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ABSTRACT 

Prokaryotic organisms have evolved the ability to quickly adapt to changing 

environmental conditions. These include changes in pH, temperature and availability of 

nutrients. Transition metals such as copper, zinc and nickel are essential micronutrients 

and required in many enzymatic processes that require redox changes. When transition 

metal concentration exceeds a certain threshold, the same redox properties make these 

elements extremely toxic. Bacteria regulate the cellular concentration of these important, 

yet toxic, elements using elaborate homeostatic systems.  One such mechanism is the 

chemiosmotic extrusion of copper by the Cus system in the Gram-negative bacterium 

Escherichia coli.   

Of particular interest to this work is regulation of the Cus efflux system in 

response to copper and silver ions. Copper is an essential cofactor required in many 

enzymatic processes that require redox changes. The same redox properties make copper 

an extremely toxic element. Silver is chemically similar to copper, but is not bioactive 

and its presence in cells can lead to extreme cytotoxicity. Transcription from cusCFBA 

genes is controlled by the CusR/CusS TCS in response to elevated levels of copper or 

silver in the periplasmic space of E. coli. Extracellular signals are transduced into the cell 

through phosphotransfer reactions between the prototypical histidine kinase CusS and the 

response regulator CusR. Copper sensing by the periplasmic domain of CusS is proposed 

to initiate signal transduction in the Cus system.  
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Despite the frequency with which bacteria employ histidine kinases to sense their 

environment, signal recognition and incorporation by the protein is not well understood. 

The goal of this research is to investigate the role of CusS in regulating metal 

homeostasis in E. coli and characterize the periplasmic domain of the protein to 

determine its metal binding properties. The experiments described in this work reveal that 

the CusS is essential for copper and silver resistance and regulates expression from the 

cusCFBA promoter region. Signal recognition occurs by direct metal binding by the 

periplasmic domain of CusS. Metal binding causes a change in the secondary structure of 

the domain and its tendency to dimerize is enhanced under these conditions. The 

possibility of signal attenuation by interaction with the metallochaperone CusF is also 

discussed. These data help construct a model for signal transduction in the Cus system 

and help characterize, for the first time, a metal-responsive sensor histidine kinase in E. 

coli. 
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CHAPTER 1: INTRODUCTION 

This introduction begins with an overview of the characteristics of TCSs, with 

special emphasis on histidine kinases. Examples are given of bacterial histidine kinases 

that have been studied for their function and ligand binding properties. The regulatory 

systems involved in copper homeostasis in E. coli and the structural genes that they 

control are described. A detailed description of the anaerobic copper homeostasis follows 

with a focus on the regulatory TCS that controls it.  

1.1 Two-component signal transduction systems 

Signaling is a very broad term used for the mechanisms employed by cells for 

interacting with their surroundings, exploring optimal growth conditions and adapting to 

environmental cues. Especially for bacteria, which are unicellular organisms, utilizing 

these mechanisms is central to their survival. Signaling in bacteria is governed by a 

complex setup of cellular pathways that occur inside and outside the cell, across the 

membrane regions and between two or more cells of the same or different species. 

Chemotaxis in response to chemicals in the environment (1), osmoregulation (2), quorum 

sensing for sporulation or biofilm formation (3, 4) and regulation of virulence (5), 

resistance to eukaryotic innate immune defenses (6) and establishment of rhizobia – plant 

symbioses (7) are examples of the wide usage of signaling mechanisms by bacteria not 

only within species but also between different kingdoms of life.   

The bacterial cytoplasmic membrane compartmentalizes the cell and separates the 

cytoplasm from the surrounding environment. The cell membrane not only provides 
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cellular morphology and rigidity to the cells, but also acts as a semipermeable barrier 

across which ions, large and small molecules and information must get transferred. The 

most predominant mechanism of intracellular communication in bacteria is the use of 

two-component signal transduction systems (TCSs), which constitute approximately one 

percent of encoded proteins (8). TCSs are present, to some extent, in Archaea and 

eukaryotic systems as well (9). With the exception of Mycoplasma, all bacterial species 

harbor multiple genes encoding TCS. The genome of Escherichia coli has at least 62 

open reading frames that have been identified as members of TCSs (10).  

TCSs are modular systems that utilize conserved domains for their function and 

rely on phosphotransfer reactions for signal communication. A prototypical TCS is 

represented by the membrane bound histidine kinase (HK) and the cytoplasmic response 

regulator (RR) (11). Signal recognition by the HK leads to ATP-dependent 

autophosphorylation at a highly conserved histidine residue on the HK, followed by the 

transfer of this phosphoryl group to a highly conserved aspartate in the RR in a reaction 

catalyzed by the RR. This leads to activation of the effector domain in the RR which 

mediates the output, generally by alteration of gene expression (11). In addition to 

phosphoryl transfer to the RR, some HKs also possess phosphatase activity. This allows 

the HK to regulate phosphotransfer activity and thus monitor the flow of information 

through the signal transduction pathway (12).  



17 

 

 

 

1.2 Histidine Kinases 

HKs have two distinct domains, the input domain and the transmitter domain 

(Figure 1.1) (13). The N-terminal input domain is usually extracytoplasmic or 

periplasmic and input domains of different HKs do not share sequence homology, which 

reflects the variety of signals they recognize (12).  

1.2.1 The kinase core 

The unique structural feature common to all HKs is the transmitter domain or the 

kinase core, composed of the dimerization and histidine phosphotransfer domain (DHp) 

and the ATP-binding catalytic domain (CA). There are five sequence motifs in the 

transmitter domain that are conserved in most HKs, the H, N, G1, F and G2 boxes. The 

H-box contains the conserved histidine residue and the N, G1, F and G2 boxes are 

involved in ATP-binding. HKs can be divided into two classes based on the structural 

organization of the H-box with respect to the N, G1, F and G2 boxes in the transmitter 

domain (14) (Figure 1.2). In Class I HKs, the most common HKs, the H-box is adjacent 

to the CA domain and they are connected by a flexible linker region. In Class II histidine 

kinases, exemplified by CheA, the H-box is located at the N-terminus of the protein in 

the Hpt domain, and is separated from the CA domain by the input domain and an extra 

dimerization domain. Furthermore, Class II HKs also contain a regulatory domain (Reg) 

that regulate signal (Figure 1.2) (15).  

More elaborate HK, called hybrid HKs, represented by the sensor ArcB, have 

multiple phosphodonor and phosphoacceptor sites. In these systems, DHp and CA 
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domain are followed by a receiver domain (Rec) containing the conserved aspartate 

residue, and the Hpt domain (12). The hybrid histidine kinases use multiple 

phosphotransfer reactions called phosphorelays. The complex of phosphorelay systems 

are the commonly utilized TCSs in eukaryotes. They bear multiple points of regulation 

and may provide more versatility in signaling (16).  

HKs function as dimers, which are formed by interaction between the 

dimerization domains (DHp) of monomeric proteins (14). The DHp domains of EnvZ 

have been very well characterized and is a subunit containing two antiparallel α-helices. 

This subunit interacts with another subunit to form a four-helix bundle. Helix 1 of this 

domain has the H-box motif containing the conserved histidine residue, the site of 

phosphorylation (17, 18).  

 The catalytic domain (CA) of HKs bears remarkable and structural homology to 

ATP-binding domains of DNA gyrase B, the mismatch repair protein MutL, and heat 

shock protein Hsp90 (19). The structure of the CA domain has been solved for multiple 

HK proteins, including EnvZ, CheA, PhoQ and NtrB. All these structures exhibit an α/β 

sandwich fold consisting of three α-helices covered by five antiparallel β-strands and had 

unique left-handed connectivity (20). The arrangement of the α-helices and β-strands 

form a loop that closes over a cavity containing bound ATP, forming an ‘ATP lid’. The 

ATP binding site also binds to Mg
2+

 or Mn
2+

 which are required for activity (21). Upon 

nucleotide binding the ‘open’ conformation of the ATP lid is converted to a closed form 



19 

 

 

 

due to an apparent loop to helix transformation (21). Within the CA domain are the N, D, 

F and G boxes that bind ATP and are possibly involved in phosphotransfer (22).  

The kinase core is connected to the input or sensory domain through the linker 

and the transmembrane regions (23). The cytoplasmic portion of the linker region is 

represented by a 50 amino acid helix-turn-helix motif called the HAMP domain due to its 

presence in Histidine kinases, Adenylyl cyclases, Methyl accepting chemotactic proteins 

and Phosphatases. The HAMP domain is located between the second transmembrane 

helix and the dimerization domain. Although the exact role of the domain and its 

mechanism of action is unknown, it is thought to be involved in binding cofactors such as 

FAD and the amphipathic nature of the this domain is thought to be critical for HK 

function (24).  Very little information is available on the role of the transmembrane 

region. It has been suggested that the uncleaved signal sequence of the HK acts as the 

first transmembrane helix (TM1) and is similar to tyrosine protein kinase receptors such 

as the EGF and insulin receptors (25). TM1 is followed by the sensor domain and TM2 

which compose the extracytoplasmic portion of the HK. It is becoming increasingly clear 

that the transmembrane regions are not passive connecting domains, but may be involved, 

upon ligand binding, in conformational signaling by helix motions such as rotation, 

sliding, or tilting (17).  
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Figure 1.1: Doman organization of prototypical histidine kinases. Figure represents 

the input domain flanked by two transmembrane regions (TM), HAMP domain and 

transmitter domain. The dimerization domain (Dhp) shows the highly conserved histidine 

residue and the catalytic/kinase domain (CA) comprising the conserved N, G1, F and G2 

boxes. 
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Figure 1.2: Domain organization and sequence motifs of histidine kinases and 

response regulators in TCSs. In Class I histidine kinases, the H-box containing DHp 

domain is connected to the CA domain. In Class II histidine kinases, the H-box is in the 

HPt domain that is separated from the CA domain by the input and Dim domains. 

Phosphotransfer (His→Asp) and Phosphorelays (His→Asp→His→Asp) are also 

represented below. 
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1.2.2 The input/sensor domain 

HKs sense environmental stimuli directly or indirectly through their N- terminal 

sensor domains. These sensor regions can be extracellular or intracellular depending on 

the signals they recognize. In prototypical histidine kinases the sensor domain is usually 

an extracytoplasmic domain flanked by the transmembrane regions and can be divided by 

structural homology into three types. The first type is the group of sensor domains that 

exhibit the PDC architecture. The PDC domain is a PAS-like domain and derives its 

name from the sensor domains of HKs PhoQ, DcuS and CitA (Table 1.1), which were the 

first proteins to be identified with this domain structure (26). PDC sensors have a central 

five stranded β-sheet flanked by α-helices. The long N-terminal α-helix and the short 

helices that follow the β- sheet differentiate the PDC domain from the PAS domain (27, 

28). There are at least 15 HK, including PhoR, DctB and LuxQ that have sensor domains 

with the PDC fold (26, 29). The second type of extracellular sensing domain is 

represented by an all helical structure as seen in NarX and TorS. These domains form a  

left handed four-helix bundle and have an extended linker domain between the second 

transmembrane region and the transmitter domain (30, 31). The third type is uncommon, 

and has a fold similar to periplasmic binding proteins, as seen in the case of HK29s from 

Geobacter sulfurreducans (32).  

In many HKs the sensor domains are present in the cytoplasmic region of the 

protein. These domains can be located in the cytoplasm either N-terminus to the 

transmembrane regions or C-terminus to them before the kinase core (19). It has been 
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observed that these domains adopt a PAS (Per-Arnt-Sim) or a GAF fold. The PAS fold 

represents a large family of signaling domains that are involved in ligand binding or 

protein-protein interactions (33). FixL which senses oxygen in Rhizobia shows a 

characteristic PAS fold consisting of five-stranded antiparallel β-sheet flanked by α-

helices (34, 35). KinA, a cytoplasmic sensor from Bacillus subtilis, has three PAS 

domains in tandem in its N-terminal region (33). The GAF domains are distantly related 

to the PAS domains and are mainly involved in binding small molecules (36, 37). The 

redox sensing histidine kinases DosS and DosT from Mycobacterium tuberculosis (38) 

and DevS from Mycobacterium smegmatis (39) are examples of the presence of GAF 

domain in cytoplasmic sensing HKs.  

Signal sensing can also occur at the HK transmembrane regions or through 

auxiliary proteins that interact with HK. Transmembrane signaling is observed in HKs 

that lack an extracellular sensing domain but have several transmembrane regions. A 

well-studied example of transmembrane sensing HKs is DesK, which regulates gene 

expression as a function of temperature by sensing low temperature signals (40), LiaS 

involved in detection of cell envelope stress (41) and the plant HK Etr1 which binds 

ethylene within a transmembrane region (42). TCSs that utilize auxiliary proteins are 

sometimes referred to as three-component systems. Methyl accepting chemotactic 

proteins, such as the membrane bound Tar chemoreceptor (43, 44), or the periplasmic 

LuxP (45, 46) are well studied examples of such accessory proteins that interact with the 

ligand and alter the activity of the HK. 
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One of the most elusive questions in signal transduction by TCSs is that of signal 

transmission from the input domain to the cytoplasmic kinase core. It is well accepted 

that ligand binding by the sensor domains of HKs generates a signal that is transduced 

into the cytoplasmic region through conformational changes that influence downstream 

events (27).  In contrast to receptor domains of tyrosine kinases, which undergo ligand 

mediated dimerization, the sensor domains of HKs are believed to be dimeric in the cell 

independent of ligand binding (29). It is also assumed that dimerization is not the trigger 

required to initiate signaling. Weak dimerization has been observed for some sensor 

domains in solution but in majority of the cases these domains remains monomeric in 

solution (32, 46). The weak intrinsic ability to form a dimer is expected to be enhanced in 

these domains in crystal lattices due to high protein concentration or when they are 

restricted to a membrane structure (47, 48). Two models exist for the mechanism of 

signaling through sensor domains. In one model, exemplified by the TMAO-responsive 

HK TorS, the aspartate-binding Tar and nitrate-binding NarX, the piston-type 

displacement of the helices in the four-helix bundle sensor domain is a possible 

mechanism of signaling. In the second model, the domain rotation or movement is 

expected to be associated with signal transduction (49). As seen in the periplasmic sensor 

domain of CitA, ligand binding causes the flexing of the central β-sheet in the PDC 

domain to allow tighter association with the ligand. This disrupts the interaction between 

the individual strands in the β-sheet, leading to conformational changes (27).  
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Table 1.1: Examples of bacterial histidine kinases and their ligands.   

Histidine 

kinase 

Ligand Organism References 

DcuS C4-dicarboxylate Escherichia. coli  (28, 50, 51) 

PhoQ Divalent cations Escherichia. coli  (5, 26, 52) 

NarX Nitrite/Nitrate Escherichia. coli  (47, 53) 

CusS Copper, Silver (putative) Escherichia. coli  (54, 55) 

CitA Citrate Klebsiella pneumoniae  (27, 56) 

FixL Oxygen 

Bradyrhizobioum 

japonicum 

 (35, 57, 58) 

TodS Toluene Pseudomonas aeruginosa  (59) 

DosS, DosT Oxygen, carbon monoxide 

Mycobacterium 

tuberculosis 

 (38) 

LuxQ Autoinducer-2 Multiple species  (45, 46) 

ComD 

Competence stimulating 

peptide 

Streptococcus spp  (60, 61) 

VanS Vancomycin Streptococcus coelicolor  (62, 63) 
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1.3 Response Regulators 

In prokaryotic TCSs, response regulators (RRs) serve as terminal components of 

the signal transduction pathway. They catalyze the transfer of the phosphoryl group on 

the phospho-histidine on the HK to a highly conserved aspartate residue in its own 

domain.  

RRs are modular proteins that have two distinct domains, the N-terminal receiver 

domain and the C-terminal effector domain (Figure 1.2). In some cases, RRs have more 

than one C-terminal effector domains, where the same receiver domain can be attached to 

many different output domains. In other cases RR consist of only the receiver domain and 

have not output domain attached to their C-terminus and are assumed to interact with 

other proteins to as part of their function (64). In case of hybrid histidine kinases, receiver 

domains are attached to the sensor kinase and are involved in phosphorelays (13, 16).  

1.3.1 The receiver domain 

The principal role of the receiver domain within the RR is to act as a 

phosphorylation-controlled switch, regulate the activity of the attached effector domain 

and thereby determine the specificity of the interactions with HKs (8, 65–67).  The 

receiver domain is approximately 125 amino acids long and adopts an α/β fold which is 

highly conserved in the structures that have been studied so far (20). The active site, 

located at the C-terminus of this domain, contains a cluster of three acidic residues, which 

are involved in coordinating Mg
2+

 and the highly conserved Asp, which is the site of 
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phosphorylation. Conserved Lys, Ser/Thr and Phe/Tyr residues in the active site are also 

located in the active site and are critical for signal transduction (8).   

RR receiver domains, in addition to accepting the phosphoryl group from HK, 

catalyze an autophosphorylation reaction using intermediary metabolites such as acyl 

phosphate and carbomoyl phosphate that act as low molecular weight phosphoryl group 

donors (68, 69). These domains can also catalyze their own dephosphorylation, although 

the primary mechanism of removal of the phosphoryl group from the Asp is by the 

phosphatase activity of the cognate HK or other proteins (70). 

1.3.2 The effector domains 

The effector domains of RR are highly diverse with respect to structure and 

function (71). Most of effector domains have DNA binding function and regulate 

transcription of specific genes (72).  They can be divided into three major subfamilies 

based on the homology of their DNA binding domains. The first is the OmpR/PhoB 

winged helix domains, which represent the largest subfamily of RR, and act as activators 

or repressors of target gene expression (73–75). The second subfamily is represented by 

NarL/FixJ, and the DNA binding domain has a typical helix-turn-helix (HTH) structure 

(76–78). The third subfamily is structurally and functionally complex and is represented 

by the NtrC/DtcD (79). These RR have two domains, an ATPase domain and a HTH 

domain, and act as enhancers activating RNA polymerase. In case of NtrC, 

phosphorylation causes the dimers of this RR to form octamers which causes ATP 

hydrolysis and activation of transcription (80). In other RR, the effector domains have 
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functions other than DNA binding and transcriptional regulations. These include the 

enzymatic output domain as in the case of CheB from the chemotaxis pathway, and the 

protein binding output domain (81). The variety and variability of the output domains 

reflects on the way these domains are used to regulate cellular activity.  

To summarize, the functions and diversity of mechanisms employed by HKs and 

RRs allows bacterial cells to adapt to a variety of environmental conditions. The HK and 

RR of TCSs can be assembled into simple phosphotransfer systems or more complicated 

phosphorelay systems. In a majority of TCSs, signal detection by the N-terminal sensing 

domain of the HK causes a conformational change that is propagated through the linker 

region to cause autophosphorylation of a conserved histidine. Phosphoryl transfer to a 

conserved aspartate on the receiver domain of the RR modulates the functionality of the 

effector domain. The ultimate consequence of this pathway is activation or repression of 

genes by the RR to generate an appropriate cellular response.  

1.4 Copper and its requirement in bacteria and the effect of silver 

Bacteria thrive in a variety of environments where nutrient limitation leads to 

redundant uptake and sequestration of essential elements (82). Transition metals are 

essential nutrients as these elements play important structural and catalytic roles in 

proteins and enzymes. Metals such as zinc and iron are acquired and concentrated by 

bacteria up to a total concentration of 0.1 mM or 2 x 10
5
 atoms per cell (83). The 

concentration of metals such as copper and manganese are maintained at about 10
4
 atoms 

per cell (84). Regardless of their role as essential nutrients, the redox properties of 
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transition metals can be deleterious when these elements are present in elevated 

concentrations. Therefore, cells have to exert tight control over cellular transition metal 

concentrations.  

Copper is one of the most prevalent biological transition metals and its biological 

function is due to its redox properties. Copper exists in one of two oxidation states, either 

the reduced Cu(I) form or oxidized Cu(II) form. Cu(I) is a 3d
10

 cation with a closed d-

orbital and is diamagnetic. Cu(II) is a 3d
9
 cation and is paramagnetic. Cu(I) is a soft 

Lewis acid and has a tendency to bind thiols, hydrides, alkyl groups and cyanides 

whereas, Cu(II) is an intermediate Lewis acid and binds sulfates, nitrates and oxygen 

ligands (85). It is also the more stable of the two copper species. Cu(I) disproportionates 

to Cu(II) and Cu(0) and Cu(0) readily oxidizes in air to form Cu(I). Reactions and 

standard redox potentials are shown below (R1) (86).  

2 Cu
+
 ↔ Cu

2+
 + Cu       -- (R1) 

E
0
 = 182 mV 

E
0
(Cu

2+
/Cu

+
 = 340 mV 

E
0
(Cu

+
/Cu) =  520 mV 

When bound to proteins copper has a redox potential of 200 – 800 mV which makes it 

useful in active sites of enzymes enabling them to directly oxidize substrates (87).  In 

proteins, Cu(I) favors a tetrahedral geometry involving sulfur donors such as cysteines 

and methionines. Cu(II) favors a square planar coordination involving nitrogen donors 

such as histidine or oxygen donors such as aspartate and glutamate (88, 89).   
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 Due to its redox properties, copper has an indispensable role in biochemical 

processes that involve electron transfer reactions such as photosynthesis and respiration. 

Enzymes that require the redox properties of Cu support both the oxidation states of the 

element.  Enzymes such as Cu/Zn superoxide dismutase (SOD), cytochrome c oxidase, 

lysyl oxidase and tyrosinase require copper for their function. Deficiency of copper or 

defect in copper binding sites in these proteins can lead to disease states or pathological 

conditions (85). Copper is also used as a prosthetic group in microbial enzymes that 

catalyze the reduction of nitrite and nitrous oxide (90).  

All bacterial copper containing proteins are extracytoplasmic and are found 

mainly in the periplasm or inserted into the cytoplasmic membrane (91). For example, in 

E. coli, Cu/Zn SOD and amine oxidase are located in the periplasm (92) and NADH 

dehydrogenase; and cytochrome c oxidase are embedded in the inner membrane (93, 94). 

Similarly in Gram-positive bacteria, the Bacillus subtilis copper laccase CotA is located 

in the spore coat and copper requiring cytochrome oxidases are located in the 

cytoplasmic membrane. Cyanobacteria and some methane oxidizers are the only known 

bacteria that require copper in the cytoplasm (95).  

  The ability of copper to readily transition between the Cu(II) and Cu(I) states 

makes it an ideal biological cofactor. However, the redox property of copper can also 

cause cellular damage, thus making excess copper toxic to cells. The redox cycling of 

copper can lead to generation of reactive hydroxyl radicals in a Fenton-type reaction 

show below in (R2). The Haber-Weiss (HW) reaction (R3) occurs at an extremely low 
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rate in the cell in the presence of basal levels of H2O2 and O2
-
. However, in the presence 

of unbound copper, the HW reaction causes an increase in the formation of hydroxyl 

radicals.  

Cu
+
 + H2O2 ↔ Cu

2+
 + OH

-
 + OH˙                  -- (R2) 

OH˙ + H2O2 → H2O + H
+
 + O2˙

-
                       -- (R3) 

This highly reactive hydroxyl radical can lead to oxidative stress which results 

cellular damage through lipid peroxidation, DNA damage and protein oxidation. The 

redox cycling of copper can also lead to depletion of sulfhydryls which would impair 

cellular function. These reactions are described below (R4 and R5).  

2Cu
2+

 + 2RSH ↔ 2Cu
+
 + RSSR + 2H

+
       --(R4)   

2Cu
+
 + 2H

+
 + O2 ↔ 2Cu

2+
 + H2O2              --(R5) 

The above reactions will again fuel a Fenton-type reaction and cause further 

cellular damage. Macomber et al. have shown that although this reaction causes DNA 

breaks in vitro, redox cycling of copper does not cause oxidative DNA damage in E. coli 

cells. The authors have noted that the periplasmic space of the bacterium may be the 

primary site for copper toxicity. In addition to oxidative damage, other mechanisms may 

also be important, as copper is highly toxic to microorganisms under anaerobic 

conditions (96).  

 Copper has high affinity to sulfur and nitrogen containing groups and can exert its 

toxicity by displacing the original ligand in proteins (97). Under anaerobic conditions, 

copper exists primarily as Cu(I) and is more toxic to cells in this form (98, 99). Cu(I) has 
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higher affinity for amino acids and nucleosides and can displace iron from iron-sulfur 

clusters in proteins (100). Mechanisms of copper homeostasis exist to avoid any excess 

metal in the cell that would lead to adventitious reactions and at the same time retain 

adequate concentrations of metal required for cellular processes. 

 Homeostatic mechanisms also exist for metals such as silver, cadmium and 

mercury which are not biologically active (101). These metals are extremely toxic to 

bacterial cells in very low concentrations and must be removed from the cells. The metal 

of interest here is silver. The effect of silver on bacterial species has been known for 

centuries, but has only occasionally been mentioned in the literature. Silver is toxic to 

bacteria in submillimolar concentrations. The mode of action of silver ions is unknown 

but Ag(I) is thought to affect the respiratory chain of bacteria (102). Ag(I) is reported to 

uncouple the respiratory chain from oxidative phosphorylation and uncouple the proton 

motive force across bacterial membranes (103, 104). Ag(I) is presumed to preferentially 

interact with DNA bases and inhibit transcription (105, 106). Ag(I) is also known to 

interact with thiol groups in proteins and displace natural ligands in proteins (107).  

 The toxic effects of copper and silver have encouraged the use of these metals in 

antimicrobial applications. Copper solutions are commonly used as fungicides on 

agricultural crops and as additives in paints to prevent fouling (108, 109). It has been 

used as a supplement in livestock food to promote growth (110). Silver is used in 

ointments in burn wards and a range of wound dressings, and in silver-treated catheters 



33 

 

 

 

(111, 112). Silver-coated household equipment and domestic water filters are intended to 

function as microbial biocides. 

 The widespread use of copper and silver has led to the emergence of resistance 

systems in bacteria that allow their growth at high concentration of these metals. The 

mechanisms that bacteria employ to detoxify the cells include metal exclusion, active 

transport, intracellular or extracellular sequestration, enzymatic detoxification of the 

metal to a less toxic form and modifying cellular targets to reduce sensitivity to metal 

(113). Bacteria adopt one or more of the above techniques to protect themselves from the 

harmful effects of these metals. The mechanisms employed by the Gram-negative 

bacterium Escherichia coli to achieve copper homeostasis and silver resistance are 

described below. 

1.5 Mechanisms of copper homeostasis in Escherichia coli.  

The mechanisms by which transition metal ions enter the bacterial cell are largely 

unknown, except in a few organisms. There is indirect evidence for the involvement of a 

P-type ATPase CopA in copper uptake in Enterococcus hirae (114) and import of nickel 

and cobalt by E. coli CorA (114, 115). In Streptococcus pneumoniae zinc uptake is 

mediated by the ABC transporter AdcABC (116). No conclusive evidence exists on the 

mode of entry of copper ions in E. coli. Several outer membrane porins are thought to aid 

this process and Cu(I) is thought to cross the permeability barrier through equilibration. 

However, specific importers are required for Cu(I) uptake in eukaryotes (99).  Whatever 
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the mode of entry, the presence of unbound copper ions can lead to extreme cellular 

damage and therefore tight control of copper levels is a cellular necessity. 

Early attempts at elucidating copper homeostasis in E. coli were inconclusive. 

Preliminary evidence showed that six genes may be involved in uptake and efflux of 

copper. It was later discovered that these genes, known as the cut system, were probably 

involved indirectly in copper homeostasis (117, 118). 

It was later shown in studies initiated by Rensing et al (119), and Munson et al 

(54) that regulation of intracellular copper concentrations in E. coli is governed by two 

systems that enable the removal of excess metal from the cell (Table 1.2). The cue (Cu 

efflux) system consists of CueR, CopA, and CueO. CopA belongs to a family of soft 

metal transporting P-type ATPases (120) and is required for copper homeostasis under 

both anaerobic and aerobic conditions. CopA is responsible for Cu(I) detoxification in the 

cytoplasm (119, 121). E. coli strains containing a deletion in the copA gene shows 

increased sensitivity to copper in the growth media (99). The second functional 

component of the Cue system is CueO, a multicopper oxidase, which protects the 

periplasmic components from copper-induced oxidative damage. CueO is active only in 

the presence of oxygen (54). CueO, like other multicopper oxidases, couples four one-

electron transfer reactions that involves the oxidation of Cu(I) to Cu(II) and the reduction 

of oxygen to water (122, 123). Upstream of the copA gene a promoter sequence (PcopA) 

containing the -10 and -35 consensus sequence was identified which has similarities to 

the promoters regulated by MerR type regulators. Genetic analysis revealed that the 
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regulator CueR was responsible for regulation of expression from PcopA, as disruption of 

cueR causes loss of expression from copA. Copper responsive regulation from promoter 

of cueO (PcueO) is also dependent on cueR. CueR exerts positive control at PcopA and 

PcueO in a copper responsive manner. CueR is a metal-binding transcription factor that 

regulates expression of copA and cueO (Table 1.2) (124). CueR is a cytoplasmic metal 

sensor and has a DNA-binding domain similar to other MerR regulators. The C-terminal 

region of CueR contains a metal-binding region that is conserved in other members of the 

MerR family. However, CueR lacks one conserved cysteine residue and the 

conformational spacing of the other two conserved cysteines is different from that of 

MerR and ZntR. These differences in the metal binding residues may confer the 

specificity of CueR for copper ions (124, 125).  

The cus (Cu sensing) system is also important in conferring copper resistance to 

E. coli under anaerobic conditions and under aerobic conditions when the Cue system is 

saturated (Table 1.2) (99). The Cue system is expressed at moderate basal levels under 

both aerobic and anaerobic conditions and shows a 12-fold increase under copper stress. 

The Cus system has extremely low basal level expression, but transcription from the cus 

genes increases at least 800-fold under extreme conditions of copper stress (99). This 

indicates that the Cue system is utilized as the primary copper homeostasis system in E. 

coli and the Cus system confers copper resistance under elevated copper stress. One 

reason for the necessity of the Cus system under aerobic conditions could be the increase 

in the Cu(I) form of the metal in the periplasm. Another reason could be the high rate of 

Cu(I) export from the cytoplasm could overwhelm CueO leading to Cu(I) accumulation 
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in the periplasm. Under anaerobic conditions there is loss of CueO function, but CopA 

continues to pump Cu(I) into the periplasm, which in turn may lead to induction of the 

Cus system for cellular copper detoxification. 

The cus system (Figure 1.3), like the cue, is located on the chromosome and 

consists of two divergently transcribed operons one of which encodes the CusR/CusS 

TCS (54). The second operon encodes, in a CusR/CusS dependent manner, the tripartite 

efflux pump CusCBA and the metallochaperone CusF (126). The CusCBA system 

belongs to the heavy metal efflux (HME) subfamily of resistance-nodulation-cell division 

efflux transporters and is a chemiosmotic H
+
/Cu(I) antiporter (127, 128).  

CusC is the outermembrane factor (OMF) of the HME channel whose crystal 

structure has been recently solved (129) and is distinct from other members of the OMF 

family such as TolC and OprM (130, 131). CusC, like other OMFs, is a barrel shaped 

molecule with a mixed α/β secondary structure and exists as a biological trimer (132). 

The periplasmic end of CusC has a conformation that appears closed and may require 

significant structural change to create an open channel to allow metal export. The interior 

of the barrel is highly electronegative, which could potentially coordinate and trap 

positively charged copper ions. This leads to the question as to how copper ions are 

transported through the channel. It is likely, as assumed by Kulathila et al (129), that the 

channel has a large diameter which could prevent the copper ions from being trapped 

inside the molecule and be exported along with the bulk solvent. CusC also lacks copper 
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binding residues in the channel region which may indicate that the specificity of the Cus 

efflux pump may be contributed by other components of the system (133).  

CusB is located in the periplasm and belongs to the membrane fusion family of 

proteins (134–136). Initially believed to be an adapter protein, CusB has a functional role 

in the Cus system as indicated by its ability to bind Cu(I) and transfer metal to other 

components of the Cus system (137, 138). In the crystal structure, CusB appears to be an 

elongated molecule with four domains. The metal binding methionine residues in CusB 

are located in the N-terminal region of the protein and disruption of these residues leads 

to increase in metal sensitivity. The crystal structure does not include the N terminus of 

CusB containing the methionine residues that constitute the metal binding site. Metal 

binding by CusB causes the elongated molecule to adopt a more compact structure as 

demonstrated by analytical gel filtration. The conformational flexibility is suggested to 

play a role in the assembly and the opening or closing of the tripartite pump (137, 139).    

CusA is the central pump in the Cus system. It belongs to the HME-RND family 

of proton-substrate antiporters. CusA exists as a homotrimer in its crystal structure. Each 

CusA molecule contains 12 transmembrane helices and large periplasmic domain. The 

periplasmic domain constitutes a pore domain and a CusC-docking domain (140).  The 

co-crystal structure of CusBA complex shows that monomeric CusA assembles with two 

CusB protomers. This interaction also occurs in the periplasm. In the biologically active 

form, the CusA homotrimer interacts with six CusB molecules. The arrangement of six 

CusB molecules creates a funnel that is continuous with the periplasmic portions of CusA 
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and CusC based on docking experiments (133, 141). It has been suggested that CusA can 

acquire metal from both the periplasm and cytoplasm using an arrangement of 

methionine residues within the trimeric structure (141). This provides evidence for the 

basis of cytoplasmic efflux by the Cus system exists in the literature.  

CusF is the fourth component of the CusCFBA efflux system. The cusF gene is 

located between cusC and cusA and appears in sequence databases to be contained in a 

second open reading frame. Homologs to CusF are found only in copper and silver efflux 

systems. The gene cusF is shown to be required for complete Cus mediated copper 

resistance in E. coli (126). Transcription from the cusF gene increases markedly in 

response to copper stress (142). CusF is an 88 amino acid periplasmic protein which 

binds to one copper ion (143). The crystal structure of CusF revealed a structure 

consisting of five β-strands that form a small barrel (144). The metal binding site in CusF 

is three-coordinate consisting of two histidine residues and a methionine residue, and is 

capped by tryptophan in a unique cation-pi interaction (145, 146). In the Cus system, 

CusF acts as a ‘copper sponge’ by sequestering metal ions in the periplasm. It also 

functions as a metallochaperone by directly transferring metal to CusB. The dual role of 

CusF appears to be important as it limits the presence of free copper ions in the periplasm 

and prevents cellular copper toxicity.  

Both the cue and cus systems are also activated by the presence of silver ions in 

the cell and play a role in silver resistance in E. coli (119, 147, 148). Deletion of the cus 

system leads to a dramatic increase in sensitivity to silver (149). Silver shares several 
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chemical properties with copper and it is observed that efflux systems that export copper 

also respond to silver. The major difference in the role of the Cus system in silver versus 

copper resistance is that the Cus response to silver is not altered under aerobic and 

anaerobic conditions (149).  

The first transition metal sensing TCS to be characterized in molecular detail in 

Gram-negative bacteria was the CusR/CusS two-component (54). CusR and CusS are 

responsible for regulation of genes controlling intracellular concentrations of copper and 

silver. The cusRS genes are located in a divergently transcribed open reading frame 

located next to the cusCFBA operon. Strains harboring alterations in the cusRS region 

showed increased sensitivity to copper and a plasmid carrying the cusR and cusS gene 

could complement the copper sensitive phenotype.  The cusRS operon is also required for 

the copper inducible expression from the promoter region of gene cusC (Figure 1.4) (54).  

The cusR gene is required for anaerobic copper tolerance in E. coli (99). The 

promoter region of cusC (PcusC) contains a DNA sequence that has been identified as the 

cop box, which contains an inverted repeat which has high sequence similarity with the 

DNA sequences that are bound by the OmpR/PhoB-type response regulator transcription 

factor. Based on the presence of the cop box, it is likely that CusR, when phosphorylated, 

acts as a transcription factor and binds to the promoter region of cusC. In the absence of 

cusR no expression is detected from cusC, aerobically or anaerobically (54). Deletion of 

cusR does not affect the copper sensitivity of E. coli cells in the presence of oxygen (99). 

However, anaerobically, strains that lack cusR are highly susceptible to elevated copper 
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concentrations and show an increase in copper accumulation in the cells. The above lines 

of evidence indicate that cusR is required for copper dependent activation from PcusC. 

The cusR encodes a cytoplasmic response regulator. Analysis of the CusR protein 

sequence revealed that CusR has 80% sequence identity to SilR from Salmonella and 

60% sequence identity to PcoR and CopR from E. coli and Pseudomonas species. Similar 

to other members of the OmpR/PhoB-like response regulators, CusR has a receiver 

domain with a highly conserved aspartate that is the site of phosphorylation and a DNA-

binding effector domain, which is predicted to have a winged helix-turn-helix structure. 

Transphosphorylation of CusR by its cognate histidine kinase CusS has been 

demonstrated and transcriptional regulation by CusR seems to be the mechanism by 

which the cusCFBA genes are encoded. It has been recently shown that CusR can also be 

phosphorylated by non-cognate HK, but the significance of this finding has not yet been 

established (150). 

CusS is the putative periplasmic copper-sensing histidine kinase in the Cus 

system. Based on sequence analysis and homology to other histidine kinases, CusS is a 

prototypical histidine kinase with an extracytoplasmic sensing domain, a cytoplasmic 

HAMP domain, a dimerization domain containing a highly conserved His residue (H271) 

and a kinase domain (Figure 1.5). Sequence analyses show that CusS has similarity to 

other putative metal-responsive histidine kinases, with 56% identity to Salmonella SilS, 

42% identity to Pseudomonas CopS and 38% identity to E. coli PcoS. 
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Figure 1.3: Schematic of the CusCFBA efflux system and the CusR/CusS TCS. CusR 

and CusS constitute the regulatory components of the Cus system. Cu(I)/Ag(I) toxicity 

leads to signal sensing by and phosphorylation of CusS. Phosphoryl transfer to CusR 

leads to its activation as a transcription factor and upregulation of the cusCFBA genes. 

CusCBA is a tripartite chemiosmotic efflux pump and CusF is a copper and silver 

binding metallochaperone.  Cu(I)/Ag(I) are exported to the extracellular space 

chemiosmotically through proton-metal antiport by the CusCFBA system. 
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Table 1.2 : Regulation of copper homeostasis and silver resistance genes in E. coli.   

 

 

 

 

 

 

 

 

Regulatory 

Protein 

Genes 

Regulated 
Function in E. coli 

Gene 

location 

CueR copA, cueO 
Detoxification of 

cytoplasmic Cu(I)/Ag(I) 
chromosomal 

CusR/CusS 

TCS 
cusCFBA, pcoE 

Detoxification of 

periplasmic Cu(I)/Ag(I) 
chromosomal 

PcoR/PcoS pcoABCD, pcoE 
Protection from extreme 

copper stress 
plasmid 
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Figure 1.4: Model of metal sensing in CusR/CusS TCS. CusS is the Cu(I)/Ag(I) 

sensing histidine kinase. Metal binding in the periplasmic domain is expected to activate 

CusS, which in turn activates CusR through phosphorylation. Phosphorylated CusR acts 

as a transcription factor and upregulates expression from the cusCFBA genes.   
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The periplasmic domain of CusS is a 149 amino acid region, which shares very 

little identity to sensor domains of other known histidine kinases. Periplasmic sensor 

domains of many histidine kinases bind directly to the ligands that activate them. The 

periplasmic domain of CusS has several histidine and methionine residues that could 

function as ligands for direct coordination of copper and silver ions. Two histidine 

residues located in the N- and C- termini of the periplasmic domain of CusS are 

conserved in the sensor domain of the copper-responsive CinS from Pseudomonas 

putida. Disruption of these residues in CinS blocks copper-dependent activation of a 

reporter gene, indicating their importance in ligand binding (151).  

The transmembrane regions are also considered important in the signal transduction 

mechanism in CusS. A mutation in the cusS gene was identified in an E. coli strain that is 

highly resistant to silver. The mutation results in a non-conservative change of a highly 

conserved threonine (T17) in CusS to a proline which is predicted to cause a kink in the 

first transmembrane helix in the protein. An alteration in the structure of the 

transmembrane region is predicted to have a large effect on the signaling mode of CusS, 

either causing the kinase to be locked in the signaling mode or a complete loss of kinase 

function (149).  A loss of function mutation in CusS may lead to activation of CusR by 

other histidine kinases. In either case, a mutation may allow more flexibility for the 

system to respond to metal toxicity. 

Certain strains of E. coli contain plasmid-encoded genes that confer copper 

resistance, such as the pco system that mediates copper efflux under conditions of 
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extreme copper toxicity (152). The pco gene cluster consists of seven genes, pcoABCDRS 

and pcoE (Table 2) (153). PcoA is a periplasmic multicopper oxidase that is homologous 

to CueO (154). PcoB is a membrane protein that remains uncharacterized and is thought 

to prevent the uptake of copper. PcoC is a periplasmic protein that could act as a 

metallochaperone(154). It binds one copper atom per molecule and is thought to function 

as a dimer (152). PcoD is predicted to be an inner membrane protein with eight 

transmembrane regions. It has been suggested that PcoC and PcoD function as a single 

unit to deliver metal ions to PcoA (154). The gene encoding PcoE is located on a separate 

plasmid with its own copper-regulated promoter and is required for full copper resistance. 

PcoE remains uncharacterized and there are no known homologs of this protein. The 

PcoR/PcoS TCS is required for copper induced expression of the pco genes (155). 

Mutations that disrupt the function of this TCS decrease resistance to elevated 

concentrations of copper, but do not affect gene expression from promoters of pcoA and 

pcoE (123, 153). In addition to regulation by the PcoR/PcoS system, expression from 

these promoters can be induced by CusR/CusS two-component in a copper dependent 

fashion. The presence of a truncated cusS gene in a Cus
-
 strain leads to constitutive 

activity of PpcoE (54). As mentioned above, control of expression of copper responsive 

genes by multiple regulatory genes may allow E. coli cells to fine tune their response to 

metal toxicity.  
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Figure 1.5: Schematic overview of the CusR/CusS TCS and domain organization of 

CusS. CusS is a prototypical histidine kinase with an extracytoplasmic sensor domain 

and cytoplasmic dimerization and catalytic kinase domains. Signal recognition causes the 

phosphorylation of a conserved histidine on CusS and the subsequent transfer of this 

phosphoryl group to the response regulator CusR. Phosphorylation-induced activation of 

CusR leads to the upregulation of the cusCFBA genes. Ag(I) (purple circles) binding by 

the periplasmic domain of CusS is predicted to be the primary signal that activates the 

two-component CusR/CusS system. 
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1.6 Explanation of the Problem and its Context 

The CusCFBA system is responsible for copper and silver detoxification in E. 

coli. Expression from the cusCFBA genes is regulated by the two-component CusR/CusS 

system. This TCS has similarities to other TCSs in bacteria, but is also unique as it is 

activated by copper and silver ions. Information about the regulatory mechanism utilized 

by CusR/CusS TCS will help further understanding of bacterial metal resistance.  

This dissertation focuses on the role of CusS in copper homeostasis and silver 

resistance in E. coli. Multiple questions remain unanswered on the mechanism of signal 

recognition and transmission by CusS. Does CusS bind copper and silver ions directly or 

are they presented to CusS through the involvement of another protein or metabolite? 

What are the effects of signal recognition on the structure of CusS that allow transmission 

of the signal to the cytoplasmic components of the TCS? 

In this work, I have determined the significance of the cusS gene for resistance to 

copper and silver in E. coli. I have characterized the secondary structure and metal 

binding properties of the sensor domain of CusS, which provides insight into signal 

recognition by the protein. In addition, I have investigated and discussed the role of the 

metallochaperone CusF in the signal transduction process in the Cus system.   
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1.7 Dissertation Format 

 This dissertation has been prepared according to the guidelines provided in the 

University of Arizona Graduate College Manual for Electronic Theses and Dissertations 

and with the policies of the Biochemistry, Molecular and Cellular Biology Program. I 

present my work in five chapters. Chapter 1 introduces the problem and its context.   

 In Chapter 2, I have described the role of the gene cusS in copper and silver 

resistance in E. coli. The contents of this chapter have been published in FEMS 

Microbiology Letters (55) with contributions from Andrew Larsen, Christopher Rensing 

and Megan McEvoy. My contributions to this paper involve development and execution 

of all the experiments and writing of the manuscript.  

 In Chapter 3, I have described the metal binding properties and secondary 

structure changes upon ligand binding with contributions from Mowei Zhou, Stella Yang 

and Megan McEvoy.  My contributions to this paper involve development and execution 

of all the experiments and writing of the manuscript. 

 In Chapter 4, I have described the interactions between two components of the 

Cus system with contributions from Megan McEvoy. My contributions to this paper 

involve development and execution of all the experiments and writing of the manuscript. 

 Chapter 5 summarizes the work included in the previous chapters and discusses 

ideas for further insight into regulation in the Cus system.  
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CHAPTER 2: REGULATION OF CU(I)/AG(I) EFFLUX GENES IN 

ESCHERICHIA COLI BY THE SENSOR KINASE CUSS 

2.1 Abstract: 

TCSs are widely used by bacteria to mediate adaptive responses to a variety of 

environmental stimuli. The CusR/CusS TCS in Escherichia coli induces expression of 

genes involved in metal efflux under conditions of elevated Cu(I) and Ag(I) 

concentrations. As seen in most prototypical TCSs, signal recognition and transmission is 

expected to occur by ligand binding in the periplasmic sensor domain of the histidine 

kinase CusS. Although discussed in the extant literature, little experimental evidence is 

available to establish the role of CusS in metal homeostasis.  In this study, we show that 

the cusS gene is required for Cu(I) and Ag(I) resistance in E. coli and that CusS is linked 

to the expression of the cusCFBA genes. These results show a metal dependent 

mechanism of CusS activation and suggest an absolute requirement for CusS in Cu(I) and 

Ag(I)-dependent upregulation of cusCFBA expression in E. coli. 
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2.2 Introduction 

 Metals such as copper and silver have been used as antimicrobial agents in 

clinical and non-clinical settings for centuries due to their effectiveness in limiting the 

growth of a broad range of organisms. Silver (Ag(I)) is reported to be lethal to bacteria in 

sub-millimolar concentrations for a wide range of bacterial species (102, 156). The 

mechanism of silver ion toxicity mainly lies in its ability to bind to sulfhydryl groups of 

proteins and inhibit key functions such as phosphate uptake and respiration (103, 104). 

These properties make silver ions very potent biocides.  

While copper is a micronutrient used as a catalyst in key biochemical reactions 

and its deficiency can lead to disintegration of a variety of cellular processes, excess 

copper can be lethal (157). This makes copper an extremely effective antimicrobial agent, 

accounting for its extensive use in agricultural and non-clinical settings (158). The unique 

redox chemistry of copper allows it to readily shuttle between the cuprous (Cu(I)) and 

cupric (Cu(II)) states under constantly changing physiological conditions, making it ideal 

for many fundamental biological processes involving electron transfer reactions. 

However, the same redox property of copper can lead to Fenton-type reactions that 

generate reactive oxygen species that can lead to cellular damage (96, 157). Copper, in 

either the Cu(I) or Cu(II) states, has strong affinity for sulfhydryl groups and the binding 

of copper to thiol or nitrogen-containing groups in proteins could inhibit protein function 

(159, 160). However, copper is more toxic to bacterial cells under anaerobic conditions, 

where there is a greater proportion of Cu(I) (98, 99). Early work on copper suggested that 
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Cu(I) is more toxic due to increased binding to amino acids and nucleosides (100). Cu(I) 

displaces the iron in iron-sulfur clusters and bind to the thiol groups in important 

metabolic enzymes (161). In order to avoid the toxicity exerted by copper, bacteria utilize 

intricate mechanisms to reduce free intracellular concentrations of the metal (91).  

Although there are distinct differences between copper and silver in their role in 

and effects on biological systems, these metals share very similar chemical and ligand 

binding properties. Cu(I) and Ag(I) belong to the group of soft Lewis acids that have high 

polarizability and form bonds with nitrogen and sulfur containing molecules, which are 

soft Lewis bases (162). Silver can actively compete for copper sites in biomolecules, thus 

disrupting their function and key interactions (107). It has been observed that systems 

that aid in copper homeostasis can also actively detoxify silver (119, 163).  

Regulatory control of metal concentrations in living organisms is vital to prevent cellular 

damage due to toxic effects exerted by these elements. Due to the toxic nature of the 

metals, bacteria have developed sophisticated mechanisms conferring silver and copper 

resistance (164–166). In Escherichia coli, the Cue and the Cus systems detoxify/remove 

excess silver and copper from the cells. The Cue response system consists of CopA, a P-

type ATPase that exports intracellular Cu(I) into the periplasm (119) and CueO, a 

periplasmic multicopper oxidase that oxidizes Cu(I) to Cu(II) (167). The Cus response 

system consists of the chemiosmotic CusCFBA efflux system (126, 164). The Cus system 

is activated when the Cue system is overwhelmed with copper or under anaerobic 

conditions, when the oxidase CueO is inactive (99).  
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Figure 2.1: Open Reading Frames within the cus locus. The cusRS locus encodes the 

TCS and cusC, cusF, cusB and cusA form the transmembrane efflux channel in E. coli. 

The operons are divergently transcribed. 
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 The Cus system is particularly important to confer periplasmic Ag(I) tolerance to 

the cell, as CueO is inhibited by Ag(I) (147). The Cus system, although originally 

identified for its role in Ag(I) detoxification, is also involved in copper homeostasis; it is 

known that this system is activated in the presence of sub-millimolar concentrations of 

this transition metal (142, 148) 

 The E. coli Cus system consists of two operons, one of which encodes the 

proteins of the CusCFBA efflux pump. The second operon is divergently transcribed 

from the cusCFBA genes and encodes the CusR/CusS two-component system (TCS) 

(Figure 2.1). The CusR/CusS TCS is involved in regulation of transcription from the 

cusCFBA genes upon the onset of silver or copper stress (54, 148). There is at least a 

two-fold increase in transcription from cusR and cusS genes upon induction by Ag(I) or 

Cu(I) ions (142). The central role of CusS is seen in its occurrence in association with 

metal efflux genes in different species of Gram negative bacteria (168). In Pseudomonas 

putida, the CusS homolog CinS activates the transcription of the cinR and cinS genes in 

response to both Cu(I) and Ag(I) (151).  

Based on sequence homology to other histidine kinases of TCSs, E. coli CusS is 

predicted to be a membrane-bound kinase, which forms a TCS with the response 

regulator CusR (54, 169). Under conditions of elevated concentrations of Cu(I)/Ag(I), 

CusS and CusR are essential for the induction of the copper efflux genes cusCFBA (54, 

126). Signal recognition by ligand binding in the periplasmic sensor domain of CusS is 

expected to elicit downstream transmembrane and cytoplasmic signaling events, and thus 



54 

 

 

 

CusS is predicted to play an important role in cell adaptation to changes in 

extracytoplasmic levels of copper and silver ions. 

This study establishes the role of the cusS gene in Cu(I) and Ag(I) resistance in E. 

coli. Additionally, we report that the presence of the cusS gene is essential for 

upregulation of the cusCFBA genes in the bacterium.  
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2.3 Materials and Methods  

2.3.1 Bacterial strains and growth conditions: 

All strains were grown at 37 
0
C in modified Luria broth (MLB) (1% tryptone, 

0.5% yeast extract), MLB-agar plates or modified M9 broth (MM9) (0.1% ammonium 

sulfate as the source of nitrogen and no sodium chloride) or MM9-agar plates. Antibiotics 

(ampicillin 100 µg/mL and kanamycin 30 µg/ml) were added to the growth media for 

purposes of strain selection. All overnight cultures containing the pBAD24 vectors were 

grown in the presence of 0.02% D-glucose to prevent the expression from the arabinose 

promoter. To promote expression from the genes on the pBAD24 vector, 0.2% L-

arabinose was added to the growth media. Reagents and chemicals were obtained from 

Sigma and MLB components were obtained from Difco.  

2.3.2 Strain and Plasmid Construction:  

Bacterial strains and plasmids used in this study are listed in Table 2.1. Knockout 

strains were made using the lambda-Red mediated gene recombination technique as 

detailed by Datsenko and Wanner (170). Antibiotic resistance cassettes from the 

knockout strains were removed using the temperature sensitive pCP20 plasmid as 

described previously (170). For gene complementation assays all strains were 

transformed with the pBAD24 (171) vector containing the necessary gene.  

The plasmids and oligonucleotide sequences used in this present study are listed 

in Table S1 and were obtained from Integrated DNA Technologies. For construction of 



56 

 

 

 

pBADcusS plasmid the pBADcusS-F and the pBADcusS-R primers were used. To 

amplify the cusS gene from E. coli W3110 genomic DNA, the PCR product digested with 

HindIII /EcoRI restriction enzymes and ligated into the HindIII /EcoRI sites in vector 

pBAD24. All plasmids were purified and sequenced for accuracy. 

2.3.3 Determination of MIC of Ag(I), and growth and copper accumulation in 

CuSO4 containing media: 

Overnight cultures were grown aerobically in MLB to an OD600 of 2.05 – 2.10, 

then diluted 1:200 into MM9 medium containing 100 µg/mL ampicillin. Growth was 

continued until the OD reached 0.6 – 0.8, then the cells were induced with 0.2% 

arabinose. To study the effect of increasing copper on growth of wild-type and mutant E. 

coli BW25113 strains in liquid medium, 30 minutes after induction with arabinose the 

cultures were diluted again 1:200 in MM9 medium containing various concentrations of 

CuSO4 and incubated at 37 °C under anaerobic conditions. Cell growth was measured 

after 15 hours and cell densities were normalized before plotting as a function of copper 

concentrations.  

To study the effect of AgNO3, wild-type and mutant E. coli BW25113 strains 

were grown as mentioned above.  The cell density was allowed to reach OD600 0.9 – 1.0. 

The cultures were diluted in sterile phosphate buffered saline pH 7.4 (PBS) 1:200 and 

spotted on MM9-agar plates containing different concentrations of AgNO3. The plates 

were incubated aerobically at 37 
0
C for 20 hours in the dark. The MIC values were 

determined as the minimum concentration of AgNO3 with no growth observed.  



57 

 

 

 

To determine metal accumulation in cells, E. coli wild-type, E. coli cusS and E. 

coli cusS/pBADcusS were grown as described above. After induction of genes on the 

pBAD24 vectors with L-arabinose, 7.5 µM CuSO4 was added to the medium and cell 

aliquots were taken at 0, 2 and 4 hours after addition of copper. All cultures were 

normalized to 3 x 10
8
 cells/ml and centrifuged to obtain the cell pellet. The pellets were 

washed three times with MM9 containing 1 mM EDTA and dried at 75 
0
C for 3 hours. 50 

µL nitric acid (10% v/v) was added to the pellet and the samples were incubated at 75 
0
C 

for 30 min. The copper concentrations in the sample were measured using inductively 

coupled plasma mass spectrometry (ICP-MS) on a Elan DRC II instrument (Perkin 

Elmer). The instrument was initially monitored for background noise and metal 

contaminants and then calibrated using an ICP multi-element stock solution 

(AccuStandard) prepared in 1% nitric acid. Samples were also diluted with 1% nitric acid 

until signal was within the calibration range. All glassware used for this experiment were 

washed with 10% nitric acid. The concentration of copper was determined as an average 

of three independent experiments. Statistical significance of this data was analyzed using 

ANOVA with multiple comparisons. 

2.3.4 Cell growth, RNA extraction, cDNA synthesis for qRT-PCR:  

E. coli cells were grown in MM9 as described above.  At an OD600 of 0.6 - 0.8, 

0.2% L-arabinose was added to the cells and when the OD600 reached 0.9 – 1.0, 5 µM 

AgNO3 was added. Cell aliquots were taken 0.25, 2.25 and 4.25 hours post silver stress 

and were normalized to 3 x 10
8
 cells/ml and were frozen. 
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RNA was extracted by resuspending 3 x 10
8
 cells in 300 µL TRIZOL Reagent, 

phase separated using chloroform, and total RNA was precipitated by using isopropanol 

followed by centrifugation. The RNA pellet was resuspended in nuclease free water 

(Bioexpress). Quality and purity of RNA preparations were assessed by electrophoresis 

and via spectrophotometric determination of the ratio of absorbance at 260/280 nm.  

Total-RNA extracted from the previous step was treated with RNase free DNaseI 

(Fermentas). First strand cDNA was prepared from 2 µg of total RNA using the 

Superscript III cDNA synthesis kit (Quanta Biosciences). The cDNA was then diluted 

with SYBR green qPCR master mix. Reactions were amplified using the Applied 

Biosystems 7300 Real-time PCR system. Each cDNA sample was assessed in triplicate 

using 16S-rRNA as an internal control. Thermal cycle conditions consisted of an initial 

denaturation step at 95
0
C for 60 sec followed by 40 cycles of 95 

0
C for 15 s, 60 

0
C for 60 

sec. Fluorescence was measured at the beginning of each annealing/extension step. 

Amplicon size was also determined by electrophoresis on an agarose gel (1% w/v). The 

quantity of cDNA measured by Real Time PCR was normalized to the abundance of 16S 

cDNA. Primers used for qRT-PCR are listed in supplementary Table S1. To check 

specificity of each primer, the predicted amplicon melting temperature was confirmed via 

dissociation curve analysis. Relative expression from the cusC gene was calculated using 

the Ct quantification method (172) and values are averages of three independent 

experiments. Statistical significance of this data was analyzed using ANOVA with 

multiple comparisons. 
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2.4 Results and Discussion 

The role of copper ions in bacterial growth and survival is well documented. Due 

to the toxic nature of copper ions, bacteria such as E. coli and Salmonella have molecular 

systems that tightly control the copper concentration within the cells (168). In E. coli the 

Cus system was first identified as a silver resistance system and was shown to be 

inducible by copper ions as well. Upon further investigation it was revealed that the 

chemiosmotic CusCFBA system in E. coli confers anaerobic copper and silver resistance 

and is regulated by the CusR/CusS TCS. The sensor kinase CusS and the response 

regulator CusR are activated by copper (54) and silver (148) ions and these proteins are 

required for regulation of the cusCFBA operon.  

To define the role of CusS in copper resistance in E. coli, an E. coli strain was 

created in which the chromosomal copy of cusS was disrupted (Table 2.1). Since the Cus 

system is the primary copper response system in the absence of oxygen (Outten et al., 

2001), the sensitivity of these cells to different concentration of copper was tested in the 

absence of oxygen. Disruption of cusS led to an increase in the toxicity of copper in the 

strain E. coli cusS (Figure 2.2). Upon exposure to copper concentrations above 10 µM, 

E. coli cusS showed a significant inhibition of growth as observed by the cell density 

measurements. No growth was seen in the cusS strain above 50 µM CuSO4. However, 

resistance could be restored through the addition of cusS on the pBADcusS plasmid 

which has cusS under the control of the arabinose promoter (Figure 2.2). No significant 
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differences in growth were seen between the strain cusS/pBADcusS and the wild-type 

strain up to 100 µM CuSO4.   

To address the role of CusS in silver tolerance, E. coli cusS and E. coli 

cusS/pBADcusS (Table 2.1) were tested for sensitivity to media containing Ag(I). The 

MIC of Ag(I) for E. coli strains containing the cusS gene either on the genome (wild-

type) or on a plasmid (pBADcusS) was 50 µM (Figure 2.3 and Table 2.2). In comparison 

the disruption of the cusS gene had a potent effect on Ag(I) sensitivity, where the strain 

E. coli cusS showed Ag(I) sensitivity at 10 µM metal concentrations.  

The above data establishes that the gene encoding histidine kinase CusS responds 

to elevated levels of copper and silver in E. coli. Mutants that lack the cusS gene have 

higher susceptibility to silver compared to the wild type or cusS complemented strain of 

E. coli. The cusS gene is also required for anaerobic copper resistance as indicated by 

slower growth of E.coli cusS cells in medium containing copper.  

Previous work has shown that E. coli and yeast cells undergo increased copper 

accumulation under anaerobic conditions (99, 173, 174). If the role of CusS is to activate 

the cus efflux genes under elevated copper concentrations, in the absence of CusS, no 

expression from the cusCFBA genes would occur and therefore, no efflux of copper is 

expected from the cells. To test this hypothesis, the levels of copper were examined in E. 

coli wild-type, E. coli cusS and E. coli cusS/pBADcusS by growing the cells 

anaerobically in copper-containing medium and determining copper content by ICP-MS.  
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Table 2.1: Bacterial strains and plasmids 

 

 

Strain Relevant Genotype Source/Reference 

BW25113 
Wild-type, lacI

q
 rrnBT14 ∆lacZWJ16 hsdR514 

∆araBADAH33 ∆rhaBADLD78 
(170) 

E. coli wild-type BW25113/pBAD24 This work 

E. coli cusS BW25113/cusS::kan
R
/pBAD24 This work 

E. coli cusS 

cusCFBA 
BW25113/cusS cusCFBA/pBAD24 This work 

Plasmid 
 

  

pBAD24 pBR322 ori, BAD promoter, amp
R
 (171) 

pBADcusS E. coli cusS cloned into pBAD24 This work 
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Table 2.2: Minimal inhibitory concentrations of AgNO3 for different E. coli 

strains 

  
Strain MIC of AgNO3 (µM) 

  
 

Wild-type 50.0 

cusS/pBAD24 10.0 

cusS/pBADcusS 50.0 

cusS cusCFBA/pBAD24  2.5 

cusS cusCFBA/pBADcusS  2.5 
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Figure 2.2: Copper sensitivity of E. coli wild-type, E. coli cusS and E. coli 

cusS/pBADcusS to copper. The normalized cell densities of the different strains of E. 

coli were compared after 15 hours of growth under anaerobic conditions in media 

containing different concentrations of CuSO4. The data are plotted as an average of three 

independent experiments including their standard error of mean (SEM).
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E. coli cusS, which lacks the cusS gene, showed a steady increase in copper 

accumulation with a four-fold increase in copper concentration as compared to the wild-

type strain after four hours. Supplying cusS on a plasmid rescued this phenotype, as the 

copper concentration in E. coli cusS/pBADcusS was similar to that of E. coli wild-type. 

The copper concentrations in E. coli cusS/pBADcusS reached about 76 ng/10
8
 cells 

after 2 hours and decreased to 60 ng/10
8
 cells after 4 hours (Figure 2.4).  

The deficiency of CusS within the cell leads to copper accumulation, as E. coli 

cusS was observed to accumulate copper when grown in medium containing the metal 

under anaerobic conditions. The copper accumulation phenotype was not seen when cusS 

was either present on the genome or provided to the mutant externally on a plasmid 

(Figure 2.4).  It has been previously established that the Cus system mediates copper 

homeostasis primarily under anaerobic conditions (99, 126) and upon increase in cellular 

levels of copper, cusS is expected to upregulate the cusCFBA genes, ultimately leading to 

copper export. Anaerobic copper accumulation in the absence of cusS suggests an 

alteration in copper export, most likely due to the absence or delayed expression of 

components of the CusCFBA efflux pump. These results show that E. coli utilizes CusS 

under anaerobic conditions to prevent overaccumulation of metal.  

Ag(I) is very similar to Cu(I) in its chemical properties and is also known to 

activate the Cus system. In order to investigate the regulatory effects of CusS on the 

cusCFBA system, we used qRT-PCR to examine the changes in the expression levels of 

cusC mRNA upon addition of Ag(I). Total RNA was isolated from exponential phase 
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cultures containing AgNO3 of E. coli wild-type, E. coli cusS and E. coli 

cusS/pBADcusS and cDNA was synthesized. The expression level of cusC was 

compared in the presence and absence of cusS gene (Figure 2.5). No expression from 

cusC was detected immediately after Ag(I) addition and appeared in very minimal 

quantities after two hours in strains lacking cusS. The expression from cusC in wild-type 

cells is greatest immediately after addition of Ag(I). Expression from cusC in strain E. 

coli cusS/pBADcusS was seen to be higher than E. coli cusS in which the cusS gene is 

deleted but was not as responsive as compared to the wild-type strain. By 4 hours post 

silver treatment, all strains had very slow growth rate and E. coli cusS which lacks the 

cusS gene was most affected. 

It is evident from the above results that transcription from cusC is negligible in 

the absence of cusS. However, in order to link the cusS-mediated phenotypes to 

CusCFBA activity, we created a strain of BW25113 that lacks both cusS and cusCFBA. 

The strain that lacks cusCFBA failed to grow in concentrations of silver of 2.5 µM (Table 

2.2). Under anaerobic conditions, these cells also failed to grow in medium containing as 

low as 10 µM copper. Supplementing the strain with cusS externally on a plasmid did not 

change the Cu(I)/Ag(I) sensitive phenotype. These results, in addition to the observation 

that cusC is minimally expressed in the absence of CusS, suggest that the metal sensitive 

phenotype observed in the cusS strain is due to the loss of CusCFBA.  

 



67 

 

 

 

Figure 2.4: Metal accumulation in E. coli cells grown in medium containing copper. 

The graph represents copper accumulation in cells at 0 (black), 2 (diagonal lines) and 4 

hours (gray) after addition of 7.5 µM CuSO4 respectively. The table below the graph 

represents the actual concentration of copper measured using ICP-MS. Each bar 

represents the average of three independent experiments and their SEM. ANOVA 

analysis with multiple comparisons shows that in the absence of cusS, E. coli cells 

accumulate higher concentrations of copper (P < 0.001). 

  



68 

 

 

 

 

Figure 2.5: CusS is required for expression from cusC. Data shows the relative 

expression from the cusC gene +/- SEM, as determined in E. coli wild-type (gray), E. coli 

cusS (checkered) and E. coli cusS/pBADcusS (diagonal lines) after exposure to 5 µM 

AgNO3 for 0, 2 and 4 hours. Total RNA from cells was extracted, reverse transcribed and 

cDNA was subjected to real-time PCR using primers specific for cusC. ANOVA analysis 

with multiple comparisons showed that transcription from cusC is absent when cusS is 

disrupted (P < 0.0001). 
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The cusS gene is located on an operon that is transcribed in the opposite direction 

to the cusCFBA structural genes (Figure 2.1). It has been shown that Ag(I) exposure leads 

to polycistronic transcriptional activation of the cusCFBA genes (148). Previous studies 

on the Cus system have offered evidence for transcription from the cusR/cusS region and 

cusC regions upon exposure to silver (126, 148) and copper ions (54). The transcriptional 

levels from the cusC gene therefore serve as an indicator of expression from the structural 

cus genes. Our results show that expression from cusC is reduced at least two-fold in the 

absence of cusS (Figure 2.5). This decrease indicates that CusS is the primary activator 

for Ag(I)-activated expression from cusC. The presence of cusC transcript in E. coli 

cusS two hours after addition of silver may indicate the presence of another signaling 

system that is responsive to silver ions. 

Two candidates for other TCSs that may be responsible for this effect are 

CpxA/CpxR and YedV/YedW, which have been implicated in copper-facilitated 

signaling events (175). The histidine kinase CpxA is activated by denatured membrane 

proteins and therefore its activation by copper-induced cellular stress is not surprising, 

since copper toxicity may lead to loss of integrity of protein structure and/or protein 

degradation, either by oxidative stress (96) or by displacement of the parent ligand in 

proteins (161). Transcription from the histidine kinase encoding yedV increases two-fold 

after induction by copper and its role in copper response is not fully understood (142). 

Comparison of the amino acid sequence in the predicted sensor domains of these 

histidine kinases does not reveal any information about how CpxA and YedV may be 

involved in metal-regulated gene expression. Also, the involvement of another histidine 
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kinase or a different signaling mechanism is a tangible possibility, since in the presence 

of low levels of silver or copper the same OD600 is achieved in cells in which cusS is 

disrupted (Figure 2.2). Alternative mechanisms by which the cells could protect 

themselves from metal toxicity, allowing growth to continue, may include removal of 

metal ions from the cytoplasm to the periplasm by CopA, or sequestration of ions by 

other cellular components. 

Based on our results, we have demonstrated that cusS plays a central role in 

copper and silver resistance in E. coli. Through direct or indirect mechanisms, CusS 

senses increased periplasmic copper or silver and mediates the expression of the 

cusCFBA genes. Periplasmic detoxification of copper is expected to occur through the 

CusCFBA chemiosmotic transmembrane efflux pump.  The mechanism by which CusS 

senses elevated metal concentration and transmits the signal to the cytoplasmic response 

regulator CusR still remains unclear and will be an important area for future 

investigation.  
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CHAPTER 3: DIRECT METAL BINDING BY THE SENSOR DOMAIN OF THE 

ESCHERICHIA COLI TWO-COMPONENT HISTIDINE KINASE CUSS 

3.1 Abstract 

The Cus system of E. coli serves to protect the cells from high concentrations of 

metals in the environment. The CusS histidine kinase of the CusRS TCS functions as a 

Cu(I)/Ag(I)-responsive sensor kinase and is essential for the induction of the genes 

encoding the CusCFBA efflux pump.  Sensor kinases of TCSs show great variability in 

their sensor domains, reflecting the diverse inputs to which they respond. In this study, 

we examine the molecular features of the sensor domain of CusS in order to understand 

how a metal-responsive histidine kinase senses specific metal ions.  We find that the 

periplasmic sensor domain of CusS interacts directly with Ag(I) and undergoes a 

conformational change upon metal binding.  Metal binding also enhances the tendency of 

the domain to dimerize.  These findings suggest a model for activation of the histidine 

kinase through metal binding events in the periplasmic sensor domain.  
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3.2 Introduction  

Bacteria must respond to a diverse array of environmental factors. The 

predominant means by which bacteria adapt to signals such as nutrient availability, pH 

changes, quorum sensing and heavy metal stress are by using two-component signal 

transduction systems (TCS) (Figure 3.1). A prototypical TCS is comprised of a 

transmembrane sensor histidine kinase (HK) and its cognate cytoplasmic response 

regulator (RR) (1). Periplasmic sensing histidine kinases consist of an N-terminal 

extracytoplasmic input domain which undergoes a conformational change upon sensing 

the stimulus and autophosphorylation of a conserved histidine residue in the cytoplasmic 

region of the HK (2). The RR catalyzes the transfer of this phosphoryl group to a 

conserved aspartate in its receiver domain which leads to the activation of the 

effector/output domain (3) which, modulates the transcription of genes enabling the 

organism to respond to the stimulus (4).  

Amongst the cellular systems that function to prevent metal toxicity in E. coli, the 

Cus system is involved in maintenance of anaerobic copper homeostasis and silver 

resistance. The Cus system consists of the CusR/CusS TCS and the CusCFBA efflux 

complex responsible for transporting copper/silver from the periplasm of E. coli into the 

extracellular space (5, 6). The genes encoding these proteins are present on two 

divergently transcribed operons on the genome of E. coli K12. While the structural and 

functional properties of the CusCFBA efflux pump have been extensively studied, the 

metal responsive CusR/CusS system remains largely uncharacterized. Previous work has 

shown that the CusR/CusS TCS is essential for growth in medium containing copper and 

A B 
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silver, as deletion of the cusR and cusS genes leads to a copper and silver sensitive 

phenotype in the bacterium (ref). It has also been shown that cusR and cusS are required 

for the copper/silver inducible expression of the promoter region of cusC (7, 8).  

The cusS gene encodes a histidine kinase which is predicted to sense elevated 

levels of copper/silver in the periplasmic space of E. coli. Copper shock causes a two-fold 

increase in the cusS transcript (9), and the absence of cusS is shown to increase copper 

accumulation in the cells (8). From sequence analysis, CusS is predicted to be a 

prototypical periplasmic sensing HK. It has sequence identity to putative metal-sensing 

HKs such as SilS (56%), CopS (42%), PcoS (38%) and CinS (35%). A BLAST search of 

the entire CusS protein sequence showed the presence of putative conserved regions – 

HAMP, DHp and the CA domains which form the catalytic kinase core. 

Although CusS is shown to have an important role in regulation of copper 

homeostasis and silver resistance (8), little is known about the mechanism of metal 

sensing and signal transmission within the transmembrane HK. Based on studies on HKs 

CitA, DcuS and PhoQ, which sense citrate, dicarboxylates and divalent cations, 

respectively, ligand binding in the periplasmic domain of the proteins results in 

conformational changes that activate the cytoplasmic kinase domain which in-turn leads 

to altered cellular activity (10–15).  However, the structural and functional features of 

metal-responsive sensory domains are largely uncharacterized. In this work we have 

characterized the periplasmic sensor domain of the histidine kinase CusS from the Gram-

negative bacterium Escherichia coli. We have utilized an array of biophysical techniques 

to determine the effect of Ag(I) binding to the periplasmic domain of CusS.  
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Figure 3.1: Schematic overview of the CusR/CusS TCS and domain organization of 

CusS. CusS is a prototypical histidine kinase with an extracytoplasmic sensor domain 

and cytoplasmic dimerization and catalytic kinase domains. Signal recognition causes the 

phosphorylation of a conserved histidine on CusS and the subsequent transfer of this 

phosphoryl group to the response regulator CusR. Phosphorylation induced activation of 

CusR leads to the upregulation of the cusCFBA genes. Cu(I)/Ag(I) (purple circles) 

binding by the periplasmic domain of CusS is predicted to be the primary signal that 

activates the two-component CusR/CusS system.   
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3.3 Materials and Methods 

3.3.1 Strain and Plasmid Construction, and Sample Preparation 

The periplasmic region of  the histidine kinase CusS (CusSs) was predicted to be 

between amino acids V39 and L187 by using HMMTOP and TMHMM transmembrane 

topology prediction software (16, 17). The pTXB3CusSs plasmid was constructed for 

expression of the periplasmic domain of CusS for in vitro studies. For construction of the 

this plasmid, the portion of the E. coli W3110 cusS gene encoding amino acids 39-187 

was amplified using oligonucleotides containing sites for NcoI and XhoI restriction 

endonucleases. The amplified PCR product was digested using NcoI/XhoI and ligated 

into the NcoI/XhoI sites in vector pTXB3 (NEB), and the correct product was verified by 

DNA sequencing. The final construct contains the in-frame insertion of the cusS gene 

encoding the periplasmic domain of the protein (residues 39-187) upstream of the Mxe 

intein and chitin binding domain (CBD) affinity tag (18). After cleavage of the intein, this 

construct has a C-terminal EGSS sequence as a cloning artifact.  

3.3.2 Protein Expression and Purification:  

E. coli BL21 (DE3) cells containing the pTXB3CusSs plasmid with the gene 

encoding CusS39-187 (CusSs) were grown in LB medium containing 100 µg/L ampicillin 

until an OD600 of 0.8-1.0 was achieved.  The cells were induced for CusSs expression 

with 0.5 mM IPTG and grown at 30 
0
C for 5-7 hours. Cells were harvested by 

centrifugation and resuspended in 100 mM Tris pH 8.0 and 150 mM NaCl (column 

buffer). Lysis was carried out using a French press pressure cell and clarified by 
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centrifugation. The clarified supernatant was loaded onto a chitin bead column (NEB) 

and thiol-induced cleavage was initiated by washing the column with column buffer 

containing 50 mM DTT.  The column was incubated at 16 
0
C for 24 hours to allow 

efficient on-column cleavage. CusSs was eluted by washing the column with column 

buffer. Aliquots of the eluted fractions were analyzed by SDS-polyacrylamide gel 

electrophoresis (PAGE). The fractions containing CusSs were pooled, concentrated to 2 

mL and loaded on a HiPrep Sephacryl S-100 26/60 column previously equilibrated with 

100 mM Tris pH 8.0 and 250 mM NaCl. CusSs containing fractions from the column 

were pooled and dialyzed against 50 mM sodium phosphate buffer pH 7.0. The 

purification strategy yielded more than 95% pure protein as confirmed by SDS-PAGE 

and MALDI-TOF mass spectrometry. Protein concentrations were determined using 

Bradford (BioRad) and BCA assays (Thermo).  

CusSs samples for Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and 

circular dichroism was prepared by dialyzing purified CusSs against Chelex-treated 50 

mM potassium phosphate buffer pH 7.0. To obtain Ag(I)-CusSs, dialysis was performed 

in 50 mM potassium phosphate buffer containing a 5-fold molar excess of AgNO3. As 

controls for ICP-MS, CusSs samples were dialyzed against buffer containing 5-fold molar 

excess of ZnCl2 and NiCl2. After equilibration, excess unbound metal was removed by 

extensive dialysis against 10 mM potassium phosphate buffer pH 7.0 (sample buffer).  

To obtain protein for NMR analysis a similar protocol was followed except that 

BL21 (DE3) cells containing the pTXB3CusSs plasmid were grown in M9 minimal 

medium containing 1 gm/L 
15

N ammonium chloride as the nitrogen source and were 
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induced for CusSs expression with IPTG and incubated with aeration for 7-9 hours. The 

protein samples were concentrated to 100 µM using an Amicon Ultra 5000 Da 

concentrator. 

 Apo and Ag(I)-CusSs (1.5 mg/mL) samples for analytical ultracentrifugation 

experiments were prepared as described above. Samples of CusSs (1.5 mg/mL) containing 

ZnCl2 and NiCl2 were prepared similarly.  

3.3.3 Inductively Coupled Plasma Mass Spectrometry 

Protein samples (30 µM) were diluted with 1% nitric acid and injected into an 

Elan DRC II ICP-MS instrument (Perkin Elmer) that was calibrated using a multi-

element stock solution (AccuStandard). All glassware and plasticware used for these 

experiments were washed with 10% nitric acid to remove contaminating metal. The 

protein and metal concentrations were determined as an average of three independent 

experiments. 

3.3.4  Equilibrium Dialysis 

 The binding of CusSs to Ag(I) was determined by equilibrium dialysis using 

AgNO3 (Sigma) and equilibrium dialysis units (The Nest Group, Southburough, MA). 

The apparatus consisted of two chambers separated by a 5000 Da cellulose membrane 

(Harvard Apparatus, Holliston, MA). Control experiments were performed to determine 

the time required to achieve equilibrium. The protein and buffers used in the experiment 

were Chelex treated to prior to setting up the dialysis experiment. Protein concentrations 

for each sample were measured before and after the experiment by Bradford assay.  One 

chamber contained 500 µL of 6.5 µM CusSs in 25 mM MES pH 6.0 and the other 
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contained 500 µL AgNO3 (at varying concentrations) in 25 mM MES pH 6.0. Twelve 

different dialysis experiments were performed by varying the concentration of AgNO3 (0 

– 200 µM) The dialysis units were allowed to equilibrate at 4 
0
C on a plate rotator for 48 

hours. Samples from both chambers of the dialysis units were analyzed for Ag(I) content 

using ICP-MS, using the procedure described above. To determine the amount of Ag(I) 

bound to the protein, the Ag(I) from the buffer-only chamber was subtracted from the 

protein-containing chamber.  The binding model used to fit the data was a using a model 

that takes into account ligand depletion described by Swillens (19). In this case, the term 

β, which accounts for the use of radioligands, was set to 1, since the ligand (Ag(I)) used 

in these experiments was non-radioactive. The binding data was fit with GraphPad Prism 

using a single-site model accounting for ligand depletion to determine dissociation 

constant (Kd) and the total number of binding sites, Bmax.  

3.3.5 Electrospray ionization mass spectrometry 

 Native mass spectrometry of apo- and Ag(I)-CusSs (10 µM) using electrospray 

ionization mass spectra (ESI-MS) were recorded on a Quadrupole/Time-of-flight 

instrument (Waters, Synapt G2). In all experiments 2-5 µL of sample was filled into a 

pulled glass capillary. In order to preserve the native interactions in the protein the 

following parameters were used for the experiment; capillary voltage 1.8 kV, source 

temperature 300 K, sample cone 100 V and ion energy 2 V. No cone gas or ion mobility 

gas was used. The data was processed using the MassLynx 4.1 software (Waters) (183).  
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3.3.6 Circular dichroism spectroscopy 

Circular dichroism of apo and Ag(I)-CusSs were performed in an Olis DSM 20 

double beam spectrometer. These experiments were performed at 25 0C in 25 mM MES 

buffer pH 7.0, using protein concentrations of 25 µM and a 0.1 mm path length cuvette. 

Spectra were acquired using 1 nm steps from 200 to 260 nm.  Three independent sets of 

data were obtained for each. Separate spectra were obtained for sample buffer alone and 

the average of these data points was used for baseline correction in the protein spectra.  

3.3.7 Nuclear Magnetic Resonance Spectroscopy  

 All NMR experiments were performed on a Varian INOVA 600 MHz 

spectrometer equipped with a cryogenically-cooled, triple-resonance, Z-axis gradient 

probe. Standard pulse sequences from the Varian BioPak were used to obtain
1
H – 

15
N 

gradient enhanced hetronuclear single quantum coherence (HSQC) spectra. The HSQC 

data were processed and analyzed using the NMRPipe/NMRDraw (20) and NMRView 

programs (21). 

3.3.8 Analytical Ultracentrifugation 

Sedimentation velocity experiments were performed using a Beckman XL-I 

ultracentrifuge.  Apo,Ag(I)- CusSs, Zn(II)- CusSs and Ni(II)- CusSs (1.5 mg/mL each) 

were centrifuged at 47,000 rpm overnight at 20 
0
C and the data were analyzed using the 

Sedfit program using a continuous c(s) distribution model. Sedimentation coefficients 

were determined using the Svedberg program and using extrapolation to infinite dilution, 

the coefficients were converted to standard conditions (S 20,W) (22, 23).  
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 3.3.9 Chemical Crosslinking 

All experiments were performed at 4 
0
C. Apo and Ag(I)-CusSs were prepared as 

described above in 50 mM HEPES buffer pH 7.0. Crosslinking reactions were carried out 

in a total reaction volume of 100 µL using the amine reactive  crosslinker BS
3
 (Thermo). 

A 100 mM stock of the crosslinker BS
3
 was prepared in DMF. A 50-fold molar excess of 

crosslinker (1 mM) was added to 20 µM CusSs and Ag(I)-CusSs. The samples were 

incubated on ice for 1 hour and the reaction was quenched using 1 M ammonium 

bicarbonate. After separation by SDS-PAGE, proteins were visualized by silver staining. 

3.3.10 Modelling of CusSs tertiary structure 

The amino acid sequence of CusSs was submitted to the full chain prediction 

server Robetta (24, 25). This server uses the Rosetta fragment insertion method in 

combination with PSI-BLAST to predict a possible tertiary structure for the sequence 

provided. Ten structures were predicted using the sensor domain of DcuS (PDB file 

3BY8), which has 17% sequence identity to CusSs as a starting model.  One of these 

models, which appears well-packed with significant secondary structure features, was 

selected as a model for discussion of CusSs function.  Coordinates of this model will be 

made available upon request.  
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Table 3.1: Metal content of CusSs analyzed by ICP-MS  

  

Metal Ion Metal Content in CusSs 

After purification 
 

63
Cu 0.14 ± 0.023  

107
Ag 0.00  

64
Zn 0.00  

60
Ni 0.00 

After equilibration with AgNO3 
 

63
Cu 0.23 ± 0.069  

107
Ag 3.82 ± 0.32  

64
Zn

 0.00  

60
Ni

 0.009 ± 0.005  
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3.4 Results 

3.4.1 Binding of Ag(I) ions to the periplasmic domain of CusS.  

Based on similarities with known bacterial histidine kinases, the N-terminal 

sensor region of CusS is located in the periplasm of E. coli and is predicted to consist of 

residues 39-187.  To analyze the properties of this region, we expressed and purified this 

domain of CusS (CusSs) for analysis. 

 The periplasmic domain of CusS (residues 39 – 187) contains numerous histidine 

and methionine residues (9 and 7, respectively) that could serve as potential ligands for 

Ag(I), and therefore we expected that CusSs may bind metal ions. However, direct 

addition of concentrated metal ion solutions to the CusSs sample caused protein 

precipitation, therefore a dialysis technique was employed to obtain metal-bound protein. 

Purified CusSs was dialyzed against buffer containing AgNO3, followed by extensive 

dialysis against metal ion-free buffer to remove excess metal ions. Analysis of these 

CusSs samples by inductively coupled plasma mass spectrometry (ICP-MS) revealed a 

significant amount of silver in the samples, corresponding to approximately 4 atoms of 

Ag(I) per CusSs domain, along with trace amounts of copper (Table 1). To determine the 

specificity of CusSs, Zn(II) and Ni(II) were added by dialysis as described for Ag(I). No 

significant amounts of these metal ions were associated with CusSs (Table 1).   

 Since CusSs is not amenable to direct addition of concentrated metal ion 

solutions, we employed equilibrium dialysis against varying AgNO3 concentrations 

followed by ICP-MS analysis to determine binding constants (Figure 1). The affinity of 

CusSs for Ag(I) was measured to be 8.23 µM ± 2.18 µM, with the total number of Ag(I) 
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ions bound as 3.62 ± 0.47 µM Ag(I)/µM CusSs. Trace amounts of copper were also 

detected in these samples, which brings the total number of metal ions (Ag(I) + Cu(I)) to 

four per molecule of CusSs (Supplementary Table 1). 

The ability of CusSs to bind metal was also assessed using electrospray ionization 

mass spectrometry (ESI-MS). Four major peaks were observed in the starting spectrum of 

CusS where no metals had been added (Figure 3.3).  The peaks are at m/z 1920.69, 

1927.71 1935.37 and 1942.36 (Figure 3.3 B) which correlate to the appropriate masses 

for apo-CusS with the N-term Met processed (CusSs) CusSs + 63 Da; apo-CusS without 

the N-term Met processed (mCusSs) and mCusSs + 63 Da (Table 3.2). The mass 

difference of 63 Da corresponds to the atomic mass of a single copper ion.  

Multiple ionic species yielding different masses were observed for each of these 

peaks when Ag(I) was added to the protein. Based on mass calculations, the peaks at m/z 

1932.56, 1944.57, 1956.35 and 1968.12 correspond to 1, 2, 3 and 4 Ag(I) ions bound to 

the CusS. In the CusSs spectrum with metal added, the m/z at 1929.59, 1951.39, and 

1963.31 correspond to masses with 1, 2 and 3 Ag(I) adducts compared to the CusSs + 63 

Da peak at 1927.71. Similar results are seen for the peaks of mCusSs (Figure 3.2), where 

1 to 4 silver ions are bound to mCusSs and 1 to 3 silver ions are bound to mCusSs + 63. It 

is apparent from the ESI-MS experiment that a fraction of the “apo” CusSs began with 

copper (63 Da) bound to the protein. This CusSs binds three additional metal ions 

bringing the total number of bound ions to four. In the apo state, CusSs binds to four 
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metal ions. In each case, the final stoichiometry of metal binding is 4 metal ions to 1 

CusSs. 

3.4.2 Secondary structure of the periplasmic domain of CusS 

 The far-UV circular dichroism (CD) spectrum for CusSs shows negative ellipticity 

with minima near 208 nm and 222 nm (Figure 2).  This spectrum is indicative of a 

predominantly α-helical structure.  Using measured CD data, the K2D2 and Dichroweb 

(26–29) servers predicted that the sensor domain of CusS contains about 60% α-helix and 

10% β-strand. Dichroweb also predicted the absence of secondary structure in 20% of the 

domain. In the Ag(I)-bound CusSs CD spectrum there is a small increase in negative 

ellipticity at 208 nm and 222 nm compared to apo-CusSs, which suggests some slight 

alteration in secondary structure upon the addition of AgNO3.  

To further investigate the effects of Ag(I) on the protein, we collected 
1
H – 

15
N 

correlation spectra of CusSs both in the absence and presence of Ag(I). The HSQC 

experiments are sensitive indicators of alterations in the chemical environment of each 

amino acid residue that could occur on ligand binding.  The peaks in the NMR spectra of 

CusSs are mostly well-dispersed, which indicates that the domain is largely structured, 

consistent with the CD spectra. Addition of Ag(I) to CusSs causes numerous changes in 

the positions of peaks in the HSQC spectra (Figure 3), and overall shows slightly 

increased dispersion. The increase in peak dispersion may mean that metal binding 

induces some additional structure, as also suggested by the CD data.   
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Figure 3.2: Ag(I) binding curve of periplasmic domain of CusS measured by 

equilibrium dialysis. The smooth line represents the best fit model using a dissociation 

constant of 8.23 µM and a Bmax of and 3.62 µM Ag(I)/µM CusSs. Data points are an 

average of three independent experiments. 
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3.4.3 The sensor domain of CusS shows increased oligomerization in the presence 

of Ag(I) ions 

 Prototypical histidine kinases function as dimers, with dimerization mediated 

through cytoplasmic domains. However, some periplasmic sensor domains are also 

dimeric (15), though it is not clear what role this plays in sensor domain function. To 

investigate the oligomeric state of CusSs, sedimentation velocity analytical 

ultracentrifugation (SV-AUC) experiments were performed on apo and Ag(I)-bound 

CusSs. These data show that apo-CusSs sedimented as a single elongated species with a 

molecular weight consistent with the monomeric form of the protein (Figure 4). For 

Ag(I)-bound CusSs, there was a distinct shift in the sedimentation coefficient and the 

frictional ratio (f/f0) represented a molecule more elongated than the monomeric CusSs. 

These data for Ag(I)-CusSs are in agreement with the model for dimer formation in the 

presence of metal (Table 2).  No significant changes in the SV patterns were observed 

upon addition of other metals such as zinc or nickel (Supplementary Fig 1, Table 2).  

 The oligomeric state of CusSs was also probed with in vitro chemical crosslinking 

using the homobifunctional amine-reactive crosslinker BS
3
. As seen in Figure 5, apo-

CusSs predominantly migrates at the same position in the denaturing gel in both the 

absence and presence of crosslinker. In the apo-state, the migration position in the 

denaturing gel is consistent with monomeric CusSs. However, in the Ag(I)-bound state, 

higher molecular weight species are captured in the presence of crosslinker. The major 

higher molecular weight band is of appropriate size for a dimer of CusSs. These results 

indicate that dimerization occurs in the presence of Ag(I). 
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Figure 3.4: Far-UV CD spectrum of CusSs (black), and the Ag(I)-CusSs spectrum 

(magenta). Data points from five independent acquisitions are plotted and the smooth 

line represents the average of the individual data points.  
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 The oligomeric state of CusSs was also probed with in vitro chemical crosslinking 

using the homobifunctional crosslinker BS
3
. Chemical crosslinking is an effective 

experimental tool to capture interactions that are very specific yet potentially transient in 

nature. As seen in Figure 3.8, apo-CusSs migrates at the same position in the denaturing 

gel in both the absence and presence of crosslinker. This indicates that no intermolecular 

interactions are captured by the crosslinker in the apo-state. However, higher molecular 

weight species of Ag(I) bound CusSs  are captured in the presence of crosslinker. This 

higher molecular weight band is of appropriate size for a dimer of CusSs. These results 

indicate that dimerization occurs only in the presence of Ag(I). 
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3.5 Discussion 

 Metals exert their toxic effect through a variety of mechanisms. The primary 

mechanisms by which silver ions exert their toxicity is by binding to sulfhydryl and 

nitrogen containing groups in biomolecules and compete for copper sites in proteins 

leading to changes in conformation or inactivation of enzymatic activity (30). Low 

amounts of silver ions induce leakage of protons leading to cell death (31). Silver does 

not have a biological function and how the cell acquires silver is still unknown, but silver 

is similar to copper in its chemical properties and it is seen that cellular systems involved 

in removal of excess copper are also capable of silver detoxification (32, 33). 

Genetic and molecular analyses have shown that the E. coli cusCFBA genes are 

upregulated by the CusR/CusS TCS in response to silver (7, 8). The mechanism of 

sensing silver ions and signal transmission by CusS is not very well understood. In order 

to investigate its role in signal recognition, we purified the periplasmic region of CusS 

and characterized its Ag(I) binding properties. 

Many sensor domains of histidine kinases directly bind to the ligands they sense. 

Since the periplasmic domain of CusS has several His and Met residues that could act as 

potential ligands to coordinate Ag(I), we tested for metal binding by this domain.  By 

equilibrium dialysis and ICP-MS, we showed that four ions of Ag(I) are directly bound to 

one molecule of the periplasmic domain of CusS with an affinity of ~8 µM. This affinity 

is similar to the affinities of several other sensor kinases for their ligands. For example, 

the sensor kinase PhoQ binds to Mg
2+

 ions with an affinity of roughly 300 µM (34), the 
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citrate sensing CitA binds to its ligand with a Kd of 5.5 µM (35), and NarX binds to 

nitrate with a Kd of 35 µM (36). 

Trace amounts of copper were also detected by ICP-MS, though no copper ions 

was added to the samples and despite extensive dialysis to remove metal ions. ICP-MS of 

the buffers without protein indicates that they do not contain copper, suggesting the 

copper is bound to the protein.  An explanation for this trace copper could be the 

presence of a high-affinity copper binding site in the protein, and that the copper may 

have been acquired from the growth medium when the protein was expressed and 

retained through purification and dialysis.  

The ESI-MS data also suggest that a fraction of CusSs molecules contained copper, even 

though no copper was intentionally added and extensive dialysis was used to prepare the 

“apo” samples. The starting “apo” samples showed peaks with an appropriate mass for 

the apo protein, but also peaks corresponding to a mass increase of 63, which is the mass 

of copper.  The fact that these starting samples of higher mass only show a maximum of 3 

additional silver ions, supports the identification of the source of the initial higher mass 

as copper, not a buffer adduct.  The appropriate peaks are present to indicate that the 

actual “Apo-CusSs” can bind a total of four silver ions.     

The ICP-MS, ESI-MS and equilibrium dialysis data suggests the presence of a 

high affinity metal site in CusSs that can retain copper through extensive dialysis.  The 

presence of a high-affinity metal binding site, in addition to other metal binding sites, 

could potentially allow the formation of a response gradient in the signaling process. 

Possibly, with one copper ion bound CusS may be minimally activated to allow basal 
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level of expression of the CusCFBA efflux system. If metal concentrations increase, 

further metal binding to CusS may increase kinase activity, and ultimately increase the 

cellular response to counter the growing challenge of higher metal concentrations. 

Inouye et al have suggested that histidine kinases can function as an on-off switch 

or as a rheostat depending on different concentrations of ligand (37). If the ligand 

concentration is above the Kd for ligand binding then the kinase remains in the ‘on’ 

conformation. If the ligand concentration is below Kd the kinase is most likely in the ‘off’ 

state. However, near the Kd of ligand binding, the receptor can be in an intermediate 

conformational state fluctuating between the on and off states (37). This may provide a 

gradient to fine-tune signaling in response to ligand concentration.  Although not reported 

for bacterial histidine kinases, such fine-tuning is seen in cytokinin sensing histidine 

kinases in plants where the signal strength depends on the concentration of cytokinin and 

response can be regulated over a broad range of ligand concentration (38). In the Cus 

system, which is responsive to copper, this fine tuning may allow low levels of copper to 

be available for cellular purposes, but limits toxicity when copper concentrations rise. 

Both circular dichroism and NMR spectra show that the sensor domain of CusS is 

structured. Spectral changes suggest that additional structural changes take place upon 

metal binding. Increased dispersion of the Ag(I)-CusS spectrum may indicate a 

stabilization of the secondary and tertiary structure due to metal binding. Detailed NMR 

analyses to interpret the structural effects could not be accomplished on these samples 

due to low concentrations; however efforts are being made to optimize sample quality for 

future studies. In other metal-binding systems, such as CopZ and azurin, metal binding 
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loops that are disordered in the apo state adopt structure in the metal-bound state. The 

bacterial metallochaperone CopZ coordinates Cu(I) through two cysteine residues in a 

MXCXXC motif located in a solvent exposed loop. Cu(I) binding provides electrostatic 

stabilization of the metal binding loop and increases the resistance of the protein to 

thermal and chemical denaturation (39, 40). The Pseudomonas cupredoxin azurin binds 

to both Cu(II) and Cu(I) and metal binding greatly stabilizes the folded state of azurin 

(41). The spectral changes observed in CusSs upon metal binding are consistent with this 

type of structural alteration. Taken together these data provide strong evidence that the 

periplasmic domain of CusS acts as a specific Ag(I) receptor.  

Bacterial histidine kinases are known to function as dimers (42) and signal 

transmission from the extracellular sensor domain to the kinase regions occurs through a 

dimeric interface (43). In the case of the aspartate receptor Tar, binding of aspartate to the 

periplasmic domain causes stabilization of the dimeric form of the protein and causes the 

inhibition of kinase activity of CheA (44). The quorum sensing activity in Vibrio harveyi 

is regulated by the histidine kinase LuxQ and a soluble protein LuxP. The periplasmic 

domain of LuxQ forms an asymmetric dimer upon interaction with a ligand bound LuxP. 

The symmetrical dimerization of the periplasmic domain of LuxQ is disrupted by ligand 

induced asymmetry and leads to reduced kinase activity (45).  

 Sensor domains can exist as oligomers independent of ligand binding (42). Recent 

studies have stated that sensor domains of divalent cation sensing histidine kinase PhoQ 

exist as monomers in solution and weakly dimerizes even in the absence of ligand (43). 

In comparison, crystal structures of periplasmic domains of histidine kinases such as the 
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malate-binding DcuS and citrate-binding CitA show that these domains have amino acid 

residues that aid in dimerization (15). These domains are mostly monomeric or weakly 

dimeric in the absence of ligand. In the presence of higher concentrations of ligand, 

however, strong dimerization is observed (14). The periplasmic domain of histidine 

kinase NarX exists as a monomer even in the presence of very high concentrations of its 

ligand nitrate. It has been hypothesized that nitrate binding by NarX reinforces the 

dimeric state of the protein and this does not play a role in signal transduction (14). Given 

this information, it is difficult to predict the role of ligand binding in the dimerization 

process. 

 Based on our analytical ultracentrifugation and crosslinking studies on the 

histidine kinase CusS, dimerization is observed in the periplasmic sensor domain of the 

protein only in the presence of Ag(I). However, it remains to be tested whether ligand 

binding causes dimerization or the stabilization of interactions in an already existing 

weak dimer in the periplasmic domain of CusS.  

 Using the structure prediction program Robetta, a homology model for CusSs was 

created based on the structure of the periplasmic domain of the C4 – dicarboxylate 

sensing DcuS. The model for CusSs  shows a mixed α/β structure with a central β-sheet 

flanked by α-helices (Figure 6), typical of the sensor domains from PDC subfamily 

(PhoQ, DcuS and CitA) (46). Numerous His and Met residues, which may be involved in 

ligand binding, are located in a cluster in the region lacking regular secondary structure 

near the β-sheet. This is very similar to the general location of the ligand binding residues 

of DcuS and PhoQ which are also located in the loop regions.  The sensor domains of 
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DcuS and PhoQ have been shown to undergo structural rearrangements upon 

coordinating their ligands (10, 11, 13, 34, 47), thus the sensor domains in this family may 

have a conserved output though divergent signals are sensed. 

 Based on our study we can envision a model where the periplasmic sensor domain 

of CusS acts as a receptor and senses the presence of elevated levels of Cu(I) or Ag(I) by 

direct binding.  Ligand binding causes local conformational changes in the periplasmic 

domain of CusS and enhances dimer formation between the sensor domains. These 

protein-protein interactions mediated by elevated periplasmic levels of copper and silver 

may be an important step, if not the only step, in activation of downstream signaling 

events. Further insight into ligand binding and conformational change will require 

knowledge of metal coordination by the periplasmic domain of CusS and its three 

dimensional structure.  
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Figure 3.6: Sedimentation velocity analytical ultracentrifugation of Apo and Ag(I)-

bound samples of CusSs. Samples of CusSs (1.5mg/mL) were centrifuged at 4 
0
C at 

47,000 rpm in HEPES buffer pH 7.0. The sedimentation coefficient distribution was 

evaluated using Sedfit. 
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 Table 3.2: Sedimentation velocity parameters for CusSs.   

Protein S 20, W f/f0 

CusSs 1.28 1.34 

CusSs + Ag(I) 2.1 1.63 

CusSs + Zn(II) 1.29 1.33 

CusSs + Ni(II) 1.32 1.30 
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Figure 3.7: Sedimentation velocity analytical ultracentrifugation to determine the 

effect of ZnCl2 and NiCl2 addition on sedimentation coefficient of CusSs. Samples of 

CusSs (1.5 mg/mL) were centrifuged at 4 
0
C at 47,000 rpm in HEPES buffer pH 7.0. The 

sedimentation coefficient distribution was evaluated using Sedfit. 
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Figure 3.8: Cross-linking reactions of Apo and Ag(I)- CusSs analyzed using SDS-

PAGE using the chemical cross-linker BS3. 
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CusS            ---MVKVHFAEQDINDLKEISATLERVLNHPDETQARR--LMTLEDIVSGYSNVLISLAD 55 

CitA            ----------------------------------DYKR--LATIADKLQRDTDFDYVVIG 24 

DcuS            ISDMTRDGLANKALAVARTLADSPEIRQGLQKKPQESG--IQAIAEAVRKRNDLLFIVVT 58 

PhoQ            HEIEADVNDTSLLLSGDHSIQQQLQEVREDDDDAEMTHSVAVNVYPATSRMPKLTIVVVD 60 

 

 

CusS            SQ-GKTVYHSPGAPDIREFTRDAIPDKDAQGGEVYLLSGPTMMMPGHGHGHMEHSNWRMI 114 

CitA            DR-HSIRLYHPNPEKIGYPMQFTKPGALEKGESYFITGKGSIGMAMRAKTPIFDDDGKVI 83 

DcuS            DM-QSLRYSHPEAQRIGQPFKGDDILKALNGEENVAINRGFLAQALRVFTPIYDENHKQI 117 

PhoQ            TIPVELKSSYMVWSWFIYVLSANLLLVIPLLWVAAWWSLRPIEALAKEVRELEEHNRELL 120 

 

 

CusS            N-LPVGPLVDGKPIYTLYIALSIDFHLHYINDLMNKL--------------------    150 

CitA            GVVSIGYLVSKIDSWRAEFLLPMAGVFVVLLGILMLLSWFLAAHIRRQMMGMEPKQI    140 

DcuS            GVVAIGLELSRVTQQINDSRWS-----------------------------------    139 

PhoQ            NPATTRELTSLVRNLNRLLKSERERYDKYRTT-------------------------    152 

 

 

Figure 3.9 Sequence alignment of predicted periplasmic domains from Escherichia 

coli sensory histidine kinases CusS and DcuS. The domains of DcuS and CusS share a 

sequence identity of 17%.  
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Figure 3.11: Predicted structure for CusSs. A. The de novo model for CusSs was 

obtained from ROBETTA server. The histidine and methionine residues are highlighted 

in stick representation. B, The loop region in CusSs is expanded highlighting the histidine 

and C, the methionine residues. 

A 

B 

C 
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CHAPTER 4: INTERACTIONS OF THE PERIPLASMIC DOMAIN OF CUSS 

AND METALLOCHAPERONE CUSF MAY ATTENUATE ACTIVATION OF 

THE METAL RESPONSE IN ESCHERICHIA COLI. 

4.1 Abstract 

The Escherichia coli CusR/CusS TCS regulates the expression of genes encoding the 

CusCFBA proteins in response to elevated intracellular levels of copper and silver. CusS 

is a putative histidine kinase which detects Cu(I)/Ag(I) and activates the response 

regulator CusR. Direct metal binding by the periplasmic domain of CusS is thought to 

initiate signal transduction events in the Cus system. CusF is a periplasmic metal binding 

protein that is found exclusively in copper and silver resistance systems and is known to 

interact with components of the efflux system. To investigate the involvement of CusF in 

the signal transduction process, we analyzed the interaction between CusF and the 

periplasmic domain of CusS in the presence of silver using NMR spectroscopy and 

chemical cross-linking. We found metal-dependent interactions, which provide evidence 

that the metallochaperone CusF is involved in modulating signaling events in E. coli in 

response to silver ions. 
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4.2 Introduction 

Silver ions are reported to be lethal to bacteria in submillimolar concentrations 

(102). The mechanism by which silver affects bacteria is unknown, but Ag(I) is shown 

exert its toxicity by uncoupling the respiratory chain from oxidative phosphorylation, 

interacting with thiol groups in proteins (162) and disrupting the proton motive force 

across cell membranes (107). The extensive use of silver as an alternative antimicrobial 

agent in hospital settings or as household antiseptics has given rise to selection for silver 

resistance mechanisms in bacteria (202, 203). In Escherichia coli the chemiosmotic 

CusCFBA efflux pump  confers silver and copper resistance to the bacterium by removal 

of toxic metal ions from the periplasm (148). The gene cluster for silver resistance 

contains a total of seven genes organized into two operons and are induced at the 

transcriptional level by high concentrations of Ag(I) and Cu(I). Of these, the cusCFBA 

operon encodes the CusCBA proton-metal antiporter and the metallochaperone CusF, and 

the cusRS operon encodes the two-component CusR/CusS system (54, 99, 126). Signals 

generated by metal ions are transduced through the function of the histidine kinase (HK) 

CusS and response regulator (RR) CusR to upregulate expression from cusCFBA in a 

metal dependent fashion. CusS is the putative transmembrane HK with an 

extracytoplasmic receptor domain and CusR is the RR that is assumed to have a DNA-

binding domain (54). The periplasmic sensor domain of CusS (CusSs) can bind to four 

metal ions (Gudipaty & McEvoy, unpublished observations) and metal binding is 

assumed to be the trigger that activates signaling by the two-component CusR/CusS 

system (54, 55).  
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This work elucidates the role of the CusF in attenuating signaling in the E. coli 

Cus system. CusF is a periplasmic protein that functions as the metallochaperone in the 

Cus system. Deletion of the cusF gene markedly reduces the resistance of E. coli to silver 

and copper. Amplified expression from the cusF gene is observed during copper stress 

and the presence of excess amounts of CusF in the periplasm helps sequester the free 

form of copper to prevent toxicity. CusF also helps deliver sequestered metal to the 

CusCFBA efflux pump and eliminates excess metal from the cell (126, 138, 149).  

Cells must be able to process extracellular signals through signaling pathways to 

achieve appropriate biological response. Therefore, a signaling threshold in response to 

the stimulus must be achieved and maintained for the time period required for cellular 

adaptation. This process must then be turned off to avoid signaling errors that lead to 

abnormal gene expression and the utilization of precious cellular energy. In TCSs, 

mechanisms of HK activation by extracellular stimulus are well understood but there is 

very little information available on how the signal is inhibited after adequate cellular 

response is achieved.  

As the levels of toxic metals in the cell decrease, transcription from the cusCFBA 

genes also need to decrease as residual quantities of the efflux pump are sufficient to 

eliminate the left-over metal ions. Inhibition of transcription from the cusCFBA genes 

requires removal of metal from the sensor domain of CusS, which in-turn would inhibit 

signaling. However, metal ions remain bound to CusS to achieve signaling threshold until 

periplasmic concentrations of free metal ions is close to zero. Removal of metal ions to 
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prevent additional transcription from the cusCFBA genes may require interaction of 

additional components that would serve to inhibit signaling by CusS. In this study we 

propose that CusF interacts with the periplasmic domain of CusS, removes bound metal 

ions and attenuates the signal transduction in the Cus system (Figure 4.1).   

To study the interaction between these CusF and CusS proteins, we have utilized 

nuclear magnetic resonance (NMR) spectroscopy, which detects changes in the chemical 

environment of a molecule and chemical cross-linking, which allows the capture of 

protein-protein interactions that may be transient or dependent on specific physiological 

conditions.  

Here, in vitro analyses show the presence of an interaction between CusF and the 

periplasmic domain of CusS, and that CusF acquires metal from CusSs. Based on the 

evidence available, we have also discussed a model for a possible role of CusF in metal 

dependent signal transduction.  
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Figure 4.1: Representation of possible interactions between CusF and CusS. 

Membrane-bound CusS senses Cu(I) or Ag(I) directly through its periplasmic domain 

and activates CusR through phosphoryl transfer. To modulate the signal or inhibit it 

periplasmic CusF acquires metal from CusS by interacting with the periplasmic domain 

of the protein.   
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4.3 Materials and Methods 

4.3.1 Bacterial Strains and Plasmids:  

The gene encoding CusS39-187 (CusSs) was cloned into plasmid pTXB3 (NEB) 

(Chapter 3) and the gene encoding CusF10-88 (CusF) was cloned into pASK-IBA3 (IBA) 

as described previously (143).  

4.3.2 Protein expression and purification:  

The expression and purification of CusSs (Chapter 3) and CusF in Escherichia 

coli was performed as described previously (143). For preparation of uniformly 
15

N-

labeled protein, E. coli BL21 (DE3) strain containing pTXB3-CusSs and pASK-CusF10-88 

were grown in M9 minimal media (Sambrook 1989) containing 1gm/L of 
15

NH4Cl 

(Cambridge Isotope Laboratories) as a the sole source of nitrogen.  

4.3.3 Sample preparation and NMR spectroscopy:  

For NMR experiments, all proteins were dialyzed against 25mM MES buffer, pH 

6.0. AgNO3 was added to CusF in a 3:1 ratio and to CusSs by adding the compound to the 

dialysis buffer. Excess unbound metal was removed from both samples by extensive 

dialysis using the same buffer. The protein samples were concentrated to 100 µM using 

Amicon concentrators with a 5000 Da molecular weight cut-off. Protein concentrations 

were determined using Bradford (Biorad) and BCA assays (Thermo). The ratio of the two 

protein concentrations in all cases was 1:1. All NMR spectra were acquired on a Varian 

INOVA 600 MHz instrument at 25 
0
C. A cryogenically-cooled triple resonance probe 
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with pulse field gradients along the z-axis was used.  NMR experiments were performed 

to detect the changes in 
1
H-

15
N HSQC spectra of 

15
N-labeled CusF and 

15
N-labeled 

periplasmic domain of CusS (CusSs). The standard gradient HSQC pulse sequence from 

Varian Biopack was used to acquire the spectra. Data were processed and analyzed using 

the programs NMRPipe and NMRView (184, 185).  

4.3.4 In vitro chemical cross-linking:  

Chemical crosslinking experiments were performed in 25 mM HEPES buffer pH 

7.0. CusSs, Ag(I)-CusSs, CusF and Ag(I)-CusF were mixed as listed in. The concentration 

of each protein in the final reaction mixture is 10 µM and the final reaction volume is 50 

µL. Cross-linking reaction was started by addition of the amine reactive BS
3

 (Thermo) to 

a final concentration of 0.5 mM. The samples were incubated on ice for 45 min and the 

cross-linking reaction was quenched by addition of Tris base to a final concentration of 

1M. The samples were analyzed by SDS-PAGE using 15% gels.  To visualize CusF in 

the gels, Western blot analysis was performed using CusF antibodies (Lampire Biological 

Laboratories).  

4.4 Results and Discussion 

The periplasmic sensor domain of CusS (CusSs) binds silver ions directly 

(Chapter 3). Secondary structure changes upon ligand binding may be responsible for 

signal initiation by CusS. Through phosphorylation, CusS activates CusR, which acts as a 

transcription factor and upregulates expression of the cusCFBA genes (20, 150). 

Signaling by CusS is assumed to be maintained until free copper or silver ions remain in 
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the periplasm. However, there is no information on how cells negatively regulate the 

activity of CusS after toxic metal ions are removed from the cell. Feedback regulation by 

downstream pathway components is seen in tyrosine kinases where protein molecules 

serve as inhibitors of activated receptors (204). There is no information on feedback 

regulation in histidine kinases.  Based on comparisons with tyrosine kinases, we 

hypothesize that the Cus metallochaperone CusF interacts with CusS to acquire bound 

metal to terminate signaling when metal concentrations in the cell are low. 

To determine the interaction between CusF and CusSs we recorded 
1
H-

15
N HSQC 

spectra of CusF and CusSs. First, reference spectra of uniformly labeled 
15

N-CusF or 
15

N-

CusSs were acquired in the absence and presence of Ag(I) (Figure 4.2).  Spectra for both 

proteins show chemical shift changes indicative of metal binding, as previously described 

(144) (Chapter 3). Next, spectra were collected of NMR samples of mixtures of the two 

proteins, where one of the two proteins is isotopically labeled and/or bound to metal. 

Figure 4.3A shows the HSQC spectrum of apo 
15

N-CusF mixed with apo-CusSs in a 1:1 

ratio. No detectable changes are seen in the CusF resonances, suggesting no interaction is 

occurring between CusF and CusS in the absence of metal. However, the HSQC 

spectrum of  apo-
15

N-CusF mixed with Ag(I)-CusSs resembles that of Ag(I)-CusF alone, 

indicating that CusF had acquired Ag(I) from CusS (Figure 4.3B). However, no further 

chemical shift changes indicative of an interaction between CusF and CusSs are apparent.  

To probe this further, the HSQC spectrum of apo-
15

N-CusSs was obtained in the 

presence of Ag(I)-CusF, with the samples mixed in a 1:1 ratio (Figure 4.3C). In this case, 
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the spectrum was similar to the spectrum of the apo form of CusSs alone (Figure 4.2B 

and Figure 4.3C). No detectable changes in chemical shifts or line broadening of the 

peaks which would indicate an interaction was observed.   

Together, these spectra suggest that CusF is able to acquire metal from CusSs, but 

that CusSs does not acquire metal from CusF.  This observation suggests that CusF has a 

higher binding affinity for metal than at least one of the four metal binding sites of CusSs.  

CusF has been shown to bind to Ag(I)  ions with low nM affinity (143).  However, there 

is no information about the affinity of CusS for metal. Based on information from other 

sensor kinases, which have ligand binding affinities in the micromolar range, CusSs may 

also have a similar affinity.  For example, the sensor kinase PhoQ binds to Mg
2+

 ions 

with an affinity of roughly 300 µM (201), the citrate sensing CitA binds to its ligand with 

a Kd of 5.5 µM (56), and NarX binds to nitrate with a Kd of 35 µM (53). Cytoplasmic 

sensing histidine kinases also bind to their ligands with micromolar affinity (57–59). 

Based on comparisons with other histidine kinases, if CusS has a micromolar affinity for 

Ag(I) for at least one of its metal binding sites, it is reasonable to conclude that CusF can 

acquire metal from CusS. 

Though the affinities of CusSs for metal ions are not known, at least one of these 

sites may be a high affinity metal binding site. Previously work has shown that even 

extensively dialyzed CusSs has Cu bound by ICP-MS and ESI-MS analysis (Chapter 3), 

though no copper was added to the buffers.  If there is a high affinity metal site, we 

propose that it may play a role in basal level activation of CusS kinase activity.  
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Additional metal binding may increase kinase activity (Chapter 3). CusF may interact 

with CusS to remove weakly bound metal ions to reduce signaling intensity. The high-

affinity metal site in CusSs may be involved in stabilizing the secondary structure of this 

domain in a certain conformation which may prevent further interaction of CusF and 

CusS and continue basal level expression from the cusCFBA genes. This proposal could 

explain why chemical shift changes indicative of an interaction are not seen in the NMR 

spectra.  Additionally, an interaction between CusF and CusSs may be weak and 

transient, only occurring in a small population at a time, and therefore not apparent in the 

spectra.   

Further experiments were conducted utilizing in vitro chemical cross-linking to 

determine the interaction between CusF and CusS. The crosslinker used here is the amide 

reactive homobifunctional crosslinker BS
3
.  The proteins were mixed in a 1:1 ratio with 

each protein either in the apo or Ag(I)-bound form. The samples were analyzed using 

SDS-PAGE and Western blot using CusF antibodies. Figure 4.4 shows the SDS-PAGE 

gel containing protein bands of both CusF and CusSs. Bands containing CusF at a higher 

molecular weight are seen only when at least one protein is bound to Ag(I). CusF is 

detected at a higher molecular weight on the SDS-PAGE gel and Western blot (Figure 

4.4, bottom) at approximately 43,000 Daltons which is the appropriate size for two 

molecules of CusSs and one of CusF combined. These results indicate that CusF interacts 

with CusSs in the presence of Ag(I). There were no higher molecular weight bands in 

samples to which no metal was added indicating that the proteins did not interact in the 
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apo form. However, these results do indicate that CusF interacts with and acquires Ag(I) 

from CusS.  

It is interesting to note that only one molecule of CusF interacts with two molecules of 

CusSs. The homology model of CusSs based on similarities with sensor domains of 

malate sensing histidine kinase DcuS shows the presence of metal coordinating residues 

in a loop-rich region on the opposite side of the dimeric interface.   Therefore, if CusF 

acquires metal from CusSs, it is unlikely that CusF interacts with CusSs at the dimeric 

interface away from the ligand binding loop. One potential reason for the 2:1 CusSs:CusF 

interaction ratio could be an allosteric regulation of CusS by CusF. By acquiring metal 

from one molecule of CusS, CusF may alter the conformation of CusS dimer, which may 

result in modulation of signaling in the Cus system.  

 Interactions of CusSs and CusF in the presence of silver are observed in chemical 

cross-linking reactions. In contrast, no interaction is seen between these proteins when 

observed by NMR spectroscopy.  This may indicate that the interaction between CusF 

and CusS is transient and thus is only captured by the cross-linker. It is unlikely that the 

cross-linking reaction is non-specific, since proteins at equal concentrations in the 

absence of metal do not cross-link. 
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Figure 4.4: Cross-linking reactions between CusF and CusSs analyzed using SDS-

PAGE (top) and Western blotting using CusF specific antibody (bottom). 
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Involvement of additional protein components in two-component signal transduction is 

not uncommon. Proteins other than the sensor histidine kinase and the response regulator 

are involved at various steps of the signaling pathway. One example is that of the 

potential interaction between sensor kinase RcsC and outer membrane lipoprotein RcsF 

involved in regulating genes for capsule synthesis in Salmonella enterica and regulation 

of cellular processes including virulence, biofilm formation and resistance to β-lactams in 

E. coli (205, 206). RcsF binds antimicrobial peptides, and then activates RcsC (206).   

Another example of a protein involved in communicating the stimulus to sensor 

kinase is the ChvE periplasmic sugar binding protein that interacts with histidine kinase 

VirA in Agrobacterium tumefaciens. Phenolic signals, presence of aldose sugars, changes 

in pH are some of the signals that can lead to the activation of VirA, which responds by 

regulating a variety of processes such as virulence and chemotaxis. The periplasmic 

domain of VirA is thought to interact with the sugar bound ChvE in a pH dependent 

manner and increase the sensitivity of the bacterium to phenolic compounds in addition 

to increasing expression from the vir genes (207, 208).  

This study examines the role of CusF as the signal inhibitor in the Cus signaling 

pathways. Given the available evidence we suggest that CusF may play a role in 

‘switching off’ signal transmission through CusS by removing metal ions bound to the 

periplasmic domain of the protein. It is likely that inhibition involves a physical 

interaction between CusF and CusS resulting in the suppression of downstream signaling 

events. Further characterization of this interaction, including identification of amino acid 
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residues involved in metal coordination in CusSs and its affinity for the metal, will 

determine the significance of CusF in the signaling pathway and give us an overall for 

understanding signal transduction in the Cus system  
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CHAPTER 5: SUMMARY OF EXPERIMENTS, CONCLUSIONS AND FUTURE 

DIRECTIONS 

The work undertaken in this dissertation is focused on signaling mechanisms in 

Escherichia coli in response to the toxic effects of copper and silver ions. More 

specifically, this work describes the role of the sensor histidine kinase CusS in sensing 

Cu(I) and Ag(I) through its periplasmic domain and in regulating cusCFBA gene 

expression.  

At the beginning of this study it was expected that CusS was a putative 

prototypical periplasmic sensing histidine kinase. The gene encoding CusS is located on 

the chromosome of E. coli next to genes encoding the CusCFBA efflux system (54, 148). 

Transcription from the cusS gene was increased at least two-fold in response to copper 

shock (142). CusS, along with its cognate response regulator CusR, upregulates the 

cusCFBA gene expression in response to elevated levels of copper and silver (54). 

However, very little information was available to establish the role of CusS in the Cus 

system. A likely mechanism is that CusS could sense Cu(I) or Ag(I) through its 

periplasmic domain and transmit information to the cytoplasmic kinase domain through a 

change in its conformation (99). This study was conducted to better define the role of 

CusS in signaling in the Cus system. 

Experiments described in Chapter 2 describe the role of cusS gene in copper 

homeostasis and silver resistance in Escherichia coli. Genetic analyses were undertaken 

where chromosomal copy of cusS was deleted in E. coli and the sensitivity of the strain to 

copper and silver was studied. The absence of cusS led to increased sensitivity to Cu(I) 
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and Ag(I) in the growth medium and increased copper accumulation in the cells. Strains 

bearing a deletion in cusS also showed lack of transcription from cusC in response to 

Ag(I) stress. Complementing the strain with cusS on a plasmid restored the growth and 

transcription phenotype to that of the wild-type strain. Based on these results, it was 

concluded that cusS is essential for response to Cu(I) and Ag(I) in E. coli. 

Similar to other prototypical histidine kinase, the periplasmic domain of CusS 

may sense Cu(I) and Ag(I) and this may be the initial stimulus for signal transduction.  

Experiments described in Chapter 3 characterize this domain and identify its role in direct 

signal recognition for the Cus system. ICP-MS experiments have demonstrated that the 

periplasmic domain of CusS binds four Ag(I) ions and analysis of secondary structure 

using CD spectroscopy shows that metal binding also causes changes in the secondary 

structure of the domain. There were distinct differences in chemical shift between apo 

and Ag(I) spectra of the periplasmic domain when observed by NMR spectroscopy. The 

metal-bound spectrum showed more dispersion which may indicate that the metal bound 

form of the protein is more structured. The periplasmic domain of CusS also undergoes 

dimerization in the presence of Ag(I). We have confirmed this using sedimentation 

velocity and chemical cross-linking experiments. The HSQC spectrum of the metal-

bound domain also shows line broadening. These results allow us to conclude that the 

periplasmic domain of CusS directly coordinates Ag(I) ions and undergoes secondary 

structure change upon metal binding. Metal binding may lead to increased stability and 

dimerization of this domain.  
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Chapter 4 describes the interaction of the periplasmic domain of CusS and CusF. 

The Cus metallochaperone CusF enhances copper and silver detoxification in E. coli 

through metal sequestration and protein-protein interactions. Transcription from cusF is 

shown to be strongly upregulated in response to copper stress (209) and CusF interacts 

with other components of the Cus system to prevent copper and silver toxicity (138). 

Chemical cross-linking showed that CusF interacts with the periplasmic domain of CusS, 

but only in the presence of Ag(I). To further investigate this observation, we utilized 

NMR spectroscopy. HSQC spectra showed that CusF acquired metal from CusS when 

these proteins were mixed in a 1:1 ratio. No changes in chemical shifts or line broadening 

in the spectra which could indicate protein interactions were observed. CusF may acquire 

metal from CusS if it has a higher affinity. (143). Based on these results we conclude that 

CusF and CusS may interact to ‘switch-off’ the signaling state of CusS by removing 

metal ions that are bound to it. Loss of bound metal will attenuate signaling by CusS and 

result in loss of transcription from the cusCFBA genes and thus complete the metal efflux 

process. Overall, it is evident that CusS is an important component in conferring copper 

and silver resistance in E. coli. 

Despite these significant findings, a lot remains to be understood about signal 

transduction in E. coli in response to essential elements such as copper and toxic biocides 

such as silver. One limitation of this study is that only the periplasmic domain of CusS 

was used to characterize metal binding and conformational change. Metal binding by the 

periplasmic domain may lead to secondary structure changes in proximal regions, such as 

the transmembrane domain. As seen in many histidine kinases, the transmembrane 
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regions of CusS may be involved in recognition and transmission of stimulus and also 

contribute to ligand-induced dimerization in the protein. Further experiments need to be 

done to characterize the transmembrane and other domains to elucidate their roles in the 

signaling process.  

Another limitation of this study is the lack of structural knowledge on the 

periplasmic domain and full length CusS. Structure models based on homology to known 

histidine kinases allow the postulation of the mechanisms of stimulus recognition and 

transmission by CusS. These models provide a good starting point and help design 

testable hypothesis for possible functional roles of the protein. However, determination of 

the structure of CusS, especially the periplasmic domain is essential for better 

understanding signal transduction in the Cus system. Future experiments should be aimed 

at obtaining the 3–dimensional structure of the periplasmic domain using X-ray 

crystallography or NMR. Thes experiments may be challenging due to the poor solubility 

of the domain.  Changing buffer conditions and solubility screening may yield higher 

concentration of protein necessary for structure determination.  

Electrospray ionization mass spectrometry (ESI-MS) is a very sensitive technique 

to detect the noncovalent interaction between metal and protein under native conditions 

and also monitor conformational changes in the protein upon ligand binding (210–214). 

This technique will also allow the observation of different charge state of the protein, 

which indicates different conformers present in the protein solution (215, 216). This 

technique has been used successfully to determine Ca
2+ 

and Mg
2+

 binding properties of 

DREAM, an EF-hand protein (217) and the Cu(I) binding affinity of the neuroprotective 
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protein MT-2A (218). Taking advantage of the sensitivity and speed of ESI-MS it would 

be possible to study the metal binding properties and ligand-induced protein 

conformation in the periplasmic domain of CusS. Monitoring hydrogen-deuterium 

exchange by mass spectrometry in the apo and metal bound forms of the periplasmic 

domain may yield more information about the structural integrity and conformation 

dynamics in the protein.   

The predicted homology model of the CusS periplasmic domain is similar to the  

PDC motif of the sensor domains of the malate-bound histidine kinase DcusS and nickel-

bound PhoQ (26, 51).  The periplasmic domain of CusS has a number of histidine and 

methionine residues which may be involved in metal binding.  Two histidine residues are 

conserved in the periplasmic sensor domain of CinS, a copper-sensing histidine kinase 

from Pseudomonas putida (151). A group of His and Met residues also appear as a 

cluster in the predicted structure in a region similar to the ligand binding region of PhoQ 

or DcuS. Mutational analysis of these residues will give additional information about 

metal coordination by CusS. Mutational analysis can be combined with X-ray absorption 

spectroscopy (XAS) to determine the coordination geometry and local structure of bound 

copper in CusS. Future experiments could also be aimed at mutation of methionine 

residues involved in metal binding to cysteines to determine substrate specificity and 

flexibility of metal coordination by the domain.  

The affinity of the periplasmic domain of CusS for Cu(I) and Ag(I) also needs to 

be determined in order to understand how metal binding leads to signal transmission. The 

four metals ions that bind to CusS may have distinct binding affinities. The binding of 
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one metal to the sensor domain could lead to changes in coordination environment or 

protein conformation which could, in-turn, influence the binding properties of other metal 

sites. As previously discussed, it is likely that the sensor domain of CusS contains a 

binding site that has very high affinity to metal ions. Metal coordination at this high-

affinity site may play a role in establishing signaling gradients in response to copper and 

silver levels in the periplasm. Isothermal titration calorimetry and equilibrium dialysis 

experiments could be employed to test the affinity of the periplasmic sensor domain to 

Cu(I) and Ag(I). Determination of binding constants, combined with mutational and 

structural analysis, will provide further understanding of the nature of the metal binding 

sites in CusS.  

We have shown that CusF and CusS interact only in the presence of Ag(I). To 

further investigate this interaction, identification of metal coordinating residues in the 

periplasmic domain of CusS would be valuable. As proposed above, amino acid 

mutations and determination of interaction between CusF and CusS utilizing NMR 

spectroscopy and chemical cross-linking coupled with mass spectrometry could help 

develop models to describe the role or CusF in the signal transduction process.  

The experiments and results described in this dissertation have enriched our 

knowledge of signal transduction in E. coli in response to metals. Further 

experimentation would provide a deeper understanding the role of metal-sensing histidine 

kinases in cellular signaling and the complexity of the signaling process which allows 

bacteria to survive in toxic environments.  
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