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Abstract: P. aeruginosa is an opportunistic pathogen and a major cause of hospital 

acquired infections and severe chronic infections in endocarditis and cystic fibrosis (CF) 

patients. During such infections, it encounters elevated levels of Ca
2+

. Ca
2+ 

regulates gene 

expression, physiology, and production of several virulence factors, thereby, enhancing 

adaptability and virulence of P. aeruginosa. This indicates signaling role of Ca
2+ 

in P. 

aeruginosa, however, molecular mechanisms involved in Ca
2+

 regulation are yet 

unknown. In eukaryotes, Ca
2+

 is a well established intracellular signal regulating essential 

cellular processes. We aim to characterize the molecular mechanisms involved in Ca
2+ 

regulation and ultimately test the intracellular signaling role of Ca
2+ 

in P. aeruginosa. Our 

studies established that P. aeruginosa maintains submicromolar level of intracellular Ca
2+

 

([Ca
2+

]in), which transiently increases in response to external Ca
2+ 

. We determined that 

Ca
2+ 

homeostasis is maintained by multiple transporters and putative Ca
2+

 binding 

proteins, and that P. aeruginosa responds to Ca
2+ 

by using a two-component regulatory 

system CarSR, which regulates the expression of genes encoding putative Ca
2+ 

binding 

proteins. These proteins contribute to the maintenance of intracellular Ca
2+ 

homeostasis, 

which, in turn, plays an important role in Ca
2+

 regulation of physiology and virulence. 

Finally, we showed that Ca
2+ 

regulates quorum sensing (QS) signaling in P. aeruginosa 

by affecting the transcription of QS regulatory genes. The ongoing work using Ca
2+

 

transient defective mutant is aiming to provide direct experimental evidence for role of 

Ca
2+

 as a secondary messenger. 
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PREFACE 

Dissertation overview 

            P. aeruginosa is an opportunistic pathogen causing severe acute and chronic 

infections. As one of the leading pathogens infecting hospitalized and 

immunocompromised individuals, P. aeruginosa poses a serious threat to human health. 

In addition, remarkable ability of this bacterium to adapt and survive in various 

environmental conditions, production of multitude of virulence factors, and extremely 

high antibiotic resistance further aggravates the situation. Consequently, P. aeruginosa 

has attracted a lot of scientific attention in an attempt to understand the regulation of 

bacterial adaptation and virulence. Despite the existing knowledge of the regulatory 

mechanisms, P. aeruginosa still continues to be an invincible pathogen. Therefore, it is of 

high importance to understand the currently unknown signaling pathways regulating the 

adaptation and virulence of P. aeruginosa. This knowledge is necessary for developing 

novel strategies to prevent and treat P. aeruginosa infections. This work aimed to (1) 

establish intracellular Ca
2+

 homeostasis in P. aeruginosa PAO1 and elucidate the 

required mechanisms, (2) identify the molecular mechanisms controlling the Ca
2+ 

regulated phenotypes in PAO1, (3) characterize the interrelationship between quorum 

sensing and Ca
2+ 

signaling, and (4) characterize the role of intracellular Ca
2+

 homeostasis 

in regulating Ca
2+

 induced physiology and virulence. 
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The experimental work is presented in four chapters preceded by a literature review in 

chapter 1: 

Chapter 1 is a literature review on physiology, virulence, adaptability, and antibiotic 

resistance of P. aeruginosa. It also reviews the current understanding on signaling 

mechanisms regulating bacterial physiology and virulence, including Ca
2+ 

regulation. Part 

of this review is published in Cell Calcium 2014, where I have provided an exhaustive 

literature analysis of prokaryotic Ca
2+

 transporters, performed phylogenetic analysis of 

the P-type ATPases and prepared a diagramed model of bacterial Ca
2+

 network. 

Chapter 2 summarizes my first experimental steps towards establishing the role of Ca
2+

 

as a secondary messenger in P. aeruginosa PAO1. This study aims to characterize 

intracellular Ca
2+

 homeostasis, identify the responsible mechanisms, and their role in 

Ca
2+

 dependent physiology. For this, I measured intracellular Ca
2+ 

concentration 

([Ca
2+

]in) in P. aeruginosa PAO1. Further, I predicted Ca
2+ 

transporters and 

characterized their role in maintenance of intracellular Ca
2+

 homeostasis, growth, and 

swarming motility. The results were published in Cell Calcium, 2013. 

 

Chapter 3 identifies the molecular mechanisms regulating Ca
2+ 

induced processes. This 

is a collaborative work with Dr. Michael J. Franklin in Montana State University, 

Bozeman, USA.  This study characterizes transcriptional response of P. aeruginosa 

strains PAO1 and FRD1 to Ca
2+

 and identifies Ca
2+ 

responsive two-component 

regulatory system CarSR and its regulon. My role in this study was to characterize the 

role of CarSR and its regulon in the maintenance of intracellular Ca
2+ 

homeostasis and 

Ca
2+ 

dependent phenotypes. I also supervised work of Michelle King, an undergraduate 
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student at the time, who performed bioinformatic analysis, growth and pyocyanin 

studies. I drafted the manuscript, which has been submitted for publication in Journal of 

Bacteriology. 

Chapter 4 aims to provide direct experimental evidence for the role of Ca
2+

 as a 

secondary messenger. This study investigates the interrelationship between quorum 

sensing (QS) and Ca
2+ 

signaling systems and identifies a Ca
2+

 influx channel that can be 

used to prove the signaling role of Ca
2+

.  I predicted and characterized the role of Ca
2+

 

leak channel in Ca
2+

 influx, Ca
2+

-regulated motility, production of pyocyanin, and 

antibiotic resistance. In addition, I investigated the regulatory effect of Ca
2+ 

on QS 

system and studied the effect of QS molecules on [Ca
2+

]in. 

Chapter 5 describes my contributions to other project. This chapter aimed to identify the 

role of putative calcium-binding protein EfhP in P. aeruginosa virulence, Ca
2+

 dependent 

physiology and intracellular Ca
2+ 

homeostasis. My contribution to this project was to 

measure [Ca
2+

]in in a mutant lacking efhP. The results were published in PLos One in 

2014.
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CHAPTER I 
 

 

BACKGROUND AND HISTORICAL REVIEW 
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Pseudomonas aeruginosa 

The first mentioning of P. aeruginosa infections was reported before the bacterium was 

isolated. Blue green coloration of the surgical wound dressings due to infectious agent was described 

by Sedillot in 1850. The pigment was later extracted and identified as pyocyanin by Fordos (1860). 

Lucke (1862) described the association of blue-green pigment with rod-shaped bacteria (1). In 1882, 

Gessard isolated and characterized the infectious agent in pure culture from cutaneous wounds, which 

was then named Bacillus pyocyaneus (2, 3). Based on the physiological characterization, the 

organism was grouped into the class of Gammaproteobacteria. The bacterium grows optimally at 37 

°C, however, it can also grow well in the temperature range of  25 °C to 42 °C (4, 5). This bacterium 

was given a name of Pseudomonas aeruginosa in 1900 only (3). It is ubiquitous and has been isolated 

from diverse environments like soil and water, as well as from living organisms. Wide distribution of 

this bacterium can be attributed to its minimal nutritional requirements, diverse metabolic 

capabilities, multiple mechanisms of resistance, a large repertoire of virulence factors, and extreme 

adaptability (6). P. aeruginosa is well known for its ability to adhere, form biofilms (7) and thus 

colonize a variety of medically relevant surfaces such as catheters, respiratory therapy equipment, 

antiseptics, soaps, physiotherapy and hydrotherapy pool, contact lenses and lens solution, humidifiers 

and many more.   

P. aeruginosa’s physiological versatility is reflected in its genome. P. aeruginosa strain 

PAO1 is a prototypic wild-type strain isolated from burn wound. The complexity of its 6.26 million 

base pairs (Mbp) genome is comparable to that of a simple eukaryote like Sachharomyces cerevisae; 

it contains 5,570 predicted open reading frames (ORF). Compared to other sequenced bacteria, it 

possesses a high number of regulatory genes (468 genes).  

P. aeruginosa infections 

P. aeruginosa can infect a wide range of hosts, both plants and animals, including humans. P. 

aeruginosa does not belong to a common normal flora. It is an opportunistic pathogen, infecting 
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individuals of all ages with damaged epithelial barrier and/or compromised immunity. When 

epithelial cells are damaged, it predisposes P. aeruginosa for colonizing and causing severe infections 

in patients with burns, open wounds, surgical wounds, urinary catheters, mechanical ventilators, 

endotracheal tubes, and scratched cornea. Initial adhesion of P. aeruginosa to altered epithelial barrier 

allows the direct host-pathogen interactions (8) and triggers the production of virulence factors by the 

pathogen. Over time, P. aeruginosa adapts to the host environment and the infection can progress to 

chronic form. One of the best studied examples of P. aeruginosa chronic infection is lung infection in 

patients with cystic fibrosis (CF). In addition, P. aeruginosa can establish life threatening infections 

in immunocompromised individuals like patients with HIV infection and cancer  (9).  Extensive 

studies on CF lungs infections by P. aeruginosa suggest that chronic infections result from 

inadequate immune response allowing bacteria to persist and damage the host (9). Once established, 

such infections cannot be eradicated from the host, ultimately making P. aeruginosa infections the 

dominant cause of morbidity and mortality in CF patients (10). During transition from acute to 

chronic infection, P. aeruginosa population becomes physiologically diverse in terms of colony 

morphology (11), hypermutability (12), antimicrobial susceptibility (13), and virulence (14). This 

may be caused by regulatory switches or by accumulation of multiple loss-of-function mutations 

targeting different virulence and antibiotic resistance related genes (15, 16)  

P. aeruginosa is also known for causing community- or hospital-acquired infections (9). In 

fact, it is the most frequently isolated nosocomial pathogen. According to the Center for Disease 

Control (CDC) reports in 2013, about 51,000 hospital-acquired P. aeruginosa infections occur in the 

United States each year, which leads to approximately 400 deaths.  The contributing factors include 

poor health status of the patients, high prevalence of the multidrug-resistant (MDR) strains, and prior 

use of broad spectrum antibiotics (17). Most of nosocomial P. aeruginosa infections lead to 

pneumonia (6). According to CDC, multidrug resistant P. aeruginosa infections are considered a 

serious threat in the United States. 
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P. aeruginosa virulence factors 

P. aeruginosa is a challenging pathogen due to its extreme adaptability, multidrug resistance 

and arsenals of virulence factors, which counteract host defense mechanisms and enhance the 

bacterial ability to cause a disease. Major virulence factors in P. aeruginosa are discussed below. 

Type III secretion systems (T3SS) 

 Studies suggest that expression of T3SS is required for P. aeruginosa to cause severe 

systemic infections, which can result in death or relapse despite the appropriate antibiotic therapy (18, 

19). T3SS expression in P. aeruginosa is associated with increased risk of infections, severe and 

systemic disease (18, 20, 21) . T3SS is a complex needle-like machine that injects effector proteins 

directly into the host cell. Its expression is tightly regulated and requires a direct contact with host cell 

and depletion of Ca
2+

 in the growth medium (22, 23). Till date, four T3SS effector proteins have been 

identified in P. aeruginosa; ExoS, ExoT, ExoU, and ExoY. The first two are bifunctional toxins with 

N-terminal GTPase activity and C-terminal ADP-ribosyltransferase activity, both activitiescausing 

the irreversible disruption of host cell actin cytoskeleton. This causes host cell rounding detachment 

from cell matrix, and inhibition of cell migration and phagocytosis, which eventually facilitates P. 

aeruginosa penetration through epithelial barriers. ExoU has phospholipase A2 (PLA2) activity and 

hydrolyzes phospholipids, lysophospholipids, and neutral lipids, resulting in cell membrane damage. 

This causes a rapid loss of plasma membrane integrity and kills host cells. By killing phagocytes and 

destroying epithelial barrier, ExoU possibly promotes bacterial persistence and dissemination (As 

reviewed in(9)). ExoY is a secreted adenylyl cyclase. It elevates the concentration of cAMP in host 

cells and is required for the enhanced expression of Kruppel-like factor KLF6, which is associated 

with the host cell cytotoxicity (24, 25). 

Flagellum and type IV pili 

P. aeruginosa has one polar flagellum and multiple, polar, short type IV pili (TFP). 

Flagellum and TFP are proteinaceous appendages whose structural components are flagellin and 
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pillin respectively. These filamentous structures are a major means of motility. Flagellum provides 

swimming motility to P. aeruginosa by rotating in a corkscrew motion in an aqueous environment. It 

is essential for bacterial chemotaxis (26). Polarly localized pilli undergo reversible assembly and 

disassembly, extend and retract like a grapping hook to allow bacteria to twitch over a solid surface 

(9, 27). In addition, these proteins serve as major adhesins which allow P. aeruginosa attachment to 

host cells and various surfaces, and subsequently  induce host cell signaling and pathogenic events 

(9). During infection, flagellum binds to the basolateral surface of epithelia and elicits the activation 

of the host inflammatory response via Toll-like receptor 5 (TLR5) (26).  P. aeruginosa TFP bind to 

the apical surface of epithelia, cause bacterial aggregation leading to the formation of microcolonies, 

an important step in the early biofilm formation. TFP also function as phage receptors (9, 28). Pillin 

interaction with host epithelial receptor asialo-GM1 initiates rapid epithelial inflammatory responses 

by evoking IL-8 secretion (29). Together, flagellum and TFP facilitates a highly coordinated 

swarming motility on semi solid surfaces, flagellum being the major driver (9, 30).  Swarming 

motility contributes to early stages of biofilm formation, an important factor contributing to P. 

aeruginosa virulence (31). 

Extracellular proteases and lipases 

 Several proteases secreted by P. aeruginosa lead to pathogenic interaction between the 

bacterium and its host. P. aeruginosa produces two extracellular elastases, lasA (Staphyloslysin) and 

lasB (Elastase). These are secreted via type 2 secretion system (T2SS) and  regulated by las and rhl 

regulons of quorum sensing system (32). Together, LasA and LasB are believed to play key roles in 

CF lung infections by destroying elastin and collagen, major components of lung tissues (33-35). P. 

aeruginosa uses LasB, a neutral metalloprotease, to counteract the human immune system by 

degrading or inactivating human immunoglobulins G and A (36, 37), serum α-1 proteinase inhibitor 

(38), complement components (39), and opsonizing lungs surfactant proteins A  and D (40). LasA is a 

serine protease which cleaves a wide range of glycine containing proteins, including proteins required 
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for peptidoglycan stabilization in the cell wall. It has limited elastolytic activity compared to LasB, 

but enhances the elastolytic activity of other elastases including LasB (41, 42). Presence of zinc and 

calcium in the growth medium of P. aeruginosa promotes the production and processing of LasA and 

LasB, which results in increased elastase and proteolytic activities (43). 

 Alkaline protease (AprA) is a zinc metalloprotease secreted by Type I secretion system 

(TISS). AprA can degrade laminin leading to tissue necrosis in P. aeruginosa infections (44). P. 

aeruginosa uses AprA to evade the immune system by degrading cytokines (45, 46) and inhibiting 

neutrophil function (47). Protease IV is another serine protease secreted by P. aeruginosa. It destroys 

the lungs tissue by degrading the host surfactant proteins A, B, and D. It also enables the bacterium to 

evade the immune protective response by degrading complement proteins, immunoglobulins and 

fibrinogen (48).  

P. aeruginosa is known to secrete four extracellular phospholipases C (PLC): PlcA, PlcB, 

PlcH, and PlcN. PLCs degrade the phospholipids such as phosphatidylcholine (PC) and 

phophatidylethanolamine (PE), major components of lung surfactant and human cell membrane, 

respectively. All four PLCs can degrade PC, whereas, only PlcB and PlcA can hydrolyze PE. Besides 

PC and PE, PlcA is shown to hydrolyze phosphoserine. Hydrolysis of phospholipids by PLCs results 

in destruction of host mucus layer and cell membrane. PlcH is hemolytic and cytotoxic and is shown 

to be a virulence determinant in a variety of infection models. PlcH also counteracts the host immune 

response by suppression of neutrophil respiratory burst (49-52). Physiological roles of PlcA, PlcB, 

and PlcN are not well understood. PlcB is shown to be required for chemotaxis of P. aeruginosa 

towards the phospholipids (52). In addition to PLC, P. aeruginosa also produces phospholipase D 

(PldA). PldA hydrolyses a wide variety of lipids found in lung surfactant and host cell membrane 

including glycerophospholipids, PC, PE, phosphatidylglycerol, and phosphoserine. PldA is shown to 

be positively associated with promotion of chronic infection and host cell invasion by P. aeruginosa 

(53). 
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Biofilm 

 Biofilm is a different mode of lifestyle than planktonic growth due to differential gene 

expression resulting in various physiological changes including new metabolic capabilities, enhanced 

chemical tolerance and increased virulence (54). A highly organized community of bacteria in biofilm 

are held together on a surface by self-produced extracellular polymeric substances (EPS) (55, 56). 

EPS is composed  of exopolysaccharides, extracellular DNA (eDNA), lipids, and proteins (57). EPS 

imparts biofilm with stability and characteristic resistance to various physical and chemical factors 

(58, 59). EPS also forms channels that provide a means of communication and supply of nutrients and 

oxygen (60). P. aeruginosa has a remarkable ability to form biofilms on both abiotic and biotic 

surfaces. P. aeruginosa biofilms can survive and persist inside the host for decades due to its ability 

to evade host defense mechanisms and antibiotic therapy. Cells in biofilm can, however, disperse 

from biofilm and return to planktonic mode of growth, which results in recurrence of acute infections. 

Such recurrent infections in CF lungs lead to fatal lungs failure (61-63). Multiple regulatory 

mechanisms such as cyclic di-GMP, quorum sensing, two-component regulatory systems, and sigma 

factors regulate the switch between planktonic and biofilm modes (64-66).  

Pyocyanin 

 Pyocyanin, a blue redox-active toxin, is one of the major virulence factors produced by P. 

aeruginosa. Pyocyanin is associated with several P. aeruginosa infections and is required for full 

virulence of P. aeruginosa during airway infections (67). Once secreted, pyocyanin plays a key role 

in host-pathogen interactions by inducing neutrophil apoptosis (68), ciliary dyskinesia (69), increased 

IL-8 expression (70), and disturbing Ca
2+ 

homeostasis in human lungs epithelia (71).  It also controls 

the colony size, biofilm thickness (72), and eDNA release in P. aeruginosa (73). Pyocyanin 

interaction with molecular oxygen generate reactive oxygen species (ROS), which disturb the redox 

balance in host cells leading to cell injury and death (74). Besides its roles in host cell damage, 
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pyocyanin enhances iron availability to the bacterium by reducing ferric ion
 
in complex with host 

iron-binding protein transferrin (75), which in turn regulates the pycoyanin production  (76). 

Rhamnolipids 

 Rhamnolipid is a biosurfactant produced by P. aeruginosa in stationary growth phase. P. 

aeruginosa produces heterogenous mixture of rhamnolipids, di-rhamnolipid being the major 

component (77, 78). Rhamnolipids have important roles during chronic infection in CF patients where 

they inactivate tracheal cilia so that bacteria avoid ciliary clearance (79, 80). These molecules reduce 

the surface tension, a key requirement for swarming motility (81). Besides, it plays roles in P. 

aeruginosa biofilm formation and dispersal (82-85).   

Other virulence factors 

 Lipopolysaccharides (LPS) are membrane associated antigenic molecules capable of eliciting 

immune response.  LPS excludes external substances from entering the bacterial cell and mediates 

bacterial interaction with antibiotics  (86). P. aeruginosa can modify lipid A portion of LPS in 

response to environmental stimuli like antimicrobials. Lipid A modifications have been associated 

with increased resistance to antibiotics and greater severity of lungs disease (9). 

Exotoxin A (Exo A) is an ADP-ribosyl transferase enzyme, which blocks host protein 

synthesis by inhibition of host elongation factor 2 (EF-2), leading to cell death. Other effects of Exo 

A include reduction of cytokines production and enhanced killing of host cells by apoptosis (87, 88). 

Pyoverdin is a siderophore that sequesters iron from host sources in a process of establishing 

chronic infection. Iron bound pyoverdin also functions as a signaling molecule, leading to 

upregulation of virulence factors like Exo A, endoproteases, and pyoverdin itself (63). 

 Cystic fibrosis transmembrane conductance regulator (CFTR) inhibitory factor (Cif) is a 

recently identified novel virulence factor that causes reduction or loss of CFTR by increasing the 

ubiquitination and lysosomal degradation of CFTR (89, 90). Cif is an epoxide hydrolase (91) with 
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possible role in systemic infection (92). It is secreted via SEC secretion system or outer membrane 

vesicles (OMVs) (91, 93). Cif-mediated reduction of CFTR inhibits bactericidal activity of 

neutrophils and therefore contributes largely to evasion of innate immune responses (94, 95).  

The types of virulence factors and the levels of their production in P. aeruginosa differ 

between acute and chronic infections. Virulence factors like flagellum, TFP, T3SS, extracellular 

enzymes, and Exo A are mostly associated with acute infections. On the other hand, pyocyanin, 

pyoverdin, rhamnolipids, lipid A modifications, and Cif are associated with chronic infections. 

Pseudomonas isolates from chronic infections commonly overproduce exopolysaccharides and more 

readily form biofilms (9). 

Signaling systems in P. aeruginosa 

 P. aeruginosa possesses multiple interconnected signaling systems. These systems intricately 

regulate virulence, persistence, and antimicrobial resistance. Signaling systems detect cellular and 

environmental stimuli and orchestrate the response by triggering the changes in gene expression (63).  

Quorum sensing 

 Quorum sensing (QS) is a cell density dependent mechanism for cell-to-cell communication, 

which enables a coordinated response within the entire bacterial community (96). QS is based on the 

production and detection of chemical signals called autoinducers, whose concentration is proportional 

to cell density. In P. aeruginosa, QS is mediated by three interconnected systems: Las, Rhl, and Pqs. 

Each system has a synthase gene(s) (lasI, rhlI, pqsA-E), synthesizing a specific autoinducer, and a 

corresponding transcriptional regulator (lasR, rhlR, and pqsR), recognizing the specific autoinducer 

molecule and regulating the response. Two of these systems, Las and Rhl, utilize lactones: N-3-oxo-

dodecanoyl homoserine lactone (3-O-C12 HSL) and N-butanoyl homoserine lactone (C4-HSL), 

respectively. Pqs utilizes 2-heptyl-3-hydroxy-4-quinolone (PQS) (97-99). QS regulates the 

transcription of more than 6%  of P. aeruginosa genome, including the genes involved in production 
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and secretion of toxins, extracellular proteases, and other virulence factors (100, 101). These genes 

may be controlled by individual or multiple QS systems. For example, Las system regulates 

production of elastases, ExoA, and AprA; Rhl system regulates production of rhamnolipids  and 

represses assembly and function of T3SS , and PQS system regulates production of pyocyanin (as 

reviewed in (63)). Furthermore, QS contributes to the regulation of various physiological processes 

like biofilm formation and cell differentiation, swarming motility, and cell survival in P. aeruginosa 

(102). Finally, QS serves as a global regulator by regulating general metabolism and is intricately 

connected with other regulatory networks (100). 

Two-component regulatory systems 

 Two component regulatory systems (TCSs) are molecular machineries that are integrated into 

various signaling circuits and enable bacteria to sense and respond to environmental conditions, thus 

providing the means for successful adaptation. A typical TCS consists of a membrane bound histidine 

kinase (HK), which phosphorylates itself as well as a cognate response regulator (RR) in response to 

stimuli. Upon accepting the phosphate group from the HK, RR undergoes conformational changes 

enabling its interactions with downstream targets and commonly resulting in transcriptional 

regulation of multiple genes (103, 104). P. aeruginosa possesses 60 TCSs in its genome, a number 

unusually high compared to other bacteria (103). This large number of TCSs supports the extreme 

adaptability and variable survival strategies of P. aeruginosa. Many TCSs like GacSA, PhoPQ, 

PmrAB, and BfmSR play major role regulating virulence of P. aeruginosa and its interactions with a 

host during infections. GacSA regulates expression of genes involved in infection and biofilm 

formation by regulating small regulatory RNAs RsmZ and RsmY (66). PhoPQ and PmrAB regulate 

antibiotic resistance via lipid A modification as well as expression of virulence factors in response to 

Mg
2+

 limiting conditions. BfmSR regulates Rhl QS system as well as bacterial adaptation and 

virulence during chronic infections in CF lungs (105-110).  
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Cyclic nucleotides 

In P. aeruginosa, cyclic adenosine monophosphate (cAMP) and cyclic diguanylic acid are 

two major cyclic nucleotides playing an intracellular signaling role. cAMP is recognized by several 

transcriptional regulators including the virulence factor regulator (VfR) and a cAMP regulator protein 

(CRP), which regulate the expression of ExoA, TFP, T3SS, and Las QS system. (111-113). On the 

other hand, the production of cAMP is regulated by several factors including interactions with surface 

during adhesion via chemotaxis-like chemosensory (Chp) system (114, 115) and in response to 

various environmental factors via anti-sigma factor MucA controlling the production of 

exopolysaccharide alginate(116, 117).  

Another nucleotide, c-di-GMP, is a secondary messenger in many bacteria, including P. 

aeruginosa. This molecule is synthesized by diguanylate cyclase and hydrolyzed by 

phosphodiesterase activities. 39 genes in P. aeruginosa genome contain diguanylate cyclase 

(GGDEF) domain, or phosphodiesterase EAL-containing domain, or both (118). The intracellular 

level of c-di-GMP is regulated by wsp operon that encodes for a chemotaxis pathway (119). FimX, an 

important protein for TFP formation, degrades c-di-GMP despite the presence of both GGDEF and 

EAL domains. . On the other hand, FimX, requires it’s both domains for correct subcellular 

localization (120, 121). FleQ, a major flagellar regulator, lacks both GGDEF and EAL domains, 

however, still responds to c-di-GMP (122).  

Other signals 

Fairly new secondary signals are ppGpp and pppGpp. These nucleotide molecules 

accumulate inside the cells in response to amino acid starvation, and regulate the transition of 

growing cells to a survival mode (123).  

Pyocyanin and pyoverdin may also be recognized as signaling molecules and regulate gene 

expression in P. aeruginosa. For example, iron-bound form of pyoverdin regulates the expression of 
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regulators PvdS and FpvI, cell surface receptor protein FpvA and the anti-sigma factor FpvR, which 

results in the production of virulence factors pyoverdin, exotoxins, and PrpL endoproteases (124). 

Pyocyanin regulates expression of genes involved in efflux, redox balance and iron acquisition in P. 

aeruginosa. Besides, pyocyanin also regulates expression of PQS QS genes, thus contributing to 

regulating community responses and virulence. Pyocyanin controls expression of many genes via 

transcriptional regulator SoxR, (as reviewed in (63)) which regulates expression of genes involved in 

transport (RND efflux pump mexGHI-opmD and a major facilitator protein) and possible redox 

control (putative monooxygenase) (125) 

Antimicrobial resistance in P. aeruginosa 

 The antibiotic resistance threat (ART) published by CDC (2013) reports isolation of 

clinical strains of P. aeruginosa that are resistant to all antibiotics including aminoglycosides, 

cephalosporin, fluoroquinolones, and carbapenem that are currently used to treat Pseudomonas 

infections. In fact, about 13% (approximately 6,000) of healthcare associated P. aeruginosa infections 

are found multidrug resistant (MDR) every year in the United States. Therefore, P. aeruginosa is 

recognized as a serious threat to public health. Drug-resistant P. aeruginosa infections are associated 

with higher morbidity and mortality, longer hospital stay, and greater need for surgical intervention. 

Multidrug resistance of P. aeruginosa may be caused by multiple mechanisms including intrinsic and 

acquired resistance, both stable and inheritable, and adaptive resistance, which is transient and non-

inheritable (as reviewed in (6)). 

Intrinsic antibiotic resistance in P. aeruginosa is chromosomally encoded and is based on the 

outer membrane impermeability, multidrug efflux pumps, chromosomal β-lactamase AmpC. P. 

aeruginosa outer membrane lacks high permeability porins present in other gram negative bacteria. It 

possesses only low efficiency porins allowing diffusion of small molecules with low efficiency 

compared to high permeability porins. This makes P. aeruginosa membrane less permeable to many 

hydrophobic antibiotics compared to other Gram-negative bacteria hence, providing protection 
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against a variety of antibiotics and antimicrobials (126). Multidrug efflux pumps actively export 

antibiotics from cell, and thus prevent intracellular accumulation of antibiotics to the inhibitory 

concentrations. Resistance-nodulation-division (RND) efflux pumps are the largest family of efflux 

pumps in P. aeruginosa. Its genome encodes for 12 RND pumps (10) that are composed of three main 

components and are responsible for efflux of chemically diverse molecules including lipophilic and 

amphiphilic antibiotics, like β-lactams, chloramphenicol, fluoroquinolones, macrolides, novobiocin, 

sulfonamides, tetracycline, trimethoprim, and aminoglycosides (127, 128). In addition to RND efflux 

systems, P. aeruginosa employs β-lactamase AmpC to hydrolyze and resist effects of β-lactam 

antibiotics. 

Acquired resistance is based on gene transfer and occurrence of mutations. These 

mechanisms stabilize and enhance the intrinsic resistance mechanisms. Horizontal transfer of one or 

multiple antibiotic resistance cassette confers resistance to otherwise effective antibiotics and lead to 

emergence of MDR strains (reviewed in (129)). For example, acquisition of plasmids containing other 

than AmpC β-lactamases expands the range and the level of β-lactam resistance in P. aeruginosa 

(130). Mutations in regulatory genes and antibiotic cellular targets also increase resistance as 

exemplified by mutations in mexZ and DNA gyrase. mexZ is a negative transcriptional regulator, and 

once mutated, it will increase the antibiotic resistance of the organism by de-repressing the 

transcription of mexXY efflux pump responsible for removal of tetracycline, erythromycin, and 

gentamicin(131, 132). DNA gyrase is a target for fluoroquinolones, and therefore mutational 

modifications of the encoding sequence of DNA gyrase prevent binding and therefore increase 

resistance to fluoroquinolones (128, 129). 

Adaptive resistance is a temporary response to environmental conditions. Environmental 

stimuli like antibiotics, biocides, polyamines, pH, anaerobiosis, cations, and carbon sources, or 

association with epithelial surface induce antibiotic resistance by changing gene expression (as 

reviewed in (129)), which collectively increases the resistance of the organism to a variety of 
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stressors. For example, in response to limiting Mg
2+

 conditions, exposure to cationic peptides, 

polymyxin B, or interaction with epithelial cells, the expression of genes responsible for regulating 

and catalyzing lipid A modification is induced. This subsequently shields the bacterial outer 

membrane from the interactions with cationic peptides, and protects the cells from damage (106, 

107).  

Calcium signaling 

Calcium signaling in eukaryotes  

Calcium ions (Ca
2+

) serve as perhaps the most versatile intracellular messenger in eukaryotic 

cells, regulating many cellular processes including cell cycle, transport, motility, gene expression and 

metabolism (133-138).  Cells maintain the intracellular free Ca
2+

 concentration ([Ca
2+

]i) at the level 

10,000-fold lower (10
-7

 nM) than in the extracellular fluid (10
-3

 nM) (138, 139), thus generating a 

steep gradient. This gradient is then utilized by the cells to generate transient changes in [Ca
2+

]i in 

response to various external stimuli.  The transient changes in [Ca
2+

]i serve as informational signals 

relating external stimuli to cellular processes (138). Eukaryotic cells possess several mechanisms to 

maintain the low cytosolic Ca
2+

 levels. Mitochondria and endoplasmic reticulum sequester Ca
2+

. 

There is a number of efflux and influx transport systems that control translocation of Ca
2+ 

within the 

cell, as well as Ca
2+

-binding proteins (CaBPs), small organic anions, ATP, and metabolites that act as 

Ca
2+

 reservoirs or buffers (reviewed in (139-141)). 

Calcium signaling in bacteria 

While the role of Ca
2+

 in eukaryotes has been extensively studied, the role of Ca
2+

 in 

prokaryotes still remains elusive. A large body of evidence suggest that Ca
2+

 affects various bacterial 

physiological processes such as spore formation, chemotaxis, heterocyst differentiation, transport and 

virulence (7, 142-145). Similar to eukaryotes, prokaryotic cells maintain tight control of their 

cytosolic Ca
2+

, at the level of 100-300 nM.(146-149).  Intracellular Ca
2+

 transients are produced in 
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response to nitrogen starvation, environmental stress (148, 150), and metabolites of carbohydrate 

metabolism (151, 152). Moreover, proteomic and transcriptomic analyses in Escherichia coli, 

Bacillus subtilis and Pseudomonas aeruginosa revealed that the expression of hundreds of genes are 

modulated by changes in [Ca
2+

]i in response to elevated external calcium (152-156). The processes 

affected by these changes include swarming, type III secretion (157), polysaccharide production, iron 

acquisition, quinolone signaling and general stress responses (156). These and other findings clearly 

indicate that environmental Ca
2+ 

regulates physiology of prokaryotes. However, the signaling role of 

Ca
2+

i in prokaryotes remains intriguing and indeterminate, and needs to be experimentally confirmed. 

This requires the direct experimental evidences connecting [Ca
2+

]i transients to the regulatory 

outcomes.  

Calcium transporters in bacteria 

Earlier studies of Ca
2+ 

transport in prokaryotes showed that bacteria possess molecular 

mechanisms for both uptake and extrusion of Ca
2+ 

(158-163). It was proposed that Ca
2+ 

enters 

bacterial cells by means of either non-proteinaceous polyhydroxybutyrate-polyphosphate (PHB-PP) 

complexes or Ca
2+ 

channels, and it is extruded by either Ca
2+

-translocating ATPases or 

electrochemical potential driven Ca
2+

 transporters. Several studies (152, 164-166) suggested 

functional redundancy of Ca
2+ 

transporters. The presence of multiple Ca
2+

 transport systems, perhaps, 

is required for maintenance of Ca
2+

homeostasis at different environmental conditions, relating to 

different physiological states. Functional redundancy of Ca
2+

 transporters reflects the physiological 

importance of cellular Ca
2+

 homeostasis. 

Channels 

Sequence analyses and the findings of the effect of eukaryotic Ca
2+ 

channels inhibitors on the 

[Ca
2+

]i suggest that bacteria possess Ca
2+ 

channels. MscL and BsYetJ are the channels that have been 

functionally characterized for their role in Ca
2+ 

transport. A mechanosensitive channel MscL in 

Synechocystis sp. PCC 6803 (166) contributes to translocation of Ca
2+ 

down the concentration 
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gradient in response to membrane depolarization in a temperature dependent manner. An atypical 

Ca
2+ 

leakage channel BsYetJ transports extracellular Ca
2+ 

into the cytoplasm of B. subtilis in a pH 

dependent manner (167). This protein is homologous to the human hBI-1 channel, which mediates 

ER Ca
2+ 

leak into the cytoplasm. BsYetJ forms a transmembrane pore, which transiently interacts 

with Ca
2+

 during its transport into the cytoplasm.
 
 

ATPases 

Ca
2+ 

ATPases are mostly high-affinity Ca
2+ 

pumps that export the cation
 
from the cytosol to 

the extracellular environment by using the energy stored in ATP. Two types of ATPase (P- and F-) 

have been shown to play role in ATP-dependent Ca
2+

 flux in bacteria and archaea. P-type ATPases 

form a transient phosphorylated intermediate upon hydrolyzing ATP and thus released energy is used 

to translocate cations across the membrane (168). Few bacterial P-type ATPases have been 

characterized for their role in either Ca
2+ 

translocation or Ca
2+

-dependent phosphorylation. PMA1 

from Synechocystis and Cda from Flavobacterium odoratum showed vanadate-sensitive Ca
2+

-

dependent phosphorylation. Based on sequence analysis, PMA1 appears to be closely related to 

eukaryotic sarcoplasmic reticulum Ca
2+

 ATPases (SERCA) whereas Cda lacks sequence similarity 

with other P-type ATPases and is proposed to be a new class of ATP-ases closely related to F-type 

ATPases (169, 170) (171). Two P-type ATPases from Listeria monocytogenes, LMCA1 and a 

LM0818 are structurally and functionally similar to each other as well as to eukaryotic SERCA 

ATPases (172). LMCA1, however, exhibited different biochemistry including low Ca
2+

 affinity and 

the ability to counter-transport 1 H
+ 

in per
 
1 Ca

2+ 
out by electrogenic mechanism (173). Other 

characterized bacterial P-type ATPases include CaxP from Streptococcus pneumonia (145). YloB 

from B. subtilis (174), and PacL from Synechococcus sp. (175).  The mutants lacking caxP, but not 

yloB accumulated intracellular Ca
2+

. F-type ATPases or ATP synthases are known to reversibly 

phosphorylate ADP at the expense of the transmembrane electrochemical gradient of, most 

commonly, protons.  So far, only one example of F-type ATPase, β-subunit AtpD in E. coli, has been 
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shown to be required for Ca
2+ 

efflux in bacteria (152), which is most likely due to its role in ATP 

synthesis. 

Electrochemical potential driven transporters 

Electrochemical potential driven Ca
2+

 transporters are mostly low-affinity Ca
2+ 

transport 

systems that use the energy stored in the electrochemical gradient of ions. Depending on the gradient, 

exchangers can operate in both directions (uptake and export) (176). Bacterial Ca
2+ 

exchangers (CAX) 

use H
+
, Na

+
, or PO4

3-
 to translocate Ca

2+ 
across the membrane. Ca

2+
/H

+
 and Ca

2+
/Na

+
 antiporters have 

been identified in a number of bacterial genera and were thought to serve as a major mechanism for 

Ca
2+ 

transport in prokaryotes. Glu and Asp rich Ca
2+

/H
+ 

antiporter (with no name or sequence 

available) from B. subtilis translocates Ca
2+

 in everted membrane vesicles using NADH as an energy 

source and generates membrane potential (177). The electrogenic mechanism of actions was also 

shown for several other Ca
2+

/H
+ 

exchangers (178, 179), probable Ca
2+

/Na
+
 antiporter (158), as well as 

Ca
2+

/PO4
3-

/H
+ 

symporter (180). Several studies have shown that Ca
2+

 exchangers (CAX) differ in ion 

specificity. For example, YftkE (designated as ChaA) from B. subtilis as well as ApCAX and 

SynCAX from cyanobacteria are Ca
2+

-specific (178, 181), whereas ChaA from E. coli, in addition to 

Ca
2+

/H
+
, exhibits Na

+
/H

+
 and K

+
/H

+
 antiport activity (165, 182). Major facilitator superfamily (MFS) 

transporter, LmrP from Lactobacillus lactis is an unique Ca
2+ 

transporter and belongs to multidrug 

transporters known to mediate the extrusion of structurally different molecules, and exports 

monovalent cationic ethidium (183). In addition, LmrP selectively binds Ca
2+ 

and Ba
2+ 

and efflux Ca
2+ 

via electrogenic exchange (antiport) with three or more protons (184). Specific inorganic phosphate 

(Pi) transporting systems (PitB in E.coli) also translocate Ca
2+ 

(as well as other divalent ions) in the 

form of neutral metal phosphate complex MeHPO4. Identification of several other metal phosphate 

symporters translocating divalent cations in different bacteria (185, 186) suggests that they may serve 

as a general mechanism of co-translocating Pi and divalent cations including Ca
2+

.  
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Role of calcium in Pseudomonas aeruginosa physiology 

Ca
2+ 

triggers multiple changes in P. aeruginosa gene expression and protein production. Addition of 

Ca
2+ 

to the growth medium globally affects gene expression in P. aeruginosa (Guragain et.al, 

submitted for publication). Furthermore, Ca
2+

 increases the abundance of proteins involved in iron 

acquisition, quinolone signaling, nitrogen metabolism, and stress responses (7, 156).  On the other 

hand, it was shown that the low levels of Ca
2+

 are required for transcriptional induction of the type 

three secretion system (T3SS) in P. aeruginosa (187). Our previous studies showed that growth at 

elevated Ca
2+ 

leads to the formation of thicker biofilm (7), enhanced antibiotic resistance (Khanam et 

al., in preparation), increased production of alginate, pyocyanin, secreted proteases (7) and 

rhamnolipid (unpublished data). Recent work from our lab has identified a putative Ca
2+ 

binding 

protein EfhP in P. aeruginosa (188). The lack of EfhP changes the abundance of proteins related to 

virulence factors production and stress response at high Ca
2+

. EfhP regulates the production of several 

virulence factors including pyocyanin, alginate, and biofilm, at high Ca
2+

 and is required for Ca
2+ 

induced virulence of P. aeruginosa in plants.   

Overall, these observations suggest the regulatory role of external Ca
2+

 in P. aeruginosa 

physiology and virulence.
 
However, whether intracellular Ca

2+
 plays role as second messenger in P. 

aeruginosa is still unknown. To address this question, it is necessary to characterize the molecular 

mechanisms responsible for intracellular Ca
2+

 homeostasis, identify the systems involved in sensing 

environmental Ca
2+ 

and regulating the responses, and better understand the potential interplay 

between calcium and other intracellular signals. 
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CHAPTER II 
 

 

CALCIUM HOMEOSTASIS IN PSEUDOMONAS AERUGINOSA REQUIRES 

MULTIPLE TRANSPORTERS AND MODULATES SWARMING MOTILITY. 

 

This chapter has been published “M. Guragain, D.L. Lenaburg, F.S. Moore, I. Reutlinger, and 

M. A. Patrauchan. (2013). Calcium homeostasis in Pseudomonas aeruginosa requires multiple 

transporters and modulates swarming motility. Cell Calcium, 54, 350-361” and is included in this 

dissertation with permission from the publisher. (License number: 3687450464671) 

 

Copyright © 2013, Elseiver Ltd. 
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Abstract 

Pseudomonas aeruginosa is an opportunistic human pathogen causing severe acute and 

chronic infections. Earlier we have shown that calcium (Ca
2+

) induces P. aeruginosa 

biofilm formation and production of virulence factors. To enable further studies of the 

regulatory role of Ca
2+

, we characterized Ca
2+

 homeostasis in P. aeruginosa PAO1 cells. 

By using Ca
2+

-binding photoprotein aequorin, we determined that the concentration of 

free intracellular Ca
2+

 ([Ca
2+

]in) is 0.14±0.05 µM. In response to external Ca
2+

, the 

[Ca
2+

]in quickly increased at least 13 fold followed by a multi-phase decline by up to 

73%. Growth at elevated Ca
2+ 

modulated this response. Treatment with inhibitors known 

to affect Ca
2+

 channels, monovalent cations gradient, or P-type and F-type ATPases 

impaired [Ca
2+

]in response, suggesting the importance of the corresponding mechanisms 

in Ca
2+ 

homeostasis. To identify Ca
2+ 

transporters maintaining this homeostasis, 

bioinformatic and LC-MS/MS-based membrane proteomic analyses were used. [Ca
2+

]in 

homeostasis was monitored for seven Ca
2+

-affected and eleven bioinformatically 

predicted transporters by using transposon insertion mutants. Disruption of P-type 

ATPases PA2435, PA3920, and ion exchanger PA2092 significantly impaired Ca
2+ 

homeostasis. The lack of PA3920 and vanadate treatment abolished Ca
2+

- induced 

swarming, suggesting the role of the P-type ATPase in regulating P. aeruginosa response 

to Ca
2+

.  
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Introduction 

Calcium (Ca
2+

) is a well-known signaling molecule that regulates a number of 

essential processes in eukaryotes (139). Abnormalities in cellular Ca
2+

 homeostasis have 

been implicated in many human diseases, including diseases associated with bacterial 

infections, for example, cystic fibrosis (CF) and endocarditis. In addition, Ca
2+ 

plays a 

regulatory role in innate immune response (189), and its intracellular ([Ca
2+

]in) and 

extracellular ([Ca
2+

]ex) concentrations fluctuate in response to inflammation. For example, 

the levels of [Ca
2+

] in pulmonary fluid and nasal secretions of CF patients are increased 

(190, 191). Altogether the evidence suggests that cellular Ca
2+ 

balance in a host may 

provide an environmental cue for opportunistic pathogenic bacteria and trigger their 

virulence. In support, in prokaryotes, Ca
2+ 

has been implicated in various physiological 

processes such as spore formation, motility, cell differentiation, transport, and virulence 

(reviewed in (192)). It has also been shown that Ca
2+

 modulates bacterial gene expression 

(7, 156, 193), suggesting its regulatory role in prokaryotes. Furthermore, there is growing 

evidence that Ca
2+ 

plays a signaling role in prokaryotes, which requires a tight control of 

cellular Ca
2+ 

homeostasis. Several bacteria including Escherichia coli (147), 

Propionibacterium acnes (194), Streptococcus pneumoniae (145) Bacillus subtilis (146) 

and cyanobacteria (148) have been shown to maintain intracellular Ca
2+

 at sub-

micromolar levels, and produce Ca
2+ 

transients in response to environmental and 

physiological conditions (150, 195). Such responses may play a key role in Ca
2+

-

regulated bacterial physiology and virulence, however, the molecular mechanisms of 

bacterial Ca
2+ 

homeostasis have not been well characterized. Several studies suggest that 
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bacteria control their [Ca
2+

]in by using multiple mechanisms of transporting or chelating 

Ca
2+ 

(reviewed in (192)).  

Three major types of Ca
2+

 transport systems have been described in prokaryotes: 

gradient driven Ca
2+

 exchangers, ATP-ases, and non-proteinaceous polyhydroxybutyrate-

polyphosphates (PHB-PP) channels. Ca
2+

 exchangers have been identified in a number of 

bacterial genera and are thought to serve as a major mechanism for Ca
2+ 

transport in 

prokaryotes (176).  They are low-affinity Ca
2+ 

transporters that use the energy stored in 

the electrochemical gradient of ions, and, depending on the gradient, can operate in both 

directions. The specificity of the transporters may vary. For example, YftkE (ChaA) from 

B. subtilis (181) as well as ApCAX and SynCAX from cyanobacteria (178) are Ca
2+

- 

specific, whereas ChaA from E. coli exhibits Na
+
/H

+
 and K

+
/H

+
 antiport activity in 

addition to Ca
2+

/H
+
 (182).  Ca

2+
 exchangers may also play role in cell sensitivity to Ca

2+
 

and salt tolerance, as exemplified by cyanobacterial ApCAX and SynCAX (178). ATP-

ases are mostly high-affinity pumps that export cations
 
from the cytosol by using the 

energy of ATP. They include P-type and F-type ATPases. Ca
2+

- translocating P-type 

ATPases  belong to P2A and P2B subgroups, as classified in (196). The former are 

similar to mammalian sarco(endo)plasmic reticulum (SERCA) Ca
2+

 pumps exporting 

Ca
2+ 

against steep transmembrane gradients, and the latter are similar to plasma 

membrane (PMCA) calmodulin-binding ATPases. Five characterized prokaryotic P2A-

ATPases include PacL from cyanobacteria (197), LMCA1 from Listeria monocytogenes 

(173), YloB from Bacillus subtilis (198), CaxP from Streptococcus penumoniae (145), 

and PacL from Flavobacterium odoratum (199). Most of them were shown to export Ca
2+ 

in membrane vesicles and proposed to play a role in cell protection against high Ca
2+

.  
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LMCA1 from L. monocytogenes (173) and PacL from F. odoratum (197) were shown to 

undergo Ca
2+

-dependent phosphorylation required to transport Ca
2+

. F-type ATPases, or 

ATP synthases, are known to synthesize ATP at the expense of transmembrane 

electrochemical gradient of protons (most commonly). So far, only one F-type ATPase 

AtpD in E. coli was shown to play role in Ca
2+

 homeostasis, most likely due to its role in 

ATP synthesis (152). Overall, although several prokaryotic gradient- and ATP- driven 

transporters were shown to translocate Ca
2+

 in-vitro, only few were tested for their role in 

cellular Ca
2+ 

homeostasis in-vivo, of which only ion-exchanger SynCAX in Synechocystis 

sp. PCC6803 was shown to play role in cellular Ca
2+ 

efflux (178). The difficulty of 

identifying the roles of Ca
2+ 

transporters in-vivo is likely due to their functional 

redundancy, the molecular basis of which requires further studies.  

Pseudomonas aeruginosa is an opportunistic human pathogen, and a major cause 

of nosocomial infections and severe chronic infections in endocarditis and in CF patients.  

Earlier, we showed that growth at high Ca
2+

 enhances P. aeruginosa biofilm formation 

and induces biosynthesis of several secreted virulence factors including alginate, 

extracellular proteases and pyocyanin (7, 156). However, the molecular mechanisms of 

Ca
2+

 regulation are not defined. To enable studies required to uncover such mechanisms, 

it is necessary to first characterize cellular Ca
2+ 

homeostasis in this organism. Therefore, 

the aim of this work was to measure the intracellular Ca
2+ 

concentration ([Ca
2+

]in) in P. 

aeruginosa cells and characterize its responses to external Ca
2+

. We employed a 

recombinant photoprotein aequorin-based reporter system, which has been successfully 

used to measure [Ca
2+

]in in live prokaryotic cells (146, 152), and to monitor both short- 

and long-term [Ca
2+

]in responses to external Ca
2+ 

transients (146, 147) as well as other 
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environmental and physiological determinants (146, 195).  We also aimed to identify 

Ca
2+ 

transporters that play role in maintaining cellular Ca
2+ 

homeostasis. The strategy 

combined bioinformatic and proteomic approaches, followed by characterization of 

transposon insertion mutants obtained from the University of Washington Genome 

Center. This study presents the first evidence of Ca
2+

 homeostasis in P. aeruginosa and 

identifies several mechanisms and proteins required for maintaining Ca
2+ 

homeostasis 

and regulating Ca
2+

-induced swarming motility. In addition, the results provide a basis 

and excellent tools for further studies of the roles of cellular Ca
2+ 

homeostasis in the 

regulation of Ca
2+

-modulated physiology and virulence of this important human 

pathogen. 

Materials and methods 

Chemicals used in this study are listed in the supplementary information. Primers 

were obtained from Integrated DNA Technologies Inc.  

Bacterial strains, plasmids, and media.   P. aeruginosa strain PAO1, the non-

mucoid strain with genome sequence available was used in the study.  Biofilm minimal 

medium (BMM) was made as described in (7). When required, CaCl2.2H2O was added to 

final concentration of 1 or 5 mM.  For proteomic studies, PAO1 cells were first grown in 

5 ml tubes for 16 h (mid-log), and then used to inoculate (0.1 %) 100 ml fresh medium in 

250 ml flasks. The cultures were grown to mid-log growth phase and harvested by 

centrifugation. Transposon insertion mutants were obtained from the University of 

Washington Two - Allele library and are listed in Table 2.1. The mutants contained either 

ISphoA/hah or ISlacZ/hah insertions with tetracycline resistance cassette that disrupted 

the genes of interest. The mutations were confirmed by two-step PCR: first, transposon 
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flanking primers were used to verify that the target gene is disrupted, and second, 

transposon-specific primers were used to confirm the transposon insertion. The primer 

sequence is available at www.gs.washington.edu. For convenience, the mutants were 

designated as PA:IS, where PA is the identifying number of the disrupted gene from P. 

aeruginosa PAO1 genome (www.pseudomonas.com). 

Sequence analyses. To predict Ca
2+

 transporters in P. aeruginosa PAO1 genome, 

we applied BLASTp sequence alignments, using the National Centre for Biotechnology 

Information (NCBI) non-redundant database (GenBank release 160.1), as well as 

functional domains search using Conserved Domain Database (CDD) and PROSITE. 

Homologous proteins were selected based on at least 25 % identity over the full length of 

amino acid sequence. For phylogenetic analyses, amino acid sequences of the 

functionally characterized transporters of Ca
2+

 and other cations were aligned with P. 

aeruginosa putative Ca
2+

 transporters using ClustalW. Thus obtained multiple sequence 

alignments were then used to build unrooted phylogenetic tree using Neighbor-joining 

algorithm in the MEGA 5.1 software. 

 

 

 

 

 

 



26 
 

Table 2. 1. Protein prediction and identification. Transposon mutants. 

PA 

ORF
a
 

Protein name, 

gene name
b
 

Predicted 

domain(s)
c
 

Best 

characterized 

hit in the nr 

NCBI, 

Accession #, 

Organism, % 

identity
 d
 

Transposon 

mutant 

PW#
e
 

Mutant 

Genotype 

Mutant 

Designat

ed Name 

Fold 

differenc

e in 

abundanc

e in 

response 

to 

calcium
f 

ATP-driven transporters  

PA1429 Probable 

cation 

transporting 

P-Type 

ATPase 

E1-E2 

ATPase 

P-type Na
+
 

ATPase, 

BAF91372.2, 

Exiguobacteri

um 

aurantiacum, 

45% 

PW3596 

PA1429-

E05::ISlacZ

/hah 

PA1429::

IS 

 

PA4825 Probable Mg
2+

 

transport 

ATPase, P-

Type, mgtA 

E1-E2 

ATPase 

Ca
2+

/Mn
2+ 

P-

type ATPase 

PMR1, 

CAB87245, 

Candida 

albicans,  25% 

PW9116 

PA4825-

F12::ISpho

A/hah 

PA4825::

IS 

New 

PA3690 Probable 

metal-

transporting 

P-type 

ATPase 

E1-E2 

ATPase; 

Heavy metal 

associated 

domain 

Cd
2+

 /Zn
2+

 

transporting 

ATPase, 

HMA3 

P0CW78.1, 

Arabidopsis 

thaliana, 32% 

PW7241 

PA3690-

C04::ISlacZ

/hah 

 

PA3690::

IS 

3 

PA1634 K
+
-

transporting 

ATPase, beta 

subunit, kdpB 

E1-E2 

ATPase 

NA PW3911 

PA1634-

E05::ISlacZ

/hah 

PA1634::

IS 

5 

PA2435 Heavy metal 

translocating 

P-type 

E1-E2 

ATPase 

 PW5099 

PA2435-

A02::ISpho

PA2435::

IS 
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ATPase, hmtA A/hah 

PA3920 Probable 

metal 

transporting 

P-type 

ATPase 

E1-E2 

ATPase; 

Heavy-

metal-

associated 

domain 

Cation 

transporting 

ATPase, 

NP_440588, 

44%, 

Synechocystis 

PCC6803, 

44% 

PW7626 

PA3920-

G01::ISpho

A/hah 

PA3920::

IS 

 

PA1549 Probable 

cation-

transporting 

P-type 

ATPase 

E1-E2 

ATPase; 

Heavy-

metal-

associated 

domain 

CtpA, 

AAW66130, 

Rubrivivax 

gelatinosus,  

36% 

PW3788 

PA1549-

G12::ISpho

A/hah 

 

PA1549::

IS 

PA1552 

(New) 

PA5554 Probable 

ATPase 

synthase, beta  

subunit, atpD 

F1 ATP 

synthase 

 

F1F0-ATP 

synthase β 

subunit, 

Q587Q4, 

Acidithiobacill

us ferroxidans, 

77% 

PW10412 

PA5554-

B01::ISlacZ

/hah 

 

PA5554::

IS 

2
 

PA5552 

(3) 

PA5553 

(New) 

PA5555 

(2) 

PA5556 

(New) 

PA5560 

(2) 

 

PA4496 Probable ABC 

transporter, 

substrate 

binding 

subunit 

Substrate 

binding 

component 

Dipeptide 

binding 

protein chain 

A, 1DPP_A, 

E. coli, 50% 

PW8565 

PA4496-

F02::ISpho

A/hah 

 

PA4496::

IS 

ND
 

PA4497 

(0.2) 

PA3400 Hypothetical 

protein 

ABC type 

transporter 

NA PW6735 

PA3400-

PA3400::

IS 

PA3402 

(3) 
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H11::ISpho

A/hah 

Ion gradient driven exchangers  

PA3963 Probable 

Transporter 

Cation 

Efflux 

Superfamily 

 

Zinc 

transporter, 

YiiP, 3H90_A, 

E.coli K-12, 

45% 

PW7707 

PA3963-

E02::ISpho

A/hah 

PA3963::

IS 

 

PA2092 Probable 

major 

facilitator 

superfamily 

transporter 

Major 

Facilitator 

Superfamily 

 

Purine efflux 

pump PbuE, 

Q0GQS6.1, 

Bacillus 

amyloliquefaci

ens, 35% 

PW4602 

PA2092-

F01::ISlacZ

/hah 

 

PA2092::

IS 

 

PA4292 Probable 

Phosphate 

transporter 

PO4
3-

/SO4
2-

 

permease 

 

NA PW8230 

PA4292-

A03::ISpho

A/hah 

PA4294::

IS 

 

PA0397 Probable 

cation efflux 

system protein 

Cation 

efflux 

family 

Znt-like 

transporter 2, 

Q8NEW0.1, 

Homo sapiens, 

27% 

PW1733 

PA0397-

E03::ISlacZ

/hah 

PA0397::

IS 

 

Other transporters  

PA2999 Probable Na
+
-

translocating 

NADH:ubiqui

none 

oxidoreductas

e subunit, 

nqrA 

NADH-

quinone 

reductase 

domain 

Na
+
 

translocating 

NADH 

ubiquinone 

oxidoreductase 

subunit A , 

ZP_08756125.

1, 

Haemophilus 

pittmaniae 

HK85,58% 

PW6021 

PA2999-

D10::ISlac

Z/hah 

 

PA2999::

IS 

5 

PA4614 Probable Large-

conductance 

Mechanosensit

ive channel 

PW8772 PA4614:: 4 
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conductance 

mechanosensit

ive channel, 

mscL 

mechanosen

sitive 

channel 

large, MscL 

chain A, 

3HZQ_A, 

Staphylococcu

s aureus, 36% 

PA4614-

B11::ISpho

A/hah 

 

IS 

PA5167 Dicarboxylic 

acid 

transporter, 

dctP 

Bacterial 

extracellular 

solute 

binding 

 PW9688 

PA5167-

F06::ISpho

A/hah 

PA5167::

IS 

PA5164 

(2) 

PA4016 Hypothetical 

protein 

Membrane 

lipoprotein 

lipid 

attachment 

site 

NA PW7791 

PA4016-

E06::ISpho

A/hah 

PA4106::

IS 

PA4017 

(4) 

a
 Gene identifier in the PAO1 genome available at www. pseudomonas.com. 

b
 As annotated in the PAO1 genome. 

c 
Domains were predicted by the algorithms in CDD and PROSITE. 

d
 The % identity was calculated over the full length of the proteins using transporter 

proteins encoded in PAO1 genome as a query. 

e
 The mutant strain identifier in the UW library of transposon mutants available at 

www.gs.washington.edu. 
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Proteomic analysis. Membrane proteins were isolated by carbonate extraction as 

described in (200). The details are described in supplementary information. Protein 

concentration was determined using the 2D Quant kit (GE Healthcare). LC-MS/MS-

based spectral counting was performed at the OSU Proteomics Facilities using LTQ-

OrbitrapXL mass spectrometer. Proteins were identified using Mascot (v.2.2.2 from 

Matrix Science, Boston, MA, USA) and a database generated by in silico digestion of the 

P. aeruginosa PAO1 proteome predicted from the genome. Search results were validated 

using Scaffold (v.3 from Proteome Software Inc., Portland, OR). Proteins were 

considered identified if the protein probability threshold was greater than 99 % and at 

least three peptides were identified, each with 95 % certainty. 

Expression and reconstitution of aequorin. PAO1 and transposon mutants were 

transformed with pMMB66EH (courtesy of Dr. Delfina Dominguez), carrying aequorin 

(201) and carbenicillin resistance genes, using a heat shock method described in (202). 

The transformants were selected on Luria bertani (LB) agar containing carbenicillin (300 

µg/ml) and, in case of transposon mutants, tetracycline (60 µg /ml) and verified by PCR 

using aequorin specific primers (For: 5’CTTACATCAGACTTCGACAACCCAAG, 

Rev: 5’CGTAGAGCTTCTTAGGGCACAG). Aequorin was expressed and reconstituted 

as described in (147) with modifications. The details are described in supplementary 

information.  

Luminescence measurements and estimation of free intracellular calcium. 

Cells with reconstituted aequorin were aliquoted (100 µl) in 96 well plate (Griener bio 

one, Lumitrack 600) and, when required, treated with inhibitors (2, 4 di-nitrophenol at 

0.5, 1, or 2 mM; LaCl3 at 300 or 600 µM; gramicidin D at 1 or 10 µg/ml; calcimycin at 5 
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µM; or vanadate at 2 mM) for 10 min in the dark at room temperature without shaking. 

Gramicidin D and calcimycin were dissolved in 50 % and 3 % DMSO, respectively. To 

ensure penetration of gramicidin D and calcimycin through the bacterial outer membrane, 

we added 10 µg/ml of compound 48/80, known to permeabilize the outer membrane of 

gram negative bacteria without affecting the cytoplasmic membrane (203). In this case, 

the corresponding amounts of DMSO and 48/80 were used to treat cells as a negative 

control. Luminescence was measured at 25 
0
C using Synergy Mx Multi-Mode Microplate 

Reader (Biotek). To measure the basal level of [Ca
2+

]in, the measurements were recorded 

for 1 min at 4 sec interval, then the cells were challenged with 1 or 5 mM Ca
2+ 

(final 

concentration) injected by using the internal Synergy injectors, mixed for 1 sec, and the 

luminescence was recorded for 20 min at 4-5 sec interval. Injection of buffer alone was 

used as a negative control, and did not cause any significant fluctuations in [Ca
2+

]in.  

[Ca
2+

]in was calculated by using the formula pCa= 0.612 (-log10k) + 3.745, where k is a 

rate constant for luminescence decay (s
-1

) (147). The excel-based template incorporating 

the formula and the aequorin standard curve was generously shared by Dr. Anthony 

Campbell. The results were normalized against the total amount of available aequorin, 

which was estimated by summing the light detected during an entire experiment and the 

light detected during discharge. The discharge was performed by permeabilizing cells 

with 2 % Nonidet 40 (NP40) in the presence of 12.5 mM CaCl2. The luminescence 

released during the discharge was monitored for 5 min at 4-5 sec interval. The estimated 

remaining available aequorin was at least 10 % of the total aequorin, unless mentioned 

otherwise. To control possible cell lysis and aequorin leakage during the procedure, 
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following the luminescence measurements, the cells were collected by centrifugation, and 

luminescence was reported for both the supernatants and the cell pellets resuspended in 

buffer (25 mM HEPES, 1 mM MgCl2, 125 mM NaCl; pH 7.5). The experimental 

conditions reported here were optimized to prevent any significant cell lysis. The 

responses to Ca
2+

 challenges were characterized and validated by using curve fitting 

analysis with IGOR PRO software v.6.3.1.2. (WaveMetrics).  

Results 

P. aeruginosa maintains [Ca
2+

]in homeostasis. To study Ca
2+ 

homeostasis in P. 

aeruginosa PAO1, we first measured the basal level of free intracellular Ca
2+

 ([Ca
2+

]in), 

and then monitored the changes in [Ca
2+

]in in response to externally added 1 and 5 mM 

Ca
2+

. Cells grown at no added Ca
2+ 

(naïve) or 5 mM Ca
2+ 

(induced) were compared. In 

naïve cells, the [Ca
2+

]in was 0.14 ± 0.05 µM (Fig. 2.1.A). The addition of 1 mM Ca
2+ 

caused a 13 fold increase of [Ca
2+

]in to 1.86 ± 0.53 µM within 0.6 min (2.92 µM/min) 

followed by a two-phase decline, validated by the curve fitting analysis. The first, fast, 

phase proceeded at a rate 0.75 µM/min, lasted for ~2 min, and accounted for 38 % of 

[Ca
2+

]in reduction. During the second, slow, phase, [Ca
2+

]in reduced for another 35% to 

0.5 µM at a rate 0.04 µM/min. When the cells were transferred to a fresh buffer 

containing no Ca
2+

, a complete recovery to the basal [Ca
2+

]in level was observed (data not 

shown). We also monitored [Ca
2+

]in for additional 70 min and detected a very slow 

decrease at a rate 1.43 nM/min (data not shown). Considering the minor changes during 

this extended incubation, [Ca
2+

]in was monitored during 21 min in all further experiments. 

Challenging naïve cells with 5 mM Ca
2+ 

caused 28 fold increase in [Ca
2+

]in to 3.93 ± 0.37 

µM within 0.92 min (3.88 µM/min) followed by a multi-phase decrease. First, [Ca
2+

]in 
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dropped similarly to naïve cells by 38 %, but at a lower rate 0.46 µM/min. Then it 

increased to 3.01 ± 0.34 µM and slowly declined to 2.22 µM, showing a total decrease by 

44 %.  

 In induced cells, the basal [Ca
2+

]in was 0.22 ± 0.04 µM, which is 57 % higher than 

in naïve cells (Fig. 2.1.B). Upon exposure to 1 mM Ca
2+

, the induced cells increased their 

[Ca
2+

]in at a rate (3.12 µM/min) similar to naïve cells, but only fivefold (to 1.19 ± 0.11 

µM) and during a shorter period of time (0.3 min). The following decrease proceeded 

with a much lower rate (0.16 µM/min), lasted for ~1.5 min, and accounted for 21 %. In 

contrast to naïve cells, during the second phase, [Ca
2+

]in slowly increased with a rate 0.04 

µM/min to 1.23 ± 0.45 µM. The response to 5 mM Ca
2+ 

in induced cells also showed a 

multi-phase pattern. Although the first rapid increase brought [Ca
2+

]in to a similar to naïve 

cells level (3.66 ± 0.44 µM), it was only 17 fold higher than the basal level. This increase 

occurred very quickly within 0.08 min at a rate 42.62 µM/min. The following decline was 

threefold faster than in naïve cells (1.6 µM/min). The second increase was similar to the 

one in naïve cells elevating [Ca
2+

]in to 2.9 ± 0.45 µM, followed by a decline to 2.13 ± 

0.27 µM with a total decrease by 42 %.  
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Figure 2.1. The effect of externally added Ca
2+

 on [Ca
2+

]in in  P. aeruginosa PAO1. Cells 

were grown in BMM with no added Ca
2+ 

(A) or in the presence of 5 mM Ca
2+

 (B), and 

challenged with of 0 mM (black), 1mM (dark grey), and 5 mM (dash) Ca
2+

. The basal 

level of luminescence was monitored for 1 min. 1 mM or 5 mM CaCl2 was added at the 

time indicated by the arrow, followed by luminescence  for 20 min. Changes in free 

[Ca
2+

]in were calculated as described in the Methods section. The averages of at least 

three independent experiments are plotted. 
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The PAO1 genome contains multiple homologs of Ca
2+

 transporting ATPases 

and gradient driven exchangers. Homology searches in the PAO1 genome 

(www.pseudomonas.com) using amino acid sequences of the characterized prokaryotic 

Ca
2+

 transporters revealed 18 genes encoding different types of transporters (Table 2.1). 

Based on sequence similarity and predicted conserved domains, ten were predicted to 

encode P-, F-type, and ABC-type ATPases, and eight to encode ion exchangers and other 

types of transporters. They include two earlier characterized proteins: heavy metal 

translocating P-type ATPase (PA2435) and dicarboxylic acid transporter (PA5167) (204, 

205). The comparative sequence analyses revealed that seven predicted P-type ATPases 

share 13 - 39 % sequence identity and do not have other paralogs in the PAO1 genome. 

Phylogenetic analysis using functionally characterized prokaryotic P-type ATPases 

showed that the PAO1 proteins can be grouped into four clades, which coincide with ion 

specificity: 1) Ca
2+

 (PA1429); 2) Mg
2+

 (PA4825); 3) K
+
 (PA1634); and 4) Pb

2+
, Cd

2+
, 

Zn
2+

, CO
2+

, Cu
2+

 (PA2435, PA3920, PA1549, and PA3690) (Fig. 2.S1). Further sequence 

comparison revealed that PA1429 together with five prokaryotic Ca
2+

-translocating P-

type ATPases in clade 1 are more closely related to the human Ca
2+

 translocating ATPase 

SERCA than to the human calmodulin-binding ATPase PMCA1 (data not shown). This 

supports their classification into the subgroup of P2A-ATPases (196). Interestingly, clade 

2, including PA4825 and Mg
2+

-translocating MgtB from S. typhimurium, is closely 

related to PMCA1 (data not shown). Furthermore, considering that PA2435 was shown to 

uptake both Cu
2+

 and Zn
2+

 (205), we combined Cu
2+

 and heavy metal- translocating 

proteins into one clade (4). As a result, PA1549, earlier grouped into functionally 

uncharacterized subfamily FUPA27 (206), was clustered with clade 4 proteins, 
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suggesting its possible involvement in translocation of these ions. Other predicted 

transporters have one to four paralogs in the PAO1 genome and share 28 % – 82 % 

amino acid sequence identity. All the predicted transporters are conserved among ten 

sequenced pseudomonads and share 19 % – 100 % identity with their corresponding 

homologs.  

Growth at elevated Ca
2+

 alters abundance of PAO1 membrane proteins. The 

modulated [Ca
2+

]in response in Ca
2+ 

induced cells suggested the involvement of 

transporters, whose expression is affected by Ca
2+

. To identify such transporters, 

membrane proteins from PAO1 cells grown at no added or 5 mM Ca
2+ 

were extracted and 

subjected to LC-MS/MS spectral counting - based comparative analyses. In total, about 

500 proteins were identified, of which more than 80 % were transmembrane or 

membrane-associated proteins. These included seven bioinformatically predicted putative 

Ca
2+ 

transporters, and ten proteins encoded within the same apparent operons (Table 2.1). 

To estimate the effect of Ca
2+

, for every protein we calculated a ratio of the total number 

of fragmentation spectra that map to the peptides of the protein in the samples collected 

at 5 mM vs. no added Ca
2+

. The results suggest that six predicted Ca
2+ 

transporters 

(shown in bold in Table 2.1) increased abundance at least twofold in response to growth 

at elevated Ca
2+

. Considering that apparent operonic genes may have similar expression 

profile, the results also suggest Ca
2+ 

induction for PA3400, PA5167, PA4016, and 

PA1549. However, PA4496 and PA4497 showed decreased abundance in response to 5 

mM Ca
2+

.  
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Figure 2.S1. phylogenetic analysis of P-type ATPases. The unrooted neighbor-joining 

tree was calculated using MEGA5.1 software from the ClustalW alignment of the amino 

acid sequences of seven predicted P-type ATPases from P. aeruginosa PAO1 (PA1429, 

PA4825, PA1634, PA3920, PA1549, PA2435, and PA3690) and characterized P-type 

ATPases: LMCA1, Q8Y8Q5.1; YloB, NP_389448.1; PacL, S36742; PacL, 

Ca
2

+

 

Mg
2+

 

K
+

 

Pb
2+

/Zn
2+

/Cd
2+

/Co
2+

/ Cu
2+
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NP_441217.1; CaxP, YP_001836255.1; KdpB, NP_415225.1; ZntA, NP_417926.1; 

SERCA, NP_775293.1; PMCA1, NP_001001331.1; MgtB, NP_462662.1; CopA, 

Q8RNP6; CopA, NP_069309.1; CopA, YP_488775.1; YvgW, YP_006631457.1; PbrA, 

YP_145622.1. NCBI accession numbers are provided. The letter “G” represents the 

group number designated based on the [Ca2+]in profile. The cations transported by the 

characterized ATPases are shown next to the respective cluster. 
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Ca
2+

 homeostasis in PAO1 involves multiple transporters of different types. 

To study the role of the predicted transporters in Ca
2+ 

homeostasis, we obtained 18 

mutants, each with one predicted transporter encoding gene disrupted with either 

ISphoA/hah or ISlacZ/hah transposon insertion. The mutants were monitored for their 

[Ca
2+

]in response to 1 mM Ca
2+

 and compared to the wild type (WT) PAO1 cells. Based 

on the results they were grouped into four groups (Fig 2.2). Group I (four mutants) 

showed the initial rapid increase in [Ca
2+

]in at least twofold higher than in WT cells 

followed by the recovery to approximately the WT level [Ca
2+

]in. Group II (five mutants) 

failed the recovery to the WT level [Ca
2+

]in during 21 min monitoring, and had the 

remaining [Ca
2+

]in at the levels at least twofold higher than in PAO1 cells. Group III (four 

mutants) showed two peaks of [Ca
2+

]in increase and the remaining [Ca
2+

]in at the level at 

least twofold higher than in WT cells. The [Ca
2+

]in changes less than twofold vs. PAO1 

were considered not significant (five mutants in group IV). 

Among the ten examined mutants with disrupted putative ATP-ases, seven 

showed significant changes in [Ca
2+

]in response (Fig 2.2.A). They included mutants 

lacking six P-type ATPases: PA3690, PA4825 (Group I), PA1429, PA1549 (Group II), 

PA2435, PA3920 (Group III), and ABC transporter PA3400 (Group II). The group III 

mutants showed the most drastic changes in [Ca
2+

]in response, and together with PA1549-

lacking mutant failed to significantly decrease the elevated [Ca
2+

]in. The remaining three 

ATP-ases: P-type PA1634, F-type PA5554, and ABC transporter PA4496 showed no role 

in maintaining [Ca
2+

]in homeostasis (Group IV). Among the eight tested putative ion 

exchangers and other transporters, disruption of six showed significant changes in 

[Ca
2+

]in response (Fig. 2.2.B). They included: three ion exchangers PA3963, PA4292 
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(Group I), and PA2092 (Group III), dicarboxylic acid transporter PA5167, hypothetical 

protein PA4016 (Group II), and mechanosensitive channel PA4614 (Group III). Among 

these proteins, the most significant effect was observed for the mutant lacking a major 

facilitator type transporter PA2092, that was unable to reduce [Ca
2+

]in after the initial 

increase. Ion exchanger PA0397 and probable Na
+ 

translocating oxidoreductase PA2999 

showed no role in Ca
2+ 

homeostasis. 

Multiple mechanisms are involved in Ca
2+

 homeostasis in PAO1.  To identify 

the role of different types of transporters in Ca
2+

 homeostasis and better understand the 

mutants [Ca
2+

]in profiles, we examined the effect of several inhibitors specifically 

affecting different mechanisms associated with ion transport, on the maintenance of 

[Ca
2+

]in. For this, PAO1 cells were treated with the selected inhibitors and monitored for 

their [Ca
2+

]in response to 1 mM Ca
2+

. First, calcimycin, a Ca
2+

 ionophore known to carry 

Ca
2+

 into the cells (207), was used to test the response of PAO1 cells to Ca
2+

 influx (Fig. 

2.3.A). Treatment with 5 µM calcimycin caused a rapid (36 µM/min) uptake of Ca
2+ 

and 

increase of [Ca
2+

]in to 9.54 ± 0.15 µM followed by an immediate but slower (4.1 µM/min) 

decline to 2.36 ± 0.33  µM. The second increase in [Ca
2+

]in , although appearing 4 min 

earlier than in the DMSO control, is most likely due to the presence of DMSO (used to 

dissolve calcimycin).  

To test the role of a proton gradient across the cytoplasmic membrane and 

intracellular ATP in [Ca
2+

]in response, 2,4-Dinitrophenol (DNP), a proton ionophore 

known to disrupt a proton gradient and uncouple oxidative phosphorylation (152), was 

used (Fig. 2.3.B). 
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Group II Group IV 
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B. 

Group I Group III 
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Group II Group IV 

  

  

Figure 2.2. Free [Ca
2+

]in  profiles of transposon mutants with disrupted ATP-dependent 

transporters (A) or ion exchange transporters (B).  The mutants were obtained from the 

University of Washington Two - Allele library. Cells were grown in BMM media with no 

added Ca
2+

. The basal level of luminescence was monitored for 1 min. 1 mM CaCl2 was 

added at the time indicated by the arrow, followed by luminescence measurements for 20 

min. Changes in free [Ca
2+

]in were calculated as described in the Methods section. PA 

numbers represent the open reading frames in PAO1 genome. Black, PAO1 wild type; 

grey, transposon mutant. The data is an average of at least three independent experiments. 

Upward and downward arrows indicate that the protein abundance was increased and 

decreased, correspondingly, during growth at 5 mM CaCl2. 
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In a concentration dependent manner, DNP caused a second peak of [Ca
2+

]in to 

increase, which at higher levels of DNP appeared to merge with the first peak and 

reached 7.28 ± 0.74 µM. This level of [Ca
2+

]in was reached at the rate of 22 fold slower 

than in calcimycin-treated cells, and was followed by a 32 % decrease. The remaining 

[Ca
2+

]in was higher with increasing dose of DNP, and at 2 mM DNP, reached 8.39 ± 1.35 

µM.  

To examine the role of monovalent cation exchangers in PAO1 Ca
2+

 homeostasis, 

gramicidin D treatment was used (Fig. 2.3.C). Gramicidin D is known to form channels 

across the cytoplasmic membrane and dissipate the gradients of H
+
, Na

+
, and K

+ 
(208), 

which may also affect the intracellular ATP pool (209). In a concentration-dependent 

manner, gramicidin D treatment elevated the initial increase in [Ca
2+

]in  up to 9.06 ± 1.15 

µM, which was followed by a decline to 2.49 ± 0.23 µM. The rates of [Ca
2+

]in  increase 

and decrease were at least twofold higher at 10 µg/ml than at 1 µg/ml gramicidin D. The 

[Ca
2+

]in recovery levels were similar in the treated cells and at least fivefold higher than 

in the untreated cells. The effect of gramicidin D on [Ca
2+

]in also included the effect 

caused by DMSO. 

Lanthanum (III) is a Ca
2+

 antagonist, known to block Ca
2+

 channels (210). It may 

also arrest Ca
2+

-binding ATPases in a phosphorylated form and prevent further 

conformational changes required for Ca
2+ 

translocation (211). The effect of LaCl3 on the 

level of [Ca
2+

]in showed two distinct concentration-dependent patterns: a decrease in the 

initial rise in [Ca
2+

]in and appearance of the second peak of [Ca
2+

]in (Fig. 2.3.D). The 

remaining level of Ca
2+

in was at least fivefold higher in the LaCl3 treated cells than in the 

untreated. 
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We also tested the effect of vanadate on Ca
2+ 

homeostasis in PAO1 (Fig. 2.3.E). 

Vanadate is known to inhibit P-type (212) and ABC (213) ATPases, and therefore is 

expected to block Ca
2+  

uptake or efflux mediated by these transporters. Vanadate 

treatment increased the initial rise of [Ca
2+

]in by twofold, and the remaining level of 

[Ca
2+

]in by fourfold.  

Ca
2+ 

homeostasis is not involved in PAO1 tolerance to external Ca
2+

. To 

examine whether the putative Ca
2+ 

transporters play a role in cell tolerance to high Ca
2+

, 

thirteen mutants from groups I - III were grown in the presence of 5 or 100 mM Ca
2+ 

and 

compared to WT. The results showed that at 5 mM Ca
2+

, neither PAO1 nor mutants 

showed any growth defects. Similarly, the addition of 100 mM Ca
2+

, although introduced 

a 13 h lag phase, did not significantly affect growth of the wild type or the mutants (data 

not shown). 

Ca
2+

 homeostasis is involved in regulating
 
Ca

2+
-induced swarming motility in 

PAO1. To determine the role of Ca
2+

 homeostasis in Ca
2+

- induced swarming motility in 

PAO1, the group III mutants with abolished ability to maintain Ca
2+

 homeostasis were 

tested for swarming motility at 5 mM Ca
2+ 

vs. no added Ca
2+ 

(Fig. 2.4. A). The presence 

of Ca
2+ 

induced swarming in PAO1 by sixfold. When this induction was taken as 100 %, 

two mutants PA3920:IS, with disrupted P-type ATPase, and PA2092:IS, with disrupted 

major facilitator protein, showed only 27 % and 67 % of Ca
2+ 

induction, respectively. 

PA2435:IS, with disrupted P-type ATPase, showed no significant difference in 

swarming, and PA4614:IS, with disrupted mechanosensitive channel, swarmed 26 % 

further in the presence of Ca
2+ 

than PAO1. 
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Figure 2.3. Effect of inhibitors on free [Ca
2+

]in in P. aeruginosa PAO1. Cells grown in 

BMM media containing no added Ca
2+ 

were treated with inhibitors for 10 min at room 

temperature. The basal level of luminescence was monitored for 1 min. 1 mM CaCl2 was 

added at the time indicated by the arrow, followed by luminescence measurements for 20 

min. Changes in free [Ca
2+

]in were calculated as described in the Methods section. A. 

Calcimycin. Black, 0 mM; dashed black, 5 µM; small dotted grey, solvent control. B. 

Cells challenged with 2, 4 dinitrophenol. Black, 0mM; grey, 0.5 mM; dashed grey, 1 
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mM; dashed black, 2 mM. C. Gramicidin D. Black, 0 µg/ml; small dotted grey, 1 µg/ml; 

dashed black, 10 µg/ml; and grey, solvent control. Vertical lines on the plots indicate the 

points, at which the remaining available aequorin reached 10 % of the estimated total 

aequorin. D. LaCl3. Black, 0 µM; grey, 300 µM, and dashed black, 600 µM. E.  Vanadate 

(2 mM, pH 7.5). The data were averaged from at least three independent experiments. 
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We also tested the effect of inhibitors targeting P-type and ABC ATPases 

(vanadate), Ca
2+ 

channels (LaCl3), or dissipating H
+
, Na

+
, and K

+ 
gradients (gramicidin 

D) on Ca
2+

-induced swarming motility (Fig. 2.4.B). All three inhibitors reduced the effect 

of Ca
2+

 on swarming. The most significant reduction was observed in the presence of 2 

mM vanadate, where Ca
2+ 

induction reached only 17 % of the induction in untreated 

PAO1. The presence of 10 µg/ml gramicidin D or 600 µM LaCl3 decreased Ca
2+ 

induction by 34% and 63%, respectively. The results for LaCl3 should, however, be taken 

with a caution, since it precipitated during preparation.  
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Figure 2.4. Swarming motility. Cells were grown on swarming agar containing 0 mM or 

5 mM Ca
2+

. A. Group III mutants. B. PAO1 cells. Inhibitors: 2 mM vanadate, 600 µm 

LaCl3, or 10 µg/ml gramicidin D were added to the medium prior to plating. Colony 

diameters were measured, and fold differences (5 mM vs. 0 mM) were calculated using 

the corresponding controls. The percentage of fold changes was calculated considering 

that the fold difference in untreated PAO1 was 100 %. The averages of at least three 

biological replicates were used to calculate the percentage of the fold changes. To avoid 

bias, in case of mutants, colony diameters were first averaged, and then the fold 

differences between the mutants and WT were calculated. The standard deviation 

between replicates was below 10 %. 
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Discussion 

This study establishes that Pseudomonas aeruginosa PAO1, a human pathogen with 

Ca
2+

- induced virulence, maintains free intracellular Ca
2+

 at sub-micromolar level, which 

rapidly increases and slowly restores in response to external Ca
2+

. This process is 

impaired by blocking monovalent cation gradient or modulating Ca
2+ 

uptake, and requires 

several transporters from the superfamilies of P-type ATPases and ion exchangers. These 

proteins will make an excellent tool for studying Ca
2+ 

regulation and signaling in this 

organism. Finally, the study showed the role of Ca
2+

 homeostasis in Ca
2+

- induced 

swarming motility, suggesting its regulatory role in P. aeruginosa response to Ca
2+

. The 

intracellular level of [Ca
2+

]in (0.1 – 0.2 µM) and the magnitude (5-28 fold) of the initial 

response to external Ca
2+ 

(1 - 5 mM) places P. aeruginosa among three other bacteria E. 

coli JM109, Anabaena sp. PCC7120, and B. subtilis (146-148), whose intracellular Ca
2+ 

levels have been characterized. In contrast, Propionibacterium acne, although has a 

similar basal level of [Ca
2+

]in, responds to 1mM Ca
2+

 by only twofold increase in [Ca
2+

]in 

(194). The results illustrate that P. aeruginosa is able to maintain sub-micromolar levels 

of intracellular Ca
2+ 

in the presence of millimolar levels of external Ca
2+

, suggesting its 

ability to (1) block Ca
2+

 uptake, (2) pump out Ca
2+ 

from the cells against the steep 

concentration gradient, or (3) chelate Ca
2+ 

inside the cells. The first two abilities in 

prokaryotes were attributed to the function of several mechanisms including ion channels, 

P- and F-type ATPases and ion gradient driven transporters that were identified using  

inhibitors (148, 152) or individual proteins (173). 

The detected two-phase [Ca
2+

]in recovery (short-rapid and long-slow) following the 

challenge with 1 mM Ca
2+

 may suggest the function of distinct efflux mechanisms of 
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high and low efficiency. The following fluctuations of [Ca
2+

]in in the presence of 5 mM 

Ca
2+ 

may be a result of continuous cumulative effect of both influx and efflux 

mechanisms eventually resulting in the recovery of the [Ca
2+

]in basal level. Comparison 

of Ca
2+

-induced and naïve cells revealed multiple differences in [Ca
2+

]in responses. Lower 

initial [Ca
2+

]in responses with elevated rates of the [Ca
2+

]in initial increase and decrease in 

the presence of 5 mM Ca
2+

 in induced cells suggest that Ca
2+

 induces adaptation 

mechanisms. However, the elevated basal level of [Ca
2+

]in in induced cells and their 

inability to significantly reduce the increased [Ca
2+

]in at 1 mM Ca
2+

 indicate that growth 

at elevated Ca
2+ 

possibly sensitizes cells to external Ca
2+

, as was proposed in E. coli 

(147). 
 
Overall, these observations suggest the presence of multiple mechanisms for 

controlling Ca
2+ 

homeostasis in P. aeruginosa and their complex regulation in response to 

different levels of Ca
2+ 

in the environment.   

Among several types of transporters determined to be involved in the 

maintenance of [Ca
2+

]in homeostasis, the most numerous were P-type ATPases. This 

superfamily of transporters has long been established to transport metals, but was not 

initially considered to play a major role in Ca
2+

 transport in prokaryotes. Later, several 

reports described both Ca
2+

-dependent P-type ATPase activity and ATP-dependent Ca
2+ 

transport or transporters, most of which were shown to efflux Ca
2+ 

in-vitro in membrane 

vesicles (197, 214). However their role in maintaining cellular Ca
2+ 

homeostasis in-vivo 

has not been tested. In this study, out of the seven P-type ATPases predicted in the PAO1 

genome, four were induced by Ca
2+

, and six played a role in [Ca
2+

]in maintenance. These 

six were phylogenetically related to divalent cation translocating ATPases, whereas 

PA1634 clustered with K
+
-translocating KdpB from E. coli, showed no effect on [Ca

2+
]in 
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homeostasis. P-type ATPases are known to be inhibited by vanadate, functioning as a 

phosphate analog (212). In agreement, four mutants with disrupted P-type ATPases 

showed a [Ca
2+

]in profile similar to the profile of vanadate treated PAO1 cells with 

increased [Ca
2+

]in or lowered ability of its recovery.  The disruption of two other P-type 

ATPases PA2435 and PA3920 showed the most significant effect and abolished the 

ability of PAO1 to reduce [Ca
2+

]in below 1.5 µM in the presence of 1mM Ca
2+

. PA2435 

has been shown earlier to translocate Cu
2+

and Zn
2+

 (205), but in our phylogenetic 

analysis, it clustered closer to heavy metal-translocating ATPases, whereas PA3920 was 

more closely related to Cu
2+

-translocating transporters. Noteworthy, these two proteins 

were not detected to be induced by Ca
2+

, and therefore, likely do not contribute to the 

increased rate of Ca
2+

 efflux in Ca
2+

-induced cells. Since the identified P-type ATPases 

contributing to the detected changes in the intracellular Ca
2+

 do not contain typical Ca
2+

-

binding domains, they are not likely to play a direct role in translocating Ca
2+

. The 

ATPases
 

may be involved in controlling transition of metals important for Ca
2+ 

translocation or generating an ion gradient that serves as an energy source for Ca
2+ 

transporters, as was proposed in A. vinelandii (215).  

To characterize the contribution of F-type ATPases (ATP synthases) in Ca
2+ 

homeostasis, we treated cells with a protonophore 2,4 DNP, known to inhibit ATP 

synthesis by uncoupling oxidative phosphorylation (152). This treatment raised the level 

of [Ca
2+

]in and impaired the ability of PAO1 to decrease it, most likely due to the lack of 

ATP. The role of ATP in Ca
2+ 

efflux has been described in E. coli, where the lack of F-

type ATP synthase AtpD decreased cellular ATP content and impaired [Ca
2+

]in efflux 

(152). However, the disruption of PA5554, the AtpD homolog with 82 % amino acid 
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sequence identity, although induced by Ca
2+

, did not affect Ca
2+ 

homeostasis. It is 

possible that two paralogs of PA5554 in the genome: PA1697 and PA1104, with 24 and 

28 % amino acid sequence identity, correspondingly, could compensate for the absence 

of PA5554 and provide ATP required for Ca
2+ 

efflux.   

Gradient driven Ca
2+

 exchangers have been considered as a major mechanism in 

bacterial Ca
2+ 

efflux that most commonly employs H
+
 and Na

+ 
as coupling ions. In 

agreement, treating PAO1 with gramicidin D, known to dissipate monovalent ion 

gradients across the cytoplasmic membrane (207), caused a significant initial 

accumulation of [Ca
2+

]in, which decreased over time, suggesting the function of 

alternative efflux mechanisms. We predicted and tested the role of four putative gradient 

driven exchangers in [Ca
2+

]in homeostasis, three of which showed a significant impact on 

Ca
2+ 

homeostasis. The disruption of PA2092 showed the most prominent effect, as the 

mutant was not able to decrease the elevated [Ca
2+

]in in the presence of 1mM Ca
2+

. None 

of the predicted ion exchangers were induced by Ca
2+

, suggesting that, similarly to P-type 

ATPases PA2435 and PA3920, they do not play role in the differences between naïve and 

induced cells. The results suggest that Ca
2+ 

translocation may be coordinated by the 

combined action of both P-type ATPases and ion exchangers as was illustrated for 

SERCA or PMCA ATPases and Na
+
/Ca

2+ 
exchangers in mammalian systems (216, 217). 

Treating PAO1 cells with a Ca
2+

 channel blocker LaCl3  (210) reduced the initial 

uptake of Ca
2+

, confirming the role of La
3+ 

sensitive channels in PAO1 Ca
2+ 

influx, as has 

been shown in other bacteria (147, 148). The antagonistic effect of La
3+

 on Ca
2+

 influx in 

E. coli was associated with poly-3-hydroxybutyrate/polyphosphate (PHB-PP) channels 

(147). However, search of the PAO1 genome for homologs of the functionally defined 
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PHB-PP genes from Ralstonia (218) returned only scattered homologous genes. This may 

indicate the presence of a non- or low-homology PHB-PP biosynthetic pathway or a 

different type of La
3+

 sensitive channels in PAO1. Interestingly, in addition to blocking 

Ca
2+ 

influx, LaCl3 treatment caused a secondary [Ca
2+

]in increase and a plateau at about 3 

µM. This suggests that La
3+

 also inhibits Ca
2+

 efflux, which is consistent with the known 

inhibition effect of La
3+ 

on P-type ATPases via blocking phosphorylation events (196, 

211). Furthermore, we detected that the disruption of PA4614 encoding Ca
2+

-induced 

probable mechanosensitive channel MscL caused a very quick uptake of Ca
2+

 followed 

by a second increase and a slow recovery of [Ca
2+

]in. In E. coli, although the expression 

of the homologous gene was also affected by Ca
2+

, its disruption showed no effect on 

Ca
2+

 homeostasis (152). Mechanosensitive channels are known to open in response to 

membrane tension and protect cells against hypoosmotic shock as reviewed in (219). It is 

not clear why the lack of the MscL protein caused the increase in Ca
2+ 

uptake. We 

hypothesize that Ca
2+

-induced MscL may contribute to limiting Ca
2+ 

uptake when in a 

closed state under the tested physiological conditions, and when mscL is disrupted, cells 

become more permeable to Ca
2+

 influx.   

Finally, we determined that elevated Ca
2+ 

induced swarming motility in PAO1, 

whereas treatment with vanadate, LaCl3 and gramicidin D decreased this induction. The 

disruption of P-type ATPase PA3920 and ion exchanger PA2092 also significantly 

diminished the inducing effect of Ca
2+ 

on swarming. The effect of Ca
2+ 

on swarming 

motility varies in different bacteria, for example, Ca
2+ 

has been shown to induce 

swarming in Vibrio parahaemolyticus (157), but inhibited this type of motility in 

fluorescent pseudomonads (220). This study shows for the first time that Ca
2+ 
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homeostasis plays an important role in P. aeruginosa 
 
Ca

2+ 
induced swarming, a complex 

physiological phenomenon known to modulate virulence and antibiotic resistance in this 

organism (221). 

Overall, this study reports that P. aeruginosa PAO1 maintains a sub-micromolar 

basal level of [Ca
2+

]in using multiple transport mechanisms that most likely require ATP 

and monovalent  cation gradient. Involvement of multiple transport systems in Ca
2+

 

influx and efflux has been suggested in E. coli (147, 222), and may be differentially 

regulated by growth conditions. This functional redundancy was also illustrated by the 

high tolerance of PAO1 cells to external Ca
2+

, and reflects the physiological importance 

of the controlled cellular Ca
2+ 

homeostasis. The two major aspects of such importance 

include protecting cells against the toxicity of high [Ca
2+

] and maintaining low basal 

level of [Ca
2+

]in required for Ca
2+ 

to play a signaling role.  The transient changes in 

[Ca
2+

]in (magnitude, length, and frequency) may function to relate external signal(s) to 

cellular response(s), as has been established in eukaryotes (139) and proposed in 

prokaryotes (192). We identified at least three transporters that play a major role in 

[Ca
2+

]in homeostasis, and will be used in further studies required for experimental 

confirmation of signaling role of Ca
2+ 

in P. aeruginosa. 
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Supplementary information.  

Chemicals. Coelenterazine was purchased from Life Technologies (California, 

USA). Compound 48/80, 2, 4 di-nitrophenol, calcimycin, thiourea, tributyl phosphine 

(TBP), and ASB14 were obtained from Sigma Aldrich (St. Louis, MO). Nitrendipine, 

sodium orthovanadate, and lanthanum (III) chloride were purchased from Tocris 

biosciences (Bristol, UK), New England Biolabs (Tozer, MA), and AlfaAesar 

(Massachusetts, USA), respectively. All chemicals were of analytical grade. 

Protein extraction.  Cell pellets of PAO1 grown at no or elevated Ca
2+

 were 

washed in saline (0.14 M NaCl) and resuspended in TE buffer (10 mM Tris/HCl, 1 mM 

EDTA, pH 8.0), containing Mini Complete protease inhibitor cocktail (1:100 (v/v)). Cells 

were disrupted by sonication (5 cycles of 30 sec with 1 min interval on ice) using 550 

Sonic Dismembrator (Fisher Scientific, Pittsburgh, PA) and centrifuged for 10 min at 4 

0
C. The procedure was repeated two times. The supernatants were combined, diluted with 

ice-cold 0.1 M sodium carbonate followed by gentle stirring for 1h at 4 
0
C, and 

centrifuged at 100 000 x g for 1 h at 4 
0
C in a Beckman L8-70M ultracentrifuge. The 
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pellets were collected, washed twice in 50 mM Tris pH 7.3, and subjected to liquid 

chromatography–tandem mass spectrometry (LC-MS/MS) – based spectral counting.  

Expression and reconstitution of aequorin. Mid-log cultures grown in 5 ml of 

BMM were inoculated (1 %) into 100 ml of fresh BMM. Cells were grown until mid-log 

phase at 37
0
C, 200 rpm, induced with IPTG (1 mM) for 2 hours for apoaequorin 

production, and then harvested by centrifugation at 5,500 g for 5 min at 4 
0
C. After been 

washed once in buffer (25 mM HEPES, 1 mM MgCl2, 125 mM NaCl; pH 7.5), the cell 

pellets were resuspended in 2.5 ml of the same buffer. Aequorin was reconstituted by 

incubating the cells in the presence of 2.5 µM coelenterazine for 30 min in the dark at 

room temperature without shaking. The collected cells were washed twice with the 

buffer, and resuspended in 1 ml of the same buffer. Final cell density was adjusted to 

OD600 of 0.4. 
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CHAPTER III 
 

 

THE PSEUDOMONAS AERUGINOSA PAO1 TWO-COMPONENT REGULATOR, 

CARSR, REGULATES CALCIUM HOMEOSTASIS AND CALCIUM-INDUCED 

VIRULENCE FACTOR PRODUCTION THROUGH ITS REGULATORY TARGETS, 

CARO AND CARP. 

 

M. Guragain, M. M. King, K. S. Williamson, A. C. Pérez-Osorio, T.  Akiyama, S. 

Khanam, M. A. Patrauchan and M. J. Franklin. (2015). The Pseudomonas aeruginosa 

PAO1 two-component regulator, CarSR, regulates calcium homeostasis and calcium-

induced virulence factor production through its regulatory targets, CarO and CarP. 
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Abstract 

Pseudomonas aeruginosa is an opportunistic human pathogen that causes severe, 

life threatening infections in patients with cystic fibrosis (CF), endocarditis, wounds, or 

with artificial implants. During CF pulmonary infections, P. aeruginosa often encounters 

environments where the levels of calcium (Ca
2+

) are elevated.  Previously, we showed 

that P. aeruginosa responds to externally added Ca
2+

 through enhanced biofilm 

formation, increased production of several secreted virulence factors, and by developing 

a transient increase in the intracellular Ca
2+ 

followed by its removal to the basal sub-

micromolar level.  However, the molecular mechanisms responsible for regulating Ca
2+

-

induced virulence factor production and Ca
2+

 homeostasis are not known.  Here, we 

characterized the genome-wide transcriptional response of P. aeruginosa to elevated 

[Ca
2+

] in both planktonic cultures and in biofilms.  Among the genes induced by CaCl2 in 

strain PAO1 was an operon containing the two-component regulator PA2656-PA2657 

(here called carS and carR), while the closely related two-component regulators, phoPQ 

and pmrAB, were repressed by CaCl2 addition.  To identify the regulatory targets of 

CarSR, we constructed a deletion mutant of carR, and performed transcriptome analysis 

of the mutant strain at low and high [Ca
2+

].  Among the genes regulated by CarSR in 

response to CaCl2 are the predicted periplasmic OB-fold protein, PA0320 (here called 

carO) and the inner membrane-anchored five- -propeller protein, PA0327 (here 

called carP). Mutations in both carO and carP affected Ca
2+

 homeostasis, reducing the 

ability of P. aeruginosa to export excess Ca
2+

.  In addition, a mutation in carP had a 

pleotropic effect in a Ca
2+

-dependent manner, altering swarming motility, pyocyanin 

production, and tobramycin sensitivity. Overall, the results indicate that the two-
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component system CarSR is responsible for sensing high levels of external Ca
2+

, and 

responding through its regulatory targets that modulate Ca
2+

 homeostasis, surface-

associated motility, and production of the virulence factor, pyocyanin.  
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Introduction 

Pseudomonas aeruginosa, a natural inhabitant of soil and water, is able to infect a 

variety of hosts, including plants and humans. In humans, it causes severe acute and 

chronic infections by colonizing respiratory and urinary tracts, burned or wounded 

epithelia, cornea, and muscles (10, 223, 224). The versatility of P. aeruginosa 

pathogenicity is associated with diverse metabolic capabilities, multiple mechanisms of 

resistance, a large repertoire of virulence factors, and adaptability, due in part to tightly 

coordinated regulation of gene expression. A large portion of the P. aeruginosa PAO1 

genome, approximately 9.4%, encodes transcriptional regulators (103, 225), including 

two-component regulators (TCS): 89 response regulators, 55 sensor kinases, and 14 

sensor-response regulator hybrids (10). The regulatory targets for most of these 

regulatory systems are unknown.  

Calcium plays an important signaling role in both eukaryotic and prokaryotic 

cells. In prokaryotes, Ca
2+

 is an essential nutrient, since it is a necessary cofactor for 

many enzymes.  However, Ca
2+

 can be toxic to cells at high concentrations, and therefore 

bacteria maintain a low sub-micromolar intracellular concentration of Ca
2+ 

(226).  P. 

aeruginosa may encounter environments where external Ca
2+

 levels are in the milimolar 

range, varying from 10 mM in soil (227) to 40 mM in hypersaline lakes (228). As a plant 

and human pathogen, P. aeruginosa may be exposed to lower but also varying Ca
2+

 

levels. For example, in plants, Ca
2+ 

concentration ranges from 0.01 to 1 mM in 

extracellular spaces (229) and from 1 to 10 mM in apoplasts (230). In a human body, 

Ca
2+

 levels may reach about 1 - 2 mM in extracellular  fluids and saliva (231) (232), and 

5 mM in blood (233) and human milk (234). In case of disease, for example, during 
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cystic fibrosis (CF) pulmonary infections, both intracellular and extracellular Ca
2+

 levels
 

fluctuate in response to inflammation (190, 235), and the overall Ca
2+

 levels in nasal 

secretions and sputum increase at least two fold (232) reaching up to 3-7 mM (236, 237). 

In a previous study, we demonstrated that P. aeruginosa maintains a sub-

micromolar intracellular concentration of Ca
2+

 ([Ca
2+

]in) (226).  However, when the cells 

are exposed to high levels of extracellular Ca
2+

, characteristic of the environments 

described above, the cells undergo a transient increase of [Ca
2+

]in.  The transient increase 

is followed by a return to sub-micromolar levels of [Ca
2+

]in and a maintenance of 

homeostatic concentration of internal Ca
2+

, apparently due to the transport of excess Ca
2+

 

through Ca
2+

 export pumps. Interestingly, in addition to maintenance of Ca
2+

 

homeostasis, P. aeruginosa recognizes the external concentration of Ca
2+

 as a 

physiological signal, and responds through changes in the abundances of intracellular 

proteins and secreted virulence factors (7, 156). This Ca
2+ 

triggered change in P. 

aeruginosa physiology leads to enhanced plant infectivity (238), biofilm formation, and 

swarming motility, as well as increased production of the virulence factors, alginate, 

pyocyanin, and secreted proteases (7, 156, 226). Furthermore, Ca
2+

 alters the abundance 

of P. aeruginosa proteins involved in iron acquisition, quinolone signaling, nitrogen 

metabolism, and stress responses (7, 156). These observations suggest that Ca
2+

 plays an 

important regulatory role in P. aeruginosa virulence.
 

However, the molecular 

mechanisms responsible for sensing environmental Ca
2+ 

and regulating the Ca
2+

-induced 

responses are not known.  Therefore, the goals of this study were to identify and 

characterize Ca
2+

-mediated molecular responses. 
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Bacteria use two-component regulatory systems (TCSs) to sense and respond to 

diverse and continuously changing environmental stimuli, including changing cation 

concentrations.  TCSs help regulate responses to Na
+
, Mg

2+
, and other cations, and 

therefore are likely involved in Ca
2+

-dependent regulation. A typical TCS contains a 

sensor kinase  located partially in the cytoplasmic membrane and a cognate response 

regulator (239). Upon exposure to a stimulus, the sensor kinase autophosphorylates at 

histidine residues.  The consequent conformation change enables the transfer of a 

phosphate group to the aspartate residue on the cognate response regulator, which 

typically results in DNA binding to an activator DNA sequence and changes in gene 

expression (103, 104).  P. aeruginosa has many TCSs, and some of these have been 

characterized.  For example, PhoPQ and PmrAB regulate resistance to polymyxin B and 

antimicrobial peptides via lipid A modification at low magnesium  (Mg
2+

) concentration 

(106, 240-242). PhoPQ also regulates aminoglycoside resistance, twitching and swarming 

motility, surface attachment, and biofilm formation, ultimately contributing to regulation 

of virulence (110, 243). PmrAB is induced by cationic antimicrobial peptides including 

polymyxins (240), whereas PhoPQ is induced by polyamines and low [Mg
2+

] (244). 

Other TCSs respond to metals, including the CzcRS and CopRS systems that regulate the 

resistance to zinc and copper, respectively (245, 246). CzcRS also regulates the 

transcription of CzcrBCA Resistance-Nodulation-Division (RND) efflux pump, which is 

responsible for carbapenem resistance (245).  GacAS and AlgRZ regulate the production 

of several virulence factors including pyocyanin, cyanide, lipase, and alginate, as well as 

systemic virulence and motility (243, 247-251). GacAS also controls the production of 

the quorum sensing signaling molecule N-butyryl-homoserine lactone (252) and 
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resistance to diverse antibiotics, including the aminoglycosides, gentamicin, and 

chloramphenicol (243). Transcription of gacS is repressed by sub-inhibitory 

concentrations of tobramycin, ciprofloxacin, and tetracycline (253). AlgRZ also regulates 

early stages of biofilm formation (254) and the expression of quorum sensing genes 

(255). Another TCS, FleRS regulates flagella synthesis, adhesion (256), motility, and 

antibiotic resistance (257). Five TCS response regulators PA1099, PA3702, PA4547, 

PA4493, and PA5261 are involved in coordinating the interactions of the bacterium with 

the host lung epithelium (258). However, most other TCS encoded on the P. aeruginosa 

genome remain uncharacterized, with their signals and regulatory targets yet to be 

identified.  

In this study, we used microarray analysis to characterize the global 

transcriptional response of P. aeruginosa to elevated external Ca
2+

. From these analyses, 

we identified the TCS, PA2656-PA2657 (here referred to as calcium regulator, carSR), 

whose transcription is highly induced by elevated Ca
2+

 in planktonic cultures of P. 

aeruginosa PAO1. Using deletion mutations and microarray analysis, we identified the 

regulatory targets of carSR, which include the hypothetical proteins PA0320 and 

PA0327. Further characterization of PA0320 and PA0327 indicate that they play roles in 

maintaining Ca
2+

 homeostasis.  PA0327 also influences production of the virulence 

factor, pyocyanin, and swarming motility in a Ca
2+

-dependent manner. 

Materials and Methods 

Bacterial strains, plasmids, and media. Strains and plasmids used in this study 

are listed in Table 3.S1. P. aeruginosa PAO1 is a non-mucoid strain with the complete 
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genome sequence available (10). P. aeruginosa FRD1 is a mucoid cystic fibrosis isolate, 

also with an available genome (259) sequence.  Isogenic mutants were constructed in 

PAO1.  The gene PA2657 (carR) was deleted from PAO1 using allelic exchange as 

described previously (7).  PAO1 mutants with transposon insertion in PA0320 (PA0320-

H07::ISlacZ/hah) and PA0327 (PA0327-B11::ISphoA/hah) were provide by the 

University of Washington two-allele library.  The sites of transposon insertions were 

confirmed by two-step PCR, using the primer sequences available at 

www.gs.washington.edu. For convenience, the transposon mutants were designated as 

PA::Tn5, where PA is the identifying number of the disrupted gene from the P. 

aeruginosa PAO1 genome (www.pseudomonas.com).  Each mutant gene was 

complemented by cloning the gene behind the arabinose-inducible PBAD promoter in the 

Tn7 vector, pTJ1 (260) (graciously provided by Dr. Joanna Goldberg).  For 

complementing vectors, PA0320 and PA0327 were amplified using PCR with gene-

specific primers listed in Table 3.S1. The PCR products were cloned into TA cloning 

vectors (Invitrogen).  The resulting plasmids were digested with NcoI and HindIII, and 

the bands containing PA0320 and PA0327 were ligated into pTJ1, producing plasmids 

pTA56 and pTA57, respectively.  A Tn7-based construct containing both PA2657 and 

PA2656 was used to complement the PA2657 mutant, to correct for any possible polar 

effects due to the disruption of PA2657. PA2656 and PA2657 were amplified separately 

using Phusion® High-Fidelity DNA polymerase (NEB). After addition of 3' A-overhang 

by Taq DNA polymerase, PCR products were cloned into TA cloning vectors. The 

EcoRI-EcoRV fragment containing PA2656 was ligated into pTJ1, followed by ligation 

of the EcoRI fragment containing PA2657.  The resulting plasmid was labeled pTA104.  

http://www.pseudomonas.com/
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The Tn7-based vectors were integrated into the chromosome of the respective P. 

aeruginosa mutant strains using electroporation, along with the Tn7 transposase helper 

plasmid, pTNS1, with selection for trimethoprim resistance.  The trimethoprim resistance 

marker was then removed using pFLP2 (261).  pTNS1 and pFLP2 were graciously 

provided by Dr. Herbert Schweizer. 

For estimation of free intracellular calcium ([Ca
2+

]in), PAO1 and mutant 

derivatives were transformed with pMMB66EH-AEQ (graciously provided by Drs. D. 

Dominguez and A. Campbell), which carries the gene for aequorin (262) and was 

selected for by carbenicillin resistance (202). The presence of the aequorin gene in the 

resulting strains was verified by PCR, using the aequorin specific primers (Table 3.S1).  

Biofilm and planktonic cultures were cultivated in Biofilm minimal medium 

(BMM) (7) which contained (per liter): 9.0 mM sodium glutamate, 50 mM glycerol,
 

0.02 mM MgSO4, 0.15 mM NaH2PO4, 0.34 mM K2HPO4, and 145 mM NaCl, 20 µl trace 

metals, 1 ml vitamin solution. Trace metal solution consisted of (per liter of 0.83 M HCl): 

5.0 g CuSO4.5H2O, 5.0 g ZnSO4.7H2O, 5.0 g FeSO4.7H2O, 2.0 g MnCl2.4H2O). Vitamins 

solution contained (per liter): 0.5 g thiamine and 1mg biotin. The pH of the medium was 

adjusted to 7.0. When required, CaCl2
.
2H2O was added to a final concentration of 10 

mM.   
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Table 3 S1. Bacterial Strains, plasmids and Oligonucleotide Sequences 

Strains/Plasmids Description          Reference 

   

P. aeruginosa   

PAO1 Wild type strain, Alg
-
 (10) 

FRD1 Cystic Fibrosis isolate, Alg
+
 (259) 

PA0320-H07::ISlacZ/hah PAO1 with Tn5 disruption of PA0320 (263) 

PA0327-B11::ISphoA/hah PAO1 Tn5 disruption of PA0327 (263) 

∆carR::Gm PAO1 with deletion of carR replaced with Gm
r
 gene This study 

PA0320-

H07::ISlacZ/hah/PBAD-

PA0320 

Tn5 disruption of PA0320 complemented by PBAD-

PA0320 

This study 

PA0327-B11::ISphoA/hah/ 

PBAD-PA0327 

Tn5 disruption of PA0320 complemented by PBAD-

PA0327 

This study 

∆carR::Gm/ PBAD-carRS Deletion of carR complemented by cars This study 

   

Plasmids   

pTJ1 Tn7 vector containing PBAD promoter, Tm
r
 (260) 

pMMB66EH-AEQ pMMB66EH containing aequorin gene from Aequorea 

Victoria 

(264) 

pTNS1 Helper plasmid for Tn7 transposase, Ap
r
 (265) 

pFLP2 Helper plasmid for FLP recombinase, Ap
r 

(261) 

pCR2.1 Cloning vector from Invitrogen, Ap
r
, Km

r
 Invitrogen 

pTA53 PA0320 in pCR2.1 This study 

pTA54 PA0327 in PCR2.1 This study 

pTA55 PBAD-PA0320 in pTJ1 This study 

pTA56 PBAD-PA0327 in pTJ1 This study 
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pTA57 PA2656 in pCR2.1 This study 

pTA99 PA2657 in pCR2.1 This study 

pTA104 PBAD-PA2656 and 2657 in pTJ1 This study 

   

Oligonucleotides   

aequorin – For CTTACATCAGACTTCGACAACCCAAG  

aequorin – Rev CGTAGAGCTTCTTAGGGCACAG  

PA0320 NcoI 5'       ACCCATGGAACTTCGTCACCT   

PA0320 XbaI 3'       GGTCTAGAAGGGGTTCACCGG  

PA0327 NcoI 5'       TGCCATGGCTATCCACGCCCA  

PA0327 XbaI 3'       AGTCTAGAGCGGGCCAGGGG  

5'PA2657-EcoRI       GCAGAATTCATCCTGAAGGACGAGGAAGACGAC  

3'PA2657       GTCCAGTTGCATGCCGTTCG  

5'PA2656       CCAGTGCGTGTGCCTGAACG  

3'PA2656-EcoRV       CGAGATATCCGGGACTGTCGGCAAATGGT  

   

                   RT-qPCR Primers   

                   0320Left_RtPCR      GACACCCCGGTGGTCCTCCA  

                   0320Right_RtPCR      TCGACTTCGCCGGTCAGCTTG  

                   0327Left_RtPCR      CCGGTCGGGATCGAAGGTCA  

                   0327Right_RtPCR      GGTTCGCCGTCCAGGAGTGG  

                   acpLeftRT-PCR2      ACTCGGCGTGAAGGAAGAAG  

                   acpRightRT-PCR2      CGACGGTGTCAAGGGAGT 
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Growth of planktonic cultures and biofilms. P. aeruginosa strains PAO1 and 

FRD1 were cultured planktonically for 18 h at 37°C, with shaking at 250 rpm, in BMM 

with 10 mM added CaCl2 or with no added CaCl2.  Biofilms were cultured on the surface 

of silicone tubing at 37°C in a single flow-through system for 72 h with and without 10 

mM added CaCl2 as described previously (7). Biofilms were detached from the interior 

surface of the silicone tubing with the plunger from a 3 ml syringe. For FRD1, the cells 

were plunged into 150 ml of 110 mM sodium citrate. All resulting cell suspensions were 

collected by centrifugation at 10,000 rpm at 4°C for three min.   

For physiological studies of PAO1 and its mutant derivatives, cells were cultured 

by inoculating 5 ml of a mid-exponential phase culture into 100 ml of BMM with no 

added or 10 mM CaCl2.  Cultures were incubated at 37
o
C at 200 rpm with absorbance 

sampling every 2-4 h in a Biomate 3 spectrophotometer (Thermo Scientific). 

 RNA extraction, processing, and microarray analysis.  RNA was isolated from 

cells using a hot phenol extraction method (266). Briefly, pelleted cells were suspended 

in 1.5 ml lysis buffer (0.15 M sucrose, 0.01 M sodium acetate, pH 4.5) and 1.5 ml 2% 

sodium dodecyl sulfate.  Following the addition of 3 ml of water-saturated phenol, the 

mixture was incubated for 5 min at 65°C with frequent vortexing. 3 ml of chloroform was 

added, and the mixture was centrifuged for 30 min at 4°C. The aqueous phase was 

precipitated overnight, washed, and resuspended in RNase-free water.  The RNA was 

cleaned on an RNeasy column (Qiagen) following the manufacturer’s mini cleanup 

protocol and then subjected to two 30 min Turbo DNase (Ambion) treatments before 

precipitation and resuspension.  RNA quality was assessed using an RNA6000 nano 

assay (Bioanalyzer2100, Agilent Technologies, Palo Alto, CA). Labeled cDNA was 
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synthesized from 8 micrograms of total RNA according to SOP#M007 (TIGR), using a 

2:1 ratio of amino-allyl dUTP to dTTP and Superscript II. cDNA quality and dye 

incorporation were assessed with the Nanodrop 1000.   

 Pseudomonas aeruginosa Version 1 glass slide DNA microarrays were obtained 

from J .Craig Venter Institute (JCVI), formerly The Institute for Genomic Research and 

prepared according to SOP#M008 (TIGR), with minor modifications. For each condition 

(PAO1 planktonic, PAO1 biofilm, FRD1 planktonic, and FRD1 biofilm), labeled cDNA 

from cells grown with 10 mM added CaCl2 and cells grown with no added CaCl2 were 

cohybridized to the same slide, and a dye swap was performed. In this manner, for each 

of the four growth conditions, a minimum of four biological samples were hybridized to 

four microarrays.  

 Microarray slides were scanned using the GenePix 4000B scanner (Molecular 

Devices) and emissions at 532 and 650 nm were recorded.  GenePix Pro software V 6.0 

(Molecular Devices) was used to obtain median pixel intensity values for each spot on the 

array and generate GenePix Results (gpr) files. Gpr files were imported into Flexarray v 

1.6.1 for normalization and analysis. Background correction was performed using the 

normexp algorithm. The Loess algorithm was used for within-array normalization, 

followed by scaling for between-array normalization. The Limma TREAT (t-tests relative 

to a threshold) method was used to generate symmetrical fold change to conservatively 

assess differential expression due to calcium addition. Empty and reserved spots were not 

included in the dataset. Replicate spots (three per gene) were averaged and genes with 

greater than two-fold change at p< 0.05 were selected for further analysis. 
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 For validation of the JCVI microarray data, two additional biological replicates of 

PAO1 were grown planktonically with and without 10 mM added CaCl2 as described 

above. Affymetrix microarrays were performed with these samples as described 

previously (267). Transcripts identified as upregulated in two-color arrays (JCVI) were 

also found to be upregulated on the Affymetrix platform, with 92% (33/36) being greater 

than two-fold upregulated (p < 10
-14

). Transcripts identified as downregulated in two-

color arrays were also downregulated on the Affymetrix platform, with 90% (26/29) 

greater than two-fold (p < 10
-14

). The microarray data have been deposited in NCBI's 

Gene Expression Omnibus (Edgar et al., 2002) and are accessible through GEO Series 

accession number GSE74491  

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE74491). 

Reverse transcription quantitative polymerase chain reaction (RT-qPCR). At 

6, 12, and 24 h, 1 ml aliquots of wild type and  mutant cells were removed from a 

25 ml volume of BMM (with or without 10 mM added CaCl2), pelleted, and frozen at -

80°C. RNA was extracted with the hot phenol method, cleaned on RNA Clean & 

Concentrator-25 Columns (Zymo Research), and turbo DNase treated (Ambion).  One 

step RT-qPCR was performed with the Rotor-Gene SYBR Green RT-PCR kit (Qiagen) 

as described previously (268). Three biological replicates for each strain, time point, and 

Ca
2+

 level were assayed in triplicate using primers designed for the acpP, PA0320, and 

PA0327 transcripts (Table 3.S1). Negative controls lacking reverse transcriptase were 

performed with each of the 36 samples and revealed that samples were free from DNA 

contamination.  RT-qPCR efficiencies, calculated from the slope of standard curves using 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE74491)
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Rotor-Gene software, were similar for acpP (1.06), PA0320 (0.97), and PAO327 (1.03), 

with r
2
 > 0.98 for each. The Relative Expression Software Tool® (REST) (269) was used 

to calculate mean fold change of PA0320 (carO) and PA0327 (carP) transcripts due to 10 

mM calcium (10 mM /0 mM) using acpP as a normalizer. To determine if transcripts 

were significantly upregulated by calcium, a non-parametric one-tailed Mann-Whitney 

test, assuming unequal variation, was performed using GraphPad Prism version 6.04 for 

Windows. This test was also used to determine if there was a significant increase in fold 

change due to calcium in the wild type strain PAO1 compared to the carR mutant 

strain. 

 Measurement of cellular calcium concentration ([Ca
2+

]in). Luminescence 

measurements and estimation of free [Ca
2+

]in was done as described previously (226) 

with slight modification. Briefly, mid-log phase cells were induced with IPTG (1 mM) 

for 2 h for apoaequorin production, and then harvested by centrifugation at 6000 g for 5 

min at 4 
0
C. Aequorin was reconstituted by incubating the cells in the presence of 2.5 µM 

coelenterazine for 30 min. 100 µl of cells with reconstituted aequorin were equilibrated 

for 10 min in the dark at room temperature. Luminescence was measured using Synergy 

Mx Multi-Mode Microplate Reader (Biotek). To estimate the basal level of [Ca
2+

]in, the 

measurements were recorded for 1 min at 5 sec intervals, then the cells were challenged 

with 1 mM Ca
2+

,
 
mixed for 1 sec, and the luminescence was recorded for 20 min at 5 sec 

intervals. Injection of buffer alone was used as a negative control, and did not cause any 

significant fluctuations in [Ca
2+

]in.  [Ca
2+

]in was calculated by using the formula pCa= 

0.612 (-log10k) + 3.745, where k is a rate constant for luminescence decay (s
-1

) (147). The 

results were normalized against the total amount of available aequorin as described (226). 
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The discharge was performed by permeabilizing cells with 2 % Nonidet 40 (NP40) in the 

presence of 12.5 mM CaCl2. The luminescence released during the discharge was 

monitored for 10 min at 5 sec intervals. The estimated remaining available aequorin was 

at least 10 % of the total aequorin. The experimental conditions reported here were 

optimized to prevent any significant cell lysis.  

Swarming motility assay. Swarming motility was assayed as described in (226). 

PAO1 and mutants were grown in 5 ml BMM at no added or 10 mM CaCl2. Two µl of 

the middle-log cultures normalized to the OD600 of 0.3 were spot inoculated onto the 

surface of BM2 agar plates (62 mM potassium phosphate buffer [pH 7], 0.02 mM 

MgSO4, 10 μM FeSO4, 0.4% [w/v] glucose, 0.5% [w/v] Casamino Acids, and 0.5% 

[w/v] Difco agar) (248). After inoculation, the plates were incubated for 24 h, then the 

colony diameters and morphology were recorded.  

Pyocyanin analysis. Pyocyanin production was assayed by using chloroform 

extraction as described (238) with modifications. Briefly, P. aeruginosa cultures grown 

in BMM until late log phase was normalized to OD600 of 0.3. Two µl of the normalized 

culture was inoculated in the middle of a BM2 agar plate (248) and incubated for 24 h at 

37°C. Since swarming colonies spread within agar matrix, they were excised from the 

agar and split in two equal halves, one to be used for pyocyanin extraction and the other 

for total cellular protein quantification. Agar slices of the same size were used as negative 

controls. The samples were mashed into fine pieces. Pyocyanin was extracted with 30 ml 

chloroform followed by 15 ml of 0.2 N HCl. The absorbance of the extract was measured 

at 520 nm, and the amount of pyocyanin was calculated by using coefficient of extinction 

17.1 M
-1 

Cm-
1 

(270) and normalized per mg of total cell protein. The latter was 
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determined by using the Bradford assay (EMD) following the manufacture’s protocol. 

The data shown represent one of three independent experiments, each including three 

biological replicates. 

Antibiotic susceptibility assays. Antibiotic susceptibility assays were performed 

using tobramycin and polymyxin B E-strips (Biomerieux).  In brief, strains were cultured 

in BMM medium with no added CaCl2 or 10 mM CaCl2 for 18 h and normalized to an 

OD600 of 0.1. 100 μl of the normalized cultures was then spread on BMM agar plates with 

or without added CaCl2. E- Strips with tobramycin and Polymyxin B gradients were 

placed onto the inoculated plates. After 24 h of incubation at 37°C, the MICs were 

recorded by determining the concentration of antibiotics on the strip at which no bacterial 

growth was detected. At least three replicates were tested in at least two independent 

experiments; the reported MICs are the mean values of the collected measurements. 

Bioinformatics analyses. Sequence homology searches were performed using the 

NCBI nr database (Genebank release 160.1).  Sequence alignments and phylogenetic 

analysis of histidine kinases and response regulators were performed using MEGA 

software (271).  Homologous proteins were selected based on at least 25 % identity over 

the full length of amino acid sequence. Functional domains were predicted using Pfam 

(272). Protein subcellular localization was predicted using pSORTb v3.0 (273) and Loc 

tree (274) analysis. Prediction of transmembrane helices and signal peptides were 

performed using TMHMM (275) and SignalP 4.0, respectively (276). Protein 3D 

structure was predicted using HHpred  (277) and iTASSER (278) and visualized using 

PyMOL (The PyMOL Molecular Graphics System, Version 1.7.6 Schrödinger, LLC). 
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Results 

Transcriptome response of P. aeruginosa to Ca
2+

.  We performed whole 

genome transcriptome analysis of P. aeruginosa strain PAO1 and the mucoid cystic 

fibrosis strain FRD1, in order to identify P. aeruginosa genes whose transcription is 

positively or negatively regulated by Ca
2+

.  The strains were cultured under low and high 

CaCl2 conditions (no added or 10 mM added CaCl2) in both planktonic cultures and in 

biofilms.  As with our prior proteomics results (156), the transcriptomics data showed 

both strain- and condition-specific effects on gene expression due to added Ca
2+

.  Table 

3.1 shows genes differentially regulated by Ca
2+

 (at least two-fold change in expression 

and p<0.05) for strain PAO1, and the same genes in strain FRD1. Among the genes 

upregulated by Ca
2+ 

in PAO1 is the operon PA0102-PA0104, encoding a carbonic 

anhydrase and permease that are likely involved in CO2-mediated calcification 

(Patrauchan, unpublished data).  The upregulated genes also included PA0320 and 

PA0327 encoding hypothetical proteins, whose role in calcium-dependent processes is 

described below.  Also significantly upregulated by Ca
2+

 are the genes involved in 

quorum sensing, lasI and rhlR, as well as several genes that are regulated by the quorum 

sensing systems. The latter include hcnA, encoding hydrogen cyanide production, and 

many of the pvd genes responsible for pyoverdine biosynthetis. Pyoverdine biosynthetic 

proteins were shown to increase abundance in response to Ca
2+

 in our prior proteomics 

study (156).    
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Table 3.1.  P. aeruginosa PAO1 genes affected by high Calcium levels 

PA 

number 

Gene/domain PAO1 planktonic PAO1 biofilm FRD1 planktonic FRD1 biofilm 

(10mM/0mM 

CaCl2 

(10mM/0mM 

CaCl2 

(10mM/0mM 

CaCl2 

(10mM/0mM 

CaCl2 

  Fold 

Change 

P-

value 

Fold 

Change 

P-

value 

Fold 

Change 

P-

value 

Fold 

Change 

P-

value 

                     

                     Genes  upregulated by high Ca during growth in planktonic culture 

 

PA0102    carbonic 

anhydrase 

7.1 <0.01 1.0 1.00 -1.1 1.00 -1.3 0.91 

PA0103   permease 5.6 <0.01 1.1 0.98 1.1 0.98 -1.5 0.83 

PA0104   hypothetical 3.5 0.03 1.3 0.91 -1.3 1.00 -1.0 1.00 

PA0122  rahU 6.0 0.02 1.6 0.74 2.1 0.28 -2.6 0.26 

PA0320  OB-fold 17.1 <0.01 1.0 1.00 1.3 0.96 1.8 0.69 

PAO327 Ca
2+

-binding 

B-Propeller 

13.0 <0.01 1.0 1.00 -1.0 1.00 1.0 1.00 

PA0940  DUF2024 10.6 <0.01 1.2 0.97 -1.3 1.00 1.1 1.00 

PA0941  thioredoxin 10.3 <0.01 1.4 0.89 -1.3 1.00 1.3 0.99 

PA0942   DNA binding 2.9 0.04 1.0 1.00 -1.3 0.99 -1.2 1.00 

PA1134  DUF393 3.0 0.02 1.9 0.58 -1.2 1.00 1.2 0.99 

PA1432 lasI 3.1 0.01 1.0 1.00 -1.9 0.54 -1.2 0.97 

PA2081  kynB 3.3 0.02 1.0 1.00 -2.1 0.34 1.1 1.00 

PA2193  hcnA 2.4 0.04 1.0 1.00 -1.8 0.72 -1.4 0.89 

PA2384  fur-like 3.1 0.02 2.1 0.32 1.0 1.00 1.1 1.00 

PA2386  pvdA 4.1 <0.01 2.0 0.49 -1.3 0.99 1.1 1.00 

PA2397 pvdE 2.6 0.02 2.2 0.29 1.1 1.00 -1.2 1.00 

PA2412  pyoverdine 

synthesis 

7.6 <0.01 1.9 0.54 -1.1 1.00 1.4 1.00 

PA2413 pvdH 3.4 <0.01 1.4 0.98 -1.0 1.00 1.1 1.00 

PA2424  pvdL 2.6 0.03 2.2 0.35 -1.3 0.94 1.8 0.74 

PA2425 pvdG 4.0 <0.01 2.3 0.21 -1.5 0.92 1.5 0.99 

PA2427 hypothetical 3.8 <0.01 1.4 0.89 -1.1 1.00 1.7 0.77 

PA2656  histidine 

kinase 

9.7 <0.01 -1.1 1.00 1.1 1.00 1.1 1.00 

PA2657 response 

regulator 

12.6 <0.01 -1.5 0.89 1.0 1.00 1.1 1.00 

PA2658  PepSY 

domain 

12.1 <0.01 -1.0 1.00 1.1 1.00 1.4 0.98 

PA2659  PepSY 

domain 

12.4 <0.01 -1.1 1.00 -1.2 1.00 -1.1 1.00 

PA3322  DNA binding 2.8 0.03 1.0 1.00 -1.0 1.00 1.0 1.00 

PA3407  hasAp 4.2 <0.01 1.1 1.00 1.1 1.00 -1.2 0.99 

PA3477  rhlR 4.4 0.04 2.0 0.5 1.3 1.00 -1.8 0.79 

PA3478  rhlB 6.9 0.04 2.1 0.47 1.2 1.00 -1.7 0.81 

PA3885  tpbA 7.1 <0.01 -1.0 1.00 4.3 0.007 2.4 0.16 

PA4141 hypothetical 3.7 0.03 2.4 0.3 2.1 0.41 -1.4 0.94 

PA4378  inaA 3.1 0.02 -1.3 0.99 2.7 0.05 104 0.93 

PA4379 hypothetical 5.1 <0.01 -1.6 0.83 3.8 <0.01 1.9 0.65 

PA4469  hypothetical 2.9 0.02 2.8 0.08 1.1 0.89 1.3 1.00 

PA4517 DUF1705 5.0 0.01 1.1 1.00 15.0 <0.01 1.1 1.00 

PA5530  permease 5.7 <0.01 -1.4 0.79 4.6 <0.01 1.3 1.00 
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                     Genes upregulated by Calcium during growth in biofilms 

 

PA4570 hypothetical 1.0 1.00 4.3 0.01 -2.0 0.37 -1.0 1.00 

                     

                     Genes Down-regulated by high Calcium during planktonic growth 

 

PA0391 hypothetical -2.6 0.02 -1.2 0.95 -1.3 0.96 -3.7 0.01 

PA0603 transporter -2.5 0.03 -1.0 1.00 -2.6 0.05 -1.1 1.00 

PA0610 ptrN -4.3 0.03 -1.9 0.56 -1.3 1.00 -2.0 0.48 

PA0733  pseudouridine 

synthase 

-3.5 0.01 1.0 1.00 1.1 1.00 1.1 1.00 

PA0865 Hpd -6.5 <0.01 -1.4 0.86 1.6 0.89 -1.2 0.98 

PA1336 histidine 

kinase 

-4.2 <0.01 1.2 1.00 1.1 1.00 1.1 1.00 

PA1541  efflux 

transporter 

-2.6 0.03 1.1 1.00 -1.1 1.00 1.3 0.98 

PA1559 epimerase -3.0 0.0.1 -2.0 0.45 -16.6 <0.01 -13.1 <0.01 

PA2780 DNA binding -2.7 0.01 1.1 0.99 1.2 0.99 -1.4 0.94 

PA3217  cyaB -2.6 0.03 -1.4 0.76 1.0 1.00 -1.0 1.00 

PA4555 pilY2 -4.8 0.02 1.3 0.98 1.0 1.00 -1.6 0.9 

PA4556 pilE -3.8 0.01 0.2 0.95 1.1 1.00 -1.5 0.92 

PA4568 rpmA -2.6 0.04 -1.1 1.00 1.3 1.00 1.3 0.99 

PA4699  TPR domain -2.5 0.03 -1.1 1.00 -1.0 1.00 1.3 0.99 

PA4823 hypothetical -3.3 0.02 -1.2 1.00 -1.4 0.9 1.2 0.99 

PA5024 permease -2.5 0.02 1.3 0.98 1.0 1.00 1.2 0.99 

                     

                     Genes Down-regulated by high Calcium during biofilm growth 

 

PA0316  serA 1.3 1.00 -3.1 <0.01 1.0 1.00 -1.4 0.97 

PA0890  aotM 1.5 0.98 -4.0 0.01 -5.2 <0.01 -5.6 <0.01 

PA1053 hypothetical -1.4 0.9 -3.2 <0.01 6.7 0.12 -3.0 0.02 

PA1927  metE -1.1 1.00 -10.6 <0.01 -23.0 <0.01 -1.5 0.73 

PA4453  ABC 

transporter 

1.1 1.00 -2.6 0.03 -1.1 1.00 -1.9 0.65 

PA4455  ABC 

transporter 

-1.1 1.00 -3.0 0.03 -1.1 1.00 -1.9 0.65 

PA4773 decarboxylase -1.8 0.72 -9.1 0.01 -27.6 <0.01 -23.1 <0.01 

PA4774  spermidine 

biosynthesis 

-2.3 0.28 -12.3 <0.01 -42.9 <0.01 -37.4 <0.01 

PA4775 hypothetical -1.2 1.00 -4.9 0.01 -10.0 <0.01 -13.8 <0.01 

PA4776 pmrA -1.3 1.33 -4.3 0.02 -7.4 <0.01 -9.4 <0.01 

PA4777 pmrB 1.1 1.00 -6.9 <0.01 -5.6 <0.01 -12.5 <0.01 

PA4781  response 

regulator 

-1.9 1.00 -3.0 0.03 -1.5 0.98 -2.2 0.14 

PA4782 hypothetical -2.7 0.19 -12.0 <0.01 -11.6 <0.01 -23.4 <0.01 

PA4826 hypothetical -1.1 0.94 -4.7 0.01 -4.9 0.01 -1.3 0.99 

                     

                     Genes Down-regulated by high Calcium during both planktonic and biofilm growth 

 

PA1178 oprH -58.8 <0.01 -28.2 <0.01 -1.5 0.89 -12.8 0.04 

PA1179 phoP -15.1 <0.01 -18.1 <0.01 -1.3 0.98 -11.6 <0.01 

PA1180  phoQ -12.5 <0.01 -14.7 <0.01 -1.4 0.96 -11.2 <0.01 

PA1343 hypothetical -12.2 <0.01 -13.5 <0.01 5.5 <0.01 -6.3 0.07 

PA3552  arnB -12.5 <0.01 -4.8 <0.01 -5.2 <0.01 -20.3 <0.01 
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PA3553  arnC -11.1 <0.01 -4.7 <0.01 -8.3 <0.01 -29.4 <0.01 

PA3554 arnA -11.5 <0.01 -6.5 0.02 -27.5 <0.01 -43.5 <0.01 

PA3556 arnT -5.6 0.01 -5.1 0.01 -22.8 <0.01 -37.1 <0.01 

PA3559 arnG -5.2 0.02 -5.9 0.01 -5.9 0.04 -14.4 0.01 

PA4010 glycosylase -4.7 <0.01 -4.3 0.01 -2.9 0.1 -4.7 <0.01 

PA4011 hypothetical -3.5 0.02 -4.1 0.01 -3.2 0.11 -5.1 <0.01 

PA4359 transport -4.2 <0.01 -3.8 0.01 -4.1 0.01 -11.5 <0.01 

PA4825 mgtA -4.0 0.05 -3.5 0.12 -3.7 0.06 -1.2 0.95 
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Ca
2+

 influences the expression of three two-component regulatory systems 

(TCSs), carSR, phoPQ, and pmrAB. Expression of the novel TCS, PA2656-PA2657 

(here termed, carSR) increased 10 to 12 fold in response to Ca
2+

, while the TCSs phoPQ 

and pmrAB had significantly reduced expression (Table 3.1). The carSR operon contains 

four genes, which include the histidine kinase, carS, and the response regulator, carR, as 

well as two small periplasmic lipoproteins (PA2658 and PA2659), that both contain 

peptidase propeptide domains with possible protease inhibitory function. Increased 

expression of this operon was observed during growth of PAO1 in planktonic culture, but 

not in biofilms, and not in FRD1 cultures. Expression of both phoPQ and pmrAB TCSs 

was downregulated by Ca
2+ 

in planktonic and biofilms cultures of both PAO1 and FRD1 

(Table 3.1). Other studies have shown that PhoPQ affects the expression of the arn 

operon (PA3552-PA3559), which is involved in modification of LPS and enhanced 

resistance to cationic peptide antibiotics (110, 279).  The transcriptomics results here are 

consistent with those results and indicate that Ca
2+

,also caused reduced expression of the 

arn operon in biofilm and planktonic cultures of both PAO1 and FRD1 (Table 3.1). 

 P. aeruginosa encodes multiple TCSs from each of the OmpR, NarL, and NtrC 

subgroups. We performed sequence alignment of paralogs from each of the TCSs clades 

for both the histidine kinases and the response regulators.  The results of the OmpR 

subclade for the response regulators are shown in Fig. 3.1. Interestingly, although having 

opposite regulatory responses to Ca
2+

, CarSR, PhoPQ, and PmrAB are closely related 

paralogs within the OmpR group, and all involved in divalent cation sensing and 

osmoregulation (106). 
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Figure 3.1. Phylogenetic analysis of P. aeruginosa response regulators in the OmpR 

clade of two-component systems. The OmpR response regulator protein sequences were 

aligned using the MEGA software (57).  Phylogenetic relationships were constructed by 

using neighbor-joining and bootstrapping analysis within the MEGA program. The 

shaded region shows the subclade that includes PhoP, PmrA, and CarR. 
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CarSR regulates PA0320 and PA0327 in a Ca
2+

-dependent manner.  To 

identify the regulatory targets of CarSR, we constructed a deletion mutation of the carR 

response regulator in strain PAO1 and performed transcriptome analysis of the mutant 

strain with and without adding CaCl2.  The results were compared to the responses of 

wild-type strain PAO1 to Ca
2+

. Expression of PA0320 and PA0327, which was highly 

upregulated by Ca
2+

 in PAO1 strain, was unaffected by Ca
2+

 in the ∆carR mutant strain, 

suggesting that CarSR directly (or indirectly) regulates transcription of PA0320 and 

PA0327 in a Ca
2+

-dependent manner.  To confirm the role of CarSR in regulation of 

PA0320 and PA0327, we performed RT-qPCR on PAO1 and on PAO1 ∆carR, using 

PA0320 and PA0327 specific primers.  The results show that at the 6 h time point, 

PA0320 and PA0327 were slightly repressed by Ca
2+

 in both strains.(Fig. 3.2 A, B). 

However, after 12 and 24 h of growth, expression of both PA0320 and PA0327 was 

induced by Ca
2+

in strain PAO1, but not in the ∆carR mutant.   PA0320 had a 4.5 fold 

mean fold increase in mRNA abundance due to Ca
2+

 at 24 h (p=0.05), and PA0327 had a 

4.1 fold increase due to Ca
2+

 (p= 0.05), as determined by a Mann-Whitney test.   In the 

∆carR mutant strain, PA0320 and PA0327 mRNA was slightly reduced by Ca
2+

, 

confirming the role of carR in the Ca
2+

-dependent transcription of PA0320 and PA0327. 
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Figure 3.2. Reverse transcription quantitative polymerase chain reaction (RT-

qPCR) analysis of PA0320 (carO) and PA0327 (carP) in P. aeruginosa PAO1 and in the 

P. aeruginosa ∆carR. (A) Relative expression of carO in BMM with 10 mM CaCl2 

compared to 0 mM CaCl2 for P. aeruginosa PAO1 (black bars) and in P. aeruginosa 

DcarR (grey bars). (B) Relative expression of carP in BMM with 10 mM CaCl2 

compared to 0 mM CaCl2 for P. aeruginosa PAO1 (black bars) and in P. aeruginosa 

∆carR (grey bars).  Data show the mean and standard deviation for three biological 

replicates (two technical replicates for each sample) at each time point. Statistical 

significance of the difference was calculated using student’s T-test. *,  p<0.01. 
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Predicted roles of PA0320 and PA0327 based on protein structural models.  

Structural modeling of PA0320 using HHpred and iTASSER indicates that this protein 

contains an OB-fold (oligonucleotide/oligosaccharide binding motif) with similarity to 

YgiW of E. coli (280), which is required for cell survival in hydrogen peroxide and 

cadmium  (281). PA0320 is predicted to have a signal peptide for transport of the protein 

to the periplasm. The  3D structure of PA0327, predicted by HHPred and I-Tasser, forms 

a 5 bladed β-propeller (Fig. 3.S1). Structural homologs of PA0327, including YjiK, α-L-

arabinofuranosidases, hemagglutinin-neuraminidase, and levansucrase, which both 

require Ca
2+

 for stability (reviewed in (282)).  The predicted SdiA-regulated domain is 

commonly found in TolB proteins, which include Ca
2+

-dependent phosphotriesterases. 

Sequence analysis predicts that the N-terminus of PA0327 has an uncleaved 

transmembrane domain, suggesting that PA0327 is anchored in the cytoplasmic 

membrane with the rest of the protein facing the periplasm. Overall, the predicted 

structure of PA0327 suggests that it binds Ca
2+

 in a central pocket, and that Ca
2+

 binding 

may be required for the protein stability.  PAO1 possesses two paralogs of PA0327 

(PA0319 and PA2017) with 38-47% amino acid sequence identity. However, expression 

of PA0319 and PA2017 is not affected by Ca
2+

. Therefore, although PA0319 is adjacent 

to and in the same orientation as PA0320, these two genes have different regulatory 

mechanisms.  From the structural predictions, we refer to PA0320 as CarO (calcium-

regulated OB-fold protein) and PA0327 as CarP (calcium-r -propeller protein). 
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Figure 3.S1. Predicted structure of P. aeruginosa PA0327 (CarP) and PA0320 

(CarO).  Structural predictions were made by using i-TASSER (64) and HHpred (63), 

and visualized by using PyMOL (The PyMOL Molecular Graphics System, Version 1.7.6 

Schrödinger, LLC). The structural predictions for CarP were based on threading onto the 

E. coli YjiK (PDB#3QQZ).  CarP is predicted to form a β-propeller, with the β-sheets 

highlighted in blue. The amino acid residues predicted to bind Ca
2+

 are within the central 

pocket, and are highlighted in red. (A) Top view of the predicted structure. (B) 90
0 

rotation around the x-axis showing the side view of the β-propeller structure. Rotating the 

structure reveals that the predicted Ca
2+ 

binding residues are located at one entrance of 

the
 
β-propeller tunnel. The structural predictions for CarO is based on threading onto 

putative lipoprotein of Clostridium difficile 630 (PDB#4EXR). Car O is predicted to form 

a OB fold domain as highlighted in magenta. (C) Predicted structure of CarP. (D) 90
0 

rotation around the y-axis. 

A. B. Top view Side view 

90° 

D. 

90° 

C. 
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CarP is required for optimal growth of PAO1 in high [Ca
2+

] medium. In order 

to characterize the functional roles of carO and carP in response to Ca
2+

, we obtained 

transposon mutants of each gene from the University of Washington two-allele library 

(283). Each mutation was complemented by cloning the respective gene into the single-

copy Tn7 expression vector, pTJ1 (260).  To determine the effect of Ca
2+

 on growth, each 

mutant strain and its respective complemented counterpart was cultured in BMM with or 

without 10mM  [Ca
2+

]. The mutations in carR and carO did not affect growth at either 

Ca
2+ 

level (Fig. 3.3). However, the carP mutation caused a defect in growth at high 

[Ca
2+

].  The lag phase of carP::Tn5 increased by 4 h, and the strain had a twofold 

decrease in growth rate.  The maximum growth yield of the carP::Tn5 mutant was also 

reduced in the presence of 10 mM CaCl2.  No effect on growth was observed for the 

carP::Tn5 mutant when no Ca
2+

 was added to the medium. Complementation of carP 

restored the wild-type growth characteristics (Fig.  3.3).  
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Figure 3.3. Growth of P. aeruginosa PAO1 and mutant strains in BMM containing 0 

mM CaCl2 (black diamonds) or 10 mM CaCl2 (open gray circle).  (A) Growth of P. 

aeruginosa PAO1 in BMM.  (B)  Growth of P. aeruginosa ∆carR.  (C) Growth of P. 

aeruginosa carO::Tn5.  (D) Growth of P. aeruginosa carP::Tn5.  Filled grey circles 

show P. aeruginosa carP::Tn5, complemented with carP. Data show the mean and 

standard deviation for three biological replicates. 
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CarSR regulates Ca
2+ 

homeostasis in PAO1 through the activities of CarO 

and CarP.  To characterize further the functional roles of CarRS and its regulatory 

targets, carO and carP, we measured the intracellular concentration of Ca
2+

 ([Ca
2+

]in) and 

monitored its changes in response to a rapid increase in extracellular CaCl2. For this, we 

expressed the recombinant Ca
2+

-binding luminescence protein, aequorin, in PAO1 and in 

its corresponding mutant strains. We assayed each strain when first cultured without 

CaCl2 or with 10 mM CaCl2. In the former case, PAO1 maintained [Ca
2+

]in at 0.14 ± 0.05 

µM, which transiently increased in response to the addition of 1 mM CaCl2 (Fig 3.4. 

ABC – black lines)(226). The mutations in carR or carO did not affect the basal level of 

[Ca
2+

]in.  The immediate increase level of  [Ca
2+

]in following the addition of 1 mM CaCl2 

external Ca
2+ 

was also unaffected by the mutations (Fig. 3.4. A, B – grey lines). However, 

the recovery of [Ca
2+

]in was impaired following the addition of 1 mM CaCl2.  Recovery 

from the sudden increase in external Ca
2+

 was sixfold higher in ∆carR strain (Fig. 3.4.A) 

and twofold higher in carO:Tn5 (Fig. 3.4. B) than in the wild-type PAO1, suggesting that 

CarR and CarO play roles in maintaining [Ca
2+

]in homeostasis.  Unlike the ∆carR and 

carO::Tn5 mutants, the carP::Tn5 strain had a 2.5 fold higher basal level of [Ca
2+

]in (0.34 

± 0.17 µM) than PAO1 (Fig. 3.4. C inset).  Recovery of [Ca
2+

]in from a sudden increase 

in external Ca
2+

  was impaired 2.5 fold, in the carP::Tn5 strain (Fig.3. 4. C – grey lines).  

The intracellular calcium levels were also measured when the strains were first 

cultured with 10mM CaCl2. For these experimnents, cells were first cultured in BMM 

with 10 mM CaCl2, then washed to remove excess CaCl2, and assayed for response to 

rapid addition of 1mM Ca
2+

.  Under these condition, the basal [Ca
2+

]in for the wild-type 

strain was 0.35 ± 0.09 µM, or 2.5 fold higher than when cultured in BMM without Ca
2+
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(Fig 3.4. DEF – black lines)  Addition of 1 mM external Ca
2+ 

resulted in increased basal 

[Ca
2+

]in to 1.38 ± 0.03 µM and only partially recovery of [Ca
2+

]in after 4 min,  followed 

by a slow increase to 2.17 ± 0.48 µM after 20 min (Fig. 3.4. D – black line). Mutations in 

carR or carO did not significantly change the [Ca
2+

]in profile compared to the wild-type 

strain, with both strains showing partial recovery at 4 min followed by a slow increase in 

[Ca
2+

]in (Fig. 3.4. D,E – grey lines).  However, the carP::Tn5 mutant strain had a very 

different response to externally added Ca
2+

 (Fig. 3.4F – grey lines). First, the basal level 

of [Ca
2+

]in was threefold higher than in PAO1, at 0.98 ± 0.16 µM (Fig. 3.4. F inset).  

Second, recovery to basal level following the addition of 1 mM CaCl2 was impaired 

compared to wild-type, and the [Ca
2+

]in remained elevated.  The results indicate that 

[Ca
2+

]in homeostasis was impaired in all three mutant strains when grown at low [Ca
2+

], 

and impaired in the carP::Tn5 mutant strain when first  cultured with high [Ca
2+

]. 
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Figure 3.4. Free [Ca
2+

]in profiles of P. aeruginosa wild type strain PAO1 (black line) and 

mutants (grey line): (A and D), ∆carR; (B and E), carO::Tn5; (C and F), carP::Tn5. Cells 

were grown in BMM media without added CaCl2 (A, B, and C) or 10 mM CaCl2 (D, E, 

and F). 1 mM CaCl2 was added at the time indicated by the arrow. Changes in free 

[Ca
2+

]in were calculated as described in the Methods section.  Insets: Basal level of 

[Ca
2+

]in monitored for 1 min before 1 mM Ca
2+ 

was added. Data show the mean and 

standard deviation for three biological replicates. 
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CarP modulates Ca
2+

-induced swarming motility and pyocyanin production. 

In previous work, we noted that Ca
2+ 

addition results in phenotypic changes of P. 

aeruginosa (226). In particular, Ca
2+

 results in changes in swarming motility, pyocyanin 

production, and sensitivity to tobramycin in the wild-type strain. The transcriptome data 

presented here show that elevated Ca
2+

 also causes an increase in expression of genes for 

pyocyanin production (Table 3.1).  Therefore, to determine if carR, carO, or carP play a 

role in either of these Ca
2+

-dependent phenotypes, we assayed the mutant and 

complemented strains for swarming motility and pyocyanin production at low and high 

Ca
2+

.  As in the prior study (6), 10 mM Ca
2+ 

caused an increase in PAO1 swarming by 

fivefold (Fig. 3.5 A, B).  Mutations of carR or carO did not have a significant effect on 

swarming motility at any Ca
2+ 

level (Fig. 3.5 C, D, E, F).  In contrast, the mutation in 

carP significantly altered the morphology of swarming colonies at elevated [Ca
2+

], 

showing multiple branches that extended from the swarming colonies (Fig. 3.5 G, H).  

Complementation of carP restored the wild-type swarming morphology (Fig. 3.5 I).  

While the ∆carR and carO::Tn5 mutants had similar pigment production as PAO1 at both 

low and high Ca
2+ 

levels, the carP::Tn5 mutant appeared impaired for pigment 

production in swarming colonies.  We extracted and quantified pyocyanin produced by 

the swarming colonies.  Figure 3.6 shows that the Tn5 disruption of carP reduced the 

pyocyanin amount by 72%. The carP complemented strain had levels of pyocyanin 

production that were similar to wild-type.   
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Figure 3.5. Swarming colonies of P. aeruginosa strains growing on BM2 agar 

containing 0mM (A, C, E, and G) or 10 mM CaCl2 (B, D, F, H, and I). The following 

strains were tested: PAO1 (A, B), ∆carR (C, D), carO::Tn5 (E, F), carP::Tn5 (G, H), and 

carP::Tn5/carP (I). The latter was grown on BM2 swarm agar containing 10 mM CaCl2 

and 0.3 mM arabinose. Diameter and morphology of the colonies were reported after 24 h 

incubation. The pictures show representative replicates selected from three biological 

replicates. 
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Figure 3.6.  Pyocyanin production by P. aeruginosa PAO1, carP::Tn5, and 

carP::Tn5/carP. Pyocyanin was extracted from swarming colonies grown on BM2 plates 

in the presence of 10mM CaCl2. The excised agar plugs containing the colonies were cut 

into halves. Pyocyanin amounts were quantified from one half of the agar plug, and then 

normalized to the total cellular protein extracted from the other half of the plug.  The data 

represent the mean and standard deviations for at least three biological replicates in three 

independent experiments. Statistical significance of the difference was calculated using 

student’s T-test. *,  p<0.01. 
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carO and carP mutations cause increased sensitivity to tobramycin at high [Ca
2+

]. 

Our earlier studies showed that growth at elevated Ca
2+ 

increases the minimum inhibitory 

concentration (MIC) of PAO1 to tobramycin and polymyxin B (Khanam, et.al, 

unpublished data). To assess the potential role of carR, carO, and carP in Ca
2+

-dependent 

resistance, we assayed each mutant and complemented strain for MIC using E-test strips 

(Fig. 3.7). In wild type cells, the MIC for tobramycin was eightfold greater than in cells 

cultured without adding Ca
2+

. Both carO::Tn5 and carP::Tn5 strains had twofold 

reduction in tobramycin MIC when grown at elevated Ca
2+

. The MIC for tobramycin was 

restored in these strains to the wild type levels when the mutant genes were 

complemented. No difference in tobramycin susceptibility was detected in the mutant 

cells cultured without adding Ca
2+

.  The ΔcarR mutation did not affect tobramycin 

resistance.  The MIC of polymyxin B is 32 fold greater for the wild-type strain PAO1, 

when cells are cultured in the presence of 10 mM CaCl2 than when no CaCl2 is added to 

the medium.  The mutations in carR, carO, or carP had no effect on polymyxin B 

resistance compared to wild-type at either CaCl2 concentration. 
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Figure 3.7. Minimum inhibitory concentrations (MICs) of tobramycin for P. aeruginosa 

PAO1, mutants carO::Tn5, and carP::Tn5, and their complemented counterparts 

carO::Tn5/carO, and carP::Tn5/carP grown on BMM with no added CaCl2 (dark grey 

bars) or 10 mM CaCl2 (light grey bars).  Cells were grown in BMM at no added CaCl2 till 

mid-log phase, their OD600 were normalized to 0.1, and the aliquots of 100 µL were 

plated onto BMM agar for MIC measurements. E-strips with tobramycin gradient were 

placed on the bacterial lawns, and the MICs were recorded after 24 h incubation. The 

data represent the mean and standard deviations of at least three biological replicates 

from two independent experiments. The coefficient of variation between biological 

replicates was less than 25%. 
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Discussion 

Our earlier studies showed that Ca
2+

 regulates a number of physiological 

processes, including virulence, in the opportunistic pathogen P. aeruginosa (7, 156, 226, 

238). However, the molecular mechanisms responsible for sensing extracellular Ca
2+

 and 

orchestrating the cellular responses are not known.  Here, we applied a genome-wide 

transcriptome analysis of P. aeruginosa to identify genes whose transcription is 

differentially regulated by Ca
2+

.  Among the genes identified as induced by Ca
2+

 is an 

operon (PA2656-2659) containing the two-component regulatory system, carSR. The 

CarSR proteins are closely related to other P. aeruginosa TCSs, PhoPQ and PmrAB, 

which are involved in Mg
2+

 sensing (106).  Other gram negative bacteria have been 

shown to recognize or respond to extracellular Ca
2+ 

through TCSs.  In Salmonella 

typhimurium, the PhoQ kinase of the PhoPQ system binds Ca
2+

, Mg
2+

 and Mn
2+ 

and 

regulates the transcription of genes, including virulence factors (reviewed in (284)). 

PhoQ has distinct Ca
2+ 

and Mg
2+ 

binding sites (285), suggesting an intricate nature of 

PhoPQ regulation by divalent cations. In Vibrio cholera, expression of the CarSR TCS 

negatively regulates polysaccharide production and biofilm formation in response to 

elevated Ca
2+ 

(154). In Escherichia coli, AtoSC is induced by Ca
2+

 and regulates the 

biosynthesis and the intracellular distribution of cPHB (complexed poly-(R)-3-

hydroxybutyrate), building the non-proteinaceous complexes that act as voltage-gated 

Ca
2+

 channels (286-288).   Here, we demonstrate that expression of the P. aeruginosa 

TCS, CarSR, increases in response to high levels of external Ca
2+

.  CarSR in turn 

regulates transcription of carO and carP genes, that are involved in   Ca
2+

-dependent 
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responses. Based on these results, we propose that CarSR is a Ca
2+

-regulated TCS in P. 

aeruginosa PAO1. 

In addition to inducing the transcription of carSR, elevated Ca
2+ 

represses the 

transcription of two closely related TCSs, phoPQ and pmrAB. McPhee et al. showed that 

phoPQ and pmrAB are also downregulated by elevated Mg
2+

 (106, 240).  Changes in 

Mg
2+

 concentrations in the media did not affect the transcription of carSR (106). The 

transcriptional response of the TCSs due to Ca
2+

 addition is affected by the mode of 

growth.  Expression of carSR is induced only in planktonic cultures, whereas expression 

of pmrAB and phoPQ is reduced in biofilms and in planktonic cultures. The results 

suggest an additional level of regulation coordinating responses to Ca
2+ 

during a switch 

from planktonic to biofilm growth. 

Comparison of the Ca
2+

-induced regulon reported here and the Mg
2+

-induced 

regulon reported in (106) revealed that 36 PAO1 genes are positively regulated by 

elevated Ca
2+

, but not by elevated Mg
2+

. These genes include PA0102-0104 encoding for 

carbonic anhydrase and permease, hypothetical proteins PAO320 (here named CarO) and 

PA0327 (here named CarP) that are regulated by carSR, and quorum sensing systems las 

and rhl, together with 14 genes regulated by these quorum sensing proteins (289-291). 

The latter include rahU involved in modulating biofilm formation and interaction with 

host innate immunity, hcnA involved in hydrogen cyanide production, kynB involved in 

the anthranilate pathway, rhlB essential for rhamnolipid biosynthesis, and pvd genes 

involved in pyoverdine biosynthesis. This comparison found no genes that were 

significantly induced by elevated levels of both Ca
2+ 

and Mg
2+

. However twenty genes 

were downregulated by both cations. Most of these downregulated genes belong to the 
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regulons of PhoPQ and PmrAB, including the arn operon (110, 240), which is involved 

in modification of LPS with arabinose groups.  The arn-mediated LPS modifications 

were shown to increase P. aeruginosa resistance to polymyxin B (242).  However, here 

we observed a decreased transcription of the arn operon, and an increase in resistance to 

polymyxin B in response to elevated Ca
2+

. This result suggests that P. aeruginosa 

possesses an alternative mechanism for resistance to polymyxin B that is positively 

regulated by Ca
2+

, and independent of Arn modification of LPS.  

The Ca
2+

-induced TCS, CarSR, regulates expression of carO and carP in a Ca
2+

-

dependent manner.  CarSR, CarO, and CarP are all required for P. aeruginosa PAO1 

response to elevated Ca
2+

 levels.  In particular, CarSR, CarO, and CarP are all required to 

maintain intracellular [Ca
2+

] at a low level when cells are grown at low [Ca
2+

]. In 

addition, CarP is required for maintaining low cytosolic [Ca
2+

] and for optimal growth 

when cells are exposed to high [Ca
2+

]. CarP is also involved in other processes that are 

influenced by high [Ca
2+

], including modulating the amount of pyocyanin production and 

affecting swarming motility. Both CarO and CarP also contribute to Ca
2+

-induced 

resistance to tobramycin.  

The molecular roles of CarO and CarP in Ca
2+

-dependent processes are presently 

unknown.  Since CarO and CarP are located primarily in the periplasm, they are likely 

not involved in the direct biosynthesis of pyocyanin, flagella, flagella motor or 

chemotaxis system.  However, they may allow the cells to sense or modulate the 

periplasmic levels of Ca
2+

, which itself plays a role in regulating production of these 

factors either directly or via reducing the intracellular concentration of Ca
2+

.  Intracellular 

[Ca
2+

] may in turn affect expression of genes required for pyocynin production or 
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swarming motility.   Whether their activities are direct or indirect, CarO and CarP are 

important for P. aeruginosa responses to high levels of Ca
2+

, since the phenotypes 

observed for the carO and carP mutants occur primarily at high [Ca
2+

]. 

The results presented here indicate that the two component system CarSR is 

responsible for P. aeruginosa sensing elevated levels of external Ca
2+

, and is responding 

through induction of its regulatory targets, carO and carP.  CarO and CarP affect 

intracellular Ca
2+

 homeostasis, surface-associated motility, resistance to tobramycin, and 

production of the virulence factor pyocyanin.  
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A LINK BETWEEN QUORUM SENSING AND INTRACELLULAR CLACIUM 

SIGNALING IN PSEUDOMONAS AERUGINOSA. 
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Abstract 

Pseudomonas aeruginosa is a ubiquitous bacterium that is able to successfully inhabit 

diverse environments ranging from soil, to eukaryotic hosts. It possesses multiple signaling and 

regulatory systems to recognize and coordinate its responses to a multitude of different 

environmental stimuli. Elevated environmental calcium (Ca
2+

)
 

and quorum sensing (QS) 

signaling molecules regulate multiple physiological processes in P. aeruginosa, some of which 

overlap. This raises an intriguing question about possible relationship between the two signaling 

systems. Our earlier genome-wide proteomic and transcriptomic studies suggested that Ca
2+

 

regulates the expression of QS genes. Here we applied promoter activity assay and confirmed 

that growth at elevated Ca
2+

 differentially regulates the transcription of QS regulators, lasR, rhlR, 

and pqsR. Rapid changes in external Ca
2+ 

also cause intracellular Ca
2+ 

transients. To test whether 

the latter are involved in mediating Ca
2+ 

regulation, we identified a putative Ca
2+ 

leak channel 

encoded by PA2604 that is responsible for generating the intracellular Ca
2+ 

transients. 

Transposon disruption of PA2604 abolished QS- and Ca
2+

-dependent pyocyanin production and 

impaired QS- and Ca
2+

-regulated swarming motility. This provides the first experimental 

evidence of the regulatory role of the intracellular Ca
2+ 

transients, and strongly supports the role 

of Ca
2+ 

as a secondary messenger in P. aeruginosa. Since the addition of QS signaling molecules 

did not generate intracellular Ca
2+

 transients, we conclude that environmental Ca
2+ 

regulates QS 

via transient changes of intracellular Ca
2+ 

in P. aeruginosa.  
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Introduction 

Bacterial survival in diverse habitats is a result of continuous adaptation to constantly 

changing environmental conditions, which requires a synchronized regulation of various cellular 

processes. Ubiquitous bacteria like Pseudomonas aeruginosa that successfully inhabit such 

diverse environments as soil, water, or eukaryotic host, have evolved intricately coordinated 

molecular mechanisms allowing them to recognize and respond to highly variable environmental 

stimuli. These mechanisms include sensors relaying the environmental signals to cognate 

regulators either directly or through intracellular (secondary) signaling systems, which 

collectively form complex regulatory networks. P. aeruginosa possess several secondary 

signaling systems including quorum sensing (QS), cyclic adenosine monophosphate (cAMP), 

cyclic-di-guanosine monophosphate (c-di-GMP), alarmones guanosine tetraphosphate (ppGpp), 

and guanosine pentaphosphate (pppGpp) (63). 

QS, a well-studied signaling system in P. aeruginosa, regulates collective behavior of 

cell population by synchronizing gene expression in response to cell density (96). P. aeruginosa 

possesses three QS systems, Las, Rhl, and PQS that utilize 3-O-C12 homoserine lactone (3-O-

C12 HSL), C4 homoserine lactone (C4 HSL), and pseudomonas quinolone signaling (PQS) as 

autoinducer molecules, respectively (99, 292, 293). More than 6% of P. aeruginosa PAO1 

genome, including genes involved in production and secretion of toxins, extracellular proteases, 

pyocyanin, and rhamnolipids, are regulated by QS (100, 101). Overall, QS signaling coordinates 

the regulation of community behavior such as swarming motility and biofilm formation in P. 

aeruginosa (102). It also regulates the transition between avirulent environmental state and 

highly virulent pathogenic state of the organism, thus enabling successful physiological 

adaptation during host invasion.  
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The regulation of QSs was shown to be intricately interconnected with the global 

regulatory network of P. aeruginosa (294). A variety of environmental factors trigger changes in 

the expression of QS genes via so called global transcriptional regulators controlling the 

expression of multiple pathways. For example, nitrogen and iron starvation was shown to 

regulate QS signaling via transcriptional activation of alternative sigma factor RpoN (Las and 

Rhl) and small regulatory RNAs (srNA) PrrF (PQS), respectively. Limiting phosphate conditions 

are recognized by two component regulatory system PhoB/R, which in turn regulates Rhl and 

PQS response. Low magnesium induces the production of lasI and PQS biosynthetic genes. Low 

nutrient availability causes premature induction of Las and Rhl genes as a result of catabolite 

repression involving a cAMP receptor, NitVfr. QS systems are also regulated by several two-

component regulatory systems (TCSs) and transcriptional regulators. A TCS GacA/S induces the 

expression of lasI and rhlI via sRNAs, RmsY and RmsZ, and transcriptional regulator qscR. 

Besides GacAS, two other sensor kinases LadS and GecS control Las and Rhl QS systems via 

sRNAs. Finally, the transcriptional regulators controlling expression of QS systems in P. 

aeruginosa include RsaL, QteE, QslA, MvaT, GibA, PmpR, AlgQ, AlgR, VqsM, PA1196, 

PpyR, PtxR, QscR, and VqsR that are also regulating diverse physiological processes including 

biosynthesis of alginate, pyocyanin, and rhamnolipid (reviewed in (63, 295)). This complex and 

interconnected regulation enables fine tuning of metabolism and behavior of P. aeruginosa 

allowing successful adaptation to environmental challenges. It also illustrates the responsiveness 

of QS-based regulation to environmental factors, which may include calcium. 

Calcium ions (Ca
2+

) represent one of the most essential secondary messenger in 

eukaryotes, which regulates many vital cellular processes including cell cycle, apoptosis, 

transport, motility, gene expression, and metabolism (reviewed in (296)). In prokaryotes, 
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however, the role of Ca
2+ 

is not well characterized. It has been shown that growth at elevated 

Ca
2+ 

regulates many physiological processes including spore formation, chemotaxis, heterocyst 

differentiation, transport, and virulence in several bacterial species (7, 142-144). Our earlier 

genome-wide microarrays and proteomic studies in P. aeruginosa showed that Ca
2+ 

modulates 

the expression of a large number of genes including those responsible for iron acquisition, 

oxidative stress response, alginate and phenazine biosynthesis, production of extracellular 

proteases, nitrogen metabolism,  antibiotic resistance, and quorum sensing signaling (156) 

(Guragain et al. submitted). We also determined that growth in high Ca
2+ 

enhances biofilm 

formation (7), swarming motility (297), and plant infectivity of P. aeruginosa (188). However, 

the mechanisms of Ca
2+ 

regulation remain elusive. To address this question, we identified Ca
2+

-

regulated two-component system CarSR regulating several putative Ca
2+ 

-binding proteins in a 

Ca
2+ 

-dependent manner. One of these proteins, CarP, is responsible for cell tolerance to high 

Ca
2+

 and Ca
2+-

induced swarming and pyocyanin production (Guragain et al., submitted). The 

remaining question is whether Ca
2+ 

plays role as a
 
secondary messenger in prokaryotes. To 

address this, we established that P. aeruginosa maintains submicromolar level of intracellular 

Ca
2+

 ([Ca
2+

]in), which is transiently increased in response to elevated external Ca
2+

 and identified 

at least four putative Ca
2+ 

transporters required for [Ca
2+

]in homeostasis (297). Altogether these 

data suggest that Ca
2+ 

serves as both primary (external) and secondary (intracellular) messenger 

in P. aeruginosa. The latter, however, requires experimental confirmation. 

Our microarray and proteomic analyses suggested that growth at elevated external Ca
2+ 

increased the expression of genes involved in QS in P. aeruginosa (7, 156, 188) (Guragain et al, 

submitted). Furthermore, comparison of the characterized Ca
2+ 

regulon with the regulons of QS 

systems (100, 101, 298) revealed a number of physiological processes commonly regulated by 



106 
 

both Ca
2+

 and QS (Table 4.1). These observations suggest a possible interplay between Ca
2+ 

and 

QS regulatory networks. We hypothesized that either externally elevated Ca
2+ 

regulates the 

production of QS signaling molecules triggering a response, or sensing QS molecules generates 

intracellular Ca
2+ 

transients regulating the downstream effects. In order to characterize a possible 

relationship between QS and Ca
2+ 

signaling in P. aeruginosa, we applied transcriptional analysis 

and studied the effect of Ca
2+

 on the production of QS signal molecules. We also determined 

whether [Ca
2+

]in is transiently changed in response to externally added QS molecules, and 

characterized the role of Ca
2+ 

in regulating QS-dependent swarming motility in P. aeruginosa. 

This study demonstrates that Ca
2+ 

regulates QS signaling in P. aeruginosa. We also identified a 

probable Ca
2+

 influx channel and characterized its role in [Ca
2+

]in homeostasis and Ca
2+

-

dependent swarming and production of virulence factor, pyocyanin. Finally, we provide the first 

experimental evidence that transient changes in the intracellular [Ca
2+

] are required for 

regulating Ca
2+

-dependent processes, such as biosynthesis of pyocyanin, and therefore support 

that intracellular Ca
2+ 

plays a signaling role in P. aeruginosa. 
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Table 4.1. Genes/proteins regulated by elevated Ca
2+ 

in P. aeruginosa 

Gene/Protein Name, PAORF QS system Reference 

RahU, PA0122 Las/Rhl (100, 101) 

Autoinducer synthesis protein (LasI), PA1432 Las/Rhl (100, 101) 

Kynurenine foramidase (KynB), PA2081 Las/Rhl (100, 101) 

Hydrogen cyanide synthase (HcnA), PA2193 Las/Rhl (100, 101) 

PvdL, PA2424 Las/Rhl (101) 

Hypothetical protein, PA3322 Las/Rhl (100, 101) 

RhlR, PA3477 Las/Rhl/PQS (100, 101, 299) 

RhlB, PA3478 Las/Rhl (100, 101) 

Hypothetical protein, PA4141 Las/Rhl/PQS (100, 101, 291) 

5-methyltetrahydropteroyltriglutamate-homocysteine S-

methyltransferase 

(MetE), PA1927 

Las/Rhl (101) 

Fur like, PA2384 PQS (291) 

L-ornithine N5-oxygenase (PvdA), PA2386 PQS (291) 

Hypothetical protein, PA2412 PQS (291) 

Hypothetical protein, PA2427 PQS (291) 

Hypothetical protein, PA4469 PQS (291) 

Hypothetical protein, PA4570 PQS (291) 

 

 

 

 

 

http://beta.pseudomonas.com/feature/show?id=106634
http://beta.pseudomonas.com/feature/show?id=106634
http://beta.pseudomonas.com/feature/show?id=107552
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Materials and Methods 

Bacterial strains, plasmids and media. Strains and plasmids used in this study are listed 

in Table 4.2. P. aeruginosa strain PAO1 used in this study is the non-mucoid strain with genome 

sequence available. Strain PA0214 (∆lasI) was generously provided by Dr. Erika Lutter 

(Department of Microbiology and Molecular Genetics, Stillwater, OK). Transposon insertion 

mutants were obtained from the University of Washington Two - Allele library (300). The 

mutants contained ISphoA/hah or ISlacZ/hah insertions with tetracycline resistance cassette that 

disrupted the genes of interest. The mutations were confirmed by two-step PCR: first, transposon 

flanking primers were used to verify that the target gene is disrupted, and second, transposon-

specific primers were used to confirm the transposon insertion. The primer sequence is available 

at www.gs.washington.edu. For convenience, the mutants were designated as PA::Tn5, where 

PA is the identifying number of the disrupted gene from P. aeruginosa PAO1 genome 

(www.pseudomonas.com). 

Biofilm minimal media (BMM) (7) contained (per liter): 9.0 mM sodium glutamate, 50 

mM glycerol, 0.02 mM MgSO4, 0.15 mM NaH2PO4, 0.34 mM K2HPO4, and 145 mM NaCl, 20 

µl trace metals, 1 ml vitamin solution. Trace metal solution (per liter of 0.83 M HCl): 5.0 g 

CuSO4.5H2O, 5.0 g ZnSO4.7H2O, 5.0 g FeSO4.7H2O, 2.0 g MnCl2.4H2O). Vitamins solution (per 

liter): 0.5 g thiamine, 1 mg biotin. The pH of the medium was adjusted to 7.0.  Cells were first 

grown in 5 ml tubes for 16 h (mid-log) and then used to inoculate (0.1%) 100 ml fresh medium 

in 250 ml flasks. The cultures were grown to mid-log or stationary phase and harvested by 

centrifugation. 

 

http://www.gs.washington.edu/
http://www.pseudomonas.com/
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Table 4.2. Strains and plasmids used in this study 

Strains/Plasmids Description Reference 

Strains   

P. aeruginosa PAO1 Wild type sequenced strain  (10) 

PAOJP2 lasI-rhlI double mutant of PAO1 (301) 

PAO214 lasI knockout mutant of PAO1 (301) 

PA1430::Tn5 lasR transposon mutant of PAO1 

PW 3597 

PA1430-B10::ISlacZ/hah 

(300) 

PA3476::Tn5 rhlI transposon mutant of PAO1 

PW6880 

PA3476::ISPhoA/hah 

(300) 

PA3477::Tn5 rhlR transposon mutant of PAO1 

PW 6882 

PA3477-B10::ISlacZ/hah 

(300) 

PA0996::Tn5 pqsA transposon mutant of PAO1 

PW 2798 

PA0996-H05::ISlacZ/hah 

(300) 

PA1003::Tn5 pqsR transposon mutant of PAO1 

PW2812 

PA1003-G11::ISlacZ/hah 

(300) 

PA2604::Tn5 PW5376 

PA2604-G04::ISPhoA/hah 

(300) 

Plasmids   

pMS402 Expression reporter plasmid carrying the promoterless 

luxCDABE gene, ori of pRO1615 (302)  

(303) 

pKD204 pMS402 containing lasR promoter cloned upstream of 

promoterless luxCDABE gene in pMS402 

(304) 
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pKD205 pMS402 containing rhlR promoter cloned upstream of 

promoterless luxCDABE gene in pMS402 

(304) 

pKD-pqsR pMS402 containing pqsR promoter cloned upstream of 

promoterless luxCDABE gene in pMS402 

(305) 

pMMB66EH-AEQ pMMB66EH plasmid containing aequorin gene from 

Aequorea victoria 

(306) 
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Assessment of gene transcription. A lux-based reporter system was used for monitoring 

the promoter activities of QS regulator and synthase encoding genes. For this, the 282-940 bp 

regions upstream of lasR, rhlR, pqsR, lasI, rhlI, and pqsA genes were cloned upstream of a 

promoterless luxCDABE operon in the pMS402 plasmid as described in (303). The reporter 

plasmids were kindly provided by Dr. Kangmin Duan (Department of Microbiology and 

Infectious diseases, University of Calgary, Calgary, Alberta, Canada) and Dr. Lin Chen (The 

College of Life Sciences, Northwestern University, Xi’an, China) and transformed into PAO1 

cells using a electroporation approach (307). Promoter activity assays were carried out in 96-well 

white luminescent plates with clear bottom (Greinerbio). For this, mid-log cultures of the 

reporter strains were normalized to OD600 of 0.3 amd inoculated (1%) into 200 µl BMM 

containing no added or 5 mM Ca
2+

. Lids were treated with 0.04 % triton solution to avoid 

condensation. The plates were incubated in a Synergy Mx Multi-Mode Microplate Reader 

(Biotek) at 37°C with shaking set at “fast”. Luminescence and cell density at OD600 was 

measured for 14 h every 2 h. Promoter activity was measured as a relative light intensity (RLUs) 

and normalized by the respective values of OD600 nm and the luminescence produced by empty 

vector controls. The effect of Ca
2+ 

was obtained by calculating fold difference between the data 

collected at 5 mM vs no added Ca
2+

. Every experiment was done with at least three biological 

replicates, and was repeated at least twice.  

Estimation of Free Intracellular Calcium ([Ca
2+

]in). PAO1 and mutants were 

transformed with pMMB66EH (courtesy of Dr. Delfina Dominguez and Dr. Anthony Campbell), 

carrying aequorin (308) and carbenicillin resistance genes, using a heat shock method described 

in (202). The transformants were selected on Luria bertani (LB) agar containing carbenicillin 

(300 µg/ml) and verified by PCR using aequorin specific primers (For: 
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5′CTTACATCAGACTTCGACAACCCAAG, Rev: 5′CGTAGAGCTTCTTAGGGCACAG). 

Aequorin was expressed and reconstituted as described in (297). Briefly, mid-log phase cells 

were induced with IPTG (1 mM) for 2 h for apoaequorin production, and then harvested by 

centrifugation at 5,232 g for 5 min at 4°C. Aequorin was reconstituted by incubating the cells in 

the presence of 2.5 µM coelenterazine for 30 min. 

Luminescence measurements and estimation of free [Ca
2+

]in were performed as described 

in (297) with slight modifications. Briefly, 100 µl of cells with reconstituted aequorin were 

equilibrated for 10 min in the dark at room temperature. Luminescence was measured using 

Synergy Mx Multi-Mode Microplate Reader (Biotek) at the interval of 5 min. For basal level of 

[Ca
2+

]in, the measurements were recorded for 1 min, then the cells were challenged with 1 mM 

Ca
2+

 and monitored for another 6 min followed by challenge with QS signal molecules at 

appropriate concentrations, mixed for 1 sec, and the luminescence was recorded for next 20 min. 

Injection of buffer alone with respective solvent concentration was used as a negative control. 

[Ca
2+

]in was calculated by using the formula pCa = 0.612(−log10k)+3.745, where k is a rate 

constant for luminescence decay (s
-1

) (147). The aequorin standard curve was shared by Dr. 

Anthony Campbell. The results were normalized against the total amount of available aequorin 

as described in (297). The discharge was performed by permeabilizing cells with 2% Nonidet 40 

(NP40) in the presence of 12.5 mM CaCl2. The luminescence released during the discharge was 

monitored for 10 min at 5 sec interval. Injection of buffer alone was used as a negative control, 

and did not cause any significant fluctuations in [Ca
2+

]in.  The estimated remaining available 

aequorin was at least 10% of the total aequorin. The experimental conditions reported here were 

optimized to prevent any significant cell lysis. 
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 Swarming motility assay. Swarming motility was assayed as described in (297). PAO1 

and mutants were grown in BM2 swarm agar at no added or 5 mM Ca
2+

. 2 μl of the mid-log 

cultures normalized to the OD600 of 0.3 were spot inoculated onto the surface of BM2 swarm 

agar (248). After inoculation, the plates were incubated for 15 h and the colony diameters were 

measured. The effect of Ca
2+

 was calculated as a fold difference (ratio) between the diameters of 

the colonies grown at 5 mM and no added Ca
2+

.  

 Antibiotic sensitivity assay. P. aeruginosa resistance to tobramycin and polymyxin B 

was assayed as described in (Khanam et. al., in preparation). PAO1 and PA2604::Tn5 were 

grown in BMM at no added or 5 mM Ca
2+

. 100 µl of the mid-log cultures normalized to the 

OD600 of 0.1 were spread inoculated onto the surface of BMM agar containing no added or 5 

mM Ca
2+

. E-test strips for tobramycin or Polymyxin B (Biomeurix) were placed on the surface 

of the inoculated plates and incubated for 24 h. The minimum inhibitory concentration (MIC) 

was measured as a point at which the edge of the zone of inhibition crosses the e-test strip. The 

effect of Ca
2+

 was calculated as a fold difference (ratio) between the MIC at 5mM vs. no added 

Ca
2+

. 

Results 

Bioinformatic search for proteins required for Ca
2+ 

uptake in P. aeruginosa PAO1. 

Previous studies identified two types of Ca
2+

 influx channels in bacteria: Polyhydroxybutyrate 

polyphosphate (PHB-PP), a non-proteinaceous Ca
2+

 influx channel in E. coli  (147) and YetJ, a 

pH sensitive Ca
2+

 leak channel in B. subtilis (167, 309).  Sequence analysis of PAO1 genome 

revealed no closely clustered homologs of PHB synthesis genes characterized in E. coli. 

However, it was shown that P. aeruginosa PAO1 produces medium chain length polyhydroxy 

alkanoate (PHA) (310). Biosynthesis of PHA requires two PHA synthases: PA5056 and PA5058 
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(310). Further, it was shown that P. aeruginosa is able to synthesize and accumulate 

polyphosphates (PP), and the level of cellular PP is regulated by exopolyphosphatase PA5241 

and polyphosphate kinase PA5242 (311, 312). Based on the above, we hypothesized that PAO1 

produces PHA-PP channel that may serve to uptake Ca
2+

.  

Search for homologs of YetJ identified one homolog PA2604 that shares 23% amino acid 

sequence identity with YetJ in B. subtilis and contain the functional domain transmembrane Bax 

inhibitor motif. We hypothesized that similarly to B. subtilis, PA2604 encodes a putative Ca
2+ 

leak channel, which is also involved in Ca
2+ 

uptake in P. aeruginosa. 

PA2604 is required for generating transient increase in [Ca
2+

]in.  Earlier we showed 

that P. aeruginosa generates transient changes in [Ca
2+

]in in response to elevated external Ca
2+

. 

We assumed that if a protein is responsible for Ca
2+ 

uptake, it would also be responsible for the 

transient increase in [Ca
2+

]in in response to externally added Ca
2+

. Therefore, the four candidates 

predicted to uptake Ca
2+

, PA5056, PA5058, PA5241, and PA2604 were tested for their role in 

increasing the [Ca
2+

]in. For this, transposon mutants with the corresponding genes disrupted with 

either ISphoA/hah or ISlacZ/pho were obtained, confirmed, and subjected to the measurements 

of [Ca
2+

]in in response to the addition of 1 mM Ca
2+

, and compared to the wild type PAO1 cells 

(Fig 3.4.1, A,B,C,D). 
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Figure 4.1. Free [Ca
2+

]in profiles of transposon mutant with disrupted putative Ca
2+ 

channels. 

The mutants were obtained from the University of Washington Two - Allele library. Cells were 

grown in BMM media with no added Ca
2+

. The basal level of luminescence was monitored for 1 

min. 1 mM CaCl2 was added at the time indicated by the arrow, followed by luminescence 

measurements for 20 min. Changes in free [Ca
2+

]in were calculated as described in the Methods 

section. PA numbers represent the open reading frames in PAO1 genome. (A) PA2604::Tn5. (B) 

PA5056::Tn5. (C) PA5058::Tn5. (D) PA5241::Tn5. Black, PAO1 wild type; grey, transposon 

mutant. The data is an average of at least three independent experiments. 
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Earlier we showed that PAO1 maintains [Ca
2+

]in at the level of 0.14 ± 0.05 µM which transiently 

increases to 1.86 ± 0.53 µM over the period of 0.6 min in response to 1 mM external Ca
2+ 

(297). 

The mutants with disrupted PHA synthases, PA5056 and PA5058, or exopolyphosphatase, 

PA5241 did not exhibit any reduction in the initial increase of [Ca
2+

]in in response to rapid Ca
2+ 

addition (Fig. 4.1  B,C,D). On contrary, all three of them showed a greater [Ca
2+

]in increase and a 

significantly reduced (PA5058::Tn5) or abolished (PA5056::Tn5, PA5241::Tn5) recovery to the 

[Ca
2+

]in basal level. Thus, while the WT cells recovered their [Ca
2+

]in to 0.05 ± 0.19, 

PA5058::Tn5 - only to 1.18±0.2 µM,  PA5056::Tn5 – showed no recovery, and PA5241::Tn5 – 

further increased the [Ca
2+

]in to 3.24 ± 0.23 µM. The disruption of PA2604 reduced the increase 

of [Ca
2+

]in three fold. This short increase to only 0.62±0.09 µM in 0.08 min (Fig. 4.1 A). was not 

followed by a recovery to the basal level, but instead was followed by a second wave of [Ca
2+

]in 

increase reaching 3.26 ± 0.27 µM over 9.66 min, and then a slow decline to 2.34±0.37µM, which 

is fivefold above the recovery level in WT cells. Thus, the PA2604::IS does not develop a 

transient increase of [Ca
2+

]in in response to rapid addition of external Ca
2+

; instead, the level of 

Ca
2+

in in the mutant undergoes a two-phase increase.  

PA2604 regulates Ca
2+

 induced swarming motility and pyocyanin production. Our 

previous study showed that swarming motility and production of pyocyanin in P. aeruginosa was 

induced in the presence of elevated Ca
2+ 

(7, 297). To test whether the transient increase of 

[Ca
2+

]in is involved is regulating this cellular response to Ca
2+

,
 
swarming motility and pyocyanin 

production in PAO1 and PA2604::Tn5 were tested in the presence of 5 mM or at no added 

CaCl2. Confirming our previous observations, 5 mM Ca
2+ 

induced swarming motility in the wild 

type PAO1. However, mutation in PA2604, although did not affect swarming motility at no 
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added Ca
2+

, reduced the diameter of the swarming colony by about 50 %  and caused the 

formation of branches at elevated Ca
2+

 (Fig. 4.2 A, B). 

We also confirmed that the addition of Ca
2+ 

enhances the production of pyocyanin in the 

wild type PAO1. Disruption of PA2604 abolished Ca
2+ 

induction of pyocyanin production in 

liquid cultures (Fig. 4.3). Interestingly, this difference was not observed in cultures grown on the 

surface of agar media. 

PA2604 doesn’t regulate Ca
2+

 induced antibiotic resistance. Earlier we showed that 

growth at elevated Ca
2+ 

enhances PAO1 resistance to tobramycin and polymyxin B (Khanam 

et.al, in preparation). To test whether the development of [Ca
2+

]in transient increase is involved 

in regulating Ca
2+

 induced antibiotic resistance, the MICs of the two antibiotics for PA2604::IS 

mutant were determined by using E-test strips. However, no changes in Ca
2+ 

induced tobramycin 

or polymyxin B resistance were observed in the mutant (Fig 4. S1). 
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Figure 4.2. Swarming motility. PAO1 and PA2604::IS cells were grown on BM2 swarm 

agar with no added or 5 mM CaCl2.( A) Representative photographs of swarming colonies. 

Colony diameters were measured, and fold differences (5 mM vs. 0 mM) were calculated. 

(B)  Fold change in diameters of the swarming colonies grown at 5 mM CaCl2 vs no added 

CaCl2. The averages of at least three biological replicates were used to calculate the fold 

changes. Statistical significance of the difference was calculated using student’s T-test. 

**p≤0.01.  
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Figure 4.3. Pycoycanin production. PAO1 and PA2604::IS cells were grown on BMM with no 

added or 5 mM CaCl2. Representative photographs of bacterial growth.  
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Figure 4.S1. Antibiotic resistance. Cells were grown on BMM agar plates containing no added 

or 5 mM CaCl2. MIC was measured using E-test strips for (A) tobramycin or (B) polymyxinB 

(Biomeurix) as the concentration, at which the zone of growth inhibition crosses the e-test strip. 

The effect of Ca
2+

 was calculated as a fold difference (ratio) between the MIC determined at 

5mM CaCl2 and no added CaCl2. The presented data represent the averages of at least two 

biological replicates. 
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Ca
2+

 regulates promoter activity of QS genes. Genome-wide microarray analysis 

determined that 10 mM Ca
2+ 

upregulates the transcription of genes encoding rhl and las systems 

of QS at least twofold, whereas pqsA was slightly downregulated (Table 4.3). In order to confirm 

the regulatory role of Ca
2+

 in QS gene expression, the activity of promoters of QS regulatory and 

synthase genes was measured in cells growing at 5 mM CaCl2 or no added CaCl2 by using lux-

based reporter constructs (Fig. 4.4).    The activity of lasR promoter was increased during early 

phases of growth with the maximum activity reached during middle exponential phase, whereas 

the activities of rhlR and pqsR promoters were elevated during the transition from the 

exponential to stationary phase, which the maximum activity observed during early stationary 

phase of growth (Fig 4.4 B, 4.4 C). The presence of 5 mM Ca
2+

 increased the activity of lasR 

promoter by at least two fold during the exponential growth (Fig. 4.4 A), whereas rhlR and pqsR 

promoter activities were downregulated by Ca
2+

 (Fig. 4.4 B, 4.4 C).  

Externally added QS molecules do not affect [Ca
2+

]in. To determine if externally added 

QS signal molecules trigger changes in [Ca
2+

]in in PAO1, we expressed the recombinant Ca
2+

-

binding luminescence protein aequorin in the wild-type PAO1 strain, and exposed these cells to 

10, 25, and 50 µM C4 HSL or 3-O-C12 HSL, and 10, and 20 µM PQS. In order to provide a 

source of cellular Ca
2+

, we used two approaches. In the first approach, Ca
2+ 

was provided during 

growth by addition of 1 mM CaCl2
 
in the growth medium. In the second, Ca

2+ 
was not provided 

during growth, but1 mM CaCl2 was added to the cells 6 min prior to the addition of QS 

molecules. No effect of QS molecules on the [Ca
2+

]in was detected in either case (Figure 4.S2). 
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Table 4.3. Calcium regulation of QS genes in PAO1 during planktonic growth. 

QS system/Gene 

name, 

PAORF 

Protein Name Fold change in 

expression by Ca
2+

 

Reference 

 Gene Protein  

Las     

lasI, PA1432 LasI, autoinducer synthesis protein 

 

3 2 (156, 313) 

lasR, PA1430 LasR, Transcriptional regulator  2.4 N/A (313) 

Rhl     

rhlI, PA3476 RhlI, Autoinducer synthasis protein  3.5 N/A (313) 

rhlR, PA3477  RhlR, Transcriptional regulator 4 3 (156, 313) 

Pqs     

pqsA PA0996  PqsA, Probable coenzyme A ligase,  0.8 N/A (313) 

mvfR PA1003  MvfR, Transcripional regulator,  2 N/A (313) 

 

 

 

 

 

 

 

 

 

 



123 
 

 

 

Figure 4.4. Promoter activity of QS genes. Cells were grown in BMM media containing no 

added or 5 mM CaCl2. Promoter activity was measured as relative intensity of luminescence 

(RLUs). (A) lasR promoter activity. (B) rhlR promoter activity. (C) pqsA promoter activity. Gray 

line, no added Ca
2+

; black line, 5 mM Ca
2+

. The data is an average of at least four biological 

replicates. Shaded area, growth phases;light gray, lag; medium gray, log, dark gray, stationary. 
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Figure 4. S2. Free [Ca
2+

]in profiles of PAO1in response to QS signal molecules. Cells were 

grown in BMM media with no added Ca
2+

. The basal level of luminescence was monitored for 1 

min. 1 mM CaCl2 was added at the time indicated by black arrow, followed by luminescence 

measurements for 6 min. QS molecules were added at the time indicated by bold black arrow. 

Changes in free [Ca
2+

]in were calculated as described in the Methods section. (A) C4 HSL. 

Black, HEPES buffer; grey, 50 µM; light gray, 100 µM. (B) 3-O-C12 HSL. Black, 0.5% 

methanol in HEPES buffer; grey, 50 µM; light gray, 100 µM. (C) PQS. Black, HEPES buffer 

with 0.2% methanol; grey, 10 µM; light gray, 20 µM. Data presented is a representative of at 

least two biological replicates. 

 

0.0

2.0

4.0

6.0

0 4 8 12 16 20 24 28 32

[C
a

2
+
] i

n
 (
µ

M
) 

Time (min) 

C. PQS 

0.0

2.0

4.0

6.0

0 4 8 12 16 20 24 28 32

[C
a

2
+
] i

n
 (
µ

M
) 

Time (min) 

B. 3-O-C12 HSL 

0.0

2.0

4.0

6.0

0 4 8 12 16 20 24 28 32[C
a

2
+
] i

n
 (
µ

M
) 

Time (min) 

A. C4-HSL 



125 
 

Ca
2+

 regulates QS-controlled swarming motility in PAO1. It was shown that 

swarming motility in P. aeruginosa is controlled by QS signaling. Thus, mutations in lasI or lasR 

reduce swarming motility in P. aeruginosa, mutations in rhlI or rhlR completely abolish 

swarming (314), whereas  mutations in pqsA enhance it (315). To test whether elevated external 

Ca
2+ 

affects the QS-mediated swarming in PAO1, we tested the abilities of PAO1 and the QS 

mutants to swarm in the presence of 5 mM CaCl2 or at no added CaCl2 (Fig. 4.5).  As shown 

before (297), 5 mM Ca
2+ 

induced swarming motility and the formation of multiple branches in 

PAO1. At no added CaCl2, deletion of lasI caused 74% reduction in PAO1 swarming, which was 

restored to the WT level by the addition of 5 mM Ca
2+

. Supporting previous observations (315), 

disruption of pqsA increased swarming motility by 43% in WT growing at no Ca
2+

, whereas 

addition of Ca
2+

 increased the swarming diameter of pqsA mutant only by 23%. Interestingly, 

elevated Ca
2+

 did not restore the WT branching morphology in both lasI and pqsA mutants. As 

anticipated, disruption of rhlI completely abolished the swarming motility, and elevating Ca
2+

 

levels did not restore this loss of motility.  
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Figure 4.5. Swarming motility. Cells were grown on BM2 swarm agar containing 5 mM or no 

added CaCl2. A. Representative photos of swarming colonies. B. Fold difference in swarming 

diameter in mutants vs PAO1 at 5 mM or no added CaCl2. The averages of at least three 

biological replicates were used to calculate the fold changes. Statistical significance was 

calculated using student T-test. *  p<0.05; ** p≤0.01. 
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Discussion 

 Both Ca
2+ 

and QS regulate physiology and virulence of P. aeruginosa. However, 

the interrelationship between the two signaling systems has not been characterized. Earlier, we 

observed that Ca
2+

 regulates the expression of QS genes (313), suggesting possible regulatory 

link. This study investigates the mechanism of Ca
2+ 

regulation of QS signaling and explores a 

possibility of QS signals to be recognized by Ca
2+ 

signaling via changing the [Ca
2+

]in. We also 

aimed to generate an experimental proof that Ca
2+ 

plays a  role of intracellular messenger, whose 

levels in cytoplasm respond to environmental stimuli and in turn regulate the downstream 

physiological response. This required a mutant that would not be able to generate intracellular 

transients of Ca
2+

. The identified Ca
2+

 influx channel in P. aeruginosa was shown to play role in 

the production of intracellular Ca
2+ 

transient, and its mutation impaired Ca
2+

regulated swarming 

and pyocyanin production, confirming the role of intracellular Ca
2+ 

transients in Ca
2+

 regulation. 

When aiming to identify proteins required for Ca
2+ 

influx, which is required for 

generating transient increase in [Ca
2+

]in, we considered two categories of Ca
2+ 

influx channels 

that have been described in bacteria: PHB-PP voltage gated Ca
2+

channel in E. coli (147) and a 

Ca
2+ 

leak channel in B. subtilis (167, 309). Since no clustered homologs of PHB-PP biosynthetic 

genes were identified in the PAO1 genome, and considering the reported ability of P. aeruginosa 

to produce medium chain length polyhydroxyalkanoate (PHA) and polyphosphate (PP) (ref), we 

hypothesized a possibility that the organism forms PHA-PP channels instead, which may play 

role in uptaking Ca
2+

. However, the mutants with disrupted PHA synthases and PP phosphatases 

showed no difference in Ca
2+ 

uptake. Neverthless, the lack of PHA synthase PA5056 and PP 

phosphatase PA5058 significantly impaired the intracellular Ca
2+ 

homeostasis and abolished the 

recovery of the basal level of [Ca
2+

]in. This finding strongly suggests that even if PHA and PP do 
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not form a channel, they play an important role in maintaining [Ca
2+

]in possibly due to their  

ability to bind Ca
2+ 

in the cytoplasm enabled by their negative charge.   

 A pH dependent Ca
2+

 leak channel in B. subtilis forms a pore in the bacterial inner 

membrane that transports Ca
2+

 at neutral pH (167). Disruption of its homolog PA2604 impairs P. 

aeruginosa’s ability to produce immediate transient increase [Ca
2+

]in in response to rapid change 

in external Ca
2+

, suggesting its role in Ca
2+ 

influx. The significantly reduced transient increase 

was not followed by any recovery of the basal [Ca
2+

]in, but instead was followed by a slow 

increase in [Ca
2+

]in, suggesting the presence of an alternative channel allowing slow Ca
2+ 

influx. 

Importantly, the defect in transient increase in [Ca
2+

]in in PA2604::IS mutant lead to impaired 

Ca
2+

-regulated swarming motility and pyocyanin production. This strongly supports the 

hypothesis that intracellular Ca
2+

 plays role as a secondary messenger Ca
2+

. Intracellular Ca
2+

 

signaling appears to regulate only selected Ca
2+

-regulated processes as it does not affect Ca
2+

-

induced antibiotic resistance. The latter must employing an alternative mechanism of relaying 

the environmental Ca
2+

 signal, and thus differentiating the distinct roles of Ca
2+ 

as a primary and 

secondary messenger.  

 P. aeruginosa is known to have multiple signaling pathways, including quorum sensing, 

c-di-GMP, cAMP, other small nucleotides, and pigments pyocyanin and pyoverdin, which 

interact with each other. Regulation of QS genes expression by Ca
2+

 suggests the interaction 

between Ca
2+

 and QS signaling systems.  Promoter activity assays confirmed that Ca
2+ 

exerts its 

regulatory role at the transcriptional level for QS regulatory genes. In agreement with our earlier 

proteomic and microarray analyses, we observed that elevated external Ca
2+ 

increases the activity 

of lasR promoter during the exponential growth phase, however the activities of pqsR and rhlR 

promoters were mostly inhibited by Ca
2+

, with only a transient brief increase for rhlR promoter 
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during the transition to exponential growth phase. The negative regulation of rhlR and pqsR 

promoter activities by Ca
2+ 

is in contrast with our previous observations, although it may be due 

to different Ca
2+

 concentrations used in the two studies (10 mM earlier and 5 mM here) or the 

presence of additional level of regulation responding to Ca
2+

. To validate the collected proteomic 

and transcriptomic data, we aimed to measure the production of QS molecules in PAO1 cultures 

grown at different Ca
2+

. However, the employed HPLC approach did not detect any QS 

molecules in the collected samples, indicating a need for an alternative higher sensitivity 

technique, i.e. mass spectrometry.  

It was shown that acyl homoserine lactones (AHLs) may induce intracellular Ca
2+

 

transients in both bacteria and eukaryotes. The addition of N-hexanoyl-L- homoserine lactone to  

Serratia liquefaciens cells caused transient changes in their [Ca
2+

]in (316), however, the 

molecular mechanisms of this effect have not been studied. P. aeruginosa 3-O-C12 HSL elevate 

cytosolic Ca
2+ 

in human epithelial cells (317, 318), as well as Arabidopsis thaliana root cells 

(319). In contrast, our observations did not detect any changes in [Ca
2+

]in  in response to the 

addition of C4-HSL, 3-O-C12 HSL, and PQS in P. aeruginosa. Although it is possible that QS 

molecules induce the [Ca
2+

]i changes under the conditions different than the ones tested, it is 

more likely that QS signaling is not affecting the intracellular [Ca
2+

] in this bacterium, changing 

the balance towards Ca
2+ 

regulating QS signaling and not the other way around. This further 

emphasizes the selectivity of the intracellular Ca
2+ 

signaling in P. aeruginosa. 

Swarming motility is a complex community behavior regulated by both QS and Ca
2+

. Our 

observations suggest that QS regulation of swarming motility is controled by Ca
2+

. 3-O-C12-

HSL synthase, LasI, is known to positively regulate swarming motility in P aeruginosa (314). In 

agreement, we observed inhibition of swarming motility in the transposon mutant with disrupted 
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lasI, which however, was restored by adding Ca
2+ 

to growth medium. It is possible that Ca
2+ 

addition regulates some other mechanism complimenting the negative effect of lasI disruption, 

including, for example, upregulation of Rhl system involved in producing rhamnolipid, which is 

required for swarming (314). This is in agreement with our earlier microarray and proteomic 

studies (156, 313), showing a positive effect of elevated Ca
2+ 

on the expression of Rhl system, 

but in contrast with the presented data showing a decreased promoter activity of rhlR in the 

presence of Ca
2+

. This intriguing disagreement raises a possibility of additional level of 

regulation differentially mediated by Ca
2+ 

or a mode of growth (planktonic vs biofilm). As 

expected, the disruption of rhlI, preventing biosynthesis of rhamnolipid, completely abolished 

the swarming and could not be restored by the addition of Ca
2+

, whereas earlier reported negative 

regulation of swarming motility by pqsA (315)was not significantly affected by Ca
2+

. Better 

understanding of the regulatory roles of Ca
2+

 on the transcription of QS synthase genes and the 

production of QS molecules will provide further insight into the complex relationship of Ca
2+

 

and QS signaling systems   and their role in regulating swarming motility.  

This study reports Ca
2+

 regulation of QS signaling system in P. aeruginosa exerted by 

controling the transcription of QS regulatory genes, hence, suggesting the interaction between 

QS and Ca
2+

 signaling systems enabling fine tuning of the bacterial adaptation to environment. 

This study also identified a Ca
2+

 influx channel PA2604 required to produce immediate transient 

increase in [Ca
2+

]in in response to rapid changes of external Ca
2+

, and demonstrated the 

regulatory role of [Ca
2+

]in homeostasis in P. aeruginosa physiology and virulence.  
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Introduction 

Pseudomonas aeruginosa is a facultative pathogen and a leading cause of severe 

nosocomial infections in both immunocompetent and immunocompromised patients (320). 

(321), including patients in intensive care units.  P. aeruginosa is one of the primary organisms 

that forms biofilms on airway mucosal epithelium of patients with cystic fibrosis (CF) where it 

contributes to airway blockage and cellular damage.  P. aeruginosa also causes infective 

endocarditis and device-related infections with high morbidity and mortality rates (322), (323), 

(324). P. aeruginosa biofilm infections are increasingly difficult to treat with traditional 

antibiotic therapy, and are often not eradicated by host defensive processes (325), (326). 

Calcium (Ca
2+

) is a well-known signaling molecule that regulates a number of essential 

processes in eukaryotes (327). Slight abnormalities in cellular Ca
2+

 homeostasis have been 

implicated in many human diseases, including diseases associated with bacterial infections, such 

as CF pulmonary infections and endocarditis. Ca
2+

 metabolism is recognized to be central to the 

pathology of CF (328). Ca
2+

 is a part of a hyperinflamatory host response to bacterial infection, 

and accumulates in airway epithelia, pulmonary and nasal liquids of CF patients (190), (191). 

There is growing evidence suggesting that Ca
2+ 

also plays a significant role in the physiology of 

certain bacteria, affecting maintenance of cell structure, motility, chemotaxis, cell division and 

differentiation, gene expression, transport, and spore formation (192), (146), (329), (150), (330). 

Several bacteria including P. aeruginosa have been shown to maintain intracellular Ca
2+

 at sub-

micromolar levels and produce Ca
2+ 

transients in response to environmental and physiological 

factors (150, 195, 297). However, molecular mechanisms of Ca
2+

 regulation in prokaryotes are 

not well defined.   
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In eukaryotes, the regulatory effects of Ca
2+

 are carried out by Ca
2+

-binding proteins 

(CaBPs), which may function as Ca
2+

 sensors, signal transducers, Ca
2+ 

buffers or Ca
2+

-stabilized 

proteins. Prokaryotic genomes also encode CaBPs with different Ca
2+

-binding motifs, including 

the EF-hand motif (192, 331), which typically consists of a Ca
2+

-binding loop flanked by two α-

helices. Acidic amino acids in the loop are preferentially bound by Ca
2+

 (332), and are 

responsible for Ca
2+ 

- induced conformational changes required for function (333). Bacterial EF-

hand proteins constitute a majority of all studied CaBPs (334), and include the Ca
2+

 transducer 

calsymin CasA from Rhizobium etli (335), putative Ca
2+ 

buffers and stabilizers calerythrin from 

Saccharopolyspora erythraea (336), and CabC (337) CabB (338) from Streptomyces coelicolor, 

and Escherichia coli transglycosylase MltB (339). Most bacterial proteins containing Ca
2+

- 

binding motifs are classified as hypothetical proteins with unknown physiological functions. 

Previously, we showed that Ca
2+ 

modulates proteome profiles of P. aeruginosa, 

influences biofilm architecture, and alters production of several secreted virulence factors (156), 

(7)Michiels et al (340) screened 31 bacterial genomes for CaBPs, and predicted that the P. 

aeruginosa hypothetical protein, PA4107, contains EF-hand Ca
2+

-binding motifs. We also 

identified PA4107 as having sequence similarity within the EF-hand motif to CasA of R. etli.  

Here, we further analyzed PA4107, which we designate EfhP (EF hand protein) and 

hypothesized that it is a Ca
2+ 

binding protein.  We characterized the effect of efhP mutation on 

intracellular Ca
2+

 homeostasis. The results indicate that EfhP is involved in maintenance of 

intracellular Ca
2+

 homeostasis. 

Materials and Methods 

Bacterial strains, media, and growth conditions.  Pseudomonas aeruginosa PAO1 was 

used in this study.  P. aeruginosa PAO1 is the non-mucoid strain used for the original genome 
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sequencing study (10). Biofilm minimal medium (BMM) (7) contained (per liter): 9.0 mM 

sodium glutamate, 50 mM glycerol,
 
0.02 mM MgSO4, 0.15 mM NaH2PO4, 0.34 mM K2HPO4, 

and 145 mM NaCl, 20 µl trace metals, 1 ml vitamin solution. Trace metal solution (per liter of 

0.83 M HCl): 5.0 g CuSO4.5H2O, 5.0 g ZnSO4.7H2O, 5.0 g FeSO4.7H2O, 2.0 g MnCl2.4H2O). 

Vitamins solution (per liter): 0.5 g thiamine, 1mg biotin. The pH of the medium was adjusted to 

7.0. The level of Ca
2+

 in BMM was below the detection level when measured by QuantiChrom™ 

calcium assay kit. 

Estimation of free intracellular calcium ([Ca
2+

]in). PAO1 and its efhP lacking mutant 

PAO1043 were transformed with pMMB66EH (courtesy of Dr. Delfina Dominguez), carrying 

aequorin (201) and carbenicillin resistance genes, using a heat shock method described in (202). 

The transformants were selected on Luria bertani (LB) agar containing carbenicillin (300 µg/ml) 

and verified by PCR using aequorin specific primers (For: 

5’CTTACATCAGACTTCGACAACCCAAG, Rev: 5’CGTAGAGCTTCTTAGGGCACAG). 

Aequorin was expressed and reconstituted as described in  (297). Briefly, mid-log phase cells 

were induced with IPTG (1 mM) for 2 h for apoaequorin production, and then harvested by 

centrifugation at 6000 g for 5 min at 4 
0
C. Aequorin was reconstituted by incubating the cells in 

the presence of 2.5 µM coelenterazine for 30 min. 

Luminescence measurements and estimation of free [Ca
2+

]in was performed as described 

in (297) with slight modifications. Briefly, 100 µl of cells with reconstituted aequorin were 

equilibrated for 10 min in the dark at room temperature. Luminescence was measured using 

Synergy Mx Multi-Mode Microplate Reader (Biotek). For basal level of [Ca
2+

]in, the 

measurements were recorded for 1 min at 5 sec interval, then the cells were challenged with 1 

mM Ca
2+

,
 
mixed for 1 sec, and the luminescence was recorded for 20 min at 5 sec interval. 
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Injection of buffer alone was used as a negative control, and did not cause any significant 

fluctuations in [Ca
2+

]in.  [Ca
2+

]in was calculated by using the formula pCa= 0.612 (-log10k) + 

3.745, where k is a rate constant for luminescence decay (s
-1

) (147). The results were normalized 

against the total amount of available aequorin as described in (297). The discharge was 

performed by permeabilizing cells with 2 % Nonidet 40 (NP40) in the presence of 12.5 mM 

CaCl2. The luminescence released during the discharge was monitored for 10 min at 5 sec 

interval. The estimated remaining available aequorin was at least 10 % of the total aequorin. The 

experimental conditions reported here were optimized to prevent any significant cell lysis.  

Results and Discussion 

 EfhP contributes to maintenance of intracellular Ca
2+

 ([Ca
2+

]in) homeostasis 

in P. aeruginosa PAO1. The role of EfhP in maintaining intracellular Ca
2+

 homeostasis was 

studied using recombinant Ca
2+

-binding luminescence protein aequorin (Fig. 5.1). The lack of 

efhP did not affect the basal level of [Ca
2+

]in (0.19 ± 0.01 µM) or the initial increase in response 

to 1 mM  Ca
2+  

(1.99 ± 0.14 µM). In contrast, however, this increase was not followed by the 

recovery of [Ca
2+

]in to nearly basal WT level, as observed in WT PAO1 cells. Instead, the 

[Ca
2+

]in continued to raise and in 20 min reaching 3.66 ± 0.41 µM, which is almost seven fold 

higher than in PAO1. This suggests that EfhP is involved in maintaining intracellular Ca
2+ 

homeostasis, which supports its predicted Ca
2+

-binding capabilities. 
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Figure 5.1. Free [Ca
2+

]in profiles of PAO1 WT (black line) and efhP mutant strain PAO1043 

(grey line). Cultures were grown in 0 mM Ca
2+

. After the basal level of [Ca
2+

]in was monitored 

for 1 min, 1mM Ca
2+

 was added (indicated by the arrow) followed by further [Ca
2+

]in 

measurement for 20 min. 
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Conclusions.  

Sequence analyses (by co-author S.R. Lotlikar) predicted that EfhP is a Ca
2+

-binding 

protein spanning the inner membrane, with the two EF-hand domains facing the periplasm. 

Deletions of efhP in two P. aeruginosa strains causes multiple changes in the cytosolic proteome 

of both strains, but with more changes occurring in the CF pulmonary isolate FRD1.  The effects 

of the efhP deletions only occurred when the cells were exposed to elevated [Ca
2+

] and included 

reduced abundance of virulence factors and stress response proteins. Author S. Sarkisova 

investigated the physiological role of efhP and showed that the lack of efhP abolished production 

of pyocyanin, and reduced the degree of infection, biofilm formation, and resistance to oxidative 

stress in FRD1 at high [Ca
2+

]. The mutant also lost the ability to produce alginate at no iron and 

high [Ca
2+

]. Finally, the lack of EfhP abolished the ability of P. aeruginosa to maintain 

intracellular Ca
2+ 

homeostasis. These findings suggest that EfhP is important for Ca
2+

 

homeostasis and plays role in Ca
2+

- triggered virulence and resistance of P. aeruginosa in high 

Ca
2+

 environments.  
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DISCUSSION 
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This research aimed to establish the signaling role of Ca
2+

 in bacteria using a human 

pathogen P. aeruginosa as a model organism. Through this study, we have established that the 

organisms maintains intracellular Ca
2+ 

homeostasis, identified Ca
2+

 transporters and Ca
2+

-sensing 

two component regulatory system (TCS) in P. aeruginosa. We also characterized the molecular 

and physiological responses of the pathogen to both external Ca
2+

 and transiently changing 

intracellular Ca
2+

 (Ca
2+

in). We investigated possible relationships between [Ca
2+

]in and other 

secondary messengers in the organism. The genes identified in this study likely form the Ca
2+

 

regulatory network and provide a model system that can be used to investigate the detailed 

molecular mechanisms of Ca
2+ 

signaling in bacteria. Utilization of environmental Ca
2+ 

as a cue 

can be well suited for the adaptation and survival in the opportunistic pathogen P. aeruginosa 

which may encounter changing Ca
2+

 concentrations in the diverse environments it occupies, for 

example, in CF lungs. Based on the previous research, we hypothesized that intracellular Ca
2+ 

transients are produced in response to elevated environmental Ca
2+ 

and other factors, which 

allows the bacterium to respond by regulating the multitude of physiological responses. A better 

understanding of Ca
2+ 

regulatory network in a human pathogen may provide new targets for 

developing novel strategies for combating Pseudomonas infections that are currently recognized 

as a national threat due to their multidrug resistance. Overall, this study identifies several 

components of calcium regulatory network in P. aeruginosa and provides evidence supporting 

that bacteria use intracellular Ca
2+ 

signaling for regulating their physiology and enhancing their 

adaptation strategies.  

Signaling role of Ca
2+

 roots from its chemistry. Ca
2+

 binds water less tightly than Mg
2+

 

which enables it to be freely available for binding with several cellular structures and molecules. 

On the other hand, Ca
2+ 

can be toxic to cells by binding negatively charged molecules. For 
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example, Ca
2+ 

can bind and precipitate phosphate leading to cellular conditions incompatible 

with life. Therefore, cells evolved to acquire mechanisms to exclude high Ca
2+

 from the cytosol. 

This creates a Ca
2+ 

gradient, which can drive Ca
2+ 

back into cytosol and thus serve for Ca
2+ 

signaling. Other features that make Ca
2+ 

unique in its capacity to be used as a signaling entity, 

but different from other cations include its flexible coordination. This allows interactions 

between Ca
2+ 

and receptor proteins. Finally, affinity of Ca
2+ 

for receptor proteins lie within 

micromolar ranges, thus allowing the physiologically reversible reaction(138).  

The fact that bacteria possess all the essential components of Ca
2+

 informational system 

such as Ca
2+ 

transporters, Ca
2+

 storage structures, and calmodulin like Ca
2+

 binding proteins 

suggests that bacteria may be able to use a prototype of eukaryotic Ca
2+

 signaling. In eukaryotes, 

intracellular Ca
2+

 signaling connects extracellular stimuli to intracellular responses via transient 

increases in [Ca
2+

]in. The source of Ca
2+

 for its transient increases in the cytosol is provided by 

releasing the ion from the intracellular storage compartments, which include mitochondria and  

endoplasmic reticulum (ER) (reviewed in (139)).  Ca
2+

 is transported by several types of 

transporters including channels, ATPases, and gradient driven exchangers. One of the well-

studied intracellular Ca
2+

 signal transduction pathways is IP3-mediated intracellular Ca
2+

 

signaling. Upon binding to a stimulus, a plasma membrane bound G-protein coupled receptor 

activates the phospholipase C (PLC). PLC produces IP3 at the cytoplasmic membrane, which 

then diffuses into the cytosol and binds to the IP3-sensing Ca
2+ 

channels in the ER membrane. 

Consequently, the channels bind Ca
2+

, switch to an open state, and allow the ER Ca
2+

 to flow 

down its steep concentration gradient (20,000 fold) into the cytosol. Ca
2+

 released into the 

cytosol is then actively extruded by Ca
2+

 ATPases like Sarcoplasmic reticulum  Ca
2+

 ATPases 

(SERCA) and Plasms membrane Ca
2+

 ATPases (PMCA). A sequence of these events generates 
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cytosolic fluctuations of Ca
2+ 

levels, the amplitude and frequency of which is recognized as a 

signal. Ca
2+

 depletion inside the ER is restored via slow and highly selective store operated Ca
2+

 

channels from the extracytoplasmic space (reviewed in (341)). During all the molecular events 

involved in Ca
2+ 

signaling, Ca
2+

 binding proteins play vital roles of recognizing Ca
2+

, 

transducing the signal, and acting as Ca
2+

 buffers. Classic example of Ca
2+

 binding protein 

transducing Ca
2+

 signal is calmodulin. Calmodulin binds Ca
2+

 within its EF-hand domains, 

which leads to conformational changes in the protein that in turn releases autoinhibition, 

remodels active site, and increases the hydrophobicity of the protein exterior, which promotes its 

interactions with binding partners -  target proteins with calmodulin recruitment sites (342). 

Several lines of evidence clearly show that extracellular Ca
2+

 regulates bacterial 

physiology via transcriptional, translational, and post-translational changes, hence, establishing 

that Ca
2+

 serves as a primary signal in bacteria.  Ca
2+

 affects the expression of many genes and 

proteins in Pseudomonas aeruginosa (156), Vibrio parahaemolyticus (157), Vibrio cholerae 

(154), Escherichiacoli (152), and Bacillus subtilis (153, 155). Ca
2+

 regulated genes and proteins 

are related to various processes including general metabolism (electron transport chain, RNA 

synthesis, protein synthesis/degradation, post translational modifications, and carbohydrate 

metabolism), lifestyle switch and  physiological adaptations (spore formation, heterocyst 

formation, chemotaxis, swarming motility, transcriptional regulation, biofilm formation and 

stability, iron acquisition and storage, oxidative stress response, and quorum sensing), transport 

(carrier proteins mediated transport), and virulence (T3SS, extracellular proteases, alginate, and 

toxins) (7, 142, 144, 145, 343). 

In order for Ca
2+ 

to serve as a secondary messenger, its intracellular homeostasis should 

be tightly regulated, and the basal cytoplasmic levels kept low. Similarly to eukaryotes, bacteria 
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control their intracellular Ca
2+

 homeostasis and maintain the cytosolic concentration of the ion at 

sub-micromolar levels despite its steep concentration gradient cross the plasma membrane (147, 

149, 344, 345). The second essential component of Ca
2+ 

signaling is the generation of transient 

spikes in the intracellular Ca
2+

concentration in response to environmental stimuli. So far it has 

been shown that bacteria are able to do so in response to nitrogen starvation (346), environmental 

stress (344, 345, 347), and metabolites of carbohydrate (151). The final essential attribute of Ca
2+ 

signaling is the regulation of cellular response via transcriptional, translational, posttranslational, 

or functional changes.  Although such Ca
2+

-dependent modifications of cellular physiology have 

been described in bacteria, there is still no direct experimental evidence supporting the regulatory 

link between these processes and transient changes in the intracellular Ca
2+ 

levels.  Ca
2+

 

homeostasis in E. coli has been studied in more detail than in other bacteria. Thus, E.coli 

maintains intracellular Ca
2+ 

homeostasis and keeps the [Ca
2+

]in low in the range of 100 - 200 nM 

(143, 147). Ca
2+

 is imported into the cytoplasm by PHB-PP channels (147).  Ca
2+

 efflux requires 

ATP, thus ATP synthase AtpD, is required for maintenance of   Ca
2+ 

homeostasis (152). 

Interestingly, PHB-PP synthesis is regulated by Ca
2+

 via AtoSC two component system (286). 

Various stimuli induce intracellular Ca
2+

 transients in E. coli. These include extracellular Ca
2+

, 

metabolites of carbohydrate (149, 195), chemoattractants and chemorepellents (143), and host 

complements (149). In high [Ca
2+

] environment, E. coli concentrates Ca
2+

 in the periplasm to the 

level several folds higher than in the extracellular milieu. However, as stated above, there is still 

no direct evidence proving the regulatory role of [Ca
2+

]in transients . 

Our research pioneered Ca
2+

 signaling studies in P. aeruginosa, a bacterium successfully 

adapted to survival in a broad variety of ecological niches ranging from soil to a human body.  

We demonstrated that P. aeruginosa is capable of regulating intracellular Ca
2+

 homeostasis and 
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maintains the [Ca
2+

]in at the nanomloar level, which is comparable to that in eukaryotes and other 

studied bacteria (reviewed in (192)). Further, our results showed that [Ca
2+

]in transiently changes 

in response to rapidly changing external Ca
2+ 

. The addition of methanol and DMSO also 

modulates the [Ca
2+

]in response (Guragain et. al, unpublished data) further supporting the role of 

Ca
2+ 

as a secondary messenger. 

 Since maintenance of Ca
2+

 homeostasis requires functional Ca
2+ 

transporters, Ca
2+

 

binding proteins, and Ca
2+

 storage compartments, we aimed to identify these components in P. 

aeruginosa. We identified seven ATPases, six gradient driven exchangers, and one 

mechanosensitive channel, and demonstrated their role in Ca
2+

efflux in the organism. Among 

these, four transporters belonging to P-ATPases, gradient driven exchangers, and a 

mechanosensitive channel are required. The fact that multiple proteins from different families of 

transporters are involved in controlling Ca
2+ 

efflux does not suggest functional redundancy, but 

indicates 1) the physiological importance of [Ca
2+

]in control and 2) multiple routes of regulation 

of this process in response to variable environmental conditions, thereby, demonstrating fine 

tuning of Ca
2+ 

homeostasis. Considering that most well characterized Ca
2+

translocating ATPases 

are high affinity and low capacity systems,  we hypothesize that these proteins function in 

response to minute and possibly rapid changes of Ca
2+ 

concentration in the environment. 

Whereas gradient driven exchangers are low affinity, high capacity transporters (139), and 

therefore are likely to be involved in heavy duty translocation of Ca
2+ 

during long-term exposure 

to high Ca
2+

. Together, Ca
2+

 pumps and exchangers complement each other in the maintenance 

of cellular Ca
2+ 

homeostasis. Further biochemical characterization of the individual Ca
2+

 

transporters is needed to identify their roles in controlling Ca
2+ 

levels under diverse 

environmental and physiological conditions. 
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We also aimed to identify a mechanism responsible for Ca
2+ 

influx. Identification of such 

mechanism would enable a new line of research targeting to prove the regulatory role of 

intracellular Ca
2+ 

and thus needed to confirm that Ca
2+ 

serves as a secondary messenger. We 

targeted two possible mechanisms of regulated Ca
2+

 uptake: channeling Ca
2+ 

via voltage gated 

channel composed of Polyhydroxy butyrate polyphosphate (PHB-PP) complexes (348) or 

conventional Ca
2+ 

channel, For this, we performed sequence analysis of P. aeruginosa genome 

and identified putative proteins involved in biosynthesis of polyhydroxy alkanoate (PHA) (since 

P. aeruginosa does not produce PHB) and polyphosphate (PP), as well as a homolog of Ca
2+

 leak 

channel characterized in E. coli (147). We studied the role of these proteins in maintaining Ca
2+ 

homeostasis by using the corresponding mutants.  Our results indicate that the disruption of one 

of the two PHA synthases PA5056, PA5058, and PP phosphatase PA5241 cause intracellular 

accumulation of Ca
2+

, but do not affect Ca
2+ 

uptake. It is possible that P. aeruginosa does not 

produce PHA-PP-type Ca
2+ 

channels or that such channels are involved in Ca
2+ 

efflux instead of 

uptake. Alternatively, negatively charged cytoplasmically located PHA and PP may bind Ca
2+ 

and thus contribute to the maintenance of cellular Ca
2+ 

homeostasis by either dynamic (bind-

release mode) or static (bind only mode) storage of Ca
2+ 

in the cytoplasm.  

There is evidence for cytosolic Ca
2+ 

storage in bacteria. For example, similarly to 

eukaryotic acidic organelles, acidocalcisomes serving as major storage of Ca
2+ 

(349), 

Rhodospirillum rubrum possess negatively charged compartments also shown to store Ca
2+ 

in the 

cytoplasm (350). Another example is storage of Ca
2+ 

in the periplasm: when exposed to 

millimolar concentration of Ca
2+

, E.coli was shown to accumulate Ca
2+

 in the periplasm at the 

levels several magnitudes higher than in the environment. It was suggested that Ca
2+ 

can bind to 

periplasmic oligosaccharides and anionic proteins (348). These mechanisms may provide both 
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the intracellular storage of Ca
2+ 

needed for signaling and cellular protection against Ca
2+ 

toxicity 

(145). Aiming to characterize such mechanisms in P. aeruginosa, we identified a gene carP, 

encoding a periplasmic protein, whose predicted 3D structure contains negatively charged 

pockets. Disruption of carP doubled the level of intracellular Ca
2+

 in the cells grown at elevated 

Ca
2+

, suggesting the protein may bind Ca
2+ 

in the periplasm and reduce the local concentration of 

free Ca
2+

 available for translocation into the cytoplasm. In such case, the periplasmic space in P. 

aeruginosa may act as a Ca
2+

 storage compartment or Ca
2+ 

sink, as suggested in E. coli (348).  

The mutation in carP also lead to defective [Ca
2+

]in
 
homeostasis, which suggest the role of  CarP 

in Ca
2+

 homeostasis likely by regulating efflux mechanisms. Finally, periplasmic binding of Ca
2+ 

may also serve to protect the bacterium against Ca
2+ 

toxicity. Wild type P. aeruginosa can 

tolerate the presence of extracellular Ca
2+

 at the level as high as 100 mM, suggesting the 

existence of high capacity Ca
2+

 binding systems in addition to functional Ca
2+

 efflux 

mechanisms. We showed that carP is required for cellular tolerance to 10 mM Ca
2+

 and its 

expression is increased during growth in high Ca
2+

.
 
Finally, the lack of carP affected P. 

aeruginosa response to elevated Ca
2+ 

by abolishing Ca
2+ 

induction of pyocyanin production and 

causing changes in swarming motility at high Ca
2+

, Overall, the observations suggest that by 

binding Ca
2+ 

in the periplasm or by regulating Ca
2+

 efflux, CarP may play multiple roles:  

cellular tolerance against Ca
2+

 toxcity, maintenance of intracellular Ca
2+ 

homeostasis and 

regulation of . Ca
2+

 induced processes. Ca
2+

-dependent expression of carP is positively regulated 

by the Ca
2+

 induced two-component regulatory system (TCS), CarSR. TCSs are known to sense 

the environmental stimuli and relay the message towards physiological responses mostly via 

transcriptional regulation. It is possible that CarP is a component of the Ca
2+

 regulatory network 

connecting the external Ca
2+

 signal to intracellular Ca
2+ 

signaling via changes in [Ca
2+

]in 
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transients or binding protein signaling partners. Further studies aiming to understand the 

relationship between periplasmic and cytoplasmic Ca
2+ 

homeostasis will provide an answer to 

whether periplasm serves as a Ca
2+ 

sink or a source of free Ca
2+ 

for transient increases in 

cytosolic Ca
2+

, or both depending on the environmental conditions. 

In addition to a possibility of a PHB-PP voltage gated channel, P. aeruginosa may 

possess a Ca
2+ 

leakage channel. The genome sequence analysis revealed PA2604 homologous to 

BsYetJ in Bacillus subtilis (167). The mutant with transposon-disrupted PA2604 showed almost 

abolished [Ca
2+

]in
 
transient in response to rapid change in external Ca

2+
, which, however, was 

followed by a steady increase of cytosolic Ca
2+

. This suggests that PA2604 is involved in 

generating [Ca
2+

]in , but there are alternative compensatory mechanisms of Ca
2+ 

uptake. This 

agrees with the earlier suggestion of multiple Ca
2+ 

influx systems in E. coli (151). Although the 

disruption of PA2604 did not completely abolish [Ca
2+

]in transient, the latter was decreased by 

almost 66%, which makes it possible to use this mutant to study the regulatory role of 

intracellular Ca
2+

. We hypothesized that Ca
2+

-dependent processes requires [Ca
2+

]in transient and 

hence will be impaired in this mutant. 

Calmodulin-like Ca
2+

 binding proteins act as major Ca
2+

 signal transducers in eukaryotes. 

These proteins possess EF-hand motifs responsible for binding Ca
2+

. Upon binding Ca
2+ 

, the 

proteins undergo conformational changes enabling further interactions with their regulatory 

targets (139). A number of EF-hand proteins have been reported in bacteria and shown to 

mediate various processes. For example, calsymin CasA from Rhizobium etli was proposed to act 

as a Ca
2+ 

signal transducer and play role in symbiotic relationship between the bacterium and its 

plant host (335). Several EF-hand proteins were identified in Streptomyces coelicolor; CabC 

(337), CabB (338), and CabA (351), however, their role in Ca
2+

 signaling was not demonstrated. 
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CabC is suggested to act as a Ca
2+

 buffer. Ca
2+

 binding doesn’t induce its conformational change, 

but regulates [Ca
2+

]in as well as affects physiology (337). CabB, on the other hand, undergoes 

large conformational changes upon binding Ca
2+

 and regulates the cellular tolerance to high Ca
2+ 

(338). Our lab (188) identified a putative Ca
2+

 binding protein EfhP in P. aeruginosa (188). EfhP 

was predicted to span the inner membrane and face the EF hands into the periplasm. We showed 

that EfhP is required for intracellular Ca
2+

 homeostasis and regulates Ca
2+

-dependent changes in 

P. aeruginosa physiology, including virulence factor production and infectivity. Based on these 

data, we hypothesize that EfhP binds Ca
2+

 within its EF-hand motif, and directly or indirectly 

mediates Ca
2+ 

signaling. However, it is also possible that EfhP is buffering Ca
2+ 

in the periplasm, 

contributing to the maintenance of cellular Ca
2+

 homeostasis, which ultimately regulates 

responses to Ca
2+

. It is also possible that Ca
2+

 regulates the function of Ca
2+ 

binding proteins by 

providing them with structural stability. Further detailed biochemical studies of Ca
2+

 binding 

proteins are necessary for understanding their role in Ca
2+ 

signaling.  

Finally, it is important to establish whether intracellular Ca
2+

 transients are used to 

regulate responses to other than extracellular Ca
2+

 stimuli. We showed that [Ca
2+

]in changes in 

response to the addition of membrane disturbing compounds including DMSO and methanol. 

However, it is not clear whether the effect is due to transient membrane permeabilization. 

Another intriguing question is whether Ca
2+

 signaling is interplaying with quorum sensing 

signaling (QS), which plays a major role in regulating P. aeruginosa virulence in cell 

communities. Although QS molecules were reported to cause [Ca
2+

]in changes in eukaryotes 

(317, 352) and in bacterium Serratia liquefaciens (316), we observed no [Ca
2+

]in changes to rapid 

additions of QS molecules: C4-HSL, 3-O-C12 HSL, and PQS Nevertheless, our earlier global 

proteomic and transcriptomic studies showed that growth at elevated Ca
2+

 induces the gene 
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expression of all three QS systems in P. aeruginosa. We further supported these data with 

promoter activity assays of QS regulatory genes. Although it is possible that QS signals induce 

the [Ca
2+

]in changes under conditions different than our experimental conditions, it is more likely 

that it is changes in Ca
2+ 

that serve as a signal that is recognized by QS-mediated regulatory 

network. Considering the importance of QS signaling in regulating P. aeruginosa virulence and 

pathogenicity and the elevated Ca
2+ 

levels in CF pulmonary liquids, it is necessary to understand 

the regulatory interrelationship between the two signaling systems, which may provide new 

directions in searching for therapeutic strategies of combating P. aeruginosa infections. 

Overall, our findings further support that P. aeruginosa utilizes all the main components 

of eukaryotic Ca
2+ 

signaling. We demonstrated that the transient changes in intracellular Ca
2+ 

are 

required for regulating Ca
2+

dependent production of virulence factor pyocyanin. This is the first 

experimental evidence confirming that transient changes in intracellular Ca
2+

 are involved in 

regulating cellular response to changes in extracellular Ca
2+

. 
 
Based on all our observations, we 

propose a model for Ca
2+ 

signaling network in P. aeruginosa (Fig. 6.1). P. aeruginosa maintains 

low level of [Ca
2+

]in. Extracellular Ca
2+ 

is transported into the periplasm, where it is recognized 

by two component sensor CarS transducing the signal to the regulator CarR, controlling Ca
2+

-

dependent expression of at two periplasmic Ca
2+ 

binding proteins CarP and CarO. Upon binding 

to Ca
2+

, these two proteins as well as EF hand protein EfhP either directly or indirectly transduce 

Ca
2+ 

signal further towards the regulatory circuits. They may also contribute to buffering 

periplasmic Ca
2+ 

and protecting cell from the excess of Ca
2+

. Free periplasmic Ca
2+ 

is transported 

into the cytoplasm via Ca
2+

 channels including Ca
2+ 

leak channel, which increases the 

intracellular [Ca
2+

]in. To maintain the low intracellular [Ca
2+

], several efflux mechanisms 

including ATPases, gradient driven exchangers, and channels export the excessive Ca
2+ 

out of 
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the cytosol. In addition, negatively charged compounds including PHA and PP may bind the 

excess of cytosolic free Ca
2+

. Together, these mechanisms ensure intracellular Ca
2+

 homeostasis 

so that free intracellular Ca
2+ 

is only transiently available for signaling or other Ca
2+

-dependent 

processes. Ca
2+ 

signaling ultimately regulates physiology and virulence of P. aeruginosa and 

endows the bacterium with the ability to successfully adapt to diverse environments, including a 

human host. This knowledge is essential in our efforts to fully understand the regulation of P. 

aeruginosa virulence and to discover novel strategies for preventing or treating infections caused 

by this pathogen. 
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Figure 6.1. Calcium signal transduction pathway in P. aeruginosa 
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CHAPTER VI 
 

 

MATERIALS AND METHODS 
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Materials. Coelenterazine was purchased from Life Technologies (California, USA). 

Nitrendipine, sodium orthovanadate, and lanthanum (III) chloride were purchased from Tocris 

biosciences (Bristol, UK), New England Biolabs (Tozer, MA), and AlfaAesar (Massachusetts, 

USA), respectively. Gel red was purchased from Phoenix research. Deoxynucleotide (dNTP) and 

Taq polymerase were purchased from New England Biolabs (Ipswich, MA). Crystal violet, 2 M 

MgCl2 solution, was purchased from Thermo Scientific (Pittsburgh, PA). E. coli NovaBlue™. 

QIAprep Mini-spin kit, was purchased from Qiagen (Valencia, CA). Oligonucleotide primers 

were obtained from Integrated DNA Technologies (Coralville, IA). Transposon insertion mutants 

were purchased from the University of Washington Two-Allele library (grant # NIH P30 

DK089507) (283). Coelenterazine was purchased from Life Technologies (California, USA). N-

(3-Oxododecanoyl)- N-butyryl-L-Homoserine lactone was purchased from Cayman chemicals. 

The fused inert vials for HPLC were purchased from Thermo Scientific. All reagents and 

chemicals used during QS molecules extraction and purification were HPLC grade. All reagent-

grade chemicals were purchased from Thermo-Fisher Scientific (Waltham, MA) or Sigma-

Aldrich (St. Louis, MO), unless otherwise indicated.  

Buffers and Reagents. All buffers were made with ultrapure deionized water from 

Barnstead-thermolyne deionization system at resistance of 18.2 MΩ. See Appendix A for buffer 

compositions, media and other recipes. When needed pH was adjusted by concentrated 

hydrochloric acid (HCl) or 1 N sodium hydroxide (NaOH). 

Bacterial strains, media, and growth conditions. The bacterial strains and plasmids used in 

this study are listed in Table 7.1. The transposon insertion mutants obtained from UW were 

confirmed using two-step PCR: first, transposon flanking primers were used to verify that the 

gene of interest was disrupted, and second, transposon-specific primers were used to confirm the 
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transposon insertion. The primer sequence is available at www.gs.washington.edu. PAO1 and 

transposon mutants were grown at 37 °C in biofilm minimal medium (BMM; See Appendix A) 

with shaking at 200 rpm (7). When needed, 1 mM - 10 mM CaCl2.2H2O was added to the 

medium. For DNA manipulations, E. coli and P. aeruginosa cultures were grown in Luria–

Bertani (LB) (Appendix A) broth at 37 
0
C with shaking at 200 rpm. Antibiotics used for E. coli 

were (per ml) 100 μg Ampicillin (Ap) or 50 μg kanamycin (Km); for P. aeruginosa, (per ml) 300 

μg carbenicillin (Cb), 60 μg tetracycline (Tc) or 300 μg trimethoprim (Tm) (Appendix A). 

Standard DNA procedures. Established DNA manipulation procedures were employed 

as described in (261) (353). Plasmid DNA was isolated using the QIAprep mini-spin kit. DNA 

concentration was determined spectrophotometrically (A260 nm). DNA transformation into E. 

coli DH5α and P. aeruginosa PAO1 was performed using heat shock protocol and 

electroporation protocol, as described in (261, 307, 353). 

Polymerase chain reaction (PCR) using Taq polymerase. For colony PCR cells were 

grown on a LB plate and incubated overnight at 37 
0
C to obtain single isolated colonies. 

Template DNA used was either genomic DNA or was prepared by adding small amount of the 

bacterial colony to 20 µl of sterile nuclease free water in a 0.2 ml microfuge tube. A 25 µl 

reaction was initiated by adding 15.5 µl of nuclease free water, 2.5 µl of 25 mM MgCl2, 2 µl of 

2.5 mM dNTP, 2 µl of 10 x PCR buffer, 0.5 µl of 10 µM forward primer, 0.5 µl of 10 µM 

reverse primer, 0.5 µl of template (gDNA or colony template DNA), 1.5 µl of 100 % DMSO and 

0.25 µl of Taq DNA polymerase. The regular reaction was then subjected to conditions in a T3 

Thermocycler (Whatman Biometra, Gottingen, Germany): Initial denaturation at 94 °C for 5 min 

(1 cycle), denaturation at 94 °C for 45 s, annealing (5 °C lower than the lowest temperature of 

the primer) for 40 s, extension at 72 °C for 1 min 30s (1 kb/min); step 2-4 repeat for 30 cycles; 

http://www.gs.washington.edu/
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final extension at 72 °C for 10 min (1 cycle); and 15 °C indefinitely. The amplified DNA was ran 

on 1% agarose gel (Agarose gel; See Appendix A) at 120 V and post-stained using Gel red and 

visualized using GelDoc-It® Imager (UVP, Upland, CA). 

Preparation of chemically competent E. coli DH5α cells using CaCl2. E. coli DH5α 

cells were inoculated in 5 ml of LB broth from a frozen glycerol stock and incubated for ~ 14 

hours at 37 °C with shaking at 200 rpm. The main culture was inoculated in 1 liter Erlenmeyer 

flask containing 500 ml LB and incubated at 37 
0
C with shaking at 200 rpm. After approximately 

3.5 – 4h at an A600 of 0.5-0.6, the culture was transferred to 2 x 500 ml centrifuge bottles and 

chilled on ice for 10 min with shaking. The cells were then centrifuged at 6,000 g for 5 min at 4 

°C and supernatant was discarded completely. Each pellet was resuspended in 125 ml ice cold 

0.1 M CaCl2 and combined into a single 500 ml centrifuge bottle. The resuspended cells were 

centrifuged at 6,000 g for 5 min at 4 
0
C. Cell pellet was resuspended in 250 ml ice cold 0.1 M 

CaCl2 and chilled on ice for 30 min. Cell pellet was harvested by centrifugation at 6,000 g for 5 

min at 4 
0
C. Post centrifugation, cell pellet was resuspended in 20 ml of  ice cold buffer 

containing 0.1 M CaCl2 and 15% glycerol. 100 µl of cells suspension was aliquoted in each 

chilled sterile microfuge tubes and stored at -80 
0
C.   
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Table 7.1. Bacterial strains and plasmids used in this study 

Strain/plasmid Relevant Characteristics Source  

Strains   

Escherichia coli   

E. coli DH5α General purpose cloning strain; Δ(lacZ)M15 New England 

Biolabs 

Pseudomonas aeruginosa   

PAO1 Wild type prototroph (354) 

PW3596 PA1429-E05::ISlacZ/hah (283) 

PW9116 PA4825-F12::ISphoA/hah (283) 

PW7241 PA3690-C04::ISlacZ/hah (283) 

PW3911 PA1634-E05::ISlacZ/hah (283) 

PW5099 PA2435-A02::ISphoA/hah (283) 

PW7626 PA3920-G01::ISphoA/hah (283) 

PW3788 PA1549-G12::ISphoA/hah (283) 

PW10412 PA5554-B01::ISlacZ/hah (283) 

PW8565 PA4496-F02::ISphoA/hah (283) 

PW6735 PA3400-H11::ISphoA/hah (283) 

PW7707 PA3963-E02::ISphoA/hah (283) 

PW4602 PA2092-F01::ISlacZ/hah (283) 

PW8230 PA4292-A03::ISphoA/hah (283) 

PW1733 PA0397-E03::ISlacZ/hah (283) 

PW6021 PA2999-D10::ISlacZ/hah (283) 

PW8772 PA4614-B11::ISphoA/hah (283) 

PW9688 PA5167-F06::ISphoA/hah (283) 

PW7791 PA4016-E06::ISphoA/hah (283) 
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∆carR::Gm PAO1 with deletion of carR replaced with Gm
r
 

gene 

This study 

PW1592 PA0320-H07::ISlacZ/hah (283) 

PW1607 PA0327-B11::ISphoA/hah (283) 

PA0327-B11::ISphoA/hah/ PBAD-

PA0327 

Tn5 disruption of PA0320 complemented by 

PBAD-PA0327 

This study 

PAOJP2 PAO1:: ∆lasI-rhlI (301) 

PAO214 PAO1: ∆lasI (301) 

PW 3597 PA1430-B10::ISlacZ/hah (283) 

PW6880 PA3476::ISPhoA/hah (283) 

PW 6882 PA3477-B10::ISlacZ/hah (283) 

PW 2798 PA0996-H05::ISlacZ/hah (283) 

PW2812 PA1003-G11::ISlacZ/hah (283) 

PW5376 PA2604-G04::ISPhoA/hah (283) 

pMMB66EH-AEQ Plasmid containing aequorin gene from Aequorea 

victoria  

(306) 

pTJ1 Tn7 vector containing PBAD promoter, Tm
r
 (355) 

pMS402 Expression reporter plasmid carrying the 

promoterless luxCDABE gene, ori of pRO1615 

(356) 

pKD204 pMS402 containing lasR promoter cloned 

upstream of promoterless luxCDABE gene in 

pMS402 

(304) 

pKD205 pMS402 containing rhlR promoter cloned 

upstream of promoterless luxCDABE gene in 

pMS402 

(304) 

pKD-pqsR pMS402 containing pqsR promoter cloned 

upstream of promoterless luxCDABE gene in 

pMS402 

(305) 
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Heat-shock transformation into competent E. coli cells. Heat shock competent strains 

of E. coli were transformed with the plasmid construct by the addition of 100 ng of plasmid to 

100 μl of E. coli heat shock competent cells and mixed gently by finger flicking. The cells were 

then incubated on ice for 30 min, heat shocked at 42 °C for exactly 30 s, and then returned to ice 

for 5 min. Then, 1000 μl of LB was added to the cells, recovered for 1h and 100 µl mix was 

plated onto an LB-Kn or LB-Ap. Selected transformants were screened for gene of interest by 

colony PCR using appropriate gene specific primers. The verified E. coli clones were grown in 5 

ml (LB broth; See Appendix A) containing Kn to generate a permanent stock (750 µl 20 % skim 

milk plus 750 ml broth culture) which was stored at -80 °C for plasmid maintenance. 

Preparation of chemically competent P. aeruginosa PAO1 cells using MgCl2. P. 

aeruginosa PAO1 cells were inoculated from frozen stock in LB agar (Appendix A) at 37ºC for 

24 h. An overnight culture was started from isolated colony in 5 ml LB broth (Appendix A) at 37 

°C for ~ 16hrs with shaking at 200 rpm. 1.25 ml of overnight culture was inoculated into the 250 

ml LB in 500 ml Erlenmeyer flask and incubated at 37ºC with shaking at 200 rpm. After 

approximately 3.5 – 4h at an A600 of 0.5-0.6, the culture was transferred to 250 ml centrifuge 

bottle and chilled on ice to 4 °C for 10 min. The cells were then centrifuged at 6,000 g for 5 min 

at 4 °C and supernatant was discarded completely. Cell pellet was washed twice with ice cold 

150 mM MgCl2, first with 250 ml and finally with 125 ml.  Cell pellets were  resuspended in 125 

ml of ice cold 150 mM MgCl2 followed by incubation on ice with gentle shaking for 1h. Cells 

were harvested by centrifugation at 6,000 g for 5 min at 4 ºC. Cell pellet was finally resuspended 

in 10 ml ice cold 150 mM MgCl2 containing 15% glycerol and mixed gently. The cells were 

prepared as 500 µl aliquots in sterile microfuge tubes and incubated at 4 ºC for 12-24h. The 
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competent cells were flash frozen by storing for 1h in pre-chilled ethanol -80 ºC.  Cells were then 

stored at -80 ºC until use. 

Heat-shock transformation into competent P. aeruginosa cells. Heat shock competent 

strains of P. aeruginosa were transformed with the plasmid construct by the addition of 1µg of 

plasmid to 200 μl of E. coli heat shock competent cells and mixed gently by finger flicking. The 

cells were then incubated on ice for 1h, heat shocked at 50 °C for exactly 3 min, and then 

returned to ice for 5 min. Then, 1 ml of LB was added to the cells, recovered for 1h and 100 µl 

mix was plated onto an LB-Cb or LB-Tm. Selected transformants were screened for gene of 

interest by colony PCR using appropriate gene specific primers. The verified P. aeruginosa 

clones were grown in 5 ml LB broth (Appendix A) containing Kn to generate a permanent stock 

(750 µl 20 % skim milk plus 750 ml broth culture) which was stored at -80 °C for plasmid 

maintenance. 

Preparation of electro-competent P. aeruginosa cells.  P. aeruginosa PAO1 cells were 

grown in 5 ml of LB broth (Appendix A) for ~ 14 hours. Cells were divided in four 

microcentrifuge tubes in 1.5 ml aliquots and harvested by centrifugation for 2 min at 13,000 rpm 

at R.T. Each cell pellet was washed twice with 1 ml of 300 mM sucrose at room temperature 

(RT). Two pellets were combined in a total of 100 μl 300 mM sucrose. Competent cells were 

stored at RT until transformed with DNA. 

Electroporation of electro-competent P. aeruginosa cells. For electroporation, 300-500 

ng of non-replicative plasmid DNA was added to previously described 100 μl of electro-

competent cells and transfer to a 2 mm gap width electroporation cuvette kept at R.T.  A pulse at 

settings: 25 μF; 200 Ohm; 2.5 kV (Setting EC2) was applied on to a Bio-Rad Gene Pulser X 
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cell™.  After pulsing, 1 ml of LB medium was added at once to recover the cells from the 

electric shock and transferred to a 17 × 100 mm glass tube incubated for 1 h at 37 °C. 100 μl of 

these cells were spread plated on LB-Tm or LB-Cb for selection of transformed DNA. Selected 

transformants were screened for verification of desired genotype by colony PCR using 

appropriate primers. The verified clones were grown in 5 ml LB to generate a permanent stock 

(750 µl 20 % skim milk plus 750 ml broth culture) which was stored at -80 °C. 

Expression and reconstitution of aequorin. P. aeruginosa containing aequorin was 

grown in 5ml BMM (Appendix A) at 37°C, 200 rpm for 12 h. 100 ml sterile BMM in 500 ml 

flask was inoculated with 1ml overnight culture of OD600 0.25 and incubated at 37°C, 200 rpm 

until mid-log phase. 1 ml of 100 mM IPTG (Appendix A) was added to the growing culture and 

incubated for 37°C, 200 rpm for 2 h. Cell pellet was collected by centrifugation at 6,000g for 5 

min at 4°C. Cell pellet was washed two times with 100ml ice cold HEPES buffer (Appendix A). 

Cells were then resuspended in 1.25 ml HEPES buffer. 1 ml cell suspension was aliquoted into 

fresh microfuge tube and 5 µl of mM coelenterazine was added. Cells were incubated in dark at 

room temperature for 30 minutes without shaking. Cell pellet was harvested by centrifugation at 

6000 g for 5 min at 4°C. Cell pellets were washed two time with 1 ml HEPES buffer and 

resupended in1ml HEPES buffer. Final cell density was adjusted to OD 600 of 0.4 in a dilution 

of 1:10 fold. 
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Table 7.1. PCR primers used in this study. 

Name Sequence (5’  3’) 

Aeq-Forward     CTTACATCAGACTTCGACAACCCAAG 

Aeq-Reverse     CGTAGAGCTTCTTAGGGCACAG 

3393F.f      GAGGCATGGCAACTGGAG 

3393F.fr     GACGAAGAACAGCGACAACA 

55614R.f     AGCGAACATGAACGCCTC 

55614R.r     AAACCACCCTCACCAATGTC 

1776F.f      CTGGCTGGACTGGATCTACC 

1776F.r      CAGACCGTTGAACACCACC 

4904R.f      GCAAGCCTTCGTCAAGCTC 

4904R.r      GACGATCGACTTGCCTTCC 

40832R.f     GATCAGGATACCGTGGCG 

40832R.r     AGTCAAGCAGATCTGGGAGC 

29869F.f     GGTGCAGTTCGTCATCGG 

29869F.r     GGTGGATGATCTGCGGTC 

14969F.f     CCTTCGTCACGGAACTTCTC 

14969F.r     TTGAGAACAACGCCTGTGAG 

35645R.f     GCCGGTCTTGTCGAAGATTA 

35645R.r     TGTGGATCCAGGTGATGATG 

32242F.f     CCTGGAAAGCTCCGACTTC 

32242F.r     ATTTGGAGAAGTTGTTGCCG 

50822R.f     CGGCAGAAGGTGTAGCTGA 

50822R.r     CCAGATCCAGCAGGACATCT 

45527F.f     CGGTGCACTATTCGCTACG 

45527F.r     TTTCTTCGACGACGGCTACT 

15965F.f     CTGATCGGCGAGTTCTGG 
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15965F.r     AGCTCTCGTACATCAGGCGT 

33236F.f     CGGTCGACTAGACTCCCAAC 

33236F.r     TTTTGTGCATCTTCGACAGC 

4823F.f      GAGATCACCTACGAGGACGC 

4823F.r      CCTATCCTGTAGGCTGGTGC 

15226R.f     ATCGGGCCGTATTCGTACTT 

15226R.r     TGCTGTTCACCGACAAGAAG 

52423F.f     GCTCCTAATGGCTTGTCAGG 

52423F.r     ATGAACCTCAGTCTGACCCG 

15226R.f     ATCGGGCCGTATTCGTACTT 

15226R.r     TGCTGTTCACCGACAAGAAG 

30996F.f     GGACACCCGTCCTCTTCATA 

30996F.r     GTGACCTCGTCCATGGTCTT 

30095F.f     CCGGCTGGACTACGACAAC 

30095F.r     CTCAGGGCATAGAGTTCGCT 

5120F.f      CAGCTTCATCAGCCTGCTC 

5120F.r      ACTTCAACTACCCACTGGCG 

44509F.f     CCAGAGCTTCCGGGTCTT 

44509F.r     TCGTCCTTGCTGAAGACGTA 

17281R.f     CCGAATCCATATTTGGCTGA 

17281R.r     TCAGAGCAATGGCTTCACAC 

32454R.f     ACGAGATGGCGGAATGACT 

32454R.r     TTCCACCACAAGAACATCCA 

3452R.f      GCGTCGAACTTCTTCTGGAT 

3452R.r      GTTGTCATAGGGAGGGGGAT 

1932F.f      CGCCTCGAACTGTGAGATTT 
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1932F.r      GAGAAATCGTCGAGCAAAGG 

1638R.f      CTGCATGCTGGAATTGCTC 

1638R.r      ACTGAAGATCTCCCGCTTCA 

49172F.f     GGAAGAGTCTCCCCTTCGAC 

49172F.r     TAGAAGAACAGGCGGACGAT 

lasR forward     CTGCTCGAGCCGGGCTCGGCCTGTTCT 

lasR reverse     CGGGATCCGGATGGCGCTCCACTCCA 

rhlR forward     CATGCGCGAGCAGGAGTTGC 

rhlR reverse     TAGGGATCCTAATCGAAGCCCAGGCGC 

pqsR forward     GGAAGATCTGCGGTGTGCGACTTGCGC 

pqsR reverse     ATACTCGAGCGATGCTCGGCGCTCTCC 
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Luminescence measurements and estimation of free intracellular calcium. 100 µl cell 

supsension with reconstituted aequorin was aliquoted in 96 well plate. When required, cells were 

treated with inhibitors (2, 4 di-nitrophenol at 0.5, 1, or 2 mM; LaCl3 at 300 or 600 µM; 

gramicidin D at 1 or 10 µg/ml; calcimycin at 5 µM; or vanadate at 2 mM) for 10 min in the dark 

at room temperature without shaking. Gramicidin D and calcimycin were dissolved in 50 % and 

3 % DMSO, respectively. To ensure penetration of gramicidin D and calcimycin through the 

bacterial outer membrane, 10 µg/ml of compound 48/80 was added. Luminescence was recorded 

for 1 min at 25 
0
C at 4 sec interval. After 1 min, 20 µl of 6 mM CaCl2 was injected into each well 

by using the internal Synergy injectors, mixed for 1 sec, and the luminescence was recorded for 

20 min at 5 sec interval. Injection of buffer alone was used as a negative control in [Ca
2+

]in.  

[Ca
2+

]in was calculated by using the formula pCa= 0.612 (-log10k) + 3.745, where k is a rate 

constant for luminescence decay (s
-1

) (147). The excel-based template incorporating the formula 

and the aequorin standard curve was generously shared by Dr. Anthony Campbell. The results 

were normalized against the total amount of available aequorin. Total aequorin was estimated by 

summing the light detected during an entire experiment and the light detected during discharge. 

The discharge was performed by permeabilizing cells by adding 120 µl of discharge buffer 

(Appendix A). Luminescence was monitored for 5 min at 5 sec interval. The responses to Ca
2+

 

challenges were characterized and validated by using curve fitting analysis with IGOR PRO 

software v.6.3.1.2. (WaveMetrics). 

Swarming motility Assay. P. aeruginosa growing on LB agar plates was inoculated to 

5ml of BMM (Appendix A) and incubated at 37°C, 200 rpm for 16 h.  Cell density was 

normalized to OD600 of 0.3 using BMM in a final volume of 1ml. Cell suspension was mixed 

gently to homogeneity. 2µl of the normalized cell culture was spot inoculated in the center of 
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swarming agar plate containing 0 mM or 5 mM CaCl2 (Appendix A). Plates were incubated up 

right at 37°C for 12-24h. Pictures of the swarming plates were captured. Five measurements of 

the diameter of each colony were taken and average diameter was calculated. The effect of Ca
2+ 

was calculated as a fold difference (ratio) between the diameters of the colonies grown at 5 mM 

and 0 mM Ca
2+

. The mutants and treatments were compared to their corresponding controls 

using the mean percentage of fold difference from at least three independent experiments. 

Calcium tolerance assay in liquid media. Isolated colonies of P. aeruginosa were 

inoculated in 5 ml BMM (Appendix A) and incubated at 37°C, shaking at 200 rpm for 16 h. Cell 

density of overnight culture was normalized to OD600 of 0.3 using BMM to a final volume of 1 

ml. 100 µl (0.1%) of normalized culture was inoculated into 100 ml of fresh BMM in 250 ml 

flask. Whenever required, CaCl2X2H2O was added to a final concentration of 10 mM. Cultures 

were incubated at 37°C, shaking at 200 rpm in a MaxQ 5000 floor-model shaker 

(Thermoscientific). Absorbance at 600 nm was recorded every 2- 4 h using a Biomate 3 

spectrophotometer (Thermoscientific).  

Pyocyanin analysis. P. aeruginosa growing on LB agar plates was inoculated to 5ml of 

BMM (Appendix  A) and incubated at 37°C, 200 rpm for 16-18 h.  Cell density was normalized 

to OD600 of 0.3 using BMM in a final volume of 1ml. Cell suspension was mixed gently to 

homogeneity. 2µl of the normalized cell culture was spot inoculated in the center of swarming 

agar plate containing 0 mM or 5 mM CaCl2 (Appendix A). Plates were incubated up right at 

37°C for 12-24h. Swarming colonies were excised from the agar. Colony growing on agar was 

split in two equal halves. One half of the agar was used for pyocyanin extraction and other half 

for total cell protein estimation. Agar slices of the same size were used as negative controls. For 

pyocyanin extraction, agar pieces were transferred to a fresh empty plate and 5 ml saline was 
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added to it. Agar was mashed into fine pieces. Agar pieces were transferred into chloroform 

resistant scintillation vials. Masher and the plate were washed with 10 ml saline and collected in 

the same scintillation vial. To the vials, equal volume (15 ml) of chloroform was added and 

shaken well for 15 min. The vials were left undisturbed for 10 min to allow complete separation 

of organic and inorganic layers. Top organic phase was collected in fresh vial. Bottom aqueous 

phase was used for extraction with chloroform two more times. To the collected organic phase, 

0.2 N HCl was added in the ratio of 1:3 of HCl:Chloroform. The vials were shaken well for 15 

min and left undisturbed for another 15 min to allow the complete separation of organic and 

inorganic phases. 200 µl of top HCl extract was collected in a 96-well plate and absorbance was 

measured at 520 nm. Amount of pyocyanin was calculated by using coefficient of extinction 17.1 

M
-1 

Cm-
1 

(357) and normalized per mg of total cell protein. The latter was determined by using 

Bradford assay (EMD) following the manufacture’s protocol. 

Total cellular protein estimation in agar culture. Half of the swarming agar growth 

mentioned above was used for protein estimation. For protein extraction, agar pieces were 

transferred to a fresh empty plate and 5 ml saline was added to it. Agar was mashed into fine 

pieces and transferred to a 50 ml falcon tube. Masher and the plate were washed with 10 ml 

saline and collected in the same conical tube. Cell suspension in conical tube was sonicated in 

water bath sonicator (Branson, 2800) for 5 min followed by brief vortex mix. Sonication and 

vortex mix was repeated for total of three times. Cell suspension was centrifuged at 2000 rpm for 

2 min at 4
0
C. Supernatant was collected in a fresh 50ml falcon tube. 15 ml saline was added to 

the remaining agar pellets followed by sonication and vortex mix as mentioned before. The agar 

wash was done for total three times. The collected supernatant was filtered through Whatman 

No. 1 filter paper and collected in a 50 ml centrifuge tube. Finally, the cells were harvested by 
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centrifugation at 13,000 rpm for 10 min. To the cell suspension, 1.5 ml of 1M NaOH (Appendix 

A) was added and heated at 90
0
C for 10 min. Samples were centrifuged at 10,000 rpm for 5 min 

and protein sample in the supernatant was collected and diluted 10 fold . The total cellular 

protein from P. aeruginosa was quantified using Bradford protein assay using Bradford reagent 

(Appendix A) in a 96-well microplate. Protein standards using Bovine serum albumin (BSA) 

were prepared in the range from 0 μg/ml-125 μg/ml of BSA in water. Briefly, 200 μl of Bradford 

reagent was added to all wells. For standard and P. aeruginosa cellular protein determination, 20 

μl of appropriate BSA standards and cellular protein extracts were added to the wells and mixed 

well. P. aeruginosa cellular extracts were diluted appropriately, as needed for the absorbance 

values to be in the range of the BSA standards. The 96-well plate was incubated at RT for 5 min 

and absorbance measured at 595 nm using a Synergy 2 Multi-Mode Microplate Reader (BioTek, 

Winooski, VT). The amount (μg) of total cellular protein from P. aeruginosa was estimated by 

applying the linear equation generated using BSA standards in Microsoft excel. 

Extraction and purification of QS signal molecules. P. aeruginosa colony growing on 

LB agar plates was inoculated to 5 ml of BMM (Appendix A) and incubated at 37°C, 200 rpm 

for 16 h.  Cell density was normalized to OD600 of 0.3 using BMM in a final volume of 1 ml. 100 

ml sterile BMM in 250 ml flask was inoculated with 100 µl norrmalized overnight culture and 

incubated at 37°C, 200 rpm until the stationary phase (usually 24 h). When required, 

CaCl2x2H2O was added to a final concentration of 5 mM. Culture was centrifuged at 10,000 rpm 

for 5 min at 4
0
C and 75 ml supernatant was transferred to 250 ml glass separation funnel. The 

collected supernatant was mixed with equal volume of acidified ethyl acetate (Appendix A) and 

vigorously shaken for 30 s. The separation funnel was left undisturbed for 10 min so as to allow 

complete separation of top organic and bottom aqueous phases. Bottom aqueous phase was 
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collected in a clean flask and top organic phase was collected for sample in a 250 ml bottle. 

Collected aqueous phase was transferred back to the separation funnel and used for re-extraction 

with acidified ethyl acetate for two more times. All the organic phases were pooled together in a 

round bottom flask (RBF). The extract in RBF was evaporated using a rotary evaporator until it 

dried down to 10-20 ml.  Remaining organic phase was transferred to the glass vials and dried 

down completely using rotary evaporator. Dried extracts were stored in dark at -20
0
C until use. 

Quantification of QS signal molecules using high performance liquid 

chromatography (HPLC). 3-O-C12-HSL, C4-HSL, and PQS molecules were separated using 

HPLC. Dried ethyl acetate extracts from previous step were resuspended in 200 µl of acidified 

methanol (0.1% acetic acid) (Appendix A). 20 µl sample was injected into C18 reverse phase 

column (Phenomenex, Gemini, 5µM pore size, 110 A
0 

particle size, 150 mm X 2 mm) at a flow 

rate of 0.2 ml/min. The mobile phase consisted of methanol containing 0.1% v/v glacial acetic 

acid (solvent B) and water containing 0.1% v/v glacial acetic acid (solvent A) (Appendix A). A 

gradient elution method was utilized. For C4 HSL detection, gradient started at 5% solvent B and 

went to 95% solvent B over 30 min and remained isocratic at 95% solvent B for 15 min. For C12 

HSL detection, gradient started at 60% solvent B and went to 95% solvent B over --- min and 

remained isocratic at 95% solvent B for – min. For PQS detection, gradient started at 60% 

solvent B and went to 100% solvent B over --- min and remained isocratic at ---% solvent B for 

15 min. For detection, the following absorbance max were used: 205 nm (for 3-O-C12-HSL and 

C4-HSL) and 340 nm (for PQS). The standard solutions were prepared by diluting methanol 

stocks of standards into 300, 100, 50, 25, and 10 uM. Standard curves were generated by plotting 

the absorbance area value of the standard against the concentration. 
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Total cellular protein estimation in liquid culture. The total cellular protein from P. 

aeruginosa PAO1 cells was quantified using Bradford protein assay using Bradford reagent 

(Bradford reagent; See Appendix A) in a 96-well microplate. Protein standards using Bovine 

serum albumin (BSA) were prepared in the range from 0 μg/ml-750 μg/ml of BSA in 20 mM 

Tris buffer (pH 8.3) or an appropriate protein storage buffer. Briefly, 200 μl of Bradford reagent 

was added to all wells. For standard and P. aeruginosa PAO1 cellular protein determination, 10 

μl of appropriate BSA standards and cellular protein extracts were added to the wells and mixed 

well. PAO1 cellular extracts were diluted appropriately, as needed for the absorbance values to 

be in the range of the BSA standards. The 96-well plate was incubated at R.T for 5 min and 

absorbance measured at 595 nm using a Synergy 2 Multi-Mode Microplate Reader (BioTek, 

Winooski, VT). The amount (μg) of total cellular protein from P. aeruginosa was estimated by 

applying the linear equation generated using BSA standards in Microsoft excel. 

Assessment of gene expression. Isolated colonies of P. aeruginosa strains containing lux-based 

reporter plasmids were inoculated in 5 ml BMM (Appendix A) and incubated at 37°C, 200 rpm 

for 12 h. Cell density was normalize to OD600 of 0.3 by using BMM in final volume of 1 ml. 

1ml of fresh BMM was inoculated with 1% (10µl) of normalized overnight culture and mixed 

well. In order to prevent the evaporation during incubation, lids were treated with triton solution 

(Appendix A). 10 ml of triton solution was poured over inner side of the lid. Lid was tilted 

properly to make sure that that entire surface was coated. After draining the triton solution, plate 

and lid were exposed to UV- light for 20 min. 200 µl of the inoculated culture was aliquoted in 

white luminescent plates with clear bottom (Greinerbio). Whenever needed, CaCl2X2H2O was 

added to a final concentration of 5 mM. The plates were incubated in a Synergy Mx Multi-Mode 

Microplate Reader (Biotek) at 37°C in a fast shaking speed. Luminescence and cell density at 
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OD600 was measured at 2 h interval for 24 h. Gene expression was measured as a relative light 

intensity (RLUs) and normalized by the respective values of OD600 nm. The resultant 

expression profiles of mutants were compared to that of the WT using mean fold difference 

between no added and 5 mM Ca
2+

from at least three biological replicates.  

Antibiotic sensitivity assay. P. aeruginosa resistance to tobramycin and polymyxin B was 

assayed as described in (313). PAO1 and PA2604:IS were grown in BMM at no added or 5 mM 

Ca
2+

. 100 µl of the mid-log cultures normalized to the OD600 of 0.1 were spread inoculated onto 

the surface of BMM agar containing no added or 5 mM Ca
2+

. E-test strips for tobramycin or 

polymyxin B (Biomeurix) were placed on the surface of the inoculated plates and incubated for 

24 h. The minimum inhibitory concentration (MIC) was measured as a point at which the edge of 

the zone of inhibition crosses the e-test strip. The effect of Ca
2+

 was calculated as a fold 

difference (ratio) between the MIC in no added or 5mM Ca
2+

. 
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Appendix A: Recipes 

 

 

Antibiotics: 

 

Ampicillin stock solution (100 mg/ml) 

              1 g Ampicillin 

              10 ml Nano-pure water 

              Sterilize using 0.22 µm pore-size filter. Store in 1 ml aliquots at -20 °C. 

 

Carbenicillin stock solution (300 mg/ml) 

              3 g Carbenicillin 

              10 ml Nano-pure water 

              Sterilize using 0.22 µm pore-size filter. Store in 1 ml aliquots at -80 °C, dark. 

 

Tetracycline hydrochloride stock solution (20mg/ml) 

              200 mg Tetracycline 

              10 ml Nano-pure water 

              Sterilize using 0.22 µm pore-size filter. Store in 1 ml aliquots at -20 °C, dark. 

Note: Solubility limit of Tetracycline hydrochloride in water is 20 mg/ml. 

 

Trimethoprim stock solution (50mg/ml) 

500 mg Trimethoprim 

              10 ml of chloroform:ethanol = 1:1 

              Sterilize using 0.22 µm pore-size filter. Store in 1 ml aliquots at -20 °C, dark. 

Note: Trimethoprim is hard to dissolve. Solubility can be enhanced by vortexing and 

leaving at room temperature for 15 -30 min. 

  

Kanamycin stock solution (50mg/ml) 

500 mg Kanamycin 

              10 ml Nano-pure water 

              Sterilize using 0.22 µm pore-size filter. Store in 1 ml aliquots at -20 °C, dark. 
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Buffers: 

 

 

Discharge buffer (5 ml) 

12.5 mM CaCl2 

62.5 µl CaCl2 (1M) 

 

2% NP40 (70%) 

143 µl NP40 (70%) 

 

Coelenterazine (50mM) 
 250 µg coelenterazine 

 1.136 ml ethanol (95%) 

 

HEPES buffer (1000ml) 

 25 mM HEPES 

 5.96 g HEPES 

 

 125 mM NaCl 

 7.3 g NaCl 

 

 1mM MgCl2 

 0.0952 g MgCl2  

 

 Adjust pH to 7.5 with 1M NaOH 

 

Potassium Phosphate buffer (20mM) 

Solution 1:  

620 mM K2HPO4 

107.99 g K2HPO4 

Q.S to 1 L 

 

Solution 2:  

620 mM KH2PO4 

84.37g KH2PO4 

Q.S to 1 L 

Mix 615 ml of solution 1 and 385 ml of solution 2 

The ratio ensures that the pH of the buffer is pH 7.0. 

50 X TAE (running buffer for agarose gel DNA electrophoresis) 

242 g Trisma base 

57.1 ml Glacial acetic acid 

100 ml 0.5 M EDTA, pH – 8.0 

Q.S. to 1 L 

Dilute to 1X for running DNA-agarose gel. 
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Calcium transport inhibitors: 

300 mM LaCl3 solution 

 0.073 g LaCl3 

             1 ml Nano-pure water 

            Aliquot in 100 µl volume. Store at 4 
o
C.  

  

20mg/ml  Gramicidin D solution 

0.02 g Gramicidin D 

             1 ml DMSO (100%) 

            Aliquot in 100 µl volume. Store at 4 
o
C.  

 

50mg/ml  compound 48/80 solution 

0.1 g Gramicidin D 

             2 ml Nano-pure water 

            Aliquot in 100 µl volume. Store at 4 
o
C  

2,4 dinitrophenol solution 

0.0159 g Gramicidin D 

             1 ml Nano-pure water 

             Aliquot in 100 µl volume. Store at 4 
o
C  

0.058 mM Calcimycin solution 

Solution A: 0.58 mM calcimycin 

1 g calcimycin 

             1 ml DMSO (100%) 

  

Dilute solution A 10 fold. 

 100 µl solution A 

900 µl DMSO (100%) 

             Aliquot in 100 µl volume. Store at 4 
o
C  

QS molecules extraction and HPLC buffers: 

0.1% acidified ethyl acetate 

             1 ml glacial acetic acid 

 999 ml ethyl acetate 

 

0.1% acidified methanol 

             1 ml glacial acetic acid 

 999 ml methanol 

 

0.1% acidified water 

 1 ml glacial acetic acid 

 999 ml water 

Media: 
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1x Biofilm Minimal Media (BMM) 

            This bacterial growth medium is well defined and supports excellent growth of P. 

aeruginosa. 

 

 9mM Monosodium Glutamate 

50mM Glycerol (w/v) 

0.15 mM Sodium Phosphate Monobasic 

0.34 mM Dipotassium phosphate 

145 mM Sodium Chloride 

pH: 7 

Q.S. to 1 L and Autoclave 

 

After cooling down add the following: 

1 ml of Vitamin solution 

200 µl of Trace Metal Solution 

0.02 mM (20 µl) of Magnesium sulfate solution 

 

Luria-Bertani (LB) Broth 

10 g Bacto-Tryptone 

5 g Yeast Extract 

5 g Sodium Chloride 

Q.S. to 1 L. Autoclave. 

 

LB Agar  

10 g Bacto-Tryptone 

5 g Yeast Extract 

5 g Sodium Chloride 

15 g Agar 

Q.S. to 1 L. Autoclave. 

 

Swarming agar (1 L) 

 0.4g glucose 

 0.5g casamino acids 

 62 mM potassium phosphate buffer 

 100 ml of 620 mM potassium phosphate buffer 

 

Q.S to 990 ml L and autoclave 

 

After cooling down add the following: 

10 µM FeSO4 

10 ml of 1 mM FeSO4 

 

0.02 mM Mg SO4 

1 ml of 20 mM Mg SO4 

 

Using 25 ml pipette, transfer 20 ml swarming agar to sterile petri plates. 
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Stock Solutions: 

 

Biotin Stock Solution (BSS) 

            1 mg Biotin 

            Q.S. to 10 ml 

            Filter Sterilize 

 

Vitamin Solution for BMM (100 ml) 

            50 mg Thiamine  

            1 ml BSS  

            Q.S. to 100 ml 

            Filter Sterilize 

 

Trace Metal Solution for BMM (100 ml) 

            0.5g Copper (II) sulfate pentahydrate 

            0.5 g Zinc sulfate heptahydrate 

            0.5 g Ferrous sulfate heptahydrate 

            0.2 g Manganese chloride tetrahydrate 

            0.83 M Hydrochloric acid (10 ml) 

            Q.S to 100 ml 

            Filter sterilize 

 

1 M Magnesium Sulfate Solution for BMM  

            24.65 g of Magnesium sulfate heptahydrate 

            Q.S. to 100 ml 

            Filter Sterilize 

 

1 M Calcium chloride solution (CaCl2.2H2O) 

             11.098 g Calcium chloride  

Q.S. to 100 ml  

 

20 mM MgSO4 solution (200 ml) 

0.9858 g MgSO4 

Q.S to 200 ml 

Sterilize using 0.22 µm pore-size filter. Store at 4 °C. 

1 mM FeSO4 solution (200 ml) 

0.0559 g FeSO4  

Q.S to 200 ml 

Sterilize using 0.22 µm pore-size filter. Store at 4 °C. 

 

500 mM IPTG stock solution (isopropyl β-D-1- thiogalactpyranoside) 

             0.24 g IPTG 

10 ml diH2O 

             Filter through 0.22 µm filter. Store at -20 °C in 1 ml aliquots. 
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300 mM Sucrose stock solution 

             51.34 g Sucrose 

             Q.S to 500 ml.  

             Sterilize using 0.22 µm pore-size filter. Store at 4 °C. 

 

0.1% (w/v) Crystal violet solution 

             0.5 g Crystal violet 

             330 ml glacial acetic acid 

             Q.S to 1 L 

 

Saline solution (0.85 % NaCl) 

              8.5 g NaCl 

              Q.S to 1 L 

              Autoclave. Store at R.T  

 

1N Sodium hydroxide (NaOH) solution 

              40 g NaOH 

              Q.S to 1 L 

 

Bradford Reagent 

50 mg of Coomassie Blue G-250 

              50 ml of methanol  

              100 ml of 85% Phosphoric acid  

              Add the above solution into 500 ml of H2O and mix 

              Filter using Whatman filter paper 1 to remove precipitates 

              Q.S to 1 L 

              Store at 4 
o
C. 

 

Ethylenediaminetetraacetic acid (EDTA) solution (0.5 M) 

              73. 06 g EDTA 

  Add 300 ml of water             

  Adjust pH to 8 with 1N NaOH 

  Q.S to 500 ml                

Other receipes: 

Agarose gel for DNA electrophoresis 

50 ml 1 X TAE 

0.5 g agarose (electrophoresis grade) 

Final concentration of agarose (1 % w/v) 

 

Triton solution (10 ml) 

 5 µl Triton X-100 

 2.5 ml ethanol 

 Q.S to 10 ml with sterilized Nano-pure water 
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