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ABSTRACT 

CueO is a multicopper oxidase and catalyses the four-electron reduction of 

dioxygen to water and functions to protect Escherichia coli against copper-induced 

toxicity. The mechanism of oxygen reduction in multicopper oxidases has been well 

studied, but the key structures of the reaction intermediates are not known. A 

combination of kinetic measurements, mutagenesis and X-ray crystallographic studies 

were conducted to entrap and structurally characterize the reaction states in CueO. CueO 

has a methionine-rich insert and a labile copper binding site, two features found only in 

multicopper oxidases involved in copper detoxification. The role of these features in 

CueO activity has been investigated. In a separate study, a simple mathematical model 

based on infectivity amongst clustered receptors was developed to explain the 

chemotactic sensitivity, response range and other key features of chemotaxis. 

This study describes the successful entrapment of three out of four functional 

states in CueO. The crystal structures of these reaction states are presented. Using single-

turnover oxygen reduction kinetics that were measured using a stopped-flow device, the 

optical absorption features of three different fully oxidized forms of CueO were captured: 

the native intermediate, the resting oxidized state and another intermediate lying between 

them. Stopped-flow studies combined with electron transfer kinetic measurements 

revealed a role of the conserved residue, E506, in either the protonation of the native 

intermediate or the release of water molecules formed as a product of the reaction.  

Cu(I) and Ag(I) bound crystal structures of CueO were determined revealing three 

binding sites along the methionine-rich helix used by both metal ions. The labile, 
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regulatory copper site in CueO was shown to be a Cu(I) susbtrate oxidation site. Ag(I) 

was shown to be a potent inhibitor of all CueO activities in vitro and copper 

detoxification by the cue system in vivo. The cus system was discovered to be necessary 

for removing Ag(I) inhibition of copper detoxification by the cue system. These results 

provide further insights into the role of CueO in copper detoxification and the effect of 

silver on the detoxification mechanism. 
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CHAPTER 1: INTRODUCTION 

Explanation of the problem and its context. 

This thesis concerns two broad and contrasting mechanisms by which the 

bacterium Escherichia coli senses and responds to extracellular ligands. An example of 

the first mechanism is its response to excess copper, which induces the expression of 

copper regulatory proteins functioning to protect the bacterium against copper-induced 

toxicity. An example of the other mechanism is its response to trace amounts of certain 

chemicals that may be either useful or harmful for the bacterium and the bacterium 

responds by moving towards or away from them, respectively. 

The major part of this thesis presents a study of the structure and activity of the 

multicopper oxidase enzyme CueO and how it relates to the mechanism of copper 

tolerance imparted by CueO [1, 2]. The study focuses on the unique and functionally 

important features of CueO, namely a ~ 45 residue methionine-rich insert and an 

additional copper binding site [3, 4]. Methionine-rich regions are found in many copper 

regulatory proteins and are thought to enable copper binding and transfer reactions [5, 6]. 

To understand the possible role of the methionine-rich insert in CueO, its effect on 

metallosubstrate binding and oxidation in CueO was investigated. Copper regulatory 

systems in general and the copper homeostatic systems in E. coli in particular have the 

ability to bind Ag(I), which is a Cu(I) mimic and extremely toxic [7-9]. This mimicry 

raises the possibility that Ag(I) may inhibit copper efflux systems. In environments 

presenting a combined Cu(I) and Ag(I) toxicity, how the detoxification of one metal ion 

is affected by the other is not known [10, 11]. To address this question, the binding of 
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Ag(I) and its effect on the Cu(I) oxidase activity of CueO has been studied in vitro, and 

the effect of Ag(I) on copper detoxification by the cue system in E. coli has been studied 

in vivo. 

Like all other multicopper oxidases, CueO couples the oxidation of its substrates 

to the 4-electron reduction of dioxygen to water, which is a fundamental reaction in 

biology [12, 13]. The mechanism of this reaction in muticopper oxidases has been the 

subject of detailed spectroscopic studies, yet the key structures of the reaction 

intermediates have remained elusive. CueO crystals are active and diffract to high 

resolution, providing a tractable system for determining the structures of these reaction 

intermediates. This thesis describes the entrapment and structural characterization of 

three out of four reaction states in CueO. 

A minor part of this thesis presents a theoretical development of a generic model 

explaining certain key features of bacterial chemotactic behavior [13-15]. Motile bacteria 

like E. coli are able to sense some ligands (like aspartate) at concentrations that are 3-

orders of magnitude above and 3-orders below the measured affinities of the receptors 

that bind them [16]. How such extreme sensitivity and wide dynamic range is achieved is 

not well understood but is widely believed to arise from the clustering and longe range 

coupling of chemoreceptors [17, 18]. However, mathematical models have predicted that 

receptor coupling, understood as infectivity or spread of conformational changes arising 

at the ligand bound receptors to nearby unbound receptors, readily explains the sensitivity 

but severely limit the response range [19]. This thesis identifies a possible cause of this 
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limitation in previous models and develops a modified model that successfully achieves 

both ends of the response range simultaneously. 



 

 

14 

 

A review of the literature. 

Copper toxicity and copper homeostasis in E. coli. Copper is an essential 

micronutrient, serving as cofactor for numerous enzymes. However, excess copper is also 

cytotoxic. Concentration at which copper inhibits growth of E. coli have been reported to 

range from sub micromolar levels in studies using defined growth media containing a 

single carbon source [20] to millimolar levels in studies using complex media [2, 21]. 

Copper can exist as Cu(I) and Cu(II) and the redox cycling between these two oxidation 

states can generate harmful reactive oxygen species in aerobic cells [22, 23]. Copper 

toxicity is also attributed to its ability to interfere with other metal cofactors of enzymes 

or cause protein misfolding or aggregation, leading to copper toxicity in the absence of 

oxygen [20]. 

In E. coli, two chromosomally encoded systems, cus and cue, are induced under 

copper stress and these two systems code for several proteins that function to protect the 

bacterium against copper stress [21, 24] (figure 1.1). The cus system codes for the Cus 

CFBA pump that is primarily responsible for translocating cytoplasmic and periplasmic 

copper out of the bacterial cell under anaerobic conditions [2, 25-27]. The cue system 

codes for CopA and CueO. CopA is a Cu(I) translocating p-type ATPase that pumps 

cytoplasmic Cu(I) into the periplasmic space of the bacterium [7] and CueO is a 

multicopper oxidase (MCO), a family of enzymes that contain 4 copper atoms and couple 

the oxidation of various substrates to the 4 electron reduction of dioxygen to water [1, 2]. 

MCOs are found in all kingdoms of life and have a diverse set of functions and a diverse 
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set of organic and metallic substrates. CueO, however, was the first example of a 

multicopper oxidase shown to have a role in protection against copper toxicity. 

Both the cue and the cus systems can also respond to Ag(I), which is extremely 

toxic and unlike copper, is not a biometal. The cus system was originally identified as a 

Ag(I) inducible, Ag(I) detoxifying system, rather than a copper detoxifying system [9] 

and the cue system was found to be strongly induced by Ag(I) [7, 8]. CopA can utilize 

Ag(I) as substrate and transport it across membranes very efficiently [28]. However, the 

level of protection against silver remains weak to moderate for both cue and cus systems. 

These results have led to suggestions that both cue and cus systems are primarily copper 

efflux systems and the response to silver is likely a result of imperfect ligand 

descrimination. Combined Cu(I) and Ag(I) stress may arise in several environments, such 

as industrial wastes and copper mines. Both Cu and Ag are used in public health water 

systems [11] and in hospitals for control of diseases, for example Legionella [10]. How 

bacteria cope with a combined Cu(I) and Ag(I) stress arising in such habitats and how the 

handling of either ion is influenced by the presence of the other was not known prior to 

the present study. 

CueO as a distinct multicopper oxidase. The crystal structure of CueO, a 53 kD 

periplasmic protein, was recently determined at atomic resolution [4]. CueO contains four 

copper atoms arranged into a trinuclear center (TNC) containing two type 3 (T3) and a 

type 2 (T2) copper atom, and a single type 1 (T1) copper site located ~13 Å away from 

the trinuclear center (Figure 1.2). Substrates are oxidised near the T1 copper and the 

electrons are passed on to the trinuclear center through the T1 copper and an HCH motif  
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Figure 1.1. Copper homeostasis in E. coli. Adapted from reference [21]. The small circles 

represent copper ions (red for Cu(I) and blue for Cu(II)). The genes C, F, B, A encode the 

CusC, CusF, CusB and CusC proteins, respectively. CusF is a periplasmic copper 

chaperone while CusA, CusB and CusC together form a copper efflux pump spanning 

both membranes. CusS and CusR form a sensor/regulator pair that induce the expression 

of the cusCFBA genes in presence of Cu(I). CueR is a transcriptional activator that 

induces the expression of CueO and CopA proteins upon Cu(I) binding. CueO is a 

multicopper oxidase that oxidizes Cu(I) and CopA is P-type ATPase that pumps 

cytoplasmic Cu(I) to the periplasmic space. 
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connecting the T1 copper and the TNC. The TNC binds dioxygen and reduces it to water. 

CueO therefore belongs to the MCO family of enzymes. MCOs are found in all kingdoms 

of life, from bacteria to humans and include examples like fungal laccase [29], human 

ceruloplasmin [30] and yeast Fet3p [12]. However, CueO is different from these MCOs 

in two ways. First, it has an extra methionine-rich insert not found in other multicopper 

oxidases, except PcoA [31], which is similar to CueO in that it also is a bacterial MCO 

involved in protecting against copper toxicity. Second, it has an extra labile copper site 

near the T1 copper that must be occupied for CueO to be active [3]. Part of this 

methionine-rich insert forms a helix that blocks access to the T1 copper, the remaining 

portion (residues 378 - 403) is disordered, and its role in CueO activity is unknown 

(Figure 1.2). Methionine-rich regions are found in several proteins involved in copper 

homeostasis [6]. The role of these methionine-rich regions is unclear but has been 

suggested to include copper binding and transfer [32], as well as participating in protein-

protein interactions [33]. Recently, another example of a methionine-rich multicopper 

oxidase, PcoA, was discovered as part of the plasmid based pco system that responds to 

copper and protects against copper toxicity. In PcoA, the methionine-rich regions have 

been suggested to be the site for docking of Cu(I)-bound PcoC (part of pco system) [34] 

and subsequent oxidation of the Cu(I) bound to PcoC [5]. The suggested interaction 

between PcoA and PcoC is based on the ability of the MCO PcoA to oxidize Cu(I)-bound 

PcoC and the ability of PcoC to dimerise using the methionine-rich region as the interface 

[33]. Together, these observations suggest that methionine-rich regions in MCOs may 
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serve to tune the specificity of muticopper oxidases towards copper binding and 

oxidation, or to mediate copper transfer to the MCO. 

Proposed oxygen reduction mechanism in MCOs. Reduction of dioxygen to water 

is a fundamental reaction in nature and is the subject of extensive study. In MCOs, two 

intermediates, corresponding to 2-electron and 4-electron reduced states of oxygen, have 

been trapped and characterized spectroscopically [12]. These intermediates, namely the 

peroxide and the native intermediates, have unique spectroscopic features that reflect 

novel geometries and electronic structures of copper-oxygen interaction [35]. The 

structures of these intermediates are not known but are key to understanding the oxygen 

reduction mechanism. Based on the detailed spectroscopic studies of oxygen reduction in 

MCOs like laccases and Fet3p, a reaction mechanism has been proposed which is 

outlined in figure 1.3. 

Starting with all four copper atoms reduced to Cu(I) (called the fully-reduced state 

with no UV-visible absporption peaks), dioxygen binds at the TNC and is reduced by 2 

electrons to form O2
2-, called the peroxide intermediate. One of the T3 Cu(I) ions and the 

T2 Cu(I) ion is oxidized in the process to Cu(II), and the other T3 and the T1 Cu(I) ions 

remain reduced. This state is characterized by UV-visible absorption peaks at ~330 nm 

and a broad peak at ~470 nm. This step is [O2] concentration dependent with a second 

order rate constant of k ~ 2 x 106 M-1s-1. In the next step, the remaining Cu(I) centers are 

oxidized to Cu(II) and O2
2- is further reduced by 2 electrons to form 2O2-, splitting the O-

O bond in the process. This reductive cleavage step has been suggested to involve the 

transfer of a proton from glutamate 506 to O2
2- [36]. This state, with fully-reduced and
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Figure 1.2. CueO structure. The figure shows the four essential copper atoms (gold 

spheres) found in all multicopper oxidases and an additional, regulatory copper atom (red 

sphere) seen in CueO. The red colored ends on the left indicate the disordered region 

(residues 378 - 403) not seen in the crystal structure. Methionines on the methionine-rich 

helix are shown as sticks. 
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split dioxygen molecule bound at the TNC, is called the native intermediate and is 

characterized by UV-visible absorption peaks at ~316 nm, ~365 nm and ~610 nm. 

Conversion of the peroxide state to the native state is reported to be too fast to be 

measurable in the wild-type enzyme but is estimated to have a rate constant of k > 350 s-1, 

based on the rate of formation of the native intermediate (k = 350 s-1) that lies further 

along the oxygen reduction pathway [37]. Two conserved residues, a glutamate near the 

T3 copper atoms (E506 in CueO, E478 in Fet3p) and an aspartate near the T2 copper 

(D112 in CueO, D94 in Fet3p) have been implicated in assisting the conversion of 

peroxide to the native intermediate through protonation [36, 38, 39]. The aspartate near 

T2 is thought to deprotonate a water molecule ligated to the T2 copper and thus drive the 

oxidation of T2 copper upon dioxygen binding at the TNC. The role of the glutamate near 

the T3 copper atoms is, however, less clear. E506 has been suggested to either drive the 

reductive cleavage of the O-O bond in the conversion of peroxide to the native 

intermediate [36], or assist in protonation of the native intermediate and thus promote the 

formation and release of H2O product [39]. These two acidic residues are thought to 

provide the basis for pH enhancement of peroxide decay in laccase, which is ~10-fold 

higher at pH = 5.0 than at pH = 8.0 [36]. 

Under single-turnover conditions, the native intermediate decays to the resting 

oxidized state by releasing one of the oxygen atoms as a water molecule while the other 

oxygen atom remains bound to T2 copper as an OH- ion for nearly 30 min before being 

exchanged with bulk solvent [40]. The other oxygen atom is likely exchanged with the 

conserved water molecule directly hydrogen bonded to the bridging OH- ion [12] (Figure 
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1.3). This decay is very slow with a rate constant k ~ 0.035 s-1, making the resting state an 

off-pathway state. In the decay process, absorption peaks at ~316 nm and ~365 nm decay 

and merge into a single peak at ~330 nm, and the peak at ~610 nm remains intact [41]. 

Conversion of the native intermediate to the resting oxidized state must involve 

procurement of one more proton and the release of a water molecule. Also, the structure 

proposed for the native intermediate involves both oxygen atoms bridging the TNC 

internally, suggesting that the release of the water molecules likely involves a structural 

change at the TNC [12]. 

Under multiple turnover conditions, the native intermediate is directly converted 

to the fully-reduced state in a process for which the details are not known. This step must 

involve the procurement of at least three more protons and the release of two water 

molecules, along with the reduction of the four copper centers (Figure 1.3). How these 

protons are procured and how water is released from the TNC and ultimately from the 

protein, are unknown. The working hypothesis is that one of the oxygen atoms in the 

native intermediate ends up as the water molecule near the TNC that is hydrogen bonded 

to a conserved glutamate (E506 in CueO) while the other oxygen atom ends up as the 

water coordinating the T2 copper and hydrogen bonded to the nearby aspartate above it 

(D112 in CueO) (Figure 1.3). Two water channels, one leading from the T2 copper 

towards the exterior of the protein and another leading from the T3 coppers to the 

outside, are found in all multicopper oxidases, except MaLa laccase [42]. The channel 

above the T2 copper is lined by the conserved aspartate residue while the channel below 

the T3 copper is lined by the conserved glutamate residue. Other residues lining these 



 

 

22 

 

channels are either hydrophilic or neutral. Several water molecules fill these channels and 

form a H-bonded network [43]. These two channels may provide pathways for 

procurement of the four protons and release of the two water molecules formed as a 

product of the reaction. 

Chemotactic response to extracellular ligands in E. coli. Chemotactic bacteria like 

E. coli are able to sense and respond to attractant and repellant molecules with high 

sensitivity and over a wide range of background concentrations of molecules spanning six 

orders in magnitude [16]. This chemotactic response is extremely sensitive. E. coli can 

respond to aspartate, an attractant, at concentrations as low as 2 nM. However, the 

isolated Tar receptor that responds to aspartate binds aspartate with a dissociation 

constant that is nearly 1000-fold higher (  = 1 µM) [44, 45]. A major challenge in the 

field is to understand the mechanistic basis for this sensitivity and wide dynamic range 

[17, 18]. 

A model based on infectivity amongst clustered receptors was proposed as the 

means of achieving the observed sensitivity [19]. In this model, the binding of a ligand to 

a single chemoreceptor is thought to infect the adjoining receptors through the spreading 

of ligand induced conformational changes, multiplying the effect of a single ligand 

binding event (Figure 1.4). This model is able to capture the 2 nM sensitivity towards 

aspartate, but, as stated, could not achieve the measured response range. While the 

infectivity model enhances sensitivity, it severely reduces the number of unaffected and 

active receptors, limiting the predicted response range by nearly 3-orders of magnitude 

below the measured 6-order range. Nevertheless, infectivity amongst receptors as a 
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means to achieve signal amplification is a compelling model that is well supported by 

numerous data on bacterial chemotaxis [15, 19, 46-49]. 

In this thesis, a key limitation of the infectivity model has been identified. The 

existing model does not discount the possibility that a ligand may bind an unoccupied but 

infected receptor and in such an event, while the ligand may bind, it will produce no 

effect. The effective infectivity of such dead-end ligand binding events would be zero 

(Figure 1.4). The existing model has been modified to include this phenomenon and the 

performance of the model in predicting sensitivity and response range has been re-

evaluated. The model has been mathematically evaluated and an exact solution obtained 

analytically. Dose response curves have been predicted for both naïve and adapted 

receptors and compared to recent experimental data on receptor response to ligands, 

yielding a model, which captures the whole response curve. 
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Figure 1.3. Proposed multicopper oxidase reaction mechanism. Adapted from reference 

[12]. Solid arrows indicate catalytically competent steps and dashed arrow indicates a 

catalytically incompetent, off-pathway step. The overall kcat reported for laccase varies 

widely between 0.13 to 560 s-1 and depends on the substrate used [41]. The rate for the 

conversion of the native intermediate to the fully-reduced state has not been measured but 

is expected to be much faster than the rate of decay of the native intermediate to the off-

pathway, resting oxidized state. 
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Figure 1.4. Signal amplification through infectivity in clustered receptors. Each cell 

represents a chemoreceptor in one of three possible states: unbound and uninfected (also 

called naïve) (white), unbound but infected (grey) and bound and therefore infected 

(black). Shown are the changes in the state of individual receptors as a series of ligands 

bind a naïve patch of receptors at randomly chosen sites. 
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Explanation of the dissertation format. 

This dissertation has been prepared in accordance with the format prescribed by 

the University of Arizona Graduate College Manual for Electronic Theses and 

Dissertations and is consistent with the formatting requirements of the Department of 

Biochemistry and Molecular Biophysics. I have presented my work in three chapters and 

four appendices. The overall problem and its context are introduced in Chapter 1. The 

present study summarising the most important findings of research described in each 

appendix is outlined in chapter 2. The conclusion and future directions of this study are 

presented in Chapter 3. My contributions to each manuscript are summarized here. 

Appendix A. Cuprous oxidase activity of CueO from Escherichia coli. All 

protein purification, oxygen consumption measurements and kinetic analysis were solely 

my work. Dr. Gregor Grass constructed the vectors for wild-type and C500S mutant 

CueO expression. Dr. Christopher Rensing and I wrote the manuscript. Dr. William R. 

Montfort provided overall guidance for the project and edited the manuscript. 

Appendix B. A Structural Comparison of Apo, Cu(I) and Ag(I) Bound CueO 

Reveals Silver Effect on Copper Homeostasis. Expression, purification and 

crystallization of all proteins except apo-CueO were solely my work. Dr. Guenter 

Wildner prepared apo-CueO. Dr. Andrzej Weichsel and Dr. Sue Roberts assisted in the 

collection and proccessing of X-ray diffraction data as well as the refinement of crystal 

structures. I performed all kinetic measurements and kinetic analyses. Dr. Sylvia Franke 

McDevitt and I constructed the ΔTag-CueO expression vector. The copper tolerance 

assay in the presence and absence of silver was done entirely by Dr. Franke. Dr. Gregor 
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Grass constructed the ΔMet-CueO vector. I prepared the manuscript. Dr. Christopher 

Rensing provided the bacterial strains used in the study and helped in the preparation of 

the manuscript. Dr. William R. Montfort helped in model building, refinement of crystal 

structures, provided oversight for the project and edited the manuscript. 

Appendix C. Oxygen Reduction Kinetics and Structures of Reaction 

Intermediates in CueO. Expression, purification and crystallization of all proteins were 

solely my work. Dr. Sylvia Franke McDevitt and I constructed the vectors for E506D 

CueO and ΔTag-CueO. Dr. Andrzej Weichsel and Dr. Sue Roberts assisted in the 

collection and proccessing of X-ray diffraction data as well as the refinement of crystal 

structures. I made all kinetic measurements and kinetic analyses except for the laser flash 

photolysis experiments, which were performed with Dr. James T. Hazzard. I prepared the 

manuscript. Dr. Christopher Rensing helped in the preparation of the manuscript. Dr. 

William R. Montfort helped in model building and refinement of crystal structures, 

provided overall guidance for the project and edited the manuscript. 

Appendix D. An Infectivity Model of Clustered Receptors Achieving Both the 

Sensitivity and the Response Range of Bacterial Chemotaxis. I developed and solved 

the mathematical model described in this study. Dr. Andrew Hausrath provided guidance 

and checked the model for any inaccuracies. Dr. Andrew Hausrath and myself wrote the 

manuscript. Dr. William R. Montfort analysed the data and edited the manuscript. 
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CHAPTER 2: PRESENT STUDY 

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

manuscripts appended to this dissertation. The following is a summary of the most 

important findings from each appendix. 

Appendix A. Cuprous oxidase activity of CueO from Escherichia coli. This 

manuscript describes the discovery of CueO as an excellent cuprous oxidase. CueO was 

shown to display kcat/KM values 2-4 fold greater than for the homologues Fet3 and human 

ceruloplasmin [50]. The kcat/KM value measured for Cu(I) oxidation was 5-fold greater 

than that for Fe(II) oxidation. The high specificity for Cu(I) compared to other substrates 

tested suggested that Cu(I) is the most likely in vivo substrate for CueO. Thus, a likely 

role of CueO in copper detoxification is to convert extremely toxic Cu(I) to less toxic 

Cu(II). CueO is co-induced with CopA during copper stress. CopA pumps Cu(I) from the 

cytoplasm into the periplasm, where CueO resides. Together, CueO and CopA could thus 

provide a linked pathway for copper detoxification. Cu(I) was found to be the only CueO 

substrate that was active in the absence of Cu(II) and this suggested that Cu(I) substrate 

ions bound the same labile site previously identified as the regulatory Cu(II) binding site 

[3], where it could directly reduce the T1 copper. This was later confirmed to be true in 

experiments described in appendix B, where crystal structures of Cu(I) substrate bound to 

CueO are presented. 

The identification of cuprous oxidase activity also served to resolve the puzzling 

copper-stimulated catecholate oxidase activity of CueO. Catechols can reduce Cu(II) to 

Cu(I) [51, 52], which is then a substrate for CueO. Therefore, Cu(II)-stimulated 
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catecholate oxidase activity could, in actuality, be cuprous oxidase activity, at least in 

part. In this scenario, oxidation of catecholate may be from reduction of Cu(II) in 

addition to any direct oxidation by CueO. 

Appendix B. A Structural Comparison of Apo, Cu(I) and Ag(I) Bound CueO 

Reveals Silver Effect on Copper Homeostasis. In this study, we used a mutant form of 

CueO, C500S, to obtain crystal structures of the Cu(I) bound form of CueO. C500S, 

referred to as T1D CueO, is T1 copper depleted (T1D) and completely inactive, allowing 

for the trapping of the Cu(I) substrate complex, and providing a clear description of Cu(I) 

metallosubstrate binding sites in CueO. The rCu site in CueO was determined to be the 

Cu(I) metallosubstrate binding and oxidation site. The methionine-rich helix binds two 

more Cu(I) ions using dithioether ligation presented by Met 358 and Met 362 for the first 

site and Met 368 and Met 376 for the second site. Mutation of these methionines resulted 

in a protein with inefficient incarporation of copper cofactors to CueO, especially for the 

T2 and rCu copper sites, suggesting a role for the methionine-rich helix in active enzyme 

formation. A 1.1 Å resolution (highest for any MCO) structure of wild-type CueO with 

the strep-tag removed, revealed the structure of the highly dynamic loop not seen in 

previous structures of CueO (residues 379-403). This loop, containing five methionines 

and five histidines, extends across the methionine-rich helix and may participate in Cu(I) 

and Ag(I) binding at this helix. Indeed, in the structure of Cu(I) substrate bound Glu 506 

to Asp mutant of CueO, designed to trap a reaction intermediate (described in Appendix 

C), His 398, that lies far from the methionine-rich helix, comes closer in this structure 
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and binds the Cu(I) ion coordinating Met 358 and Met 362. These results suggest that this 

loop is highly dynamic and undergoes a confomation change upon copper binding.  

Copper detoxification systems in general and the cue and cus system of E. coli in 

particular have the ability to bind and transport Ag(I), a well recognized Cu(I) mimic [8, 

9, 28]. Ag(I) may therefore inhibit copper detoxification mechanisms by competing for 

copper binding sites in these systems. The crystal structure of Ag(I) bound CueO was 

determined and the Ag(I) binding sites in CueO were shown to coincide with the three 

Cu(I) binding sites. Ag(I) was also shown to be a potent inhibitor of both the Cu(I) 

oxidase activity and the Cu(II) stimulated Fe(II) oxidase activity in CueO, in vitro. These 

data suggested that small amounts of Ag(I) may inhibit in vivo copper detoxification by 

the cue system.  

Copper tolerance assays were performed using wild-type or cus-deleted strains of 

E. coli. In the absence of the cus system, 5 µM Ag(I) induced a markedly decreased level 

of copper tolerance, while in the presence of the cus system, Ag(I) had little effect on 

copper tolerance These results suggest that a specific role for cus system in aerobic 

copper tolerance could be to prevent Ag(I) poisoning of the cue system. 

Appendix C. Oxygen Reduction Kinetics and Structures of Reaction 

Intermediates in CueO. This study describes the structural changes at the trinuclear 

center (TNC) in CueO as it catalyses oxygen reduction. Structures of the TNC 

representing the resting oxidized, the fully-reduced, and the one-electron reduced native 

intermediate states were determined. UV-visible spectroscopic changes associated with 

the reaction of oxygen and fully-reduced CueO were determined using a stopped-flow 
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device. The E506D CueO mutant was constructed to trap the native intermediate and the 

effect of this mutation upon the reduction of oxygen in CueO was determined.  

A 1.5 Å structure of Cu(I)-substrate bound E506D CueO was obtained with a 

trapped oxygen reduction intermediate at the TNC that was interpreted to be a one-

electron-reduced native intermediate. Steady-state oxygen consumption kinetic 

measurements showed a 10-fold reduced kcat for E506D as compared with the wild-type 

protein CueO. Comparison of single-turnover oxygen reduction kinetics in the wild-type 

and the E506D mutant CueO, revealed the appearance of an identical intermediate-I in 

both proteins (absorption bands at 295 nm, 350 nm, 420 nm and 610 nm). Intermediate-I 

was seen to undergo biphasic decay to the resting oxidized state through another 

intermediate, Intermediate-II, having absorption bands at 295 nm, 333 nm and 610 nm. 

The most prominent difference between the wild-type and the E506D CueO mutant was 

seen in the conversion of Intermediate-II to the resting oxidized state, which was ~5-fold 

slower in E506D CueO. Taken together, these results are found to be consistent with the 

proposed role for E506 in the formation and release of water product, and suggests that 

the trapped oxygen intermediate in the Cu(I) bound E506D CueO most likely represented 

a one-electron reduced form of the native intermediate, with the additional electron 

generated by the synchrotron radiation X-ray beam. 

Appendix D. An Infectivity Model of Clustered Receptors Achieving Both the 

Sensitivity and the Response Range of Bacterial Chemotaxis. Motile bacteria can 

respond to chemoattractants at concentrations several orders of magnitude below and 

above the measured ligand dissociation constant of individual receptors.  It has been 
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proposed that this remarkable sensitivity and dynamic range is achieved through 

infectivity amongst clustered chemoreceptors [19] that sense the chemoattractants. This 

infectivity model was able to capture the measured sensitivity but, as stated, could not 

achieve the measured response range. In this work, we reasoned that infectivity, viewed 

as a spreading of ligand induced conformational changes arising at the ligand-bound 

receptor on to neighboring, unbound receptors, can arise and spread only if the ligand 

binds a previously uninfected (naïve) receptor. This constraint was not included in the 

original model. We included this constraint and showed that the modified model 

reproduces both the chemotactic sensitivity and the dynamic range, simultaneously.  We 

obtained exact analytical representations of the infectivity model, and calculated dose-

response behavior of infectivity, with and without the modification, and showed that our 

modification to the model is necessary for predicted dose-reponse curves to fit measured 

data.  Our modified infectivity model, but not the original model, was found to fit the 

recently obtained direct measurements of the physical response of bare receptors. The 

fitting yielded infectivity values that are consistent with a trimer of receptor dimers as the 

basic signaling unit in chemotaxis. 
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CHAPTER 3: CONCLUSIONS AND FUTURE DIRECTIONS 

Multicopper oxidases like CueO catalyse four-electron reduction of dioxygen to 

water. This mechanism has been extensively studied in multicopper oxidases like laccase 

and Fet3p, but the key structures of the reaction intermediates remained elusive [12]. This 

thesis describes the entrapment of three out of four functional states in the CueO reaction 

cycle and presents their crystal structures. These states include the resting oxidized state 

and the fully-reduced state, which were trapped in wild-type CueO. A one-electron 

reduced form of the native intermediate [36] was trapped in the E506D mutant CueO that 

was activated by addition of Cu(I) substrate.  

In order to acertain the most likely identity of the reaction intermediate trapped in 

E506D CueO, oxygen reduction in both wild-type CueO and E506D mutant CueO were 

studied and compared. E506 in CueO has been proposed to stabilize the native 

intermediate in CueO [39] and corresponds to residue E487 in Fet3p, which was 

proposed to have a role in the reductive clevage of peroxide intermediate to form the 

native intermediate [36]. Stopped-flow kinetic measurements of single-turnover oxygen 

reduction in CueO showed that the decay of the native intermediate to the resting 

oxidized state in CueO was biphasic and proceeded via a novel intermediate called 

intermediate-II. This is in contrast to the decay observed for laccase, which was found to 

be monophasic [41]. The E506D mutation was shown to reduce only the rate of 

conversion of intermediate-II to the resting state, by a factor of ~5-fold. Steady-state 

kinetic measurements showed an ~10-fold reduced kcat for E506D CueO in comparison to 

wild-type CueO. These results indicate that E506D mutation most likely affects the 
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conversion of native intermediate to the resting state under single-turnover conditions or 

the native intermediate conversion to the fully-reduced state during mutiple turnover 

conditions. Both these steps must involve both the protonation of the native intermediate 

and the release of one or more water molecules. Hence, E506 assists the formation and / 

or release of water product in CueO. 

The optical absorption features of the native intermediate and intermediate-II in 

CueO were shown to be very different from those described in recent studies on reaction 

intermediates in laccase and Fet3p [12, 41]. The most prominent feature of the reaction of 

reduced CueO and oxygen, was found to be the decay of a band at 420 nm during the 

conversion of native intermediate to the resting oxidized state. This band was earlier 

proposed to represent the peroxide intermediate in multicopper oxidases [53, 54]. 

However, our studies reveal that this cannot represent the peroxide intermediate since the 

rate of decay of this band is slower than the overall kcat of CueO. These studies provide 

further insights into the mechanism of oxygen reduction in CueO and suggest a role for 

E506 in the formation and / or release of water from the trinuclear center. 

CueO is essential for copper tolerance in E. coli. The mechanism of copper 

tolerance imparted by CueO is not known. CueO has a wide substrate specificity and can 

oxidize several compounds in vitro [1, 55] but requires excess Cu(II) to bind at the labile, 

regulatory, rCu site, to be active [3, 55]. CueO has a 45 amino acid insert containing 14 

methionines. Part of this insert forms a methionine-rich helix that blocks access to the T1 

site and the rest (residues 378-403) was disordered and not seen in the previous structures 

[4]. The methionine-rich insert in CueO contributes ligands to the rCu site and is 
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necessary for the Cu(II) stimulation of its activities [56]. It was suggested that the 

methionine-rich regions may function to bind and oxidize Cu(I) as a likely in vivo 

substrate for CueO and oxidation of toxic Cu(I) to its less toxic form Cu(II), would 

reduce copper toxicity. 

To test these hypotheses, we examined if Cu(I) is a substrate for CueO and found 

it to be an excellent substrate [57]. The Cu(I) bound structure of CueO was obtained 

using a T1-copper-depleted mutant (T1D), which revealed three Cu(I) binding site. These 

studies, combined with mutational analyses, established the rCu site in CueO as the site 

for Cu(I) susbtrate binding and oxidation. Two additional Cu(I) binding sites were 

discovered along the methionine-rich helix, and were found to have a role in efficient 

copper incorporation in CueO.  

Ag(I), a Cu(I) mimic was also shown to bind CueO at each of the Cu(I) substrate 

binding sites and was found to be a potent inhibitor of all CueO activities in vitro. Ag(I) 

was shown to inhibit Cu(I) detoxification by the cue system in E. Coli. Inclusion of the 

cus system was found to be necessary for removing Ag(I) inhibition of copper 

detoxification by the cue system. These studies provided insights into the role of the 

methionine-rich regions of CueO in the copper detoxification mechanism and the effect 

of Ag(I) on Cu(I) detoxification mechanisms in E. coli. 

In a separate study, we have conducted a theoretical investigation on the 

mechanism of chemotactic sensitivity of motile bacteria. These studies led to the 

development of a unified, single model based on long-range receptor clustering 

explaining both the amplification of chemotactic signaling sensitivity and the 
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maintenance of this sensitivity over a six-order range of ligand concentrations, as 

exhibited by motile bacteria. Our model was also able to capture the key feature of 

chemotactic behavior like adaptation behavior and was found to be consistent with the 

trimer of receptor dimers as the basic signaling unit in chemotaxis. Our results suggest 

that the infectivity model, as modified in this work, may provide the simplest mechanism 

to explain a large part of the sensitivity and response range in E. coli, and could be a 

general mechanism of achieving sensitivity and dynamic response range in other adaptive 

sensory systems where receptor clustering may occur. 

CueO is part of the cue system in E. coli and is coinduced with Cu(I) translocating 

CopA under copper stress. Crosslinking experiments may be conducted in future to 

examine the possibility that CueO and CopA may interact and provide a linked pathway 

for Cu(I) transfer from CopA to CueO and its subsequent oxidation by CueO. Another 

possible protein that may interact with CueO is CusF. NMR experiments to probe 

interaction between CueO and CusF, both in presence and absence of copper were found 

to indicate no interaction between the two proteins (Bagai, I. and McEvoy, M. M., 2006, 

unpublished results). However, the interaction could be transient in nature. Another 

multicopper oxidase PcoA (a homologue of CueO) and the Cu(I) binding periplasmic 

protein PcoC (structurally similar to CusF) from the plasmid based copper resistance pco 

system in E. coli [31] have been shown to interact with each other and mediate Cu(I) 

transfer to PcoA, where it is oxidized to Cu(II) by PcoA [5]. 

It was found that the cus system in E. coli was necessary to remove Ag(I) 

inhibition of Cu(I) detoxification by the cue system. A possible mechanism of this 
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protection imparted by the cus system may involve removal of Ag(I) inhibitor ions from 

the Cu(I) substrate binding sites in CueO by CusF. Alternatively, CusF may simply bind 

and remove Ag(I) and thus prevent inhibition of CueO. These hypotheses can be tested 

by examining if addition of CusF can remove the Ag(I) inhibition of Cu(I) oxidase 

activity in CueO. To distinguish between the two possibilities, CusF can be added to the 

reaction mixture before Ag(I) addition in one case, and after Ag(I) addition, in another 

case. These experiments would provide further insights into the physical and functional 

interactions between CueO and other components of the Cu/Ag homeostatic systems in 

E. coli. 
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APPENDIX B 

AG(I) INHIBITION OF CU(I) BINDING AND OXIDATION IN CUEO REVEALS 

LINKS BETWEEN CUS AND CUE SYSTEMS IN COPPER HOMEOSTASIS 
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ABSTRACT 

CueO, a multicopper oxidase enzyme, mediates copper homeostasis in 

Escherichia coli through the coupling of Cu(I) oxidation to O2 reduction. CueO has a 

methionine-rich insert that is prototypic of proteins involved in copper homeostasis but 

its role is not well understood. Here we report the crystal structures of apo, Cu(I) and 

Ag(I) bound CueO, which reveal multiple binding sites along a methionine-rich helix for 

either Cu(I) or Ag(I). One Cu(I) ion binds at the same labile site previously described as 

the regulatory Cu(II) binding site. Two additional Cu(I), but not Cu(II), ions bind nearby 

along the methionine-rich helix using mostly methionine ligands. An atomic resolution 

(1.1 Å) crystal structure of wild-type CueO with no extraneous sequences or purification 

tags, revealed the structure of a highly dynamic loop rich in methionines and histidines 

(residues 379-403), which was not seen in previous structures of CueO. This loops is seen 

to undergo a large conformational change upon Cu(I) substrate binding in E506D-CueO 

allowing a distant His 398 residue to ligate one of the two Cu(I) ions binding at the 

nearby methionine-rich helix. Mutational analyses show that the regulatory copper site is 

the primary Cu(I) metallosubstrate binding and oxidation site while the two additional 

Cu(I) binding sites function to enhance the Cu(I) oxidase activity. Cu(I) mimic Ag(I) is 

shown to be a strong inhibitor of all CueO activities in vitro. Cell growth experiments 

show that the cue system, while necessary and sufficient for full copper tolerance under 

aerobic copper stress in the absence of Ag(I), is rendered insufficient in the presence of  5 

µM Ag(I). Inclusion of the otherwise redundant cus system is necessary to restore full 

copper tolerance. These results suggest that the methionine-rich insert functions to 
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enhance Cu(I) oxidation in CueO, an activity that is strongly inhibited by Ag(I),  and that 

the cus system prevents Ag(I) inhibition of copper detoxification by the cue system.  
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INTRODUCTION 

Copper is an essential micronutrient serving as cofactor in a variety of proteins 

and enzymes that function in electron transfer, respiration, photosynthesis, pigmentation 

and protection against oxidative stress. However, excess copper, beyond dietary 

requirements, can be cytotoxic. Copper toxicity arises by two mechanisms, interference 

with metal cofactor binding in proteins and generation of highly reactive oxygen species. 

In aerobic cells, redox cycling between Cu(I) and Cu(II) can induce formation of harmful 

free radicals. These include the highly reactive hydroxyl (OH•) and superoxide (O2¯) 

radicals (1,2), which react with and damage proteins and membrane lipids (3,4). It is 

expected that copper induced radical damage would occur mostly in cellular 

compartments such as the periplasm in gram-negative bacteria, where oxidizing 

conditions exist. In the cytoplasm, where the environment is reducing, Cu(I) can be toxic 

due to harmful interactions with glutathione and ascorbic acid, which function to 

maintain the redox balance inside cells (3). Both Cu(I) and Cu(II) may interfere with 

binding of other metal cofactors in proteins, for example zinc and iron. Iron-sulfur 

dehydratases involved in biosynthesis of branched chain amino acids have been recently 

recognized as the primary intracellular targets of Cu(I) damage. Cu(I) readily displaces 

Fe(II) from solvent exposed iron-sulfur clusters (5). Cu(I) is more reactive and more toxic 

than Cu(II), which is relatively stable (6). Cu(I) may be generated from Cu(II) even in 

aerobic cells through the action of reductases in the periplasm (7) or in the reducing 

environment of the cytoplasm through the action of biological reductants like glutathione 

and ascorbic acid (8,9). Disturbances in copper homeostasis have been implicated in 



 

 

58 

 

several neurodegenerative diseases and ageing disorders (10-12). The Cu(I) mimic Ag(I) 

is also extremely cytotoxic. Silver, like mercury, can bind to thiol groups and inactivate 

enzymes (13). Ag(I) has been shown to bind copper binding proteins like azurin and 

ceruloplasmin and displace catalytic coppers (14,15). 

In E. coli, two chromosomally encoded systems, cue and cus, respond to copper 

stress by expressing a system of proteins that function to detoxify excess copper (6,16). 

The cue system codes for the Cu(I) oxidizing multicopper oxidase CueO (17,18) and the 

Cu(I) translocating P-type ATPase, CopA (19). The expression of both CopA and CueO 

are upregulated by CueR, a transcription factor activated by Cu(I). CueR has exceptional 

sensitivity for Cu(I) displaying a zeptomolar (10-21 M) affinity for the metal (20,21). 

CopA pumps excess Cu(I) from the cytoplasm into the periplasm, where CueO resides, 

providing a linked pathway for copper detoxification (22). The cue system is the primary 

housekeeping detoxification system and is turned on first during copper stress (6). Under 

anaerobic conditions, where CueO is inactive, or when the cue system is overwhelmed at 

high copper concentrations, periplasmic Cu(I) levels rise and the cus system is activated 

(6). The cus system codes for the three component CusCBA copper efflux pump (18,23) 

and the periplasmic copper chaperone CusF (24,25). The cus system is activated by the 

two component CusRS system that form a sensor (S) / regulator (R) pair (26). CusR 

upregulates expression of CusCBA efflux pump upon activation by CusS, which senses 

periplasmic Cu(I). The CusCBA pump spans both membranes of the E. coli cell but is 

thought to remove mostly periplasmic Cu(I).  
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CueO is a multicopper oxidase (MCO) enzyme. MCOs couple four one-electron 

substrate oxidation steps to the four-electron reduction of dioxygen to water (27): 

4S → 4S+ + 4e- 
4e- + O2 + 4H+ → 2H2O 

` 
MCOs are found in all kingdoms of life, from bacteria to humans. Examples include 

ascorbate oxidase, laccases, ceruloplasmin, Fet3p, CueO and PcoA (28,29). MCOs 

typically contain four copper atoms consisting of one Type 1 (T1), one Type 2 (T2) and 

two Type 3 (T3) copper atoms. The T1 copper site, responsible for the intense blue color 

of MCO enzymes, gives rise to the absorption peak at 610 nm in UV-visible spectra. The 

T2 copper, and two T3 copper atoms form a trinuclear center (TNC) and give rise to a 

peak in the region of ~330 nm (27). Four substrate molecules are oxidized near the T1 

copper site, releasing one electron each. These electrons are shuttled through the T1 site 

to the TNC, where dioxygen binds and is reduced to water.  

CueO is a 53 kDa periplasmic protein that is essential for copper tolerance in E. 

coli. CueO has poor substrate specificity and can oxidize several compounds in vitro. 

Substrates for CueO include 2,6-dimethoxy phenol, 2,3-dihydroxy benzoate, enterobactin 

and Fe(II) (17,30). Intriguingly, none of these substrates are oxidized efficiently unless 

excess copper is present (30,31). CueO crystal structures reveal two unusual features that 

explain the copper dependence of CueO activity. First, CueO has a 45 amino acid insert 

containing 14 methionines, part of which forms a methionine-rich helix blocking access 

to the T1 site and part of which is highly dynamic and not seen in the crystal structure 

(32). Second, under this helix and near the T1 site is an additional copper binding site, 
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called the labile, regulatory copper (rCu) site, that must be occupied for full CueO 

activity (31). The methionine-rich insert in CueO contributes ligands to the rCu site that 

are necessary for both Cu(I) and Cu(II) dependent oxidase activities in CueO (33). Cu(I) 

is the best substrate so far identified for CueO and Cu(I) oxidation does not require 

Cu(II), leading  to the suggestion that Cu(I) is the likely substrate for CueO in vivo, and 

the rCu site the likely Cu(I) metallosubstrate oxidation site (22).  

Methionine-rich regions are found in several proteins involved in copper 

homeostasis, but their functions are not well understood (34). Prominent examples 

include copper importer Ctr1 in Saccharomyces cerevisiae (35), and the MCO PcoA and 

PcoC from the plasmid-based copper resistance pco system in E. coli (28). In Ctr1, a 

methionine-rich motif lies at the N-terminal end and is necessary for Cu(I) transport 

across the cytoplasmic membrane, while in PcoC, a methionine-rich motif lies in the 

dimerization interface suggesting that methionine-rich regions are involved in protein-

protein interactions (36). In another model, it has been suggested that PcoC transfers 

Cu(I) ions bound at its solvent exposed methionine motifs by docking with the 

methionine-rich region of PcoA, which utilizes the transferred Cu(I) ions as substrate 

(37). CopA from the plasmid encoded cop system in Pseudomonas syringae is another 

example of a methionine-rich MCO and was shown to bind up to seven extra copper 

atoms (38). In spite of strong evidence to support copper binding and transport by 

methionine motifs, structural characterization of Cu(I) binding has been lacking. 

Both the cue and the cus systems respond not only to Cu(I), but also to Ag(I). In 

fact, the cus system was originally identified as a Ag(I) inducible, Ag(I) detoxifying 
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system, rather than a copper detoxifying system (39). The cus system bears considerable 

homology to the best-characterized silver detoxifying system, Sil, from Salmonella 

typhimurium (40). Yet, the extent of protection against silver imparted by cus is weak, 

probably as a consequence of much weaker induction by silver (39). In contrast, the 

induction of the cue system by Ag(I) is hypersensitive and strong (19,41). CopA can 

utilize Ag(I) as substrate and transport it across membranes very efficiently (42). 

However, the level of protection against silver remains very weak. These results have led 

to suggestions that both cue and cus systems are primarily copper efflux systems and the 

response to silver is likely a result of imperfect ligand discrimination. However, the 

ability of copper detoxifying systems to also utilize Ag(I) as a substrate raises the strong 

possibility that Ag(I) may inhibit Cu(I) efflux components and compromise copper 

detoxification. Combined Cu(I) and Ag(I) stress can be imagined in several 

environments, such as industrial wastes and copper mines. Both copper and silver are 

used in public health water systems (40) and in hospitals for control of diseases, for 

example Legionella (43). Copper ores are also a major source of both elemental and 

compound silver (AgCl or Ag2S). 

How bacteria cope with the combined Cu(I) and Ag(I) stresses arising in such 

habitats, and how the handling of either ion is influenced by the presence of the other, is 

not known. In this respect, the unresolved role of the cus system, in copper and silver 

detoxification, may hold a clue. Under aerobic conditions, the cus system is redundant for 

copper homeostasis (6,39). Even under anaerobic conditions, CopA from the cue system 

remains the most important copper efflux protein (6). On the other hand, for Ag(I) 
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detoxification, the cus system attains the primary role. The cue system is nearly 

ineffective for protection against silver toxicity in spite of strong Ag(I) induction and 

efficient Ag(I) transport by CopA (39,41,42). Given that the cus system is necessary for 

moderate Ag(I) detoxification, during a combined Cu(I) and Ag(I) stress, it may be 

imagined to have a role in preventing silver poisoning of copper efflux system in E. coli. 

In this work, through the example of CueO, we have studied the structural and 

functional overlap between copper and silver handling in E. coli. We first show that Cu(I) 

metallosubstrate ions bind CueO at the rCu site and at two extra sites along the 

methionine-rich helix, using mostly methionine ligation. The rCu site has been shown to 

be the site for Cu(I) metallosubstrate binding and oxidation while the extra sites along the 

methionine-rich helix have been shown to bind excess Cu(I) and enhance the Cu(I) 

oxidase activity. We then demonstrate strong inhibition of Cu(I) oxidase activity of CueO 

by Ag(I) and show that Ag(I) binds CueO at the same sites as Cu(I) substrate. Finally, 

cell growth experiments show that the cue system, while necessary and sufficient for full 

copper tolerance under aerobic copper stress in the absence of Ag(I), is insufficient in the 

presence of 5 µM Ag(I). Inclusion of the otherwise redundant cus system is necessary to 

restore full copper tolerance. Thus, a specific role of the cus system could be to prevent 

silver inhibition of copper detoxification in E. coli. 
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Materials and Methods 

Strains and Growth Media. Wild-type E. coli strain W3110 and cus deleted strain 

W3110 ΔcusCFBA::cm (GR6) (18) were used for copper tolerance assays using Luria 

Bertani (LB) media without added NaCl as the growth media. Strain BL21-DE3 was used 

for protein over expression and grown in normal LB media. 100 µg/ml ampicillin was 

added to all growth media as the antibiotic. For copper tolerance assays, overnight 

cultures of W3110 or GR6 were diluted 1:500 with fresh LB media (without NaCl) and 

grown for 2 hours at 37 ºC, with shaking at 200 rpm. This culture was diluted 1:500 using 

fresh LB  media (without NaCl) in the presence or absence of 5 µM AgNO3 and differing 

concentrations of CuSO4, and grown at 37 ºC, with shaking at 200 rpm. After 15 hours, 

the optical density at 600 nm wavelength was measured to monitor growth.  

Mutagenesis and Protein Isolation. Three forms of wild-type CueO and two site-

specifically mutated CueO proteins were used in this study. Of these, four proteins have 

been expressed recombinantly in fusion with a C-terminal Strep-TagII affinity epitope 

and isolated from over producing E. coli cells as previously described (17,22). These are 

CueO (wild-type) (17), Apo-CueO (same as CueO but without copper cofactor), T1D-

CueO (type 1 copper depleted C500S mutant CueO) (31) and ΔMet-CueO 

(M358,361,362,364,366,368S mutant CueO). The remaining protein, ΔTag-CueO (wild-

type CueO without Strep-TagII epitope), was expressed without any purification tag and 

with all extraneous linker sequences removed. T1D- CueO was constructed using a PCR-

based approach as previously described (22,31). ΔMet-CueO and ΔTag-CueO were 

generated from the wild-type CueO insert (EcoRI and PstI) in plasmid pASK-IBA3 
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(IBA, Göttingen, Germany) as the template in a PCR-based approach using the following 

primers. Forward ΔTag-CueO,  

5’-AAATCTAGATAACGAGGGCAAAAAATGCAACGTGATTTCTTAAAATATTC-

3’ and reverse ΔTag-CueO,  

5’-AAACTGCAGTTATACCGTAAACCCTAACATCATCCC-3’. Restriction sites are 

underlined, stop site is in italic and base changes are in bold. The PCR amplified ΔTag-

CueO fragment was inserted into pASK-IBA3 between the XbaI and PstI restriction sites. 

All five proteins were expressed in the absence of Cl- ion, which was previously 

shown to bind CueO at the TNC (32). Accordingly, Tris-SO4 buffer was used at all steps 

of purification in place of Tris-Cl. Proteins were loaded with Cu(II) cofactor by addition 

of 5 mM CuSO4 to the cell lysate, except for Apo-CueO. ΔTag-CueO expression and 

purification was similar to previously described method for CueO purification (17,22) up 

to the stage of obtaining cell lysate centrifuged to remove insoluble material. (NH4)2SO4 

salt was added to lysate up to 60% saturation resulting in the near complete precipitation 

of all soluble ΔTag-CueO in a single fraction. ΔTag-CueO precipitate was separated from 

the soluble fraction by centrifugation (32000 g, 4 ºC, 15 min) and resolubilized in 

minimal amount of 10 mM Tris-SO4 buffer, pH 9.0. Excess salt was removed by 

extensive dialysis against 10 mM Tris-SO4 buffer, pH 9.0 and the dialysed protein loaded 

on to a HighPrep 16/10 Sepharose Fast Flow (Amersham) ion exchange column 

equilibrated with 10 mM Tris-SO4 buffer at pH 9.0. Unbound protein was removed by 

washing with buffer (10 mM Tris-SO4 buffer, pH 9.0) and bound protein was eluted with 

a linear gradient of 0-500 mM Na2SO4 in 10 mM Tris-SO4 buffer (pH 9.0). Eluted 
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fractions were checked for presence of a UV-visible absorption band at 610 nm (Varian 

Cary 300), indicating the presence of ΔTag-CueO protein. ΔTag-CueO containing 

fractions were pooled, concentrated and loaded on to a sephacryl column for size 

exclusion chromatography to remove remaining contaminants. Eluted fractions showing a 

610 nm absorption band were pooled and a sample was loaded on to SDS-polyacrylamide 

gel and stained with Coomassie dye, which displayed a single band. The purity of the 

protein was estimated to be greater than 95%. UV-visible spectra of purified ΔTag-CueO 

showed a ratio of A280/A610 that was identical to that of CueO with intact strep-tag 

(A280/A610 = 11.0). Apo-CueO was isolated and purified in the absence of added copper, 

resulting in a colorless, copper-free protein. Protein concentrations were determined 

spectroscopically (Varian Cary 300) using an ε280 of 63,036 M–1 cm–1, which was 

estimated based on the protein sequence. 

Steady-State Oxygen Consumption Kinetics. Steady-state Cu(I) and Fe(II) oxidase 

activities were measured in terms of rates of oxygen consumption using an oxygraph 

(Hansatech, Cambridge, UK) as previously described (22). Stock solutions of the 

substrates were prepared in an anaerobic chamber to avoid aerial oxidation. The 

substrate, Cu(I), was added as a complex [Cu(I)(MeCN)4]PF6
 (Sigma-Aldrich) and Fe(II) 

was added as the complex Fe(NH4)2(SO4)2.6H2O. Fe(II) oxidase activity was seen only in 

the presence of 1 mM Cu(II) added to the reaction mixture as CuSO4, to stimulate activity 

through binding at the regulatory copper site (31). Inhibition kinetics measurements were 

made similar to steady-state Cu(I) oxidase activity measurements, except that the Cu(I) 

substrate concentration was held constant at 500 µM and the concentration of AgNO3 was 



 

 

66 

 

varied. Small (25 µl) aliquots of AgNO3 (10 nM to 1 mM) were added into the reaction 

mixture (950 µl) containing 10 µg/ml protein in 100 mM Tris-acetate buffer (pH 5.0). A 

25µl aliquot of Cu(I) substrate, stored as 20 mM stock solution of [Cu(I)(MeCN)4]PF6, 

was added to initiate the reaction. All kinetic measurements were made at 23 ºC and at 

pH 5.0. Activity measurements were plotted as a function of substrate or inhibitor 

concentration using SigmaPlot 7.0 (SSI, Richmond, CA) and kinetic constants, KM and 

kcat, were evaluated using a least squares fit of a Michaelis-Menten curve to a plot of the 

enzyme activities, after subtracting the baseline, enzyme independent, oxidation of Cu(I) 

or Fe(II). 

Crystallization. Protein crystals were obtained by the hanging drop method as 

previously described (32). All forms of CueO crystallized under identical conditions. For 

data measurement, crystals grown in 16% polyethylene glycol 4000, 0.2 M ammonium 

acetate, 0.1 M sodium acetate, pH 4.6, were transferred to the similar solution with a 

higher concentration of polyethylene glycol (30%), and treated as follows. The Apo-

CueO crystal was not treated with anything, resulting in the copper free structure referred 

to as Apo-CueO. The T1D-CueO crystal was treated with 25 mM CuSO4 for 50 min, 

resulting in the structure referred to as T1D-CueO+Cu(II). A second T1D-CueO crystal 

was treated similarly and was then reduced with Na2S2O4 (sodium dithionite) (30 mM) 

for 5 min, resulting in the structure referred to as T1D CueO+Cu(I). ΔMet-CueO was 

treated with ~10 mM of the Cu(I) donating complex [Cu(I)(MeCN)4]PF6 for 2 min, 

turning the crystal from blue to colorless. The resulting structure is referred to as ΔMet-

CueO+Cu(I). ΔTag-CueO was crystallized with 3 mM AgNO3 included in the 
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crystallization buffer. A monoclinic crystal of ΔTag-CueO was not treated with anything 

and diffracted to high resolutions (1.1 Å) resulting in the structure called ΔTag-CueO-

Loop. 

Data Collection and Structure Determination. Crystals were picked up in a small 

loop (Hampton), flash-frozen in liquid nitrogen and diffraction data measured at 100 K. 

Data for ΔMet-CueO+Cu(I) and ΔTag-CueO-Loop were collected at SSRL, beamline 9-2 

on a MAR325 detector. T1D-CueO+Cu(II) and T1D-CueO+Cu(I) data were collected at 

APS, beamline 14BM-C (BioCARS) on a Q315 detector. Diffraction data for Apo-CueO 

and ΔTag-CueO+Ag(I) were measured in house at 100 K on a Rigaku R-Axis IV++ 

imaging plate system. Diffraction data were also measured using synchrotron radiation at 

APS beamline 14 BM-C (BioCARS). All data were processed with d*TREK (44) (Table 

1). The structures were determined using wild-type CueO as a starting model (PDB entry 

1KV7) (32). Structures were modeled with COOT (45), refined with REFMAC5 (46) and 

figures prepared using PyMOL (W. L. DeLano, http://www.pymol.org). 
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RESULTS 

Crystal Structure of Apo-CueO. We investigated Apo-CueO to address the role of 

copper in CueO folding, specially the disordered loop region (residues 379 - 403). Apo-

CueO was isolated and purified in the absence of added copper, resulting in a colorless, 

copper-free protein. The protein crystallized under the same conditions as wild-type 

CueO, and diffracted to 2.0 Å, similar to the resolution we see for copper-containing 

protein when collected on the same instrument. The structure of Apo-CueO is essentially 

identical to the holo protein (PDB ID 1KV7) (32) except for the complete absence of 

copper at any of the binding sites. Backbone structural alignment using pyMOL yields a 

small root mean square deviation of 0.173 Å (Fig 1). A single water molecule occupies 

the TNC and is located at a position halfway between the two T3 copper positions in the 

native protein at distances ranging from 2.7 Å to 3.8 Å from the eight histidine residues 

normally coordinating the copper atoms (Fig 2a). The position of this water is roughly 

identical to the bridging Cl- ion in wild-type CueO structure reported previously (31). The 

T1 copper site (Fig 3a) and the rCu site is empty, with no evidence of any water molecule 

occupying them.  Previously reported CueO structures have contained a ~24-residue 

disordered region (residues 379 and 403). In this structure, density for residues 395-402 

is interpretable, although weak, and those residues have been added to the model.  

Thus, CueO readily folds in the absence of copper. Apo-CueO may reside in the 

periplasm with final holo assembly occurring as copper concentrations rise during copper 

stress. 



 

 

69 

 

Crystal Structure of T1D-CueO+Cu(II). To investigate Cu(II) binding at the rCu 

site and along the methionine-rich region in CueO, we determined the crystal structure of 

Cu(II) bound T1D-CueO. Cysteine 500 is one of the ligands of the T1 (blue) copper in 

CueO, and part of the HCH motif that is a signature of MCOs. His 499 and His 501 ligate 

two of the copper atoms in the TNC, the site of oxygen reduction. The C500S mutation 

results in a colorless protein that is not catalytically active (22).  

T1D-CueO crystallized under the same conditions as CueO and a T1D-CueO 

crystal was soaked in 25 mM CuSO4, for 50 minutes and the structure determined. Since 

the T1D-CueO protein was prepared using CuSO4 rather than CuCl2 as the copper source, 

it was expected that the TNC would be oxygen bridged rather than chloride bridged. The 

overall protein structure was identical to that reported earlier for CueO that contained a 

chloride-bridged TNC (31). Differences were apparent, however, at both the T1 copper 

site and at the TNC. 

The TNC showed electron density for a bridging oxygen atom between the T3 

copper pair and was modeled as such (Fig 2b). However, we observed residual difference 

electron density at the T3 copper centers, indicating that a mixture of reduced and 

oxidized copper atoms were likely present. The T3 copper ions were 4.78 Å apart from 

each other and 2.41 Å to 2.44 Å from the bridging oxygen. These distances are slightly 

large for fully oxidized, oxygen-bridged T3 coppers. The electron density near the T2 

copper, where a water molecule normally coordinates the T2 copper, was Y-shaped in 

this and other structures of T1D-CueO. We could not unambiguously interpret this 

density and have modeled it as closely spaced water molecules.   
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Copper was not found at the T1 site in the structure of the C500S mutant.  The 

site was instead occupied by a water molecule hydrogen bonded to all residues normally 

coordinating the T1 copper except Met 510, and to a backbone carbonyl of L442. 

Hydrogen bonding groups were: His 505 (2.69 Å), His 443 (2.71 Å), Ser 500 (2.67 Å), 

and backbone carbonyl of Leu 442 (2.77 Å). The position of the water molecule 

occupying the T1 site was ~0.8 Å from that of the T1 copper atom in the native protein 

(Fig 3b). The lack of catalytic activity observed for the C500S mutant is easily explained 

by the absence of the T1 copper (22). 

Surprisingly, the rCu site was empty in the structure of T1D-CueO soaked with 

Cu(II), whereas it was occupied in a previously described wild-type CueO crystal soaked 

in CuCl2 (31). 

Crystal Structure of T1D-CueO+Cu(I). A crystal of T1D-CueO protein was 

soaked with CuSO4 that was freshly reduced by sodium dithionite to generate Cu(I) for 

binding to the protein and comparison to the Cu(II) soaked structure. Data was collected 

and the structure determined. Since T1D-CueO is inactive, Cu(I) substrate was expected 

to be trapped at the metallosubstrate binding sites. Unlike with Cu(II), Cu(I) was fully 

occupied in the rCu site (Fig 4a) and additionally bound along the methionine-rich helix 

(Fig 5a). The rCu site displayed coordination distances as follows: Met 441 (2.25 Å), Met 

355 (2.25 Å), OD1 Asp 360 (2.32 Å) and OD2 Asp 439 (2.23 Å) (Fig 4b). This geometry 

was slightly different from that seen for the wild-type protein complexed with Cu(II) 

(31). The main difference was seen in the axial water moving away (3.1 to 3.60 Å) and 
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Met 441 coming closer (2.5 to 2.25 Å), when compared to the geometry of Cu(II) ligation 

at the same site  

Two more copper atoms were bound near the regulatory copper site along the 

methionine-rich helix. In each case they were ligated by two methionines and solvent 

water molecules. They had the following ligation distances: Cu 605 is 2.19 Å from Met 

358 and 2.64 Å from Met 362. Cu 605 was also bound to a water molecule, wat 391 (3.0 

Å). Cu 606 was 2.47 Å from Met 376 and 2.65 Å from Met368. The water ligands were 

at 3.11 Å (wat 299) and 2.38 Å (wat 371) from the copper ion (Fig 5a). 

No copper atoms were bound at these three sites in T1D CueO+Cu(II) structure. 

However, in wild-type CueO, Cu(II) binds at the rCu site when soaked in excess Cu(II), 

as noted above. The T1 site was largely occupied with water as also seen in T1D-

CueO+Cu(II), although slight residual electron density suggests Cu(I) may have been 

present. However, the coordination distances were: 2.56 Å from His 443, 2.39 Å from 

His 505, 3.93 Å from Met 510 and 2.59 Å from Ser 500. These distances are inconsistent 

with copper ligation. 

Two more copper ions were also seen in the structure. These, however, seem 

unlikely to be functionally important. Cu 607 was bound at the protein surface and 

ligated to His 488 as previously seen for native CueO. Another copper ion (Cu 608) is 

bound at a site near the TNC where copper was not previously seen to bind. This copper 

was ligated to Met 417 (2.36 Å), His 145 (2.17 Å), water 224 (2.67 Å) and water 291 

(2.65 Å).  
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The TNC was well occupied with copper and was linearly bridged with an oxygen 

atom. However, the distances between the copper atoms (3.92 Å to 4.70 Å) suggested 

partially reduced copper ions at this site. The density for wat 17 above the T2 Cu was 

slightly elongated, suggesting a mixture of different chemical species.  

Crystal Structure of ΔMet-CueO+Cu(I). We mutated all the six methionine 

residues along the methionine-rich helix to examine the role of these residues in CueO 

activity. The crystal structure of ΔMet-CueO+Cu(I) shows an overall structure similar to 

that for native CueO. The structure displayed linear oxo-bridged T3 copper atoms and a 

significantly depleted T2 copper site (Fig 2c). The T3 copper atoms were linearly bridged 

with an oxygen atom (O 701) and at a distance of 2.03 Å from Cu 602 and 1.95 Å from 

Cu 603. The distances between the copper atoms at the TNC (3.35-3.92 Å) suggested an 

oxidized state for the copper atoms. The T2 copper was modeled with a low occupancy of 

~40% and a high B-factor of 37 Å2. It is unlikely that the depletion of T2 copper would 

have resulted from insufficient copper loading of the protein since the labile rCu site was 

well occupied in this structure. Similar effect on T2 occupancy on removal of a 

methionine-rich sequences resulting in copper depletion was recently observed for the 

related MCO McoA from Aquifex aeolicus (47). The rCu site, in the present structure, 

was modeled as partially occupied (~50%), with a B-factor of 26.5 Å2. 

The sites of the mutations are closer to the T1 site than the TNC, yet the T1 

copper site seems unaffected by the methionine to serine mutations. The T1 copper site is 

fully occupied with a well ordered copper ion (Fig 3c), which is likely in the Cu(I) 

oxidation state since soaking with Cu(I) readily turned the crystal from blue to colorless, 
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suggesting reduction of T1 copper. Reduced occupancies of the T2 and the rCu sites 

observed in the structure of ΔMet-CueO+Cu(I) suggest that the methionine residues 

along the methionine-rich helix may have a role in the assembly of functional, holo 

CueO. 

The helical fold of the protein at the site of the mutations (M358, 361, 362, 364, 

366, 368S) remains intact but no copper atoms were seen at these sites. The serines were 

better ordered than the corresponding methionines in the wild-type CueO structure (Fig 

5b).  

The additional, presumably non functional, copper sites observed in the structure 

of T1D-CueO+Cu(I), one coordinating His 488 and another coordinating His 145 and 

Met 417, were also observed in the present structure, but were less well occupied. 

Crystal Structure of ΔTag-CueO+Ag(I). CueO without the C-terminal strep 

purification tag was produced to ensure that the tag was not affecting the activity or 

structure of CueO. Its structure cocrystallized with 3 mM Ag(I) was determined to 

capture Ag(I) binding sites in CueO and with the hope that Ag(I) binding may result in 

ordering of the disordered portion of the methionine-rich insert in CueO. The protein 

crystallized under the same conditions as the tagged protein and the overall structure was 

very similar to those previously described. The C-terminal was well ordered in the ΔTag-

CueO structure, including the carboxylate group. 

The TNC was well occupied with copper at all three positions. T3 copper ions 

were almost linearly bridged with an oxygen atom (O 801) (Fig 2d). However, the 

distances between the copper atoms (3.58 Å to 4.30 Å) suggested a partial reduction. The 
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density for wat 16 near the T2 Cu is convincing, unlike the case for T1D-CueO 

structures. The coordination distances for T2 and T3 coppers at the TNC are inconsistent 

with a Ag(I) ion occupying any of these sites. 

ΔTag-CueO+Ag(I) crystals were blue in color suggesting that Cu(II) and not 

Ag(I), was occupying the T1 site. This was confirmed from the T1 Cu(II) ligation 

distances in the resulting structure, which were as follows: 2.00 Å from His 443, 2.12 Å 

from His 505, 3.22 Å from Met 510 and 2.22 Å from of Ser 500 (Fig 3d). 

Ag(I) was found to bind along the methionine-rich helix and at the rCu site (Fig 

4c). The ligation distances at the rCu site were as follows: Met 441 (2.71 Å), Met 355 

(2.86 Å), OD1 of Asp 360 (2.36 Å) and OD1 of Asp 439 (2.46 Å). The main difference 

was seen in the axial water being lost and all the ligating residues moving away, when 

compared to the geometry of either Cu(I) or Cu(II) ligation at the same site (Fig 4d). 

Two more Ag(I) ions were seen binding along the methionine-rich helix, in the 

same locations as found for Cu(I). However, The Ag(I) occupancies were only ~50% and 

their B-factors were high (Fig 5c). There was no evidence of water molecule ligation to 

Ag(I) ions, unlike with Cu(I). The bound Ag(I) ions showed the following geometries: 

Ag 702 was 2.76 Å from Met 358, 2.86 Å from Met 362. Ag 703 was 2.53 Å from Met 

376 and 2.80 Å from Met 368. (Fig 5d). 

Atomic Resolution Crystal Structure of ΔTag-CueO-Loop Revealing the Structure 

of the Previously Unseen Disordered Loop. CueO has a 45 amino acid insert (residues 

355 - 400), part of which forms a methionine-rich helix (residues 356 - 371) blocking 

access to the T1 site and the rest (residues 378 - 400) is disordered and not seen in the 
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structure (32). The crystal structure of ΔTag-CueO was determined at a resolution of 1.1 

Å, allowing the electron density for this disordered region to be interpreted. These 

residues (378 - 403) have been added to the model. The structure shows that residues 378 

– 403 form a solvent-exposed loop extending across the methionine-rich helix (Fig 10). 

The structure of this ~20-residue region, containing 5 methionines and 5 histidines, 

suggests that this region may contribute ligands towards Cu(I) binding at the nearby 

methionine-rich helix.  

In a separate study, a Glu 506 to Asp mutant CueO was prepared to study the role 

of Glu 506 in oxygen reduction at the TNC. The preparation and characterization of this 

mutant, including the determination of a 1.5 Å structure of E506D CueO soaked in Cu(I) 

substrate, displaying a novel oxygen reduction intermediate at the TNC, is described 

Appendix C. The structure of Cu(I) bound E506D CueO also displayed Cu(I) substrate 

binding along the methionine-rich region and at the rCu site, however, with a different 

coordination geometry for one of the Cu(I) substrate ions that is bound to Met 258 and 

Met 362. His 398, which is part of the disordered loop not seen in the T1D CueO+Cu(I) 

structure, was seen in this structure to coordinate the Cu(I) as the third ligands (Fig 10). 

In T1D CueO+Cu(I) structure, a water molecule was modeled as ligating this Cu(I) ion in 

place of His 398. Superpositioning with the ΔTag-CueO-Loop structure revealed a large 

conformational change in the structure of this disordered region upon Cu(I)-binding, 

allowing a distant H398 residue to come closer and coordinate of one of the Cu(I) ions 

bound at the methionine-rich helix, as seen in the E506D CueO+Cu(I) structure (Fig 10). 
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Kinetics and Spectra. We investigated the Cu(I) oxidase activity in ΔMet-CueO to 

evaluate the role of the methionine-rich helix in catalysis. The steady-state Cu(I) and 

Fe(II) oxidase activities of CueO and ΔMet-CueO were measured in terms of rates of 

oxygen consumption using an oxygraph. The resulting KM and kcat values are tabulated in 

Table 2. While KM remained largely unchanged between the wild-type and the ΔMet-

CueO proteins, the kcat for Cu(I) oxidase activity is decreased four-fold (Fig 6a), and 

Fe(II) oxidase activity is decreased two-fold in the ΔMet-CueO mutant (Fig 6b). The 

ΔTag-CueO protein was also evaluated and found to be unchanged with respect to the 

tagged protein. 

To investigate if Ag(I) could inhibit Cu(I) oxidase or Cu(II) stimulated Fe(II) 

oxidase activity in CueO, steady state rates of oxygen consumption by ΔTag-CueO were 

measured as previously described but modified to make measurements at a constant 

saturating concentration of the substrate [500 µM Cu(I) or 500 µM Fe(II) + 1 mM Cu(II)] 

and increasing concentration of AgNO3. Initial rates of oxygen consumption were 

normalized against the maximal rate obtained in the absence of Ag(I) and plotted as a 

function of Ag(I) concentration. The results show a sharp decline in activity with 

increasing Ag(I) concentration. Activity falls to 50% at ~1 µM Ag(I) (Fig 7a).  

Ag(I) has been previously found to remove one of four conserved copper atoms in 

MCO (15). To investigate if the mechanism of inactivation involves removal of one of 

four conserved coppers in CueO, increasing concentrations of Ag(I) was titrated into 30 

µM CueO at pH 5.0 and the spectra recorded. No loss of peaks at 330 nm or 610 nm was 

observed until [Ag(I)] > 100 µM. At 1 mM Ag(I), absorption at 610 was found to 
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decrease by 50% while absorption at 330 nm increased slightly (Fig 7b). At high Ag(I) 

concentrations (> 0.5mM), a slight turbidity was noticed, which could contribute to 

higher scattering at lower wavelength regions in the spectra. Alternatively, increase in 

absorption at 330 nm could come from Cu(II) ions displaced from ΔMet-CueO by Ag(I). 

However, none of these factors were of importance at the lower Ag(I) concentration 

where inhibition was already maximal. 

T1D-CueO was colorless as isolated and was previously shown to be inactive 

(22). Both T1D-CueO+Cu(II) and T1D-CueO+Cu(I) structures show a complete loss of 

copper at the T1 site. Solution spectra of T1D-CueO shows a loss of absorbance at 610 

nm and instead shows a broad peak near 470 nm and a peak at 326 nm (Fig 8a). These 

features in the UV-visible absorption spectrum have previously been suggested to 

represent the peroxide intermediate in the oxygen reduction cycle of the MCO laccase 

(48,49). However, the structure of T1D-CueO does not indicate any peroxide in the TNC. 

The spectra of ΔMet-CueO as isolated shows a roughly two-fold lower ratio of 

A280/A333 and A280/A613 as compared to wild-type CueO suggesting depletion and / or 

reduction of copper centers in this mutant (Fig 8b). The ΔMet-CueO+Cu(I) structure also 

shows partially depleted copper atoms at the T2 Cu and rCu sites, but not at the T1 

copper site. It should be noted that both Fe(II) and Cu(I) oxidase activities are measured 

in the presence of copper, which could possibly restore depleted coppers in ΔMet-CueO, 

but the oxidase activity in this mutant remained diminished in spite of such possibilities 

(Fig 6). 
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Copper Tolerance Assay. To investigate if inclusion of small amounts of Ag(I) 

could compromise the ability of E. coli cells to tolerate copper stress, and if so, whether 

the Ag(I)-detoxifying cus system could restore full copper tolerance in presence of Ag(I), 

we performed the following experiment. Two E. coli strains, wild-type strain W3110 and 

strain GR6 which has cusCFBA removed from strain W3110, were grown in LB media 

with or without 5 µM Ag(I) added to the growth media, and at increasing Cu(II) 

concentration. To assess growth, optical density at 600 nm was measured after 15 hours 

of aerobic growth at 37 ºC (Fig 9). In the absence of Ag(I), no difference is seen in the 

growth of wild-type and cus deleted strain, consistent with previous findings (6). 

However, with just 5 µM Ag(I) included in the growth media, the cus deleted strain 

showed a marked copper sensitive phenotype, whereas the wild-type strain survived 

copper stress in the presence of Ag(I) nearly as well as in the absence of Ag(I). 
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DISCUSSION 

A growing number of multicopper oxidases (such as CueO and PcoA from E. 

coli, CopA from P. syringae and McoA from A. aeolicus) are being discovered as part of 

copper detoxification systems in bacteria, including CueO (38,47,50). The presence of 

methionine-rich sequences and the ability to oxidize Cu(I) have emerged as two common 

features shared by these proteins, implying functional importance. However, the exact 

role of these features in copper detoxification remains unknown. In this study, we have 

determined crystal structures of Cu(I) bound T1D-CueO, providing a clear description of 

Cu(I) metallosubstrate binding sites in CueO. The structure reveals that the rCu site in 

CueO is the Cu(I) metallosubstrate binding and oxidation site (Fig 4) and the methionine-

rich helix binds two more Cu(I) ions using ligation by Met 358 and Met 362 for the first 

site and Met 368 and Met 376 for the second site (Fig 5). While not essential for Cu(I) 

oxidase activity, the methionines on the methionine-rich helix have a role in enhancing 

the Cu(I) oxidase activity of CueO. Mutation of these methionines results in a four fold 

decrease in the Cu(I) oxidase activity of ΔMet-CueO in comparison to wild-type CueO 

(Fig 6). The methionine-rich regions in CueO may therefore explain the 10-fold to 40-

fold higher kcat for Cu(I) oxidase activity in CueO in comparison to the related MCOs, 

yeast fet3p and human ceruloplasmin, respectively (22,51). The methionine-rich helix 

may also have a role in efficient incorporation of copper cofactors in CueO, specially T2 

copper and rCu (Fig 8b). These copper atoms were found to be significantly depleted in 

ΔMet-CueO, which had six methionines on the methionine-rich helix replaced by serines 
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(Fig 2), even though the overall structure and the helical fold of the methionine-rich helix 

remained unchanged (Fig 5). 

It would be imperative that detoxification systems designed for handling one 

metal ion stress be able to function in the face of toxic amounts of other metal ions since 

toxic metals often occur together. Copper detoxification systems in general and the cue 

and cus system of E. coli in particular have the ability to bind and transport Ag(I), a well 

recognized Cu(I) mimic (39,41,42).  Ag(I) may therefore inhibit copper detoxification 

mechanisms by competing for copper binding sites in these systems. We tested this 

hypothesis in CueO by determining the CueO structure in presence of Ag(I) and found 

that Ag(I) binds CueO at the same sites as Cu(I) substrate (Fig 5). Furthermore, we found 

Ag(I) to be a potent inhibitor of both the Cu(I) oxidase activity and the Cu(II) stimulated 

Fe(II) oxidase activity in CueO (Fig 7). At Ag(I) concentrations that resulted in strong 

inhibition of CueO activity, neither the Ag(I) bound structure (Fig 2 and Fig 3), nor the 

UV-visible spectra of CueO (Fig 7), showed any evidence of replacement of the four 

conserved copper ions in CueO with Ag(I). These results strongly suggest a competitive 

inhibition mechanism to be operative, at least at low µM concentrations of Ag(I).  

Based on Ag(I) binding in CueO and a strong in vitro Ag(I) inhibition of CueO 

activities, we hypothesized that small amounts of Ag(I) may also inhibit in vivo copper 

detoxification by the cue system. To test this hypothesis, we conducted copper tolerance 

assays using wild-type and cus deleted strains of E. coli in the presence or absence of 5 

µM Ag(I). The cus system was deleted to reveal the Ag(I) inhibition of the cue system 

since the cus system has been previously shown to be capable of moderate Ag(I) 
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detoxification in E. coli, but redundant for copper detoxification under aerobic conditions 

(6,39). We found that in presence of the cue system alone, E. coli cells showed a marked 

decrease in copper tolerance when 5 µM Ag(I) was included in the growth media. This 

suggested an inhibition of copper detoxification by the cue system. In the wild-type 

strain, where the cus system is intact, no such inhibition is seen (Fig 9). These results 

suggest that a specific role for the cus system in aerobic copper tolerance could be to 

prevent Ag(I) poisoning of the cue system. 

Ag(I) inhibition of  Cu(I) Substrate  Binding and Activity in CueO and the Role of 

Methionine-rich Helix. CueO has broad substrate specificity and oxidizes several 

compounds in vitro (22). However, all substrates except Cu(I), are inactive unless excess 

Cu(II) is included to stimulate activity through binding at the regulatory copper site (31). 

It is therefore likely that these substrates first transfer electrons to the rCu site, rather than 

to the T1 copper site, and generate Cu(I) in the process. Catecholic substrates of CueO, 

like 2,6-dimethoxy phenol, can also reduce Cu(II) in solution, generating Cu(I) even in 

the absence of CueO. These results strongly suggested rCu to be the Cu(I) substrate 

binding site in CueO (22). However, CueO also has a methionine-rich insert part of 

which forms a helix that lies very close to the rCu site, and could potentially provide 

additional Cu(I) binding sites. 

To investigate Cu(I) binding sites in CueO, we determined the Cu(I) bound 

structure of T1D-CueO. T1D-CueO was chosen so as to trap Cu(I) substrate since it is 

incapable of Cu(I) oxidation (22). The structure shows Cu(I) binding at the rCu site (Fig 

4) and at two new sites along the methionine-rich helix (Fig 5). Each of the two new 
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Cu(I) binding sites in CueO involve Cu(I) ligation using two methionine residues and 

either one or two water molecules. These new sites do not bind Cu(II). Neither a T1D-

CueO crystal, nor a native CueO crystal, when soaked with Cu(II) resulted in Cu(II) 

binding at these sites (31). A bit surprisingly, the rCu site too is empty in the structure of 

the T1D-CueO soaked with Cu(II) whereas it was occupied in a native CueO crystal 

treated similarly (31).  

Cu(I) binding at the rCu site is distinct from Cu(II) binding at the same site. The 

main difference is seen in the axial water moving away by 0.5 Å and Met 441 coming 

closer by 0.25 Å, when compared to the geometry of Cu(II) ligation at the same site. This 

geometry is expected since Cu(I) is considered a “soft” ion and would prefer coordination 

with S-methionine over O-water ligands. 

Cu(I) is bound along the methionine-rich helix using a novel dithioether ligation 

(Met2-Cu(I)) and one or two water molecules (Fig 5). While Cys2-Cu(I) ligation is well 

known and can result in very tight Cu(I) binding, as seen, for example, in CueR (20), 

Met2-Cu(I) ligation is rare. The closest known example is the Met2His-Cu(I) binding in 

PcoC (52). The Met2His-Cu(I) binding site is also found in CusF, which is a periplasmic 

copper chaperone in E. coli with a novel fold for a copper binding protein (24). In CusF, 

a tryptophan residue is seen to be involved in a unique cation-π interaction between the 

metal ion and a tryptophan sidechain, which appears to fine tune the metal binding 

affinity of this site to suit the chaperonin function of CusF (53). Such low coordination 

and low affinity Cu(I) binding at solvent exposed methionine-rich sites seem well suited 

for a copper transfer function (54). However, proteins that may interact and / or exchange 
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Cu(I) with CueO have not yet been discovered. Another possibility is that these 

methionine-rich copper sites in CueO function in efficient copper incorporation at the 

conserved copper sites (T1, T2 and T3), or in efficient procurement of Cu(I) substrate. 

These possibilities were investigated with ΔMet-CueO. The change of six methionines to 

serines on the methionine-rich helix had no effect on the overall fold of the protein, or on 

the helix formation (Fig 5). However, copper occupancies at the T2 (Fig 2) and rCu (Fig 

4) sites are significantly reduced and consistent with these results, UV-visible absorption 

spectrum of ΔMet-CueO shows two-fold reduced absorptivities at 330 and 610 nm, 

arising from the TNC and the T1 copper sites, respectively (Fig 8b). However, under the 

conditions of the Cu(I) oxidase activity measurements, where up to 500 µM Cu(I) is 

added, or Fe(II) oxidase activity measurements, where 1 mM Cu(II) is added, the 

partially occupied copper sites in ΔMet-CueO are likely to be fully filled. In spite of these 

possibilities, ΔMet-CueO mutant showed a four-fold reduction in Cu(I) oxidase activity 

and a two-fold reduction in Fe(II) oxidase activity, compared to wild-type CueO (Table 

2). These results suggest a role for the methionine-rich insert in enhancing the Cu(I) 

oxidase activity in CueO, in addition to a possible role in incorporation of copper 

cofactors during holo enzyme assembly. 

To test if the same sites that bind Cu(I) can also bind Ag(I), we determined the 

crystal structure of Ag(I) bound ΔTag-CueO. Since Ag(I) is not oxidized by CueO, its 

binding could be studied in the wild-type CueO with intact T1 site. The crystal structure 

confirms Ag(I) binding at the same sites as Cu(I) (Fig 4 and Fig 5), and also confirms that 

the strep purification tag had no effect on the structure beyond a minor change at the C-
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terminus. The metal ion binding geometries, however, change to accommodate the larger 

Ag(I) ion in place of the smaller Cu(I) ion, resulting in a general increase in the ligation 

distances for Ag(I) at both the rCu site and the two additional sites on the methionine-rich 

helix. Another difference is seen in the loss of all water ligands when Ag(I) is 

coordinated at the methionine-rich helix. Interestingly, in presence of up to ~4-fold 

excess of Ag(I) over CueO (3 mM Ag(I) added to 0.7 mM CueO in the crystallization 

buffer), the T1, T2 and T3 pair of copper ions remain intact in the structure. This is in 

contrast to other studies in literature where Ag(I) has been shown to readily replace 

conserved copper atoms in MCOs (14,15,37). It is likely that the presence of extra Ag(I) 

binding sites in CueO provide a buffer against Ag(I) binding at the conserved copper 

sites. 

Ag(I) is a potent inhibitor of CueO oxidase activity. The maximal Cu(I) oxidase 

activity in CueO is reduced ~50% by 1 µM Ag(I). Inhibition remains equally potent for 

the Cu(II) stimulated Fe(II) oxidase activity (Fig 7). Consistent with the structure of 

Ag(I) bound ΔTag-CueO showing copper atoms at the TNC and T1 sites, and Ag(I) at the 

rCu and at the extra sites along the methionine-rich helix, the UV-visible spectra of 

ΔTag-CueO shows no change in the absorptivities at 330 and 610 nm when titrated 

against Ag(I). At high concentrations (> 100 µM), ΔTag-CueO does show a slow 

decrease in 610 nm aborptivity suggesting T1 Cu replacement by Ag(I). It seems that the 

empty rCu site and the sites along the methionine-rich helix are filled first by added Ag(I) 

and when these sites are saturated, Ag(I) begins to replace existing coppers in the 

conserved sites. 
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Metallosubstrate binding at the methionine-rich helix in CueO involves movement 

of the nearby flexible loop. The 1.1 Å crystal structure of ΔTag-CueO, called ΔTag-

CueO-Loop, reveals the structure of the disordered region in CueO (residues 378 – 403) 

not seen in any previous structure. This region forms a solvent-exposed loop extending 

across the methionine-rich helix (Fig 10). This ~20-residue disordered region contains 5 

methionines and 5 histidines and may therefore contribute to Cu(I) binding at the nearby 

methionine-rich helix. Superimposition of this structure with the Cu(I) bound E506D 

CueO structure reveals a large conformational change allowing the distant His 398 

residue in the ΔTag-CueO-Loop structure to come closer and coordinate of one of the 

Cu(I) ions bound at the methionine-rich helix in E506D-CueO+Cu(I) (Fig 10). Electron 

density for His 398 that coordinates one of the Cu(I) ions bound to the methionine-rich 

helix in E506D-CueO+Cu(I), was not well defined in the structure of Cu(I) substrate 

bound T1D-CueO that was determined at a lower resolution (1.8 Å) where this density 

was interpreted as a water ligand. Based on these results, it appears that the region of 

residues 378 – 403 in CueO is flexible and undergoes a conformational change upon 

Cu(I) binding at the methionine-rich helix. This disordered loop, together with the nearby 

methionine-rich helix may function to tune the specificity of CueO towards Cu(I) as the 

likely in vivo substrate (33). 

Ag(I) Effect on Copper Homeostasis and the Role of Cus System in Copper / 

Silver Tolerance. Based on the strong inhibition of CueO activity by Ag(I), it seems 

likely that small amounts of silver could inhibit copper detoxification by the cue system. 

Copper tolerance assays show that the cue system, which is capable of complete copper 
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tolerance in presence of oxygen, becomes incapable of full copper tolerance when as little 

as 5 µM Ag(I) is included in the growth medium. Inclusion of the cus system is needed to 

restore full copper tolerance (Fig 9). The cus system has been previously shown to be 

redundant for aerobic copper tolerance but capable of moderate Ag(I) detoxification (39). 

Thus, it is likely that the cus system would prevent Ag(I) poisoning of the cue system by 

removing Ag(I) from the periplasm. Alternatively, silver inhibition of CueO may lead to 

Cu(I) accumulation in the periplasm and the cus system may provide an alternate path for 

Cu(I) removal and thus restore full copper tolerance. 

Habitats such as industrial wastes, mines and hospitals may present heavy metal 

stress from multiple ions. Coper and silver can be found together in copper mines and in 

hospitals using simultaneous copper and silver treatment of water. It is therefore 

imperative that detoxifications systems meant for one metal ion be able to function in 

presence of other metal ions. In this respect, the apparent overlap and redundancy in 

copper homeostatic systems in E. coli, could be seen as a mechanism to counter a 

combined copper / silver stress occurring in such environments. 

The copper efflux ATPase CopA is strongly induced by Ag(I) in E. coli and 

capable of transporting Ag(I) across  membranes almost as efficiently as Cu(I), yet the 

level of protection against Ag(I) imparted by CopA is very weak (41,42). In contrast, the 

cus system provides a substantial Ag(I) tolerance in spite of a weak induction by Ag(I) 

(39). What could be the reason for this difference? If Ag(I) were to be more toxic in the 

periplasmic space than in the cytoplasm, CopA would be of little help in such a situation 

since it pumps Cu(I) / Ag(I) ions from the cytoplasm into the periplasm. On the other 
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hand, the cus system would be more useful since it pumps Cu(I) / Ag(I) from the 

periplasm into the extracellular space. Since Ag(I) is a Cu(I) mimic, its primary target 

could be the copper proteins, all of which reside in the periplasm. Thus, Ag(I) could 

indeed be more toxic in the periplasm. This would make cus system the primary system 

for protection against Ag(I) toxicity in E. coli. Under a combined Cu(I) and Ag(I) stress, 

induction of the cus system should be maximal and the level of protection against Ag(I) 

should increase. 

Thus, a specific role of the cus system, under aerobic conditions, could be to 

provide protection against a combined copper and silver toxicity rather than against either 

of them singly. 
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Figure Captions 

Figure 1. Superpositioning of apo and holo CueO, demonstrating near identity. 

Shown are the alpha carbon traces of Apo-CueO (green) and holo CueO (PDB ID 1KV7, 

blue). Structures were aligned in PyMOL and the root mean square deviation between the 

carbon alpha atoms in the two structures was found to be 0.173 Å.  

Figure 2. Comparison of trinuclear copper sites in Apo-CueO, T1D-CueO bound 

with Cu(II), ΔMet-CueO bound with Cu(I), ΔTag-CueO bound with Ag(I). (a) Empty 

TNC in Apo-CueO (2.0 Å resolution). Transparent gold spheres mark the positions of 

coppers in the holo protein (1N68) that are completely missing in the apo protein. (b) 

Oxo-bridged TNC in T1D-CueO+Cu(II) (1.5 Å resolution). (c) ΔMet-CueO+Cu(I) (2.1 Å 

resolution). Note the weak electron density for T2 copper, which is partially depleted. (d) 

ΔTag-CueO+Ag(I) (2.0 Å resolution). The TNC is fully occupied with copper. No 

evidence of Ag(I) in TNC could be seen. Electron density maps have been contoured at 1 

σ (a and d) or 2 σ (b and c). 

Figure 3. Comparison of Type 1 copper sites in Apo-CueO, T1D-CueO bound 

with Cu(II), ΔMet-CueO bound with Cu(I) and ΔTag-CueO bound with Ag(I). (a) Empty 

site in Apo-CueO. The transparent gold sphere marks the T1 copper position in the holo 

protein (PDB ID 1KV7). (b) A well ordered water molecule occupies the site in T1D-

CueO+CuII. (c) The site is fully occupied with copper in ΔMet-CueO+Cu(I). (d) The site 

is fully occupied with copper in ΔTag-CueO+Ag(I). All electron density maps have been 

contoured at 2 σ. 
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Figure 4. Comparison of Cu(I) and Ag(I) binding at the regulatory copper site. (a) 

The site is fully occupied with Cu(I) in T1D-CueO+Cu(I). (b) Geometry of Cu(I) 

ligation. (c) Ag(I) binds with full occupancy at the rCu site in ΔTag-CueO+Ag(I). (d) 

Geometry of Ag(I) ligation. All electron density maps have been contoured at 1 σ and 

distances shown are in Å units. 

Figure 5. Close up of copper binding sites on the methionine-rich helix in CueO. 

(a) Cu(I) binding in T1D-CueO. (b) Bindings eliminated by six methionine to serine 

mutations in ΔMet-CueO. The helical structure at the site of the mutations is maintained 

and copper binding at the rCu site is intact (density not shown). The serines are well 

ordered in ΔMet-CueO mutant compared to the methionines in the wild-type protein, 

which are largely disordered at the same positions (c). Ag(I) inhibitor ions bind ΔTag-

CueO at the same sites as Cu(I) substrate ions bind in T1D-CueO. (d) Distances (in Å) of 

the methionine residues and the water molecules ligating the two extra Cu(I) ions binding 

along the methionine-rich helix. All electron density maps have been contoured at 1σ. 

Figure 6. Steady state kinetic measurements of rates of oxygen consumption by CueO 

(circles) and ΔMet-CueO (diamonds); (a) Cu(I) as substrate. (b) Fe(II) as substrate. 

Plotted are mean and standard deviation (error bars) of three measurements of the initial 

rate of oxygen consumption upon addition of substrate at varying concentrations. The 

solid lines are a non-linear fit of a Michaelis-Menten equation through the plotted data, 

yielding KM and kcat values for each of the two proteins (CueO or ΔMet-CueO) and for 

each of the two substrates (Cu(I) or Fe(II)). The fitted values ± errors are tabulated in 
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Table 2. Rates were measured using 280 nM protein at pH 5.0, temperature 23 °C. 1 mM 

CuSO4 was included in the reaction mixture for Fe(II) oxidase activity measurements. 

Figure 7. Ag(I) inhibition of CueO activity. (a) Steady state kinetic measurements 

of oxygen consumption by ΔTag-CueO with either Cu(I) (closed circles) or Fe(II) (open 

circles) as substrate, in presence of increasing amounts of Ag(I) inhibitor. Plotted are the 

fraction of maximum activity (at [Ag(I)] = 0) as a function of Ag(I) concentration at 

constant saturating concentration (500 µM Cu(I) or 500µM Fe(II) + 1 mM Cu(II)) of 

substrate. The solid line and dashed lines are inverse hyperbolic fits to the closed circles 

(Cu(I) oxidation) and open circles (Fe(II) oxidation), respectively. (b) Fractional changes 

in the absorbance at 330 nm (open circles) and 610 nm (closed circles) upon titration of 

30 µM ΔTag-CueO with Ag(I). Plotted are absorbencies at each Ag(I) concentration 

normalized with respect to the absorbance at [Ag(I)] = 0. Activities were measured using 

0.2 µM protein at pH 5.0, 23 ºC. 

Figure 8. (a) UV-visible absorption spectra of T1D-CueO (dashed line) and CueO 

(solid line). (b) UV-visible absorption spectra of ΔMet-CueO (short-dashed line), CueO 

(long-dashed line) and ΔTag-CueO (solid line) 

Figure 9. Ag(I) inhibition of copper tolerance in E. coli is rescued by the cus 

system. Plotted are the cell growths of wild-type E. coli strains W3110 (triangles) and 

W3110-Δcus strain GR6 (squares) as a function of [CuSO4] in absence (open symbols) or 

presence of 5 µM Ag(I) (closed symbols). Plotted are the means of three measurements at 

each CuSO4 concentration and the error bars representing the standard deviations. 
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Figure 10. Cu(I)-binding at the methionine-rich helix involves conformational change in 

the nearby, disordered loop. Shown is the superimposition of the methionine-rich insterts 

(region 355-400) in ΔTag-CueO-Loop (blue) and the E506D-CueO+Cu(I) (green). 

Residues 378-397 that are mostly disordered and not seen in the structure of E506D-

CueO+Cu(I), were visible in the ΔTag-CueO-Loop structure, possibly on account of 

better resolution for the latter structure (1.1 Å for ΔTag-CueO-Loop and 1.5 Å for 

E506D-CueO+Cu(I)). The two structures superimpose well except in the region of 

residues 397-400, where a large conformation change is seen involving H398 that moves 

closer to and ligates the Cu(I) ion at the nearby Cu(I)-binding site, in the structure of 

Cu(I) bound E506D-CueO. 
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Table 1: X-Ray Data Measurement and Refinement Statistics for CueO. 

 Apo ΔTag + 
Ag(I) 

T1D + 
Cu(II) 

T1D + 
Cu(I) 

ΔMet + 
Cu(I) 

ΔTag-
CueO-
Loop 

wavelength (Å) 1.5418 1.5418 0.9002 0.9002 1.3799 0.9794 

resolution (Å) 2.0 2.0 1.5 1.8 2.1 1.1 

total no. of 
reflectionsa 

117974 / 
11595 

87132 / 
6911 

178472 / 
18392 

194368 / 
19120 

103795 / 
10237 

1024651 
/ 98990 

no. of unique 
reflectionsa 

30192 / 
3018 

31709 / 
3175 

76648 / 
7632 

45480 / 
4553 

54484 / 
5499 

188928 / 
18866 

completeness 
(%)a 95 / 93 96 / 93 95 / 99 93.5 / 97 97 / 95 99 / 100 

mean I/σI
a 12.6 / 2.9 7.5 / 2.1 10.1 / 1.9 8.4 / 2.1 11.2 / 4.7 8.4 / 2.5 

Rsym
a, b 0.097 / 

0.353 
0.080 / 
0.334 

0.056 / 
0.244 

0.150 / 
0.330 

0.043 / 
0.131 

0.084 / 
0.354 

rmsd bonds (Å) 0.034 0.022 0.027 0.026 0.022 0.029 

rmsd angles (º) 2.4 2.1 2.3 2.0 1.9 2.31 

Rcryst /  
Rfree

 a , c 
0.18 / 
0.25 

0.18 / 
0.24 

0.18 / 
0.22 

0.20 / 
0.27 

0.16 / 
0.23 

0.196 / 
0.223 

aOverall/outermost shell.  bRsym = (Σh│Ih–<I>│)/(ΣhIh), where <I> is the mean intensity 

of all symmetry-related reflections Ih.  cRcryst = (Σ│Fobs–Fcalc│)/ΣFobs.  Rfree as for Rcryst, 

using a random subset of the data (5%) not included in the refinement. 
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Table 2: Table of Rate Measurementsa. 

Fe(II)b Oxidation                          Cu(I)c Oxidation 

CueO ΔMet-CueO CueO ΔMet-CueO 

235 ± 16 102 ± 8 952 ± 30 260 ± 13 

 
 
 
 
      kcat (min-1) 

 
 
 

 
     KM (µM) 

120 ± 25 135 ± 31 81 ± 8 55 ± 11 

a Determined from steady-state oxygen consumption rates using 280 nM protein at pH 

5.0, temperature 23 °C. Protein concentrations were determined from absorption at 280 

nm. b 1 mM CuSO4 was included in the reaction mixture and Fe(II) was added as the 

complex Fe(NH4)2(SO4)2.6H2O. c Cu(I) was added as the Cu(I) donating complex 

[Cu(I)(MeCN)4]PF6. 
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1Abbreviations: T1D, T1 copper depleted (C500S mutant CueO); MCO, multicopper 

oxidase; T1, type 1; T2, type 2; T3, type 3; rCu, regulatory copper (rCu site also binds 

Cu(I) substrate), TNC; trinuclear center. 
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ABSTRACT 

Muticopper oxidase enzymes contain a T1, a T2 and two T3 copper ions and 

catalyze the 4-electron reduction of dioxygen to water. A 2-electron and a 4-electron 

reduced oxygen intermediate, called the peroxide and the native intermediates, 

respectively, are proposed to form in the reaction but their structures are unknown. In this 

study, mutation of a conserved glutamate proposed to stabilize the native intermediate, 

E506 in CueO, has been used to trap and structurally characterize the intermediate. A 1.5 

Å crystal structure of the E506D CueO mutant soaked in substrate Cu(I) revealed a single 

oxygen atom at the center of the T2-T3 trinuclear copper center, which was interpreted as 

the 1-electron reduced native intermediate and defining the geometry of this intermediate. 

The crystal structures of the resting oxidized state and the fully reduced states in wild-

type CueO were also obtained and shown to be distinctly different from the trapped 

intermediate. Comparison of single turnover oxygen reduction measurements in the wild-

type and E506D mutant CueO, show the appearance of spectrally identical, fully reduced 

oxygen intermediates, which differ in their rates of decay in the two proteins. An 

Intermediate-I appears within 2 ms after initiating the reaction, and undergoes a slow, 

biphasic decay to the resting oxidized state via an Intermediate-II. The rate of conversion 

of Intermediate-II to the resting oxidized state is ~5-fold slower in E506D CueO than in 

the wild-type protein (kobs2 = 3.2 min-1 and 0.7 min-1, respectively). Steady state kinetic 

measurements show a ~10-fold reduced kcat for E506D CueO. Taken together, these 

results are suggest a role for E506 in the decay of the native intermediate to the resting 
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oxidized state in CueO, or its conversion to the fully reduced state under multiple 

turnover conditions, and are consistent with the structural results.  
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INTRODUCTION 

CueO is a member of the large family of multicopper oxidase (MCO) enzymes 

that couple four one-electron substrate oxidation steps to the four-electron reduction of 

dioxygen to water (1): 

4S → 4S+ + 4e- 

4e- + O2 + 4H+ → 2H2O 

` 

The family includes laccases, ascorbate oxidase, ceruloplasmin, Fet3p (2) and more 

recently, CueO and PcoA (3). MCOs typically contain four copper atoms consisting of 

one Type 1 (T1), one Type 2 (T2) and two Type 3 (T3) copper atoms. The T1 or “blue” 

copper site gives rise to the absorption peak at 610 nm in the UV-visible spectra. T2 or 

“normal” copper, and two T3 or “binuclear” copper atoms form a trinuclear center 

(TNC). T3 copper atoms, when bridged by ligand, give rise to a peak in the region of 

~330 nm (1). Substrate molecules bind near the T1 copper site, and are oxidized releasing 

one electron each. Four electrons thus released are then shuttled through the T1 site to the 

TNC where dioxygen binds and is reduced to water. MCOs can oxidize a wide variety of 

organic substrates including polyphenols, L-ascorbate, aromatic polyamines, 

siderophores and certain metallosubstrates such as Mn(II), Cu(I) and Fe(II). MCOs are 

involved in a variety of functions that include lignin degradation, pathogenesis in fungi 

involving laccases, iron homeostasis in yeast involving Fet3p and copper homeostasis in 

E. coli involving CueO. 
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CueO, a 53 kDa periplasmic protein, is essential for copper tolerance in E. coli. CueO has 

a wide substrate specificity and oxidizes several organic and metallosubstrates in vitro. 

Substrates for CueO include 2,6-dimethoxy phenol, 2,3-dihydroxy benzoate, 

enterobactin, Fe(II) (4,5) and Cu(I) (6). With the sole exception of Cu (I), all other CueO 

substrates require excess Cu(II) for their efficient oxidation (4,7).  

While the substrate to be oxidized varies from one MCO to another, the substrate 

reduced in an MCO is dioxygen. Reduction of dioxygen to water is a fundamental 

reaction in nature and is a subject of extensive study. In MCOs, two intermediates 

corresponding to the 2-electron and the 4-electron reduced states of oxygen, have been 

trapped and characterized spectroscopically (2). These intermediates, namely the 

peroxide and the native intermediates, have unique spectroscopic features that reflect 

novel geometries and electronic structures of copper-oxygen interaction (8). The 

structures of these intermediates are not known but are key to understanding the oxygen 

reduction mechanism. Based on the detailed spectroscopic studies of oxygen reduction in 

MCOs such as laccases and fet3p, a reaction mechanism has been proposed, which is 

outlined in Fig 1 and described below. 

All four copper atoms are reduced to Cu(I) in the fully reduced state, which shows 

no UV-visible absorption peaks. Dioxygen binds at the TNC in the fully reduced state 

and is reduced by 2 electrons to form O2
2-, the peroxide intermediate, at an O2 

concentration dependent rate of k ~ 2 x 106 M-1s-1 (9). This state is characterized by UV-

visible absorption peaks at ~330 nm and a broad peak at ~470 nm. In the next step, O2
2- is 

further reduced by 2 electrons to form 2O2-, the native intermediate, splitting the O-O 
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bond in the process. This state, with all copper centers fully oxidized and dioxygen that is 

fully reduced, is characterized by UV-visible absorption peaks at ~316 nm, ~365 nm and 

~610 nm. The rate of conversion of the peroxide to the native intermediate has not been 

measured but is expected to be fast and greater than 350 s-1, the rate for the appearance of 

the native intermediate (9,10). At low pH (pH = 5.0), two conserved residues, a glutamate 

near the T3 copper atoms (E506 in CueO, E478 in Fet3p) and an aspartate near the T2 

copper (D112 in CueO, D94 in Fet3p), have been implicated in the protonation of the 

peroxide ion and thereby assist the reductive cleavage of the O-O bond in the peroxide 

ion (10-12). However, protonation does not seem necessary for the conversion of the 

peroxide to the native intermediate and the reductive cleavage of the O-O bond can also 

be achieved by a proton unassisted manner, just as efficiently (13). Indeed, the rate of 

formation of native intermediate in the wild-type enzyme is clearly pH independent (9). 

At low pH (pH = 5.0), the aspartate near the T2 copper is thought to deprotonate a water 

molecule ligated to the T2 copper and thus drive the oxidation of T2 copper upon 

dioxygen binding. E506 has been suggested to protonate either the O2- ion (10) or the 

native intermediate (12).  

In the absence of reducing substrate, the native intermediate decays to the resting 

oxidized state. This step involves release of one of the oxygen atoms as water molecule 

while the other oxygen atom remains bound to the T2 copper as an OH- ion for nearly 30 

minutes, after which it is exchanged with the bulk solvent (14). This decay has been 

shown to be monophasic, with a rate constant of k ~ 0.035 s-1, which is too slow for this 

step to be catalytically competent. In the decay process, absorption peaks at ~316 nm and 
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~365 nm, which are characteristic of the native intermediate, decay and merge into a 

single peak at ~330 nm while the peak at ~610 nm remains unchanged (15).  

Under multiple turnover conditions, the native intermediate is directly converted 

to the fully reduced state in a process whose details are not known. This step must 

involve the procurement of at least three more protons and release of two water 

molecules along with the reduction of the four copper centers (Fig 1). How these protons 

are procured and how water is released from the TNC and ultimately from the protein, is 

unknown. Two water-filled channels, one leading from the T2 copper and lined by the 

conserved aspartate and another leading from the T3 copper atoms and lined by the 

conserved glutamate, are found in all multicopper oxidases, except MaLa laccase (16,17). 

These two channels may serve as pathways for procurement of the protons and release of 

the water molecules formed as a product of the reaction. Here we investigate the role of 

the conserved glutamate (E506 in CueO) in these processes. 

We have studied the chemical mechanism of oxygen reduction in CueO using 

stopped-flow and flash-photolysis transient kinetic measurements and determined the 

crystal structures for three distinct states in the reaction cycle, namely the resting 

oxidized, fully reduced and the native intermediate states. Measurements with mutant 

protein E506D CueO reveal a role for this residue in the decay of the native intermediate. 

Together, these data suggest an essential role for Glu 506 in enhancing water product 

formation and release during catalysis. 
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Materials and Methods 

Mutagenesis and Protein Isolation. Wild-type CueO and E506D CueO proteins 

were expressed recombinantly in fusion with a C-terminal Strep-TagII affinity epitope 

and isolated from over producing E. coli cells as previously described (5,6). ΔTag-CueO 

(wild-type CueO without Strep-TagII epitope) was expressed without any purification tag 

and with all extraneous linker sequences removed, as previously described (Appendix B). 

E506D CueO was constructed using a PCR-based approach as follows. Wild-type CueO 

insert (EcoRI and PstI) in plasmid pASK-IBA3 (IBA, Göttingen, Germany) was used as 

the template in a PCR reaction using the following primers. Forward E506D CueO, 5’-

CATCTGCTGGAGCATGATGATACGGGGATGATG-3’ and reverse E506D CueO, 

5’-CATCATCCCCGTATCATCATGCTCCAGCAGATG-3’. Base changes are in bold. 

The site-specific mutation was confirmed by DNA sequencing of both strands. 

All proteins were loaded with Cu(II) cofactor by addition of 5 mM CuSO4 to the 

cell lysate. All proteins were expressed and purified in the absence of Cl- ions and 

buffered using 100 mM Tris-SO4, pH 8.0, as previously described (Appendix B). All 

protein concentrations were determined spectroscopically (Varian Cary 300) using an ε280 

of 63,036 M–1 cm–1.  

Steady-State Oxygen Consumption Kinetics. Steady-state Cu(I) oxidase activity 

was measured in terms of rates of oxygen consumption using an oxygraph (Hansatech, 

Cambridge, UK) as previously described (6). The substrate, Cu(I), was added as a 

complex [Cu(I)(MeCN)4]PF6
 (Sigma-Aldrich). Since Cu(I) is prone to aerial oxidation, 

stock solutions of the substrate were prepared in an anaerobic chamber in test tubes 
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sealed with a rubber septum. Small (25 µl) aliquots of Cu(I) stock solutions were added 

into the reaction mixture of 975 µl containing 10 µg/ml protein in 100 mM Tris-acetate 

buffer (pH 5.0). All kinetic measurements were made at 23 ºC. Activity measurements 

were plotted as a function of substrate concentration and kinetic constants, KM and kcat, 

were evaluated using a least squares fit of a Michaelis-Menten curve using SigmaPlot 7.0 

(SSI, Richmond, CA). Baseline, enzyme independent oxidation of Cu(I) was subtracted 

from the velocities before fitting. 

Single Turnover Oxygen Reduction Kinetics. Fully reduced ΔTag-CueO and 

E506D CueO were rapidly mixed with air saturated buffers in a stopped-flow instrument 

and spectral changes in the regions of ~280 nm to 440 nm and 480 nm to 720 nm 

wavelength were recorded at every 16 ms using an RSM 1000 rapid-scanning 

spectrophotometer (OLIS, Bogart, GA). Experiments were performed at 23 °C in 100 

mM sodium phosphate buffer (pH 5.5). Small aliquots of concentrated (~500 µM) protein 

were placed into 2 ml quartz cuvettes and sealed with rubber septum. The protein 

samples were deoxygenated by blowing Ar on the surface for ~30 min and diluted into 

deoxygenated buffer inside an anaerobic glove box, to a final concentration of 30 µM to 

50 µM. UV-visible absorption spectra were recorded on a Varian Cary 300 dual beam 

spectrophotometer. Four-electron equivalents of freshly made, degassed sodium 

ascorbate were then added and reduction allowed for 30 min inside the anaerobic 

chamber. The spectra of the reduced proteins were recorded to ensure complete 

reduction. Air saturated buffers were prepared by mixing 200 ml buffer with air in open 

containers for 30 minutes under magnetic stirring. The sample ports and sample syringes 
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of the stopped-flow instrument were thoroughly washed first with 1 mM sodium 

dithionite solution to consume oxygen, and then with deoxygenated buffer until all traces 

of sodium dithionite were removed (judged by monitoring the spectra of the washes). 

Reduced protein was loaded into one of the syringes, and oxygenated buffer was loaded 

into the other and both were allowed to equilibrate to 23 ºC for 10 min before mixing. 

Spectral changes were recorded at the rate of 62 scans/s for 60 seconds. The stopped-flow 

instrument has a dead time of ~2 ms. Spectral and kinetic traces were plotted using 

SigmaPlot while rate constants were evaluated using the Olis Global Works program 

from OLIS, Inc. (Bogart, GA). 

Electron Transfer Kinetics. To investigate intermolecular and intramolecular 

electron transfer kinetics, laser flash photolysis experiments were performed as described 

previously (7,18). Reaction mixtures (0.5 ml) containing 0.1 mM 5-deazariboflavin (5-

dRFH) and 1 mM semicarbazide (a sacrificial electron donor to flavin triplet state) in 

either 100 mM Tris-SO4 buffer (pH 8.0) or 100 mM Tris-acetate buffer (pH 5.0) were 

deoxygenated by bubbling with Ar for ~1 hr. Equimolar Cu(I) was added to 1 mM 

samples of E506D CueO and wild-type CueO to ensure full occupancy of all copper sites 

in the protein, since a diminished optical absorption at 330 nm was observed for E506D 

CueO (Fig 8). Unbound Cu(I) was removed using a desalting column. Protein solutions 

were then deoxygenated by blowing Ar over the surface for 30 min. Aliquots (5µl) of the 

deoxygenated protein samples were added to the reaction mixture using airtight syringes 

and Ar was blown over the surface for ~30 min to remove final traces of oxygen. 

Semiquinone (5-dRFH•), the source of electrons in the reaction, was formed by the 
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reaction of semicarbazide with the flavin triplet state formed upon excitation of 5-dRFH 

by a ns flash from a laser (dye) with emission wavelength = 395 nm. Kinetic traces 

corresponding to absorption changes at 610 nm (indicating reduction of T1 Cu(II)) were 

obtained after the laser flash at different times scales ranging from 5 ms to 2 s to capture 

the fast and slow phases of reduction and the very slow phase of T1 copper reoxidation. 

Kinetic traces were analyzed using KINFIT (OLIS, Jefferson, GA) and plotted using 

SigmaPlot 7.0 (SSI, Richmond, CA). Electron transfer rate constants were obtained from 

single exponential fits to kinetic traces. Mean ± standard errors were calculated from 

measurements made at five different enzyme concentrations. Second-order rate constants 

were obtained from the slope of a linear fit to a plot of observed reduction rates as a 

function of enzyme concentration. 

Crystallization. Monoclinic crystals of ΔTag-CueO and E506D CueO (with strep 

tag) were obtained by the hanging drop method as previously described and have 

approximate cell parameter of a = 49.8 Å, b = 90.5 Å, c = 53.1 Å, α = γ = 90.0º and β= 

102.9º (7). A second crystal form (orthorhombic, space group C2221) was found under 

similar conditions for the untagged protein with cell parameters of a = 69.2 Å, b = 73.1 

Å, c = 183.8 Å and α = β = γ = 90.0º. Orthorhombic crystals of ΔTag-CueO were 

obtained as follows. ΔTag-CueO in 100 mM potassium phosphate buffer, pH 8.0, 

concentrated to 40 mg/ml. Crystallization was set inside an anaerobic chamber using the 

crystallization buffer (16% polyethylene glycol 4000, 0.2 M ammonium acetate, 0.1 M 

sodium acetate, pH 4.6). Othorhombic crystals of ΔTag-CueO appeared within two days. 

For data measurement, crystals were transferred to a buffer solution identical to the 



 

 

123 

 

crystallization buffer except that the concentration of polyethylene glycol was kept at 32 

%, and treated as follows. Orthorhombic ΔTag-CueO crystal was not treated with 

anything, resulting in the resting oxidized state structure called ΔTag-CueO. A 

monoclinic crystal of ΔTag-CueO was reduced using 20 mM sodium dithionite inside an 

anaerobic chamber for 30 min, resulting in the structure called ΔTag-CueO-Reduced. An 

E506D CueO crystal was treated with 5 mM Cu(I) that was freshly prepared by reducing 

CuSO4 using sodium dithionite, for 2 min, resulting in the structure called E506D CueO 

+ Cu(I). Another freshly grown E506D CueO crystal was left untreated resulting in the 

structure called E506D CueO.  

Data Collection and Structure Determination. Crystal complexes were picked up 

in a small loop (Hampton), and flash-frozen in liquid nitrogen and diffraction data 

collected at 100 K. Data on ΔTag-CueO-Reduced was collected at SSRL, beamline 9-2 

on a MAR325 detector. Diffraction data for ΔTag-CueO, E506D CueO and E506D CueO 

+ Cu(I) were measured in house at 100 K on a Rigaku R-Axis IV++ imaging plate system. 

All data were processed with d*TREK (19) (Table 1). The structure of ΔTag-CueO, 

which crystallized in the orthorhombic crystal form, was determined by molecular 

replacement using MOLREP in the CCP4 program suit (20), and wild-type CueO as a 

starting model (PDB entry 1KV7) (7). Structures were modeled with COOT (21) and 

refined with REFMAC5 (20). Figures were prepared using PyMOL (W. L. DeLano, 

http://www.pymol.org). 
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RESULTS 

Steady-State Oxygen Consumption Kinetics and Spectra. Residue Glu 506 in 

CueO is close to the TNC and hydrogen bonded to a conserved water molecule, which in 

turn is hydrogen bonded to the oxygen species bridging the T3 Cu ion pair in the resting 

oxidized state. We prepared E506D mutant to examine its role in the formation and 

release of water product during catalysis. UV-visible absorption spectrum of E506D 

CueO displayed significantly reduced absorption intensity at 330 nm compared to the 

absorption intensity in the wild-type CueO (Fig 2). Decreased absorptivity at ~330 nm in 

E506D CueO suggested either a loss of copper cofactor binding at the TNC or a change 

in the optical absorptivity of the TNC. In the wild-type protein reduction by four electron 

equivalents of ascorbate, for ~30 min, led to complete loss of the absorption peaks at 330 

nm and 610 nm, corresponding to the oxidized TNC and the T1 copper centers, 

respectively. In E506D, a small residual absorption remained in the region of ~300 nm to 

450 nm (Fig 2), which persisted even if a slight excess of the reductant was added, 

suggesting a resistance to complete reduction in E506D CueO.  

To investigate the effect of E506D mutation on the oxidase activity of CueO, the 

steady-state Cu(I) oxidase activities of wild-type and E506D mutant CueO were 

measured in terms of rates of oxygen consumption, yielding values for KM and kcat (Table 

2). To ensure that the purification tag was not affecting the data, measurements with the 

tagged wild-type protein were also undertaken. While KM remained largely unchanged 

between the three proteins, the kcat for Cu(I) oxidase activity was decreased nearly 10-

fold in E506D CueO (Fig 3). KM and kcat values for CueO and ΔTag-CueO were 
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essentially identical (Table 2), suggesting that there was no interference from the C-

terminal Strep-TagII affinity epitope in the oxidase activity of CueO. 

Crystal Structure of E506D-CueO and the Disruption of a Water Channel. A 

freshly grown crystal of E506D CueO was frozen as crystallized (without further 

treatment) and its structure was determined to 2.0 Å resolution (Table 1). The structure 

displayed a TNC with a partial depletion of T2 Cu (~50%) and showed the presence of 

two oxygen species bound inside the TNC (Fig 4a). Removal of these two oxygen species 

resulted in a 3 σ positive difference electron density inside the TNC. The Cu - Cu and the 

Cu - O distances suggest that all copper ions were oxidized, as expected (Fig 4b). 

Electron density for Asp 506 at the mutation site confirmed the mutation and revealed a 

changed orientation for the carboxylate group in comparison to Glu 506 in the same 

position. Fig 4c shows a proposed water channel in the resting oxidized state CueO 

structure. The channel is lined by Glu 506 and Asp 507 that form a hydrogen bonded 

network connecting a chain of water molecules inside the channel (structure of ΔTag-

CueO is discussed further below). This channel may therefore be involved in shuttling 

water product from the TNC to the exterior of the protein or in shuttling protons to the 

TNC for protonation of oxygen intermediates. Fig 4d shows that this hydrogen bonded 

network is disrupted in the E506D CueO structure. As seen in the figure, the changed 

orientation of the carboxylate group in D506 results in the disruption of the hydrogen 

bond between D506 and next water molecule, which remained hydrogen bonded to Asp 

507  
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Crystal Structure of Reduced ΔTag-CueO. A crystal of ΔTag-CueO protein was 

reduced by addition of 20 mM freshly prepared Na2S2O4 (sodium dithionite), turning the 

crystal colorless. After ~30 minutes of reduction, the crystal was frozen, data collected at 

a SSRL synchrotron radiation facility and the structure determined to a resolution of 1.45 

Å (Table 1). The resulting structure shows a distinct TNC arrangement that is different 

from previously published CueO structures (7,22). Cu ions in the TNC were not bridged 

by any ligand (Fig 5a) and the Cu-Cu distances were in the range of 4 Å to 5 Å (Fig 5b), 

consistent with a reduced state for the copper ions. Interestingly, a conserved water 

molecule that is hydrogen bonded to Glu 506 and to the ligand bridging the T3 copper 

ions in the TNC of wild-type CueO structure, was completely absent in this structure. 

The structure of reduced TNC in ΔTag-CueO obtained in this work bears 

similarity to the TNC structure seen in reduced ascorbate oxidase (PDB ID 1ASO). 

However, in the structure of ascorbate oxidase, the water molecule near the TNC and 

hydrogen-bonded to the nearby glutamate, was intact (23). 

Crystal Structure of the Resting Oxidised State in ΔTag-CueO. An orthorhombic 

crystal of ΔTag-CueO was frozen as crystallized (without any treatment), and data were 

to 1.8 Å resolution (Table 1). The overall fold of the structure was found to be identical 

to the previously reported wild-type CueO structures that were obtained with monoclinc 

CueO crystals. However, the structure and ligand-binding geometry of the TNC in the 

present structure was distinctly different from the previously reported structures of wild-

type CueO, where a Cl- ion was found to bridge the T3 copper ion pair in a linear fashion 

(7). In the present structure, obtained under chloride-free conditions, an oxo-bridged TNC 
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was seen instead (Fig 5c). Distances between the copper atoms at the TNC were found to 

range between 3.55 Å to 3.84 Å, while the bridging oxygen species was located 1.95 Å 

from one T3 Cu and 1.91 Å from the other (Fig 5d). These distances are consistent with 

an oxidized state for all three copper ions in the TNC. 

Crystal Structure of E506D-CueO+Cu(I). A crystal of E506D-CueO protein was 

soaked with Cu(I) substrate generated by reducing CuSO4 by sodium dithionite,  leading 

to a structure at a resolution of 1.5 Å (Table 1). The resulting structure showed substrate 

Cu(I) ions bound at the rCu site and at two sites along the methionine rich helix that were 

previously shown to be Cu(I) and Ag(I) binding sites in CueO (Appendix B). The 

structure at the TNC clearly showed prominent electron density for an oxygen species 

near the center of the TNC, in addition to that for the oxygen species bridging the T3 Cu 

pair (Fig 5e). The Cu-Cu distances ranged from 3.7 Å to 4.3 Å (Fig 5f), which is 

intermediate between the fully reduced and the resting oxidized state distances. The two 

oxygen species bound between the three copper ions were closer to the T3 Cu ion bound 

to His 499 than to the other T3 Cu ion (Fig 5f). This suggested that the T3 Cu bound to 

His 501 was reduced in this structure. Curiously, the electron density for the water 

molecule above T2 Cu and bound to T2 Cu was elongated and was modeled as closely 

spaced water molecules. This suggests that the structure may represents a mixture of 

states, with an unidentified minor component.  

 Single Turnover Oxygen Reduction Kinetics. To investigate the role of Glu 506 in 

oxygen reduction at the TNC, transient spectral changes corresponding to the reaction of 

fully reduced wild-type and E506D mutant CueO with oxygen were recorded using a 
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stopped-flow instrument, at 23 °C and pH 5.5. Fig 6 shows the spectral changes 

associated with oxygen reduction in ΔTag-CueO for the first 60 s of the reaction while 

Fig 7 shows the corresponding changes for the mutant E506D CueO. Spectra of the fully 

reduced proteins were subtracted from all recorded spectra to remove the protein 

contribution and to clearly reveal the absorption changes at 295 nm. In both proteins, an 

Intermediate-I with absorption bands at 295, 350, 420 and 610 nm was formed within the 

dead time of 2 ms of the stop flow instrument, shown as the light gray spectra in Fig 6a 

(290 - 430 nm region) and 6c (500 – 700 nm region), for the wild-type protein, and Fig 7a 

and 7c, for the E506D mutant protein. Decay of Intermediate-I to the resting oxidized 

state occurs in two distinct phases. In the first phase, Intermediate-I decays to 

Intermediate-II, which has absorption bands at 295, 333 and 610 nm, as shown in Fig 6b 

and 6c, top panels (Fig 7b and 7c, top panels, for E506D CueO). This phase is completed 

in 6 s in the wild-type CueO and 12 s in E506D CueO. In the next phase, Intermediate-II 

decays to resting oxidized state (absorption bands at 333 nm and 610 nm), shown in Fig 

6b and 6c, bottom panels (Fig 7b and 7c, bottom panels, for E506D CueO). Single value 

decomposition was used to extract the spectra of each intermediate (Fig 6e for wild-type 

and 7e for E506D CueO) and their rates of decay (Fig 6f for wild-type and 7f for E506D 

CueO). The resulting rates are tabulated in Table 3. 

Differences between the wild-type and the E506D mutant CueO are apparent in 

both phases. The Intermediate-I → Intermediate-II conversion in the wild-type protein 

was characterized by a well-defined isosbestic point that was missing for the same phase 

in the mutant protein. Lack of an isosbestic point in E506D spectra suggests a mixture of 
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more than two species, possibly arising from the incomplete reduction of E506D CueO 

prior to reaction with oxygen (Fig 2). However, the rate of Intermediate-I → 

Intermediate-II conversion is nearly unchanged between the wild-type and the E506D 

mutant CueO (Table 3). In contrast, the Intermediate-II → resting oxidized state 

conversion was found to be ~5-fold slower in the mutant in comparison to the wild-type 

protein (Table 3), suggesting that the final appearance of the resting oxidized state is 

delayed in the mutant E506D CueO in comparison to wild-type CueO. The observed rate 

constants, lying in the range of ~ 1 min-1 to 18 min-1 (Table 3), indicated that neither of 

the two steps in the biphasic process was kinetically competent to be part of the catalytic 

cycle since CueO has an overall kcat = 688 min-1 (Table 2). 

Electron Transfer Kinetics. To investigate the effects of E506D mutation, and pH, 

on the rates of intermolecular (substrate to T1 copper) and intramolecular (T1 copper to 

the TNC, for example) electron transfer, laser flash photolysis experiments were 

performed, using semiquinone (5-dRFH•) as the source of electrons in the reaction. 

Kinetic traces corresponding to absorption changes at 610 nm (indicating the reduction of 

T1 Cu(II)) for wild-type, ΔTag-CueO and E506D mutant CueO proteins were obtained at 

pH 5.0 and at pH 8.0 as a function of the enzyme concentration.  

Kinetic traces are shown in Fig 8 corresponding to the absorption changes at 610 

nm after generation of 5-dRFH• by laser flash and its reduction of CueO. The results 

clearly show a biphasic reduction of the T1 copper, as was previously seen for CueO (7). 

This reduction is followed by a slow reoxidation of the T1 copper, not previously 

observed. The three phases: the 1st order reduction (Fig 8a), 2nd order reduction (Fig 8b) 
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and the 1st order reoxidation (Fig 8c) of the T1 Cu, are well resolved. The fastest is the 

2nd order reduction of the T1 copper by the semiquinone where the rate of reduction is 

dependent on protein concentration (Fig 8d, Table 4). This step is substantially enhanced 

at low pH (5.0) for both the tagged and untagged version for wild-type CueO (Table 3). 

The mutant displays a similar low pH rate as the wild-type. The 2nd order reduction likely 

represents the direct reduction of T1 copper by 5-dRFH• and suggests that at higher pH 

(8.0), the T1 site may be less accessible. The slower phase of reduction is independent of 

protein concentration and likely represents reduction of the TNC by 5-dRFH•, followed 

by the reduction of the T1 copper by the TNC. This phase is also enhanced at low pH. 

The slowest phase, not previously detected, is the reoxidation of T1 Cu, most likely 

through reduction of the TNC in the resting oxidized state,which has previously been 

reported for ascorbate oxidase with a similarly slow rate (24). This phase is absent from 

E506D CueO, possibly indicating that the TNC midpoint reduction potential is altered in 

E506D CueO. The measured reoxidation rate in the wild-type CueO (kET ≈ 3 to 6 s-1 at 

pH = 5.0) is slower than the overall kcat for CueO (~10 s-1 at pH = 5.0). It should however 

be remembered that in our experiments, reoxidation of T1 copper corresponds to an 

intramolecular electron transfer within a catalytically incompetent, resting form of the 

enzyme.  
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DISCUSSION 

 In spite of detailed spectroscopic characterization of the oxygen reduction 

mechanism in several laccases and Fet3p (1,2), the key structures of the reaction 

intermediates have remained elusive. A recent study reporting crystal structures of the 

reaction intermediates in a laccase (25) does not correlate the structural studies with 

either spectroscopy or kinetic measurements, which is critical for proper interpretation. 

The present study combines mutational analysis, transient kinetics of oxygen reduction 

and electron transfer, and steady state kinetic measurements, with the high-resolution 

crystallographic studies, leading to the determination of the structures of three of the four 

reaction states in CueO and also the disordered loop region not seen in previous 

structures of CueO. These studies reveal a role for the conserved glutamate, E506, in the 

decay of the native intermediate. 

Structures of Reaction Intermediates in CueO. Fig 5 describes the structures of 

three of the four reaction states in CueO, namely, the fully reduced state (5a and 5b), the 

resting oxidized state (5c and 5d) and the one-electron reduced form of the native 

intermediate (5e and 5f). The structures of the resting oxidized state and the fully reduced 

states bear close similarity to the structures of the corresponding states described for the 

related multicopper oxidase, ascorbate oxidase (AO) (23). As seen in AO, the T3 copper 

atoms in CueO move apart by ~1 Å and lose the bridging OH- as the resting oxidized 

state is fully reduced. Interestingly, the conserved water molecule that is hydrogen 

bonded both to the hydroxyl group bridging the T3 copper atoms and to the conserved 

glutamate (Glu 510 in AO and Glu 506 in CueO), is completely lost upon reduction in the 
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present study while it was found to be intact in the fully reduced structure of AO (PDB 

ID 1ASQ). Since dioxygen binds the TNC in the fully reduced state, it appears that the 

loss of the bridging ligand and the nearby water molecule hydrogen-bonded to it may 

serve to create space for a dioxygen molecule to approach and bind the TNC in the fully 

reduced state. Indeed, a dioxygen moiety was interpreted to occupy roughly the same 

position as the conserved water molecule in the crystal structure of another MCO, CotA 

(26). 

To trap the native intermediate, a crystal of the E506D mutant CueO protein was 

soaked with the substrate, Cu(I), in the presence of oxygen and diffraction data were 

measured in-house to minimize radiation damage. The resulting structure (Fig 5e and 5f) 

displays two oxygen atoms coordinated to the TNC, one in the center and one in the T3 

bridging position. It is tempting to suggest that these two atoms result from the binding 

and splitting of the dioxygen at the fully reduced TNC. 

Importantly, the electron density for the oxygen species bound internally at the 

TNC is particularly well defined and very prominent in this structure. The oxygen species 

bound internally is bonded to the T2 copper atom and one of the T3 copper atoms that 

which coordinates to His 499 and lies closer to Glu 506 and Asp 112. This T3 copper 

atom is also bonded to the other oxygen species, bound externally at the TNC and 

roughly occupying the same position as the bridging hydroxyl ligand in the resting state 

structure. The coordination distances of the internally and externally bound oxygen 

species from this T3 copper ion is 2.25 Å and 2.05 Å, respectively. The other T3 copper 

ion is further away from both oxygen species, with the corresponding distances being 
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2.87 Å and 2.78 Å, respectively. This suggests that this T3 copper ion, bound to His 501 

and lying further from the residues Asp 112 and Glu 506, is in the reduced state, the 

reducing electron being provided by the substrate, Cu(I). The distance between the two 

oxygen species is inconsistent with them being either dioxygen or peroxide ion. This 

arrangement is reminiscent of the proposed structure of the native intermediate, except 

that the T3 copper is unbound to the two oxygen species (2). Taken together, these results 

suggest that the trapped intermediate most likely represents a one electron reduced form 

of the native intermediate. Theoretical studies have suggested that the T3 copper ion 

lying away from Asp 112 and Glu 506, has a higher reduction potential (13). In this 

structure, the oxygen species bound internally to the TNC clearly bridges the T2 copper 

ion and one of the T3 copper ions. In this respect, the present structure is different from a 

previously reported structure of the “native intermediate” trapped in L. tigrinus laccase, 

where the oxo ion bound internally at the TNC was coordinated only to the T2 copper 

(25). Additionally, the distances between the three copper ions (ranging from 4.11 Å to 

4.94 Å) in the laccase structure, suggest that both of the T3 copper ions were reduced. 

Hence, the intermediate described in the structure of L. tigrinus laccase, likely represents 

a native intermediate reduced by 2 or more electrons. 

Electron density for the oxygen species bound internally at the TNC can also be 

detected in the resting state structure of E506D, obtained without the addition of the 

substrate Cu(I) (Fig 4a and 4b). However, in this structure, the density for the internally 

bound oxygen species, though interpretable, is not as well defined as in the structure of 

the Cu(I) bound E506D CueO (Fig 5e and 5f). This structure may represent a mixture of 
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two conformations where the major component is the resting oxidized state and the minor 

component is the native intermediate. 

A hydrogen-bonded chain of water molecules, leading from the TNC to the 

exterior of the protein, can be identified in the structure of wild-type CueO in its resting, 

oxidized state (Fig 4c). The E506D mutation disrupts this hydrogen-bonding network, as 

seen in the structure of E506D-CueO (Fig 4d). E506D mutation may therefore inhibit the 

transfer of protons necessary for the conversion of the fully reduced oxygen intermediate 

to water product, and its subsequent release from the TNC. This may explain the 10-fold 

reduction in kcat for E506D CueO compared to wild-type CueO (Table 2 and Fig 3). In 

addition, the movement of the carboxylate group on the mutated residue away from the 

TNC, may result in altered redox potentials of the T3 copper atoms relative to the T2 

copper atom. 

Decay of the Native Intermediate to the Resting Oxidised State in CueO is 

Biphasic and is inhibited by the E506D mutation. Transient spectral changes 

corresponding to the reaction of fully reduced wild-type and E506D CueO proteins with 

oxygen show the appearance of an identical intermediate (Intermediate-I) with absorption 

bands at 295, 350, 420 and 610 nm, that forms within 2 ms of of mixing in a stopped-

flow spectrophotometer (Fig 6 and 7). In both proteins, Intermediate-I decays to another 

intermediate, Intermediate-II, with absorption bands at 295, 333 and 610 nm, at similar 

rates of 17.7 s-1 and 12.5 s-1, respectively (Table 3). Based on the proposed reaction 

mechanism for MCOs (Fig 1), formation of the native intermediate is associated with the 

growth of the absorption band at 610 nm. The growth of the 610 nm band is nearly 
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complete in CueO within the 2 ms dead time of the instrument (Fig 6d and 7d), 

suggesting that the recorded spectral changes likely represent the decay of the native 

intermediate to the resting oxidized state. Intermediate-I therefore most likely represents 

the native intermediate. This interpretation is further supported by the rate of decay of 

this intermediate to the Intermediate-II, which is nearly 40-fold slower than the overall 

kcat of the enzyme. The slow decay rate rules out the interpretation of Intermediate-I as 

the peroxide intermediate, as suggested for the intermediate with similar absorption 

features obtained in human ceruloplasmin and R. vernicifera laccase (27,28). The 

position of the absorption bands for the native intermediate in CueO is thus different from 

those reported for the native intermediate formed in the recent studies on R. vernicifera 

laccase (absorption bands at 316, 365 and 610 nm) (15) and in the E506Q mutant CueO 

(absorption bands at 310, 350 and 610 nm with a faint shoulder at 410 nm) (12). The 

reason for these differences could not be identified.  

The formation of the native intermediate (Intermediate-I) and its decay to 

Intermediate-II remains essentially unchanged upon the E506D mutation, suggesting that 

residue Glu 506 does not play an essential role in the rate determining steps leading to 

either the formation of the native intermediate or its decay to Intermediate-II. This is 

consistent with previous studies on a similar mutant, E487D, in yeast Fet3p, showing no 

effect of the mutation on the kcat of the enzyme (10). These results are also consistent with 

studies showing the lack of a pH effect on the rates of formation of both the peroxide and 

the native intermediate in R. vernicifera laccase (9). 
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The difference in oxygen reduction kinetics between E506D CueO and wild-type 

CueO was most prominent in the decay of Intermediate-II to the final, resting oxidized 

state (absorption bands at 333 nm and 610 nm). This step is nearly 5-fold slower in the 

E506D mutant CueO (Table 3), suggesting that the final appearance of the resting 

oxidized state in E506D CueO is delayed. Since appearance of the resting oxidized state 

is associated with the loss of one of the oxygen ions in the native intermediate, most 

likely after protonation and conversion to a water molecule, the delayed appearance of 

this state in E506D CueO suggests that E506 may have a role in the proton-assisted decay 

of the native intermediate. 

The decay of the native intermediate to the resting oxidized state likely involves 

two steps: protonation of the native intermediate and a conformation change at the TNC 

allowing the internally bound oxygen ion to move out of the TNC and bind T2 copper ion 

externally as the OH- ion (2). The biphasic decay of the native intermediate observed in 

CueO may represent these two steps, in the same or reverse order. 

pH Dependence of T1 Copper Reduction Rates. Electron transfer kinetic 

measurements using semiquinone (5-dRFH•) as the electron source reveals a strong pH 

dependence of both the 1st and the 2nd order reduction rate of the T1 copper (Table 3). 

These reduction rates are decreased by at least an order of magnitude when the pH is 

raised from 5.0 to 8.0, suggesting that the accessibility to the T1 copper is decreased at 

the higher pH. Based on the apparent flexibility of the disordered loop (residues 379-403) 

near the methionine-rich helix (Appendix B), pH induced changes in the T1 copper site 

accessibility can be imagined to arise from the conformational changes in this loop.  
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Multicopper oxidases show a general decrease in activity at high pH for non-

phenolic substrates (29), probably because of the requirement for 4 protons per dioxygen 

molecule reduced in the catalytic cycle. In CueO, Cu(I) oxidase activity is decreased 11-

fold when the pH is raised from 5.0 to 7.0 (6). The observed decrease in T1 copper 

reduction rates at high pH may serve to provide an alternative mechanism for the pH 

dependence of activity in CueO (6,22). All CueO structures determined to date have been 

at lower pH. Structure determination of CueO at high pH (pH 8.0) should address these 

hypotheses. 

Role of the Conserved Glutamate in the Oxygen Reduction Mechanism. Steady 

state kinetic measurements of oxygen consumption show a 10-fold reduced kcat for the 

E506D CueO, compared to wild-type CueO (Fig 3 and Table 2), underlining a role for 

this conserved residue in the CueO catalytic mechanism. Mutation of Glu 506 to Gln, has 

been shown to further reduce the kcat by ~250-fold (12). To understand the role of Glu 

506 in the CueO catalytic mechanism, the effect of the E506D mutation on the rate of 

electron transfer to and from the T1 copper (Fig 8 and Table 4) and the rates of oxygen 

reduction at the TNC have been studied (Fig 6, Fig 7 and Table 3). The results suggest 

that neither the electron transfer from substrate to T1 copper, nor the catalytically 

competent steps in the single-turnover oxygen reduction kinetics, is changed, upon 

mutation. This suggests that the E506D mutation either affects the electron transfer from 

the T1 copper to the TNC or the conversion of the native intermediate to the resting 

oxidized state during multiple turnovers. Electron transfer kinetic measurements reveal 

that the mutation results in a loss of the reoxidation of T1 copper subsequent to its 
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reduction by the reducing substrate (Table 4). However, oxygen reduction kinetic 

measurements reveal that the T1 site in E506D CueO is oxidized almost as efficiently as 

in wild-type CueO, upon reaction of the reduced protein with oxygen (Fig 6 and Fig 7). 

The apparent contradiction in these results can be reconciled by realizing that the T1 

copper reoxidation rate does not measure the electron transfer rate from the T1 copper to 

a catalytically relevant state of the TNC, which is in the resting oxidized state in these 

measurements. The oxygen reduction rate measurements, on the other hand, involve a 

catalytically relevant oxidation rate of the T1 copper, which is found to be unchanged 

upon the E506D mutation. This leaves the reduction of the native intermediate to the 

fully reduced state as the only possible step that could be affected by the mutation during 

multiple turnovers. Conversion of the native intermediate to the fully reduced state 

requires several steps to be accomplished, namely, the protonation of the native 

intermediate, the conformational change at the TNC to allow release of the product water 

molecules and reduction of the copper centers. Similar steps, except for reduction of 

copper centers, must also be accomplished for the decay of the native intermediate to the 

resting oxidized state during single turnover. Since the E506D mutation decreases the 

rate of decay of the native intermediate to the resting oxidized state, it is likely that it also 

decreases the rate of conversion of the native intermediate to the fully reduced state.  

Taking all the structural and kinetics results together, this study suggests that the 

role of E506 in the CueO catalytic mechanism is the protonation of the native 

intermediate. 
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Figure Captions 

Figure 1. Proposed reaction mechanism in multicopper oxidases. Adapted from 

reference (2). 

Figure 2. UV-visible absorption spectra. Shown are E506D-CueO (dashed line) 

and ΔTag-CueO (solid line) in the resting oxidized state (black) and the fully reduced 

(gray) states. Tagged wild-type CueO displays identical absorption spectra to untagged 

CueO (not shown). 

Figure 3. Steady state oxygen consumption kinetics. Plotted are initial rates of 

oxygen consumption by E506D CueO (triangles), CueO (filled circles) and ΔTag-CueO 

(open circles) as a function of [Cu(I)]. The solid lines are a non-linear fit of a Michaelis-

Menten equation through the plotted data, yielding KM and kcat values for each of the 

three proteins. The fitted values ± errors are tabulated in Table 2. 

Figure 4. E506D TNC and water channel. (a) Electron density for the TNC (1 σ) 

showing two oxygen species bound inside the trinuclear center. (b) Corresponding inter-

atomic distances, which are consistent with a fully oxidized trinuclear center. (c) The 

proposed water channel in CueO includes the conserved Glu 506 and a hydrogen bonded 

network of water molecules. (d) The hydrogen bonded network of the water molecules is 

disrupted in the E506D CueO mutant. 

Figure 5. Structures of the trinuclear centers at different oxidation states. Electron 

density maps are shown for copper ions (shown as gold spheres) and bound oxygen 

species and/or water molecules (shown as red spheres). Shown are the structures of fully 

reduced ΔTag-CueO with the electron density contoured at 5 σ (a) and the corresponding 
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inter-atomic distances (b), resting-oxidised ΔTag-CueO with electron density contoured 

at 1 σ (c) and the corresponding inter-atomic distances (d) and the native intermediate 

like state in Cu(I) bound E506D CueO with electron density contoured at 1.5 σ (e) and 

the corresponding inter-atomic distances (f). Residues D112 and E506 (not shown) are 

closer to T3 copper ion ligated to H499 than to the other T3 copper ion. 

Figure 6. Single turnover oxygen reduction kinetics in ΔTag-CueO. Shown are 

spectral changes for the first 60 s of reaction of fully reduced CueO with oxygen, at pH 

5.5 and temperature 23 ºC, recorded in the region 290 nm to 430 nm and in the region 

480 nm to 720 nm, with the spectra of the fully reduced protein subtracted from the 

absolute spectra. (a) The first spectrum at 0 s is shown in light gray and further spectra 

are shown every 6 s in increasing intensity of gray. (b) The spectral changes in the region 

290 - 440 nm (and in the region 480 nm to 720 nm (c)) can be divided into a fast phase 

that lasts for ~6 s (top, shown in 1 s intervals, 0-5 s) and a subsequent slow phase lasting 

up to ~1 min (bottom, shown in 6 s intervals, 6-54 s). (c) As described in (b), for the 

region 480 – 720 nm. The fast phase is characterized by a decrease in absorptivities at 

295, 350 nm and 420 nm, and an increase at 333 nm, while the slow phase is 

characterized by a decrease at 295 nm, and an increase in absorptivities at 333, 350, 420 

and 610 nm. Time course of changes in absorption at 610 nm (d) indicate that the T1 

copper is almost fully oxidized within the 2 ms dead-time of the stopped-flow instrument. 

(e) Global fitting of the spectral changes suggests a sequential, 3-species model to best fit 

the data. The spectra associated with the three species represent Intermediate-I (light 

gray), Intermediate-II (dark gray) and the resting oxidized state (black). (f) Time course 
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for the concentration changes of Intermediate-I (light gray), Intermediate-II (dark gray) 

and the resting oxidized state (black). The overall kinetics of the process, given by the 

sum of the three kinetic traces for the individual species, is shown by the thick, gray line 

and the black line through it represents the double exponential fit. The panel on top 

shows the residuals of the fit (top).  

Figure 7. Single turnover oxygen reduction kinetics in E506D CueO. Shown are 

spectral changes for reaction of fully reduced E506 CueO with oxygen, under identical 

conditions as wild-type CueO, as described in Fig 6. (a). As described in Fig 6. (b) As 

described in Fig 6 except that the first phase lasts 12 s instead of 6 s and the spectra 

shown are at 6 s intervals, 0-12 s (top) and 12-60 s (bottom). (c) As described in Fig 6 

except that the first phase lasts 12 s instead of 6 s and the spectra shown are at 6 s 

intervals, 0-12 s (top) and 12-60 s (bottom). Unlike with wild-type CueO, in E506D 

CueO the first (fast) phase is characterized by a lack of an isosbestic point and a decrease 

in absorptivities at 295, 333, 350, 420 nm and an increase in absorbance at 610 nm. The 

slow phase in E506D CueO is characterized by similar spectral changes as in wild-type 

CueO but the rate of this phase is ~5-fold slower in E506D mutant CueO. (d, e and f) As 

described in Fig 6.  

Figure 8. Multiple phases of electron transfer kinetics in wild-type, tagged, CueO 

at pH 5.0. Shown are the temporal absorbance changes at 610 nm upon T1 Cu reduction 

(in 20 µM CueO) by 5-deazariboflavin semiquinone, in 0.1 M Tris-acetate buffer, pH 5.0. 

Kinetic traces for the first-order reduction (a), second-order reduction (b) and the first-

order reoxidation (c) of the T1 Cu are shown in gray. The solid black lines represent a 
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single exponential fit to the data. The residuals of fitting are shown at the top in each 

figure. The observed reduction rate velocities obtained from the fitting are plotted as a 

function of protein concentration and fitted with a straight line (constrained to pass 

through the origin 0,0)  (d). The second-order reduction rate constant was determined as 

the slope of the linear fit in. 

 



 

 

144 

 

Table 1: X-Ray Data Measurement and Refinement Statistics for CueO. 

 E506D  Cu(I) + E506D  ΔTag Reduced ΔTag 

space group P21 P21 C2221 P21 

wavelength 
(Å) 1.54 1.54 1.54 0.9794 

resolution (Å) 1.8 1.5 2.0 1.45 

total no. of 
reflectionsa 127002 / 9858 168055 / 13263 147383 / 12389 298488 / 29302 

no. of unique 
reflectionsa 42520 / 4221 76439 / 7622 31957 / 3143 81326 / 8114 

completeness 
(%)a 99 / 96 96.5 / 93 100 / 100 100 / 100 

mean I/σI
a 8.6 / 2.4 9.8 / 2.2 5.2 / 2.1 8.0 / 2.1 

Rsym
a, b 0.074 / 0.346 0.055 / 0.338 0.175 / 0.502 0.073 / 0.667 

rmsd bonds 
(Å) 0.024 0.025 0.021 0.028 

rmsd angles (ͦ) 2.101 2.149 1.995 2.26 

Rcryst  / Rfree
 a , c 0.203 / 0.265 0.224 / 0.274 0.205 / 0.268 0.193 / 0.233 
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aOverall/outermost shell.  bRsym = (Σh│Ih–<I>│)/(ΣhIh), where <I> is the mean intensity 

of all symmetry-related reflections Ih.  cRcryst = (Σ│Fobs–Fcalc│)/ΣFobs.  Rfree as for Rcryst, 

using a random subset of the data (5%) not included in the refinement. 
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Table 2: Table of Kinetic Constants for Cu(I) Oxidationa. 

 CueO ΔTag-CueO E506D CueO 

kcat (min-1) 688 ± 29 678 ± 24 58 ± 11 

KM (µM) 117 ± 14 91 ± 10 81 ± 55 

aDetermined from steady-state oxygen consumption rates at pH 5.0, temperature 23 °C, 

with Cu(I) substrate added as the Cu(I) donating complex [Cu(I)(CH3CN)4]PF6 
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Table 3: Table of Oxygen Reduction Rate Constantsa. 

1st Phase (Fast) 

kobs1 (min-1) 

2nd Phase (Slow) 

kobs2 (min-1) 

CueO E506D CueO CueO E506D CueO 

17.7 ± 1.1 b 12.5 ± 1.3 3.2 ± 0.4 0.7 ± 0.3 

 

aFully reduced proteins were rapidly mixed with air saturated buffers in a stopped-flow 

instrument and the resulting biphasic oxygen reduction kinetics (Fig 6 and 7) were fitted 

with double exponential functions, to obtain the given rate constants. pH = 5.5 and 

temperature = 23 °C. bValue ± standard error obtained from global fitting of the spectral 

changes with time. 

 

 



 

 

148 

 

Table 4: Table of Electron Transfer Rate Constantsa. 

CueO ΔTag-CueO E506D CueO 
 

pH 5.0 pH 8.0e pH 5.0 pH 8.0 pH 5.0 pH 8.0 

1st Order Reductionb 

k1 (s-1) 
83 ± 13 10 63 ± 7 ~ 0 55 ± 8 N.D. f 

2nd Order Reductionc 

k2 (106 x M-1s-1) 

245 ± 

17 
4 58 ± 1 3 ± 1 156 ± 7 N.D. 

1st Order Reoxidationd 

k3 (s-1) 
6 ± 3 ~ 0 3 ± 2 2 ± 1 ~ 0 N.D. 

aDetermined from T1 copper reduction kinetics monitored using absorption changes at 

610 nm in either 100 mM Tris-acetate buffer, pH = 5.0 or 100 mM Tris-SO4 buffer, pH = 

8.0, temperature 23 °C. Entered values are mean ± standard errors obtained from 

measurements made at five different enzyme concentrations. bDetermined from the 

enzyme concentration independent, slow phase reduction rate. cDetermined from the 

enzyme concentration dependent, fast phase reduction rate. Mean value ± standard errors 

are obtained from linear fitting of a plot of observed reduction rates as a function of 

enzyme concentrations. dDetermined from the enzyme concentration independent, very 

slow phase reoxidation rate following intial reduction. eTaken from ref. (7). fNot 

determined. 
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APPENDIX D 

AN INFECTIVITY MODEL OF CLUSTERED RECEPTORS ACHIEVING BOTH 

THE SENSITIVITY AND THE RESPONSE RANGE OF BACTERIAL 

CHEMOTAXIS 
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Abstract 

Bacteria can respond to chemoattractants at concentrations several orders of 

magnitude below and above the ligand dissociation constant of individual receptors.  

Although the mechanistic basis whereby this remarkable sensitivity and dynamic range is 

achieved remains unknown, an elegant model based on infectivity amongst clustered 

receptors (Bray D, Levin M & Morton-Firth CJ (1998) Nature 393: 85–88) was able to 

capture this sensitivity but, as stated, could not achieve the measured response range.  

Infectivity can be viewed as a spreading of ligand induced conformational changes 

arising at the ligand-bound receptor on to neighboring, unbound receptors.  In this 

mechanism, infection may arise and spread only if the ligand binds a previously un-

infected (naïve) receptor, a constraint not included in the Bray model. We modify Bray’s 

model to include this constraint and show that the modified model reproduces both the 

chemotactic sensitivity and the dynamic range, simultaneously.  We obtain exact and 

simple analytical form for the infectivity model, and calculate dose-response behavior of 

the infectivity model, with and without the modification.  Our modified infectivity model, 

but not the Bray model, fits the recently obtained direct measurement of the physical 

response of bare receptors. The fitting yields infectivity values that are consistent with a 

trimer of receptor dimers as the signaling unit. 
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Introduction 

Chemotactic bacteria like Escherichia coli are able to sense and respond to 

attractant and repellant molecules with high sensitivity and over a wide range of 

background concentrations of molecules spanning six orders in magnitude (1).  A major 

challenge in the field is to understand the mechanistic basis for this sensitivity and wide 

dynamic range (2, 3). 

The chemotactic response in E. coli is mediated by 5 different transmembrane 

receptors, which sense different ligands.  Two receptors, Tar and Tsr, are found in high 

abundance on the bacterial surface, and detect aspartate and serine respectively.  Less 

abundant are the Tap, Trg, and Aer receptors which sense dipeptide, ribose and oxygen 

respectively.  Binding of ligands by these receptors ultimately exerts effects on the 

flagellar motor causing bacteria to move towards or away from the ligands.  Each 

receptor forms stable homodimer (4)and binds ligands at the periplasmic end.  Signals are 

propagated across the membrane to the cytoplasmic domains of the receptors, which 

associate with the kinase CheA via the linker protein CheW (5). 

Ligands acting as attractants bind the receptor and stabilize the inactive form of 

the receptor, while repellants stabilize the active form.  The active form of the receptor 

stimulates CheA kinase activity (6).  Activated CheA phosphorylates the diffusible 

response regulator CheY (7).  CheY is dephosphorylated by the constitutively active 

CheZ (8).  When phosphorylated, CheY binds to FliM, a component of the switch 

complex in the flagellar assembly, increasing the tumbling frequency of the bacterium 

(9).  Attractants decrease the tumbling frequency so that the bacterium reorients less often 



 

 

165 

 

when moving up the concentration gradient of the attractant.  Thus, E. coli exhibits a 

biased random walk towards attractants and away from repellants (10). 

This chemotactic response is extremely sensitive.  E. coli can respond to 

aspartate, an attractant, at concentrations as low as 2 nM (1, 11).  However, the Tar 

receptors that respond to aspartate bind aspartate with a dissociation constant which is 

nearly1000-fold higher (  = 1 µM ) (12).  Recent studies have shown a 35-fold signal 

amplification factor to reside in the beginning of the chemotactic pathway (13), 

suggesting that a significant part of the overall chemotactic sensitivity must arise close to 

the receptors.  How such sensitivity is achieved in the absence of amplification cascades 

and with modest ligand binding affinities of the receptors is intriguing. 

Chemotactic receptor dimers associate into trimers, which can consist of 

homogeneous trimers but also form mixed trimers (14-18).  CheA, CheW and possibly 

CheB, an enzyme required for adaptation, are thought to promote higher-order 

interactions among these trimers (13, 19).  Large arrays of clustered receptors have been 

observed at the poles of the cell (20, 21).  Long-range interactions in receptor clusters are 

thought to be important for signal integration (22) and amplification (23-25).  Although it 

is believed that higher-order assemblies play a role in extending the functional range of 

individual receptors, how many receptors might comprise such a higher-order functional 

unit is an open question. 

E. coli can also respond to aspartate at concentrations close to 1 mM (1), which is 

1000-fold above the of its receptors. An important feature in chemotaxis that enables 

the bacterium to extend its response range is adaptation.  CheA activity and tumbling 
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frequency decrease rapidly upon attractant binding and then slowly return to the pre-

stimulus levels over the timescale of a few minutes (26).  Two enzymes, CheB and CheR, 

mediate adaptation.  CheB is a demethylase / deamidase activated upon phosphorylation 

by active CheA.  CheR is a constitutively active methylase that methylates four specific 

glutamate residues on the cytoplasmic domain of the chemotactic receptors.  Methylation 

stabilizes the active form of the receptor, while demethylation stabilizes the inactive 

form.  Thus, methylation compensates for the effects of attractant-binding and leads to 

precise adaptation (27, 28).  Receptors with unmethylated glutamate residues (E), 

represented as EEEE receptors, have the highest ligand affinity, and near zero baseline 

activity of the kinase CheA (28).  Glutamines (Q) and methylated glutamates (Em) are 

equivalent (29) and fully methylated receptors can be mimicked by mutants bearing four 

glutamines (30).  This state, denoted QQQQ receptors, has the lowest affinity and highest 

baseline kinase activity.  Most studies reveal a near 10-fold difference in the affinities of 

the fully methylated and fully demethylated receptors (13, 31-33) while some studies 

suggest a lower range of just 2-fold or 7-fold difference (28, 29), suggesting that 

adaptation alone may not be sufficient to account for the six-order dynamic range of the 

chemotactic response. 

Several models have been devised to capture the high sensitivity of chemotactic 

response by invoking long-range interaction among receptors in the form of Ising 

coupling or MWC type cooperativity models (34-39).  These models achieve excellent 

agreement with experimental data on the suppression of CheY activity upon addition of 

aspartate under the assumption that receptor activity is proportional to CheY 
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phosphorylation.  Cooperativity models assume 15 to 25-fold difference in the affinities 

of the active and inactive forms of the receptor, which predict cooperative ligand binding.  

However, direct ligand-binding experiments (12, 29) reveal one single class of binding 

sites on receptors.  The measured 2 to 10-fold difference in the ligand-binding affinities 

for the fully demethylated and fully methylated receptors is less than the minimum 

required by cooperativity models to explain receptor response (40).  Finally, in an 

important advance, Vaknin and Berg recently reported the first direct measurements of 

the physical response of bare receptors which showed a hyperbolic response to ligand 

concentration, inconsistent with cooperativity in the chemotactic response residing in the 

receptors themselves (40). 

A simple and elegant model of an entirely different nature due to Bray and 

colleagues (23) proposed an alternative mechanism which also explains the high 

sensitivity of the chemotactic response.  They considered the possibility that a single 

ligand binding to a chemotactic receptor would not only inhibit the kinase activity 

associated with that receptor but would also infect some nearby receptors and diminish 

their activity too.  Thus, the effect produced by a single ligand would be amplified 

manifold.  Their model was able to successfully capture the 2 nM threshold of response 

(1, 11) towards aspartate at infectivities > 50 receptors.  However, at this level of 

infectivity, their model predicted that the maximum background concentration of 

attractant in which the bacterium could still respond to further attractant molecules was 

less than 0.5 µM, which is ~1000-fold lower than the true limit of ~1 mM (1). 
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In this work we propose a modified infectivity model, where the extent of 

effective infectivity decreases with increasing ligand concentration.  We relate the 

response of receptors predicted by our model with the rest of the chemotactic pathway to 

predict overall response range and sensitivity and show that our modification removes the 

range limitation in the original model but retains the sensitivity.  We also compare the 

fitness of our model and the Bray model to the recently obtained stimuli-response data on 

bare receptors (40).  Our results suggest that the infectivity model, as modified in this 

work, may provide the simplest mechanism to explain a large part of the sensitivity and 

response range in E. coli and could be a general mechanism of achieving sensitivity and 

dynamic response range in other adaptive sensory systems where receptor clustering may 

occur. 
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Theory 
Summary of the Bray Model. 

In the Bray model, receptors are postulated to rapidly interconvert between an 

active and an inactive state, with a probability  of being in the active state.  Upon 

ligand binding this probability is reduced to . A second postulate is that each ligand 

binding to a single receptor infects  nearby receptors (including the one bound by 

ligand), reducing their activation probability to .  One possible mechanism, which 

would result in such behavior, is the propagation of conformational changes arising at the 

receptor that binds the ligand onto neighboring unbound receptors.  Under these 

postulates, a ligand-binding series is obtained where every additional ligand-binding 

event reduces the number of free receptors by one each and infects receptors.  After 

some ligands are bound, an individual receptor could be either infected or unaffected 

(naïve).  All bound receptors are infected (and counted as such) but all infected receptors 

need not be bound.  Starting with a cluster of  naïve receptors, the probability 

 that a particular receptor will remain naïve after  ligands are bound is given 

by (23) 

         [1] 

where the  factor  represents the probability that the  ligand-

binding event will leave a receptor unaffected. We show in the supporting information 

that for biologically relevant values of , the series represented by [1] can be solved 

exactly, yielding 
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.               [2] 

Modification to the Bray Model. 

The Bray model implicitly assumes that each ligand-binding event would infect 

the same number  of receptors irrespective of where it binds.  Our modification is that 

a ligand-binding event can lead to infection of  nearby receptors only if the ligand 

binds a naïve receptor.  A rationale for this difference is that an infected receptor that is 

unbound would have already undergone the conformational change from a previous 

infective event and would therefore not undergo the same conformational change when a 

ligand binds to it.  Under these postulates, the effect of every ligand-binding event is 

reduced by a factor proportional to the fraction of receptors already infected, since they 

do not contribute to further infection.  If represents the probability that a receptor in 

a cluster of receptors is unaffected by  ligand-binding events, then the total number 

of receptors remaining naïve after  ligand-binding events is simply  and  is 

the total number of receptors remaining free.  The probability that the  ligand will 

bind a naïve receptor is , assuming that the intrinsic affinity of the 

receptors is not changed upon infection.  Since a ligand infects  receptors only if it 

binds a naïve receptor, the infectivity for the  ligand-binding event is 

.  This modification to the infectivity embodies the essential difference 

between our model and the Bray model.  The ligand-binding series now becomes 
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.        [3] 

It is shown in supporting information that Eq. [3] reduces to 

.               [4] 

Calculation of and , the limits of the response range. 

The model predicts , the minimum concentration of ligand, to which the 

bacterium can just respond.  This limit is given by the minimum number of ligands, 

, that must bind to reduce the overall activity of the receptor cluster by an amount 

that is just detectable, .  If  is the activity change per receptor that is 

infected, then the total activity change after  ligands bind, is .  

This must equal . Thus, is given by solving 

.                [5] 

 can then be calculated by substituting  for  into 

.                [6] 

The aspartate sensing Tar receptors are fully demethylated near  and  for the 

EEEE form is measured to be ~1 µM .  We therefore take  = 1 µM .  The value of  

depends on the methylation level of receptors and is estimated to be 0.05 (23) for fully 

demethylated receptors. 



 

 

172 

 

The maximum background concentration, , at which the bacterium can still 

respond can be calculated by the same method.  The upper limit of response is given by 

the maximum number of ligands, , that can bind the receptors before the number of 

remaining naïve receptors to sense further ligands fall below that required to produce the 

minimum detectable activity change .  Thus,  can be obtained by solving 

.                [7] 

 is obtained by substituting  for  in Eq. [6].  The value of  taken is 10 

µM since receptors are almost fully methylated near and fully methylated receptors 

have a near 10-fold higher dissociation constant.  The value of  near is 0.95 (23).  

and for the Bray model are obtained by substituting  for in Eq. 

[5] and Eq. [7]. 

To estimate the minimum detectable change in receptor activity, , we begin 

with the minimum detectable rise in motor bias, estimated to be 0.1 (23).  Motor bias is 

the fraction of time flagella rotates in the anticlockwise direction, the smooth swimming 

mode.  Motor bias,  is related to the concentration of phosphorylated CheY, , 

by the following empirical equation (41) 

              [8] 

where the Hill coefficient is estimated to be 10.3 (42).  and  are the steady 

state motor bias and the steady state CheYp concentration values for an unstimulated 
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bacterial cell, estimated to be 0.6 (35) and 2.51 µM (23), respectively.  Eq. [8] gives a 

value of 2.40 µM for  at =0.7.  Thus, the minimum detectable fall in CheYp 

concentration upon ligand binding is ~0.11 µM.  Using the method of Bray et al. (23), we 

relate the minimum detectable fall in to the minimum detectable change in 

receptor activity, , and obtain  4.75.  This value is 3.5-fold lower than that 

calculated by Bray et al. and the source of the difference is the use of a low Hill 

coefficient of = 5.5 by Bray et al. compared to the more recent value of = 10.3 used 

here. 

Derivation of dose-response expressions for receptor clusters. 

Upon binding of ligands, receptors will be naïve and have an 

activation probability .  The remaining  receptors will be infected and 

have an activation probability .  The total activity is therefore 

.  Thus, the average receptor activity , is given by 

dividing the total activity by the cluster size , giving 

.              [9] 

The maximum value of  is given by as  and the minimum value 

of  is given by  as .  Thus, the normalized, average receptor 

activity  is given by . Or, 

, which reduces to 

.              [10] 
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This derivation is valid under conditions where  and  do not change, i.e. in absence 

of adaptation.  For the Bray model,  is simply replaced by . 

Adaptation. 

In bacterial chemotaxis, the initial suppression of receptor activity upon ligand 

binding is reversed back to its pre-stimulus levels, by increased methylation of receptors.  

Increased methylation is thought to increase both  and  (23, 38, 43) and also .  

The normalized response of a receptor array that has been previously exposed and 

allowed to adapt to a ligand concentration  can be obtained in our model as follows. If 

a further step increase in ligand concentration, beyond , is denoted by  and if  

is the number of ligands bound at ligand concentration , then, 

.  Thus, the receptor activity at  is given by equation [10], 

with  and  denoting the probability values after adaptation.  However, the maximum 

and minimum values of  are now  and , respectively.  Thus, 

 where denotes saturating ligand 

concentration.  Using Eq. [10] we get 

.             [11] 

We have shown in supporting information that  (Eq. 16).  

Substituting this in Eq. [11], we get 
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.            [12] 

Here,  is the ligand dissociation constant of the receptors after adaptation. 
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Results 
Comparison with chemotactic sensitivity and response range. 

Fig. 1 shows  and  values calculated for the Bray model and our model 

as a function of infectivity, .  The comparison shows a much steeper decrease in 

with  in the Bray model than in our model.  The values predicted by the Bray 

model are nearly 2-orders of magnitude smaller at infectivity values greater than ~5.  At 

an infectivity value of = 25, where the measured sensitivity of 2 nM is just reached by 

both models, values predicted by our model are near 150 µM while that by the Bray 

model is less than 3 µM.  The values predicted by both models are identical and 

come close to the experimentally established value of ~2 nM at infectivities > 25. Our 

model thus captures a 5-order response range of 2 nM to 0.15 mM, at an infectivity of 

~25. 

Comparison with FRET measurements of receptor activation. 

Fig. 2 shows the dose-response curve for the receptors calculated using Eq. [10] at 

 = 1 µM and = 4 for EEEE receptors (green curves) and  = 10 µM and = 5 

for QQQQ receptors (red curves) for the Bray model (dashed lines) and our model (solid 

lines).  The crosses represent the measured physical response of the EEEE receptors 

(green) and the QQQQ receptors (red), reproduced from Fig. 4 in (40) using the two-state 

model given therein.  The best-fit values of infectivity obtained are = 4 for EEEE and 

= 5 for QQQQ receptors, but these depend on the choice of  used in fitting.  

Reported  values range between 0.8 µM to 3.5 µM (28, 29) for the EEEE modification 
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form yielding best-fit values of in the range ~3 to 15.  Both the Bray model and our 

model fit the experimental data well at low concentrations but the Bray model deviates by 

nearly 2-orders of magnitude in the high end of the concentration range while our model 

continues to show excellent agreement with the measured response in the entire range. 

The low infectivity of ~4-5 is consistent with a trimer of receptor dimers acting as the 

signaling unit, with an expected theoretical infectivity of 3. 

Comparison with adaptation measurements. 

Fig. 3 shows the response of receptors adapted to two concentrations of α-methyl 

aspartate, = 0 and = 5 mM, to further step additions of the ligand.  These responses 

are calculated using equation [12] with  in equation [12] representing the receptor 

response and  representing the added ligand.  We assume that the receptor response is 

approximately proportional to CheA response measured in terms of phosphorylated CheY 

levels.  Thus, also represents phosphorylated CheY levels.  α-methyl aspartate, a non-

metabolizable analog of aspartate widely used in chemotaxis studies, has a nearly 100-

fold lower affinity for Tar receptors than aspartate (23).  Therefore, in these calculations, 

we take  = 0.1 mM for unstimulated receptors ( = 0) and  = 1 mM for receptors 

adapted to near saturating concentration of α-methyl aspartate ( = 5 mM).  The 

responses of adapted receptors show an increase in ligand concentration for half-maximal 

response compared to those of unstimulated receptors.  This shift in ligand concentration 

for half-maximal response is ~2000-fold when infection is allowed ( = 40) compared to 

the much limited shift of ~60-fold when no infection is allowed ( = 1).  Thus, a much 
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greater response range is achieved with infection amongst receptors.  The choice of = 

40 is based on the estimated signal amplification of ~35-fold between receptor occupancy 

and CheYp concentrations (13). 
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Discussion 
Comparison to signaling data. 

Our model simultaneously captures both the sensitivity and the range of 

chemotactic response when the infectivity-based amplification in receptor response is 

combined with the amplification in the downstream signaling cascade.  Fig. 1 shows that 

the values predicted by our model, at infectivities of  ~25 is 150 µM aspartate, 

nearly 2 orders of magnitude above those predicted by the Bray model and much closer 

to the ~1 mM response limit established experimentally.  This difference in the  

values predicted by our model and the Bray model arises out of the added restriction in 

our model that infectivity can be spread only through naïve receptors.  This restriction 

drastically reduces the effective infectivity in our model in the high concentration regime 

allowing higher ligand concentrations to be sensed in our model. 

In the low concentration regime, most receptors are naïve.  Hence, the added 

restriction does not restrict the infectivity as significantly as it does in the high 

concentration regime where most receptors are already infected.  Thus, our model does 

not differ from the Bray model in the low concentration regime and both models predict 

the same  values (Fig. 1).  Both models achieve the experimentally established 2 nM 

sensitivity at infectivity values > 25. 

In bacterial chemotaxis, amplification in receptor activity can be estimated 

indirectly from CheY phophorylation response to aspartate.  However, part of this 

amplification may be contributed by a sigmoidal relationship between the two kinases, 

CheA and CheY, amongst other possibilities.  Such relationships are not known but 
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assumed to be hyperbolic, based on the measurements of individual rate constants (23).  

A more direct means of obtaining the signal amplification at the receptors was recently 

described by Vaknin et al.  They measured the physical response of fluorescently tagged 

Tar receptors to aspartate in live cells lacking all other chemotaxis proteins (40).  This 

allowed, for the first time, a direct estimation of extent of coupling in bare receptors.  In 

contrast to the CheY kinase response to aspartate (13, 37), the conformational response of 

bare receptors is hyperbolic for both fully methylated and fully demethylated receptors 

(Fig. 4, reference (40)).  However, the sensitivity, as assessed by the ligand concentration 

for half-maximal response, is higher than what can be explained by the measured  for 

aspartate binding to Tar.  Our model explains this discrepancy and fits this response at 

low infectivities of = 4 for EEEE receptors and = 5 for QQQQ receptors using = 

1 µM for the EEEE form and = 10 µM for the QQQQ form (Fig. 2).  This suggests 

that infectivity does not extend beyond the trimer of receptor dimers that are proposed to 

be formed in this experiment. Use of higher  values yield higher values of , in the 

range 3-15.   values  higher than 3 may reflect some degree of association of trimer of 

dimers into higher oligomers, or, that the  value used in the fitting is overestimated.  

The Bray model, in contrast, does not fit the response for any combination of  and  

values because it is not hyperbolic.  The Bray model deviates from the measured 

response significantly in the high concentration regime, consistent with the difference 

noted in Fig. 1 in the  values predicted by our model and the Bray model.  Models 

based on coupled two state receptors, used to explain the CheY kinase response in 
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reference (38) explain the receptor response only at a cluster size of 1.  If the receptors 

form trimer of dimers, (40), the likely cluster size should be 3. 

The net effect of infectivity in our model is summed up by the expression 

 (for derivation, see supporting information, Eq. [16]).  Since  

represents the fraction of receptors not affected by ligand binding, it is analogous to , 

where  represents the fractional saturation of receptors.  For receptors with one single 

class of independent binding sites, .  Comparison with the expression 

 immediately reveals that infectivity amongst receptors reduces the 

effective  of the receptors by a factor of , leading to signal amplification and 

enhanced sensitivity. 

Comparison to adaptation data. 

Our model is capable of reproducing another important feature of chemotaxis, 

namely, the response mediated by adaptated receptors.  Sourjik et al. have measured the 

CheY kinase response to α-methyl aspartate mediated by the chemotactic receptors in E. 

coli at different ambient concentrations of the ligand (Fig. 2a, reference (13)).  Their 

results suggest that adaptation to increasing background concentrations of the ligand shift 

the dose-response curves to the right.  This essential feature is reproduced in Fig. 3, 

which shows the predicted dose-response of receptors with and without adaptation.  This 

figure shows a 2000-fold difference in the sensitivities of the unstimulated and nearly 

saturated receptors, at an infectivity of 40.  This compares well with the ~3-order 

difference established experimentally (Fig. 2a, reference (13)).  Further, our model shows 

that this dynamic response range of adaptated receptors cannot be completely explained 
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on the basis of a 10-fold change in ligand affinity upon adaptation, as seen from the much 

limited difference of just 60-fold in the sensitivities of the receptors when infectivity is 

absent ( = 1, dashed lines). 

Relation to other models. 

In order to derive Eq. [2] and Eq. [4], we used the approximation that the  

parameter, the number of bound ligands, could be treated as a continuous rather than a 

discrete variable (see supplementary information).  This mathematically motivated 

approximation simplifies the analysis and permits an exact sum of these binding series to 

be obtained.  We expected that this approximation would hold only for sufficiently large 

values of for a given , but find that the solution obtained is indistinguishable from 

the numerically evaluated  and  at all values of  for  > 300 (see Fig. 

4 in supplementary information).  Therefore it is of interest to consider the physical 

meaning of non-integer values of  and also .  We suggest in particular, that  

should be taken as a phenomenological coefficient quantifying infectivity rather than a 

sharply defined cluster size, much as the Hill coefficient is now regarded as a 

phenomenological coefficient quantifying cooperativity rather than as a literal number of 

binding sites.  The classical KNF and MWC cooperativity models (44, 45) can be derived 

as limiting cases of a more general grand canonical ensemble formulation of multisite 

binding equilibria.  If the infectivity model may also be expressible in this form, this 

would provide a rigorous justification for the use of continuous  and  parameters. 
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The equilibrium aspects bear a similarity to the McGhee-von Hippel model of 

cooperative multisite binding on a lattice (46).  For this model, individual ligand-binding 

events can affect the likelihood of binding events on nearby lattice points through 

occlusion by the ligand, analogous to the activity spread in the cluster due to ligand-

binding at nearby receptors.  In the receptor cluster, activity spread does not preclude 

binding of infected receptors, but rather renders binding unproductive in influencing 

signaling.  In our model, geometric effects analogous to occlusion of ligand in the 

McGhee-von Hippel model do arise near the high concentration limit.  In the absence of 

ligands, the naïve receptors form a continuous patch and the spread of infectivity in such 

a continuous patch is bounded only by the edges of the entire receptor array.  However, 

with ligand binding and infection, the array gets progressively divided into isolated zones 

of naïve receptors that are bounded on all sides by infected ones.  Near saturation, the 

average size of such zones may become smaller than the estimated effective infectivity, 

, for any ligand-binding event at that level of saturation.  This would 

lead to further reduction in the overall infectivity effectively achieved near saturation.  

Hence, our estimates of  values should be seen as a lower bound to the true upper 

limit of the chemotactic response range.  Incorporating explicit treatment of these 

geometric effects would be one direction for further development of the model. 

Since the biological response is dynamic, there are aspects of the signaling that 

cannot be captured in equilibrium models such as those mentioned above.  We emphasize 

that the infectivity model does not assume equilibrium.  Indeed, a recent model (47) of 

the signaling network making use of a sequential cooperative scheme for ligand binding 
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coupled to a steady-state kinetic analysis for signal propagation demonstrated that the 

high gain characterizing the chemotactic response could be upheld over the whole 

dynamic range observed experimentally.  Thus, the performance of the two models is 

comparable, although their quantitative formulations are quite different.  Both models 

conclude that the sensitivity is attained in the ligand-binding step at the receptors rather 

than in the subsequent phosphotransfer steps.  In the Park model, the retention of 

sensitivity over a wide range of ligand concentrations is due to a balance between two 

effects, the increasing ligand affinity due to higher occupancy (which will tend to 

decrease signaling at higher ligand concentrations), and a change in energy of the 

receptors due to higher occupancy such that the active and inactive states approach each 

other (which will tend to increase signaling at higher ligand concentrations).  In our 

model, the increasing occupancy of already-infected receptors does not affect signaling, 

and so higher ligand concentrations primarily has the effect of filling these “dead-end” 

receptors. Rather, retention of sensitivity at higher ligand concentrations is achieved by 

the increasing rarity of naïve receptors. 

Predictions of the Model. 

Our results lead to the prediction that measurement of the conformational 

response of receptor along the lines of Vaknin et al. (40) but under conditions which 

favor higher order interactions amongst the trimer of dimers, e.g., in the presence of 

CheW, CheA and CheB, would further enhance the sensitivity of response of the 

receptors under different modification states but the steepness of response should remain 

unchanged. 
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This work provides a very simple mechanism that captures some key features of 

chemotaxis, namely, sensitivity and response range as well as adaptation.  However, it 

does not take into account mixed receptor types, and assumes a constant affinity of the 

receptor under different states of activity and infection.  Thus, features like the higher 

steepness of the CheY response having Hill coefficients greater than 1 (13, 37), are not 

captured by our simple model in its present format.  Another possibility is that receptor 

responses per se are indeed hyperbolic and sensitive, as suggested by a hyperbolic 

response curve for the receptors in reference (40) and the hyperbolic ligand binding 

curves (12, 29), while the steepness in CheY phosphorylation response may arise from 

steps downstream to the receptors.  In this respect, infectivity model of receptor response 

may be combined with cooperativity in subsequent steps to achieve a combination of true 

response shape and sensitivity, not only in chemotaxis but also a wide range of other 

signaling pathways that may show receptor clustering, sensitivity and adaptability. 
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Figure Legends  

Figure 1.   and vs. infectivity plot. 

 (solid lines) and  values (dashed lines) are calculated for the Bray model 

(triangles) and Our model (circles) at different infectivities,  and at  = 10 µM for 

and  = 1 µM for . 

 

Figure 2.  Fit to the physical response of bare receptors. 

The dose-response curve for the receptors, calculated using equation [10], at  = 1 µM 

and = 4 for EEEE receptors (green curves) and  = 10 µM and = 5 for QQQQ 

receptors (red curves) for the Bray model (dashed lines) and our model (solid lines).  The 

green crosses are the physical response of EEEE receptors and the red crosses of QQQQ 

receptors, reproduced from Fig. 4 in reference (40). 

 

Figure 3.  Adaptation. 

Response of receptors adapted to ambient concentration = 0 (closed circles) and  

= 5 mM (open circles) is shown at infectivity = 40 (solid lines) and = 1 (dashed 

lines) to added methyl aspartate.   = 0.1 mM for unstimulated receptors ( = 0) and 

 = 1 mM for receptors adapted to saturating concentration of methyl aspartate ( = 5 

mM). 
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Supporting Information 

Derivation of the ligand-binding series solution in the Bray model. 

. 

The above series can be expressed recursively as
 

. 

Or, . 

Thus, . 

We assume a continuum between the and  ligand-binding events, thus 

. 

Or, . 

Integrating, 

. 

Putting =0, we determine the constant 

. 

Substituting the constant, we get 

. 
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Thus, 

.                   [13] 

Using , we get 

.             [14] 

 
Derivation of the ligand-binding series solution in our model. 

The series can be expressed by the recursive series below 

. 

Or, . 

We assume a continuum between the and  ligand-binding events, thus 

. 

Or, 
 

. 

Integrating, we get 

. 

Putting =0, we determine the constant 
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. 

Substituting the constant, we get 

. 

Or, as . 

Thus, 

.             [15] 

Using , we get 

.              [16] 

 

Comparison of discreet and continuous model solutions. 

In figure 4 below, values of  (a) and  (b) are computed 

numerically using the discreet models represented by equations [1] and [3], respectively, 

and compared with the corresponding values obtained from the continuous models 

represented by [2] and [4], respectively.  As expected, for small values of , the 

approximation breaks down.  However, numerical comparison shows that the difference 

is very small at = 100 receptors and diminishes further at larger values of .  At = 
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2000, which is the estimated number of receptors mediating the chemotactic response in 

E. coli, the two models, discreet and continuous, become indistinguishable.  The close 

comparison between the two validate the continuous model approximation used to derive 

equations [2] and [4]. 

 

Figure 4.  Comparison of discreet and continuous model solutions. 

Values of  (a) and  (b) are computed numerically using the discreet 

models (dotted lines) represented by equations [1] and [3], respectively, and compared 

with the corresponding values obtained from the continuous models (solid lines) 

represented by [2] and [4], respectively.  Comparisons are made at values of = 100 

(red), = 200 (blue), and = 300 (green).  Infectivity is kept fixed at a nominal value of 

= 10. At higher values of , the discreet and continuous models overlay exactly. 

 

Figure 4. 

 
 


