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ABSTRACT 

 

Pseudomonas aeruginosa DksA1, a Major Transcriptional Regulator  

for Virulence Control 

 

Kyung Bae Min 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Sang Sun Yoon) 

 

Pseudomonas aeruginosa is a gram negative and ubiquitous environmental 

bacterium capable of causing infection to human, animal and plant. P. aeruginosa has 

flexible and extensive metabolic capacity to adapt to diverse environment including 

various host. In addition to the metabolic capacity, due to large size genome, gene 

pool of P. aeruginosa commonly contains the highest proportion of regulatory genes 

and signal pathways able to utilize genetic events to support establishing their various 

phenotypes and pathogenesis. P. aeruginosa is known as opportunistic human 

pathogen with obtaining resistance to therapeutics and high frequency to causing 

nosocomial infection to immunocompromised individuals through various passage.  

Pathogenesis of P. aeruginosa for survival and colonization in host by phenotypic 
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alterations is dependent on specific chemical cell to cell communication called 

quorum sensing (QS). The QS plays critical role for virulence factor production, 

motility, biofilm development and increasing survival fitness of bacterial community. 

Recent findings showed that various stress responses for stress factors, such as 

nutrient starvation, lead to increase virulence factor production via enhancing QS 

signaling pathways. Among the stress responses, stringent response (SR) is highly 

conserved in many bacteria and mediated by two main elements, (i) a nucleotide 

alarmone, guanosine tetra- and penta-phosphate ((p)ppGpp), and (ii) an RNA 

polymerase–binding protein, DksA, that regulates various phenotypes including 

bacterial virulence. P. aeruginosa possesses two genes, dksA1 and dksA2, that 

encode DksA proteins. It remains elusive, however, which of these two genes plays 

a more important role in SR regulation. RNASeq–based transcriptome profiles of 

ΔdksA1, ΔdksA2, and ΔdksA1ΔdksA2 mutants were compared to globally assess the 

effects of these gene deletions on transcript levels coupled with phenotypic analyses. 

The ΔdksA1 mutant exhibited substantial defects in a wide range of phenotypes, 

including QS, anaerobiosis, and motility, whereas the ΔdksA2 mutant exhibited no 

significant phenotypic changes, suggesting that the dksA2 gene may not have an 

essential function in P. aeruginosa under the conditions used here. Of note, the 

ΔdksA1 mutants displayed substantially increased transcription of genes involved in 

polyamine biosynthesis, and we also detected increased polyamine levels in these 

mutants. Since SAM is a shared precursor for the production of both QS autoinducers 

and polyamines, these findings suggest that DksA1 deficiency skews the flow of 
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SAM toward polyamine production rather than to QS signaling. 

 To utilize the characteristics of dksA1 mutant for controlling P. aeruginosa 

infection, we screened two compounds for inhibiting function of DksA1 from library 

consisted of 6,970 chemical compounds provided by Korea Chemical Bank. These 

two compounds, named as Dkstatin-1 and Dkstatin-2 respectively, were used in 

further examination of phenotypes of P. aeruginosa. Reduced formazan production 

and elevated expression of rRNA protein by addition of Dkstatins represented that 

both Dkstatin-1 and Dkstatin-2 are implicated to inhibition of DksA1 activity. They 

showed significantly reduced production of elastase and pyocyanin, and had no 

growth inhibition effect on P. aeruginosa. Along with the reduced virulence, 

Dkstatin-1/-2 led reduced C4-HSL production, and it implicates that balance of QS 

network was disrupted. Moreover, Dkstatin-2 resulted those reductions with 

increased growth of P. aeruginosa. However, addition of both Dkstatins to cells at 

stationary phase with high cell density showed minimum effects on the phenotypes 

mentioned above, which reveals that effects of both Dkstatin-1/-2 on P. aeruginosa 

were dependent on cell density and prevented DksA1 to bind RNA polymerase. 

Dkstatin compounds boosted susceptibility to aminoglycoside antibiotics of P. 

aeruginosa as well as loss of viability under amino acid starvation caused by serine 

hydroxamate. Overall, these results suggested that chemical compounds such as 

Dksatatin-1 and Dkstatin-2 inhibiting DksA1 activity are able to be potential non-

antibiotic drug for controlling P. aeruginosa infection.  

Together, our results indicate that DksA1, but not DksA2, controls many important 
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phenotypes in P. aeruginosa. Also, we conclude that DksA1 may represent a potential 

target whose inhibition may help manage recalcitrant of P. aeruginosa infection, and 

it also suggests that disruption of the stringent response may become an alternative 

approach to treat infection of P. aeruginosa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

--------------------------------------------------------------------------------------------------------------- 
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Pseudomonas aeruginosa DksA1, a Major Transcriptional Regulator  

for Virulence Control 

 

Kyung Bae Min 

 

Department of Medicine  

The Graduate School, Yonsei University  

 

(Directed by Professor Sang Sun Yoon) 

 

Chapter I: Introduction 

Pseudomonas aeruginosa is a gram negative and ubiquitous environmental 

bacterium capable of causing infection to human, animal and plant. P. aeruginosa 

has flexible and extensive metabolic capacity to adapt to diverse environment 

including various host. In addition to the metabolic capacity, due to large size 

genome, gene pool of P. aeruginosa commonly contains the highest proportion of 

regulatory genes and signal pathways able to utilize genetic events to support 

establishing their various phenotypes and pathogenesis 1. P. aeruginosa is known 

as opportunistic human pathogen with obtaining resistance to therapeutics and high 

frequency to causing nosocomial infection to immunocompromised individuals 

through various passage such as ventilator and urinary catheter 2. Nevertheless, 
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Infection of P. aeruginosa can be classified as acute and chronic 3. The infection 

status is dependent to life style of P. aeruginosa. The acute infection is usually 

related to bacteria adopt to planktonic style, while chronic infection is associated 

with sessile growth mode as biofilm as well as in mucous airway of cystic fibrosis 

patient 2,4.   

    Pathogenesis of P. aeruginosa for survival and colonization in host by 

phenotypic alterations is dependent on specific chemical signaling process called 

quorum sensing (QS) 5,6. The QS plays critical role for virulence factor production, 

motility, biofilm development and increasing survival fitness of community 7,8. The 

QS of P. aeruginosa is consisted of four independent signaling pathways 

accomplishing a complex hierarchical network via mediating cross-talk of each 

pathway 7,9. Currently, the four individual signaling pathways mediating QS 

network in P. aeruginosa are reported as Las, Rhl, PQS and IQS. Las and Rhl 

system, constituted by LasI/LasR and RhlI/RhlR, respectively, are placed at top of 

the QS network since those two systems are activated even at early exponential 

phase while PQS is activated at later 10. The IQS signaling pathway and its 

influence on gene expression profile of P. aeruginosa is not fully understood 9. 

Each system is organized by two components which are signal receptor activated 

by concentration of specific types of autoinducer, and cognate signal synthase. 

Signal transduction steps of each system constitute complex and accurate circuit to 

activate expression of large set of genesn8. Transportation of acyl-homoserine 

lactone based signal in Las and Rhl system is mediated by free-diffusion, while 
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PQS signal is transported through membrane vesicle 8,10,11.  

    Stringent response (SR) is highly conserved in many bacteria and mediated by 

two main elements, nucleotide alarmone, guanosine tetra- and penta-phosphate 

((p)ppGpp), and transcriptional regulator DksA 12,13. The (p)ppGpp is synthesized 

by two synthases, RelA and SpoT encoded by relA and spoT, respectively. relA is 

the major synthase encoding gene for ppGpp synthesis in E. coli, while spoT 

encodes bifunctional enzyme for degradation of ppGpp and synthesis of ppGpp 14. 

In beta- and gamma-proteobacteria, genes encoding (p)ppGpp synthase and 

hydrolase are separated as individual genes as like relA and spoT, whereas synthase 

and hydrolase functions are combined in a single gene encoding RSH (RelASpoT-

Homolog) protein in most other bacteria 13. (p)ppGpp synthesis by RelA is 

dependent on status of C-terminal of tRNAs. The (p)ppGpp synthase activity of 

RelA is activated by interaction with regulatory domain of RelA and C-terminal of 

uncharged tRNAs in ribosomal A-site. Contrary to interaction with the uncharged 

tRNAs, charged tRNA, bound to amino acid, prevent interaction with RelA to 

pause (p)ppGpp synthesis activity 12,13,15. Regulation by bifunctional SpoT is not 

clearly understood, however, it has been proposed that hydrolase and synthase 

activity of SpoT interact with cellular components, such as fatty acid metabolism 

with acyl carrier protein (ACP) 15.  

The DksA protein was initially identified as multi copy DnaK suppressor and it 

function at translation level with chaperone activity. However, the chaperone 

activity was not found in DksA 13. The DksA is small protein with prominent 
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coiled-coil N-terminal domain and globular C-terminal domain comprising Zn2+ 

binding motif and an α-helix structures 16. This protein is categorized as a class of 

regulator that directly binds to RNA polymerase (RNAP) 17. The DksA modulates 

RNAP activity by destabilizing the open complex to prevent intermediate complex, 

which is competent for transcription initiation 18. In addition, DksA prevents 

transcription from interfering with replication by acting directly on RNAP 

elongation complexes for dealing with conflict between transcription and 

replication upon starvation 19. Current model suggests that coiled-coil tip of DksA 

binds secondary channel, an active site for access of NTPs, with interaction with 

β and β’ subunit of RNAP 20. DksA is crucial component of SR. DksA and levels 

of (p)ppGpp directly control RNAP activity at particular promoter sequence during 

stress 15. In the presence of DksA, elevated (p)ppGpp levels induce either 

activation or inactivation of transcription 15. In E. coli, activated target promoters 

are typically containing AT-rich discriminator DNA sequence between -10 and +1 

transcription start site. Conversely, repressed target promoter have typically GC-

rich discriminator DNA sequence 15. (p)ppGpp has concerted action between 

RNAP and DksA, which directly represses transcription of operons for rRNA and 

amino acid biosynthesis 13. In other hands, (p)ppGpp and DksA indirectly control 

transcription via sigma factor competition. Although (p)ppGpp and DksA have 

orchestrated action with RNAP, (p)ppGpp and DksA play distinct role in bacterial 

cell 21,22. Overall, these direct and indirect transcription mediated by (p)ppGpp 

and/or DksA are crucial to regulate global physiological adaptation of bacterial 
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cell 23,24.    

Recent findings showed that various stress responses for stress factors, such as 

nutrient starvation and oxygen depletion, lead to increase virulence factor 

production via enhancing QS signaling pathways 1,7. QS and production of some 

virulence factors are mediated by responses to various stresses, such as 

iron/phosphate depletion, starvation, host immune system and interspecies 

competition, to promote survival 25. In association between SR and QS of P. 

aeruginosa, the (p)ppGpp is involved in expression of virulence factors. P. 

aeruginosa harboring relA mutation showed reduced virulence in Drosophila 

melanogaster infection model, which suggests (p)ppGpp is required for full 

expression of virulence factors 26,27. In addition, (p)ppGpp level is involved in 

production of QS-signal molecules of P. aeurginosa, 3-oxo-C12-HSL 28. relA 

overexpression induces expression of QS-mediated virulence factors independent 

to cell density, causing production of premature HSL 28. The elevated intracellular 

production of (p)ppGpp by relA overexpression resulted in the induced synthesis 

of 3-oxo-dodecanoyl homoserine lactone (3-oxo-C12-HSL), a signal molecule for 

P. aeruginosa QS, even at low cell density 28. Consistently, P. aeruginosa relA 

mutant showed reduced expression of QS-mediated virulence factors, such as 

elastase, pyocyanin and biofilm 29. Similar to (p)ppGpp, DksA alone have 

pleiotropic effects including gene expression, QS, amino acid biosynthesis and 

virulence 18. E. coli dksA mutant showed increased bacterial motility with different 

transcriptome profile of ppGpp defective mutant 21. In Salmonella, dksA mutation 
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reveals that DksA is positively involved in regulation of virulence, motility and 

metabolism. Furthermore, DksA regulates redox balance by promoting antioxidant 

production against reactive oxygen species 30. P. aeruginosa PAO1 possesses two 

dksA homologs, dksA1 (PA4723) and dksA2 (PA5536), in its genome. The dksA1 

partially represents activity similar to dksA of E. coli. DksA1 represses rRNA 

transcription and ribosomal protein under starvation condition 31. In addition, 

overexpression of dksA1 reduces expression of rhlI causing impaired production of 

rhamnolipids and elastase 32. However, dksA1 mutation also reduces production of 

virulence factors 33. The gene dksA2, found in several Pseudomonas spp., has been 

reported to be regulated by Zur, a Zn-responsive transcriptional regulator. 

Expression of P. aeruginosa dksA2 by an inducible promoter rescued the growth 

defect of E. coli ΔdksA and PAO1 ΔdksA1 mutants under amino acid starvation 34. 

In addition, pyocyanin production was re-implemented by the expression of dksA2 

in a P. aeruginosa ΔdksA1 mutant. In contrast to these functional assessments of 

the dksA2 gene, however, transcription of the dksA2 gene was reported to be silent, 

when compared with that of dksA1 34. These contradictory results warrant further 

studies to precisely determine the role of two DksA homologues in P. aeruginosa 

gene regulation. Furthermore, control of DksA1 can be alternative approach to deal 

with infection of P. aeruginosa.   
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Chapter II. The RNA polymerase–binding protein DksA1 has pleiotropic 

functions in Pseudomonas aeruginosa 

 

I. INTRODUCTION 

Pseudomonas aeruginosa, a Gram-negative bacterium, is an opportunistic 

pathogen that causes various forms of human infections 35. These include burn 

wound infection 36, hospital-acquired infection 37, and chronic infection in the 

airways of individuals with cystic fibrosis 38. Because P. aeruginosa has a wide 

range of habitats, this bacterium needs the ability to adapt to diverse environmental 

stresses and manage its survival fitness 7. To fulfill this demand, P. aeruginosa uses 

various transcriptional regulators to compose intricate regulatory networks that 

coordinate gene expression and cell signaling pathways in response to external 

stresses 39-41.  

The stringent response (SR), a highly conserved regulatory system in bacteria 42-

44, is mediated by the alarmone (p)ppGpp synthesized by the enzymes RelA and 

SpoT 45,46. RelA synthesizes (p)ppGpp via conversion of GT(D)P and ATP to 

(p)ppGpp and AMP 15. SpoT is a bifunctional enzyme that can either synthesize or 

hydrolase (p)ppGpp depending on the ambient conditions 15,47. The SR regulator 

(p)ppGpp modulates RNA polymerase activity to control transcriptional responses 

in a concentration-dependent manner 47. Bacterial SR is also regulated by the 

transcription factor DksA 48. DksA is an RNA polymerase binding protein that was 
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initially characterized as a suppressor of the dnaK mutation in E. coli 49. To activate 

the SR, DksA binds to RNA polymerase at a secondary channel to assemble a large 

complex with (p)ppGpp 20,22,46. Although the concerted actions of (p)ppGpp and 

DksA are required for functional SR, the deficiency of (p)ppGpp or DksA results in 

different transcriptome profiles and cellular phenotypes, suggesting that (p)ppGpp 

and DksA exert distinct roles in activating bacterial SR 22.  

Currently, it is well appreciated that SR is deeply involved in regulating bacterial 

virulence and metabolism in many species including P. aeruginosa 28,50-55. 

Phenotype-level investigations have revealed that both (p)ppGpp and DksA 

participate in regulating quorum sensing (QS), a cell density-dependent virulence 

mechanism in P. aeruginosa 33,51. The elevated intracellular production of (p)ppGpp 

by relA overexpression resulted in the induced synthesis of 3-oxo-dodecanoyl 

homoserine lactone (3-oxo-C12-HSL), a signal molecule for P. aeruginosa QS, even 

at low cell density 28. Consistently, the production of QS-regulated virulence 

determinants, such as elastase, biofilm, siderophores, and rhamnolipid, was 

markedly decreased in a (p)ppGpp-deficient (ppGpp0) mutant 51. However, the role 

of the dksA gene product has not been clearly elucidated in previous studies. The 

deletion of the dksA gene in P. aeruginosa resulted in reduced elastase and 

rhamnolipid production 32. Whereas, overexpression of the same dksA gene also 

diminished the production of virulence factors 33.  

We also noted that P. aeruginosa PAO1 possesses two dksA homologs, dksA1 

(PA4723) and dksA2 (PA5536), in its genome. In the aforementioned studies, dksA1 
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has been the gene of primary interest. The gene dksA2, found in several 

Pseudomonas spp., has been reported to be regulated by Zur, a Zn-responsive 

transcriptional regulator. Expression of P. aeruginosa dksA2 by an inducible 

promoter rescued the growth defect of E. coli ΔdksA and PAO1 ΔdksA1 mutants 

under amino acid starvation 34. In addition, pyocyanin production was re-

implemented by the expression of dksA2 in a P. aeruginosa ΔdksA1 mutant. In 

contrast to these functional assessments of the dksA2 gene, however, transcription 

of the dksA2 gene was reported to be silent, when compared with that of dksA1 34. 

These contradictory results warrant further studies to precisely determine the role of 

two DksA homologues in P. aeruginosa gene regulation.  

Herein, we sought to comprehensively understand the role of dksA1 and dksA2 in 

P. aeruginosa biology. To achieve this goal, we constructed ΔdksA1 and ΔdksA2 

single mutants and a ΔdksA1ΔdksA2 double mutant and performed transcriptome 

analyses with these strains. Our analysis reveals that dksA1, but not dksA2, plays 

important roles in regulating diverse phenotypes, such as QS, anaerobic respiration, 

flagellum-mediated motility, and polyamine biosynthesis. Overall, we suggest that 

DksA1 regulates diverse, albeit somewhat unrelated, cellular phenotypes and 

therefore it could be a potential drug target for the effective control of P. aeruginosa 

infection. 
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II. MATERIALS AND METHODS 

1. Ethics statement 

All animal studies were performed in compliance with the guidelines provided 

by the Department of Animal Resources of Yonsei Biomedical Research Institute. 

The Committee on the Ethics of Animal Experiments at the Yonsei University 

College of Medicine approved this study (permit number 2018-0246). 

 

2. Bacterial strains and growth conditions  

All bacterial strains and plasmids used in this study are listed in Table 1.1. P. 

aeruginosa PAO1 was used as the wild type strain. General experiments with PAO1 

and other strains were conducted in Luria-Bertani medium (LB; 1% (w/v) tryptone, 

0.5% (w/v) yeast extract, and 1% (w/v) sodium chloride) at 37°C. Escherichia coli 

strains in cloning procedure were incubated in LB, or LB supplemented with 100 

μg/ml of ampicillin. For P. aeruginosa, 100μg/ml of carbenicillin and 25μg/ml of 

irgasan were used to screen single crossover recombinants, and LB agar 

supplemented with 6% sucrose instead of NaCl were used to select dksA1 and/or 

dksA2 deleted mutants. In the antibiotic susceptibility experiments, 3.125ug/ml of 

gentamycin, 12.5ug/ml of tetracycline, 400ug/ml of ampicillin and 100ug/ml of 

carbenicillin were supplemented in LB.  
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Table. 1.1. Strains and plasmid used in this study  

Bacterial strain and plasmid Genotype or description Reference 

E. coli strains   

DH5αλpir fhuA2 lac(del)U169 phoA glnV44 Φ80' 

lacZ(del)M15 gyrA96 recA1 relA1 endA1 thi-1 

hsdR17 λpir 

 

SM10λpir thi thr leu tonA lacY supE recA::RP4-2-Tc::Mu 

Kmr λpir 

 

P. aeruginosa strain   

PAO1 Wild type, laboratory strain of P. aeruginosa This study 

PAO1ΔdksA1 Wild type with dksA1 deletion This study 

PAO1ΔdksA2 Wild type with dksA2 deletion This study 

PAO1ΔdksA1dksA2 Wild type with dksA1 and dksA2 double 

deletion 

This study 

ΔlasRrhlR Wild type with lasR and rhlR double deletion   

Others   

Chromobaterium violaceum 

CV026 

Biosensor for C4-HSL  

Plasmids   

pCVD442 Amp
r
 suicide vector containing sacB for 

screening recombinant 

43 

pKDT17 Amp
r
 pTS400 plasmid containing lasR and 

lasB transcriptionally fused with lacZ 

56 

pCVD442d1 pCVD442 containing overlapped left and right 

flanking region of dksA1 

This study 

pCVD442d2 pCVD442 containing overlapped left and right 

flanking region of dksA2 

This study 

puc18-mini-Tn7t-Gm-lacZ Amp
r
, Gm

r
, site specific chromosomal insertion 

plasmid harboring promoterless lacZ 

57 

pTNS2 Helper plasmid containing site specific 

recombinase for chromosomal insertion 

57 

pD1Tn7t-comp Complementation plasmid contacting dksA1 

fragment in puc18-mini-Tn7t-Gm-lacZ 

This study 
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3. Construction of deletion mutants  

To accomplish the in-frame clean deletion, two flanking regions of the targeted 

gene were designed to overlapping. Used primer sequences were listed in Table. 

1.2. Overlapping was conducted by PCR reaction with dksA1#1 and dksA1#4 

primers. Then, overlapped fragments were cloned in pCVD442 suicide vector to 

generate pCVD442d1. To generate the single crossover recombinant, P. aeruginosa 

PAO1 was conjugated with E. coli SM10 λpir harboring pCVD442d1. The 

conjugates were incubated on LB agar plate containing 100μg/ml of carbenicillin 

and 25μg/ml of irgasan for selection of single crossover recombinants. The selected 

recombinants were then transferred onto LB agar plate containing 6% sucrose to 

select dksA1 gene deletion candidate. Colonies with the deletion were confirmed by 

PCR. To generate ΔdksA2 and ΔdksA1ΔdksA2 mutants, the same procedure was 

conducted in PAO1 and ΔdksA1 mutant, respectively. 
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Table. 1.2. Sequences of primers used in this study 

  

Primers Sequence (5’ to 3’) Description 

dksA1#1 
ACA TGC ATG CAG GAA ATG 

CCT GTT GCA CGG 

dksA1 left flanking forward primer containing 

SphI restriction enzyme site  

dksA1#2 
GCC GAG TTG CTT GAA TGG 

CCG CCT CTC ACT TT 

dksA1 left flanking reverse primer containing 

overlapping site to dksA1#3 

dksA1#3 
AGG CGG CCA TTC AAG CAA 

CTC GGC TCC TGA 

dksA1 right flanking forward primer containing 

overlapping site to dksA1#2 

dksA1#4 
TAA TGA GCT CCG GCG CTG 

GAT GAC GAA AT 

dksA1 right flanking reverse primer containing 

SacI restriction enzyme site 

dksA2#1 
AAC ATG CAT GCA TCC TCA 

CCG AGG GTT TCG CCA 

dksA2 left flanking forward primer containing 

SphI restriction enzyme site  

dksA2#2 
TTG GTT CAC GGT TGG TAA 

CCT CTT GAA CCT GGG AAA 

dksA2 left flanking reverse primer containing 

overlapping site to dksA2#3 

dksA2#3 
TGG TAA CCT CTT GAA CCT 

GGG AAA TTT AAA ACG TTA 

dksA2 right flanking forward primer containing 

overlapping site to dksA2#2 

dksA2#4 
TAA TGA GCT CTG GAG ACC 

GGC TTC ATC TCG AAT 

dksA2 right flanking reverse primer containing 

SacI restriction enzyme site 

dksA1_compF 
ATG GTA CCG TGG ATC ACA 

TCG TGG C 

dksA1 complementation primer containing 300 

base pair upstream of dksA1 gene 

dksA1_compR 
ATA CTA GTA CCA GGG AAC 

CGA AGT GCA 

dksA1 complementation primer containing 150 

base pair downstream of dksA1 gene 

Mini-Tn7t_seqF 
GCT TTT GAA GCT AAT TCG 

ATC A 

Forward sequencing primer covering multiple 

cloning site of puc18-mini-Tn7t-Gm-lacZ 

Mini-Tn7t_seqR 
TCG GGA TCG CTA GTT AGT  

TA 

Reverse sequencing primer covering multiple 

cloning site of puc18-mini-Tn7t-Gm-lacZ 
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4. dksA1 genetic complementation 

To accomplish dksA1 genetic complementation, DNA locus that covers dksA1 

open reading frame and its flanking sequences (300 base pair upstream and 150 

base pair downstream) was PCR amplified with primers listed in Table 2. The PCR 

product was then cloned into the puc18-mini-Tn7t-Gm-LacZ plasmid that allows 

chromosomal insertion into a non-functional region 57. The resultant plasmid was 

transformed into E. coli DH5α λpir and sequence verified. The final construct, 

termed pD1Tn7t-comp, was then electroporated into ΔdksA1 mutants with helper 

plasmid pTNS2 encoding a sequence specific recombinase enzyme. The potential 

clones with the intact dksA1 gene incorporated into the desired chromosomal region 

were selected with 50μg/ml of gentamycin. The complementation of dksA1 gene 

was confirmed by DNA sequencing with primers, mini-Tn7t_seqF/R. 

. 

5. Elastase and pyocyanin assay  

Elastase activity was measured as previously described 58. 500μl of supernatant 

from overnight cultures was mixed with 1 ml of 30mM Tris-HCl buffer containing 

10mg/ml of Elastin-Congo Red (Sigma). Then, the mixture was incubated with 

shaking at 37°C for 5 hrs. 1ml of mixture was then transferred into micro tube, and 

centrifuged at 13,000 rpm for 1 min. In the pyocyanin assay, 10ml of supernatants 

from overnight cultures were harvested by centrifugation at 3,000 rpm for 20 mins, 

and filter-sterilized (0.2-μm pore size, Sartorius Minisart Sterile EO filters; 

Sartorius AG). Then, 4ml of chloroform was added to mix with 8ml of the 



19 

 

supernatants in 15ml conical tube. The supernatant mixtures were centrifuged at 

3,000 rpm for 10 mins to collect the blue layer fraction at the bottom of tube. 4ml 

of the blue layer was transferred into a new tube, and 2ml of 0.2 N HCl was added 

to produce a red colored mixture. 1ml of the mixture was then transferred into 

microtube for centrifugation at 13,000 rpm for 1 min. Obtained resultants were 

measured at 520nm absorbance (OD520). 

 

6. Motility assay 

To measure swimming motility, colonies of each strain grown on LB plate were 

transferred onto 0.3% agar LB plate using sterile toothpick. The plates were then 

incubated at 30°C for 24 hrs without being inverted. Twitching motility was 

measured by stabbing a sterile toothpick into 1% LB agar plates as previously 

described with Coomassie-blue staining 59. After incubation, the inner portion of the 

plate was submerged by 20ml of Coomassie-blue for 20 mins to stain the motility 

zone. De-staining was performed by multiple washing with de-staining solution (40% 

methanol and 10% glacial acetic acid). Then, plates were dried for 24 hrs at room 

temperature. Observation of swarming motility was performed as previously 

described with modification 60. In brief, 0.25% glucose and 0.1% glutamate were 

added into 0.5% agar containing M8 medium and the plates were incubated at 30°C 

for 24 hrs.   
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7. Biofilm observation 

Biofilms grown in LB for 24 hrs were analyzed using confocal laser scanning 

microscope (CLSM) as described previously 61. Biofilms were stained with 0.1% 

propidium iodide (Sigma, USA) and 0.05% SYTO-9 (Life Technologies).  

 

8. Total polyamine assay 

The total polyamine was measured by following provided instruction in a Total 

polyamine assay kit (BioVision) with modification for applying to bacteria. 

Bacteria were incubated in 6 ml of LB at 37°C for 6 hrs. After incubation for 6 hrs, 

100mg of bacterial cell pellets were then harvested to extract intracellular total 

polyamines. Lysis of bacterial cells was conducted by sonication at 35% amplitude 

for 5 secs with 3 min intervals on ice. 

 

9. SDS-PAGE analysis and protein identification  

Proteins in supernatant were harvested by trichloroacetic acid (Sigma) 

precipitation. 1ml of cell free culture supernatants obtained from P. aeruginosa and 

mutant strains grown in LB for 16 hrs were mixed with 250μl of TCA in microtubes. 

The mixtures were then incubated for 10 mins on ice. After incubation, mixtures 

were centrifuged at 14,000 rpm for 5 mins to harvest white pellets. Then, the pellets 

were washed twice by ice-cold acetone. Residual acetone was removed by heat 

block at 95°C for 10 mins. The collected pellets were re-suspended in PBS. Protein 

was quantified by the method of Bradford and 10μg of proteins were separated by 
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12% SDS-PAGE. The bands in SDS-PAGE gel were submitted to Yonsei Proteome 

Research Center (Korea) for protein identification. 

 

10. DNA manipulation  

All resultant DNA were purified using a PCR/Gel purification kit (Bioneer). 

Plasmid preparation was performed using a Plasmid mini extraction kit (Bioneer). 

Restriction enzyme digestion, ligation, and agarose gel electrophoresis were 

performed by following standard methods. Restriction enzyme SphI and SacI (New 

England BioLabs., Inc) were used to digest DNA in cloning for gene deletion. KpnI 

and SpeI restriction enzymes (New England BioLabs., Inc) were used in cloning for 

dksA1 complementation. and T4-ligase (New England BioLabs., Inc) was used to 

ligate DNA fragments. Transformation of E. coli was carried out by electroporation. 

Competent E. coli for electroporation was prepared by repeated washing with 300 

mM sucrose. Electroporation settings were 2.5kV, 25μF and 200 Ω for 2mm 

electroporation cuvette. The synthesizing oligonucleotide primers and sequencing 

DNA were performed by Macrogen, Korea. 

 

11. RNASeq analysis  

   To extract RNA, bacterial strains were grown in 25ml of LB for 4 hrs at 37°C 

with vigorous shaking. RNA samples were prepared by using RNeasy mini kit 

(Qiagen) and RNeasy protect kit (Qiagen) following instructions provided by 

manufacturers. RNA samples individually prepared from 3 different cultures were 
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pooled together. rRNA was removed by Ribo-Zero rRNA Removal kit (Illumina). 

RNA concentration was calculated by Quant-IT RiboGreen kit (Invitrogen, 

#R11490). To assess the integrity of the total RNA, samples were run on the 

TapeStation RNA screentape (Agilent Technologies, Waldbronn, Germany). Only 

high-quality RNA preparations, with RIN (RNA Integrity Number) greater than 7.0, 

were used for RNA library construction. Purified mRNA samples were randomly 

fragmented into small pieces using divalent cations under elevated temperature. The 

cleaved RNA fragments were copied into first strand cDNA using SuperScript II 

reverse transcriptase (Invitrogen) and random primers. This was followed by second 

strand cDNA synthesis using DNA polymerase I and RNase H. These cDNA 

fragments then went through an end repair process, the addition of a single ‘A’ base, 

and then ligation of the indexing adapters. The products were then purified and 

enriched with PCR to create the final cDNA library. The libraries were quantified 

using qPCR according to the qPCR Quantification Protocol Guide (KAPA Library 

Quantificatoin kits for Illumina Sequencing platforms) and qualified using the 

TapeStation D1000 ScreenTape (Agilent Technologies). Indexed libraries were 

then sequenced using the HiSeq 4000 platform (Illumina). Acquisition of raw data 

and differential expression analysis were performed following procedures described 

elsewhere 62.  
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12. Autoinducer assay  

PQS detection on thin-layer chromatography (TLC) was performed as described 

previously with modification 63. For PQS detection, supernatants from P. 

aeruginosa PAO1, ΔdksA1, ΔdksA2 and ΔdksA1ΔdksA2 grown in LB for overnight 

were harvested by centrifugation at 3,000 rpm for 20 mins. To extract PQS, 1ml of 

the culture supernatants were mixed with the equivalent volume of ethyl acetate 

acidified by 0.02% acetic acid. The extraction was repeated two times to collect the 

ethyl acetate fractions. 500μl of the collected ethyl acetate fractions was transferred 

into microtubes, and evaporated by heat-block at 60°C in fume hood. Residues from 

the evaporation were dissolved in 50μl of solvent consisted of the acidified ethyl 

acetate and acetonitrile (1:1, v/v). 5μl of the samples were loaded on TLC plate 

(TLC Silica gel 60F254, MERCK). In HSL measurements, C4-HSL and 3-oxo-C12-

HSL were extracted from 50ml of the culture supernatants with the equivalent 

volume of acidified ethyl acetate. The extraction was repeated two times to collect 

the ethyl acetate fraction. The collected ethyl acetate fraction was evaporated by N2 

gas to dry. The residues were dissolved in 250μl of HPLC grade ethyl acetate to 

obtain 20-fold concentrated extracts. Measurement of 3-oxo-C12-HSL was 

performed by using an E. coli strain harboring reporter plasmid pKDT17 containing 

a copy of lasR-lacZ transcriptional fusion 56. 100μg/ml of purified 3-oxo-C12-HSL 

(Sigma) was used as positive control, and the same volume of extracts to the 

positive control were tested to measure β-galactosidase activity. The miller units 

from the control and samples were calculated as described previously 64. The 



24 

 

measurement of C4-HSL was conducted through violacein productions of the 

Chromobacterium violaceum CV026 strain 65. The CV026 strain was incubated in 

5 ml of LB supplemented with 100 μg/ml of purified C4-HSL (Cayman Chemicals) 

as positive control. Equivalent volume of extracts to C4-HSL was used to CV026 

incubation. After incubation, cell pellets in 1ml of culture were harvested by 

centrifugation at 13,000 rpm for 3 mins. The pellets were then re-suspended using 

HPLC grade DMSO to dissolve violacein. Violacein was measured at 590 nm 

absorbance and normalized using the OD600 value of CV026. 

 

13. In vivo virulence assay  

A total of 25 mice aged 5-weeks were distributed into five groups including PBS 

control group. PAO1 and mutant strains were incubated in LB broth at 37°C for 12 

hrs. The incubates were harvested by centrifugation and washed twice with PBS. 

Cell pellets were adjusted to 108 cells per 50μl as an initial infection dose. Mice 

were anesthetized with 20% (v/v) ketamine and 8% (v/v) Rompun mixed in saline. 

During anesthetization, 50μl of prepared bacterial cells were inhaled directly 

through the nose by a pipette. The survival of the mice was monitored for 24 hrs 

with 2-hr intervals. The survival of the mice was demonstrated as Kaplan-Meier 

curves using Graph Pad Prism software (www.graphpad.com).  

  

http://www.graphpad.com/
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14. Statistical analysis  

Statistical analysis of the data in experiments was carried out by statistic tool 

equipped within Graph Pad Prism software (www.graphpad.com) for the paired 

Student’s t-test. 

  

http://www.graphpad.com/
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III. RESULTS 

1. DksA1 acts as a global transcriptional regulator in P. aeruginosa  

To investigate the effects of disruptions in the dksA1 and/or dksA2 genes in P. 

aeruginosa, transcriptomes of ΔdksA1, ΔdksA2, and ΔdksA1ΔdksA2 mutants were 

compared with that of the parental strain PAO1 by RNA sequencing (RNASeq). The 

row Z-score of the differential expression was calculated by processing RPKM values 

of targeted genes and is represented as a color-coded box in heat maps (Fig. 1.1A).  

 

(i) Regulation of ribosomal proteins and rRNA related genes. We first assessed 

whether the deletion of dksA1 and/or dksA2 genes affects transcriptions of genes 

encoding ribosomal proteins and ribosomal RNA modifying enzymes because it was 

reported that DksA represses transcription of genes involved in ribosome biogenesis 

31. Our results demonstrate that the deletion of dksA1 clearly leads to the elevated 

gene transcription of major ribosomal proteins and RNA modifying enzymes (Fig. 

1.1B-D). It is of note that the transcription signatures in these particular sets are 

indistinguishable between PAO1 and the ΔdksA2 mutant (Fig. 1.1B-D). These results 

suggest that the product of dksA1, and not dksA2, is responsible for regulating 

ribosomal RNA gene transcription.  

 

(ii) Regulation of QS. We next found that the disruption of the dksA1 gene resulted 

in remarkably decreased expression of QS-related genes. The gene expression to 

produce (i) QS signals and (ii) QS-regulated virulence determinants was invariably 
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decreased (Fig. 1.1E). Transcriptions of two distinct HSL signal synthases (lasI and 

rhlI) and their cognate response regulators (lasR and rhlR) were noticeably reduced 

in the presence of the dksA1 deletion. Similarly, the expression of genes constituting 

the PQS synthesis operon (pqsA, pqsB, pqsC, pqsD, and pqsE) was clearly 

downregulated in ΔdksA1 and ΔdksA1ΔdksA2 mutants (Fig. 1.1E). Consistent with 

these changes, the transcription of genes encoding QS-regulated virulence factors was 

also downregulated. The expression of genes encoding elastase (lasB), rhamnolipid 

(rhlA and rhlB), phenazines (phzA1 and phzB2), pyocheline (pchR, pchA, pchB, pchC, 

pchD, pchE, and pchG), alkaline protease (aprA, aprD, aprE, and aprF), and the type 

2 secretion system (xcp operon) became less active in the presence of the dksA1 

mutation. Overall, our results suggest that DksA1 positively regulates P. aeruginosa 

QS, while DksA2 is dispensable.  

 

(iii) Regulation of polyamine metabolism. We also noted that genes involved in 

the biosynthesis of polyamines using S-adenosyl-L-methionine (SAM) as a substrate 

were actively transcribed in ΔdksA1 and ΔdksA1ΔdksA2 mutants (Fig. 1.1F). The 

LuxI family proteins, LasI and RhlI, require SAM and acyl groups donated from acyl 

carrier proteins to produce HSL in P. aeruginosa 66. In our transcriptome analysis, 

expressions of speD and speE, encoding SAM decarboxylase and polyamine amino-

propyltransferase were significantly increased in ΔdksA1 and ΔdksA1ΔdksA2 mutants 

(Fig. 1.1F). Expressions of other putrescine biosynthesis genes (such as, speA, aguA, 

aguB, and gbuA) and speC, which converts ornithine to putrescine, were also 
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markedly upregulated in the presence of the dksA1 mutation (Fig. 1.1F). In addition, 

spdH, encoding spermidine dehydrogenase, which converts putrescine to spermidine, 

was significantly upregulated. Furthermore, the transcription of the genes in the 

potABCD operon encoding polyamine transport proteins was significantly increased 

in dksA1 mutants (Fig. 1.1F). In contrast, transcription of genes involved in 

polyamine catabolism (spuC-H) was downregulated in ΔdksA1 and ΔdksA1ΔdksA2 

mutants (Fig. 1.1F). Overall, our genome-wide analysis shows that when the dksA1 

gene is deficient, bacterial transcription is modulated to create an environment where 

polyamine overproduction may occur. Once again, deficiency of the dksA2 gene 

induced only negligible transcriptional changes. 

  

(iv) Regulation of anaerobic respiration. Our interest extends to the finding that 

dksA1 may also participate in controlling anaerobic respiration in P. aeruginosa. It 

has been found that P. aeruginosa can grow robustly under anaerobic conditions using 

alternative electron acceptors 67-69. DksA1, and not DksA2, was found to contribute 

to the transcription of genes involved in anaerobic respiration in P. aeruginosa. 

Anaerobic growth, stimulated by a process called denitrification, is mediated by 

sequential reduction steps of nitrate (NO3
-) or nitrite (NO2

-) 70. The first step of 

denitrification is conducted by nitrate reductase (Nar) encoded by the gene cluster 

narK1K2GHJI. Nitrite reductase (Nir) and nitric oxide reductase (Nor), which are 

encoded by gene clusters nirSMCFLGHJND and norCBD, respectively, catalyze the 

next steps of denitrification to produce nitrous oxide. Then, nitrous oxide is converted 
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to nitrogen gas by nitrous oxide reductase encoded by the nosRZDFYL cluster 71. Our 

analysis clearly indicated that transcriptions of a large number of denitrification genes 

were remarkably suppressed in ΔdksA1 and ΔdksA1ΔdksA2 mutants (Fig. 1.1G). 

Here again, the ΔdksA2 mutant produced an almost identical transcription profile with 

that of PAO1 (Fig. 1.1G). Expression of the anr gene encoding a master anaerobic 

regulator, ANR, was decreased, while other positive regulator genes, dnr (DNR) and 

narXL (NarXL), exhibited increased expression in the ΔdksA1 mutant (Fig. 1.1G). 

Our results suggest that the dksA1 gene mutation probably affects P. aeruginosa 

anaerobic growth.  

 

(v) Regulation of flagella synthesis. Finally, the expression of genes engaged in 

flagella-mediated motility and pilus biogenesis was also noticeably attenuated in 

strains lacking DksA1. The transcription of genes in the flgBCDEFGHIKL cluster 

encoding flagellum structural components was downregulated in the absence of 

DksA1 (Fig. 1.1H). Transcription of B-type flagellin encoded by fliC, fliD, and 

PA1095, was also repressed in ΔdksA1 and ΔdksA1ΔdksA2 mutants. However, a 

consistent pattern of increase or decrease was not observed in the fliEFIJMNOPQR 

cluster involved in flagella biosynthesis and assembly, and in the motAB operon 

encoding flagellum motor proteins among strains (see Supplementary Excel file). 

Moreover, transcription of genes encoding type IV pili, required for swarming and 

twitching motility, was also reduced in ΔdksA1 and ΔdksA1ΔdksA2 mutants (Fig. 

1.1I). 
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Figure 1.1. Comparatory analysis of PAO1, ΔdksA1, ΔdksA2, and ΔdksA1ΔdksA2 

transcriptomes. Transcript levels of genes (indicated in panels B~I) were quantified 

by row Z-score (A) and represented as heat maps (B~I). The row Z-score was 

calculated by log2 transformed RPKM values of targeted genes. The formula to 

calculate row Z-scores from RPKM values was log2 (RPKM+1). A row Z-score value 

ranges from -1.5 to 1.5 and is represented as a color-coded box. (B) Transcript levels 

of genes encoding 50S ribosomal protein components. (C) Transcript levels of genes 

encoding 30S ribosomal protein components. (D) Transcript levels of genes encoding 

16S and 23S ribosomal protein components. (E) Transcription of genes involved in 

quorum sensing (QS) and QS-regulated virulence determinants. Genes encoding 

elastase (lasB), rhamnolipid (rhlA and rhlB), pyochellin (pchR~pchG), phenazine 

(phzA1 and phzB1), alkaline protease (aprA~aprF), and the type 2 secretion system 

(xcpZ~xcpQ) were downregulated in the presence of dksA1 gene mutation. (F) 

Transcription of genes involved in polyamine metabolism. (G) Transcription of genes 

encoding reductase for nitrate reductase (Nar), nitrite reductase (Nir), nitric oxide 

reductase (Nor), and nitrous oxide reductase (Nos). Transcription of genes involved 

in flagella synthesis and assembly (H) and type IV pili synthesis (I).   
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2. DksA1 is essential for QS-mediated virulence in P. aeruginosa 

Our transcriptome analysis clearly suggests that DksA1 plays a versatile role in 

regulating gene transcription for various phenotypes. To examine whether the 

changes at the transcript-level in response to the dksA1 gene mutation are reflected at 

the phenotype-level, we conducted a series of experimental validations. First of all, 

we observed that all the mutant strains exhibited an identical growth rate with their 

parental strain PAO1 (Fig. 1.2A). This finding ruled out the theory that altered 

transcriptome profiles in the ΔdksA1 and ΔdksA1ΔdksA2 mutants were due to slower 

or faster growth. During bacterial cultivation, it was noticed that strains harboring a 

dksA1 gene mutation failed to produce the typical green pigment, pyocyanin (Fig. 

1.2B). When pyocyanin was quantified, the ΔdksA1 and ΔdksA1ΔdksA2 mutants 

produced remarkably decreased levels (Fig. 1.2C). The level of pyocyanin production 

in these two mutants was comparable to that produced in the ΔlasRΔrhlR mutant, 

which was reported to produce almost no pyocyanin at all. In addition, the dksA1-

complemented strains showed restored pyocyanin production to the PAO1 level (Fig. 

1.2C). Likewise, the two mutants produced markedly reduced amounts of elastase, 

the major virulence determinant produced by P. aeruginosa 67. When quantified, 

elastase produced in these two mutants was ~20% of the level produced in PAO1. 

Elastase production was restored, when the wild type copy of dksA1 gene was 

expressed (Fig. 1.2D). Consistent with the transcriptome profiles, elastase production 

in the ΔdksA2 mutant was not defected (Fig. 1.2D). Suppressed elastase production 

was further verified in SDS-PAGE gel of proteins present in concentrated bacterial 
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culture supernatants. The elastase band was identified previously by Mass Spec and 

western blot (Fig. 1.3) 67,72. As virulence factors were decreased in the absence of 

dksA1, the attenuated virulence of ΔdksA1 and ΔdksA1ΔdksA2 mutants was tested in 

vivo using 5-week-old Balb/c mice. All mice were infected with 108 cells of bacterial 

strains and perished within 24 hrs. Mice infected with PAO1 and ΔdksA2 mutants 

were affected at a significantly faster rate, whereas mice infected with ΔdksA1 and 

ΔdksA1ΔdksA2 mutants died slowly and survived for up to 22 hrs (Fig. 1.2E). This 

result further supported our finding that dksA1 is essential for P. aeruginosa virulence.  

QS is operated by secretion and recognition of signaling molecules, collectively 

termed autoinducers 35. Since major QS-mediated phenotypes were repressed in 

strains devoid of DksA1, we sought to measure autoinducers to see if the 

uninterrupted production of DksA1 enables the biosynthesis of QS signal molecules. 

Two homoserine lactone autoinducers, 3-oxo-C12-HSL and N-butyryl homoserine 

lactone (C4-HSL), were semi-quantitatively measured using two different reporter 

strains, as described in Experimental Procedures. Based on our quantification, 

production of 3-oxo-C12-HSL in the ΔdksA1 mutant was only half of that produced 

in PAO1 (Fig. 1.4A). When incubated with purified 3-oxo-C12-HSL (100𝜇g/ml), the 

reporter cells produced strong β-galactosidase activity. More importantly, C4-HSL 

was almost completely suppressed in the ΔdksA1 mutant (Fig. 1.4B), suggesting that 

the RhlI-R QS circuit is more severely impaired when dksA1 gene is disrupted. When 

cell extracts were subject to thin-layer chromatography (TLC) assay, loss of PQS 

production was also detected in ΔdksA1 and ΔdksA1ΔdksA2 mutants (Fig. 1.4C). As 
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indicated by white arrows, PQS production was observed in PAO1 and ΔdksA2 

mutants (Fig. 1.4C). In the TLC assay, purified PQS at 10mM concentration was used 

as a control (far left lane, Fig. 1.4C). Together, our results indicate that DksA1 is 

required for the production of all three autoinducer molecules that mediate P. 

aeruginosa QS. 
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Figure 1.2. Virulence phenotypes of ΔdksA1, ΔdksA2, and ΔdksA1ΔdksA2 

mutants. (A) Growth curves of PAO1, ΔdksA1, ΔdksA2 and ΔdksA1ΔdksA2 strains 

in LB media. Aliquots of bacterial cultures (n=3) were withdrawn every hr to measure 

OD600 values. (B) Visual comparison of bacterial culture supernatants. Loss of 

pigment was clearly observed in ΔdksA1 and ΔdksA1ΔdksA2 mutants. (C) Pyocyanin 

production in each strain was quantified and normalized with that of PAO1. The 

values of means ± S.D. are presented (n=3). *, p < 0.05 vs. pyocyanin production in 

PAO1. QS- indicates PAO1ΔlasRΔrhlR double mutant. Pyocyanin production was 

also quantified in the supernatants of dksA1-complemented strains. (D) Relative 

elastase activity of tested strains. Elastase activity was measured as described in 

Experimental Procedures. *, p < 0.05 vs. elastase production in PAO1. (E) In vivo 

virulence assay. The infection dose was ~108 cells per mouse. *, p < 0.05 vs. survival 

rate of PAO1-infected mice. Five mice were used in each group.  
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Figure 1.3. SDS-PAGE gel image of proteins in culture supernatant. The 

distinguishable patterns and amount of proteins in the culture supernatant were 

confirmed by 12% SDS-PAGE gel analysis. Elastase bands (red arrow) in the 

concentrated supernatants of the PAO1 and ΔdksA2 mutant was significantly 

reduced in those of the dksA1 mutants. The Protein identification confirmed that the 

parts of the type-B flagellin protein were detected instead of elastase (indicated as 

①and ②) in dksA1 mutants, and the chitin binding protein and its precursor were 

shown in the supernatant of the PAO1 and ΔdksA2 mutant (indicated as ③and ④). 

PAO1, wild type; ΔdksA1, PAO1ΔdksA1; ΔdksA2, PAO1ΔdksA2; and ΔdksA1A2, 

PAO1ΔdksA1ΔdksA2. 
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Figure 1.4. Effects of dksA1 gene mutation on production of QS signal molecules. 

(A) Levels of 3-oxo-C12-HSL (3-oxo-C12-HSL) were measured by using an E. coli 

reporter strain harboring a pKDT17 plasmid. Concentrations of 3-oxo-C12-HSL are 

represented as β-galactosidase activity. Purified 3-oxo-C12-HSL (100μg/ml) was 

used as the positive control. *; p < 0.05 vs. β-galactosidase activity by PAO1 culture 

supernatant. (B) Levels of N-butyryl homoserine lactone (C4-HSL) was monitored 

by measuring the violacein production from the biosensor strain C. violaceum CV026. 

Violacein production was monitored by measuring absorbance at 590nm and 

normalized to the OD600 values of CV026. Purified C4-HSL (100μg/ml) was used as 

a positive control. *; p < 0.05 vs. values by PAO1 culture supernatant. (C) PQS 

detection by thin-layer chromatography (TLC). Purified PQS (10mM, 5μl) was used 

as a positive control. Samples (10μl) were loaded on TLC plates. White arrows 

indicate spots for PQS.  
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3. DksA is required for anaerobic respiration of P. aeruginosa 

The expression of genes involved in denitrification was significantly suppressed 

in two mutants harboring a defective dksA1 gene, as shown in Fig. 1.1G. We, 

therefore, evaluated the effect of dksA1 gene disruption on P. aeruginosa anaerobic 

respiratory growth. When grown anaerobically with 25mM NO3
-, PAO1 and dksA1-

complemented strains reached an OD600 of ~1.5 in 24 hrs. In contrast, final OD600 

values were only ~0.8 in ΔdksA1 and ΔdksA1ΔdksA2 mutants under the same 

conditions (Fig. 1.5A). Again, the anaerobic growth of the ΔdksA2 mutant was 

indistinguishable with that of PAO1. We next tested bacterial growth using NO2
- as 

an alternative electron acceptor. When 5mM of NO2
- was used, the PAO1 and 

ΔdksA2 mutant grew until OD600 values reached ~0.4 (Fig. 1.5B). These results 

further verified that P. aeruginosa anaerobic respiration is better supported by NO3
- 

compared to NO2
- 68. Under the same growth conditions, mutants possessing a 

defective dksA1 gene only grew up to OD600 values of ~0.2. However, dksA1-

complemented strains restored anaerobic growth similar to PAO1 (Fig. 1.5B). A 

CFU counting assay also clearly showed growth differences between strains. More 

than 100-fold decreases in viable cell numbers were observed at the end of the 

growth experiments in ΔdksA1 and ΔdksA1ΔdksA2 mutants (Fig. 1.5C). Together, 

these results suggest that DksA1 plays a very important role in activating two major 

anaerobic respiration pathways in P. aeruginosa. The anaerobic growth of PAO1 

and mutants was inactive in Luria-Bertani (LB) media without alternative electron 

receptors (Fig. 1.5D).  
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Figure 1.5. Anaerobic growth of ΔdksA1, ΔdksA2, and ΔdksA1ΔdksA2 mutants. 

(A) Growth curves of PAO1, ΔdksA1, ΔdksA2 and ΔdksA1ΔdksA2 strains in LB 

media supplemented with 25mM NO3
-. Aliquots of bacterial cultures (n=3) were 

withdrawn every 2 hrs to measure OD600 values. Bacterial strains (indicated to the 

right) were grown anaerobically at 37°C. (B) Growth curves of PAO1, ΔdksA1, 

ΔdksA2 and ΔdksA1ΔdksA2 strains in LB media supplemented with 5mM NO2
-. (C) 

Defective anaerobic growth of ΔdksA1 and ΔdksA1ΔdksA2 was further verified in 

CFU enumeration assay. Bacterial cultures after 24 hrs anaerobic growth in LB 

supplemented with 25mM NO3
- were serially diluted and 10μl of each diluent was 

spot-inoculated on LB agar plate. The plates were incubated in anaerobic conditions 

at 37°C for 24 hrs. (D) Anaerobic growth was not active in plain LB media without 

either alternative electron acceptor.   
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4. DksA1 is required for swarming motility  

In P. aeruginosa, swimming motility is an ability to translocate on a sufficiently 

thick fluid surface, which is driven by single polar flagellum, whereas swarming 

motility empowers a different form of movement on a relatively thin fluid surface 

73,74. In addition, twitching motility is a type IV pili-dependent movement on a solid 

surface. Forming a twitch zone by twitching motility is mediated by colonial 

expansion inside the interstitial space of the medium 59,73. Flagellin and pilus, which 

are structural components encoded by the fliC and pilA genes, are important 

determinants for the aforementioned motilities in P. aeruginosa 59. Since repressed 

gene transcription for flagella and pilus biosynthesis including fliC and pilA were 

observed in ΔdksA1 and ΔdksA1ΔdksA2 mutants, we wanted to examine motility 

phenotypes. As shown in Fig. 1.6A, swimming motility was impaired in the presence 

of the dksA1 gene mutation. Swimming motilities of the ΔdksA1 and ΔdksA1ΔdksA2 

mutants were ~68% of that of PAO1 or the ΔdksA2 mutant. Likewise, reduced 

twitching motility was detected in the mutants of the dksA1 gene (Fig. 1.6B). It was 

of particular note that among the three, the swarming motility was most significantly 

compromised in mutants of the dksA1 gene (Fig. 1.6C). The defective swarming 

motility was completely restored by dksA1 gene complementation (Fig. 1.6D). 

Collectively, DksA1 is critically required for the intact motility of P. aeruginosa on 

diverse surfaces. 
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Figure 1.6. Effects of dksA1 gene mutation on various bacterial motilities. (A) 

Swimming motility tested on LB plates with 0.3% agar. Attenuated swimming 

motility was shown as the reduced size of the circular colonies of dksA1 mutants. 

The plate was incubated at 30°C for 24 hrs without being inverted. (B) Twitching 

motility tested on LB plate with 1% agar. Reduced size of twitch zone was shown 

in ΔdksA1 and ΔdksA1ΔdksA2 mutants. The plate was incubated at 37°C for 24 hrs 

without being inverted. (C) Swarming motility tested on a swarm plate. Formation 

of a characteristic irregular branch was not observed in ΔdksA1 or ΔdksA1ΔdksA2 

mutants. Swarm plate consisted of M8 salt, 0.1% glutamate, 0.25% glucose, and 0.5% 

agar. Bacterial strains were inoculated on the surface of the swarm plate and 

incubated at 30°C for 24 hrs without being inverted. (D) Swarming motility of the 

dksA1-complemented strains. The irregular branches re-appeared when dksA1 gene 

was complemented.  
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5. DksA1 plays a more important role in P. aeruginosa biofilm formation than 

DksA2  

Biofilm, a mode of bacterial lifestyle with increased fitness, is a reservoir of 

bacterial virulence factors 61. Since the formation of biofilm depends on motility, we 

next evaluated the effects of the dksA1 and/or dksA2 mutations on P. aeruginosa 

biofilm formation. Biofilms were grown statically for 24 hrs on top of cover glasses 

and visualized via fluorescent live/dead staining using a confocal laser scanning 

microscope (CLSM). The biofilm formed by PAO1 was robust with a depth of >79 

𝜇M and filled with live cells (Fig. 1.7A). Biofilms formed by the ΔdksA1 and 

ΔdksA1ΔdksA2 mutants, on the other hand, were substantially thinner and composed 

of mostly dead cells (Fig. 1.7B and 1.7D). The biofilm architecture of the ΔdksA2 

mutant was comparable with that of the PAO1 biofilm, especially in terms of the 

biofilm thickness and density. However, a significantly larger number of dead cells 

were detected in the ΔdksA2 mutant biofilm (Fig. 1.7C). The biofilm thickness and 

viability were substantially recovered when the dksA1 gene was expressed in the 

ΔdksA1 mutant (Fig. 1.7E). In addition, biofilm architecture was restored to the level 

of ΔdksA2 single mutant, when the intact dksA1 gene was expressed in the 

ΔdksA1ΔdksA2 mutant (Fig. 1.7F). This result suggests that although disruption of 

DksA2 resulted in no changes in most of the phenotypes examined, biofilm viability 

was actually affected by the loss of DksA2. Our results also demonstrate that dksA1 

gene complementation worked well in the biofilm mode of growth.  
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Figure 1.7. CLSM images of PAO1, ΔdksA1, ΔdksA2, or ΔdksA1ΔdksA2 biofilm. 

One-day-old bacterial biofilms were stained with SYTO-9 (green) and PI (red) to 

visualize biofilm architecture and viability of constituent cells. In each panel, top 

and sagittal views are constructed from a stack of images taken at 84.4nm interval 

for a total of 79μm. (A) Biofilm formation of wild type PAO1. (B) Biofilm formation 

of the ΔdksA1 mutant with reduced thickness and with increased dead cell population 

(red). (C) Biofilm formation of the ΔdksA2 mutant with increased dead cell 

population. (D) Biofilm formation of the ΔdksA1ΔdksA2 mutant with substantially 

reduced thickness and increased dead cell population. (E) Restored thickness and 

viability by dksA1 gene complementation in ΔdksA1 mutant biofilm. (F) Biofilm 

formation of ΔdksA1ΔdksA2 mutant complemented with dksA1 gene. Overall 

structure and viability are similar to those of the ΔdksA2 mutant biofilm. All images 

were captured by Olympus FV10-ASW software in two independent biofilms from 

four separate experiments.   
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6. Polyamine synthesis is increased in ΔdksA1 mutants  

In the transcriptome analysis, disruption of the dksA1 gene resulted in the increased 

expression of genes involved in polyamine metabolism (Fig. 1.1F). Polyamine 

biosynthesis is mediated by several enzymes that produce putrescine and other 

polyamines using amino acids and SAM as substrates. Our RNASeq analysis also 

showed that the expression of genes involved in polyamine catabolism was reduced 

(Fig. 1.1F). We, therefore, postulated that polyamines might be accumulated in the 

presence of the dksA1 gene mutation. As shown in Fig. 1.8A, intracellular levels of 

total polyamines were increased by approximately 30% in ΔdksA1 and 

ΔdksA1ΔdksA2 mutants compared with those of PAO1 and the ΔdksA2 mutant. 

Likewise, levels of polyamines were reduced when dksA1 gene was complemented. 

These results thereby suggest that DksA1 participates in the regulation of intracellular 

metabolic flows, which, in turn, affects polyamine synthesis.  
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Figure 1.8. Quantification of total polyamine production in tested strains and a 

model that depicts the multi-layered role of DksA1. (A) Polyamine production in 

bacterial strains. Total polyamines including putrescine, spermine and spermidine 

were measured from 100mg of bacterial cell pellets. The values of means ± S.D. are 

presented (n=3). *, p < 0.05 vs. values in PAO1. (B) Potential roles of DksA1 in P. 

aeruginosa. When DksA1 is absent (bottom half), the metabolic flow of SAM leads 

to elevated polyamine synthesis, inhibiting the synthesis of autoinducers. In addition 

to its well-characterized role in activating stringent response, DksA1 also 

participates in regulation of anaerobic respiration and motility.  
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IV. DISCUSSION 

In this study, we showed that the disruption of DksA1 and/or DksA2 resulted in 

distinct transcriptional profiles in RNA synthesis, QS, virulence, motility, and 

anaerobic respiration in P. aeruginosa. As the gene expression profile of the 

ΔdksA1ΔdksA2 mutant is similar to that of the ΔdksA1 mutant, DksA1 seems to act 

as a major modulator of the aforementioned phenotypes. Expression of dksA1 is 

required to overcome various types of stress including amino acid starvation and 

acidic stress 46,75, whereas, dksA2 is reported to be expressed under Zn2+ depletion 34. 

Moreover, phenotypes of the ΔdksA2 mutant are similar to wild type PAO1 grown in 

nutrient-rich conditions. These observations suggest that DksA2 may be only 

required under specific conditions.  

It has been previously suggested that DksA1 affects the expression of rhlI and 

translation of lasB, however, the DNA binding motif and chaperone activity of DksA 

were not found in E. coli 13,33. As P. aeruginosa has a complex QS hierarchical 

network, reduction of C4-HSL in the supernatant negatively affects the regulation of 

3-oxo-C12-HSL and the PQS system leading to the downregulation of virulence 

factor production 35. In addition, because the expression of the acylase-encoding 

genes, pvdQ and quiP, was increased in dksA1-disrupted mutants, reduced levels of 

acyl-HSL may be, in part, due to the increased acylase products.  

The reduction of 3-oxo-C12-HSL and C4-HSL resulted in diminished swarming 

motility 60. The swarming motility in P. aeruginosa requires LasI, LasR, RhlI, and 

RhlR activation for rhamnolipid production, because a ΔrhlA mutant exhibited 
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defective swarming motility. Based on this, diminished swarming motility in ΔdksA1 

and ΔdksA1ΔdksA2 mutants might occur by reduced levels of 3-oxo-C12-HSL and 

C4-HSL. Similar to P. aeruginosa, Salmonella enterica serovar Typhimurium and 

Vibrio cholerae also require DksA for normal motility 54,55.   

The full expression of denitrification clusters requires two transcriptional 

regulators, ANR and DNR. ANR controls expression of dnr encoding DNR, and both 

ANR and DNR activate promoters of denitrification gene clusters71. The anr 

encoding ANR is repressed by 3-oxo-C12-HSL with LasR at stationary phase 76. 

However, the production of C4-HSL and 3-oxo-C12-HSL was diminished and the 

expression of anr was decreased in the ΔdksA1 mutant. Therefore, it is expected that 

the denitrification of the dksA1 mutants is regulated in a different way that is 

dependent on DksA1 rather than responding to ANR and DNR activities.  

Polyamines are multifunctional metabolites associated with stress response by the 

modulation of gene expression, modification of membrane components, and 

sequestration of reactive oxygen species (ROS) to protect cell components such as 

GC-rich DNA 77,78. Furthermore, a positive correlation was observed between 

polyamine and QS in a metabolite comparison study using a ΔlasIΔrhlI mutant and 

PAO1, and the positive correlation is speculated to be a response to increased ROS-

induced stress resulting from QS activation 77. Moreover, polyamine synthesis 

requires SAM, which is an essential metabolite not only for the polyamine synthesis 

but also for the autoinducer synthesis 66,79. Given this, DksA1 appears to contribute 

to modulate metabolic flow of the SAM between QS and polyamine synthesis (Fig. 
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1.8B). Thus, the increased gene expression and production of polyamine synthesis in 

the dksA1 mutants is presumed to be part of a complementary response to the 

dysfunction of the stress management mechanism, due upon dksA1 gene disruption.  

Alterations in gene expression by the disruption of dksA1 have not been fully 

understood in P. aeruginosa. In general, the action of DksA has been described in a 

concerted model whereby the interaction with (p)ppGpp and RNA polymerase 

(RNAP) regulates gene expression. Binding of DksA to RNAP regulates transcription 

in response to starvation signals by affecting the stability of an open complex 13,80. In 

addition, DksA enhances the ability of RNAP to regulate gene expression in response 

to (p)ppGpp through direct binding to a secondary channel of RNAP in a concerted 

model 81. Nevertheless, recently, it has been discovered that DksA plays an 

independent role in the regulation of gene expression in E. coli 21,22. The deletion of 

dksA in E. coli was found to globally induced changes in global gene expression. 

Under this condition, it was proposed that the secondary channel in RNAP is occupied 

by a transcription factor GreA or GreB (Gre factors), which are structurally similar 

to DksA 21. Based on intracellular concentrations and RNAP affinities of DksA and 

Gre factors, it has been postulated that DksA preferentially occupies RNAP rather 

than Gre factors in E. coli under normal conditions 82. In addition, the interplay 

between DksA and GreA/B in a secondary channel is suggested to be critical for the 

regulation of inorganic polyphosphate that is required for virulence factor production 

81. Furthermore, GreA has been reported to functionally compete with DksA, however, 

GreB is thought to have similar effects as DksA on rRNA operon (rrn) expression in 
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E. coli 82,83. Because P. aeruginosa harbors genes coding for the Gre factors in its 

genome, it will be necessary to investigate whether affected phenotypes of dksA1 

mutants are caused by protein-protein interactions between RNAP and Gre factors. 

In addition, the characteristics of DNA sequence in the promoter region may be also 

responsible for the altered gene expression in the dksA1 mutants. Transcription is 

activated or repressed depending on the intrinsic properties of the promoter region. 

Repressed target promoters, such as rrn, typically have a GC-rich discriminator 

region located between the -10 hexamer and +1 transcription start site, whereas 

activated target promoters typically contain an AT-rich sequence in this position 15. 

Identification of a DksA1 responsive motif will provide better insights into the precise 

understanding of the SR at the transcriptional level in P. aeruginosa.   

DksA homologs, as RNAP-binding indirect transcription factors, are distributed in 

many bacterial species and contribute to the virulence factor production of these 

bacteria along with (p)ppGpp 15. Shigella flexneri, an enteric pathogen, uses DksA to 

acquire virulence associated genes horizontally. In addition, DksA of S. flexneri was 

required to spread the infection from cell to cell 84. In S. enterica, DksA is also 

required to control virulence mechanism including motility, biofilm formation, T3SS, 

and intestinal colonization 55. Moreover, S. enterica lacking DksA exhibits an 

increased LD50 in mouse infection 85. Intracellular invasive pathogen Legionella 

pneumophila also encodes a DksA homolog that is critical for differentiation to the 

transmissive form, including flagellar gene activation and cytotoxicity toward 

macrophage 15,85. In addition, a ΔdksA mutant of Campylobacter jejuni, a food 
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poisoning pathogen, showed impaired invasion of epithelial cells and induction of IL-

8 in vitro 15. In another enteric pathogen, V. cholerae, it was reported that the 

expression of cholera toxin is downregulated when dksA is deleted through post-

transcriptional regulation 86. When considering these, it can be suggested that DksA 

may be a drug target that controls bacterial infection and reduces the use of antibiotics. 

To screen drug candidates for anti-DksA, construction of a reporter strain is required 

for high throughput positive selection. Since the DksA inhibits the expression of 

genes involved in ribosome synthesis, disruption of dksA induces the overexpression 

of ribosome synthesis (Fig. 1.1B-D). Thus, applying this unique characteristic of 

DksA into the construction of a reporter strain would be a useful strategy for drug 

screening.  

In summary, our research revealed that virulence and metabolism in P. aeruginosa 

rely on DksA1-dependent transcription, but not DksA2. QS-mediated virulence, 

anaerobic respiration and motility are important phenotypes to consider, when 

establishing anti-Pseudomonas strategies. Results provided in the current study 

demonstrate that all of these phenotypes are controlled by a single regulator, DksA1. 

We anticipate that future investigation will propose ideas to specifically and 

effectively target DksA1 for eradication of P. aeruginosa infection.  
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Chapter III: Chemical inhibitors of DksA1, a conserved bacterial 

transcriptional regulator, attenuate quorum sensing-mediated virulence in 

Pseudomonas aeruginosa 

 

I. INTRODUCTION 

Pseudomonas aeruginosa, an opportunistic human pathogen, has extensive 

metabolic capabilities of adapting to diverse environments including 

immunocompromised human hosts 1. In addition, P. aeruginosa commonly contains 

high proportions of regulatory genes, particularly those for diverse signal pathways 

that establish resistant phenotypes 1,2. Stringent response (SR) is a highly conserved 

mechanism across bacterial species, activated in response to nutrient starvation 13. SR 

is mediated by two key elements, nucleotide alarmones called guanosine tetra- and 

penta-phosphate, (p)ppGpp, and a transcriptional regulator DksA 14,46. DksA is a 17 

kDa protein with a coiled-coil N-terminal domain and globular C-terminal domain 

consisting of a Zn2+ binding motif with α-helix structures 13,18. According to the 

structural analysis, the Zn2+ binding motif of DksA consists of four cysteine residues, 

which play a key role in sustaining the folding of the C-terminal and coiled-coil 

regions of DksA 16. Under nutrient starvation, a RelA enzyme is introduced to tRNA 

for the purpose of sensing amino acid deficiency and initiating the synthesis of 

(p)ppGpp via GTP and GDP consumption 14,24. Using (p)ppGpp, DksA binds to RNA 

polymerase (RNAP) for downstream transcriptional regulation, such as the repression 

of rRNA gene transcription 13,14,87. 
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The mode of action regarding the interaction of DksA with RNAP was uncovered 

in a series of studies using E. coli. In E. coli, the intracellular level of DksA remains 

constant throughout the lifecycle, unlike (p)ppGpp 15. The constant level of DksA was 

initially considered to be crucial as it was identified to suppress dnaK mutation with 

its chaperon activity 13,15. However, DksA was later revealed to be even more 

significant as it serves as a transcriptional suppressor of rRNA and ribosomal proteins 

in E. coli 13,24. DksA directly binds to RNAP and modulates RNAP activity by 

destabilizing the open complex to prevent intermediate complexation by competition 

for transcription initiation 13,20,46. A current model demonstrates that DksA binding 

requires multiple interactions with (i) rim helices of the β’-subunit, (ii) an active site 

of the β-subunit and (iii) a β-subunit site insertion 1 (β-SI1) in a secondary channel 

of RNAP 20. 

DksA is also critically involved in regulating bacterial pathogenesis in several 

pathogens 15,22,31,81,88. In Vibrio cholerae, DksA upregulated expression of fliA, 

encoding a sigma factor that regulates its motility. Furthermore, uninterrupted 

production of cholera toxin and hemagglutinin protease required functional DksA 54. 

Likewise, in Salmonella, DksA was found essential for the expression of motility, 

biofilm formation, cellular invasion and intestinal colonization that caused in vivo 

systemic infection 55. Moreover, DksA in Salmonella controlled central metabolism 

to balance its redox state, which in turn helped resist against oxidative stress produced 

by anti-microbial phagocytes 30. 

P. aeruginosa harbors five genes in its genome encoding proteins belonging to 
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the DksA superfamily, including two that are highly homologous to the typical DksA 

in E. coli 31,34. Of these two DksA homologs, named DksA1 and DksA2, DksA1 is 

structurally and functionally similar to E. coli DksA. DksA2, on the other hand, was 

reported to only partially replace DksA1 functions, as it lacks the typical Zn2+ binding 

motif present in DksA 34. However, our recent study clearly suggested that DksA1, 

not DksA2, plays a dominant role as a suppressor of ribosomal gene expression 88. 

Importantly, a ΔdksA2 mutant exhibited almost identical phenotypes with its parental 

strain, PAO1, indicating that DksA2 can be dispensable. Beyond its traditional 

function, DksA1 was also identified to regulate a wide range of phenotypes including 

quorum sensing (QS)-related virulence, anaerobiosis and motilities 88. Based upon 

these findings, we hypothesized that DksA1 may be an efficient target for inhibiting 

P. aeruginosa infection.  

In the present work, we screened a library of chemical compounds (n=6,970) and 

identified two molecules that effectively compromised DksA1 activity. PAO1 cells 

treated with each candidate compound shared much of the characteristics of the 

ΔdksA1 mutant, such as significant attenuation of QS-mediated virulence and 

elevated antibiotic susceptibility. Given that QS machinery has been a target for 

inhibition, our results demonstrate that DksA1 can serve as a novel avenue to achieve 

P. aeruginosa QS inhibition. 
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II. MATERIALS & METHODS  

1. Ethics statement.  

All animal studies were performed in compliance with the guidelines provided 

by the Department of Animal Resources of Yonsei Biomedical Research Institute. 

The Committee on the Ethics of Animal Experiments at the Yonsei University College 

of Medicine approved this study (permit number 2018-0246). 

2. Bacterial strains, culture conditions and chemicals.  

Bacterial species and plasmids used in this study are listed in Table. 2.1. A 

laboratory strain of P. aeruginosa, PAO1, was used as a wild type strain. Unless 

otherwise specified, bacterial strains were cultivated in Luria-Bertani media (LB; 1% 

(w/v) tryptone, 0.5% (w/v) yeast extract, and 1% (w/v) sodium chloride) at 37°C. 

Standard cloning procedures that involved allelic exchange were performed. When 

necessary, ampicillin (100μg/ml), carbenicillin (100μg/ml), gentamycin (60μg/ml), 

or irgasan (25μg/ml) were used for clonal selection. DNA sequences encoding 

3XFLAG tag were amplified and ligated to the downstream of the multi-cloning site 

(MCS) of the pBAD24 plasmid, resulting in the construction of pBAD24F. Then, the 

dksA1 gene was cloned into the MCS of pBAD24F. The resulting dksA1::FLAG 

sequence was amplified and ligated into pCVD442 43 for chromosomal integration. 

The promoter region of rpsB gene was fused with the promoter-less lacZ open reading 

frame (PrpsB::lacZ), and the resulting construct was cloned into the plasmid, pUC18-

mini-Tn7t-Gm-lacZ 57 for chromosomal integration. Dkstatin-1 (4,4'-(4,4'-



54 

 

biphenyldiyl disulfonyl)di(2-butanone)) and Dkstatin-2 (N-ethyl-3-[(3-

fluorophenyl)methoxy]-N-[(1-methyl-1H-imidazol-5-yl)methyl]aniline) were 

purchased from Chembridge Corp. (San Diego, CA) and Asinex Inc. (Amsterdam, 

Netherlands), respectively.  

3. Screening of Chemical Compounds.  

Screening of chemical compounds was performed in two phases. Using a 

chemical compound library consisting of 6,970 chemicals provided by the Korea 

Chemical Bank (https://chembank.org/), we first screened for chemical compounds 

that inhibit DksA1 activity. The total library was 10-fold diluted with DMSO to 

increase the volume. A 100-fold diluted overnight culture of P. aeruginosa PAO1 

and the ΔdksA1 mutant were then incubated in fresh media for an additional 4 hrs to 

activate the cells. The obtained OD600 values of these strains were adjusted to 1.0. 

Then, 120μl of the adjusted culture was inoculated in 96-well plates that contain 

50μM of chemical compounds, and these were incubated at 37°C for 1 hr to examine 

formazan production. After incubation, 0.05mg/ml of thiazolyl blue tetrazolium 

bromide (Sigma-Aldrich) was distributed into each well of the test plates, and they 

were incubated for an additional 30mins at 37°C. The formazan production was 

measured at a 550nm wavelength after dissolving it in DMSO. The top 50 compounds 

that presented the lowest levels of formazan production during the first screening 

phase were then subjected to a subsequent screening. In the following screening phase, 

a reporter strain PAO1 PrpsB::lacZ was diluted 100-fold and added to 1.5ml of LB 

supplemented with 50μM of each of the 50 compounds. The sample was then 
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incubated for 4 hrs at 37°C with shaking. rpsB expression of the reporter strain was 

represented in Miller Units and was measured as described previously 88. Based on 

the rpsB expression, the top 20 compounds among the 50 previously screened 

compounds were selected. To further narrow down the candidate compounds from 

the 20 selected compounds, the reporter strain was incubated in 3ml of LB with the 

addition of 50μM of each of the 20 compounds for 4 hrs with shaking. Measurement 

of the elastase activity and quantification of rpsB expression allowed us to come 

down to the 4 most efficacious compounds: 55B05, 02G09, 86B09, and 45G08. Then, 

50μM of four these compounds were tested again by measuring elastase activity and 

rpsB expression of reporter strain incubated in 5ml of LB for 4 to 8 hrs at 37°C. 

55B06 and 86B09 were specifically chosen as they showed sustained effects on 

elastase activity and rpsB expression. Then, 150μM of 55B05 and 86B09 were each 

added to PAO1 and ΔdksA1 mutant incubated in 5 ml of LB medium for 8 hrs at 37°C 

to measure formazan production. 

4. Elastase and pyocyanin assay.  

Elastase activity was measured as previously described 58. First, 500μl of 

supernatant from cultures incubated with 50μM or 150μM of the compounds for 4 

hrs or 8 hrs was mixed with 1ml of 30mM Tris-HCl buffer containing 10mg/ml of 

Elastin-Congo Red (Sigma-Aldrich). The mixture was then incubated with shaking 

at 37°C for 1–2 hrs. After the incubation, 1ml of the mixture was transferred into a 

micro tube, which was centrifuged at 13,000rpm for 1 min. In the pyocyanin assay, 5 

ml of supernatants from the cultures incubated for 8 hrs with 150μM Dkstatin 
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compounds were harvested by centrifugation at 3,000rpm for 20 mins. They were 

then filter-sterilized (0.2-μm pore size, Sartorius Minisart Sterile EO filters; Sartorius 

AG). Then, 4ml of chloroform was added to 8ml of the supernatants in a 15ml conical 

tube, and the mixture was homogenized. After homogenization, the tubes were 

centrifuged at 3,000rpm for 10 mins to collect the blue layer fraction submerged to 

the bottom of the tube. Then, 4ml of the collected blue layer was transferred into a 

new tube, and 2ml of 0.2N HCl was added to produce a red colored mixture. For the 

assay, 1ml of the mixture was then transferred into a microtube for centrifugation at 

13,000rpm for 1 min. Absorbance at 520nm (OD520) was then measured for the 

samples. 

5. Autoinducer assay.  

In HSL measurements, both C4-HSL and 3-oxo-C12-HSL were extracted from 

5ml of culture supernatants using the equivalent volume of acidified ethyl acetate. 

The extractions were repeated twice to fully collect the ethyl acetate fraction. N2 gas 

was used to evaporate and dry out the collected ethyl acetate fraction. The residues 

were dissolved in 250μl of HPLC grade ethyl acetate to obtain 20-fold concentrated 

extracts. Measurement of 3-oxo-C12-HSL was performed using an E. coli strain 

harboring reporter plasmid pKDT17 containing a copy of lasR-lacZ transcriptional 

fusion 56. Samples were 100-fold diluted to culture a volume of reporter strain, and 

they were then tested to measure β-galactosidase activity. The Miller Units from 

samples were calculated as described previously 88. The measurement of C4-HSL was 

conducted through violacein productions of the Chromobacterium violaceum CV026 
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strain 65. The CV026 strain was incubated in 5ml of LB and LB supplemented with 

100-fold diluted extract. After incubation, cell pellets in 1ml of culture were harvested 

by centrifugation at 13,000rpm for 3 mins. The pellets were then re-suspended using 

HPLC grade DMSO to dissolve violacein. Violacein was measured at 575nm 

absorbance and normalized using the OD600 value of CV026. 

6. DNA manipulation.  

Primers used in the study are listed in Table. 2.2. Plasmid preparation was 

performed using a Plasmid mini extraction kit (Bioneer Inc., Seoul). Restriction 

enzyme digestion, ligation, and agarose gel electrophoresis were performed by 

following standard methods. A Gibson assembly kit (New England Biolabs Inc., MA.) 

was used in cloning to produce the dksA1-fused 3XFLAG strain. Transformation of 

E. coli was carried out by electroporation. Competent E. coli cells for electroporation 

were prepared by repeated washing with 300mM sucrose. Electroporation settings 

were 2.5kV, 25μF and 200Ω for a 2mm electroporation cuvette. The oligonucleotide 

primers synthesis and sequencing DNA were performed by Macrogen, Korea. 

7. Antibiotic susceptibility test.  

Overnight cultured PAO1 was inoculated to 100-fold dilution in 2ml of LB 

supplemented with gentamicin, imipenem, streptomycin, tetracycline, kanamycin and 

tobramycin ranging from 1μg/ml to 25μg/ml, and 150μM of Dkstatin-1 or Dkstatin-

2. The incubation took 6 hrs at 37°C with vigorous shaking. Then, respective 

incubated samples were serially diluted by 10-fold in 1ml of PBS, and 10μl of each 
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dilute was spotted onto an LB agar plate for CFU counts. The plates were incubated 

overnight at 37°C without shaking. 

8. Western blot and immunoprecipitation.  

PAO1 dksA1::3xFLAG strain was grown in 20 ml of LB medium supplemented 

with or without 150μM of Dkstatin-1 and Dkstatin-2 for 6 to 8 hrs. Whole cells were 

pelleted by centrifugation at 3,000rpm for 30 mins at 4°C and were re-suspended with 

600 to 800μl of lysis buffer (50mM Tris-HCl pH 7.5, 75mM NaCl, 10mM MgCl2, 

10% glycerol, 1mM EDTA, 1mM PMSF and 0.01% Triton X-100) with 8μl of 

SIGMA FAST protease inhibitor cocktail (Sigma-Aldrich). The pellets were then 

sonicated at 30% amplitude for 10 secs with 10 sec intervals on ice and were then 

centrifuged for 30 mins at 4°C and 14,000rpm. The supernatants of the lysates were 

collected and placed into new tubes. Their volumes were adjusted to contain equal 

quantities of total proteins. Then, 10 to 800μl of the adjusted samples were used for 

western blots and immunoprecipitation. For DksA1::3xFLAG blotting, 10μl of 

samples were loaded on 12% SDS-PAGE and transferred to Amersham Protran 

premium 0.2μm nitrocellulose membranes (GE Healthcare Life Sciences) for 1 hr in 

an ice-cold transfer buffer (25mM Tris, 192mM glycine pH 8.3 20% methanol (v/v)). 

Membranes were blocked with a 5% BSA containing TBST solution overnight at 4°C 

on a rocking shaker. Blots were incubated with anti-FLAG (Sigma-Aldrich) and anti-

rabbit secondary antibodies (Thermo-fisher) and revealed by chemi-luminescence. 

All washes were performed with a TBST solution without BSA. Immunoprecipitation 

was conducted using ~800μl of samples with 25μl of M2 Anti-FLAG magnetic beads 
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(Sigma-Aldrich) after incubating overnight at 4°C on a rocking shaker. Beads were 

pelleted using a magnet and were washed once with the lysis buffer. Samples bound 

to the beads were eluted in 30μl of lysis buffer by heating at 100°C for 10 mins. The 

eluted samples were then loaded on 10% SDS-PAGE and blotted by anti-FLAG Ab 

(Sigma) or anti-E.coli RpoB Ab (Abcam).  

9. RNASeq analysis.  

To extract total RNA, P. aeruginosa PAO1 was incubated for 2 hrs in 5ml of LB 

with vigorous shaking at 37°C. Then, additional incubation was conducted for 1 hr 

under the same condition with 150μM of Dkstatin-1 or Dkstatin-2 supplement. Total 

RNA samples were extracted using an RNeasy mini kit (Qiagen), and total DNA was 

eliminated using RNase-free DNase set (Qiagen) following the manufacturer’s 

instructions. The extraction was performed as an experimental duplicate. 

Transcriptome profile comparison and processing the expression data were provided 

by Ebiogen (Korea). RNA quality was assessed by an Agilent 2100 bioanalyzer using 

the RNA 6000 Nano Chip (Agilent Technologies, Amstelveen, The Netherlands), and 

RNA quantification was performed using an ND-2000 Spectrophotometer (Thermo 

Inc., DE, USA). For control and testing RNAs, rRNA was removed using a Ribo-

Zero Magnetic kit (Epicentre Inc., USA) from each 5ug of total RNA. The 

construction of a library was performed using a SMARTer Stranded RNA-Seq Kit 

(Clontech Lab Inc., CA, USA) according to the manufacturer’s instructions. The 

rRNA depleted RNAs were used for the cDNA synthesis and shearing, following 

manufacturer’s instructions. Indexing was performed using the Illumina indexes 1–
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12. The enrichment step was carried out using PCR. Subsequently, libraries were 

checked using the Agilent 2100 bioanalyzer (DNA High Sensitivity Kit) to evaluate 

the mean fragment size. Quantification was performed using the library quantification 

kit using a StepOne Real-Time PCR System (Life Technologies Inc., USA). High 

throughput sequencing was performed as paired-end 100 sequencing using HiSeq 

2500 (Illumina Inc., USA). Bacterial-Seq reads were mapped using a Bowtie2 

software tool to obtain the alignment file. Differentially expressed genes were 

determined based on counts from unique and multiple alignments using EdgeR within 

R (R development Core Team, 2016) using Bioconductor 89. The alignment file also 

was used for assembling transcripts. The quantile normalization method was used for 

comparisons between samples. Gene classification was based on searches done by 

DAVID (http://david.abcc.ncifcrf.gov/). 

10. Mouse infection.  

Eight-week-old female C57BL/6 mice (Orient, Korea) were infected with PAO1 

and a combination of Dksatin-1 or Dkstatin-2. PAO1 pellets incubated in LB broth at 

37°C for 6 hrs were resuspended in 1ml of sterile phosphate-buffered saline (PBS) 

containing 1% of DMSO or 150μM of Dkstatin compounds, and they were adjusted 

to 106 cells per 20μl as an initial infection dose. Mice were anesthetized by injection 

of 20% (v/v) ketamine and 8% (v/v) Rompun mixed in saline. During anesthetization, 

20 μl of prepared bacterial cells were inhaled directly through the nose by a pipette 

as previously described 90. The survival of the mice was monitored for 48 hrs with 2 

hr intervals. The survival of the mice was expressed as a Kaplan-Meier curve using 

http://david.abcc.ncifcrf.gov/
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Graph Pad Prism software (www.graphpad.com). To measure the bacterial load in the 

lungs, another set of mice (n=4) were infected with the same administration above. 

All mice were euthanized in a CO2 gas chamber 12 hrs post infection. Then, whole 

lungs from mice in each group were immediately collected and homogenized for 

serial dilution in 1ml of PBS. For histological observation, lungs were perfused with 

sterile PBS and staining with hematoxyline and eosin was conducted following a 

standard protocol 91.  

11. Statistical analysis.  

Statistical analysis of the data in the experiments was carried out by statistic 

tools within Graph Pad Prism software (www.graphpad.com) for the paired Student’s 

t-test. A p-value of less than 0.05 was considered statistically significant. All 

experiments were repeated for reproducibility. 

  

http://www.graphpad.com/
http://www.graphpad.com/
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Table.2.1. bacterial strains and genetic materials in this study 

  

Bacterial strain and plasmid Genotype or description Reference 

E. coli strains   

DH5αλpir fhuA2 lac(del)U169 phoA glnV44 Φ80' 

lacZ(del)M15 gyrA96 recA1 relA1 endA1 thi-1 

hsdR17 λpir 

 

SM10λpir thi thr leu tonA lacY supE recA::RP4-2-Tc::Mu 

Kmr λpir 

 

P. aeruginosa strain   

PAO1 Wild type, laboratory strain of P. aeruginosa This study 

PAO1ΔdksA1 Wild type with dksA1 deletion This study 

PAO1 pRpsB::lacZ Wild type harboring rpsB promoter 

transcriptional fused with lacZ 

This study 

PAO1ΔdksA1 pRpsB::lacZ Wild type with dksA1 mutant harboring rpsB 

promoter transcriptional fused with lacZ 

This study 

Others   

Chromobaterium violaceum 

CV026 

Biosensor for C4-HSL  

Plasmids   

pCVD442 Amp
r
 suicide vector containing sacB for 

screening recombinant 

43 

pKDT17 Amp
r
 pTS400 plasmid containing lasR and lasB 

transcriptionally fused with lacZ 

56 

puc18-mini-Tn7t-Gm-lacZ Amp
r
, Gm

r
, site specific chromosomal insertion 

plasmid harboring promoterless lacZ 

57 

pTNS2 Helper plasmid containing site specific 

recombinase for chromosomal insertion 

57 
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Table.2.2. Plasmid sequences used in this study 

 

  

Primers Sequence (5’ to 3’) Description 

rpsB reporter   

pRpsB_F 
GTACTAGTTGGCAGACCACA

TGGTTGA 

Promoter region of rpsB forward primer 

containing speI restriction enzyme site 

pRpsB_R 
ATCCCTAGGCATGATAGTCCT

CGATAAG 

Promoter region of rpsB reverse primer 

containing avrII restriction enzyme site 

mini-Tn7t-seqF 
GCTTTTGAAGCTAATTCGATC

A 

Forward sequencing primer covering multiple 

cloning site of puc18-mini-Tn7t-Gm-lacZ 

mini-Tn7t-seqR TCGGGATCGCTAGTTAGTTA 
Reverse sequencing primer covering multiple 

cloning site of puc18-mini-Tn7t-Gm-lacZ 

FLAG Tagging   

pBAD24F_fwd GACTACAAGGACCACGAC Forward primer to amplify pBAD24F 

pBAD24F_rev AAGCTTGCATGCCTGCAG Reverse primer to amplify pBAD24F 

dksA1_fwd 

ACCTGCAGGCATGCAAGCTT

ATGTCCACCAAAGCAAAACA

AC 

dksA1 forward primer containing overlap 

region to FLAG site in pBAD24F plasmid 

dksA1_rev 
CCGTCGTGGTCCTTGTAGTCG

GAGCCGAGTTGCTTCTC 

dksA1 reverse primer containing overlap 

region to FLAG site in pBAD24F plasmid 

pBAD24FseqF CTACTGTTTCTCCATACCG 
Forward sequencing primer for FLAG-dksA1 

gene fragment in pBAD24F plasmid 

pBAD24FseqR TGCCGCCAGGCAAATTCG 
Reverse sequencing primer for FLAG-dksA1 

gene fragment in pBAD24F plasmid 

pCVD442_fwd 
GCATGCGGTACCTCTAGAGA

AG 
Forward primer for amplifying pCVD442  

pCVD442_rev GAGCTCTCCCGGGAATTC Reverse primer for amplifying pCVD442 

dksA1FLAG_fwd 
TGGAATTCCCGGGAGAGCTC

ATGTCCACCAAAGCAAAAC 

dksA1-FLAG fragment forward primer 

containing overlap region to pCVD442  

dksA1FLAG_rev 
GTCCGGCTCATCACTTGTCGT

CGTCGTC 

dksA1-FLAG fragment reverse primer 

containing overlap region to 500bp 

downstream of dksA1 ORF 

dksA1downstream_f

wd 

CGACAAGTGATGAGCCGGAC

CGACGGGG 

500 bp downstream of dksA1 ORF forward 

primer containing overlap region to dksA1-

FLAG fragment 

dksA1downstream_r

ev 

CTTCTAGAGGTACCGCATGCC

GCGGTCGACGAAGCGATATT

CC 

500 bp downstream of dksA1 forward primer 

containing overlap region to pCVD442 

P1dksA1FLAGseqF 
CTGATCAAGAAGATCGACGA

G 

Forward primer for sequencing FLAG-

downstream of dksA1 part 

P1dksA1FLAGseqR ACCGAAGTGCAGGTAGCCGC 
Reverse primer for sequencing dksA1-FLAG 

part 

P2dksA1FLAGseqF CGCGACCCTCTGCATCGACT 
Forward primer for sequencing FLAG-

downstream of dksA1 part 

P2dksA1FLAGseqR 
GAACGGCGGAAACGAAACG

G 

Reverse primer for sequencing dksA1-FLAG 

part 

pCVD442seqF 
GACACAGGAACACTTAACGG

C 

Forward primer for sequencing entire dksA1-

FLAG-downstream fragment 

dksA1DownseqR 
GGTCGACGAAGCGATATTCC

A 

Reverse primer for sequencing entire dksA1-

FLAG-downstream fragment 
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III. RESULTS 

1. Screening a library of chemical compounds for DksA1 inhibitors 

To set up a screening scheme in a high-throughput manner, we needed to find a 

phenotype of the ΔdksA1 mutant that can be easily and reproducibly measured. In 

Salmonella, it was reported that DksA modulates the redox balance in response to 

oxidative stress, and the NADH level decreased when the dksA gene is disrupted 30. 

We therefore examined whether the phenotype observed in Salmonella is also 

detected in P. aeruginosa. NADH levels are indirectly represented by the 

conversion of tetrazolium salt to formazan (purple pigment), which is mediated by a 

NADH-dependent reductase 92. In accordance with what was observed in 

Salmonella, the P. aeruginosa ΔdksA1 mutant produced a noticeably reduced 

amount of formazan (Fig. 2.1A). Since the formazan assay can easily be performed, 

we concluded that this assay can serve as an efficient screening platform, 

minimizing the chance of plate-to-plate variations. The library that we used was a 

compound library consisting of a total of 6,970 chemicals that was provided by the 

Korean Chemical Bank. The screening was conducted in two stages. To begin with, 

we screened the entire library for the formazan assay to isolate candidate 

compounds. Then, we compared phenotypes induced in PAO1 by each candidate 

compound with those of the ΔdksA1 mutant (Fig. 2.1B). Our goal was to isolate 

compounds that make PAO1 behave like the ΔdksA1 mutant. In the first step, we 

screened out a total of 178 chemical compounds including 25 compounds that 

robustly reduced formazan production and 153 mild reducers. In a repetitive 
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formazan assay using these 153 mild reducers, we selected another set of 25 

compounds that exhibited relatively strong activities in reducing formazan 

production. Consequently, a total of 50 compounds were selected in the first stage 

(Fig. 2.1B).  

It was previously reported that transcription of genes encoding ribosomal proteins 

is highly activated in the ΔdksA1 mutant 31,88. We postulated that these marked 

changes at the transcriptional levels may allow us to verify the phenotypes induced 

by candidate compounds. We therefore constructed a reporter P. aeruginosa strain by 

chromosomally integrating an rpsB gene promoter fused with lacZ ORF (PrpsB::lacZ). 

The rpsB gene codes for 30S ribosomal protein S2. In our previous work, we also 

reported that the production of elastase, a dominant virulence determinant and an 

easily measurable phenotype, is highly suppressed in the ΔdksA1 mutant 88. Therefore, 

we also assessed elastase production as a second-stage verification. By successive β-

galactosidase and elastase activity assays, we finally nominated a total of 4 chemicals, 

55B05, 02G09, 86B09 and 45G08, as a set of final candidates. We then monitored 

these two phenotypes in diverse cultivation conditions and at different time points to 

finally select chemicals that yield consistent results. While reduced elastase 

production and elevated rpsB transcription were observed at 4 hr post-inoculation by 

all 4 chemicals at a 50 𝜇M concentration, the effects of 02G09 and 45G08 did not last 

for the extended period of incubation (Fig. 2.2A and 2.2B). At 8 hr post-inoculation, 

the levels of elastase produced in 02G09- or 45G08-treated PAO1 were almost 

identical to that of PAO1 (Fig. 2.2B)). Thus, 55B05 and 86B09 were finally selected 
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as DksA1 inhibitors and we referred to these as Dkstatin-1 and Dkstatin-2.  
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Figure. 2.1. Screening scheme for Dkstatin compound. (A) Visual comparison of 

formazan production. Reduction of formazan production in ΔdksA1 mutant was 

observed. (B) Demonstration of screening procedure for Dkstatin compound. In the 

first step, the OD600 value of P. aeruginosa incubated in LB for 4 hrs was adjusted 

to 1.0, and it was inoculated into chemical library plates. 15μl of chemical compounds 

in stock chemical libraries were distributed into new plates to at a concentration of 

50μM. Exposure of chemical compound to PAO1 was performed for 2 hrs at 37°C. 

15μl of 0.5mg/ml thiazolyl blue tetrazolium bromide was inoculated into test plates 

to observe (purple colored) formazan production. In the second step in the screening, 

rpsB expression (represented as β-galactosidase activity) and elastase activity were 

measured to select further potent chemical candidates.  
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Figure 2.2. Measurements of relative elastase activity and rpsB expression under 

four Dkstatin candidates. (A) Comparisons of relative elastase activity and rpsB 

expression from PAO1 PrpsB::lacZ and PAO1ΔdksA1 PrpsB::lacZ strains incubated 

for 4 hrs in LB. Relative levels of rpsB expression were represented as β-

galactosidase activity. 50μM of 4 Dkstatin candidate compounds (labeled as 55B05, 

02G09, 86B09 and 45G08) were supplemented in LB. The values of mean ± S.D. are 

presented (n=2). (B) Relative levels of elastase activity and rpsB expression of 

PrpsB::lacZ and PAO1ΔdksA1 PrpsB::lacZ strains incubated for 8 hrs in LB. Relative 

levels of rpsB expression were represented as β-galactosidase activity. 50μM of 4 

Dkstatin candidate compounds were supplemented in LB. The values of mean ± S.D. 

are presented (n=2).  
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2. Structure and specificity of Dkstatin-1 and Dkstatin-2  

The Korean Chemical Bank database provides the structures of Dkstatin-1 and 

Dkstatin-2, and they were found to have distinct chemical structures (Fig. 2.3A and 

3B). To further confirm that Dkstatin molecules act specifically against DksA1 

activity, formazan production and rpsB reporter expression were measured in PAO1 

and the ΔdksA1 mutant as well. Hereafter, Dkstatin-1 and -2 were used at 150𝜇M 

concentrations in all experiments. Again, levels of formazan production in PAO1 

were noticeably reduced in the presence of Dkstatin treatment (Fig. 2.3C). It is of 

interest that formazan production in PAO1 treated with 150𝜇M Dkstatin-1 was even 

lower than that of the ΔdksA1 mutant. On the other hand, levels of formazan 

production in the ΔdksA1 mutant were not further decreased by either Dkstatin 

compound (Fig. 2.3C). Likewise, Dkstatin-1 and Dkstatin-2 did not further increase 

the rpsB gene transcription in the ΔdksA1 mutant (Fig. 2.3D). As Dkstatin-1 and 

Dkstatin-2 were identified to inhibit DksA1 activity, no apparent effects of Dkstatins 

were present in a strain devoid of dksA1 gene. These results suggest that Dkstatin 

compounds specifically and selectively inhibit DksA1 activity.  
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Figure 2.3. Effect of Dkstatin candidate compounds on P. aeruginosa. (A) and (B) 

Chemical structure of Dkstatin-1 (DKST-1) and Dkstatin-2 (DKST-2). (C) Relative 

formazan production of PAO1 and ΔdksA1 mutant grown in LB with 150μM 

Dkstatin-1 and Dkstatin-2 for 8 hrs. The values of mean ± S.D. are presented (n=3). 

(D) Relative rpsB expression of PAO1 PrpsB::lacZ and ΔdksA1 PrpsB::lacZ strains 

incubated in LB with 150μM Dkstatin-1 and Dkstatin-2 for 8 hrs. The rpsB gene 

expression is represented as β-galactosidase activity. The values of mean ± S.D. are 

presented (n=3).  
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3. Dkstatin compounds interrupt QS-mediated virulence in P. aeruginosa 

DksA1 plays versatile roles at the transcriptional level affecting various 

phenotypes 88. Therefore, Dkstatin molecules inhibiting the activity of DksA1 may 

induce diverse physiological changes in P. aeruginosa. To identify whether Dkstatins 

affect the growth of PAO1, we conducted growth curve experiments of PAO1 in the 

presence of 150μM of Dkstatins. Control growth curves were obtained by adding 

equal volume of DMSO used as a solvent. In comparison with PAO1 and ΔdksA1 

mutant, PAO1 growth never changed upon Dkstatin-1 supplementation (Fig. 2.4A). 

To our surprise, a noticeable increase in PAO1 growth was repeatedly observed when 

treated with Dkstatin-2 (Fig. 2.4A). When CFU was enumerated 8 hr post-inoculation, 

no obvious growth enhancement was observed (Fig. 2.4B). Together, these two sets 

of results indicate that Dkstatin-1 and -2 at least do not down-regulate bacterial 

growth and viability. 

At a concentration of 150𝜇M, Dkstatin-2 suppressed elastase production to a 

more significant degree (Fig. 2.4C). Under Dkstatin-2 treated conditions, the level of 

elastase production was less than 40% of what control PAO1 cells produced. Elastase 

production in PAO1 treated with 150𝜇M Dkstatin-1 was approximately 65% of the 

control level. Along with elastase, pyocyanin is another crucial virulence determinant 

whose production is also controlled by QS in P. aeruginosa 2,35,93. When we measured 

the pyocyanin production, a marked reduction was observed in Dkstatin-treated 

PAO1 (Fig. 2.4D). Interestingly, the degree of reduction by either Dkstatin molecule 

in PAO1 was comparable to that induced by the dksA1 gene deletion (Fig. 2.4D). The 
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loss of pyocyanin production was clearly represented in the image of culture 

supernatants shown in Fig. 2.4E.  

In P. aeruginosa, QS is operated by small organic molecules, termed 

autoinducers 67. Since major QS-mediated phenotypes were suppressed in Dkstatin-

treated PAO1 and in the ΔdksA1 mutant, we monitored how many autoinducers were 

produced in response to the Dkstatin treatment. Two homoserine lactone (HSL) 

autoinducers, 3-oxo-C12-HSL and C4-HSL, were semi-quantitatively measured as 

described in the Methods section. Based on our quantification, levels of 3-oxo-C12-

HSL produced in either Dkstatin-1 or Dkstatin-2 treated PAO1 cells were almost 

identical to that in the ΔdksA1 mutant (Fig.2.5A). Similarly, levels of C4-HSL 

produced upon treatment with either Dkstatin were noticeably decreased to 53% and 

63% of what was detected in the control group, respectively (Fig. 2.5B).  

When Dkstatin-treated PAO1 cells were co-treated with extraneous C4-HSL and 

3-oxo-C12-HSL, elastase production was restored (Fig. 2.6). Elastase production was 

almost completely recovered following 4 hr autoinducer complementation, while the 

complementation effects diminished thereafter (Fig. 2.6). These results demonstrate 

that the LasI-R and RhlI-R QS circuits can be substantially impaired by two Dkstatins, 

with the LasI-R system being suppressed almost to the degree of the ΔdksA1 mutant. 

Furthermore, our results indicate that Dkstatin-induced virulence attenuation 

occurred at the level of the HSL-based autoinducer production.  
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Figure 2.4. Effects of Dkstatin-1 and Dkstatin-2 on bacterial growth and 

virulence. (A) Growth curves of PAO1 and ΔdksA1 mutant in plain LB and 

supplemented LB with 150μM of Dkstain-1 (DKST-1) or Dkstatin-2 (DKST-2). 

Aliquots of bacterial cultures (n=3) were withdrawn every hr to measure OD600 

values. (B) Cell viability of PAO1 incubated with Dkstatin-1 (DKST-1) and Dkstatin-

2 (DKST-2). (C) Relative elastase activity of tested strains. Elastase activity was 

normalized with that of PAO1. The values of means ± S.D. are presented (n=5). (D) 

Pyocyanin production in each condition was quantified and normalized with that of 
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PAO1. The values of means ± S.D. are presented (n=3). (E) Visual comparison of 

bacterial culture supernatants. Loss of pigment was clearly observed in PAO1 and 

both Dkstatin compounds.   
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Figure 2.5. Measurement of 3-oxo-C12-HSL and C4-HSL produced when 

supplemented with Dkstatin compounds. (A) Relative levels of 3-oxo-C12-HSL 

(C12-HSL) were measured using an E. coli reporter strain harboring a pKDT17 

plasmid. Concentrations of C12-HSL are represented as β-galactosidase activity. The 

values of mean ± S.D. are presented (n=5). (B) Relative levels of N-butyryl-

homoserine lactone (C4-HSL) were monitored by measuring the violacein production 

from the biosensor strain C. violaceum CV026. Violacein production was measured 

at 590nm absorbance and was normalized to the OD600 values of CV026. 150μM 

Dkstain-1 (DKST-1) and Dkstatin-2 (DKST-2) were supplemented in all experiments.  



76 

 

 

Figure 2.6. HSL-autoinducer complementation under Dkstatin-1 and Dkstatin-

2 supplemented condition. Demonstration of combined HSL-autoinducer (C4/C12-

HSL) complementation experiment procedure (Upper). 200μM of C4/C12-HSL 

complementation in PAO1 and ΔdksA1 mutant was conducted for 8 hrs in LB medium 

with supplementation of 150μM of Dkstatin-1 or Dkstatin-2. Elastase activities of 

PAO1 and ΔdksA1 mutant were measured at each time point after addition of C4/C12-

HSL (4, 6, and 8 hrs). Elastase production in PAO1 treated with 150μM of Dkstain-1 

(○, blue line) and Dkstatin-2 (○, orange line) was constantly less than 50% that 
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produced in the control (●, black line). With C4/C12-HSL complementation, the 

elastase productions with 150μM of Dkstain-1 (●, red line) and Dkstatin-2 (●, green 

line) were restored in 4 hrs and completely diminished 8 hrs post complementation. 

C4/C12-HSL complementation was not effective in elastase production in ΔdksA1 

mutant (■, black line and □, black line). 
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4. Anaerobic respiration is affected by Dkstatins 

The transcription of genes involved in denitrification or anaerobic respiration 

requires DksA1 activity 88. We therefore examined whether the Dkstatin compounds 

also have an impact on anaerobic respiratory growth of P. aeruginosa. We tested 

bacterial growth using NO3
- as an alternative electron acceptor. When cells were 

grown anaerobically with 25mM NO3
-, PAO1 strains reached an average OD600 value 

of ~1.6 in 24 hrs (Fig. 2.7A). In contrast, final OD600 values plateaued at ~1.24 in the 

ΔdksA1 mutant under the same conditions. Under the Dkstatin-1 supplemented 

growth conditions, PAO1 grew up to OD600 values of ~1.18, similar to the growth of 

a ΔdksA1 mutant. Likewise, average OD600 values were ~1.27 in the presence of 

Dkstatin-2 (Fig. 2.7A). Interestingly, the growth stimulating effect of Dkstatin-2 (Fig. 

2.7A) observed during aerobic growth was not detected under anaerobic respiration. 

In a CFU counting assay, we observed that the addition of Dkstatin-2 resulted in a 

similar outcome as the ΔdksA1 mutant (Fig. 2.7B). Around 10-fold decreases in 

viable cell numbers were observed at the end of the growth experiments both in PAO1 

treated with Dkstatin-2 and in the ΔdksA1 mutant, whereas a significant difference in 

cell numbers was not detected when Dkstatin-1 was supplemented. Together, these 

results illustrate that Dkstatin compounds clearly have an impact on DksA1 activity 

that is involved in activating major anaerobic respiration pathways in P. aeruginosa, 

although the degree of impact varies between the two Dkstatins. 
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Figure 2.7. Effects of Dkstatin-1 and Dkstatin-2 on anaerobic respiration. (A) 

Growth curves of PAO1 and ΔdksA1 mutant in LB and LB supplemented with 150μM 

Dkstain-1 (DKST-1) and Dkstatin-2 (DKST-2). 25mM NO3- was added as an 

alternative electron receptor. OD values of bacterial culture aliquots (n=2) were 

measured every 2 hrs. (B) The cell viability of anaerobically grown ΔdksA1 mutant 

and PAO1incubated with 150μM Dkstain-1 and Dkstatin-2. Bacterial cultures grown 

anaerobically for 24 hrs in LB supplemented with 25mM NO3- were serially diluted. 

10μl of each diluent was spot inoculated on an LB agar plate. The plates were 

incubated in anaerobic conditions at 37°C for 24 hrs. 

 

  



80 

 

5. Dkstatin-1 and Dkstatin-2 increase antibiotic susceptibility 

P. aeruginosa is notorious for its antibiotic resistance 1. As an opportunistic 

pathogen, it has also acquired resistance to multiple drugs 1,94. Our previous data 

showed that the ΔdksA1 mutant became hyper-susceptible to gentamycin or 

tetracycline at sub-MIC conditions 88. In contrast, the mutant was not more 

susceptible to β-lactam antibiotics, such as ampicillin and carbenicillin, than PAO1 

88. To examine whether the Dkstatin treatment would lead to the interruption of 

DksA1 activity resulting in increased antibiotic susceptibility, we tested imipenem 

(Imp), gentamycin (GM), tetracycline (TC), kanamycin (KM), streptomycin (SM) 

and tobramycin (TB). Dkstatins failed to increase PAO1 susceptibility in response to 

the treatment with Imp at a 2.5μg/ml concentration (Fig. 2.8A). Supplementation of 

Dksatin-1 or Dkstatin-2 both at 150𝜇M concentration significantly reduced cell 

viability when PAO1 cells were incubated with 2.5μg/ml of GM (Fig. 2.8B). Here, a 

more than 10-fold decrease in cell viability was detected in the presence of either 

Dkstatin. Interestingly, increased susceptibility by Dkstatin was also observed during 

incubation with other aminoglycoside antibiotics such as KM (Fig. 2.8D), SM (Fig. 

2.8E) or TB (Fig. 2.8F). In the presence of Dkstatin, viable cell numbers of KM-

treated PAO1 cells decreased around 10-fold when compared with the DMSO-treated 

PAO1 control (Fig. 2.8D). Severe loss of viability was observed in PAO1 cells being 

co-treated with SM and Dkstatin as well (Fig. 2.8E). We also observed that Dkstatin 

treatment increased PAO1’s susceptibility to 8μg/ml of TC, an antibiotic that also 

inhibits protein synthesis machinery (Fig. 2.8C). These results indicate that Dkstatins 
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specifically increase bacterial susceptibilities to antibiotics that specifically target 

protein biosynthesis in P. aeruginosa.  

  



82 

 

 

Figure 2.8. Effects of Dkstatin-1 and Dkstatin-2 on antibiotic susceptibility. CFU 

counting of PAO1 incubated with Dkstatin-1 (DKST-1) and Dkstatin-2 (DKST-2) 

when supplemented with antibiotics; (A) 2.5μg/ml of imipenem, (B) 2.5μg/ml of 

gentamicin (C) 8μg/ml of tetracycline, (D) 25μg/ml of kanamycin, (E) 12.5μg/ml of 

streptomycin, and (F) 1μg/ml of tobramycin.   



83 

 

6. Dkstatins interfere with DksA1’s interaction with RNA polymerase 

Action of DksA1 is dependent on its interaction with RNA polymerase (RNAP). 

It was reported that DksA1 binds to the β subunit of RNAP in E. coli 20. We 

hypothesized that Dkstatins may work by one of two possible scenarios. First, 

Dkstatins may inhibit the production of DksA1 in P. aeruginosa. Second, Dkstatins 

may interfere with DksA1’s binding to RNAP. To precisely understand how Dkstatins 

inhibit DksA1 activity, we constructed a modified PAO1 strain, where the 3’-end of 

the dksA1 gene is fused with the nucleotide sequences coding for the 3XFLAG tag. 

In this strain, DksA1 is translated as a fusion protein with the 3XFLAG tag at its C-

terminus. To begin with, we tested whether Dkstatin compounds affect production of 

DksA1 through western blotting. As a result, western blotting using an anti-FLAG 

antibody indicates that the level of DksA1 production was never changed by the 

treatment with either Dkstatin (Fig. 2.9A). The DksA1-specific band was not detected 

in the sample prepared from the original PAO1 strain (Fig. 2.9A, far-left lane). Next, 

we conducted a co-immunoprecipitation assay using a magnetic bead (on which an 

anti-FLAG antibody is immobilized) to examine the effect of Dkstatin treatment on 

the interaction of DksA1 with RNAP. When precipitated fractions in each preparation 

were probed with an anti-RpoB antibody, the RpoB band intensity was markedly 

reduced in both Dkstatin-treated samples, with Dkstatin-2 being superior to Dkstatin-

1 in conferring such effects (Fig. 2.9B). Taken together, these results demonstrate that 

Dkstatins likely act as inhibitors at the post-translational level by interfering with 

DksA1’s binding to RNAP.   
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Figure 2.9. Intracellular production of DksA1 in response to Dkstatin treatment 

and effects of Dkstatin treatment on binding of DksA1 with RNA polymerase β 

subunit. (A) Original strain of PAO1(first lane) and PAO1 harboring a dksA1::FLAG 

translational fusion construct (following lane) were grown in LB in the presence of 

either 150𝜇M Dkstatin-1 (DKST-1) or Dkstatin-2 (DKST-2) for 8 hrs. Intracellular 

fractions were subjected to western blot with an anti-FLAG antibody. As a control, 

strains were treated with equal volumes of DMSO (Con). Samples at equal protein 

concentrations were loaded into 12% SDS-PAGE gel. (B) A PAO1 strain with 

dksA1::FLAG translational fusion construct was grown for 8 hrs in the presence of 
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150𝜇M Dkstatin-1 (DKST-1), Dkstatin-2 (DKST-2) or an equal volume of DMSO 

(Con). Each intracellular extract was incubated with an equal volume of magnetic 

beads conjugated with an anti-FLAG antibody and were precipitated. Resuspended 

precipitates were loaded onto SDS-PAGE gel for western blot with the anti-FLAG 

antibody and the anti-RpoB antibody.  
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7. Dkstatin-1 and Dkstatin-2 induced distinct changes in transcriptome profiles 

of PAO1 

Although two Dkstatins invariably suppressed the activity of DksA1, inducing 

similar phenotypic changes, the chemical structures of the two molecules are quite 

different (Fig. 2.3A and 3B). To better understand the effects of Dkstatin treatment, 

we compared transcriptome landscapes of PAO1 grown without or with either 

Dkstatin. A global view of the entire transcriptome uncovered the substantial 

differences between cells treated with Dkstatin-1 or Dkstatin-2 (Fig. 2.11A). This 

finding was also supported by our PCA plot, which indicates that either treatment 

induced divergent changes (Fig. 2.11B). As far as the number of affected genes was 

concerned, the effect of Dkstatin-1 treatment appeared stronger than that exerted by 

Dkstatin-2 (Fig. 2.10A). Again, among those genes whose expression was 

substantially altered, only a small portion was simultaneously affected by either 

compound.  

At first, we confirmed that the transcription of genes encoding ribosomal 

proteins was upregulated during the treatment with Dkstatin-1 or Dkstatin-2, with the 

latter exhibiting more significant effects (Fig. 2.10B). These results further verified 

that two compounds can in fact effectively compromise the activity of DksA1. We 

then examined the effects of Dkstatin treatment on the expression of genes involved 

in QS and QS-mediated virulence factor production. As shown in Fig. 2.10C, 

transcription of genes encoding autoinducer synthases and autoinducer-binding 

receptors was suppressed in Dkstatin-treated PAO1 cells. Among these, pqsABCDE 
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and phnAB genes that constitute the PQS biosynthesis cluster were most affected. 

Importantly, the expression of virulence-associated genes was remarkably decreased, 

especially in response to the treatment with Dkstatin-1 (Fig. 2.10D). Genes coding 

for elastase (lasB), alkaline protease (aprADEF) and rhamnolipid (rhlAB) were 

considerably downregulated. Similarly, transcription of genes involved in phenazines 

production (phzA1~G1 and phzA2~G2) and siderophore biosynthesis (pchA~G and 

pchR) were also suppressed in Dkstatin-treated cells (Fig. 2.10D). These results 

clearly suggest that Dkstatin-induced virulence suppression is due to the effects 

manifested at the transcriptional level. In addition, gene expression for the production 

of hydrogen cyanide (hcnA~C), and type II secretion machinery (tadB~D) was less 

active in the presence of Dkstatins.  

In our previous data shown in Fig. 2.7A, Dkstatin treatments suppressed 

anaerobic respiratory growth of PAO1. In P. aeruginosa, anaerobic respiration is 

mediated by a series of reductions from nitrate (NO3
-) to N2 with nitrite (NO2

-), nitric 

oxide (NO) and nitrous oxide (N2O) as intermediates 70. The expression of genes 

involved in the activity of nitrate reductase (NAR) that mediates the first step of 

anaerobic denitrification was slightly increased in the presence of Dkstatins. In 

contrast, Dkstatins significantly suppressed the expressions of gene clusters 

(nirSMCFLGHJND and norCBD) encoding nitrite reductase (NIR) and nitric oxide 

reductase (NOR) that catalyze the next steps of denitrification to produce nitrous 

oxide 71. Similarly, the expression of nosRZDFYL cluster encoding nitrous oxide 

reductase also invariably decreased during Dkstatin treatment (Fig. 2.10E). 



88 

 

Our data shown in Fig. 2.4A indicate that Dkstatin-2 stimulated PAO1 growth in 

LB. To address this unexpected phenomenon, our interest also reached the genes 

involved in energy metabolism such as systems for electron transport and ATP 

biosynthesis. The two gene clusters, ccoN1O1Q1P1 and ccoN2O2Q2P2, encode 

subunits of cbb3-type cytochrome oxidase, a critical enzyme for aerobic respiration 

95,96. Compared to the control PAO1 cells, transcription of these two gene clusters was 

remarkably increased in PAO1 cells treated with Dkstatin-2 (Fig. 2.10F). Furthermore, 

a large operon atpABCDEFGHI encoding ATP synthase complex was more actively 

transcribed in the same cells (Fig. 2.10G). These results provided insight into how 

Dkstatin-2 treatment promoted the PAO1 aerobic growth. Collectively, our RNASeq 

analysis revealed that two Dkstatin compounds induced transcriptional changes, 

which were well reflected at the phenotypic level. In addition, we further confirmed 

that the wild type PAO1 cells subjected to Dkstatin treatment behaved like a ΔdksA1 

mutant.   
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Figure 2.10. Comparison of effects of Dkstatin-1 and Dkstatin-2 on gene 

expression. (A) Venn diagram for number of genes affected by Dkstatin-1 (DKST-1) 

or Dkstatin-2 (DKST-2) treatment. Expression fold range was separated as 2 to 4-fold 

and over 4-fold. (B) Expression of 50S and 30S ribosomal protein encoding genes. 

Dkstatin-2 (DKST-2) was more effective to increase expression of those genes. (C) 

Expression of genes participated in three major QS circuits was downregulated in the 

presence of both Dkstatin-1 and Dkstatin-2. (D) Transcription of genes for virulence 

factors. Phenazine biosynthesis clusters (phzA1~G1 and phzA2~G2) were remarkably 

down-regulated for either Dkstatin. (E) Expression of genes involved in all steps of 

denitrification. Gene clusters (nirSMCFLGHJND and norCBD) encoding nitrite 

reductase (NIR) and nitric oxide reductase (NOR) were invariably down-regulated in 

both Dkstatin-1 and Dkstatin-2. (F) Expression of genes categorized as electro 

transfer. The two cbb3-type cytochrome c oxidase encoding gene set (ccoN1~P1 and 
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ccoN2~P2) was up-regulated by Dkstatin-2. (G) Expression of ATP synthase complex 

encoding gene operon. All total RNA were harvested as biological duplicates.  



91 

 

 

Figure 2.11. Transcriptome analysis produced in PAO1 and PAO1 treated with 

Dkstatin-1 or Dkstatin-2. (A) Transcriptome heat-map produced from biologically 

duplicated RPKM values of PAO1 and Dkstatin-1 or -2 treated PAO1. DMSO was 

used as a solvent control for Dkstatin-1 and Dkstatin-2 treatment. The Z-score ranged 

from -1.0 to 1.0 and is represented as a color coded index. (B) PCA plot representing 

the similarity of transcripts in PAO1 treated with DMSO (#1 and #2) and with 

Dkstatin-1 (#5 and #6) or Dkstatin-2 (#3 and #4). Each similarity was significantly 

distinguishable. Total transcripts were harvested as biological duplicates.  
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Figure 2.12. Categorization of differentially expressed genes based on gene 

ontology (GO) terms. (A) GO terms in Dkstatin-1 treated group. Most genes 

included in GO terms (such as phenazines biosynthesis process, pathogenesis, 

secretion and chemotaxis) were down-regulated by Dkstatin-1 treatment. (B) 

Presented GO terms in Dkstatin-2 treated group. 11 GO terms were retrieved in the 

Dkstatin-2 treated group. Genes participating in GO terms such as translation, 

ribosomal assembly and energy metabolism were up-regulated by Dkstatin-2 

treatment.  
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IV. DISCUSSION 

Previous studies from our lab revealed that DksA1 acts as a major transcriptional 

regulator for QS-mediated virulence expression in P. aeruginosa 88. In addition, 

DksA1 is also required for uninterrupted expression of genes encoding proteins for 

biofilm formation, motility, anaerobic respiration through denitrification and 

polyamine metabolism 88. As DksA1 participates in regulating a wide range of 

phenotypes, including virulence in P. aeruginosa, we postulated that DksA1 is an 

effective drug target, the inhibition of which may result in virulence attenuation, 

eventually leading to control of recalcitrant P. aeruginosa infections. The success of 

our compound library screen is attributed to the following aspects. First, the use of 

formazan production as a surrogate marker of DksA1activity provided a system that 

allowed us to screen 6,970 compounds with minimal error. Second, the reporter strain, 

in which the transcriptional fusion of PrpsB::lacZ has been inserted as a single copy at 

a nonfunctional region of PAO1 genome 57, provided a reliable method for the second-

stage verification. This was critical because reduced production of formazan can 

result from other metabolic alterations. Lastly, Dkstatin-1 and Dkstatin-2 were found 

to be commercially available for purchase, enabling us to test the effects of these two 

final candidates at higher concentrations with no limited supply. Considering that the 

initial screening could only be performed with compounds at 50𝜇M concentration, 

the availability of Dkstatins made this study more feasible. 

Dkstain-1 and Dkstain-2 have quite different chemical structures. Both 

compounds, however, induced specific outcomes mediated by loss of DksA1 activity, 
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ranging from (i) increased rpsB expression, (ii) reduced elastase production, (iii) 

reduced pyocyanin production, (iv) suppressed autoinducer production and (v) 

defective anaerobic respiration. These results display the common features of two 

compounds affecting DksA1 activity. DksA1 possesses a Zn2+ binding motif (CXXC-

N17-CXXC) consisting of 4 cysteine residues at its C-terminus, and this motif is 

critical for its structure and function. Of note, the cysteine thiol group is highly 

susceptible to oxidation by electrophilic molecules 13,34,97. Regardless of the structural 

differences, both compounds harbor reactive groups, such as fluorine 98 and butanone 

99,100. Thus, it is reasonable to hypothesize that oxidizing groups in Dkstatins may 

affect the DksA1 structure, which in turn leads to interference with DksA1 binding 

to a subunit of RNAP. Future work should focus on understanding Dkstatin-induced 

structural modification of DksA1 and its downstream consequences. To this end, it is 

necessary to explore other chemicals harboring diverse oxidizing moieties as well. 

Based on Fig. 2.4A, Dkstain-2 stimulated bacterial growth. While the enhanced 

bacterial growth was not fully reflected in the viable cell counting assay, we became 

interested in this unexpected result. It is counterintuitive that a compound that has 

potential to be developed as an anti-infective agent also stimulates bacterial growth. 

However, it is also noteworthy that actively replicating cells are well known to be 

more susceptible to antibiotic treatment 43. In line with this notion, P. aeruginosa 

invaders might be more exposed to host immunity when they multiply at a faster rate. 

In contrast to the aerobic culture, Dkstatin-2 strongly suppressed anaerobic 

respiratory growth of PAO1 (Fig. 2.7B). Earlier studies clearly suggest that P. 
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aeruginosa may benefit from anaerobiosis during chronic airway infection 70. It will 

be important to further clarify whether Dkstatin-2 specifically suppresses chronic 

airway infection by P. aeruginosa.  

QS, a cell density-dependent gene regulatory system, is crucial for the production 

of virulence determinants in P. aeruginosa 35. Therefore, P. aeruginosa QS has been 

extensively studied as a therapeutic target for virulence attenuation 1,3,35. To date, 

strategies for QS inhibition include receptor inactivation 101, inhibition of signal 

synthesis, use of autoinducer analogues 102, signal degradation 103,104 and use in 

combination with antibiotics 102. Flavonoids bind QS receptor, LasR and RhlR, to 

reduce virulence factor production 101. N-decanoyl-L-homoserine benzyl ester, a 

structural analogue of 3-oxo-C12-HSL, downregulates elastase production, swarming 

motility and biofilm formation without growth defects 93. This QS-inhibitor also 

synergistically interacts with gentamicin and tobramycin 102. Another QS inhibitor, 

meta-bromo-thiolactone, affects LasR and RhlR activity to decrease pyocyanin 

production and biofilm formation in P. aeruginosa PA14 strain 105. In a screen with a 

synthetic N-acyl-homoserine lactone (A-HSL) library, various HSL derivatives were 

found to antagonize the activity of LasR and LuxR in P. aeruginosa and Vibrio 

fischeri 106. Likewise, a couple of autoinducer analogues were found to antagonize 

TraR, a QS-related LuxR homologue in Agrobacterium tumefaciens 106. Of note, the 

previously mentioned examples show findings from studies designed to uncover 

molecules that directly inhibit or antagonize at various levels of the P. aeruginosa QS 

machinery. In the present study, however, we discovered molecules that target DksA1, 
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whose involvement in P. aeruginosa QS is relatively a new subject. We argue that 

DksA1 should be an avenue for future exploration in the context of development of 

P. aeruginosa QS inhibitors with a focus on its molecular nature and its impact on 

virulence gene regulation.  

Our RNASeq analysis clearly suggested that the two Dkstatins induced distinct 

changes in the genome-wide transcription pattern. When differentially expressed 

genes (DEGs) were categorized based on the gene ontology (GO) term, a larger 

number of GO terms were retrieved in Dkstatin-2 treated group (11 terms) than in the 

Dkstatin-1 treated group (9 terms). Of particular interest, the most significantly 

presented GO term in the Dkstatin-2 treated group was “translation” with all 23 

upregulated genes (Fig. 2.12B). Along with this GO term, several other functional 

categories, such as ribosomal assembly and energy metabolism, were also identified 

with genes of enhanced transcription. Given that these changes resemble the 

characteristics of the ΔdksA1 mutant, it is likely that Dkstatin-2, as compared with 

Dkstatin-1, is more potent in inhibiting DksA1 activity. Consistent with this idea, 

binding of DksA1::FLAG and RpoB was hampered to a greater degree by Dkstatin-

2 (Fig. 2.9B). In the Dkstatin-1 treated group, on the other hand, the “phenazines 

biosynthesis process” was most significantly presented (Fig. 2.12A). In addition, 10 

out of 12 genes in the “pathogenesis” category and all genes in the “secretion”, “type 

VI secretion system” and “chemotaxis” terms were downregulated in Dkstatin-1 

treated cells (Fig. 2.12A), suggesting that Dkstatin-1 may be more directly engaged 

in attenuating P. aeruginosa virulence. Collectively, these additional bioinformatic 
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analyses further support the notion that Dkstatin-1 and Dkstatin-2 may operate in 

different modes of action even though these two molecules were identified as DksA1 

inhibitors.  

Antibiotic resistance in many human pathogens (including P. aeruginosa) has 

already become a global healthcare problem. Against the opportunistic features of P. 

aeruginosa, we need to come up with antibiotic-independent infection control 

strategies. Interventions that could achieve virulence attenuation without imposing 

selective pressure have been actively attempted 3. Dkstatins identified in the present 

study significantly downregulated P. aeruginosa virulence by suppressing QS 

mechanisms. Moreover, Dkstatins induced elevated antibiotic efficacy at sub-MIC 

conditions, especially for antibiotics that inactivate protein synthesis. As DksA1 

suppresses transcription of genes encoding rRNA and ribosomal proteins, 

macromolecular ribosomes are readily accumulated when DksA1 is inactivated. 

Therefore, it is anticipated that ribosome-targeting antibiotics are more active under 

such conditions.  

In our animal model of acute infection, two Dkstatin molecules successfully 

protected mice from a lethal dose of PAO1 infection. Provided that Dkstatins are safe 

in humans, they will broaden our options to treat P. aeruginosa infections with low 

risk of antibiotic resistance. Collectively, Dkstatins are attractive drug candidates in 

establishing future plans to cope with antibiotic-resistant infections. We anticipate 

that future investigations will propose detailed molecular mechanisms of Dkstatins 

and apply these in human trials. 
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Chapter IV: CONCLUSION 

  In conclusion, this study reports pleiotropic function of transcriptional regulator, 

DksA1 involved in virulent phenotypes of P. aeruginosa is effective potential drug 

target. Transcriptome analysis reveals that the DksA1 is the key determinant for QS-

controlled virulence factor production in P. aeruginosa. Consistent with 

transcriptome analysis, ΔdksA1 mutant phenotypes exhibits significant differences in 

elastase and pyocyanin production, anaerobic respiration, motility and biofilm 

formation. In the absence of DksA1, representative virulence factors, elastase and 

pyocyanin, are remarkably reduced to increase survival rate of infected mice. 

Anaerobic respiration and swarming motility is affected by dksA1 gene disruption. 

Moreover, biofilm formation is altered when dksA1 gene is absent. Based on these 

results, chemical compounds, Dkstain-1 and Dkstatin-2, have been screened to target 

DksA1 from chemical compound library. Dkstatin-1 and Dkstatin-2 have distinct 

chemical structure, however, both compounds generate similar phenotypes to ΔdksA1 

mutant including reduced production of elastase and pyocyanin, anaerobic respiration 

defect. Notably, Dkstatin-1 and Dkstatin-2 increase susceptibility to aminoglycoside 

antibiotics. Nevertheless, mode of action of Dkstatin compounds is still inconclusive. 

We hope that the results provided in this study stimulate further investigations to 

suggest alternative way against P. aeruginosa infection.        
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ABSTRACT (IN KOREAN)  

 

녹농균의 주요 전사인자 DksA1 과 화합물을 통한 DksA1 억제를 이용한  

 녹농균의 병원성 억제  

 

< 지도교수 윤상선 > 

 

연세대학교 대학원 의과학과 

 

민경배 

 

  녹농균은 그람음성의 인수공통 감염성 병원균으로, 인간에게 기회 

감염성 세균으로 알려져 있고 면역력이 저하된 환자에게 치명적인 

감염을 일으키는 것으로 알려져 있다. 녹농균은 매우 큰 크기의 유전체를 

가지고 있으며, 이에 따라 많은 수의 유전자들을 가짐으로써 폭 넓은 

물질대사능과 많은 종류의 세포 내, 세포 외 신호전달 체계를 구축한다. 
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이와 같은 특성을 바탕으로 하여, 녹농균은 환경에 대한 높은 적응력을 

가지며 또한 다양한 병원성 인자들을 생성한다.  

 녹농균의 병원성 인자 생성은 정족수 인식이라는 과정을 통해서 

일어나며, 녹농균의 정족수 인식은 병원성 인자 생성 이외에도 운동성, 

생물막 형성 등에도 관여한다. 최근 경향에 따르면 다양한 종류의 환경성 

스트레스 요인에 대한 방어기전이 녹농균의 정족수 인식을 보다 더 

활성화시키며, 이에 따라 병원성 인자의 생성이 촉진된다는 연구 결과가 

보고 되고 있다. 녹농균의 다양한 환경성 스트레스 방어기전 중 Stringent 

response (SR) 이라는 기전은 대부분의 세균들이 공통적으로 보유하고 

있는 스트레스 방어 기전 중 하나이며, 핵산 기반의 경고인자 

(alarmone)과 RNA 중합효소와 결합하는 DksA1 단백질에 의해 작동한다. 

우리는 녹농균의 DksA 에 조절 받는 표현형에 대해 연구하였다. 이번 

연구에서 녹농균이 가지고 있는 2 가지 종류의 dksA 유전자인 dksA1 과 

dksA2 중에서 dksA1 유전자가 녹농균의 표현형 발현에 주요한 역할을 

하는 것을 전사체 분석과 표현형 분석을 통해 밝혀내었다. dksA1 

돌연변이 균주는 정족수 인식능이 크게 저하되었으며 이에 따라 관련된 

병원성 인자들의 생성이 모두 크게 저하 되는 것을 확인하였으며, 정족수 

인식을 매개하는 신호 물질인 autoinducer 의 생성의 감소를 확인하였다. 

또한, dksA1 돌연변이는 녹농균의 운동성, 혐기 호흡 및 생물막 구성분에 

매우 중요한 역할을 하는 것을 확인하였다. 따라서, 녹농균의 DksA1 
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단백질이 녹농균의 감염을 억제 또는 제어하기 위한 효과적인 약물 

표적이 될 수 있을 것으로 판단하였다.   

DksA1 단백질은 자연적으로 변이가 되지 않으므로, DksA1 단백질의 

활성을 저해하는 화합물을 선발하였다. 이를 위하여, 한국화합물은행에서 

제공한 6970 개의 화합물로 구성된 화합물 라이브러리를 이용하여 DksA1 

단백질 저해제를 탐색하였다. 고처리량 선별 방식을 도입하여 화합물을 

선별 한 결과, 서로 다른 구조를 가진 2 종의 화합물을 선발 하였으며, 

각각 Dkstatin-1 과 Dkstatin-2 으로 명명하였다. 이 두 화합물을 녹농균에 

처리 한 결과, 녹농균의 병원성 인자 생성을 유의미하게 낮추었으며 신호 

물질 autoinducer 생성이 감소되었다. 또한, 녹농균의 혐기 호흡능이 dksA1 

돌연변이 균주와 비슷한 수준으로 감소하는 것을 확인하였으며 항생제에 

대한 감수성 화합물 처리에 따라 증가 한 것을 확인 하였다. 이러한 

결과를 바탕으로, 이번 연구는 DksA1 을 억제하는 것이 항생제 사용을 

줄이며, 효과적으로 녹농균의 감염을 억제 및 제어 할 수 있음을 

시사한다. 

 

 

핵심 되는 말: 녹농균, 병독성 생성, 항생제 저항성, 정족수 인식   
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