mM CuSO4) (Table 2). Therefore, it is unlikely 
that these two additional metal binding sites 
reported in the crystal structure of CusB play a 
functional role in copper homeostasis. 
The ability of CusF to interact with the CusCBA 
efflux pump is essential.-Single deletions of any of 
the cus components (cusCFBA) leads to a decrease 
in copper resistance; however, the cusF deletion 
has the smallest effect on copper resistance (15). 
Although CusF mediates copper tolerance, 
expression of cusF is not absolutely necessary for 
the cell to be copper resistant.  A 
metallochaperone role has been previously 
identified for CusF, whereby metal sequestration 
and delivery of metal substrate to the PAP CusB 
occurs (25,28,46). However, the essential role of 
CusF remains unclear. Does CusF i.) simply 
sequester periplasmic metal ions or ii.) deliver 
substrate to the CusCBA complex? SilF, which is 
encoded on a plasmid in Salmonella enterica 
serovar Typhimurium is a close homolog of CusF 
with 74% similarity (Fig. S3). SilF can bind 
Cu(I)/Ag(I) ions with similar affinity (Kd = 35 nM 
for Ag(I)) to that of CusF (28). However, SilF 
does not interact with CusB, as demonstrated by 
isothermal titration calorimetry, since Ag(I)-SilF 
titrated into apo-CusB showed no enthalpy 
changes (28). So, although SilF can bind metal 
substrate, the transfer of metal ion from CusF to 
CusB must be attributed to the high degree of 
specificity in the interaction. 
 To understand the essential role of CusF, we 
have exploited these properties of SilF, which is a 
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highly similar homolog of CusF that sequesters 
metal substrate at similar affinity but does not 
interact with the PAP CusB. We hypothesize that 
if metal sequestration is the essential role of CusF, 
complementation of the metal-binding protein 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 (Table 2). These data suggest that 
although CusF is not absolutely necessary for 
copper resistance, it is essential for CusF to deliver 
substrate to the CusCBA complex, and also plays 
a role in metal sequestration to relieve any 
periplasmic copper toxicity. 
A novel in vivo and in vitro interaction between 
the metallochaperone CusF and the RND protein 
CusA suggests substrate delivery to the efflux 
pump.-An examination of the prevalence of all 
putative CusF-like proteins in Bacteria has 
identified the presence of a CusA-CusF fusion 
protein (38). The function of this protein fusion is 
not known, but supports the possibility that there 
may be an interaction between the 
metallochaperone CusF and RND protein CusA. 
CusF may capture periplasmic ions and deliver it 
directly to CusA for substrate elimination. CusF 
has been established as a chaperone for CusB; 
thus, it is plausible that CusF may also deliver 
Cu(I)/Ag(I) ions to the inner membrane protein 
CusA.  

To test for an interaction between CusF and 
CusA, we utilized a co-purification technique. 
cusA-Streptag was co-expressed with cusF from a 
pETDuet1 expression vector in the presence of 
metal. CusA-Streptag was purified with Strep-
Tactin affinity resin, and both CusA and CusF 
were probed with anti-CusA and anti-CusF 
antibodies. CusF co-purified with CusA as 
detected by Western blotting (Fig. 1). As a control, 
to establish that CusF was not interacting with 
Strep-Tactin or other contaminants bound to Strep-
Tactin resin, cusF was expressed in the absence of 
cusA and loaded on a Strep-Tactin column. CusF 
was not identified in the eluent in the absence of 
CusA, suggesting that CusA is required for 
retention of CusF on the column.  These results 
suggest that a stable interaction forms between 
CusF and CusA.  

To further probe the CusA:CusF interaction, 
chemical cross-linking methods were employed. 

Disuccinimidyl suberate (DSS) is a membrane-
permeable amine-reactive chemical cross-linker 
with a spacer arm of 11.4 Å that can be used to 
capture in vivo interactions between proteins. In 
these experiments, cusA-Streptag was expressed in 
the presence and absence of metal and DSS, and 
analyzed by SDS-PAGE for a higher molecular 
weight protein complex, which would identify a 
captured protein:protein interaction. Using an anti-
CusF antibody, a higher molecular weight band 
was observed only when CusA was expressed in 
the presence of metal and DSS (Fig. 2).  Based on 
molecular weight standards, the higher molecular 
weight band containing CusF is in the appropriate 
range for a cross-linked CusA:CusF complex 
(CusA (110 kDa) + CusF (10 kDa).  The 
observation of these products suggests that CusA 
and CusF interact in vivo.  

Moreover, in vitro chemical cross-linking of 
purified CusA and CusF proteins provides 
additional evidence of a specific interaction. 
Bis(sulfosuccinimidyl) suberate (BS3), an amine 
reactive cross-linker with a spacer arm of 11.4 Å, 
was used to probe for an in vitro CusA:CusF 
interaction. Similar to DSS, proteins that 
specifically interact can be captured by 
homobifunctional cross-linkers creating a stable 
bond between the two interacting proteins. When 
apo-CusA and Ag(I)-CusF were incubated in the 
presence of BS3, a higher molecular weight protein 
band corresponding to a CusA:CusF interaction 
(~140 kDa) was present as judged by Western 
blotting probed with an anti-CusF antibody (Fig. 
3). These results are consistent with the CusF-
CusA interaction observed by co-purification and 
in vivo chemical cross-linking. Collectively, these 
data demonstrate that CusA and CusF interact both 
in vivo and in vitro, which supports the possibility 
that substrate delivery to the RND protein CusA 
may be through the metallochaperone CusF. 
Funneling of metal substrate does not likely occur 
from CusB to CusA.  
 In the Funnel Model (33), it is predicted that 
the PAP CusB binds metal substrate and directly 
transfers it to the RND protein CusA for 
elimination through the OMF CusC. For metal 
transfer to occur between CusB and CusA, the 
metal-binding sites of each protein must be in 
close proximity. While a recent co-crystal 
structure of CusB/CusA has been reported (31), 
the metal binding region of CusB was not resolved 
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in the structure.  Therefore, in vitro chemical 
cross-linking was employed to probe for specific 
protein:protein interaction at the metal-binding 
sites. Individual Met to Cys mutants at the metal-
coordination sites of both CusA and CusB were 
generated.  These purified proteins were incubated 
with the homobifunctional sulfhydryl crosslinker 
bis(maleimido)ethane (BMOE, Thermo 
Scientific). Reaction of a sulfhydryl from a 
cysteine residue to the maleimide group of BMOE 
will result in the formation of a stable thioether 
linkage. If CusA and CusB cysteine derivatives 
interact, a higher molecular weight protein 
complex can be resolved and identified by 
Western blotting. CusA (containing individual 
alterations of M573C, M623C, or M672C) was 
combined with CusB (containing individual 
alterations of M21C, M36C, or M38C) in the 
presence and absence of BMOE and Ag(I). None 
of the combinations of CusA and CusB cysteine 
derivatives showed higher molecular weight 
products (expected at ~160 kDa = CusA + CusB) 
(Fig. 4).  Incubation of CusB M21C with CusF 
M49C in the presence of BMOE was used as a 
positive control and revealed a higher molecular 
weight protein (CusB M21C + CusF M49C, ~55 
kDa). These BMOE in vitro chemical cross-
linking experiments demonstrate that CusA and 
CusB do not interact at their respective metal-
binding sites. Since these results suggest that their 
metal sites are not in proximity, it is unlikely that 
metal transfer from CusB to CusA occurs. This 
finding does not support the Funnel Model of 
substrate transport.  
  
DISCUSSION 
 Bacteria must simultaneously utilize the high 
polarizing power of copper for necessary 
biological processes, but evade its toxicity when it 
is present in excess; consequently, intricate metal 
sensing and regulatory networks are employed to 
thrive in environments with varying levels of 
copper. To understand the controls on copper 
homeostasis, we have applied comparative 
genomic analyses paired with a suite of molecular 
and biochemical methods on the E. coli 
Cu(I)/Ag(I)-exporting CusCFBA system. These 
tools allow us to form hypotheses and effectively 
test them on a metal substrate transport pathway.  
 The copper-inducible Cus system, encoding a 
transmembrane tripartite Cu(I)/Ag(I)-efflux pump 

and a metallochaperone has narrow substrate 
specificity (20), which can be attributed to the 
specific metal coordination sites of the individual 
constituents comprising this efflux system.  The 
Cus system is widespread among Bacteria but 
primarily present in the Proteobacteria phylum. 
However, some highly similar Cus constituents 
containing alternative metal-binding residues have 
been identified. The RND protein CusA has a 
completely conserved all-methionine metal-
binding motif.  Removal of a ligand through 
isoleucine substitution abolishes Cus-mediated 
resistance (42).  We have shown here that even a 
substitution with another residue (cysteine) that 
can serve as a ligand eliminates Cus mediated 
copper-resistance. Methionine coordination has 
been shown to be suited as a weak axial Cu(I) 
ligand in cuproproteins including Cu-transporting 
ATPases and chaperones (47,48). Methionines 
may be utilized when it is important to bind 
copper substrates to allow transfer of these ions to 
interacting constituents. For example, CusA binds 
metal ions and likely transfers its substrate through 
the OMF CusC. Therefore, any mutation of this 
site that would result in an expected tighter Cu(I)-
ligand interaction, such as a Cys substitution, may 
inhibit release of substrate and ultimate extrusion 
to the extracellular milieu. Conversely, cysteines 
are much more effective at binding intracellular 
Cu(I) in a reducing environment where disulfide 
bridge formation is not an extreme issue. It is 
evident through genome-wide cuproprotein 
comparisons in Bacteria and Eukarya, that this 
strong interaction usually results in the use of only 
two cysteines to ligand Cu(I) ions, whereas three 
methionines are necessary. Together, these data 
suggest that the metal-coordination site of CusA is 
functionally important, and moreover fine-tuned 
for effective substrate extrusion. 
 In the ε-division of the Proteobacteria phylum, 
putative CusA and CusF proteins were both 
identified; however, close examination of the 
genomic context revealed a putative CusB protein 
exclusive of any metal-binding motif. This lack of 
conservation of the specific metal-binding motif 
may reveal that within these microbes metal-
coordination by the PAP is not absolutely 
essential, thereby suggesting that metal transfer 
from CusB to the CusA does not occur. It is 
possible that the transport mechanism of this 

206



APPENDIX A 

 
 

system is atypical, and that the RND protein is the 
key player in picking up periplasmic metal ions for 
subsequent elimination. However, this remains to 
be investigated.  
 Putative CusB proteins identified in the 
Acidobacteria and Bacteroidetes phyla contained 
an alternative metal-binding motif, M21C36M38. 
Our mutational analyses on the Cu(I)-binding 
residues of the E. coli CusB revealed that Cys 
substitutions at M36 or M38 mediated partial 
copper resistance, showing that unlike CusA, there 
may be less importance to fine-tuning the affinity 
of CusB. Additionally, since chemical cross-links 
between CusA and CusB Cys derivatives from in 
vitro sulfhydryl cross-linking were not identified, 
we expect that their metal binding sites are not 
likely to be in proximity. The juxtaposition of the 
metal sites of CusB and CusA would need to be 
the case for metal transfer between these proteins 
to occur. Based on the recent co-crystal of CusA 
and CusB (31) the stoichiometry of these proteins 
is 1:2. This stoichiometry poses a conundrum for 
metal transfer to occur from CusB to CusA.  If 
metal is transferred from each CusB molecule, a 
bottleneck of substrate transfer to CusA may 
occur.  This suggests that based on stoichiometry, 
metal transfer between these proteins is 
improbable. Taken together, since CusB is tolerant 
to substitutions at the metal site that are expected 
to affect affinity and the CusA-CusB metal 
binding sites are unlikely to be close, these 
findings support the hypothesis that the role of the 
CusB metal-binding site is for allosteric control 
and metal transfer from CusB to CusA does not 
occur.  
 Since CusB interacts both with the inner 
membrane protein CusA and the OMF protein 
channel CusC, substrate binding could elicit a 
conformational change in CusB that facilitates the 
opening of the OMF allowing substrate to be 
eliminated. This mechanism has been proposed in 
similar systems such as the AcrAB-TolC complex 
(49). Within those systems, the outer membrane 
channel opens from a sealed resting state during 
the transport process. Our results provide support 
for the Switch Model (33), in which the  substrate-
linked conformational change in CusB acts as an 
allosteric regulator that turns the pump “ON,” 
allowing for the entry of periplasmic copper ions 
via the RND protein and subsequent elimination 
through CusC (Fig. 5). 

 Another key player identified in copper 
homeostasis is the metallochaperone CusF. 
Previous work has already identified CusF as a 
Cu(I)/Ag(I)-binding chaperone that specifically 
interacts and delivers metal substrate to the PAP 
CusB. Here we have identified a novel in vivo and 
in vitro interaction between CusF and the RND 
protein CusA through biochemical analyses. 
Additionally, similar to CusA Cys mutants, CusF 
derivatives containing substitutions of alternative 
non-metal-binding and metal-binding residues are 
unable to rescue a copper-sensitive phenotype. 
Exact metal-coordination by the H36W44M47M49 
residues may be necessary for metal transfer to 
occur from CusF to CusB, CusA, or possibly other 
cuproproteins. Because a homologous protein with 
identical metal-binding affinity does not substitute 
for CusF, we have also established that CusF does 
not solely sequester periplasmic ions, but that an 
essential role for CusF is interactions with the Cus 
complex. These interactions may be strategic in 
conditions where the periplasm is deplete of free 
copper ions and thus, metal-bound CusF could 
release substrate to CusA for extrusion and 
remove substrate from CusB to turn the pump 
“OFF.” 
 Microbes employ an extensive sensing and 
transport network in response to elevated 
intracellular copper concentrations to tightly 
regulate delivery to requisite cuproproteins and 
intercept the detrimental effects of copper toxicity. 
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 
where cusF is the most up-regulated gene in E. 
coli under copper stress (50). The initial role of 
CusF is to immediately sequester periplasmic 
copper ions that could rapidly toxify the 
periplasm. Simultaneously, CusB acquires copper 
ions either from CusF or directly from the 
periplasm resulting in a conformational change, 
thereby switching 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 
within the periplasm 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 
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transmembrane pump. As copper concentrations 
decrease, apo-CusF can then remove the Cu(I) 
ions from CusB to turn the pump “OFF”. Any 
remaining metal-bound CusF can act as a Cu(I) 
storage protein to maintain an adequate supply for 

other cellular mechanisms.  Through these 
mechanisms, exquisite control is expected to be 
maintained of cellular copper levels to balance 
cellular needs while avoiding toxic effects of the 
free metal.  
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FIGURE LEGENDS 
 
FIGURE 1.  CusF co-purifies with CusA using Streptag affinity purification. 
cusA-Streptag and cusF were co-expressed in the presence of metal. CusA was purified by Strep-Tactin 
affinity. The same sample was run in two separate lanes probing for A.) CusA (*) by anti-CusA antibody 
and B.) CusF (**) by anti-CusF antibody. CusF (absence of band) was not identified in the eluent in the 
absence of CusA (lane 2 of panel B). Co-purification experiments were performed at three times with 
similar results. 
 
FIGURE 2.  CusA and CusF interact by in vivo chemical cross-linking 
cusA-Streptag and cusF were co-expressed in the presence of metal and DSS cross-linker, then purified 
via Strep-Tactin affinity purification. The same sample was run in two separate lanes probing for A.) 
CusF by anti-CusF antibody and B.) CusA by anti-CusA antibody. In panel A, the observed band (*) is 
attributed to a CusA-CusF cross-linked product.  In panel B, the bands (**) likely contain both free CusA 
and CusF-CusA cross-linked protein, since the resolution of the gel does not allow the small mass 
difference contributed by CusF to be resolved.   Incubations in the absence of DSS did not reveal any 
higher molecular weight proteins when probed for CusF. All experiments were performed at three times 
with similar results. 
 
FIGURE 3.  Apo-CusA and Ag(I)-CusF interact by in vitro chemical cross-linking 
Equal amounts of purified CusA and CusF were incubated in the presence or absence of chemical cross-
linker BS3. Protein was detected with A.) anti-CusF antibody or B.) anti-CusA antibody. Bands at 
approximately 140 kDa in Lane 1 of panels A and B are in the appropriate range for a CusA-CusF 
complex. 
 
FIGURE 4.  CusB and CusA cysteine derivatives do not interact by in vitro cross-linking 
Equal amounts of purified CusA and CusB cysteine derivatives were incubated in the presence (+B) and 
absence (-B) of the sulfhydryl crosslinker BMOE.  For all CusB and CusA incubations, CusB was 
detected with an anti-CusB antibody. All possible combinations of cysteine derivatives of CusB (M21C, 
M36C, M38C) with CusA (M573C, M623C, M672C) were incubated together. However, no higher 
molecular weight bands (expected at ~160 kDa) corresponding to cross-linked proteins were detected. As 
a positive control, in the first two lanes, a CusF M49C:CusB M36C cross-linked product was observed 
with an anti-cusF antibody. Lanes were digitally excised from multiple scanned Western blots to fit all on 
one figure. 
 
FIGURE 5.  Proposed Cu(I)/Ag(I)-transport pathway of the CusCFBA complex. 
CusB binds Cu(I)/Ag(I) ions directly from the periplasm and CusF. The role of metal binding by CusB is 
likely allosteric regulation, thereby turning the pump “ON” in a substrate-linked conformational change 
dependent manner. Once “ON”, active extrusion of ions is achieved by CusA directly detoxifying 
periplasmic ions or potential delivery by the metallochaperone CusF.  As cells reach copper homeostasis 
and the periplasmic ion pool is deplete, CusF may remove bound ions from CusB, thereby turning the 
pump “OFF”. 
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Table 1: Presence of putative Cus components and their identified metal-
binding motif among sequenced bacterial genomes. 
 
Phylum CusA CusB CusF 
gi 4062205 4062198 4062197 
Acidobacteria MMM MCM SCO1/SenC* 
Actinobacteria None None None 
Aquificae MMM None None 
Armatimonadetes None None None 
Bacteroidetes/Chlorobi MMM MCM SCO1/SenC 
Caldiserica None None None 
Chlamydiae MMM None None 
Chloroflexi None None None 
Chrysiogenetes MMM HMM HWMM 
Cyanobacteria None None None 
Deferribacteres None None None 
Deinococcus-Thermus None None None 
Dictyoglomi None None None 
Elusimicrobia None None None 
Fibrobacteres None None None 
Firmicutes MMM None None 
Fusobacteria None None None 
Gemmatimonadetes MMM None None 
Lentisphaerae None None None 
Nitrospira None None None 

Planctomycetes MMM MCM Thiol reductase* 
Proteobacteria       
  α  MMM MMM HWMM 
  β  MMM MMM HWMM 
  δ MMM MMM HWMM 
  ε MMM Hit* HWMM 
  γ MMM MMM HWMM 
Spirochaetes MMM None None 
Synergistetes None None None 
Tenericutes None None None 
Thermodesulfobacteria None None None 
Thermomicrobia None None None 
Thermotogae None None None 
Verrucomicrobia MMM MMM SCO1/SenC 

*SCO1/SenC, contains HMMM motif and an CXn+xC and conserved H motif that may be involved in 
respiration 
*Hit, no recognizable metal-binding motif identified 
*Thiol reductase, CusF hit was annotated as a thiol reductase 
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Table 2: MICs of copper for E.coli strains and amino acid mutant derivatives  

Bacterial strain Relevant Genotype Complementing 
gene in trans 

MICs of 
CuSO4 

EC950 W3110 ΔcueO ΔcusB none 1.0 

  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 1.0 

  cusA wild-type 2.0 

  cusA M573C 1.0 

  cusA M623C 1.0 

  cusA M672C 1.0 

    EC933 W3110 ΔcueO ΔcusF none 2.5 

  cusF wild-type 2.75 

  cusF H36A 2.5 

  cusF W44A 2.5 

  cusF M47I 2.5 

  cusF M47C 2.5 

  cusF M47I/M49I 2.5 

  cusF M49I 2.5 

  cusF M49C 2.5 
  silF wild-type 2.5 
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Figure 1: CusF co-purifies with CusA using Streptag affinity purification. 
cusA-Streptag and cusF were co-expressed in the presence of metal. CusA was purified by Strep-Tactin 
affinity. The same sample was run in two separate lanes probing for A.) CusA (*) by anti-CusA antibody 
and B.) CusF (**) by anti-CusF antibody. CusF (absence of band) was not identified in the eluent in the 
absence of CusA (lane 2 of panel B). Co-purification experiments were performed at three times with 
similar results. 
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Figure 2: CusA and CusF interact by in vivo chemical cross-linking 
cusA-Streptag and cusF were co-expressed in the presence of metal and DSS cross-linker, then purified 
via Strep-Tactin affinity purification. The same sample was run in two separate lanes probing for A.) 
CusF by anti-CusF antibody and B.) CusA by anti-CusA antibody. In panel A, the observed band (*) is 
attributed to a CusA-CusF cross-linked product.  In panel B, the bands (**) likely contain both free and 
CusF-CusA cross-linked protein, since the resolution of the gel does not allow the small mass difference 
contributed by CusF to be resolved.   Incubations in the absence of DSS did not reveal any higher 
molecular weight proteins when probed for CusF. All experiments were performed at three times with 
similar results. 
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Figure 3: apo-CusA and Ag(I)-CusF interact by in vitro chemical cross-linking 
Equal amounts of purified CusA and CusF were incubated in the presence or absence of chemical cross-
linker BS3. Protein was detected with A.) anti-CusF antibody or B.) anti-CusA antibody. Bands at 
approximately 140 kDa in Lane 1 of panels A and B are in the appropriate range for a CusA-CusF 
complex. 
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Figure 4: CusB and CusA cysteine derivatives do not interact by in vitro cross-linking 
Equal amounts of purified CusA and CusB cysteine derivatives were incubated in the presence (+B) and 
absence (-B) of the sulfhydryl crosslinker BMOE. No higher molecular weight proteins corresponding to 
a CusB:CusA interaction were detected (~160 kDa). For all CusB and CusA incubations, CusB was 
detected with an anti-CusB antibody. All possible combinations of cysteine derivatives of CusB (M21C, 
M36C, M38C) with CusA (M573C, M623C, M672C) were incubated together. However, no higher 
molecular weight bands corresponding to cross-linked proteins were detected. As a positive control, in the 
first two lanes, a CusF M49C:CusB M36C cross-linked product was observed with an anti-cusF antibody. 
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Figure 5: Proposed Cu(I)/Ag(I)-transport pathway of the CusCFBA complex. 
CusB binds Cu(I)/Ag(I) ions directly from the periplasm and CusF. The role of metal binding by CusB is 
likely allosteric regulation, thereby turning the pump “ON” in a substrate-linked conformational change 
dependent manner. Once “ON”, active extrusion of ions is achieved by CusA directly detoxifying 
periplasmic ions or potential delivery by the metallochaperone CusF.  As cells reach copper homeostasis 
and the periplasmic ion pool is deplete, CusF may remove bound ions from CusB, thereby turning the 
pump “OFF”. 
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APPENDIX B 

MALDI-TOF MS LIMITED PROTEOLYSIS RAW DATA 

 

In this appendix, a selection of raw data is shown from limited proteolysis experiments 

discussed in Chapter V.  I carried out the limited proteolysis experiments with the help of 

an undergraduate student, Anthony Kenrick.  MALDI-TOF mass spectrometric analysis 

of limited proteolysis samples was performed with Arpad Somogyi in the Mass 

Spectrometry Facility (University of Arizona).   
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ABBREVIATIONS 

AUC  analytical ultracentrifugation 
BS2G  bis(sulfosuccinimidyl)glutarate  
CID  collision induced dissociation  
E. coli  Escherichia coli 
ESI  electrospray ionization  
EXAFS extended X-ray absorption fine structure 
HAE  hydrophobic and amphiphilic efflux 
HME  heavy-metal efflux 
H2O2  hydrogen peroxide 
HPLC  high performance liquid chromatography 
HSQC  heteronuclear single quantum coherence 
IM-MS ion mobility mass spectrometry  
ITC  isothermal titration calorimetry  
LPL  large periplasmic loop  
LTQ  linear ion trap 
MFP  membrane fusion protein  
MP  membrane proximal 
MS  mass spectrometry  
NMR  nuclear magnetic resonance  
OMF  outer membrane factor 
RND  Resistance, Nodulation, and cell Division 
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SeM  selenomethionine 
Sulfo-NHS N-hydroxysulfosuccinimide 
TM  transmembrane 
XAS  X-ray absorption spectroscopy 
XL  cross-link 
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