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ABSTRACT 

 

The purpose of this research was to identify and characterize novel molecular 

mechanisms in copper homeostasis. Pseudomonas putida KT2440 is a soil bacterium 

studied for its potential use in  bioremediation of soils contaminated with aromatic  

organic contaminants. The cinAQ operon was analyzed. cinAQ is transcribed in presence 

of copper. The product of cinA is a periplasmic azurin-like protein with a methionine and 

histidine rich region, characterized by a high redox potential (456 ±4 mV). CinQ was 

shown to be a pyridine nucleotide-dependent nitrile oxidoreductase that catalyzes the 

reduction of preQ0 to preQ1, the first committed step in the biosynthetic pathway leading 

to the production of the unusual nucleotide queuosine. Gene disruption of cinQ in 

Pseudomonas putida KT2440 and in Pseudomonas aeruginosa PAO1 did not result in a 

significant increase in copper sensitivity on disk assays. Furthermore, a P. putida 

KT2440 cinA mutant also did not present a greater sensitivity to copper on disk assays 

while cinA mutants in Pseudomonas aeruginosa PAO1 presented increased toxicity to 

copper compared to the wild-type. 

CinA is by sequence similarity proposed to be an electron shuttle, and was shown to be 

upregulated in the presence of copper. Increasing CinA levels in the periplasm after 

copper stress may represent a mechanism used to regenerate the multicopper oxidase 

CopA (involved in Cu(I) to Cu(II) oxidation). Alternatively, CinA could act as an 

electron shuttle that takes part in an alternative electron transport chain once redox active 

copper is available, or it could represent a periplasmic copper chaperon. 
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CinQ is involved in the biosynthesis of the rare hyper-modified nucleotide queuosine, 

found in the wobble position of several tRNAs, and required to avoid the readthrough of 

the stop codon UAG. Transcription of cinAQ was shown to be under the control of the 

two component system CinR-CinS. CinS is a histidine kinase, with a sensor domain 

located in the periplasm. CinR is the cognate response regulator that activates 

transcription of genes upon phosphorylation from CinS. The CinR-CinS two component 

system was shown to be responsive to 0.5 µM copper. CinS displayed very high metal 

specificity and elicited a response only in the presence of copper and silver, but not other 

metals. Modeling of the CinS protein structure, performed using Swiss Model and using 

the periplasmic sensor DcuS from Escherichia coli as a template, identified a potential 

copper binding site, containing H37 and H147. Sequence alignment of copper sensing 

histidine kinases further identified other conserved residues in the periplasmic domain. 

Site-Directed Mutagenesis was used to generate CinS mutants that were tested for their 

ability to activate the cinAQ promoter in presence of Cu. When challenged with copper 

CinS mutant H37R and H147R had an almost 10 fold reduction in copper sensitivity 

compared to the wild-type, indicating a possible role in Cu coordination. Other CinS 

mutants responded similarly to the wild-type in the presence of 10 µM of Cu. 
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CHAPTER 1 

 

 

INTRODUCTION AND LITERATURE REVIEW 

 

1.1 Problem Definition 

 

In biology, some metals are essential while others are non essential (Kaiser, 

1985). Essential metals, such as Cu, Cd, Zn, Fe, Ni, may found in the catalytic center of a 

proteins (e.g. Cu-Zn SOD, Plastocyanin, Hemoglobin), or may simply have a structural 

role (e.g. Zn in Zn finger binding motif) (Gamsjaeger et al., 2007) (e.g. Zn and, in zinc 

depleted oceanic environments, Cd in carbonic anhydrases). These metals are required in 

trace amounts. No biological function is known for non-essential metals (Hg, Au, Ag).  

All metals are toxic when present in high concentrations. A metal can result in 

toxicity in several ways.  Heavy metals can bind to free thiol groups in proteins, altering 

protein structure and function (Connell et al., 1984). Redox active metals (such as Cu and 

Fe) can generate Reactive Oxygen Species (ROS) via Fenton reactions, which can lead to 

damage to cell membranes via oxidation of lipids, altered membrane permeability, DNA 

degradation and finally cell death (Avery et al., 1996; Lebedev et al, 2002). When present 

in excess, a non essential metal can outcompete a required metal in the catalytic center of 

a metalloprotein (Clarkson, 1986). 
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Copper has two biologically relevant oxidation states and can either be found in 

the reduced form as Cu (I) (cuprous) or in its oxidized state as Cu (II) (cupric). Until the 

advent of atmospheric oxygen, copper was present on Earth as water insoluble sulfides in 

the form of Cu(I), and was therefore not available to biological systems (Rensing and 

Grass, 2003). After cyanobacteria started releasing O2, with dioxygen accumulating in the 

atmosphere, biological systems had to adapt to an oxidizing environment, and needed to 

evolve enzymes with higher redox potentials able to work in the higher portion of the 

redox spectrum. The redox potential of Cu(I)/Cu (II) fits these needs very well, and in 

fact most copper enzymes work between 0.2 and 0.75 V: such high redox potentials 

allows these enzymes to oxidize substrates directly such as superoxides, ascorbates, 

catechols and phenolates (Crichton and Pierre, 2001). 

Copper is usually coordinated in proteins via cysteine, methionine and histidine 

residues (Frausto da Silva and Williamson, 1991: Xue et al., 2008).  Cu(II) is an 

intermediate Lewis acid and is generally stabilized by N in Cu(II)-N bonds, and is 

therefore usually found in a square planar coordination involving N donors. Cu(I) is 

considered a soft metal and usually presents a tetrahedral geometry with sulphur groups.   

Copper is an essential metal for all living organisms. It is found as a cofactor in many 

enzymes (plastocyanin, azurin, cytochrome c oxidase, haemocyanin). The main role of 

copper within copper proteins consists either in mediating electron transfers or in 

carrying oxygen. 

Nearly all bacterial copper proteins are located outside the cytoplasm, either in 

cell membranes or in the periplasm (Frausto da Silva and Williams, 1991; Rensing and 
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Grass, 2003). Multicopper oxidases, amine oxidase and lysine oxidases are periplasmic or 

extracellular. This seems to be a strategy evolved in bacteria to keep cytoplasmic 

concentrations of copper to a minimum, in order to prevent the highly competitive copper 

from entering metal binding sites of non copper metalloproteins (Waldron and Robinson, 

2009). 

Because of its high redox activity, copper cannot exist inside a cell in an unbound 

form without causing oxidative damage (Kimura and Nishioka, 1997). Therefore cells 

developed several mechanisms to deal with excess copper: by exporting it to the outside 

of the cell membrane or by complexing it in the periplasm. Therefore there appears to be 

no need for copper in the cytoplasm in bacteria. Along the same line, there is evidence 

that most copper inducible cell damage occurs in the periplasm (Macomber et al., 2007). 

Pseudomonads represents an environmentally and clinically important group of 

bacteria. The genus Pseudomonas includes a variety of species that can be commonly 

found in soils, such as P. aeruginosa, a human opportunistic pathogen, P. chlororaphis 

and P. fluorescens, commonly found in the plants rhizosphere, and P. putida, which has 

received attention due to its metabolic versatility and its ability to metabolize many 

aromatic contaminants (Timmis, 2002). 

Copper has been one of the first metals to be extracted and used and by humans, 

with the advent of the Bronze Age. It is now used in everyday life (copper plumbing, 

copper wiring etc), and is therefore present as a contaminant in landfills and in many 

EPA superfund sites. 
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Since the late 19
th

 century, copper has been also used extensively in agriculture, 

where it is sprayed on plants to control infestations of fungal plant pathogens, especially 

in orchards. Dietary supplements of copper are also given to pigs to increase weight gain. 

The spraying of copper onto plants and applications in the pig industry has led to a slow 

and steady increase of copper levels in many agricultural soils. The consequences of 

these increases on the soil microbial biota and on the overall quality of soils have been 

investigated recently (Smit et al.,1997; Brandt et al., 2006, Viti et al., 2008) but the long 

term effects remain unknown. Selection of copper resistant bacteria in copper amended 

soils has also been shown to coselect for antibiotic resistance (Berg et al., 2005; Caille et 

al., 2007). 

Bacteria and eukaryotic cells have evolved several mechanisms to regulate intracellular 

copper concentrations. In the last 15 years, several research groups have elucidated some 

of the molecular aspects of copper homeostasis; however more research is needed to 

understand in more detail bacterial copper homeostasis, to identify novel copper 

homeostasis genes, and to take greater advantage of the beneficial bactericidal aspects of 

copper. 
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1.2 Literature Review 

 

1.2.1 Copper in metalloproteins. 

Copper containing proteins serve two main roles in biology: they are either 

involved in electron transfer or they are involved in dioxygen transport. Copper is mainly 

used in electron transfer, either in oxidative enzymes or in energy harvesting electron 

transport chains. Small blue copper proteins are usually involved in electron transfer 

reactions; all of these proteins are extracytoplasmatic, and some are mobile. Copper 

proteins can contain one copper binding domain, such as azurin and plastocyanin, while 

others, such as nitrite reductase, multicopper oxidases, ascorbate oxidase and 

ceruloplasmin, contain two or more copper binding domains. Copper proteins involved in 

binding and reducing dioxygen (such as cytochrome c oxidase) have an active site 

containing two copper atoms, usually referred to as CuA site.  

Copper sites in copper proteins are classified into three types depending on 

magnetic and spectroscopic features. These differences are determined by the difference 

in the geometry of the site and in the electronic structure, which is determined by the 

number and types of ligand coordinating copper (Sakurai and Kataoka, 2007). 

Type I Cu site is typical of blue copper proteins, and is therefore also called blue 

Cu site. In this case copper is coordinated by two histidines, one cysteines and a fourth 

ligand that is usually methionine (azurin, plastocyanin and laccases), or glutamate 

(phytocyanine) (Fig. 1A). Cu in type I Cu sites are involved in electron transfer reactions. 
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Type II Cu sites are found in Cu-Zn superoxide dismutase, monooxygenases, 

dioxygenases, nitrite reductases and in other oxidases. In this site, copper is 

pentacoordinated by ligands that include histidine and cysteines, and it is used for a 

variety of redox (oxidation) reactions (Fig. 1B). 

Type III copper sites (also known as CuA site) are found in proteins that bind 

dioxygen, such as catechol oxidase, hemocyanin and tyrosinase. This site is constituted of 

two atoms of copper, with each copper coordinated by three ligands, usually histidines, 

and it is found in  hemocyanin and tyrosinase (Fig. 1D). 

Azurin and plastocyanin are two well studied blue copper proteins. Both are 

electron shuttles involved in respiratory chains, with type I Cu sites. The role of azurin is 

not known, but it is believe to be involved in electron transfer with nitrite reductase 

(Vijgenboom et al. 1997) under stress conditions. Plastocyanin is an electron transfer 

protein found in plants, algae and cyanobacteria. It is involved in shuttling electrons from 

cytochrome b6f to photosystem 1. 

Cu/Zn SOD (Superoxide Dismutase) contains a type II copper site. This enzyme 

is involved in detoxification of superoxide anion. In Cu/Zn SOD, Cu (II) is coordinated 

by four histidines and a water molecule (Fig. 1B).  

Haemocyanin is the only known non iron containing protein involved in O2 

transport.  Oxygen is coordinated by two Cu (II), with each copper coordinated by three 

histidine ligands.  

Another important example of copper containing proteins is represented by the 

cytochrome c oxidase, the final enzyme in the respiratory chain. This enzyme contains a 
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type III Cu site, CuA site (Fig. 1C), with two Cu atoms coordinated usually by three 

cysteins, two histidines and one glutamate thought to be the immediate electron acceptor 

from cytochrome c, and a CuB site (Fig. 1D), where Cu is coordinated by three histidines 

and it is involved in activation of dioxyen, and in its reduction via a rapid four electron 

transfer.  

Alternative coordination systems have been reported for copper. These unusual 

coordination environments are found in copper chaperones (e.g. E. coli CusF) and 

transcriptional regulators (e.g. E. coli CueR). 

In CusF, Copper is coordinated by two methionines and a histidine, with a 

tryptophan located above the binding site, providing π interactions to the metal (Loftin et 

al., 2007, Xue et al., 2008). In  the copper responsive transcriptional regulator CueR, 

copper is instead linearly coordinated by two cysteines (Changela et.al 2003), in a 

bidentate geometry that provides high metal specificity and sensitivity in the zeptomolar 

range. 
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Fig1. Coordination environments of selected copper sites. 

 

 

(A) coordination environment in the type I copper site inzurin from P. aeruginosa.(pdb 

4AZU). Copper is coordinated via H46, H117, C112 and M131. (B). Coordination 

environment for a typical type II copper site in Cu/Zn SOD, from E. coli (pdb 1ESO); 

copper is coordinated by H44, H46, H61, H118 and one water molecule. (C): 

coordination environment for the CuA site from cytochrome c oxidase from Thermus 

Thermophilus (pdb1EHK); copper is coordinated by C149, C153, M160, H114, H157, 

Q151(D): coordination environment for the CuB site from cytochrome c oxidase from 

Thermus Thermophilus (pdb1EHK); copper is coordinated by (H233, H282 and H283).
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1.2.2 Copper in the environment 

Copper is considered a trace metal, due to the fact that it is present at low 

concentrations in soils, plants and organisms. Soil concentrations of trace metals are 

normally in the mg Kg
-1

 or less, but can vary due to anthropogenic processes, such as 

application of fungicides, fertilization, and use of waste waters. 

Concentrations of copper in non-contaminated sites vary also as a function of the 

parent material from which the soil has originated. The average copper concentration in 

the Earth’s crust is approximately 50 ppm (Perwak et al., 1980), while Davies and 

Bennett (1985) report an average concentration of copper in soils of 30 ppm.  

Copper is mainly found in soils as carbonates, oxides and sulfites. The most 

abundant copper minerals are reported in table 1. For mining, copper is mainly extracted 

from sulfite ores, especially chalcopyrite, chalcocite and covellite. 
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Table1. Common copper containing minerals. 

Copper mineral Composition 

malachite Cu2(OH)2CO3 

azurite Cu3(OH)2(CO3)2 

cuprite Cu2O 

tenorite CuO 

chalcocite Cu2S 

covellite CuS 

chalcopyrite CuFeS2 

bornite Cu3FeS4 

digenite Cu9S5 

enargite Cu3AsS4 

tetrjedrote Cu12Sb4S13 

 

In soils, copper can influence the structure and diversity of the soil microbial 

community (Smit et al., 1997, Dumestre et al., 1999, Brandt et al., 2006). Application of 

copper based fungicides (Eijsackers et al. 2005) in vineyards and orchards has been a 

common practice for over a century in many areas, and the use of manure obtained from 

animals fed with copper additives has led to increasing copper levels in soils (He et al, 

2005) and can lead to selection of copper tolerant microbial populations (Brandt et al., 

2006; Viti et al., 2008).  
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Not all the copper that is found in a soil is bioavailable to biological systems. 

Metals in soils can be found in different forms, soluble, exchangeable, bound to oxides 

(mainly Fe and Mn oxides), bound to carbonates or to organic matter, or non extractable 

in the residual fraction (Shuman, 1991). Toxic effects of copper in agricultural soils have 

been related to different speciations of copper, but it was shown that soluble copper is not 

the driving force in selecting copper resistant populations (Viti et al., 2008). Nybroe et al. 

(2008) showed that bioavailability of Cu-organic ligand in a soil is strongly dependent on 

the nature of the ligand. 

Human activity has also led to the creation of hotspot contaminated environments 

in which the concentrations of bioavailable metals is very high, often in association with 

other organic contaminants. It is estimated that over 80% of Superfund sites are 

contaminated with metals (Ensley, 1999). Degradation of organic contaminants by 

microbial populations, whether indigenous or selected ad hoc by humans, has to occur in 

the presence of toxic levels of metals.  

A novel strategy to remediate metal contaminated sites is represented by 

phytoremediation. Phytoremediation is a low cost decontamination process that utilizes 

plants (Kramer 2005).  Two different approaches can be used. In phytoextraction, a 

hyperaccumulating plant is used to extract the metal contaminant from soil or water. In 

phytostabilization, a contaminated site is revegetated using selected plants in order to 

reduce the loss of the contaminant via erosion.  

Many copper accumulating plants have been described so far (Puig et al., 2007), 

but the molecular mechanisms that provide the hyperaccumulation traits are mainly 
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unknown. Alternatively, genetically engineering of plants for copper accumulation may 

be a valid alternative, as seen for mercury and arsenic. 
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1.2.3 Copper homeostasis in prokaryotes. 

Cu (II) is an extremely competitive metal and it binds strongly to proteins 

containing sulfur and nitrogen ligands. Copper is believed to be preferentially in its 

reduced state Cu (I) when present in the cytoplasm, a strongly reducing environment, 

while in the more oxidized periplasm copper is believed to be found mainly as Cu (II). 

Bacteria need to maintain extremely low levels of copper in the cytoplasm. It has been 

estimated that an E. coli cell has 10
4
 copper atoms (ca 10 µM) (Finney and O’Halloran, 

2003; Outten et al., 2001), but that the effective concentration of free copper in the 

cytoplasm is kept close to 0 as evidenced by the high zeptomolar affinity of the response 

regulator CueR (Changela et al., 2003). 

E. coli and Enterococcus hirae have traditionally been the model organisms to 

study copper homeostasis in bacteria. Overall, a redundancy of mechanisms has been 

found to regulate intracellular concentrations of copper both in prokaryotes and 

eukaryotes.  

 

1.2.3.1 Copper homeostasis in E. coli 

E. coli is able to activate two different copper resistance systems, the cue and the 

cus systems, when challenged with copper (Rensing and Grass, 2003). E.coli CopA is P-

type ATPase that exports Cu (I) from the cytoplasm to the extracellular space. P-type 

ATPases contain 8 transmembranes and are involved in the transport of Cu(I)/Ag(I) or in 

the transport of Zn(II)/Cd(II)/Pb(II) (Rensing 1999): they are found in both prokaryotes 

and eukaryotes. Transcription of copA is under the control of CueR, a Cu (I) response 
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regulator that belongs to the MerR family. CueR is activated under aerobic and anaerobic 

conditions (Outten 2001). 

CopA homologues are present in most other organisms. In E. hirae, CopA is involved in 

copper export, while CopB is a P-type ATPase believed to be involved in copper import 

(Odermatt et al., 1992). Eukaryotic homologues include Ccc2 in Saccharomyces 

cerevisiae (Dancis et al., 1994), and ATP7A (Vulpe et al. 1993) and ATP7B (Bull et al., 

1993) in humans. 

Bacterial P-type ATPases often contain a N-terminal GMCXXC metal binding 

domain (MBD). In Ccc2, the N terminal CXXC is believed to be involved in copper 

exchange with chaperone ATX1 (Arnesano et al., 2001; Banci et al., 2003). Mutagenesis 

experiments on E. coli CopA (Fan 2001) sdemonstrated that these cysteines may 

modulate activity of the ATP binding loop and may not be involved in metal specificity 

and are not necessary for metal transport (Bal et al., 2001, Mitra and Sharma, 2001). 

A second gene that is part of the cue system and involved in copper homeostasis 

in E. coli, is cueO, encoding a periplasmic multicopper oxidase. Transcription of cueO, 

similar to copA, is under the control of CueR. Multicopper oxidizes are copper containing 

enzymes that couple the oxidation of a variety of substrates to the reduction of oxygen to 

water. This is achieved with three different copper sites: a T1 site (blue copper site) is 

involved in accepting the electron from the substrate, T2 and T3 (binuclear) sites are 

involved in binding and reducing oxygen. Prominent members of this class of proteins 

are ceruloplasmin, plant ascorbate oxidases and fungal laccases. Laccases are involved in 

oxidation of a variety of substrates, and have been involved in several processes 
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including pigmentation, sporulation, lignin oxidation and biosynthesis, and also 

pathogenicity (Henson et al., 1999; Sakurai and Kataoka, 2007). 

CueO is believed to oxidize Cu (I) to Cu (II) in the periplasm, possibly to reduce 

its diffusion through the cell membrane into the cytoplasm, and was shown to protect 

periplasmic enzymes from copper induced damage (Grass and Rensing, 2001). CueO also 

possesses a signal peptide sequence for the TAT pathway, and therefore is translocated 

folded to the periplasm (Berks et al, 2000). Targeting of CueO to the TAT system is also 

mediated by the molecular chaperone DnaK (Graubner, 2007). Translocation of CueO via 

the TAT system may imply that loading of copper occurs in the cytoplasm, thus also 

contributing to the reduction in copper toxicity, but experimental evidence is lacking 

(Osman, 2008). 

CueO also oxidizes enterobactin, possibly preventing reduction of Cu (II) to Cu (I), by 

this siderophore (Grass et al., 2004). 

A second system involved in copper homeostasis in E. coli is represented by the 

cus system. cusCFBA is transcribed in the presence of elevated amounts of copper , and 

its activation is under the control of the two component system encoded by cusRS. CusS 

is a histidine kinase with two transmembrane helices and with a sensory domain located 

in the periplasm. CusR is response regulator that regulates the transcription of cusCFBA 

upon phosphorylation by CusS.  

CusCBA are homologous to CBA-type transport systems and are believed to form 

a multicomponent channel that is anchored to both the outer membrane and the cell 

membrane (Outten et al., 2001); such a channel is involved in extruding copper from the 
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periplasm. CusA is a proton antiporter that belongs to the resistance, nodulation, cell 

division family (RND). CusB is a membrane fusion protein (MFP), CusC is an outer 

membrane factor (OMF), similar to TolC. CusF is a small periplasmic factor that can 

bind Cu (I) and interacts with CusB (Franke et al, 2003). In CusF, Cu is tetracoordinated 

by two methionines and one histidine, but also it is weakly interacting with a tryptophan 

(via a cation-π interaction) (Loftin et al., 2007, Xue et al., 2008). This novel coordination 

geometry may be therefore involved with copper exchange with methionine clusters in 

CusA or CusB. Bagai et al. (2008) demonstrated Cu exchange between CusF and CusB, 

thus establishing a chaperone activity for CusF. 

The plasmid encoded pco system also plays a role in copper resistance in E. coli, 

by handling excess copper in the periplasm (Brown et al., 1995). PcoE, PcoA and PcoC 

are periplasmic. PcoC binds one atom of copper, while PcoA can functionally substitute 

CueO (Lee et al., 2002). 

 

 1.2.3.2 Copper homeostasis in the Pseudomonads 

The copABCD operon was identified from plasmids conferring copper resistance 

in Pseudomonas syrinagae pathovar tomato (Cha and Cooksey, 1993). All four genes 

were necessary for full copper resistance (Bender and Cooksey, 1988, Mellano and 

Cooksey, 1988a, Mellano and Cooksey 1988b). CopA and CopC are periplasmic 

proteins, CopB is an outer membrane protein, while CopD is probably an inner 

membrane protein. Pseudomonas CopA is functionally different from E. coli CopA. 

CopA from Pseudomonas spp. is a 72k Da periplasmic protein that presents the same 
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copper binding sites of CueO (Cha and Cooksey, 1991; Cookey, 1994) demonstrated that 

CopA from P. syringae pv. tomato was able to bind 11 atoms of copper per molecule, 

thus it may also have, beside a copper oxidation function, a copper sequestration function 

along with CopC. Sequence repeats rich in histidine, methionines and aspartates, 

potential copper ligands, are believed to be involved in sequestration of copper.  

CopC is a small periplasmic protein, with a β-barrel topology, that binds two 

atoms of copper (Koay et al, 2005), but that also presents repeats of histidines and 

methionines (Cooksey, 1994) that may have a role in exchanging copper with CopA, 

CopB and CopC. CopA and CopB are necessary for copper resistance, while CopC and 

CopD are not essential but are required for maximum copper resistance (Maellano and 

Cooksay, 1988b).  

In the phytopathogen Xanthomonas axonopodis pv. citri, CopA and CopB are encoded in 

the chromosome. However, in this case, CopA is located in the cytoplasm, while CopB is 

located in the inner membrane (Teixeria et al., 2008).  

The plant growth promoting bacterium Pseudomonas fluorescens SBW25 is the 

only pseudomonad that contains only genes encoding for CopC and CopD, but not CopA 

and CopB. Contrary to the situation in P.syringae, CopCD in P. fluorescencs SBW25 

may play a role in copper uptake, not in copper resistance (Zhang and Rainey, 2008). 

Transcription of copCD was downregulated in the presence of copper, and genetic studies 

showed that inactivation of copCD resulted in higher tolerance to copper, while 

overexpression of copCD resulted in a copper sensitive phenotype (Zhang and Rainey, 

2008). The CueR regulated cueZ gene encodes for a putative cytoplasmic copper 
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chaperone, similar to E. hirae CopZ, and its transcription is induced in presence of 

copper. However, CueZ is not required for CueR regulated gene expression. Most 

sequenced pseudomonads only contain copA and copB homologues. P. syringae B728 is 

the only pseudomonad that contains also CopC and CopD, along with 2 copies of each 

CopA and CopB (Zhang and Rainey, 2008). 

Sequence analysis also reveals differences between CopC encoded in copABCD 

operons, and CopC encoded in copBC operon. For example, the methionine rich region 

present in CopC from copABCD, involved in Cu (I) binding (Arnesano et al., 2002), is 

not present in CopC from copBC, while the N terminal Cu (II) site is instead conserved 

among both types of CopC (Zhang and Rainey, 2008). 

 

1.2.3.3 Copper homeostasis in Enterococcus hirae 

Copper homeostasis is also well understood in the pathogen Enterococcus hirae. 

Indirect evidence exists that copper is imported by CopA, an importer P-type ATPase. 

CopA mutants have limited growth under copper limiting environments, and have greater 

resistance to excess silver (which is often cotransported with Cu), but no change in 

tolerance to high concentrations of copper (Odermatt et al., 1994).  CopA possess the 

typical N-terminal CXXC motif, and seems to import Cu (I) (Wunderli-Ye and Solioz, 

2001) and interact with CopZ. CopZ is a cytoplasmic copper chaperone that delivers Cu 

to either the repressor CopY or the exporting P-type ATPase CopB. 
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CopB does not present the typical CxxC metal binding motif at its N-terminus, 

but does possess a Histidine rich region, similar to those observed in other copper 

homeostasis proteins (Solioz and Stoyanov, 2003). 

Both E. hirae copA and copB are under the control of the copper responsive 

repressor CopY (Odermat and Solioz, 1995). Although keeping an import system and the 

export system under the control of the same repressor would appear to be contradictory, it 

was proposed that importing copper alone would be detrimental to a bacterial cell, due to 

its high toxicity, and therefore production of importing CopA is coupled to the expression 

of the exporting CopB. In the absence of Cu, CopY is an homodimer stabilized with Zn
2+

 

that represses copYZAB operon. After CopZ chaperones Cu to CopY, the repressor is 

released from the DNA, allowing transcription to occur (Solioz and Stoyanov, 2003).  

CopZ is a small (8 kDa) copper chaperone that belongs to the same family as the 

yeast Atx1 copper chaperone. The structure of CopZ consists of an antiparallel β-sheet 

formed by four β-strands, below two α-helices, in the typical βαββαβ ferredoxin-like 

folding (Wimmer et al. 1999). Copper is bound by two Cys, in a CXXC motif, and is 

exposed.  copZ is induced in presence of copper (Lu and Solioz, 2001), but the amount of 

CopZ present in the cell is regulated also post-translationally by proteolysis ( Lu and 

Solioz 2001, Lu et al., 2003). CopZ delivers Cu(I) to CopY (Cobine et al. 1999), but it 

was also shown  that CopZ can interact with the P-type ATPase CopA, a much more 

common interaction for a Cu chaperone (Multhaup et al. 2001). 
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1.2.3.4 Other known bacterial copper homeostasis mechanisms 

In the cyanobacteria Synechocystis PCC 6803, the ATPase CtaA has been 

involved in copper acquisition (Tottey et al., 2001).  Atx1 chaperones Cu from CtaA to 

PacS a second P-type ATPase that pumps Cu into the thylakoids, where it is believed to 

be used by the electron shuttle plastocyanin and by the cytochrome caa3 (Tottey et al., 

2002).  Similarly to CopZ, Atx1 has a typical βαββαβ ferredoxin-like folding and a 

CXXC metal binding motif, that would allow Cu to be solvent exposed, and available for 

exchange with CtaA, in a manner similar to that of other chaperone-P-type ATPase 

systems (Huffman and O’Halloran, 2001; Singleton and Le Brun, 2007; Tottey et al., 

2005). 

In Synechocystis PCC 6803, several lines of evidence support a role for FutA2, a small 

iron binding periplasmic protein, in copper import.  ∆futA2 mutants have low cytochrome 

oxidase activity and produce cyctochrome c6 instead of plastocyanin for electron 

transport (Waldron et al., 2007).  

A different uptake system is thought to be utilized by Methylosinus trichosporium 

OB3b and Methylococcus capsulatus (Bath). These bacteria produce methanobactin, a 

small siderophore that is believed to have a role in either copper uptake or copper 

detoxification (DiSpirito et al., 1998; Kim et al., 2004, 2005; Tellez et al., 1998). It is 

believed that methanobactin either supplies copper to the copper requiring particulate 

methane monooxygenase (pMMO), or itself enters into the active site. (Kim et al, 2004).  
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In the presence of copper, methane oxidizing bacteria produce the copper containing 

pMMO instead of the soluble, iron containing, methane monooxygenase (sMMO) (Kim 

et al, 2004; Tottey et al., 2005). 

Recently, the CsoR class of copper sensing transcriptional regulators was 

described (Liu et al., 2007) that appears to have a wide distribution among bacteria. CsoR 

from Mycobacterium tuberculosis coordinates copper via three residues (Cys36, Cys65 

and His61). Binding of copper is believed to reduce the affinity of the regulator for the 

promoter operator region of the cso operon, resulting in derepression of the cso operon 

and in the transcription of  Rv0968, an ORF of unknown function, and of  ctpV encoding 

a P-type ATPase. Similarly to M. tuberculosis, CsoR from Bacillus subtilis also is 

activated by copper, while high affinity binding of Ni(II),  Co(II) and Zn (II) does not 

elicit activation of the cso operon (Ma et al, 2009). 

An alternative copper homeostatic system has also been discovered recently in 

both Gram negative and Gram positive bacteria. cueP was found to regulate copper 

homeostasis in Salmonella (Pontel, personal communication). Salmonella genomes do 

not contain cus systems or the cusRS TCS, but are able to tolerate high copper 

concentrations when grown anaerobically. cueP expression was shown to be regulated by 

CueR. CueP is a periplasmic 19.3 kDa protein with no characterized domain. A ∆cueP 

strain in which cueP was deleted was more susceptible to copper toxicity during 

anaerobiosis compared to the wild-type. Furthermore, cueP could partially restore copper 

resistance in E. coli ∆cus strain. 
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1.2.3.5 Distribution of cinA among sequenced genomes: possible activities of CinA in 

prokaryotes. 

CinA is predicted to be a copper containing electron shuttleand by sequence 

similarity it belongs to the plastocyanin and azurin family. Members of this family are 

proteins involved in electron carrier reactions, carrying electrons in energy-generating 

electron transport chains. Azurins are enzymes involved in shuttling electrons in the 

periplasm. Azurins are believed to interact with nitrite reductases, while plastocyanin 

interacts with cytochrome c66 and the photosystem 1. 

CinA homologues are found in a variety of bacterial species and nearly always 

found in putative transcriptional units or in a genomic context, with the presence of one 

or more genes involved in copper homeostasis.  

Multiple sequence alignments of CinA homologues identified different groups, base on 

sequence similarity and based on specific features of the sequences. All CinA 

homologues present the conserved H, C, H and M, copper ligands for the blue copper 

proteins.  
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Fig. 2 Alignment of CinA homologues from selected genomes 
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The first group of sequences (group I) is represented by CinA from several 

species of Pseudomonas (P. fluorescens, P. putida, P. aeruginosa), of Marinobacter (M. 

algicola, M. aquaeolei), from Alcalinovorax sp. and from Roseovarius nubinhibens. 

These sequences are usually 170-180 residues long, and characterized by the presence of 

a methionine and histidine (MH) rich region, located in the central part of the sequence. 

These MH regions start after a conserved HxxxMxxM motif, which is found in all CinA 

homologues from this group, and is variable among the different sequences. In P. putida 

KT2440 this methionine rich regions presents a 
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xxMxxxxMxHxxMDHxxMMxHxxMMxHxDxHxH sequence. This motif is very similar 

in P. fluorescens and P. putida, while more variability is present in other pseudomonads. 

The only exception to this grouping is represented by P. mendocina. Its genome 

contains 2 CinA homologues, the second of which (185aa, Pmen_2232) has a HM rich 

region that starts after a  HxxxMxxL motif. 

A second group of sequences (group II) is represented by CinA homologues from 

sequenced genomes from Vibrio, Aliivibrio and Photobacter. All of these sequences 

include the conserved HxxxMxxX motif, but in this case this motif is located further 

away from the MH rich region. Their MH rich region is composed differently from group 

I, and that is located closer to the N terminal of the protein. 

Vibrio fisheri presents a 

DHxxMDHxxMxxxxMxxxMDHxMMxMDHxMMxMExH sequence in this region. This 

motif is quite variable in composition and in length among the different sequenced Vibrio 

species. However in CinA from each specie at lest two repeats of MDH motif are present, 

along with other combinations of M, H and D. Some species of Vibrio have three, other 

up to six MDH motifs; Photobacter only have one or two MDH region, but several other 

M. 

A third group of sequences (group III) is constituted by CinA homologues found 

in a bigger varieties of genera, such as Burkholderia, Nitrosospira, Nitrosomonas, 

Photobacterium, Aeromonas, Ralstonia, Diaphorobacter, Acidovorax, Xanthomonas, 

Aquabacterium, Polaromonas, Variovorax, Bordetella, Aurantimonas, Limnobacter, 

Rhizobium, Agrobacterium, Sinorhizobium, Sulfitobacter, Bradyrhizobium, 
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Parvibaculum, Roseovarius and Fulvimarina. Sequences in this group are characterized 

by the absence of a MH rich region, and a length usually around 150 to 170 residues. All 

theses sequences present a HxxxMxxX motif, where X=M, H, F, D, N, S, A.  

A forth group of sequences (group IV) is represented by CinA from Sulfitobacter, 

Polaromonas, Oceanibulbus, Roseovarius and Rhodobacterales bacterium.  These 

sequences are much longer compared to the sequences in previous groups, ranging from 

228 to 272. These sequences do not present a MH rich region, but do present several 

methionines towards the C terminal portion of the protein. 

Nearly all of the genes encoding for CinA homologues are found in association 

with or in close proximity to other genes involved in copper homeostasis. From the 

analysis of these combinations of genes, possible roles of CinA can be hypothesized. The 

distribution of the genomic context in which cinA genes are found partially reflects the 

identification of the 4 groups based on sequence similarities. 

In group I, cinA can be found in two genomic contexts. In the pseudomonads, 

cinA is found in association with cinQ, a gene encoding a preQ0 reductase homologue, 

and divergently transcribed from a copper sensing Two-Component System (TCS). In all 

strains of P. aeruginosa, cinA is preceded by ptrA, a gene involved in the regulation of 

pathogenesis, specifically involved in repressing the Type III secretion system. In the 

other species from group I (Alcalinovorax burkumensis SK2, Marinobacter algicola, 

Marinobacter aquaeolei, Marinobacter sp., Alpha proteobacterium BAL199 

Alcalinovorax sp.), cinA is found with the TCS ,  and with a gene encoding a multicopper 

oxidase CueO and a gene encoding for the copper resistance precurson CopB. In 
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Alcalinovorax burkumensis SK2, this cluster contains also a copA  encoding a P-type 

ATPase. 

As already noted before, P. mendocina  ymp differs, as its gene cluster presents a 

TCS, followed by an hypothetical protein, two cinA genes, another hypothetical protein 

and a copA. 

In group II, cinA from different species of Vibrio is found is very different 

context, as it seems to substitute cusF (gene encoding for a periplasmic copper 

chaperone) in a CusCBA CinA efflux system in almost all sequenced Vibrio genomes. 

CinA from Vibrio are in fact similar to the copper chaperone CusF, but still present the 

ligands for copper typical of CinA and of azurin/plastocyanin family. CusF is a 

periplasmic Cu chaperone in E. coli, that can exchange Cu with CusB, part of the 

CusCBA efflux pump. However, cusF in E. coli is part of the cusCFBA operon, while in 

these cases, cinA is found after cusA and may not be part of the same transcriptional unit.  

It is also interesting to point out that all the sequenced strains of the human 

pathogen Vibrio cholerae contain cinA in a cluster of genes that encode a copper 

responsive TCS, a CusCBA system, an hypothetical protein, and hemolysin, a membrane 

cupin that is used by the pathogen as a pore forming toxin to lyse red blood cells. 

Therefore, in two human pathogens that contain cinA (V. cholerae and P. 

aeruginosa), copper may play a role in regulating pathogenicity, and the gene involved in 

such events is located in close proximity to  cinA and a copper sensing TCS. 

The genomic context in which cinA is inserted in group IV is quite different from 

the above. In Sulfitobacter sp EE-36, Sulfitobacter sp NAs14.1, Oceanibulbus indolifex 
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HEL-45, cinA is found associated with genes encoding for cytochrome C, for the 

multicopper oxidase CueO and the Outer membrane Protein TolC. In Rhodobacterales 

bacterium Y4, cinA is associated not only with CueO and TolC, but also with an ABC 

transporter and a Cytochrome C.  The association of CinA with cytochrome C might 

indicate a potential role of CinA in electron exchange with cytochomre C in the electron 

transport chain. Production of plastocyanin, another small blue copper protein electron 

shuttle, is dependent of copper concentrations in the green algae Chlamydomonas: this 

alga, when facing shortage of copper, substitutes the copper containing plastocyanin with 

an iron containing CYC6 (Quinn and Merchant, 1995; Merchant et al, 2006).  In a similar 

manner, in the presence of available copper, bacteria could upregulate cinA to increase 

the availability of a copper containing electron shuttle for an electron transport chain.  

Species that have cinA located in close proximity to the gene encoding 

cytochrome C are also found in group III. In Nitrosomonas eutropha C91, cinA is found 

in a cluster that containing genes encoding CueO, CopB, CinA, a peptidase and 

cytochrome C. In Nitrospira multiformis ATCC 25196 and in Nitrosomonas europaea 

ATCC 19718, cinA is found next to an hypothetical unknown protein and a cytochrome 

C, while in Aurantimonas sp S185-9A1, CinA is located between a Mn(II) oxidase, a 

multicopper oxidase and a cytochrome C, suggesting again a role of CinA in respiration 

for this manganese oxidizer. 

Among group II, cinA can be found in a greater variety of contexts.  Many species 

here have a cinA located adjacent to genes encoding CueO and CopB, eventually 

diverging from a TCS, while other species have CinA, with CueO and TolC and 
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eventually CusF. Burkolderia  sp H160 has cinA is probably cotranscribed with a gene 

encoding a Cu chaperone (stop and start codons overlap). Parvibaculum 

lavamentivorams has CueO, CopB, CinA, hypothetical protein and a Cu translocating P-

type ATPase,  while in Sinorhizobium meliloti cinA is found with TolC, CueO, and CusF. 

There is other evidence of a relationship between CinA and CusF. For example, 

Polaromonas Sp JS666 has TolC, CueO, an hypothetical protein, CinA then an 

hypothetical protein. Diverging from this, there is a CusCBAF system. In 

Polaromonas naphthalenivorans CJ2 the copper determinant contains genes for TolC, 

CueO, CinA::CusF fusion. 

 cinA and cinF are found together also in Azoarcus sp BH72, Varivorax 

paradoxus S110, Methylibium Petroleiphilum, Methylibium Nodulans Ors2060, 

Fulvinaria, Herminiimonas arenicoxydans, Rhodopseudomonas palustris B15, 

Synorhizobium Meliloti 1021, and Oligotropha carboxidovorans. 

In conclusion, analysis of putative operons in which CinA homologues can be found, 

allows us to speculate about at least five possible activities of this protein: 

1) electron shuttle with CueO, as an alternative way to recycle reduced CueO during 

the oxidation of Cu (I) to Cu (II). 

2) electron shuttle with Cytochrome C, in an alternative electron transport chain that 

might be activated in presence of available copper 

3) chaperone, similar to CusF, to deliver periplasmic copper to the Cus system 

4) copper sequestration 

5) copper oxidation or reduction 
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1.2.4. Copper homeostasis in eukaryotes 

Similarly to bacteria, eukaryotic cells need to keep free copper concentrations in 

the cytosol to less then 10
-18 

M in order to avoid oxidative damage (Rae et al., 1999; 

Lippard, 1999). In humans, malfunctioning copper homeostatic systems result in 

neurodegenerative disorders (for a review, see Gaggelli et al., 2006), including Menkes 

Disease and Wilson Disease. 

In eukaryotes, copper is delivered to target proteins within a cell by copper 

chaperones that remained extremely conserved amount lower and higher eukaryotes 

(Gaggelli et al. 2006). Copper enters the cell via the Ctr1 transporters, small integral 

membrane proteins, with three putative transmembranes (Dancis et al., 1994b). The 

human Ctr1 (HCTR1) contains an extracellular N terminal region with a methionine and 

histidine rich region. In Saccharomyces cerevisiae Ctr1 and Ctr3 display high affinity for 

Cu(I), while Ctr2 affinity for Cu(1) is lower (Eide 1998; Pena et al. 1999).  Both HCTR1 

and Ctr1 are controlled post-transcriptionally by the amount of copper present in the 

cytoplasm, with degradation of the transporter observed at higher copper concentrations 

(Petris et al, 2003; Ooi et al. 1996). Crystallographic data ( DeFeo et al., 2007) has 

confirmed earlier modeling of CRT transporter as homotrimer (Aller and Unger, 2006).  

Three different copper chaperones have been identified in S. cerevisiae, and 

orthologs have been later identified in human and mammalian cells. The yeast Atx1 is a 

chaperone that delivers copper to the Golgi apparatus  (Lin et al, 1997) where Cu is 

pumped into the vesicles by the P-type ATPase Ccc2. The human ortholog is called 

Atox1 (or HAH1) (Klomp et al., 1997). 
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A second chaperone found in eukaryotic cells is represented by Lys7 in S. 

cerevisiae, named CCS (Copper Chaperone for SOD1) in humans. CCS delivers Cu to 

the Cu-Zn SOD1 (SuperOxide Dismutase), probably thru direct protein-protein 

interaction, with the formation of a heterodimer (Lamp et al., 2000). 

The third copper chaperone is represented by Cox17. Also in this case, the protein 

was initially identified in S. cerevisiae, in a mutant with impaired cytochrome c oxidase 

(CCC) activity (Glerum et al., 1996). Cox17 is found both in the cytoplasm and in the 

mitochondrial intermembrane space. Contrary to what happens between CCS and SOD1, 

Cox17 does not interact with CCC, but the loading of copper into CCC is mediated by 

separate assembly proteins (Sco1 and Sco2 in humans) (Carr and Windge, 2003). Cox17 

coordinated Cu (I) via cysteines (Abajan et al. 2003), in a manner similar to what 

observed in Atx1. 

Beside chaperones and Ctr transporters, eukaryotic cells use P-type ATPases to 

transport copper. Mutations genes encoding Cu exporting P-type ATPase are associated 

with two human diseases, Wilson disease (mutation in ATP7B, also called WNDP) (Bull 

et al., 1993;  Tanzi et al., 1993) and Menkes disease (mutation in ATP7A, also called 

MNKP) (Chelly et al., 1993; Mercer et al. 1993). Both proteins are localized in the 

membranes of the trans Golgi network, and deliver Cu for incorporation into copper 

proteins; however they are expressed in different tissues and in different developmental 

stages (Gaggelli et al., 2006), and have different enzymatic characteristics (Barnes et al., 

2005). In presence of excess copper, ATP7B gets also localized on the cell membranes, 

where it is believed to expel excess copper from the cytoplasm. ATP7A is mainly 
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involved in absorption of copper in the intestine and in its distribution in the human body. 

Consequently, Menkes disease is associated with poor copper supply to other tissues, 

especially in the brain and in connective tissues (Kodama et al., 1999). ATP7B is 

involved in removing excess Cu from the body in the liver. Inactivation of ATP7B in 

Wilson disease results in copper overload in the liver and in other tissues, resulting in 

copper induced toxicity (Das and Ray, 2006) 

Arabidopsis thaliana has been the model organism for molecular studies in plants. 

Arabidopsis uptakes Cu(I)  via CTR transporters (Sancenon et al., 2003, Sancenon et 

al.,2004), called COPT. COPT1 and COPT2 are believed to be membrane transporters, 

COP3 and COP5 are thought to function intracellular (Puig et al., 2007). Two different P-

type ATPases  (HMA6 and HMA8) are responsible for the delivery of copper to the 

chloroplasts, where it is integrated into the tylakoid electron shuttle plastocyanin, while 

only HMA6 is necessary for delivering copper into the stroma, where it is incorporated 

into the Cu/Zn SOD (Abdel-Ghany et al., 2005).  

Copper is shuttled in the cytosol by the same classes of copper chaperones already 

described. Unique to plants, is the transport of copper in the xylem sap. Loading of 

copper into the xylem is yet unknown, but transport is probably mediated by the non 

proteinogenic amino acid nicotinamine (NA), an ubiquitous metal chelator in plants 

(Krugen et al., 2002, Hell and Stephan, 2003) 

Many organisms are able to regulate the use of Cu versus functionally equivalent 

Fe containing enzymes, depending on metal bioavailability (Puig et al, 2007). As 

mentioned previously, the green alga Chlamydomonas, in presence of low copper 
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concentrations, can substitutively use CYC6, a haem copper independent electron shuttle, 

instead of plastocyanin (Quinn and Merchant, 1995; Merchant et al, 2006). Plants have 

instead adopted a different strategy, substituting the chloroplastic  Cu/Zn SOD, with a Fe 

SOD (Abdel-Ghany et al., 2005), and targeting the limiting copper to the essential 

plastocyanin. 
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1.3 Experimental designs and methods 

 

1.3.1 Use of Pseudomonas putida KT2440 as a model organism for the Pseudomonads. 

The genus Pseudomonas contains several species that are clinically or 

environmentally important. Pseudomonas aeruginosa, one of the two species used in this 

study, is commonly found in soils. It is an opportunistic human pathogen, infecting burn 

victims and immunocompromised patients (Chugani and Greenberg 2007) and is also a 

major pathogen in cystic fibrosis patients (Govan and Deretic, 1996). 

Copper homeostasis has been implicated in regulating infections by P. aeruginosa 

PAO1: the presence of copper induces transcription of ptrA, via the CinRS two 

component system (that is analyzed in this research), which is involved in preventing 

activation  of the type III secretion system used to infect eukaryotic cells (Un-Hwan et 

al., 2006). 

Pseudomonas putida is a common soil saprophytic bacterium. P. putida KT2440 is a 

derivative of P. putida mt-2, lacking the TOL plasmid.  P. putida has received much 

attention for its biotechnological potential, due to its high stress resistance; P. putida 

strain KT2440 has been used to produce several industrial chemicals such as phenol, 

cinnamic acid, cis-cis-muconate, p-hydroxybenzoate, p-cuomarate, and myxochromide. It 

has also received particular attention due to its ability to metabolize aromatic 

contaminants (Timmis, 2002; Puchalka 2008). 

The rationale for choosing P. putida as our main model strain is based on its 

genomic features and potentials. P. putida is not only well known for it’s potential 

biotechnological applications, but sequence analysis also revealed that P. putida 
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KT24440 is particularly adapted to grow in metal rich environments (Canovas et al., 

2003); it possesses several different mechanisms to deal with excess metals, and therefore 

may harbor novel copper homeostatic mechanisms. 

Furthermore, the genes that this research focused on are conserved among all the 

sequenced Pseudomonas. 

 

Tab. 2 Strains used in this study 

Strain Gene disrupted Source 

P. putida KT2440    Wild type ATCC 47054 

P. putida KT∆cinA cinA  This work 

P. putida KTcinQ::kan cinQ  This work 

P. aeruginosa PAO1 Wild type University of Washington 

Genome Center 

PA2806::ISphoA/hah cinQ  University of Washington 

Genome Center 

PA2807::ISphoA/hah cinA  University of Washington 

Genome Center 

PA2809::IS lacZ/hah    cinR  University of Washington 

Genome Center 

PA2810::ISphoA/hah cinS  University of Washington 

Genome Center 
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Table 3. Predicted copper homeostatic genes in P. putida KT2440. 

ORF ID Protein Predicted role 

PP0585 CueR MerR like Activator 

PP0586  PacS P-type ATPase 

PP0588 PacZ CopZ activator 

PP2157 CinS Sensor Kinase 

PP2158 CinR Response Regulator 

PP2204 CopB2 Outer membrane protein 

PP2205 CopA2 Multicopper oxidase 

PP5379 CopB1 Outer membrane protein 

PP5380 CopA1 Multicopper oxidase 

PP5383 CopR Response Regulator 

PP5384 CopS Sensor Kinase 

PP5385 CusC Outer membrane factor 

PP5386 CusB Membrane fusion protein 

PP5387 CusA RND transporter 

PP5388 CusF putative Cu chaperone 

PP5393  putative Cu chaperone 
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Fig 3 Representation of copper homeostatic systems in Pseudomonas putida KT2440. 
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1.3.2 Standard genetics techniques 

Standard genetics techniques were utilized to create cinA and cinQ mutants in P. 

putida KT2440. An in-frame deletion of cinA was generated via overlap-extension PCR. 

With this technique, two sets of PCR primers containing an overlap are generated to 

amplify regions surrounding the portion of the gene to be deleted.  Two distinct PCRs are 

used to amplify the two regions surrounding the gene to delete. A second round of PCR 

represents the gene assembly reaction, and is performed using as a template the two PCR 

products obtained in the first round. With this PCR a new fragment is created, containing 

the deletion and an overlap introduced in the first round of PCR.  The fragment is then 

cloned on a suicide vector which is introduced into P. putida. An in-frame gene deletion 

is obtained by first selecting for the antibiotic resistance (first allelic exchange), then for 

counter-selecting for loss of a marker gene such as sacB (second allelic exchange). 

A cinQ mutant was generated by gene disruption via insertion of a kanamycin 

cassette. RT-PCR (Reverse Transcriptase) is a technique used to see whether two genes 

are part of the same transcription unit. It consists of amplifying (detecting) the intergenic 

region from cDNA via PCR. The cDNA is generated by a Reverse Transcriptase using 

the total RNA extract of a cell as template. If the RNA extraction is performed correctly, 

no residual DNA will be present. Reverse Transcriptase is an enzyme that is able to make 

a DNA complementary copy (called cDNA) of an RNA molecule. If the cDNA contains 

the intergenic region between two genes, the two genes are assumed to be part of the 

same transcriptional unit. 
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Northern Blot analysis is a DNA:RNA hybridization technique used to assess the 

presence of a specific mRNA. The objective is usually to detect the transcription of a 

target gene under assay conditions. The probe is designed to be complementary to a 

target mRNA sequence, and is generated using 
32

P radionucleotides. RNAs are extracted 

from a culture, separated electrophoretically and then transferred to a membrane. If the 

mRNA is present on the membrane, the probe (given the correct hybridization 

conditions) will bind, and the radiation will be detected on the membrane. 
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1.3.3 Biochemical investigations 

Biochemical techniques are described in greater detail in Appendix A.  

Expression vectors were constructed by cloning cinA and cinQ into pASK-IBA3 (IBA). 

The proteins were purified using affinity chromatography for the C-terminal strep-tag 

that is introduced by translational fusion in the plasmid.  

CinQ was assayed enzymatically to determine the preQ0 reductase activity. The 

assay mixtures containing buffer, salts, pre-Q0, NADPH, DTT, and CinQ protein was 

incubated for 1 hour at 30°C, and the product of the reactions were separated by reverse-

phase HPLC for liquid chromatography-mass spectrometry (LC-MS) experiments. 

CinA redox potential was measured by electrochemical titrations. The electric 

potential is set at a chosen value and an absorption spectrum of the protein is taken. The 

applied potential is then changed in steps of 20 to 50mV, and a new spectrum is taken 

after each change. The data is then fit into the Nernst equation, that describes the effect of 

applied potential  (Eapp) on the ratio of the concentrations of oxidized  ([Ox]) and 

reduced ([Red])  forms of the protein and on the standard reduction potential, E0, as 

follows: Eapp = E0 + 2.303(RT/nF)·log10([Ox]/[Red]), where Eapp is the applied potential, 

E0 is the reduction potential determined from these data, R is the universal gas constant, 

T is the temperature (in Kelvin), n is the number of electrons transferred in half reaction, 

and F is the Faraday constant.  
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1.3.4 Site-directed mutagenesis and induction experiments 

Site-directed mutagenesis was used to create point mutations in the gene encoding 

the CinS Histidine Kinase. Site-directed mutagenesis is a technique that permits the 

creation of point mutations in a gene, to obtain a mutant protein whose phenotype can be 

assayed and compared to the wild-type phenotype. The objective is to assign a critical 

structural role to that amino acid. 

Identification of conserved residues targeted for mutagenesis is performed by 

sequence alignment. Primers containing the desired mutated codon (usually one or two 

nucleotide of mismatch compared to the original sequence) are then designed for both 

strands of DNA. PCR is used to generate copies of the target gene, containing the desired 

mutation. The template for the PCR is a plasmid containing the gene to mutate. Wild-type 

DNA is then eliminated by digestion with DpnI, a restriction enzymes that degrades 

methylated (cellular) DNA, leaving unmethylated (PCR generated) DNA intact.   
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1.3.5 Induction experiments and β-galactosidase assays. 

Once a mutation has been generated, the operon containing the mutation was 

subcloned into a transcription vector pKT2CM-GFP. The directionality of the insertion is 

such that the downstream lacZ is under the control of the cinAQ promoter. The cinAQ 

promoter is then activated by the two component system CinRS, in presence of copper. 

Therefore mutations that affect the sensitivity of the CinS histidine kinase, will results in 

a differential activation of lacZ compared to the wildtype CinS. 

The expression vectors containing the desired mutations were then assayed in P. 

aeruginosa background to reduce possible interference of the multiple predicted copper 

sensing systems in P. putida KT2440. Cells were grown in 100 ml of minimum medium 

containing 20 mM of glucose and prepared omitting copper (Mergeay, 1985); then 3 ml 

aliquots were challenged with different concentrations of metals. Metal stress lasted 45 

minutes, after which, β-galactosidase assays were performed (Miller, 1971). 

This assay is used to measure the amount of transcription of lacZ. The amount of the β-

galactosidase enzyme is assayed by incubating a permeabilized cells with ONPG (o-

nitrophenyl-β-D-galactopyraniside ). β-galactosidase cleaves ONPG, and o-nitrophenol is 

released with formation of a yellow color that can be quantified spectroscopically at 

420nm.   
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1.4 Dissertation format 

This dissertation consists of a literature review followed by three reprints as 

appendices.  The first appendix (Appendix A) has been published, and is included here 

with kind permission from the publisher. The second appendix is a manuscript that has 

been submitted to the Journal of Bacteriology for publication. The third appendix 

summarizes studies performed on biofilms. 

Appendix A describes the analysis performed to gain insight into the role that two 

genes, cinA and cinQ, play in P. putida KT2440 copper homeostasis. I was the primary 

author for this paper. My contributions to this work include the generation of all the 

mutant strains from P. putida KT2440, construction of expression vectors for cinA and 

cinQ, expression and purification of CinA and CinQ. I also performed Northern Blot 

analysis that indicated that cinA and cinQ were induced by copper, the Reverse-

Trascriptase PCR that provided evidence that cinA and cinQ are part of the same 

transcriptional unit, and metal susceptibility experiments.  

Appendix B describes the study of CinS to identify residues involved in sensing 

copper in the periplasm of P. putida KT2440. For this paper, I am also the primary 

author. I contributed to this paper by performing all the cloning to generate the 

expression vector, by generating all the CinS and CinR mutated alleles, and by 

performing all the induction experiments. I was also responsible for the multiple 

sequence alignments performed to identify conserved residues in the periplasmic domain 

of CinS.  
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Appendix C describes the study of P. aeruginosa biofilms from wild-type strain 

PAO1 and its transposon derivatives mutated in selected copper homeostasis genes. I was 

responsible for all the work reported in this appendix. 
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CHAPTER 2 

PRESENT STUDY 

The following is a summary of the most important findings within the two articles. 

The first paper describes the analysis of the cinAQ operon from P. putida 

KT2440. 

cinA was identified as a potential gene involved in copper tolerance. CinA was predicted 

to be a copper containing protein, a member of the Azurin/Plastocyanin family. Genome 

analysis revealed that cinA was much conserved among sequenced Pseudomonads, along 

with it genomic context. cinQ is  a gene that was annotated as GTPI Cyclohydrolase; 

cinRS is a  two-component system, potentially involved in copper detection. 

Mutants altered in cinA and cinQ were created in P. putida KT2440. The two 

genes were also cloned and their purified products were assayed biochemically. The 

CinA absorption spectrum revealed typical signatures of a blue copper protein. Its redox 

potential was analyzed and found to be higher compared to other azurins. CinQ was 

shown not to be a GTP cychlohydrolase, but had a preQo reductase activity, and was 

therefore involved in the biosynthesis of the hypermodified nucleotide queuosine. 

cinA and cinQ were shown to be specifically induced in the presence of copper, 

and evidence was found that cinA and cinQ were transcribed as part of the same 

transcriptional unit. 

P. putida KT2440 cinA and cinQ mutant did not show increased sensitivity to 

copper in disk assays at the conditions employed. However, a cinA mutant from P. 
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aeruginosa PAO1 did present greater inhibition radii in disk assays, confirming a role of  

cinA in copper homeostasis in P. aeruginosa. 

The second paper is an analysis of the role of the two-component system CinRS 

in sensing copper in the periplasm and in activating the cinAQ promoter. The cinAQ 

promoter was shown to be induced by copper via the CinR-CinS two-component system. 

Sequence analysis of the periplasmic regions of predicted copper histidine kinases 

revealed the presence of several conserved histidines and methionines. Modeling of the 

periplasmic domain of CinS identified a potential copper binding site containing two 

conserved histidines, H37 and H146. Site directed mutagenesis was employed to 

mutagenize the conserved residues and copper induction experiments were performed to 

verify the effect of these mutations on the ability of the two-component system to detect 

periplasmic copper. H37R and H146R CinS mutants lost the ability to activate the cinAQ 

promoter. Site-directed mutagenesis studies, sequence alignment and structural modeling 

suggest that the conserved residues H37 and H147 form a copper switch in periplasmic 

copper sensing histidine kinases.  

Appendix C summarizes the studies performed on biofilms of P. aerugionsa wild-

type, cinA, cinQ, cinR mutants. Biofilms from the wild-type, cinA and cinR mutant 

presented similar susceptibility to copper treatmentre, while cinQ mutant developed a 

biofilms that presented higher number of cells, compared to the wild-type, after a 2 hour 

treatment with low copper concentrations.  
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The Copper-Inducible cin Operon Encodes an Unusual
Methionine-Rich Azurin-Like Protein and a Pre-Q0

Reductase in Pseudomonas putida KT2440�
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The genome sequences of several pseudomonads have revealed a gene cluster containing genes for a
two-component heavy metal histidine sensor kinase and response regulator upstream of cinA and cinQ, which
we show herein to encode a copper-containing azurin-like protein and a pre-Q0 reductase, respectively. In the
presence of copper, Pseudomonas putida KT2440 produces the CinA and CinQ proteins from a bicistronic
mRNA. UV-visible spectra of CinA show features at 439, 581, and 719 nm, which is typical of the plastocyanin
family of proteins. The redox potential of the protein was shown to be 456 � 4 mV by voltametric titrations.
Surprisingly, CinQ is a pyridine nucleotide-dependent nitrile oxidoreductase that catalyzes the conversion of
pre-Q0 to pre-Q1 in the nucleoside queuosine biosynthetic pathway. Gene disruptions of cinA and cinQ did not
lead to a significant increase in the copper sensitivity of P. putida KT2440 under the conditions tested. Possible
roles of CinA and CinQ to help pseudomonads adapt and survive under prolonged copper stress are discussed.

Copper is required as a cofactor for many enzymes, but in
excess, it can have deleterious effects through metal-catalyzed
protein oxidation and the generation of reactive oxygen spe-
cies. Several mechanisms to handle and regulate intracellular
levels of copper have been identified in bacteria (5, 10, 12, 31).
In Escherichia coli, CopA is a P-type ATPase (8, 30) involved
in ATP-dependent translocation of Cu(I) and Ag(I) from the
cytoplasm to the periplasm, while CueO (12) is a multicopper
oxidase that oxidizes Cu(I) to the less toxic Cu(II) in the
periplasm. Both of the relevant genes, copA and cueO, are
regulated by the MerR family-like activator CueR. In addition,
E. coli contains the multicomponent Cus complex, which is
responsible for expulsion of Cu(I) and Ag(I) from the
periplasm across the outer membrane. CusA is localized in the
cytoplasmic membrane; the essential energy-providing, pro-
ton-driven transporter CusB is also essential and belongs to the
family of membrane fusion proteins; and CusC is an outer
membrane factor. Another accessory protein, CusF, is believed
to be a periplasmic copper chaperon delivering Cu(I) to the
CusABC complex. In other prokaryotes, additional, often plas-
mid-encoded mechanisms have been shown to be involved in
copper homeostasis. For Pseudomonas syringae copABCDRS
(5) and its E. coli homolog, the plasmid-carried operon
pcoABCDRSE (3), CopA is a multicopper oxidase that is thought
to oxidize Cu(I) to Cu(II) in the periplasm, CopB is an outer
membrane protein, CopC is a periplasmic protein, and CopD
is probably an inner membrane protein.

Pseudomonas putida is a ubiquitous saprophytic bacterium
that can be found in bulk soils, contaminated soils, waters, and
the rhizosphere and has been studied extensively for its ability

to metabolize aromatic compounds (37). Genomic analysis
revealed that P. putida is equipped with a variety of genes
involved in metal homeostasis, including two copA (a gene
homologous to those encoding the multicopper oxidase CopA
from P. syringae pv. syringae and PcoA from E. coli) and two
copB (a gene homologous to that encoding the P. syringae pv.
syringae CopB outer membrane factor) genes, a cusCBA sys-
tem similar to E. coli cusCFBA, and two genes encoding puta-
tive Cu(I)- and Ag(I)-transporting P-type ATPases (4).

Sequence comparison revealed another putative operon in-
volved in copper homeostasis conserved in P. putida KT2440,
Pseudomonas fluorescens PFO-1 and PF-05, Pseudomonas
aeruginosa PAO1, and Pseudomonas chlororaphis. The cinRS
operon encodes a histidine sensor kinase (cinS) and a response
regulator (cinR) in the opposite direction of cinAQ (copper
induced). Sequence analysis has annotated cinA as encoding a
putative azurin-plastocyanin-like protein and cinQ as encoding
a putative GTP cyclohydrolase/pre-Q0 reductase (NCBI acces-
sion numbers NP_744308 and NP_744309, respectively).
Known members of the azurin-plastocyanin family from bac-
teria are electron shuttles located in the periplasm.

CinA is similar to the P. fluorescens DF57 Cot protein, which
is involved in copper tolerance (38). In addition, the P. aerugi-
nosa homolog, cinA (PA2806), is also transcribed in copper-
exposed cells, and its disruption leads to a slight reduction in
copper tolerance (12-mm inhibition radius in a disk assay,
compared to 8 mm for the wild type) (36).

A homolog of GTP cyclohydrolase I has been shown to
catalyze the NADPH-dependent reduction of 7-cyano-7-deaza-
guanine (pre-Q0) to 7-aminomethyl-7-deazaguanine (pre-Q1)
(39). The reductase in Bacillus, QueF, was found to be en-
coded in a cluster of genes that are thought to be involved in
the biosynthesis of the hypermodified tRNA base queuosine
(29).

In this paper, we report the analysis of the cinAQ operon in
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ter, and Environmental Science, University of Arizona, Shantz Blvd.
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P. putida KT2440. The studies show that CinA is a copper-
containing protein with a high redox potential and that CinQ
catalyzes the conversion of pre-Q0 to pre-Q1 (Fig. 1). Disrup-
tion strains where cinA or cinQ was interrupted were examined
to determine the role(s) of the encoded proteins in copper
homeostasis.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plasmids
used for this study are listed in Table 1. P. putida strain KT2440 and all derived
strains were grown either in Luria-Bertani broth (LB; EMD), on LB agar
(Difco), or in minimal salts medium (MM) (22) with 5 mM benzoate and 1%
agar (Bacto agar; Difco) at 27°C. E. coli strains were grown in LB at 37°C. P.
aeruginosa PAO1 and its derivative transposon mutants PA2806::ISphoA/hah,
PA2807::ISlacZ/hah, PA2807::ISphoA/hah, PA2809::ISlacZ/hah, and PA2810::
ISphoA/hah, obtained from the University of Washington Genome Center, were
grown in LB at 37°C. E. coli DH5� was used to maintain engineered constructs.
E. coli BL21(pLys) (Stratagene) was used for overexpression of recombinant
proteins. For conjugative gene transfer, overnight cultures of donor strain E. coli
S17-1 and recipient strain P. putida KT2440 were grown at 27°C in LB, mixed (3:1
and 1:3), and plated onto sterilized filters on LB agar plates. After overnight
incubation, cells were suspended in saline solution (0.85% NaCl), diluted, and
plated onto selective medium.

Antibiotics (kanamycin [25 mg/liter for E. coli and 50 mg/liter for P. putida],
ampicillin [100 mg/liter], and chloramphenicol [25 mg/liter]) were added when
appropriate.

Genetic techniques. Standard genetic techniques were used (33). Whole
genomic DNA was extracted according to the method of Marmur (21). DNAs
were amplified by PCR, using Taq polymerase (Fermentas). P. putida KT�cinA
(P. putida KT2440 with an in-frame deletion of cinA) was constructed as follows.
A 900-bp region upstream of the start codon and containing the first codons of
the gene and a 500-bp region downstream of cinA were amplified using primers
KTko1 and KTko2tag (PCR 1) and primers KTko3tag and KTko4 (PCR 2),
respectively. These two flanking DNA fragments were joined together by overlap
extension PCR (OE-PCR). For OE-PCR, 1 �l each of the PCR 1 and PCR 2
products was used as a template in a PCR mixture containing a 0.2 mM con-
centration of each deoxynucleoside triphosphate, 2.25 mM of MgCl2, 75 mM
Tris-HCl (pH 8.8), 20 mM (NH4)2SO4, and 2.5 U of Taq polymerase. The PCR
program consisted of 55 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 30 s.
The gene assembly reaction mixture (1 �l) was diluted in 50 �l of a PCR mixture
containing a 0.2 mM concentration of each deoxynucleoside triphosphate, 2.25

mM of MgCl2, 75 mM Tris-HCl (pH 8.8), 20 mM (NH4)2SO4, and primers
KTko1 and KTko4 and then amplified. The resulting PCR product (KTPCR4),
containing a deletion of cinA, was first cloned into pGEM-T Easy (Promega)
according to the manufacturer’s protocol, and this construct was then digested
using the SacI restriction enzyme and ligated into pLO2 (18) to obtain
pLO2KTPCR4. Plasmid pLO2 contains a kanamycin cassette and sacB.

A gene deletion was obtained by transfer of pLO2KTPCR4 from E. coli S17-1
to P. putida KT2440 via parental mating. Transformants were first selected on
MM with 5 mM benzoate and 50 �g/liter of kanamycin (single recombination
event) and then counterselected on LB containing 10% sucrose to screen for the
loss of sacB (double recombination event). Gene deletion was confirmed by a
PCR using primers (KTDPOD and KTDXUU) external to the region used for
the OE-PCR.

Strain KTcinQ::kan, containing a gene disruption of cinQ, was constructed as
follows. The central part of the gene was amplified (using primers KTDXU and
KTDXD) and cloned into plasmid pLO2, using the MluI and SacI restriction
sites, generating plasmid pLO2NCinQ. Gene disruption was obtained after pa-
rental mating with E. coli S17-1(pLO2NCinQ) and selection of transformants
growing on MM with 5 mM benzoate and 50 �g/liter of kanamycin. Gene
disruption was confirmed by Southern blotting.

Construction of expression vectors. To construct the cinA expression vector
pASK-P12, cinA was amplified from the genomic DNA and cloned into the
EcoRI and SalI restriction sites of pASK-IBA3 (IBA). Plasmid pASK-P12 ex-
pressed CinA as a C-terminal fusion protein with Strep-TagII (amino acid se-
quence, VDLQGDHGLSAWSHPQFEK), with an MGDRGPEL peptide at the
N terminus.

To construct the cinQ expression vector pASK-X4, cinQ was amplified from
the genomic DNA and cloned into the EcoRI and SalI restriction sites of
pASK-IBA3. Plasmid pASK-X4 expressed CinQ as a C-terminal fusion protein
with Strep-TagII (amino acid sequence, VDLQGDHGLSAWSHPQFEK), with
an MGDRGPEL peptide at the N terminus.

The gene encoding QueF was amplified by PCR from B. subtilis genomic DNA
(ATCC 23857), using forward primer VBD136 and reverse primer VBD137, with
an Epicenter Technologies fail-safe PCR kit. The resulting fragment was cloned
between the NdeI and HindIII sites of pET29 for expression of the native
recombinant QueF protein. Constructs were introduced by electroporation into
E. coli BL21(DE3) for protein expression (Novagen).

Protein expression and purification. CinA and CinQ were purified using
Strep-TagII technology. For protein overexpression, pASK-P12 and pASK-X4
were always transformed fresh into E. coli BL21(pLys) (Stratagene).

Cells were cultivated overnight at 37°C in LB with ampicillin and chloram-
phenicol, diluted 1:50 into 0.5 liter of fresh medium, and cultivated with shaking
at 37°C to an optical density at 600 nm (OD600) of 0.5. Overexpression of

FIG. 1. Reaction catalyzed by CinQ. CinQ catalyzes the reduction of pre-Q0 to pre-Q1. The final product of the pathway is queuosine
(Q-tRNA).
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recombinant protein was induced by the addition of anhydrotetracycline to a
final concentration of 200 �g/liter, and incubation was continued for 3 to 5 h at
30°C. Cells were harvested by centrifugation at 5,500 � g for 12 min at 4°C. CinA
was extracted from the periplasm by osmotic shock (12, 27). Briefly, cell pellets
were suspended in buffer P (100 mM Tris-HCl, pH 8, 500 mM sucrose), kept on
ice for 30 min, and then centrifuged at 15,000 � g for 15 min at 4°C. CinQ was
extracted from the cytoplasm. The pellet was resuspended in buffer W (100 mM
Tris-HCl, pH 8) containing DNase I (10 mg/liter) and a proteinase inhibitor
cocktail (Sigma), lysed with a French press (1,260 lb/in2, cell type 20K; Amicon,
SLM Instruments, Inc., Rochester, NY), and then centrifuged at 15,000 � g for
15 min at 4°C.

In both cases, after centrifugation (15,000 � g, 15 min, 4°C) the supernatant
was applied to a streptactin-agarose column (1 ml/400 ml of culture) equilibrated
with buffer W. The column was washed with buffer W, and the protein was then
eluted in aliquots of 2.5 ml of buffer E (buffer W containing 2.5 mM desthiobi-
otin).

E. coli BL21(DE3) transformants containing the QueF expression plasmid
were plated on an LB agarose plate containing 34 �g/ml kanamycin and incu-
bated at 37°C. After 16 h, one colony from the plate was used to inoculate 50 ml
LB containing 34 �g/ml kanamycin. The culture was allowed to grow overnight
at 37°C. To inoculate cultures for protein expression, 10 ml of the overnight
culture was added to flasks containing 1 liter of LB and 34 �g/ml kanamycin.
Cells were grown to an OD600 of �0.5, and protein expression was induced by
adding IPTG (isopropyl-�-D-thiogalactopyranoside) to a final concentration of
0.1 mM. After 6 h of growth at 37°C, cells were collected by centrifugation
(20,500 � g) and frozen in liquid N2.

For protein purification, a cell paste (3 g) was suspended in a solution con-
taining 0.05 M Tris-HCl (pH 8.0), 2 mM dithiothreitol (DTT), and 1 mM
phenylmethylsulfonyl fluoride. Cell walls were disrupted using a Branson 450D
sonifier at 50% power. Cell suspensions were then centrifuged at 26,500 � g for
30 min. The soluble extract was loaded on an 80-ml (19.3 � 2.3 cm) column of
Q-Sepharose that had been equilibrated with buffer containing 0.05 M Tris-HCl

(pH 8.0) and 2 mM DTT. Protein was eluted using a linear gradient from 0 to 0.5
M KCl in a total volume of 0.9 liter. Fractions containing QueF were identified
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
pooled, and concentrated in an Amicon pressure cell (YM-10 membrane). The
resulting protein was desalted on a Sephacryl S-300 size-exclusion column (Am-
ersham) which had been equilibrated with a buffer containing 0.05 M Tris-HCl
(pH 8.0) and 2 mM DTT. Fractions containing QueF were identified by gel
electrophoresis, pooled, and concentrated as described above. The protein was
quantified by a BCA assay (Pierce), with bovine serum albumin as the standard.

RNA-DNA hybridization. Regulation of transcription was examined by North-
ern blot analysis. P. putida KT2440 cells were grown on MM containing 5 mM
benzoate to mid-log phase at 27°C, at which point either no metal (control),
NiCl2, CuCl2, FeSO4 (with 10 mM ascorbic acid), or ZnCl2 was added to a final
concentration of 100 �M. Incubation was continued with shaking at 27°C for 30
min, after which cells were harvested and total RNA was extracted using a
RNeasy Plant Mini kit (QIAGEN).

Equal amounts of total RNA were loaded in a 1.2% agarose-formaldehyde gel
and electrophoresed for 3 h at 70 V/cm. RNAs were transferred to a nylon
membrane by using a vacuum blotter (Boekel Appligen) and then hybridized
overnight with 32P-labeled probes at 42°C. 32P was purchased from Perkin-
Elmer. The probes were prepared using the RadPrime DNA labeling system
(Invitrogen). Probes for cinA and cinQ were obtained by PCR with the KTDPU-
KTDPD and KTDXU-KTDXD primers, respectively, using P. putida KT2440
genomic DNA as the template.

RT-PCR analyses. Total RNA was isolated from CuCl2-induced P. putida
KT2440 as described above. The RNA sample was then digested with 1 U of
DNase I (Sigma) per microgram of RNA for 2 h at 37°C. RNAs were then
purified by phenol-chloroform extraction and resuspended in diethyl pyrocar-
bonate-treated water. Reverse transcription-PCR (RT-PCR) was performed us-
ing Superscript II reverse transcriptase (GIBCO BRL, Cambridge, MA) at 50°C
for 1 h with primer RT-PX3�A (Table 2). The cDNA was PCR amplified using
primers RT-PX3�A and RT-PX5�S and Taq DNA polymerase (Fermentas) for

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description or relevant phenotype Reference or source

Strains
E. coli strains

DH5� F2 end-1 hsdR17 supE44 thi-1 recA1 deoR gyrA96 relA1
�(argF-lacZYA)U169

New England Biolabs

S-17 thi pro hsdR hsdM1 recA tra-1 34
BL21 DE3(pLys) 	E. coli B F
 dcm ompT hsdSB(rB


 mB

)

gal �(DE3) (pLysS Camr)�
Stratagene, Novagen

P. putida strains
KT2440 Wild type ATCC 47054
KT�cinA KT2440 with deletion of cinA This work
KTcinQ::kan KT2440 with gene disruption of cinQ::kan This work

P. aeruginosa strains
PAO1 Wild type University of Washington

Genome Center
PA2806::ISphoA/hah PAO with gene disruption of cinQ::Tetr University of Washington

Genome Center
PA2807::ISlacZ/hah PAO with gene disruption of cinA::Tetr University of Washington

Genome Center
PA2807::ISphoA/hah PAO with gene disruption of cinA::Tetr University of Washington

Genome Center
PA2809::ISlacZ/hah PAO with gene disruption of cinR::Tetr University of Washington

Genome Center
PA2810::ISphoA/hah PAO with gene disruption of cinS::Tetr University of Washington

Genome Center

Plasmids
PASK-IBA3 Overexpression vector (Strep-TagII); Ampr IBA, GmbH
pGEM-T-Easy Cloning vector; Ampr Promega, Madison, WI
pLO2 Suicide vector; sacB Kanr 18
pET29 Overexpression vector (S tag); Kanr Novagen
pLO2NCinQ Contains nt 45 to 786 of cinQ This work
pLO2KTPCR4 Contains deletion of cinA This work
pASKP-12 CinA in pASK-IBA3 with C-terminal Strep-TagII This work
pASK-X4 CinQ in pASK-IBA3 with C-terminal Strep-TagII This work
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30 cycles with an annealing temperature of 63°C and an extension time of 30
seconds. RT-PCR products were analyzed by electrophoresis on a 2% agarose
gel stained with ethidium bromide.

Disk sensitivity assay. P. putida KT2440, KT�cinA, and KTcinQ::kan were
grown overnight at 27°C. P. aeruginosa PAO1 and its derivative transposon
mutants PA2806::ISphoA/hah, PA2807::ISlacZ/hah, PA2807::ISphoA/hah,
PA2809::ISlacZ/hah, and PA2810::ISphoA/hah were grown, and 100 �l of cell
suspension was plated on an LB agar plate. Ten microliters of 1 M CuSO4 or 1
M CuCl2 was added to each filter disk. Disks were air dried and placed at the
center of the agar plates. Plates were incubated at room temperature for 24 (P.
aeruginosa) or 48 (P. putida) hours, and the zones of clearance were measured.

Spectroscopic and spectroelectrochemical analysis of CinA. UV-visible spec-
tra of CinA were obtained with a Varian Cary 300 spectrophotometer. Before
the spectrum was obtained, CinA was first loaded with 20 �M of CuCl2, oxidized
with one crystal of ferricyanide, and then dialyzed in buffer W.

The redox potential was investigated by spectroelectrochemical techniques as
described by Ding et al. (6), carried out using the same optically transparent
thin-layer electrode cell (OTTLE) and the same Ag/AgCl reference electrode
(
205 mV versus a standard hydrogen electrode [SHE]; Bioanalytical Systems,
Inc.) (6).

A 150 �M solution of CinA was prepared in 0.1 M sodium phosphate buffer
(pH 7.5). The solution was degassed for 24 h at 4°C by dialysis against argon-
bubbled buffer. After the addition of 0.2 mM of the electrochemical mediators
ferrocene 1,1-dicarboxylic acid (Aldrich) (E0�  644 mV versus SHE) and
hexaammineruthenium(II) chloride (Aldrich) (E0�  51 mV versus SHE), the
sample was loaded into the OTTLE cell under argon. Electrochemical titrations
were carried out by setting the potential at a chosen value, using a computer-
controlled BAS CV-50W voltametric analyzer, for a period of 5 to 10 min until
the optical spectrum did not change significantly with time. An optical spectrum
was then recorded, the potential was changed in steps of 20 to 50 mV, and
the process was repeated at the new applied potential. The temperature of the
chamber was 27 � 1°C. The data were then fit to the Nernst equation, using the
nonlinear least-squares fitting algorithm of Origin software. The Nernst equation
describes the effect of applied potential on the ratio of the concentrations of
oxidized and reduced forms of the complex and on the standard reduction
potential, E0, as follows: Eapp  E0 � 2.303(RT/nF) � log10([Ox]/[Red]), where
Eapp is the applied potential, E0 is the reduction potential determined from these
data, [Ox] and [Red] are the concentrations of the protein in the oxidized and
reduced states, respectively, R is the universal gas constant, T is the temperature
in kelvin units, n is the number of electrons transferred in half reaction, and F is
the Faraday constant. [Ox] and [Red] were calculated from the optical spectra by
using Beer’s law.

Enzymatic characterization of CinQ. (i) Synthesis of pre-Q0. Methyl formate
(3.1 ml) and chloroacetaldehyde (3.2 ml) were added to anhydrous toluene (25
ml) at 0°C. Sodium methoxide (2.9 g) was added slowly over the course of 5 min.
The reaction was allowed to proceed for 2 h. The precipitate was collected and

washed with 50 ml toluene and 25 ml anhydrous ethyl ether, yielding an off-white
powder of chloro(formyl)acetonitrile. The product was placed in 10 ml water
containing 2.9 ml of acetic acid at �10°C. The pH of the solution was adjusted
to �4 to 5 prior to the solution being combined with 2,4-diamino-6-hydroxypyri-
midine (6.3 g) in N,N-dimethylformamide (10 ml). The mixture was stirred for
2 h at room temperature. The solution was placed at 4°C overnight. The resulting
precipitate was collected and washed with 0.4 liter of water and 0.2 liter of
acetone. The resulting solid was refluxed for 1 h in 50 ml water. The precipitate
that formed upon cooling was collected and washed with 0.4 liter water and 0.3
liter acetone. The nuclear magnetic resonance and mass spectra were consistent
with those of the desired product (23).

(ii) Assays for GTP cyclohydrolase I activity. Assays to analyze the GTP
cyclohydrolase I activity of P. putida KT2440 CinQ were carried out with the
following reagents: 20 mM Tris-HCl (pH 8.0), 100 �M GTP, 1 mM MgCl2, 1 mM
DTT, and 10 �M CinQ protein. Reactions were carried out at 30°C and
quenched by centrifugation through YM-10 Microcon centrifugal membranes to
remove CinQ at 0, 30, 60, and 120 min. A control reaction mix lacking CinQ was
also prepared in parallel. An aliquot (20 �l) obtained at each time point was
loaded on a Zorbax SAX high-performance liquid chromatography (HPLC;
Agilent) column (4.6 � 250 mm) that had been equilibrated with H2O (solution
A). The column was eluted at a flow rate of 0.75 ml/min with increasing pro-
portions of 0.75 M NH4H2PO4–2% acetonitrile (solution B) in water. The elu-
tion program was as follows: 5 min with 99% solution A, 25 min with 95%
solution A, 30 min with 30% solution B, and 35 min with 30% solution B. An
aliquot (5 �l) containing 0.8 mM (each) GTP, GDP, and GMP served as a
standard. UV spectra were recorded from 190 to 500 nm on an Agilent 1100
series photodiode array detector.

(iii) Assays for pre-Q0 reductase activity. The P. putida CinQ protein (18.2
nmol) was buffer exchanged into 0.05 M HEPES (pH 7.5) by repeated concen-
tration and dilution in a Microcon centrifugal concentrator (YM-10 membrane).
The assay mixtures contained 0.05 M HEPES (pH 7.5), 0.1 mM pre-Q0, 0.1 M
KCl, 1 mM NADPH, 10 mM DTT, and 10 �M CinQ protein. A positive control
reaction was carried out as described above, but with recombinant B. subtilis
QueF protein, which was shown previously to catalyze the conversion of pre-Q0

to pre-Q1 (37). Reactions were allowed to proceed for 60 min at 30°C and then
quenched by centrifugation for 8 min at 12,000 � g through YM-10 Microcon
centrifugal membranes to remove CinQ prior to being analyzed by reverse-phase
HPLC as described below for liquid chromatography-mass spectrometry (LC-
MS) experiments.

For LC-MS analysis of the reaction, an aliquot (20 �l) of each reaction mix was
injected onto a 4.6- by 250-mm Eclipse XDB-C18 column (Agilent) which had
been preequilibrated in 20 mM ammonium acetate at pH 6.0 (solution A) at a
flow rate of 0.3 ml/min. The column was developed with a linear gradient of 0 to
40% methanol over 40 min, followed with a gradient of 40 to 50% methanol over
5 min. The elution was monitored by UV-visible and MS detection. UV-visible
spectra were obtained from 220 to 500 nm, using a ThermoFinnigan Surveyor

TABLE 2. Primers used in this study

Primer Sequence (5�–3�)a Use Restriction site

KTDPU AAAACGCGTCATTACCGCCACCCTTGCCCTG NBAb MluI
KTDPD AAAGAGCTCCTGGTAATGCCCCGGCACGTT NBA SacI
KTDXU AAAACGCGTATACATCGCCACCTACTCCCG Disruption of cinQ/NBA MluI
KTDXD AAAGAGCTCGCTGCGATACGGGTTGATGTCC Disruption of cinQ/NBA SacI
KTko1 AAAGAGCTCAGCTTGTTGGGGTGCGGGTCG cinA deletion SacI
KTko2tag cccatccactaaatttaaataGGTGGCGGTAATGAACAG cinA deletion
KTko3tag tatttaaatttagtggatgggATTGAGTGACTGGCTCTG cinA deletion
KTko4 GTGGAGCTCTTCTTCCACCACCCGCTCC cinA deletion SacI
KTNCinQ3� AGGGTCGACCTGCCGGACCAGCCGTTTGTTATCC cinQ in pASK-IBA3 SalI
KTNCinQ5� GTCCAATTGCATCCCGCTGCCGAACATTCC cinQ in pASK-IBA3 MunI
KTcinA5� GTCCAATTGAAACACCTGTTCATTACCGCCAC cinA in pASK-IBA3 MunI
KTcinA3� AGCGTCGACCTCATTGGTCAATGCCCCG cinA in pASK-IBA3 SalI
KTDPOD AGGGAATTCATCGTGTCCTGGCTCGGGC Verification of cinA deletion EcoRI
KTDXUU CCTGAGCTCCGGCTTGTGGACGGTAGGC Verification of cinA deletion SacI
RT-PX5�S GCGCGCCGAACTGACCTGGAC RT 5� sense
RT-PX3�A TGCTCCGGGGAGTAGGTGGCG RT 3� antisense
VBD136 AAAGGAAGATGCATATGACGACAAGAAAAGAATCAG queF in pET29 NdeI
VBD137 CACACAACGGAAAGCTTATTAACGATTATCAATTGTC queF in pET29 HindIII

a Lowercase indicates DNA tag used for overlap extension PCR.
b NBA, Northern blot analysis.
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photodiode array detector. Mass spectra were obtained in positive mode, scan-
ning the m/z range of 90 to 500 atomic mass units (amu), using an electrospray
ionization-equipped LCQ ThermoFinnigan Deca XP mass spectrometer. The
instrument was set at a 42-V ionization energy and a 300°C ion source temper-
ature.

To fully assign the identities of the species that were observed in the course of
the CinQ studies, reactions were carried out in 61% 18O-labeled water, or
aliquots of the reaction mixtures (30 �l) were treated with NaBH4 and NaBD4

at a 10 mM final concentration. The borohydride reduction was allowed to
proceed for 1 h at room temperature prior to LC-MS analysis.

RESULTS

cinA and cinQ are induced by copper and cotranscribed.
Metal-dependent induction of transcription of cinA and cinQ
was analyzed by RNA-DNA hybridization, using RNAs iso-
lated from cells grown in the presence of no metal, nickel,
copper, ferrous iron, or zinc at 0.1 mM. The RNA samples
were probed with amplified DNAs corresponding to the cinA
and cinQ genes. As shown in Fig. 2, induction was observed
only in the presence of copper.

RT-PCR was performed to investigate if cinA and cinQ are
transcribed from a bicistronic mRNA. The translational stop
codon of cinA and the start codon of cinQ are separated by 68
nucleotides. Primers were designed to amplify the region be-
tween the last 100 nucleotides of cinA and the first 100 nucle-
otides of cinQ, spanning the intragenic space. DNase I-treated
RNA from copper-induced cells was used as a template for
RT. The obtained single-stranded DNA was amplified by PCR.
Figure 3 shows that RT-PCR revealed a 250-bp band that
contains the intragenic region between cinA and cinQ.

We not only demonstrated that cinA and cinQ are induced
by the addition of copper (Fig. 2) but also detected the intra-
genic region (Fig. 3). These results, along with sequence anal-
ysis of the genomic region, strongly suggest that cinA and cinQ
are transcribed as a bicistronic mRNA, not as two monocis-
tronic mRNAs, in a copper-inducible manner.

Overexpression and purification of CinA and CinQ. CinA
with a C-terminal Strep-TagII was overexpressed in E. coli
BL21(pLys), extracted from the periplasm by osmotic shock,
and then purified using a streptactin-agarose column. Samples
from the eluates containing the overexpressed protein were

analyzed in an SDS-polyacrylamide gel and stained with Coo-
massie brilliant blue 250 (Fig. 4).

The estimated molecular mass of CinA containing the C-
terminal Strep-TagII, after cleavage of the N-terminal signal
sequence, is 19.1 kDa. The purified protein preparation
showed a band corresponding to the correct molecular mass
(Fig. 4) in SDS-PAGE analysis. A band at 21.8 kDa would have
been expected had the signal peptide not been processed. The
UV-visible spectrum of the streptavidin-purified CinA protein
revealed absorbance maxima at 439 nm and 581 nm and a
shoulder at 719 nm; these spectral features are typical of mem-
bers of the azurin-plastocyanin family (Fig. 5). The molar ex-
tinction coefficient at 581 nm (ε581) was calculated to be 3,092
M
1 cm
1.

CinQ with a C-terminal Strep-TagII was overexpressed in E.
coli BL21(DE3)pLys and purified by affinity chromatography.

CinA is an azurin-like protein of high electrochemical po-
tential. The redox potential of CinA was determined by spec-
troeletrochemical titrations. The protein sample was placed in
an OTTLE cell equipped with a Ag/AgCl reference electrode.
By changing the potential applied to the OTTLE cell and
analyzing the concentrations of the oxidized and reduced
forms of the sample, it was possible to calculate the reduction

FIG. 2. Northern blot analysis of cinA and cinQ. Northern blot
analysis was performed with cinA (left) and cinQ (right) from P. putida
strain KT2440. RNAs were isolated from KT2440 grown on MM
containing 5 mM sodium benzoate, supplemented with metal as fol-
lows: lanes 1, no metal; lanes 2, 100 �M FeSO4 and 10 mM ascorbic
acid; lanes 3, 10 mM ascorbic acid; lanes 4, 100 �M NiCl2; lanes 5, 100
�M ZnCl2; and lanes 6, 100 �M CuCl2.

FIG. 3. RT-PCR analysis of expression of cinA and cinQ in P.
putida KT2440. Electrophoresis was performed on a 2% agarose gel
stained with ethidium bromide. Lane bp, 100-bp ladder; lane 1, RT-
PCR product from RNAs extracted from CuCl2-induced cells (after
DNase I treatment), using RT 5� sense and RT 3� antisense primers;
lane 2, negative control for RT, obtained by PCR amplification of the
RT product obtained when the reverse transcriptase was omitted, to
verify that no genomic contamination was present in the RNA extract;
lane 3, PCR negative control obtained by omitting the genomic DNA
from the PCR; lane 4, PCR positive control obtained using genomic
DNA from P. putida KT2440 as the template.

FIG. 4. SDS-PAGE analysis of CinA. Typical elution profiles of
purified CinA are shown. Elution samples from the affinity column
were loaded into a 12.5% SDS-PAGE gel and stained with Coomassie
brilliant blue 250. Proteins usually eluted in the second and third
fractions. Fermentas SM0661 was used as a molecular size ladder.
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potential of the protein, using the Nernst equation. The po-
tential in the cell was changed using a voltametric analyzer in
steps of 20 to 50 mV; spectra were recorded after each change
in the potential of the system. The data were fit to the Nernst
equation, yielding a redox potential for CinA of 456 � 4 mV
(Fig. 6).

CinQ possesses queuosine reductase activity. To determine
the enzymatic role of CinQ, the purified protein was assayed
initially for turnover with GTP by HPLC. The traces (not
shown) did not reveal conversion of GTP to dihydroneopterin
triphosphate, as would have been expected. However, some
GTP was converted to GDP in the presence of CinQ, to a
greater extent than that in buffer solution alone (data not
shown). Since PSI-BLAST analysis of the protein relative to

the protein database had also revealed similarity to a recently
discovered class of proteins that are involved in the biosynthe-
sis of queuosine (39) (49% similarity to Bacillus subtilis QueF),
CinQ was assayed for pre-Q0 reductase activity. In these ex-
periments, 10 �M CinQ was incubated with pre-Q0 prior to
being analyzed by reverse-phase HPLC. The chromatograms
show that in the time course of the reaction (1 h), there was a
virtually complete loss of the peak due to the substrate, pre-Q0

(24 min) (Fig. 7A), and the appearance of two new species,
eluting at 19 and 21 min (Fig. 7B). The retention time and
UV-visible spectrum of the 19-min peak correlate with those
for pre-Q1 synthesized enzymatically from pre-Q0 by recombi-
nant QueF from B. subtilis (Fig. 7C). In control experiments,
we showed that pre-Q1 was not observed if pre-Q0, NADPH,
or the enzyme was omitted from the incubation mixtures (data
not shown).

The presence of a minor product in the CinQ incubation
mixtures prompted a more careful LC-MS analysis of the re-
actions carried out by CinQ. Extracted ion chromatograms for
the reactions are shown in Fig. 8. Pre-Q0 (42 min) and pre-Q1

(32 min) exhibited the appropriate masses, 176 and 180 amu,
respectively, expected for the protonated molecular ion (M �
H�) (Fig. 8A and F). The pre-Q1 standard (Fig. 8F) was
obtained enzymatically as described above (Fig. 7C). When a
sample of the CinQ reaction mix was treated with NaBH4, we
observed a peak at 181 amu, consistent with reduction of the
minor product and incorporation of two protons (Fig. 8C). The
small peak with the same retention time as that of pre-Q1,
which is also observed in the chromatogram of the NaBH4-
treated sample, is from the isotope envelope of pre-Q1. Con-
sistent with the NaBH4-treated samples, when an aliquot of the
CinQ reaction mix was treated with NaBD4, the peak due to
the minor product at 179 amu disappeared and a new peak at
182 amu appeared. This is consistent with the incorporation of

FIG. 5. UV-visible spectrum of CinA. The UV-visible spectrum of
CinA was recorded with a Varian Cary 300 UV-visible spectropho-
tometer at room temperature. The CinA concentration was 0.5 mg/ml
in 100 mM Tris-HCl, pH 8.

FIG. 6. Voltametric titrations for redox potential of CinA. A 150 �M CinA solution was loaded into an OTTLE cell, and spectroelectro-
chemical titration was carried out by changing the potential in steps of 20 to 50 mV. Spectra were recorded 10 min after each change. Ferrocene
1,1-dicarboxylic acid (0.2 mM) and 0.2 mM hexaammineruthenium(III) chloride were used as mediators. (Left) Background-subtracted (205 mV)
spectra taken at different potentials (255 to 605 mV versus SHE). (Right) Plot of absorbance at 439 nm versus equilibration potential. The red line
shows the nonlinear least-squares fit with the Nernst equation (n  1, with one electron transfer center), obtained using Origin (R2  0.98). From
the fit, the reduction potential of the protein is 456 � 4 mV (versus SHE).
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one deuterium molecule and one proton into the starting ma-
terial. Finally, when the reaction was carried out in the pres-
ence of 61% 18O-enriched water, both the 16O- and 18O-la-
beled forms of the unknown were observed in the
chromatograms (Fig. 8E), at 179 and 181 amu, respectively.
We infer from these results that the minor product is a 7-deaza-
guanine-7-aldehyde. This molecule is unlikely to be a physio-
logically relevant product of CinQ and was not observed in the
published B. subtilis QueF studies (39), nor was it observed in
the QueF reactions shown in this study. The unusual product
may result from the release of the two-electron reduced pre-Q0

from the active site of the protein prior to reduction with a
second equivalent of NADPH. In solution, the imine would
undergo spontaneous hydrolysis to the aldehyde.

Deletion of cinA or disruption of cinQ does not significantly
influence copper sensitivity. To investigate the role of cinA and
cinQ in copper homeostasis, strains where cinA or cinQ was
inactivated by deletion (cinA) (Fig. 9) or insertion (cinQ) (not
shown) were prepared as described in Materials and Methods.

The copper sensitivity of the mutated strains was investi-
gated by exposing the strains to different concentrations of
CuCl2. First, wild-type or mutant P. putida strains were
streaked on LB agar plates containing different concentrations
(2 to 4.6 mM) of CuCl2. P. putida KTcinQ::kan and KT�cinA
exhibited slightly smaller colony sizes than did the isogenic P.
putida KT2440 wild type, both on LB agar and on LB agar
containing concentrations of copper between 2.5 and 3.75

mM CuCl2. At concentrations above 4 mM CuCl2, all three
strains presented very small colonies. Disk assays were per-
formed to measure the inhibition radii with CuSO4 and
CuCl2, but no significant difference was observed between P.
putida KTcinQ::kan, KT�cinA, and the wild type.

To analyze the possible roles of cinA and cinQ homologues
in P. aeruginosa PAO1, disk inhibition assays were also carried
out with P. aeruginosa PAO1 and strains carrying disruptions of
the PA2806 (cinQ), PA2807 (cinA), PA2809 (cinR), and
PA2810 (cinS) open reading frames (ORFs), obtained from
the University of Washington Genome Center. The PA2807,
PA2809, and PA2810 mutants presented larger inhibition radii
than did the PAO1 wild type, as previously reported by Teitzel
et al. (36), while the PA2806 (cinQ) mutant did not present any
significant difference from the wild type in disk assays.

DISCUSSION

Sequence comparison revealed a gene cluster, characterized
by a heavy metal sensor kinase gene (cinS), a response regu-
lator gene (cinR), a gene encoding a copper protein of the
plastocyanin/azurin family (cinA), and a gene encoding a
pre-Q0 reductase (cinQ), conserved in several pseudomonads,
including P. putida KT2440 and P. fluorescens Pf-5 and PfO-1.
P. aeruginosa PAO1 contains a putative operon that is similar
to the cin operon, but with an additional gene, the negative
regulator of type III secretion gene ptrA (PA2808), preceding
cinA (PA2807). CinA exhibits significant sequence similarity
(67%) to the P. fluorescens DF57 Cot protein, which is involved
in copper tolerance (38). Moreover, transcriptional analysis
has shown that cinA from P. aeruginosa PAO1 (PA2807) is the
most upregulated gene in copper-adapted cells (2,376-fold in-
duction) (36). Transcriptional activation by copper was also
demonstrated for PA2806, PA2809, and PA2810 (correspond-
ing to the P. putida KT2440 cinQ, cinR, and cinS genes, re-
spectively). Disruption of PA2807 resulted in a slight increase
in copper sensitivity in disk assays, while disruption of PA2809
caused significant copper sensitivity (36). Our results showed
that disruption of PA2806 (cinQ) did not result in any increase
in copper sensitivity in disk assays.

In this paper, we show that cinA and cinQ from P. putida
KT2440 are strongly induced by the presence of Cu2� but not
by Cd2�, Zn2�, or Fe2�. We also provide evidence that cinA
and cinQ are transcribed as a bicistronic mRNA. In contrast to
the analyses of copper sensitivity of a cinA disruptant in P.
aeruginosa PAO1 performed by us and by Teitzel et al. (36),
deletion of cinA in P. putida KT2440, although resulting in a
smaller colony size for cells grown on LB, did not lead to an
increase in copper sensitivity in disk assays (data not shown).
Gene disruption of cinQ in either P. aeruginosa PAO1 or P.
putida KT2440 did not result in an increase in copper sensitiv-
ity in disk assays (not shown). The different phenotypes in
response to copper challenges for P. putida and P. aeruginosa
could be the result of redundancy in copper resistance genes in
P. putida. P. putida KT2440 possesses multiple genes thought
to be involved in copper homeostasis that appear to be redun-
dant. Genome analysis (4) revealed two copA genes, encoding
multicopper oxidases, two copper heavy metal two-component
systems, a putative cus system, and two putative copper-trans-
porting P-type ATPases.

FIG. 7. UV chromatograms revealing the conversion of pre-Q0 to
pre-Q1 by P. putida CinQ. The protein sampled (10 �M) was incubated
with 50 mM HEPES (pH 7.5), 100 �M pre-Q0, 100 mM KCl, 1 mM
NADPH, and 10 mM DTT for 60 min at 30°C. An aliquot (20 �l) of
each of the reaction mixtures was analyzed by HPLC. Trace A shows
unreacted pre-Q0 from a reaction mixture lacking CinQ and QueF.
Trace B shows pre-Q1 and an additional unknown product (*) from a
reaction mixture containing CinQ. Trace C is a control reaction in
which pre-Q0 was converted to pre-Q1 by the B. subtilis nitrile reduc-
tase, QueF.
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An indication of a possible role of CinA in conferring copper
resistance comes from examining the promoter region of cinA.
The promoter regions of proteins involved in copper ho-
meostasis and resistance often contain a cop box, which is
presumably the site of regulation of transcription in a copper-
dependent fashion. cop boxes are found in promoters preced-
ing P. syringae copA (24) and E. coli cusC (10) and pcoA (26).
For P. aeruginosa, PA2808 (ptrA), which precedes cinA, has
been reported to be induced by copper (14, 36) via a mecha-
nism involving the two-component system cinRS (PA2809 and
PA2810) and resulting in the repression of the type III secre-
tion system (14).

cinA was upregulated by copper, and its gene product could
be extracted from the periplasm after overexpression in E. coli.
CinA contains a signal peptide, and CinA extracted from the
periplasm had an estimated molecular mass of 19.1 kDa, cor-
responding to the cleaved mature peptide containing the C-
terminal tag. CinA as a member of the plastocyanin/azurin
family could function as an electron shuttle in the periplasm.
The electrochemical potential was determined to be 456 � 4
mV. However, members of this family of proteins usually have
redox potentials that are lower than that found for CinA. For
example, azurins and pseudoazurines have potentials of 260 to
310 and 260 to 275 mV, respectively, and the redox potentials
of plastocyanins are �375 mV. These proteins are believed to
be involved in electron transfer to nitrous oxide reductase,
another copper-containing enzyme (pseudoazurins), or in

FIG. 8. Extracted ion chromatograms for a set of six CinQ reac-
tions. Reactions were conducted as described in Materials and Meth-
ods. The traces were obtained as follows: A, a control lacking CinQ; B,
a reaction mix containing CinQ; C, the CinQ reaction treated with 10
mM NaBH4; D, the CinQ reaction treated with 10 mM NaBD4; E, a
reaction mix containing CinQ run in 61% H2

18O; and F, a B. subtilis
QueF control reaction. Constituents resulting from chemistry on the
cyano group of pre-Q0 are indicated next to each representative peak.
The R groups in the figure represent the 7-deazaguanine base (see Fig.
1). There is a slight inconsistency in retention times for products
eluting in panels E and F, but UV spectra of the peaks (not shown)
confirmed that each one represents expected compounds. The reten-
tion times in this experiment are internally consistent but different
from those shown in Fig. 7 due to the presence of the MS detector,
which substantially changes the backpressures that are observed, al-
tering the retention times.

FIG. 9. Gene deletion of cinA in strain KT�cinA. PCR amplifi-
cation of genomic DNA was done using primers KTDPOD and
KTDXUU, which are external to the DNA sequence used for the gene
deletion of cinA. The expected size of the PCR product from the
deletion strain was 2,200 bp, while the expected size of the PCR
product from KT2440 (wild type) was 2,640 bp.
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transfer between photosystems I and II (plastocyanin). Azurins
are thought to be involved in anaerobic electron transfer in P.
aeruginosa and are known to exchange electrons with cyto-
chrome c551. Rusticyanin, another member of this family, pos-
sesses a much higher redox potential (�680 mV) and is in-
volved in iron oxidation (for reviews, see references 9, 13, 15,
and 20).

CinA contains higher percentages of methionine (8%) and
histidine (6%) residues than those of azurins and pseudoazur-
ins. A single T1 “blue copper” metal binding site is predicted
to be formed by the side chains of H131, C158, H163, and
M168. Furthermore, CinA presents a series of methionine- and
histidine-rich motifs similar to P. syringae CopA’s MXXMX
HXXM motif. Methionine-rich regions can be found in many
proteins involved in copper homeostasis, and it has been pro-
posed that they might be involved in copper binding (5). Rob-
erts et al. (32) suggested that although the methionine-rich
region in CueO binds a labile Cu(II) molecule, this might not
be the main role of this region, while Wernimont et al. (40)
proposed that the role of the similar methionine-rich region in
PcoC may be in protein recognition with PcoA.

Homologs of CinA can be found in other genomes, located
in clusters containing other genes involved in copper ho-
meostasis. Most CinA homologs are associated with a CopA
multicopper oxidase, suggesting a possible role in electron
transfer (Table 3). Genes encoding CinA can be found asso-
ciated with copA, encoding putative multicopper oxidases; with
copB, encoding putative outer membrane factors; and with
two-component systems (Roseovarius nubinhibens ISM 334 and
Alcanivorax borkumensis SK2) or without a two-component
system (Sulfitobacter sp. strain NAS-14.1). In other cases, cinA
can be found with copA and an ORF encoding a putative outer
membrane protein of the TolC family (Fulvimarina pelagi
HTCC2506, Agrobacterium tumefaciens, and Sinorhizobium
meliloti 1021). In Hahella chejuensis KCTC 2396, cinA is found
associated with a putative cus system. Finally, in Xanthomonas
campestris pv. vesicatoria, cinA is associated with the multicop-
per oxidase, a TolC-like outer membrane protein, and a two-
component heavy metal sensor kinase and response regulator.
Basim et al. (1) reported that for X. campestris pv. vesicatoria,
disruption of cinA (ORF5) resulted in a partial loss of copper
resistance, while disruption of the sensor kinase gene (ORF1),
a multicopper oxidase gene (ORF4), or the TolC family outer
membrane factor gene (ORF3) had a much greater effect.
These results suggest an as yet undefined accessory role for
CinA homologs in copper homeostasis. However, the finding
that CinA homologs are most often associated with a CopA
multicopper oxidase suggests a possible role in electron transfer.

In this report, we demonstrate that contrary to its database
annotation, P. putida CinQ is an NADPH-dependent pre-Q0

reductase, not a GTP cyclohydrolase I. The activity of this
protein is similar to that of the B. subtilis QueF protein, whose
gene is colocalized in a cluster of genes involved in the bio-
synthesis of the hypermodified tRNA base queuosine (29, 39).
Queuosine is found in the wobble position of several tRNAs
and is known to prevent the readthrough of the stop codon
UAG by tRNATyr (2, 11), but it does not seem to have a major
influence on the translational efficiency of tRNA (7). A lack of
queuosine was also found to strongly reduce the virulence of
Shigella flexneri, possibly altering the efficiency of translation

of the virF-encoded transcription activator of the AraC family
(7). In contrast, E. coli mutants lacking queuosine exhibit re-
duced survival in stationary phase when competing with the
isogenic wild-type strain (28) but are otherwise indistinguish-
able from the wild type.

While conversion of pre-Q0 to pre-Q1 was readily observed
with CinQ, analysis of the reactions revealed the formation of
a second product as well. Using LC-MS analysis and carrying
out the reaction in 18O-labeled water or reducing the product
mixture with NaBH4 or NaBD4, the product was assigned
tentatively as a 7-deazaguanine-7-aldehyde. The pyridine nu-
cleotide-dependent reduction of pre-Q0 presumably occurs in
two half-reactions, one where the nitrile is reduced to an imine

TABLE 3. CinA homologues in selected genomes

Bacterium ORFa NCBI accession no.

Roseovarius nubinhibens
ISM 334

CinA ZP_00958990
CopA ZP_00958992.1
CopB ZP_00958993.1
CopR ZP_00958995.1
CopS ZP_00958994.1

Alcanivorax borkumensis
SK2

CinA YP_693084
CopA YP_693083.1
CopB YP_693082.1
CopR YP_693085.1
CopS YP_693086.1

Sulfitobacter sp. strain
NAS-14.1

CinA ZP_00964732
CopA ZP_00964730.1
CopB ZP_00964731.1
ORF4 ZP_00964733.1
CinA ZP_00963604
CopA ZP_00963605.1
TolC ZP_00963606.1

Fulvimarina pelagi
HTCC2506

CinA ZP_01440306
CopA ZP_01440305.1
TolC ZP_01440304.1
CinA ZP_01440770
CopA ZP_01440771.1
TolC ZP_01440772.1

Agrobacterium tumefaciens
strain C58

CinA NP_534476.1
CopA NP_534477.1
TolC NP_534478.1

Sinorhizobium meliloti
1021

CinA NP_384693
CopA NP_384692.1
TolC NP_384691
CinA NP_435810.1
CopA NP_435809.1
TolC NP_435808.1

Hahella chejuensis KCTC
2396

CinA YP_434213
CusA YP_434212.1
CusB YP_434211.1
CusC YP_434210.1

Xanthomonas campestris CinA AAP42068.1
pv. vesicatoria CopA AAP42069

TolC AAP42070
CopR AAP42072
CopS AAP42071

a CinA homologues and adjacent ORFs potentially involved in copper ho-
meostasis in selected genomes.
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and the second where the imine is reduced to the amine of
pre-Q1. Escape of the imine from the active site into bulk
solvent could lead to conversion to the observed aldehyde.
Recent homology modeling (35) suggested that B. subtilis
QueF is a homodecameric protein with active sites located at
intersubunit interfaces. It is possible that the affinity tag that
was used in our studies to facilitate purification of CinQ inter-
feres with the native quaternary structure of this protein and
leads to the diffusion of intermediates from the active site.

A link between copper and tRNA modification is novel. The
presence of CinQ in a copper-induced system was found only
for pseudomonads. CinQ is upregulated sevenfold in P. aerugi-
nosa PAO1 in copper-adapted cells (36). Several lines of evi-
dence prompted us to hypothesize a possible role for CinQ as
a regulator of biofilm formation. Environmental stresses are
known to induce the expression of resistance factors. Copper
enhances the production of the exopolysaccharide (EPS) algi-
nate in P. syringae (17), and EPSs are known to contribute to
metal resistance by a mechanism involving chelation (25). Kazy
et al. (16) also reported that a copper-resistant strain of P.
aeruginosa was found to adsorb more copper in its EPS than a
copper-sensitive strain did. Furthermore, a homolog of pre-Q0

reductase (cinQ) from P. chlororaphis PCL1391 (ippA; NCBI
accession number DQ339483) was reported to induce phena-
zine production. Phenazines were recently shown to be in-
volved in biofilm formation by Pseudomonas chlororaphis (au-
reofaciens) strain 30-84 (19). The expression of a pre-Q0

reductase gene during copper stress could therefore be linked
to copper tolerance of the organism; however, a more precise
link between tRNA modification and copper must await more
detailed analysis of the physiological role(s) of queuosine.

Further studies regarding the roles of cinA and cinQ in
biofilm formation, copper resistance, and copper accumulation
in the biofilm matrix are currently in progress in our labora-
tory.
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Abstract 

Pseudomonas putida KT2440 activates transcription of the cinAQ operon when 

challenged with copper. CinA is a putative copper containing periplasmic electron 

shuttle. CinQ is a nitrile oxidoreductase involved in biosynthesis of the nucleotide 

queuosine, which is found in the wobble position of several tRNAs. Transcription of 

cinAQ was shown to be under the control of the two component system CinS-CinR. CinS 

is a histidine kinase, with a sensor domain located in the periplasm. CinR is the cognate 

response regulator that activates transcription of specific target genes upon 

phosphorylation by CinS. The CinS-CinR two component system was shown to be 

responsive to 0.5 µM copper and was specifically activated only by copper and silver, 

and not by other metals tested.  Modeling studies of CinS identified a potential copper 

binding site containing H37 and H147. Other conserved residues in the periplasmic 

domain of CinS were identified by sequence alignment. Site-directed mutagenesis was 

used to generate CinS mutants that were tested for their ability to activate the cinAQ 

promoter in presence of Cu. CinS mutant H37R and H147R had an almost 10 fold 

reduced copper dependent induction compared to the wild-type. Mutations in other 

conserved histidines in the periplasmic domain of CinS did not alter its ability to activate 

cinAQ promoter after addition of Cu. 
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Two component systems are widely used by bacteria to regulate gene expression 

in response to environmental stimuli. The typical prokaryotic two component system 

(TCS) is constituted by a usually membrane-bound, Histidine Kinase (HK) and by a 

Response Regulator (RR). Canonical HKs contain a variable sensing domain and a 

conserved kinase domain. Upon sensing a stimulus, the HK autophosphorylates at a 

conserved histidine, and then influences gene expression by phosphorylating its cognate 

RR at a conserved aspartate. HKs are homodimers in which each monomer 

phosphorylates the conserved histidine in the kinase core of the other monomer (for a 

Review see Stock et al., 2000). Response Regulators are usually DNA binding 

transcription factors, which undergo conformational changes upon phosphorylation that 

alter their affinity for target promoters, activating or repressing downstream genes. 

The prototypical HK, such as EnvZ, PhoQ, TorS and VirA, contains two 

transmembrane helices and a periplasmic sensory region (Mascher, 2006), in addition to 

the conserved cytoplasmic domains.  The sensory regions have a great deal of sequence 

diversity, reflecting the myriad of signals that are detected by these domains.  The 

mechanisms by which these sensors recognize their stimulus are only understood for a 

few examples (Gerhartz et al., 2003, Reinelt et al., 2003, Pappardo et al, 2003, Kneuper 

et al., 2005) and no metal responsive HK has been characterized.  

 Copper is an essential micronutrient found in most organisms and is used as a 

redox cofactor in many enzymes. However, when present in excess, copper damages the 

cells by metal catalyzed oxidation of proteins and by causing oxidative damage through 

the generation of reactive oxygen species (Avery et al. 1996, Lebedev et al, 2002). Cells 
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have therefore developed systems to detect and respond to copper stress. Several systems 

known in prokaryotes have been characterized, such as the Escherichia coli CopA P-type 

ATPase (Rensing et al, 2000; Fan et al, 2001), CueO multicopper oxidase (Grass and 

Rensing, 2001), the CusCFBA system (Franke et al, 2003), and the Pseudomonas 

syringae CopABCD (Cha and Cooksey, 1991). Both E. coli copA and cueO are regulated 

by CueR, a MerR like activator, while expression of cusCFBA and copABCD systems are 

under the control of copper-responsive two-component systems, CusRS and CopRS 

respectively (Mills et al., 1994; Rouch, 1997; Munson, 2000). Evidence suggests that the 

periplasm is the location in which copper exercises much of its toxic effect, thus bacteria 

necessitate copper protective systems in the periplasm (Macomber et al. 2007). 

Pseudomonas putida is a common saprophytic bacterium found in soil that has 

been well studied for biotechnological purposes (Timmis, 2002). The sequenced genome 

of P. putida KT2440 reveals the presence of several Cu homeostasis systems, including 

homologues to genes encoding two putative P-type ATPases similar to CopA of E. coli, 

two homologs to the P. syringae CopA multicopper oxidases and CopB outer membrane 

factors, and a CusCBAF system similar to E. coli CusCFBA (Canovas, 2003). The P. 

putida cinAQ operon is also induced during copper stress.  CinA (NCBI Accession 

number NP_744308) is a member of the azurin- plastocyanin family with high redox 

potential (456 +4 mV) while CinQ  (NP_744309 ) is a nitrile oxidoreductase involved in 

the nucleoside queuosine biosynthetic pathway (Quaranta, 2007). Transcribed divergently 

to cinAQ, the cinRS operon encodes a typical bacterial two component system comprising 
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of a histidine sensor kinase (CinS, NP_744306 ) and a DNA binding response regulator 

(CinR, NP_744307) (Fig 1). 

Although the sequence of the CinS periplasmic region is variable among the 

Pseudomonads and is significantly divergent from the histidine sensor kinase CusS from 

E. coli (Fig. 1), a few residues are conserved between all putative periplasmic copper-

sensing histidine kinases (Fig. 1, Fig. S1). Histidines, methionines and cysteines are 

residues found coordinating copper in the metal binding sites of copper containing 

proteins (Frausto da Silva and Williams, 1991).  Oxygen from aspartate and glutamate 

side chains are also involved in coordination of other soft metals like zinc, and more 

rarely also in the coordination of copper. 

In this study we show that the CinS-CinR TCS is involved specifically in sensing 

copper and silver and in activating transcription of the cinAQ operon. Furthermore, we 

have identified residues likely to be involved in signal sensing in the periplasmic region 

of CinS and in forming a copper dependent molecular switch. 
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Materials and Methods 

Cloning and mutagenesis. All primers used in this study are listed in Table1. The 

cinRS operon (including its promoter and termination region) and the adjacent and 

divergently located cinAQ promoter from P. putida KT2440 were amplified using 

promoters StartL-BamHI and StopU-BamHI and then cloned into pGEM-T® Easy 

(Promega), to obtain pGcin. After sequencing, the construct was digested from pGEM-T 

® Easy using BamH1 and then cloned in pKT2CM-GFP vector (Miller 2000, Maddula 

2008) containing a promoterless lacZ (Fig. 2). Transcription of lacZ, in the resulting 

plasmid pKTcinRS, is under the control of the cinAQ promoter (transcriptional fusion 

PcinAQ::lacZ), permitting the study of the activation of the cinAQ promoter by CinRS 

with a β-galactosidase assay (Miller, 1972). As a control, the cinAQ promoter, and its 

upstream operator region were also cloned into pKT2CM-GFP vector with a similar 

procedure, using primers StartL-BamH1 and cinAQpr-BamH1 in order to obtain 

pKTprom. Also in this plasmid, transcription of lacZ is under the control of the cinAQ 

promoter. 

Mutagenesis of selected amino acids located in the predicted periplasmic region 

of CinS (Fig. 2 and Tab. 2) was performed using Stratagene’s QuickChange® II XL Site-

Directed Mutagenesis Kit, using a PCR product containing the entire cinRS operon and 

cinAQ promoter cloned in pGEM-T Easy (Promega) as a template (pGCin).  Mutations 

were verified by sequencing and each construct was then subcloned into pKT2CM-GFP 

vector (Tab. 2). 
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Stratagene’s QuickChange® II XL Site-Directed Mutagenesis Kit was also used to 

insert a Strep-TagII (WSHPQFEK) between CinS residues D449 and the C-terminal 

R450, to obtain Strep-tagged version of CinS alleles from pKTcinRS, pKT-H37R in 

pKT-H147R and in pKT-H146R/H147R. The template used was the intermediate pGEM-

T containing either the wild type cinS allele (pGcinRS) or containing the same construct 

with a mutagenized cinS allele. Insertion of Strep-tag was verified by sequencing, and 

each construct was then subcloned in pKT2CM-GFP vector. 

Induction assays. Induction assays were performed in P. aeruginosa to reduce the 

possible interference of overlapping copper sensing systems present in P. putida KT2440 

(Canovas, 2003). Plasmids containing the modified cinS alleles were transformed into the 

P. aeruginosa PAO1 derivative transposon mutants PA2810::ISphoA/hah (obtained from 

the University of Washington Genome Center) (Jacobs et al., 2003)  (Tab. 3).  

PAO2810::ISphoA/hah cells carrying the reporter plasmid were grown in minimal salts 

medium  (MM), prepared with no copper and with 20 mM of glucose (Mergeay, 1985), to 

early log phase (OD~ 0.3) at 37° C and then challenged with a0ddition of 0, 0.5 µM, 1 

µM, 5 µM and 10 µM CuSO4. β-galactosidase assays were performed after 45 minutes of 

copper induction, according to Miller (1972). 

For plasmid pTKprom (containing only the promoter region of cinAQ, upstream 

of lacZ), induction experiments were performed as described for pKTcinRS, and the host 

strains used included P. aeruginosa PAO1 derivative transposon mutants 

PA2810::ISphoA/hah and the P. aeruginosa PAO1 CinR deletion mutant 

PAO2809::ISlacZ/hah. 
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Immunoblotting.  To verify the presence of CinS in selected mutant and in the 

wild-type, PAO2810::ISphoA/hah cells carrying the reporter plasmid were grown in LB 

overnight. Cells were harvested by centrifugation, resuspended in buffer (25 mM Tris-

HCl, 100 mM sucrose, pH 8) and lysed by French press at 10,000 psi. The lysate was 

centrifuged at 17,000 g for 40 minutes to remove cell debris. The supernatant was then 

centrifuged at 100,000 g for 1 h. The pellet (containing the cell membranes) was 

resuspended in 4 ml of the same buffer and membranes were homogenized with a 15 ml 

Dounce Tissue Grinder (Wheaton) homogenizer. Protein samples were separated on 

sodium dodecyl sulfate (SDS)-polyacrylamide gels and blotted (SemiDry-Blot; Biometra, 

Göttingen, Germany) onto a polyvinylidene difluoride membrane, at 140 mA for 60 

minutes. Strep-TagII epitopes were subsequently  detected with a horse raddish 

peroxidase. 
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Results and Discussion 

Multiple sequence alignment of CinS homologues (see Fig. 1 and Fig. S1) shows 

that the periplasmic sensing domain is highly variable, but that few residues 

(corresponding to  P. putida KT2440 H37, F38, D42, H147, H149) are always conserved 

among phylogenetically distant bacteria. These residues are also conserved in the 

periplasmic sensing histidine kinase CusS from E. coli W3110, part of the CusR-CusS 

TCS involved in the copper dependent activation of cusCFBA, encoding an efflux system 

that pumps excess copper out of the periplasm. A prediction of the tertiary structure of 

the periplasmic domain of CinS from P. putida KT2440 was generated with Swiss Model 

(Arnold, 2006) using the periplasmic sensor domain of E.coli DcuS (pdb code 1ojg, 

Pappalardo et al., 2003). The model indicated that H37 and H147 were located in two 

distinct helices (Fig 3), but that were in close proximity to each other. H146, along with 

H79, H115, and M 133 and M154 are conserved among all the CinS homologues in 

pseudomonads (Fig. S1), with the exception of a second putative copper sensing histidine 

kinase CusS (NP_747485) from P. putida KT2440.  

In order to investigate a possible role that these residues play in detecting 

presence of copper in the periplasm, the cinRS operon from P. putida KT2440 was cloned 

along with its adjacent and divergently located cinAQ promoter into the pKT2CM-GFP 

vector (Miller 2000, Maddula 2008) (Fig. 2), in order to have transcription of lacZ driven 

by PcinAQ (pKTcinRS, Tab. 1). Site directed mutagenesis was used to mutagenize 

selected residues in CinS. The effect of mutations in CinS could be then evaluated by 

analyzing the transcription of lacZ after activation of the cinAQ promoter. 



 78

Low concentrations of copper induce transcription of cinAQ. For metal 

induction assays, cells were challenged for 45 minutes in presence of 0, 0.5, 1, 5 and 10 

µM CuSO4. CinS (expressed in pKTcinRS) presented an eight fold induction of lacZ at 

0.5 µM Cu, compared to the control with no copper (Tab. 3, Fig. 4A). These data show 

that transcription from PcinAQ is very sensitive to low copper concentrations. Although a 

mathematical comparison of sensitivity of copper induction of the PcinAQ with other 

copper inducible promoters is not possible due to the different experimental setups, 

PcinAQ was activated at concentrations lower than those reported for the CueR 

dependent activation of cueO and copA, and the CusR dependent activation of cusC in E. 

coli (Outten, 2001). The cinAQ promoter therefore could be of interest for utilization in 

Cu bioavailability biosensors (for a review, see Magrisso et al., 2008). Similarly to E. coli 

CopS-CopR (Munson, 2000), the CinS-CinR TCS was also able to detect silver (data not 

shown). 

Activation of the cinAQ promoter by CinR. In PA2810::ISphoA/hah, cinS is 

disrupted by a transposon insertion in position 520, interrupting CinS after the 173 

residues, after the second transmembrane helix. This mutant still has an intact cinR. In 

this strain, CinSKT2440 (CinS from P. putida KT2440) recognizes the copper signal in the 

periplasm and phosphorylates a RR, which in turns activates transcription of cinAQ 

KT2440.  To verify that the transcription of lacZ system was under control of cinRS KT2440, 

the entire promoter cinAQ was cloned into the same vector, yielding pKTprom. When 

transformed into PAO2810::ISphoA/hah (PAO1 CinS mutant), pKTprom showed strong 

induction of lacZ, even in the absence of copper (Tab 4). To see whether the promoter 
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was constitutively activated in the absence of CinR KT2440, or whether CinRPAO   was 

interfering with its activation, pKTprom was transformed into PA2809::ISlacZ/hah 

(PAO1 in which cinR had been disrupted by the transposon insertion). β-galactosidase 

activity was very low (269 Miller units with no copper added) and no copper dependence 

was detected (Tab. 4). These results indicate that phosphorylation of CinRKT2440 upon 

copper detection by CinSKT2440 lead to activation of the cinAQ promoter.  When 

CinRKT2440 was not present (pTKprom), cinAQ transcription was initiated by CinRPAO, in 

a copper independent fashion (Tab. 3). According to this model CinRKT2440 bound to the 

cinAQ promoter regardless of its phosphorylation status, but activated transcription only 

after being phosphorylated by the HK. When the cinAQ promoter was not occupied by 

CinRKT2440, (when pKTprom was transformed in PA2810::ISphoA/hah, background 

containing an intact CinRPAO) then CinRPAO could bind and activate its expression.   

To provide evidence for this model, a pTKcinRS plasmid was mutagenized to 

introduce a point mutation in the putative phosphorylation site of the RR. Sequence 

alignment with known TCS DNA binding RR (not shown) identified Asp51 of 

CinRKT2440 as the possible site of phosphorylation by a HK. The cinR allele carrying 

mutation in Asp51 (plasmid pKTRR-D51N) was assayed in PA2809::ISlacZ/hah (PAO1 

strain with a transposon insertion in cinR) and showed very low lacZ induction that was 

not copper dependent (Tab. 2).  

pKTprom was also assayed in PA2809::ISlacZ/hah to verify whether other metals 

could determine the activation of the cinAQ promoter, in absence of CinR. Of the 

different metals tested, only Zn was able to activate transcription of lacZ. However, the 
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transcriptional regulator that determined the activation of the PcinAQ was not known. P. 

aeruginosa genomes contains putative genes for 63 histidine kinases and 64 response 

regulators (Rodrigue et al., 2000) including a putative CzcRS, which has been shown to 

be  responsive to Zn (Hassan et al. 1999). Furthermore, a correlation between copper and 

zinc resistance has been reported previously for P. aeruginosa PAO1 (Caille et al., 2007). 

The promoter region of cinAQ presents a “cop box” similar to those found in the 

promoters of several copper and silver homeostasis genes (Mills, 1994, Munson 2000). 

Such “cop boxes” are believed to be recognized by the response regulator. A “cop box” is 

also found in the promoter of E. coli W3110 cusCFBA (Franke, 2003). Induction 

experiments using pKTcinRS transformed into an E. coli W3110 background, also 

resulted in a copper dependent activation of cinAQ, but only at higher copper 

concentrations. Induction experiments using an E. coli W3110 ∆cusS background strain 

showed no induction of lacZ in presence of copper,  revealing that cinAQ activation was 

mediated by CusRSE.coli, not CinRSKT2440 (data not shown). 

His37 and His147 are required for copper mediated induction. CinS-H37R 

and CinS-H147R resulted in minimal induction compared to the wild-type CinS at all 

tested copper concentrations (Tab. 3, Fig. 4B,C). These results suggest that H37 and 

H147 may be involved in binding of copper in the periplasmic loop of CinS or in the 

relay of the detection of the environmental stimulus to the cytoplasmic domains of CinS. 

Sequence alignment (Fig. 1, Fig. S1) revealed that both H37 and H147 are always 

conserved among CinS homologues, indicating the importance of these residues, while 

tertiary structure predictions indicate that H37 and H147 are located in close proximity 
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(Fig. 2). The double mutant CinS-H147R/H149R and triple mutant CinS-

H146R/H147R/H149R also presented minimal copper inducibility compared to wild-type 

CinS (Tab. 1). These results confirm that H147 is an essential residue for the function of 

CinS.  

 H146R and H149R mutations do not affect the ability to sense Cu. Sequence 

alignment (Fig. 1, S1) shows that a HHQH cluster (corresponding to residues 146-149 in 

P. putida CinS) is very conserved among the pseudomonads. H146  is conserved mainly 

among the pseudomonads, while H147 and H149 are conserved among more diverse 

groups of bacteria.  

The tertiary structure model indicated that H37 and the HHQH sequence are 

located on two distinct alpha helices (Fig. 2), but are in close proximity.  The proximity 

of these residues in conjunction with the mutagenesis results implies that H37 and H147 

could form a potential copper binding site. Furthermore, the side chains of H146, H149 

and of the conserved F150 are oriented away from the putative copper binding site and 

could play a role in modulating the activation of the HK upon copper binding. However, 

CinS containing a single mutation of H146 to R (CinS-H146R) or of H149 to R (CinS-

H149R) did not present a reduction in copper inducibility of lacZ compared to the wild-

type protein, indicating that mutations in these residues do not affect the ability of the 

periplasmic domain to relay the signal to the cytoplasmatic domains of the sensor kinase. 

Other conserved residues (C18S, H79R, H115R, M133A, and M154A) were also 

mutated and analyzed to examine the effect of such mutation in the ability of CinS to 

elicit activation of the cinAQ promoter. Although all these mutants responded similarly to 
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10 µM of Cu, greater variability was observed in the response to 0.5 and 1 uM of Cu, 

with some mutants being less responsive compared to the Wild-type (H79R and H149) 

and other being more responsive (C18S and H146R) (Tab. 3). C18 is located in the first 

predicted transmembrane region (Fig. 1), while 3D modeling locates H146 and H149 in 

close proximity to the membranes (Fig. 3): mutations in these regions might therefore 

interfere with the modulation of the activation of the cytoplasmic domains of the sensor 

kinase. 

A possible Cu(I) and Ag(I) molecular switch. Tertiary structure predictions of 

the periplasmic region of P .putida CinS shows the residues 146-HHQH-149 at the 

beginning of a helix (Fig. 3). This cluster could form a binding site containing also H37, 

which is predicted to be part of a different helix. The HHQH clusters in CinS homologues 

are always located in close proximity to a conserved phenylalanine (F150 in P. putida 

CinS). 

Sequence alignment shows that one aspartate, D42, is also always conserved, 

while a second aspartate is also always found in close proximity of the HQHH cluster 

(D143 in CinS). Both aspartates are located in sequence proximity to the hypothetical 

copper binding site comprising H37 and 146HHQH150. As oxygens from aspartates and 

glutamates are known ligands for soft metals such as Zn in metalloproteins, we could 

speculate that in the absence of copper, zinc (or another soft metal) occupies the binding 

site, and is coordinated by the two oxygens of the aspartic acid. Once copper is present in 

the periplasm, zinc is displaced, the coordination geometry of the site changes, and this 

elicits the activation of the HK.  The CinS model shows that D143 and D42 are too far 
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away from each other to jointly coordinate a metal, and does not support this model. 

However, when challenged with both Cu and Zn, the presence of 5 uM of Zn could 

reduce the induction of lacZ in by CinS (Fig. 5A). The effective reduction of β-

galactosidase activity might be even greater, since Zn was shown to induce the cinAQ 

promoter (in pTKpromoter), in a CinRS-independent way ( Fig. 5B). 

In conclusion, P. putida KT2440 transcribes cinAQ in presence of copper. We 

have shown here that activation of cinAQ promoter is mediated by the TCS CinS-CinR. 

In the periplasmic domain of CinS, we have identified two histidines H37 and H147 that 

are fundamental to activate the transcription of cinAQ promoter, and we propose that 

these two histidines identify a copper sensing site in the periplasmic domain of 

periplasmic copper sensing histidine kinases. Mutagenic studies, along with tertiary 

structures prediction and multiple sequence analysis support the conclusion that these two 

histidines, corresponding to P. putida KT2440 H37 and H147 are involved in sensing 

copper in the periplasmic copper sensing histidine kinases. 

Bidentate copper coordination is also found in CueR. In this MerR like response 

regulator, Cu (I) is coordinated by thiolate groups from two cysteines, which confer high 

affinity (in the zeptomolar range) and high specificity to copper (Changela et al, 2003). 

Furthermore, the periplasmic copper chaperon CusF was also shown to coordinate 

Cu(I) (Loftin, 2007), since Cu(I) is present in detectable amounts even under aerobic 

conditions in the periplasm. 
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Figure Legends 

Figure 1. Alignment of Pseudomonas putida KT2440 CinS residues 1-190 with CinS 

homologues from other pseudomonads and CusS from Shigella and E. coli. Highlighted 

and with white fonts are the conserved histidines (two of which, H37 and H147 from P. 

putida KT2440 are also identified) in the periplasmic domain. Horizontal bars indicate 

the predicted transmembranes helices of CinS from P. putida KT2440 (prediction from 

HMMTOP server, (Tusnady and Simon, 2001). Other conserved residues are highlighted 

and with black fonts are other conserved residues: level of gray is indicative of the 

percentage of identity. 

 

 

 

 

Figure 2. (A) Cloning strategy: PcinAQ promoter and cinRS TCS cloned upstream of a 

promoterless lacZ in pKT2CM-GFP. Transcription of lacZ is driven by the cinAQ 

promoter. (B) Diagram of the Histidine Kinase CinS with two transmembrane helices and 

a periplasmic sensing domain. Residues in the periplasmic region targeted by site 

directed mutagenesis are labeled. Conserved domains in the cytoplasm are also identified, 

alongside with putative phosphorylation site at the conserved histidine H242. 
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Figure 3. (A) Prediction of tertiary structure of the periplasmic domain of CinS, showing 

the proposed copper binding site with H37 and H147. CinS monomer was modeled using 

SWISS-MODEL Workspace, and using E.coli Dcus as a template. (B) Enlargement of 

H37 and H147 in the putative Cu binding site. 

 

 

Figure 4. β-galactosidase activity (in Miller units) for (A)  pKTcinRS, expressing the 

wild-type CinS ,  and for  the single mutants (B) CinS H37R, and (C) CinS H147R. The 

plasmids were assayed in PA2810:ISphoA/hah, a PAO1 mutant strain with a disrupted 

cinS. Cells were exposed for 45 minutes at varying copper concentrations. (D) Detection 

of CinS from isolated membranes extracts via Western Blot using the Strep Tag epitope.  

 

 

Figure 5. Copper-Zinc competition assay: β-galactosidase activity (in Miller units) for 

pKTcinRS, expressing the wild-type CinS. The plasmids were assayed in 

PA2810:ISphoA/hah, a PAO1 mutant strain with a disrupted cinS. Cells were grown in 

presence of the indicated metals until they reached O.D.~0.4. (B). Effect of different 

metals in the activation of PcinAQ, measured as lacZ induction in pKTprom: assay was 

performed in PA2809:: ISlacZ/hah 
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Tab. 1 Primers used in this study. 

Primer  Sequencea Restriction Site 
C18S 5’-TGTTCGCCGCCAGCACCGCCACC-3’  
C18S_ant 5’-GGTGGCGGTGCTGGCGGCGAACA-3’  
H37R 5’-GCCAGCGAGCAGCGCTTCGTCGAACTC-3’  
H37R_ant 5’-GAGTTCGACGAAGCGCTGCTCGCTGGC-3’  
H79R 5’-CGATGAACTGAGTCGCCAGGCCGACCTGG-3’  
H79R_ ant 5’-CCAGGTCGGCCTGGCGACTCAGTTCATCG-3’  
H115R 5’-GGCCACCCTGCGTGCGCCAGGCA-3’  
H115R_ ant 5’-TGCCTGGCGCACGCAGGGTGGCC-3’  
M133A 5’-GACACAGGGCGCCGCGCAGTCGCCGCGA-3’  
M133A_ ant 5’-TCGCGGCGACTGCGCGGCGCCCTGTGTC-3’  
H146R 5’-CCTCGACATCACCCGCCACCAGCACTTCC-3’  
H146R_ ant 5’-GGAAGTGCTGGTGGCGGGTGATGTCGAGG-3’  
H147R 5’-CGACATCACCCACCGCCAGCACTTCCTGC-3’  
H147R_ ant 5’-GCAGGAAGTGCTGGCGGTGGGTGATGTCG-3’  
H149R 5’-CCCACCACCAGCGCTTCCTGCAGGG-3’  
H149R_ ant 5’-CCCTGCAGGAAGCGCTGGTGGTGGG-3’  
M154A 5’-GCACTTCCTGCAGGGCGCGCAACGACTGATCTGG-3’  
M154A_ ant 5’-CCAGATCAGTCGTTGCGCGCCCTGCAGGAAGTGC-3’  
H146R_H147R_H149R 5’-CTCGACATCACCCGCCGCCAGCGCTTCCTGCAGGC-3’  
H146R_H147R_ 
   H149R_ant 

5’-GCCCTGCAGGAAGCGCTGGCGGCGGGTGATGTCGAG-3’ 
 

H147R_H149R 5’-ACATCACCCACCGCCAGCGCTTCCTGCAGGG-3’  
H147R_H149R_ ant 5’-CCCTGCAGGAAGCGCTGGCGGTGGGTGATGT-3’  

CinS-StrepTagII 
5’-TGGACCCGATTCGTGATCGAGTTCACTCAAGACTGGAGCCACC  
CGCAGTTCGAAAAA CGGTAATCCTGGGGCGCTTTACGCCCCCAGG-3’  

 

CinS-StreoTagIIRev 
5’-CTGGGGGCGTAAAGCGCCCCAGGATTACCGTTTTTCGAACTGCG  
GGTGGCTCCA GTCTTGAGTGAACTCGATCACGAATCGGGTCCAC -3’ 

 

RR-D51N 5’-ACCTGCTGATCCTCAACGTGATGCTGCCC-3’  
RR-D51N_ ant 5’-GGGCAGCATCACGTTGAGGATCAGCAGGT-3’  
H242R 5’-GGCCGATATCGCCCGCGAGTTACGTACGC-3’  
H242R_ ant 5’-GCGTACGTAACTCGCGGGCGATATCGGCC-3’  
cinAQpr-BamH1 5’-AAAGGATCCTAACTGGCCGGTCTCGCCAT-3’ BamHI 
StartL-BamHI 5’-AAAGGATCCGAATACACAGCAGGATGAGGC-3’ BamHI 
StopU-BamHI 5’-AAAGGATCCTGTACTTCGTCAGCAGCTTGC-3’ BamHI 

 
aBold letters indicate mutated nucleotides. Bold and underlined letters indicate the 
nucleotide sequence used to insert the Strep-TagII (amino acid sequence WSHPQFEK) to 
the C terminus of CinS. Underlined letters indicate restriction sites. Italic letters indicate 
an inserted stop codon. 
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Tab. 2 Bacterial strains and plasmids used in this study. 

Strain or plasmid Relevant Features Reference or source 

Bacterial strains   

Escherichia coli XL-1  Stratagene 

Escherichia coli W3110 Derived from K-12, λ
-
, F

-
 Bachamann, 1996 

Escherichia coli W3110 
∆cusS 

W3110 strain carrying a disrupted cusS. Kanr This study 
Pseudomonas .putida 
KT2440 

 ATCC 47054 

PAO2810::ISphoA/hah  Pseudomonas aeruginosa PAO1 with gene disruption cinS ::Tetr 
University of 
Washinghton  

PAO2809::ISlacZ/hah  Pseudomonas aeruginosa PAO1 with gene disruption cinR ::Tetr. 
University of 
Washinghton  

   

   

Plasmids   

pGEM-T Easy cloaning vector, Ampr Promega 
pKT2CM-GFP  pVS1 replicon, p15a origin or replication, containing a  

BamHI-HindIII fragment carrying a promoterless lacZ gene, Kmr, Cmr, 
lac+, gfp+ 

 
Maddula 2008 

pGcin pGEM-T containing a 2.4 Kb BamHI frament  with cinRS genes and cinAQ 
promoter This study 

pKTcinRS  pTK2CM-GFP containig a 2.4 Kb BamHI frament  with  
cinRS genes and cinAQ promoter that drives expression of lacZ 

This study 
 

pKT-C18S pTKcinRS with cinS mutation C18S This study 
pTK-H37R pTKcinRS with cinS mutation H37R This study 
pKT-H79R pTKcinRS with cinS mutation H79R This study 
pKT-H115R pTKcinRS with cinS mutation H115R This study 
pKT-M133A pTKcinRS with cinS mutation M133R This study 
pKT-H146R pTKcinRS with cinS mutation H146R This study 
pKT-H147R pTKcinRS with cinS mutationH147R This study 
pKT-H146R/H147R/H149R pTKcinRS with cinS mutation H146R, H147R, H149R This study 
pKT-H147R/H149R pTKcinRS with cinS mutation H147R, H149R This study 
pKT-H149R pTKcinRS with cinS mutation H149R This study 
pKT-M154A pTKcinRS with cinS mutation M154A This study 
pKT-RRD51N pTKcinRS with cinR mutationD51N This study 
pKTcinRS-Tag pKTcinRS containing a Strep-TagII at the C terminus of CinS This study 
pTK-H37R-Tag pTK-H37R containing a Strep-TagII at the C terminus of CinS This study 
pKT-H147R-Tag pKT-H147R containing a Strep-TagII at the C terminus of CinS This study 
pKT-H147R/H149R Tag pKT-H147R/H149R containing a Strep-TagII at the C terminus of CinS This study 
pKTprom pTK2CM-GFP containig a 200 bp BamHI fragment with cinAQ promoter 

that drives expression of lacZ 
This study 
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Tab. 3. β-galactosidase assay obtained with different cinSKT2440 alleles in 

PAO2810::ISphoA/hah (cinSPAO transposon mutant). 

  Miller unitsa 

mutant µM of CuSO4 

  0 0.5 1 5 10 

Wild-type CinS 184 ± 8 1554 ± 51 2453 ± 100 6147 ± 435 5610 ± 43 

CinS-C18S 265 ± 40 2316 ± 178 4004 ± 653 5639 ± 346 6357 ± 310 

CinS-H37R 204 ± 15 194 ± 4 215 ± 13 300 ± 19 289 ± 20 

CinS-H79R 212 ± 8 768 ± 50 1300 ± 31 5513 ± 143 6779 ± 129 

CinS-H115R 170 ± 10 1303 ± 144 1841 ± 140 6433 ± 175 6329 ± 189 

CinS-M133A 195 ± 10 1587 ± 79 2334 ± 189 6397 ± 344 6693 ± 267 

CinS-H146R 172 ± 7 2790 ± 233 4550 ± 502 6324 ± 402 6186 ± 267 

CinS-H147R 196 ± 14 166 ± 12 180 ± 11 248 ± 16 219 ± 19 
CinS-H146R/ 
H147R/H149R 311 ± 40 274 ± 40 307 ± 39 314 ± 42 448 ± 58 
CinS-
H147R/H149R 175 ± 11 171 ± 16 184 ± 13 252 ± 22 294 ± 18 

CinS-H149R 188 ± 9 1147 ± 87 1731 ± 107 6840 ± 382 6762 ± 274 

CinS-M154A 192 ± 72 1553 ± 129 2856 ± 310 5717 ± 214 5010 ± 468 

 

a Data are averages of three independent induction experiments, with each experiment 

performed in duplicates. Values are expressed in Miller units with standard deviation. 
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Tab. 4 β-galactosidase assay obtained for CinR D51N and the cinAQ promoter In 

different PAO1 transposon mutants. 

 

  PAO1  
transposon 
background 

Miller unitsa 

mutant µM of CuSO4 

  0 0.5 1 5 10 

                   

pKTRR D51N ∆cinR 376 ± 27 430 ± 11 361 ± 51 359 ± 8 348 ± 10 

                   

                   

pKTprom ∆cinR 269 ± 15 279 ± 33 276 ± 19 289 ± 26 275 ± 24 

  ∆cinS 16043 ± 1158 15663 ± 966 13520 ± 1144 13964 ± 1272 1695 ± 1445 

                  

                                                                                                                                                                                                                 

a Data are averages of three independent induction experiments, with each experiment 

performed in duplicates. Values are expressed in Miller units with standard deviation. 

cinR PAO1 transposon mutant is PAO2809::ISlacZ/hah. cinS PAO1 transposon mutant is 

PAO2810::ISphoA/hah. 
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Fig. 1 
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Fig. 2  
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Fig. 3 
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Fig 4 
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Fig. 5 
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ABSTRACT 

P. aeruginosa  and its derivative mutants in copper homeostasis genes cinA, cinQ and 

cinR were assayed for their susceptibility to copper when grown as biofilm in the MBEC 

device. Surprisingly biofilms of cinA and cinR mutants were shown to have a response 

similar to the wild-type when challenged with different concentrations of copper. Biofilm 

of P. aeruginosa cinQ mutant showed a different response to copper compared to the 

wild-type, presenting higher CFU/peg. Our results suggest a role of cinQ as a biofilm 

copper response regulator. 

 

INTRODUCTION 

 

Most bacteria in the environment are found growing attached to a solid surface and 

associated in communities with other bacteria called biofilms (Watnick and Kolter, 

2000). Biofilms are assemblages of microbes that live embedded in a three dimensional 

structure called biofilm matrix, usually attached to a surface. Most of bacteria that live in 

a natural environment are believed to live in biofilms, and are not freely swimming. 

The biofilm matrix is a complex structure constituted by exopolysaccharides (EPS), 

proteins and nucleic acids. Different species of bacteria can produce different EPS, and 

some species are able to produce more then one type of EPS (Sutherland, 1985, Davey 

and O'toole, 2000). 
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A typical characteristic of biofilms is represented by their enhanced tolerance to 

antibiotics and antimicrobial compounds and to environmental stress (for a review see 

Davey and O'Toole, 2000). Three mechanisms have been proposed to explain the general 

resistance of biofilms to biocidal agents. The first is the barrier proprieties of the slime 

matrix. This mechanism might be more relevant for reactive (bleach) , charged (metals) 

or otherwise large (immunoglobins) antimicrobial agents, that are neutralized or bound 

by the EPS and are effectively diluted to sublethal concentrations before they reach the 

individual bacterial cells within the biofilm. The second protective mechanism could 

involve the physiological state of the cells within the biofilm, with starved and stationary 

phase and dormant zones within the biofilm that are less damaged by the presence of an 

antimicrobial agent. A third mechanism could be the existence of subpopulations of 

resistant phenotypes within the biofilm, which have been referred to as “persisters”. 

Microbial biofilms are responsible for many corrosion processes and infection events in 

animals. Biofilms of staphylococci are responsible for infections in medical implants, for 

endocarditis and plaque buildup; biofilms of P. aeruginosa are thought to have a role in 

the progression of disease in Cystic Fibrosis patients. 

To assess the role of cinA, cinQ, cinR and cinS on the regulation of copper homeostasis 

during biofilm growth, we tested the copper resistance of biofilms from these deletion 

strains of P. aeruginosa using the MBEC Physiology and Genetics (P&A) device 

(Innovotech , Edmonton, Canada). cinA encodes a periplasmic copper protein that is the 

member of the plastocyanin/azurin family that is characterized by high redox potential. 

cinQ encodes a preQo reductase involved in the biosynthesis of the rare nucleotide 
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queuosine. cinR represent, with cinS, a typical two component system formed by a 

response regulator (CinR) and a sensor kinase (CinS), involved in the copper dependent 

activation of cinAQ operon (Quaranta et al., 2007). 

We had proposed that a copper induced gene (cinQ), encoding a preQ0 reductase, might 

play a role regulating biofilm formation in Pseudomonas putida, under copper stress 

(Quaranta et al., 2007). We show here that biofilms of a P. aeruginosa cinQ mutant 

respond differently to copper compared to biofilms of the wild-type. 

 

 

MATERIAL AND METHODS 

 

Biofilms were formed on the surface of pegs using the MBEC PA plates, and following 

the manufacturer instructions. Cells were grown in liquid MSVP (Harrison et al. 2005) 

until they reached ca 107 CFU ml-1. 150 µl of the ca 107 CFU ml-1 were used as an 

inoculum for each well of the MBEC plate, according to manufacturer instructions. The 

plates were incubated at 37°C at 125 rpm at 95% humidity for 12 hours to allow 

formation of biofilm on the plastic pegs. After rinsing with sterilized 0.9% saline, pegs 

were exposed for 2 hours to different concentrations of CuSO4 at 37°C without shaking. 

After metal exposures, pegs were rinsed twice with saline, and cells were harvested from 

the biofilm in MSVP containing 2.5mM DDTC by sonication on hi for 5 minutes using a 

water-bath sonicator. The harvested cells were serially diluted in sterile saline solution 

and spot plated on LB agar plates enriched with 0.001% w/v vitamin B1, to measure the 
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number of viable CFU/peg that survived the copper treatment. CFU were counted after 

24 hours incubation of the LB agar plates at 37°C. 

For each assay, 3 pegs were broken off the lid before the copper treatment to measure the 

number of CFU/peg. To standardize the assays and compare results from different strains, 

only plates that developed biofilms containing ca 107 CFU/peg were analyzed. 

 

RESULTS and DISCUSSION 

The MBEC assay has been extensively used to study biofilms (Harrison et al., 2004; 

Harrison et al., 2005). This device allows counting the number of viable cells in a biofilm 

grown in a very defined and controlled environment.   

A lid containing 96 pegs that fits into a standard microtiter plate is used as a surface for 

the growth of the biofilm. A standard assay also allows for negative controls (with no 

inoculum) and a positive control (with no antimicrobial agent treatment). Pegs in each 

column represent eight replications of a treatment. 

To assay copper sensitivity, the same inoculum was used to grow biofilms on each well 

within a given plate. Biofilms were cultivated for 12 hours, after which they were 

challenged with copper. Wells within a column of a microtiter “challenge” plate were 

inoculated with the same MSVP growth medium added with copper sulfate. Each column 

of the plate was used to test a different concentration of copper. The concentration of 

copper used varied from 0.156 mM to 80mM. 

Biofilms of P. aeruginosa wild-type, cinA and cinR mutants presented a similar response 

after exposure to copper. For the wild-type, the cinA and cinR mutants, lower copper 
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concentrations (0.156, 0.3125, 0.625, 1.25 mM) were more toxic then higher copper 

concentrations (2.5, 5, 10). Exposure to lower concentration of some antimicrobial may 

result in more toxic effects compared to higher concentrations: similar results have also 

been observed by other authors.  A possible explanation could be the result of different 

threshold concentrations that a metal requires in order to elicit a defensive response in the 

target cell. In this case, copper concentrations of 2.5, 5 and 10 mM would induce a 

defensive mechanism in the bacterium that will allow the cells to export, complex the 

metal or reduce its toxicity. Lower concentrations (0.156, 0.3125, 0.625, 1.25 mM) are 

not able to elicit the same concentration dependent response, and therefore results more 

damaging to the cells. 

Biofilms of P. aeruginosa cinQ mutant instead presented a response to copper that was 

different from the response of the wild-type strain. At low copper concentrations, the 

biofilm contained the same order of magnitude of CFU/peg as the control that was not 

challenged with copper, and 20 to 30 fold more viable cells compared to the wild-type. 

At 1.25 mM and higher concentrations of copper, cinQ mutant had biofilms containing 

10 to 20 fold fewer viable cells compared to the wt. These results suggest that P. 

aeruginosa cinQ mutant present a different response when facing a copper challenge, 

compared to the wild-type. 

Disk assays have shown that P. aeruginosa cinQ mutant present the same inhibition 

radius as the wild-type (Quaranta et al., 2007). However the response to copper of this 

mutant when grown in biofilm is very different. Moreover, mutants in other copper 

homeostasis genes (P. aeruginosa cinA mutant and and P. aeruginosa cinR mutant) 
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present greater inhibition radius on disk assays compared to the wild-type (indicating that 

are much more sensitive to copper) (Quaranta et al., 2007; Teitzel et al. 2006) , but 

present very similar response when grown in biofilm. It has already been shown that 

metals toxicity is different between planktonic and biofilm cells (Workentine et al., 

2008). 

This could be caused by a differential activation of genes in cells grown on biofilms 

compared to cells grown on a agar plate; alternatively, a two hour exposure to copper is 

not a long enough to elicit a differential response to the antimicrobial in the mutant 

strains compared to the wild-type. 

cinQ was shown to be induced in presence of copper both in P. putida (Quaranta et al., 

2007) and in P. aeruginosa (Teitzel et al., 2006). Our data supports the hypothesis that 

cinQ is involved in biofilm regulation possibly in response to copper. 

The MBEC assay allows testing of the number of cells that are left in a biofilm grown in 

a peg, after the biofilm has been challenged with an antimicrobial compound. During the 

“challenge” phase (in which the pegs containing the biofilms are immersed in wells 

containing a solution containing copper), cells may be escaping from the biofilm and 

return planktonic to search of a more favorable environment. A similar strategy has been 

observed also in P. fluorescens,: when starved, cells secrete a EPS lyase for consumption 

and for setting cells free from the biofilm to seek better environment (Allison et al., 

1998).  cinQ gene may play a role modulating the release of the cells from the biofilm.  

Previously we showed that CinQ from P. putida KT2440 is a NADPH-dependent preQ0 

reductase induced in presence of copper. preQ0 reductase mediate a critical step in the 
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biosynthesis of the rare nucleotide queuosine, found in the wobble position of several 

tRNAs. Queuosine is known to prevent the readthrough of the stop codon UAG by 

tRNAtyr (Bienz and Kubli, 1981). We had proposed a role for cinQ as a regulator of 

biofilm response to copper, controlling transcriptional expression of target genes. A link 

between copper and biofilm has been established: copper has been shown to enhance 

production of the EPS alginate in P. syringae (Kidambi et a., 1995) and EPS represent a 

chelating matrix that provide resistance to metals (Mittelman and Geesey, 1985). 

Alternatively, cinQ mutants might form a biofilm that is more compact versus the wild-

type, and in which fewer cells shed from the biofilm during the rinsing steps of the assay. 

In this case, when biofilms from the cinQ mutant reach the sonication phase they could 

be artificially enriched in the number of cells (fewer cells have been lost during the 

rinsing step). However, the number of cells in the control row (with no copper challenge), 

suggests that an enrichment has not occurred, and that cinQ biofilms shed fewer cells 

during the challenge step compared to the wild-type. P. aeruginosa cinQ mutant present 

therefore an impaired response to copper when grown in biofilm, suggesting a role for the 

preQ0 reductase CinQ in the modulation of the release of cells from the biofilm. 
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Fig 1.  Killing of P. aeruginosa cell populations by copper. Four different strains of P. 

aeruginosa (wild-type, cinA, cinQ, cinR mutant) were grown and assayed independently. 

Biofilms were exposed to Cu2+ for 2 hours and then disrupted by sonication and plated 

for viable cell counts.  
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