
�     � 

 

Final Report 
 

Project: Identification of a reactive chlorine species-specific transcriptional 

regulator and its regulon in a human pathogen Pseudomonas aeruginosa 

(MRG5980047) 

 

 

 

By 

Lect. Adisak Romsang, Ph.D. 
and team 

 

 

 

April, 2018 

http://www.google.co.th/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiJxrq5kKzaAhUGS48KHWyJCYUQjRx6BAgAEAU&url=http%3A%2F%2Fwww2.science.cmu.ac.th%2Fresearch%2Fpublication-detail.php%3Fpublication_id%3D861&psig=AOvVaw2_Loe0kmX2cHrX2O50pfQF&ust=1523326691783228
http://www.google.co.th/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiJxrq5kKzaAhUGS48KHWyJCYUQjRx6BAgAEAU&url=http%3A%2F%2Fwww2.science.cmu.ac.th%2Fresearch%2Fpublication-detail.php%3Fpublication_id%3D861&psig=AOvVaw2_Loe0kmX2cHrX2O50pfQF&ust=1523326691783228
https://www.google.co.th/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjSreSZkKzaAhWKwI8KHcFDAE8QjRx6BAgAEAU&url=https%3A%2F%2Fth.wikipedia.org%2Fwiki%2F%25E0%25B8%25AA%25E0%25B8%25B3%25E0%25B8%2599%25E0%25B8%25B1%25E0%25B8%2581%25E0%25B8%2587%25E0%25B8%25B2%25E0%25B8%2599%25E0%25B8%2584%25E0%25B8%2593%25E0%25B8%25B0%25E0%25B8%2581%25E0%25B8%25A3%25E0%25B8%25A3%25E0%25B8%25A1%25E0%25B8%2581%25E0%25B8%25B2%25E0%25B8%25A3%25E0%25B8%2581%25E0%25B8%25B2%25E0%25B8%25A3%25E0%25B8%25AD%25E0%25B8%25B8%25E0%25B8%2594%25E0%25B8%25A1%25E0%25B8%25A8%25E0%25B8%25B6%25E0%25B8%2581%25E0%25B8%25A9%25E0%25B8%25B2_(%25E0%25B8%259B%25E0%25B8%25A3%25E0%25B8%25B0%25E0%25B9%2580%25E0%25B8%2597%25E0%25B8%25A8%25E0%25B9%2584%25E0%25B8%2597%25E0%25B8%25A2)&psig=AOvVaw02JVcukvVcm2R60tQHPtVS&ust=1523326668908820


1 
 

MRG5980047 

 

Final Report 
 

 

 
Project: Identification of a reactive chlorine species-specific transcriptional 

regulator and its regulon in a human pathogen Pseudomonas aeruginosa 

(MRG5980047) 

 

 

 

By 

Lect. Adisak Romsang, Ph.D. 
Department of Biotechnology, Faculty of Science, Mahidol University 

and team 

 

 
 

Project Granted by the joint funding of the Office of the Higher Education Commission 

and the Thailand Research Fund  
(Comments in this report were from the researchers only, the funders have not recommended) 



2 
 

Abstract  
 

Project Code :  MRG5980047 

Project Title : Identification of a reactive chlorine species-specific transcriptional regulator 

and its regulon in a human pathogen Pseudomonas aeruginosa 

Investigator :  Lect. Adisak Romsang, Ph.D. 

E-mail Address : adisak.rom@mahidol.ac.th 

Project Period : May, 2016 – May, 2018 

Abstract :  Pseudomonas aeruginosa is an important opportunistic pathogen that causes severe acute and 

chronic infection in hospitalized patient and immunocompromised host and is also one of the critical global priority 

list of antibiotic-resistant bacteria to development of new antibiotics. The treatment difficulties are associated a 

long-term survival of the pathogens in the hospital environments. One of the major factors for successful infection 

is the bacterial defense mechanisms against toxic substances from host immune system including reactive 

oxygen species (ROS) and reactive chlorine species (RCS). Many compounds containing RCS such as sodium 

hypochlorite (NaOCl) is generally used as bleaching agents in household and disinfectants even in hospitals. The 

mechanisms to manage ROS in bacteria are well-known but those to deal with RCS are less studied in bacteria 

and unknown in this pathogenic bacterium. In this project, the bacterial mechanisms to fight against host-

generated RCS, both directly and indirectly, will be explored. Several genes encoding ferredoxin reductases (fprA 

and fprB), and tRNA thiolating enzyme (ttcA) were shown to be involved in the RCS response and role to 

detoxify the RCS toxicity in the bacterial cell. All of them was independently regulated by their own specific 

transcriptional regulator, which can sense the redox homeostasis due to the oxidation by cellular RCS. This 

emphasizes the broad spectrum of cytotoxicity mechanisms of RCS in the bacteria. Moreover, the first RCS-

sensing transcriptional regulator in P. aeruginosa RcsR was proposed and we showed that RcsR regulated an 

rcsA expression under RCS exposure to increase the detoxification activity against RCS agents including a 

bleach NaOCl. Finally, these RSC-responsive genes had a role in bacterial pathogenicity in both C. elegans and 

D. melanogaster host model systems. This study was to characterize many novel genes in P. aeruginosa to 

expand the virulence network, a cause of nosocomial infections, and could be a part of the reasons in its ability 

for hospitalization. The highly RCS-sensitive regulators will be used to develop potential biomarkers detecting 

RCS, which is an insight research leading to the novel strategies for the drug-targeting development or biosensor 

for RCS toxicity in the environmental contamination. 

 

Keywords : reactive chlorine species, stress response, fprA, ttcA, rcsA, Pseudomonas aeruginosa 
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บทคัดยอ :  เช้ือสูโดโมนาส แอรูจิโนซา เปนเช้ือแบคทีเรียฉวยโอกาสท่ีกอโรคในคนและพบไดมากท่ีสุดชนิดหน่ึง 

โดยเฉพาะสามารถทําใหเกิดอาการรุงแรงหรือกอโรคเรื้อรังไดในผูปวยท่ีรักษาตัวท่ีโรงพยาบาลหรือผูท่ีมีภูมิคุมกันบกพรอง 

เช้ือชนิดน้ีถูกจัดใหการหาแนวทางในการรักษาหรือคิดคนตัวยาฆาเช้ือชนิดน้ีในระดับการวิกฤต เน่ืองจากการรักษาท่ียาก

และเรื้อรังในโรงพยาบาล ปจจัยท่ีทําใหแบคทีเรียชนิดน้ีกอโรคไดสําเร็จ คือ กลไกการปองตัวเองจากสารฆาเช้ือท่ีหล่ังมา

จากคนหรือโฮสตเจาบาน เชน สารอนุมูลอิสระออกซิเจนและสารอนุมูลอิสระคลอรีน นอกจากน้ี เรายังนิยมใชสารอนุมูล

อิสระคลอรีนในรูปของนํ้ายาฆาเช้ือในโรงพยาบาลและนํ้ายาซักผาขาวตามบานเรือนอีกดวย ทําใหเช้ือสามารถปรับตัว

พัฒนาใหเกิดกลไกการตานสารเหลาน้ี ในโครงการวิจัยน้ีไดวิจัยคนหาและศึกษายีนใหมท่ีถอดรหัสโปรตีนควบคุมการ

แสดงออกของยีนท่ีเก่ียวของกับการตอบสนองตออนุมูลคลอรีนในเช้ือแบคทีเรียกอโรคในคน สูโดโมนาส แอรูจิโนซาน้ี 

พบวา มีหลายยีนท่ีเก่ียวของและบางสวนท่ีคนพบเปนยีนใหมท่ียังไมเคยมีรายงานมากอน กลไกการตานสารอนุมูลอิสระ

เหลาน้ีมีความซับซอนมากมาย มียีนหลากหลายท่ีชวยเสริมฤทธ์ิในการปองกันและรักษาตัวเองในสภาวะเครียดจากอนุมูล

อิสระเหลาน้ี เชน ยีน fprA และ fprB เปนเอนไซมท่ีรักษาสมดุลรีดอกซในเซลลc]tเปนสวนหน่ึงในการสรางอนุพันธเหล็ก

ผสมซัลเฟอร ซ่ึงใชเปนโคแฟกเตอรของหลายเอนไซมท่ีจําเปนตอการดํารงชีวิตของแบคทีเรีย c]tยีน ttcA ยีนท่ีเติมหมู

ซัลเฟอรใหกับ tRNA เพื่อการคัดเลือกในกระบวนการแปลรหัสพันธุกรรมเปนกรออะมิโน ยีนเหลาน้ีถูกกระตุนดวยสภาวะ

เครียดท่ีหลากหลายชนิด ไมมีความจําเพาะ แตขึ้นกับการควบคุมผานโปรตีนความคุมการแสดงออกท่ีตางกัน แตทุกยีนท่ี

กลาวมาสามารถถูกกระตนไดดวยสารอนุมูลอิสระคลอรีน ดังน้ันสารน้ีจึงมีผลตอแบคทีเรียในหลายดาน กลไกในการด้ือสาร

ฆาเช้ือยิ่งเกิดไดงายขึ้นเชนกัน นอกจากน้ี คณะวิจัยยังพบยีนท่ีมีความจําเพาะตอสารอนุมูลอิสระคลอรีนเทาน้ันดวยเชนกัน 

คือ ยีน rcsA ยีนน้ีสําคัญตอการตานสารอนุมูลอิสระคลอรีนในรูปนํ้ายาฆาเช้ือ และเม่ือลบยีนน้ีแลวแบคทีเรียกอโรคได

นอยลงดวย ยีนน้ีถูกควบคุมดวยโปรตีนความคุมการแสดงออกท่ีจําเพาะตอสารอนุมูลอิสระคลอรีนเทาน้ัน ผลการวิจัยจาก

โครงการทําใหสามารถประกอบภาพกลไกท่ีซับซอนของแบคทเรียชนิดน้ีท่ีกอโรคในคนไดสําเร็จในโรงพยาบาล อันนําไปสู

แนวทางการปองกัน การตรวจวินิจฉัย และการรักษาโรคติดเช้ือแบคทีเรียสูโดโมนาส แอรูจิโนซา อีกท้ังยังสามารถเปน

แนวทางในการตอยอดประยุกตใชโปรตีนเพื่อตรวจหาสารอนุมูลอิสระคลอรีนตกคางในสิ่งแวดลอมไดอีกดวย 

 

คําสําคัญ : สารอนุมูลอิสระคลอรีน, การตอบสนองตอสภาวะเครียด, fprA, ttcA, rcsA, สูโดโมนาส แอรูจิโนซา 
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Final Report : Identification of a reactive chlorine species-specific transcriptional regulator 

and its regulon in a human pathogen Pseudomonas aeruginosa (MRG5980047) 

 

1. Abstract 

  Pseudomonas aeruginosa is an important opportunistic pathogen that causes severe acute and chronic 

infection in hospitalized patient and immunocompromised host and is also one of the critical global priority list of 

antibiotic-resistant bacteria to development of new antibiotics. The treatment difficulties are associated a long-

term survival of the pathogens in the hospital environments. One of the major factors for successful infection is 

the bacterial defense mechanisms against toxic substances from host immune system including reactive oxygen 

species (ROS) and reactive chlorine species (RCS). Many compounds containing RCS such as sodium 

hypochlorite (NaOCl) is generally used as bleaching agents in household and disinfectants even in hospitals. The 

mechanisms to manage ROS in bacteria are well-known but those to deal with RCS are less studied in bacteria 

and unknown in this pathogenic bacterium. In this project, the bacterial mechanisms to fight against host-

generated RCS, both directly and indirectly, will be explored. Several genes encoding ferredoxin reductases (fprA 

and fprB) and tRNA thiolating enzyme (ttcA) were shown to be involved in the RCS response and role to detoxify 

the RCS toxicity in the bacterial cell. All of them was independently regulated by their own specific transcriptional 

regulator, which can sense the redox homeostasis due to the oxidation by cellular RCS. This emphasizes the 

broad spectrum of cytotoxicity mechanisms of RCS in the bacteria. Moreover, the first RCS-sensing 

transcriptional regulator in P. aeruginosa RcsR was proposed and we showed that RcsR regulated an rcsA 

expression under RCS exposure to increase the detoxification activity against RCS agents including a bleach 

NaOCl. Finally, these RSC-responsive genes had a role in bacterial pathogenicity in both C. elegans and D. 

melanogaster host model systems. This study was to characterize many novel genes in P. aeruginosa to expand 

the virulence network, a cause of nosocomial infections, and could be a part of the reasons in its ability for 

hospitalization. The highly RCS-sensitive regulators will be used to develop potential biomarkers detecting RCS, 

which is an insight research leading to the novel strategies for the drug-targeting development or biosensor for 

RCS toxicity in the environmental contamination. 

 

2. Executive summary 

a. Introduction to Research 
Infectious diseases caused by bacteria are still the critical health problems around the world. Although 

antibiotics are clarified to treat and cure several diseases, bacterial infections still remain the leading causes of 

death worldwide. The emerging drug resistance of the pathogens made the diseases severe and dearly to treat 

and thereby increasing mortality rate. Understanding of the bacterial virulence mechanisms and a development of 

effective antimicrobial drugs would be a successful strategy to fight against infectious diseases. In this proposal, 

we select one of the major human pathogenic bacterium, Pseudomonas aeruginosa, as a principle bacteria. 
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P. aeruginosa is one of the most important human pathogens causing nosocomial infections of various 

biological systems in our body such as respiratory infections, genitourinary infections, burned-would infections, 

eye and skin infections, bacteremia, and particularly in cystic fibrosis patients. According to the Centers for 

Disease Control and Prevention (CDC) in USA, P. aeruginosa is among the top three causes of nosocomial 

infections. The increased incidence of multidrug resistance isolates of P. aeruginosa made its infections are life-

threatening and challenging to treat. The treatment difficulties are associated a long-term survival of the 

pathogens in the hospital environments, thereby enhancing opportunities for transmission of the causative agents 

between patients through human reservoirs or insentient materials and medical equipment. One of the major 

factors for successful infection is the bacterial defense mechanisms against toxic substances from host immune 

system including reactive oxygen species (ROS) and reactive chlorine species (RCS). The mechanisms to 

manage ROS in bacteria are well-known but those to deal with RCS are still poor. In this proposal, the bacterial 

mechanisms to fight against host-generated RCS will be explored through a gene encoding an Escherichia coli 

RclR-homologue transcriptional regulator that specifically senses to RCS. Although they share the protein 

sequence similarity, their putative functional motifs and their putative targeted genes seem to be different. This 

study will identify and characterize the first RCS-sensing transcriptional regulator in P. aeruginosa and the study 

of this novel regulator gene and its targeted genes in P. aeruginosa will expand the virulence network in P. 

aeruginosa and could be a part of the reasons in its ability for hospitalization. This insight research will also lead 

to the novel strategies for the drug-targeting development against the infectious diseases from this human-

pathogenic bacterium. 

b. Literature review 
36 A discovery of the first antibiotic, penicillin, by Elexander Fleming in 1928 had an impact on the 

treatment of infectious diseases. About ten years later, antibiotic resistance microorganisms, however, have 

conntinued to emerge, and the emergence of multidrug resistant (MDR) bacteria is recently one of paramount 

health issues worldwide (Ventola,  2015). It is recently beleived that we are in the end of antibiotic era. Many 

human-pathogenic bacteria that are globally pan-antibiotic resistant are represented for a substantial clinical and 

econmical burden on the health care system (Ventola,  2015; Phumart, 2012). In the USA, 36CDC reported the 

antibiotic resistance threats in 2013 and classified those bacteria as presenting urgent, serious and concerning 

threats (CDC OoID. Apr, 2013, http://www.cdc.gov/drugresistance/threat-report-2013). The biggest threat is from a 

global pandemic of resistant Gram-positive Straphylococcus aureus and Enterococcus species. The most serious 

Gram-negative antibiotic resistance bacteria are 36Enterobacteriaceae (mostly Klebsiella 

pneumoniae), Pseudomonas aeruginosa, and Acinetobacter species1536. In Thailand, a total of 87,751 

hospitalizations developed nosocomial infections due to the top five bacteria (Escherichia coli, Klebsiella 

pneumoniae, Acinetobactor baumannii, Pseudomonas aeruginosa and methicillin- resistant Staphylococcus 

aureus) that are resistant to antibiotics in 2010. The infection by these MDR bacteria resulted in additional of 3.24 

million days of hospitalization and 38,481 deaths, that were accounted for 2,538 - 6,084 Million Baht for the 

treatment in 2010 (Phumart, 2012). Thus, MDR bacterial infection is a priority and urgent health problem in 
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Thailand that needs comprehensive and systematic approaches at national and local levels to resolve the 

problem. 

36In the past decades, only small amount of novel antibiotic was discovered and approved to treat 

beacuse of several reasons such as more difficulty to discover new antibiotics, high investment, relatively short 

periods for using antibiotic, rapidly new emerging MDR bacteria, limited funding, and others. Antibiotic 

development agaisnt Gram-positive bacteria are still interesting of many pharmaceutical companies due to the 

possibly big market but that against Gram-negative bacteria are not of focus because of smaller market and 

nature of complicated/rapidly adapted antibiotic resistance mechanisms. Therefore, the study 36of acquire additive 

mechanisms in these bacteria against host immune system and resisted antibiotic is such an important research 

area. 

 

Figure 1: Chart showing the decreased number of new antibiotics developed and approved in the past three 

decades, leaving the fewer options to treat the resistant bacteria (CDC report, 2013) 

The contaminated bacteria cause product yield loss, illness and diseases, in which many countries 

including Thailand waste a tremendous amount of money to cure bacterial infections as described in above. 

Development of the novel strategies to enhance an effectiveness of antibacterial agents will be useful. The 

critical traits contributing to a successful infection of bacteria are the defense mechanisms against toxic level of 

reactive oxygen species (ROS) produced from host immune system, biofilm formation, and antibiotic resistance. 

Host defense cells including macrophages and neutrophils establish various enzymes that generate large 

amount of oxygen-derived free radicals (ROS) and nitrogen-derived free radicals (RNS) in response to bacterial 

invasion. Additionally, some bacteria can generate hydrogen peroxide to kill or inhibit the growth of other 

microorganisms that act as competitors. Several antimicrobial agents that used in the clinical treatments block 

key enzymes and altered metabolic functions leading to production of ROS that damages biological 

macromolecules. The unchecked productions or accumulation of ROS can damage cell components, proteins, 
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nucleic acids and cell membranes lead to cell damage, mutations, or lethality. Oxidative stress has been shown 

as a mechanism related to cell death mediated by antibiotics. Production of hydroxyl radical via the Fenton 

reaction was proposed as a common mechanism of cellular death of Escherichai coli induced by bactericidal 

antibiotics regardless of drug-target interaction (Kohanski et al, 2007). It has also been shown in P. aeruginosa, 

A. baumannii, and Haemophilus influenza studies that involve in the generation of ROS contributed to antibiotic 

mediated cell death (Yeom et al, 2010; Sampson et al, 2012; Choi et al, 2015).  

 During an active infection, bacteria are continuously exposed to ROS and RNS produced from 

respiratory burst of human immune cells as mentioned above. Reactive oxygen and nitrogen species damage 

various cellular macromolecules and thus activate several protective mechanisms including antioxidant defense 

systems and multidrug efflux systems, promoting survival of pathogenic bacteria. To combat or withstand against 

oxidative stress, the ability to eliminate ROS is the key to the bacterial survival in the environment and the hosts. 

The bacteria have evolved in a wide variety of stepwise mechanisms to defense oxidative stress. The bacterial 

management of oxidative stress can be divided into two phases (Romsang et al, 2013).  

 

 
Figure 2: Two phases of ROS managed mechanisms in bacteria, protection and repair 

 First of all, the elimination of ROS prior to damage occurrence is done by the bacterial antioxidants. 

These systems include antioxidants and enzymes, such as catalase, superoxide dismutase, heme-oxygenase, 

and alkyl-hydroxyperoxidases, which have evolved to limit the levels of ROS. Catalase or hydroperoxidase is 

mostly a heme-associating enzyme, which converts hydrogen peroxide (H2O2) to water and oxygen or oxidizes a 

reductant in the cell with the requirement of H2O2. Detoxification of H2O2 may decrease formation of hydroxyl 

radical in the Fenton reaction via transition metal-generating reaction. Alkyl hydroperoxide reductase (AhpCF) 

plays an important role in defense mechanism against peroxide exposure mediated from the cellular metabolism 

and the environment. This enzyme is composed of two components, namely AhpC (peroxiredoxin) and AhpF 

(flavoprotein disulfide reductase). And other scavenging enzymes prevent the accumulation of ROS are 

produced. For example, peroxiredoxins (Prxs) are omnipresent family of these antioxidants. The prosthetic 

cofactors are not required for these enzymes and they catalyze the reduction of hydrogen peroxide, organic 
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hydroperoxide and peroxynitrite to water and alcohol. The antioxidants, small molecules such as glutathione, 

vitamins, or ubiquitinone sequester or neutralize ROS. The non-enzymatic machineries involves low-molecular-

weight antioxidants (LMWA) including NAD(P)H and glutathione.  Both of vitamin C and vitamin E can block free 

radicals by donating H-atom to damage molecules, creating radicals themselves and low reactive, protecting 

cellular molecules. 

 Secondly, after the cells have been damaged by ROS, the bacterial repair systems for damaged 

molecules such as damaged DNA and denatured proteins. There are some well-known DNA repair mechanisms, 

including repeal of unusual methylation and disobedient methyl transferases, base excision repair and damage of 

genome, nucleotide excision repair system, and mismatch repair recognized and repairs improperly inserted 

bases. During the oxidative stress, protein oxidation is one of the most important processes for bacterial survival. 

Many amino acids within the protein can be modified resulting in oxidatively modified proteins that can lead to the 

secondary unfolding of proteins and modification by non-protein oxidation products. This oxidative damage on 

proteins also leads to site-specific amino acid fragmentation, aggregation, modifications and cross-linking, 

changed in electrical charge and facing properties, and altered susceptibility to proteolysis. If high concentrations 

of oxidized proteins inside the cell might have adverse effects, the worst outcome can be cell death. Indeed, the 

cell needs some mechanisms to degrade these toxic oxidized proteins such as protein repair or protein 

degradation. These processes are more importance because several diseases, such as arteriosclerosis, 

Parkinson’s disease, Alzheimer’s disease, and the cell-death pathway, are involved in the accumulation of 

oxidized proteins. For example, the most effective protein repair system (Methionine sulfoxide reductase, Msr) 

was characterized in P. aeruginosa (Romsang et al, 2013). Gene disruption in msrA and msrB contributed to 

increased susceptibility against oxidants and attenuated the bacterial virulence. Another study in parallel, genes 

involved in iron-sulfur cluster (Fe-S) biogenesis and its regulation were found to role in oxidative stress response 

in P. aeruginosa (Romsang et al, 2014). ROS targeted Fe-S cluster, which is a key cofactor of the 5 % of the 

total proteins in bacteria. Damaged Fe-S cluster cannot ligated into the prosthetic group of protein and lead to 

malfunction of the protein. 

 Several antioxidant enzymes were characterized to be responsible for degrading ROS in P. aeruginosa 

such as catalases (Kat), superoxide dismutases (SOD), alkyl hydroperoxide reductase (Ahp), organic 

hydroperoxide resistance (Ohr), and thiol peroxidase (Tpx) (Atichartpongkul et al, 2010; Somprasong et al, 2012). 

It is known that these responses depend on select transcriptional regulators, likes OxyR, SoxR, OhrR, and OspR, 

which are able to specifically sense particular oxidants. These regulators control the expression of genes that 

contribute directly to ROS detoxification or to the repair of ROS-mediated damage. The ability of redox-sensitive 

regulators to distinguish among different oxidants is a key factor in redox signaling (Winterbourn and Hampton, 

2008).  
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Figure 3: Oxidative stress sensor and response genes in bacteria 

 Reactive chlorine species (RCS), including hypochlorous acid (HOCl) and chloramines, are powerful 

antimicrobial oxidants capable of chlorinating and oxidizing a wide range of biomolecules (Deborde and Gunten, 

2008; Gray et al, 2013; Winterbourn and Kettle, 2013). HOCl is a weak acid that is chemically formed when 

chlorine dissolved in water or biologically mediated by the reduction of the OH
·
 formation from O2

-
. It is the 

strongest oxidant and can be generated by the reaction between H2O2 and phagocyte-generated peroxidases. It 

is also a major oxidant produced by activated neutrophils. HOCl are powerful oxidants known to have many 

cytotoxic consequences on bacterial and animal cells (Parker et al, 2013). It is an oxidizer, used as bleach, 

deodorant, and disinfectant. It reacts with a wide variety of biological molecules such as nucleotides, lipids, and 

proteins and affects in a depletion of DNA replication, an inhibition of adenine nucleotides, an inactivation of 

glucose oxidase, and unfolding and aggregation of proteins (Parker et al, 2013).  

 The bacterial response against RCS was firstly described in term of the RCS-affected biological 

pathways and some transcriptional regulators that may represented as RCS sensors were listed (Gray et al, 

2013). Sulfur-containing molecules including methionine, cysteine, and glutathione (GSH) rapidly react with HOCl. 

HOCl-generated oxidation of cysteine thiols leads to unstable sulfenyl chloride (R-SCl) intermediates that can 

react with water to form oxidized cysteine sulfenic acids (R-SOH). These highly reactive intermediates can either 

be reduced by thioredoxin or be further oxidized to irreversible sulfinic (R-SO2H) and sulfonic (R-SO3H) acids, 

which typically result in protein degradation. Reaction of HOCl with methionine is very fast and predominantly 

generates methionine sulfoxide and further oxidizes to form irreversible methionine sulfone that is toxic to the cell. 

Whereas methionine sulfoxide can be in vivo repaired by methionine sulfoxide reductases (Ezraty et al, 2005). 

The second most reactive targets of HOCl in proteins are amines. In this reaction, amines are chlorinated to form 

chloramines (—NHCl), which are considered RCS due to their chlorination and oxidizing properties. But 

chloramines are less reactive than HOCl and more specific for oxidation of cysteine and methionine. They instead 

rapidly decompose to their respective aldehydes. N-chlorotaurine, associated with the innate immune system 

(Nagl et al, 2000), are quite stable than others. Chloramines can also react with iron or copper ions to generate 

nitrogen radicals. HOCl and chloramines also react with nucleotides and lipids (Gray et al, 2013). Amines of 

nucleotide bases in DNA and RNA can be the major targets of chloramines leading to the formation of nitrogen 
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radicals and stable chlorinated nucleotides. High amounts of HOCl can result in DNA strand breakage. 

Chlorination of lipids, such as double bonds in unsaturated fatty acids, can lead to the formation of chlorohydrins, 

which are thought to contribute to HOCl-mediated cellular damage in eukaryotic cells (Carr et al, 1997). Radicals 

mediated by reactions of HOCl and amines/peroxides can result in lipid peroxidation (Niki 2009). 

 RCS also presented in microbial environments especially during its infection or survivals in host cells. 

Animal Cells role in the innate immune system produce high levels of oxidative stress-generated agents, 

including HOCl, to get rid of invading pathogens (Gray et al, 2013). The toxic level production of oxidants is 

mediated by the activation of pathogens’ NADPH oxidases placed at the phagosome membrane. High 

concentrations of heme-containing myeloperoxidase (MPO) are then released into the phagosome, where it 

generates HOCl by catalyzing chloride in the reaction with H2O2 (Khor et al, 2004). Neutrophils are the major 

sources of HOCl production with about 5% of MPO in the innate immune system (Hurst 2012; Khor et al, 2004). 

Other oxidants play only minor roles in bacterial killing by phagocytes due to the high concentrations of the ROS 

and the prolonged incubation times are required to kill the bacteria (Gray et al, 2013). The toxicity of HOCl, 

which effectively eliminates invading pathogens, can also cause tremendous damage to human tissues. Incorrect 

cellular trafficking and processing of MPO lead to the release of HOCl into extracellular compartments, where it 

is involved in the progress of various human diseases, including atherosclerosis, chronic inflammation, and 

certain cancers (Klebanoff 2005). 

 
Figure 4: Reactions of hypochlorous acid (HOCl) with biomolecules (Gray et al, 2013) 

Reaction of HOCl with (a) sulfur-containing compounds or (b) amines 
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Brackets indicate unstable reactive intermediates 

 

 
Figure 5: The MPO-H2O2-chloride antimicrobial system (Klebanoff 2005) 

 RCS, like other disinfectants, kill microbes by damaging multiple cellular components. However, the 

mechanisms that RCS kill bacteria remains incompletely defined and probably varies depending on bacterial 

species, RCS type, and exposure conditions. This is of interest not only for understanding interactions between 

bacteria and various RCS-generating eukaryotes, but also potentially for developing strategies to protect human 

cells from the MPO-generated RCS damage that contributes to inflammatory disease (Gray et al, 2013). Thus, an 

identification of players and mechanisms in bacteria for RCS sensing and response is a key step for 

understanding the interactions between bacteria and their eukaryotic hosts, with obvious implications for the study 

of human health and disease. 

 Recent studies have identified several bacterial transcription factors that respond to RCS treatment 

including the E. coli HypT (Drazic et al, 2013) and NemR (Gray et al, 2013) and the Bacillus subtilis OhrR 

(Fuangthong et al, 2012) and HypR (Palm et al, 2012). Unfortunately, HypT is only one proposed to respond to 

HOCl but the others respond to a variety of other stress signals such as electrophiles and organic 

hydroperoxides. ROS and electrophiles have a more limited set of cellular targets, whereas RCS are able to 

damage most of cell components. 

Table 2: Names and characteristics of redox sensor in bacteria that sense RCS 
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 In this proposal, we focus on the identification of RclR (formerly known as YkgD), a highly RCS-specific 

transcriptional activator in E. coli. RclR, novel HOCl-specific redox regulator, has been characterized in E. coli 

that are specifically sense to chlorine species (HOCl) but do not sense to ROS, electrophiles or other thiol-

reactive compounds (Parker et al, 2013). RclR is widely conserved among Gram-negative bacteria and was 

annotated as redox-sensing transcriptional activator of the AraC family, which uses a thiol-based oxidation 

mechanism for redox-sensing of HOCl (Parker et al, 2013). The redox-sensing mechanism of RclR involves both 

conserved cysteine residues, Cys21 and Cys89. Both Cys-21 and Cys-89 residues are required for redox-sensing 

of the HOCl-response in vivo, while only Cys21 is essential for redox-sensing in vitro. Oxidation of RclR by HOCl 

leads to specific activation of transcription of the rclABC operon that is important for survival of HOCl and N-

chlorotaurine. Mutants in each single gene of the rclABC operon are sensitive to HOCl suggesting that this 

operon is an important HOCl protection determinant (Parker et al, 2013). However, the functions of the RclABC 

proteins for HOCl protection are still unknown that resemble a flavoprotein disulfide reductase, periplasmic protein 

and possible quinone-binding membrane protein. 

A      B 
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Figure 6: In vivo experimental results of E. coli RclR study (A) RclR is specifically activated by reactive chlorine 

species (B) Role of conserved cysteine residues in activation of RclR (Parker et al, 2013) 

 In this proposal, we select one of the major human pathogenic bacterium, Pseudomonas aeruginosa, as 

a principle bacteria. P. aeruginosa is one of the top three causes of opportunistic human infections, particularly in 

cystic fibrosis, cancer and acquired immune-deficiency syndrome (AIDS) patients with compromised host defence 

mechanisms according to the data from CDC report in 2013.  

 

Figure 7: CDC report page related to MDR Pseudomonas aeruginosa in USA 

 It is widespread around the world and has no specific epidemic distribution. Moreover, P. aeruginosa-

infected outbreaks were recently reported in all age range. It has been claimed as a cause in outbreaks of many 

syndromes during the past year such as a contact-lens infection in Thailand, 2011 and a hot-foot syndrome in 

Germany, 2012. P. aeruginosa are often existing even in the hospital. Therefore, hospitalized people are also in 

high risk to get infections. In Thailand, national antimicrobial resistance surveillance center (NARST) reported 

antibiotrend of drug-resistant P. aeruginosa infection in 2000-2013 (NARST report: 

http://narst.dmsc.moph.go.th/index.html). The emerging of an imipenem-resistant P. aeruginosa was increased 

since 2008 and more than 50% increasing rate of the emerging in 2013 as shown in figure below. Moreover, 

among pathogenic bacteria, P. aeruginosa was the 2
nd

 highest cause of death after infection and the 4
th
 highest 

cause of death, due to the antibiotic resistance, in Thailand in 2010 36(Phumart, 2012)36.  
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Figure 8: Antibiotrend of drug-resistant P. aeruginosa infection in 2000-2013 (NARST report) 

The bacteria can spread through food, medical tools and any solution used in the hospitals. Because 

this bacterium has developed many protective mechanisms or adapted to live in harsh conditions for example 

weak antiseptics, high temperature, high salts, and even antibiotics. It is often observed growing in tapped water 

due to its very simple nutritional requirements. Therefore, it can contaminate in any place, live in any 

environment, and infect anyone in a certain time. Pseudomonas infections are more complicated and life 

threatening.  

 

Figure 9: CDC report page related to the examples of how antibiotic resistance spreads 

Because of the protective of an outer coat of this bacterium, it can be resistant to many antibiotic drugs. 

It easily attaches to the bacterial cells. P. aeruginosa required very less nutrition for growing at a fast rate. These 

traits increase the risk of the infection in people with weak immune system. Its incubation period is 24 to 48 

hours. P. aeruginosa can infect any part of the body such as respiratory system, injured bones, skin, gastric 
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system and urinary tract. The identification of the bacteria is needed for diagnosis during the infection. Large 

number of this bacterium is presented in hospitals and anyone even patients can carry this bacterium. Some 

patients could be the carriers of this bacterium without infected. The fluids of the infected area are taken for 

laboratory assays to isolate. The factors for identifying this bacterium are generally a fruity odor, replicate at 

42°C, non-ferment lactose, and fluorescence under UV exposure. 

Since their strong antibiotic resistance, a combination of antibiotics is applied in treatment. The patient 

would take these antibiotics orally or intravenously. Surgery is needed in some cases, in which tissues are 

damaged such as eye, ear, heart and bone. In severe case, i.e. wound infections in the legs, amputation may be 

required. Infections can be completely cured in most cases by medication and surgery. However, for people with 

immune deficiency, like cancer and AIDS, the prevention of bacterial infection is only one solution. Due to its 

infection, mortality rate is almost 50% depended on the type of the infection. Infection to the heart and the lung 

could be high risk of fatal. 

Overall data above, the mechanisms to manage ROS in P. aeruginosa are well-known in term of 

protection and repair systems, as shown in our previously studies (such as Somprasong et al, 2012; Romsang et 

al, 2013; Romsang et al, 2014; Romsang et al, 2015), but those to deal with RCS are not know. In this proposal, 

the P. aeruginosa mechanisms to fight against host-generated RCS will be explored through a gene encoding an 

Escherichia coli RclR-homologue transcriptional regulator that specifically senses to RCS. Although they share 

the protein sequence similarity, their putative functional motifs and their putative targeted genes seem to be 

different (our preliminary data by using bioinformatics approach). The RCS-involved mechanisms as a neglect 

puzzle in the virulence circuitry of P. aeruginosa will be investigated. This study will expand the virulence network 

in P. aeruginosa and could be a part of the reasons in its ability for additional hospitalization. This insight 

research will also lead to the novel strategies for the drug-targeting development and a decrease in cost of 

clinical treatment against the infectious diseases from this human pathogen. 

 

c. Objective 
The main objective is to identify a novel gene encoding a reactive chlorine species-specific 

transcriptional regulator in a human pathogen P. aeruginosa PAO1 and to characterize its regulon and 

mechanisms for sensing and responding to RCS-generated agents and the role in bacterial pathogenicity. In this 

study, the objective will be divided into 8 sub-objectives as follow:  

1. To identify RclR-homologous genes in P. aeruginosa PAO1 genome and to construct the gene-

deleted mutant  

2. To analyze physiological roles of these genes against several stress-generated agents including 

reactive oxygen species (ROS) and reactive chlorine species (RCS) 

3. To construct the functional gene expression vector for complementation assay 

4. To determine the key amino acids responsible for the phenotype of the mutants 
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5. To investigate a gene expression profile under stress inducing conditions  

6. To identify the RclR-targeted genes by using specific gene approach 

7. To characterize the regulatory elements for transcriptional control 

8. To investigate the role of these genes in bacterial pathogenicity 

 

d. Research methodology 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Bacterial strains, Plasmid and Primers 

 Bacterial strains and plasmids for this study are showed in Table 1 and 2, respectively. 

      Table 1. List of bacterial strains 

Bacterial strains Source 

Escherichia coli. DH5α Laboratory stock 

Escherichia coli. BW20767 Laboratory stock 

Literature reviews and in siligo analysis 

from Pseudomonas Genome Database using PAO1 

 

Identification of RCS-responsive genes 
in P. aeruginosa PAO1 genome 

Construction of the 
functional gene 

expression vector 
(pBBRap and pTN7gm) 

Site-directed 

mutagenesis 

Physiology of gene-deletion 

- Plate sensitivity assay 

(Oxidants and NaOCl) 

- RCS killing assay 

- Pathogenicity test 

   

Gene expression 

analysis profile under 

stress-induced 

conditions 

Construction of  

gene-deleted mutant 

using unmarked Cre-loxP 

deletion system 

Identification of Rcs 
regulation by specific 

gene finding 

Promoter analysis 

   

Characterization of 
mechanism for 

transcriptional regulation 

1. fprA 

2. finR 

3. ttcA 

4. gshAB 

5. rcsA 
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Pseudomonas aeruginosa (PAO1) Laboratory stock 

 Table 2. List of plasmids 

Plasmids Genotypes Source 

pUC18 Ap
R 

Laboratory stock 

pCM351 Gm
R
, Tet

R
 Marx CJ  

pCM157 Tet
R
 Marx CJ  

pBBR1MSC-4 Ap
R 

Kovach ME  

pUC18-mini-Tn7T-Gm-LAC Ap
R
, Gm

R
 Hebert P. Schweizer 

pTnS2 Ap
R 

Hebert P. Schweizer  

 

2. Strain construction 

 P. aeruginosa mutant strain will be constructed by homologous recombination techniques using Cre-loxP 

deletion system (Quenee, Lamotte et al. 2005). Briefly, the pUC deleted gene -Gm
R
-loxP will be transformed into 

P. aeruginosa PAO1 by electroporation. The gene::Gm
R
 mutant clones will be selected on LB agar containing 

appropriated antibiotics. The pCM157 containing Cre-recombinase will be used to leave the Gm
R
 cassette out by 

transforming into gene::Gm
R
 strain. Finally, the unmarked gene mutant must be obtained.  

 The complementary strains will be constructed to prove that the phenotype seen in the mutants is 

directly contributed by the deleted genes. The full length gene are obtained from PCR reaction using specific 

primers and separately integrate into pBBR1-MSC4 (Kovach, Elzer et al. 1995) at the multiple cloning sites of 

vector by using T4 DNA ligase. This recombinant plasmids will be used to study an overexpression of genes in 

the medium-copy manner by transforming into the P. aeruginosa strains and pBBR1-MSC4 will be used as the 

empty vector control. To verify the correct DNA sequence of insertion, the DNA sequencing will be done. 

 In some experiments, the high level of gene expression will lead to the defect in cell physiology. A 

single-copy chromosomal insertion will be applied by using pUC18mini-Tn7T-Gm vector (Choi and Schweizer 

2006). Briefly, full-length of the genes of interest will be cut from pBBR-gene and cloned into a pUC18mini-Tn7T-

Gm delivery vector. The recombinant pUC18mini-Tn7T-Gm delivery vectors and a helper plasmid, pTnS2, 

encoding the Tn7 site-specific transposition pathway will be then co-electroporated into the P. aeruginosa strains. 

The complementation of the mutant with single-copy of gene is generated through transposition of mini-Tn7T-Gm 

containing gene of interest into bacterial chromosome atta specific site and orientation (Choi and Schweizer 

2006). The Gm
r
 transformants will be then selected by growing transformation culture on LB agar plate containing 

the appropriate concentration of gentamycin. Double cross homologous recombinant mutants will be isolated by 

antibiotic-selective patching with Gm
r
 and Cb

s
 phenotypes. The PCR analysis using a specific primer for mini-Tn7 

element (PTn7R) and a bacterium-specific glmS (PglmS) primer will be used for indicating the transposition event 

in resulting strains (Choi and Schweizer 2006). 

3. Site-directed mutagenesis 
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 Site-directed mutagenesis was carried out using PCR-based method to introduce specific base-pair 

changes at specific locations within the interested gene or DNA fragment. The strategy of this method is 

explained in the below figure. The first round PCR was to generate two intermediate PCR products AB and CD. 

The AB fragment was generated by using mutagenic primer b and vector-specific primer a. The CD fragment was 

generated by mutagenic primer c and vector-specific primer d. The two intermediate PCR products AB and CD 

were used as template for the second round PCR. The AB and CD fragments shared a part of complementary 

sequences overlapping the mutated sites that could pair to form duplex DNA. Amplification of product AD in the 

second round PCR with vector primers, a and d, was amplified the AD fragment. The AD sequence was checked 

and the fragment was cloned into appropriate vectors, an expression vector. The details and the site specific 

mutagenesis for each construction are described in results. 

 4. Bacterial susceptibility assays 

 Analysis of the killing effects of various reagents on P. aeruginosa strains will be performed using plate 

sensitivity assay (Romsang, Atichartpongkul et al. 2013). The adjusted exponential phase cells will be diluted as 

10-fold serial dilution and spotted onto LB agar plate containing either oxidants or RCS-mediated reagents. The 

plates were incubated at 37°C for 18 hours and observed the difference in growth between these strains. The 

resistance level against an oxidant was expressed as the percent survivals, defined as the percentage of the 

CFU on plates containing oxidant divided by the CFU on plates without oxidant.  

 Analysis of the killing effects of various toxic reagents on P. aeruginosa strains will be performed using 

bacterial killing test (Romsang, Atichartpongkul et al. 2013). The exponential cultures will be adjusted with fresh 

LB medium to OD600 of 0.1 and treated with either oxidants or NaOCl at the final concentration that produce 

cytotoxicity of in wild type. After 30 min treatment, the treated cultures and untreated cultures will be twice 

washed and 10-fold serially diluted. The 10 μl of each dilution will be spotted onto LB agar plates. The survival 

colonies will be scored after incubation at 37°C for 18 h. The percentage survival will be calculated as the 

number of colony forming unit (CFU) recovered after treatment divided by the number of CFU before treatment 

and multiplied by 100. The results will be shown in the means and SD from triple biologically independent 

experiments. 

5. P. aeruginosa pathogenicity assay 

  The virulence or the ability to kill the host of P. aeruginosa strains was determined using a 

Caenorhabditis elegans host model system (Tan and Ausubel 2000). The fast killing is known to be mediated by 

diffusible toxins released from P. aeruginosa, which was not need the live bacteria to kill the worms, whereas the 

slow killing required bacterial growth in the worm gut to exhibit virulence (Mahajan-Miklos et al., 1999, Tan et al., 

1999, Cezairliyan et al., 2013). Both slow and fast killing experiments were performed as previously described 

(Tan and Ausubel 2000, Atichartpongkul, Fuangthong et al. 2010). Briefly, proper staging of L4 nematodes, 

approximately 30 animals per plate, were used in all experiments. In the fast killing assay, nematodes die in 

hours when P. aeruginosa is grown on a nutrient-rich agar, PGS, whereas, in the slow killing assay, nematodes 

die in days when P. aeruginosa is grown on a nutrient-less agar, NGM agar. Worms was scored as live or dead 
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based on whether or not touching-reflected movement saw in a dissecting microscope after 3, 6, 9, 12 and 15 h 

for fast killing and 1, 2, 3, 4, and 5 days for slow killing. The experiments were carried out in blind fashion and 

analyzed from three biologically independent replicates. Data are the means and standard deviations from three 

biologically independent experiments. 

 The virulence of P. aeruginosa was also investigated using the Drosophila melanogater feeding assay 

performed according to Haller et.al, Methods Mol Biol 2014 with modifications. Each of the exponential phase 

cultures of each P. aeruginosa strain will be adjusted to an OD600 of 0.5 before 800 µL of the homogenized 

bacterial cells will be overlaid to completely cover the surface of the preservative-free corn flour Drosophila 

medium at the bottom of a glass fly culture vial. Approximately one-week-old adult flies will be feeding starved for 

3 h prior to the feeding assay. To anesthetize flies with ethyl acetate using an etherizer, the flies will be exposed 

to ethyl acetate for 45 s to 1 min and monitor how long they remain asleep. During asleep, twenty flies each will 

be added to every vial, and each strain of P. aeruginosa will be tested at least for three replications. With the 

right timing of exposure, the flies remain anesthetized up to 20 min. All of the tested flies will be then incubated 

at 25°C before the number of the viable flies will be monitored every 3-hour phase times compared between 

different infectious bacterial strains. The experiments will be performed in double-blind fashion and analyzed from 

nine experiments of three different batches of flies. Data are the means and standard deviations from three 

biologically independent experiments and shows in a bar chart presentation.  

6. RNA isolation, cDNA synthesis, and PCR 

 Total RNA extraction was done by the hot phenol method and followed by DNase treatment according to 

the manufacturer’s recommendations. First strand cDNA synthesis was performed to in vitro synthesize 

complementary DNA (cDNA) from mRNA template using RevertAidTM Reverse Transcriptase according to the 

manufacturer’s instructions. The cDNA was stored at -20°C until use as a template for either end-pointed or real 

time PCR. Endpoint RT-PCR was performed to preliminarily determine the expression level of interested genes. 

The PCR products were visualized in 1.8% agarose gel electrophoresis. An adjusted 10 ng cDNA was used as a 

template in a KAPA SYBR FAST qPCR (Kit containing Master Mix 2X, ABI Prism) reaction in an Applied 

Biosystems StepOnePlus
TM

 real-time PCR system. All reactions were set up according to the manufacturer’s 

instructions. In this test, comparative CT method is used to determine the relative target quantity in the samples 

using an endogenous control, 16S rRNA, with compared samples and in the reference sample. Measurements 

are normalized using the endogenous control.  

7. 5’ RACE-PCR 

  Rapid Amplification of cDNA Ends (RACE) is a novel procedure for amplification of nucleic acid 

sequences from a messenger RNA template between a defined internal site and unknown sequences at either 

the 3' or the 5' -end of the mRNA. 5' RACE or anchored PCR (amplification with single-sided specificity) is a 

technique that facilitates the isolation and characterization of 5' ends from low-copy messages. In this study, 

5’RACE kit (Roche Life Science, USA) will be applied by using the method according to the manufacture’s 

recommendation with our designed gene-specific primers. Following amplification, 5' RACE products can be 

cloned into an appropriate vector for subsequent characterization procedures, which may include sequencing, 
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restriction mapping, preparation of probes to detect the genomic elements associated with the cDNA of interest, 

or in vitro RNA synthesis. 

 

3. Results 

In this project, the bacterial mechanisms to fight against host-generated RCS will be explored through a 

microarray data analysis to identify the genes induced by RCS in several pathogenic bacteria such as 

Escherichia coli and Mycobacterium tuberculosis. Although they share the protein sequence similarity, their 

putative functional motifs and their putative targeted genes seem to be different. Applying bioinformatics analysis 

and literature reviews related to the genetic network involved in the RCS response in bacteria, several candidate 

genes were found to be induced by NaOCl. These genes were encoded the protein played a role in oxidative 

stress response such as ferredoxin NADP+ reductase (FprA), AhpD-liked protein, NfuA, aspartate ammonia lyase 

(AspA), and AtfA-homolog factor. The preliminary experiment of these genes’ function were determined. This 

study was to identify and characterize the RCS-mediated response genes in P. aeruginosa and the study of novel 

regulator genes and its targeted genes in P. aeruginosa will expand the virulence network in P. aeruginosa and 

could be a part of the reasons in its ability for hospitalization. This insight research will also lead to the novel 

strategies for the drug-targeting development against the infectious diseases from this human-pathogenic 

bacterium.  

  From bioinformatics analysis and literature reviews related to the genetic network involved in the RCS 

response in bacteria, several candidate genes were found to be induced by NaOCl. These genes were encoded 

the protein played a role in oxidative stress response such as ferredoxin NADP+ reductase (FprA), AhpD-liked 

protein, NfuA, aspartate ammonia lyase (AspA), and AtfA-homolog factor. The preliminary experiment of these 

genes’ function were determined.  

 

Part 1: The FinR-regulated essential gene fprA, encoding ferredoxin NADP+ reductase: Roles in superoxide-

mediated stress protection and virulence of Pseudomonas aeruginosa 

  First, P. aeruginosa has two genes encoding ferredoxin NADP(+) reductases, denoted fprA and fprB. We 

show here that P. aeruginosa fprA is an essential gene. However, the ΔfprA mutant could only be successfully 

constructed in PAO1 strains containing an extra copy of fprA on a mini-Tn7 vector integrated into the 

chromosome or carrying it on a temperature-sensitive plasmid. The strain containing an extra copy of the 

ferredoxin gene (fdx1) could suppress the essentiality of FprA. Other ferredoxin genes could not suppress the 

requirement for FprA, suggesting that Fdx1 mediates the essentiality of FprA. The expression of fprA was highly 

induced in response to treatments with a superoxide generator, paraquat, or RCS-mediated agents, sodium 

hypochlorite (NaOCl).  
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  The induction of fprA by these treatments depended on FinR, a LysR-family transcription regulator. In 

vivo and in vitro analysis suggested that oxidized FinR acted as a transcriptional activator of fprA expression by 

binding to its regulatory box, located 20 bases upstream of the fprA -35 promoter motif. This location of the FinR 

box also placed it between the -35 and -10 motifs of the finR promoter, where the reduced regulator functions as 

a repressor. Under uninduced conditions, binding of FinR repressed its own transcription but had no effect 

on fprA expression. Exposure to paraquat or NaOCl converted FinR to a transcriptional activator, leading to the 

expression of both fprA and finR. The ΔfinR mutant showed an increased paraquat sensitivity phenotype and 

attenuated virulence in the Drosophila melanogaster host model. These phenotypes could be complemented by 

high expression of fprA, indicating that the observed phenotypes of the ΔfinR mutant arose from the inability to 

up-regulate fprA expression.  
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Part 2: Pseudomonas aeruginosa ttcA encoding tRNA-thiolating protein requires an iron-sulfur cluster to 

participate in hydrogen peroxide-mediated stress protection and pathogenicity 

During the translation process, transfer RNA (tRNA) carries amino acids to ribosomes for protein 

synthesis. Each codon of mRNA is recognized by a specific tRNA, and enzyme-catalysed modifications to tRNA 

regulate translation. TtcA is a unique tRNA-thiolating enzyme that requires an iron-sulfur [4Fe-4S] cluster to 

catalyse thiolation of tRNA. In this study, the physiological functions of a putative ttcA in Pseudomonas 

aeruginosa, an opportunistic human pathogen that causes serious problems in hospitals, were characterized. A 

P. aeruginosa ttcA-deleted mutant was constructed, and mutant cells were rendered hypersensitive to oxidative 

stress, such as hydrogen peroxide (H2O2) treatment. The ∆ttcA mutant exhibited 50-fold lower resistance to 

H2O2 and an 8-fold reduction in the percent survival against NaOCl compared to PAO1. The sensitive phenotype 

of the ∆ttcA mutant against both H2O2 and NaOCl was complemented by the expression of a single copy of ttcA 

in Tn7 site, indicating that TtcA plays an important role in the H2O2-mediated and NaOCl-derived stress 

response. In PAO1, the cellular detoxification of H2O2 primarily depended on catalase activity levels; however, 

other mechanisms, such as thiol-peroxidase activity (Tpx) and supporting systems, including haem biosynthesis, 

were also required to achieve fully responsive functionality against H2O2 in P. aeruginosa. Catalase activity was 

lower in the ttcA mutant, suggesting that this gene plays a role in protecting against oxidative stress. NaOCl is a 

bleaching agent that acts as a strong oxidizing agent and can disturb several enzymatic mechanisms, both redox 

and non-redox, including reactions in tRNA modification processes. Moreover, NaOCl has been shown to 

generate intracellular ROS, which may increase H2O2 levels and lead to mutant susceptibility. 
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Figure 3. Determination of oxidant resistance levels in P. aeruginosa strains. The H2O2 and NaOCl 

resistance levels (at the indicated killing concentrations), respectively, of P. aeruginosa PAO1 and ∆ttcA mutants 

with the Tn7 insertion containing either Tn, Tn-TtcA (WT), or site-directed mutagenic cysteines (C38S, C115S, 

C118S, C184S, C203S, and C206S), determined using a bacterial killing assay.  

 

Moreover, the ttcA mutant demonstrated attenuated virulence in a Drosophila melanogaster host model 

(Figure 4). Site-directed mutagenesis analysis revealed that the conserved cysteine motifs involved in [4Fe-4S] 

cluster ligation were required for TtcA function. Furthermore, ttcA expression increased upon H2O2 exposure, 

implying that enzyme levels are induced under stress conditions. Overall, the data suggest that P. aeruginosa 

ttcA plays a critical role in protecting against oxidative stress via catalase activity and is required for successful 

bacterial infection of the host. 

 

 
Figure 4. Virulence of PAO1 and ∆ttcA mutants containing the Tn7 insertion in either Tn or Tn-TtcA was 

determined using the Drosophila melanogaster feeding method. The percent fly survival was scored at 
indicated time points of infection after co-incubation. 
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Figure 5. Proposed model of OxyR-regulated katA and ttcA expression under oxidative stress conditions. 

P. aeruginosa OxyR upregulates katA and ttcA expression to increase catalase activities in response to 

H2O2generated by host defence mechanisms. The iron-sulfur cluster is required for fully functional TtcA activity to 

have a role in the oxidative stress response via KatA activity and facilitates bacterial survival during infection. 

 

In this study, the physiological role of tRNA modification through Fe-S cluster-ligated TtcA in the 

pathogenic bacterium P. aeruginosa is presented. Under either H2O2- or NaOCl-mediated stress, direct 

transcriptional regulation through kat gene expression may not be sufficient to control cellular catalase activity, 

and translational control through tRNA modification is required. Herein, we proposed an additional model (Fig. 5) 

involving OxyR regulation to control catalase activity via both direct transcription and indirect translation of TtcA 

under oxidative stress conditions. During bacterial infection, P. aeruginosa OxyR upregulates katA and ttcA 

expression to increase catalase activity in response to H2O2 generated via host defence mechanisms. Together 

with iron-sulfur cluster ligation, TtcA has been shown to play an important role in the oxidative stress response 

and to facilitate bacterial survival during infection of the host, which emphasizes the critical role of the intracellular 

function of iron-sulfur cluster biogenesis and tRNA modification via IscR and OxyR regulation to mitigate oxidative 

stress and promote bacterial pathogenicity. 

 
Part 3: Pseudomonas aeruginosa rcsA1: AhpD-homologous gene under direct RCS-responsive mechanism  

P. aeruginosa rcsR1 and rcsA1 were characterized in term of an ability required for bacterial survivals 

under stress conditions. Both of these genes were separately deleted in PAO1 resulting rcsR1 and rcsA1 mutants 

and a chromosomal Tn7-insertion of functional rcsR1 and rcsA1 were performed in PAO1 and the mutant strains 

resulting overexpressed and complemented strains, respectively. The plate sensitivity assay against NaOCl and 

ROS-mediated agents showed that the rcsA1 mutant was dramatically susceptible to NaOCl, but not others, 
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compared to the wild type indicated that rcsA1 plays an important role in protecting against NaOCl. However, 

overexpressed and complemented strains have similar level of tested stress sensitivity compared to the level in 

the wild type suggesting that the NaOCl protection was resulted from the expression of rcsA1.  

 

 

  
 

Figure 8. Determination of the resistance levels against oxidative and metal stresses in P. aeruginosa 

strains. 

The resistance levels against substances of PAO1::Tn7T, ∆rcsA::Tn7T and the ∆rcsA::RcsA mutant strains were 

determined using plate sensitivity assays in plates containing oxidants (A) i.e. 250 µM paraquat, 0.5 mM H2O2, 

1.6 mM CuOOH, 0.05% NaOCl, 0.35 mM NEM and 1.2 mM 2, 2’-dipyridyl. Survival (%) is defined as the 

percentage of colony-forming units (CFU) on plates containing oxidant over the number of CFU on plates without 

oxidant. 

 

Moreover, to identify key amino acids of rcsA1, the site-directed mutagenesis was applied by changing 

amino acid residues in an expression cassette. The results showed that an expression of gene encoding rcsA1 

with either C60S, C63S, or H67A cannot restore the NaOCl susceptibility in the rcsA1 mutant indicating that C60, 

C63, H67 are important residues in protecting against NaOCl, which may be targeted at a minor groove of 

protein (below figure). Finally, gene expression analysis exhibited an increased expression of rcsA1 under 

NaOCl-treated condition supporting its physiological function. Overall, rcsA1 is one of NaOCl-mediated resistance 

in P. aeruginosa and it could be another potential target for developing an effective drug against P. aeruginosa 

infectious diseases. 
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Figure 10. Amino acid analysis of RcsA in P. aeruginosa PAO1. 

In the other hands, the rcsR1 mutant exhibited slightly susceptibility against NaOCl compared to the P. 

aeruginosa wild type in the plate sensitivity and the oxidant viability assays suggesting the minor responsive 

mechanism. Furthermore, the gene expression profile under stress conditions showed that this gene was induced 

by oxidants suggesting a requirement of this rcsR1 expression during stresses.  

 

4. Conclusion and Discussion  

  Pseudomonas aeruginosa is an important opportunistic pathogen that causes severe acute and chronic 

infection in hospitalized patient and immunocompromised host and is also one of the critical global priority list of 

antibiotic-resistant bacteria to development of new antibiotics. The treatment difficulties are associated a long-

term survival of the pathogens in the hospital environments. One of the major factors for successful infection is 

the bacterial defense mechanisms against toxic substances from host immune system including reactive oxygen 

species (ROS) and reactive chlorine species (RCS). Many compounds containing RCS such as sodium 

hypochlorite (NaOCl) is generally used as bleaching agents in household and disinfectants even in hospitals. The 

mechanisms to manage ROS in bacteria are well-known but those to deal with RCS are less studied in bacteria 

and unknown in this pathogenic bacterium.  

  In this project, the bacterial mechanisms to fight against host-generated RCS, both directly and 

indirectly, will be explored. Several genes encoding ferredoxin reductases (fprA and fprB), tRNA thiolating 

enzyme (ttcA) and an iron-sulfur cluster maturation protein (nfuA) were shown to be involved in the RCS 

response and role to detoxify the RCS toxicity in the bacterial cell. The P. aeruginosa genes encoding a putative 

RCS-induced transcriptional regulator and their gene targets were characterized by using recombinant-DNA 

techniques and physiological susceptibility assays against stress conditions. The result showed that FinR 

regulated the essential gene fprA, which has been shown to involve in detoxification of the oxidative stress and 

pathogenicity. The P. aeruginosa ttcA-deleted mutant was rendered hypersensitive to oxidative stress, such as 

hydrogen peroxide (H2O2) treatment, and also extended to an RCS agent, NaOCl. Catalase activity was lower in 
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the ttcA mutant, suggesting that this gene plays a role in protecting against oxidative stress. Moreover, the ttcA 

mutant demonstrated attenuated virulence in a Drosophila melanogaster host model. Site-directed mutagenesis 

analysis revealed that the conserved cysteine motifs involved in [4Fe-4S] cluster ligation were required for TtcA 

function. Furthermore, ttcA expression increased upon H2O2 and NaOCl exposure, implying that enzyme levels 

are induced under stress conditions and in OxyR-regulated mechanism. Next, deletion of nfuA reduced bacterial 

ability to cope with oxidative stress, iron deprivation conditions and attenuated virulence in the Caenorhabditis 

elegans infection model. Site-directed mutagenesis analysis revealed that the conserved CXXC motif of the Nfu-

type scaffold protein domain at the N-terminus was required for NfuA functions in conferring stresses resistance 

phenotype. Furthermore, anaerobic growth of the nfuA mutant in the presence of nitrate was drastically retarded. 

This phenotype was associated with a reduction in [Fe-S] cluster containing nitrate reductase enzyme activity. 

However, NfuA was not required for maturation of [Fe-S] containing proteins such as aconitase, succinate 

dehydrogenase, SoxR and IscR. Taken together, our results indicate the NfuA functions in [Fe-S] clusters 

delivery to selected target proteins that linking to many physiological processes such as anaerobic growth, 

bacterial virulence and stresses response in P. aeruginosa. Overall, all of these genes was independently 

regulated by their own specific transcriptional regulator, which can sense the redox homeostasis due to the 

oxidation by cellular RCS. This emphasizes the broad spectrum of cytotoxicity mechanisms of RCS in the 

bacteria.  

  Moreover, the first RCS-sensing transcriptional regulator in P. aeruginosa RcsR was proposed and we 

showed that RcsR regulated an rcsA expression under RCS exposure to increase the detoxification activity 

against RCS agents including a bleach NaOCl. In the study of their molecular mechanism, the thiol group of 

cysteines in reduced protein was oxidized by RCS and altered to be greater potential for DNA-binding affinity and 

gene activation in response against RCS stress. Finally, these RSC-responsive genes had a role in bacterial 

pathogenicity in either C. elegans or D. melanogaster host model system. 

  This study was to characterize many novel genes in P. aeruginosa to expand the virulence network, a 

cause of nosocomial infections, and could be a part of the reasons in its ability for hospitalization. The highly 

RCS-sensitive regulators will be used to develop potential biomarkers detecting RCS, which is an insight 

research leading to the novel strategies for the drug-targeting development or biosensor for RCS toxicity in the 

environmental contamination. 
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Abstract

Pseudomonas aeruginosa has two genes encoding ferredoxin NADP(+) reductases,

denoted fprA and fprB. We show here that P. aeruginosa fprA is an essential gene. How-

ever, the ΔfprA mutant could only be successfully constructed in PAO1 strains containing

an extra copy of fprA on a mini-Tn7 vector integrated into the chromosome or carrying it on

a temperature-sensitive plasmid. The strain containing an extra copy of the ferredoxin gene

(fdx1) could suppress the essentiality of FprA. Other ferredoxin genes could not suppress

the requirement for FprA, suggesting that Fdx1 mediates the essentiality of FprA. The

expression of fprA was highly induced in response to treatments with a superoxide genera-

tor, paraquat, or sodium hypochlorite (NaOCl). The induction of fprA by these treatments

depended on FinR, a LysR-family transcription regulator. In vivo and in vitro analysis sug-

gested that oxidized FinR acted as a transcriptional activator of fprA expression by binding

to its regulatory box, located 20 bases upstream of the fprA -35 promoter motif. This location

of the FinR box also placed it between the -35 and -10 motifs of the finR promoter, where the

reduced regulator functions as a repressor. Under uninduced conditions, binding of FinR

repressed its own transcription but had no effect on fprA expression. Exposure to paraquat

or NaOCl converted FinR to a transcriptional activator, leading to the expression of both

fprA and finR. The ΔfinR mutant showed an increased paraquat sensitivity phenotype and

attenuated virulence in the Drosophila melanogaster host model. These phenotypes could

be complemented by high expression of fprA, indicating that the observed phenotypes

of the ΔfinR mutant arose from the inability to up-regulate fprA expression. In addition,

increased expression of fprB was unable to rescue essentiality of fprA or the superoxide-

sensitive phenotype of the ΔfinR mutant, suggesting distinct mechanisms of the FprA and

FprB enzymes.
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Introduction

Pseudomonas aeruginosa is one of the most common opportunistic bacterial pathogens that

cause deadly infections in patients with impaired immune systems or in critical condition.

Nosocomial infections caused by P. aeruginosa are increasing worldwide [1, 2]. The ability of a

pathogen to overwhelmingly invade the host is often associated with its ability to rapidly adapt

and evade or overcome host immune systems. During pathogen-host interactions, several

transcriptional regulators are differentially expressed to fine-tune gene expression networks

required for adaptive responses to host-generated stresses [3]. Reactive oxygen species (ROS)

are key components of host innate immune responses generated within the phagolysosomes of

phagocytes to attack invading microbes. Additionally, normal aerobic metabolism produces

ROS as by-products [4]. Consequently, bacteria have evolved mechanisms to protect them-

selves from oxidative stress. An array of either antioxidant enzymes, such as catalases, superox-

ide dismutases, and thiol peroxidases or antioxidant molecules, such as glutathione and

vitamins are involved in removal of ROS. In addition, there are extensive repaired and rebuild-

ing systems for oxidatively damaged molecules, such as iron-sulfur cluster biosynthesis (Isc),

DNA repair (the Mut systems) and proteins repair (methionine sulfoxide reductases, Msr).

These systems are necessary for bacterial survivals under stressful conditions [5, 6]. Various

transcriptional regulators are involved in coordinating the complex processes of sensing and

responding to stresses. The LysR-type transcriptional regulators (LTTRs) represents the most

abundant type of transcriptional regulator with an N-terminal DNA-binding helix-turn-helix

motif and a C-terminal co-inducer-binding domain as conserved structures. LTTRs exhibit a

negative autoregulation and regulate a diverse set of genes, including those involved in viru-

lence, metabolism, quorum sensing and motility [7–15]. A major regulator in hydrogen perox-

ide (H2O2) defense is OxyR, a LysR-type transcriptional regulator, while the transcription

factor SoxR triggers a global stress response against superoxide anions as well as redox cycling

drugs [16–19]. Many proteobacterial genomes contain another LysR-type oxidative stress

sensing transcriptional regulator, FinR, which is located next to fprA (ferredoxin NADP+

reductase, Fpr), an enzyme catalyzing the reversible electron-transferring reaction between

NADPH and one-electron carriers such as ferredoxin or flavodoxin. The enzymes are im-

portant in maintain NADP(+)/NADPH ratio. Fpr also catalyzes the irreversible electron

transfer in diaphorase reaction which drives the oxidation of NADPH in a wide variety of

adventitious electron acceptors [20]. In bactria, Fpr has been shown to control the ratio of

NADP(+)/NADPH. Fpr participates in many cellular processes, including iron acquisition,

iron-sulfur cluster biogenesis and oxidative stress defense [21, 22]. FinR is required for the

induction of fprA expression upon exposure to superoxide anion stress generated by paraquat

[21, 23–25]. However, Escherichia coli fpr is a member of the SoxRS regulon, and inactivation

of fpr increases sensitivity to paraquat [26, 27].

Pseudomonas putida KT2440 contains at least two genes encoding Fpr, namely fprA and

fprB [23, 28]. The fprA mutant confers high sensitivity to oxidative and osmotic stresses, while

the fprB mutant is susceptible only to high osmotic conditions [23, 28]. Like P. putida, P. aeru-
ginosa PAO1 possesses both fprA and fprB. Two types of Fprs have their preferred electron

transport and redox partners. FprA achieves higher catalytic efficiency when flavodoxin is its

redox partner. FprB is important in defenses against multiple stresses including metal, oxida-

tive, and osmotic stresses and is required for the full function of iron-sulfur cluster ([Fe-S])-

containing enzymes via its redox partner, Fdx2, involving in the ISC [Fe-S] biogenesis system

[29]. For example, in an iron storage complex, the [Fe-S] cluster of bacterioferritin-associated

ferredoxin (Bdf) transfers electrons to the heme in bacterioferritin (BfrB) and promotes the

release of Fe2+ from BfrB by mediating electrons from FprA to BfrB [30]. Moreover, roles for

Function and regulation of Pseudomonas aeruginosa fprA
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FprA in sulfate assimilation and siderophore biosynthesis in pseudomonads have been charac-

terized [31]. The expression of fprB could be induced by exposure to oxidative stress in an [Fe-

S] biogenesis regulator IscR-dependent manner [29]. The physiological function of P. aerugi-
nosa FprA remains mysterious due to unsuccessful construction of the fprA mutant [31, 32].

This observation raised the possibility that the activity of FprA is essential for bacterial viabil-

ity. In this communication, P. aeruginosa fprA was shown to be essential and was determined

to be regulated by FinR.

Results and discussion

fprA is an essential gene in P. aeruginosa

P. aeruginosa PAO1 has two annotated fpr genes, fprA (PA3397) and fprB [33]. An open read-

ing frame located next to fprA in the opposite orientation was annotated as a putative LysR-

type transcriptional regulator, FinR (PA3398). P. aeruginosa FinR shares 80.8% and 80.5%

amino acid sequence identity with FinR from P. putida and Azotobacter vinelandii, respectively

(S1 Fig). Several attempts to construct the fprA mutant in pseudomonads have been met with

mixed results. No mutants were obtained in P. aeruginosa, but a mutant was constructed in

P. putida [31, 32]. These observations suggest the essentiality of fprA in PAO1. We made sev-

eral unsuccessful attempts to construct either insertion inactivation or deletion fprA mutants.

Hence, the notion of the essentiality of fprA was tested. A new PAO1 parental strain was con-

structed that had an extra copy of fprA cloned into a mini-Tn7 vector [34], and the recombi-

nant Tn7T-fprA transposed into the PAO1 chromosome attTn7 site, giving PAO1::Tn7T-fprA.

The antibiotic marker of the mini-Tn7 vector was removed by the Flp-FRT system [35]. fprA
gene deletion by allelic exchange was made by electroporating pUCΔfprA::Gmr (Table 1) into

PAO1::Tn7T-fprA and selecting for gentamicin resistance (Gmr). Several Gmr and carbenicil-

lin susceptible (Cbs) colonies were screened by PCR and found to have deleted the functional

copy of the chromosomal fprA gene. The ΔfprA mutant (ΔfprA::Tn7T-fprA) was successfully

constructed. In the control strain, which contains only the mini-Tn7 vector (PAO1::Tn7T), no

Gmr transformants or fprA mutants were recovered (Table 1). The results support the notion

that fprA is an essential gene in PAO1.

An independent approach was conducted to assure the essentiality of fprA in P. aeruginosa
using a plasmid vector with a temperature-sensitive origin of replication that has been recently

developed in P. aeruginosa [36]. We firstly constructed a temperature-sensitive replication

Table 1. Efficiency of fprA deletion in P. aeruginosa strains carrying an extra copy of various genes.

P. aeruginosa strains Efficiency of fprA deletiona

PAO1::Tn7T ND

PAO1::Tn7T-finR ND

PAO1::Tn7T-fprA 1.6 × 102

PAO1::Tn7T-fprB ND

PAO1::Tn7T-fdx1 2.1 × 101

PAO1::Tn7T-fdx2 ND

PAO1::Tn7T-rnfB ND

PAO1::Tn7T-fdxA ND

a Indicated strains of PAO1 were transformed with 1 μg pΔfprA::Gmr plasmid using electroporation. The

transformants with fprA deletion were selected by the Gmr and Cbs phenotypes. The efficiency of fprA

deletion is defined as the number of ΔfprA mutant obtained per 1 μg pUCΔfprA::Gmr plasmid. The data

shown are means from triple independent experiments. ND, not detectable.

doi:10.1371/journal.pone.0172071.t001
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plasmid by cloning the temperature-sensitive replicon mSFts1 from pSS255 [36] into the

broad-host-range vector pBBR1MCS-4 [37], yielding pTS. The plasmid can be maintained at

30˚C but not at the non-permissive temperature of 45˚C. The full-length fprA was cloned into

the plasmid pTS, generating pTS-fprA. Transformants harboring pTS-fprA were grown and

maintained at 30˚C. Growing bacterial cultures at the non-permissive temperature of 45˚C

resulted in the loss of pTS-fprA. pUCΔfprA::Gmr was introduced into PAO1 harboring pTS-

fprA, and Gmr transformants were selected and screened for double crossing over and marker

exchange events, giving ΔfprA::Gmr/pTS-fprA. The ΔfprA::Gmr/pTS-fprA mutant strain had

normal growth at 30˚C. This mutant strain could not grow on either an agar plate or in LB

broth medium when the incubation temperature was shifted to the non-permissive tempera-

ture of 45˚C for pTS-fprA, indicating the essentiality of fprA (Fig 1). The results confirmed that

fprA is an essential gene that is required for the growth of PAO1. Although P. aeruginosa FprA

shares the greatest amino acid sequence identity with FrpA from P. putida and A. vinelandii
(S1 Fig), there is no evidence suggesting that it is essential in these two bacteria [31, 38].

Since PAO1 has both fprA and fprB, we tested the potential cross-functional complementa-

tion between fprB and fprA. Similar approaches that were successfully used to construct the

ΔfprA mutant were applied to test cross-complementation between fprA and fprB. A PAO1::

Tn7T-fprB strain carrying an extra copy of fprB was used for ΔfprA mutant construction using

pUCΔfprA::Gmr. After several attempts, no fprA mutant was obtained. This indicated the essen-

tial function of fprA for bacterial growth and showed that expression of fprB could not comple-

ment fprA. This suggests that FprA and FprB have different biochemical and physiological

functions. Fpr have essential functions in maintenance of the NAD(P)/NAD(P)H ratio via their

reactions with ferredoxins and flavodoxins. In the fprA mutant, alterations in the ratio of

reduced/ oxidized ferredoxins could contribute to the mutant lethality under tested conditions.

Fig 1. fprA is an essential gene in P. aeruginosa. The viability of exponential-phase cultures of P. aeruginosa PAO1

and ΔfprA mutant strains harboring an extra copy of fprA or fdx1 was determined using viable cell count on LB agar plates

incubated at either 30˚C or 45˚C. The viability is expressed as a percentage of the CFU of the tested strain over the CFU

of the PAO1::Tn7T or PAO1/pTS control.

doi:10.1371/journal.pone.0172071.g001
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The requirement for fprA could be complemented by fdx1 expression

Fpr catalyzes reversible electron transfer between NADPH and electron carriers such as ferre-

doxins (Fdx), thereby maintaining a balance between NADPH and reduced Fdx pools. Since

Fpr is important in maintaining reduced Fdx, we determined whether the expression of fdx
genes could suppress the essentiality of fprA. PAO1 has several genes encoding Fdx of different

families, e.g., fdx1 (PA0362), encoding two[4Fe-4S]-containing bacterial ferredoxin; fdx2
(PA3809) (a member of the isc operon that is involved in iron-sulfur cluster biogenesis),

encoding a [2Fe-2S]-containing ferredoxin; rnfB (PA3490), encoding a ferredoxin-like protein;

and fdxA (PA3621), encoding a [4Fe-4S] cluster-containing ferredoxin [33],[6, 39–42]. We

tested whether the essentiality of the fprA gene was due to its Fdx1 redox partners. Using a

similar strategy as used for the construction of the fprA mutant, P. aeruginosa PAO1 strains

were constructed with an extra copy of fdx1 (PAO1::Tn7-fdx1), fdx2 (PAO1::Tn7-fdx2), rnfB
(PAO1::Tn7-rnfB) or fdxA (PAO1::Tn7-fdxA) and used to test whether ΔfprA mutants could

be constructed with a suicide plasmid pUCΔfprA::Gmr. The fprA mutant construction was

accomplished only in the parental strains PAO1::Tn7-fdx1 and PAO1::Tn7T-fprA (Table 1). In

other parental strains tested, no fprA mutant could be recovered. The functional complemen-

tation of fprA by fdx1 was confirmed by the fact that the ΔfprA mutant harboring pTS-fdx1
could grow at 30˚C and at the non-permissive 45˚C (Fig 1). This finding indicated that expres-

sion of fdx1 can suppress the essential function of fprA and permit the growth of the ΔfprA
mutants. It is likely that Fdx1 functions as a redox partner of FprA. We speculate that deletion

of fprA severely affects the redox status of Fdx1 by shifting the ratio between reduced and oxi-

dized forms. Increased expression of fdx1, either from Tn7T-fdx1 or pTS-fdx1 in the mutant

was sufficient to compensate for the loss of FprA function by restoring the ratio of reduced/

oxidized ferredoxins to a viable levels for P. aeruginosa. Fdx1 has been shown to be essential

for the viability of PAO1 [40]. The physiological role of Fdx1 in P. aeruginosa remains unclear.

fprA and finR expression increased in response to exposure to paraquat

and NaOCl

The expression patterns of fprA under stressful growth conditions were evaluated using

real-time RT-PCR. The expression profiles of PAO1 fprA challenged with superoxide anion-

generating agents (plumbagin, menadione, and paraquat), H2O2, organic hydroperoxides

(cumene hydroperoxide, and t-butyl hydroperoxide), the iron-chelating agent 2,2’-dipyridyl,

high salt (NaCl and KCl), and a bleaching agent (NaOCl) were determined. The results in

Fig 2A illustrate that fprA expression was considerably induced by exposure to paraquat

(7.6 ± 2.6-fold) and NaOCl (11.3 ± 2.8-fold), but not by the other oxidants, 2,2’-dipyridyl, or

high salt conditions. The expression profiles of finR in response to stresses were also deter-

mined by real-time RT-PCR. The expression of finR could be induced only by exposure to

paraquat (6.9 ± 1.9-fold) or NaOCl (9.9 ±1.4-fold) treatments (Fig 2B). Other oxidants and

stresses did not significantly (2-fold or less) induce finR expression. This induction pattern is

similar to the stress response pattern of fprA. A previous report indicated that paraquat induc-

tion of fprA in Pseudomonas spp. is significantly affected by the addition of various sources of

sulfur [31]. Nonetheless, how intracellular sulfur affects the induction of gene expression by

superoxide generator is being investigated.

FinR regulates the expression of fprA and itself

To assess whether FinR mediates induction of fprA expression upon exposure to oxidative

stress, fprA expression levels were determined in the ΔfinR mutant (ΔfinR::Tn7T) and the
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complemented mutant (ΔfinR::Tn7T-finR) using real-time RT-PCR. The results showed that

paraquat- and NaOCl-induced expression of fprA was abolished in the ΔfinR mutant and that

this could be restored in the complemented mutant strain (Fig 3A). The levels of fprA expres-

sion in the ΔfinR mutant in all tested conditions were comparable to those of the uninduced

wild-type PAO1 (Fig 3A). Moreover, the fprA level in a complemented strain (ΔfinR::Tn7T-

finR) was comparable to wild type and a ΔfinR mutant strain. Thus, oxidized FinR likely

Fig 2. Expression analysis finR and fprA in response to various stresses. The expression levels of finR (A) and

fprA (B) were determined using real-time RT-PCR. Exponential-phase cultures of P. aeruginosa PAO1 were subjected

to various stress conditions, including 1 mM H2O2, superoxide anion-generating agents (0.5 mM plumbagin [PB], 0.5

mM menadione [MD] and 0.5 paraquat [PQ]), organic hydroperoxides (1 mM cumene hydroperoxide [CHP] and 1 mM

t-butyl hydroperoxide [tBH]), 1 mM 2,2’-dipyridyl (DIPY), high salts (0.5 M NaCl and 0.5 M KCl), or 0.04% NaOCl for 15

minutes prior to RNA preparation for real-time RT-PCR analysis. Relative expression was analyzed using the 16S

rRNA gene as the normalizing gene and was expressed as the fold expression relative to the level of uninduced (UN)

PAO1. Data shown are means ± SD of three independent experiments.

doi:10.1371/journal.pone.0172071.g002
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functions as a transcriptional activator on the fprA promoter in the presence of the inducers

paraquat and NaOCl. However, reduced FinR neither represses nor activates fprA expression.

The expression levels of finR in response to oxidants were also evaluated in the ΔfinR
mutant and the complemented mutant using real-time RT-PCR with primers located immedi-

ately downstream of the transcriptional start site (+1) of finR and next to the deletion site

(BT3334 and EBI62). The expression levels of finR in the ΔfinR mutant were constitutively

Fig 3. Expression analysis of fprA and finR in P. aeruginosa strains. Expression levels of fprA (A) and

finR (B) in PAO1 wild type (PAO1::Tn7T), ΔfinR mutant (ΔfinR::Tn7T) and the complemented mutant (ΔfinR::

Tn7T-finR) grown under uninduced, 0.5 mM paraquat (PQ), or 0.04% NaOCl (NaOCl) induced conditions.

Relative expression was analyzed using the 16S rRNA gene as the normalizing gene and is expressed as fold

expression relative to the level of uninduced PAO1. Data shown are means ±SD of three independent

experiments. The asterisks indicate statistically significant differences (p < 0.01) compared with the uninduced

condition.

doi:10.1371/journal.pone.0172071.g003
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high (~14-fold over wild-type PAO1 levels) in both uninduced and oxidant-induced samples

(Fig 3B). The constitutively high expression levels in the finR mutant strongly suggest that

reduced FinR functions as a transcriptional repressor of its own promoter. Paraquat- and

NaOCl-induced finR expression could be restored in the complemented ΔfinR mutant strain

(ΔfinR::Tn7T-finR) (Fig 3B). This suggests that reduced FinR functions as a repressor of finR
expression while oxidized FinR either activates expression or derepresses finR expression. The

results indicate that finR is negatively auto-regulated, which is similar to other transcriptional

regulators in the LysR-family [25, 43–45].

FinR binds directly to finR-fprA promoter region

fprA is located next to a divergently transcribed gene, finR, with a 273-bp intergenic region.

To characterize the fprA and finR promoters, the putative +1 sites were determined using 5’

RACE. The +1 site of fprA was mapped to an A residue located 54 bp upstream of its transla-

tional start codon ATG (Fig 4A). Two sequences (TTTTGC and TAAAAT, separated by 18

bp) that resemble the E. coli δ70–35 and -10 promoter motifs were identified. Using a similar

technique, the +1 site of finR was mapped to a G residue situated 125 bp upstream of the finR
start codon (ATG) and 97 bp upstream of the putative fprA +1 (Fig 4A). The -35 and -10 pro-

moter motifs were identified as TGCTTA and GATAAC and were separated by 18 bp. The

fprA and finR promoter motifs did not overlap with each other (Fig 4A).

The ability of purified FinR to bind to the fprA-finR promoter was investigated using elec-

trophoretic mobility shift assays (EMSA). A 6His-tagged FinR protein was purified using an E.

coli system (25]. A [P32]-labeled DNA probe (398 bp) spanning the fprA-finR promoters was

used in the binding experiments. Purified FinR could bind to the fprA-finR promoter sequence

at nanomolar concentrations (Fig 4B). The binding specificity of FinR was illustrated by the

ability of excess unlabeled fprA-finR promoter fragment (CP) but not excess of unrelated DNA

(pUC18 plasmid, UP) to compete with the binding of FinR to labeled promoter fragments.

Addition of an excess amount of unrelated protein (2.5 μg bovine serum albumin [BSA]) did

not affect binding of purified FinR to the fprA-finR promoter (Fig 4B). Thus, FinR functions as

a transcriptional regulator of fprA and finR itself through a direct binding to the fprA-finR pro-

moter region.

To our knowledge, no consensus sequence for FinR binding box on target gene promoters

has been identified. FinR is a member of LysR family of transcription regulators, which often

use palindromic DNA sequences as a binding box that the regulator in LysR family binds to

modulate expression of the target gene [46]. We identified DNA sequences with two overlaps

and almost perfect dyadic symmetry, 5’TATCCATATTCTGGATAAGCATTATCCAGA3’, con-

sisting of the first palindrome 5’TATCCATATTCTGGATA3’and the second palindrome

5’TCTGGATAAGCATTATCCAGA3’ located between positions -22 and -51 of the finR pro-

moter and -46 and -83 of the fprA promoter (Fig 4A). The involvement of these two dyadic

symmetries in the binding of FinR was evaluated. Site-directed mutagenesis was performed to

mutate the putative binding site for FinR from 5’TATCCATATTCTGGATAAGCATTATCCAG
A3’ to 5’GCGAACTATTCTGGATAAGCATTATCCA3’ (referred to as MU1) and to 5’TATCC
ATATTCTGGATAAGCATGCGAACGA3’ (referred to as MU2) using pPfprA as a DNA template.

The mutations essentially changed the first palindrome sequence in MU1 and the second

palindrome sequence in MU2. [P32]-labeled fprA-finR promoter containing MU1 or MU2

sequences was used in the EMSA experiments. The results in Fig 4C showed that purified

FinR bound to the promoter containing MU2 in a similar manner as the native promoter.

However, purified FinR at concentration of 200 nM was unable to bind the mutagenized MU1

promoter (Fig 4C). This suggests that the sequence TATCCA of the first palindromic sequence
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5’TATCCATATTCTGGATA3’ is important for in vitro binding of P. aeruginosa FinR. To con-

firm the putative binding site of FinR, the EMSA experiments were performed using the pro-

moter fragment with and without proposed FinR binding site. The results in Fig 4D showed

that the purified FinR could bind to the promoter fragment with the proposed FinR-binding

site. No FinR binding could be detected when the DNA fragment without the binding site was

used (Fig 4D). This supports the site-directed mutagenesis results that in vitro FinR binds spe-

cifically to the palindromic sequence 5’TATCCATATTCTGGATA3’.

Fig 4. Characterization and binding of purified FinR to the finR-fprA promoter. (A) Nucleotide sequence

showing the finR-fprA promoter structure. +1 indicates the transcriptional start site, and the bold sequences are

the putative -35 and -10 promoter motifs. CAT and ATG are the translational start codons of FinR and FprA,

respectively. The box shaded gray represents the proposed FinR binding site. (B), (C), and (D) Electrophoretic

mobility shift assay using purified FinR. A 32P –labeled DNA fragment (B), mutagenized MU1 and MU2

fragments (C), or the promoter fragments (EBI61-62), with (EBI 61–70) and without (EBI 62–69) proposed

FinR binding site (D) spanning the finR-fprA promoter was incubated with increasing amounts of FinR. BSA

represents an unrelated protein (2.5 μg BSA). CP and UD signify the cold probe (100 ng unlabeled promoter

fragment) and unrelated DNA (1 μg of pUC18 plasmid), respectively, that were added to the binding reaction

mixture containing 100 nM FinR. F and B indicate free and bound probes, respectively.

doi:10.1371/journal.pone.0172071.g004
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ΔfinR mutant shows an increased paraquat sensitivity phenotype that

could be suppressed by increasing fprA expression

Next, the physiological function of finR was assessed using the ΔfinR mutant. Since FinR is

involved in sensing various oxidant resistance levels, the ΔfinR mutant resistance to oxidants

was determined using a plate sensitivity assay. The ΔfinR mutant exhibited similar levels of

resistance to various oxidants, including H2O2, cumene hydroperoxide, and NaOCl, as the

wild-type PAO1 (data not shown). Nonetheless, Fig 5A shows that the ΔfinR mutant (ΔfinR::

Tn7T) was much more sensitive (104-fold) to paraquat (150 μM) than its parental strain PAO1

(PAO1::Tn7T), and this hypersensitive phenotype of the mutant was fully restored by the

expression of a single copy of functional finR in a mini-Tn7 vector (ΔfinR::Tn7T-finR). These

results indicate a crucial role of finR for survival under paraquat stress and are consistent with

the previously reported resistance of a finR mutant of P. putida [25].

Paraquat is a redox cycling drug that has been recognized as a superoxide anion-generating

agent in the presence of oxygen by disrupting normal electron flow in aerobic respiration [17].

The drug itself can undergo intracellular transformations and is toxic to cells [19]. The ques-

tion was raised as to whether hypersensitivity of the finR mutant to paraquat was due to

reduced ability to detoxify superoxide anions generated from the drug or direct toxicity of the

drug. An approach previously described in E. coli was used to test the likely mechanism

responsible for paraquat sensitivity in the ΔfinR mutant; this approach used anaerobic cultiva-

tion to distinguish between the direct toxicity of the drug and the generation of superoxide

anions, which requires oxygen [19]. P. aeruginosa did not grow under anaerobic conditions

unless nitrate was added to the culture medium [47]. Plate sensitivity assays were performed to

re-examine the paraquat sensitivity levels using LB medium supplemented with potassium

nitrate (KNO3, 1% w/v) under anaerobic conditions. All P. aeruginosa grew anaerobically

(data not shown). The results of the paraquat sensitivity assay under aerobic and anaerobic

conditions are shown in Fig 5B. The ΔfinR mutant (ΔfinR::Tn7T) was much more sensitive

(104-fold) to paraquat (150 μM) under aerobic growth than the parental PAO1 (PAO1::Tn7T),

whereas no significant change was observed when the plates were incubated under anaerobic

conditions. Thus, the killing effects of paraquat are oxygen-dependent and likely occur by gen-

erating superoxide anions. Hence, the observed increased sensitivity to paraquat in the ΔfinR
mutant most likely is a result of superoxide killing. PAO1 produces two superoxide dismutase

(Sod) isozymes, namely SodA (manganese-containing Sod) and SodB (iron-containing Sod);

mutations of either sodA or sodB enhance sensitivity to superoxide anions generated from

paraquat [48]. We tested whether the paraquat-sensitive phenotype of the finR mutant was due

to lower level of Sod activity; total Sod activity was measured in the finR mutant cultivated aer-

obically. The results showed non-significant differences in the levels of total Sod activity in the

finR mutant relative to wild-type PAO1 (data not shown). Therefore, alterations in levels of

paraquat resistance of the finR mutant are independent of total Sod enzyme activity.

We have shown that fdx1 could suppress the ΔfprA essentiality phenotype. Hence, we tested

whether expression of fprB or the ferredoxin-encoding genes fdx1, fdx2, fdxA and rnfB could

complement the paraquat hypersensitivity phenotype of the ΔfinR mutant, and the results

showed that expression of these genes could not complement the finR mutant phenotype (data

not shown). Here, we have established that FinR positively regulates fprA expression, and

therefore, we speculate that the paraquat hypersensitive phenotype of the ΔfinR mutant could

arise from loss of the ability to activate fprA expression upon exposure to paraquat. Expression

of fprA under the control of the lac promoter in a mini-Tn7 vector was transposed into the

ΔfinR mutant, generating ΔfinR::Tn7T-fprA. The paraquat resistance levels of this strain were

evaluated. The results in Fig 5A illustrate that increased expression of fprA completely restored
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the paraquat sensitivity of the ΔfinR mutant to the levels that were attained by the ΔfinR::

Tn7T-finR and a wild-type control (PAO1::Tn7T). Since basal levels of fprA expression in the

ΔfinR mutant and the parental strain are similar (Fig 3A), the results suggest that the paraquat-

hypersensitive phenotype of the ΔfinR mutant could be due to the inability of the mutant to

up-regulate the expression of fprA in response to stressful conditions. This suggests that the

levels of FprA are critically important, especially under certain stress conditions (i.e., paraquat

and NaOCl).

ΔfinR mutant shows attenuated virulence in a Drosophila host model

FinR positively regulates the expression of an essential gene, fprA, in response to oxidative stress;

therefore, the contribution of finR to the bacterial pathogenicity of P. aeruginosa was evaluated

using the fruit fly (Drosophila melanogaster) as a pathogen-host model as previously described

[5, 49]. As shown in Fig 6, feeding the flies with PAO1 cultures resulted in 26.1 ± 3.9% fly sur-

vival compared with 99.4 ± 1.0% fly survival when LB medium was fed to the flies as a negative

control. Feeding the flies with ΔfinR mutant cultures resulted in a 2-fold increase in fly survival

(54.4 ± 9.2%) compared with feeding with PAO1. Thus, deletion of finR attenuated the virulence

of P. aeruginosa PAO1 in the tested model (p< 0.01). The attenuated virulence phenotype of

the ΔfinR mutant could be restored in the complemented mutant strain (ΔfinR::Tn7T-finR),

which expressed a functional copy of finR (27.8 ± 2.6% fly survival). Additionally, expressing

Fig 5. Determination of paraquat resistance levels in P. aeruginosa strains. (A) Paraquat resistance

levels in PAO1 containing the mnin-Tn7 vector control (PAO1::Tn7T, red) and ΔfinR mutants containing Tn7T

(dotted green), Tn7T-finR (purple), Tn7T-fprA (dotted blue), Tn7T-fprB (yellow), or Tn7T-fdx1 (dotted black)

were determined using plate sensitivity assays. (B) Paraquat (150 μM) resistance levels of P. aeruginosa

strains were determined using LB with and without 1% (w/v) KNO3 supplementation and incubated under

aerobic and anaerobic atmospheres. The survival is expressed as a percentage of the CFU on LB plates

containing paraquat over the CFU on plates without paraquat. Data shown are means ± SD from three

independent experiments.

doi:10.1371/journal.pone.0172071.g005
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fprA could complement the attenuated virulence phenotype of the finR mutant (ΔfinR::Tn7T-

fprA), as shown by 28.9 ± 4.2% fly survival, while expressing fprB (ΔfinR::Tn7T-fprB) could not

(49.4 ±5.1% fly survival) (Fig 6). The phenotype of attenuated virulence was consistent with that

of paraquat sensitivity levels, in which expression of fprA restored the ΔfinR mutant phenotype

(Fig 5A). The facts that increased expression of fprA could restore the ΔfinR mutant phenotype

and that basal expression of fprA (Fig 4A) in the ΔfinR mutant was comparable to that of the

PAO1 wild type suggested that loss of adaptive expression of fprA, which is modulated by FinR,

is responsible for the virulence attenuation as well as the paraquat hypersensitivity of the ΔfinR
mutant. We also present here that the paraquat-sensitive phenotype of the ΔfinR mutant

involved superoxide anion-mediated toxicity (Fig 5B). In several plant and animal pathogenic

bacteria, defects in superoxide anion detoxification systems, such as knockout of superoxide dis-

mutase genes, render the mutant strains attenuated for virulence in the model hosts [50–52].

Superoxide anions are one of the key components of innate immunity generated by host cells to

eradicate invading microbes. In human hosts, superoxide anions are produced within the pha-

golysosomes of phagocytic cells to kill the engulfed pathogens [53]. Thus, defects in protection

against superoxide toxicity of the bacteria would reduce the ability to survive within the host.

Hence, the attenuated phenotype could result from the reduced ability of the ΔfinR mutant to

cope with exposure to superoxides during host interactions.

Alternatively, in pseudomonads, FprA plays a role in sulfur metabolism and cysteine bio-

synthesis, which are important components of [Fe-S] cluster biogenesis [31, 54]. [Fe-S] clus-

ters, which are key cofactors of proteins that are implicated in diverse cellular processes,

including respiration and central metabolism, are prone to oxidative damage when cells are

exposed to reactive oxygen species (ROS) such as superoxide anions and H2O2 [54, 55]. There-

fore, impaired [Fe-S] cluster biogenesis during exposure to oxidative stress due to lack of

FinR-mediated increased expression of fprA would lead to lowered ability of the bacteria to

Fig 6. Virulence of P. aeruginosa strains. The virulence of PAO1 containing the Tn7T vector control

(PAO1::Tn7T) and ΔfinR mutants containing Tn7T, Tn7T-finR, Tn7T-fprA, Tn7T-fprB, or Tn7T-fdx1 were

determined using the Drosophila melanogaster feeding method. The percent fly survival was scored after 18

hours of incubation. Data presented are means ± SD of three independent experiments. The asterisk

indicates statistically significant difference (p < 0.01) compared with PAO1::Tn7T. LB represents feeding the

flies with LB medium.

doi:10.1371/journal.pone.0172071.g006
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survive oxidative stress generated by the host’s innate immune system. Similar mechanisms

could also account for the observed paraquat hypersensitive phenotype. Mutants defective in

[Fe-S] cluster biogenesis or repair, for example, deletion of the IscR coding gene, which regu-

lates [Fe-S] cluster biogenesis, show attenuated virulence in host models, including such

mutants of P. aeruginosa [56–59].

Since fprA is essential in PAO1, a direct analysis of the mutant phenotypes is difficult. Anal-

ysis of the ΔfinR mutant provides insight into the importance of fprA. ΔfinR mutant phenotypes

(paraquat sensitivity and attenuated virulence) most likely occur as a result of the inability of

fprA to be up-regulated during stressful conditions. This suggests that the level of FprA is crucial

in P. aeruginosa. An fdx1 encoding putative reaction partner of FprA is also an essential gene in

PAO1 [40]. Thus, the link between FprA and Fdx1 is important to PAO1 physiology.

Materials and methods

Bacterial strains, plasmids and growth conditions

Both E. coli and P. aeruginosa (PAO1, ATCC15692) strains were aerobically cultivated in Luria-

Bertani (LB) broth (BD Difco, USA) at 37˚C with shaking at 180 rpm unless otherwise stated. To

produce synchronous growth, an overnight culture was inoculated into fresh LB medium to give

an optical density at 600 nm (OD600) of 0.1. Exponential phase cells (OD600 of about 0.6, after 3 h

of growth) were used in all experiments. All plasmids used in this study are listed in Table 2.

Molecular techniques

General molecular techniques including DNA and RNA preparations, DNA cloning, PCR

amplification, Southern analyses and bacterial transformation were performed according to

standard protocols [60]. The oligonucleotide primers used in this study are listed in Table 3.

Construction of P. aeruginosa ΔfinR mutant

The finR deletion mutant was constructed using homologous recombination with an

unmarked Cre-loxP antibiotic marker system as previously described [61]. The primer pairs,

EBI73-EBI74 and EBI53-EBI54, were designed to amplify a finR fragment containing the C-

terminus and N-terminus, respectively, of the finR coding region, plus additional flanking

regions from the PAO1 genomic DNA. The 1030-bp PCR fragment of the C-terminus was

digested with ClaI and SacI and cloned into pUC18Gmr (pUC18 containing loxP-flanked

Gmr, which was constructed by inserting SacI-EcoRI fragments containing loxP-flanked Gmr

from pCM351 [61] into pUC18 cut with the same enzymes) at the ClaI and SacI sites, yielding

pUCfinRC::Gmr. The 926-bp PCR fragment of the N-terminus was digested with EcoRI and

NcoI and cloned into pUCfinRC::Gmr at the EcoRI and NcoI sites, yielding pUCΔfinR::Gmr.

The constructed plasmid resulted in the deletion of 526 bp of the coding region of finR. pUCΔ-
finR::Gmr was transferred into PAO1, and the putative ΔfinR mutants that arose from a double

crossover event were selected for the Gmr and Cbs phenotypes. An unmarked ΔfinR mutant

was created using the Cre-loxP system to excise the Gmr gene as previously described [61], and

deletion of finR was confirmed by Southern blot analysis.

Construction of the P. aeruginosa ΔfprA mutant

The fprA deletion mutant was constructed using homologous recombination with an unmarked

Cre-loxP antibiotic marker system using the same protocol as the construction of the ΔfinR
mutant but using primer pairs, EBI75-EBI76 and EBI57-EBI58, which were designed to amplify

the fprA fragment containing the fprA coding region plus additional flanking regions. The
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restriction enzyme sites and plasmids were same as those used in the construction of the ΔfinR
mutant. The obtained plasmid, pUCΔfprA::Gmr, was used to transform PAO1 wild type and

strains containing either an expression plasmid or a temperature-sensitive expression plasmid.

PAO1 strains containing an extra copy of various genes (fdx, fdxA, fdx2, rnfB, finR, fprA, fprB)

was used to test the essentiality of the fprA gene and were constructed by transposition of a

mini-Tn7 vector containing a target gene into the PAO1 chromosome and the subsequent

removal of the Gmr antibiotic resistance marker gene of mini-Tn7 using the Flp-FRT recombi-

nase as previously described [35].

Construction of plasmid and mini-Tn7 harboring gene coding regions

and promoters

To construct pTS, a temperature-sensitive replicon cassette-containing plasmid, a broad-host-

range plasmid pBBR1MCS-4 [37] was inserted with a BamHI fragment containing the

Table 2. List of plasmids used in this study.

Plasmid Relevant characteristic(s) Source or

Reference

pBBR1MCS-4 Broad-host-range expression vector, Apr [37]

pSS255 Expression vector with a temperature sensitive replicon

(mSFts1), Apr
[36]

pTS pBBR1MCS-4 carrying mSFts1, Apr This study

pTS-fprA pTS carrying fprA This study

pTS-fprB pTS carrying fprB This study

pTS-fdx1 pTS carrying fdx1 This study

pTS-fdx2 pTS carrying fdx2 This study

pTS-rnfB pTS carrying rnfB This study

pTS-fdxA pTS carrying fdxA This study

pUCΔfinR::Gmr pUC18 containing Gmr inserted into deleted finR, Gmr This study

pUCΔfprA::Gmr pUC18 containing Gmr inserted into deleted fprA, Gmr This study

pCM351 vector containing the loxP-Gmr-loxP region, Gmr [61]

pCM157 vector containing the Cre-encoding gene, Tetr [61]

pUC18-mini-Tn7T::Gm-

LAC

mini-Tn7 vector with Ptac expression cassette, Gmr [34]

pTNS2 Helper plasmid for Tn7 insertion, Apr [34]

pTn-finR pUC18-mini-TN7T::Gm-LAC containing finR This study

pTn-fprA pUC18-mini-TN7T::Gm-LAC containing fprA This study

pTn-fprB pUC18-mini-TN7T::Gm-LAC containing fprB This study

pTn-fdx1 pUC18-mini-TN7T::Gm-LAC containing fdx1 This study

pTn-fdx2 pUC18-mini-TN7T::Gm-LAC containing fdx2 This study

pTn-rnfB pUC18-mini-TN7T::Gm-LAC containing rnfB This study

pTn-fdxA pUC18-mini-TN7T::Gm-LAC containing fdxA This study

pPfprA pUC18 carrying fprA promoter This study

pPfprAMU1 pUC18 carrying mutagenized fprA promoter MU1 This study

pPfprAMU2 pUC18 carrying mutagenized fprA promoter MU2 This study

pQE30Xa Vector for expressing N-terminal 6His tagged protein in E.

coli, Apr, Cmr
Qiagen (Germany)

pQE30Xa-finR pQE30XA carrying full-length finR This study

Gmr, gentamicin resistance; Apr, ampicillin resistance; Tetr, tetracycline resistance; Cmr chloramphenicol

resistance.

doi:10.1371/journal.pone.0172071.t002
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temperature-sensitive (TS) regulon isolated from vector pTS225 [36] at the BamHI site. pTS-

fprA was constructed by amplifying the full-length fprA from the PAO1 genomic DNA with

primers BT3456-BT3457. The 866-bp PCR products were cloned into the pTS cut with SmaI.

A similar protocol was used to construct pTS-fdx1, pTS-fdx2, pTS-fdxA, pTS-rnfB and pTS-

fprB for trans expression of fdx1 (PA0362), fdx2 (PA3809), fdxA (PA3621), rnfB (PA3490) and

fprB, respectively. The specific primer pairs for PCR amplification of full-length fdx1, fdx2,

Table 3. List of primers used in this study.

Name Sequence 5’!3’ Purpose

BT2781 GCCCGCACAAGCGGTGGAG Forward primer for 16S rRNA

BT2782 ACGTCATCCCCACCTTCCT Reverse primer for 16S rRNA

BT3332 ACGTGCACAACACCGCCC Forward primer for full-length finR

BT3333 CAGGCGGATGTTCAGCGG Reverse primer for full-length finR

BT3334 TAGACGAGGAAGCCTGGATG Forward primer for finR fragment

BT3335 TGTCCCTGGCCAACTGAG Reverse primer for finR fragment

BT3336 GGAGTTCTTCAGCATCAAGG Forward primer for full-length fprA

BT3337 GAAGTACTCGTGTTCCGGCA Reverse primer for full-length fprA

BT3456 GTCTGCTGCTGTTGGTGTG Forward primer for fprA expression

BT3457 GGCAGGGGCTTTCTTCG Reverse primer for fprA expression

BT4443 GTGGCTGTCCGTCGCGGTTG Forward primer for full-length fdx1

BT4444 CAGGCGCCGGCGGGGATCAG Reverse primer for full-length fdx1

BT4479 CCTTGATGCTGAAGAACTCC Sp2 primer for fprA

BT4780 GCAAAATGAATTGTCGTTCGCATGCTTAT Forward primer for mutated finR promoter MU2

BT4781 CTGGATAAGCATGCGAACGACAATTC Reverse primer for mutated finR promoter MU2

BT4782 CTTATCCAGAATAGTTCGCTGGGATAA Forward primer for mutated finR promoter MU1

BT4783 CGTGTTATCCCAGCGAACTATTCTGG Reverse primer for mutated finR promoter MU1

BT3499 GTGCTTTGCGGGACACTAGG Forward primer for full-length fprB

BT3500 GCTATCCGCCGCTACTGC Reverse primer for full-length fprB

BT5019 CCTGGGCGGTGTTGTGCA Sp1 primer for finR

BT5201 GAGGAGAGAACTAGAAAATG Forward primer for full-length fdxA

BT5309 CTTGGCGTATCAGCGCTC Reverse primer for full-length fdxA

EBI01 CATGGGCTTCAGCGGGTTGG Forward primer for full-length rnfB

EBI02 GTGCAGGGCGCTCATGCC Reverse primer for full-length rnfB

EBI53 GGGAATTCGAAGTACTCGTGTTCCGGCA Forward primer for upstream fragment of finR

EBI54 GGCCATGGGAACAGCTTGCAGTCGAACTG Reverse primer for upstream fragment of finR

EBI57 CCGAATTCTCCAGCTCGTAGTGGGCGAC Forward primer for upstream fragment of fprA

EBI58 GGCCATGGTAGTTCGGGCTGGCAATGCTG Reverse primer for upstream fragment of fprA

EBI61 AGCTGAACAGGGTGTCGT Forward primer for finR promoter

EBI62 AGACGCTCTCCTGCTGGG Reverse primer for finR promoter

EBI69 GGGATAACACGATATCGGTCGG Forward primer for finR promoter

EBI70 CGATATCGTGTTATCCCATATCC Reverse primer for finR promoter

EBI73 CCATCGATCGATCAAGCGTGCCGTGGAG Forward primer for downstream fragment of finR

EBI74 CCGGAGCTCTGCTGCTGGGGATCGTCCTG Reverse primer for downstream fragment of finR

EBI75 CCATCGATGGCAAGCTGTTCGAGGACATC Forward primer for downstream fragment of fprA

EBI76 CCGGAGCTCCCTCAGCCAGGGTCACCTGAGC Reverse primer for downstream fragment of fprA

EBI269 GAACTGTCGAGGAATAAGCGAAGATGCC Forward primer for full-length fdx2

EBI270 ATTGCACGCTCCTCTACTAC Reverse primer for full-length fdx2

EBI292 GCGCCTGCAGTCAGGGAATCAGCGGCA Reverse primer for FinR protein expression

EBI322 ATGAAATTCACCCTCCGC Forward primer for FinR protein expression

doi:10.1371/journal.pone.0172071.t003
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fdxA, rnfB, and fprB genes were BT4443-BT4444, EBI269-EBI270, BT5201-BT5309,

EBI01-EBI02 and BT3499-BT3500, respectively.

Single-copy complementation was performed using a mini-Tn7 system [34]. The full-length

PCR fragments of various genes were PCR amplified with specific primer pairs as described

above (and BT3334-BT3335 for finR) and cloned into pUC18-mini-Tn7T-Gm-LAC [34], gen-

erating pTn-fprA, pTn-fdx1, pTn-fdx2, pTn-fdxA, pTn-rnfB, pTn-fprB and pTn-finR. The

mini-Tn based recombinant plasmid were then transposed into either PAO1 or mutant

strains, generating the complemented strains ΔfinR::Tn7T-finR and ΔfinR::Tn7T-fprA. Confir-

mation of transposition was carried out as previously described [34].

To construct the plasmids containing the fprA promoter region, a putative fprA promoter

fragment was amplified from the PAO1 genomic DNA with primers EBI61 and EBI62. The

398-bp PCR product was ligated into EcoRV-digested pUC18 and was named pPfprA. PCR-

based site-directed mutagenesis at the putative FinR-binding site was performed as previously

described [6] using primers BT4782-BT4783 and BT4780-BT4781, and these vectors are

referred to as pPfprA-MU1 and pPfprA-MU2, respectively.

5’ rapid amplification of cDNA ends (RACE)

5’ RACE was performed using a 5’/3’ RACE kit (Roche, Germany) as previously described

[62]. Essentially, DNase I-treated total RNA was reverse transcribed using specific primers

BT3311 and BT3337 as SP1 primers for finR and fprA, respectively. The first-strand DNA

(cDNA) was purified, and poly(A) was added to the 5’-terminus of the cDNA using terminal

transferase. Next, poly(A)-tailed cDNA was PCR-amplified using the specific SP2 primer

BT4438 for finR and BT4479 for fprA and an anchored oligo(dT) primer. The purified PCR

product was cloned into the pGemT vector, and the +1 site was identified from the DNA

sequences.

Real-time RT-PCR

Reverse transcription was performed as described for end-point RT-PCR [63]. Real-time

RT-PCR was conducted using 10 ng of cDNA as template, a specific primer pair and a KAPA

SYBR1 FAST qPCR kit (Kapa Biosystems, USA). The reaction was run on an Applied Biosys-

tems StepOnePlus thermal cycler under the following conditions: denaturation at 95˚C for 20

s, annealing at 60˚C for 30 s, and extension at 60˚C for 30 s, for 40 cycles. The specific primer

pairs used for finR and fprA were BT3334-EBI69 and BT3336-BT3337, respectively. The

primer pair for the 16S rRNA gene was BT2781-BT2782, which was used as the normalizing

gene. Relative expression analysis was calculated using StepOne software version 2.1 and is

presented as expression fold-change relative to the level of PAO1 wild type grown under unin-

duced conditions. Experiments were repeated independently three times, and the data shown

are the means with standard deviations (SD).

Expression and purification of P. aeruginosa FinR

The 6His-tagged FinR from P. aeruginosa was purified using the pQE-30Xa expression system

(Qiagen, Germany). The full-length finR gene was amplified from PAO1 genomic DNA with

primers EBI322 and EBI292. A 937-bp PCR product was digested with PstI before ligation into

pQE-30Xa digested with StuI (blunt ended) and PstI to generate pQE30Xa-finR for high-level

expression of finR containing an N-terminal 6His-tag. An E. coli DH5α strain harboring

pQE30Xa-finR was grown in LB medium containing 100 μg/ml ampicillin at 37˚C to an OD600

of 1.0 before being induced with 100 μM IPTG for 60 min. Purification of 6His-tagged FinR

was carried out using a nickel-nitrilotriacetic acid (Ni-NTA) agarose column as previously
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described [63]. The purity of the FinR protein was more than 90%, as judged by a major band

corresponding to the 36.9-kDa protein observed on SDS-PAGE.

Gel mobility shift assay

Gel mobility shift assays were performed using a labeled probe containing either native or

mutagenized fprA-promoters amplified from pPfprA, pPfprA-MU1, or pPfprA-MU2 as a template

and using 32P-labeled BT4691 and BT4692 primers. The promoter fragments (EBI61and

EBI62) with and without proposed FinR binding site were amplified from genomic PAO1

using primers, EBI61-EBI70 and EBI62-EBI69, respectively. Binding reactions were conducted

using 3 fmol of labeled probe in 25 μl of reaction buffer containing 20 mM Tris-HCl (pH 8.0),

50 mM KCl, 4 mM MgCl2, 0.5 mM EDTA, 0.02 mg ml-1 bovine serum albumin (BSA), 5 mM

dithiothreitol (DTT), 10% (v/v) glycerol, and 200 ng of poly(dI-dC). Various amounts of puri-

fied FinR were added, and the reaction mixture was incubated at 25˚C for 20 min. Protein-

DNA complexes were separated by electrophoresis on a 5% non-denaturing polyacrylamide

gel in 0.5× Tris-borate-EDTA buffer at 4˚C and were visualized by exposure to Hyperfilm (GE

Healthcare).

Plate sensitivity assay

A plate sensitivity assay was performed to determine the oxidant resistance level as previously

described [63]. Briefly, exponential phase cells were adjusted to OD600 of 0.1 before making

10-fold serial dilutions. 10 μl of each dilution was then spotted onto LB agar plate containing

appropriate concentrations of testing reagents. The plates were incubated overnight at 37˚C

before the colony forming units (CFU) were scored. Percent survival was defined as the CFU

on plates containing oxidant divided by the CFU on plates without oxidant and multiply by

100.

Drosophila virulence tests

The virulence of P. aeruginosa was investigated using the Drosophila melanogaster feeding

assay as previously described [5]. Briefly, exponential phase cultures of each P. aeruginosa
strains were adjusted to an OD600 of 0.5 before 800 μL of the bacterial cells were overlaid to

completely cover the surface of the preservative-free corn flour Drosophila medium at the bot-

tom of a glass fly culture vial. Approximately one-week-old adult flies were starved for 3 h

prior to the feeding assay. Twenty flies were added to each vial, and each strain of P. aeruginosa
was tested for at least three replications. Then, all of the tested flies were incubated at 25˚C for

18 h before the number of the viable flies was observed. The experiments were performed in a

double-blind fashion and were analyzed from nine experiments using three different batches

of flies.

Statistical analysis

The significance of differences between strains, cultured conditions, or changes of expression

level was statistically determined using Student’s t-test. P< 0.05 is considered significant dif-

ference and indicated as an asterisk.

Supporting information

S1 Fig. Multiple amino acid sequence alignment of P. aeruginosaFprA and FinR. The

deduced amino acid sequence of P. aeruginosa (A) FprA ferredoxin NADP(+) reductase A and

(B) FinR transcriptional regulator was aligned with those in Pseudomonas putida and
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Azotobacter vinelandii by using CLASTAL Omega alignment. The asterisk, colon, and period

symbols indicate identical residues, conserved substitutions, and semi-conserved substitutions,

respectively.
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ABSTRACT 19 

During the translation process, transfer RNA (tRNA) carries amino acids to ribosomes for protein 20 

synthesis. Each codon of mRNA is recognized by a specific tRNA, and enzyme-catalysed modifications to 21 

tRNA regulate translation. TtcA is a unique tRNA-thiolating enzyme that requires an iron-sulfur [4Fe-4S] cluster 22 

to catalyse thiolation of tRNA. In this study, the physiological functions of a putative ttcA in Pseudomonas 23 

aeruginosa, an opportunistic human pathogen that causes serious problems in hospitals, were characterized. A P. 24 

aeruginosa ttcA-deleted mutant was constructed, and mutant cells were rendered hypersensitive to oxidative 25 

stress, such as hydrogen peroxide (H2O2) treatment. Catalase activity was lower in the ttcA mutant, suggesting 26 

that this gene plays a role in protecting against oxidative stress. Moreover, the ttcA mutant demonstrated 27 

attenuated virulence in a Drosophila melanogaster host model. Site-directed mutagenesis analysis revealed that 28 

the conserved cysteine motifs involved in [4Fe-4S] cluster ligation were required for TtcA function. 29 

Furthermore, ttcA expression increased upon H2O2 exposure, implying that enzyme levels are induced under 30 

stress conditions. Overall, the data suggest that P. aeruginosa ttcA plays a critical role in protecting against 31 

oxidative stress via catalase activity and is required for successful bacterial infection of the host.  32 



3 
 

3 
 

Introduction 33 

The ability of pathogenic bacteria to successfully invade a host is largely associated with their ability to 34 

rapidly adapt to and overcome host immune systems. Reactive oxygen species (ROS) are reactive molecules and 35 

free radicals derived from the incomplete reduction of oxygen. ROS are produced as by-products of electron 36 

transport during aerobic respiration by phagolysosomes in phagocytic cells, which facilitate attacks on invading 37 

microbes1,2. ROS also play roles in cellular signalling pathways, including apoptosis, necrosis, gene expression, 38 

and the activation of cell signalling cascades3. An imbalance between the production and removal of ROS 39 

(excess ROS) is referred to as oxidative stress, which causes damage to nucleic acids, lipid peroxidation, protein 40 

oxidation, enzyme inhibition, and cofactor inactivation4. Accordingly, pathogens have evolved mechanisms to 41 

protect themselves against host-generated stresses by scavenging excess ROS with cellular enzymes, such as 42 

superoxide dismutase (Sod) and catalase (Kat), and rebuilding and repairing damaged biomolecules, including 43 

proteins and cofactors, via the methionine sulfoxide reductase (Msr) and iron-sulfur cluster (Fe-S) biogenesis 44 

(Isc) systems, respectively5-7. To attain the highest efficiency and execute successful infection, the complex 45 

processes underlying bacterial sensing and responses to stress are controlled by specific mechanisms carried out 46 

by various transcriptional regulators8-10. For example, OxyR, a LysR-type transcriptional regulator, is a global 47 

stress response protein involved in hydrogen peroxide (H2O2) defence via the activation of genes encoding Kat11, 48 

while SoxR, a [2Fe-2S] cluster-containing transcription factor, triggers a major response to superoxide anions by 49 

activating genes encoding Sod12. The mechanisms required for adaptive responses to such stresses primarily 50 

involve transcriptional controls; however, some bacteria also exhibit adaptive mechanisms for post-51 

transcriptional regulation.  52 

Translational controls in prokaryotes usually involve modifications to tRNA, which is a key molecule for 53 

protein synthesis with multiple points of stress-induced regulation13. tRNA modifications are catalysed by an 54 

enzyme with the potential to influence specific anticodon-codon interactions and regulate translation14. A 55 

previous study described specific transcripts with particular codon biases encoding stress response proteins that 56 

are translationally regulated by dynamic changes in tRNA wobble base modifications15. Numerous enzymes 57 

have been identified in modification pathways for bacterial tRNAs, such as GidA/MnmE (involved in bacterial 58 



4 
 

4 
 

virulence in several pathogenic bacteria)16,17 and TrmJ (functions in the oxidative stress response in 59 

Pseudomonas aeruginosa)18. Escherichia coli TtcA, a 2-thiocytidine tRNA biosynthesis protein, catalyses the 60 

post-transcriptional thiolation of cytosine 32 as s2C32 in some tRNAs19. TtcA contains a redox-active and 61 

oxygen-sensitive [4Fe-4S] cluster that is chelated by cysteine residues and is absolutely essential for activity19. 62 

The modified nucleoside s2C32 has thus far been found in tRNAs from organisms belonging to the Archaeal and 63 

Bacterial domains19. The TtcA protein family is characterized by the presence of both a PP-loop and a Cys-X-X-64 

Cys motif in the central region of the protein but can be divided into two distinct groups based on the presence 65 

and location of additional Cys-X-X-Cys motifs in terminal regions of the protein sequence20,21. Mutant analysis 66 

in E. coli showed that both cysteine residues in this central conserved Cys-X-X-Cys motif are required for the 67 

formation of s2C32
19. The biochemical mechanism of TtcA that catalyses the thiolation of cytosine 32 has been 68 

well studied; however, the physiological function of this enzyme has never been reported.  69 

Pseudomonas aeruginosa is one of the most common opportunistic human pathogens and causes lethal 70 

infections in patients with impaired immune systems or in critical condition. Hospital-acquired infections caused 71 

by P. aeruginosa are increasing with global epidemiology. Expanding our knowledge of the regulatory virulence 72 

network in this bacterium will facilitate the identification of potential drug targets. In this study, P. aeruginosa 73 

ttcA encoding TtcA, which contains conserved Cys-X-X-Cys motifs to bind the [4Fe-4S] cluster, was 74 

functionally characterized in response to oxidative stress and was found to play a role in the pathogenicity of this 75 

bacterium.  76 

 77 

Results and Discussion 78 

Identification of ttcA in P. aeruginosa.  79 

The P. aeruginosa PAO1 genome contains the 825-bp open reading frame (ORF) PA1192, annotated as a 80 

conserved hypothetical gene encoding a protein with high homology to E. coli TtcA, a tRNA 2-thiocytidine 81 

biosynthesis protein22. P. aeruginosa PA1192 has a theoretical molecular mass of 31.3 kDa, and its deduced 82 

amino acid sequence shares 67.2% and 66.8% sequence identity with TtcA from Escherichia coli19 and 83 

Salmonella enterica serovar Typhimurium21, respectively (Fig. 1A). No paralogous gene of PA1192 in the PAO1 84 
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genome was found. The TtcA signature motif (LSGGKDS) in the PP-loop family as well as the iron-sulfur 85 

cluster binding domains Cys-X-X-Cys (C115-S-L-C118) and Cys-X-X-Cys (C203-N-L-C206) are conserved in 86 

P. aeruginosa PA1192 (Fig. 1A). In this study, P. aeruginosa PA1192 was annotated as a putative ttcA and 87 

further noted as ttcA. 88 

P. aeruginosa ttcA is located 47 bp upstream of PA1193, a hypothetical protein (Fig. 1B). Analysis of the 89 

transcriptional organization of these genes by Northern blotting and RT-PCR using primers located in the ttcA 90 

and PA1193 genes indicated that they are transcribed separately (data not shown). ttcA is arranged 102 bp apart 91 

from PA1191, a hypothetical protein partially containing a putative DnaJ-homologous sequence, in the opposite 92 

strand (Fig. 1B). 93 

Purified TtcA binds an oxidant-sensitive iron-sulfur cluster. 94 

 To detect iron-sulfur cluster-TtcA ligation, P. aeruginosa TtcA expression in Escherichia coli and TtcA 95 

protein purification were performed as described in the Methods. The purified TtcA was then subjected to UV-96 

visible spectroscopy scanning analysis to determine the presence of iron-sulfur clusters. The results in Fig. 2 97 

show significant absorption at 415 nm and 450 nm in the UV-visible spectrum of the purified TtcA, suggesting 98 

the presence of a [4Fe-4S] cluster ligated with the protein, similar to the results of previous studies investigating 99 

the characteristics of iron-sulfur cluster proteins23,24. This finding was supported by an in silico analysis of the 100 

iron-sulfur cluster binding domains in the P. aeruginosa TtcA sequence, which contained two separate Cys-X-X-101 

Cys motifs indicative of [4Fe-4S] cluster ligation.  102 

Oxidative damage occurs when ROS oxidize an exposed Fe2+ atom in the [4Fe-4S] cluster through a 103 

metal-based oxidation mechanism, resulting in the ejection of an iron atom from the cluster and subsequent 104 

reduction of the cluster to the inactive [3Fe-4S]+ oxidation state25,26. To determine the effects of H2O2 on [4Fe-105 

4S] cluster integrity, purified TtcA was incubated with various concentrations of H2O2 prior to performing UV-106 

visible spectroscopy. The results showed decreases in TtcA absorbance at 415 nm and at 450 nm that were H2O2 107 

concentration-dependent (Fig. 2), suggesting that ligation of the [4Fe-4S] cluster to TtcA provided targets for 108 

H2O2-mediated oxidation (5–50 mM), resulting in the destabilization of iron-sulfur clusters bound to the protein. 109 

Treatment of the protein with a high concentration (0.5 M) of H2O2 led to the total loss of [4Fe-4S] clusters 110 
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bound to TtcA, as shown in Fig. 2. Together with the previously described results, we found that P. aeruginosa 111 

TtcA contains the ROS-sensitive [4Fe-4S] cluster as its cofactor, similar to TtcA in E. coli, which contributes to 112 

the thiolation of cytosine 32 in tRNA19; however, the importance of this cofactor for extended physiological 113 

function, particularly under oxidative stress conditions, still needs to be further investigated.  114 

The ttcA mutant shows increased susceptibility to H2O2and sodium hypochlorite. 115 

To evaluate the physiological function of the ttcA in P. aeruginosa PAO1 against oxidative stress, a gene 116 

deletion mutant (∆ttcA) was constructed in PAO1, as described in the Methods. Resistance levels against various 117 

oxidants, including H2O2, an sodium hypochlorite (NaOCl), organic hydroperoxides (cumene hydroperoxide 118 

[CHP] and t-butyl hydroperoxide [tBH]), superoxide generators (paraquat [PQ] and menadione [MD]), a thiol-119 

depleting agent (N-ethylmaleimide [NEM]) and an intracellular iron chelating agent 2,2’-dipyridyl (DIPY), were 120 

determined using a plate sensitivity assay and were compared to that of wild-type PAO1. There were no 121 

significant differences in the resistance levels of the ∆ttcA mutant and wild-type PAO1 against organic 122 

hydroperoxides, superoxide generators, the thiol-depleting agent and the iron chelator (Fig. 3A). However, the 123 

∆ttcA mutant exhibited 50-fold lower resistance to H2O2 and an 8-fold reduction in the percent survival against 124 

NaOCl compared to PAO1 (Fig. 3A). The sensitive phenotype of the ∆ttcA mutant against both H2O2 and NaOCl 125 

was complemented by the expression of a single copy of ttcA in Tn7 site (Fig. 3A), indicating that TtcA plays an 126 

important role in the H2O2-mediated and NaOCl-derived stress response. In PAO1, the cellular detoxification of 127 

H2O2 primarily depended on catalase activity levels; however, other mechanisms, such as thiol-peroxidase 128 

activity (Tpx) and supporting systems, including haem biosynthesis, were also required to achieve fully 129 

responsive functionality against H2O2 in P. aeruginosa. NaOCl is a bleaching agent that acts as a strong 130 

oxidizing agent and can disturb several enzymatic mechanisms, both redox and non-redox, including reactions in 131 

tRNA modification processes27,28. Moreover, NaOCl has been shown to generate intracellular ROS, which may 132 

increase H2O2 levels and lead to mutant susceptibility. 133 

Furthermore, PAO1 containing an extra copy of functional ttcA did not elevate the levels of resistance 134 

against these tested oxidants, suggesting that other components in the tRNA modification process are required or 135 

another detoxification system compensates for oxidant sensitivities. In addition to TtcA in P. aeruginosa PAO1, 136 
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TrmJ, another tRNA-modifying enzyme, has also been shown to function in the oxidative stress response of P. 137 

aeruginosa PA1418.  138 

[4Fe-4S] cluster-ligated cysteines are required for the physiological function of TtcA. 139 

 To assess the important role of [4Fe-4S] clusters in TtcA-mediated protection against stress conditions, 140 

the site-directed mutagenesis of ttcA and a complementation assay were performed. Amino acids were changed 141 

from cysteine (C) to serine (S) at different positions in the TtcA, including a cysteine next to the PP-loop motif 142 

C38; cysteines for Fe-S cluster ligation at C115, C118, C203, and C206; and another conserved cysteine, C184, 143 

using pUC18-mini-Tn7T-Gm-ttcA; then, mutated genes were transformed and integrated into the chromosome of 144 

the ∆ttcA mutant. A plate sensitivity assay using lethal concentrations of H2O2 and NaOCl was performed to 145 

compare the susceptibility of bacterial growth between the transformed ∆ttcA mutants. The results in Fig. 3B 146 

show that increased susceptibility to H2O2 in the ∆ttcA mutant was completely restored to wild-type PAO1 levels 147 

in ∆ttcA mutants containing either the native ttcA cassette (WT), the site-directed ttcA cassette with C38S, or 148 

C184S. However, H2O2 susceptibility in the ∆ttcA mutant containing the site-directed ttcA cassette with either 149 

C115S, C118S, C203S or C206S demonstrated similar levels as the ∆ttcA mutant (Fig. 3B), indicating no 150 

phenotypic restoration among these site-directed mutant strains. Therefore, the four cysteines acting as a putative 151 

Fe-S cluster ligand (C115, C118, C203, and C206) were required for fully functional TtcA to play role in the 152 

H2O2-mediated stress response. Moreover, a similar pattern was obtained with the NaOCl complementation 153 

assay, as shown in Fig. 3C, indicating that the site-directed ttcA cassette containing the cysteines for Fe-S cluster 154 

coordination (either C115S, C118S, C203S or C206S) was unable to restore NaOCl susceptibility of the ∆ttcA 155 

mutant to wild-type PAO1 levels, resulting in a sensitivity level similar to the ∆ttcA mutant. This suggested that 156 

these four cysteines for Fe-S cluster ligation were also required for the TtcA functionality in the NaOCl-157 

mediated stress response. Similar observations regarding the importance of this conserved Cys-X-X-Cys motif in 158 

the TtcA protein have been reported for the thiolation of the cytidine in position 32 of tRNA in S. 159 

Typhimurium21 and in E. coli19.   160 
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The ttcA mutant exhibits decreased total catalase activity via KatA function. 161 

In several pathogenic bacteria, the cellular detoxification of H2O2mainly depends on catalase activity levels. 162 

The two major catalases KatA and KatB are responsible for cellular H2O2 detoxification in P. aeruginosa 163 

PAO111,29. To investigate the involvement of TtcA in the H2O2-mediated stress response through catalase 164 

activity, a total intracellular catalase activity assay was performed in wild-type PAO1 and the ∆ttcA mutants. The 165 

results showed that total catalase activity in the ∆ttcA mutant was 39% and 41% lower than that in wild-type 166 

PAO1 under the exponential and stationary phases, respectively, while the ∆ttcA mutant harbouring a functional 167 

ttcA cassette at the Tn7 site showed catalase activity levels similar to that of wild type (Fig. 4A). This result 168 

suggested that TtcA is required for full catalase activity in P. aeruginosa PAO1 under both the exponential and 169 

stationary phases.  170 

To determine whether TtcA has roles in KatA or KatB activity, a catalase gel activity assay was performed. 171 

The results in Fig. 4B show that KatA activity in the ∆ttcA mutant was decreased compared to that in wild-type 172 

PAO1, and activity was restored by the expression of the functional ttcA cassette at the Tn7 site, as shown in the 173 

complemented strain. However, KatB activity levels were similar for all tested strains. These data support the 174 

hypothesis that TtcA might have a direct role in KatA activity. To confirm the contribution of TtcA to KatA 175 

activity, a double ∆katA∆ttcA mutant was constructed and used to determine H2O2 susceptibility levels in a plate 176 

sensitivity assay. The results in Fig. 4C show that the ∆katA mutant was more than 102-fold more sensitive to 177 

H2O2, while the ∆ttcA mutant was approximately 50-fold less sensitive to H2O2 compared to the sensitivity of 178 

wild-type PAO1. Additionally, the double ∆katA∆ttcA mutant exhibited H2O2 susceptibility levels similar to the 179 

∆katA mutant under a range of H2O2 concentrations with differing lethality (Fig. 4C), suggesting that TtcA 180 

contributes to KatA activity against H2O2 toxicity.  181 

Deletion of ttcA causes a change in the expression of genes involved in the oxidative stress response. 182 

To test whether the deletion of ttcA contributed to decreased KatA activity either at the transcriptional level 183 

or at the post-transcriptional level, expression analysis of katA in the ∆ttcA mutant compared to wild-type PAO1 184 

was performed using real time RT-PCR analysis. The results in Fig. 5A show that katA expression in the ∆ttcA 185 

mutant was approximately three-fold higher than that in PAO1 under conditions lacking an oxidant, and 186 
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increased katA expression in the ∆ttcA mutant was fully restored to wild-type levels by the extra copy of 187 

functional ttcA inserted at the Tn7 site. This suggests that decreased KatA activity in the ∆ttcA mutant does not 188 

result from altered katA expression at the transcriptional level; however, it may arise from post-transcriptional 189 

control, as it has previously been shown that TtcA has roles in translational control, and decreased KatA activity 190 

was observed in this study. To extend our gene expression analysis, the expression profile of genes involved in 191 

the oxidative stress response, such as katB, oxyR, and tpx, was determined by performing real time RT-PCR 192 

analysis. The results in Fig. 5A show a partial increase in katB, oxyR and tpx expression in the ∆ttcA mutant 193 

compared to the expression in wild-type PAO1. Furthermore, the expression of katB and tpx was slightly 194 

increased in the ∆ttcA mutant under H2O2 exposure, but there was no significant difference among these strains 195 

under NaOCl treatment (see Supplementary Fig. 1 online). All changes in gene expression in the ∆ttcA mutant 196 

were restored to wild-type levels by a chromosomal insertion of the extra copy of ttcA. This suggested that the 197 

∆ttcA mutant caused a defect in H2O2 detoxification via KatA-mediated mechanisms, leading to a global change 198 

in gene expression, including katB, oxyR and tpx expression, in response to H2O2-mediated oxidative stress. This 199 

result supports the previous observation in Fig. 4B that KatB activity was slightly increased in the ∆ttcA mutant 200 

compared to the activity in wild-type PAO1.  201 

Furthermore, to observe the translational efficiency of the katA transcript, Western blot analysis was 202 

performed using an ectopic 6His-tagged katA expression vector on the ∆katA mutant background to compare the 203 

native ttcA (∆katA) and ttcA deletion (∆katA∆ttcA) strains. The results shown in Fig. 5B indicate that the relative 204 

amounts of 6His-KatA in the ttcA deletion mutant (∆katA∆ttcA/pkatA-6His, 36%) were dramatically lower than 205 

those in the native ttcA mutant (∆katA/pkatA-6His, 100%) and were partially restored by the extra copy of ttcA 206 

under Tn7-mediated expression (∆katA∆ttcA/pkatA-6His, 67%). These results suggested a defect in the 207 

translational efficiency of 6His-tagged katA expression in the absence of functional ttcA and indicated that ttcA 208 

plays roles in the oxidative stress response at the post-transcriptional level via KatA activity, and the disruption 209 

of functional ttcA alters the global expression profile of genes involved in oxidative stress management, 210 

including induction of katB and expression of tpx.  211 
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The ttcA mutant shows attenuated virulence in a Drosophila host model. 212 

The full function of KatA is required for bacterial virulence in several model host systems, as shown in 213 

previous studies30, and TtcA has been shown to respond to oxidative stress via KatA activity; therefore, the 214 

contribution of ttcA to the bacterial pathogenicity of P. aeruginosa was evaluated using Drosophila 215 

melanogaster as a pathogen-host model. As shown in Fig. 6A, feeding the flies with cultured PAO1 resulted in 216 

50.8 ± 12.5% (after incubation for 12 hours) and 36.0 ± 6.7% (after incubation for 24 hours) fly survival 217 

compared with 100 ± 0% (at both time points) fly survival when LB medium was fed to the flies as a negative 218 

control. Feeding the flies with ttcA mutants resulted in 1.6-fold and 2.1-fold increases in fly survival (81.7 ± 219 

7.4% and 76.7 ± 7.2% after incubation for 12 and 24 hours, respectively) compared with feeding with PAO1 220 

(Fig. 6A). Thus, ttcA deletion attenuated the virulence of P. aeruginosa PAO1 in the tested model (p < 0.01). 221 

The attenuated virulence phenotype of the ttcA mutant was restored in a ttcA mutant expressing a functional 222 

copy of ttcA (57.2 ± 8.2% and 40.5 ± 6.3% fly survival after incubation for 12 and 24 hours, respectively). The 223 

attenuated virulence phenotype was consistent with H2O2 sensitivity levels in the ttcA mutant (Fig. 3A). In 224 

several plant and animal pathogenic bacteria, defects in peroxide detoxification or repair systems, such as 225 

knockout of catalase, methionine sulfoxide reductase or iron-sulfur cluster regulator genes, render the mutant 226 

strains attenuated for virulence in model hosts7,30-32. Hydrogen peroxide is one of the key components of innate 227 

immunity generated by host cells to eradicate invading microbes. In human hosts, H2O2 is produced within the 228 

phagolysosomes of phagocytic cells to kill engulfed pathogens2. Thus, defective protection against H2O2 toxicity 229 

in bacteria would reduce survival within the host. Hence, the attenuated phenotype may result from the reduced 230 

ability of the ttcA mutant to mitigate exposure to H2O2 during host interactions.  231 

Moreover, the iron-sulfur cluster is required to ligate with TtcA to function in tRNA modification and in the 232 

response to oxidative stress via catalase activity, as shown in our previous results. To investigate the requirement 233 

for iron-sulfur cluster-TtcA ligation in bacterial virulence, complementation with the site-directed ttcA mutants 234 

was evaluated in a Drosophila feeding assay. The results shown in Fig. 6B are similarly to those in Fig. 6A, 235 

indicating that feeding the flies with cultured PAO1 either with or without Tn7-mediated insertion of a ttcA 236 

expression cassette and incubation for 18 hours resulted in approximately 50% fly survival; however, feeding 237 
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with ttcA mutants resulted in an approximately two-fold increase in fly survival. Feeding with the ttcA::Tn-238 

TtcA mutant resulted in a fly survival level similar to that of the PAO1 strain (Fig. 6B). Substitution of iron-239 

sulfur cluster-ligating cysteines, either C115, C118, C203, or C206, with serine in the functional ttcA expression 240 

cassette and insertion into the ttcA mutant chromosome did not restore fly survival levels, while replacing one 241 

of the other conserved cysteines (either C38 or C184) in TtcA caused the phenotypic restoration of fly survival 242 

to wild-type PAO1 levels (Fig. 6B). This indicated that these iron-sulfur cluster-coordinated cysteines were 243 

required for the complete functionality of TtcA in bacterial pathogenicity. Several P. aeruginosa genes involved 244 

in iron-sulfur cluster biogenesis, including IscR, have been shown to play a role in bacterial virulence, which 245 

may correlate with TtcA function in the H2O2-mediated oxidative stress response through catalase activity. 246 

ttcA expression is increased in response to H2O2 and NaOCl exposure. 247 

Adaptive gene expression is a key component of bacterial defence against environmental stresses. The 248 

expression of many genes involved in oxidative stress protection and repair processes is frequently induced by 249 

exposure to oxidants7,33-35. The expression patterns of ttcA in PAO1 cultivated under inducing concentrations of 250 

various oxidants were determined using real time RT-PCR. The results illustrated that exposure of PAO1 to 251 

organic hydroperoxides, superoxide anion-generating agents, a thiol-chelating agent and an iron-chelating agent 252 

did not induce ttcA expression (Fig. 7A). By contrast, H2O2 and NaOCl treatment of PAO1 highly induced ttcA 253 

expression by 13.4 ± 1.5-fold and 2.9 ± 1.1-fold, respectively (Fig. 7A). The induction of ttcA expression by 254 

H2O2 and NaOCl treatment correlated with physiological analysis indicating that TtcA contributes to protection 255 

against H2O2 and NaOCl. 256 

To extend the range of the oxidant-induced gene expression profile, several concentrations of oxidants were 257 

applied to bacterial cultures and analysed by real time RT-PCR. The results in Fig. 7B showed that PAO1 258 

cultures were induced with H2O2 at concentrations ranging from 0.2 mM to 1 mM and in a dose-dependent 259 

manner, which was similar to the gene expression profile obtained for genes in the OxyR regulon, including 260 

katA, katB, ahpB and ahpCF11,29. This hinted at the possibility that ttcA expression is regulated by OxyR, the 261 

global transcriptional regulator responding to H2O2. Moreover, extending the concentration range for NaOCl 262 

treatment from 0.001% to 0.02% showed that ttcA expression was not significantly altered under 0.005% NaOCl 263 
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exposure compared to that in untreated PAO1 (Fig. 7C). This suggested that, unlike H2O2 induction, the low 264 

concentrations of NaOCl that induced ttcA expression may arise from NaOCl reactions generating oxidative 265 

stress and probably did not arise via direct NaOCl reactions with the regulator. The NaOCl induction mechanism 266 

is under further investigation. 267 

OxyR modulates the expression of ttcA to control catalase activity under stress exposure. 268 

To assess whether OxyR regulated the induction of ttcA expression upon exposure to oxidative stress, ttcA 269 

expression levels were examined in an oxyR mutant (oxyR/pBBR) and a complemented oxyR/pBBR-OxyR 270 

strain using real time RT-PCR. oxyR mutant strains were constructed in PAO1 as described in the Methods. The 271 

results showed that under uninduced conditions, the expression of ttcA in the oxyR mutant was approximately 272 

15-fold higher than ttcA levels in PAO1, with p < 0.05 (Fig. 8A). H2O2 and NaOCl treatments did further not 273 

enhance the expression of ttcA in the oxyR mutant. The expression of oxyR from the pBBR1MCS-4 vector in 274 

the mutant led to the repression of ttcA expression to levels similar to those observed in PAO1 (Fig. 8A). 275 

Furthermore, the oxidant-induced expression of ttcA expression in the complemented strain was restored to wild-276 

type levels (Fig. 8A). These data strongly suggest that OxyR is a transcriptional repressor of ttcA expression. 277 

Thus, reduced OxyR likely functions as a transcriptional repressor of ttcA expression in the absence of the 278 

inducers H2O2 and NaOCl. However, due to the presence of oxidants, oxidized OxyR either activates or 279 

derepresses ttcA expression, leading to upregulated ttcA expression, increased catalase activity, and increased 280 

resistance to H2O2 and NaOCl. OxyR controls a core regulon of oxidative stress defensive genes and other genes 281 

involved in the regulation of iron homeostasis, quorum-sensing, protein synthesis and tRNA modification36,37. 282 

Our results indicate that OxyR is involved in oxidative stress defence through diverse paths of control against 283 

H2O2 as well as NaOCl.  284 

ttcA promoter analysis was performed and physically mapped in silico, and the results are presented in Fig. 285 

8B. ttcA is located next to PA1191 with a 102-bp intergenic region. To characterize the ttcA promoter, putative 286 

+1 sites were investigated using 5' RACE. The +1 site of ttcA was mapped to a C residue located 28 bp upstream 287 

of its translational ATG start codon (Fig. 8B). Two sequences (GGGCTG and GCGTAAAAT, separated by 18 288 

bp) that resembled the E. coli ơ70 -35 and -10 promoter motifs were identified. Given the limited intergenic space 289 
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and a putative promoter sequence analysis, the ttcA and PA1191 promoter motifs might overlap with each other. 290 

The canonical OxyR promoter recognition sequence was previously proposed to be ATAG-N7-CTAT-N7-291 

ATAG-N7-CTAT11. We mapped the P. aeruginosa ttcA promoter region and found an upstream sequence 292 

(TCGGcgtcgctTTGTgcgtaaaATAGccagcttTTCT) that matched 56% (9 of 16 bases) of the OxyR promoter 293 

recognition sequence; therefore, we considered this sequence a putative OxyR binding domain of ttcA (Fig. 8B). 294 

This putative binding domain overlapped the -10 promoter region, implying an OxyR derepression mechanism 295 

for ttcA expression in response to oxidative stress. OxyR is a member of the LysR family of transcription 296 

regulators, which often use extended palindromic DNA sequences as binding boxes to modulate target gene 297 

expression, and diverse consensus sequences for OxyR binding boxes in target gene promoters have been 298 

proposed29. Direct binding of OxyR and the ttcA promoter must be further investigated.  299 

In this study, the physiological role of tRNA modification through Fe-S cluster-ligated TtcA in the 300 

pathogenic bacterium P. aeruginosa is presented. Under either H2O2- or NaOCl-mediated stress, direct 301 

transcriptional regulation through kat gene expression may not be sufficient to control cellular catalase activity, 302 

and translational control through tRNA modification is required. Herein, we proposed an additional model (Fig. 303 

8C) involving OxyR regulation to control catalase activity via both direct transcription and indirect translation of 304 

TtcA under oxidative stress conditions. During bacterial infection, P. aeruginosa OxyR upregulates katA38 and 305 

ttcA expression to increase catalase activity in response to H2O2 generated via host defence mechanisms. 306 

Together with iron-sulfur cluster ligation, TtcA has been shown to play an important role in the oxidative stress 307 

response and to facilitate bacterial survival during infection of the host, which emphasizes the critical role of the 308 

intracellular function of iron-sulfur cluster biogenesis and tRNA modification via IscR and OxyR regulation to 309 

mitigate oxidative stress and promote bacterial pathogenicity. 310 

 311 

Methods 312 

Bacterial strains, plasmids and growth conditions. 313 
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Both E. coli and P. aeruginosa (PAO1, ATCC15692) strains were aerobically cultivated in Lysogeny broth 314 

(LB from BD Difco, USA) at 37 ºC unless otherwise stated. Exponential phase cells (OD600 of about 0.5) were 315 

used in all experiments. All plasmids used in this study are listed in Supplementary Table 1 online. 316 

Molecular techniques. 317 

General molecular techniques were performed according to standard protocols39. Transformation of 318 

plasmids into P. aeruginosa strains was carried out using electroporation as previously described40. The 319 

oligonucleotide primers used in this study are listed in Supplementary Table 2 online.  320 

Construction of P. aeruginosa ttcA mutants. 321 

The ttcA deletion mutant was constructed using homologous recombination with an unmarked Cre-loxP 322 

system as previously described41. A 1271-bp right-flank (RF) PCR product containing the C-terminal of the ttcA 323 

coding region and a 1093-bp left-flank (LF) PCR product containing the N-terminal was separately amplified 324 

from PAO1 genomic DNA using primers EBI1009 and EBI1010 and primers EBI1007 and EBI1008, 325 

respectively. The RF fragment was digested with PstI and the 1010-bp RF product fragment was isolated and 326 

cloned into pUC18::Gmr6 digested with HindIII/blunted and PstI yielding pUCttcAR::Gmr. The LF fragment was 327 

digested with NcoI and the 931-bp was isolated and cloned into pUCttcAR::Gmr digested with MunI/blunted and 328 

NcoI yielding pUCΔttcA::Gmr. The constructed plasmid resulted in the deletion of 721 bp of the ttcA coding 329 

region. pUCΔttcA::Gmr was transferred into PAO1, and the putative ΔttcA::Gmr mutants were selected for the 330 

Gmr and Cbs phenotypes. An unmarked ΔttcA mutant was created using the Cre-loxP system to excise the Gmr 331 

gene as previously described41. To construct the double ΔkatAΔttcA mutant, the pUCΔttcA::Gmr was transferred 332 

into ΔkatA mutant35 and followed by similar selection and unmarking methods. 333 

Construction of plasmid and mini-Tn7 harbouring ttcA-coding regions.  334 

A pBBR-TtcA for ectopic expression of ttcA was constructed by amplifying the full-length ttcA from the 335 

PAO1 genomic DNA with primers BT4673 and BT4674. The 868-bp PCR products were cloned into the 336 

medium-copy-number expression vector pBBR1MCS-442 cut with SmaI, yielding pBBR-TtcA. Single-copy 337 

complementation was performed using a mini-Tn7 system40. The full-length ttcA were cut from pBBR-TtcA and 338 



15 
 

15 
 

cloned into pUC18-mini-Tn7T-Gm-LAC40 prior to transposing into either PAO1 or mutant strains, generating 339 

overexpressed (PAO1::Tn-ttcA) or complemented (ΔttcA::Tn-ttcA) strains.  340 

Construction of oxyR mutant and plasmid harbouring oxyR-coding regions.  341 

The oxyR deletion mutant was constructed as similar as the ttcA deletion mutant construction excepting with 342 

primers, BT5910 and BT5911, and a 625-bp deletion site in the oxyR-coding region was in between restriction 343 

enzymes, XhoI/blunted and SacII. A pBBR-OxyR for ectopic expression of oxyR was constructed as similar as 344 

pBBR-TtcA construction excepting with primers, EBI1047 and EBI1048.  345 

Site-directed mutagenesis of TtcA. 346 

Site-directed mutagenesis was performed to convert cysteine residues (C38, C115, C118, C184, C203, or 347 

C206) to serine residues through PCR-based mutagenesis as previously described6. To construct pTn-ttcAC38S 348 

for the expression of TtcA-C38S, two pairs of primers EBI1011 – TN7S and EBI1012 – BT5250, were used in 349 

two-step PCR using pUC18-mini-Tn7T-Gm-ttcA as a template. The PCR product was digested with EcoRI and 350 

SacI prior to cloning into pUC18-mini-Tn7T-Gm-LAC, generating pTn-ttcAC38S. pTn-ttcAC115S, pTn-351 

ttcAC118S, pTn-ttcAC184S, pTn-ttcAC203S and pTn-ttcAC206S were constructed using the same protocol with 352 

different sets of mutagenic primers: EBI1013 and EBI1014 for C115S, EBI1015 and EBI1016 for C118S, 353 

EBI1017 and EBI1018 for C184S, EBI1019 and EBI1020 for C203S, and EBI1021 and EBI1022 for C206S. 354 

The presence of each mutation was verified by DNA sequencing. 355 

Expression and purification of P. aeruginosa TtcA. 356 

6His-tagged TtcA from P. aeruginosa was purified using the pQE-30Xa expression system (Qiagen, 357 

Germany) as previously described33. The full-length ttcA gene was amplified from PAO1 genomic DNA with the 358 

primers EBI1035 and EBI1036. An 835-bp PCR product was digested with HindIII before ligation into pQE-359 

30Xa digested with StuI/blunted and HindIII to generate pQE30Xa-ttcA for the high-level expression of ttcA 360 

containing an N-terminal 6His-tag. An E. coli M15 strain harbouring pQE30Xa-ttcA was grown to an OD600 of 361 

1.0 before being induced with 100 μM IPTG for 60 min. Purification of 6His-tagged TtcA was carried out using 362 

a nickel-nitrilotriacetic acid (Ni-NTA) agarose column as previously described33. The purity of the TtcA protein 363 

was more than 95%, as judged by a major band corresponding to the 32.3-kDa protein observed on SDS-PAGE. 364 



16 
 

16 
 

Plate sensitivity assay. 365 

A plate sensitivity assay was performed to determine the oxidant resistance level as previously described7. 366 

Briefly, exponential phase cells were adjusted to OD600 of 0.1 before making 10-fold serial dilutions. 10 μl of 367 

each dilution was then spotted onto LB agar plate containing appropriate concentrations of testing reagents. The 368 

plates were incubated overnight at 37 ºC before the colony forming units (CFU) were scored. Percent survival 369 

was defined as the percentage of the CFU on plates containing oxidant divided by the CFU on plates without 370 

oxidant. 371 

Hydrogen peroxide and NaOCl susceptibility test. 372 

A susceptibility assay was performed to determine the hydrogen peroxide resistance level as previously 373 

described34. In short, exponential-phase cultures were normalized to an OD600 of 0.1 before treating with lethal 374 

concentration of either H2O2 or NaOCl for 30 min at 37 °C. After treatment, cells were washed twice with fresh 375 

LB broth. Cells that survived the treatment were scored using a viable cell count. The resistance levels against 376 

H2O2 were expressed as the % survival, defined as the percentage of the CFU with treatment divided by the CFU 377 

without treatment. 378 

Catalase activity assays. 379 

Total catalase activity in P. aeruginosa cells was measured by spectrophotometrically monitoring the 380 

decomposition of hydrogen peroxide6. Briefly, the reaction was performed by mixing bacterial lysate with 30 381 

mM H2O2 in 50 mM phosphate buffer pH 7.0. The absorbance changes at A240 were recorded at time intervals 382 

and calculated as the specific activity of catalase (U mg-1 protein). One unit of catalase was defined as the 383 

amount of enzyme required to hydrolyse 1 µmol of H2O2 per min at 25 °C, pH 7.0, and the molar extinction e240 384 

was equal to 0.041 cm2 µmol-1.  385 

The gel activity of Kat was intensely measured from native PAGE of P. aeruginosa cell extracts, which 386 

were stained for Kat activity as previously described43. Thirty milligrams (unheated) of protein were loaded, and 387 

protein concentrations were estimated using Bradford assay (Bio-Rad, USA). The stained gel was renatured, and 388 

catalase activity was visualized following a previously described method44 with some modifications by washing 389 

twice before soaking with horseradish peroxidase (Sigma, USA) and then removing this enzyme. The gel was 390 
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immediately soaked in 5 mM H2O2 and stained with 3,3’diaminobenzidine. Catalase activity was visualized as 391 

colourless bands against a brownish background.  392 

Western blot analysis. 393 

Western blot analysis was performed as previously described45. In brief, crude protein was extracted and 394 

isolated before mixing with 6X protein loading dye and boiling for 10 minutes. The stained protein was run 395 

under 12.5% SDS-PAGE and transferred to a Hybond PVDF membrane (GE Healthcare) in a semi-dry transfer 396 

cell (Bio-Rad). The transferred membrane was blocked and hybridized with anti-6His-peroxidase primary 397 

antibody (Roche, Switzerland) and developed with One Step™ Ultra TMB-Blotting Solution (Thermo 398 

Scientific) according to the manufacturer’s recommendation.  399 

Drosophila virulence test. 400 

The virulence of P. aeruginosa was investigated using the Drosophila melanogaster feeding assay as 401 

previously described7. Shortly, 800 µL of exponential phase P. aeruginosa cultures were overlaid to completely 402 

cover the surface of the preservative-free corn flour Drosophila medium in a glass fly culture vial. One-week-old 403 

adult flies were starved for 3 hours prior to the feeding assay. Twenty flies were added to each vial and 404 

incubated at 25 °C before the number of the viable flies was observed at different time points. The experiments 405 

were performed in a double-blind fashion and were analyzed from nine experiments using three different batches 406 

of flies. 407 

Real time RT-PCR. 408 

RNA extraction and reverse transcription was performed as previously mentioned6,34. Real time RT-PCR 409 

was conducted using a SYBR® FAST qPCR kit (KAPA Biosystems, USA). The reaction was run on an Applied 410 

Biosystems StepOnePlus thermal cycler under the recommended fast protocol condition. The specific primer 411 

pairs used for ttcA, katA, katB, oxyR, and tpx were BT4675-BT4676, BT797-BT798, BT799-BT800, EBI163-412 

EBI164 and BT3186-BT3787, respectively34. The primer pair for the 16S rRNA gene was BT2781-BT2782, 413 

which was used as the normalizing gene. Relative expression analysis was calculated using StepOne software 414 

and is presented as expression fold-change relative to the level of uninduced conditions. Data shown are the 415 

means with standard deviations (SD) from three biologically independent experiments. 416 
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5’ rapid amplification of cDNA ends (RACE). 417 

5’ RACE was performed using a 5’/3’ RACE kit (Roche, Switzerland) as previously described33. 418 

Essentially, DNase I-treated total RNA was reverse transcribed using specific primers EBI341 as SP1 primers. 419 

The first-strand DNA (cDNA) was purified, and poly(A) was added to the 5’-terminus of the cDNA using 420 

terminal transferase. Next, poly(A)-tailed cDNA was PCR-amplified using the specific SP2 primer BT4991 and 421 

an anchored oligo(dT) primer. The purified PCR product was cloned into the pGEM-T Easy vector, and the +1 422 

site was identified from the DNA sequences.  423 

Statistics.  424 

Group data are presented as means ± standard deviation (SD). The Student t-test was used to determine 425 

differences between means using the function of Excel (Microsoft, Washington) and the SPSS (version 17.0; 426 

SPSS Inc.) statistical package. Unless otherwise is stated, p values of < 0.05 were considered significant. 427 

Ethics statement.  428 

All P. aeruginosa and D. melanogaster were raised, maintained and all experiments were conducted 429 

following procedures, MUSC2016-002 and MUSC60-039-389, approved by the Committee of Biosafety, 430 

Faculty of Science, Mahidol University (MUSC) and the MUSC-Institutional Animal Care and Use Committee 431 

(IACUC), respectively.  432 
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Figure legends 562 

Figure 1. Multiple alignment of P. aeruginosa TtcA and gene organization around ttcA.  563 

(A) Alignment of TtcA from P. aeruginosa with TtcA sequences from Escherichia coli and Salmonella enterica 564 

serovar Typhimurium. The alignments were performed using the CLUSTALW algorithm. Underlined and bold 565 

letters indicate the amino acids responsible for the PP-loop motif and conserved cysteines in TtcA, respectively. 566 

The asterisk, colon, and period symbols indicate identical residues, conserved substitutions, and semi-conserved 567 

substitutions, respectively. The numbers on top of the alignments indicate the positions of the amino acids. (B) 568 

Gene organization of ttcA in the P. aeruginosa PAO1 genome. 569 

Figure 2. Characterization of iron-sulfur cluster-ligating TtcA in P. aeruginosa. 570 

UV-visible absorption spectra of 10 mM purified TtcA protein treated with the indicated concentrations of H2O2 571 

in 50 mM phosphate buffer were used in the experiments. BSA (10 mM) was used as the non-[Fe-S] protein 572 

control.  573 

Figure 3. Determination of oxidant resistance levels in P. aeruginosa strains. 574 

(A) Oxidant resistance levels in PAO1 and ttcA mutants containing the Tn7 insertion in either Tn or Tn-TtcA 575 

were determined using plate sensitivity assays. Resistance levels against H2O2 (0.5 mM), NaOCl (0.05%), 576 

cumene hydroperoxide (CHP, 1.8 M), tert-butyl hydroperoxide (tBH, 1.2 mM), paraquat (PQ, 200 µM), 577 

menadione (MD, 4 mM), N-ethylmaleimide (NEM, 0.35 mM) and 2,2’dipyridyl (DIPY, 1.2 mM) were 578 

determined using a plate sensitivity assay. (B) and (C) show the H2O2 and NaOCl resistance levels (at the 579 

indicated killing concentrations), respectively, of P. aeruginosa PAO1 and ttcA mutants with the Tn7 insertion 580 

containing either Tn, Tn-TtcA (WT), or site-directed mutagenic cysteines (C38S, C115S, C118S, C184S, 581 

C203S, and C206S), determined using a bacterial killing assay. All data shown are the mean and standard 582 

deviation (SD) of the percent survival after incubation for 18 hours from three independent experiments. The 583 

asterisk indicates statistical significance (paired t-test, p < 0.05) compared with PAO1::Tn treated under the 584 
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same condition. The normal and bold strains indicate statistically significant group differences in resistance 585 

levels (p < 0.05). 586 

Figure 4. Catalase activity in P. aeruginosa strains. 587 

(A) Total intracellular catalase activity was determined in both exponential and stationary cultures of P. 588 

aeruginosa strains. The data shown are the mean and SD of catalase specific activities in each strain from three 589 

independent experiments. The asterisk indicates statistical significance (paired t-test, p < 0.05) compared with 590 

PAO1::Tn at the same growth phase. (B) KatA and KatB catalase gel activities were investigated among P. 591 

aeruginosa strains. The band intensity of each tested strain was calculated as the relative intensity (fold change) 592 

compared to that of PAO1::Tn, with an asterisk indicating statistical significance (paired t-test, p < 0.05). The 593 

full-length gel was shown in the Supplementary Fig 2 online. (C) H2O2 resistance levels in PAO1, katA, ttcA 594 

and the katAttcA double mutant were determined using plate sensitivity assays and are shown as the mean and 595 

SD of the percent survival from three independent experiments. 596 

Figure 5. Transcriptional and translational analysis of oxidative stress responsive genes. 597 

(A) Expression levels of katA, katB, oxyR, and tpx in wild-type PAO1 and ttcA mutants containing either Tn or 598 

Tn-TtcA insertions were determined using real time RT-PCR. Bacterial cultures were grown to the exponential 599 

cell phase prior to RNA extraction. Relative expression was analysed using the 16S rRNA gene as the 600 

normalizing gene and expressed as the fold expression relative to wild-type PAO1 levels. The data shown are the 601 

mean and SD from three biologically independent experiments. The asterisks indicate statistically significant 602 

differences (p < 0.01) compared with PAO1 levels. (B) Western blot analysis of 6His-KatA levels in P. 603 

aeruginosa strains was determined using a mouse anti-6His antibody. Crude proteins were prepared from an 604 

equal amount of P. aeruginosa culture, and electrophoresis was carried out using 12.5% SDS–PAGE with 605 

protein markers. The full-length blot was shown in the Supplementary Fig 3 online. 606 

Figure 6. Virulence of P. aeruginosa strains. 607 
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(A) Virulence of PAO1 and ttcA mutants containing the Tn7 insertion in either Tn or Tn-TtcA was determined 608 

using the Drosophila melanogaster feeding method. The percent fly survival was scored at indicated time points 609 

of infection after co-incubation. (B) The virulence of PAO1 and ttcA mutants containing the Tn7 insertion in 610 

either Tn (control), Tn-TtcA (WT), or site-directed mutagenic cysteines in Tn-TtcA (C38S, C115S, C118S, 611 

C184S, C203S, and C206S) was determined in the D. melanogaster feeding assay, and the percent fly survival 612 

was scored after co-incubation for 18 hours. The data presented are the mean of three independent experiments, 613 

and the error bars in all graphs represent the SD of the mean. Differences in all graphs were statistically 614 

evaluated and found to be significant (p < 0.05). 615 

Figure 7. Expression analysis of ttcA in P. aeruginosa strains. 616 

(A) Expression levels of ttcA under oxidant exposure were determined using real time RT-PCR. Cultures of P. 617 

aeruginosa PAO1 were subjected to various stress conditions, including 0.5 mM H2O2, 0.02% NaOCl, 0.5 mM 618 

cumene hydroperoxide (CHP), 0.5 mM t-butyl hydroperoxide (tBH), 0.5 mM plumbagin (PB), 0.5 mM paraquat 619 

(PQ), 0.5 mM menadione (MD), 0.1 mM N-ethylmaleimide (NEM) or 1 mM 2,2’-dipyridyl (DIPY) for 15 620 

minutes prior to RNA preparation for real time RT-PCR analysis. Expression levels of ttcA in PAO1 under the 621 

indicated concentrations of H2O2 (B) and NaOCl (C) were determined as in previous experiments. Relative 622 

expression and data interpretation were performed as described in previous experiments. The asterisks indicate 623 

statistically significant differences (p < 0.01) compared with uninduced conditions. 624 

Figure 8. OxyR-dependent ttcA expression and promoter analysis. 625 

(A) Expression levels of ttcA in wild-type PAO1 (PAO1/pBBR), the oxyR mutant (oxyR/pBBR) and the 626 

complemented mutant (oxyR/pOxyR) grown under uninduced, 0.5 mM H2O2, or 0.02% NaOCl induced 627 

conditions were investigated using real time RT-PCR and analysed as described in previous experiments. (B) 628 

Nucleotide sequence showing the ttcA promoter structure. The putative −10 and −35 promoter elements are 629 

indicated as underlined text, and the +1 transcription start site (obtained from the 5’ rapid amplification of cDNA 630 

ends (RACE) results) and the ATG translation start site are bolded. The box shaded grey represents the putative 631 

OxyR binding site from computational analysis. (C) Proposed model of OxyR-regulated katA and ttcA 632 
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expression under oxidative stress conditions. P. aeruginosa OxyR upregulates katA and ttcA expression to 633 

increase catalase activities in response to H2O2generated by host defence mechanisms. The iron-sulfur cluster is 634 

required for fully functional TtcA activity to have a role in the oxidative stress response via KatA activity and 635 

facilitates bacterial survival during infection. 636 
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Abstract 22 

 Pseudomonas aeruginosa PAO1 contains gshA and gshB genes, which encode enzymes 23 

involved in glutathione biosynthesis. Challenging P. aeruginosa with hydrogen peroxide (H2O2), 24 

cumene hydroperoxide (CHP) and t-butyl hydroperoxide (tBH) increased the expression of gshA 25 

and gshB. The physiological roles of these genes in P. aeruginosa oxidative stress, bacterial 26 

virulence and biofilm formation were examined using P. aeruginosa ∆gshA, ∆gshB, and double 27 

∆gshA∆gshB mutant strains. These mutants exhibited significantly increased susceptibility to 28 

methyl viologen, thiol-depleting agent, and methylglyoxal compared to PAO1. Expression of 29 

functional gshA, gshB or exogenous supplementation with GSH complemented these 30 

phenotypes, which indicates that the observed mutant phenotypes arose from their inability to 31 

produce GSH. Virulence assays using a Drosophila melanogaster model revealed that 32 

the ∆gshA, ∆gshB and double ∆gshA∆gshB mutants exhibited attenuated virulence phenotypes. 33 

An analysis of virulence factors, including pyocyanin, pyoverdine, and cell motility (swimming 34 

and twitching), showed that these levels were reduced in these gsh mutants compared to PAO1. 35 

In contrast, biofilm formation increased in mutants. These data indicate that the GSH product 36 

and the genes responsible for GSH synthesis play multiple crucial roles in oxidative stress 37 

protection, bacterial virulence and biofilm formation in P. aeruginosa.  38 

 39 

  40 
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Introduction 41 

Pseudomonas aeruginosa is an opportunistic human pathogen that causes nosocomial 42 

infections in hospitalized patients with AIDS, cancer, and cystic fibrosis (CF). During infection, 43 

P. aeruginosa is first eliminated by innate immune cells, such as phagocytic cells, in which 44 

NADPH oxidase-dependent reactive oxygen species (ROS) are generated as bactericidal 45 

substances [1]. ROS are also generated as a by-product of mitochondrial electron transport [2]. 46 

Oxidative stress occurs when cells are exposed to ROS, such as superoxide anion (O2
.-), hydroxyl 47 

radical (·OH), hydrogen peroxide (H2O2) and peroxide (ROOH), which causes oxidative damage 48 

to the cell via interactions with cellular components, including lipids, DNA and proteins [3]. 49 

These reactions lead to lipid peroxidation, DNA mutation, DNA-protein crosslinking, protein 50 

oxidation and fragmentation. P. aeruginosa has evolved mechanisms to protect itself from 51 

oxidative stress to survive during these conditions. Several antioxidant enzymes degrade ROS 52 

toxicity, such as catalases, superoxide dismutases, alkyl hydroperoxide reductases, and thiol 53 

peroxidases [4,5,6]. Antioxidant molecules, such as vitamins and glutathione (GSH), also play 54 

roles in ROS removal. Biomolecular repair enzymes, such as methionine sulfoxide reductases 55 

(MSR), are required during high oxidative damage conditions [7]. 56 

The tripeptide GSH is a thiol molecule that is found in most Gram-negative bacteria and 57 

all eukaryotic cells [8]. GSH is an important compound in cells because it is involved in the 58 

maintenance of cellular homeostasis, regulation of sulfur transport, conjugation of metabolites, 59 

xenobiotic detoxification, antibiotic resistance, enzymatic regulation and the expression of stress 60 

response genes [9]. GSH is the most abundant antioxidant molecule in cells, and it protects 61 

against oxidative stress via direct and indirect interactions with ROS [10]. GSH donates its 62 

electrons directly to O2
.-, ·OH, peroxy radical (ROO·) and peroxynitrite (ONOO-), which leads to 63 
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glutathione disulfide (GSSG), and catalase or glutathione peroxidase decompose H2O2 using 64 

GSH [3]. GSH reacts with free radicals, and it is oxidized to form GSSG [8]. Glutathione 65 

reductase reduces GSSG back to GSH for recycling during the redox process in cells [8].  66 

A two-step process catalyzed by γ-glutamyl-cysteine synthetase and glutathione 67 

synthetase is required to synthesize GSH. γ-glutamyl-cysteine synthetase is encoded by the gshA 68 

gene, and it catalyzes the bonding formation between glutamate and cysteine to form γ-L-69 

glutamylcysteine [8]. Glutathione synthetase is encoded by the gshB gene, and it catalyzes the 70 

formation of the addition glycine and cysteine in γ-L-glutamylcysteine to form GSH [8]. 71 

Escherichia coli that lack the GSH biosynthesis gene (gshA or gshB) are sensitive to diamide 72 

[11]. The absence of gshA in Salmonella sp. increased susceptibility to H2O2 and nitrosative 73 

stress [12]. Salmonella without gshA exhibited attenuated virulence in a murine model [12].  74 

The aim of this work was to investigate the roles of glutathione biosynthesis genes gshA 75 

(PA5203) and gshB (PA0407) in the oxidative stress protection and bacterial virulence of P. 76 

aeruginosa.  77 

 78 

Results and discussion  79 

Expression profiles of gshA and gshB in response to stress  80 

The P. aeruginosa PAO1 genome contains gshA (PA5203), which encodes the 81 

glutamate-cysteine ligase, and gshB (PA0407), which encodes γ-glutamyl-cysteine synthetase 82 

and glutathione synthetase [51]. The gene expression patterns of gshA and gshB under stress 83 

conditions were investigated using real-time RT-PCR. PAO1 cultures were challenged with 1 84 

mM H2O2, a superoxide generator (0.5 mM plumbagin [PB], 0.5 mM menadione [MD], 0.5 mM 85 

paraquat [PQ]), organic hydroperoxides (1 mM cumene hydroperoxide [CHP], and 1 mM t-butyl 86 
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hydroperoxide [tBH]) and a thiol-depleting agent (0.5 mM N-ethylmaleimide [NEM]). Fig 1 87 

shows that peroxides, including H2O2 (2.6 ± 0.3-fold), CHP (6.3 ± 0.2-fold), and tBH (2.7 ± 0.2-88 

fold), considerably increased gshA expression compared to non-induced levels. However, other 89 

oxidants, including superoxide generators and NEM, did not significantly induce gshA 90 

expression (Fig 1). Exposure to H2O2 (2.1 ± 0.2-fold), CHP (3.3 ± 0.4-fold), and tBH (3.7 ± 0.3-91 

fold) in gshB expression, but PQ, MD, PB, and NEM treatments only marginally induced 92 

expression (approximately 50%) compared to the non-induced condition. There were some 93 

similarities between the patterns of gshA and gshB expression. Notably, treatment of PAO1 with 94 

MD and PB induced a small (approximately 40%) reduction in gshA expression compared to 95 

PAO1. NEM treatment produced an over 4-fold reduction in gshA expression (Fig 1). These 96 

treatments unexpectedly induced a small increase in gshB expression (2-fold) (Fig 1). The 97 

contrasting patterns of gshA and gshB responses to these oxidants suggest a complex response 98 

involving GSH and its intermediates. The oxidant expression profiles of gshA and gshB shared 99 

some similarities, but these patterns did not fit any know oxidant sensing/responding 100 

transcription regulators (IscR, Fur, or OxyR) [13,14]. These novel patterns suggest that single or 101 

multiple unknown regulators differentially modulated these two genes. These hypotheses are 102 

being investigated. The oxidant expression profiles of these genes suggest that these genes play a 103 

role in protecting cells from oxidants that highly induce their expression [15,16]. 104 

 105 

Fig 1. The expression of gshA and gshB in response to stress. The expression levels of gshA 106 

and gshB were determined using real-time RT-PCR. Exponential-phase cells 107 

of P. aeruginosa PAO1 were subjected to various stress conditions, including 1 mM H2O2, 1 mM 108 

cumene hydroperoxide (CHP), 1 mM t-butyl hydroperoxide (tBH), 0.5 mM paraquat (PQ), 0.5 109 
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mM menadione (MD), and 0.5 mM plumbagin (PB)], and 0.5 mM N-ethylmaleimide (NEM) for 110 

15 minutes prior to RNA preparation for real-time RT-PCR analysis. Relative expression was 111 

normalized to the 16S rRNA gene, and results are expressed as the fold-expression relative to the 112 

level of uninduced condition (UN). Data shown are means ± SD of three independent 113 

experiments.  114 

 115 

gsh mutants exhibit increased susceptibilities to paraquat (PQ) and N-116 

ethylmaleimide (NEM) 117 

 A plate sensitivity assay was performed to compare plate growth efficiency in the 118 

presence of oxidants between the PAO1 and gsh mutants and investigate the physiological roles 119 

of GshA and GshB in oxidative stress protection. Fig 2A shows the results. All gsh mutants, 120 

including ∆gshA, ∆gshB, and double ∆gshA∆gshB mutants [17], were 103-fold more sensitive to 121 

PQ (0.25 mM) treatment compared to wild-type PAO1. The PQ-sensitive phenotype of ∆gshA 122 

and ∆gshB was complemented in the mutant strains transposed with a mini-Tn7 vector 123 

containing the full-length gene and showed levels similar to PAO1, which suggests that the PQ 124 

susceptibility in these mutants was the result of a lack of functional GshA or GshB. GSH (2 mM) 125 

was supplemented in the medium to confirm whether GSH, which is a product of GshA and 126 

GshB, was involved in protection against PQ toxicity in P. aeruginosa. Bacterial survival was 127 

determined after 0.25 mM paraquat treatment. The survival rates of ∆gshA, ∆gshB, double 128 

∆gshA∆gshB mutants and PAO1 grown in 2 mM GSH supplemented medium after paraquat 129 

treatment increased significantly (103) in all gsh mutants compared to mutants grown in LB 130 

without 2 mM GSH (Fig 2A). There were no significant differences in survival rates after 131 

paraquat treatment in PAO1, ∆gshA::gshA, and gshB::gshB complemented strains grown in LB 132 
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with 2 mM GSH compared with strains grown in LB alone (Fig 2A). This result suggests that the 133 

PQ susceptibility in these gsh mutants resulted from defects in glutathione biosynthesis and the 134 

exogenous GSH restored the PQ-sensitive phenotype. This result suggests that GSH plays a role 135 

in the protection against PQ toxicity in PAO1.  136 

 137 

Fig 2. Determination of PQ and NEM resistance levels in gsh mutants and PAO1. (A) Plate 138 

sensitivity assay was performed with and without 2 mM GSH supplementation in LB plates 139 

containing 0.25 mM PQ and 0.3 mM NEM. (B) Plate sensitivity assay against 0.25 mM PQ 140 

using LB plates plus 1% NaNO3 and incubated under aerobic and anaerobic conditions. Data 141 

presented are means ± SD of three independent experiments. The asterisk indicates a statistically 142 

significant difference (P < 0.05) relative to PAO1. 143 

 144 

 PQ is a superoxide generator that undergoes an intracellular redox cycling reaction via 145 

the acceptance of an electron from NADPH and transfers that electron to oxygen to produce a 146 

superoxide anion [18]. However, PQ itself exerts its toxicity in an oxygen-independent manner 147 

via intracellular transformations [19]. The plate sensitivity assay was performed under aerobic 148 

and anaerobic conditions, as described in the Materials and Methods, to determine whether PQ 149 

toxicity in gsh mutants was produced from superoxide anion generation or direct toxicity. The 150 

103-fold increase in PQ sensitivity of ΔgshA, ΔgshB, and ΔgshAΔgshB mutants was abolished 151 

under the anaerobic condition compared to the aerobic condition (Fig 2B). These gsh mutants 152 

exhibited a similar PQ susceptibility under the anaerobic condition as PAO1. Therefore, the 153 

increased PQ susceptibility of the Δgsh mutant required oxygen and most likely resulted from 154 

superoxide anion-mediated toxicity. These results support the hypothesis that GSH acts as an 155 
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antioxidant agent to scavenge this superoxide radical and defects in GSH biosynthesis contribute 156 

to oxidative stress that leads to cell death.   157 

 The ∆gshA and double ∆gshA∆gshB mutants were 102-fold more susceptible to NEM (0.3 158 

mM) than the wild-type bacteria (Fig 2A). However, the ∆gshB mutant exhibited similar 159 

susceptibility levels to NEM as the wild type (Fig. 2A), which suggests that the lack of GshB 160 

activity did not affect thiol depletion. Complementation of the gshA mutant (∆gshA::gshA) strain 161 

produced similar susceptibility levels as PAO1 (Fig 2A).  162 

  NEM is a thiol-depleting compound that reacts with the sulfhydryl group of cysteine 163 

residues in several proteins. NEM causes cellular thiol depletion and contributed to the NEM 164 

hypersensitive phenotype of gshA mutant, which suggests that GSH biosynthesis is important to 165 

NEM resistance. GSH protects proteins from NEM-induced modification to maintain the 166 

function of these proteins under NEM exposure [20]. GSH also reacts chemically with NEM to 167 

lower toxic concentrations [20]. The deletion of gshA resulted in the lack of GSH and its 168 

intermediates, and cells with deleted gshB gene still produced γ-glutamylcysteine, which is an 169 

intermediate of GSH biosynthesis that exhibits antioxidant properties [11]. GSH detoxifies NEM 170 

toxicity via direct conjugation to produce an N-ethylsuccinimido-S-glutathione (ESG) adduct 171 

[20], which activates potassium efflux systems and decreases cytoplasmic pH to protect cells 172 

from electrophile toxicity [21]. The ESG adduct is degraded to a non-toxic metabolite, N-173 

ethylmaleamic acid, during NEM detoxification prior to release from the cell [20]. NEM also 174 

activates P. aeruginosa glutathione-gated potassium efflux (GGKE), which leads to K+ and Ca2+ 175 

efflux and H+ influx, and alters biofilms to result in detachment [22]. GSH and its intermediates 176 

may provide general thiol-buffering effects to protect bacteria against the thiol-depleting agent 177 

NEM. 178 
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gsh mutants are sensitive to methylglyoxal 179 

 Reactive electrophilic species (RES) are highly reactive molecules that contain α, β-180 

unsaturated carbonyl or electrophilic groups [23]. RES cause stress to the cell via reactions with 181 

nucleophilic macromolecules, including proteins and DNA, and produce irreversible damage and 182 

mutation [23]. Methylglyoxal is an RES-generating molecule that is highly toxic to cells. The 183 

broth microdilution assay was performed using gsh mutants to investigate the role of GSH 184 

biosynthesis in the protection from methylglyoxal toxicity. The susceptibility level was 185 

expressed as the MIC values of each bacterial strain. The ∆gshA and ∆gshA∆gshB mutants 186 

exhibited a 4-fold reduction in MIC level (0.01%) against methylglyoxal, and the ∆gshB 187 

exhibited a 2-fold reduction in MIC (0.02%) compared to PAO1 (0.04%) (Table 1). The 188 

introduction of gshA or gshB completely restored the increased susceptibility to methylglyoxal of 189 

both mutants to the PAO1 level (0.04%). The reduction in MIC against methylglyoxal in gsh 190 

mutants suggests that cellular GSH is important in the protection of P. aeruginosa against 191 

methylglyoxal-mediated RES, which was observed in other bacteria [24,25]. Exogenous GSH 192 

was supplemented into the culture medium, and the phenotypes were re-examined to determine 193 

whether GSH was required for methylglyoxal resistance in this bacterium. Supplementation of 2 194 

mM GSH increased methylglyoxal resistance in gsh mutants to levels similar to the PAO1 level 195 

(MIC, 0.04%). These results suggest that the methylglyoxal susceptibility of gsh mutants 196 

resulted from the malfunction of GSH biosynthesis, which decreased GSH levels in the cell.   197 

  198 
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Table 1. MIC of methylglyoxal for P. aeruginosa PAO1 and gsh mutants. 199 

Strains 

MIC of Methylglyoxal (%)  

No GSH 2 mM GSH 

PAO1 0.04 0.04 

∆gshA 0.01 0.04 

∆gshA:: gshA 0.04 0.04 

∆gshB 0.02 0.04 

∆gshB::gshB 0.04 0.04 

∆gshA∆gshB 0.01 0.04 

The data shown are the mode of at least three independent experiments . 200 

 201 

 Methylglyoxal uses different mechanisms to exert its antimicrobial activity, including 202 

inhibition of protein, DNA, and RNA synthesis [26,27]. Bacterial methylglyoxal detoxification is 203 

carried out mainly by glyoxalase I and II enzymes [23]. In E. coli, Glyoxalase I requires GSH as 204 

a cofactor in the converting of methylglyoxal to the intermediate S-lactoylglutathione, which 205 

activates the potassium efflux pump and NEM-GSH adduct (ESG) [28]. The acidic cytoplasm 206 

contributes to cell survival against the methylglyoxal toxicity. Notably, P. aeruginosa expresses 207 

two glyoxalase I enzymes, which belong to different metal activation classes [29]. Glyoxalase II 208 

further converts S-D-lactoylglutathione to glycolic and lactic acids [23]. Therefore, cellular GSH 209 

plays a direct role in the full activity of glyoxalase I in the detoxification of methylglyoxal in this 210 

bacterium.  211 

  212 
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∆gsh mutants attenuate virulence in a Drosophila host model 213 

 GSH is responsible for ROS and RES protections in P. aeruginosa, and these factors 214 

contribute to bacterial pathogenicity. The virulence of the P. aeruginosa gsh mutant strains was 215 

tested using a fruit fly Drosophila melanogaster feeding assay, as described in the Materials and 216 

Methods. Feeding flies with P. aeruginosa wild-type PAO1 produced 50 ± 6.3% fly survival 217 

compared to 100% LB feeding as a negative control after a 20-h incubation (Fig 3). The 218 

percentage of fly survival increased significantly to 80 ± 4.2%, 80 ± 3.9%, and 81 ± 4.5% when 219 

the ΔgshA, ΔgshB, and ΔgshAΔgshB mutants were fed to D. melanogaster, respectively (P < 220 

0.05). These results indicate that deletion of gshA or gshB attenuates the virulence 221 

of P. aeruginosa PAO1 in the tested model. Functional gshA or gshB restored the attenuated 222 

virulence in these mutants because similar levels of percent fly survival as the wild-type flies 223 

were observed (58 ± 3.0% and 62 ± 5.8% fly survival, respectively). These results suggest that 224 

GSH biosynthesis plays important roles in the pathogenicity of P. aeruginosa in the fruit fly 225 

Drosophila host model.    226 

 227 

Fig 3. Virulence testing for gsh mutants and PAO1 using fruit fly Drosophila 228 

melanogaster feeding assay. Surviving flies were counted after 20 h of incubation, and results 229 

are expressed as the percent survival. Data presented are means ± SD of three independent 230 

experiments. The asterisk indicates a statistically significant difference (P < 0.05) compared with 231 

PAO1. 232 

 233 

Fly immunity is a multilayered system that includes at least 7 defense mechanisms to 234 

protect flies from invading pathogens [30]. One of these mechanisms that regulates bacteria in 235 
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the fly gut is antimicrobial peptides (AMPs), and ROS, particularly superoxide anions produced 236 

from midgut epithelial cells, is a first-line defense mechanisms [31]. In the infected fly gut, ROS 237 

was produced from the NADPH oxidase dDuox protein of epithelial cells, which is triggered by 238 

invading bacteria [32]. P. aeruginosa PAO1 protected itself from the oxidative stress generated 239 

by the host cells via the use of GSH as an antioxidant agent, which lead to growth in the fly gut 240 

and host death from bacterial infection. GSH is responsible for virulence attenuation and the 241 

superoxide hypersensitivity of gsh mutants. Loss of gshA or gshB in P. aeruginosa attenuated the 242 

virulence ability to cause fly death, likely because of a reduced ability to survive within the host. 243 

Therefore, gsh mutants were killed more rapidly by host-produced ROS.  244 

Virulence factors play an important role in bacterial infection, colonization, and invasion 245 

within the host cell [33]. Different virulence factors are required in two forms of bacterial stages 246 

during infection: the planktonic form is involved in acute infection, and biofilm is involved in 247 

chronic infection [34]. Planktonic bacteria produce several virulence factors to infect the host, 248 

including phenazine pyocyanin, which generates ROS and promotes inflammation, motility 249 

factors that facilitate bacterial movement through host cells, siderophores that trap extracellular 250 

iron, and toxins that damage host cells [34]. Biofilm formation is associated with persistent 251 

infection and antibiotic resistance within host cells [35].  252 

Glutathione plays important roles in pyocyanin production  253 

 P. aeruginosa pyocyanin is a terminal signaling factor in a quorum sensing network and a 254 

virulence factor from oxidative stress pathways, which is involved in the pathophysiological 255 

effects in cystic fibrosis patients [36]. The amount of pyocyanin in gsh mutant strains was 256 

measured and compared to PAO1. The results in Fig 4A show that the wild-type PAO1 culture 257 

medium contained 6.32 ± 0.3 µg/ml pyocyanin, and the ΔgshA, ΔgshB, and double ΔgshAΔgshB 258 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0172071#pone-0172071-g005
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mutant culture mediums contained significantly lower pyocyanin (3.01 ± 0.0, 3.84 ± 0.3, and 259 

3.63 ± 0.4 µg/ml, respectively). The amount of pyocyanin in the culture medium of the 260 

ΔgshA::gshA complemented strains was similar to PAO1, and the ΔgshB::gshB strain exhibited 261 

increased pyocyanin levels up to 17.72 ± 0.05 µg/ml (3-fold higher than PAO1). The effect of 262 

constitutive expression of gshB from the Tn7 expression vector promoter on pyocyanin 263 

production was unexpected. This result may be due to deregulation of gshB expression, which 264 

leads to a much higher level of pyocyanin via unknown mechanisms. The significantly decreased 265 

pyocyanin levels in these gsh mutants suggest that bacterial GSH biosynthesis is required for 266 

pyocyanin production.   267 

 268 

Fig 4. Pyocyanin production in P. aeruginosa wild-type PAO1 and gsh mutants. (A) PAO1, 269 

∆gshA, ∆gshA::gshA, ∆gshB, ∆gshB::gshB and double ∆gshA∆gshB mutant strains were cultured 270 

for 24 h, and the supernatant was collected for pyocyanin measurement. (B) Real-time RT-PCR 271 

analysis of phzA1 and phzA2 expression. Total RNA was isolated from PAO1, ∆gshA, ∆gshB, 272 

and double ∆gshA∆gshB strains. Data shown are the fold change in expression relative to wild-273 

type PAO1 level. (C) Northern blot analysis of mRNA samples probed with radioactively 274 

labeled phzA2. Total RNA (20 µg) prepared from the cultures of PAO1 and the gsh mutants were 275 

loaded into each lane. The number below each band represents the fold change in band intensity 276 

relative to the level of the wild-type determined using densitometric analysis. The asterisk 277 

indicates a statistically significant difference (P < 0.05) compared with PAO1. 278 

  279 

Production of pyocyanin in P. aeruginosa involves two homologous systems encoded by 280 

the phzA1B1C1D1E1F1G1 (phzA1) and phzA2B2C2D2E2F2G2 (phzA2) gene clusters [37]. The 281 
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expression of phzA1 and phzA2 in gsh mutants was determined using real-time RT-PCR. The 282 

level of phzA1 exhibited a small decrease (less than 50%) compared to PAO1 levels in gsh 283 

mutants (Fig 4B). The expression of phzA2 was 2-fold lower in the ΔgshA, ΔgshB, and double 284 

ΔgshAΔgshB mutants compared with the PAO1 (Fig 4B). These results suggest that GSH 285 

biosynthesis is required for the full expression of phzA1 and phzA2 operons via unknown 286 

mechanisms, and the expression levels of these operons contribute to overall pyocyanin 287 

production in P. aeruginosa [38]. Northern blot analysis was performed to confirm the 288 

expression of phzA in the gsh mutants compared to PAO1. The results demonstrate that phzA2 289 

genes were transcribed mostly as polycistronic transcripts, and phzA2 expression was reduced 290 

approximately 2-fold in the ΔgshA, ΔgshB, and double ΔgshAΔgshB mutants relative to PAO1 291 

level (Fig 4C). These results are consistent with the results of the real-time RT-PCR analysis. A 292 

similar observation was reported for the gshB mutant in P. aeruginosa [38].  293 

 GSH interferes with the ability of pyocyanin to interact with extracellular DNA (eDNA) 294 

via a direct reaction with pyocyanin [39]. The reaction of eDNA and pyocyanin is important in 295 

biofilm formation. Therefore, the balance of pyocyanin-eDNA-GSH is altered in the absence of 296 

GSH, which could lead to the observed decrease in pyocyanin production (Fig 4A). 297 

gsh mutants produce lower pyoverdine levels 298 

 Pyoverdine is a green fluorescent siderophore that is also involved in P. aeruginosa 299 

pathogenicity. It is secreted from P. aeruginosa under iron-limiting conditions for the chelation 300 

of ferric ions in the environment into cells [40]. The amount of pyoverdine in P. aeruginosa 301 

strains was quantified using fluorescent spectrometry to investigate whether GSH affected 302 

pyoverdine production. The intensity of fluorescence was normalized to cell density (OD600), and 303 

the results are shown as percent relative fluorescence intensity. The amounts of pyoverdine in 304 
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ΔgshA, ΔgshB, and double ΔgshAΔgshB mutants were significantly lower (21.9 ± 2.4%, 19.1 ± 305 

1.8%, and 15.8 ± 1.1%, respectively) than PAO1 (100%) (Fig 5). The expression of functional 306 

gshA and gshB restored pyoverdine secretion in the GSH mutants to the PAO1 level (Fig 5). 307 

These data suggest that GSH biosynthesis is involved in pyoverdine production in P. aeruginosa. 308 

 309 

Fig 5. Pyoverdine production in P. aeruginosa. PAO1, ΔgshA, ΔgshA::gshA, ΔgshB, 310 

ΔgshB::gshB and double ΔgshAΔgshB mutants were incubated in Pseudomonas F medium 311 

overnight at 37°C. Pyoverdine was fluorometrically measured by recording the emission at 477 312 

nm and excitation at 400 nm in a luminescence spectrometer. The asterisk indicates a statistically 313 

significant difference (P < 0.05) compared to PAO1. 314 

 315 

 Siderophore pyoverdine is secreted by the type VI secretion system (T6SS) under iron-316 

limiting conditions in P. aeruginosa to scavenge Fe3+ in the extracellular environment [48]. 317 

Ferripyoverdine (pyoverdine-Fe3+ complex) binds the FpvA outer membrane receptor and 318 

imports iron into the cell. FpvA interacts with FpvR antisigma factor in the periplasm and 319 

transmits the signal to the cytoplasmic domain of FpvR. Two sigma factors, σPvdS and σFpvI, are 320 

activated and bind to RNA polymerase to initiate the transcription of pyoverdine synthesis genes 321 

and fpvA, respectively [48].  322 

            Another siderophore in P. aeruginosa is pyochelin. Ferripyochelin is transported into the 323 

cell via the FptA outer membrane receptor [49]. Ferripyochelin iron reductase located in the 324 

periplasm and cytoplasm catalyzes the reduction of Fe3+ and releases Fe2+ from the pyochelin 325 

[49]. GSH and NADH are electron donators for ferripyochelin iron reductase [50]. Therefore, the 326 
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re-adjustment of iron uptake processes, such as reduced pyoverdine synthesis, is required in the 327 

absence of thiols. 328 

∆gsh mutants exhibit impaired swimming and twitching motility 329 

 Flagella and type IV pili play important roles in bacterial virulence during acute and 330 

chronic P. aeruginosa infections. Flagella are also required for biofilm formation and contribute 331 

to persistent colonization, and type IV pili mediate adherence to the epithelial cell surface and 332 

contribute to biofilm formation [41]. P. aeruginosa uses a single flagellum for swimming in a 333 

liquid environment, and twitching is flagella-independent. Twitching is powered by an extension 334 

and retraction of pili. Table 2 shows that the swimming motility of wild-type PAO1 was 47.0 ± 335 

1.7 mm after 48 h of incubation. Defects in swimming motility in the ΔgshA (33.0 ± 2.0 mm), 336 

ΔgshB (38.5 ± 2.1 mm), and ΔgshAΔgshB mutants (35.0 ± 2.0 mm) were observed compared to 337 

PAO1. The ΔgshA::gshA and the ΔgshB::gshB complemented strains exhibited restored motility 338 

(43.3 ± 1.2 and 45.3 ± 5.7 mm, respectively) to a similar level as PAO1 (Table 2). Table 3 also 339 

shows that twitching motility was reduced significantly in the ΔgshA, ΔgshB, and ΔgshAΔgshB 340 

mutants (32.3 ± 3.1, 33.7 ± 3.2, and 32.3 ± 2.5 mm, respectively) compared to PAO1 (43.3 ± 1.5 341 

mm). Swimming and twitching motility were defective in the ∆gsh mutants, but the colony sizes 342 

of these mutants on the LB agar were similar to PAO1 (data not shown).  343 

  344 



17 
 

Table 2. Swimming and twitching motility in P. aeruginosa after 48 h incubation. 345 

Strains 

Motility Zone (mm ± SD) 

Swimming Twiching 

PAO1 47.0 ± 1.7 43.3 ± 1.5 

∆gshA 33.0 ± 2.0 * 32.3 ± 3.1 * 

∆gshA::gshA 43.3 ± 1.2 43.0 ± 2.0 

∆gshB 38.5 ± 2.1 * 33.7 ± 3.2 * 

∆gshB::gshB 45.3 ± 5.7 41.3 ± 1.5 

∆gshA∆gshB 35.0 ± 2.0 * 32.3 ± 2.5 * 

 346 

The data shown are the means ± SD of motility zone (mm) at 48 h incubation of three 347 

independent experiments. The asterisk indicates a statistically significant difference (P < 0.01) 348 

relative to PAO1. 349 

 350 

 GSH is transported from the bacterial cytoplasm to the periplasm via the CydDC 351 

transporter, which is an ATP-binding cassette-type transporter [42]. GSH exportation maintains 352 

the redox environment and protects cells from external toxicity or electrophilic compounds in S. 353 

typhimurium and E. coli [43]. Periplasmic GSH participates in disulfide bond formation and 354 

protein folding via the disulfide bond protein (Dsb) pathway [44]. These correct folding proteins 355 

are important for the proper assembly of flagella motors and pili. E. coli cydD mutants exhibited 356 

defective cell motility due to disrupted flagella assembly. The gshA mutant also exhibited 357 

defective flagella function. These results indicate that the transportation of GSH to the periplasm 358 

plays an important role in cell motility [42].  359 
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Deletion of genes encoding glutathione biosynthesis increases biofilm 360 

formation  361 

 Biofilm formation is one virulence factor in P. aeruginosa. Biofilm contributes to 362 

resistance to various stresses, including antimicrobial stress, and it is an important component of 363 

chronic infections [45]. Biofilm formation was determined in PAO1 and gsh mutants in the 364 

present study. Biofilm levels in the ΔgshA, ΔgshB, and double ΔgshAΔgshB mutants (1.9 ± 0.2-365 

fold, 2.3 ± 0.1-fold, and 1.9 ± 0.1-fold, respectively) were significantly higher than PAO1 (Fig 366 

6). The ΔgshA::gshA and ΔgshB::gshB complemented strains exhibited restored biofilm 367 

formation to the PAO1 level (Fig 6). These results demonstrated that a defect in GSH 368 

biosynthesis via deletion of gshA or gshB increased biofilm formation, which suggests a role for 369 

GSH in the repression of biofilm formation. GSH (2 mM) was added to the bacterial culture 370 

during the assay to determine whether GSH inhibited biofilm production in P. aeruginosa. Fig 6 371 

shows that the addition of GSH decreased biofilm formation in ΔgshA, ΔgshB, and double 372 

ΔgshAΔgshB mutants to a level similar to PAO1. GSH inhibition of biofilm formation in P. 373 

aeruginosa PAO1 is consistent with previous observations that GSH disrupted mature and 374 

immature biofilms of the clinical P. aeruginosa strain [46]. Pyocyanin pigment activates eDNA 375 

release from P. aeruginosa via H2O2-mediated cell lysis, which leads to the binding of pyocyanin 376 

to eDNA and facilitation of biofilm formation [39]. GSH non-enzymatically interacts with 377 

pyocyanin to form a pyocyanin-GSH complex that inhibits pyocyanin-mediated cell lysis, the 378 

release of eDNA, binding to eDNA, and biofilm formation [39]. A small increase in gshA 379 

expression levels (1.1-fold) in non-clonal cystic fibrosis isolates P. aeruginosa was observed 380 

when the isolates switched from planktonic to biofilm growth, which suggests that biofilm cells 381 

require GSH to control production [47].  382 
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Fig 6. Biofilm formation assay in P. aeruginosa. PAO1, ΔgshA, ΔgshA::gshA, ΔgshB, 383 

ΔgshB::gshB and double ΔgshAΔgshB mutants were cultured in LB medium with or without 2 384 

mM GSH supplementation for 24 h. The biofilm layer of PAO1 and indicated strains was stained 385 

with 1% crystal violet solution. The biofilm biomass (OD600) of gsh mutants and complemented 386 

strains compared with PAO1 were quantified. The asterisk indicates a statistically significant 387 

difference (P < 0.05) compared to PAO1 388 

 389 

GSH biosynthesis was required for the activation of virulence factors in planktonic cells, 390 

including pyocyanin pigment, siderophore, and motility to promote virulence, in P. aeruginosa 391 

for infection and survival within the host cell (Figs 4 and 5, and Table 3). GSH acted as an anti-392 

biofilm in chronic infection and adjusted the metabolic protection and stress response 393 

mechanisms.  394 

 395 

Conclusion 396 

 gshA and gshB are responsible for GSH biosynthesis in P. aeruginosa. These findings 397 

demonstrated that the inactivation of gshA and gshB genes increased the susceptibility to ROS- 398 

and RES-mediated agents and attenuated virulence due to defects in pigment production, 399 

siderophore, and motility (Fig 7). GSH biosynthesis controlled biofilm formation. The data 400 

demonstrated that GSH was not essential but played centrally important roles in various 401 

physiological processes that were important to survival in the diverse environmental conditions 402 

that P. aeruginosa encountered.  403 

 404 
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Fig 7. Overview function of GSH biosynthesis in P. aeruginosa. GshA and GshB catalyzed 405 

GSH biosynthesis. Bacteria at the early stage of infection encounter various stresses, including 406 

ROS and RES, which are generated by the host cell. GSH biosynthesis plays a primary 407 

protective role in the detoxification of these oxidative stresses. P. aeruginosa required GSH for 408 

activation of pigment, siderophore, and motility, which promote bacterial virulence in planktonic 409 

cells. GSH also disrupts biofilm formation to control the amount of biofilm. 410 

 411 

Materials and methods 412 

Bacterial strains 413 

All bacterial strains used in this study are listed in Table 3. P. aeruginosa strains were 414 

grown in lysogeny broth (LB) with shaking at 180 rpm at 37°C. The overnight culture was 415 

inoculated in fresh LB medium and incubated with shaking. Cells in the exponential phase 416 

(optical density at 600 nm (OD600) of 0.5 after 3 h of growth) were used in all experiments.  417 

 418 

Table 3. Bacterial strains and plasmids used in this study. 419 

Strains Relevant characteristics Source or 

Reference 

P. aeruginosa 

PAO1 Wild type carrying mini-Tn7T [17] 

∆gshA gshA mutant, derivative of PAO1 in which a part of gshA 

was deleted and carrying mini-Tn7T 

[17] 

∆gshA::gshA gshA mutant carrying mini-Tn7Tcontaining gshA [17] 
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∆gshB gshB mutant, derivative of PAO1 in which a part of gshB 

was deleted and carrying mini-Tn7T 

[17] 

∆gshB::gshB gshB mutant carrying mini-Tn7Tcontaining gshB [17] 

∆gshA∆gshB Double gshA and gshB mutant, derivative of gshA mutant in 

which a part of gshB was deleted and carrying mini-Tn7T 

[17] 

E. coli 

DH5α ɸ80d lacZΔM15, recA1, endA1, gyrA96, thi-1, hsdR17(rk
-, 

mk
+), supE44, relA1, deoR, Δ(lacYMAargF)U169 

Stratagene 

Inc. (USA) 

 420 

Molecular techniques 421 

General molecular techniques, including DNA and RNA preparations, DNA cloning, 422 

PCR amplification, Southern blot analysis and bacterial transformation, were performed 423 

according to standard protocols [48].  424 

Expression analysis of gshA, gshB, phzA1 and phzA2 using endpoint and real-425 

time RT-PCR 426 

Total RNA samples were extracted from exponential phase PAO1 culture with and 427 

without oxidant treatment for 15 min at 37ºC. Total RNA was treated with DNase I (Thermo 428 

Scientific, USA) prior to performing cDNA synthesis using 5 µg DNase I-treated RNA, 429 

RevertAid Reverse Transcriptase and random hexamer primers (Thermo Scientific, USA). 430 

Endpoint reverse transcription (RT)-PCR was performed using 10 ng cDNA to determine gene 431 

expression levels using primers EBI11 (5’-CGCTACGGCAAGACCATG-3’) and EBI12 (5’-432 

GCGCTCCAACTGGCTCGG-3’) for gshA, BT5458 (5’-CGCATGCGCCCGCTGAAGG-3’) 433 

and BT5459 (5’-GCGCGCCAGGCAGTAGGG-3’) for gshB, EBI315 (5’-434 
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CGGTCAGCGGTACAGGGAA-3’) and EBI316 (5’-GCGAGAGTACCAACGGTTGAAA-3’) 435 

for phzA1, and EBI316 and EBI317 (5’-CGTCGCACTCGACCCAGAA-3’) for phzA2. The 16S 436 

rRNA gene was amplified using primers BT2781 (5′-GCCCGCACAAGCGGTGGAG-3′), and 437 

BT2782 (5′-ACGTCATCCCCACCTTCCT-3′) was used as an internal control to normalize 438 

cDNA samples. RT-PCR products were visualized using 1.8% agarose gel electrophoresis.   439 

Northern blot analysis 440 

Total RNA isolation, agarose-formaldehyde gel electrophoresis, blotting, and 441 

hybridization were performed as previously described [48]. Purified total RNA (20 μg) was 442 

loaded into the gel. A 305-bp fragment of the phzA2 coding region was used as the DNA probe 443 

and amplified using primers EBI316 (5′-GCGAGAGTACCAACGGTTGAAA-3′) and EBI317 444 

(5′-CGTCGCACTCGACCCAGAA-3′). Radioactively labeled probes were prepared using 445 

random-primed labeling with [α-32P] dCTP. 446 

Determination of the oxidant resistance level   447 

To determine the oxidant resistance level, a plate sensitivity assay was performed as 448 

previously described [7]. Briefly, exponential phase cells were adjusted to an OD600 of 0.1 prior 449 

to a 10-fold serial dilution in LB medium. Each dilution (10 μl) was spotted onto an LB plate 450 

containing 0.25 mM paraquat (PQ) and 0.3 mM N-ethylmaleimide (NEM). The plates were 451 

incubated overnight at 37°C prior to quantification of colony forming units (CFUs). Percent 452 

survival was defined as the CFUs on the plates containing oxidant divided by the CFUs on plates 453 

without oxidant and multiplied by 100.  454 

Plate sensitivity assays for anaerobic conditions were performed using LB medium 455 

supplemented with sodium nitrate (NaNO3, 1% w/v). The culture plates were incubated in an 456 
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anaerobic jar containing an anaerobic gas pack (AnaeroGen, Oxoid, UK) and incubated at 37°C 457 

for 48 h.  458 

MIC determination 459 

The minimum inhibitory concentrations (MICs) of antibiotics were determined using a 460 

broth microdilution assay. P. aeruginosa PAO1 and gsh mutant strains were grown in LB 461 

medium at 37°C under aerobic conditions until reaching the exponential phase. The LB broth 462 

supplemented with different concentrations of agents with and without 2 mM reduced GSH 463 

(Sigma Aldrich, USA) was incubated with bacteria at 37°C for 18 h. The lowest concentration of 464 

antibiotic that inhibited bacterial growth after 18 h of incubation was determined as the MIC 465 

value.  466 

Drosophila melanogaster virulence assay 467 

The virulence of P. aeruginosa and mutants were evaluated using the Drosophila 468 

melanogaster model as previously described [7]. Essentially, the exponential phase cultures of P. 469 

aeruginosa strains were adjusted to an OD600 of 0.5 in 800 µl of LB broth prior to the overlaying 470 

of cell suspensions onto the surface of preservative-free corn flour Drosophila medium (350 ml 471 

water, 32 g corn flour, 9 g yeast, 20 g sugar, and 8 g agar) at the bottom of glass fly culture vials. 472 

The 12-day-old adult flies were starved for 3 h prior to placement in each vial covered with 473 

bacterial cells (20 flies per vial). The vials were incubated at 25ºC for 20 h, and the number of 474 

viable flies was counted.    475 

Biofilm formation assay  476 

 Biofilm formation assays were performed as previously described [49]. Overnight 477 

cultures of P. aeruginosa strains were diluted 1:100 in fresh LB medium, and 150 µl of medium 478 

was transferred into 96-well plates. Plates were incubated at 37°C for 24 h without shaking, and 479 
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the cell suspension was removed and rinsed with 200 µl of phosphate buffered saline (PBS). The 480 

biofilm layer was stained with a 0.1% crystal violet solution and incubated at room temperature 481 

for 15 min. The plate was rinsed with water and dried. Ethanol (200 µl) was added to solubilize 482 

the crystal violet dye. The absorbance was measured at OD600 using a spectrophotometer to 483 

quantify biofilm formation.    484 

Bacterial motility assay 485 

 Swimming motility was tested in M8 minimal medium supplemented with 1 mM MgSO4, 486 

0.5% Casamino acids, and 0.2% glucose and solidified with 0.3% agar for several hours [50]. 487 

Overnight bacterial cultures were spotted on agar and incubated at 37ºC for 48 h. Twitching 488 

motility was tested using stab inoculation with a toothpick through a 1% agar LB layer to the 489 

bottom of the Petri dish and incubated 37ºC for 48 h.  490 

Pyocyanin pigment production 491 

 P. aeruginosa strains were grown in glycerol alanine minimal medium (GA medium) 492 

containing 1% glycerol, 67.3 mM L-alanine, 8 mM MgSO4, 0.44 mM K2HPO4, 0.065 mM 493 

FeSO4 at 37ºC for 24 h, and pyocyanin production was quantified based on the absorbance of 494 

pyocyanin at 520 nm (OD520) in an acidic solution as describe previously [51]. Briefly, the 495 

supernatant from bacterial culture was collected by centrifugation at 6,000 rpm for 10 min. The 496 

pyocyanin in the supernatant was extracted by mixing 3 ml of chloroform into 5 ml of 497 

supernatant. The lower chloroform layer containing pyocyanin was collected, and 1 ml of 0.2 M 498 

HCl was added to extract pyocyanin into the aqueous phase. The pyocyanin was quantified as 499 

OD520. The pyocyanin concentration is expressed as micrograms of pyocyanin per milliliter of 500 

culture supernatant and determined by multiplication of the OD520 by 17.072 [51].  501 

  502 
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Pyoverdine measurement  503 

P. aeruginosa PAO1 and gsh mutant strains were incubated at 37°C in Pseudomonas F 504 

medium (BD Difco, USA) overnight. Pyoverdine in the supernatant was fluorometrically 505 

measured via recording of the emission at 477 nm and excitation at 400 nm in a luminescence 506 

spectrometer and normalized to the OD600 of the corresponding cultures. 507 

Statistical Analysis 508 

 The difference between two samples was determined using a paired t-test, and P < 0.05 509 

was considered statistically significant. 510 

 511 
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from host immune system and disinfectant used in hospitals. 
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regulates the nearby genes involved in the RCS stress response. 
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Introduction Objectives

Methodology Results and Discussion

Pseudomonas aeruginosa is an important opportunistic 
pathogen that causes severe infections in patient with a long-term 
hospitalized environment. One of the major factors for successful 
infection is the bacterial defense mechanisms against Reactive 
Oxygen Species and Reactive Chlorine Species (RCS) generated 
from host immune system and disinfectant used in hospitals. 

RcsR is a RCS-specific transcriptional regulator that 
regulates the nearby genes involved in the RCS stress response. 
P. aeruginosa genome contains several genes participated during 
RCS exposure such as Ohr, Msr and Rcs, which are our interests.
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Objectives 
• To construct the ∆atfA mutant by gene deletion technique 

• To study physiology of ∆atfA mutant under oxidative stress and antibiotic 

exposure  
• To investigate an atfA expression profile during cell growth  
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Introduction 

Methodology 

A small acidic transcription factor A 

(AtfA) is an RNA polymerase interacting 

protein that is widely distributed in γ-

Proteobacteria. It has been shown to have 

an important role in multiple cellular 

processes including cell viability, motility, 

biofilm formation and antibiotic 
susceptibility [1].  

P. aeruginosa AtfA contains 59 amino acids with 180 nucleotides. It has 

60% similarity to AtfA in Acinetobactor spp. and consists of an acidic 

properties (pI = 4.25). From Pseudomonas genome database, the atfA in P. 

aeruginosa PAO1 has its own ribosome binding site (Shine-Dalgarno 

sequence) and Rho-independent transcription terminator indicating its mono-

cistronic transcript. In this study, the roles of P. aeruginosa atfA in response 

to stresses was investigated.  

The physiological function of this conserved protein has never been 

investigated in Pseudomonas aeruginosa, a pathogenic bacterium classified in 

the γ-Proteobacteria.  
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P. aeruginosa is a ubiquitous bacterium that can be 

found in nature as well as in hospital and on medical 

equipment because it can tolerate antiseptic chemicals 
and need very few nutrients for surviving. 

Part I: Bacterial strains construction 

Part II: Physiological study of ∆atfA mutant in P. aeruginosa  
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∆atfA 

Fig 1. Southern analysis of ∆atfA by MscI digestion using 

atfA  

          PCR product as DNA probe and Lambda  
          DNA/EcoRI+HindIII is used as a marker 

Fig 3. Susceptibility profile under stress 

of  
     P. aeruginosa atfA-mutant strains 

Fig 4. The ability of P. aeruginosa  
          atfA-mutant strains to form biofilms 

Fig 5. Determination of antibiotic susceptibility in P. aeruginosa atfA-mutant strains  
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Fig 6. Endpoint RT-PCR analysis of atfA expression during bacterial growth and 16s rRNA as control 
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     The expression profile of atfA during cell growth suggesting a 

highly atfA expression in late exponential and stationary phases.  

     The results indicated that, atfA is not required for cell growth and 
proliferation. It may be necessary for detoxification. 

     This research was supported by grants from Faculty of Science, Mahidol University, 

Chulabhorn Research Institute, Scholarship for Young Scientists 2015, SCMU (to K.K.), 
and the joint funding of OHEC and TRF, MRG5980047 (to A.R.). 

Acknowledgements 

PA3496 
AtfA 

AtfA 

AtfA 

AtfA 
Sensitivity 
to redox-cycling agents 

PA3496 Sensitivity 
to intracellular  
Iron-chelating agents 

Sensitivity 
to redox-cycling agents 

     This finding exhibited a novel biological function of the transcription 
factor AtfA in response to oxidative stress in Pseudomonas aeruginosa. 
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     Alteration of an atfA expression as shown in gene deletion and 

overexpression affected on cell susceptibility under stresses. In 

contrast, atfA is not required for biofilm formation and antibiotic 

susceptibility indicating that atfA in P. aeruginosa plays different 

roles in stress response compared to that in Acinetobactor spp. 
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Abstract 
The ΔaspA mutant was more sensitive to oxidants and antibiotics 

when compared to that in the PAO1 wild type. The complemented 

strains showed the phenotypic restoration compared to the mutant. 

Introduction 
Pseudomonas aeruginosa is a Gram-negative 

opportunistic pathogen, which causes serious 

problems in bloodstream, urinary tract, surgical 

wound and pneumonia in hospitalized patients. 

During the infection, this pathogen is exposed to 

oxidative and acid stress conditions that are 
generated by host defense system. The ability to 

encounter host defense of P. aeruginosa is a 

key process for survival.  
 
Aspartate ammonia lyase  (AspA; EC 4.3.1.1) 

is an enzyme that catalyzes the deamination of 
aspartate to form fumarate and ammonia. The 

AspA is an enzyme involving amino acid 
metabolism and acid tolerance (Hu et al., 2010). 

Results and Discussion 
Pseudomonas aeruginosa (PAO1) is an opportunistic human 

pathogen. The aspartate ammonia lyase (aspA) is an enzyme 

involving amino acid metabolism and acid tolerance in P. 
aeruginosa. In this study, ΔaspA deletion mutant was constructed. 
Plate sensitivity assay was performed to observe phenotype of the 
mutant under oxidative stress conditions. The ΔaspA mutant was 

sensitive to oxidants compared to the PAO1 wild type. The pH 

changes in the presence of aspartate in different strains were tested 

by using phenol red test to confirm that AspA deaminates aspartate 
to produce ammonia thereby increasing the pH. The ammonia 

production in ΔaspA mutant was decreased compared to that in the 
wild-type. Moreover, the pathogenicity testing using fruit fly was 

performed. Overall data suggest that ΔaspA, a gene encoding 
aspartate ammonia lyase, plays a role in oxidative and acid stress 

response in P. aeruginosa.  

Conclusion 
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Methods 

PAO1 chromosome 

Mutant construction 

Pathogenicity Test 

Flies D. Melanogaster were infected 

with P. aeruginosa strains. After18 h 

post-infection, flies were measured 

mortality. 
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Figure 3 Virulence 

of the mutant was 

measured based on 

the mortality of 

Drosophila after 18 

h infection. PAO1 

and the iscR mutant 

were used as 

controls. 

Control PAO1/pBBR ΔaspA/pBBR PAO1/ 
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pBBR-
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Figure 2 Test of pH changes by phenol red assay in the presence 
of aspartate 

108 bacteria were resuspended in 

phenol red buffer and incubated at 

37ºC. Pictures were taken after 18 h. 
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Plate sensitivity assay 

Cells were serially diluted and spotted 

on LB agar containing various oxidants. 

10-5 10-4 10-3 10-2 10-1 10-2 10-1 10-3 10-5 10-4 

LA 450 µM H2O2 

Complementation 

Full-length aspA gene was amplified 

and cloned into pBBR1MSC-4 

Transformed into ΔaspA mutant, 

generating ΔaspA/pBBR-AspA  

Electroporation 
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250 µM PQ 
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Figure 1 Plate sensitivity assay of aspA mutant and its 

complementation with pBBR-AspA against hydrogen peroxide 
(H2O2), paraquat (PQ), neomycin (Neo) and kanamycin (Km).  

A gene encoding aspartate ammonia lyase, aspA, plays a role in 

oxidative and acid stress response, and antibiotic resistance in P. 

aeruginosa.  

The ΔaspA  decreased percentage of fruit fly survival as similar to 

that in the PAO1. This suggested that the aspA may not be require 

for bacterial virulence in P. aeruginosa.  

PAO1/pBBR 

ΔaspA/pBBR 

ΔaspA/pBBR-AspA 

40 mg/l Km 15 mg/l Neo 

Phenol red is a pH indicator, which turns from yellow to red when 

pH goes from acidic to alkaline. The buffer color was changed from 

yellow to pink in wild type, indicating AspA deaminates aspartate to 

produce ammonia and thus increased the pH. Partial pH change 

was detected in ΔaspA. 

Aspartate ammonia 
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            Pfam:FumaraseC_C     Fumarase C C-terminus 
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Role of aspA a gene encoding aspartate  
ammonia lyase in Pseudomonas aeruginosa  
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Overall data showed that a NaOCl-induced PA0565 expression via an AraC-family transcriptional regulator
(PA0564) control contributes to ability of Pseudomonas aeruginosa for surviving in RCS-generated stress. Cysteine 
at position 60 and 63, and histidine at position 67 of PA0565 were important for fully function in protecting bacteria 
when expose to RCS-mediated agent. Moreover, PA0565 was required for pathogenicity during Drosophila model 
host infection. This is one of potential mechanisms that allow this bacterium to persist in the hospitals.
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Pseudomonas aeruginosa is an important opportunistic pathogen that causes severe
infections in hospitalized patient. The treatment difficulties are associated a long-term survival of
the pathogens in the hospital environments. One of the major factors for successful infection is
the bacterial defense mechanisms against reactive oxygen species (ROS) and reactive
chlorine species (RCS) generated from host immune system.

In this study, P. aeruginosa gene encoding an AraC-family transcriptional regulator,
PA0564, was characterized. Gene expression and physiological function analysis were shown
that PA0564 bind to the promoter of a gene PA0565 encoding an AhpD-liked protein and
activated the PA0565 expression in specifically response to RCS-mediated stress. The binding
site of PA0564 on the PA0565 promoter region was identified by using β-galactosidase activity
assay and site-directed mutagenesis. Moreover, deletion of PA0565 conferred the
hypersensitivity against NaOCl, but not against any ROS-generated agent, in the PA0565
mutant compared to that in the wild-type PAO1. Finally, the virulence assay using Drosophila

melanogaster model host system were performed to determine the RCS-mediated effect on the
bacterial pathogenicity. It could be another specific RCS-sensing transcriptional regulator in P.

aeruginosa and will expand the virulence network in P. aeruginosa that is a part of the reasons
in its ability for hospitalization.

Pseudomonas aeruginosa has become increasingly 
recognized as an opportunistic human pathogen in hospitals, 
especially in immunocompromized individuals. An ability of P. 

aeruginosa to resist antibiotics and reactive chlorine species, such 
as sodium hypochlorite (NaOCl), has permitted this organism to 
persist in hospitals. 

Abstract Introduction

Results & Discussion

Summary Acknowledgment  
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Objective
To characterize the roles of P. aeruginosa genes encoding an AraC-family regulator 

and its targets in RCS-mediated stress response and pathogenicity
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Colistin 25 14.0 14.0 14.5

0
20
40
60
80

100
120
140
160
180

PAO1/pBBR ΔPA0564/pBBR ΔPA0564/pPA0564

R
el

at
iv

e 
ex

pr
es

si
on

 (f
ol

d)

PA0565 expression
uninduce
NaOCl
Taurine-Cl
CHP
NEM

0

2

4

6

8

10

12

  uninduced NaOCl Taurine-Cl CHP NEM

Sp
ec

ifi
c 

ga
la

ct
os

id
as

e 
ac

tiv
ity

 
(M

ill
er

 U
ni

ts
)

Native PA0565 promoter

PAO1 ΔPA0564

0

1

2

3

4

5

6

  uninduced NaOCl Taurine-Cl CHP NEM

Site-directed PA0565 promoter

PAO1 ΔPA0564

   …PA0564 

CGGTCGAGTGGGTCCATGGGATGAGCCGATCAGGTCGAAAGTAGAGACGCATGGGCAGGCGGCGCGGTCCAGAC 

 

      AraC-binding site     Shine-Dalgarno     PA0565… 

TGGTCGAGACTGGTAACCCGACGCGCCACTCCCGGCGCGACAGCAACGGAGAATATCACCATGCTGAACAACTG 
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Pathogenicity assay

Antibiotics Conc
(mg/L)

Inhibition zone (mm)

PAO1 ∆PA0564 ∆PA0565

Gentamicin 10 12.0 12.0 12.5

Kanamycin 30 13.5 13.5 13.5

Norfloxacin 10 27.5 27.0 27.5

Ciprofloxacin 1 31.5 31.5 32.0

Levofloxacin 5 25.0 25.0 25.0

Tetracycline 30 15.0 15.0 15.0

Fosfomyxin 50 12.5 12.5 13.0

H2O2
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Iron sulfur [Fe-S] cluster is a cofactor of many proteins that participate in redox reactions. In prokaryote, there are at least three distinct [Fe-S] clusters 

assembly systems, including  Isc (iron sulfur cluster), Suf (sulfur formation) and Nif (nitrogen fixation). These three systems share a common feature in the 

scaffold proteins that mobilize sulfur atoms from a cysteine desulfurase and iron atoms from an iron donor to synthesize a cluster. Fluoroquinolone 

antibiotics are bacterial DNA gyrase inhibitors with efficacy against Pseudomonas aeruginosa. The mechanism of bacterial cell death from fluoroquinolones 

is partly due to the increased generation of hydroxyl radicals (OH˙). During infection, superoxide anions, which are a part of host defense response, can 

oxidize [Fe-S] cluster-containing proteins resulting in a release of free irons, which lead to the production of OH˙ via the Fenton reaction. P. aeruginosa is an 

opportunistic human pathogen and wildly distributed in soil and water. It is resist to many antibiotics. We here investigated the role of nfuA in the 

susceptibility of P. aeruginosa to oxidative stress and fluoroquinolone antibiotics and identified the important domain in NfuA function. 
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Methodology 

Clustal Omega alignment of NfuA proteins in P. aeruginosa and in E. coli    

 The results from Clustal Omega 

alignment of P. aeruginosa  NfuA showed 

52% identity to NfuA from E. coil and 

revealed the two functional cysteine 

residues (CXXC motif) that coordinate 

with [Fe-S] cluster in the assembly 

mechanism are conserved at Cys43-Cys47 

and Cys152-Cys155. 

Structure of canonical [2Fe-2S], [3Fe-4S] and [4Fe-4S] clusters 

http://www.nature.com/nchembio/journal/v2/n4/fig_tab/nchembio0406-171_F1.html 

[Fe-S] clusters protein 

CXXC motif 

Cys43 Cys47 

Cys152 Cys155 

Susceptibility of P. aeruginosa strains against fluoroquinolones 

Strains 
CIP 

(mg/L) 
NOR 

(mg/L) 

PAO1/Tn7 0.2 2 

∆nfuA/Tn7 0.05 0.5 

∆nfuA/NfuA 0.2 2 

∆nfuA/NfuA C152S 0.05 0.5 

∆nfuA/NfuA C155S 0.05 0.5 

∆nfuA/NfuA C43,47S 0.2 2 

 The Kirby-Bauer disk diffusion assay was 

performed. The results illustrated that the 

deletion of nfuA was more susceptible to 

fluoroquinolone antibiotics, including 

ciprofloxacin and norfloxacin than the PAO1.  

 We further investigated whether the 

increased susceptibility to fluoroquinolone 

antibiotics in the ∆nfuA involved antibiotic-

induced ROS, by testing antibiotic susceptibility 

levels under microaerobic conditions. The 

fluoroquinolone susceptible phenotype of the 

∆nfuA mutant was abolished when cells were 

grown under microaerobic condition. 

 It indicated that the nfuA is necessary for the 

protection of P. aeruginosa from fluoroquinolone 

antibiotic treatment in aerobic condition and 

oxidative stress participates in the increased 

fluoroquinolone susceptibility.  MICs of P. aeruginosa strains to fluoroquinolones 

Determination of the resistance levels against oxidative stress (PQ and PB) and iron deprivation in P. aeruginosa strains  

 The resistance levels against substances of P. aeruginosa strains were determined using 

plate sensitivity assays in plates containing oxidants 250 µM paraquat (PQ), 2mM plumbagin 

(PB) and 1.2 mM 2, 2’-dipyridyl.  

 The ∆nfuA mutant reduced bacterial ability to cope with either oxidative stress or iron 

deprivation conditions. Site-directed mutagenesis analysis revealed that the conserved CXXC 

motif of the U-type domain, but not the A-type domain, was required for NfuA function.   

 The growth of P. aeruginosa strains in LB 

broth supplemented with 1% KNO3 under aerobic 

and anaerobic conditions was determined.  

 The ΔnfuA mutant showed a growth 

retardation compared to PAO1 indicated the 

contribution of nfuA to normal aerobic growth of 

P. aeruginosa.  

 Fast (A) and slow (B) killing assays in Caenorhabditis elegans model host system were performed 

to determine the virulence of P. aeruginosa strains. Live worms was scored in hours for fast killing and in 

days for slow killing experiments. The ΔnfuA mutant was attenuated in virulence by showing a roughly 

two-fold reduction in its ability to kill C. elegans compared to PAO1 wild type. Thus, the nfuA contributes 

to a full virulence of P. aeruginosa.  

 Real Time RT-PCR showing the nfuA expression during 

normal growth and in response to various oxidants. The 

expression of nfuA was induced in response to superoxide 

generators, thiol-depleting agent and iron depletion condition. 

The stress inducible pattern of nfuA expression is comparable to 

that of the iscR regulon, where the expression is mediated by 

IscR, a transcription regulator containing [Fe-S] cluster.  

 The expression of wild-type (WT) IscR in the iscR mutant 

could repress the nfuA transcript to the level comparable to that of 

PAO1 and pretreatment with plumbagin induced high expression 

of nfuA. However, the expression of IscR variant (C94A, C98A, 

C104A or H107A) failed to repress the nfuA expression in 

contrasted to IscR-C111A. The results support an idea that halo-

IscR contributes to a repression of nfuA gene expression.  

 Electrophoretic mobility shift assay (EMSA) was performed 

using 32P-labeled native nfuA promoter fragments and increasing 

concentrations of purified IscR. CC and HD represent an addition of  

unlabeled nfuA promoter and heterologous DNA. F and B indicate 

free and bound probes, respectively. The result showed that 

purified IscR was able to bind the nfuA promoter fragment.  

 P. aeruginosa strains were spread onto plates 

containing 1% KNO3 and incubated under aerobic and 

anaerobic conditions.  The plating efficiency of ∆nfuA was 

reduced more than 103-fold relative to that of PAO1 wild 

type. This indicates that nfuA was required for P. aeruginosa 

growth especially under anaerobic condition. The U-type 

domain of NfuA plays an important role for the phenotypes. 

Summary 
The nfuA involves in [Fe-S] cluster biogenesis  

and protects against fluoroquinolone antibiotics  

and oxidative stress as well as virulence in P. aeruginosa. 

This research was supported by grants from Chulabhorn Research Institute,  
Mahidol University, and Center for Emerging Bacterial Infection MUSC.  
A.R. was supported by the joint funding of OHEC and TRF (MRG5980047). 

This results supported the role of IscR as a transcriptional repressor for nfuA expression. 

Results and Discussion 
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Fosfomycin resistance mechanisms in P. aeruginosa 

LysR-type transcriptional regulator (LTTR) and P. aeruginosa  

(1) fosA overexpression induces resistance 
by enzymatic addition of glutathione (GSH), 
the fosfomycin (FOS) inactive (2) 
(3) GlpT transports FOS into bacterial cell 
cytoplasm, causing cell death 

LTTR family is a group of transcriptional 
regulators and is highly conserved and 

ubiquitous among bacteria. 
LTTR is global transcriptional regulator, 
acting as either activators or repressor 

of single or operonic genes. 

Pseudomonas aeruginosa is one of 
opportunistic pathogens of human, 
which  causes of hospital-acquired 
infections with high mortality rate 
because of its inherited resistance to 
array of antibiotics and biocides, 
making it difficult to treat infections with 
this bacterium. 

Antibiotics susceptibility of ∆lysR mutant 

Bacterial pathogenicity determination assays 

P. aeruginosa LTTR, PA5428 (lysR) 

Mutant Construction 

Figure 1. Growth of the ∆lysR mutant against  various 
concentration of fosfomycin. 

Figure 2. The resistance level of ∆lysR and 
fosA- mutants against antibiotic were 
determined using antibiotic plate sensitivity 
assay.  

Figure 3. Real time RT-PCR determining an expression level of glpT 
in the ∆lysR mutant. 

LysR was shown to regulate a gene encoding an antibiotic 
transporter glycerol-triphosphate transporter (GlpT). 

Figure 4. Determination of swimming motility of P. aeruginosa strains.  
An ∆oxyR mutant was used as a positive control.  

The swimming motility was 26% reduced in ∆lysR mutant compared to that in the wild 
type. This phenotype was restored as shown in the complemented strain. This 
suggested that the lysR may be involved in the regulation of swimming motility. 

Figure 5. Determination of biofilm formation of P. aeruginosa strains.  
An ∆oxyR mutant was used as a positive control. 

The biofilm formation was 28% reduced in ∆lysR mutant compared to that in the wild 
type. The fully complemented phenotype was observed in the complemented strain. 
This suggested that the lysR may involved in the regulation of biofilm formation. 

Figure 6. Determination of pyocyanin production of P. aeruginosa strains.  
An ∆oxyR mutant was used as a positive control. 

The pyocyanin production in the ∆lysR mutant was 37% reduced compared to that in 
the wild type. The partially complemented was observed in the complemented strains. 
This suggested that the lysR may involved in the regulation of pyocyanin production. 

Summary 

• The lysR is found to be important for resistance to broad-spectrum antibiotic by regulates gene encoding an antibiotic transporter, GlpT. 
 

• The lysR may be one of a key virulence factor in regulation of swimming motility, biofilm formation and pyocyanin production during infections. 
 

• Overall, the data indicate an importance of this gene encoding LTTR for the antibiotics resistance and the pathogenicity. 

LysR 

PA5428 

Pathogenicity 

Swimming motility 
Biofilm formation 
Pyocyanin production 
 

Expression 

PA5235 

• The LysR-type transcriptional regulator family (LTTR) is highly conserved and being the largest family in prokaryotic DNA-binding protein.  LTTRs control many 
biological pathways, including metabolism, quorum sensing, motility, oxidative stress responses, and virulence in pathogenic bacteria.  

 

• P. aeruginosa (PA) genome contains many LTTR-encoded genes including lysR, which is annotated as a LysR-type transcriptional regulator.  
 

• In this study, the lysR-deficient mutant was constructed from wild-type PAO1 strain. The mutant was more susceptibility to a broad-spectrum antibiotic than the PAO1 
because LysR regulated the expression of gene encoding an antibiotic transporter that is homologous to glycerol-triphosphate transporter (GlpT).  In addition, the 
mutant has an defect in pigment production, motility, and biofilm formation. The attenuated pathogenicity in the lysR mutant is observed.  
 

* Pfam protein domain database 
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          Pseudomonas aeruginosa has become increasingly recognized as an opportunistic 
human pathogen in hospitals, especially in immunocompromized individuals. An ability of 
P. aeruginosa to resist antibiotics and reactive chlorine species, such as sodium 
hypochlorite (NaOCl), has permitted this organism to persist in hospitals. In this study, P. 

aeruginosa rcsA, a gene encoding AhpD-like protein, was characterized in term of an 
ability required for bacterial survivals under stress conditions. The gene encoding RscA 

was deleted and overexpressed by using recombinant DNA techniques. The plate 
sensitivity assay against NaOCl and ROS-mediated agents showed that the rcsA mutant 
was dramatically susceptible to NaOCl, but not others, compared to the wild type 
indicated that rcsA plays an important role in protecting against NaOCl. Moreover, to 
identify key amino acids of RcsA, the site-directed mutagenesis was applied by changing 
amino acid residues in an expression cassette. The results showed that a 
complementation by rcsA with either C60S, C63S, or H67A cannot restore the NaOCl 
susceptibility in the rcsA mutant indicating that C60, C63, H67 are important residues of 
RcsA in protecting against NaOCl. Finally, gene expression analysis exhibited an 
increased expression of rcsA under NaOCl-treated condition supporting its physiological 
function. Furthermore, protein purification and protein activity assay in NaOCl-detoxifying 
mechanism are under investigating. Overall, rcsA is one of NaOCl-mediated resistance 
in P. aeruginosa and one of causes that allow this organism to persist in hospitals.  
 
          Supported by grants from the Faculty of Science, Mahidol University and the 
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Molecular Characterization of Iron-Sulfur Cluster Regulator IscR-Binding Motifs in 

Pathogenic Bacterium Pseudomonas aeruginosa

ABSTRACT

Pseudomonas aeruginosa is a Gram-negative bacterium with its ability to cause human infection especially in immunocompromised patients. Iron-sulfur cluster 

Fe-S is a key cofactor of several proteins required for various cellular activities, including respiration, metabolism, nitrogen fixation, RNA modification, and gene 

regulation. In P. aeruginosa, IscR is globally dimeric transcriptional regulator in Fe-S cluster biogenesis, modulates a cellular iron homeostasis, and responds to 

environmental stresses including oxidative stress from the host immune system. The P. aeruginosa PAO1 contains an isc gene cluster consisting of iscRSUA-hscBA-

fdx2-iscX. Unlike the multiple Fe-S biogenesis systems in enteric bacteria including Escherichia coli, P. aeruginosa has one stress-induced ISC system. In this study, 

site-directed mutagenesis of was conducted and the results showed that four conserved amino acid residues i.e. C92, C98, C104 and H107 involved in Fe-S ligation and 

regulatory mechanism of IscR. The Fe-S cluster-containing protein in purified IscR with either C92A, C98A, C104A or H107A was decreased compared to that in wild-

type IscR by UV-visible scanning. The results from in vitro binding assay illustrated that the ligation of Fe-S cluster was required for repression mechanism of IscR and 

holo-IscR bound to two IscR binding sites located on the isc operon’s promoter. The sequence-specific binding of IscR to DNA was performed using DNase protection 

assay and showed that the IscR protected region spanning the sequence region of -67 to -18 covering the RNA polymerase-binding region (-35). The sequence upstream 

of P. aeruginosa iscR contains two IscR-binding motifs, -67 to -42 (Site A) and -43 to -18 (Site B). The nucleotide substitution of first AT rich region of each sites with 

CCC indicated that both Site A- and Site B-binding sites were important for Isc-binding on the isc promoter. Overall data presented the molecular characterization of 
IscR-binding motifs in this pathogenic bacterium.

P. aeruginosa IscR regulates its expression 

by recognizing Type-I binding sites in the 

presence of Fe-S cluster 

RESULTS

Fe-S cluster Ligation Residues

Promoter Analysis of iscR 
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 To address the importance of Fe-S cluster ligation, purified 6xHis-tagged IscR wild-type 

and IscR variants with amino acid substitutions (C92A, C98A, C104A, and H107A) were 

subjected to spectrum analysis using UV-visible spectroscopy. 

 IscR variant proteins (C92A, C98A, C104A and H107A) contained a reduced amount of 

Fe-S clusters relative to wild-type IscR (Fig. 8A, Romsang A., et al, 2014, PLOS ONE).

 In vitro binding assay was performed to determine binding ability of IscR-variants protein 

on iscR promoter. All of the IscR varaints were unable to bind the iscR promoter (Fig 8B).

 Fe-S cluster ligation residues are important for binding of IscR to Fe-S cluster and 
regulatory mechanism of  [Fe-S]-IscR to its promoter.

INTRODUCTION

CONCLUSION

P. aeruginosa commonly found in soil, water, plants, animals and also humans. P.

aeruginosa causes healthcare-associated infections (HAI) with high mortality rate because

of its inherited resistance to array of antibiotics and biocides, making it difficult to treat
infections with this bacterium.

Iron-Sulfur (Fe-S) Cluster contains iron and inorganic sulfide. The Fe-S

clusters are cofactors of enzymes or proteins involved in several cellular

functions such as electron transfer, enzymatic catalysis, gene regulation, and

central metabolism. Fe-S clusters are found in all tree kingdom of life,

including archaea, bacteria and eukaryotes. The most common forms of Fe-S
cluster are the cubic [4Fe-4S] and the rhombic [2Fe-2S].

In Escherichia coli, the isc operon encompasses genes encoding a regulator (IscR), a cysteine

desulfurase (IscS), a scaffold (IscU), an A-type protein (IscA), DnaJ-like co-chaperone (HscB), a DnaK-

like chaperone (HscA) and a ferredoxin (Fdx). The Isc system is the housekeeping biogenesis pathway,

in which its inactivation leads to reduction of [Fe-S]-enzyme activity under normal growth condition.

IscR is a [2Fe-2S] global transcriptional regulator, which is encoded by the first gene in the operon of

Fe-S cluster assembly pathway (iscRSUA-hscBA-fdx). IscR exists in two major forms: apo-IscR

(clusterless) and holo-IscR ([2Fe-2S] ligated IscR). Mutagenic studies have shown that IscR requires

three cysteine residues (Cys-92, Cys-98, and Cys-104) and one histidine residue (His-107) for Fe-S
cluster ligation.

HYPOTHESIS EXPERMENTAL OUTLINE

Figure 2: The crystal structure of E. coli Apo–IscR, carrying Ala substitutions at
Cys92, Cys98, Cys104, and His107, bound to DNA (Romsang A., et al, 2016)

Figure 3: Roles of Fe-S cluster

Figure 4: Escherichia coli, Fe-S cluster biogenesis (Béatrice Py & 

Frédéric Barras, 2010, Nature Reviews)

 P. aeruginosa PAO1 revealed the homologues of the isc gene cluster iscRSUA-hscBA-fdx2-

iscX (PA3815-PA3808) that was involved in Fe-S cluster biogenesis (Fig. 5), stress

response (Romsang A., et al, 2014, PLOS ONE), and virulence (Romsang A., et al, 2016).

Figure 5: Gene organization of an isc operon in P. aeruginosa PAO1

Figure 9: Characterization of the iscR promoter

Figure 8: UV-visible spectra of IscR variants (C92A, C98A, C104A, H107A, E43A, and C111A) (A). In vitro binding assay (B). 

A B

 Result from In vitro binding assay showed that Purified IscR protein bound to

iscR promoter (Fig. 10A).

 The AAT (of Site A) and ATA (of Site B) were substituted with CCC using

PCR-based site-directed mutagenesis

 Mutation of Site A reduced binding ability of IscR and PiscR SD-A since 50%

binding complex was observed at 2.0 µM of IscR (Fig. 10B)

 Mutation of Site B drastically reduced binding ability of IscR and PiscR SD-B as

50% binding complex was observed at more than 4.0 µM of IscR (Fig. 10B)

Figure 12: DNase protection assay of the binding sites mutations

 The protection region was seen at 2 µM. The IscR 

protected region spanning the sequence region of -67 

and -18 which protection region was cover -35 

promoter (Fig. 11).

 Mutation of Site A slightly reduced binding ability of 

IscR and SD-A. Mutation of Site B drastically reduced 

binding ability of IscR and SD-B (Fig. 12). 

 The results indicated that Site A and Site B binding 

sites are important for IscR binding on the iscR

promoter.

 P. aeruginosa IscR contains conserve Fe-S cluster-ligation residues, C92, C98, C104 and

H107, which are crucial for binding of IscR to Fe-S cluster and regulatory mechanism

of [Fe-S]-IscR to its promoter.

 The Site B exhibits higher affinity for IscR binding in vitro, while mutations in Site A

slightly affects on repression.

Figure 11: DNase protection assay of IscR-WT and iscR promoter

Figure 10: IscR binding with iscR promoter mutations

A

B

 Sequence upstream of P. aeruginosa

iscR contains 2 putative Type-I IscR-

binding motifs denoted Site A between

positions −43 and −67, and Site B

spanning positions −18 to −42 relative

to the iscR transcription start (Fig. 9).

 These sequence share high identity

(68% and 76%, respectively) with the

consensus sequence of E. coli Type-I

IscR binding motif.

Figure 1: Pseudomonas aeruginosa

P. aeruginosa IscR

 Under uninduced conditions, the expression of iscR and fdx2 in the ΔiscR mutant was 20- and

10-fold higher than the levels in PAO1, respectively. Plumbagin treatments did not further

enhance the expression of these genes in the ΔiscR mutant.

 The ΔiscR mutant harboring pBBR-iscR repressed expression of iscR (17-fold) and fdx2 (10-

fold) compared with the iscR mutant harboring empty vector.

 The expression of mutated IscR-C92A, C98A, C104A and H107A did not repress the expression

of iscR and fdx2.

 The inability of mutant IscR-C92A, C98A, C104A and H107A to repress iscR and fdx2

expression suggests that these mutations prevent the ligation of Fe-S cluster to IscR, which is

sufficient to prevent the repression of the isc operon, (Romsang A., et al, 2014, PLOS ONE).

Figure 7: Expression profiles of iscR and fdx2 in uninduced and 0.25 mM plumbagin-induced cultures of PAO1 and ΔiscR mutant harboring

pBBR1MCS-4 plasmid (vector), plasmid expressing wild-type IscR (WT), and mutated IscR (C92A, C98A, C104A, H107A, E43A, or C111A)

Figure 6: The CLUSTALW sequence alignment of IscR homologues 

 PA3815 is identified as iscR. IscR contains the essential residues for Fe-S cluster ligation, three
cysteines (C92, C98, and C104) and a histidine (H107) (Fig. 6).
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Boonyakanog A, Romsang A, Duang-nkern J, Mongkolsuk S. Metal toxicity in environment altered the mutation on fur in Pseudomonas aeruginosa 
that potent to increase in antibiotics resistance. Poster presented in EHT/PERDO Conference; August 24-25, 2013, CRI Convention Center, 
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