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ABSTRACT 

 Biometals such as copper, cobalt and zinc are essential to life.  These transition 

metals are used as cofactors in many enzymes.  Nonetheless, these metals cause 

deleterious effects if their intracellular concentration exceeds the cells’ requirement.  

Prokaryotic organisms usually employ efflux systems to maintain metals in appropriate 

intracellular concentrations. 

 The Cus system of Escherichia coli plays a crucial part in the copper homeostasis 

of the organism.  This system is a tetrapartite efflux system, which includes an additional 

component compared to similar efflux systems.  This fourth component is a small 

periplasmic protein, CusF.   CusF is essential for full copper resistance, yet its role within 

the Cus system has not been characterized.  It could potentially serve in the role of a 

metallochaperone or as a regulator to the Cus system. 

To gain insight into the molecular mechanism of resistance of this system, I have 

structurally and biochemically characterized CusF. Using X-ray crystallography I 

determined the CusF structure.  CusF displays a novel fold for a copper binding protein.  

Through multiple sequence alignment and NMR chemical shift experiments, I proposed a 

metal binding site in CusF, which I confirmed through determination of the structure of 

CusF-Ag(I).  CusF displays a novel coordination of Ag(I) and Cu(I) through a Met2His 

motif and a cation-π interaction between the metal ion and a tryptophan sidechain.  

Furthermore, I have shown that CusF binds Cu(I) and Ag(I) specifically and tightly. 

I investigated the role of the tryptophan at the binding site to establish its effect on 

metal binding and function of CusF.  I have shown through competitive binding assays, 
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NMR studies and through collaborative EXAFS studies that the tryptophan plays an 

essential role in CusF metal handling.  The affinity of CusF for Cu(I) is influenced by this 

residue.  Moreover, the tryptophan also caps the binding site such that oxidation of the 

bound metal as well access to adventitious ligands is prevented.  In summary, these 

findings show that the structure and metal site of CusF are unique and are specifically 

designed to perform the function of CusF as a metallochaperone to the Cus system. 
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CHAPTER I: INTRODUCTION 

Explanation of the problem and its context 

 Many metals are essential for life as they are involved in vital cellular processes, 

such as electron transport, respiration, photosynthesis or control of oxidative damage.  

Other metals are often extremely toxic and even the essential metals can be toxic when in 

excess of cellular requirements.  Therefore, organisms have various mechanisms to 

regulate intracellular metal levels.  These mechanisms must be fine-tuned for appropriate 

metal selection to ensure correct metal homeostasis under changing environmental 

conditions.  The cytotoxicity of some metal ions has been exploited for various 

antimicrobial applications. 

In recent years the use of metal ions as antimicrobial agents has gained interest 

beyond the traditional use in medicine and agriculture.  The general public increasingly 

seeks novel antimicrobial products for household and personal use.  Yet the public is 

largely unaware that widespread use of these products has been shown to quicken the 

selection of bacteria resistant to those agents.  In addition to resistance against the metal 

used, co-selection for antibiotic resistance has been observed (1, 2).   

 Antimicrobial resistance can be achieved through mechanisms of degradation, 

sequestration or efflux (3-6).  The detoxification of metal ions from prokaryotic cells is 

largely accomplished through efflux mechanisms, as metal ions are not degradable.  The 

details of most of these mechanisms, however, are not well understood.  One of the 

families of efflux systems is the CBA family or alternatively termed the RND 

(Resistance-Nodulation-Cell-Division) superfamily.  This family of tripartite protein 
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systems can export a large variety of substrates ranging from metals to dyes to antibiotics 

and has been implicated in a variety of multi-drug resistant bacteria (2, 7, 8). 

 Copper and silver are two commonly used metals in antimicrobial applications.  

The RND system, CusCFBA, under investigation in this work, is in part responsible for 

detoxification of these metals in Escherichia coli.  Understanding the mechanism of 

efflux by CusCFBA may aid not only in understanding prokaryotic resistance to metal 

ions but other antimicrobials as well.   While the Cus system has many similarities to 

other RND systems, it is unique in that it contains an additional protein component, 

CusF.   Before the present study, CusF was not well characterized, though it was known 

to be required for full copper resistance (9). 

It has become evident in the past decades of the metalloenzyme/protein field that 

copper sites always match the functional requirements of proteins; thus, understanding 

the copper site(s) of CusF may aid in determining the role of CusF in copper homeostasis 

in E. coli.  This work focuses on structural and biochemical characterization of the 

protein to gain insight into its role in metal homeostasis in E. coli. This characterization 

was performed in part in collaboration with others as outlined below.  I have determined 

the apo and Ag(I)-bound structures of CusF to gain insight into how the protein structure 

relates to the function of CusF within copper homeostasis. The metal coordination, as 

well as the affinity and specificity of CusF and several mutants of CusF, are described in 

this work.  Furthermore, I have investigated and discussed the characteristics of the CusF 

metal binding site and how it is unique and specific for the function of CusF as a 

metallochaperone. 
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A review of literature 

Biological importance and effect of copper and silver ions 

Life thrives in the midst of the constant battle against changing environmental 

conditions.  At all times, organisms strive to maintain optimal conditions for intracellular 

processes, though external conditions are often less than optimal or potentially toxic.  

High concentrations of metal ions in an organism’s environment constitute one type of 

harmful environmental conditions.  Some metal ions, termed biometals, while essential 

for cells in low concentrations, are nonetheless toxic at elevated levels.  To battle the 

toxic effects of high concentrations of metals, organisms harbor various sets of genes, 

which encode systems that are responsible to maintain “healthy” intracellular conditions 

against a variety of environmental influences.  This process for maintaining appropriate 

metal concentrations in vivo is referred to as metal homeostasis.   

In prokaryotes, most of the systems involved in metal homeostasis function as 

efflux systems (10).  The major types of efflux systems are the P-type ATPases (11) (i.e. 

CopA), the Major Facilitator Superfamily (MFS) (12), the Cation Diffusion Facilitators 

(CDF) (13) (i.e. CzcD), the Drug/Metabolite Transporter Superfamily (DMT) (14) (i.e. 

CnrT) and the CBA family or RND superfamily (7) (i.e. CzcCBA, CusCBA).  The CorA-

family and porins may also be involved in metal efflux (10, 15).  The subject of this work 

is a novel protein belonging to the chemiosmotic CBA efflux system, Cus, responsible 

for copper and silver resistance in Escherichia coli.  Thus, the following discussion will 

be focused primarily on copper/silver homeostasis in E. coli.    
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What necessitates the tight control of intracellular copper levels?  On average 

about 30% of bacterial proteins are metalloproteins (15), while transition metals 

constitute 1-2% of the mass of a bacterial cell  (15).   Unmistakably, the presence of 

transition metals in the cell is essential.  They are used as cofactors in enzymes and play 

vital roles in enzymatic mechanisms.  Since these metals are necessary for life, they are 

often called biometals.  Copper is the second most prevalent transition metal in cells next 

to iron (16).   It is considered a biometal, since as a redox active metal it is a cofactor in 

many enzymes involved in vital functions such as electron transport, respiration, 

photosynthesis, control of oxidative damage, and pigmentation.    

Shielding of copper from molecular oxygen and other reducible species is crucial 

to prevent Cu(I)-induced oxidative stress through participating in one-electron transfer 

reactions that can lead to the generation of toxic free radicals, including OH• (17).  The 

electronic configuration of copper is 3d104s1; cuprous ion [Cu(I)] has completely filled d-

orbitals with 10 electrons (3d10) and cupric ion [Cu(II)] has only nine electrons in the d-

orbitals (3d9) with one electron being unpaired, making divalent copper [Cu(II)] 

paramagnetic, as well as the most stable oxidation state of copper, and thus the less toxic 

species.  

Despite the important role of transition metals, the redox-cycling of such metals 

can also result in oxidative stress through the generation of free (oxygen) radicals, 

leading to lipid peroxidation, protein oxidation, as well as DNA damage.  Copper has a 

high reduction potential.  The standard redox potential (versus NHE) for Cu(I)/Cu(0) is 

+0.52 V and that for Cu(II)/Cu(I) is +0.153 V.  In the presence of biological reductants 
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such as ascorbate or glutathione (GSH), the soluble cupric ion [Cu(II)] can be reduced to 

the highly redox labile cuprous ion [Cu(I)].  Cu(I) can then catalyze the formation of 

reactive hydroxyl radicals (OH•) via the Fenton reaction (1). 

 

Cu(I) + H2O2    Cu(II) + OH• + OH-
  (1) 

 

The generated hydroxyl radical is highly reactive and reacts at diffusion-limited 

rates with various biological molecules via hydrogen abstraction, electron transfer or 

addition reactions, resulting in another radical, which is usually of lower reactivity.  It 

may also react with another hydrogen peroxide molecule to generate a superoxide radical 

(2).  

 

OH• + H2O2  H2O + H+ + O2
•-     (2) 

 

It has been shown that copper in excess of cellular requirements results in free 

radical production and direct oxidation of lipids, proteins and DNA in eukaryotic cells.  

Attack of a hydroxyl radical on a membrane lipid, for example, can cause a series of 

chain reactions that severely damage the membranes (18, 19).  In humans, copper 

induced oxidative damage has been implicated in several neurodegenerative disorders as 

well, such as Alzheimer’s disease, Parkinson’s disease and amyotrophic lateral sclerosis 

(17).  Furthermore, two fatal human diseases are a direct result of the cytotoxicity of 

copper, Wilson’s disease and Menkes disease; both diseases are involved in the 
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disruption of intracellular copper trafficking and are caused by mutations in the genes for 

the corresponding metal binding P-type ATPases, Menkes and Wilson disease proteins.  

Wilson’s disease leads to accumulation of copper in the liver and brain, while Menkes 

disease results in copper deficiency (20, 21). 

The exact mechanism of copper toxicity in E. coli is unknown. Macomber et al. 

have shown that while Cu(I)-catalyzed Fenton chemistry can induce DNA strand breaks 

and oxidation in vitro, copper does not cause significant oxidative DNA damage in E. 

coli in vivo, yet the authors have not given a clear alternative mechanism for copper 

toxicity (22).  However, it was suggested that copper-induced oxidative damage may 

primarily take place in the periplasm.  This is underlined by the observation that the 

copper stress response regulator, cueR, contains in its promoter a putative binding site for 

a regulator that responds to periplasmic stress signals, CpxR (22).  It is known that the 

upper limit of free copper in the cytoplasm is less than one atom per cell when no copper 

stress is imparted (23, 24).  Therefore, intracellular copper-induced oxidative damage on 

DNA may be prevented either through efflux systems that ensure the cytoplasm has 

virtually no free copper or through immediate chelation of copper entering the cytoplasm 

by ligands such as glutathione or cysteine.  Macomber et al. further noted that catalase 

and superoxide dismutase were highly induced in copper-treated E. coli, suggesting the 

presence of elevated levels of H2O2 and superoxide, which can directly damage specific 

metalloenzymes and thus damage their respective pathways (22).   Besides copper 

toxicity through oxidative stress, other mechanisms must be at play, as copper is also 

highly toxic to anaerobic cells in which reactive oxygen species cannot form (22). 
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While the mechanisms for cytotoxicity of copper are not yet fully revealed, it is 

generally accepted that copper can lead to oxidative stress as well as displace other 

essential transition metals from metalloenzyme metal sites (25).  The latter may be more 

prevalent under anaerobic conditions.  Due to the dual nature of copper all kingdoms 

have developed elaborate mechanisms for copper homeostasis.  In eukaryotes, several 

highly conserved systems are known to be employed for copper uptake, to direct copper 

to the appropriate enzyme metal sites and to appropriate intracellular compartments, or to 

expel it from the cell.  In bacteria, primarily copper efflux systems are found.  Through 

these homeostasis systems metal concentrations can be controlled and kept in the 

appropriate concentration range although environmental conditions may change (25). 

Other metals (i.e. Cd, Hg, Pb, and Ag) not classified as biometals are important in 

metal homeostasis as well, as they are highly toxic and therefore must be removed or 

sequestered.  These toxic metals can cause damage to the cell by their high affinity for 

thiol groups, which can cause binding to functionally important cysteines in enzymes, 

followed by inactivation of the enzyme (3, 15), as well as depletion of glutathione.  

Glutathione provides effective antioxidant protection by trapping radicals, reducing 

peroxides and maintaining the redox state of the cell (17, 26, 27).  The toxicity of these 

metals depends on the value of the dissociation constants of their sulfide complexes (3).  

Furthermore, it has been shown that Ag(I), which is of interest here, is able to displace 

metallic cofactors of some enzymes’ active sites, rendering these enzymes inactive (28, 

29).  
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Due to their toxic effects, both copper and silver have been used widely in 

antimicrobial applications.  Copper compounds have been used as fungicides and anti-

microbials in agriculture and as additives to paints as anti-fouling agents (25).  Silver has 

been used effectively as an antimicrobial in medical practice, especially as a topical 

antibiotic for burn wound treatment.  In addition, medical devices such as catheters or 

heart valves are often made of silver impregnated polymers to prevent formation of 

microbial biofilms.  Both metals are also used to treat water in public health settings as 

well as in residential water filtration systems (30). 

While the use of copper and silver as antimicrobial agents has proven useful and 

effective for many years, concern is growing over increasing public interest in these 

applications for everyday products.   Common and uncontrolled use of such products may 

increase the occurrence of silver and copper resistant bacteria, eventually rendering the 

most significant uses of copper and silver in the medical field ineffective.    

 

Structures and metal binding sites of copper chaperones 

Metallochaperones are proteins that guide and protect metal ions within the cell, 

and transport them safely to where they are needed.  Metallochaperones, as well as metal 

storage proteins, also shield metal ions from solvent and thus prevent oxidative damage.  

Amazingly, the free copper pool consists of less than one copper atom per cell, 

suggesting an overcapacity for chelation of copper (24, 31).  Therefore, copper is 

expected to never be randomly available, but is bound by copper chelating molecules and 

thus prevented from participating in redox reactions. Metallochaperones are proteins 



 22

functioning as copper chelators and only release bound copper to their appropriate 

receptor proteins through direct protein-protein interactions.  Three of the most 

understood groups of copper chaperones are the Atx1-like chaperones, the CCS 

chaperones and Cox chaperones, which are responsible for transferring copper to 

intracellular copper transporters, to the copper, zinc superoxide dismutase and to 

cytochrome c oxidase, respectively (32, 33).  While the yeast and human proteins have 

been studied most extensively, Atx1 and CCS homologs are also found in bacteria, plants 

and other animals (32). 

 Atx1 is a cytosolic copper chaperone of Saccharomyces cerevisiae, which 

delivers copper from the high affinity copper transporter Ctr1 to the transport ATPase 

Ccc2 in the trans-Golgi network (34, 35).  Ccc2 in turn shuttles the copper into vesicles 

from where it is loaded into the multicopper oxidase Fet3 (35).  Hah1, a human homolog 

of Atx1 delivers copper to the Menkes and Wilson proteins to supply ceruloplasmin with 

copper (20).  Furthermore, a bacterial homolog of Atx1 is known, CopZ from Bacillus 

subtilis (36).  All the Atx1-like copper chaperones as well as their target domains in the 

respective ATPases exhibit a conserved CXXC (single-letter amino acid code, where C is 

cysteine and X is any amino acid) metal binding motif located on a solvent-exposed loop 

as well as a common fold, an “open –faced β-sandwich” (βαββαβ) (20, 37, 38).   

Metal is transferred between Atx1 and the Ccc2 ATPase (Ccc2a) by forming a 

transient protein-protein interaction that is metal dependent.  Coordination of Cu(I) by 

these two proteins involves a rapid equilibrium of various species as seen in NMR 

experiments, whereby in the dominant species the Cu(I) is coordinated by one cysteine 
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from Atx1 and two cysteines from Ccc2a (39).  The details of this transfer mechanism 

involving a tri-coordinate intermediate are shown in Figure 1.1. 

 

 

 

 

 
 

 
 

Figure 1.1.  The mechanism for Cu(I) transfer between Atx1 and Ccc2a (Adapted from 

(39)). 
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Figure 1.2.  The tri-coordinate intermediate of Atx1 (green) and Ccc2a (blue).  The Cu(I) 

(brown) ion is coordinated by two cysteinyl sulfurs of Ccc2a and one cysteinyl sulfur of 

Atx1 (Adapted from (40)). 

 

 
Cu(I) mediated complexes have also been shown for B. subtilis CopZ with the N-

terminal domain of CopA (41), cyanobacterial ScAtx1 with the N-terminal domain of 

PacS (42) and Hah1 with the N-terminal domains of the Menkes and Wilson proteins 

(43).  It has been suggested by several authors, most recently by Banci et al. (39), that the 

tri-coordinate intermediate is a general feature in the Cu(I) transfer of all homologous 

systems to Atx1 and Ccc2.  Even formation of a transient tri-coordinate Cu(I) adduct is 
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expected to guarantee the function of the transport mechanism allowing the ATPase to 

gain access to the metal ion, which is then translocated through ATP hydrolysis.  

The copper chaperones for superoxide dismutase, CCS, are responsible for copper 

delivery to the copper-zinc superoxide dismutase (SOD1), a eukaryotic antioxidant 

enzyme.  These chaperones are homodimers, in which the monomers consist of three 

domains.  Domain I, the N-terminal domain, contains the CXXC metal binding motif and 

exhibits the βαββαβ fold, as do the Atx1-like chaperones.  Domain II resembles SOD1, 

yet displays no SOD1 activity (32).  Domain III forms an extensive loop structure 

containing a CXC motif and is required for metal transfer (33).  Metal transfer for CCS 

and SOD1 is achieved through ligand exchange reactions in the protein-protein complex 

of the target protein and its metallochaperone as described for the Atx1-like chaperones. 

A third group of metallochaperones are the copper chaperones for cytochrome c 

oxidase.  Cytochrome c oxidase requires copper as a cofactor in two copper sites (CuA 

and CuB) (44).  In this group Sco1, Cox11 and Cox17 have been most extensively 

characterized.  Cox17 is a small soluble protein found in both the cytosol and the 

mitochondrial intermembrane space.  Cox17 has been shown to transfer copper directly 

to both Sco1 and Cox11, which then transfer the copper to the cytochrome c oxidase CuA 

and CuB site, respectively (45).  Cox17 has a conserved CCXC motif, which forms the 

Cu(I) binding site with one Cu(I) per monomer in a linear coordination.  The overall 

structure of Cox17 consists of an unstructured N-terminus followed by two α helices 

forming a helical hairpin structure (46).  Cox11 and Sco1 are inner mitochondrial 

membrane proteins, with one transmembrane helix and a soluble domain that projects 
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into the intermembrane space (47, 48).  In Sco1 the soluble domain displays a 

thioredoxin-like fold with eight β strands and four α helices and contains a conserved 

CXXXC motif as well as a conserved histidine in two flexible loops forming the Cu(I) 

binding site, which is solvent exposed (47) and thus poised for a ligand exchange transfer 

reaction as seen for Atx1 and Ccc2 and for CCS1 and SOD.   

Cox11 displays a 10-stranded immunoglobulin-like β barrel structure, in which 

the C-terminal domain of the protein dimerizes and binds one Cu(I) ion per monomer.  

The Cu(I) binding site consists of two sulfurs from a conserved CXC motif located on a β 

sheet and one sulfur from the same motif on the other monomer, thus forming a binuclear 

copper cluster at the dimer interface with each copper in a trigonal coordination (48). 

 
 

 
 
Figure 1.3.  Copper chaperone pathways in yeast (Adapted from (35)). 
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Of the copper chaperones and copper binding proteins discussed above, most are 

monomers.  However, some do form homodimers and bind Cu(I) at the dimer interface, 

usually in a tri-coordinate fashion and sometimes stabilized by a fourth ligand at longer 

distance: Cox11 (48), yCCS (49) and Hah1 (20).  In these systems the transfer 

mechanism should involve an extra step of exchanging the third ligand with a ligand from 

the target protein, but is otherwise expected to occur as in the monomeric chaperones. 

In addition to the eukaryotic metallochaperones discussed, a number of copper 

binding proteins and proposed copper chaperones are known in prokaryotes.  These 

include the E. coli PcoC (50) and its homolog, the Pseudomonas syringae CopC (51, 52), 

the cyanobacterial protein DR1885 from Deinococcus radiodurans (53), the E. coli 

copper-responsive transcription regulator CueR (24) and its homolog CsoR from 

Mycobacterium tuberculosis (54), the Atx1-like copper chaperone from cyanobacterium 

Synechocystis PCC 6803 (55) and the copper chaperone CopZ from Bacillus subtilis (36).  

In terms of fold, these prokaryotic proteins display either a cupredoxin-like β barrel fold, 

(DR1885, Atx1 from S. PCC 6803, CopC and PcoC), an “open –faced β-sandwich” 

(βαββαβ) fold (CopZ), or an all α -helical fold (CueR and CsoR). 

 The discussed copper chaperones and copper binding proteins can be further 

categorized by their coordination number and ligand identity for Cu(I).  The cytosolic 

proteins share cysteine as the common ligand in either a 2-, 3- or rarely 4-coordinate 

geometry.  A linear bicysteinate coordination is found in Atx1, Ccc2, Cox17, the N-

terminal domains of the Menkes and Wilson proteins, CopZ and CueR.  A tri-coordinate 

Cys2His coordination is displayed in Sco1 and CsoR.  Only the Hah1 dimer is known to 
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form a four-coordinate Cu(I) complex, whereby the fourth ligand is found at a longer 

distance and believed to simply stabilize the three-coordinate Cu(I).  In contrast, proteins 

found in the periplasm of gram negative bacteria commonly use methionines as primary 

Cu(I) ligands, since the periplasm is an oxidizing environment that causes oxidation of 

cysteine residues (56).   More variety is found in the Cu(I) coordination of these proteins.  

DR1885 and monomeric CopC coordinate Cu(I) through a Met3His coordination, dimeric 

CopC displays a four-coordinate thioeither geometry, while its homolog PcoC 

coordinates Cu(I) in a Met2His environment.  
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Table 1.1.  Eukaryotic and prokaryotic copper-binding proteins 
 
Protein 
 

 
Fold 

 
Coordination

 
Organism 

 
References

Atx1 Open –faced β-sandwich 
βαββαβ 
 

 
 
PDB ID: 1fd8 

Cys2-Cu(I) Eukaryote 
Saccharomyces 
Cerevisiae 

(38) 

CCS Open –faced β-sandwich 
βαββαβ  (copper binding 
domain) 
 

 
PDB ID: 2crl 

Cys2-Cu(I) Eukaryote 
Saccharomyces 
Cerevisiae 

(57) 

Cox17 Helical hairpin 

 
 
PDB ID: 1u96 

Cys2-Cu(I) Eukaryote 
Saccharomyces 
Cerevisiae 

(46) 
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Protein 
 

 
Fold 

 
Coordination

 
Organism 

 
References

Cox11 10-stranded immuno-globulin 
like β-barrel 
 

 
 
 
PDB ID: 1sp0 

Cys3 
Binuclear 
copper 
center at the 
dimer 
interface 
with each 
copper in a 
trigonal 
coordination 
 

Eukaryote 
Saccharomyces 
Cerevisiae 

(46) 

Sco1 Thioredoxin like  
ββαβαβαβαββα 
 

 
 
PDB ID: 2b7j 

Cys2His Eukaryote 
Saccharomyces 
Cerevisiae 

(58) 

CopC Cupredoxin like β-barrel 
 

 
 
 
PDB ID: 2c9q 

Met3His 
(dimer: 
Met4) 

Prokaryote 
Pseudomonas 
syringae 

(59) 
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Protein 
 

 
Fold 

 
Coordination

 
Organism 

 
References

PcoC Cupredoxin like β-barrel 
 
 

 
 
 
 
PDB ID: 1lyq 

Met2His Prokayote 
Escherichia 
coli 

(60) 

CsoR All α-helical 
 
 
 

 
 
 
PDB ID: 2hh7 

Cys2His Prokayote 
Mycobacterium 
tuberculosis 
 

(54) 

CueR All α-helical 
 
 

 
 
 
PDB ID: 1q05 

Cys2 Prokayote 
Escherichia 
coli 

(24) 
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Protein 
 

 
Fold 

 
Coordination

 
Organism 

 
References

CopZ Open –faced β-sandwich 
βαββαβ 
 

 
 
PDB ID: 1k0v 

Cys2 Prokayote 
Bacillus 
subtilis 

(36) 

DR1885 Cupredoxin like β-barrel 
 

 
 
 
PDB ID: 2jqa 

Met3His 
 

Prokayote 
Deinococcus 
radiodurans 

(53) 

 
 

 

 

 

 

 

 



 33

Copper homeostasis systems in E. coli 

How copper enters the prokaryotic cell is not known, however in mammals two 

proteins found in the intestine are known to take up copper: Ctr1, the high-affinity copper 

[Cu(I)] transporter, thought to be the primary uptake protein, and DMT1, a divalent metal 

transporter (17).  In gram-negative bacteria other metals (Ni(II), Co(II), Zn(II), and 

Mn(II)) are taken up by CorA nonspecifically, while the most important specific uptake 

family is the ABC (ATP-Binding-Cassette) transporter family,  NiK is a representative of 

this family and functions in Zn(II) uptake (15).   

Much has been revealed through studies in the recent years regarding copper 

efflux in prokaryotes, even though little is known about copper uptake.   Copper 

homeostasis in E. coli is achieved through several systems.  Since copper is essential but 

also toxic when in excess, elaborate mechanisms involving multiple as well as partially 

redundant systems are needed to deal with this duality.  Two copper inducible 

chromosomal systems are found in E. coli: the cue (Cu-efflux) and the cus (Cu-sensitive) 

system.  The cue system consists of cueR, cueO and copA.  CueR is a copper-responsive 

metalloregulatory protein, which controls the expression of copA and cueO (61).  CopA 

is a soft-metal Cu(I)-translocating P-type ATPase and has significant sequence homology 

to eukaryotic copper P-type ATPases (62).  CopA was found to be responsible for 

detoxification of the cytoplasmic Cu(I).   CueO is a multi-copper oxidase, MCO (63).  

MCOs couple oxidation of substrates with the complete reduction of molecular oxygen to 

water.  Examples of MCOs are the mammalian protein ceruloplasmin, the plant protein 

ascorbate oxidase, and the fungal laccases.  MCOs have only recently been characterized 
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in prokaryotes.  In E. coli, Pseudomonas syringae, as well as in Xanthomonas campestris 

pv.  Juglandis, MCOs are involved in copper homeostasis (15).   The cuprous oxidase 

activity of CueO was shown by Singh et al. (64).  The Cue system is the primary 

resistance system for copper in E. coli under aerobic conditions:  CueR senses elevated 

Cu(I) concentrations in the cytoplasm and upregulates copA and cueO, while CopA 

transports Cu(I) from the cytoplasm to the periplasm where it is oxidized by CueO.  

The second system, the Cus system, is also important in copper resistance.  The 

Cus system is the primary copper resistance system in E. coli under anaerobic conditions 

and is essential at very high copper concentrations, which may overwhelm the Cue 

system (25).  The Cus system is encoded by the chromosomal cus determinant, which 

consists of two operons: cusRS and cusCFBA, which are transcribed in opposite 

directions.  These operons are induced by copper as well as by silver (9).  Microarray 

studies have shown that cusCFBA is highly upregulated under copper stress (65).  CusRS 

is the two-component system regulating the expression of CusCFBA, which is a 

tetrapartite efflux system transporting excess copper to the extracellular space. 

Initially the Cus system was thought to be primarily a silver resistance system, 

since under aerobic conditions the ∆cusA strain did not show a copper-sensitive 

phenotype (66).  However, both the cus and cue system are induced by copper sulfate in 

the medium (61, 67).  Outten et al. showed that even though the systems are partially 

redundant, they function optimally under different conditions, providing comprehensive 

protection from copper stress for both the cytoplasm and periplasm (61).   
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Under aerobic and anaerobic conditions the cue system is expressed at moderate 

basal levels, while the cus system shows only extremely low basal expression levels (25).  

Interestingly Outten et al. showed that the cue system is induced only 12-fold as copper 

stress increases, however the cus system is not transcribed until higher levels of copper 

stress are reached (25).  Under these extreme conditions the cus system is induced 800-

fold.  Thus it seems that the cue system is the primary system for copper homeostasis in 

E. coli and serves as the housekeeping system, while the cus system allows for copper 

resistance under extreme copper stress.  Two mechanisms can explain the need for the 

Cus system at high concentrations of copper under aerobic condition.   One possibility is 

that the rate of export by CopA exceeds the rate of oxidation of Cu(I) by CueO.  The 

other possibility is that at high concentrations of Cu(I) CueO will deplete the pool of 

dioxygen in the periplasm, leading to a lower turnover of CueO.  In either case, Cu(I) 

accumulates in the periplasm.  CusS senses the Cu(I) and activates the upregulation of 

cus, causing export of Cu(I) into the extracellular environment, effectively detoxifying 

the cell from Cu(I) (25).   

Under anaerobic conditions the roles of cue and cus change.  Without oxygen 

present CueO is not functional and cannot oxidize Cu(I) to the less toxic Cu(II).  

Therefore, Cu(I) accumulates in the periplasm and consequently also in the cytoplasm.  

Cu(I) may enter the cytoplasm via passive or active uptake, as Cu(I) is energetically 

easier to move across the lipid bilayer than Cu(II).  Even if Cu(II) enters the cytoplasm it 

would immediately be reduced to Cu(I) by the reducing environment.  The roles of the 

cue and cus systems are thus regulated by the conditions present (25). Under aerobic 
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conditions the cue system is the primary system and the cus system is an auxiliary system 

needed only at extremely high copper concentrations.  Under anaerobic conditions, only 

CopA from the cue system is essential, as it translocates Cu(I) to the periplasm, and thus 

the role of the cus system is enhanced.  Through the interplay and role switching of these 

two systems, E. coli is able to withstand elevated copper concentrations both under 

aerobic and anaerobic conditions (25). 

The cue and cus systems are chromosomally encoded; however, E. coli has 

occasionally been found to carry one additional plasmid encoded copper resistance 

system, PcoABCDE (plasmid-borne copper resistance), which increases resistance to 

copper under extreme copper stress through enhanced copper export (38, 60, 68).  Most 

of the Pco proteins have not been characterized.  However, it is expected that PcoA is a 

MCO, similar to CueO.  PcoB is an outer membrane protein of unknown function, yet has 

been speculated to play the role of a copper storage protein.  PcoC is expected to be a 

periplasmic metallochaperone to PcoA.  PcoD appears to be an inner membrane protein 

and may be responsible for copper uptake to ensure copper loading of PcoA.  PcoE is not 

part of the pcoABCD operon, but is regulated by CusRS.  No characterized homologs are 

known for this protein, but it has been shown to be necessary for full copper resistance 

and may function as a metallochaperone or metal storage protein (15). 

Herein, the RND system CusCFBA of E. coli is of interest.  RND systems are also 

called trans-envelope systems since they span the periplasm in gram-negative bacteria 

from the inner to the outer membrane.  These systems are largely responsible for the 
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intrinsic and acquired antibiotic resistance of these organisms.  Seven subfamilies of 

RND proteins are known, three of which are found in gram-negative bacteria (7, 15):  

HME – Heavy Metal Efflux family.  This family has a high substrate specificity, 

differentiating between mono- and divalent metal ions.   

HAE1 – Hydrophobic/Amphiphile Efflux1 family.  The HAE1 family has a broad 

specificity, allowing its members to transport a wide range of unrelated compounds such 

as antibiotics, bile salts, organic solvents, peptides and dyes.   

NFE – Nodulation Factor Exporter family.  The specificity of this family is not 

clear. 

In E. coli, eight RND transporter genes are found, but only CusA belongs to the 

HME family (15).  The cus system was first characterized in detail by Franke et al. (9).  

The components of the tetrapartite system are CusA, the RND protein and a 

chemiosmotic efflux protein transporting Cu(I) from the periplasm through the efflux 

complex into the extracellular space; CusC, the outer membrane channel; CusB, a 

periplasmic adaptor protein, which is thought to be important in stabilizing the complex 

and may play a role in substrate recognition and transport (9, 69).  Franke et al. showed 

that all the components of the CusCBA efflux complex are essential for cus-mediated 

copper resistance (9).  Deletion of cusB and cusA led to complete loss of cus-mediated 

copper resistance, while deletion of cusC led to a strong decrease in copper resistance.  It 

was hypothesized that another outer membrane factor such as TolC may substitute in part 

for CusC; however, deletion of tolC itself did not lead to a further decrease in copper 
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resistance.  Cu(I) was proposed as substrate for CusCBA, as the Cus system has also been 

shown to detoxify Ag(I) (9). 
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To date, the best model to understand the mechanism and structure of the 

CusCBA complex is the homologous multidrug resistance system AcrAB-TolC.  AcrB, 

the RND protein of this system, has only 19.3% sequence identity to CusA, while CzcA, 

a divalent RND protein of the HME family, has 33.8% sequence identity, and SilA, 

belonging to the monovalent HME RND proteins, has 88% sequence identity.  However, 

AcrB is the best characterized RND protein.  The structure of AcrB has revealed several 

important aspects of the function of the protein and its role in the efflux system, which 

are also of value in understanding the Cus system. 

AcrB has been shown to form a trimer in the inner membrane.  It consists of three 

domains: the transmembrane domain, the porter domain and the TolC docking domain 

(70).  AcrB structures have revealed that substrates for the AcrAB-TolC complex are 

taken up from the periplasm by AcrB, which then moves the substrate into the efflux 

channel through an alternating conformation change mechanism, which functions 

similarly to a peristaltic pump (Figure 1.5).  Each protomer of AcrB is found in a 

conformation pointing to three states in the export mechanism: access, binding and 

extrusion.  In the access state the vestibule is open to the periplasm giving access to the 

substrate.  In the binding state the substrate is accommodated by expanding the binding 

pocket and can move through the uptake channel into the large aromatic pocket.  In the 

last state, the extrusion state, the access to the vestibule is closed and the exit is opened, 

pushing the substrate into the top funnel of AcrB linked to the TolC channel (71, 72).  
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Figure 1.5.  An illustration of the mechanism of AcrB and a schematic of the 

assembly of AcrAB-TolC.  A) Top view of AcrB from the distal side of the cell (A – 

Acess, B – Binding, E – Extrusion).  B) View of the AcrAB-TolC system from the 

perspective parallel to the membrane plane (Adapted from (72)). 
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AcrB interacts with AcrA and TolC to form the efflux complex spanning the 

periplasm from the inner to the outer membrane (73-75) (Figure 1.5).  While AcrB and 

TolC together span both membranes, AcrA is expected to surround the AcrB-TolC 

complex (76-78).  However, the role of AcrA, beyond a likely structural support role, is 

not clear to date. 

Studies by Bagai et al. have revealed that the periplasmic protein CusB binds 

Cu(I) and Ag(I) and has a substrate linked role in the Cus system, not simply a 

scaffolding role as has been suggested for other periplasmic proteins of this type (69).  

CusB undergoes a conformational change to a more compact structure upon metal 

binding.  It is hypothesized that this conformational change may be involved in the 

regulation of the opening and closing of the efflux channel or may be involved in 

substrate transfer by handing off Cu(I) or Ag(I) to CusA.  Substrate binding by the 

periplasmic protein has not been shown in other RND efflux systems.  It is possible that 

substrate binding by CusB aids in the high substrate specificity of the system, which is 

only seen in the HME family of RND systems (69). 

 It is expected that the Cus system exports its substrate from the periplasm into the 

extracellular space.  RND efflux systems in general may take up substrates from either 

the inner membrane, the cytoplasm, or the periplasm, depending on the efflux system and 

its substrate (79).  CusA, similarly to AcrB, is expected to take up its substrates from the 

periplasm (9, 69-72, 80).  

CusF, the small periplasmic protein and fourth component of the Cus system is 

the focus of the present study.  Franke et al. has shown that CusF is necessary for full Cus 
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mediated copper resistance in E. coli (9).   While CusCBA can confer copper resistance 

up to an MIC (minimal inhibitor concentration) of 2.25 mM CuCl2 in a ∆cueO 

background, when CusF is expressed resistance increases to 3.25 mM CuCl2 (9).  

Furthermore, the cusF gene transcript shows the largest increase of any transcript in E. 

coli under copper stress (65).  While it is clear that CusF is necessary for full resistance, 

how it aids in increased resistance to copper is not known.   It has been suggested that 

CusF acts as a metallochaperone in the Cus system, yet a regulatory role for the CusCBA 

system cannot be ruled out. 

The protein initially transcribed from the cusF gene includes a periplasmic leader 

sequence.  The CusF polypeptide has been shown to undergo posttranslational processing 

to remove the leader sequence upon translocation of CusF into the periplasm (9).  The 

mature protein has 88 amino acids, and of these several are potential copper/silver 

ligands.  CusF has five histidine residues and three methionine residues.  Cu(II) binding 

to CusF was reported as the protein displayed an usual absorbance peak at 510 nm, and 

visually a pink color (9).  In addition, Astashkin et al. probed Cu(II) binding to CusF via 

electron paramagnetic resonance (EPR) studies, which showed Cu(II) coordinated by two 

nitrogen ligands and with additional ligands that contribute two hydroxyl protons within 

3 to 3.5 Å of Cu(II) (81).  Yet, both Franke et al. and Atashkin et al. studied a CusF 

construct consisting of the full-length processed protein with a C-terminal Strep-tag (II) 

(9, 81).  This affinity tag also includes two histidine residues, which as my work will 

show have affected the results of these EPR and UV/VIS experiments.    
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An explanation of the dissertation format 

 This dissertation has been prepared in accordance with the guidelines provided in 

the University of Arizona Graduate College Manual for Electronic Theses and 

Dissertations and with the policies of the Department of Biochemistry and Molecular 

Biophysics.  I present my work in three chapters and four appendices.  Each appendix is a 

reprint of a paper previously published in a peer reviewed journal or a manuscript to be 

submitted for publication.  The problem and its context are introduced in Chapter I.  

Chapter II describes the present study, wherein I summarize each manuscript.  The 

conclusion and future directions of this study are presented in Chapter III. 

 My contributions to each manuscript are summarized here.  

 

 

 Appendix A:  Protein purification and preparation, NMR data collection, 

crystallization of the protein and refinement of the crystal structure were solely my work.  

Sylvia Franke conducted the initial cloning of the two protein constructs used.  Sylvia 

Franke and I collaborated on the NMR assignments.  Collection of X-ray crystallographic 

data as well as initial data processing were performed by Annie Heroux at Brookhaven 

National Laboratory.  Andrzej Weichsel screened the initial protein crystals.  Sue Roberts 

was instrumental in the final data processing and selection of correct software for 

processing and refinement of the data.  The manuscript was prepared by myself.  Dr. 

Megan McEvoy provided oversight for the project and edited the manuscript. 
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Appendix B:  Sample preparation for NMR experiments, collection and 

processing of NMR data as well as NMR assignments were solely my work.  Joshua 

Kittleson performed the sample preparation, collection and analysis of the ITC 

experiments.   Dr. Andrew Hausrath aided in the analysis of the ITC data.  Kevin 

Engelhardt collected the initial HSQC spectra of the Cu(I)-bound protein.   The 

manuscript was prepared by Joshua Kittleson and myself, respective to the experiments 

performed. Dr. Megan McEvoy provided oversight for the project and edited the 

manuscript.  

 

 Appendix C:  Sample preparation for all experiments, protein crystallization, 

collection, processing, and analysis of the structural data were solely my work.  EXAFS 

data collection and analysis was performed by Dr. Ninian Blackburn.  Sylvia Franke 

cloned the CusF construct used for crystallization.  I prepared the manuscript with 

exception of the sections describing EXAFS experiments, analysis and interpretation, 

which were conducted by Dr. Ninian Blackburn.  Dr. Megan McEvoy provided oversight 

for the project and edited the manuscript. 

 

 Appendix D:  Mutagenesis of all CusF variants was performed by myself, except 

one variant, which was prepared by Steven Vanhoy.  Protein purification and sample 

preparation were solely my work. The protein crystallization as well as data processing 

and refinement was performed by myself, while Sue Roberts collected the X-ray 
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diffraction data.  EXAFS data collection and analysis was performed by Dr. Ninian 

Blackburn.  The manuscript was prepared by myself, except for those sections describing 

and discussing EXAFS experiments, which were prepared by Dr. Ninian Blackburn.  Dr. 

Megan McEvoy provided oversight for the project and edited the manuscript. 
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CHAPTER II: PRESENT STUDY 

 
 The methods, results and conclusions of this study are presented in the papers 

appended to this dissertation.  What follows is a summary of the most important findings 

from each one. 

 

A novel copper-binding fold for the periplasmic copper resistance protein CusF 

(Appendix A) 

Summary 

 Alteration of the CusF expression construct based on information gained from 

NMR studies led to the successful crystallization of CusF6-88. The crystal structure of 

CusF presented in this paper revealed a novel fold for a metal binding protein.  CusF 

forms a five-stranded β barrel, which is classified as an OB-fold.  Interestingly, while the 

OB-fold is a common fold for a variety of functions, it has not been observed to serve in 

copper binding.  The highest structural similarity of CusF was observed to DNA binding 

proteins, which bear no relation to proposed functions of CusF.  Thus, CusF may 

represent the first characterized member of a new superfamily of OB-fold proteins.   A 

multiple sequence alignment of CusF homologs revealed only three absolutely conserved 

residues all of which are potential copper ligands.  NMR experiments were performed to 

analyze the effect of metal binding.  The observed chemical shifts suggest that the 

conserved residues H36, M47 and M49 are most likely implicated in Cu(I) binding in 

CusF.  Therefore a trigonal planar coordination of Cu(I) in CusF through a Met2His motif 

was proposed.   
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Periplasmic metal-resistance protein CusF exhibits high affinity and specificity for 

both CuI and AgI (Appendix B) 

 

Summary 

 The periplasmic metal binding protein CusF displays specificity for binding Cu(I) 

and Ag(I) as shown by two-dimensional NMR experiments.   Chemical shift changes in 

the presence of Ag(I) were found to be similar to those reported for the protein in the 

presence of Cu(I), suggesting coordination of Ag(I) at the same site as Cu(I) and similar 

global effects on the protein structure upon Ag(I) binding.  Tight binding of CusF to 

Ag(I) and Cu(I) was confirmed by isothermal titration calorimetry experiments.  Ag(I) 

binds one order of magnitude tighter than Cu(I).  Greater affinity for Ag(I) may ensure 

more extensive removal of Ag(I) from the periplasm, as it is not an essential trace metal.  

ITC and NMR experiments showed that CusF does not display specific binding to Cu(II) 

as had previously been reported (9, 81).  Therefore, these results show that the 

physiological substrates for CusF are most likely Cu(I) and Ag(I). 
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Unusual Cu(I)/Ag(I) coordination of Escherichia coli CusF as revealed by atomic 

resolution crystallography and X-ray absorption spectroscopy (Appendix C) 

 

Summary 

 The Ag(I)-bound structure of CusF10-88 is presented as determined by X-ray 

crystallography to 1.0 Å resolution.  This stucture shows that CusF undergoes very little 

conformational change upon metal binding.  The previously proposed metal coordination 

for Ag(I) and Cu(I) was confirmed to be a Met2His coordination by the crystal structure 

and EXAFS experiments.  Yet, a surprising feature of the CusF binding site was also 

revealed by this structure.  The metal is tetragonally displaced from the trigonal Met2His 

plane toward a tryptophan in close proximity to the metal ion.  This tryptophan had been 

noted in  close proximity to the metal binding site in the apo structure of CusF (Appendix 

A), but no definite conclusions about its involvement in metal binding could be made at 

that time.  Shifts in the UV/VIS spectrum of CusF upon Ag(I) addition suggested a metal 

to ligand charge transfer between the metal and the indole sidechain and confirmed some 

degree of involvement of the tryptophan in metal binding, possibly through an η2-π 

interaction.  The EXAFS experiment confirmed a weak interaction between the metal ion 

and a fourth scatterer, believed to be the tryptophan of interest.  Even partial coordination 

by a tryptophan has not previously been implicated in metal binding in proteins, thus this 

result provides further insight into the diversity of protein metal binding sites. 
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Investigation of the functional role of the tryptophan cation-π interaction at the 

metal site of CusF (Appendix D) 

 

Summary 

 Characterization of CusF mutants to elucidate the role of the tryptophan that 

contributes the cation-π interaction to the CusF metal binding site confirmed that this 

tryptophan does indeed play a unique and specific role in CusF.  Through competitive 

binding assays I have shown that W44 influences the KD of CusF for Cu(I).  The 

tryptophan may therefore, fine-tune the affinity of the protein to allow for metal transfer 

to CusB.  In addition, W44 provides protection from oxidation of Cu(I) and from 

adventitious ligand exchange reactions through capping of the binding site.  Therefore, 

CusB must specifically interact with CusF such that the tryptophan cap is opened and 

metal transfer can occur.  In collaboration, I have shown through EXAFS experiments 

that CusF1-88-W44M uses residue M44 as a fourth ligand for Cu(I) binding, thus creating 

a four-coordinate geometry of Cu(I) in this mutant, which increases the affinity for Cu(I) 

by two orders of magnitude.  
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CHAPTER III: CONCLUSION AND FUTURE DIRECTIONS 
 
 

The work described in this dissertation focused on the small periplasmic copper 

binding protein, CusF, of the Cus system.  The Cus system is a CBA efflux system 

responsible for detoxification of copper and silver from the periplasm of E. coli under 

anaerobic conditions and conditions of extreme copper stress.  The Cus system displays a 

very narrow substrate specificity in comparison to other known CBA efflux systems.      

CusF and its homologs are exclusively found in putative monovalent CBA efflux 

systems.  Homologs of CusF exist in a large variety of bacteria, but none have been 

characterized.  At the beginning of this study it was known that the Cus system is induced 

by copper and silver, that CusF is necessary for full copper resistance and that it may 

interact with other components of the Cus system (9).  The importance of CusF is 

underscored as it is the most upregulated gene in E. coli under copper stress (65).  

However, the role of CusF in the Cus system was not clear.  The two most likely roles 

that CusF could perform in the Cus system are either a regulatory protein role, activating 

metal efflux upon metal binding and protein interaction, or a copper chaperone role, 

making copper more accessible to the efflux system (Figure 2.1). 
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        regulator                metallochaperone 

 

Figure 2.1.  The role of CusF in the Cus system.  CusF most likely functions as  a 

       regulator or a metallochaperone. 

 

 To elucidate the role of CusF, structural and biochemical techniques were 

employed.  The structure of apo-CusF was determined to gain insight into structure-

function relationships (82).   CusF displays a five stranded β-barrel structure.  

Intriguingly this structure belongs to the OB-fold superfamily.  No other copper binding 

proteins are known to use this fold.  It was surprising that the closest structural homologs 

of CusF were DNA binding proteins, whose function is not related to any expected 

function of CusF.  Other known structures of copper binding proteins display one of three 

common folds: an open faced β-sandwich, a helical hairpin or a cupredoxin-like fold (35, 

46, 52).  Thus with the structure of CusF, a novel fold for copper binding proteins was 

revealed.   

 OB-fold proteins display a common interaction face for protein-protein and 

protein-ligand interactions.  Comparison of CusF with its homologs showed that the 

residues located on this common interaction face are the most conserved residues in CusF 

and its homologs indicating that this face is used by CusF for protein-protein or protein-

Cu+
  



 52

ligand interactions (82).  Bagai et al were able to map the specific, metal-dependent yet 

transient interaction between CusB and CusF to this same common OB-fold interaction 

interface (83). 

 To determine the metal coordination of CusF, nuclear magnetic resonance was 

used to determine residues most affected by metal binding.  The region of most effect 

mapped to β-strands 2 and 3, which are part of the common OB-fold interface.  Within 

this region three residues likely to coordinate copper are located, H36, M47 and M49 of 

CusF.  These residues are poised in a manner suitable for metal coordination.  Multiple 

sequence alignment showed that these three residues are absolutely conserved among 

CusF homologs. Therefore, NMR chemical shift analysis, the identity of these ligands as 

possible copper ligands, their proximity in the structure and that they are completely 

conserved strongly implied that these three residues are involved in metal coordination.   

A trigonal planar model for Cu(I) coordination by H36, M47 and M49 of CusF was 

proposed based on these data (82).    

 The substrate specificity of CusF was investigated through NMR spectroscopy 

and ITC.  Cu(II) had been shown previously to bind to a CusF construct including a 

Strep-tag II affinity tag for purification (81).  However, our results showed that Cu(II) 

binding is an artifact of the affinity tag.  The experiments described here showed that 

CusF specifically binds to Cu(I) and Ag(I) with nanomolar affinity (84).  Therefore, 

Cu(I) and Ag(I) are likely the physiological substrates of CusF as well as the Cus system. 

 To test the validity of the proposed metal coordination, CusF-Ag(I) was 

crystallized.  The resulting ultra high resolution 1.0 Å structure revealed that CusF is a 
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rigid protein.  Little conformational change was observed upon metal binding.  

Nonetheless, the largest structural effects upon Ag(I) binding were observed on β-strands 

2 and 3 and loops 1, 2 and 4, which is the common interaction face of OB-fold proteins.  

It can be speculated that changes in electrostatics and conformation at this face upon 

metal binding trigger the interaction of CusF with CusB. 

 The CusF-Ag(I) structure also revealed a very unusual coordination (85).   The 

proposed Met2His coordination, was confirmed by the structure;  however, an intriguing 

feature was also observed.  The Ag(I) is tetragonally displaced from the Met2His plane 

toward a nearby tryptophan.  Comparison to known small molecule structures and 

absorbance data pointing to a metal to ligand charge transfer between the tryptophan and 

the Ag(I) suggest an η2-cation-π interaction between the two closest carbons of the indole 

ring and the metal ion.  EXAFS data confirmed a similar coordination for Cu(I).  

Coordination of a transition metal by a protein involving an η2-cation-π interaction with a 

tryptophan has not been observed before.  The role of this tryptophan in CusF was 

unclear, however multiple sequence alignments revealed that the position of the 

tryptophan is conserved either as a tryptophan or as a methionine in CusF homologs 

pointing to the importance of the residue at this position in CusF. 

 To investigate what effects this tryptophan may have on CusF, further 

characterization of the CusF metal binding site of wild-type CusF as well as an alanine 

and a methionine mutant at the position of the tryptophan was performed (86).  It could 

be shown that the tryptophan plays a unique role in CusF.  It protects the metal ion from 

oxidation, fine-tunes the affinity of CusF, protects the binding site from adventitious 
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ligands and solvent and stabilizes the three-coordinate geometry of metal binding in 

CusF.  A low coordination number, as seen for CusF, is commonly found for copper 

chaperones and points to CusF serving in this role.  Bagai et al. have shown through 

EXAFS experiments that copper is transferred directly between CusF and CusB (83).  It 

can be hypothesized that CusF transfers copper through a ligand exchange mechanism, 

which is common to copper chaperones.  This mechanism would involve a four-

coordinate intermediate and proceed through several steps (Figure 2.1):  1) Upon 

interaction with the target molecule, one ligand of the target molecule protrudes into the 

binding site of the copper chaperone to form a four-coordinate intermediate.  2) Bonds 

are formed between the copper ion and the ligands of the target molecule as bonds in the 

copper chaperone are broken, successively.  3) Once the copper ion is fully coordinated 

by the target molecule the copper chaperone releases the metal ion and dissociates.  

CusF 

Cu(I) 

CusB 

 
 

Figure 2.1. Possible mechanism of transfer between CusF and CusB.  A ligand exchange 

mechanism involving a four-coordinate intermediate. 

 
 
 Thus, to employ this mechanism, CusF has to maintain a three-coordinate 

geometry for metal binding.  It appears that this low coordination number is maintained 

through the presence of the tryptophan capping the binding site and its interaction with 
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the metal ion.  Upon interaction with CusB, the tryptophan or the methionines of the 

binding site would have to change conformation to allow access to the metal ion.  A 

gating mechanism involving the tryptophan seems most plausible as its interaction with 

the metal ion is weaker than the bonds between the metal ion and methionine residues. 

 Overall, it is apparent that CusF differs from other copper chaperones in its 

distinct fold and unique metal coordination; however, CusF most likely shares the 

common mechanism of transfer of other copper chaperones.  The unique features of  

CusF match the function of the protein as it is able to protect Cu(I) from oxidation, fine-

tune the affinity to allow for transfer, protect from adventitious ligands and solvent, thus 

stabilizing the three-coordinate geometry, and specifically interacts with CusB for copper 

transfer.  As CusF is exlusively found in monovalent CBA efflux systems and 

specifically and tightly binds to Cu(I) and Ag(I) it may be the driving force behind the 

specificity of the Cus system.  CusF enhances the detoxification of Cu(I) likely through 

minimizing the cytotoxic effects of Cu(I) by sequestering the metal ion to prevent 

oxidation and by making Cu(I) more accessible to the efflux complex, CusCBA. 

 Future experiments could further investigate the importance of the tryptophan in 

CusF and whether those homologs of CusF with a methionine at this position display 

similar or different characteristics and function.   Therefore one of these homologs and 

the corresponding CBA system should be cloned and characterized.   In addition the 

methionine and alanine mutants of the tryptophan in CusF should be studied via EXAFS 

to determine if transfer of Cu(I) still occurs without the tryptophan present.  The 

phenotype of these mutants would also be of interest, but may be hard to interpret as loss 
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of copper resistance may be due to the altered metal coordination, disruption of the 

specific interaction face, or other effects.  These experiments would further increase the 

understanding of how the unique properties of the Cus system and other monovalent 

metal ion efflux systems ensure appropriate handling and detoxification of harmful metal 

ions.  
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APPENDIX B: 
 

Periplasmic metal-resistance protein CusF exhibits high affinity 
and specificity for both CuI and AgI
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APPENDIX C: 
 

Unusual Cu(I)/Ag(I) coordination of Escherichia coli CusF as revealed by atomic 
resolution crystallography and X-ray absorption spectroscopy 
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ABSTRACT 
 
 The periplasmic metallochaperone CusF coordinates Cu(I) and Ag(I) through a 

unique site consisting of a Met2His motif as well as a cation-π interaction between the 

nearby tryptophan, W44, and the metal ion.  Here, we show that W44 plays a unique role 

in CusF.  Nuclear magnetic resonance (NMR), X-ray crystallography and X-ray 

absorption (XAS) studies reveal that W44 caps the binding site to protect Cu(I) from 

oxidation as well as from adventitious ligands.  Furthermore, we show that W44 is 

important in maintaining a protein affinity for Cu(I) that is appropriate for metal transfer. 

 
 
INTRODUCTION 
 

The essential yet toxic nature of copper requires cells to have effective 

homeostasis mechanisms to ensure the supply of copper to metalloproteins while 

preventing cytotoxicity caused by excess copper.  The CusCFBA system in E. coli is 

responsible for detoxification of copper from the periplasm of this gram-negative 

organism.  CusCBA is expected to form a channel spanning the periplasmic space, as has 

been reported for homologous multidrug export systems (1, 2).  Yet, while some 

similarities are expected between these homologous systems, the Cus system is unique in 

its substrate specificity and harbors a novel fourth component, CusF.  The multidrug 

export systems have very broad substrate specificity (3); however, the Cus system has 

been shown to be highly specific for the monovalent metal ions Cu(I) and Ag(I) (4-6). 

Our group has recently shown that CusF functions as a metallochaperone to the 

CusCBA system (7).  This role of CusF was evidenced by isothermal titration (ITC) data, 
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which showed a metal dependent complex formation of CusF and CusB.  Metal transfer 

was shown to be direct and specific between these proteins.  In addition, this interaction 

was confirmed by nuclear magnetic resonance (NMR) experiments showing weak, yet for 

transfer sufficient, complex formation with a dissociation constant of approximately 160 

µM.  NMR experiments also identified the interaction interface to be the common 

interaction interface of OB-fold proteins, to which CusF belongs, as we had previously 

proposed (8).  Furthermore, X-ray absorption spectroscopy (XAS) showed that metal 

transfer between the two proteins is rapid and reversible and is likely to be accomplished 

through ligand exchange reactions as seen between other metallochaperones and their 

target proteins (9-12).  Similar values for the dissociation constants of CusF and CusB for 

Ag(I), as well as the three-coordinate thioether coordination of Cu(I) in CusB, support the 

conclusion of CusF filling the role of a metallochaperone (4, 13).   

We have previously reported a novel coordination chemistry for CusF-Ag(I), 

which was thereafter also reported for CusF-Cu(I) (6, 14).  CusF binds Cu(I) and Ag(I) 

via a Met2His motif.  The metal, however, is tetragonally displaced toward a tryptophan 

indole ring of W44, which caps the fourth coordination site of Ag(I)/Cu(I) in close 

proximity.  While the distances to the two closest carbon atoms of W44, CZ3 and CE3, 

are too long for W44 to contribute as a full ligand, it has been suggested by both us and 

Xue et al. that the tryptophan provides a cation-π interaction that stabilizes the metal 

coordination and possibly protects the metal from oxidation and coordination by 

adventitious ligands (6, 14).   



 107

In CusF homologs, the position of the tryptophan is conserved as either a 

tryptophan or a methionine (8).  This has led to the question of the role each of these 

residues may play and how they affect the Cu(I)/Ag(I) binding site.  It has been reported 

that the affinity of the Met3His site of the CusF W44M mutant is approximately two 

orders of magnitude higher than that for the wild-type protein (14), though the actual 

numeric values for the KD were not reported.  Further investigation is needed to 

determine the effect of the W44 position on metal binding specificity, as well as its role 

in protecting the bound metal from the oxidizing environment of the periplasm.     

Copper sites are always found to match the functional requirements of the 

proteins in which they are situated.  The unusual copper site in CusF is most likely 

necessary to fine-tune the Cu(I) coordination so that it is poised to allow for transfer of 

the metal to its target protein CusB, while protecting the metal from oxidation, unwanted 

metal loss or coordination through adventitious ligands, which could interfere with metal 

transfer.  Binding site mutants of CusF have been generated to investigate the role of 

W44. CusF1-88-W44M and CusF1-88-W44A constructs were analyzed via atomic 

absorption spectroscopy (XAS) and NMR experiments.  The affinities for Cu(I) were 

measured via a  competitive binding assay.  Through these experiments we have found 

that W44 plays a specific role in CusF.  The cation-π interaction of W44 to the metal ion 

does limit the affinity of the metal ion to the protein, most likely to allow for transfer to 

CusB.  The indole sidechain also forms a cap over the Cu(I) binding site, which protects 

the Cu(I) from oxidation, as well as from adventitious ligands.  The cation-π interaction 

may therefore function as an anchor to stably hold the cap in place unless the correct 
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target protein is encountered.  In addition, we show that replacing the tryptophan with a 

methionine changes the coordination of Cu(I) to a four-coordinate geometry, which 

increases the affinity for Cu(I) by two orders of magnitude and shifts the redox potential 

of Cu(II)/Cu(I) to a more positive value.

 
 
MATERIALS AND METHODS 
 
Site-directed mutagenesis:  

Site-directed mutagenesis was performed to alter individual amino acid residues 

in full-length CusF (hereafter referred to as CusF1-88) and in a truncated CusF construct 

starting at residue 10 (hereafter referred to as CusF10-88).  The plasmids used as template, 

pASK-IBA3 (IBA) containing the gene encoding CusF1-88 and pPR-IBA1 (IBA) 

containing the gene encoding CusF10-88, were isolated from a dam+ strain of E. coli.  The 

primer pairs used to introduce the point mutation were antiparallel and overlapping.  

Amplification of the plasmids was achieved with the enzyme Pfu Ultra (Strategene). To 

digest the dam-methylated template plasmid, PCR products were treated with DpnI, then 

purified and transformed into E. coli.   The mutations were verified via DNA sequence 

analysis. CusF1-88-W44A and CusF1-88-W44M in pASK-IBA3 as well as CusF10-88-

W44M and CusF10-88-W44A in pPR-IBA1 were generated. 

 

Protein purification 

E. coli BL21/λDE3 cells containing the plasmid of interest were grown in LB 

medium or in M9 minimal medium containing [15N]ammonium chloride and 
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[13C]glucose-d6 as the sole nitrogen and carbon sources, respectively, to prepare 

isotopically labeled protein.  CusF mutants were expressed and purified as previously 

described for the wild-type protein (4, 6, 8) and subsequently incubated with 10 mM 

EDTA to remove any divalent trace metals.  Protein samples were dialyzed into the 

appropriate buffer, concentrated, and were stored at -20°C. 

 

Preparation of NMR samples of CusF mutants 

CusF10-88-W44M, CusF1-88-W44A and CusF1-88-W44M samples were dialyzed in 

20 mM HEPES, pH 7.5 (buffer A).  A Cu(I) sample of CusF10-88-W44M was prepared in 

a Coy anaerobic chamber.  All solutions were prepared anaerobically to ensure exclusion 

of oxygen.  The protein sample was thoroughly degassed before placement in the 

anaerobic chamber.  50 mM ascorbate in buffer A was added before adding an equimolar 

amount of CuCl2.   The sample was dialyzed with buffer A to remove any excess copper, 

then transferred to an NMR tube and 10% D2O was added. Aerobic samples of CusF10-88-

W44M were prepared as apo protein, with 1 molar equivalent of Ag(I) (added as 

AgNO3), with 1, 1.5, 2, 2.5, 3, 3.5 and 4  molar equivalent of Cu(II) (added as Cu(SO)4). 

The final concentration of all CusF10-88-W44M samples was 1 mM. 

Samples of CusF1-88-W44M were prepared as apo protein, with 1 molar 

equivalent of Ag(I) (added as AgNO3), with 1 molar equivalent of Cu(II) (added as 

Cu(SO)4) and with 1 molar equivalent of each of the following Ni(II), Co(II) and Zn(II) 

(added as the chloride salts). The final concentration of the protein samples was 0.65 

mM.  Samples of CusF1-88-W44A as the apo protein, with 1 molar equivalent of Ag(I) 
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(added as AgNO3), with 1, 2, and 6 molar equivalent of Cu(II) (added as CuCl2) were 

prepared.  The final concentration of these samples was 0.6 mM.  The pH was monitored 

for each sample to ensure no significant pH changes occurred.   

Spectra were collected 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) (15) spectra were collected on all samples.  Spectra were processed with 

NMRPIPE (16) and analyzed with NMRView (17).  CusF1-88-W44M assignments are 

based on similarity to wildtype CusF1-88, but have not been verified. 

 

Preparation, XAS data collection and analysis of CusF1-88-W44M, CusF1-88-W44A  

All samples were prepared as previously described (6).  The final concentration of 

CusF1-88-W44M-Cu(I) and CusF1-88-W44A-Cu(I) were 270 µM and 160 µM, 

respectively.  Cu K-edge (8.980 keV) extended X-ray absorption fine structure (EXAFS) 

data for these CusF mutants were collected at the Stanford Synchrotron Radiation 

Laboratory operating at 3 GeV with currents between 100 and 75 mA. All samples were 

measured on beam line 9-3 by use of a Si[220] monochromator and a Rh-coated mirror 

upstream of the monochromator with a 13 keV energy cutoff to reject harmonics. A 

second Rh mirror downstream of the monochromator was used to focus the beam. Data 

were collected in fluorescence mode on a high-count-rate Canberra 30-element Ge array 

detector with maximum count rates below 120 kHz. A 6 µ Z-1 metal oxide (Ni) filter and 

Soller slit assembly were placed in front of the detector to reduce the elastic scatter peak. 
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Four to six scans of a sample containing only sample buffer (20 mM MOPS, pH 7.0, 10 

mM sodium ascorbate, 25% ethylene glycol) were collected at each absorption edge, 

averaged, and subtracted from the averaged data for the protein samples to remove Z-1 

Kβ fluorescence and to produce a flat pre-edge baseline. This procedure allowed data with 

an excellent signal-to-noise ratio to be collected down to 100 µM total copper in the 

sample. The samples (80 µL) were measured as aqueous glasses (25% ethylene glycol) at 

~15 K. Energy calibration was achieved by reference to the first inflection point of a 

copper metal foil (8980.3 eV) placed between the second and third ionization chamber. 

Data reduction and background subtraction were performed with the program modules of 

EXAFSPAK (18). Data from each detector channel were inspected for glitches or drop-

outs before inclusion in the final average. Spectral simulation was carried out with the 

program EXCURVE 9.2 (19-23). 

 

Competitive binding assay to estimate dissociation constants for Cu(I) 

The protocol for this assay was adapted from Yatsunyk and Rosenzweig (11).  

The conditions for the assay were identical to those previously reported (11), thus the K1, 

K2, and β2 for bicinchoninic acid - Cu(I) complex, [BCA]2-Cu(I), determined under these 

conditions can be used to calculate the apparent dissociation constants. 

 

 

 

 



 112

 

[Cu+ (BCA)2]3−   Cu+ + 2BCA2−   β2

 
[Cu+(BCA)2]3−    [Cu+BCA]− + BCA2− K1

 
[Cu+BCA]−   Cu+ + BCA2− K2

 
where K1 = K2 =2.145 ± 0.033 x 107 M-1

and   K1 x K2 = β2 = 4.60 x 1014 M-2

(11) 
 

apoCusF + [Cu+(BCA)2]3−    Cu+CusF + 2BCA2− Kex

 

K
D(Cu+ −CusF )

= (1/β2)(Kex )−1 = (1/β2) [Cu+(BCA)2][apoCusF]
[Cu+CusF][BCA]2  

 
 
 

The protein samples were dialyzed into 50 mM HEPES, pH 7.5, 200 mM NaCl 

(buffer C) and concentrated to 1.48 mM, 0.568 mM, and 0.275 mM for wildtype CusF1-

88, CusF1-88-W44A, and CusF1-88-W44M, respectively.  Protein samples were thoroughly 

degassed before placement in the anaerobic chamber.  All necessary solutions were 

prepared under anaerobic conditions.  Varying amounts of apo protein were titrated into a 

solution (solution A) containing 10 µM Cu(I), 100 µM to 1 mM BCA (BCA/Cu ratios of 

10 to 100 were used to ensure all Cu(I) was initially chelated by BCA) and 0.2 mM 

ascorbate in buffer C.  1 mL of solution A was used to perform the assay and was put into 

a septum-sealed cuvette before removal from the anaerobic chamber.  For the baseline, 

absorbance of solution A minus the 10 µM Cu(I) was measured.  Equilibration was 

achieved after 10 minutes and absorption spectra between 300 and 850 nm were collected 

on a Cary 50 UV-visible spectrophotometer at room temperature.  The transfer of Cu(I) 
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from BCA to protein was estimated by the change in the characteristic absorbance for 

[BCA]2-Cu(I) at 562 nm.  The titration was performed until no further changes occurred 

at 562 nm.   

 The data obtained was corrected for absorption at 800 nm and for dilution as 

protein was added.  As discussed previously (11), if the dissociation constant, KD, is 

calculated with the β2 value the protein’s affinity may be overstated.  Thus we report KD 

values calculated with K1 as well as β2 to give values for KD in terms of the minimum 

(lowest possible affinity) and maximum (highest possible affinity) values .  All 

experiments were performed in triplicate to ensure accuracy, the total copper 

concentration of the initial titration solution was determined by ICP-OES, protein 

concentrations were determined with the BCA Protein Assay (Pierce) with a minimum of 

three measurements giving values within no more than 5% of each other.  A 

representative data set is shown in Figure 2.  Calculated values for KD were averaged 

over all data points and are given in Table 1.   

 

Crystallization and crystal structure determination of CusF10-88-W44A-Cu(II) 

The pure CusF10-88-W44A sample was dialyzed against 20 mM HEPES (pH 7.5), 

and concentrated to 51 mg/mL.  CuCl2 was added to a 2-fold molar excess to apo-CusF10-

88-W44A.  Crystals were obtained by the hanging-drop vapor diffusion method.  Drops 

were set up by mixing 2 µL protein solution with 2 µL of reservoir solution (0.1 M Tris-

HCl pH 8.5, 27.5% PEG 4000, 0.2 M sodium acetate, 2 mM CuCl2) and equilibrated 

against 1 mL reservoir solution at room temperature.  Crystals grew in clusters of plates 
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with dimensions of 0.6 mm x 0.6 mm x 0.2 mm.  The crystals are orthorhombic and the 

space group is P21P21P21 with one CusF10-88-W44A-Cu(II) molecule per asymmetric 

unit. 

Crystals were flash-frozen in liquid nitrogen after transfer to 35% PEG 4000, 

enriched with 2 mM CuCl2 to prevent loss of the Cu(II) from the crystal.  Data were 

measured at 100 K at the Stanford Synchrotron Radiation Laboratory beamline 9-2 with a 

wavelength of 0.97946 Å, processed with CrystalClear (D*TREK) (24, 25) and scaled 

with SCALA in CCP4 (26).   MOLREP (27) in CCP4 (26) was run to perform molecular 

replacement using the CusF10-88-Ag(I) coordinates, pdb code 2QCP (6).  The structure 

was refined with anisotropic temperature factors using REFMAC5 (26) with interspersed 

manual rebuilding using COOT (28).  Data measurement and refinement statistics are 

given in Table S1.   

 
 
RESULTS AND DISCUSSION 
 
Investigation into the role of tryptophan 44: 

The tryptophan in CusF contributes a cation-π interaction to the coordination of 

Cu(I) and Ag(I) (6, 14), yet the explicit function of this residue has not yet been revealed. 

Among possible roles of W44 are protecting the binding site from solvent access, 

ensuring specificity for Cu(I)/Ag(I), stabilizing the oxidation state of the bound metal ion, 

fine-tuning the affinity for Cu(I)/Ag(I) to enable transfer of the metal ion to CusB and 

recognition of the correct target protein during metal transfer.  To investigate which of 
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these effects W44 has on metal coordination in CusF, the alanine and methionine mutants 

at this position in CusF were further characterized. 

 

NMR reveals shift in reduction potential of Cu(II)/Cu(I) 

1H-15N Heteronuclear Single Quantum Coherence (HSQC) spectra were collected 

upon addition of various metals to test whether W44 confers specificity to CusF.  The 

similarity of the spectra to the spectrum of the wildtype protein showed that CusF1-88-

W44A, CusF1-88-W44M, and CusF10-88-W44M exhibit the native fold and are stable 

proteins.  All three constructs are able to bind Ag(I) at the previously described Met2His 

Ag(I) binding site as evidenced by chemical shift changes similar to those observed for 

wildtype CusF1-88-Ag(I) (4) (Figure S1).  Addition of Zn(II), Co(II) and Ni(II) to CusF1-

88-W44M only showed broadening of the N-terminal residues, which is likely a result of 

the identity of the first five amino acids of CusF, NEHHH. An N-terminal sequence of 

the motif XXH, where X is any residue, is called an ATCUN motif (29), which is 

expected to have a weak affinity for divalent metals such as Cu(II) and Ni(II) (Figure S2).   

The spectrum of CusF1-88-W44M showed a complex effect upon addition of 

Cu(II).  The broadening of resoncances of several residues was observed (Figure 1A).  

Such broadening is expected for any peak of a residue in close proximity to bound Cu(II), 

which is paramagnetic.  However, in addition to broadening of peaks, chemical shifts that 

resembled those expected for addition of Cu(I) were also present.  Two explanations 

could be given for this observation.   One possibility is that Cu(II) is bound at the 

ATCUN motif at the N-terminus causing broadening of some residues, while some Cu(I) 
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is bound at the CusF Cu(I) site.  A second possibility is that the newly introduced 

Met3His binding site is able to bind both Cu(II) and Cu(I) and the spectrum is a result of 

the presence of two distinct species.  However, if Cu(II) is bound at the N-terminal 

ATCUN motif, why are the peaks, which are broadened, structurally located around the 

Cu(I) binding site and not closer to the N-terminus?  Furthermore, what is the source of 

Cu(I) in the sample? 

To distinguish these two possibilities of Cu(II) and Cu(I) binding, 1H-15N HSQC 

spectra of CusF10-88-W44M were collected to evaluate the effect of Cu(II) without the 

ATCUN motif present. CusF10-88-W44M was titrated with 1, 1.5, 2, 2.5, 3, 3.5, and 4 

molar equivalent Cu(II) and an HSQC spectrum was obtained after each Cu(II) addition.  

In addition, an HSQC spectrum of CusF10-88-W44M with 1 molar equivalent of Cu(I) was 

collected.  Some of the resulting spectra are displayed in Figure 1.  The spectra showed 

that there is no broadening of peaks when Cu(II) is added to CusF10-88-W44M indicating 

that the Cu(II) effects observed in CusF1-88-W44M stem from Cu(II) binding to the 

ATCUN motif.  Careful analysis revealed slow exchange of two species of CusF at the 

intermediate points of 1.5 and 2 molar equivalents of Cu(II) during the titration. Upon 

increasing concentrations of Cu(II), CusF10-88W44M binds Cu(I) at the Met3His Cu(I) 

site, as seen in the overlay of the CusF10-88-W44M + 2.5 fold Cu(II) and CusF10-88-

W44M-Cu(I) spectra (Figure 1).  At a 2 to 2.5 molar excess of Cu(II), all of the CusF10-88-

W44M has Cu(I) bound.  Therefore, the introduction of an additional soft ligand M44 

shifts the reduction potential of the Cu(II)/Cu(I) redox reaction.  It has already been 

shown that the Met2His Cu(I) binding site in CusF prefers Cu(I) over Cu(II) (4).  
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However, the Met3His site of CusF10-88-W44M increases the affinity for Cu(I) 

substantially, resulting in a positive shift in the Cu(II)/Cu(I) reduction potential such that 

the change in free energy, ∆G, for the reduction of Cu(II) to Cu(I) becomes negative.  

While this has not been reported for a copper binding protein, it has been observed in 

heme-containing nitrophorins for the Fe(III)/Fe(II) redox pair (30).   The source of 

electrons for the reduction of Cu(II), however, remains an open question.  Tryptophan or 

tyrosine residues, which could produce π-cation radicals are not present in CusF10-88-

W44M, yet any number of trace redox reagents might be present in the buffer solution.  

The experiment was repeated in a different buffer (20 mM MOPS, pH 7.0) as well as at 

different pH values (pH 7.5, 7.0 and 6.0).  All these conditions yielded the same results.   

As mentioned above, the Cu(II) is bound in CusF1-88-W44M at the N-terminal 

ATCUN motif.  Yet, the identity of the broadened peaks suggest a close location of the 

Cu(II) to the Cu(I) site in CusF (Figure 1).  The same broadening is not observed in 

spectra of wild-type CusF1-88 (4) and CusF1-88-W44A (Figure S3) upon Cu(II) addition. 

The most likely interpretation of these results is that the Cu(II) is bound by the N-

terminal ATCUN motif, with an additional interaction from M44.  As the N-terminal 

region is unstructured in solution and is certainly of appropriate length, a coordination of 

Cu(II) involving M44 as well as the nitrogens of the ATCUN motif is certainly possible.  

Thus, in the CusF1-88W44M mutant Cu(II) may be shuttled near the Cu(I) binding site 

through the combination of the ATCUN motif and the introduced methionine at position 

44.  The location of M44 on the loop capping the Cu(I) site is consistent with this 

hypothesis.  
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Competitive binding assays reveal increased affinity of CusF1-88-W44M for Cu(I) 

To understand how the identity of the residue at position 44 influences the metal 

binding affinity, a competition assay was performed on wild-type CusF1-88, CusF1-88-

W44M and CusF1-88-W44A.  BCA (2,2-bicinchoninic acid), which has a high affinity for 

Cu(I), was used as a competitor for Cu(I). This assay can be used to determine 

dissociation constants beyond the detection limit of isothermal titration calorimetry 

(ITC), which was used previously to estimate the Cu(I) affinity for wild-type CusF (4).  

Upon titration of protein a stepwise decrease in the absorption at 562 nm, which is 

characteristic for BCA2-Cu(I), was observed, indicating Cu(I) coordination by all three 

CusF constructs (Figure 2).  To avoid overstating the affinity for Cu(I), the values for the 

dissociation constant KD were calculated using K1 as well as β2 (which is the product of 

K1 and K2) to establish the minimum (highest possible affinity) and maximum (lowest 

possible affinity) for KD of each protein.  The obtained values were 8 x 10-9 M  ≥ KD ≥ 

4.1 x 10-15 M for wild-type CusF1-88, 6.8  x 10-11 M ≥ KD ≥ 3.3 x 10-18 M for CusF1-88-

W44M and 4.7 x 10-9 M ≥ KD ≥ 2.5 x 10-15 M for CusF1-88-W44A (see Table 1).   Thus 

W44 seems to have little affect on the apparent affinity for Cu(I).  In contrast, introducing 

a fourth Cu(I)-loving ligand, M44, increases the binding affinity, which supports a 

positive shift in the reduction potential of Cu(II)/Cu(I) as observed in the NMR spectra 

for this mutant.  It is interesting to note that simply having a non-coordinating ligand such 

as alanine at position 44 does not reduce the affinity further. This indicates that the 

tryptophan at position 44 plays a very specific role in regulating the affinity of CusF for 

Cu(I).  The cation-π interaction therefore does not increase the affinity of the binding site 
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for Cu(I) as may be expected, but simply anchors the capping tryptophan at the binding 

site, thus preventing solvent accessibility. 

 CopC is the only periplasmic protein for which the affinity for Cu(I) has been 

measured.  CopC has two distinct copper binding sites; one site binds Cu(I), the other 

Cu(II) (31).  Each of the sites only binds the respective oxidation state of copper.  The 

dissociation constant for the Cu(I) site has been reported to lie in the range of 10-7 to 10-13
 

M (32), which is not tight enough to cause a shift in the reduction potential for 

Cu(II)/Cu(I) as seen for CusF1-88-W44M.   Wildtype CusF1-88 binds Cu(I) two orders of 

magnitude tighter than CopC and the CusF M44 mutant further increases the affinity by 

another two orders of magnitude.   The high affinity of CusF for Cu(I) suggests that the 

Cus system can decrease copper concentrations in the periplasm substantially when the 

cell experiences copper stress. 

 

Metal environment of CusF-W44M and CusF-W44A examined by EXAFS 

To understand the coordination of Cu(I) in CusF1-88-W44A and CusF1-88-W44M,     

EXAFS data were collected.  The results of these experiments are shown in Figure 3.  

The alanine mutant exhibits a spectrum similar to that reported previously (6) for 

wildtype CusF, and the best simulation achieved is for one His and two S(Met) scatterers 

at the distances given in Table 2.  The CusF1-88-W44M data differ from CusF1-88-W44A 

in that the intensity of the Cu-S shell has increased substantially, and now fits well to 

three rather than two S(met) scatterers.  This observation is fully consistent with 

coordination of the methionine residue, which replaces W44.  This species is now 
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formally four-coordinate, and both Cu-N and Cu-S distances are longer than those 

reported previously for the three-coordinate wildtype protein (Table 2), as would be 

expected.  An increase in coordination number is also suggested by the absorption edge 

profile, where the 8983 eV feature characteristic of three-coordination has collapsed to a 

shoulder.  Comparison of both edge and EXAFS-derived distances of the W44M and 

W44A variants, however, show remarkable similarities.  Thus the Cu-N(His) and Cu-

S(Met) bond lengths in the alanine mutant resemble those of the W44M derivative more 

closely than the those of the wildtype protein, suggesting that the alanine mutant is 

likewise a pseudo four-coordinate species. While no additional ligand is apparent from 

the EXAFS fitting protocol, the data may suggest additional interaction of the Cu(I) site 

with some labile donor, possibly solvent.  It is also apparent that the alanine mutant is 

more susceptible to oxidation, as indicated by the shift in the absorption edge to higher 

energy, and the small but significant decrease in intensity at 8983eV.  These data may 

suggest a role for the unusual tryptophan side chain in shielding the Cu(I) site from 

solvent access, or from forming 4-coordinate adducts with additional ligands.  In 

addition, these data explain the slightly higher affinity of the alanine mutant than the 

wildtype protein, in that transition to a four-coordinate geometry appears to increase the 

affinity of CusF for Cu(I).  

These features may be of relevance with respect to CusF function.  We recently 

showed that CusF interacts specifically with CusB, and therefore functions as a 

periplasmic chaperone (7).  In particular, we showed that Cu(I) transfers directly and 

reversibly between the two proteins within a transient CusF-CusB complex.  The W44 
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side chain is one of a small group of residues that are perturbed as the result of complex 

formation.  It is reasonable to speculate that complex formation may cause the W44 

active site cap to open, allowing transfer of the bound metal by a mechanism that may 

involve an associative four-coordinate intermediate. 

 

Structural effects of Cu(II) on CusF-W44A 

 To investigate the structural effects of the alanine mutation on copper binding, 

crystallization of CusF10-88-W44A-Cu(II) was achieved.  The high resolution (1.0 Å) 

crystal structure solved for CusF10-88-W44A-Cu(II) revealed an interesting interaction.  

Cu(II) is coordinated by the CusF binding site residues H36, M47 and M49,  however in 

addition a third methionine enters the binding site (Figure 4).  The third methionine is 

introduced through the N-termininal region of a second CusF molecule in the crystal (M9 

in Figure 4).  This methionine was introduced in cloning the CusF10-88 construct, yet a 

methionine is also present in the full-length CusF at position 8.  The binding site is highly 

solvent accessible due to the short sidechain of alanine. The unstructured N-terminal 

region of the second CusF10-88-W44A molecule extends into the binding site with the 

methionine at position 9.  In the crystal, residues 10 to 13 are disordered, and while 

residue 9 is anchored at the binding site, it is present in two alternate conformations, most 

likely due to the partial Cu(II) occupancy of 70%. The disorder in this region of the 

crystal is likely the cause of the somewhat high R/Rfree (18.8/20.1) values for this high 

resolution structure.  It is surprising to see CusF10-88W44A bind Cu(II), as the HSQC 

spectrum of CusF1-88-W44A did not show Cu(II) binding for this mutant, thus constraints 



 122

in the crystal and high concentrations of protein and metal must favor the observed 

structure.  The absorption edge of copper clearly showed only one oxidation state of 

copper in the crystal.  While we believe this structure to be an artifact of crystallization, it 

nonetheless shows that unless the binding site is capped by a bulky residue, such as 

tryptophan, the bound metal is vulnerable to adventitious ligands.   

 

In conclusion we have shown that W44 plays a very specific role in CusF.  The 

presence of W44 with its cation-π interaction to the metal ion allows the protein to fine-

tune its affinity for Cu(I).  In addition, W44 acts as a cap to solvent shield the Cu(I) 

binding site located near the surface of the protein, therefore protecting the Cu(I) from 

oxidation as well as from adventitious ligand exchange reactions.  Thus CusB must 

interact with CusF in a specific interaction that favors the opening of the W44 cap to  

give  access to the Cu(I) ion to CusB only.  Since the protein affinities of CusB and CusF 

for Cu(I) are on the same order of magnitude (4, 13), the change in free energy upon 

transfer is likely to be small (as seen for the Atx1-Ccc2a complex (9, 33)) and transfer of 

Cu(I) may rather be driven by irreversible transfer of the CusB-bound Cu(I) to the export 

mechanism of CusCBA.   
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Figure 1.  Overlays of 1H-15N correlation (HSQC) spectra of A) CusF1-88-W44M + 

1 molar equivalent Cu(II) (red) over apo-CusF1-88-W44M (black), B) CusF10-88-

W44M + 2.5 molar equivalent Cu(II) (blue) over CusF10-88-W44M-Cu(I) (black).  

C) Ribbon diagram of apo-CusF6-88.  Sidechains of binding site residues and the 

ATCUN motif underlined are shown.  Areas highlighted in red show broadening 

of peaks upon addition of Cu(II) to CusF1-88-W44M, areas highlighted in salmon 

refer to weakening of peaks upon Cu(II) addition.  
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Table 1.  Calculated KD values for calculation performed using K1 and β2. 
Protein KD (calculated with K1  

= lowest possible affinity) 
KD (calculated with β2  
= highest possible affinity) 

wild-type CusF1-88 8(±0.9) x 10-9 M 4.1(±0.5) x 10-15 M 
CusF1-88-W44A 4.7(±2) x 10-9 M 2.5(±1) x 10-15 M 
CusF1-88-W44M 6.8(±3) x 10-11 M 3.3(±2) x 10-18 M 
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Figure 2.  Representative data for BCA competition assay.  Shown for CusF1-88-W44A.  

A) Absorption spectra collected for titration of CusF1-88-W44A into solution A.  The 

absorbance decreases as the concentration of protein added increases.  B) Data collected 

at 562 nm. 
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Figure 3.  X-ray absorption spectra of A) 

CusF1-88-W44A and B) CusF1-88W44M.  

Experimental (black) vs. simulated (red) 

Fourier transform and EXAFS (inset) 

using parameters listed in Table 2.  C) Cu 

K Absorption edge for CusF1-88W44M 

(red) and CusF1-88-W44A (black) 
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Table 2.  Fits obtained to the EXAFS of CusF mutants by curve-fitting using the program 
EXCURVE 9.2. 

 Fa Nob R 
(Å)c

DW 
(Å2) 

Nob R (Å)c DW 
(Å2) 

-E0

  C-N(His)d Cu-S  
CusF1-88-
W44A-Cu(I) 0.635 1 2.02 0.008 2 2.32 0.009 4.47 

CusF1-88-
W44M-Cu(I) 0.410 1 2.05 0.006 2 2.31 0.008 5.34 

a  F is a least-squares fitting parameter defined as 26
N

1=i

2 )ModelDatakN
1=F - (∑  

b   Coordination numbers are generally considered accurate to ± 25% 
c   In any one fit, the statistical error in bond-lengths is ±0.005 Å.  However, when 
errors due to imperfect background subtraction, phase-shift calculations, and noise in 
the data are compounded, the actual error is probably closer to ±0.02 Å. 
d  Fits modeled histidine coordination by an imidazole ring, which included single and 
multiple scattering contributions from the second shell (C2/C5) and third shell (C3/N4) 
atoms respectively.  The Cu-N-Cx angles were as follows: Cu-N-C2 126°, Cu-N-C3 -
126°, Cu-N-N4 163°, Cu-N-C5 -163°. 
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Figure 4.  CusF10-88-W44A-Cu(II) binding 

site residues.  Distances between ligand 

atoms and Cu(II) are given in Å.  Methionine 

9 from a second CusF10-88-W44A molecule 

(cyan) reaches into the binding pocket to 

supply a fourth ligand. 
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SUPPLEMENTAL MATERIAL 
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Figure S1:  Overlays of 1H-15N correlation (HSQC) spectra of A) CusF1-88-W44A-Ag(I) 

(red) over  apo-CusF1-88-W44A (black).  B) CusF1-88W44M-Ag(I) (red) over apo-CusF1-

88-W44M (black).   C)  CusF10-88-W44M-Ag(I) (red) over apo-CusF10-88-W44M (black). 
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Figure S2: Overlay of 1H-15N correlation (HSQC)  

spectra of CusF1-88-W44M-Ni(II) (green) over  

apo-CusF1-88-W44M.  Spectra of CusF1-88-W44M- 

Co(II) and CusF1-88-W44M-Zn(II) were identical. 
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Figure S3: Overlay of 1H-15N correlation (HSQC) 

spectra of CusF1-88-W44A + 2 fold molar access  

Cu(II) (blue) over apo-CusF1-88-W44A (black). 
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Table S1.  Data collection and refinement statistics 
 CusF10-88W44A-Cu(II) 
Data collection  
Space group P212121

Cell dimensions    
    a, b, c (Å) 26.27   31.61   84.69 
    α, β, γ  (°)  90.00   90.00   90.00 
Resolution (Å) 42.34 - 1.00 (1.03 - 1.00)* 
Rsym or Rmerge 0.044 (0.353) 
I / σI 20.3 (3.4) 
Completeness (%) 96.0 (90.9) 
Redundancy 6.95 (6.44) 
  
Refinement  
Resolution (Å)  25.33 – 1.00 
No. reflections 35801 
Rwork / Rfree 18.8/20.1 
R.m.s deviations  
    Bond lengths (Å) 0.022 
    Bond angles (°) 2.160 
One crystal was used for the CusF10-88-W44A-Cu(II) dataset.  
*Highest resolution shell is shown in parenthesis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


