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ABSTRACT 

 Copper is a trace element utilized by organisms as a cofactor involved in redox 

chemistry [1], electron transport [2, 3], photosynthesis [4, 5], and oxidation reactions [6, 

7]. In excess, copper is toxic; it can generate reactive oxygen species [8] causing cellular 

damage [9-11], or poison other metalloproteins by replacing native metal cofactors [12]. 

Gram-negative bacteria have developed homeostatic mechanisms to maintain the 

intracellular copper concentration in the face of changing environmental conditions. For 

Gram-negative enteric bacteria, like Esherichia coli and Salmonella enterica serovar 

typhimurium, copper is encountered in industrial and institutional settings, where the 

metal is used as a broad-spectrum biocide [13-15]. For environmental bacteria, such as 

the marine cyanobacterium Synechococcus sp. WH8102, copper stress occurs because 

human activity changes the concentration of copper in the ocean [16]. This dissertation 

contains six chapters, relating four stories of our investigations into the molecular 

mechanisms of copper homeostasis in Gram-negative bacteria. Chapter I contains 

literature review and background on the implications of bacterial copper homeostasis. 

Chapter II reports our work investigating the expression of two E. coli proteins, CusF and 

CusB, upon copper stress; we show that CusF expresses at a ~10-fold molar excess over 

CusB. Chapter III describes a collaboration between our lab and Jose Argüello’s lab at 

Worcester Polytechnic Institute, and we show that CusF can acquire Cu(I) from CopA. 

Our results from Chapters II and III show that CusF functions as a major copper 

chaperone in the periplasm of E. coli. Chapter IV details our work characterizing a novel 

protein from marine cyanobacteria, Synw_0921. Although Synw_0921 is believed to be 
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involved in copper homeostasis, we show that it is an iron-sulfur cluster protein. 

Bioinformatic analysis suggests that Synw_0921 represents a new family of proteins that 

help marine cyanobacteria adapt to copper changes in their unique environment. Chapter 

V relates our work on CueR and GolS, two homologous sensor proteins with distinct 

metal-dependent transcriptional activation; we find that the activity cannot be explained 

by binding affinity differences. Chapter VI concludes with final thoughts on the 

intersection of biochemistry and molecular biology in the important process of 

understanding copper homeostasis.  
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CHAPTER I: INTRODUCTION 

 

1.1. ABSTRACT 

 Copper is a trace element utilized in proteins as a redox-active center (reviewed in 

[17]). However, copper is extremely cytotoxic [8], so bacteria have developed elaborate 

mechanisms to maintain homeostasis in the face of excess copper (reviewed in [18]). 

Enteric Gram-negative bacteria such as Escherichia coli and Salmonella enterica serovar 

typhimurium experience copper and silver toxicity in settings where these metals are used 

as biocides [19]. Additionally, copper is important to the marine cyanobacterium 

Synechococcus as an electron carrier in photosynthesis [20], but the changing marine 

environment leaves Synechococcus vulnerable to varying copper levels [21]. 

Understanding bacterial copper homeostasis is important to the future use of copper in 

clinical and industrial settings.  

 

1.2. COPPER IS A NECESSARY TRACE COFACTOR FOR MANY 

ORGANISMS 

 Copper is a trace element cofactor, used in simple organisms such as bacteria and 

archaea as well as complex organisms such as humans [20, 22-25]. There is no evidence 

that copper ions were available on early earth, but most studies agree that copper was 

liberated upon the evolution of dioxygen [17, 26], causing insoluble Cu(I) to become 

oxidized to soluble Cu(II). Copper exists as both Cu(I) and Cu(II) in biological systems. 

The midpoint potential of Cu(I)/Cu(II) ranges from +0.2 to +0.8 V [17], easily 
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accomplished under biological conditions, making copper a useful biological redox 

element.  

In biological systems, copper is mostly used as a redox center in enzymes, such as 

the oxidases: cytochrome oxidases, laccases, and the bacterial multi-copper oxidase 

CueO [6, 7, 27]; electron transfer proteins such as plastocyanin and azurin [2, 3, 20, 28]; 

and copper, zinc superoxide dismutases [29-34].  With the exception of eukaryotic 

superoxide dismutases, most copper-containing enzymes are localized outside of the 

cytoplasm, in the periplasm, thylakoid, mitochondria, and chloroplasts, or associated with 

membranes [17]. The cytoplasm can contain some copper trafficking proteins, such as 

chaperones like Atox1 and its homologs in eukaryotes and some cyanobacteria [25, 35-

37], and also can contain copper sensors [38-40], but very few copper enzymes.  

The availability of copper in the environment is low (<10-9 M in aqueous media) 

[16, 17], so many organisms have developed copper uptake or trafficking systems [24, 

29, 41-43]. In higher organisms, copper trafficking is complex, involving digestion and 

movement of copper through plasma [17, 44]. Two copper pumps, the copper-

transporting Wilson’s and Menkes’ disease proteins, cause severe disease in humans 

when mutated [35, 45-47].  Bacteria and other unicellular organisms, such as yeast, have 

simpler systems, in that copper ions do not need to be transported from digestive systems 

to other locations. However, many of the same molecular mechanisms function in higher 

organisms as well as single cells. For example, pumps such as the P-type ATPases are 

found throughout all kingdoms of life [45, 48-52]; these pumps function in transporting 

copper ions across lipid bilayers. Also, chaperones are found in many systems to aid in 
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trafficking ions around a cell [53]. Together, pumps and chaperones ensure that copper 

ions travel to the appropriate cellular compartment with the least amount of cellular 

damage.  

 

1.3. COPPER AND THE GROUP IB ELEMENTS ARE TOXIC 

 Even though copper is necessary for life, excess copper can also be toxic. Redox 

cycling of copper ions can generate reactive oxygen species, such as hydroxyl radicals 

and hydrogen peroxide [8], (reviewed in [54]), with the potential to cause DNA damage 

and mutation [9-11]. Additionally, copper ions can displace iron in iron sulfur clusters, 

inactivating the enzymes [12]. Excess copper also interferes with photosynthesis, 

particularly the function of Photosystem II [22, 55].  

 Silver is also a group IB element, and is extremely toxic to biological systems 

[56-58]. Silver is primarily found as a Ag(I) ion, so it does not participate in redox 

cycling. Similar to Cu(I), Ag(I) can displace iron in iron-sulfur clusters, thereby 

rendering enzymes non-functional [59]. Ag(I) has higher affinity for thiol groups than 

Cu(I), and can disrupt protein function [56]. 

 In laboratory settings, bacterial resistance to gold has been observed [60-64]. The 

exact mechanism of gold toxicity is unknown, and very little is known about toxicity of 

gold in the environment. Ionic forms of gold, Au(I) and Au(III), are both insoluble in 

aqueous solution at neutral pH, but gold ions are soluble in low pH solutions. 

Cupriavidas metallidurans CH34 is a highly metal resistant bacterium that has been 

shown to biomineralize gold [63, 65] C. metallidurans also expresses a Au(I) regulator 
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[66, 67]. The cause of gold toxicity has not been well studied, but it is thought that the 

primary ionic state is Au(I), due to the reducing nature of bacterial cells. Au(I) likely 

affects toxicity through the same molecular mechanisms as Cu(I) and Ag(I).  

 Because of the chemical similarity of Cu(I), Ag(I), and Au(I), the ions are handled 

by the same biological systems in some cases. In this work, detoxification of Cu(I), Ag(I) 

and Au(I) are investigated.  

 

1.4. INSTITUTIONAL AND INDUSTRIAL IMPLICATIONS OF COPPER AND 

SILVER TOXICITY AND THE RISE OF BACTERIAL RESISTANCE  

 Because of the toxicity of copper and silver, compounds and surfaces containing 

these metals have been used as antimicrobial agents for decades [56, 68-71]. Copper can 

also be used as a wood preservative [14], a fungicide for crops [72], and in anti-fouling 

paint for ship hulls [13, 73]. When added to feed, copper increases weight gain in fetal 

pigs [74], and can be used as an antimicrobial surface in hospitals [75]. All of these 

industrial uses have led to the emergence of copper and silver resistant bacteria.  

 Copper resistant bacteria have been isolated from livestock treated with copper 

[76]. Silver resistant bacteria have been described since the 1970s [68, 70, 77-80]. Most 

of these cases are reports of resistant bacteria isolated from hospital burn wards, with a 

few environmental examples also found [81]. These bacteria arose in response to the 

selective pressure caused by the use of silver in burn wards [70, 77].  

In many cases, the mechanism of resistance to copper or silver was unclear, but 

some plasmids conferring silver resistance were identified [82-84]. One plasmid 
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conferring silver resistance to Salmonella enterica serovar typhimurium (S typhimurium) 

[84] was isolated and named pMG101. The sequence of this plasmid was determined [85] 

and several open reading frames (ORF) were identified encoding putative proteins 

including a P-type ATPase, a tripartite efflux protein, a two-component regulatory pair, 

and two metal binding proteins, SilE and SilF. Other plasmids conferring silver resistance 

to E. coli have been transferred in laboratory settings between E. coli strains [83, 84, 86]. 

It was determined that the presence of the plasmids allowed the Gram-negative bacteria 

to accumulate less silver in the presence of extracellular silver, although the mechanism 

was unknown.  

 In one test to identify the mechanisms of silver resistance, silver-resistant E. coli 

were isolated in an artificial selection experiment [87]. The authors found that silver-

resistant E. coli accumulated less silver than the silver-sensitive parental strain. This was 

attributed to two molecular adaptations: resistant E. coli were deficient in expression of 

porins and active efflux was increased. No new proteins were necessary for silver 

resistance, simply a change in the trafficking of solutes across membranes.  

A current focus in clinical settings is using copper or silver alloys as surfaces to 

decrease the spread of infections [15, 71, 88]. Copper surfaces are much more effective 

than stainless steel at disinfecting bacteria inoculated onto the surface [89]. In a dry test, 

pathogenic and non-pathogenic bacteria die within 10 minutes upon contact with copper 

surface, in comparison to greater than 30 minutes survival on stainless steel [90]. Two 

toxic mechanisms of action of copper surfaces were identified: release of copper ions and 
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generation of reactive oxygen species [91]. Together, these reactive species depolarize 

the membrane of inoculated bacteria [90] and cause cell death.  

 Even though copper surfaces are effective at killing most bacteria, copper surface-

resistant bacteria have been isolated from copper coins [92]. These strains were found to 

be resistant to growth on dry copper surfaces, but could be killed on wet copper surfaces. 

Although today this seems to be the only example of bacteria developing resistance to 

copper surfaces, the widespread use of copper surfaces in clinical settings is increasing 

the risk of creating more widely resistant bacteria.  

 

1.5. GROUP IB RESISTANCE MECHANISMS IN ENTERIC GRAM-NEGATIVE 

BACTERIA 

1.5.1. Copper Homeostasis and Silver and Gold Resistance in Escherichia coli 

 E. coli does not have an identified copper import system, so copper homeostasis is 

focused on controlling the concentration of free Cu(I). Copper homeostasis and silver 

resistance in Escherichia coli is accomplished by two chromosomal operons, the Cue and 

Cus systems (Figure 1.1) [27, 39, 93]. There can also be plasmid-borne elements 

involved in copper homeostasis [94-96]. There is very little information on gold-

resistance in E. coli, but the evidence suggests that gold resistance is handled by the Cue 

proteins [97, 98].  

 The Cue system is comprised of CueR, a MerR-type regulator, CopA, a P-type 

ATPase, and CueO, a multi-copper oxidase. CueR controls the transcription of the operon 

in which Cu(I), Ag(I), and Au(I) in the cytoplasm increase the transcription of cueR, 
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copA, and cueO. CopA is a P-type ATPase in the inner membrane that uses ATP 

hydrolysis to transport Cu(I), Ag(I), and possibly Au(I) from the cytoplasm to the 

periplasm. CueO is a periplasmic, multi-copper oxidase. During copper shock, when 

Cu(I) concentration is high in the periplasm, CueO oxidases Cu(I) to Cu(II), using 

dioxygen. Together, the proteins of the Cue system reduce the concentration of total 

copper and silver in the cytoplasm, and oxidizes Cu(I) to the less toxic Cu(II) in the 

periplasm [99], allowing E. coli to survive moderate levels of copper and silver stress.   

 The Cus system is comprised of two operons with 6 total proteins [39, 93] (Figure 

1.1). CusRS is a two-component sensor-response regulator system, and CusCBA and 

CusF (one operon, arranged as cusCFBA) form a soluble, metallochaperone and tri-

partite efflux pump. Cus proteins function in silver resistance and anaerobic copper 

homeostasis.  

 CusS is a histidine kinase, which senses Cu(I)/Ag(I) in the periplasm [38]; upon 

sensing of Cu(I)/Ag(I) binding to the periplasmic domain of CusS, the kinase activity of 

CusS increases and autophosphorylation occurs.  The phosphate group is then transferred 

to CusR, the DNA-binding response regulator of the Cus system, which upregulates 

expression of the cus genes. [38, 39, 100].  

 CusCBA form a large protein complex, spanning both membranes and the 

periplasm in E. coli. CusCBA are homologous to other efflux complexes; because the 

family of complexes contain subunits of three proteins, they are called tripartite efflux 

complexes. Members of this group transport diverse substrates from organic small 

molecules and drugs to heavy metal ions [101, 102]. AcrAB-TolC, a multi-drug 
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transporter, is another tri-partite complex from E. coli, and transports many substrates 

[101, 103-105]. It has been observed that drug transport complexes, like AcrAB-TolC, 

have relaxed substrate specificity, while heavy metal transport complexes, like CusCBA, 

have quite stringent substrate specificity [106], only transporting a single metal ion or 

other elements in the same column in the periodic table [e.g. Cu(I)/Ag(I)/Au(I)].  

  



23 

 

 
Figure 1.1. Copper- and Silver-ion Homeostasis and Resistance in E. coli. The Cue and 

Cus systems function in parallel to control copper and silver ion concentration.  
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CusA, a member of the RND-protein family, is the inner membrane component of 

the complex.  It utilizes the energy of the proton gradient to expel Cu(I)/Ag(I) from the 

periplasm of E. coli [101, 107-109]. Genetic evidence suggests that CusA transports 

Cu(I)/Ag(I) from the periplasm [93] while biochemical evidence suggests that CusA 

could acquire Cu(I)/Ag(I) from the cytoplasm [110].  

CusC is the outer membrane component of the complex. CusC forms a large 

aqueous channel through which Cu(I)/Ag(I) exit from the cell [111]. No catalytic 

residues have been identified in CusC; all energy necessary for the transport of metal ions 

comes from CusA. CusC is homologous to TolC, which acts as the outer membrane 

factor in the AcrAB-TolC multi-drug complex. Genetic analysis has shown that CusC 

cannot be replaced by TolC [93], suggesting that CusC forms very specific protein-

protein interactions with CusA and CusB.  

CusB is the periplasmic adaptor for the complex. CusB interacts with both CusC 

and CusA [112-116] to hold the complex together. Unlike periplasmic adaptors from 

other tripartite complexes, CusB binds Cu(I)/Ag(I) and undergoes a substrate-linked 

conformational change [112]. CusB Cu(I)/Ag(I) binding is necessary for Cu(I)/Ag(I) 

resistance, but the mechanism is unclear [112, 114].  

The last component of the Cus efflux system is CusF, a periplasmic Cu(I)/Ag(I) 

binding protein [117-119]. Although tri-partite efflux complexes are quite common 

throughout bacteria, CusF homologs are specific to complexes that transport heavy metal 

ions [120]. CusF acts a metallochaperone and delivers Cu(I)/Ag(I) to CusB [113, 114, 
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121]. The significance of this transfer to overall Cu(I)/Ag(I) resistance is not well 

understood.  

 The path of Cu(I)/Ag(I) to and through the CusCBA complex is still an open 

question. CusB and CusA both bind Cu(I)/Ag(I), and the metal binding is functionally 

important, but where the metal ions go is unknown. One possible model is that CusB 

transfers Cu(I)/Ag(I) to CusA.  Another possibility is that CusB does not transfer metal 

but rather acts as a regulatory switch, and Cu(I)/Ag(I) enters the CusCBA complex 

through CusA [107]. Understanding the metal ion path through CusCBA is a key 

component to understanding the function of this pump.  

 Another unanswered question in the Cus system is the function of CusF. CusF 

metal binding and transfer are well established in vitro, but the in vivo function of these 

biochemical events has not been established. CusF homologs are only found with tri-

partite efflux complexes that transport heavy metals, not multi-drug efflux complexes 

[120]. It is possible that CusF and its homologs are acting as chaperones or sponges, 

binding excess Cu(I)/Ag(I) in the periplasm and holding the ions until CusCBA can expel 

the ions.  

 In addition to binding Cu(I)/Ag(I), the Cus proteins show highly sensitive protein-

protein interactions that we are only beginning to understand in vitro [113, 114, 116, 121-

123]. The next steps in putting together the picture of how this intricate, multi-protein 

complex works will be to start validating the in vivo interactions and metal transfers 

between these proteins.  
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1.5.2. Copper Homeostasis and Silver and Gold resistance in Salmonella enterica ser. 

typhimurium 

 Unlike in E. coli, copper homeostasis and silver and gold resistance in Salmonella 

are handled by different protein systems. S. typhimurium is a common human pathogen, 

and many of the initial silver-resistant bacteria were Salmonella serovars [68, 77, 78, 82, 

84]. Some of the resistance genes are homologous to E. coli systems, while others are 

unique to Salmonella.  

Silver resistance genes in S. typhimurium reside on plasmids [82, 84, 85]. The 

most well understood system is from plasmid pMG101 [84, 85] (Figure 1.2.a). Overall, 

the genes expressed from pMG101 are similar to copper and silver resistance genes in E. 

coli. Expression from pMG101 is controlled by the two-component histidine 

kinase/response regulator pair SilRS, homologous to E. coli CusRS (82% and 55% 

identical based on amino acid sequence, respectively). There are two pumps encoded by 

pMG101: SilP, a P-type ATPase that is homologous to CopA (39% identical to E. coli 

CopA); and SilCBA, a tri-partite efflux complex homologous to E. coli CusCBA (71%, 

67%, and 87% identity to E. coli CusCBA, respectively). pMG101 also encodes two 

small proteins: SilE is a periplasmic Ag(I) binding protein, homologous to PcoE, a 

plasmid-borne E. coli copper binding protein (47% identical); and SilF, a homolog to E. 

coli CusF (45% identical).  

Copper resistance genes in S. typhimurium are chromosomally encoded (Figure 

1.2.b) [34, 124, 125]. Transcription of copper resistance genes is regulated by the MerR 

family protein CueR [124, 126, 127]. CopA is a P-type ATPase on the inner membrane, 
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homologous to E. coli CopA. In the periplasm, S. typhimurium contains a multi-copper 

oxidase CuiD, homologous to E. coli CueO [124]. CueP is a periplasmic, copper-binding 

protein functionally important for copper resistance [125]; CueP is also involved in 

supplying copper to a periplasmic superoxide dismutase [34], critical for S typhimurium 

survival in phagosomes [31].  

Proteins involved in gold resistance are diagrammed in Figure 1.2.c. Transcription 

of the gold resistance genes is regulated by GolS, a MerR-family protein, and a close 

homolog of CueR (45% identical to S. typhimurium CueR) [62, 128]. Based on sequence, 

GolS was predicted to be a Cu(I) regulator, but was shown to upregulate transcription of 

target genes preferentially with Au(I) [128]. GolS controls the transcription of GolT, a P-

type ATPase; GesABC, a tri-partite efflux complex; and GolB, a cytoplasmic protein 

[60].  
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Figure 1.2. Group IB Handling in S typhimurium.  Dots represent metal ions. A. Proteins 

expressed from silver resistance genes from plasmid pMG101. B. Chromosomal proteins 

involved in copper resistance. C. Chromosomal proteins involved in gold resistance. 

CopA and GolT may have redundant function, and are thought to be involved in both 

copper and gold resistance.  

  

A 
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 GolS and CueR do have some overlapping functionality. Under high metal stress, 

regulators will bind non-cognate metals, i.e. GolS will bind Cu(I) and CueR will bind 

Au(I), and cause transcription of target genes [129-131]. The functional significance of 

this cross-talk is not well understood, but evidence suggests that the P-type ATPases 

GolT and CopA are functionally redundant for copper trafficking [125]. Some data 

suggest that GolT and CopA do not actually transport Au(I), so the function of these 

proteins in gold resistance is unclear at this time [34].  

1.5.3. Homologous MerR proteins in S typhimurium 

 MerR proteins are well-distributed regulators in bacteria that sense targets ranging 

from metal ions [98, 130, 132-134] to cellular redox state [135] to organic molecules 

[136] (reviewed in [137, 138]). MerR proteins are winged-helix proteins with two 

conserved domains, separated by a helix; the N-terminal domain is the DNA binding 

domain, while the C-terminal domain is the sensor domain. MerR proteins form anti-

parallel dimers via the central helix (Figure 1.3.a), and the DNA binding domain of one 

monomer is proximal to the sensor domain of the other monomer.  

MerR proteins are repressor-activators that bind DNA in both apo and holo forms 

(reviewed in [138]). MerR proteins typically bind to -35 to -10 elements with 19 or 20 

nucleotide spacing, instead of the typical 18 nucleotides. The additional nucleotides 

increase the spacing between the -10 and -35 elements, so they are no longer on the same 

face, making MerR regulated genes poorly transcribed in the absence of DNA distortion. 

When a MerR protein binds its target, there are conformational changes throughout the 
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protein structure resulting in extreme DNA distortion, which re-aligns the -10 and -35 

elements so that transcription can proceed [138] (Figure 1.3.b).  

S. typhimurium has two homologous MerR-type proteins with sequence 

characteristics of Group IB-binding regulators [126, 128], CueR and GolS. Initial 

predictions were that GolS would be another Cu(I)-responsive regulator, but 

transcriptional analysis showed that GolS primarily responds to Au(I), and not Cu(I) [62, 

128]. In vitro experiments show that CueR has transcriptional activity for Cu(I), Ag(I), 

and Au(I), but genetic experiments show CueR is primarily functional for Cu(I) 

resistance [39, 126, 139].  

 Overall, the sequence of GolS is similar to that of CueR: 45% identical. Some of 

the sequence divergence is in the N-terminal DNA binding region, and this is functionally 

significant as CueR and GolS bind to different promoter sequences [129, 131]. The C-

terminal domain contains the metal binding loop of CueR and GolS, and although the 

overall sequence is similar, there are subtle differences (Figure 1.3.c.). Metal ions are 

bound between two cysteine residues (yellow stars in Figure 1.3.c), the same in each 

protein, but the residues between the cysteine residues are different. Mutational analysis 

shows that changing two residues in the metal binding loop (blue stars in Figure 1.3.c) 

can change the transcriptional activity of CueR or GolS [128]. However, the mechanism 

of transcriptional specificity is unknown.  
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Figure 1.3. MerR Proteins Organization. A. Organization of anti-parallel homodimer seen 

in MerR proteins. Each MerR protein contains two domains, N-terminal DNA binding 

domain and the C-terminal metal binding domain. B. DNA binding and distortion by 

MerR proteins. In the apo state (left) -35 and -10 elements are misaligned on the 

chromosome. In the holo state (right), conformational changes occur within the protein, 

causing the -35 and -10 sites to align, allowing transcription to proceed. C. Sequence of 

metal binding loops of CueR and GolS. Yellow stars designate metal binding cysteine 

residues; blue stars designate positions conferring Cu(I) or Au(I) specificity.  

A 
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1.6. COPPER AND MARINE CYANOBACTERIA 

1.6.1. Importance of Marine Cyanobacteria to the Biosphere 

 Marine cyanobacterial species Synechococcus and Prochlorococcus are closely 

related, photosynthetic Gram-negative bacteria, often called the picocyanobacteria 

because of their small size, 0.5 to 1.0 µm [140]. These bacteria are widely distributed 

throughout the oceans [141] and together contribute to up to 20% of global carbon 

fixation [142].  

Cyanobacteria utilize many metal ions, including copper, as electron carriers for 

photosynthesis [143, 144]. Copper ions have a complicated relationship with 

cyanobacteria: copper ions are necessary cofactors for plastocyanin, an electron carrier 

protein [20, 145]; however, excess copper ions interfere with the function of Photosystem 

II [22, 55].  

It has been shown that Synechococcus species are extremely sensitive to copper 

stress, with 10-10 to 10-11 M free Cu(II) inhibiting cell division in vitro [21]. The total 

copper concentration in the ocean is 1 – 5 x 10-9 M [21], while the concentration of free 

Cu(II) is estimated as 10-10 to 10-13 M [16]. A study measuring total and free copper in 

water samples showed that even modest total copper changes, on the order of 10 x 

change, can result in up to 1000 x change in free Cu(II) [16]. The authors attribute these 

changes to an inability of the marine environments to change chelator concentration 

enough to buffer total copper. These data imply that Synechococcus is living “on the 

edge,” always close to a lethal concentration of copper ions. Understanding how these 

crucial environmental bacteria adapt to copper is important to predict how they will 
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continue to survive. Human activity is increasing the concentration of copper in localized 

marine environments [16], and this increased copper is affecting the distribution of 

cyanobacteria in environmental niches.  

1.6.2. Biology of Cyanobacteria 

 Cyanobacteria are Gram-negative bacteria, with an additional membrane-enclosed 

organelle, the thylakoid. The thylakoid is a system of membrane-enclosed spaces that 

organize in layers throughout the cytoplasm (Figure 1.4) [146]. Thylakoids are thin (5-7 

nm), with a small lumen. Cyanobacteria also utilize protein-enclosed carboxysomes to 

increase the efficiency of carbon fixation [147, 148].  

Photosynthesis is associated with the thylakoids: Photosystem I and II are 

embedded within the thylakoid membrane [149-153]. The light-gathering pigment 

antennae, the phycobilisomes, are attached to the thylakoid membrane and project into 

the cytoplasm [146, 154]. The electron carrier proteins cytochrome c and plastocyanin are 

located within the thylakoid [145, 153, 155, 156].  

1.6.3. Copper and Cyanobacteria 

 Copper trafficking in cyanobacteria has been well studied in the fresh water 

cyanobacterium Synechocystis PCC 6803 [4, 20, 157]. Synechocystis utilizes copper as an 

electron transfer cofactor in plastocyanin. In copper-depleted media, Synechocystis 

changes scheme and uses iron containing cytochrome c as an electron carrier [20]. 

Copper homeostasis in Synechocystis is focused around copper import – getting copper 

into the thylakoid to load into plastocyanin for use in photosynthesis.  
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Marine cyanobacteria do not appear to be as concerned with copper import, 

compared to fresh water cyanobacteria, as the marine environment has plenty of copper. 

Indeed, marine cyanobacteria are living in an environment with close to lethal 

concentrations of free copper [21]. So, marine cyanobacteria like Synechococcus and 

Prochlorococcus are concerned with controlling excess copper ions.  

One adaptation of Synechococcus and Prochlorococcus to increased copper 

concentration is the increased production of extracellular copper chelating ligands [158]; 

these ligands bind copper and decrease the concentration of free Cu(II). The identity of 

these ligands is not known, and the production is also not understood.  

On a molecular level, copper homeostasis in Synechococcus and Prochlorococcus 

has not been well studied. The only investigation to date was a microarray study of the 

mRNA changes after excess copper shock [159, 160]. These studies found several 

proteins unique to the marine cyanobacteria that appear to be upregulated after excess 

copper shock, implying that these proteins could function in copper homeostasis. 

However, these proteins are unique in that no homologs are found outside of the marine 

cyanobacteria, so no inferences can be drawn without further study. To understand the 

role of these proteins, careful biochemical analysis of their functions must be performed.  
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Figure 1.4. Model of Cyanobacterial Cellular Organization. Cyanobacteria are Gram-

negative bacteria with additional cellular compartments. The thylakoid is a membrane-

enclosed organelle where photosynthesis occurs. The carboxysomes are protein-enclosed 

organelles where carbon fixation occurs.  
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1.7. CONCLUDING REMARKS 

 Copper is an important metal for the survival of bacteria, participating in 

oxidation reactions and electron transport. However, copper homeostasis is extremely 

important because excess copper is toxic to cells. Copper homeostasis in enteric bacteria 

is an important process because of industrial use of copper as a biocide. In cyanobacteria, 

copper homeostasis is important because these photosynthetic organisms experience 

copper shock because of anthropogenic copper inputs into the marine environment.  

 This dissertation presents our work on copper homeostasis in enteric bacteria and 

marine cyanobacteria. In Chapter 2, we show that E. coli CusF and CusB protein 

expression increases after copper shock, and that there are approximately 10 molecules of 

CusF for every CusB molecule. This result implies that the role of CusF depends on 

being expressed at a high concentration, but the mechanism of the overexpression is not 

known. In Chapter 3, we show that E. coli CusF interacts specifically with CopA, a P-

type ATPase.  This result suggests that CusF could function as a major copper chaperone 

in the E. coli periplasm, trafficking copper and protecting the periplasm from free Cu(II). 

In Chapter 4, we show that Synw_0921, the protein product from a copper-regulated 

transcript in Synechococcus WH8102, is an iron-sulfur protein that likely localizes to the 

thylakoid. In Chapter 5, we present data investigating the metal binding of CueR and 

GolS, showing that the transcriptional specificity of CueR and GolS is not due to 

differential metal binding.  

 Together, these chapters present both in vitro and in vivo studies into protein-

protein interactions and metal binding of these proteins. This work highlights the need for 
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complementary approaches of in vitro biochemistry to study proteins and in vivo 

molecular biology to understand the function of proteins, and the crucial role they play in 

maintaining copper homeostasis in bacteria.  
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CHAPTER II: THE IN VIVO FUNCTION OF CUSF AND CUSB DEPENDS ON 

INCREASED PROTEIN EXPRESSION UPON COPPER STRESS AND 

PROTEIN-PROTEIN INTERACTIONS 

 

In this chapter, I report our work on the proteomic response of E. coli to copper stress, 

focusing primarily on the upregulation of CusF and CusB. Dr. Eun-Hae Kim purified the 

recombinant CusF and CusB, as well as generated the anti-Cus antibodies. N-terminal 

sequencing was performed by Midwest Analytical (St. Louis, MO). I completed the rest 

of the work described in this chapter.  

 

2.1. ABSTRACT 

 Copper homeostasis is a crucial function because copper is a trace nutrient used in 

redox reactions that is also toxic in excess. In Escherichia coli copper homeostasis is 

maintained through the action of two operons, cue and cus. The genes in these operons 

are upregulated in response to intracellular copper, to reduce the expenditure of energy 

when copper responsive proteins are not needed. Even though previous experiments had 

found that hundreds of mRNA transcripts were significantly affected by copper shock 

[23], we found no global proteomic changes in E. coli upon copper shock. We 

investigated the variation in protein levels for two Cus proteins, CusF and CusB, using 

quantitative Western blotting. We found that CusF and CusB levels increase in response 

to copper, and that there are proportionally many more CusF molecules than CusB. This 

suggests that the genetic regulation of the cus operon or proteomic regulation of Cus 
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proteins is more complex than previously thought. We present data indicating there is 

another promoter upstream of cusF that contributes to Cus protein expression, which may 

provide a mechanism for varying protein levels within the Cus operon.  

 

2.2 INTRODUCTION 

 Copper is necessary as a trace element for Gram-negative bacteria because of the 

role of copper ions as redox cofactors for many enzymatic processes, such as those found 

in electron transport or photosynthesis [64]. However, copper is toxic in excess, 

producing reactive oxygen species through Fenton-like chemistry [8], which damages 

DNA [10, 11]; excess copper ions also poison iron-sulfur enzymes by replacing iron ions 

and disrupting the chemical properties of iron-sulfur clusters [12]. Controlling the 

intracellular concentration of copper ions is absolutely necessary; cells must balance 

bringing in enough copper for cellular functions while reducing the concentration of free 

copper.  

 Many studies have explored the efficacy of using copper and its related metal, 

silver as biocides. Copper sheets have been shown to be effective at reducing infections 

in clinical settings; bacteria die within minutes to a few hours after contact with a copper 

surface [15, 71, 75, 161]. Silver colloids are applied to burn patients to reduce infections 

[19]; however, silver resistant bacteria were identified decades ago [56, 68, 79]. From a 

hospital isolate, a plasmid encoding silver resistance genes was identified, leading to the 

possibility that silver resistance could easily spread between bacteria in a clinical setting 

[81-83].  
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 In E. coli, copper homeostasis and silver resistance are handled by some of the 

same protein systems [93]. This is because the identified copper homeostatic systems are 

handling Cu(I), which bears similar properties to Ag(I). E. coli copper homeostasis is 

comprised of the Cue proteins (CueR, CopA, and CueO) and the Cus proteins (CusCFBA 

and CusRS). Expression of all of these proteins is induced by both copper and silver 

added to growth media [39, 139, 162-164]. Genetic experiments show that the Cue 

proteins are necessary for copper homeostasis, while the Cus proteins are necessary for 

copper homeostasis under high concentrations of copper or anaerobic conditions [39]. 

Cus proteins are main chromosomal determinants of silver resistance [39, 162].  

 This study focuses on the expression of the CusCFBA proteins after copper 

shock. CusCFBA are expressed from an operon that is controlled by the histidine kinase 

and response regulator pair CusRS (Figure 2.1.a). In response to Cu(I)/Ag(I) in the 

periplasm, CusRS induces the transcription of two divergent transcripts, cusRS and 

cusCFBA [162]. Transcriptional promoters have been identified upstream of cusC and 

cusR; there is an additional non-coding region of approximately 200 nucleotides between 

the stop codon of cusC and the start of cusF. There are some sequence elements in this 

region that are consistent with a possible promoter, but previous studies have not shown 

any transcriptional activity [162].  

 Previously, E. coli Cu(I)/Ag(I) response was partially investigated on both the 

transcriptional and the translational levels. Expression of mRNA was measured by RT-

PCR and Southern blot [39, 162], as well as microarray experiments [23]. The 

translational response was measured by promoter fusion assays to determine the 
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induction of CusC [39, 162, 163]. These studies show low baseline expression of the cus 

transcripts or CusC protein in the absence of Cu(I)/Ag(I), and increasing Cu(I)/Ag(I)-

dependent expression of the Cus system.  

Although the mRNA expression and promoter fusion experiments both show that 

there is very low cus baseline expression, there is one difference in the expression data. 

Microarray measured all the cus mRNA transcripts separately and found that cusF 

transcripts are highly upregulated after copper shock while none of the other cus 

transcripts are statistically upregulated. This result is not consistent with the previous 

model of a tetracistronic transcript for cusCFBA. However, if CusF is upregulated 

compared to CusCBA, the possibility of CusF as a key player in metal sequestration and 

delivery to the export complex is more plausible. 

CusCBA form a large, two-membrane spanning efflux complex that exports 

Cu(I)/ Ag(I) from the periplasm of E. coli using the energy of the proton gradient [18, 93, 

110]. CusF is a small Cu(I)/Ag(I) binding protein that interacts with CusB and transfers 

metal ions to CusB thereby functioning as a metallochaperone (Figure 2.1.b) [113, 114, 

117, 118, 121]. We hypothesize that CusF is important in metal sequestration in the 

periplasm of E. coli, but a precise description of its full function has not yet been 

determined.  

To explore the possibility that CusF functions as a sequestering protein, we 

measured the expression of both CusF and CusB after copper shock. If CusF expresses at 

a higher concentration than CusB, we would conclude that CusF could function as a 

sequestering protein.   
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Figure 2.1. Cartoon Representations of the Cus Proteins and cus Operon Organization. A. 

The Cus proteins and their localization within E. coli. B. Chromosomal arrangement of 

the cus genes. cusRPro and cusCPro are designated by black arrows.   
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2.3 MATERIALS AND METHODS 

2.3.1. Protein Expression and Purification 

 CusF was expressed from the pASK:CusF plasmid and purified as previously 

described [119]. CusB was expressed from pASK:CusB with C-terminal Strep(II) tag and 

purified as previously described [112]. Protein concentrations were determined by 

Bradford assay. 

2.3.2. Cell Growth and Copper Shock  

E. coli strains (Table 2.1) were transformed with pET22b+ empty vector to 

investigate endogenous protein expression; this allowed for antibiotic selection of wild-

type E. coli. A pilot culture in Luria Broth with 100 µg/ml ampicillin (LB+amp) was 

inoculated from a single colony and grown overnight at 37°C with aeration. In the 

morning, fresh LB+amp was inoculated with 1/100 final volume of the pilot culture. 

Cells were grown at 37°C with aeration until OD600 ~ 0.8, induced with CuSO4 as 

indicated in text and growth was continued for 6 hours. For Western blot analysis, 2 ml 

samples of culture were pelleted by centrifugation (2 minutes @ 16,000 xg) and then 

frozen at -20°C until analysis. Cellular density was estimated from the final OD600.  

2.3.3. Sample Preparation for Gel Electrophoresis and Immunoblotting  

For analysis of total soluble proteins,  pelleted E. coli cells were resuspended to 

the same density (OD600 = 20; ~2x107 cells/µl) in lysis solution [1X BugBuster 

(Novagen), 100 mM TrisHCl, [pH 7], 1 mM PMSF] and then cellular proteins were 

released following manufacturer’s directions.  In brief, cell suspensions were shaken for 

20 minutes at room temperature and then centrifuged (20 minutes @16,000 xg). For 
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analysis of periplasmic proteins, pelleted cells were resuspended to the same density as 

for whole cell preparation (OD600 = 20; ~2x107 cells/µl) and then treated according to the 

spheroplasting and sucrose method [165].  

2.3.5. Gel electrophoresis, Immunoblotting, and Quantification of CusF and CusB 

Expression  

Lysate or periplasmic fractions from approximately 2x108 cells were analyzed on 

SDS-PAGE. For analysis of overall cell expression changes, SDS-PAGE were stained 

with Coomassie Blue R250. For Western blotting, proteins were transferred to PVDF 

membranes and then blocked overnight at 4°C in blocking buffer (PBS + 3% BSA + 

0.5% Tween 20). Proteins were detected by immunoblotting using anti-CusF or anti-

CusB primary antibodies from rabbit source (Lampire Biological Laboratories, 

Pipersville, PA), and a secondary anti-rabbit-IR dye (IRDye 800CW Goat anti-Rabbit 

IgG, Li-COR.) Proteins were detected at 800 nm using a LiCOR Odyssey instrument. 

Images were analyzed with Image J by drawing a box around protein bands to measure 

average pixel intensity of each protein. CusB expressed as two bands, so the 

measurement box was drawn to enclose both bands. Purified CusF and CusB of known 

concentrations were used to calculate the intensity of each band at a given concentration 

of protein, and used to calculate the concentration of CusF or CusB in the cell lysate 

[166].   

2.3.6. Chromosomal Disruption of cusC Promoter 

 Chromosomal deletions were performed using recombination method described in 

[167]. Linear PCR product of chloramphenicol acetyltransferase with flanking regions to 
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the cusC promoter (Figure 2.7a) was generated using primers: forward primer: 

GTAGCGGGATCAGATGGCAATCGCTTATTGGCAAAATGACAATTTTGTCAGT

GTAGGCTGGAAGCTGCTTC and reverse primer: 

GGACCATGGCTAATTCCCATCCTATGTCTCCTTGTAAACTTCTGCCATTTTGTG

TGGCCCTTGCGCTAAC. Linear PCR product was heat shocked into GR1 with λ-red 

recombinase, and transformed colonies were selected by growth on media with 

chloramphenicol (34 mg/ml). Correct insert in colonies were verified by PCR 

sequencing. The chloramphenicol acetyltransferase gene was not removed from the 

bacteria before analysis.  

2.3.7. Copper Survival 

 Overnight pilot cultures of GR1+pET22b+ empty vector and 

GR1ΔpcusC+pET22b+ empty vector were used for copper survival studies. A pilot 

culture in Luria Broth with 100 µg/mL ampicillin (LB+amp) was inoculated from a 

single colony and grown overnight at 37 °C with aeration. In the morning, fresh LB+amp 

was inoculated with 1/100 final volume of the pilot culture. Cells were grown at 37°C 

with aeration until OD600 ~ 0.8-1.0. Samples were diluted with fresh LB+amp to an 

OD600 = 0.8, and serial diluted 1:10 in LB+amp 7 times to generate dilutions from OD600 

= 0.8 to 8x10-8. 10 µl from each dilution was plated onto LB+amp agar plates with 

CuSO4 from 0 to 3.0 mM and grown 17 hours at 37ºC, and then growth was scored based 

on lowest dilution (fewest initial cells) that showed colonies after incubation.  

2.3.8. N-terminal Sequencing: Cell Growth and Sample Preparation 
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 Cells from 1 liter cultures of GR1+pET22b+ cells that were grown as above, were 

treated with 0.25 mM CuSO4 at mid-log phase, were harvested after 6 hours. Samples of 

whole-cell or periplasmic proteins were prepared as above, and endogenous CusB was 

immunoprecipitated with CusB antibody immobilized on resin (AminoLink Coupling 

Resin, Pierce Protein Biology, Rockford, IL) per manufacturer’s instructions. Elutions 

containing CusB were concentrated to ~0.1 mg/ml and applied to SDS-PAGE, and then 

transferred to polyvinyl difluoride (PVDF) membranes (0.2 µm pore), and stained with 

Coomassie Brilliant Blue.. N-terminal sequencing was performed with five rounds of 

Edman Degradation (Midwest Analytical St. Louis, MO).  
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Table 2.1. Strains Used in this Chapter.  

Strain Relevant Genotype Plasmid Antibiotic Resistance 

GR1 W3110ΔcueO pET22b+ AmpR 

BW25113 BW25113 pET22b+ AmpR 

BW25113ΔcusR BW25113ΔcusR:cat pET22b+ AmpR 

BW25113ΔcusS BW25113ΔcusS:cat pET22b+ AmpR 

GR1ΔcusCPro GR1ΔcusCPro:cat pET22b+ AmpR 
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2.4. RESULTS 

2.4.1. Copper Shock does not Greatly Alter the E. coli Proteome 

To investigate how copper shock changes the overall E. coli proteome, copper 

treated cell lysates were separated on SDS-PAGE (Figure 2.2). The banding pattern 

between the control and 0.25 mM CuSO4 added sample are almost superimposable, 

indicating that sub-lethal copper stress does not greatly affect global protein expression in 

E. coli. There are significant differences between the control and 3.0 mM CuSO4 sample, 

but these are likely due to other factors, as cells treated with this concentration of copper 

cease to increase cellular density after stress, and may no longer be viable.  
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Figure 2.2. 10% SDS-PAGE of E. coli Cell Lysate  

 

  

20  

30 

40 

50 

70 

Approx 

MW (kDa) 



50 

 

2.4.2. CusF and CusB are Expressed after Copper Shock in a Time- and 

Concentration-Dependent Manner  

Copper induction studies were performed with E. coli [93] transformed with 

pET22b+ empty vector for antibiotic selection. Copper was added to mid-log phase 

cultures, and then protein expression was assayed after growth was continued. Cell 

growth after addition of copper was measured by final cell density (Figure 2.3.a) and 

showed that cultures treated with 2.5 mM CuSO4 ceased to increase density, while all 

other copper treated cultures grew to the same density as no copper added. When no 

copper had been added to the growth media, no CusF or CusB expression is seen (Figure 

2.3.b and c).  At 25 µM and 0.25 mM CuSO4, CusF and CusB were induced (Figure 2.3. 

b-d), even though the cultures experienced no cell growth defects. CusF and CusB were 

induced at 2.5 mM as well, though to a lesser extent. Although a previous report has 

shown that cusF transcript is upregulated after zinc shock [168] no CusF protein 

expression was apparent when zinc was added to the growth media (Figure 2.3.f). 

Protein induction over time after copper shock was also measured (Figure 2.3.e). 

CusF and CusB are expressed within minutes of copper addition, and reach maximum 

expression after 20 minutes.  After 20 minutes, CusF and CusB expression remains 

constant up to one hour.  
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Figure 2.3: Cell Growth and CusF and CusB Expression after Copper Shock A. Final 

density of E. coli GR1+pET22b+ 4 hours after addition of CuSO4. Bars represent the 

average, and error bars represent standard deviation (n=3). B. anti-CusF Western Blot of 

CusF expression after copper shock. Lanes are labeled with CuSO4 added. C. anti-CusB 

Western Blot of CusB expression after copper shock. Lanes are labeled with CuSO4 

concentration added. D. CusF (striped) and CusB (black) expression over different 

copper concentrations. Values shown are the mean expression as a percentage of the 

maximum. Error bars are standard deviation (n = 3 for CusF, n = 4 for CusB). E. CusF 

(striped) and CusB (black) expression as a function of time after copper addition. Values 

shown are the mean expression as a percentage of the maximum. Error bars are standard 

deviation (n = 3). F. anti-CusF Western blot of ZnSO4 treated cultures. ZnSO4 was added 

to concentrations indicated.  
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2.4.3. CusB Expresses as Two Cellular Isoforms, a Periplasmic and a Cytoplasmic 

Version, While CusF is Located Completely in the Periplasm  

The Western blot of CusB shows two protein bands (Figure 2.3.c). We 

hypothesized that these bands represent different isoforms of CusB, possibly protein 

pools in different cellular compartments. To test this, we prepared extracts from both the 

periplasm and the whole cell and determined the relative amount of CusF and CusB in 

each of these samples. We found that the amount of CusF in the periplasmic fraction is 

very similar to the whole cell fraction (Figure 2.4.a). For CusB, the periplasmic extract 

has less protein than the whole cell extract, and moreover, only one of the two CusB 

bands is apparent in the periplasmic extract (Figure 2.4.b).  Quantification of the gel 

bands indicates that about 50% of CusB is found in the periplasmic fraction, while 80-

100% of CusF is found in the periplasm (Figure 2.4.c). From these data, we conclude that 

CusF proteins are almost completely translocated to the periplasm, while 50% of CusB 

proteins are translocated.  
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Figure 2.4: CusF and CusB Localization in the Cytoplasm and Periplasm. A. Anti-CusF 

Western blot of CusF from whole cell and periplasmic extracts. WC = whole cell lysate; 

PP = periplasmic. B. Anti-CusB Western blot of CusB from whole cell and periplasmic 

extracts. WC = whole cell lysate; PP = periplasmic. C. Quantification of CusF (striped) 

and CusB (black) relative abundance in periplasm and whole cell extract in three 

different preparations.  

0

20

40

60

80

100

120

1 2 3

R
el

a
ti

v
e 

A
b

u
n

d
a
n

ce

Trial

4
 µ

l 
W

C
 

8
 µ

l 
W

C
 

4
 µ

l 
P

P
 

8
 µ

l 
P

P
 

4
 µ

l 
W

C
 

8
 µ

l 
W

C
 

4
 µ

l 
P

P
 

8
 µ

l 
P

P
 

A 

B 



55 

 

 To analyze cytoplasmic CusB, endogenous CusB was purified from copper-

treated E. coli by immunoprecipitation and the N-terminal sequence determined by 

Edman degradation to be FMDMD. This corresponds to a break between Pro 61 and Phe 

62 (Figure 2.5). Removal of residues 1-61 removes the signal sequence, so the fragment 

remains in the cytoplasm. Additionally, one of the metal binding methionine ligands is 

removed, so cytoplasmic CusB is likely impaired in metal binding.   
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Figure 2.5. Sequence of CusB. CusB residues 1-90 shown. Periplasmic leader signal is 

blue. Sequence missing from cytoplasmic CusB is underlined. Metal binding methionines 

are red.  
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2.4.4. CusF Expresses at a 10-Fold Molar Excess Compared to CusB  

To determine the relative proportions of CusF and CusB, we compared the 

intensity of the protein bands on the Western blot to bands of known concentrations of 

purified proteins. CusF and CusB concentrations after copper shock were determined 

independently by semi-quantitative Western Blot, and then the ratio of CusF to CusB was 

calculated. Over the range of 0.25 mM CuSO4 to 2.0 mM CuSO4 in the growth media, 

CusF expresses at a higher molar concentration than CusB (Figure 2.6). Based on these 

experiments, there are about 10 molecules of CusF for every one of CusB.  However, 

considering that only about half of CusB is properly translocated to the periplasm, this 

means that the ratio of CusF to CusB is closer to 20:1 in the periplasm.  

 Based on the calculated concentration of CusF in the cell lysate, the concentration 

of CusF per cell can be estimated. Based on an OD600 of 1x109 cells/ml, there are 

approximately 15,000 CusF molecules per cell. If there is a 20:1 ratio of CusF to CusB, 

this would correspond to approximately 750 CusB molecules per cell. With 6 CusB per 

CusCBA complex [116] this would imply there are ~100 CusCBA complexes in an E. 

coli cell reacting to copper stress. To a first order approximation, there are 100-150 CusF 

molecules per CusCBA complex.  
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Figure 2.6: Relative Proportion of CusF to CusB after Copper Shock. CusF and CusB 

concentrations were measured by Western Blot at each concentration of CuSO4 as 

indicated, and then the molar ratio of CusF/CusB was calculated.  
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2.4.5. A Possible Promoter Upstream of cusF Contributes to CusF and CusB 

Expression after Copper Shock.  

To study the possibility of an additional promoter involved in Cus expression, we 

generated a GR1 derivative strain in which the regulatory sequence in the 3’ upstream 

region of cusC was replaced with chloramphenicol acetyltransferase, generating 

GR1ΔcusCPro (Figure 2.7.a). GR1ΔcusCPro shows impaired copper survival (Figure 

2.7.b), and decreased expression of CusF and CusB upon copper shock, though some 

protein is still produced (Figure 2.7.c). From these data, we conclude that there could be 

an additional promoter for CusF and CusB.  
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Figure 2.7. Analysis of GR1ΔcusCPro. A. Promoter region of cusC. In bold is region 

deleted. Blue represents -10 and -35 regions. ATG is start codon. Italics are the flanking 

regions used for PCR primers. B. Copper survival of GR1 (circles) and GR1ΔcusCPro (x). 

In solid media, CuCl2 was used. C. CusF and CusB expression in LB+amp with 0.25 mM 

CuSO4 by GR1 (black) and GR1ΔcusCPro (white).  
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2.4.6. CusF and CusB Expression is Completely Dependent upon Both CusS and 

CusR.  

To test if CusF and CusB expression is solely under the control of CusRS, CusF 

and CusB were measured in E. coli strains missing those proteins. E. coli strain 

BW25113ΔcusR and BW25113ΔcusS were treated with 0.25 mM CuSO4 and then 

Western blotted to analyze CusF and CusB expression. CusF and CusB are expressed in 

BW25113, but no CusF or CusB are observed in either mutant (Figure 2.8). From these 

data we conclude that CusF and CusB protein expression are completely dependent on 

both CusS and CusR.  
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Figure 2.8: CusF and CusB expression in BW25113, BW25113ΔcusR and 

BW25113ΔcusS  A. anti-CusF Western blot of BW25113 and mutant strains. Wedges 

indicate increasing amounts loaded. B. anti-CusB Western blot of BW25113 and mutant 

strains. Wedges indicate increasing amounts loaded.  
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2.5. DISCUSSION 

2.5.1. CusF Expresses at 10-Fold Excess over CusB After Copper Shock.  

 We have shown that CusF and CusB are upregulated after copper shock in a time- 

and concentration dependent manner. We have found that CusF is in overabundance in 

relation to CusB, and that there are ~20 CusF molecules for every CusB molecule. 

Considering that there are 6 CusB molecules in every CusCBA complex, there are ~120 

CusF molecules for every CusCBA complex. This means that CusF is overexpressed in 

comparison to the rest of the Cus system.  

 We estimate that there are ~15,000 CusF molecules/cell during copper shock. 

This is a moderate protein expression level; for example, there are 8,000-13,000 copies of 

DnaK, a heat shock protein (data from [169] and sources cited within), and 5,000-10,000 

Fur molecules [170]. The most abundant protein in E. coli has about 100,000 copies/cell 

(RpiL, a ribosomal protein) as measured by quantitative mass spectrometry [169]. So, 

~15,000 CusF molecules is high expression, but by no means is CusF the most highly 

expressed protein in E. coli.  

CusC and CusA expression were not measured in this study. For CusC, we do not 

have an antibody. The larger roadblock, however, is the necessity of preparing membrane 

fractions for study of these integral membrane proteins. Western blots were attempted on 

whole-cell lysates to measure CusA, and it was difficult to detect. CusA and CusC are 

integral membrane proteins, and it seems unlikely that they would express to equivalent 

concentrations as the small, soluble CusF. We expect that CusF will be expressed at 

higher levels than CusA and CusC, but do not have data to support this statement.  
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There are many other operons in E. coli, but the expression of proteins from 

operons has not been systematically investigated. One example of an operon whose 

expression has been measured is sucABCD, which encodes four subunits of two proteins: 

α-ketoglutarate dehydrogenase (SucAB) and succinyl coenzyme A synthetase (SucCD) 

[171]. These proteins are transcribed from a single mRNA molecule [172]. Using 

quantitative mass spectrometry, the expression of SucABCD was measured [169], and it 

was found that in wild-type E. coli, there are about 4000 SucA, 4000 SucB, 9000 SucC, 

and 1000 SucD molecules per cell, though the error in these measurements is not known. 

In this operon, the proteins do not express at the same level, even though mRNA levels 

are very close (10-30 mRNA/cell [169]). From the Cus and Suc proteins, we can see that 

relative abundance of proteins in the same operon is very complex, and we do not 

understand all the mechanisms behind the observed data.  

For the Cus proteins, one of the biggest differences is that CusF and CusB are 

soluble proteins, while CusC and CusA are integral membrane proteins, which are subject 

to regulation by proteases such as FtsH that degrade membrane proteins that fail to form 

proper complexes [173]; such a mechanism could apply to the CusCBA complex as well. 

FtsH is one of the proteins involved in envelope stress response, regulated by CpxR; 

CpxR responds to copper stress by upregulating many target genes [23]. Many factors 

likely contribute to the expression of CusCFBA proteins.  

However it is achieved, ~120 CusF molecules are expressed for every CusCBA. 

We believe this indicates that the function of CusF depends on having a relatively high 

concentration. We know that CusF binds Cu(I)/Ag(I) and can transfer metal to the 
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CusCBA complex [113, 114, 121]. Since CusF expresses at a higher concentration than 

the rest of the protein, we conclude this means that CusF functions as a sequestering 

protein in addition to a chaperone; its high concentration allows it to bind and hold 

Cu(I)/Ag(I) and eventually transfer metal to CusCBA for export.  

2.5.2. Possible Additional Regulatory Elements of Cus Expression 

One unanswered question is the mechanism of CusF expression. We disrupted the 

promoter of cusC, and observed reduced expression of CusF and CusB. This suggests 

that a separate promoter may exist outside of the identified cusC promoter. There are 

~200 nt between the end of cusC and the beginning of cusF, and could be the site of an 

additional promoter for cusF and cusB expression.  

We analyzed the expression of CusF and CusB in two mutant strains, where the 

Cus regulatory proteins cusR or cusS were deleted. In these experiments, we could not 

detect CusF or CusB in either deletion strain. From these we conclude that CusF and 

CusB expression is completely dependent upon both CusR and CusS. Even if an 

additional promoter exists, it is dependent upon the already identified Cus regulators, 

CusR and CusS.  

2.5.3. Cytoplasmic CusB has lost the Periplasmic Localization Sequence 

We have shown that there are two CusB proteins in E. coli, in distinct cellular 

pools; one is cytoplasmic and the other pool is periplasmic. We determined that the 

cytoplasmic fraction of CusB is proteolyzed between Pro 61 and Phe 62. Such a 

proteolytic event could come from an endopeptidase recognizing Phe 62 and cleaving the 
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N-terminal bond, or recognizing Pro 61 and cleaving the C-terminal bond [174-176]. 

Peptidases acting in both of these manners are found in E. coli [176-181].  

This cleavage removes the signal peptide, leaving the protein trapped in the 

cytoplasm. This may be a mechanism to regulate CusB concentration, but it is also 

possible that the cleavage is due to the unstructured nature of the N-terminus of CusB 

[114, 115]. In addition to losing the signal sequence, one of the methionines involved in 

metal binding (M21) [112] is lost. This likely means that cytoplasmic CusB has lost 

Cu(I)/Ag(I) binding.  

If there is a function of CusB’s susceptibility to proteolytic damage, it is 

unknown. In some systems proteins are susceptible to proteases to increase turnover or 

degradation rates [174, 175, 182]. Proteolysis may simply be a corollary to the 

unstructured nature of the CusB N-terminus; unstructured or unfolded proteins are often 

more susceptible to proteolytic activity [174, 175]. The N-terminus of CusB is highly 

flexible, and adopts a different conformation upon metal binding [112, 114]; this 

conformational flexibility is thought to play a role in gating Cu(I)/Ag(I) flow through the 

CusCBA complex [107]. It is possible that to preserve the conformational freedom of the 

N-terminal domain, it must be susceptible to proteolysis. Or, since approximately half of 

the CusB molecules made it to the periplasm, there may not be an evolutionary pressure 

to change the sequence of CusB to reduce proteolytic damage. If the current sequence of 

CusB functions in the CusCBA pump, further evolution to decrease proteolysis may 

decrease the efficacy of CusB, and this would be a negative selective force.  
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2.5.4. Final Thoughts 

We conclude that there are more CusF molecules compared to the CusCBA pump 

after copper shock, even though the mechanism is still unclear. Overall, overexpression 

of CusF supports the idea that the function of CusF relies on high protein copy number, 

likely as a sequestering protein. A high molar ratio allows CusF to bind Cu(I)/Ag(I) and 

hold the metal until CusCBA can efflux the toxic metals. This sequestering function 

could protect E. coli from excess Cu(I)/Ag(I).  
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CHAPTER III: THE PERIPLASMIC COPPER CHAPERONE CUSF ACQUIRES 

CU(I) FROM COPA, AN INNER-MEMBRANE COPPER PUMP, IN VITRO 

 

This chapter presents our work investigating Cu(I) transfer from the P-type ATPase 

CopA to CusF. This work is a collaboration with José Argüello’s lab at Worcester 

Polytechnic Institute in Worcester, MA. I performed the cloning, expression, and 

purification of the CusF constructs, as well as the ClusPro modeling and circular 

dichroism. Teresita Padilla-Benevides (Worcester Polytechnic Institute) purified the 

CopA proteins used in this study and performed the Cu(I) transfer experiments.  

 

3.1 ABSTRACT 

 Copper homeostasis is an essential process for all aerobic organisms, as copper is 

an essential cofactor but also toxic. In Escherichia coli, copper homeostasis is mostly 

accomplished through the action of export pumps: CopA, a P-type ATPase, transports 

Cu(I) across the inner membrane, while CusCBA, a tri-partite efflux pump, expels Cu(I) 

from the periplasm. CusF is a small Cu(I) binding protein that can transfer Cu(I) to CusB. 

We show here that CusF can also acquire Cu(I) from CopA in vitro. These data suggest 

that CusF serves as a chaperone shuttling Cu(I) from its entry into the periplasm via 

CopA to CusCBA, where it is expelled from E. coli. By binding Cu(I) directly from 

CopA, CusF limits the copper toxicity of the free metal. This is the first study linking 

CusF-homolog proteins to a Cu(I) interaction with a P-type ATPase.   
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3.2 INTRODUCTION 

 Copper is a trace element necessary for survival of Escherichia coli. Copper ions 

of oxidation states Cu(I) and Cu(II) are utilized for many processes, from oxidative 

respiration to catalysis in multi-copper oxidases [7, 27, 64]. However copper is also 

extremely toxic; Cu(I) can participate in Fenton-like chemistry [8], producing reactive 

oxygen species that damage DNA [9-11]. Cu(I) can also displace iron ions from iron-

sulfur clusters, disrupting enzymatic function [12, 183]. So, bacterial cells must control 

the concentration of free copper ions inside cells to maintain cell viability and function.  

There are many ways to control the concentration of free copper ions in vivo. In 

E. coli, the major mechanism of copper homeostasis is export; by reducing the 

concentration of copper inside of the cell, bacteria can maintain cellular integrity in the 

face of copper shock [27, 39, 93]. In E. coli, copper homeostasis is maintained by the 

independent Cue and Cus protein systems (Figure 3.1) [27, 39, 93, 139]. The Cue protein 

system contains CopA, a P-type ATPase in the inner membrane, and CueO, a periplasmic 

multi-copper oxidase.  The transcription of copA and cueO is regulated by the copper-

responsive transcription factor CueR. The Cus protein system is comprised of the CBA 

transporter CusCBA, and the periplasmic Cu(I)/Ag(I) binding protein CusF. The 

transcription of the cus genes is regulated by the two-component system CusRS, which 

responds to periplasmic copper. In addition to being regulated by separate regulators, 

genetic experiments suggest that Cue and Cus proteins function independently [27, 93].  

In other biological systems, chaperones have been identified that assist export 

machinery in protecting cells from copper toxicity [35, 53, 120, 184, 185]. Chaperones 
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can bind and transport copper ions protecting cells from any side reactions and ensuring 

that copper ions are delivered to the appropriate proteins. In yeast, Atx1 is an intracellular 

copper chaperone that delivers Cu(I) to the copper importer Ccc2 for transport into the 

trans Golgi network [185]. In many eukaryotes, the copper chaperone Ccs delivers copper 

ions to copper oxidases, such as SOD1 [186]. In cyanobacteria, the chaperone Atx1 

shuttles Cu(I) from the inner membrane pump CtaA to the thylakoid membrane pump 

PacS [187]. In Archaeoglobus fulgidus, CopZ delivers copper in the cytoplasm to the P-

type ATPase CopA [188, 189].  

One possible mechanistic link between the Cue and Cus protein systems is CusF. 

CusF is a small periplasmic protein that binds Cu(I) and Ag(I) [117-119, 190] and can 

transfer metal ions to CusB [113, 114, 121] and CusA (EH Kim, TD Mealman, and MM 

McEvoy, unpublished). An unanswered question is where or how does CusF acquire 

metal in vivo? In vitro CusF can bind Cu(I) or Ag(I) from solution, but it is unknown if 

free ions are present in the periplasm of E. coli. Also, the presence of oxidases like CueO 

and dioxygen in the periplasm make it unlikely that Cu(I) would stay reduced if the metal 

ion were free in solution. To prevent cellular damage from free metal ions, it is possible 

that CusF could interact with CopA, bind metal ions as they are transported across the 

inner membrane, and thus serve as a major periplasmic copper chaperone. CusF could 

then function as a physical carrier of Cu(I)/Ag(I) from its entry into the periplasm by 

CopA, to its exit through CusCBA. To test this hypothesis, we have performed 

experiments to test Cu(I) transfer from CopA to CusF.  
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Figure 3.1. Proteins Involved in Copper Homeostasis in E. coli. The independent Cue and 

Cus systems together control the intracellular concentration of copper and silver ions.  
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3.3. MATERIALS AND METHODS 

3.3.1. Protein Cloning, Expression, and Purification of CusF 

 Mutations in CusF were generated sequentially using a QuikChange Mutagenesis 

kit (Agilent Technology) per manufacturer’s instructions, using primers as specified 

(Table 3.1). All mutants were verified by DNA sequencing.    

Wild-type CusF protein and mutant proteins were expressed and purified 

similarly.  Plasmids bearing CusF (pASK:CusF-Streptag(II) wild-type [93]), no metal 

binding CusF (pASK:CusF-Strep-tag(II)M47I,M49I [93]) or the CusF-5Ala 

(pASK:CusF-Strep-tag(II) K23K30K31H35R50A – this work) were transformed into 

Escherichia coli strain BL21λ (DE3) and grown on LB media with ampicillin (100 

µg/ml) (LB+amp). A single colony was inoculated into LB+amp and grown overnight at 

37 °C with aeration. The overnight culture was used to inoculate 1l LB+amp and growth 

was continued. When OD600 reached 0.8, protein expression was induced with 200 µg/l 

anhydrotetracycline hydrochloride. Growth was continued for 6 hours at 30 °C, and then 

cells were harvested by centrifugation. Pelleted cells were stored at -80 °C. 

Protein purification was performed as previously described [93]. Briefly, cells 

were resuspended in Buffer W (100 mM TrisHCl [pH 8], 150 mM NaCl) and lysed with 

a French pressure cell and then clarified by centrifugation (1 hour @ 15,000 xg) Lysate 

was applied to a Strep-tactin sepharose column (IBA Technology, Germany) per 

manufacturer’s directions. Strep elutions were pooled, concentrated, and applied to 

Sephacryl S100 16/10 (GE Healthcare) and eluted in Buffer W. Gel filtration fractions 

containing protein of interest were pooled and concentrated. The protein was judged to be 
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greater than 95% pure as indicated by SDS-PAGE. Molecular weights of purified 

proteins were verified by MALDI-TOF mass spectrometry. Protein concentration was 

determined by Bradford assay with BSA as standard. 

3.3.2. Protein Cloning, Expression, and Purification of ΔN-CopA 

Whole E. coli copA previously cloned into pBAD-TOPO/His vector (Invitrogen) 

was used as a template to create the cDNA lacking the N-MBD coding regions ΔN-CopA 

[191] and was ligated into pBAD-TOPO/His, which adds an N-terminal His6 tag 

sequence. ΔN-CopA-pBAD-TOPO plasmid was transformed into E. coli DC194 cells 

[192] and grown at 37 °C in 2XYT media supplemented with 100 μg/ml ampicillin and 

50 μg/ml kanamycin. Protein expression of ΔN-CopA wild type was performed 

according to an autoinducing media protocol [193]. Purification of membrane-bound and 

solubilized proteins were carried out as described [184, 194-196]. Solubilized 

lipid/detergent micellar forms of ΔN-CopA proteins were stored in buffer containing 25 

mM HEPES (pH 8.0), 50 mM NaCl, 10 mM ascorbic acid, 0.01% η-dodecyl-β-D-

maltopyranoside (DDM), and 0.01 % asolectin until use. Protein determinations were 

performed with Bradford assay with BSA as standard. 

3.3.3. Protein Docking in silico  

The CopA homology model [184] and CusF crystal structures [1ZEQ apo CusF, 

2QCP Ag(I)-CusF, 2VB2 Cu(I)-CusF] were uploaded to ClusPro and docking 

interactions were predicted with standard parameters. ClusPro output contained 20-30 

possible interactions for each receptor-ligand pair. An interactions between CusF metal 

binding site and CopA periplasmic Cu(I) exit site was seen in all three docking 
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simulations; it was taken as the most likely interaction where Cu(I) transfer could occur. 

[197-200]. 

3.3.4. Circular Dichroism  

CusF (16 µM) and CusF-5Ala mutant (26 µM) were dialyzed into 50 mM NaPO4, 

(pH 7.5). Far-UV CD wavelength scans were acquired in 1 mm path-length cuvette using 

an Olis DSM CD spectrometer, with 10 s integration for each wavelength. Each scan was 

performed three times, and the average molar ellipticity calculated and reported.  

3.3.5. Cu(I) Loading  

Cu(I) loading to apo-ΔN-CopA protein was performed by incubating the micellar 

form of the protein in the presence of a stoichiometric amounts of CuSO4 in 25 mM 

HEPES-Cl (pH 8.0), 150 mM NaCl, and 10 mM ascorbate for 10 min at room 

temperature with gentle agitation. The unbound Cu(I) was removed by washing in 30-

kDa cut-off Centricons (Millipore) and used immediately. The amount of Cu bound was 

verified by Atomic Absorbance Spectroscopy (AAS, Varian). To this end, an aliquot was 

mineralized with 100 μl of HNO3 (trace metal grade) for 1 h at 80 °C. Digestions were 

concluded after the addition of 25 μl of 30% H2O2 and diluted with deionized water.  

3.3.6. Copper Transfer Experiments 

 Cu(I) transfer from the His-tagged ΔN-CopA to different Strep-tagged CusF 

constructs was performed similarly to previous reports with minor modifications [195]. 

Briefly, micellar forms of E. coli ΔN-CopA apo or loaded with Cu(I) were incubated in 

the presence of a 2 molar excess of E. coli CusF bound to a Strep-tactin column in buffer 

containing 25mM HEPES-Cl (pH 8.0), 150 mM NaCl, 0.01% asolectin, 0.01% DDM and 
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1 mM TCEP. Cu(I) transfer was initiated by the addition of 100 μM ATP, 100 μM MgCl2 

and incubated for 2 min at room temperature. 100 μM bicinchoninic acid was used in the 

reaction to avoid free/unbound Cu(I) loading to CusF that is not result of a direct 

interaction with ΔN-CopA. Proteins were separated by washing the Strep-tactin column 

with 25 mM HEPES (pH 8.0), 150 mM NaCl, 0.01% DDM, 0.01% asolectin, 1 mM 

TCEP, followed by elution in the same buffer supplemented with 2.5 mM desthiobiotin. 

The amount of Cu bound was determined by furnace AAS. Control experiments for all 

the proteins were performed under the same conditions using ΔN-CopA not loaded with 

Cu(I); Cu(I) values were subtracted from all plotted values. Controls were performed 

where Cu(I)-loaded CusF or ΔN-CopA were subjected to the same procedures 

individually, i.e., lacking a partner Cu(I)-exchanging protein. The absence of CusF in the 

wash fractions and ΔN-CopA in the eluate fractions was confirmed by SDS-PAGE and 

Western blotting.  
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Table 3.1: Primers for CusF Cloning 

Name Sequence, 5'-3' 

K23A for CCACTGGCGTGGTAGCAGGTATCGATCTG

GAAAGC 

K23A rev GCTTTCCAGATCGATACCTGCTACCACGC

CAGTGG 

K23AK30A for GGTATCGATCTGGAAAGCGCAAAAATCA

CCATCCATCACGATCC 

K23AK30A rev GGATCGTGATGGATGGTGATTTTTGCGCT

TTCCAGATCGATACC 

K23AK30AK31A for CGATCTGGAAAGCGCAGCAATCACCATC

ACCATCCATCACG 

K23AK30AK31A rev CGTGATGGATGGTGATGGTGATTGCTGCG

CTTTCCAGATCG 

K23AK30AK31AH35A for GGAAAGCGCAGCAATCACCATCGCACAC

GATCCGATTGC 

K23AK30AK31AH35A rev GCAATCGGATCGTGTGCGATGGTGATTGC

TGCGCTTTCC 

K23AK30AK31AH35AR50A for GAACTGGCCGGAGATGACCATGGCATTT

ACCATCACC 

K23AK30AK31AH35AR50A rev GGTGATGGTAAATGCCATGGTCATCTCCG

GCCAGTTC 
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3.4. RESULTS 

3.4.1. Cu(I) is Transferred from CopA to CusF in an ATP-dependent manner 

 Cu(I) transfer from CopA to CusF was measured by mixing Cu(I) loaded CopA 

with 2 molar excess apo CusF in the presence of ATP and MgCl2, separating them on 

StrepTactin Sepahrose (Figure 3.2). CopA contains a His-tag, while CusF contains a 

Strep(II)-tag. So, CopA is not retained by the StrepTactin, and is found in wash fractions. 

CusF is retained by the columns and is found in wash fractions (Figure 3.3.a). After 

separating proteins, the concentration of protein and copper in each fraction is 

determined. A 1:2 CopA: CusF ratio is used because CopA binds two molecules of Cu(I), 

while CusF binds only one Cu(I). To ensure that Cu(I) transfer is specific, and not simply 

from Cu(I) being released to the solution, Cu(I) transfer experiment is done in the 

presence of bicinchonichonic acid (BCA), a Cu(I) chelator; BCA is not bound by the 

StrepTactin and is found in the washes with CopA.  
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Figure 3.2. Schematic of Cu(I) Transfer Experiment. Cu(I) transfer from CopA to CusF is 

measured by mixing Cu(I):CopA and CusF, allowing transfer to proceed, and then 

separating proteins on affinity resin. The protein and copper concentrations in fractions is 

determined as described in text.  
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Western blotting indicates that CopA is only found in the washes, while CusF is 

only found in the eluate (Figure 3.2.a). Cu concentration was determined by furnace AAS 

in all fractions, while protein concentration was determined by Bradford assay; all 

measurements are presented in molarity (Figure 3.2.b). In the washes, CopA and Cu(I) 

concentrations are approximately equal [2 µM CopA; 2.5 µM Cu(I)]; in the eluate, the 

concentration of CusF is approximately 4 µM, while the concentration of Cu(I) is 

approximately 2 µM. These experiments show that Cu(I):CopA transfers 0.5 molar 

equivalents of Cu(I) to wild-type CusF.  

In the presence of ADP instead of ATP, no Cu(I) transfer is seen from CopA to 

CusF (Figure 3.2.c). As further controls, a mutant CusF was purified; a non-metal 

binding mutant (CusF-NMB) with M47 and M49 mutated to isoleucine; this mutant was 

shown to be deficient in metal binding [93]. CusF-NMB shows no metal transfer (Figure 

3.2.d). From these experiments, we conclude that CopA transfers Cu(I) to CusF in vitro, 

and this transfer is dependent upon ATP hydrolysis and protein metal binding ability.   
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Figure 3.3. Cu(I) transfer from CopA to CusF A. Western blots (anti-His or anti-CusF) of 

wash and eluate fractions from Cu(I) transfer experiment. His-tagged CopA is detected in 

the washes, while CusF is detected in the eluate. B. Cu(I) transfer from CopA to CusF in 

the presence of ATP.. C. Cu(I) transfer from CopA to CusF in the presence of ADP. D. 

Cu(I) transfer from CopA to CusF-NMB. In B, C and D, each point is the average of 

three replicates, with error bars representing standard deviation. 
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3.4.2. In silico Docking Reveals a Possible Interaction Face Between the Metal 

Binding Site of CusF and the Cu(I) Periplasmic Exit Site of CopA 

 To investigate the interaction between CopA and CusF, an in silico docking 

experiment was performed. The periplasmic loops of CopA homology structure [184] 

were used as a receptor, and three CusF structures [1ZEQ apo CusF, 2QCP Ag(I)-CusF, 

2VB2 Cu(I)-CusF] were docked onto CopA using ClusPro [197-199, 201]. When CopA 

is docked with CusF, an interaction between the metal binding site of CusF and the 

periplasmic Cu(I) exit site in CopA was predicted in all three interactions (Figure 3.4.a, 

b). This model was taken as the most likely interaction where Cu(I) transfer could occur. 

There are several other possible interactions between CusF and the periplasmic loops of 

CopA; these are too far from the Cu(I) exit site for transfer to occur, but may be 

important for protein recognition, though this hypothesis has not been tested.  

 A possible electrostatic interaction between CopA and CusF was predicted from 

sequence analysis, in which the positively charged surface of CusF could interact with the 

negatively charged Cu(I) exit site of CopA. Five of these positive residues, K23, K30, 

K31, H35, and R50, were hypothesized to be important for this interaction. When the 5 

residues (K23, K30, K31, H35, and R50) are mapped onto a surface representation of 

CusF, it shows that these residues comprise some, but not all, of the modeled interaction 

face between CusF and CopA (Figure 3.4.c). 
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Figure 3.4. CusF-CopA Interaction Modeled by ClusPro. A. Possible CusF:CopA 

interaction site. All three CusF molecules are in blue. CopA is in light yellow. B. Close 

view of CusF metal binding site (red) and CopA Cu(I) exit site (orange residues). CopA 

is in light yellow, shown as a surface. CusF is blue, cartoon. C. Model showing 

interaction faces between CusF (blue) and CopA (light yellow surface). CopA Cu(I) exit 

site is in orange. Positive residues K23, K30, K31, H35, and R50 are in yellow.  
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3.4.3. Cu(I) Transfer from CopA to CusF is Disrupted by Mutating Positive Residues 

on CusF to Alanine 

 To test if a positive surface on CusF is involved in interacting with CopA, the 

CusF-5Ala mutant was constructed, where K23, K30, K31, H35, and R50 were mutated 

to alanine (Figure 3.4.c). This protein was expressed in E. coli and purified to 

homogeneity for further study.  

 Far-UV circular dichroism was performed to ensure that CusF-5Ala was folded 

(Figure 3.5). CusF-5Ala and CusF WT show very similar spectra, within the error of the 

experiment. The spectra show moderate negative circular dichroism from about 220 nm 

to 210 nm, consistent with a beta-strand protein. From this, we conclude that CusF-5Ala 

is still folded, even with five mutations. Cu(I) binding by CusF-5Ala is not disrupted; 

CusF-5Ala binds one molar equivalent of Cu(I) per protein molecule from solution, as 

measured by atomic absorption spectroscopy (data not shown).  

Cu(I) transfer from CopA to CusF-5Ala was investigated (Figure 3.6). In the 

washes, there is 2 µM CopA and 3.5 µM Cu(I), while in the eluate, there is 4 µM CusF 

and 1 µM Cu(I). CusF-5Ala receives about half of the Cu(I) that is transferred to wild-

type CusF, so we conclude that CusF-5Ala has reduced Cu(I) transfer because of reduced 

interaction, not because of any metal binding defects. 
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Figure 3.5. Circular Dichroism of CusF Constructs. Each point is the average of three 

replicates, with error bars representing standard deviation.  
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Figure 3.6. Cu(I) transfer from CopA to CusF-5Ala. Data points represent the average 

and error bars the standard deviation from three replicates. 
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3.5. DISCUSSION 

 In this chapter, we have shown that CusF can acquire Cu(I) from CopA, in an 

ATP-dependent manner. Under the conditions used, approximately half of the Cu(I) 

bound to CopA is transferred to CusF. In vivo Cu(I) transfer depends on many factors, 

such as protein concentrations and Cu(I) binding affinity (not measured for CopA), so we 

cannot predict the extent of Cu(I) transfer from these results alone.  

 A possible interaction face between CusF and CopA was identified by in silico 

docking, in which CusF sits in the periplasmic loops of CopA like a baseball in a baseball 

glove. In this interaction, the metal binding site of CusF is close to the Cu(I) exit site of 

CopA. Several other possible interactions were found between CusF and the periplasmic 

loops of CopA. These interactions could be important for protein recognition.   

The docking simulation suggests a possible electrostatic interaction between 

several positively charged residues on CusF and negatively charged surface on CopA. A 

mutant CusF was constructed, with multiple positive residue (Lys, Arg, His) mutated to 

Ala, and this mutant has impaired Cu(I) transfer, as compared to the wild type. 

Interestingly, several of the positively charged residues on CusF that are involved in 

CopA interaction are also involved in CusB interaction [113]. This data suggest that the 

CusF-CopA interaction is at least partially based on electrostatic attractions.  

 From the evidence presented here, we conclude that CusF is a major copper 

chaperone in the periplasm. CusF can bind Cu(I)/Ag(I) from its entry into the periplasm 

at CopA, and transport the metal ions to the CusCBA efflux pump for expulsion from the 



87 

 

cell. This activity would allow the E. coli cells to survive in conditions with excess 

copper or silver through a few possible mechanisms.  

CusF binding of Cu(I)/Ag(I) decreases the concentration of free metal ions inside 

of the periplasm. As a result of binding Cu(I), CusF protects the periplasm from the 

generation of reactive oxygen species; there are oxidases and dioxygen in the periplasm 

that can react with free Cu(I), generating Cu(II). Cu(I) is also insoluble in aqueous 

solution, so having a protein to bind the Cu(I) keeps it soluble.  

Many copper chaperones interact with P-type ATPases, the majority delivering 

Cu(I) to the amino terminus for transport across a membrane [5, 35, 188]. This report is 

the first description of a CusF homolog interacting with P-type ATPases and the first 

direct biochemical evidence of a P-type ATPase transferring metal to a chaperone.   

From these data and previous in vitro work on the biochemistry of CusF, we 

propose that CusF is important for the function of CusCBA by providing an additional 

level of protection to the periplasm. Without CusF, the CusCBA complex can still 

function; so can CopA. But the cellular damage due to free Cu(I) being released from 

CopA in the absence of CusF might be too much for E. coli to survive. CusF provides a 

functional link between copper transporters and allows bacterial growth in the presence 

of high copper.   
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CHAPTER IV: SYNW_0921 IS AN IRON-SULFUR PROTEIN INVOLVED IN 

COPPER HOMEOSTASIS IN MARINE CYANOBACTERIA 

 

This chapter presents our work characterizing Synw_0921. The initial cloning of 

Synw_0921 into pASK-IBA3(+) was performed by Rhona Stuart (Scripps Institute, La 

Jolla, CA). Electron Paramagnetic Resonance Spectroscopy data were collected by Dr. 

Andrei Atashkine (University of Arizona, Tucson, AZ). ICP-OES was collected by Dr. 

Tim Corley (University of Arizona, Tucson, AZ). Synechococcus sp. WH8102 cells were 

grown in Matthew Sullivan’s lab (University of Arizona, Tucson, AZ). I collected and 

analyzed the remainder of the data presented here.  

 

4.1. ABSTRACT 

 ORF 0921 from the marine cyanobacterium Synechococcus sp. WH8102 

(synw_0921) is upregulated upon copper stress. The protein from that gene (Synw_0921) 

is not homologous to any characterized proteins and homologs are only found in other 

marine cyanobacteria. Although it was hypothesized that Synw_0921 could be a copper 

binding protein, based on its small size and potential cysteine and methionine copper 

binding residues, we show here that Synw_0921 is an iron-sulfur cluster protein. The 

cluster is ligated by four conserved cysteine residues. Preliminary data suggest that 

Synw_0921 is expressed in the thylakoid. Although the function of Synw_0921 is not 

known, we hypothesize that it is a redox protein that may protect marine cyanobacteria 

from copper stress.  
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4.2. INTRODUCTION 

 Copper is an essential micronutrient for cyanobacteria, which utilize copper ions 

as electron carriers in photosynthesis [16, 49]. An excess of copper ions can be quite 

toxic for a number of reasons. Cu(I) can perform Fenton-like chemistry, forming 

superoxide species, causing oxidative stress [8]. Cu(I) can also replace iron ions from 

iron-sulfur clusters, inactivating many enzymes and causing cellular stress [12, 202]. 

Because of the potential toxicity of copper ions, cells have evolved molecular 

mechanisms to maintain the proper intracellular concentration of copper ions.  

This work focuses on Synechococcus, a widely distributed marine cyanobacterium 

[16, 203]. Synechococcus and its close relative Prochlorococcus, the so-called 

picocyanobacteria, are very important for maintenance of the biosphere, being 

responsible for up to 20% of global carbon fixation [142]. It has been known for many 

years that Synechococcus species are extremely sensitive to copper stress [21]. Because 

anthropomorphic factors can influence copper concentration in the marine environment 

[16], understanding the response of Synechococcus to copper homeostasis is extremely 

important.  

Cyanobacteria are Gram-negative bacteria with an additional membrane enclosed 

compartment, the thylakoid (Figure 4.1.a). The thylakoid are thin, membrane enclosed 

stacks inside the cytoplasm [146]. Similar to plants, photosynthesis occurs on the 

thylakoid membrane, and copper is used in plastocyanin to transport electrons between 
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photosystems [20, 145]. Cyanobacteria also have protein-enclosed organelles, 

carboxysomes, where carbon fixation takes place [146-148].  

Copper homeostasis in cyanobacteria is most well studied in Synechocystis sp. 

PCC 6803 (hereafter Synechocystis), a fresh-water species (Figure 4.1.b) [4, 5, 157]. The 

main determinants of copper homeostasis in Synechocystis are focused on copper 

trafficking to the thylakoid from the periplasm: CtaA is an ATPase on the inner 

membrane that imports copper ions to the cytoplasm from the periplasm. In the 

cytoplasm, copper ions are shuttled by the copper chaperone Atx1 to PacS, an ATPase on 

the thylakoid membrane that imports copper to the thylakoid lumen.  

 Although much is known about Synechocystis copper homeostasis, it does not 

seem to translate to marine cyanobacteria. Several marine Synechococcus genomes have 

been sequenced [204, 205] and no homologs to the identified copper homeostasis genes 

PacS and Atx1 from Synechocystis can be identified from homology searches. There is a 

putative CtaA homolog, but this homolog has not been validated. Additionally, for 

Synechocystis, the focus of copper homeostasis appears to be acquiring and maintaining 

enough copper in a copper deplete environment. Marine Synechococcus reside in a 

copper-replete environment; the concentration of [Cu(II)]free from 0.1 pM to 0.1 nM [16]. 

Synechococcus WH8102 cell growth begins to slow at 8 pM [Cu(II)]free [160], well within 

the environmental variation. Copper homeostasis in Synechococcus does not utilize 

homologous proteins to Synechocystis, and may be focused on detoxification rather than 

import of copper.  
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Figure 4.1. Cyanobacterial Cellular Organization and Copper Trafficking. A. Prototypical 

cyanobacterial cell. B. Copper trafficking in Synechocystis sp. PCC 6803. For simplicity, 

a single, round thylakoid is shown.  
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 Because of the lack of similarity to copper homeostasis in Synechocystis, 

understanding copper response in Synechococcus must begin from in vivo data. A study 

to measure the transcriptional response of Synechococcus to copper was performed in 

which two Synechococcus species, sp. strains CC9311 and WH8102, were subjected to 

excess copper shock, both moderate and high copper shock levels, and then levels of 

mRNA transcripts were measured and compared to pre-copper shock levels [160]. 

Several gene transcripts encoding for proteins conserved among marine cyanobacteria 

were upregulated by copper shock in both strains. One of these genes encodes a small 

protein with a unique sequence, Synw_0921.  

Synw_0921 homologs are found throughout Synechococcus and Prochlorococcus 

species (Appendix 1), but not outside of marine cyanobacteria. The homologs have very 

low sequence conservation (identity 50% - 25%), and only 4 conserved residues, which 

are all cysteines (Appendix 1, Figure 4.2.a). Synw_0921 also contains 3 methionine 

residues, which are potential copper ligands. However, these residues are not conserved 

among the rest of the family, so likely are not involved in metal binding.  

Other transcriptional analyses have shown that synw_0921 is not affected by any 

other stress conditions, such as ethidium bromide, salt shock, nickel, phosphate or 

nitrogen stress, or interactions with other bacteria [206-211]. The synw_0921 homolog 

sync_1050 was upregulated by ethidium bromide, but no other stress conditions. A 

homolog from Synechococcus sp. WH7803 was down-regulated by the oxidative 

stressors hydrogen peroxide and methyl viologen [212]. Overall, synw_0921 and its 

homologs seem to primarily respond to copper shock at the transcriptional level.  
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Synw_0921 and many of its homologs have signal peptides or leader sequences 

(Figure 4.2.b), so it was inferred that these proteins are not cytoplasmic. Because 

cyanobacteria have two different membranes that contact the cytosol, determining the 

localization is quite difficult. The leader sequences of Synw_0921 and its homologs do 

not have TAT recognition sequences, so the proteins likely translocate via the Sec 

transport system for unfolded proteins [213-217]. Studies have shown that the same Sec 

and TAT translocators reside on both the thylakoid and plasma membranes [218, 219], so 

it is necessary to empirically determine the localization of extracytoplasmic proteins in 

cyanobacteria.  

We hypothesized that Synw_0921 may represent a new family of copper 

chaperones in marine cyanobacteria. To test this, synw_0921 was cloned into a plasmid 

for expression as a recombinant protein in Escherichia coli, allowing investigation of the 

biochemical and biophysical properties of Synw_0921. We will use Synw_0921 in this 

work to refer to the protein product from Synechococcus WH8102; 0921 will refer to the 

recombinant protein expressed from E. coli.  
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MIAAVVLAVIISVATAPAAAEENTIRRFCMAAFEAAMANAGLT

PPEGMGTFTCDCFLEQVSQGADLNEARETCKTEAAQRFPLDS  
 

Figure 4.2. Synw_0921 and Homolog Sequences. A. Sequence logo of Synw_0921 

homologs. Figure prepared with WebLogo. B. Sequence of Synw_0921. The predicted 

leader sequence is underlined. Cysteine residues highlighted in red.  
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4.3. MATERIALS AND METHODS 

4.3.1. Protein Cloning, Expression, and Purification.  

To generate pASK-IBA3:0921, synw_0921 was PCR amplified from 

chromosomal DNA using primers pASK forward primer and pASK reverse primer 

(Table 4.1). After restriction digest with BsaI, PCR product was ligated into pASK-

IBA3(+) plasmid with T4 ligase. Sequence was verified by DNA sequencing for 

expression of full length Synw_0921 (amino acids 1 – 85) with a two amino acid linker 

(Ser, Ala) and Strep(II)-tag (WSHPQFEK). However, protein expression from this 

construct was not observed by Western blot, so it was used as a template to create future 

constructs.  

 To generate initial pET:0921 construct, synw_0921 was PCR amplified from 

pASK-0921 plasmid using primers pET forward and pET reverse primer (Table 4.1). 

After restriction digest with NdeI and XhoI, PCR product was ligated into pET22b(+) 

plasmid with T4 ligase. Sequence of construct was verified by DNA sequencing. 

pET:0921 encoded the full protein sequence, a two amino acid linker (Ser, Ala) and 

Strep(II)-tag. It was found that this protein expressed as a periplasmic construct, and the 

mature protein was cleaved after A20 (verified by mass spectrometry).  

 To generate pET:cyto0921, synw_0921 was PCR amplified from pET:0921, using 

primers pET no leader forward primer and pET reverse primer (Table 4.1). After 

restriction digest with NdeI and XhoI, PCR product was ligated into pET22b(+) plasmid 

with T4 ligase. Sequence of construct was verified by DNA sequencing. pET:0921 

expressed an initial methionine, Synw_0921 amino acids 21-85, a two amino acid linker 
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(Ser, Ala) and Strep(II)-tag; this was verified by mass spectrometry. Protein from this 

construct had the highest expression yield and was exclusively used for experiments.  

 Plasmid bearing Strep-tagged pET:cyto0921 constructs were transformed into 

Escherichia coli strain Rosetta 2 (DE3) and grown on LB media with ampicillin (100 

µg/ml) (LB+amp). For expression, a single colony was inoculated into LB+amp and 

grown overnight at 37 °C. The overnight culture was used to inoculate 1 l LB+amp and 

growth was continued at 37 °C. If metal was added to the culture, when OD600nm was 0.3-

0.5, 0.25 mM FeCl3 or 0.25 mM CuSO4 was added; 30 minutes later, protein expression 

was induced by addition of 1.0 mM isopropyl 1-thio-β-galactopyranoside. If no metal 

was added, protein expression was induced by addition of 1.0 mM isopropyl 1-thio-β-

galactopyranoside when OD600nm = 0.8. Growth was continued for 4.5 hours at 37°C, and 

then cells were harvested by centrifugation. Pelleted cells were stored at -80°C. 

 For purification of 0921, cell pellets were thawed and resuspended in Buffer W 

(100 mM TrisHCl, [pH 8.0], 150 mM NaCl) with the addition of 20 mM dithiothreitol 

(DTT), lysozyme (0.5mg/ml), DNaseI (~150 units), pepstatin (2 µg/ml), leupeptin (2 

µg/ml), aprotinin (2 µg/ml), and 100 µM PMSF. Cells were lysed by three passes through 

a French Pressure Cell, and then debris pelleted by centrifugation (20,000 xg, 1 hour.) 

Cleared lysate was applied to Strep-tactin Sepharose (IBA Technology, Germany) and 

purified according to manufacturer’s directions. Briefly, lysate was applied to a column 

equilibrated with lysis buffer, and then the unbound protein was washed off with lysis 

buffer. Protein was eluted from the column by the addition of Buffer E (Buffer W + 20 

mM DTT + 2.5 mM desthiobiotin). SDS-PAGE was used to identify fractions containing 
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0921. After the strep column, the fractions containing 0921 were judged to be 

approximately 60% pure, based on SDS-PAGE. These fractions were pooled and 

concentrated to 2 ml, then applied to a HiPrep 26/60 Sephacryl S-100 (GE Healthcare) 

equilibrated with Buffer W + 5 mM DTT. Fractions containing 0921 were identified by 

SDS-PAGE, then pooled and concentrated. By SDS-PAGE, protein was judged to be 

>90% pure. If not used immediately, 0921 was flash frozen in liquid nitrogen and then 

stored at -20°C.  Protein concentrations were determined by Bradford Assay with BSA as 

standard.  

 Mutations were generated using a QuikChange Mutagenesis kit (Agilent 

Technology) per manufacturer’s instructions, using primers as specified (Table 4.1). All 

mutants were verified by DNA sequencing. Expression and purification of the mutant 

proteins was performed as described for the wild-type protein. Purified protein molecular 

weight was verified by MALDI-TOF.   

4.3.2. Ultra-violet and Visible Absorbance Spectroscopy 

 Scans were performed on Cary 50 Bio spectrophotometer (Varian) using a quartz 

cuvette with a 1 cm pathlength, with a scanning rate of 300 nm/min, a data interval of 

0.50 nm, and a collection time of 0.1000 seconds. Before scanning, all protein samples 

were centrifuged (10 minutes @ 16,000 xg) or filtered with a 0.2 µm filter. A blank 

sample of buffer-filled cuvette was collected every time and subtracted from the data to 

remove any buffer specific absorbance. Protein concentration was determined by 

Bradford assay after absorbance was measured, and data reported as molar absorbance.   
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4.3.3. Anaerobic Protein Metal-Loading in vitro 

 Anaerobic experiments were carried out in an anaerobic chamber (Coy Lab 

Products, Grasslake, MI) with an N2/H2 mixed atmosphere. H2 concentration was 

maintained between 1.2-1.5% H2. As much as possible, dry ingredients were introduced 

to the chamber and resuspended with anaerobic water. When that was not possible, de-

gassed buffers were introduced to the chamber and equilibrated to anaerobic atmosphere 

for 48 hours before use. The loading is a modification of published protocols [220, 221]. 

Aerobically purified 0921 was placed into dialysis tubing and then transferred to the 

anaerobic chamber, where the protein was dialyzed into anaerobic Buffer W with three 

buffer changes.  

To load FeCl3 or FeSO4, dialyzed protein was gently stirred, and DTT added to 10 

mM final concentration and stirred for 15 minutes. The appropriate iron salt was added to 

the reduced protein in 10-fold molar excess and stirred for 2 hours. Unbound salts were 

removed by desalting on G25 resin in Buffer W + 10 mM DTT.  

To load the iron-sulfur cluster, dialyzed protein was gently stirred while 10 mM 

DTT was added. FeCl3 was added to the reduced protein to 8-fold molar excess and 

stirred 15 minutes; then Na2S was added to the reduced protein to 8-fold molar excess, 

and stirred for 2 hours. Unbound salts were removed by desalting on G25 resin in Buffer 

W + 10 mM DTT.  

4.3.4. Circular Dichroism Spectroscopy 

 Far-UV spectra were collected with 25 μM protein in 3 mM NaPO4 (pH 7.5), 50 

mM NaCl, 0.1 mM DTT.  Far-UV CD wavelength scans were acquired in 1 mm path-
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length cuvette using an Olis DSM CD spectrometer. Visible scans were collected with 

100 µM FeCl3/Na2S reconstituted protein in Buffer W. The sample was placed into a 

septum-sealed 5 mm path-length cuvette and scans acquired from 300 to 700 nm using an 

Olis DSM CD spectrometer.  

4.3.5. Bioinformatic Analysis 

 To identify homologs, blastp (protein-protein BLAST) was searched against the 

non-redundant protein sequences [222]. The sequence of Synw_0921 without the signal 

sequence was used as query. Homologous sequences were aligned with ClustalW [223].  

WebLogo 3 was used to generate sequence logos of aligned Synw_0921 

homologs [224, 225]. SignalP was used to predict signal peptides. “Gram-negative 

bacteria” was selected as the organism and all other default settings were used [226].  

 Secondary structure predictions were performed by NetSurfP ver. 1.1 - Protein 

Surface Accessibility and Secondary Structure Predictions [227], yielding probabilities of 

the secondary structure element at each residues. A string of more than 5 residues with 

greater than 50% probability of α-helical structure were considered to predict likely 

helices.  

 Structure prediction was performed by Robetta structure prediction. Synw_0921 

had no detectable PDB homolog and was modeled with the Rosetta de novo protocol 

[228, 229]. 

4.3.6. Electron Paramagnetic Resonance Spectroscopy  

 FeCl3/Na2S reconstituted 0921 was removed from anaerobic chamber and washed 

into aerobic Buffer W + 10 mM DTT. Protein was concentrated to 200 µM, and 40% v/v 



100 

 

ethylene glycol was added. To prepare reduced protein, 20 mM dithionite was added and 

incubated 2 minutes, and then flash frozen in liquid nitrogen. Data were collected with 

the following settings: microwave frequency: 9.338 GHz; microwave power: 2 mW; 

modulation amplitude: 0.5 mT; temperature: 10 K. 

4.3.7. Atomic analysis by ICP-OES  

 Purified 0921 samples in Buffer W + 5 mM DTT were analyzed on a Perkin-

Elmer Optima 5300 DV in the axial view. At least three dilutions were prepared of each 

sample: 50 µl, 100 µl, or 200 µl protein were resuspended in 10 ml of Aristar-grade 1% 

HNO3; protein concentration was determined by Bradford assay before dilution in acid. 

All measured samples were within the calibration range of the instrument. Metal 

concentration was determined for each sample and the original concentration calculated, 

and then average and standard deviation were calculated. 

4.3.8. Cyanobacteria Sample Preparation and Western Blotting with 0921 Antibody 

 Synechococcus sp. WH8102 cells were grown in Matthew Sullivan’s lab 

(University of Arizona). Synechococcus WH8102 cells were grown to approximately 2 x 

106 cells/ml in artificial sea water and then dosed with 4 mM Cu:EDTA for 24 hours. For 

each fractionation sample, 50 ml of cells were harvested by centrifugation (10 minutes at 

8,000 x g) and resuspended in 100 µl of fractionation buffer. After preparation of soluble 

fractions, pellets were resuspended in 100 µl of 10% glycerol for analysis.  

Whole-cell samples were prepared by suspending pelleted cells in buffer (50 mM 

TrisHCl, [pH 7.5], 5 mM DTT, 5 mM EDTA, 5% SDS-PAGE) and boiled for 10 

minutes, then cleared by centrifugation (20 minutes at 16,000 xg).  
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Periplasmic preparation #1 was based on the protocol described by Brahamsha 

[203]. In brief, cells were resuspended in buffer (50 mM TrisHCl, [pH 8], 50 mM EDTA, 

15% sucrose) and incubated 30 minutes on ice, swirling every 10 minutes. Spheroplasts 

were collected by centrifugation (10 minutes at 12,000 xg).  

Periplasmic preparation #2 was based on the protocol described by Waldron et al. 

[156]. In brief, cells were resuspended in buffer (0.5 M sorbitol, 50 mM TrisHCl, [pH 

7.5], 1 mM EDTA) and incubated 10 minutes at room temperature with occasional 

inversion. Cells were collected by centrifugation (10 minutes at 10,000 xg) and cells 

resuspended in ice-cold H20 to release periplasmic proteins and spheroplasts collected by 

centrifugation (10 minutes at 10,000 xg).  

 Purified 0921 was used to generate anti-0921 antibodies from a rabbit source 

(Lampire Biological Laboratories, Piperville, PA). Antibodies were purified from sera 

using Protein A Column (Pierce Scientific, Rockford, IL) and concentrated to about 5 

mg/ml for use as primary antibody.  

 Western blotting was performed by separating cell fractions on SDS-PAGE, 

transferring to nitrocellulose, and then detecting by immunoblotting. anti-0921 antibody 

was used as primary antibody, HRP-anti-rabbit antibody was used as secondary antibody, 

and then detected with 4-chloro-1-napthol and H2O2.  

4.3.9. Analytical Gel Filtration Chromatography 

 Analytical gel filtration was performed using a Superdex 75 column (GE 

Healthcare) in Buffer W + 5 mM DTT. Column void volume (Vo) was determined as the 

elution volume of blue dextran (1 mg/ml; 2000 kDa). A linear calibration curve of 
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log(molecular weight) versus Ve/Vo was obtained using low-molecular weight protein 

calibration standards (Sigma-Aldrich) per manufacturer’s instructions: bovine serum 

albumin (5 mg/ml, 66.0 kDa), carbonic anhydrase (2 mg/ml, 29.0 kDa), cytochrome c (2 

mg/ml, 12.4 kDa), and aprotinin (3 mg/ml, 6.5 kDa). 500 µl of each sample was injected 

into column. For determining the molecular weight of 0921, 0.5 mg/ml sample was 

loaded onto column.  
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Table 4.1. Primers for cloning 0921 

Name Primer sequence, 5'-3' 

pASK forward AACTGCGGTCTCGAATGATCGCCGCCGTTGTCCT 

pASK reverse ATAAGAGGTCTCAGCGCTGGAGTCGAGCGGGAAGCGCT 

pET forward AAAAAACATATGATCGCCGCCGT 

pET reverse TTTTTTTCTCGAGTTATTATTTTTCG 

C9A forward CACCATCCGCCGCTTCGCCATGGCTGCCTTTGAG 

C9A reverse CTCAAAGGCAGCCATGGCGAAGCGGCGGATGGTG 

C33A forward GATGGGCACGTTCACCGCCGATTGTTTTCTCGAACAGG 

C33A reverse CCTGTTCGAGAAAACAATCGGCGGTGAACGTGCCCATC 

C35A forward CGTTCACCTGCGATGCCTTTCTCGAACAGGTGTCCC 

C35A reverse GGGACACCTGTTCGAGAAAGGCATCGCAGGTGAACG 

C53A forward CGAGGCCCGTGAGACTGCCAAAACAGAGGCAGC 

C53A reverse GCTGCCTCTGTTTTGGCAGTCTCACGGGCCTCG 

pET no leader AAAAACATATGGAAGAGAACACCATCCGCCG 
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4.4. RESULTS  

4.4.1. 0921 Binds an Oxidation Sensitive, Visible-Colored, Iron-Containing, Cofactor 

 Initial attempts to purify full-length 0921 from pASK-IBA3(+) yielded no 

detectable protein; no protein was detected after affinity purification, and anti-Strep 

Western Blot showed no protein expression (data not shown), so the protein and 

Strep(II)-tag were cloned into pET22b(+) for expression. This construct gave poor 

protein expression, and MALDI-TOF showed that the purified protein was not full-

length; the purified protein measured 8,288 daltons, matching exactly to a polypeptide 

cleaved C-terminal to residue 20 (Figure 4.2.b). The signal peptide cleavage site aligns 

with the site predicted by SignalP [226].  

 A new plasmid was constructed to express a version of 0921 with the signal 

peptide removed and an extra methionine added to the N-terminus, retaining the C-

terminal Strep(II)-tag. 0921 was expressed and purified, and the mass was verified as 

8,419 daltons. To our surprise, purified 0921 had a distinct red coloration. UV-Vis 

spectroscopy showed broad absorbance with a predominant peak at 418 nm (Figure 

4.3.a). The absorbance spectrum changed upon reduction by dithionite, suggesting the 

presence of a redox-active center. If 0921 is purified in an anaerobic chamber, the overall 

spectra does not change, but the predominant peak sharpens and shifts slightly (Figure 

4.3.b), suggesting that the redox-active center is sensitive to oxygen.  

 Based on sequence and the presence of a colored, redox active center, it was 

hypothesized that 0921 was a metalloprotein, and therefore we determined the presence 

and identity of metals in 0921. Purified 0921 was analyzed by inductively-coupled 
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plasma optical emission spectroscopy (Figure 4.4). As purified from standard LB media 

with no additional metal ions added, 0921 contained 0.4 mol Fe/mol protein, and 0.04 

mol Cu/mol protein. Other metals were analyzed, but no significant amount of Ni, Zn, or 

Co were detected (not shown). When 0921 was expressed in media containing additional 

iron, the concentration of Fe increased to 0.75 mol Fe/mol protein, while the copper 

concentration remains the same negligible amount. When 0921 was grown in media 

containing additional copper, the amount of bound copper increased to 0.6 mol 

Cu/protein, but the iron content was unchanged. When 0921 was grown in media 

containing additional iron and copper, the protein contained 0.5 mol Fe/protein and 0.4 

mol Cu/protein.  

 From these data, we conclude that iron is the primary metal bound by 0921. It is 

tempting to say that 0921 binds copper non-specifically, because adding copper to the 

media does not displace iron. We hypothesize that copper is binding to unoccupied iron 

binding sites, because we do not get fully iron-loaded 0921 upon purification from E. 

coli. However, the data do not rule out copper binding to a different site in 0921, which 

cannot be answered by these data.  
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Figure 4.3. UV-Vis Spectroscopy of Purified 0921. A. UV-Vis Absorbance of Purified 

0921 as purified and upon reduction with dithionite. B. UV-Vis Absorbance of 0921 

purified aerobically or anaerobically 
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Figure 4.4. Metal Content of Purified 0921 Grown in Media Supplemented with Metal 

Salts. 0921 was purified from E. coli grown in media supplemented with metal salts, as 

indicated. Then total concentration of copper and iron was determined by inductively-

couple optical emission spectroscopy; protein concentration was determined by Bradford 

assay. Concentration of metal to protein molecules was calculated. Data points represent 

the average of three replicates, and error bars standard deviation.  
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4.4.2. 0921 Contains an Iron-Sulfur Cluster of Unknown Stoichiometry 

 Initial attempts to load iron or copper into 0921 under normal atmosphere were 

unsuccessful, as judged by metal content and UV-Vis absorbance spectroscopy. 

Therefore, a series of anaerobic metal-loading experiments were conducted. Purified 

proteins were transferred to the anaerobic chamber, dialyzed to remove dissolved oxygen, 

reduced with DTT, and then loaded with metal salts. If Fe(II) or Fe(III) were added to the 

purified protein, only minor spectral changes were observed (Figure 4.5). However, when 

Fe(III) and a sulfide donor (S2-) were added, the UV-Vis absorbance increased 

significantly. This increase suggests that 0921 binds an iron-sulfur cluster [221].  

To confirm the presence of an iron-sulfur cluster, 0921 was analyzed by electron 

paramagnetic resonance (EPR) spectroscopy (Figure 4.6.a). EPR collected at 5K shows a 

spectrum with g values 2.07, and 1.933 (Figure 4.6.b). Oxidized protein did not have an 

EPR signal, but showed an Fe(III) peak at g = 4.3. This signal could be from unwashed 

iron salt, or could be from an additional iron species bound in the protein. Taken together, 

these data support a model in which 0921 binds an iron-sulfur cluster, likely of 2+ 

oxidation state, as only the reduced cluster gave an EPR signal.  
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Figure 4.5. UV-Vis Spectroscopy Absorbance to Monitor Iron Loading into 0921 Under 

Varying Conditions.  
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Figure 4.6. Electron Paramagnetic Resonance Spectroscopy of Fe/S Reconstituted 0921. 

A. Raw EPR data. B. EPR with background subtracted.  
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4.4.3. Mutation of 4 Conserved Cysteine Residues to Alanine Individually Decreases, 

but Does Not Abolish, Iron-Sulfur Cluster Loading 

 There are only 4 residues conserved throughout Synw_0921 homologs, which are 

4 cysteine residues, so it was hypothesized that these residues are important for metal 

binding. To test this, all 4 cysteine residues in 0921 were individually mutated to alanine, 

and mutant proteins were expressed and purified. Iron-sulfur cluster loading was 

measured by UV-Vis absorbance of the mutant proteins as compared to the wild-type 

protein. Spectra were acquired for mutant proteins after purification from E. coli (Figure 

4.7.a) and after anaerobic iron-sulfur cluster reconstitution (Figure 4.7.b). All mutants 

show lowered UV-Vis absorbance (µM-1 cm-1) as compared to the wild type. 0921 C9A 

and C33A were the most severely impacted, while 0921 C35A and C53A retained some 

Fe/S cluster loading, but less than wild type. These data suggest that all four cysteine 

residues contribute to ligating the iron-sulfur cluster, but that C9 and C33 are likely to be 

most important.  
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Figure 4.7. UV-Vis Spectroscopy Absorbance of 0921 to measure C to A Mutant Proteins 

in vivo and in vitro Metal Loading. A. UV-Vis Absorbance of Wildtype and C to A 

Mutants of 0921 after Purification. B. UV-Vis Absorbance of Wild-type and C to A 

Mutants of 0921 after Fe/S Reconstitution.  
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4.4.4. Circular Dichroism Reveals that 0921 Contains Mostly α-Helical Secondary 

Structure and no Visible CD Signal for the Iron-Sulfur Cluster  

 Circular dichroism spectroscopy of 0921 was performed to interrogate secondary 

structure and iron-sulfur cluster. The far-UV spectrum shows a minimum at 222 nm 

(Figure 4.8.a), indicative of a protein with helical character and some turns.  

 Some iron-sulfur clusters show circular dichroism in the visible light spectrum, so 

visible data was collected on FeCl3/Na2S reconstituted 0921 (Figure 4.8.b,c). No visible 

signal was detected for 0921, for either aerobic or anaerobic samples (Figure 4.8.c). From 

these data, we conclude that 0921 is a folded, mostly helical protein, but the iron-sulfur 

cluster shows no detectable circular dichroism signal in the visible spectrum.  
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Figure 4.8. Circular Dichroism Spectroscopy of 0921. Figure 4.8.a. Ultraviolet circular 

dichroism spectroscopy of aerobic 0921. Figure 4.8.b. Raw visible circular dichroism 

spectroscopy of anaerobic FeCl3/Na2S reconstituted 0921 and buffer control. Figure 4.8. 

c. Visible circular dichroism spectroscopy of anaerobic and aerobicFeCl3/Na2S 

reconstituted 0921 with buffer subtracted. 
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4.4.5. 0921 Exists as Monomer and Dimer in Solution 

 0921 elutes in two peaks upon size exclusion purification, so we hypothesized 

that 0921 could exist in several distinct oligomeric states. Analytical gel filtration was 

performed to determine the approximate molecular weight of 0921 (Figure 4.9). 0921 

eluted from the column as a single, main peak centered on a theoretical mass of 9 kDa, 

with a shoulder centered on 16 kDa (Figure 4.9.b). 9 kDa corresponds to a monomer of 

0921, while 16 kDa might correspond to a dimer. SDS-PAGE shows that 0921 is present 

in all fractions with UV absorbance (Figure 4.9.c).  

To further analyze the oligomeric state of 0921, the two peaks from the analytical 

gel filtration column were pooled, concentrated, and SDS-PAGE gels were run (Figure 

4.9.d). The same protein bands are observed in both peaks of the elution. From this, we 

conclude that 0921 forms both a monomer and non-covalent dimer in solution, although 

the monomer is the most prominent form under conditions measured here.   
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Figure 4.9. Analytical Gel Filtration. A. Calibration of Superdex75 Column. B. Size 

exclusion UV chromatogram of 0921. Dashes indicate fractions that were collected for 

analysis. C. Reducing SDS-PAGE of Gel Filtration fractions. D. Reducing SDS-PAGE of 

0921 from pooled Superdex fractions.  

 

 

 

  

y = -1.5643x + 6.3279

R² = 0.9843

3.5

4

4.5

5

1 1.5

lo
g
 (

M
W

)

Ve/Vo

A B 

C D 



117 

 

4.4.6. Synw_0921 is not Expressed in the Periplasm of Synechococcus WH 8102.  

 To fully understand the function of Synw_0921, we must know the localization of 

the protein in vivo. Unlike other Gram-negative bacteria, Synechococcus has two 

extracytoplasmic membrane enclosed spaces, the thylakoid and the periplasm. Both 

membranes also contain the same protein translocation machinery, so localization must 

be empirically determined [218]. To determine the localization of Synw_0921, an 

antibody to purified 0921 was raised from a rabbit source and purified from sera.  

Synechococcus WH8102 cells were fractioned and subjected to Western blot with 

anti-0921 to determine localization (Figure 4.10). Synw_0921 was only detected in 

soluble whole cell fraction and the insoluble periplasmic pellet. Synw_0921 was faint, 

but increased antibody concentration resulted in non-specific Western blotting (data not 

shown). Spent media from the growth was concentrated from 50 ml to 0.3 ml using a 

VivaSpin 3000 MWCO concentrator, and no Synw_0921 was detected (data not shown). 

The difference in size on the Western Blot is due to the Strep(II)-tag on purified 

recombinant 0921. Because of the presence of a leader sequence, and the fact that 

Synw_0921 was not detected in the periplasmic fraction from two different preps, we 

conclude that Synw_0921 expresses in the thylakoid of Synechococcus.  
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Figure 4.10. anti-0921 Western blot of Synechococcus Fractions 
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4.4.7. Synw_0921 Likely Adopts a Three-Helix Bundle Structure, and this Secondary 

Structure is Conserved Throughout the Homologs 

 Synw_0921 is not homologous to any characterized proteins, nor does it fit into 

any protein super families or conserved domains based on sequence searches with 

BLASTP. So we do not have any model to predict the structure of Synw_0921. To date, 

crystallization has been unsuccessful, so a structure prediction based on sequence was 

performed using Rosetta de novo structure prediction, yielding 5 predicted structures 

(Figure 4.11.a,b). All of the predictions are very similar in structure, with pairwise 

RMSD from 1.5 to 3.5 Å2. Synw_0921 is predicted to be a three-helix bundle. The main 

difference between the predicted sequences is slight differences in angles of the helices.  

The four cysteine residues are found in the middle of the structure. The distances 

between S atoms of the side chains of C9 to C33 and C53, and C33 to C35, are about 5 

Å; C33 and C35 are on the same helix, on opposite sides, about 9 Å apart. Even with 

rotation of the C side chains, the shortest distance between the S atoms of C33 and C35 is 

through the helix. If this structure prediction is correct, for an iron-sulfur cluster to form, 

some rearrangement would be necessary.  

 Secondary structure of Synw_0921 was predicted using NetSurfP [227] (Figure 

4.11.c). Synw_0921 shows very little probability of being in a β-strand conformation; 

there are three stretches of residues with a high probability of α-helical content, separated 

by two stretches of coil regions. Helices from Rosetta structure overlay very well with the 

predicted helical sequence from NetSurfP for helix 1 and 3; helix 2 in Rosetta is longer 

than the helix predicted by NetSurfP.   
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 To investigate if structural predictions based on Synw_0921 are representative of 

the rest of its homologs, the secondary structure of all homologs were predicted with 

NetSurfP server [227]. Here, strings of more than 5 residues with greater than 50% 

probability of being in an α-helix were designated as a possible helix (Table 4.2); in 

between the helices, the proteins adopt coiled structures, with the probability of being in a 

β-strand almost 0. With one exception (4 helices), three helices are predicted throughout 

the Synw_0921 homologs. Helix two is the shortest helix, in some cases only 4 residues. 

Helix 1 and 3 are longer, 10-20 amino acids in length.  

 C33 and C35 are both in helix 2 in the Rosetta simulation. If helix 2 is slightly 

shorter than the de novo prediction shows, it could allow C33 and C35 to be in a different 

geometry. However it happens, it is clear that the structure of Synw_0921 must adjust to 

accommodate an iron-sulfur cluster. All of our data are consistent with Synw_0921 and 

its homologs adopting structures composed of three helical elements.  

   

  



121 

 

 

  

Figure 4.11. Bioinformatic analysis of Synw_0921 structure and secondary structure of 

homologs A. Five predicted Synw_0921 structures shown as blue cartoons, with 

conserved cysteine residues shown in yellow. B. Zoom in on conserved cysteine residues 

in Synw_0921. C. Predicted secondary structure of 0921 versus protein sequence. 

Predicted helices from Robetta structure are diagrammed onto sequence. Conserved 

cysteine residues shown by black lines.  
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Table 4.2. Predicted Secondary Structure of Synw_0921 Homologs. Red represents 

predicted 4-residue helices. * represents a 4-residue helix found in a protein sequence 

with three other helical segments.  

Accession no Helix 1 Helix 2 Helix 3 Helix 4 

NP_875487.1 L36-N54 F66-N76 L81-E95  

NP_893217.1 I39-N50 E55-A58 C62-K71  

NP_984913.1 S7-N27 Q38-N49 I54-H68  

NP_897014.1 E3-N21 T32-S43 L48-R62  

WP_002807678.1 L40-M52 S55-N60 I62-Q72  

WP_006041684.1 D3-S21 E32-N43 I48-R62  

WP_006170524.1 K57-A75 F87-N97 L102-R116  

WP_006851922.1 N3-R20 H32-Q42 I47-T61  

WP_006852340.1 D15-Q33 F45-K55 I60-Y75  

WP_006909360.1 N27-A47 D58-K69 Q74-K88  

WP_006911258.1 A2-S22 P30-V40 D51-R64  

WP_007098184.1 D3-H21 T32-N43 I48-Q62  

WP_007100169.1 D3-H21 S32-N43 I48-R62  

WP_07973242.1 S6-T26 N41-V47 I53-Y68  

WP_07973802.1 M3-A18 G30-L43 I49-S62  

WP_010316827.1 V2-A20 V30-E42 I47-Y62  

WP_019475699.1 I39-A49 T54-G58* C62-N71 H75-S92 

WP_019481029.1 I36-N49 K54-G58 V61-S71  

YP_291842.1 N30-F47 H58-N69 I74-K88  

YP_381951.1 N3-R20 D31-Q42 I47-61T  

YP_397606.1 I13-M25 S28-A32 C36-Q45  

YP_730262.1 D3-Q21 D32-K43 I48-Y63  

YP_001011505.1 I40-K51 E56-A59 D64-K72  

YP_001015302.1 A9-F30 H41-N52 I57-K71  

YP_001016982.1 H13-N31 F43-N53 I58-H72  

YP_001091431.1 L40-E51 E56-A59 D64-Q72  

YP_001225235.1 A4-Q24 D32-N43 I48-R62  

YP_001227817.1 R3-V22 A35-K46 L51-R65  

YP_001550971 T31-F49 D60-N71 I76-R90  

YP_007045079.1 R40-K58 K69-N80 I85-K99  

YP_007045435.1 I47-Q65 F77-S87 I92-R106  
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4.5. DISCUSSION 

4.5.1. 0921 Binds an Iron-Sulfur Cluster 

 We have shown that Synw_0921 is a small, soluble metalloprotein. However, 

though Synw_0921 is involved in the copper response in Synechococcus, Synw_0921 

does not primarily bind copper, but binds an iron-sulfur cluster. Copper binding is seen in 

the presence of excess copper, but copper does not replace iron once it is bound. We also 

show that the iron-sulfur cluster in Synw_0921 is oxygen sensitive, but at least one form 

is oxygen tolerant because it can be purified under normal atmosphere.  

The exact stoichiometry of the iron-sulfur cluster is unknown; attempts to 

measure stoichiometry have been inconsistent. One possibility is that the experiments 

presented here are with heterogeneous iron-sulfur clusters. All the purified protein used 

for reconstitution and further experiments contained iron that was bound in vivo during 

expression in E. coli and survived aerobic purification, and may not have been removed 

during reconstitution, yielding a mixture of clusters. Some hint of this homogeneity is 

seen in EPR experiments on reconstituted protein, where most of the Fe(III) is seen in the 

oxidized sample. This signal could be due to unwashed iron salts from reconstitution, but 

is also possible that the protein ensemble does not contain a homogenous iron species.  

Attempts to repeat these experiments starting with apo protein have thus far been 

unsuccessful. Because of these difficulties, no claims can be made as to the stoichiometry 

or absolute charge of the cluster. However, the data strongly support a model where 

Synw_0921 binds an iron-sulfur cluster.  
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4.5.2. Synw_0921 Represents a Family of Proteins with Several Helical Elements and 

Four Cysteine Residues that are Important for Iron-Sulfur Loading 

Synw_0921 is a representative of a family of proteins from marine cyanobacteria 

with 4 conserved cysteine residues.  From in silico modeling and secondary structure 

prediction, we conclude that these proteins could adopt a helical bundle structure with 

three helices. The predicted three-helix structure would be a new structure for iron-sulfur 

proteins. The only other small proteins that bind iron-sulfur clusters are the ferredoxins, 

which are mixed α-helical and β-strand structures. Because the predicted secondary 

structure is conserved throughout Synw_0921 homologs, the three-helix bundle 

prediction seems to be a realistic structure for this family of proteins.  

Iron-sulfur clusters are ligated in defined geometry in proteins. For example, a 

[4Fe-4S] cluster binds in an almost perfect square, with approximately 6 Å between each 

ligating sulfur, as seen in anSMEcpe, PDB code 4K39. A [3Fe-4S] cluster is ligated by 

three cysteine ligands, forming a roughly isosceles triangle with equal two sides 

approximately 6 Å long, as seen in a [3Fe-4S] ferrodoxin from Pyrococcus furiosus, PDB 

code 3PNI. A [2Fe-2S] cluster is almost planar, and requires 4 ligands in a rectangle, 

roughly 4 Å by 5 – 6 Å, as seen in a [2Fe-2S] ferrodoxin from Mastigocladus laminosus, 

PDB code 1RFK. The predicted Rosetta structure of Synw_0921 shows the four cysteines 

arranged in a rhomboid pattern: the side chains of C9 to C33 and C53, and C33 to C35, 

are about 5 Å apart; C33 and C35 are on the same helix, on opposite sides, about 9 Å 

apart. Looking at predicted secondary structure, it seems that helix 2, which contains C33 

and C35, could be shorter than predicted by Rosetta. If helix 2 is shorter, C33 might not 
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be in the helix, and then C33 could be in a different conformation. Also because C9 and 

C53 are on helix 1 and helix 3, respectively, the helices could move slightly, to easily 

accommodate any of the possible iron-sulfur clusters.  

Alignment of protein sequence shows only four conserved residues throughout 

Synw_0921 homologs, 4 cysteines spaced in a C-X24-C-X-C-X18-C spacing. This 

sequence has not been reported as a motif before in iron-sulfur clusters [230-232]. 

Mutation of each C to A decreases the ability of 0921 to bind iron-sulfur cluster, but does 

not completely abolish binding. Based on the mutational analysis, it is tempting to 

hypothesize that C35 and C53 are less important for iron-sulfur cluster binding, perhaps 

uninvolved in iron-sulfur cluster binding. However, the lack of any other conserved 

residues makes this unlikely.  

4.5.3. Final Thoughts on Synw_0921 

Because Synw_0921 homologs are only found in marine cyanobacteria, it seems 

that these proteins are likely an adaptation to the marine environment. The data presented 

do not show a clear link between the biochemical characteristics of Synw_0921 and its 

proposed role as a protective molecule during copper stress.  

In the fresh water cyanobacterium Synechocystis, a periplasmic Fe(III)-binding 

protein, FutA2, has been described as being involved in copper homeostasis [156, 233]. 

Similar to Synw_0921, genetic data show that FutA2 is involved in copper homeostasis, 

but biochemical characterization shows FutA2 to bind iron. Further experiments show 

that in the absence of futA2, cellular copper and iron pools are changed; concentration 

and localization of copper and iron are affected by FutA2. These pools are essential for 
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proper metal homeostasis. In cyanobacteria, the links between copper and iron are quite 

strong, as both can be used as electron carriers in photosynthesis [20, 156, 234]; copper is 

the preferred ion, but if copper supply is limited, iron-containing cytochromes can be 

used. FutA2 provides a functional link between copper and iron, but FutA2 binds iron, 

not an iron-sulfur cluster, so there is no direct parallel to Synw_0921.  

Besides serving as a link between two metals, there are other possible functions 

for Synw_0921. Synw_0921 could function in electron transport, it could be a sensor, or 

it could be a redox protein that maintains proper cellular redox state during stress. Iron-

sulfur clusters can be used as sensor molecules: FNR in E. coli is a well-studied example 

of an iron-sulfur cluster used to sense oxidative state [235, 236]; SoxR of the MerR 

family also uses an iron-sulfur cluster as a sensing moiety [237]. FNR and SoxR are 

DNA binding proteins, which Synw_0921 is not, but Synw_0921 could sense redox state 

in the thylakoid. Excess copper can produce reactive oxygen species [8], and copper 

stress has been shown to activate oxidative stress response in E. coli [23]. Perhaps 

Synw_0921 protects Synechococcus from oxidative damage during copper shock.  

To dig deeper into the function of Synw_0921, several avenues of investigation 

should be pursued. The biggest issue is that the molecular biology of Synechococcus has 

not been defined. If Synw_0921 had bound copper, determining the exact function would 

be difficult; because Synw_0921 represents a unique interaction between an iron-sulfur 

cluster protein and copper homeostasis, understanding its function will be complex.  

Detailed work on copper homeostasis in Synechocystis is possible because of the 

molecular tools that have been developed. For Synechococcus, many things are unknown.  
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The trafficking of metal ions around Synechococcus is not known; where the metal pools 

are and the major chelators would help to understand the flux of copper and iron in 

response to different environmental stimuli. Additionally, molecular biology tools for 

working with Synechococcus need to be developed, such as antibodies to mark 

membranes or luminal spaces, so that more detailed experiments can be performed.  

More specifically to Synw_0921, there are several pathways to pursue. Rhona 

Stuart generated a Synechococcus Δ0921 strain, which has not been characterized; it has 

growth defects, and identifying the affected metabolic pathways could provide insight 

into the function of Synw_0921. There are many biochemical experiments left to be 

finished on Synw_0921; in vitro, the iron-sulfur cluster still needs to be characterized; a 

crystal or NMR structure would be helpful. In vivo, it would be great to identify any 

proteins that Synw_0921 interacts with. With a combination of in vivo and in vitro 

approaches, hopefully we can understand the molecular effects of Synw_0921.   
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CHAPTER V: THE GOLD SPECIFIC TRANSCRIPTIONAL ACTIVITY OF 

GOLS IS NOT DUE TO BINDING AFFINITY  

 

In this chapter, I report our work on the relative metal binding affinities of CueR and 

GolS. I purified the proteins and prepared all the samples described in this chapter, and 

ICP-MS was performed by Arizona Laboratory for Emerging Contaminants. Plasmids 

were a gift from Fernando Soncini.  

 

5.1. ABSTRACT 

 CueR and GolS are homologous, MerR-type regulators that cause transcriptional 

activation of their target genes in response to both Cu(I) and Au(I). The two proteins have 

identical metal binding amino acid residues, but CueR shows more activity for Cu(I), 

while GolS shows more activity for Au(I). We hypothesized that the Au(I)-specific 

activity of GolS was due to a stronger binding of Au(I), as compared to CueR, so relative 

Cu(I) and Au(I) affinities of CueR and GolS were measured. We show that CueR and 

GolS have indistinguishable metal binding affinities. From these data, we conclude that 

the Au(I)-specific transcriptional activation of GolS is not due to enhanced metal binding, 

but likely due to an allosteric effect that is not yet understood.  
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5.2 INTRODUCTION 

5.2.1 The Importance of Metal Selectivity in Proteins 

One of the enduring questions of transition metal-binding proteins is how to 

evolve a selective metal ion binding site. Recent data have shown that metalloproteins 

can bind many metals in vitro while remaining selective in vivo [238]. What changes in 

vivo is not the ability of proteins to bind metal, but is the availability of metals. Most 

crucially, it is known that in vivo metal ion concentrations are tightly regulated and 

buffered within a small concentration range of approximately 2-3 orders of magnitude 

[239, 240]. The lower limit is set by the affinity of the sensor proteins, while the upper 

limit is set by the affinity of export or detoxification proteins [240].  

It has been proposed that transition metal binding sites evolved with specially 

tuned binding affinities to protect proteins from binding the incorrect metal ion in vivo 

[241]. This theory holds that all proteins within a cell that bind a certain metal (copper, 

iron, zinc, etc) have very similar metal binding affinities, close to the free metal ion 

concentration in that cell type. For example copper binding proteins would have copper 

binding affinity in the picomolar to femtomolar range (10-12 to 10-15 M). Non-copper 

proteins, such as zinc proteins, have copper-binding affinity in the micromolar (10-6 M) 

range, so in the cellular environment, zinc proteins will not bind copper [40, 239].  

This theory explains in vivo selectivity of proteins for a given transition metal ion 

over other groups of ions. However, this theory does not explore affinity of proteins for 

other metals in the same group, i.e. how does a Cu(I) protein bind Ag(I) or Au(I)? [241] 

[126]. This problem has not been thoroughly investigated, but some work into bacterial 
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systems suggests that most proteins will bind all metals from a group [97, 126]. This 

chapter details our work investigating a protein that was initially believed to be selective 

for Au(I) over Cu(I).    

5.2.2. CueR and GolS are Sensor Proteins in the MerR Family 

 In 2007, a transcription factor called GolS was described that putatively sensed 

Au(I) and upregulated the transcription of Au(I)-responsive genes [62, 128].  GolS is 

found in Salmonella enterica serovar typhimurium (S typhimurium) and is homologous to 

CueR, a Cu(I)/Ag(I)/Au(I) sensor found in other enterobacteria. CueR binds Cu(I), Ag(I), 

and Au(I), and causes transcription of its target genes when any of three metal ions are 

bound [126]. For GolS, it was shown that Au(I) was a stronger activator of transcription 

in vivo than Cu(I), compared to CueR [128]; at a given concentration of Au(I) stress, 

genes regulated by GolS are upregulated to a higher degree than those regulated by 

CueR, as measured by promoter-fusions. This observation lead to the hypothesis that 

GolS is somehow selective for Au(I) over Cu(I) in vivo.  

 GolS and CueR belong to the MerR family of proteins. MerR family members are 

generally small (less than 20 kDa) proteins that associate into dimers and regulate their 

target genes through a repressor-activator mechanism [137, 138]. MerR proteins bind to 

promoters with suboptimal -10 to -35 spacing, with 19 or 20 nucleotides rather than the 

18 nucleotide spacing normally seen. MerR proteins function as repressors in their apo 

form; apo dimer binds to the promoter sequence of target genes and winds the DNA, 

causing transcription to be inactivated by misaligning the -10 and -35 elements. In the 

holo form, MerR proteins act as activator molecules; holo MerR proteins undergo a 
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conformational change within the protein, causing the DNA to be distorted, aligning the -

10 and -35 elements, and enabling transcription of downstream genes to proceed (Figure 

5.1.a).  

 Structurally, MerR proteins are homodimers of helical subunits that interact in an 

anti-parallel fashion (Figure 5.1.a) [137]. DNA is bound to the N-terminal domain, while 

the ligand is bound to the C-terminal domain. The two domains are separated by a long 

helical region which forms the dimer interface [138]. From the structure, it can be seen 

that the ligand binding domain of one monomer is next to the DNA-binding domain of 

the other monomer. Upon ligand binding, MerR proteins undergo a conformational 

change, presumably because of altered chemical interactions between monomers [137, 

138]. This conformational change distorts DNA to align the -10 and -35 elements, 

allowing transcription to proceed.  

 The most systematic investigation of MerR ligand binding has been done by the 

O’Halloran group [126]. In their work, the transcriptional activation in vivo of 

Escherichia coli CueR was measured after addition of several metals: Cu(I), Ag(I), Au(I), 

Zn(II), and Hg(II). CueR-dependent transcription was observed after the addition of 

Cu(I), Ag(I), and Au(I), but not the divalent cations. Furthermore, it was noted that 

maximum activity of CueR varied according to which metal ion was present. Au(I) 

activity was only 60% of the activity reported for Cu(I). Interestingly, Ag(I) seems to be 

a stronger inducer of activity, with a maximum at about 120% of the Cu(I)-dependent 

transcription. Additionally, the Cu(I) binding constant was determined by repeating the 

transcriptional assay in the presence of a Cu(I) chelator. CueR was determined to have a 
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Cu(I) binding affinity of 10-21 M free copper [126]. The CueR affinity for Au(I) and 

Ag(I) was not determined.  

 In addition to studying the ligand-induced activity of CueR, the study also 

reported the structure of CueR bound to Cu(I), Ag(I), and Au(I) [126] (Figure 5.1.b). 

These three structures are extremely similar (backbone RMSD 0.2-0.3 Å2, Table 5.1.a), 

showing that in the non-DNA bound form, the ligands impart comparable overall 

structures in CueR. Additionally, the metal coordination in each CueR structure can be 

compared. CueR coordinates all three metal ions in a bridge-dithiolate site, as shown for 

the Cu(I)-CueR structure in Figure 5.1b.  If the distance between the cysteine residues is 

measured in each crystal structure, it is seen that the metal binding site moves little, if at 

all, to accommodate the larger metal ions (Table 5.1.b). These findings suggest that CueR 

shows no significant structural changes upon binding of Ag(I) or Au(I) as compared to 

Cu(I).  
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Figure 5.1. MerR Protein Structures. A. MerR anti-parallel dimer on DNA. In the absence 

of metal (left), MerR proteins bind to the chromosome, and transcription does not 

proceed. When metal binds (right), MerR proteins cause a conformational change in the 

DNA, allowing transcriptional to proceed. B. Cu(I)-CueR crystal structure(PDB ID 

1Q05). In blue are the metal-binding cysteine ligands. The copper is shown as a copper-

colored stick between the cysteine ligands.  

 

A 

B 
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Table 5.1. Structural Analysis of CueR Structures. PDB IDs: CueR:Cu(I): 1Q05; 

CueR:Ag(I): 1Q06; CueR:Au(I): 1Q07.  

Table 5.1.a. RMSD of CueR structures, backbone RMSD as calculated by PyMol.  

Comparison RMSD (Å2) 

Ag-Au 0.22 

Ag-Cu 0.21 

Au-Cu 0.26 

 

Table 5.1.b. Cysteine-metal-cysteine distances in CueR crystal structures. Measured from 

sulfur atom to sulfur atom in PyMol. 

Ligand Cys-Metal-Cys distance (Å) 

Cu(I) 5.0 

Ag(I) 4.7 

Au(I) 4.7 
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 Initial characterization of GolS was completed in vivo through generation of 

promoter fusion assays that compared transcription from GolS and CueR upon induction 

by either AuHCl4 or CuSO4 that was added to the growth media [62, 128, 130]. These 

studies demonstrated that at a given concentration of AuHCl4 GolS has higher activity 

than CueR, and CueR has higher transcription at a given CuSO4 concentration. Because it 

has been shown that gold induces CueR activity both in vivo and in vitro [97, 126], these 

data were interpreted to mean that GolS evolved to be more specific to Au(I) compared to 

CueR.  

GolS and CueR metal binding loops are very similar (Figure 5.2), with two metal 

binding cysteines separated by 7 residues. Previous work has shown that the 

transcriptional selectivity of GolS for Au(I) is entirely due to the sequence of its metal 

binding loop [62, 128]. In these experiments, mutant GolS proteins are generated and 

transcriptional activation of a LacZ reporter gene is measured upon induction by either 

AuHCl4 or CuSO4 that was added to the growth media. A chimera of GolS with the metal 

binding loop from CueR was generated, demonstrating that the chimeric protein loses 

Au(I) selectivity, and then shows Cu(I) activity [128]. Individual mutations show that the 

residue immediately after the first ligating cysteine is the most important for Au(I) 

selection [130]; an alanine in this position is associated with Au(I) selectivity, while a 

proline, found in the CueR sequences, yields proteins that respond to both Cu(I) and 

Au(I).  

On the basis of the work described above with GolS and other MerR family 

members, we hypothesized that the unique Au(I) selectivity of GolS is due to metal 
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binding affinity. To test this, we purified both GolS and CueR and tested metal binding to 

Cu(I) and Au(I). If metal binding is the only determinant of transcriptional activity, we 

would expect that GolS would have a higher affinity for Au(I) and a lower affinity for 

Cu(I) as compared to CueR.   
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Figure 5.2. Sequence of the Metal Binding Loop (MBL) of CueR and GolS. Underlined 

C designates a metal-binding ligand.  
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5.3. MATERIALS AND METHODS 

5.3.1. Bacterial Growth and Protein Expression 

 All bacterial growth was performed in Luria-Bertani Broth: 10 g/l tryptone, 5 g/l 

yeast extract and 5 g/l NaCl. For solid media, agar was added to 15 g/l. Ampicillin was 

added to a final concentration of 100 µg/ml (LB+Amp). All bacterial growth was 

performed at 37 °C unless otherwise indicated.   

Plasmids bearing Salmonella CueR, CueR(GolS loop) and GolS were provided by 

Fernando Soncini’s lab. For protein expression, plasmids were transformed into 

BL21(DE3) and selected on LB+Amp. A single colony was inoculated into a pilot culture 

of LB+Amp and grown overnight. In the morning, 1L LB+Amp was inoculated with 20 

mL from pilot culture and grown with shaking at 37 °C. When OD600nm ~ 0.6, protein 

expression was induced with the addition of 1 mM isopropyl 1-thio-β-galactopyranoside. 

Temperature was decreased to 30°C and growth was continued for 5-6 hours. Cells were 

harvested by centrifugation and the pelleted cells frozen in liquid nitrogen and stored at -

20°C until processed.  

5.3.2. Protein Purification 

CueR and CueR(GolS loop) were purified with the same protocol, as previously 

published [126]. Briefly, cells were resuspended C1 Buffer (50 mM TrisHCl, [pH 8], 5 

mM DTT), lysozyme (0.5mg/ml), DNaseI (~150 units), pepstatin (2 µg/ml), leupeptin (2 

µg/ml), aprotinin (2 µg/ml), and 100 µM PMSF. Cellular proteins were liberated by 

passage through a French Pressure Cell (>1,000 PSI pressure). Lysate was cleared by 

centrifugation (1 hour @ 20,000 x g), then subjected to 45% ammonium sulfate 
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precipitation. CueR and CueR(GolS loop) were in the precipitated protein fraction, and 

were resuspended in C2 buffer (20 mM TrisHCl, [pH 8], 5 mM DTT) and desalted before 

loading onto 5 ml Hi-Prep Heparin Column (GE Healthcare). Proteins were separated 

with an increasing salt gradient (C2 to C2 + 1 M NaCl). Fractions containing CueR or 

CueR(GolS loop) were pooled and concentrated to 2 ml, and then separated on a gel 

filtration column Superdex 200 (GE Healthcare) in C3 Buffer (50 mM TrisHCl, [pH 8], 

250 mM NaCl, 5 mM DTT). After purification, the protein was >90% pure, as judged by 

SDS-PAGE. GolS was purified with the same protocol, with all buffers at pH 7.  

5.3.3. Equilibrium Dialysis 

 All equilibrium dialysis experiments were conducted in an anaerobic chamber 

(Coy, Grasslake, MI) under a N2/H2 atmosphere. H2 concentration was maintained 

between 1.2-1.5% H2. As much as possible, dry ingredients were introduced to the 

chamber and resuspended with anaerobic water. When that was not possible, de-gassed 

buffers were introduced to the chamber and equilibrated to anaerobic atmosphere for 48 

hours before use. Purified CueR and CueR(GolS loop) were dialyzed into Buffer S (50 

mM MES, [pH 6]), with three 1:500 buffer exchanges. Dialysis diluted DTT to 4 x10-14 

M and served to remove any bound oxygen.  

Before equilibrium dialysis, protein concentration was determined by Bradford 

assay of  protein samples that were removed from the chamber for analysis. Based on the 

concentration after dialysis, CueR and CueR(GolS loop) were diluted to 20 µM with 

Buffer S. 20 µM Cu(I) was prepared by dissolving caged Cu(I)  
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[tetrakis(acetonitrile)copper(I)hexafluorophosphate] in acetonitrile, and then diluted with 

Buffer S to 20 µM. 20 µM Au(I) was prepared by dissolving K[Au(CN)2] in Buffer S.  

CueR was placed into one end chamber of the equilibrium dialyzer (Figure 4.2), Cu(I) 

was placed into the middle chamber, and CueR(GolS loop) was placed into the other end 

chamber. The chambers were separated by cellulose membranes with 5000 Dalton 

MWCO. The dialyzer was placed into a glass jar, sealed, and then removed from the 

chamber and equilibrated for 24 hours at 4°C. Samples of each chamber were taken for 

ICP-MS and SDS-PAGE analysis.  

 200 µl of each equilibrium dialysis sample was placed into a 2% HNO3-soaked 

tube and resuspended with 10 ml 1% HNO3. Samples were analyzed on an Elan DRC-II 

ICP-MS (PerkinElmer, Waltham, MA) in Arizona Laboratory for Emerging 

Contaminants.  SDS-PAGE was performed to compare equilibrium samples to initial 

samples to ascertain that the proteins did not leak into the middle chamber during 

assembly and to check that the proteins did not degrade over the time course of the 

experiment (Figure 5.4).  

 Data were analyzed by subtracting the background metal content from the 1% 

HNO3, and then calculating the percent metal in each dialysis sample in comparison to 

the metal content in the initial Cu(I) or Au(I) sample. The student T-test was used to 

generate P-values, citing the probability of a false positive.  
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Figure 5.3. Equilibrium Dialysis Setup. Proteins are placed into end chambers, and metal 

ions into the middle chamber. The chambers are separated by semi-permeable 

membranes, allowing metal ions, but not protein molecules, to freely diffuse.  
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5.4. RESULTS  

5.4.1. CueR(GolS loop) is a Stable GolS proxy 

 CueR(GolS loop) is a chimeric protein generated by Fernando Soncini’s lab to 

overcome some of the technical difficulties of working with GolS, which degrades 

relatively easily. This construct consists largely of CueR, with the metal binding loop of 

GolS (CCAGDALPDCP) substituted for the metal binding loop of CueR 

(SCPGDDSADCP). Dr. Soncini’s lab showed that putting the GolS loop sequence into 

CueR gave CueR(GolS loop) the metal binding response of GolS [128]. The advantage of 

using this construct is that CueR(GolS loop) has the same transcriptional response to 

metal as GolS, but is a stable protein that allows for biochemical investigation.  

5.4.2. Inconclusive and Failed Experiments 

 Several attempts were made to measure the absolute Cu(I) and Au(I) affinity of 

GolS. There is currently only one published report of measuring Au(I) binding affinity of 

a protein [66], and so many attempts were made to develop a Au(I) binding assay. 

Ultimately, none of the attempts were successful.  

Isothermal titration calorimetry (ITC) was attempted to measure binding of GolS 

to Au(I). However, no usable data were collected because Au(I) chemically interacted 

with the buffer system of cacodylate and DTT (data not shown). The chemical interaction 

of Au(I) made it impossible to measure any protein binding. Further literature readings 

confirm that DTT does in fact bind Au(I) [243, 244].  

 Another attempt was made to measure Au(I) binding by incubating the GolS with 

varying concentrations of Au(I) salts, separating the protein from unbound metal, and 
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monitoring Au(I) binding through a tyrosine residue, as has been done with a related 

protein, CupR [66]. For GolS, attempts to monitor were made with both UV absorbance 

and fluorescence. However, neither experiment showed any change (data not shown). It 

is not known if this because the protein did not bind Au(I) under the conditions tested, or 

if the tyrosine UV-peak reported for CupR is not relevant to GolS Au(I) binding.  

 To directly measure the Cu(I) binding, competition with bathocuproine sulfonate 

(BCS) was performed [243]. However, CueR(GolS loop) degraded in the presence of 

excess BCS (data not shown), making it impossible to determine Cu(I) binding affinity of 

CueR(GolS loop). This result was also reported in the literature [34].  

5.4.3. CueR and CueR(GolS loop) have Indistinguishable Copper Binding Affinity 

 The relative Cu(I) binding affinity of CueR and CueR(GolS loop) was 

investigated through anaerobic equilibrium dialysis. Equilibrium dialysis is a  technique 

to study the affinity of a receptor for a ligand in which solutions, separated by a semi-

permeable membrane, are allowed to diffuse [242]. To investigate the relative Cu(I) 

binding of CueR and CueR(GolS loop),  a three chamber equilibrium setup was used 

(Figure 5.3). The middle chamber contained 20 µM Cu(I) in buffer, while the end 

chambers contained 20 µM of either CueR or CueR(GolS loop). Each solution was 

separated by a cellulose membrane with permeability to molecules less than 5000 Da. 

The dialyzer was equilibrated for 24 hours at 4 °C and then the metal content in each 

chamber was analyzed by ICP-MS. Protein content was verified by SDS-PAGE to show 

that over the course of the experiment, the protein did not degrade or leak into the other 

chambers (Figure 5.4).  
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The metal content was determined as a percentage of the initial metal content of 

the central chamber. For example, if no binding occurred, and all metal were recovered, 

the metal would dilute through all chambers, and the final concentration would then be 

1/3 of the initial concentration in the central chamber, or 33%, because all three chambers 

have the same volume. If the proteins bind metal, it is expected that the metal 

concentration will be higher in those chambers than in the chamber with no protein. Also, 

the relative concentrations of metal in the protein chambers is indicative of relative metal 

binding affinities [242]. 

 CueR and CueR(GolS loop) do not have significantly different copper binding 

affinity (Figure 5.5). It was found that on average, 30% of the Cu(I) was in the chamber 

with CueR, and 25% of the Cu(I) was in the chamber with CueR(GolS). A two-tailed T-

test calculates P = 0.43 for CueR to CueR(GolS loop), indicating that there is no 

statistically significant difference between Cu(I) binding of CueR and CueR(GolS loop). 

CueR and CueR(GolS loop) have statistically significant Cu(I) concentration in 

comparison to the middle chamber (P = 0.0001, 0.004 respectively), indicating that the 

Cu(I) concentrations are not random equilibrium artifacts.  

 Not all of the added copper was recovered in this experiment. The central metal-

only (no protein) chamber contained 7% of the initial metal, indicating that 62% of the 

copper was recovered. This recovery is likely due to some insolubility of Cu(I) during the 

duration of the equilibrium experiment [243], even though acetonitrile:Cu(I) was used.  
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In summary, these data show that CueR and CueR(GolS loop) do not have 

statistically significant differences in Cu(I) binding affinity. These data do not support the 

hypothesis that CueR and GolS have transcriptional selectivity based on binding affinity.  
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Figure 5.4: SDS-PAGE of Cu(I) Equilibrium Dialysis Experiment. 15% SDS-PAGE gel 

is shown, with samples as follows: molecular weight marker, initial CueR(GolS loop), 

initial Cu, initial CueR; Samples after 24 hour incubation: CueR(GolS loop), Cu, CueR  

 

  

CueR(GolS loop) CueR CueR(GolS loop) CueR 

after 24 hours initial 
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Figure 5.5. Copper binding by CueR, CueR(GolS loop) Measured by Equilibrium 

Dialysis. P-values: CueR(GolS loop) to CueR: 0.46 (not significant); CueR(GolS loop) to 

Cu: 0.004; CueR to Cu: 0.00002 (n = 7).  
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5.4.4. CueR and GolS have Indistinguishable Gold Binding Affinity 

 Equilibrium dialysis was also used to investigate the relative affinities of CueR 

and CueR(GolS loop) for Au(I) (Figure 5.6.) These experiments were conducted 

anaerobically in the absence of reducing agent.  ICP-MP analysis of the metal content of 

the chambers showed that CueR contained 12% of the initial Au, while CueR(GolS loop) 

contained 13% of the initial Au, with a P-value of 0.81. From these data, we conclude 

that CueR and CueR(GolS loop) have indistinguishable Au(I) binding affinity.  

There were two technical difficulties with these experiments. First, it can be seen 

that only about 30% of the input Au was recovered (%Au in CueR + %Au in CueR(GolS 

loop) + %Au in middle). For Cu(I) experiments, more than 60% of input Cu was 

recovered. It may be that the Au(I)[CN]2 salt is more unstable in the aqueous buffer than 

the acetonitrile:Cu. The second technical problem with this experiment was with ICP-

MS. Arizona Laboratory for Emerging Contaminants, who performed the analysis, often 

performs Hg quantification. There is significant Hg contamination in their equipment 

which interferes strongly with Au quantification, so the experiments need to be repeated 

because of high interference from Hg.  

Even with the technical problems, it seems likely that CueR and CueR(GolS loop) 

do not have significantly different Au(I) binding affinities. These data do not support the 

hypothesis that CueR and GolS have selective transcriptional activity because of binding 

affinity.  
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Figure 5.6. Gold Binding by CueR, CueR(GolS loop), Measured by Equilibrium Dialysis. 

P-values: CueR(GolS loop) to CueR: 0.81; CueR(GolS loop) to Au: 0.08; CueR to Au: 

0.19 (n = 3). 
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5.5. DISCUSSION 

 This work started with the hypothesis that CueR and GolS could have evolved 

different metal binding profiles, as a way to explain their distinct transcriptional 

activities. We did not perform biochemical experiments on GolS, because the protein is 

quite unstable; so we used CueR(GolS loop), a CueR mutant with the metal binding loop 

of GolS. CueR(GolS loop) has the same Au(I)-selective activity as GolS, so we used this 

construct for biochemical experiments. We performed many experiments to determine 

absolute Au(I) or Cu(I) binding affinity of CueR and CueR(GolS loop), but these 

experiments yielded no useful data.  

 Finally, we developed a working equilibrium dialysis experiment to measure the 

relative Au(I) and Cu(I) affinity of CueR and GolS. These experiments were undertaken 

to determine the mechanism behind the apparent Au(I) selectivity of GolS. From the data 

presented here, it is seen that purified CueR and GolS have indistinguishable Cu(I) or 

Au(I) affinities. This is confirmed by published reports that CueR and GolS have the 

same Cu(I) binding affinity [34].  

The biochemical data seem to be in direct contradiction to the in vivo data from 

Salmonella. In vivo it is seen that CueR has a much stronger response to Cu(I) than does 

GolS, while GolS has a stronger response to Au(I) [62, 128, 130].  

A reasonable explanation is that the concentration of metal outside of cells does 

not linearly correlate to the concentration inside, so the transcriptional response may not 

be a direct readout of sensor metal binding affinity, but is more a readout of the free 

metal concentration inside of the cell. However, since the in vivo data are shown as 
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transcription at a given metal concentration, both CueR and GolS should be affected the 

same.  

Another possible explanation is that CueR and GolS could themselves express at 

different basal levels inside of cells. Even a very small difference in the concentration of 

protein inside of cells could be influencing the reported transcriptional activation. In fact, 

studies have found that basal levels of CueR and GolS do indeed vary. In the absence of 

any metal induction, a basal amount of CueR and GolS are produced. In one study, basal 

concentrations were estimated to be 75 ± 32 nM for CueR; GolS was estimated at 18 ± 9 

nM [131]. After induction with Au, GolS was increased over 400-fold, while CueR 

concentration increased 4-fold. After Cu induction, GolS increased about 2-fold, while 

CueR increased 4-fold. It is obvious that CueR and GolS do have varying concentrations 

in relation to each other and their expression is dependent upon metal species in the 

bacterial cell. Perhaps some of the in vivo activity differences between CueR and GolS 

are due to concentration differences.  

 There is a larger question that might be a better explanation for the in vivo data. 

As mentioned earlier, CueR does not have the same transcriptional activation in response 

to all of its ligands [126]. In other words, CueR:Cu(I) does not have the same response as 

CueR:Ag(I) or CueR:Au(I). For CueR, Au(I) is the metal with the smallest transcriptional 

activity. For GolS, transcriptional activity in vitro  has not been measured, so it is not 

known. However, it is easy to speculate that GolS may have evolved its transcriptional 

activity to be more responsive to Au(I) over Cu(I).  
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 It seems likely that maximum transcriptional activity of CueR does not depend 

upon metal binding affinity. It that were true, than saturating amounts of metal should 

bring about the same maximum activity, but that is not observed [126]. What biophysical 

differences exist between Cu(I), Ag(I), and Au(I)? The most obvious difference is ionic 

size. All three ions do have varied size, but the CueR crystal structure does not show 

significant rearrangement in either the metal binding site or the protein backbone upon 

binding Ag(I) or Au(I). The crystal structures may be biased, however: Ag(I) and Au(I) 

derivatives were generated by soaking into CueR:Cu(I) crystals, so the crystal lattice may 

not allow for significant rearrangement.  

 To date, only one other Au(I)-selective regulator has been described: CupR, a 

MerR family regulator [66]. One key piece of data from this report is evidence that CupR 

coordinates Au(I) in a three-ligand site, compared to the two-ligand binding in CueR. 

Although no direct biophysical evidence has yet been gathered for GolS, mutational 

analysis has shown that no additional cysteine residues are involved in metal specificity 

[130]. So, although CupR is a homolog of GolS, its metal binding seems to be quite 

distinct and likely not informative for understanding the mechanism of GolS.  

 We conclude from the above and published data that GolS does not distinguish 

Au(I) or Cu(I) from an affinity standpoint. Having shown that CueR and GolS have 

indistinguishable metal binding affinities leaves the question open of how GolS has such 

pronounced Au(I) transcriptional activity.  

We propose that GolS does not have the same transcriptional activity as CueR. 

For example, CueR shows the least amount of activity for Au(I) [126], so perhaps GolS 
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has reversed this activity trend and is most active for Au(I) while least active for Cu(I). 

This theory is much harder to prove. Perhaps the metal ion can subtly influence DNA 

binding through some allosteric mechanism. Some attempts have been made to study 

how MerR proteins interact with DNA in their apo and holo forms [129-131, 135, 245] 

but to date very little difference has been found for MerR proteins that bind multiple 

ligands, like CueR and GolS.  

The lack of a structure of CueR bound to DNA makes this all the more difficult. 

DNA bound forms of a Cu(I) regulator, CsoR from Gram-positive bacteria, has been 

solved [246, 247]. These two structures allow analysis of the effect of Cu(I) on CsoR, as 

well as on DNA. However, there is no similarity in sequence or structure from CsoR, so 

the data are not directly helpful. High resolution CueR or GolS data would be helpful to 

understand the effect of different metal ions on transcriptional activation.  

Future studies on this system should focus on the determinants of activity 

induction in GolS and CueR. It would most likely be informative to study the interaction 

between GolS and its cognate DNA. If an assay could be performed to study the 

distortion of DNA upon ligand binding, it might be possible to parse out how ligands 

affect transcription of target genes. To study the pathway between the protein metal 

binding site and the DNA-binding site would be difficult. To date, crystal structures have 

given snapshots, but no real theories exist for how the proteins look in between the 

current few snapshots. Perhaps solution phase NMR could answer some of these 

questions, but the size of protein:DNA complexes will make high-resolution studies 

challenging.  
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In conclusion, this work and other published studies disprove the theory that GolS 

selects Au(I) upon the basis of metal-binding affinity. We propose that another, more 

subtle, biophysical mechanism is involved in metal ion dependent activation of GolS. 

This unknown mechanism is likely based on metal ions influencing protein:DNA 

interactions.  
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CHAPTER VI : FINAL THOUGHTS AND FUTURE DIRECTIONS 

 In this work, we have investigated several molecular mechanisms of copper 

homeostasis in Gram-negative bacteria. Using a combination of in vivo and in vitro tools, 

we have investigated the copper induced protein expression, studied Cu(I) transfer in the 

periplasm of E. coli, characterized a new protein, and investigated the metal binding 

properties of related proteins from Salmonella.  

In Escherichia coli, we show that the small, periplasmic CusF functions as a 

chaperone. Before this work, it was known that CusF could transfer Cu(I)/Ag(I) in vitro 

to other proteins. Here, we have shown that CusF expresses at a molar excess of ~150 

CusF to every CusCBA efflux complex, and that CusF can receive Cu(I) from CopA. 

Together these data suggest that CusF functions as a metallochaperone; CusF can bind 

Cu(I) from its entry to the periplasm through CopA to its exit through CusCBA.  

We purified and began the biochemical characterization of a protein, Synw_0921, 

from the marine cyanobacterium Synechococcus sp. WH8102. Although we initally 

hypothesized that Synw_0921 could be a copper binding protein, we showed that 

Synw_0921 is an iron-sulfur cluster protein. This is the first report of an iron-sulfur 

cluster protein involved in copper homeostasis. The function or mechanism of action of 

Synw_0921 is still unknown, and future in vivo and in vitro experiments are needed.  

Finally, we investigated the metal binding affinity of CueR and GolS, two MerR 

binding proteins from S typhimurium. CueR and GolS show Cu(I)- and Au(I)-specific 

activity, leading to the hypthesis that CueR and GolS distinguish between the two metal 

ions. We show that this is not the case, as CueR and GolS do not have distinguishable 
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Cu(I)- or Au(I)-binding affinity. We think that some structural or allosteric mechanism is 

responsible for the Cu(I)- or Au(I)-selective activity of CueR and GolS.  

Overall, this stresses the importance of both in vivo and in vitro work to 

understand the function of metalloproteins. For instance, CusF in vitro was previously 

known to transfer Cu(I)/Ag(I) to CusB. From the in vivo evidence that shows CusF 

expresses at a high concentration in comparison to CusCBA to be a functional chaperone, 

we can now conclude that there is enough CusF to transfer Cu(I)/Ag(I) to CusCBA in 

vivo. Or, with CueR and GolS, biochemical data would suggest that CueR would not 

have the ability to distinguish between Cu(I), Ag(I), and Au(I). However, in vivo activity 

implies that CueR can, to a limited degree, distinguish these metals. Relying on either in 

vivo or in vitro data would lead to an incomplete understanding of these protein systems.  
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APPENDIX I: BLAST OF SYNW_0921 HOMOLOGS 

GenBank 

Identifier 

Species Identity E-value 

CAE07436.1 Synechococcus sp. WH 8102 100 4*10^-

41 

WP_01470283.1 Synechococcus sp. RS9916 52 1_10^-

18 

WP_01080575.1 Synechococcus sp. RS9917 48 7*10^-

18 

YP_001225234.

1 

Synechococcus sp. WH 7803 52 2*10^-

17 

WP_01124402.1 Synechoccus sp. WH 7805 51 5*10^-

17 

WP_01469717.1 Synechococcus sp. BL 107 49 5*10^-

17 

NP_894913.1 Prochlorococcus marinus str. MIT 9313 49 1*10^-

14 

YP_001016982.

1 

Prochlorococcus marinus str. MIT 9303 48 3*10^-

14 

YP_001227817.

1 

Synechococcus sp. RCC307 50 2*10^-

13 

NP_875487.1 Prochlorococcus marinus str. CCMP1375 44 9*10^-

12 

WP_08954859.1 Synechococcus sp. WH 8016 50 1*10^-

11 

WP_01085137.1 Synechococcus sp. WH 5701 40 9*10^-

11 

YP_377414.1 Synechococcus sp. CC9902 56 5*10^-

10 

WP_05790580.1 Synechococcus sp. WH 8109 43 4*10^-

10 

YP_381951.1 Synechococcus sp. CC9605 43 1*10^-9 

YP_730262.1 Synechococcus sp. CC9311 40 6*10^-9 

YP_001550971.

1 

Prochlorococcus marinus str. MIT 9211 42 6*10^-9 

WP_05044149.1 Cyanobium sp. PCC 7001 31 2*10^-5 

YP_291842 Prochlorococcus marinus str. NATL2A 30 1*10^-5 

WP_05046031.1 Cyanobium sp. PCC 7001 36 3_10^-5 

WP_07973242.1 Synechococcus sp. CB0101 36 8*10^-5 

YP_001015302.

1 

Prochlorococcus marinus str. NATL1A 30 6*10^0

5 
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YP_001011505.

1 

Prochlorococcus marinus str. MIT 9515 34 2*10^-4 

NP_893217.1 Prochlorococcus marinus subsp. pastoris str. 

CCMP1986 

32 4*10^-4 

YP_007045435 Cyanobium gracile PCC 6307 33 5*10^-4 

YP_007045079.

1 

Cyanobium gracile PCC 6307 31 0.008 

YP_001091431.

1 

Prochlorococcus marinus str. MIT 9301 26 0.008 

WP_05138953.1 Prochlorococcus marin str. MIT 9202 25 0.009 

WP_07971146.1 Synechococcus sp. CB0205 32 0.047 

YP_397606.1 Prochlorococcus marinus str. MIT 9312 27 0.063 

WP_07973802.1 Synechococcus sp. CB0101 35 0.064 

  



159 

 

REFERENCES 

 

1. Brose, J., et al., Redox Sulfur Chemistry of the Copper Chaperone Atox1 is 

Regulated by the Enzyme Glutaredoxin 1, the Reduction Potential of the 

Glutathione Couple GSSG/2GSH and the Availability of Cu(I). Metallomics, 

2014. 6(4): p. 793-808. 

2. Gray, H.B., B.G. Malmstrom, and R.J.P. Williams, Copper coordination in blue 

proteins. J Biol Inorg Chem, 2000. 5: p. 9. 

3. Majumder, E.L., J.D. King, and R.E. Blankenship, Alternative Complex III from 

phototrophic bacteria and its electron acceptor auracyanin. Biochim Biophys 

Acta, 2013. 1827(11-12): p. 1383-91. 

4. Tottey, S., et al., Two Menkes-type ATPases Supply Copper for Photosynthesis in 

Synechocystis PCC 6803. J Biol Chem, 2001. 276(23): p. 19999-20004. 

5. Tottey, S., et al., A Copper Metallochaperone for Photosynthesis and Respiration 

Reveals Metal-Specific Targets, Interaction with an Importer, and Alternative 

Sites for Copper Acquisition. J Biol Chem, 2002. 277(7): p. 5490-7. 

6. Sakurai, T. and K. Kataoka, Basic and Applied Features of Multicopper Oxidases, 

CueO, Bilirubin oxidase, and Laccase. Chem Rec, 2007. 7(4): p. 220-9. 

7. Singh, S.K., et al., Cuprous oxidase activity of CueO from Escherichia coli. J 

Bacteriol, 2004. 186(22): p. 7815-7. 

8. Goldstein, S., D. Meyerstein, and G. Czapski, The Fenton Reagents. Free Radical 

Biology & Medicine, 1993. 15: p. 11. 

9. Keyhani, E., et al., DNA Strand Breaks by Metal-Induced Oxygen Radicals in 

Purified Salmonella typhimurium DNA. Ann N Y Acad Sci, 2006. 1091: p. 52-64. 

10. Li, Y. and M.A. Trush, DNA damage resulting from the oxidation of 

hydroquinone by copper: role for a Cu(II)/Cu(I) redox cycle and reactive oxygen 

generation. Carcinogenesis, 1993. 14(7): p. 9. 

11. Tkeshelashvili, L.K., et al., Mutation Spectrum of Copper-induced DNA Damage. 

J Biol Chem, 1991. 266(10): p. 6. 

12. Macomber, L. and J.A. Imlay, The iron-sulfur clusters of dehydratases are 

primary intracellular targets of copper toxicity. Proc Natl Acad Sci U S A, 2009. 

106(20): p. 8344-9. 



160 

 

13. Karlsson, J. and B. Eklund, New biocide-free anti-fouling paints are toxic. Mar 

Pollut Bull, 2004. 49(5-6): p. 456-64. 

14. Schultz, T.P., D.D. Nicholas, and A.F. Preston, A brief review of the past, present 

and future of wood preservation. Pest Manag Sci, 2007. 63(8): p. 784-8. 

15. O'Gorman, J. and H. Humphreys, Application of copper to prevent and control 

infection. Where are we now? J Hosp Infect, 2012. 81(4): p. 217-23. 

16. Moffett, J.W., et al., Cu Speciation and Cyanobacterial Distribution in Harbors 

Subject to Anthropogenic Cu Inputs. Limnol. Oceanogr., 1997. 42(5): p. 11. 

17. Frausto da Silva, J.J. and R.J.P. Williams, The Biological Chemistry of the 

Elements: The Inorganic Chemsitry of Life. 2001, New York, NY: Oxford 

University Press, Inc. 575. 

18. Nies, D.H., Efflux-mediated heavy metal resistance in prokaryotes. FEMS 

Microbiology Reviews, 2003. 27(2-3): p. 313-339. 

19. Silver, S., T. Phung le, and G. Silver, Silver as biocides in burn and wound 

dressings and bacterial resistance to silver compounds. J Ind Microbiol 

Biotechnol, 2006. 33(7): p. 627-34. 

20. Zhang, L., et al., Copper-mediated Regulation of Cytochrome c553 and 

Plastocyanin in the Cyanobacterium Synechocystis 6803. J Biol Chem, 1992. 

267(27): p. 6. 

21. Brand, L., W.G. Sunda, and R.R.L. Guillard, Reduction of marine phytoplankton 

reproduction rates by copper and cadmium. J. Exp. Mar. Biol. Ecol. , 1986. 96: p. 

26. 

22. Baron, M., J.B. Arellano, and J. Lopez Gorge, Copper and photosystem II: a 

controversial relationship. Physiologia Plantarum, 1995. 94: p. 8. 

23. Kershaw, C.J., et al., The expression profile of Escherichia coli K-12 in response 

to minimal, optimal and excess copper concentrations. Microbiology, 2005. 

151(Pt 4): p. 1187-98. 

24. Lutsenko, S., E.S. LeShane, and U. Shinde, Biochemical basis of regulation of 

human copper-transporting ATPases. Arch Biochem Biophys, 2007. 463(2): p. 

134-48. 

25. Srinivasan, C., et al., Characterization of the Copper Chaperone Cox17 of 

Saccharomyces cerevisiae. Biochemistry 1998. 37(6): p. 7572. 



161 

 

26. Crichton, R.R. and J.-L. Pierre, Old Iron, Young Copper: from Mars to Venus. 

BioMetals, 2001. 14: p. 14. 

27. Grass, G. and C. Rensing, Genes Involved in Copper Homeostasis in Escherichia 

coli. J Bacteriol, 2001. 183(6): p. 2145-7. 

28. Hervas, M. and J.A. Navarro, Effect of crowding on the electron transfer process 

from plastocyanin and cytochrome c6 to photosystem I: a comparative study from 

cyanobacteria to green algae. Photosynth Res, 2011. 107(3): p. 279-86. 

29. Boal, A.K. and A.C. Rosenzweig, Structural Biology of Copper Trafficking. 

Chem. Rev. , 2009. 109: p. 20. 

30. Bannister, J.V., W.H. Bannister, and G. Rotilio, Aspects of the Structure, 

Function, and Applications of Superoxide Dismutase. Crit Rev Biochem, 1987. 

22(2): p. 70. 

31. Battistoni, A., Role of Prokaryotic Cu, Zn Superoxide Dismutase in Pathogenesis. 

Biochem Soc Trans, 2003. 31(6): p. 4. 

32. Fridovich, I., Superoxide dismutases: Studies of Structure and Mechanism. Iron 

and Copper Proteins, 1976: p. 10. 

33. McCord, J.M. and I. Fridovich, The Utility of Superoxide Dismutase in Studying 

Free Radical Reactions: II. The Mechanism of the Mediation of Cytochrome C 

reduction by a Variety of Electron Carriers. J Biol Chem, 1970. 245: p. 4. 

34. Osman, D., et al., The copper supply pathway to a Salmonella Cu,Zn-superoxide 

dismutase (SodCII) involves P(1B)-type ATPase copper efflux and periplasmic 

CueP. Mol Microbiol, 2013. 87(3): p. 466-77. 

35. Wernimont, A.K., L.A. Yatsunyk, and A.C. Rosenzweig, Binding of Copper(I) by 

the Wilson Disease Protein and its Copper Chaperone. J Biol Chem, 2004. 

279(13): p. 12269-76. 

36. Banci, L., et al., Solution structures of a cyanobacterial metallochaperone: insight 

into an atypical copper-binding motif. J Biol Chem, 2004. 279(26): p. 27502-10. 

37. Xiao, Z., et al., C-Terminal Domain of the Membrane Copper Transporter Ctr1 

from Saccharomyces cerevisiae Binds Four Cu(I) Ions as a Cuprous-Thiolate 

Polynuclear Cluster: Sub-femtomolar Cu(I) Affinity of Three Proteins Involved in 

Copper Trafficking. J. Am. Chem. Soc., 2004. 125: p. 10. 

38. Gudipaty, S.A., et al., Regulation of Cu(I)/Ag(I) efflux genes in Escherichia coli 

by the sensor kinase CusS. FEMS Microbiol Lett, 2012. 330(1): p. 30-7. 



162 

 

39. Outten, F.W., et al., The independent cue and cus systems confer copper tolerance 

during aerobic and anaerobic growth in Escherichia coli. J Biol Chem, 2001. 

276(33): p. 30670-7. 

40. Reyes-Caballero, H., G.C. Campanello, and D.P. Giedroc, Metalloregulatory 

proteins: metal selectivity and allosteric switching. Biophys Chem, 2011. 156(2-

3): p. 103-14. 

41. Allen, S., A. Badarau, and C. Dennison, The influence of protein folding on the 

copper affinities of trafficking and target sites. Dalton Trans, 2013. 42(9): p. 

3233-9. 

42. Badarau, A., et al., Visualizing the metal-binding versatility of copper trafficking 

sites. Biochemistry, 2010. 49(36): p. 7798-810. 

43. Huffman, D.L. and T.V. O'Halloran, Function, structure, and mechanism of 

intracellular copper trafficking proteins. Annu Rev Biochem, 2001. 70: p. 27. 

44. Simpson, D.M., et al., A proteomics study of the response of North Ronaldsay 

sheep to copper challenge. BMC Vet Res, 2006. 2: p. 36. 

45. Gourdon, P., et al., Crystal structure of a copper-transporting PIB-type ATPase. 

Nature, 2011. 475(7354): p. 59-64. 

46. Yatsunyk, L.A. and A.C. Rosenzweig, Cu(I) Binding and Transfer by the N 

Terminus of the Wilson Disease Protein. J Biol Chem, 2007. 282(12): p. 8622-31. 

47. Barry, A.N., U. Shinde, and S. Lutsenko, Structural organization of human Cu-

transporting ATPases: learning from building blocks. J Biol Inorg Chem, 2010. 

15(1): p. 47-59. 

48. Arguello, J.M., M. Gonzalez-Guerrero, and D. Raimunda, Bacterial transition 

metal P(1B)-ATPases: transport mechanism and roles in virulence. Biochemistry, 

2011. 50(46): p. 9940-9. 

49. Neisser, A., et al., Immunological and Functional Localization of Both F-type and 

P-type ATPases in Cyanobacterial Plasma Membranes. Biochemical and 

Biophysical Research Commnications, 1994. 200: p. 9. 

50. Peterson, C. and L.B. Moller, Control of copper homeostasis in Escherichia coli 

by a P-type ATPase, CopA, and  MerR-like activator, CopR. Gene  2000. 261: p. 

10. 



163 

 

51. Phung, L.T., G. Ajlani, and R. Haselkorn, P-type ATPase from the 

cyanobacterium Synechococcus 7942 related to the human Menkes and Wilson 

disease gene products. Proc Natl Acad Sci U S A, 1994. 91: p. 4. 

52. Rensing, C., et al., CopA: An Escherichia coli Cu(I)-translocating P-type ATPase. 

Proc Natl Acad Sci U S A, 2000. 97(2): p. 5. 

53. Field, L.S., E. Luk, and V.C. Culotta, Copper Chaperones: Personal Escorts for 

Metal Ions. Journal of Bioenergetics and Biomembranes, 2002. 34(5): p. 7. 

54. Osman, D. and J.S. Cavet, Copper Homeostasis in Bacteria, in Copper Trafficking 

and Resistance. 2008. p. 217-247. 

55. Baron, M., et al., Copper binding sites associated with photosystem 2 

preparations. Photosynthetica 1993. 28: p. 9. 

56. Franke, S., Microbiology of the Toxic Noble Metal Silver. Microbiol Monogr, 

2007. 6: p. 13. 

57. McManus, A.T., C.L. Denton, and A.D.J. Mason, Mechanisms of In Vitro 

Sensitivity to Sulfadiazine Silver. Arch Surg, 1983. 118: p. 6. 

58. Yoon, K.Y., et al., Susceptibility constants of Escherichia coli and Bacillus 

subtilis to silver and copper nanoparticles. Sci Total Environ, 2007. 373(2-3): p. 

572-5. 

59. Xu, F.F. and J.A. Imlay, Silver(I), Mercury(II), Cadmium(II), and Zinc(II) Target 

Exposed Enzymic Iron-Sulfur Clusters When They Toxify Escherichia coli. Appl 

Environ Microbiol, 2012. 78(10): p. 3614-21. 

60. Checa, S.K. and F.C. Soncini, Bacterial Gold Sensing and Resistance. Biometals, 

2011. 24(3): p. 419-27. 

61. Karthikeyan, D. and T.J. Beveridge, Pseudomonas aeruginosa biofilms react with 

and precipitate toxic soluble gold. Environ Microbiol, 2002. 4(11): p. 9. 

62. Pontel, L.B., et al., GolS controls the response to gold by the hierarchical 

induction of Salmonella-specific genes that include a CBA efflux-coding operon. 

Mol Microbiol, 2007. 66(3): p. 814-25. 

63. Reith, F., et al., Mechanisms of gold biomineralization in the bacterium 

Cupriavidus metallidurans. Proc Natl Acad Sci U S A, 2009. 106(42): p. 17757-

62. 

64. Nies, D.H., Microbial heavy-metal resistance. Appl Microbiol Biotechnol, 1999. 

51: p. 21. 



164 

 

65. Wiesemann, N., et al., Influence of Copper Resistance Determinants on Gold 

Transformation by Cupriavidus metallidurans Strain CH34. Journal of 

Bacteriology, 2013. 195(10): p. 11. 

66. Jian, X., et al., Highly Sensitive and Selective Gold(I) Recognition by a 

Metalloregulator in Ralstonia metallidurans. J Am Chem Soc, 2009. 131(31): p. 

10869-71. 

67. Julian, D.J., et al., Transcriptional activation of MerR family promoters in 

Cupriavidus metallidurans CH34. Antonie Van Leeuwenhoek, 2009. 96(2): p. 

149-59. 

68. Bridges, K. and E.J.L. Lowbury, Drug Resistance in Relation to Use of Silver 

Sulphadiazine Cream in a Burns Unit. J. Clin. Path. , 1977. 30(6): p. 160. 

69. Cachafeiro, S.P., I.M. Naveira, and I.G. Garcia, Is Copper-silver ionisation Safe 

and Effective in Controlling Legionella? J Hosp Infect, 2007. 67(3): p. 209-16. 

70. Lowbury, E.J.L., et al., Topical chemoprophylaxis with silver sulphadiazine and 

silver nitrate chlorhexidine creams: emergence of sulphonamide-resistant Gram-

negative bacilli. British Medical Journal, 1976. 1: p. 4. 

71. Weber, D.J. and W.A. Rutala, Self-disinfecting surfaces: review of current 

methodologies and future prospects. Am J Infect Control, 2013. 41(5 Suppl): p. 

S31-5. 

72. Bonn, W.G. and S. Lesage, Control of bacterial speck of tomato by copper and 

ethylenebisdithiocarbamate fungicides: their efficacy and residues on leaves. J 

Environ Sci Health B, 1984. 19(1): p. 29-38. 

73. Ytreberg, E., J. Karlsson, and B. Eklund, Comparison of toxicity and release rates 

of Cu and Zn from anti-fouling paints leached in natural and artificial brackish 

seawater. Sci Total Environ, 2010. 408(12): p. 2459-66. 

74. Edmonds, M.S., O.A. Izquierdo, and D.H. Baker, Free Additive Studies with 

Newly Weaned Pigs: Efficacy of Supplemental Copper, Antibiotis, and Organic 

Acids. Jour Anim Sci, 1985. 60(2): p. 10. 

75. Grass, G., C. Rensing, and M. Solioz, Metallic Copper as an Antimicrobial 

Surface. Appl Environ Microbiol, 2011. 77(5): p. 1541-7. 

76. Aarestrup, F.M. and H. Hasman, Susceptibility of different bacterial species 

isolated from food animals to copper sulphate, zinc chloride and antimicrobial 

substances used for disinfection. Vet Microbiol, 2004. 100(1-2): p. 83-9. 



165 

 

77. Bridges, K., et al., Gentamicin- and Silver-Resistant Pseudomonas in a Burns 

Unit. British Medical Journal, 1979. 1: p. 4. 

78. Hendry, A.T. and I.O. Stewart, Silver-resistant Enterobacteriaceae from hospital 

patients. Can. J. Microbiol. , 1979. 25: p. 7. 

79. Jelenko III, C., Silver Nitrate Resistant E. coli: Report of case. Annals Surgery, 

1969. 170(2): p. 4. 

80. Snelling, C.F.t., et al., Comparison of silver sulfadiazine and gentamicin for 

topical prophylaxis against burn wound sepsis. CMA Journal, 1978. 119: p. 4. 

81. Haefeli, C., C. Franklin, and K. Hardy, Plasmid-determined silver resistance in 

Pseudomonas stutzeri isolated from a silver mine. J. Bacteriol. , 1984. 158(1): p. 

4. 

82. Gulig, P.A. and R.C. Curtiss III, Plasmid-associated virulence of Salmonella 

typhimurium. Infect Immun, 1987. 55(12): p. 11. 

83. Starodub, M.E. and J.T. Trevors, Mobilization of Escherichia coli R1 silver-

resistance plasmid pJT1 by Tn5-Mob into Escherichia coli C600. Biol Metals, 

1990. 3: p. 4. 

84. McHugh, G.K., et al., Salmonella typhimurium Resitant to Silver Nitrate, 

Chloramphenicol, and Ampicillin. The Lancet, 1975. 1(7901): p. 6. 

85. Gupta, A., et al., Molecular basis for resistance to silver cations in Salmonella. 

Nature Medicine, 1999. 5(2): p. 6. 

86. Starodub, M.E. and J.T. Trevors, Silver Accumulation and Resistance in 

Escherichia coli R1. Journal Inorganic Biochemistry, 1990. 39: p. 9. 

87. Li, X.Z., H. Nikaido, and K.E. Williams, Silver-resistant mutants of Escherichia 

coli display active efflux of Ag+ and are defcient in porins. J. Bacteriol., 1997. 

179(19): p. 6. 

88. Schmidt, M.G., et al., Sustained Reduction of Microbial Burden on Common 

Hospital Surfaces Through Introduction of Copper. J Clin Microbiol, 2012. 50(7): 

p. 2217-23. 

89. Wilks, S.A., H. Michels, and C.W. Keevil, The survival of Escherichia coli O157 

on a range of metal surfaces. Int J Food Microbiol, 2005. 105(3): p. 445-54. 

90. Warnes, S.L., V. Caves, and C.W. Keevil, Mechanism of copper surface toxicity 

in Escherichia coli O157:H7 and Salmonella involves immediate membrane 

depolarization followed by slower rate of DNA destruction which differs from 



166 

 

that observed for Gram-positive bacteria. Environ Microbiol, 2012. 14(7): p. 

1730-43. 

91. Espirito Santo, C., et al., Contribution of Copper Ion Resistance to Survival of 

Escherichia coli on Metallic Copper Surfaces. Appl Environ Microbiol, 2008. 

74(4): p. 977-86. 

92. Espirito Santo, C., P.V. Morais, and G. Grass, Isolation and Characterization of 

Bacteria Resistant to Metallic Copper Surfaces. Appl Environ Microbiol, 2010. 

76(5): p. 1341-8. 

93. Franke, S., et al., Molecular Analysis of the Copper-Transporting Efflux System 

CusCFBA of Escherichia coli. Journal of Bacteriology, 2003. 185(13): p. 3804-

3812. 

94. Djoko, K.Y., Z. Xiao, and A.G. Wedd, Copper Resistance in E. coli: the 

Multicopper Oxidase PcoA Catalyzes Oxidation of Copper(I) in Cu(I)Cu(II)-

PcoC. Chembiochem, 2008. 9(10): p. 1579-82. 

95. Lee, S.M., et al., The Pco proteins are involved in periplasmic copper handling in 

Escherichia coli. Biochemical and Biophysical Research Commnications, 2002. 

295: p. 5. 

96. Wernimont, A.K., et al., Crystal structure and dimerization equilibria of PcoC, a 

methionine-rich copper resistance protein from Escherichia coli. J Biol Inorg 

Chem, 2003. 8(1-2): p. 185-94. 

97. Stoyanov, J.V. and N.L. Brown, The Escherichia coli Copper-Responsive copA 

Promoter is Activated by Gold. J Biol Chem, 2003. 278(3): p. 1407-10. 

98. Stoyanov, J.V., J.L. Hobman, and N.L. Brown, CueR (Ybbl) of Escherichia coli 

is a MerR family regulator controlling expression of the copper exporter CopA. 

Mol Microbiol, 2001. 39(2): p. 10. 

99. Beswick, P.H., et al., Copper Toxicity: Evidence for the Conversion of Cupric to 

Cuprous Copper  In Vivo Under Anaerobic Conditions. Chem. -Biol. Interactions, 

1976. 14: p. 10. 

100. Yamamoto, K. and A. Ishihama, Transcriptional response of Escherichia coli to 

external copper. Mol Microbiol, 2005. 56(1): p. 215-27. 

101. Nikaido, H. and Y. Takatsuka, Mechanisms of RND multidrug efflux pumps. 

Biochim Biophys Acta, 2009. 1794(5): p. 769-81. 



167 

 

102. Symmons, M.F., et al., The assembled structure of a complete tripartite bacterial 

multidrug efflux pump. Proc Natl Acad Sci U S A, 2009. 106(17): p. 7173-8. 

103. Mikolosko, J., et al., Conformational Flexibility in the Multidrug Efflux System 

Protein AcrA. Structure, 2006. 14(3): p. 577-87. 

104. Nikaido, H. and H. Zgurskaya, AcrAB and Related Multidrug Efflux Pumps of 

Escherichia coli. J. Mol. Microbiol. Biotechnol., 2001. 3(2): p. 4. 

105. Zgurskaya, H. and H. Nikaido, Bypassing the periplasm: Reconstitution of the 

AcrAB multidrug efflux pump of Escherichia coli. Proc Natl Acad Sci U S A, 

1999. 96: p. 6. 

106. Conroy, O., et al., Differing Ability to Transport Nonmetal Substrates by Two 

RND-type Metal Exporters. FEMS Microbiol Lett, 2010. 308(2): p. 115-22. 

107. Kim, E.H., et al., Switch or Funnel: how RND-type Transport Systems Control 

Periplasmic Metal Homeostasis. J Bacteriol, 2011. 193(10): p. 2381-7. 

108. Murakami, S., et al., Crystal structures of a multidrug transporter reveal a 

functionally rotating mechanism. Nature, 2006. 443(7108): p. 173-9. 

109. Seeger, M.A., et al., Structural Asymmetry of AcrB Trimer Suggests a Peristaltic 

Pump Mechanism. Science, 2006. 313(5791): p. 1295-8. 

110. Long, F., et al., Crystal structures of the CusA efflux pump suggest methionine-

mediated metal transport. Nature, 2010. 467(7314): p. 484-8. 

111. Lei, H.T., et al., Crystal Structures of CusC Review Conformational Changes 

Accompanying Folding and Transmembrane Channel Formation. J Mol Biol, 

2013. 

112. Bagai, I., et al., Substrate-linked conformational change in the periplasmic 

component of a Cu(I)/Ag(I) efflux system. J Biol Chem, 2007. 282(49): p. 35695-

702. 

113. Mealman, T.D., et al., Interactions Between CusF and CusB Identified by NMR 

Spectroscopy and Chemical Cross-Linking Coupled to Mass Spectrometry. 

Biochemistry, 2011. 50(13): p. 2559-66. 

114. Mealman, T.D., et al., N-Terminal Region of CusB is Sufficient for Metal 

Binding and Metal Transfer With the Metallochaperone CusF. Biochemistry, 

2012. 51(34): p. 6767-75. 

115. Su, C.C., et al., Crystal Structure of the Membrane Fusion Protein CusB from 

Escherichia coli. J Mol Biol, 2009. 393(2): p. 342-55. 



168 

 

116. Su, C.C., et al., Crystal structure of the CusBA heavy-metal efflux complex of 

Escherichia coli. Nature, 2011. 470(7335): p. 558-62. 

117. Kittleson, J.T., et al., Periplasmic Metal-Resistance Protein CusF Exhibits High 

Affinity and Specificity for Both CuI and AgI. Biochemistry, 2006. 45: p. 7. 

118. Loftin, I.R., et al., Unusual Cu(I)/Ag(I) coordination of Escherichia coli CusF as 

revealed by atomic resolution crystallography and X-ray absorption spectroscopy. 

Protein Sci, 2007. 16(10): p. 2287-93. 

119. Loftin, I.R., et al., A novel Copper-Binding Fold for the Periplasmic Copper 

Resistance Protein CusF. Biochemistry, 2005. 44: p. 8. 

120. Kim, E.H., C. Rensing, and M.M. McEvoy, Chaperone-mediated copper handling 

in the periplasm. Nat Prod Rep, 2010. 27(5): p. 711-9. 

121. Bagai, I., et al., Direct metal transfer between periplasmic proteins identifies a 

bacterial copper chaperone. Biochemistry, 2008. 47(44): p. 11408-14. 

122. Delmar, J.A., C.C. Su, and E.W. Yu, Structural mechanisms of heavy-metal 

extrusion by the Cus efflux system. Biometals, 2013. 26(4): p. 593-607. 

123. Long, F., et al., Structure and mechanism of the tripartite CusCBA heavy-metal 

efflux complex. Philos Trans R Soc Lond B Biol Sci, 2012. 367(1592): p. 1047-

58. 

124. Espariz, M., et al., Dissecting the Salmonella response to copper. Microbiology, 

2007. 153(Pt 9): p. 2989-97. 

125. Osman, D., et al., Copper Homeostasis in Salmonella is Atypical and Copper-

CueP is a Major Periplasmic Metal Complex. J Biol Chem, 2010. 285(33): p. 

25259-68. 

126. Changela, A., et al., Molecular Basis of Metal-Ion Selectivity and Zeptomolar 

Sensitivity by CueR. Science, 2003. 301(5638): p. 1383-7. 

127. Rademacher, C. and B. Masepohl, Copper-responsive gene regulation in bacteria. 

Microbiology, 2012. 158(Pt 10): p. 2451-64. 

128. Checa, S.K., et al., Bacterial Sensing of and Resistance to Gold Salts. Mol 

Microbiol, 2007. 63(5): p. 1307-18. 

129. Humbert, M.V., et al., Protein Signatures that Promote Operator Selectivity 

Among Paralog MerR Monovalent Metal Ion Regulators. J Biol Chem, 2013. 

288(28): p. 20510-9. 



169 

 

130. Ibanez, M.M., et al., Dissecting the Metal Selectivity of MerR Monovalent Metal 

Ion Sensors in Salmonella. Journal of Bacteriology, 2013. 195(13): p. 9. 

131. Perez Audero, M.E., et al., Target transcription binding sites differentiate two 

groups of MerR-monovalent metal ion sensors. Mol Microbiol, 2010. 78(4): p. 

853-65. 

132. Outten, C.E., F.W. Outten, and T.V. O'Halloran, DNA Distortion Mechanism for 

Transcriptional Activation by ZntR, a Zn(II)-responsive MerR Homologue in 

Escherichia coli*. Journal of Biological Chemistry, 1999. 274(53): p. 8. 

133. Pennella, M.A. and D.P. Giedroc, Structural determinants of metal selectivity in 

prokaryotic metal-responsive transcriptional regulators. Biometals, 2005. 18(4): p. 

413-28. 

134. Rutherford, J.C., Cobalt-dependent Transcriptional Switching by a Dual-effector 

MerR-like Protein Regulates a Cobalt-exporting Variant CPx-type ATPase. 

Journal of Biological Chemistry, 1999. 274(36): p. 25827-25832. 

135. Watanabe, S., et al., Crystal structure of the [2Fe-2S] oxidative-stress sensor 

SoxR bound to DNA. Proc Natl Acad Sci U S A, 2008. 105(11): p. 4121-6. 

136. Newberry, K.J., et al., Structures of BmrR-Drug Complexes Reveal a Rigid 

Multidrug Binding Pocket and Transcription Activation Through Tyrosine 

Expulsion. J Biol Chem, 2008. 283(39): p. 26795-804. 

137. Brown, N.L., et al., The MerR family of Transcriptional Regulators. FEMS 

Microbiology Reviews, 2003. 27(2-3): p. 145-163. 

138. Hobman, J.L., MerR family transcription activators: similar designs, different 

specificities. Mol Microbiol, 2007. 63(5): p. 1275-8. 

139. Outten, F.W., et al., Transcriptional Activation of an Escherichia coli Copper 

Efflux Regulon by the Chromosomal MerR Homologue, CueR. J Biol Chem, 

2000. 275(40): p. 31024-9. 

140. Huang, S., et al., Novel lineages of Prochlorococcus and Synechococcus in the 

global oceans. ISME J, 2012. 6(2): p. 285-97. 

141. Flombaum, P., et al., Present and future global distributions of the marine 

Cyanobacteria Prochlorococcus and Synechococcus. Proc Natl Acad Sci U S A, 

2013. 110(24): p. 6. 



170 

 

142. Li, W.K.W., Primary production of prochlorophytes, cyanobacteria, and 

eucaryotic ultraphytoplankton: Measurements from flow cytometric sorting. 

Limnol. Oceanogr., 1993. 39(1): p. 7. 

143. Droppa, M. and G. Horváth, The role of copper in photosynthesis. Critical 

Reviews in Plant Sciences, 1990. 9(2): p. 111-123. 

144. Shcolnick, S. and N. Keren, Metal Homeostasis in Cyanobacteria and 

Chloroplasts. Balancing Benefits and Risks to the Photosynthetic Apparatus. Plant 

Physiol, 2006. 141(3): p. 805-10. 

145. Banci, L., et al., The delivery of copper for thylakoid import observed by NMR. 

Proc Natl Acad Sci U S A, 2006. 103(22): p. 8320-5. 

146. van de Meene, A.M.L., et al., The Three-Dimensional Structure of the 

Cyanobacterium Synechocystis sp. PCC 6803. Arch Microbiol, 2006. 184: p. 12. 

147. Cameron, J.C., et al., Biogenesis of a Bacterial Organelle: the Carboxysome 

Assembly Pathway. Cell, 2013. 155(5): p. 1131-40. 

148. Iancu, C.V., et al., The Structure of Isolated Synechococcus Strain WH8102 

Carboxysomes as Revealed by Electron Cryotomography. J Mol Biol, 2007. 

372(3): p. 20. 

149. Mant, A., et al., Multiple Mechanisms for the Targeting of Photosystem I 

Subunits F, H, K, L, and N into and across the Thylakoid Membrane. J Biol 

Chem, 1994. 269(44): p. 7. 

150. Shi, L.X., et al., Photosystem II, a growing complex: updates on newly discovered 

components and low molecular mass proteins. Biochim Biophys Acta, 2012. 

1817(1): p. 13-25. 

151. Smith, D. and C.J. Howe, The distribution of Photosystem I and Photosystem II 

polypeptides between the cytoplasmic and thylakoid membranes of cyanobacteria. 

FEMS Microbiol Lett, 1993. 110: p. 7. 

152. Mullineaux, C.W., Co-existence of photosynthetic and respiratory activities in 

cyanobacterial thylakoid membranes. Biochim Biophys Acta, 2014. 1837(4): p. 

503-511. 

153. Norling, B., et al., 2D-isolation of pure plasma and thylakoid membranes from the 

cyanobacterium Synechocystis sp. PCC 6803. FEBS Letters, 1998. 436: p. 4. 



171 

 

154. Jallet, D., et al., Specificity of the Cyanobacterial Orange Carotenoid Protein: 

Influences of Orange Carotenoid Protein and Phycobilisome Structures. Plant 

Physiol, 2014. 164(2): p. 790-804. 

155. Nickelsen, J., et al., Biogenesis of the cyanobacterial thylakoid membrane system-

-an update. FEMS Microbiol Lett, 2011. 315(1): p. 1-5. 

156. Waldron, K.J., et al., A Periplasmic Iron-Binding Protein Contributes Toward 

Inward Copper Supply. J Biol Chem, 2007. 282(6): p. 3837-46. 

157. Badarau, A. and C. Dennison, Thermodynamics of copper and zinc distribution in 

the cyanobacterium Synechocystis PCC 6803. Proc Natl Acad Sci U S A, 2011. 

108(32): p. 16. 

158. Moffett, J.W. and L.E. Brand, Production of strong, extracellular Cu chelators by 

marine cyanobacteria in response to Cu stress. Limnol. Oceanogr., 1996. 41(3): p. 

8. 

159. Stuart, R.K., et al., Genomic island genes in a coastal marine Synechococcus 

strain confer enhanced tolerance to copper and oxidative stress. ISME J, 2013. 

7(6): p. 1139-49. 

160. Stuart, R.K., et al., Coastal Strains of Marine Synechecoccus Species Exhibit 

Increased Tolerance to Copper Shock and a Distinctive Transcriptional Response 

Relative to Those of Open-Ocean Strains. Applied and Environmental 

Microbiology, 2009. 75(15): p. 20. 

161. Zhu, L., et al., Antimicrobial activity of different copper alloy surfaces against 

copper resistant and sensitive Salmonella enterica. Food Microbiol, 2012. 30(1): 

p. 303-10. 

162. Franke, S., G. Grass, and C. Rensing, The product of the ybdE gene of the 

Escherichia coli chromosome is involved in detoxification of silver ions. 

Microbiology, 2001. 147: p. 8. 

163. Munson, G.P., et al., Identification of a Copper-Responsive Two-Component 

System on the Chromosome of Escherichia coli K-12. Journal of Bacteriology, 

2000. 182(20): p. 8. 

164. Stoyanov, J.V., D. Magnani, and M. Solioz, Measurement of cytoplasmic copper, 

silver, and gold with a lux biosensor shows copper and silver, but not gold, efflux 

by the CopA ATPase of Escherichia coli. FEBS Letters, 2003. 546(2-3): p. 391-

394. 



172 

 

165. Imperi, F., et al., Analysis of the periplasmic proteome of Pseudomonas 

aeruginosa, a metabolically versatile opportunistic pathogen. Proteomics, 2009. 

9(7): p. 1901-15. 

166. Holmes, J.L. and R.S. Pollenz, Determination of Aryl Hydrocarbon Receptor 

Nuclear Translocator Protein Concentration and Subcellular localization in 

Hepatic and Nonhepatic Cell Culture Lines: Development of Quantitative 

Western Blotting Protocols for Calculation of Aryl Hydrocarbon Receptor and 

Aryl Hydrocarbon Receptor Nuclear Translocator Protein in Total Cell Lysates. 

Molecular Pharmacology, 1997. 52: p. 10. 

167. Datsenko, K.A. and B.L. Wanner, One-step Inactivation of Chromosomal Genes 

in Escherichia coli K-12 using PCR products. Proc Natl Acad Sci U S A, 2000. 

97(12): p. 6640-5. 

168. Lee, L.J., J.A. Barrett, and R.K. Poole, Genome-Wide Transcriptional Response 

of Chemostat-Cultured Escherichia coli to Zinc. J Bacteriol, 2005. 187(3): p. 

1124-34. 

169. Lu, P., et al., Absolute protein expression profiling estimates the relative 

contributions of transcriptional and translational regulation. Nat Biotechnol, 2007. 

25(1): p. 117-24. 

170. Zheng, M., et al., OxyR and SoxRS regulation of fur. Journal of Bacteriology, 

1999. 181(15): p. 5. 

171. Park, S.J., G. Chao, and R.P. Gunsalus, Aerobic regulation of the sucABCD genes 

of Escherichia coli, which encode alpha-ketoglutarate dehydrogenase and 

succinyl coenzyme A synthetase: roles of ArcA, Fnr, and the upstream sdhCDAB 

promoter. J. Bacteriol., 1997. 179(13): p. 5. 

172. Cunningham, L. and J.R. Guest, Transcription and Transcript Processing in the 

sdhCDAB-sucABCD Operon of Escherichia coli. Microbiology, 1998. 144: p. 11. 

173. Shimohata, N., et al., The Cpx stress response system of Escherichia coli senses 

plasma membrane proteins and controls HtpX, a membrane protease with a 

cytosolic active site. Genes to Cells, 2002. 7: p. 10. 

174. Gottesman, S., Proteases and Their Targets in Esherichia coli. Ann. Rev. Genet., 

1996. 30: p. 42. 

175. Maurizi, M.R., Proteases and protein degradation in Escherichia coli. Experientia 

1992. 48: p. 24. 



173 

 

176. Rawlings, N.D., A.J. Barrett, and A. Bateman, MEROPS: the database of 

proteolytic enzymes, their substrates and inhibitors. Nucleic Acids Res, 2012. 

40(Database issue): p. D343-50. 

177. Addlagatta, A., L. Gay, and B.W. Matthews, Structural Basis for the Unusual 

Specificity of Escherichia coli Aminopeptidase N. Biochemistry, 2008. 47: p. 9. 

178. Chandu, D. and D. Nandi, PepN is the Major Aminopeptidase in Escherichia coli: 

Insights on Substrate Specificity and Role during Sodium-Salicylate-Induced 

Stress. Microbiology, 2003. 149(12): p. 3437-3447. 

179. Cunningham, D.F. and D. O'Connor, Proline Specific Peptidases. Biochim 

Biophys Acta, 1997. 1343: p. 27. 

180. Kitazono, A., et al., Prolyl Aminopeptidase Gene from Flavobacterium 

meningosepticum: Cloning, Purifcation of the Expressed Enzyme, and Analysis of 

Its Sequence. Archives of Biochemistry and Biophysics, 1996. 336(1): p. 7. 

181. Orlowski, M., et al., Purification and Properties of a Prolyl Endopeptidase from 

Rabbit Brain. Journal of Neurochemistry, 1979. 33: p. 9. 

182. Suzuki, C.K., et al., ATP-dependent proteases that also chaperone protein 

biogenesis. TIBS Reviews, 1997. 22: p. 6. 

183. Gu, M. and J.A. Imlay, Superoxide poisons mononuclear iron enzymes by causing 

mismetallation. Mol Microbiol, 2013. 89(1): p. 123-34. 

184. Padilla-Benavides, T., C.J. McCann, and J.M. Arguello, The mechanism of Cu+ 

transport ATPases: interaction with Cu+ chaperones and the role of transient 

metal-binding sites. J Biol Chem, 2013. 288(1): p. 69-78. 

185. Robinson, N.J. and D.R. Winge, Copper Metallochaperones. Annu Rev Biochem, 

2010. 79: p. 537-62. 

186. de Romana, D.L., et al., Risks and benefits of copper in light of new insights of 

copper homeostasis. J Trace Elem Med Biol, 2011. 25(1): p. 3-13. 

187. Borrelly, G.P., et al., A novel copper site in a cyanobacterial metallochaperone. 

Biochem I. , 2004. 378: p. 5. 

188. Gonzalez-Guerrero, M. and J.M. Arguello, Mechanism of Cu+-transporting 

ATPases: soluble Cu+ chaperones directly transfer Cu+ to transmembrane 

transport sites. Proc Natl Acad Sci U S A, 2008. 105(16): p. 5992-7. 



174 

 

189. Gonzalez-Guerrero, M., D. Hong, and J.M. Arguello, Chaperone-mediated Cu+ 

delivery to Cu+ transport ATPases: requirement of nucleotide binding. J Biol 

Chem, 2009. 284(31): p. 20804-11. 

190. Loftin, I.R., N.J. Blackburn, and M.M. McEvoy, Tryptophan Cu(I)-pi interaction 

fine-tunes the metal binding properties of the bacterial metallochaperone CusF. J 

Biol Inorg Chem, 2009. 14(6): p. 905-12. 

191. González-Guerrero, M., et al., Distinct functional roles of homologous Cu+ efflux 

ATPases in Pseudomonas aeruginosa. Mol Microbiol, 2010. 78(5): p. 1246-1258. 

192. Rensing, C., et al., CopA: An Escherichia coli Cu(I)-translocating P-type ATPase. 

Proc Natl Acad Sci U S A, 2000. 97(2): p. 652-656. 

193. Studier, F.W., Protein production by auto-induction in high density shaking 

cultures. Protein Expr Purif, 2005. 41(1): p. 207-34. 

194. Franke, S., et al., Molecular analysis of the copper-transporting efflux system 

CusCFBA of Escherichia coli. J Bacteriol, 2003. 185(13): p. 3804-3812. 

195. González-Guerrero, M. and J.M. Argüello, Mechanism of Cu+-transporting 

ATPases: soluble Cu+ chaperones directly transfer Cu+ to transmembrane 

transport sites. Proc. Natl. Acad. Sci. U.S.A., 2008. 105(16): p. 5992-5997. 

196. Mandal, A.K., W.D. Cheung, and J.M. Arguello, Characterization of a 

thermophilic P-type Ag+/Cu+-ATPase from the extremophile Archaeoglobus 

fulgidus. J Biol Chem, 2002. 277(9): p. 7201-8. 

197. Comeau, S.R., et al., ClusPro: a Fully Automated Algorithm for Protein-Protein 

Docking. Nucleic Acids Res, 2004. 32(Web Server issue): p. W96-9. 

198. Comeau, S.R., et al., ClusPro: an Automated Docking and Discrimination Method 

for the Prediction of Protein Complexes. Bioinformatics, 2003. 20(1): p. 45-50. 

199. Kozakov, D., et al., How good is automated protein docking? Proteins, 2013. 

81(12): p. 2159-66. 

200. Kozakov, D., et al., PIPER: an FFT-based Protein Docking Program with 

Pairwise Potentials. Proteins, 2006. 65(2): p. 392-406. 

201. Kozakov, D., et al., Achieving reliability and high accuracy in automated protein 

docking: ClusPro, PIPER, SDU, and stability analysis in CAPRI rounds 13-19. 

Proteins, 2010. 78(15): p. 3124-30. 



175 

 

202. Fung, D.K.C., et al., Copper Efflux is Induced During Anaerobic Amino Acid 

Limitation in Escherichia coli to Protect Iron-Sulfur Cluster Enzymes and 

Biogenesis. Journal of Bacteriology, 2013. 195(20): p. 13. 

203. Brahamsha, B., A Genetic Manipulation System for Oceanic Cyanobacteria of the 

Genus Synechococcus. Appl. Environ. Microbiol., 1996. 62(5): p. 5. 

204. Palenik, B., et al., The genome of a motile marine Synechecoccus. Nature, 2003. 

424(6952): p. 1035-7. 

205. Palenik, B., et al., Genome sequence of Synechococcus CC9311: Insights into 

adaptation to a coastal environment. Proc Natl Acad Sci U S A, 2006. 103(36): p. 

13555-9. 

206. Dupont, C.L., et al., Genetic Identification of a High-Affinity Ni transporter and 

the Transcriptional Response to Ni Deprivation in Synechococcus sp. strain 

WH8102. Appl Environ Microbiol, 2012. 78(22): p. 7822-32. 

207. Mao, X., et al., Computational prediction of the osmoregulation network in 

Synechococcus sp. WH8102. BMC Genomics, 2010. 11: p. 291. 

208. Su, Z., et al., Computational inference and experimental validation of the nitrogen 

assimilation regulatory network in cyanobacterium Synechococcus sp. WH 8102. 

Nucleic Acids Res, 2006. 34(3): p. 1050-65. 

209. Tai, V., et al., Whole-genome microarray analyses of Synechococcus-Vibrio 

interactions. Environ Microbiol, 2009. 11(10): p. 2698-709. 

210. Tetu, S.G., et al., Microarray analysis of phosphate regulation in the marine 

cyanobacterium Synechococcus sp. WH8102. ISME J, 2009. 3(7): p. 835-49. 

211. Tetu, S.G., et al., Impact of DNA damaging agents on genome-wide 

transcriptional profiles in two marine Synechococcus species. Front Microbiol, 

2013. 4: p. 232. 

212. Blot, N., et al., Light history influences the response of the marine 

cyanobacterium Synechococcus sp. WH7803 to oxidative stress. Plant Physiol, 

2011. 156(4): p. 1934-54. 

213. Bogsch, E.G., S. Brink, and C. Robinson, Pathway-specificity for a delta pH-

dependent precursor thylakoid lumen protein is governed by a 'Sec-avoidance' 

motif in the transfer peptide and a 'Sec-incompatible' mature protein. EMBO 

Journal, 1997. 16(13): p. 9. 



176 

 

214. Cristobal, S., et al., Competition Between Sec- and TAT-Dependent Protein 

Translocation in Escherichia coli. EMBO Journal, 1999. 18(11): p. 9. 

215. Pugsley, A.P., The complete general secretory pathway in gram-negative bacteria. 

Microbiol. Rev. , 1993. 57(1): p. 59. 

216. Sargent, F., et al., Overlapping function of components of a bacterial Sec-

independent protein export pathway. EMBO Journal 1998. 17(13): p. 11. 

217. Weiner, H.H., et al., A novel and Ubiquitous System for Membrane Targeting and 

Secretion of Cofactor-Containing Proteins. Cell, 1998. 93: p. 9. 

218. Aldridge, C., et al., Tat-dependent targeting of Rieske iron-sulphur proteins to 

both the plasma and thylakoid membranes in the cyanobacterium Synechocystis 

PCC6803. Mol Microbiol, 2008. 70(1): p. 140-50. 

219. Brink, S., et al., Targeting of Thylakoid Proteins by the Delta pH-driven Twin-

Arginine Translocation Pathway Requires a Specific Signal in the Hydrophobic 

Domain in Conjunction With the Twin-Arginine Motif. FEBS Letters, 1998. 434: 

p. 6. 

220. Chatterjee, A., et al., Reconstitution of ThiC in Thiamine Pyrimidine Biosynthesis 

Expands the Radical SAM Superfamily. Nat Chem Biol, 2008. 4(12): p. 758-65. 

221. Lanz, N.D., et al., RlmN and AtsB as Models for the Overproduction and 

Characterization of Radical SAM Proteins. Methods Enzymol, 2012. 516: p. 125-

52. 

222. Altschul, S.F., et al., Gapped BLAST and PSI-BLAST: a new generation of 

protein database search programs. Nucleic Acids Res, 1997. 25(17): p. 14. 

223. Larkin, M.A., et al., Clustal W and Clustal X version 2.0. Bioinformatics, 2007. 

23(21): p. 2947-8. 

224. Crooks, G.E., et al., WebLogo: a Sequence Logo Generator. Genome Res, 2004. 

14(6): p. 1188-90. 

225. Schneider, T.D. and R.M. Stephens, Sequence logos: a new way to display 

consensus sequences. Nucleic Acids Res, 1990. 18(20): p. 4. 

226. Petersen, T.N., et al., SignalP 4.0: discriminating signal peptides from 

transmembrane regions. Nat Methods, 2011. 8(10): p. 785-6. 

227. Petersen, B., et al., A generic method for assignment of reliability scores applied 

to solvent accessibility predictions. BMC Struct Biol, 2009. 9: p. 51. 



177 

 

228. Kim, D.E., D. Chivian, and D. Baker, Protein structure prediction and analysis 

using the Robetta server. Nucleic Acids Res, 2004. 32(Web Server issue): p. 

W526-31. 

229. Raman, S., et al., Structure prediction for CASP8 with all-atom refinement using 

Rosetta. Proteins, 2009. 77 Suppl 9: p. 89-99. 

230. Beinert, H., Iron-Sulfur Clusters: Nature's Modular, Multipurpose Structures. 

Science, 1997. 277(5326): p. 653-659. 

231. Johnson, D.C., et al., Structure, Function, and Formation of Biological Iron-Sulfur 

Clusters. Annu Rev Biochem, 2005. 74: p. 247-81. 

232. Johnson, M.K., Iron-sulfur proteins: new roles for old clusters. Curr Opin Chem 

Biol, 1998. 2(9). 

233. Badarau, A., et al., FutA2 is a ferric binding protein from Synechocystis PCC 

6803. J Biol Chem, 2008. 283(18): p. 12520-7. 

234. De la Cerda, B., et al., A Proteomic Approach to Iron and Copper Homeostasis in 

Cyanobacteria. Brief Funct Genomic Proteomic, 2007. 6(4): p. 322-9. 

235. Fleischhacker, A.S. and P.J. Kiley, Iron-containing transcription factors and their 

roles as sensors. Curr Opin Chem Biol, 2011. 15(2): p. 335-41. 

236. Khoroshilova, N., et al., Iron-sulfur cluster disassembly in the FNR protein of 

Escherichia coli by O2: [4Fe-4S] to [2Fe-2S] conversion with loss of biological 

activity. Proc Natl Acad Sci U S A, 1997. 94: p. 6. 

237. Hidalgo, E. and B. Demple, An iron-sulfur center essential for transcriptional 

activation by the redox-sensing SoxR protein. EMBO Journal, 1994. 13(1): p. 9. 

238. Tottey, S., et al., Protein-folding location can regulate manganese-binding versus 

copper- or zinc-binding. Nature, 2008. 455(7216): p. 1138-42. 

239. Tottey, S., D.R. Harvie, and N.J. Robinson, Understanding How Cells Allocate 

Metals Using Metal Sensors and Metallochaperones. Acc. Chem. Res. , 2005. 38: 

p. 9. 

240. Guerra, A.J. and D.P. Giedroc, Metal site occupancy and allosteric switching in 

bacterial metal sensor proteins. Archives of Biochemistry and Biophysics, 2012. 

519(2): p. 210-222. 

241. Waldron, K.J. and N.J. Robinson, How do bacterial cells ensure that 

metalloproteins get the correct metal? Nat Rev Microbiol, 2009. 7(1): p. 25-35. 



178 

 

242. Ames, J.B., Three-dimensional Structure of Guanylyl Cyclase Activating Protein-

2, a Calcium-sensitive Modulator of Photoreceptor Guanylyl Cyclases. Journal of 

Biological Chemistry, 1999. 274(27): p. 19329-19337. 

243. Xiao, Z., et al., Unification of the Copper(I) Binding Affinities of the Metallo-

Chaperones Atx1, Atox1, and Related Proteins: Detection Probes and Affinity 

Standards. J Biol Chem, 2011. 286(13): p. 11047-55. 

244. Krezel, A., et al., Coordination of heavy metals by dithiothreitol, a commonly 

used thiol group protectant. Journal of Inorganic Biochemistry, 2001. 84: p. 12. 

245. Andoy, N.M., et al., Single-molecule study of metalloregulator CueR-DNA 

interactions using engineered Holliday junctions. Biophys J, 2009. 97(3): p. 844-

52. 

246. Liu, T., et al., CsoR is a novel Mycobacterium tuberculosis copper-sensing 

transcriptional regulator. Nat Chem Biol, 2007. 3(1): p. 60-8. 

247. Ma, Z., et al., Molecular Insights into the Metal Selectivity of the Copper(I)-

Sensing Repressor CsoR from Bacillus subtilis. Biochemistry, 2009. 48: p. 10. 

 

 


