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Abstract 
 

Dissertation title: Mechanisms of PrrF-Mediated Iron regulation in Pseudomonas     

aeruginosa 

Louise Djapgne, Doctor of Philosophy, 2018 

Dissertation directed by: Amanda Oglesby-Sherrouse, Ph.D., Assistant Professor, 

Department of Pharmaceutical Sciences 

 

Pseudomonas aeruginosa is a gram-negative bacterium and opportunistic 

pathogen that infects people with compromised immune systems. P. aeruginosa is highly 

resistant to multiple antibiotics, in part due to its ability to organize into robust biofilm 

communities. Iron is required for P. aeruginosa virulence and biofilm formation, but iron 

can also be toxic to the bacteria. Therefore, iron acquisition and utilization are tightly 

regulated in response to iron availability. Iron homeostasis is maintained in part by the 

production of two small RNAs (sRNAs), PrrF1 and PrrF2, which repress the expression 

of iron containing proteins in iron-depleted conditions. PrrF1 and PrrF2 are encoded in 

tandem on the P. aeruginosa genome, allowing the expression of a longer heme-regulated 

sRNA named PrrH. Due to the unique sequence of this sRNA, PrrH is hypothesized to 

regulate distinct mRNAs involved in heme metabolism. Our lab previously showed that 

the locus for the PrrF and PrrH sRNAs is required for virulence in an acute murine lung 

infection model, yet the mechanisms guiding PrrF and PrrH regulation of virulence have 

not yet been determined. In this work, we identified Hfq, an RNA-binding protein that 

stabilizes many bacterial sRNAs, as a potential PrrF-and PrrH-binding protein. Using gel-

shift assays, I showed that Hfq has a strong binding affinity for PrrF1 and PrrF2. 



	  

 

Moreover, I showed that Hfq increases the annealing rate of PrrF with one of its mRNA 

targets, antR. I identified nucleotides required for PrrF interaction with antR in vitro and 

in vivo, and I showed that PrrF1 and PrrF2 regulation of antR is redundant. PrrF 

regulation of antR was previously shown to promote the production of key virulence-

related metabolites, including the Pseudomonas quinolone signal (PQS). Accordingly, we 

showed that the PrrF1 and PrrF2 sRNAs have redundant function in the production of 

PQS and structurally related metabolites. I further showed that Hfq binds to the PrrH 

sRNA in vitro, and I performed preliminary in vitro analysis of the PrrF sRNAs with 

additional mRNA targets involved in iron metabolism and biofilm formation. Lastly, I 

demonstrated that iron and PrrF allow for increased P. aeruginosa biofilm formation in 

the presence of certain antibiotics. Altogether, these studies established the mechanisms 

of PrrF regulation of a key virulence trait, and they provided the basis for future work 

into the biochemical and genetic basis of PrrF-mediated virulence in P. aeruginosa. 
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Chapter 1: Introduction 

 

 According to World Health Organization (WHO), infectious diseases are among the 

leading causes of death in the world (“The top 10 causes of death”, January 2017). The 

ultimate challenge to eradicate these diseases is the understanding of bacterial 

pathogenesis processes. Bacteria induce the expression of their virulence factors in 

response to environmental cues such as the presence of antibiotics, availability of a 

particular carbon source, change in temperature, low pH, presence of reactive oxygen 

species, and iron limitation, just to name few1. This is particularly important for their 

survival and proliferation inside the host or under stringent environmental conditions. 

Through accurate and timely initiation of the transcription of virulence genes, bacteria 

can not only efficiently invade the host, but can also save energy or/and avoid the toxicity 

of excess of some nutrients. Iron for example is a key nutrient essential for bacterial 

growth and survival in the host. However, excess of this nutrient can be toxic to the cell 

as iron can undergo Fenton chemistry to produce reactive oxygen species that will 

damage the bacterial cell. Thus, genes for iron uptake must be tightly regulated in 

response to iron availability to avoid toxicity.  

Previously, studies have mainly focused on determining the mechanisms of 

transcription initiation of genes in Escherichia coli (E. coli)2,3. Using E. coli as model 

organism, studies of pathogenic and non-pathogenic bacteria have established 

mechanisms of transcriptional regulaton of many important physiological and virulence 

processes2,3. Yet, recent advances in the field have expanded our understanding of how 

post-transcriptional gene regulation affects the virulence of bacterial pathogens, by 
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detailing new mechanisms that P. aeruginosa uses to modulate the production of 

virulence factors. In particular, small bacterial regulatory RNAs (sRNAs) have gained 

immense appreciation over the past two decades for their roles in mediating post-

transcriptional gene regulation of numerous physiological processes in bacteria. sRNAs 

synchronize complex networks of stress adaptation and virulence gene expression1. 

Several proteins contribute to sRNA stability and function, most notably the Hfq RNA-

binding protein4-7. However, not all sRNAs rely on Hfq for their stability or function8,9, 

and some sRNA-expressing bacteria do not encode an obvious hfq homolog. The 

discovery of sRNAs as regulators of gene expression in response to environmental 

signals has brought new insights into bacterial regulation of stress response1. Therefore, it 

comes with no surprises that many studies have focused on establishing bacterial models 

to better examine the key role of sRNAs, and the proteins that modulate their function, in 

the control of pathogenesis.  

 

1. Mechanisms of sRNA-mediated gene regulation in bacteria 

The past twenty years have been marked by the discovery of dozens of sRNAs 

and the characterization of their roles in mediating gene regulation of numerous 

physiological processes in many different bacterial species10-16. sRNAs play a major role 

in gene post-transcriptional regulation via numerous mechanisms, and several features 

must be present for an sRNA to be expressed, stabilized and functional. This consensus 

equally holds true for the mRNA target in order for base pairing with the sRNA to occur. 

Some required features for sRNA in recurring studies are: a promoter that responds to 

environmental cues, the presence of a Rho-independent terminator, a seed region that is 
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unstructured, and sometimes, association with the Hfq RNA chaperone protein17,18. The 

features required for the target mRNA are: an unstructured sequence that can base pair 

with the sRNA, the position of the region of complementarity- where binding of sRNA 

should block access to ribonuclease to stabilize the mRNA and/or where binding of 

sRNA blocks translation, and the distance between the Hfq-binding site and region of 

base pairing17,19.  Below some key aspects of sRNA regulation are described. 

 

1.1 Post-transcriptional regulation via complementary base pairing. sRNAs 

regulate gene expression via base-pairing with their mRNA target. Through these base-

pairings, sRNAs can target mRNA for degradation by recruiting a ribonuclease that will 

degrade sRNA-mRNA complex (Figure 1-negative regulation). This is the case for the 

iron-responsive RyhB sRNA in E. coli as well as many other sRNAs that undergo 

coupled degradation with their mRNA targets by RNaseE20. In E. coli in particular, RyhB 

sRNA has been shown to down regulate the steady-state levels of acnA, fumA, sdhCDAB, 

bfr, ftn, and sodB10. This study conducted by the Masse and Gottesman groups also 

revealed through northern blot analyses that RyhB can target sodB mRNA for 

degradation10. The level of sodB decreased as that of RyhB increased in a time course 

experiment of total RNA extracted from the wild type E. coli grown in Luria broth (LB) 

medium and treated with an iron chelator, 2,2-dipiirydyl10. This study also showed that 

ribonuclease E but not ribonuclease III, was responsible for the coupled-degradation of 

the sodB mRNA10.  

In addition, sRNAs which binding sites overlap with that of the ribosome on the 

mRNA, usually block translation by preventing the ribosome from binding21 (Figure 1-
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negative regulation). One such example is the systematic base-pairing between the 

Salmonella RyhB RNA and the ompN mRNA at the ribosome binding site, even though 

the seed region of complementarity between the two RNAs can prolong into the open 

reading frame (ORF) of the messenger RNA19. MicA sRNA in E. coli22 and VrrA sRNA 

in Vibrio cholerae23 further demonstrate the regulation of an outer membrane porin. 

These two sRNAs share no sequence conservation with each other, but yet, possess same 

regulation and function. Northern blot and western blot analyses of total RNA and 

protein, respectively, expressed from the wild type strains, in both bacterial species, 

indicated that MicA and VrrA sRNAs expression led to the repression of the outer 

membrane porin OmpA17,22,23. 

Some sRNAs can have overlapping binding sites with ribonuclease E on the 

mRNA target to produce a positive effect on gene expression. The binding of this type of 

sRNAs occludes RNase E from interacting with the mRNA, preventing mRNA 

degradation (Figure 1-positive regulation). Moreover, sRNAs can induce a 

conformational change upon binding to mRNA targets, thereby increasing translation 

efficiency (Figure 1-positive regulation). The RyhB-dependent positive mediation if shiA 

gene in E. coli is a good example of this type of regulation. In the absence of RyhB, the 

shiA mRNA forms a secondary structure that blocks access to the ribosome binding 

site16,24. 

 

1.2 Post-transcriptional regulation by sequestering mRNA regulatory 

proteins. sRNAs can either activate or inhibit biological processes by sequestering RNA-

binding proteins. One such example is the CsrA protein in E. coli. CsrA is known to 
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regulate central carbon flux, biofilm formation, and motility in E. coli25. CsrA can 

activate or repress gene expression by destabilizing or stabilizing mRNA targets, 

respectively. However, this protein can be sequestered by high affinity binding sRNAs 

like CsrB and CsrC26,27. CsrB was shown to contain 22 CsrA binding sites (AGG motifs) 

and capable of sequestering about 9 CsrA dimers25, as compared to its homologous CsrC 

with 9 CsrA sites. It was additionally revealed that the CsrA protein bound to CsrB and 

CsrC with initial equilibrium constants of 1nM and 9 nM, respectively25. With such tight 

equilibrium constants to CsrA, CsrB and CsrC sRNAs are set to compete with mRNA 

targets for binding to CsrA protein, thereby indirectly affecting gene expression under 

normal environment conditions. 

CsrB/C-like homologs are found in numerous bacterial species. Pseudomonas 

species for example possess three CsrB-like sRNAs (Rsm X/Y/Z) and two CsrA-like 

proteins (RsmA/E)27. Studies of the RsmX/Y/Z sRNAs demonstrated that these sRNAs 

sequestered RsmA and RsmE proteins from their respective mRNA targets in 

Pseudomonas fluorescens26. Like the CsrB and CsrC sRNAs, RsmX/Y/Z sRNAs contain 

multiple RsmA and RsmE binding motifs (AGG motifs) located primary on the loops of 

the sRNAs. These studies further showed that RsmA and RsmE proteins might be 

protecting the RsmY and RsmZ sRNAs from cellular nucleases because both sRNAs 

were destabilized in rsmA-rsmE double mutants28.  

CsrB/C-like homologs are also found in the plant pathogen Erwinia caratovora 

(E. caratovora). RsmA protein was identified in E. caratovora as the global regulator of 

extracellular enzymes, quorum sensing, and pathogenesis26. A single RsmB sRNA was 

shown to contain on its stem loops multiple RsmA AGG binding motifs. RsmB was 
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destabilized in an rsmA mutant, indicating that bound RsmA protein stabilized RsmB 

sRNA from degradation29. Overall, sRNAs can sequester mRNA-binding proteins to 

indirectly regulate gene expression or to maintain their own stability in cells. 

 

 

 

Figure 1.1: Gene regulation by bacterial sRNAs. In a positive regulation, sRNAs can 
open an inhibitory stem loop that was blocking the ribosomal binding site or simply bind 
the mRNA to stabilize it. In a negative regulation, sRNAs can target genes for 
degradation or block the ribosomal binding site and thus translation. 
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2. Role of Hfq in sRNA regulation 

 The chaperone protein Hfq is a major mediator of sRNA-base gene regulation in 

bacteria. Hfq recognizes unstructured regions of sRNAs and/or mRNAs specifically, 

despite their diverse structures30,31. In addition, Hfq recognizes U-rich regions of sRNA 

to which it binds with its proximal face and the A-rich region of mRNA to which it 

interacts with its distal face. Hfq also initiates annealing sRNA-mRNA from its lateral 

face. The Hfq protein from P. aeruginosa (Pa Hfq) has been crystallized, revealing a 

strikingly similar hexameric ring structure to Ec Hfq (Figure 1.2). While structural 

studies have outlined specific residues of Pa Hfq that are important for the formation of 

this ring32, more work is needed to identify the basis for how this protein mediates sRNA 

regulation in P. aeruginosa. The Ec-Hfq “rim” residues required for sRNA-mRNA 

annealing are largely conserved in Pa Hfq, suggesting a similar role for these amino acids 

in Pa Hfq function (Figure 1.2). Some of the key roles that Hfq plays in bacteria are 

discussed below.  
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Figure 1.2: Crystal structure of Pa Hfq with its proximal face, its distal face, and its 
rim/lateral face indicated. Also indicated are the acidic arginine residues on the rim33.  
 
 

2.1 Regulation of translation by Hfq. Through interactions with RNAs, the 

chaperone protein can exert either a positive or negative effect on translation. Hfq can 

initiate translation by binding to and opening an inhibitory stem loop on the 5’ 

untranslated region (5’ UTR) of an mRNA strand that was otherwise blocking the 

ribosomal binding site (Figure 1.3A). The rpoS mRNA in E. coli for example recruits 

Hfq, which opens an inhibitory stem loop on the 5’UTR of the mRNA, to facilitate 

annealing with the DsrA sRNA34. In some cases, Hfq sequesters the ribosome-binding 

site of a target mRNA upon binding (Figure 1.3D). This is observed in E. coli with IS10 

transposase mRNA where Hfq inhibits translation by interacting at the ribosome site35. 

Likewise, Hfq can target mRNA for degradation by recruiting RNase E36,37. This was 

illustrated in E. coli where Hfq binding at RhIB- recognition region of RNase E induced a 

rapid degradation of mRNA targets mediated by sRNAs (Figure 1.3C). Hfq also affected 

translation efficiency simply by binding and stabilizing the sRNA, mRNA or sRNA-

mRNA complex38. Altogether, Hfq is required for the function of numerous bacterial 

RNAs that regulate biological processes, notably sRNA and/or mRNA stability and 

function4-6,8,34,38-43. 

 

2.2 Hfq increases sRNA-mRNA annealing rates. Analyses of Hfq functions in 

bacteria established that the chaperone protein could initiate the annealing between the 

sRNA and its mRNA target34,44. Further investigations revealed that Hfq uses the arginine 

patch on its rim or lateral face to initiate annealing between sRNA-mRNA pair45,46. 
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Therefore, Hfq was suggested to facilitate base pairing between sRNA and mRNA by 

increasing annealing rates47-49. This finding is well illustrated in E. coli where Hfq is 

shown to speed the rate of annealing between DsrA sRNA and target mRNA RpoS. Even 

though both RNAs compete for binding to Hfq, the interaction of Hfq with one of the 

RNAs induces an unwinding of the structure to facilitate base pairing with RNA 

partner47-49. As shown in this dissertation, this ability of Hfq to facilitate complexation of 

sRNA-mRNA is illustrated in P. aeruginosa where Pa Hfq is shown to increase the rate 

of annealing between the PrrF sRNAs and antR mRNA46.   

While many bacterial sRNAs require Hfq for their function and stability, several 

notable exceptions exist. For instance, Hfq is present in Staphylococcus aureus, but does 

not appear to have any impact on sRNA function or regulation9. In addition, the action of 

the iron-regulated FsrA sRNA in Bacillus subtilis is independent of an Hfq-like protein, 

but instead depends on three basic small proteins regulated by Fur: FbpA, FbpB, and 

FbpC50. Moreover, in Yersinia pestis, Hfq differentially stabilizes two homologous RyhB 

sRNAs that regulate iron homeostasis -stabilization of RyhB1 is mediated by Hfq while 

that of RyhB2 is not8. This variation underlines the ambiguous requirement of Hfq for 

sRNA function and stability.  
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Figure 1.3: Gene regulation by sRNA and Hfq in bacteria. A. Activation of translation. 
B. Protection of sRNA from ribonuclease cleavage. C. Cleavage of sRNA-mRNA 
complex. D. Inhibition of translation. Overall, sRNAs bind targets mRNA with the help 
of the chaperone protein Hfq. This interaction usually happens at the 5’UTR of the 
mRNA. Hfq can de-repress an inhibitory stem loop on the mRNA to allow translation. 
Under certain circumstances, RNaseE is recruited to degrade mRNA-RNA complex and 
Hfq is recycled. 
 
 

3. Impacts of sRNAs and Hfq on cell physiology and virulence 

sRNAs, often in conjunction with Hfq protein, have been frequently identified as 

critical regulators of physiological processes, which also affect virulence in related 

pathogenic species. Below are specific examples of sRNA regulatory processes that have 
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pathogenic species. 
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3.1 Regulation of outer membrane proteins in enteric bacteria. sRNAs and 

Hfq control the expression of outer membrane proteins (OMPs) in numerous Gram-

negative enteric bacteria, including E. coli, Salmonella, and Vibrio cholerae. This occurs 

through regulated expression of the sigma factor sigma E (σE) and Cpx, two envelope 

stress response regulators51,52. An hfq mutant strain of E. coli and other enteric bacterial 

species showed aberrant OMP expression and an over-active sigma factor E (σE)53. Hfq-

mediated activation of σE is due to loss of negative regulation on cpxR by sRNA MicF54. 

Likewise, hfq mutant strains of pathogenic E. coli strains such as Uropathogenic E. coli 

(UPEC), adherent-invasive E. coli (AIEC), enterohemorrhagic E. coli (EHEC), extra-

intestinal E. coli (EPEC), enteroaggressive E. coli (EAEC), revealed attenuated virulence 

in a Caenorhabditis elegans model55,56. Thus, Hfq, together with sRNAs, regulate the 

expression of multiple OMPs and virulence of numerous pathogenic members of the 

enterobacteriaceae57-59. 

 

3.2 AbcRs in alpha-proteobacteria. Other studies have focused on the AbcR 

sRNAs of non-pathogenic rhizobiales60 such as Sinorhizobium meliloti (S. meliloti). The 

AbcR1 and AbcR2 sRNAs described in S. meliloti are 80% identical, are differentially 

expressed, and regulate distinct sets of genes. In S. meliloti, AbcR1, but not AbcR2, 

controls the expression of the periplasmic binding-protein LivK61. However, both sRNAs 

mediate the expression of genes encoding components of ABC transporter systems, and 

appeared to be stabilized by the chaperone protein Hfq60. The AbcR1 and AbcR2 sRNAs 

are conserved in the related pathogenic species Brucella abortus, which are 70% identical 
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and equally control the expression of genes that code for the ABC transporter systems as 

well as the virulence factors61,62.  

 

3.3 sRNA regulation of biofilm formation in the pseudomonads. Another 

group of bacteria in which sRNAs and Hfq play a major role in regulating cell physiology 

and virulence factors are the Pseudomonads. The RsmY and RsmZ sRNAs control cell 

phenotypes and pathogenicity through the modulation of the GacS/GacA two-component 

system and the RsmA RNA binding protein63. In turn, RsmA controls the expression of 

T6 secretion system and the biofilm formation. In P. aeruginosa, the GacS/GacA two-

component system also influences organism pathogenicity and patient disease state by 

governing the transition from acute to chronic infection64. Virulence is further controlled 

in P. aeruginosa by the RetS/LadS/Gac/Rsm system65. Hfq mediates the expression of 

RsmA protein in this network and thus indirectly controls the formation of biofilms and 

T6 secretion system (T6SS), which are biomarkers for chronic infection66.  

 

3.4 Iron responsive sRNAs. Iron is a critical cofactor for nearly all-living 

organisms, and the expression of iron-dependent processes must be closely regulated to 

ensure appropriate iron availability for specific cell processes. sRNAs have been well 

characterized as major mediators of iron homeostasis in Gram-negative and Gram-

positive bacteria10,16,61,67. Some notable examples found in Gram-negative bacteria are 

RyhB and the PrrF sRNAs located in E. coli and P. aeruginosa, respectively. The PrrF 

sRNAs are iron-regulated and were second only to the discovery of RyhB in E. coli15. 

These sRNAs, with the help of Hfq, mediate iron homeostasis by repressing the 
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expression of genes encoding iron-containing proteins in low iron conditions10,16,61,67-69. 

This mechanism effectively conserves iron when this nutrient becomes scarce. The PrrF 

and RyhB sRNAs also mediate iron uptake by negatively regulating the expression of 

common mRNA targets such as sodB, acnA, and sdhCDBA14,15. The gene sodB encodes a 

superoxide dismutase that contains an iron cofactor70. The gene acnA codes for aconitase, 

an enzyme in the tricarboxylic acid cycle that contains an iron-sulfur cluster70. The 

operon sdhCDBA encodes a succinate dehydrogenase, another enzyme in the TCA cycle, 

also contains an iron-sulfur cluster for oxidative-reduction activity70.  

Numerous RyhB homologs exist in other closely related gram-negative bacteria, 

and are equally regulated by Fur61. RyhB1 and RyhB2 sRNAs in Yersinia pestis (Y. 

pestis)8, one of which is regulated by Hfq, might play a role in infection progression in 

this bacterium8. The RyhB homologs in Shigella dysenteriae repress the transcription of 

important virulence factors 71. Homologs in Shigella flexneri help with acid resistance72, 

and in Salmonella enterica, RfrA and RfrB aid with survival inside the hosts and the 

upregulation of siderophore production73. In addition, these RyhB homologs can 

negatively mediate various virulence genes such as oxidative stress, biofilm formation, 

TCA cycle enzymes, environmental survival, and infection progression. Thus, the RyhB 

homologs act on iron-sparing response by direct or indirect modulation of virulence-

associated genes in their respective species.  

Beside PrrF, several other orthologs of RyhB exist in gram-negative and gram-

positive bacteria. These orthologs have little sequence similarities to RyhB, but exert 

similar effects on gene expression and iron homeostasis. One example is the FsrA sRNA 

in Bacillus subtilis (B. subtilis), whose function is dependent on three small proteins 
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(FbpA, FbpB, and FbpC)50. Other examples of RyhB orthologs are HrrF sRNAs in 

Haemophilus influenza74, and the NrrF sRNAs in Neisseria meningitidis61,75. In summary, 

these iron-regulated sRNAs exist in most bacterial species and often aid in iron sparing 

and virulence in bacterial pathogens. 

 

4. Pseudomonas aeruginosa pathogenesis 

 P. aeruginosa is a Gram-negative bacterium that causes disease in a variety of 

eukaryotic hosts and is an opportunistic human pathogen that is resistant to a variety of 

current antimicrobial therapeutic regimens76. It is the most common cause of nosocomial 

infections, including burn and surgical wound infections77, and one of the primary 

pathogens found in the lungs of CF patients78. P. aeruginosa’s ability to form biofilms, 

express numerous efflux pumps, and acquire additional antimicrobial resistance 

mechanisms, complicate treatment of P. aeruginosa infections79,80. P. aeruginosa is also 

notorious for its ability to deploy a variety of virulence factors, including quorum sensing 

systems, secreted protein toxins, toxic secondary metabolites, and iron acquisition 

systems81. Identifying and understanding how the regulation of these different systems 

contributes to disease is critical for the development of novel and effective antimicrobial 

treatments. 

 

 4.1 Efflux pumps. Gram-negative and Gram-positive bacteria encode bacterial 

efflux pumps that are classified into five families: the resistance-nodulation-division 

(RND) family, the major facilitator superfamily (MFS), the ATP (adenosine 

triphosphate)-binding cassette (ABC) superfamily, the small multidrug resistance (SMR) 
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family [a member of the much larger drug/metabolite transporter (DMT) superfamily], 

and the multidrug and toxic compound extrusion (MATE) family82. P. aeruginosa 

encodes more of these efflux pumps than E.coli, Bacillus subtilis, Mycobacterium 

tuberculosis83,84, which renders it highly resistant to numerous antibiotics. Some 

multidrug efflux pump systems that have been well characterized in P. aeruginosa are: 

MexA-MexB-OprM, MexC-MexD-OprJ, MexE-MexF-OprN, and MexX-MexY-OprM85. 

These efflux pumps have different substrate specificities, and their production and 

activity can be increased by many factors commonly present in infections such as high 

inocula of bacteria, low pH, and stationary-phase growth84.  

 

 4.2 Quorum sensing. Quorum sensing is the regulation of gene expression in 

response to increase in bacterial population density86. Quorum signaling in P. aeruginosa 

regulates many of complex virulence factors and is dependent upon three distinct quorum 

sensing molecules and corresponding response systems: the las system with signal 

molecule N-(3-oxo-dodecanoyl)-L-homoserine lactone (3-oxo-CHSL), the rhl system 

with signal molecule N-butyryl-L- homoserine lactone (CHSL), and the Pseudomonas 

quinolone system (PQS) with signal molecule 2-heptyl-3-hyrodxy-4-quinolone87,88,89. The 

regulation of these three QS systems is intertwined90, and together they function to 

coordinate the expression of many of P. aeruginosa’s virulence factors. LasR regulates 

the expression of rhlR and rhamnolipid biosynthesis and is required for PQS production. 

PQS in turn regulates the production of elastase, rhamnolipids, and pyocyanin89. PQS is 

synthesized via the pqsABCDE operon, which is responsible for generating multiple alkyl 

quinolones (AQs), including the 2-heptyl-4-quinolone (HHQ), which is the immediate PQS 



	  

 16 

biosynthetic precursor. PQS production is required for virulence in multiple models of 

infection91, and is produced in the lungs of CF patients infected by P. aeruginosa91, 

indicating PQS a primary virulence factor in both acute and chronic infections caused by 

P. aeruginosa.  

 

 4.3 Secreted toxins. P. aeruginosa produces several secreted exotoxins that 

contribute to infection, including exotoxin A (encoded by toxA), PvdS-regulated 

endoprotease lysyl class (encoded by prpL), and elastases (encoded by lasA and lasB). 

Exotoxin A is produced in vivo during P. aeruginosa infections and may heighten 

virulence by inhibition of protein synthesis and interference with cellular immune 

functions of the host92. PvdS-regulated endoprotease, lysyl class, on the other hand 

cleaves iron-containing proteins, such as casein, lactoferrin, transferrin, elastin, and 

decorin, and contributes to P. aeruginosa’s ability to persist as chronic pulmonary 

infection in animal model92. Elastase produced by P. aeruginosa promotes infection by 

damaging tissue and degrading various plasma proteins such as immunoglobulins, 

coagulation and complement factors, and alpha-proteinase inhibitor93. 

 

4.4 Toxic secondary metabolites. P. aeruginosa produces and secretes numerous 

secondary metabolites that are toxic against eukaryotic cells as well as other bacterial 

species. Phenazines generate reactive oxygen species (ROS) that negate the host defense 

mechanism, leading to successful invasion and disease94. The synthesis of phenazines by 

a bacterium may inhibit the growth of competing microorganisms during co-infections 

(e.g. polymicrobial infection of Staphylococcus aureus and P. aeruginosa in CF lungs), 
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resulting in more prominent infection by the organism secreting the phenazines. The ROS 

may affect a range of host cell functions, including respiration, ciliary beating, epidermal 

cell growth, or calcium homeostasis94. The genes for phenazine biosynthesis are induced 

by PQS as a part of P. aeruginosa’s quorum sensing network. The PQS biosynthetic 

pathway produces a distinct AQ metabolite, 2-heptyl-4-hydroxyquinolone-N-oxide 

(HQNO), which has anti-microbial activity against Gram-positive bacteria91 and is an 

inhibitor of cytochrome bc1 in both eukaryotic and prokaryotic respiratory chains91.  

 

4.5 Iron acquisition. Iron is indispensable to microbial survival and is implicated 

in the virulence of many pathogens that infect humans, other mammalian, and non-

mammalian species. Therefore, acquiring and storing iron becomes a priority for bacterial 

pathogens because they need this key nutrient to regulate multiple of their virulence 

factors. Iron is also an important biofilm determinant as it promotes both biofilm 

formation and pathogenicity. Iron is limited in the host as a part of the innate immune 

system, thus pathogens must be able to effectively combat the host for this nutrient 

during infection.  

P. aeruginosa has over 50 genes that encode iron receptors95. These receptors 

facilitate uptake of iron-bound siderophores which P. aeruginosa uses to chelate iron 

with high affinity outside the cell96. Pyoverdine is the main siderophore essential for P. 

aeruginosa virulence97. Pyoverdine production is mainly regulated by the pvd operon, 

which includes PvdS, a sigma factor required for expression of genes for pyoverdine 

production98. P. aeruginosa also produces a second siderophore, pyochelin, which has a 
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lower affinity than pyoverdine for iron but is still important for P. aeruginosa virulence99. 

Pyochelin synthesis is regulated by two operons pchDCBA and pchEFGHI99.  

Heme is another iron source used by P. aeruginosa, and is abundant in the human 

host100,101. Two main heme uptake systems are responsible for heme acquisition by P. 

aeruginosa, Phu and Has. The Pseudomonas heme uptake (Phu) system encodes an outer 

membrane heme receptor (PhuR), a periplasmic heme binding protein (PhuT), an inner 

membrane ATPase and permease (PhuUV), and a cytoplasmic heme binding protein 

(PhuS). The P. aeruginosa heme assimilation system (Has) encodes a secreted 

hemophore protein (HasA), which scavenges heme from hemoglobin102,103. The HasR 

outer membrane receptor extracts heme from HasA and transports it into the periplasm, 

where heme is bound by PhuT for transit into the cytosol101. PhuS delivers cytoplasmic 

heme to the iron-regulated heme oxygenase (HemO), which degrades heme into 

biliverdin and carbon monoxide, releasing iron104,105. In anaerobic environments such as 

those found in biofilms, iron is in its ferrous form and is transported into the cytoplasm 

by the Feo inner membrane transport system106,107. 

 

5. Iron regulation of virulence 

While iron is critical for survival, excess iron can be toxic to bacteria since it can 

catalyze the formation of ROS. Thus P. aeruginosa must tightly regulate its iron uptake, 

use, and storage108,109. The iron regulatory network in P. aeruginosa is particularly 

complex, with the ferric uptake regulator (Fur) presiding over much of this network. 
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5.1 Fur protein regulation. The Fur protein blocks the transcription of iron 

uptake genes in high iron conditions by binding to a 19-bp consensus sequence in the 

promoters of Fur-regulated genes110 (Figure 1.4). Fur utilizes Fe2+ as a co-repressor and 

represses the expression of multiple iron uptake systems, including siderophore synthesis 

and uptake111. Fur also controls expression of enzymes that protect against ROS damage 

by both direct and indirect mechanisms112. Thus, the challenges of iron homeostasis and 

defense against ROS are addressed via Fur111. Fur also regulates the expression of several 

virulence factors through cell surface signaling systems. One such system is the PvdS 

sigma factor, which is responsive to cell surface receptor binding to pyoverdine. PvdS 

regulates a variety of virulence factors, including the PvdS-regulated endoprotease, lysyl 

class and exotoxin A discussed above113,92. 

 

Figure 1.4: Fur regulation in P. aeruginosa. A. The Fur protein is inactive in iron-
depleted conditions. B. The Fur protein is active in iron-replete conditions. 
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two highly identical (95%) sRNAs, PrrF1 and PrrF2, which mediate an iron sparing 
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response in low iron environments as discussed above. The PrrF sRNAs block the 

expression of at least 50 genes that encode for iron-containing proteins15,114. PrrF 

expression thus limits iron use and spares this important nutrient for essential metabolic 

pathways in iron-depleted conditions. The prrF locus is required for survival during acute 

lung infection in mice, which may be due to the iron sparing activity of these sRNAs67.   

The PrrF sRNAs have also been show to promote the production of PQS and 

HHQ quorum sensing molecules, as well as HQNO (Figure 1.5), presenting another 

means by which PrrF may contribute to pathogenesis67,114. This is predicted to occur by 

negatively acting on the antR mRNA, which encodes a LysR type regulator. When antR 

is expressed, it activates expression of the antABC and catBCA genes, the products of 

which mediate the degradation of anthranilate to TCA cycle intermediates114. By 

blocking the production of anthranilate degrading enzymes, the PrrF sRNAs indirectly 

promote the production of PQS, HHQ, and HQNO, each of which may contribute to 

pathogenesis (Figure 4). 



	  

 21 

 

Figure 1.5: PrrF indirect regulation of PQS/AQs production. PrrF indirectly regulates 
PQS/AQs production by repressing the expression of antR mRNA, encoding a LysR type 
regulator that activates expression of antABC and catBCA. The enzymes encoded by 
antABC and catBCA mediate the degradation of anthranilate, preventing the use of this 
metabolite for PQS/AQ production. 
 
 

5.3 Tandem duplication of prrF genes and PrrH. The P. aeruginosa PrrF1 and 

PrrF2 sRNAs are distinct from those produced by other Pseudomonads as the genes from 

which they are transcribed are located in tandem on the genome (Figure 1.6). This 

tandem arrangement allows for the expression of a third sRNA called PrrH. Transcription 

of PrrH initiates at the 5’ end of prrF1, proceeds through the prrF1-prrF2 intergenic 

sequence, and terminates at the 3’ end of prrF2115. Thus, PrrH expression is dependent on 

read-through transcription at the prrF1 Rho-independent, or intrinsic, terminator. 

Expression of the PrrH sRNA is regulated by heme, an abundant source of iron in the 

host during infection. However, it is not yet clear how heme regulates expression of PrrH. 
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Elucidation of heme controlled PrrH expression and function is expected to clarify the 

significance of the P. aeruginosa-specific arrangement of the prrF genes. 

 

Figure 1.6: Arrangement and regulation of the PrrF and PrrH sRNAs in P. aeruginosa. 
PrrF1 and PrrF2 are located next to each on the chromosome and mediate iron 
homoeostasis. PrrH is the read-through at prrF1 rho-independent terminator and 
regulates both iron and heme homeostasis.  
 
 

5.4 Iron regulation of biofilm formation. Biofilm is one of the forms adopted by 

P. aeruginosa in the lungs of CF patients to resist the host immune response and 

antibiotics116. Iron has been shown to be required for biofilm formation by this 

bacterium117, and I previously showed that the prrF locus plays a key role in this process 

by mediating iron homeostasis15. Previous work established that sub-inhibitory 

concentrations of the aminoglycoside antibiotic tobramycin induced biofilm formation by 
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in P. aeruginosa. My studies further demonstrated that iron was required for those sub-

inhibitory concentrations of tobramycin induced biofilm formation by P. aeruginosa in 

high iron condition, interlinking biofilm and iron regulatory pathways in P. aeruginosa 

(see published studies in Appendix A)79. In addition, my analysis of several iron 

regulatory mutants in this assay demonstrated that biofilms of the ΔprrF1,2 mutant strain 

of P. aeruginosa were unable to respond to tobramycin, making the prrF locus a crucial 

element for P. aeruginosa biofilm formation118.  

 
 

6. Goals of this Study 

 

 The goal of this work was to first identify factors required for iron-regulated PrrF 

sRNAs stability and function in vivo. Our lab developed a method called sequencing 

specific affinity chromatography-tandem mass spectrometry (SSAC-MS/MS), to identify 

proteins that interact with the PrrF sRNAs in cells. Using this methodology, we identified 

the RNA chaperone Hfq as the protein that predominantly interacts with PrrF1 and PrrF2. 

I next aimed to determine the roles that Hfq plays in the PrrF sRNAs regulation of 

mRNA targets in P. aeruginosa. My work predicted the secondary structures of PrrF1, 

PrrF2, and their mRNA target antR. I also characterized interactions between Hfq and the 

PrrF sRNAs, and I determined how Hfq contributes to interactions of the PrrF sRNAs 

with the antR mRNA in vitro. I further identified Hfq and antR binding sites on the PrrF 

sRNAs, and I determined sequence requirements for PrrF and antR interactions in cells. 

Our work further showed that either PrrF1 or PrrF2 alone is sufficient for antR regulation 

and AQ production, raising further questions about the significance of prrF gene 
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duplication in P. aeruginosa. Overall, this work demonstrates the complexity of the iron 

regulation network in P. aeruginosa, and allows for broader questions to be asked 

regarding the roles of the PrrF sRNAs in mediating iron homoeostasis and pathogenesis 

in P. aeruginosa
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Chapter 2: A method for in vivo identification of bacterial small RNA binding 
proteins1 
 
 
Introduction  

Small non-coding RNAs (sRNAs) have emerged over the past decade as central 

regulators of gene expression involved in a wide variety of bacterial processes, including 

carbon utilization, iron homeostasis, quorum sensing, and virulence18,61,119-122. In general, 

the bacterial sRNAs that have been described to date can be divided into two families - 

sRNAs that pair with complementary messenger RNAs (mRNAs), and sRNAs that 

interact with post-transcriptional regulatory proteins. sRNAs that pair with mRNAs can 

be encoded antisense to their target mRNAs (cis-antisense sRNAs) or at distal genetic 

loci (trans-acting sRNAs). Pairing with members of this class of sRNAs leads to either 

stabilization and increased translation efficiency, or destabilization and decreased 

translation, of the targeted mRNA27,38,119,120,123-125. In contrast to trans-acting sRNAs, the 

Csr/Rsm family of sRNAs function by binding to and sequestering post-transcriptional 

regulatory proteins from their target mRNAs121,126,127. In spite of this generalized division 

of bacterial sRNAs, mounting evidence suggests sRNAs can modulate gene expression 

by a myriad of molecular mechanisms. 

One factor required for the function and stability of many bacterial sRNAs is the host 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  Adapted from 119. *Osborne, J., *Djapgne, L., Tran, B.Q., Goo, Y.A. & Oglesby- 
Sherrouse, A.G. A method for in vivo identification of bacterial small RNA-binding 
proteins. Microbiologyopen 3, 950-60 (2014). This work is licensed under the Creative 
Commons Attribution 3.0 Unported License 
(http://creativecommons.org/licenses/by/3.0/). Asterisk (*) denotes shared authorship. 
Individual contributions are as follows: J. Osborne developed the SSAC-MS/MS method. 
L. Djapgne cloned, overexpressed and purified Pa Hfq, and performed the gel shift 
assays. B. Tran and Y A. Goo performed the proteomic on Pa Hfq. All authors 
contributed to the preparation of the manuscript.	  
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factor for bacteriophage Qβ, or Hfq128. Hfq was originally identified in 1965 in 

Escherichia coli as a factor required for replication of RNA phages129, but has since been 

shown to mediate regulation of transcriptional termination, translation, and RNA 

stability128. While Hfq is known to mediate the stability and function of many bacterial 

sRNAs, notable exceptions to this paradigm exist. For example, the iron-responsive 

RyhB sRNAs of Yersinia species, which are duplicated in the bacteria of this genus, have 

different stability requirements for Hfq8. Moreover, the Gram-positive bacterium Bacillus 

subtilis encodes for an iron-responsive sRNA, named FsrA, whose stability and function 

are independent of the B. subtilis hfq homolog50. Instead, FsrA activity appears to be 

modulated by three small basic proteins, FbpA, B, and C69,130. Among many others, these 

studies demonstrate the complexity of protein requirements guiding sRNA stability and 

function in different bacterial species, and highlight the need for further study into the 

proteins that contribute to sRNA regulation.  

Iron is an essential metallo-nutrient for most organisms, and bacteria have evolved 

several strategies to mediate its uptake and utilization131. Iron can also be toxic due to its 

ability to catalyze the formation of reactive oxygen species via Fenton chemistry. Thus, 

bacterial iron and heme uptake systems are tightly regulated in response to intracellular 

iron concentrations131. In many bacteria, this regulation is mediated by the iron-binding 

ferric uptake repressor (Fur)132. In iron-replete environments, the Fur protein is ferrated 

and blocks expression of genes coding for iron and heme acquisition systems. Depletion 

of iron in the cell causes the Fur protein to become deferrated and thus inactive, allowing 

for the expression of genes encoding iron uptake systems. The Fur protein has also been 

shown to mediate positive regulation of gene expression in multiple bacterial species. In 
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some cases, this regulation occurs by direct interaction of the Fur protein with the 

promoters of target genes133. In 2002, Masse and Gottesman described the first example 

of a Fur-regulated small regulatory RNA (sRNA), named RyhB, which mediates a large 

proportion of positive regulation by Fur in E. coli10. RyhB regulation was subsequently 

shown to contribute to E. coli iron homeostasis by blocking the expression of non-

essential iron-containing proteins, thereby sparing limiting iron stores for more essential 

functions14,134. Iron-regulated sRNAs are now known to be widespread in bacteria, 

having been identified in both Gram-positive and Gram-negative bacterial species61,135. 

P. aeruginosa, a ubiquitous Gram-negative opportunistic pathogen, requires iron for 

infection97,102,136-139 and has evolved a hierarchical regulatory system to mediate iron 

homeostasis99. As part of this system, the P. aeruginosa Fur protein blocks the expression 

of two nearly identical regulatory sRNAs, named PrrF1 and PrrF2 for Pseudomonas RNA 

Responsive to Iron (Fe)15. The PrrF sRNAs are analogs of the RyhB sRNA in E. coli, and 

as such regulate the expression of number genes encoding iron-containing proteins, many 

of which are involved in metabolism15,114. As a result of the regulation of one of these 

genes, the PrrF sRNAs contribute to the production of quorum sensing molecules114. 

Thus, the PrrF sRNAs have wide-ranging effects on P. aeruginosa physiology, and are 

also predicted to be important mediators of pathogenesis. 

While most Pseudomonads encode for two PrrF sRNAs, only P. aeruginosa encodes 

these sRNAs in tandem, allowing for the expression of a longer, heme-regulated sRNA 

named PrrH115. PrrH transcription is initiated at the prrF1 Fur-regulated promoter, reads 

through the prrF1 Rho-independent terminator and the prrF1-prrF2 intergenic region, 

and terminates at the prrF2 Rho-independent terminator. Due to its unique sequence, 
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PrrH is predicted to interact with a distinct set of mRNAs, allowing for unique heme 

regulation properties in P. aeruginosa. In line with this hypothesis, heme was previously 

shown to affect expression of nirL, encoding a regulator of heme d1 biosynthesis, in a 

prrF locus dependent manner115. The mechanism by which PrrH expression is regulated 

by heme remains unknown, however. Additionally, it is unknown if either of the PrrF or 

PrrH sRNAs interact with Hfq, whether or not Hfq plays a role in their expression, 

stability and function, or if additional proteins contribute to stability of and regulation by 

this unique group of iron-responsive sRNAs.  

The goal of the current study was to identify proteins that interact with the bacterial 

sRNAs in vivo. Previous studies have expressed aptamer-tagged sRNAs to purify sRNA-

protein complexes to achieve this goal140. However, this procedure requires genetic 

manipulations of the sRNA-encoding DNA, which could potentially affect interactions 

with proteins due to altered expression and/or structure. Here, we have adapted a 

previously developed sequence specific affinity chromatography strategy used to identify 

RNA-binding proteins in eukaryotic organisms141 to identify proteins that interact with 

the natively expressed PrrF and PrrH sRNAs. Combined with in vivo crosslinking and 

tandem mass spectrometry, this method identified Hfq as a potential PrrF- and PrrH-

interacting protein, which we verified by in vitro analysis using electrophoretic mobility 

shift assays of the PrrF and PrrH sRNAs with purified Hfq. As such, this approach 

provides a means for unbiased identification of proteins that interact with bacterial 

sRNAs in vivo, particularly in the case of sRNAs that are not dependent upon Hfq for 

stability or function. 
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Materials and Methods 

 Bacterial strains and growth conditions. Bacterial strains used in this work are 

listed in Table 1. E. coli strains were routinely grown in L broth or on L agar plates, and 

P. aeruginosa strains were maintained in brain-heart infusion (BHI) broth or on BHI agar 

plates. For qPCR, northern blots, and SSAC-MS/MS pull-down studies, strains were 

diluted from overnights of LB into M9 minimal media purchased from Teknova 

containing 2% glucose and grown for 4 hours to deplete intracellular iron stores, then 

sub-cultured into fresh M9 for an additional 8 hours at 37°C68. Ferric chloride (FeCl3) 

was added to a final concentration of 100 µM where indicated. Ampicillin (100 µg/ml) 

and chloramphenicol (12.5 µg/ml) were used for growth of  E. coli carrying the pTYB21-

hfq plasmid. 

Table 2.1: Bacterial strains used in this study 

Strain Description Source or reference 

PAO1 Wild-type pseudomonas 
aeruginosa strain 

Holloway (1995) 

∆PrrF1,2 PAO1 strain with a deletion 
in the ∆prrF1,2 locus 

Wilderman et al. (2004) 

Rosetta 2 (DE3) Derivative of BL21 (DE3) 
Escherichia coli strain 
designed for enhanced 
expression of nonnative 
proteins 

Novagen 

 

 

Northern blots. Northern analysis of the PrrF and PrrH sRNAs was performed as 

previously described with some modifications115. Briefly, 10-20 µg of total RNA isolated 

on RNeasy Mini Columns was run on a 6% polyacrylamide denaturing (7M urea) gel 

then transferred to a BrightStar membrane (Life Technologies) using a semi-dry transfer 
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apparatus. Biotinylated oligonucleotides that were complementary to the regions of 

PrrF1, PrrF2, or PrrH as shown in Figure 1A were purchased from Integrated DNA 

Technologies and hybridized to blots overnight at 42°C. The membrane was washed 

using the Northern Max Low Stringency and High Stringency wash solutions according 

to the manufacturer’s instructions. Detection of the biotinylated probes was carried out 

using the BrightStar BioDetect nonisotopic detection kit (Life Technologies). 

 

Figure 2.1: Development of PrrF and PrrH probes for sequence-specific affinity 
chromatography and tandem mass spectrometry (SSAC-MS/MS). (A) Sequence of 
the prrF locus, with the PrrF1, PrrF2 and PrrH probe locations underlined. Asterisks 
indicate the transcriptional start site of PrrF1 and PrrH (*) and PrrF2 (**). The PrrF1 and 
PrrF2 transcribed sequences are in bold, and the PrrF1 and PrrF2 Rho-independent 
terminators are italicized. (B) Northern blots of PAO1 and the indicated prrF mutants 
grown in M9 minimal media for 18 h, with or without supplementation of 100 µmol/L 
FeCl3 as indicated, using the PrrF1, PrrF2, and PrrH probes shown in (A). (C) Expression 
of the PrrF and PrrH sRNAs was determined by qPCR after 4, 8, and 18 h of growth in 
M9 minimal media with no iron supplementation. Relative expression of each RNA was 
determined using a standard curve, and values for each time point were normalized to the 
4 h time point. Error bars indicate the standard deviation of three independent 
experiments. 
 
 

Real time PCR. Real time PCR of the PrrF and PrrH sRNAs was carried out as 

previously described (Nguyen et al., 2014). Briefly, RNA was extracted using the Qiagen 

RNeasy Mini Kit according to manufacturer’s directions. 50 ng/µL of RNA was used to 

A. 
                                                                  *           
TAGCAGAAAA GTTTGGCGAA AGCGTTTGAC ATGGAAATGA GAATCATTAT TATGTCACTC AACTGGTCGC GAGATCAGCC
ATCGTCTTTT CAAACCGCTT TCGCAAACTG TACCTTTACT CTTAGTAATA ATACAGTGAG TTGACCAGCG CTCTAGTCGG

                                       PrrF1 Probe
                   

GGTAAGCTGA GAGACCCACG CAGTCGGACT CTTCAGATTA TCTCCTCATC AGGCTAATCA CGGTTTTTGA CCCGGCACTT
CCATTCGACT CTCTGGGTGC GTCAGCCTGA GAAGTCTAAT AGAGGAGTAG TCCGATTAGT GCCAAAAACT GGGCCGTGAA
PrrF1 Probe (cont)

          
TGCCGGGTCT TTTTTTGCCT GCGATTCGGC CGGAGACGAC CGTTCATCGG CTGGCGATGG AATGAATGAG AACCGGCTTG
ACGGCCCAGA AAAAAACGGA CGCTAAGCCG GCCTCTGCTG GCAAGTAGCC GACCGCTACC TTACTTACTC TTGGCCGAAC
                                      PrrH Probe
                                  **
ACCTGATAAT GAGAATAGTT ATTATTACAC CAACTGGTCG CGAGGCCAGC AGGTAAGCTG AGAGACCAAG CAGTCGGACT
TGGACTATTA CTCTTATCAA TAATAATGTG GTTGACCAGC GCTCCGGTCG TCCATTCGAC TCTCTGGTTC GTCAGCCTGA
                                                       PrrF2 Probe

CTTCAGATTA TCTCCTCATC AGGCTAATCA CGGTTTCGAC CCGGCACTTT GCCGGGTCTT TTTTTGCCCG CGAAAACGTA
GAAGTCTAAT AGAGGAGTAG TCCGATTAGT GCCAAAGCTG GGCCGTGAAA CGGCCCAGAA AAAAACGGGC GCTTTTGCAT

GCGCGATACG CGGCTCCAGG CCTCGCGCCC TTCCTTCAAC GTGCCTTCTT
CGCGCTATGC GCCGAGGTCC GGAGCGCGGG AAGGAAGTTG CACGGAAGAA
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generate cDNA with the ImPromII cDNA synthesis kit (Promega), and cDNA was 

analyzed using the StepOnePlus instrument (Applied Biosystems) and Taqman reagents 

(LifeTechnologies). Standard curves were produced for each primer probe set by 

analyzing cDNA generated from serial dilutions of RNA and used to determine relative 

amounts of the corresponding RNAs in each sample. Relative RNA levels in each sample 

were then normalized to the oprF mRNA. 

 

Enrichment of PrrF- and PrrH-protein complexes from irradiated cultures. 

Six ml of PAO1 iron-depleted cultures were mixed with 1.5 mL RNA-Later® (Qiagen) to 

stabilize and preserve RNA transcripts. The mixture was then poured into a 150 mm x 15 

mm petri dish and irradiated for 3 minutes. RNA was extracted from 1.25 mL of 

irradiated culture using Qiagen RNeasy Mini Columns according to the manufacturer’s 

instructions. Purified RNA was combined with 1 ug of  5’ biotinylated PrrF or PrrH 

cDNA-bait, purchased from Integrated DNA Technologies (IDT). The RNA-bait mixture 

was brought up to 100 uL of RNase free water and incubated at 70°C for 15 min, 

followed by a 37°C incubation for 15 min with gentle shaking. The RNA-bait mixture 

was combined with 1 mg of M-270 Dynabeads® (Invitrogen) in 100 uL of binding and 

washing buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA, 2M NaCl), and the RNA-bait 

Dynabead mixture was incubated at 37°C for 45 min with gentle shaking. After 

incubation, the beads were separated from solution using a magnetic stand, and the 

supernatant was removed. The beads were then resuspended in 100 uL of RNase free 

water and incubated at 65°C for 10 min to disrupt the streptavidin-biotin linkage. The 

beads were separated from the resulting solution using a magnetic stand, and the 
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supernatant was collected for tryptic digestion and mass spectrometric analysis. 

 

Proteolytic digestion and desalting for RNA-protein samples. The samples 

were brought up to a final volume of 300 uL in 6M urea and 50 mM ammonium 

bicarbonate, then combined with 20 uL of 1.5 mM Tris pH 8.8 and 7.5 uL of 200 mM 

TCEP (tris(2-carboxyethyl)phosphine) and allowed to incubate for 1 hr at 37°C, followed 

by addition of 60 uL of 200 mM iodoacetamide and incubation in the dark for 1 hr at 

37°C. After incubation, 60 uL of 200 mM DTT (dithiothreitol) was added and allowed to 

incubate for 1 hr at room temperature. Each sample was separated into 150 uL aliquots, 

and aliquots were combined with 800 uL of 25 mM ammonium bicarbonate and 200 uL 

of methanol. 50 uL of Promega sequencing grade trypsin (20 ug/mL) was added to each 

sample and allowed to incubate overnight at room temperature. Samples were then dried 

using a speed vac and resuspended in a total volume of 300 uL RNase free water. 

Digested samples were diluted to a final concentration of 5% acetonitrile:0.1% 

trifluoroacetic acid. Aliquots of 0.5% trifluoroacetic acid were added to ensure samples 

were acidic and pH was checked using pH strips (Sigma). Digested samples were 

desalted using UltraMicroSpin C18 silica columns (NESTGroup). Columns were first 

equilibrated by washing the column with solution A (80% acetonitrile) twice at 2000 rpm 

for 2 min. Columns were washed with solution B (5% acetonitrile:0.1% trifluoroacetic 

acid) three times. Individual samples were loaded onto each column 350 uL at a time and 

run over the column by spinning at 2000 rpm for 2 minutes. Once all the sample had been 

loaded onto the column, the column was washed twice with solution B. The desalted 

sample was eluted by washing 100 uL of solution A over the column, concentrated to a 
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volume of 10 uL, and re-suspended in 90 uL of 5% acetonitrile:0.1% formic acid. 

Samples were stored at -80°C until ready for analysis. 

 

LC-ESI-MS/MS analysis of eluates. Peptide digests were analyzed by 

electrospray ionization in the positive ion mode on a hybrid quadrupole-orbitrap mass 

spectrometer (Q Exactive™, Thermo Fisher, San Jose, CA). The Q Exactive was 

equipped with a nanoflow HPLC system (NanoAcquity; Waters Corporation, Milford, 

MA) fitted with a home-built helium-degasser. Peptides were trapped on a homemade 

100 µm i.d. x 20 mm long pre-column packed with 200 Ǻ (5µm, C18AQ; Michrom 

BioResources Inc., Auburn, CA, USA). Subsequent peptide separation was on an in-

house constructed 75 µm i.d. x 180 mm long analytical column pulled using a Sutter 

Instruments P-2000 CO2 laser puller (Sutter Instrument Company, Novato, CA) and 

packed with 100 Å (5 µm, C18AQ: Michrom) particle. For each injection, an estimated 

amount of 1 µg of peptide mixture was loaded onto the pre-column at 4 µl/min in 

water/acetonitrile (95/5) with 0.1% (v/v) formic acid. Peptides were eluted using an 

acetonitrile gradient flowing at 250 nl/min using mobile phase consisting of: A, water, 

0.1% formic acid; B, acetonitrile, 0.1% formic acid. Peptides were eluted using an 

acetonitrile gradient flowing at 250 nL/min using mobile phase gradient of 5-35% 

acetonitrile over 60 min. with a total gradient time of 95 min. Ion source conditions were 

optimized using the tuning and calibration solution recommended by the instrument 

provider. Data-dependent analyses were acquired using MS survey scans in the Orbitrap 

followed by data dependent selection of the 20 most abundant precursors for tandem 

mass spectrometry. Singly charged ions were excluded from data-dependent analysis. 
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Data redundancy was minimized by excluding previously selected precursor ions for 60 

seconds following their selection for tandem mass spectrometry. Data was acquired using 

Xcalibur, version 2.2 (Thermo Fisher).  

Tandem mass spectra were searched for sequence matches against the UniProt P. 

aeruginosa PAO1 database using Comet search engine. The following modifications 

were set as search parameters: peptide mass tolerance at 10 ppm, trypsin digestion 

cleavage after K or R (except when followed by P), 1 allowed missed cleavage site, 

carbamidomethylated cysteine (static modification), and oxidized methionine. Search 

results were validated by PeptideProphet probability ≥ 0.9 and ProteinProphet probability 

≥ 0.95 at an error rate less than 1%. 

 

Hfq purification. Hfq was purified using the IMPACT Protein Purification System 

(NEB) using an N-terminal intein tag from plasmid pTYB21. Overnight cultures of 

RosettaTM 2 (DE3) cells carrying the pTYB21 vector with the hfq allele cloned into the 

multi cloning site (MCS) were diluted 1:100 into LB media containing 100µg/ml 

ampicillin and 12.5µg/ml of chloramphenicol and grown to mid-logarithmic phase. Hfq 

protein expression was then induced by addition of 1mM IPTG, and cultures were grown 

overnight at 18°C. Cells were harvested by centrifugation, resuspended in 20mM Tris-

HCl, pH 8.4, 500mM NaCl, 1mM EDTA, and lysed by sonication. Lysates were cleared 

by centrifugation and run through a column containing the chitin-binding domain (NEB). 

The Hfq protein was eluted from the column using cleavage buffer (20mM Tris-HCl, pH 

8.4, 500mM NaCl, 1mM EDTA, 50mM DTT) and analyzed by SDS polyacrylamide gel 

electrophoresis (PAGE). Contaminating proteins were removed using a 30kDa MWCO 
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Spin-X UF concentrator, and the wash-through, containing the Hfq protein, was 

concentrated using a 5kDa MWCO Spin-X UF concentrator (Corning). The resulting 

protein preparation was analyzed by SDS-PAGE for molecular weight verification, 

followed by gel extraction, tryptic digest, and confirmation of Hfq identity by mass 

spectrometry. Due to the weight of the file, a link to Table 2.2 is provided here: 

http://onlinelibrary.wiley.com/doi/10.1002/mbo3.220/full, with the supporting material 

(mbo3220-sup-0001-TableS1.xlx).  

 
Electrophoretic mobility shift assays. A mixture of the PrrF and PrrH RNAs was 

generated by in vitro transcription from PCR products of the entire prrF locus using the 

MegaScript Kit (Life Technologies). The native prrF1 promoter was replaced during 

PCR by a T7 promoter to allow transcription of the PrrF and PrrH sRNAs by the T7 RNA 

polymerase. Biotinylated UTP was used in a 1:3 ratio to unlabeled UTP during in vitro 

transcription to generate labeled PrrF and PrrH transcripts. In vitro transcription reactions 

were cleaned up using RNeasy Columns (Qiagen), and diluted to 4 ng/µl into Hfq 

annealing buffer (50mM Tris-HCl, pH 7.5, 250mM NaCl, 250mM KCl)34. The RNA 

samples were then renatured by heating at 80°C for 1 min and subsequently cooling to 

room temperature for 5 min. Hfq was then added to the RNA mixture at the following 

concentrations: 2.7 ng/µl, 5.4 ng/µl, 10.8 ng/µl, 21.6 ng/µl, 43 ng/µl, 86 ng/µl, and 172 

ng/µl. Binding reactions were incubated at room temperature for 20 min, then resolved by 

a 7.5% TGX native gel (Bio-Rad). RNA-protein complexes were then transferred to 

Bright Star Membranes (Life Technologies) using a semi-dry apparatus, and biotinylated 

transcripts were probed with streptavidin alkaline phosphatase (Life Technologies) and 

visualized by chemiluminescence using CDP-Star (Sigma-Aldrich). 
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Results and Discussion 

Development of probes specific for the PrrF1, PrrF2, and PrrH sRNAs. We 

sought to develop a method that would identify proteins that specifically interact with 

either the PrrF or PrrH sRNAs in vivo. For this, we first designed cDNA probes that were 

specific for the PrrF1, PrrF2, or PrrH sRNAs as shown in Figure 2.1A. The probes for 

PrrF1 and PrrF2 were designed to maximize the nucleotide differences between these two 

sRNAs, and the PrrH probe was designed to bind to the region of the PrrH sRNA derived 

from the prrF1-prrF2 intergenic region (IGR). Northern blots were then used to 

determine if these probes were specific for the PrrF1, PrrF2, and PrrH sRNAs. The PrrF1 

probe only detected the PrrF sRNA in the wild type PAO1 and ∆prrF2 mutant, while the 

PrrF2 probe only detected PrrF sRNA in the wild type PAO1 and ∆prrF1 mutant (Figure 

2.1B), demonstrating that these probes are specific for their respective sRNAs. The PrrH 

probe detected no transcripts in the ∆prrF2 or ∆prrF1,2 mutants, but two smaller 

transcripts were detected by the PrrH probe in the ∆prrF1 mutant (Figure 2.1B), 

potentially due to transcriptional activity upstream of the prrF locus. However, as these 

two smaller transcripts were not detected in wild type PAO1, the prrF2 or prrF1,2 

mutants, we concluded the PrrH probe was specific for the PrrH sRNA.  

 

Identification of PrrF- and PrrH-interacting proteins. We next used UV 

irradiation to crosslink RNA-protein complexes in PAO1 grown in low iron conditions. 

Maximal PrrF and PrrH expression was observed by qPCR at 18 hours growth in M9 

minimal media (Figure 2.1C), so we used this time point for UV crosslinking and 

sequence-specific affinity chromatography and tandem mass spectrometry (SSAC-
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MS/MS) analysis, as outlined in Figure 2.1. Iron-depleted cultures of PAO1 and the 

∆prrF1,2 mutant were UV-irradiated to irreversibly crosslink RNA-protein complexes, 

and irradiated cells were harvested for RNA isolation. Purified RNA was hybridized to 

either biotinylated PrrF1 or PrrH cDNA probes (“bait”), which are specific for the PrrF1 

and PrrH sRNAs, respectively (Figure 2.1). PrrF1- and PrrH-protein complexes were then 

enriched using streptavidin-coated magnetic beads. Enriched protein-RNA complexes 

were heated to disrupt the biotin-streptavidin linkage, trypsinized, and analyzed by liquid 

chromatography electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS). 

The majority of samples analyzed by this methodology resulted in greater than 15 

peptides corresponding to P. aeruginosa proteins, with some runs producing more than 

100 P. aeruginosa peptides. To prioritize the corresponding protein hits that were most 

likely to be PrrF or PrrH-binding proteins, we used the following criteria: 1) peptides 

corresponding to the protein had to be detected in at least three independent PAO1 

samples analyzed with the same bait, and 2) peptides corresponding to the protein must 

not have been detected in more than one ∆prrF1,2 mutant sample analyzed with the same 

bait. Samples that produced fewer than 10 peptides in total were considered failed runs 

and not included in further analyses. A summary of the proteins meeting our criteria for 

either the PrrF1 or PrrH bait are shown in Table 2.5, and a complete compilation of our 

mass spectrometry results are provided in Tables 2.3 and 2.4. Due to the weight of the 

file, links to Table 2.3 and 2.4 are provided here, respectively 

http://onlinelibrary.wiley.com/doi/10.1002/mbo3.220/full, with the supporting materials 

(mbo3220-sup-0021-TableS2.xlx) and (mbo3220-sup-0003-TableS3.xlx). 
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Table 2.5: Summary of SSAC-MS/MS results 

Protein Positive Samples1 

 

PrrF1 bait PrrH bait 

WT -Fe  
(15)2 

WT +Fe 
(5)2 

∆prrF1,2 
(8)2 

WT -Fe 
(8)2 

∆prrF1,2 
(9)2 

Hfq (PA4944) 11** 5 1 3 1 
PvdL (PA2424) 5* 0 0 3 1 
LyR-type 
transcriptional 
regulator 
(PA1128) 

3 0 0 3 0 

Shikimate 
biosynthesis 
(PA1750) 

3 0 0 2 1 

Putative 
oxidoreductase 
(PA3106) 

3 0 0 2 1 

HemB 
(PA5243) 

3 0 0 0 0 

1. Asterisks indicate a significant difference in the frequency of Hfq (P < 0.005) and PvdL 
(P < 0.05) positive samples when comparing PrrF1-enriched PAO1 and 
∆prrF1,2 samples, as determined by a two-tailed Student's t-test. SSAC-MS/MS, 
sequence-specific affinity chromatography and tandem mass spectrometry. 

2.  
3. 1 Number of samples with at least one peptides corresponding to the indicated protein. 

 

Analysis of PrrF1-enriched samples. When we enriched cross-linked RNA 

samples with the PrrF1 bait, Hfq was identified in 11 out of 15 PAO1 samples (73.3% hit 

rate), while only being identified in 1/8 of the ∆prrF1,2 mutant samples (12.5% hit rate – 

Table 2.5). Our results with the PrrF1 bait also identified PvdL in 5/15 PAO1 samples 

(33.3% hit rate), and this protein was not identified in any of the ∆prrF1,2 mutant 

samples (Table 2.5). Also identified in this enrichment were a putative LysR-type 

transcriptional regulator (PA1128); a protein involved in shikimate biosynthesis 

(PA1750); a putative oxidoreductase (PA3106); HemB (PA5243); and HscA (PA3810) 
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(Table 2.5). Aside from Hfq, none of these proteins has previously been implicated in 

interactions with bacterial sRNAs. Statistical analysis of our results indicates that the 

frequency of Hfq and PvdL positive PAO1 samples was significantly higher than that of 

the ∆prrF1,2 mutant (p values less than 0.005 and 0.05, respectively, as determined by 

two-tailed Student’s t tests - Figure 2.3A-B). By this same analysis, none of the other 

proteins shown in Table 2 were identified at a significantly higher rate in PAO1 as 

compared to the ∆prrF1,2 mutant (Figure 2.3C-G). 

We next performed PrrF1 enrichment on PAO1 cultures grown in the presence of 100 

µM FeCl3, which should repress expression of the PrrF sRNAs. Interestingly, Hfq was 

identified in 100% (n=5) of the PrrF1-enriched RNA samples from iron-replete PAO1 

cultures (Table 2.5). Our interpretation of these results is that the low levels of the PrrF 

sRNA when PAO1 is grown in iron-replete conditions allows for interaction of nearly 

every PrrF sRNA with the Hfq protein, while iron-depleted conditions results in a much 

higher concentration of the PrrF sRNA than available Hfq protein. Strikingly, only one of 

the other proteins, HscA, identified in the PrrF1-enriched, iron-depleted PAO1 samples 

was identified in PrrF1-enriched iron-replete PAO1 samples (Table 2.5), and this protein 

was detected in only one of the iron-replete PAO1 samples. Thus, these data suggest that 

these proteins do not have the same affinity for the PrrF1 sRNA as the Hfq protein. 

Alternatively, these results could be due to decreased expression of some of these 

proteins under iron-replete conditions, as in the case of PvdL (Table 2.5). Combined with 

our statistical analysis shown in Figure 2.2, however, these data indicate that Hfq is the 

primary protein that interacts with the PrrF sRNAs in vivo. 
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Figure 2.2: Overview of sequence-specific affinity chromatography and tandem mass 
spectrometry (SSAC-MS/MS) methodology. RNA-protein complexes isolated from 
either the PAO1 or the isogenic ΔprrF1,2 mutant was analyzed by SSAC-MS/MS 
analysis, which is described thoroughly in the Materials and Methods. PAO1 samples that 
were enriched with the PrrF1 bait were grown in M9 medium with or without 
supplementation of 100 µmol/L FeCl3. PAO1 samples that were enriched with the PrrH 
bait were grown in M9 medium without iron supplementation. To eliminate nonspecific 
interactions, the ΔprrF1,2 mutant, grown in M9 medium without iron supplementation, 
was also subjected to SSAC-MS/MS analysis using either the PrrF1 or PrrH bait. 

 

Analysis of PrrH-enriched samples. We next performed SSAC-MS/MS analysis 

of cross-linked RNA samples enriched with the PrrH bait to determine if any distinct 

proteins interact with this unique sRNA. Perhaps due to lower in vivo levels of the PrrH 

sRNA as compared to the PrrF sRNA115, these experiments yielded far fewer positive hits 

that met our criteria than what was observed when analyzing enriched RNA-protein 

complexes generated with the PrrF1 bait. Nevertheless, Hfq was identified in 37.5% of 

the PrrH-enriched PAO1 samples, while only being identified in 11.1% of PrrH-enriched 

∆prrF1,2 mutant samples (Table 2.5). PvdL, PA1128, PA1750, and PA3106 were also 

identified in 25%-37.5% of the PrrH-enriched PAO1 samples, while being identified in 

no more than one of the PrrH-enriched ∆prrF1,2 mutant samples (Table 2.5). HscA was 

identified with the PrrH bait in only one PAO1 sample, and was detected in two ∆prrF1,2 
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mutant samples (Table 2.5), indicating that detection of this protein is not likely due to a 

specific interaction with the PrrH sRNA. Most striking was the finding that Hfq was 

identified at a much lower frequency in PrrH-enriched PAO1 samples as compared to 

that of the PrrF1-enriched PAO1 samples (Figure 2.3A). Moreover, the rates of Hfq 

identification were not statistically increased in the PrrH-enriched PAO1 samples as 

compared to the ∆prrF1,2 mutant (Figure 2.3A). Although these results could be due to 

lack of statistical power in these studies, our current data are consistent with a model in 

which Hfq interacts more frequently with the PrrF1 sRNA in vivo as compared to PrrH.  

 

 The Hfq protein interacts with the PrrF and PrrH sRNAs in vitro. To determine 

the validity of our SSAC-MS/MS results and further examine the interaction of Hfq with 

the PrrF and PrrH sRNAs, we cloned, over-expressed, and purified the P. aeruginosa Hfq 

protein (Figure 2.4A-B). The identity of the purified Hfq protein shown in Figure 4B was 

confirmed by mass spectrometry and used for electrophoretic mobility shift assays 

(EMSA’s) with a mixture of the PrrF and PrrH sRNAs, generated by in vitro transcription 

of the entire prrF locus. Hfq-sRNA binding reactions were resolved by native gel 

electrophoresis and analyzed for mobility of the PrrF and PrrH sRNAs. These results 

showed a shift in mobility of the PrrF sRNAs in the presence of 44 ng/µl of Hfq, 

corresponding to nearly a 50-fold molar ratio of Hfq to the PrrF and PrrH sRNA mixture 

(Figure 2.4C). In contrast, shifts in PrrH mobility were detected at Hfq concentrations as 

low as 11 ng/µl, corresponding to approximately a 12-to-1 molar ratio of Hfq and the 

PrrF and PrrH sRNAs, (Figure 2.4C). The shifted PrrF and PrrH bands were eliminated 

by the addition of 20-fold excess of unlabeled PrrF and PrrH sRNA (Figure 2.4D), 
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indicating these bands correspond to a specific interaction of the PrrF and PrrH sRNAs 

with Hfq. Thus, our data suggest that Hfq is has a somewhat higher affinity for the PrrH 

sRNA as compared to PrrF under these experimental conditions.

 

Figure 2.3: Hfq interacts with the PrrF and PrrH sRNAs. (A and B) The Hfq protein was 
overexpressed in Escherichia coli and purified as described in the Materials and 
Methods. Eluted fractions were analyzed by sodiumdodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) as shown in (A). Fractions 2–10 were then combined, 
contaminated proteins removed, and the Hfq protein concentrated by centrifugal filtration 
as described in the Materials and Methods. The resulting protein purification was verified 
by SDS-PAGE as shown in (B), and confirmed by mass spectrometry. (C and D) 
Biotinylated PrrF and PrrH RNAs were generated by in vitro transcription using a PCR-
generated template of the prrH region preceded by a T7 promoter. The RNAs were 
diluted to 4 ng/µL into Hfq annealing buffer, renatured, and combined with increasing 
concentrations of purified Hfq (2.7 to 172 ng/µL – [C]); or with increasing concentrations 
of unlabeled PrrF and PrrH sRNAs (4 to 40 ng/µL – “Comp.”) and a constant 
concentration of Hfq (172 ng/µL – [D]). Binding reactions were resolved by native 
PAGE, and RNA-protein complexes were transferred to BrightStar membranes and 
detected by chemiluminescence. The PrrF1 and PrrH sRNAs are indicated with arrows. 
Asterisks indicate the migration of the PrrF- and PrrH-Hfq protein complexes. 
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Although the EMSA’s in Figure 2.4C are seemingly in contradiction with our 

SSAC-MS/MS analyses, which suggested Hfq may associate more frequently with the 

PrrF sRNAs versus the PrrH sRNA in vivo, any number of artifacts introduced during our 

in vitro analysis could be complicating these results. First, in vitro transcription of the 

prrF locus to generate the PrrF and PrrH sRNAs for EMSA was performed using a non-

native RNA polymerase (T7 RNAP) and resulted in a much higher ratio of PrrH to PrrF 

sRNA than what is normally seen in vivo115. Thus, the potential for increased interaction 

of the PrrH sRNA with Hfq in vitro as compared to in vivo could be due to increased 

concentrations of the PrrH sRNA in our EMSA’s. Alternatively, altered folding of the 

PrrF and/or PrrH sRNAs in vitro as compared to in vivo could affect interaction of the 

Hfq protein with these sRNAs, particularly in consideration of the biotinylated-UTP used 

to generate these sRNAs for our EMSA analysis. Finally, it is possible that additional 

factors, not included in our current analyses, are involved in modulating in vivo 

interactions of Hfq with the PrrF and PrrH sRNAs. While these results raise several 

intriguing questions about how the PrrF and PrrH sRNAs interact with Hfq, they also 

demonstrate the capacity of the Hfq protein to bind to the PrrF and PrrH sRNAs, 

validating the identification of this protein by our SSAC-MS/MS analysis. 

 

Overall conclusions 

This study developed a novel methodology for in vivo crosslinking coupled with 

sequence specific affinity chromatography and tandem mass spectrometry (SSAC-

MS/MS) to identify proteins that interact with the PrrF and PrrH sRNAs. Our analyses 

identified Hfq, a protein known to interact with and stabilize numerous bacterial sRNAs, 
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as a potential binding partner of the both the PrrF and PrrH sRNAs. We also identified 

several other proteins as potentially interacting with the PrrF and PrrH sRNAs, although 

it is unclear if these interactions are specific. Of note, many of the proteins identified in 

our SSAC-MS/MS analyses are involved in iron homeostasis - PvdL is required for 

siderophore biosynthesis, shikimate is a precursor for siderophore biosynthesis, HemB is 

involved in the biosynthesis of heme, and the putative oxidoreductase encoded by 

PA3106 likely contains an iron cofactor. One attractive explanation for the enrichment of 

these proteins with the PrrF1 and PrrH bait is that they are co-localized in the bacterial 

cell with other factors involved in iron homeostasis. Application of the SSAC-MS/MS 

methodology to other bacterial sRNAs of P. aeruginosa, as well as analysis of protein 

that interact with iron-responsive sRNAs in other bacterial species, should provide 

additional clarity to these results.  

 To determine the validity of our SSAC-MS/MS results, we also purified the P. 

aeruginosa Hfq protein and analyzed its ability to interact with the PrrF and PrrH sRNAs 

by EMSA. These results confirmed that the Hfq protein is capable of interacting with 

both the PrrF and PrrH sRNAs, although our results raised additional questions about the 

interactions of Hfq with each of these sRNAs. More stringent biochemical and 

biophysical analyses are clearly needed to characterize the interactions of Hfq with each 

of the PrrF and PrrH sRNAs, in addition to genetic analyses to determine the biological 

implications of these interactions. However, this study has provided critical groundwork 

for future characterization of Hfq interactions with the PrrF and PrrH sRNAs. 

Additionally, we believe that the methodology outlined in this report can provide new 

insights into the mechanisms by which many other bacterial sRNAs regulate gene 
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expression, particularly for sRNAs that are not dependent upon Hfq for stability or 

function8,50,69,130. As such, SSAC-MS/MS is a valuable tool for future studies into the 

mechanisms of bacterial sRNA regulation. 
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Chapter 3: The Pseudomonas aeruginosa PrrF1 and PrrF2 small regulatory RNAs 
(sRNAs) promote 2-alkyl-4-quinolone production through redundant regulation of 
the antR mRNA1 
 
Introduction 

Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen that causes 

life-threatening infections in diverse patient populations. P. aeruginosa virulence 

depends on a multitude of virulence factors that include exotoxins 92,142,143, cell-to-cell 

communication via quorum sensing factors 144-146, and nutrient acquisition systems 147. 

Nutrients such as iron are sequestered from invading pathogens by the innate immune 

system through a process referred to as “nutritional immunity” 148. Iron is critical for 

maintaining P. aeruginosa growth and virulence, and P. aeruginosa uses multiple 

pathways to acquire this metal from its host, including siderophore-dependent systems, 

heme acquisition pathways, and ferrous iron transporters 102,137,147,149. In order to limit 

uptake of this redox-active metal, P. aeruginosa also possesses an intricate regulatory 

cascade that regulates the expression of iron uptake systems in response to available iron 

sources 150. This system is largely presided over by the ferric uptake regulator (Fur) 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  Adapted from Djapgne, L., Panja, S., Brewer, L., Gans, J., Kane, M., Woodson, S., and 
Oglesby-Sherrouse, A. The Pseudomonas aeruginosa PrrF1 and PrrF2 small regulatory 
RNAs (sRNAs) promote 2-alkyl-4-quinolone production through redundant regulation of 
the antR mRNA. Submitted to J. Bacteriology on 11/20/2017. L. Djapgne cloned and 
overexpressed the Pa Hfq protein, identified the antR transcriptional start site, and 
designed and constructed the translational fusion strains. Under the guidance of S Panja 
and S Woodson, L Djapgne performed all the EMSA and kinetic experiments, and the 
PrrF1 and PrrF2 footprinting with Pa Hfq. S Panja and S Woodson designed and S Panja 
performed the footprinting of PrrF1 and Pa Hfq with antR, and the fluorescence 
anisotropy (FA) of Pa Hfq with RNA A18. J Gans assisted L Djapgne in performing 
some of the beta galactosidase assays and data analysis. L Brewer, M Kane, and A 
Oglesby-Sherrouse designed and L Brewer performed the mass spectrometry assays. S 
Woodson and S Panja assisted in the analysis of all of the in vitro data. All authors 
contributed to the preparation and editing of the manuscript. 
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protein, an iron-binding transcriptional repressor that blocks the expression of P. 

aeruginosa’s iron uptake regulon in iron-replete conditions. The Fur protein also 

regulates the expression of numerous virulence factors, including secreted proteases and 

exotoxin A 114,117,151-153. This response allows P. aeruginosa to deploy its arsenal of 

virulence factors upon host-employed iron starvation, highlighting iron as a major 

environmental regulator of pathogenesis. 

P. aeruginosa virulence and iron homeostasis also depend on the Fur-regulated 

PrrF1 and PrrF2 sibling sRNAs 67,118. The PrrF1 and PrrF2 sRNAs are 95% identical to 

one another, and they are transcribed from genes that are located in tandem on the 

genome in all sequenced strains of P. aeruginosa 154. The PrrF sRNAs are transcribed in 

response to iron depletion and contribute to iron homeostasis by blocking the production 

of non-essential iron-containing proteins 155. The PrrF sRNAs have also been shown to 

promote the production of several 2-alkyl-4(1H)-quinolone metabolites (AQs) 67,114, 

which mediate a variety of biological activities that are important for virulence. These 

AQs include the Pseudomonas quinolone signal (PQS) and 2-heptyl-4-hydroxyquinolone 

(HHQ) quorum sensing molecules, which induce the expression of multiple virulence 

genes 156-158. The AQ biosynthetic pathway also produces an N-oxide substituted AQ, 2-

heptyl-4-hydroxyquinolone N-oxide (HQNO). HQNO promotes virulence by exerting 

toxic effects on mammalian cells and may also limit the growth of competing microbial 

species during polymicrobial infections 159-161. The PrrF sRNAs increase the production 

of each of these AQs, indicating their effect occurs at the initiation of AQ synthesis 67. 

PrrF is thought to promote AQ synthesis by blocking the expression of the antABC and 

catBCA genes, which encode enzyme complexes that mediate degradation of the AQ 



	  

	   48 

precursor, anthranilate (Figure 3.1A). Supplementation of ∆prrF1,2 mutant cultures with 

anthranilate restores production of PQS 114, supporting the model that PrrF regulation of 

anthranilate metabolism underlies the requirement of PrrF for AQ biosynthesis 91.  

Bacterial sRNAs typically function by complementary base-pairing to messenger 

RNA molecules (mRNAs), which can lead to either positive or negative effects on 

mRNA stability and expression 38,162-164. Base-pairing of the sRNA near the ribosomal 

binding site of the mRNA most often results in decreased mRNA stability and reduced 

translation efficiency. In contrast, base pairing of the sRNA upstream of the translational 

start site has been shown to alter the secondary structure of some mRNAs, resulting in 

increased translation efficiency. Both the PrrF1 and PrrF2 sRNAs share significant 

complementarity with the ribosomal binding site (RBS) and surrounding region of the 

antR mRNA (Figure 3.1B), encoding a LysR-type transcriptional activator of the antABC 

and catBCA operons 114. A recent study demonstrated that overexpression of the PrrF2 

sRNA resulted in decreased translation of the antR mRNA in P. aeruginosa 165. The 

authors of this study further showed that this regulation depended on the P. aeruginosa 

Hfq (Pa Hfq) RNA binding protein, which we previously showed interacts with the PrrF 

sRNAs 166. This finding is in line with what has been shown for the Hfq proteins of many 

other bacterial species, including Escherichia coli, where the Hfq protein accelerates 

annealing of sRNAs with their target mRNA molecules 45,165,167-170. However, neither the 

biophysical basis of this regulation, nor its impact of PrrF-regulated AQ production, has 

been determined. 

In the current study, we sought to determine the mechanisms underlying PrrF 

regulation of AQ production. We show that the PrrF1 and PrrF2 sRNAs function 
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redundantly to repress antR expression and promote AQ production. We mapped the 

nucleotides required for interaction of the PrrF sRNAs with the antR mRNA through a 

combination of in vivo and in vitro analyses. We further showed that the Pa Hfq protein 

tightly binds to the PrrF sRNAs and increases their annealing rate to the antR mRNA 

leader sequence. These data provide a comprehensive model based on genetic, 

biophysical, and metabolite analyses for how the iron-responsive PrrF sRNAs promote 

the production of AQs by P. aeruginosa. 
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Figure 3.1: Model of PrrF regulated production of 2-alkyl-4-quinolones. (A) The PrrF 
sRNAs are predicted to promote alkylquinolone production by regulating the metabolism 
of anthranilate. In this model, the PrrF sRNAs repress the expression of antR, encoding a 
LysR-type transcriptional activator that induces expression of the antABC, and catBCA 
genes for anthranilate catabolism. This prevents the degradation of anthranilate, allowing 
this metabolite to instead be used for the synthesis of numerous 2-alkyl-4-1(H)-quinolone 
metabolites via the pqsABCDE, pqsH, and pqsL gene products as previously described. 
(B) Predicted complementarity between the PrrF1, PrrF2 sRNAs and the antR leader 
sequence. Numbers indicate the orientation to the transcriptional start site (PrrF1, PrrF2) 
or the translational start site (antR leader). The predicted start codon of the antR mRNA 
is underlined. Asterisks indicate the region of antR that was protected by PrrF1 in RNase 
protection analysis performed in this study. 
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Materials and Methods 

Bacterial strains and growth conditions. Strains for these studies are 

summarized in Table 3.1. E. coli strains were maintained in LB medium prepared as 

described by Miller 171. P. aeruginosa strains were maintained in brain heart infusion 

(BHI) medium. For beta-galactosidase reporter and alkylquinolone quantification studies, 

BHI overnight liquid cultures of were inoculated from five colonies isolated on BHI agar 

plates. Overnight BHI cultures were diluted to an absorbance (Abs600) of 0.05 in Chelex-

treated and dialyzed tryptic soy broth (DTSB) prepared as previously described 114, with 

or without supplementation of 100 µM FeCl3. DTSB cultures were grown for 18 hours at 

37°C. Antibiotics were added at the following concentrations for E. coli: ampicillin (100 

µg/ml), tetracycline (12.5 µg/ml), chloramphenicol (12.5 µg/ml); and for P. aeruginosa: 

carbenicillin (250 µg/ml), tetracycline (75 µg/ml). 

Table 3.1: Strains and plasmids used in this study 
Name Description Reference 

Plasmids   

Mini-CTX1-lacZ Integration-proficient plasmid containing a 
promoterless lacZY gene 

172 

Mini-CTX1-lacZ-SD Mini-CTX1-lacZ with the Shine-Dalgarno site 
deleted This study 

Mini-CTX1-PantR-‘lacZ-SD 

Mini-CTX1-lacZ-SD with the antR promoter (67 
nt upstream of the +1 transcriptional start site) 
and UTR (15 nt downstream of the +1 
translational start site) cloned into the MCS 

This study 

Mini-CTX1-alt-PantRA-
lacZ-SD 

Mini-CTX1-PantR-‘lacZ-SD with mutations as 
described in Figure 2 for Alt AntRA This study 

Mini-CTX1-alt-PantRB-
lacZ-SD 

Mini-CTX1-PantR-‘lacZ-SD with mutations as 
described in Figure 2 for Alt AntRB This study 

Mini-CTX1-alt-PantRC-
lacZ-SD 

Mini-CTX1-PantR-‘lacZ-SD with mutations as 
described in Figure 2 for Alt AntRC This study 
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Table 3.1 Continued 
Strains   

Top 10 E. coli 
F-mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 
ΔlacX74 recA1 araD139Δ(araleu)7697 galU gal
K rpsL (StrR) endA1 nupG  

Invitrogen 

SM10 λpir   E. coli strain used for conjugation: pirR6K 173 
SM10/pFLP SM10 carrying 174 

PAO1 P. aeruginosa laboratory strain 175 
∆prrF1 prrF1 deletion in PAO1 155 

∆prrF2 prrF2 deletion in PAO1 155 
∆prrF1,2 prrF1,2 deletion in PAO1 155 

PAO1/PantR-‘lacZ  PAO1 with the PantR-‘lacZ reporter fusion 
integrated at the chromosomal att site This study 

∆prrF1/PantR-‘lacZ-SD  ∆prrF1 with the PantR-‘lacZ reporter fusion 
integrated at the chromosomal att site This study 

∆prrF2/PantR-‘lacZ-SD  ∆prrF2 with the PantR-‘lacZ reporter fusion 
integrated at the chromosomal att site This study 

∆prrF1,2/PantR-‘lacZ-SD  ∆prrF1,2 with the PantR-‘lacZ reporter fusion 
integrated at the chromosomal att site This study 

PAO1/altPantRA-‘lacZ  PAO1 with the altered PantRA-‘lacZ reporter 
fusion integrated at the chromosomal att site This study 

PAO1/altPantRB-‘lacZ  PAO1 with the altered PantRB-‘lacZ reporter 
fusion integrated at the chromosomal att site This study 

PAO1/altPantRC-‘lacZ  PAO1 with the altered PantRC-‘lacZ reporter 
fusion integrated at the chromosomal att site This study 

 

Quantitation of AQs. AQs were quantified by liquid chromatography - tandem 

mass spectrometry (LC-MS/MS) as previously described 176,177 with some modifications. 

Specifically, AQs were extracted from 300 µl of culture supernatants, and spiked with 

10µL of 25µM naladixic acid as an internal standard, as previously described 146. Organic 

extracts were transferred to new Eppendorf tubes and dried using a SpeedVac 

concentrator (Thermo-Fisher). AQ extracts were re-suspended in a mobile phase of 1:1 
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acetonitrile-water with 0.1% formic acid and 200 µM EDTA and separated using a dual 

pump Dionex Ultimate 3000 Rapid Separation UHPLC (Thermo-Fisher). Separation was 

attained using an Ascentis® Express C8 column 100 x 2.1mm, 2.7µm particle size 

(Sigma Aldrich) maintained at 30˚C. Mobile phases A and B were water with 0.1% 

formic acid and 200 µM EDTA, and acetonitrile with 0.1% formic acid, respectively. The 

mobile phase gradient was maintained at a constant flow rate of 0.4 mL/min as follows: 

20% acetonitrile for 0.5 min, followed by a linear gradient from 20% to 95% acetonitrile 

over 3.5 min, then 95% acetonitrile for 1.5 min. The LC column was re-equilibrated to 

20% acetonitrile for 2 min between each sample. LC-separated metabolites were 

quantified on a TSQ Quantum Ultra Tandem Quadrupole Mass Spectrometer (Thermo-

Fisher) equipped with an ESI source in positive ion electrospray mode at a spray voltage 

of 3kV maintained at 450˚C. Parameters for Multiple Reaction Monitoring (MRM) in 

Table 3.2 were optimized using Thermo TSQ EZ-tune software automation. Ten-point 

calibration curves were prepared with known concentrations of all six representative AQ 

species (C7-PQS, C9-PQS, HHQ, NHQ, HQNO, NQNO) including a naladixic acid 

standard. Unknown AQ concentrations in bacterial culture extracts were calculated by 

comparing the peak area ratio of spiked internal standard to individual AQ species using 

Xcalibur Version 3.0 software in Quan Browser mode (Thermo). 

Table 3.2: Parameters for Multiple Reaction Monitoring 
Quinolone Q1 m/z Q2 m/z CE (V) T Lens (V) 

C7-PQS 260.1 175.1 29 99 

C9-PQS 288.1 175.1 29 125 

HHQ 244.1 159.1 30 110 

NHQ 272.1 159.1 32 128 

HQNO 260.1 159.1 27 114 
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Table 3.2 Continued 

NQNO 288.1 159.1 30 105 

Naladixic Acid 233.1 187.1 25 79 
 

Determination of antR transcriptional start site. The transcriptional start site 

(TSS) of antR was determined using the 5’ rapid amplification of cDNA ends (RACE) 

system (Invitrogen) according to the manufacturer’s instructions. Briefly, total RNA was 

isolated from P. aeruginosa strain PAO1 grown in DTSB supplemented with 100 µM 

FeCl3 for 18 hours, and cDNA was synthesized by reverse transcription using a reverse 

primer specific to the antR mRNA (antR.rev, see Table 3.3). After dC tailing and 

amplification with a nested antR reverse primer (antR.nested, see Table 3.3), the PCR 

product was sequenced. The TSS of the gene was determined by looking for a series of C 

residues at the 5’ end of the reverse sequence. As the cDNA ends adjacent to a GGGG in 

the PAO1 genomic sequence, the exact TSS within this G-tract is ambiguous.  

Table 3.3: Primers used in this study 
Name Sequence 

Translational reporter fusion construction 

LacZ-SD.for aagcttatgaccatgattacggattcactggc 

LacZ-SD.rev atcgataatttcaccgccgaaaggcgcggtgcc 
antR67.for gaattcgaccggcgcttgcggcggac 

antR67.rev cgtgtcgagtgccgaacgatgatgcgcacccatcccg 
alt-antRA.for gccgaaccatgatgcgcacccatcccgtcgc 

alt-antRA.rev gcgacgggatgggtgcgcatcatggttcggc 

alt-antRB.for gcacccccagccttcgggtgtcgagtgccg 
alt-antRB.rev cggcactcgacacccgaaggctgggggtgc 

alt-antRC.for cgcgtgccgaaccatggcaaggacccatcccgtcg 

alt-antRC.rev cgacgggatgggtccttgccatggttcggcactcg 
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Table 3.3 Continued 
Primers for transcription 

PrrF1.for gtgtaatacgactcactataggg-caactggtcgcgagatcagcc 

PrrF1.rev aaaaaaagacccggcaaagtgccgggtcaa 
PrrF2.for gtgtaatacgactcactataggg-caactggtcgcgaggccagca 

PrrF2.rev aaaaaaagacccggcaaagtgccgggtcga 
5’UTR antR.for gtgtaatacgactcactataggg-gagccggccttgcgccggca 

5’UTR antR.rev catggagatcgccacgatcggcgacggg 

5’ RACE  
antR.rev cctcgacacggccccgcccgac 
antR.nested acgggatgggtcctcatcat 

 

Construction of antR translational fusions. The Mini-CTX1-LacZ-SD vector, 

which lacks the lacZ Shine-Dalgarno site, was constructed by PCR amplification of the 

lacZY gene, starting at the +1 translational site, from the Mini-CTX1-LacZ vector using 

the LacZ-SD -HindIII-for and LacZ-SD-AatI-rev primers (Table 3.3). The fragment was 

cloned into PCR2.1 (Invitrogen) and confirmed by sequencing, then ligated into Mini-

CTX1 lacking the Shine Dalgarno site using HindIII and AatI restriction fragments. The 

antR leader sequence fragments (the 5’ UTR with 67 nucleotides upstream of 

transcription start site and an additional 15 nucleotides downstream of translation start 

site) was amplified by PCR using oligonucleotides antR(67)-EcoRI-for and antR-HindIII-

rev (Table 3.3), using PAO1 chromosomal DNA as template. The PCR products were 

subsequently cloned into PCR2.1 and confirmed by sequencing. EcoRI-HindIII digested 

fragments of the antR promoter and UTR were ligated into Mini-CTX1-LacZ-SD vector 

digested with EcoRI and HindIII to generate the Mini-CTX1-antR54-LacZ-SD and Mini-

CTX1-PantR-lacZ-SD plasmids. Altered antR reporters were generated using the Quick 
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Change II XL site directed mutagenesis kit (Agilent) following the manufacturer 

instructions, with PCR2.1-antR as template and primers alt-antR-EcoRI-for and antR-

HindIII-rev (Table 3.3). The reporter constructs were integrated at the att site of the 

PAO1, ∆prrF1, ∆prrF2, and ∆prrF1,2 chromosomes as previously described 172. 

 

β-galactosidase activity. β-galactosidase activity was measured as described 

previously 178. Briefly, the absorbance (Abs600) of cultures was determined, and cells 

were harvested by centrifugation, re-suspended into potassium phosphate buffer, 

followed by 1:10 dilution into Z-buffer. Cells were lysed using chloroform and 0.1% 

sodium dodecyl sulfate (SDS). ONPG substrate was added to the solution and the 

reaction stopped with sodium carbonate after 20-40 minutes. The reactions were briefly 

centrifuged, and the absorbance (Abs420) of the supernatant was determined. β-

galactosidase activity was calculated by Miller Units: (1000 x Abs420) / [time (min) x 

volume (mL) x Abs600)]. 

 

Hfq Purification. The P. aeruginosa Hfq (Pa Hfq) protein was purified using the 

IMPACT Protein Purification System (NEB Ipswitch, MA, USA) using an N-terminal 

intein tag from plasmid pTYB21. Overnight cultures of Rosetta™ 2 (DE3) cells (NEB) 

carrying the pTYB21 vector with the hfq allele, previously cloned into the multi cloning 

site (MCS) 166, were diluted 1:100 into 1 L of LB medium containing ampicillin and 

chloramphenicol and grown to mid-logarithmic phase (O.D. ~ 0.5) at 37°C with shaking. 

Pa Hfq protein expression was then induced by addition of 1 mM IPTG (Isopropyl β-D-

1-thiogalactopyranoside), and cultures were grown overnight at 18°C. Cells were 
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harvested by centrifugation at 5000 rpm for 10 min at 4°C. Cell pellets were re-

suspended in 40 ml 50mM Tris-HCl, pH 8.5, 1 M NaCl, 1 mM EDTA. The homogenous 

solution was treated with 1 ml protease inhibitor cocktail (Sigma) and lysed by 

sonication. DNase I and RNase A were added to the sonicated solution, which was then 

placed on ice for 1 hour. Lysates were cleared by centrifugation at 17,600 g for 30 min 

and run through a column (10 ml bed volume) containing the chitin-binding domain 

(NEB #S6651). To cleave the intein tag, the column was quickly flushed with the three 

bed volumes of cleavage buffer (50 mM Tris-HCl, pH 8.5, 1 M NaCl, 1 mM EDTA, 50 

mM DTT), column flow was stopped, and the column was incubated overnight at 4°C. 

The Pa Hfq protein was eluted from the column by adding additional three bed volumes 

of cleavage buffer to the column.  The Pa Hfq protein was further cleared of nucleic acid 

contaminants using the cation exchange column (UNO-S6, Bio-Rad) as stated previously 

167. After extensive dialysis in storage buffer (50 mM Tris-HCl, pH 7.5, 250 mM NH4Cl, 

1 mM EDTA, 10% glycerol), small aliquots of Pa Hfq were flash frozen and stored at –

80 °C. The purity of the protein preparation was analyzed by SDS-PAGE and from the 

A260/A280 ~0.7.  

 

RNase If footprinting. 5’-32P-PrrF1 (0.1 µM) and PrrF1–Hfq complexes (8 µl) 

containing 0.5 µM PrrF1 and 0.17 µM to 0.67 µM P. aeruginosa Hfq, E. coli Hfq, or E. 

coli Hfq:R16A, were prepared as described before 46 and incubated 30 min at 30°C. 

Samples were treated with 2 µl 1 U/µl RNase If for 1 min at 37°C and 10 µl buffered 

phenol was added to stop the reaction. After extraction with phenol and chloroform and 

precipitation with ethanol, RNA was dissolved in 8 µl formamide loading dye (90% (v/v) 
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formamide, 1X TBE, 0.1% (w/v) bromophenol blue, 0.1% (w/v) xylene cyanol) and 

subsequently loaded on an 8% polyacrylamide sequencing gel. Sequence ladders were 

obtained by nuclease digestion under denaturing conditions 179. Band intensities were 

integrated with SAFA 180 and normalized to bands with constant intensity in different 

experiments. PrrF2 samples were prepared and analyzed using the same protocol. 

Complexes with an antR mRNA fragment (nt -98 to +42 from the translational start site) 

were prepared as described above and treated with 2 µl 0.5 U/µl RNase If (0.75 U/µl for 

samples containing PrrF1) for 1 min at 37°C. Samples were processed and analyzed as 

described above. 

 

Native gel mobility shift assays for PrrF sRNAs and antR mRNA. PrrF1, PrrF2 

sRNAs and antR mRNAs were transcribed in vitro with T7 RNAP from a PCR template. 

The RNA sequences are shown in Figures 3.3 and Figure 3.2. Binding affinities of Pa 

Hfq variants with 32P labeled RNAs at 30ºC were measured by a native gel mobility shift 

assays as previously described 181. The fraction of RNA in complex with one or two Hfq 

hexamers, R•H I or R•H II, were fit to a partition function for two non-identical 

independent sites,  

(1a) 

𝑓 R • HI =
([𝐻𝑓𝑞]/𝐾!!)!

1+ ([Hfq]𝐾!!
)!

  
+ ( 𝐻𝑓𝑞

!

𝐾!!𝐾!!
)!

 

(1b) 

𝑓 R • HII =
( 𝐻𝑓𝑞

!

𝐾!!𝐾!!
)!

1+ ([Hfq]𝐾!!
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+ ( 𝐻𝑓𝑞

!
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	   59 

in which KD1 and KD2 are the dissociation constants for single and multiple Hfq hexamer 

binding to the RNA and n is the Hill co-efficient. 

   The equilibrium association between 5 nM 32P-antR mRNA and unlabeled PrrF 

sRNAs in the absence or presence of Pa Hfq was measured at 30°C as described before 

34. The fraction of antR mRNA•PrrF complexes as a function of PrrF concentration was 

fit to a quadratic equation: 

(2) 

𝑓(antR • PrrF)

=
( antR o+ PrrF + 𝐾!")− ( antR o+ PrrF + 𝐾!")! − 4( antR o ∗ PrrF )

2 ∗ antR o  

where KDR is the dissociation constant for antR mRNA•PrrF complex. 

To study the effects of Hfq on the stability of antR mRNA•PrrF complexes, 

different concentrations of Pa Hfq were added to a preformed complex of 5 nM 32P-antR 

mRNA and 10 nM PrrF1 and were incubated at 30 °C for 1 hour before loading the 

samples on a native 6% polyacrylamide gel. The fraction of antR mRNA•PrrF complexes 

as a function of Hfq concentration was empirically fit to a modified binding equation: 

(3) 

𝑓 antR • PrrF = 𝐴! +
𝐴![𝐻𝑓𝑞]!!

[𝐻𝑓𝑞]!! + 𝐾!!!!
+

𝐴![𝐻𝑓𝑞]!!

[𝐻𝑓𝑞]!! + 𝐾!!!!
−

𝐴![𝐻𝑓𝑞]!!

[𝐻𝑓𝑞]!! + 𝐾!!!!
 

in which A0 is the fraction of antR mRNA•PrrF complex without Hfq; A1, A2 and A3 are 

the change in the fraction of antR mRNA•PrrF complex, and n1, n2 and n3 are the Hill 

coefficients at different Hfq concentrations respectively. 

  The association kinetics of 5 nM 32P-labeled antR mRNA with 100 nM PrrF 

sRNAs in the absence or presence of Hfq was measured at 30 °C by native gel mobility 
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shift as described before 34,46,181. The appearances of antR mRNA•PrrF duplex and antR 

mRNA-Hfq-sRNA ternary complex over time were fit to a pseudo first-order biphasic 

rate equation. 

(4) 

 

 

Results 

Anthranilate supplementation restores production of most alkylquinolones to 

the ∆prrF1,2 mutant. Previous studies using thin layer chromatography (TLC) showed 

that anthranilate supplementation restored PQS production to the ∆prrF1,2 mutant 114. 

This led to the model in Figure 3.1A that PrrF repression of the antABC and catBCA 

genes spared anthranilate from degradation so that it could be used to synthesize PQS. If 

this is the case, then supplementation should also restore production of other AQs, as 

anthranilate is a precursor for all of these metabolites. However, TLC does not detect the 

production of other AQ metabolites. We therefore determined the effect of anthranilate 

supplementation on AQ production using a liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) protocol previously developed by our laboratory 176,177. The 

wild type and ∆prrF1,2 mutant strains were grown for 18 hours in DTSB, an iron-

depleted medium used extensively by our lab to analyze P. aeruginosa AQ production 

67,68,114,176,177. This assay quantifies the levels of both the C7 and C9 congeners of the 

PQS, HHQ, and HQNO metabolites, which represent the most abundant congeners under 

a variety of culture conditions 182. As previously observed, the ∆prrF1,2 mutant showed a 

significant reduction in the production of almost all AQs tested by LC-MS/MS (Table 

( ) ( )tkAtkA slowslowfastfast −−+−−=• exp(1exp(1PrrF)f(antR
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3.4). The one exception was the C7 congener of PQS (C7-PQS), which showed only a 

small and insignificant reduction in the ∆prrF1,2 mutant (Table 3.4). With the exception 

of the C9-PQS congener, supplementation of the ∆prrF1,2 mutant cultures with 500 µM 

anthranilate restored production of AQs to levels at or above the wild type strain (Table 

3.4). These data indicate that the ∆prrF1,2 mutant defect in AQ production is due, at least 

in part, to deregulated anthranilate metabolism. 

Table 3.4: Anthranilate supplementation restores AQ production to the ∆prrF1,2 mutant 
 

 Normalized Concentration [(µg/µl)/OD600]1 

Strain PQS C9-PQS HHQ NHQ HQNO NQNO 

Wild type 0.37 ± 0.03 0.52 ± 0.03 0.10 ± 0.04 0.25 ± 0.09 1.56 ± 0.05 6.59 ± 
0.34 

∆prrF1,2 0.33 ± 0.03 0.27 ± 
0.05*** 

0.04 ± 
0.01* 

0.11 ± 
0.02* 

0.83 ± 
0.21*** 

3.73 ± 
0.84*** 

∆prrF1,2 + 
anthranilate 

0.53 ± 
0.03*** 

0.17 ± 
0.02** 

0.40 ± 
0.09*** 

0.37 ± 
0.05*** 

2.93 ± 
0.31*** 

6.07 ± 
0.76** 

1Concentrations of each AQ in the supernatants of the indicated strains grown in DTSB, 
with our without 500µM anthranilate as indicated, were determined by LC-MS/MS and 
normalized by culture density as described in the Materials and Methods. Significant 
differences were determined by two-tailed Student’s T test. Asterisks (*) indicate the 
following p values when comparing the ∆prrF1,2 mutant, with or without anthranilate, to 
the wild type strain: *p < 0.05; **p < 0.005; ***p < 0.0005. Carrots (^) indicate the 
following p values when comparing the ∆prrF1,2 mutant with and without anthranilate 
supplementation: ^^p < 0.005; ^^^p < 0.0005 

 

The PrrF sRNAs post-transcriptionally regulate expression of antR. We next 

investigated the genetic mechanism by which the PrrF sRNAs affect AQ production by 

analyzing expression of antR, which encodes a LysR-type transcriptional activator of the 

antABC and catBCA genes for anthranilate degradation. We first identified the antR 

transcriptional start site (TSS) by 5’ RACE using RNA isolated from the wild type PAO1 
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strain grown in DTSB with 100 µM FeCl3 supplementation. This growth condition was 

previously shown to allow for high levels of antR mRNA in PAO1 114. The TSS was 

located within a string of G residues adjacent to sequence 95 nt upstream of the 

translational start site as indicated in Figure 3.2. This TSS was distinct from what was 

previously identified for antR, potentially due to the high iron growth conditions used for 

this analysis, which produce a much higher level of transcription than was seen in this 

earlier study 183.  

 

Figure 3.2: 5’ RACE of the antR transcriptional start site (TSS). The TSS of the antR 
mRNA (‡) was determined by 5’ RACE as described in the Materials and Methods. 
Fragments for translational fusions were cloned from -67 upstream of the transcriptional 
start site (‡) to +15 downstream of the translational start site (+). Numbers above the 
sequence indicate the distance from the transcriptional start site. The region predicted to 
pair with the PrrF sRNAs is underlined. Fragments for antR in vitro transcription were 
generated from nucleotides 1 at the transcriptional start site (‡) to +42 downstream of 
translational start site.  
 

We next cloned the sequence corresponding to the predicted iron-dependent antR 

promoter, the antR untranslated region (UTR), and the portion of the antR coding 

                                                                      
5’ GAGCGGCGCTTGCGGCGGACGCTTTGTCCGGAAAGTCGGCGAACG 3’
   |||||||||||||||||||||||||||||||||||||||||||||
3’ CTCGCCGCGAACGCCGCCTGCGAAACAGGCCTTTCAGCCGCTTGC 5’

                         ‡
5’ CTATCCGGATAGTGGAGGATGCGGGGAGCCGGCCTTGCGCCGGCA 3’
   |||||||||||||||||||||||||||||||||||||||||||||
3’ GATAGGCCTATCACCTCCTACGCCCCTCGGCCGGAACGCGGCCGT 5’

5’ TATGCCTTGCATTTTGCTGAAAACAGAGCGCCAGCAGAGCGCACC 3’
   |||||||||||||||||||||||||||||||||||||||||||||
3’ ATACGGAACGTAAAACGACTTTTGTCTCGCGGTCGTCTCGCGTGG 5’

                                +
5’ CCCAGCCTTGCCGTGTCGAGTGCCGAACCATGATGAGGACCCAT 3’
   ||||||||||||||||||||||||||||||||||||||||||||
3’ GGGTCGGAACGGCACAGCTCACGGCTTGGTACTACTCCTGGGTA 5’
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sequence that is predicted to pair with the PrrF sRNAs, and we fused this fragment to a 

promoterless lacZY operon that lacked its native Shine Dalgarno sequence (Figure 3.3A). 

The resulting fusions were integrated onto the PAO1 and ∆prrF1,2 chromosomes at the 

att site. The antR translational reporter strains were grown in DTSB, with or without 

supplementation of 100 µM FeCl3, for 18 hours. As expected, beta-galactosidase activity 

was strongly repressed when the wild type strain was grown in low iron conditions. Also 

as expected, we observed a significant induction in beta-galactosidase activity in the 

∆prrF1,2 mutant reporter strain as compared to the wild type reporter strain when both 

were grown in low iron (Figure 3.3B). In contrast with previous studies of antR 

expression by quantitative RT-PCR (qPCR) 114, iron supplementation caused a significant 

induction in antR translational activity of the ∆prrF1,2 mutant (Figure 3.3B), indicating 

that iron activates antR expression through both PrrF-dependent and PrrF-independent 

pathways.  

 

Figure 3.3: The PrrF sRNAs mediate iron-regulated expression of antR. (A) 
Translational reporters of the antR promoter and untranslated region (UTR) sequence 
were fused to a promoterless lacZ gene, lacking (PantR-’lacZ) its native Shine Dalgarno 
sequence, as described in the Materials and Methods. (B) The indicated strains carrying 
the PantR-’lacZ translational reporter in A were grown for 18 hours at 37°C DTSB without 
(white bars) or with (grey bars) 100 µM FeCl3 supplementation. The activity of the antR 
translational fusion was determined by beta-galactosidase assay as described in the 
Materials and Methods. Error bars indicate the standard deviation of three independent 
experiments. Asterisks indicate a significant difference when comparing the mutants to 
PAO1 grown in low iron, or as indicated by a vertical bar: * p < 0.05; ** p < 0.001. 
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PrrF1 and PrrF2 regulation of AQ production and antR translation is 

redundant. Previous studies showed that the PrrF1 and PrrF2 sRNAs are redundant for 

regulation of many targets, including antR and antA 114,155. However, the impact of the 

individual PrrF sRNAs on AQ production was not known. We therefore determined the 

impact of the individual PrrF1 and PrrF2 sRNAs on AQ production. The PAO1, ∆prrF1 

and ∆prrF2 single mutants, and ∆prrF1,2 double mutant, were grown in DTSB for 18 

hours and analyzed for AQ production by LC-MS/MS. These data showed that individual 

deletion of either the prrF1 or prrF2 genes exerted only a minor effect on AQ production 

(Table 3.5). The antR translational fusion was also integrated onto the chromosome of the 

∆prrF1 and ∆prrF2 single mutants, and the resulting strains were grown for 18 hours in 

DTSB and analyzed for beta-galactosidase activity. Similar to what was observed for AQ 

production, deletion of either prrF1 or prrF2 resulted in no significant change in antR 

translational activity (Figure 3.3B). These data demonstrate that the PrrF1 and PrrF2 

sRNAs redundantly regulate antR expression and AQ production. 

 

PrrF represses antR via sequences in the antR leader. We next sought to 

determine the specific sequences of the antR leader sequence that are required for 

regulation by the PrrF1 and PrrF2 sRNAs. A series of mutations was designed and 

introduced into the antR translational fusion (Figure 3.4A), and the altered antR fusions 

were integrated at the att site of wild type strain PAO1. While mutations adjacent to the 

RBS ablated the activity of the antR translational fusion in high iron (see alt-antRA and 

alt-antRC mutants in Figure 3.4B), mutations further upstream of the RBS had no 

significant effect on antR translational activity in high iron (see alt-antRB mutation in 
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Figure 3.4B). We further explored the effects of the alt-antRB mutant, which altered three 

nucleotides approximately 20 nt upstream of the antR RBS, on iron-regulated antR 

translational activity. These data showed a significant de-repression of activity in the alt-

antRB translational reporter as compared to the wild type antR reporter when grown in 

iron-depleted medium (Figure 3.4B). Despite showing reduced translation efficiency in 

high iron, the alt-antRC translational reporter also caused a significant increase in beta-

galactosidase activity in low iron conditions (Figure 3.4B). Combined, these data 

suggested that PrrF repression of antR is dependent upon a significant stretch of 

complementarity between the PrrF sRNAs and antR 5’ UTR. We attempted to restore 

PrrF regulation of the altered alt-antRB reporter by transforming the alt-antRB reporter 

strain with a plasmid carrying a compensatory prrF1,2 allele designed to restore PrrF1-

antR and PrrF2-antR complementarity. However, this construct had no effect on alt-

antRB translational activity (data not shown). Further analysis of the PrrF-antR 

interaction, including the role of the P. aeruginosa Hfq (Pa Hfq) protein in their 

association, was conducted in vitro. 
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Figure 3.4: Mutations in the antR 5’ UTR reduce PrrF repression. (A) Mutations were 
generated in the antR translational fusion to disrupt the predicted interaction between the 
PrrF sRNAs and the antR 5’ UTR. (B) The indicated strains carrying either the WT or 
altered antR translational reporters shown in panel A were grown for 18 hours in DTSB 
without (white bars) or with (gray bars) 100 µM FeCl3 supplementation. Error bars 
represent the standard deviations from three independent experiments. Asterisks indicate 
a significant difference in MU when comparing the low iron values to the WT antR 
translational reporter in strain PAO1 grown in low iron. * p < 0.01; ** p < 0.005. 
 
Table 3.5: PrrF1 and PrrF2 are redundant in their regulation of AQ production 

 Normalized Concentration (µg/µl)1 

Strain PQS C9-PQS HHQ NHQ HQNO NQN
O 

Wild 
type 

0.64 ± 
0.06 1.01 ± 0.10 0.08 ± 

0.02 0.27 ± 0.07 2.39 ± 
0.28 

12.21 
± 1.03 

∆prrF1 0.54 ± 
0.08 

0.65 ± 
0.05*** 

0.05 ± 
0.01 

0.14 ± 
0.03* 

2.06 ± 
0.62 

9.82 ± 
0.01 

∆prrF2 0.55 ± 
0.07 0.80 ± 0.06** 0.06 ± 

0.01 0.17 ± 0.05 2.50 ± 
0.61 

11.10 
± 1.99 
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Table 3.5 Continued 

∆prrF1,2 0.50 ± 
0.07* 

0.35 ± 
0.06*** 

0.04 ± 
0.01* 

0.06 ± 
0.01*** 

0.95 ± 
0.27*** 

3.71 ± 
0.00*
** 

1Concentrations of each AQ in the supernatants of the indicated strains grown in DTSB 
were determined by LC-MS/MS and normalized by culture density as described in the 
Materials and Methods. Asterisks indicate the following p values as determined by 
Students T test: *p < 0.05; **p < 0.005; ***p < 0.0005. 
 

PrrF sRNAs bind to the arginine patch of Hfq. The PrrF sRNAs were 

previously shown to interact with the Pa Hfq protein 166, indicating a role for Hfq in PrrF 

regulatory function. Studies of E. coli and Salmonella sRNAs showed that the 3ʹ′ terminal 

U’s associated with the Rho-independent transcription terminator bind the proximal pore 

of Hfq 184,185. An internal AU-rich motif additionally interacts with the arginine patch on 

the rim of Hfq 186,187, which is necessary for efficient annealing with its mRNA targets 45. 

To probe the secondary structure of the PrrF sRNAs and locate the Pa Hfq binding site, 

we partially digested 32P-labeled PrrF sRNAs with RNase If. The RNase If digestion 

pattern of PrrF1 in the absence of Hfq (Lane (-) Hfq; Figure 3.5A) agrees with the 

predicted secondary structure of PrrF1 (Figure 3.5E), except that the region between nts 

80 – 90 was more protected than expected, suggesting that this region forms some 

additional secondary structure. 
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Figure 3.5: RNase If footprinting of PrrF1 and antR. (A) RNase If digestion pattern of 
5’-32P-labeled PrrF1 sRNA at 30°C with no Hfq, 0.17 – 0.67 µM Pa Hfq, 0.17 – 0.33 µM 
Ec Hfq and 0.33 µM Ec R16A Hfq as shown. Lanes T1, L and P represent control 
reactions in urea with RNase T1 (T1), alkaline hydrolysis (L) and no treatment (P). (B) 
RNase If digestion pattern of 5’-32P-labeled antR mRNA at 30 ˚C with no Hfq, 0.5 µM 
Pa Hfq, 0.5 µM PrrF1 and 0.5 µM Pa Hfq + 0.5 µM PrrF1 as indicated. Lanes T1 are L 
same as mentioned in Figure 3A. Lane A is antR without any treatment of RNAse. (C) 
Relative digestion of PrrF1 sRNA by RNase If in absence and presence of Pa Hfq. Inset 
shows the relative digestion of PrrF1 sRNA by RNase If in absence and presence of Pa 
Hfq between 90 to 95 nt. (D) Relative digestion of antR mRNA by RNase If in absence 
and presence of Pa Hfq and PrrF1 sRNA. (E) Summary of nuclease digestion pattern on 
the secondary structure of PrrF1. Cleavage by RNase If has been indicated as (∆). Strong 
and weak protection of PrrF1 secondary structure by Hfq has been indicated by (•) and 
(o) respectively. Secondary structure rearrangement upon PrrF1 binding (+) or Hfq 
binding (+) allows more cleavage by RNase If. (F) Summary of RNase If digestion 
pattern on the secondary structure of antR.      
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The presence of Pa Hfq weakly protected A/U-rich segments of PrrF1, A58 – 

U59, and A69 – A72, and more strongly protected the U-rich motifs U76-A81 and U85 – 

U89, from digestion by RNase If (Lane Pa Hfq; Figure 3.5A and red symbols, Figure 

3.5E). The extent of protection increased with increasing Hfq concentration, suggesting 

that these internal A/U and U-rich motifs bind Hfq as observed in other sRNAs. For 

comparison, we also probed the structure of PrrF1 RNA in the presence of Ec Hfq, which 

also protected nt. 76 to 89 nt of PrrF1 as we obtained with Pa Hfq (Lane 0.17 µM Ec 

Hfq; Figure 3.5A). Interestingly, when R16 on the rim of Ec Hfq was replaced with 

alanine, this internal A/U-rich region was no longer protected from RNase digestion 

(Lane R16A Ec Hfq; Figure 3.5A), suggesting that this region interacts with the arginine 

patch. PrrF2 sRNA, which differs by only a few nucleotides from PrrF1, exhibited a 

similar RNase If digestion pattern in the absence and presence of Pa, WT Ec, and R16A 

Hfq (Figure 3.6, Figure 3.7). These results indicated that Pa Hfq recognizes the body of 

PrrF1 and PrrF2 sRNAs in a similar manner as Hfq protein from E. coli and Salmonella. 
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Figure 3.6: RNase footprinting of PrrF2 sRNA with Pa Hfq. A-B. Partial digestion of 
PrrF2 with RNase If in the presence of the indicated amount of Pa Hfq protein, as in 
Figure 4. B. SAFA (Semi Automated Footprinting Analysis) analysis of the band 
intensities. C. PrrF2 sRNA secondary structure derived from the RNase partial digestion.  
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Figure 3.7: Ec-Hfq protects PrrF1 and PrrF2 at lower concentrations than Pa Hfq. SAFA 
(Semi Automated Footprinting Analysis) analysis of RNase protection of PrrF1 (A-C) 
and PrrF2 (D-F) sRNAs with Pa Hfq (A, D), Ec Hfq, and R16A Ec Hfq proteins (B, E). 
Regions showing significant protection by the Hfq proteins are expanded in C and F. 

 

Hfq and PrrF1 bind different domains of the antR mRNA leader. To map the 

binding sites for Pa Hfq and PrrF1 on the antR mRNA leader, a 32P-labeled fragment of 

the antR mRNA from the transcription start site through the 14th codon was also partially 

digested with RNase If in the presence of Pa Hfq and PrrF1. GC-rich sequences at the 5’ 

end of antR mRNA were completely protected from RNase digestion, consistent with the 

formation of stable secondary structure at the 5ʹ′ end of the mRNA (Figure 3.5B). In the 

presence of Hfq, the A-rich loop between nt 42 – 50 of the antR mRNA was moderately 

protected from RNase digestion (Lane 0.5 µM Hfq and lane 0.5 µM Hfq + PrrF1; Figure 

3.5C), suggesting this loop provides a weak binding site for Hfq in the antR mRNA (red 

symbols, Figure 3.5F). Pa Hfq also protected residues downstream of the PrrF binding 
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site (U112), but not when PrrF1 was present (green symbols, Figure 3.5F).  When PrrF1 

sRNA was allowed to bind antR mRNA, a downstream region spanning nt 91 to 110 

became strongly protected from RNase If (lane PrrF1 and lane 0.33 µM Hfq + PrrF1; 

Figure 3.5C and blue symbols; Figure 3.5F). These residues comprise part of the 

predicted region of complementarity between PrrF1 and antR mRNA (Figure 3.4A), and 

coincide with the sequence required for full PrrF repression of PantR translational activity 

in vivo (see data for alt-antRC, Figure 3.4B), indicating that this region is a likely binding 

site for PrrF1. This region was also protected when PrrF1 and Pa Hfq were added to antR 

mRNA simultaneously, suggesting that PrrF1 can bind to antR mRNA in the absence or 

presence of Pa Hfq.  

Pa Hfq binds to PrrF sRNA with higher affinity than antR mRNA. To 

determine whether Pa Hfq can facilitate base pairing between sRNAs and mRNAs by 

simultaneously binding both RNAs in a ternary complex, we measured the affinity of Pa 

Hfq for PrrF sRNAs and antR mRNA by native gel mobility shift assays (EMSA). When 

32P-labeled PrrF1 or PrrF2 was titrated with Pa Hfq, we observed sequential gel shifts 

corresponding to the binding of one Hfq hexamer (P•H(I)) or two or more hexamers 

(P•H(II)) (Figure 3.8A). The equilibrium dissociation constant for each PrrF-Hfq 

complex was determined by fitting the fraction of bound PrrF sRNA versus Hfq 

concentration to a partition function for two independent sites on PrrF (Figure 3.8B). The 

resulting dissociation constants for P•H(I) ranged from 51 to 65 nM Hfq6 for PrrF1 

(Table 3.6) and 70 to 74 nM Hfq6 for PrrF2 (Figure 3.9 and Table 3.6). Thus, PrrF1 and 

PrrF2 sRNAs not only have similar sequences, but they interact similarly with Pa Hfq. 
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Figure 3.8: Equilibrium binding of Hfq with PrrF1 and antR. (A) Incubation of 32P 
labeled PrrF1 with 0 to 667 nM Hfq hexamers resulted in first specific gel shift (P1•H(I)) 
followed by an additional diffused gel shift (P1•H(II)). The first shift was due to one 
hexamer binding to PrrF1 and the diffused shift was due to two or more hexamer binding 
to PrrF1-Hfq complex. (B) Fraction bound of P1•H(I) and P1•H(II) complexes were fit to 
partition functions to obtain the dissociation constants. Experiments were independently 
repeated three times and the S.D. were <10%. (C) Titration of 0 to 1667 nM Hfq 
hexamers to 32P labeled antR mRNA resulted in three distinct RNPs A1•H(I), A1•H(II) 
and A1•H(III) due to binding of single, double and triple hexamers to antR RNA 
respectively. (D) Fraction bound of A1•H(I) and the combination of A1•H(II) + 
A1•H(III) complexes were fit to partition function to obtain the dissociation constants. 
Experiments were independently repeated two times and the values ± the standard error 
of the fit parameter for each individual experiment are shown in table 3.6.  
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Figure 3.9: Pa Hfq equilibrium binding to PrrF2 sRNA. (A) Incubation of 32P-labeled 
PrrF2 with 0 – 667 nM Hfq6. The first shift (P2•H(I)) was due to one hexamer binding to 
PrrF2 and the second shift (P2•H(II)) was due to two or more hexamers binding to PrrF2. 
(B) Fractions of P2•H(I) and P2•H(II) complexes were fit to eq. (1) to obtain the 
dissociation constants.  
 

Pa Hfq bound 32P-labeled antR mRNA leader 4-6 times less tightly than PrrF1 or 

PrrF2, with dissociation constants of 295 nM and 440 nM Hfq6, for the first and second 

Hfq complexes, respectively (Figure 3.8D and Table 3.6). This low affinity for antR 

mRNA can be explained by the short A-rich binding sequence (AAAACAGA) at the 

loop of SLII that is only weakly protected by Pa Hfq in our footprinting experiments 

(Figure 3.5D). In contrast, many E. coli mRNAs contain three or four AAN triplets, 
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which bind Ec Hfq tightly 38. The weak affinity of Pa Hfq for antR mRNA was due to the 

sequence of antR and not due to the inability of Pa Hfq to recognize AAN motifs, 

because the Kd for Pa Hfq binding to A18 RNA was 8 nM Hfq6 (Figure 3.10), very 

similar to the Kd = 7.5 nM for Ec Hfq 188. Moreover, Pa Hfq has been reported to bind 

AAN repeats in amiE mRNA and CrcZ RNA in P. aeruginosa 189,190. 

 

Figure 3.10: Equilibrium binding of Pa Hfq with A18 RNA. The dissociation constant of 
Pa Hfq with an unstructured A18-FAM RNA was determined by fluorescence anisotropy 
as previously described188. 
 

Table 3.6: Equilibrium binding constants for PrrF1, PrrF2, Hfq, and antR 
 Kd1 (nM) Kd2 (nM) 
PrrF1 + Hfq 65 ± 7, 51 ± 2 135 ± 12, 183 ± 407 
PrrF2 + Hfq 70 ± 2, 74 ± 3 440 ± 500, 407 ± 943 
antR + Hfq 295 ± 9 440 ± 500 
PrrF1 + antR 2.5 ± 1, 7 ± 1 ND 
1Equilibrium binding constants were determined from EMSA data as described in the 
Materials and Methods. Shown are the values ± the standard error of the fit parameter for 
each individual experiment (n=2). ND indicates no second binding event for PrrF1 to 
antR was detected (see Figure 3.11A-B). 
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Pa Hfq forms a ternary complex with PrrF1 and antR mRNA. To determine 

whether Hfq is needed to stabilize base pairing between PrrF sRNA and antR mRNA, we 

measured the binding affinity of our antR mRNA fragment for PrrF1 and PrrF2 sRNAs 

by EMSA, and found that even at 0.1 nM PrrF1, 30% of antR mRNA formed complex 

with PrrF1 sRNA. The fraction of antR mRNA•PrrF1 complex as a function of PrrF1 

concentrations was fit to a two-state quadratic equation, yielding a dissociation constant 

of 2.5 nM (Figure 3.11B and Table 3.6). Thus, PrrF1 sRNA binds tightly to antR mRNA 

in the absence of Hfq, and may not require Hfq for binding to antR mRNA in P. 

aeruginosa.  

 To determine the effect of Pa Hfq on the stability of the sRNA-mRNA duplex, we 

titrated a preformed 32P-antR mRNA•PrrF1 complex with Hfq. Low concentrations of 

Hfq slightly increased retention of the antR mRNA•PrrF1 complex in the native gel. 

Around ~50 nM Hfq, which is comparable to the dissociation constant for PrrF1 (51 nm; 

Table 3.6), a stable ternary complex between Hfq, PrrF1 and antR mRNA appeared 

(Figure 3.11D). Above 100 nM Hfq, the antR mRNA•PrrF1 duplexes fell apart, releasing 

free antR mRNA (Figure 3.11D). This shift in the stability of the sRNA-mRNA duplex 

suggests that excess Hfq may sequester PrrF1 sRNA in an inactive complex that cannot 

pair with antR mRNA. A similar phenomenon was observed for Ec Hfq binding to rpoS 

mRNA 181. 
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Figure 3.11: Effect of Hfq on sRNA•mRNA duplex stability. (A) Addition of 0 to 100 
nM PrrF1 sRNA to 5 nM 32P labeled antR resulted in the formation of PrrF1•antR 
duplex. (B) Fraction of PrrF1•antR duplex formation (as shown in Figure 5A) with 
increasing PrrF1 concentrations were fit to a two state quadratic equation to obtain the 
dissociation constants. Individual experiments were repeated three times and the S.D. 
were <10%. (C) A preformed complex of 5 nM 32P-antR and 10 nM PrrF1 were titrated 
with 0 to 200 nM of Hfq hexamers to understand the stability of antR•PrrF1 duplex at 
different Hfq concentrations. Increase of Hfq concentrations resulted in the increase of 
antR•PrrF1 (A•P1) band intensity up to 50 nM. At higher concentrations, antR•PrrF1 
band binds to Hfq and showed additional gel shift pattern as a ternary complex 
(antR•PrrF1•Hfq). Increasing Hfq concentrations further reduced the stability of the 
antR•PrrF1 duplex resulting in free antR. (D) Fraction of antR•PrrF1 complexes as a 
function of Hfq concentrations were fit to equation (2) as described in methods section.          
 

Hfq increases the rate of sRNA-mRNA annealing. We previously observed that 

Pa Hfq accelerates the annealing of RNA oligomers about 10 fold 46, which is about 10-

fold less than E. coli Hfq, a very active RNA annealer. We attribute this to replacement 

of R17 with K on the rim of Pa Hfq 46. We next asked whether Pa Hfq can also 

accelerate the annealing of PrrF1 sRNA with our 32P-labeled antR mRNA fragment. 
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Although PrrF1 bound to antR mRNA in the absence of Hfq, the rate of duplex formation 

was slow (0.1 min-1) (Figure 3.12). In the presence of 100 nM Hfq, antR, PrrF1 and Hfq 

rapidly formed a ternary complex (k1 = ~3 min-1), which was followed by a slower phase 

of annealing (0.2 min-1) and accumulation of antR mRNA•PrrF1 binary complex. In 200 

nM Hfq, the magnitude of the fast phase was smaller, but more antR mRNA•PrrF1 

complex accumulated within the first few minutes of the reaction than in the absence of 

Hfq (Figure 3.12B). These data suggested that Pa Hfq can increase sRNA-mRNA duplex 

formation by up to ~30-fold, despite weak binding of Hfq to antR mRNA. 
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Figure 3.12: Effect of Pa Hfq on RNA annealing kinetics. (A) 5 nM 32P-antR, 30 nM 
PrrF1 sRNA and 100 nM Hfq were mixed rapidly in TNK buffer and loaded on a 6% 
native PAGE while running continuously. (B) Formation of antR•PrrF1 binary (black, for 
(-) Hfq) or a combination of antR•PrrF1 binary and ternary antR•PrrF1•Hfq complexes 
(red for 100 nM Hfq and blue for 200 nM Hfq) over time were fit to a bi-exponential rate 
equation to determine the rate of the reactions. Individual experiments were repeated four 
times and the S.D. were <10%.       
 

Discussion 

The PrrF sRNAs play a central role in P. aeruginosa iron homeostasis and 

pathogenesis 67,114,118,155, yet the molecular basis for ∆prrF1,2 mutant virulence 
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attenuation remains unclear. In this study, we aimed to determine the genetic and 

biochemical basis by which the PrrF sRNAs promote the production of AQs, which play 

multiple roles in P. aeruginosa virulence 158,177,191-193. We demonstrate that the effects of 

the PrrF1 and PrrF2 sRNAs on antR translational activity and AQ production are 

redundant. We also identified two distinct regions of the antR leader that are required for 

full repression of the PantR-‘lacZ translational fusion in vivo (Figure 3.4). One of these 

regions (mutated in the alt-antRB fusion) was not protected from RNase digestion in the 

presence of the PrrF1 sRNA (Figure 3.5), suggesting these nucleotides do not directly 

pair with the PrrF sRNAs. This region may instead contribute to structural elements of 

the antR mRNA that are important for interaction with the PrrF sRNAs. The second site 

identified in our in vivo analysis (mutated in the alt-antRC fusion) overlaps the antR 

translational start site (Figure 3.4) and was protected from RNase digestion in the 

presence of PrrF1 (Figure 3.5), indicating this region pairs with the PrrF sRNAs in vivo. 

This latter region is predicted to anneal to a sequence that is completely conserved 

between PrrF1 and PrrF2 (Figure 3.1B), providing mechanistic rationale for the 

redundancy of the PrrF sRNAs in regulating antR expression and AQ production.  

Our studies also build on the current model for how Pa Hfq contributes to PrrF 

regulation of antR. We show that Pa Hfq binds with high affinity to the PrrF sRNAs 

through the arginine patch on the Hfq rim (Figure 3.5A), similar to what has been 

reported for several E. coli sRNAs 186,187. While Pa Hfq was not required for formation of 

the antR•PrrF1 complex, it increased the rate of formation of this complex and stabilized 

the pre-formed antR•PrrF1 complex. This biophysical evidence supports previous in vivo 

work from Sonnleitner, et al, which demonstrated that an ∆hfq mutant is defective for 
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PrrF-mediated regulation of antR 165 and that the binding potential of Pa Hfq largely 

accounts for catabolite repression control (Crc) regulation of antR. Interestingly, Pa Hfq 

binds weakly to the antR mRNA (295 nM) in our studies (Figure 3.8D), presumably 

owing to a short A-rich motif (AAN) that mediates Hfq recognition and binding to 

mRNAs in E. coli 44. This suggests that Hfq can either act via transient interactions with 

mRNA targets, or that other RNA binding proteins contribute to mRNA recognition by 

Pa Hfq.  Nevertheless, these studies clearly demonstrate that Hfq plays an important role 

in PrrF-mediated regulation of antR expression in P. aeruginosa.  

This study further demonstrated that iron regulates antR through both PrrF-

dependent and PrrF-independent mechanisms (Figure 3.3). This finding is consistent with 

previous work showing that iron activates antA expression in the ∆prrF1,2 mutant 114, 

demonstrating that iron regulates anthranilate metabolism via AntR through at least two 

distinct mechanisms. In addition to serving as a precursor for AQ synthesis, anthranilate 

is a central metabolite in P. aeruginosa, thus its catabolism likely requires extensive 

control. Anthranilate is synthesized by anthranilate synthase from chorismate, which also 

serves as a precursor for siderophore and amino acid biosynthesis 194. Anthranilate is also 

formed as an intermediate in the kynurenine pathway, which converts tryptophan to 

nicotinamide adenine dinucleotide (NAD+) 91,195. Anthranilate degradation via the 

antABC-encoded anthranilate dioxygenase, which is dependent upon iron 196, feeds into 

the catechol ortho-cleavage pathway to form the TCA cycle intermediate succinyl-CoA 

197. Expression of the antABC operon is dependent upon the presence of anthranilate, 

which serves as a co-inducer of the LysR-type AntR regulator 114. Thus, while PrrF 

regulation of antR expression clearly is important for AQ production in low iron 
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environments (Table 3.4) 67, many additional factors likely converge to regulate 

anthranilate metabolism and AQ production.  

Surprisingly, our study showed disparate effects of anthranilate supplementation 

on C9-PQS and C7-PQS production by the ∆prrF1,2 mutant (Table 3.1), underlining the 

complexity of how AQ production is regulated. The alkyl chains of HHQ and C7-PQS 

are derived from octanoic acid 198, and it is assumed that longer and shorter chains of 

different AQ congeners are derived from fatty acids of correspondingly longer or shorter 

lengths. We previously found that iron regulation of AQ production was variable between 

different congeners of each AQ metabolite 176, indicating that iron regulation of fatty acid 

metabolism or availability may play an important role in modulating AQ production. 

Combined with our current data, these studies suggest that numerous metabolic and iron 

regulatory pathways modulate AQ production, highlighting the interplay of P. 

aeruginosa’s metabolic diversity, iron dependency, and pathogenic potential. 

The redundancy of PrrF1 and PrrF2 observed in this work further begs the 

question of why the prrF1 and prrF2 genes are duplicated in tandem in all sequenced 

strains of P. aeruginosa. It is possible that slight differences between the PrrF1 and PrrF2 

sequences allow for differential regulation of some mRNA targets. Alternatively, 

differential expression of the PrrF1 and PrrF2 sRNAs may allow diverse environmental 

signals, in addition to iron depletion, to affect PrrF regulation of metabolism and 

virulence. The tandem duplication of the prrF genes also results in the production of a 

longer, heme-response sRNA named PrrH 115. PrrH interacts with the Pa Hfq protein 166, 

but the significance and function of this sRNA remain unknown. Future biophysical and 

genetic studies of the PrrH sRNA should yield novel insights into the physiological 
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significance of the tandem arrangement of the prrF genes in P. aeruginosa. 
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Chapter 4: Preliminary characterizations of other PrrF potential mRNA targets  
 
 
Introduction 

 Numerous studies have examined the impact of iron on global gene expression in P. 

aeruginosa199. It was previously shown that the iron-regulated PrrF sRNAs influenced the 

expression of a large number of genes in P. aeruginosa114. The PrrF regulon includes the 

antR gene that regulates anthranilate metabolism, which was discussed in Chapter 3. 

Other PrrF-regulated genes are involved in iron storage and oxidative stress response, 

including the iron-cofactored superoxide dismutase (sodB) and a putative bacterioferritin 

(PA4880). Furthermore, sigX, which encodes an alternative sigma factor that affects 

biofilm formation, was discovered through CopraRNA as sharing significant 

complementarity with the PrrF sRNAs in P. aeruginosa as well as other Pseudomonads. 

Our goal therefore was to establish the in vitro relationship between the PrrF sRNAs and 

these other potential targets and determine the mechanisms of their PrrF regulation in 

vivo. 

 

Figure 4.1: Complementarity of the PrrF sRNAs with putative mRNA targets. A seed 
region exists for each mRNA target. 
 
 

Materials and Methods 

 Bacterial strains and growth conditions: Bacterial strains used in this work are P. 

PrrF:    CAGUCGGACUCUUCAGAUUAUCUCCUCAUCAGGCUAAUCACGGUUUUUGACCCGGCA 
                                |||||||| | |     |||: :|:||| |||||   

antR WT: 9  GGAGUAGUACCA----AGCCGUGAGCUGUGCCGU-21                 

PrrF1    93 GGCACUAAUCGGACU--ACUCCUCUAUUAGACUUCUC 
            ||| |   : |||||  |||||| | |||  |:||||
sodB WT -40 CCGCGCCAGUCCUGACCUGAGGA-AGAAUAGGAGAGACACCAUGGCUUUCG 10

PrrF:     GCAGUCGGACUCUUCA--GAUUAUCUCCUCAUCAGGCUAAUCACGGUUUUUGACCCGGCA
                       |||  | || ||||||  | ||||| ||| |||
PA4880 WT:   7       CCAGUAGCCAAAAGAGGA--ACUCCGACUAG-GCC -26
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aeruginosa PAO1, Pseudomonas fluorescens (P. fluorescens) and Pseudomonas syringae 

(P. syringae). These strains were maintained in brain-heart infusion (BHI) broth or on 

BHI agar plates. For high and low iron DTSB medium, tryptic soy broth (TSB) was 

treated with Chelex-100 resin (Bio-Rad) and dialyzed, then supplemented with 0.05 M 

monosodium glutamate and 1% glycerol. FeCl3 was added to a concentration of 100 µM. 

 

Total RNA extraction: A modified protocol from Qiagen kit was used for total 

RNA extraction. Briefly, 1ml of overnight culture was spun down at 13,000 rpm and 

pellet re-suspended into 100 µL of 1X Tris-EDTA buffer containing 10mg of lysozyme. 

The sample was subsequently washed with multiple buffers as instructed by the 

manufacturer and treated with DNase. Another series of washes followed the DNase 

treatment, before the RNA was allowed to precipitate overnight in ethanol-sodium acetate 

buffer at -20 0C. Total RNA was recovered the next day by spinning the sample down at 

13,000 rpm at 4 0C. Pellets were allowed to dry at room temperature and re-suspended 

into RNase free water.  

 

 Determination of PA4880 and sigX transcriptional start sites. 5’ RACE kit 

(Invitrogen) was used to determine the transcriptional start site of PA4880 and sigX genes 

according to the manufacturer’s instructions. Total RNA was isolated from PAO1 strain 

grown in High iron for PA4880 5’ RACE and low iron for sigX 5’ RACE. The cDNA 

was synthesized by reverse transcriptase using specific reverse primers: 

3’ACGTTGACCCGCCGCTCGGCCTGAA5’ and 

3’AACCGAGCAGGTACAGTTAGGCTATCTAG-5’ for PA4880 and sigX, 



	  

	   86 

respectively. The cDNA product was passed through an S.N.A.P. Column, followed by 

multiple washes with buffers provided in the kit. An oligo-dT adapter primer was 

provided and used to add the “GGGGG” repeat at the 5’end of the cDNA. Abridge 

Anchor primers also provided in the kit, were used for the PCR of dC-tailed cDNA. The 

cDNA was additionally amplified by PCR using the following nested primers: 

3’GTCAGTTGAACGGTGGTCAT 5’ and 3’ACGCCGCATCAATTCTTCAT 5’ for 

PA4880 and sigX, respectively. This last PCR product was sent for sequencing and the 

transcription start site of the gene was determined by looking for a series of “CCCCC” 

repeat at the 5’end of the reverse sequence.  

 

 Electrophoretic mobility shift assays: PA4880, sigX, and sodB mRNAs were 

generated by in vitro transcription from PCR products of the individual loci using a 

modified protocol from New England BioLabs Inc. A T7 promoter replaced the native 

PA4880, sigX, and sodB promoters during PCR, as this allowed for the transcription of 

the mRNAs by the T7 RNA polymerase. Briefly, 0.3-0.5µg of DNA template was added 

to a sterile eppendorf tube containing 10X T7 buffer and 10X low ATP NTPs. Alpha-32P-

ATP isotope, RNase free water, and T7 RNA polymerase were then added to the tube. 

The reaction mixture was placed at 37 0C in water bath for 30 minutes. The resulting γ-

32P-labeled transcripts were passed through a TE-30 column (Clontech) and collected in 

1.5 mL sterile Eppendorf tube. A 1:10 dilution of the stock was made and used to access 

the binding of PrrF and Pa Hfq with the labeled mRNAs at 30°C. Samples were 

measured by a gel shift assay as previously described 181. Dried gels were visualized by 

phosphorimaging (Molecular Dynamics) using a Typhoon 9210 imaging system (Storm 
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820). 

 Biofilm cultures: Bacterial strains PAO1, Pseudomonas fluorescens (P. 

fluorescens) and Pseudomonas syringae (P. syringae) were grown overnight in sterile 50 

mL flask containing 5 mL of BHI media: PAO1 at 37 0C, P. syringae and P. fluorescens 

at 30 0C. Biofilms were cultured from an initial OD600 of 0.08, a dilution of the overnight 

culture. These cultures were performed in sterile glass tubes containing 2 mL of DTSB 

media. The media was supplemented with 0.05 M MSG, 1% glycerol, and 100 µM FeCl3. 

Biofilms were harvested at 24 and 48 hours time points. 

 

Results and Discussion 

 In vitro interaction of PrrF1 with a putative bacterioferritin (PA4880): PA4880 

gene expresses a probable bacterioferritin that P. aeruginosa might use as an iron storage 

protein. P. aeruginosa cells also bears two additional iron storage proteins, a heme-

containing bacterioferritin (BfrB) and a ferritin (FtnA)200, The relative contributions of 

these proteins to iron homeostasis is unknown, except that under iron-limiting conditions, 

P. aeruginosa uses iron stored in BfrB, but not in FtnA, for growth200. Previously, 

northern blot analysis of bfrB RNA showed that the gene was expressed in both PAO1 

and ∆prrF1,2 strains under low and high iron conditions15. The data also indicated that 

the Fur regulation of bfrB was independent of the PrrF sRNAs expression. Moreover, the 

same studies showed a repression of PA4880 gene in the wild type PAO1, ∆prrF1, and 

∆prrF2 strains under low iron conditions, and a complete de-repression under high 

conditions in the ∆prrF1,2 strain15. In addition, RT-qPCR analysis confirmed the 

negative effect of the PrrF sRNAs on PA4880 gene when the wild type PAO1, ∆prrF1, 
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∆prrF2, and ∆prrF1,2 strains were grown under low iron conditions114.  

 To understand how PrrF affects PA4880 expression, I sought to characterize 

interactions between the PrrF sRNAs and PA4880 leader sequence in vitro. I first 

determined the transcription start site of PA4880 gene using 5’ RACE as described in the 

materials and methods section. Once the transcription start site was identified, I designed 

and used the following primers: Forward-5’GTGTAATACGACTCACTATAGGG- 

TCGACCGCGTGGGACTCACA-3’and Reverse-3’GTCAGTTGAACGGTGGTCAT 5’) 

to amplify the 5’ UTR of PA4880 gene from the genomic PAO1 before proceeding to in 

vitro transcription to generate the mRNA transcript. I attempted binding reactions 

between PA4880 mRNA and PrrF, with or without Hfq present, by EMSA and analyzed 

the results as previously described181,201. Our preliminary data indicate that PA4880 

mRNA interacts with both PrrF and Hfq individually, and PrrF and PA4880 can form a 

ternary complex in the presence of Pa Hfq (Figure 4.2). The formation of PA4880.PrrF 

complex appears to require higher concetration of PrrF to completely shift PA4880. 

However, it is worth mentioning the presence of multiple species of PA4880 in lane 1 

and the possiblity that one species could have a preference for PrrF as compared to the 

others. The same idea holds true for PA4880.Hfq complex. Three complexes are formed, 

and one of the three does not migrate into the well. These PA4880 species have different 

conformations and different molecular weights. Therefore, interactions with Hfq will 

shift different complexes formed at different rates on the gel. Finally, it is apparent that 

Hfq forms a ternary complex with PA4880.PrrF complex (Figure 4.2, lane 4). 
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Figure 4.2: Characterization of PA4880 binding to PrrF. A. The transcriptional start site 
of PA4880 mRNA (‡) was determined by 5’ RACE as described in the Materials and 
Methods. The translational start site (+) is annotated and the region predicted to pair with 
the PrrF sRNAs are underlined. B. Preliminary gel shift of PA4880 mRNA bound to 
PrrF1 sRNA. PA4880 only (lane 1), PA4880 with 100 nM PrrF1 (lane 2), PA4880 with 
1.33 µM Pa Hfq (lane 3), and a ternary complex formed from the reaction of PA4880 
with 100 nM PrrF1 and 1.33 µM Pa Hfq (lane 4). 
 
 
 In vitro interaction of PrrF1 with an iron superoxide dismutase (sodB): The 

sodB gene, which encodes an iron-cofactored superoxide dismutase, has been well 

characterized in Gram-negative bacteria such as E. coli. In E. coli, the iron-responsive 

sRNA RyhB negatively regulates sodB expression16,123. SodB is used as a defense 

mechanism against ROS and toxic endogenous superoxide by E. coli202, and similar 

studies show this for P. aeruginosa203. In P. aeruginosa, a sodB mutant strain showed a 

slow growth in rich Luria broth (LB) medium and in glucose minimal medium as 

5’GGTAAGCAGAAAAAGCCAGCCGCAGAGCCGGCCCTTTTCACCGGATCAGCCTCAAGGAGAAAACC 3’
  |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
3’CCATTCGTCTTTTTCGGTCGGCGTCTCGGCCGGGAAAAGTGGCCTAGTCGGAGTTCCTCTTTTGG 5’

5’GATGACCACCGTTCAACTGACGGACGTCCAGACCCTTCGCGACCGTGCCC 3’
  ||||||||||||||||||||||||||||||||||||||||||||||||||            
3’CTACTGGTGGCAAGTTGACTGCCTGCAGGTCTGGGAAGCGCTGGCACGGG 5’
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compared to the wild type strain203. Moreover, this mutant was unable to produced 

pyocyanin, a phenazine used by P. aeruginosa to scavenge iron from the environment203. 

However, little is known about the mechanism of expression and regulation of this gene 

in P. aeruginosa. Previously, RT-qPCR analysis revealed that sodB is expressed in high 

iron when the PrrF sRNAs are repressed, and repressed in low iron when the PrrF sRNAs 

are expressed15,115. I therefore aimed to characterize interactions between sodB and PrrF 

and Pa Hfq in vitro.  

After multiple failed attempts to identify sodB transcription start site by 5’ RACE, 

I decided to use a random 5’UTR region of sodB gene to determine its interaction with 

the PrrF sRNAs in vitro. I used a specific set of primers: Forward-5’ 

GTGTAATACGACTCACTATAGGG-CGACACGGGTGCTATGATCC 3’ and 

Reverse-3’CGTTCTTTTCGTAAGGCAGC 5’) to amplify the sodB UTR fragment from 

PAO1 and used EMSA as previously described181,201, to show that sodB mRNA can 

interact with PrrF and that a ternary complex forms in the presence of Pa Hfq. As 

mentioned above with PA4880 leader sequence, there are multiple species of sodB 

present in lane 1 (Figure 4.3) and one of them has a preference for PrrF (sodB.PrrF 

complex) as compared to the others. However, it is not known if a complex is formed 

between Hfq and sodB as the reaction sample did not migrate into the well of the gel. 

Yet, the blurry band (probably sodB.PrrF.Hfq complex) observed in lane 4 (Figure 4.3) is 

an indication of a possible interaction that is happening between the RNAs and the 

chaperone protein Hfq. 



	  

	   91 

 

Figure 4.3: Characterization of sodB binding to PrrF. A. The translational start site (+) is 
annotated and the region predicted to pair with the PrrF sRNAs are underlined. B. 
Preliminary gel shift of sodB mRNA bound to PrrF1 sRNA. SodB only (lane 1), sodB 
with 100 nM PrrF1 (lane 2), sodB with 1.33 µM Pa Hfq (lane 3), and a ternary complex 
formed from the reaction of sodB with 100 nM PrrF1 and 1.33 µM Pa Hfq (lane 4). 
 

 In vitro interaction of PrrF1 with an extracytoplasmic function (ECF) sigma 

factor (PA1776 or SigX): The sigX gene encodes a sigma factor located immediately 

upstream of the gene oprF, encoding an outer membrane protein. Previous studies 

showed that SigX activates expression of oprF in P. aeruginosa204. SigX regulation of 

oprF and other genes regulation promotes biofilm formation by blocking the production 

of cyclic diguanylate monophosphate (c-d-GMP) when expressed in P. aeruginosa205. 

The expression of sigX is induced in low iron when the PrrF sRNAs are expressed and is 

therefore the first possible example of a positively regulated PrrF target. Moreover, the 

5’GAGTCGCACCCGGCGCCCTTTCCGGAGCGCTCCGCCGAACGTCCCCCCGGGGATCCAGGACGGGCTCCCGGACAGGCA 3’ 
  ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||            
3’CTCAGCGTGGGCCGCGGGAAAGGCCTCGCGAGGCGGCTTGCAGGGGGGCCCCTAGGTCCTGCCCGAGGGCCTGTCCGT 5’
                               
5’TCGGACCGGCCCCGTGAACCGGTCGCGCGCTAGCCGCGCCAGTCCTGACCTGAGGAAGAATAGGAGAGACACCATGGC 3’
  ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||            
3’AGCCTGGCCGGGGCACTTGGCCAGCGCGCGATCGGCGCGGTCAGGACTGGACTCCTTCTTATCCTCTCTGTGGTACCG 5’

5’TTTCGAATTGCCGCCGCTGCCTTACGAAAAGAACG 3’
  |||||||||||||||||||||||||||||||||||            
3’AAAGCTTAACGGCGGCGACGGAATGCTTTTCTTGC 5’
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complementarity between PrrF and sigX is conserved in other pseudomonads.  

 My goal was to determine whether the PrrF sRNAs can interact with sigX mRNA in 

vitro, and characterize the principal mechanism that controls the PrrF sRNAs binding 

sigX leader sequence in vitro and in vivo. I identified sigX transcription start site using 

5’RACE as described in materials and methods section. I used Specific primers: 

Forward-5’GTGTAATACGACTCACTATAGGG-CTGCTCTGCAGGGCGGCCCG 3’ 

and Reverse-3’ ACGCCGCATCAATTCTTCAT-5’) to amplify sigX 5’UTR from the 

genomic PAO1. The binding interaction between PrrF and sigX UTR was examined by 

EMSA and the data was analyzed as previously described181,201. My preliminary results 

indicated that sigX binds to PrrF and can form a ternary complex in the presence of Pa 

Hfq. As observed with PA4880 and sodB leader sequences, more than one species of 

sigX is present in lane 1 (Figure 4). The darker band, but not the others, seems to be 

interacting with PrrF (sigX.PrrF complex) in lane 2 (Figure 4.4). Interaction of Hfq  with 

PrrF in lane 3 (Figure 4)makes a complex that does not migrate into the gel. This is 

probably due to the high concentration of Hfq that was used in the reaction, causing a 

protein aggregate too big to migrate into the gel. Moreover, two different ternary 

complexes are formed between Hfq and PrrF and sigX  in lane 4 (Figure 4.4). The 

presence of several sigX species in the reaction sample cause the formation of different 

complexes with PrrF, and could explain these multiple ternary complexes between sigX, 

PrrF and Hfq. 
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Figure 4.4: Characterization of sigX binding to PrrF. A. The transcriptional start site of 
sigX mRNA (‡) was determined by 5’ RACE as described in the Materials and Methods. 
The translational start site (+) is annotated and the regions predicted to pair with the PrrF 
sRNAs are underlined. B. Preliminary gel shift of sigX mRNA bound to PrrF1 sRNA. 
SigX only (lane 1), sigX with 100 nM PrrF1 (lane 2), sigX with 1.33 µM Pa Hfq (lane 3), 
and a ternary complex formed from the reaction of sigX with 100 nM PrrF1 and 1.33 µM 
Pa Hfq (lane 4). 
 

 Evaluating biofilm formation by two environmental strains- Pseudomonas 

fluorescens and Pseudomonas syringae. The complementarity between PrrF and sigX 

gene is conserved amongst environmental Pseudomonas species204, suggesting iron and 

PrrF may similarly impact sigX expression and biofilm formation in these other species. 

However, the impact of iron on biofilm formation by other pseudomonads has never been 

5’GGCTGCTCTGCAGGGCGGCCCGGCTTACGATATGACTGGCCTGATCTCACTTGAATAAGC 3’
  ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
3’CCGACGAGACGTCCCGCCGGGCCGAATGCTATACTGACCGGACTAGAGTGAACTTATTCG 5’

5’CTCACCCCCTGTCACAGCGGTATGACCCACGCCAGCTTTCCGATGAAGAGCTGGTCGAGC 3’
  ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
3’GAGTGGGGGACAGTGTCGCCATACTGGGTGCGGTCGAAAGGCTACTTCTCGACCAGCTCG 5’
                                                      
5’GTGCGCACTCGGAGCTGTTCCACGTGACGCGCGCCTATGAAGAATTGATGCGGCGTTACC 3’ 
  ||||||||||||||||||||||            
3’CACGCGTGAGCCTCGACAAGGTGCACTGCGCGCGGATACTTCTTAACTACGCCGCAATGG 5’
              
5’AGCGCACGCTGT 3’
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addressed. I therefore aimed to test the abilities of two environmental Pseudomonas 

species - P. fluorescens and P. syringae - to form biofilms under low and high iron 

conditions. P. aeruginosa strain PAO1, which exhibits robust iron-regulated biofilm 

formation79, was used as a control strain in these experiments. Bacterial strains were 

grown overnight in low and iron-supplemented media as described in materials and 

methods section. A dilution of overnight culture to an OD600 of 0.08 was used to start the 

biofilm cultures (24 and 48 hours time points). Biofilms were harvested and analyzed for 

iron effects. My results indicate that PAO1 forms robust biofilm after 24 hours growth in 

iron supplemented media as compared to low iron media, and that biofilms formed in 

high iron medium began to disperse after 48 hours of growth (Figure 4.5a). This 

dispersion phenomenon could be explained by the fact that bacterial biofilm often 

detaches itself to translocate to a new location and/or host and colonizes anew206.  

There was no biofilm growth of P. syringae (Figure 4.5b) and P. fluorescens 

(Figure 4.5c) at 24 hours. However, both P. syringe and P. fluorescens formed better 

biofilms at 48 hours growth in high iron as compared to low iron media.  

Overall, these data indicate that PAO1 is more proficient and fast at making 

biofilms than the environmental strains. This ability to easily form biofilms can also 

explains the readiness of P. aeruginosa to colonize immune compromised hosts and its 

proficiency to resist aminoglycosides treatments. 
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Figure 4.5: Biofilms formed by Pseudomonads. A. At 24 hours, PAO1 forms robust 
biofilms under high iron condition, but the dispersion occurs when the biofilms are grown 
for 48 hours. B. P. fluorescens forms less robust biofilms as compared to PAO1 in high 
iron, and it takes 48 hours. C. P. syringae on the other hand forms even less biofilms as 
compared to both PAO1 and P. fluorescens in high iron.  
 

Summary 

Altogether, these preliminary studies show promising results and will serve as 

guide moving forward with these targets. Primers need to be redefined to increase the 

chances of getting a single species transcript of all these mRNAs. Future investigations 

will establish the relationship between the PrrF sRNAs and these other putative targets in 

vitro, and determine not only the mechanisms of PrrF regulation of these genes, but also 

the roles that these putative targets might play in iron homeostasis and virulence in P. 

aeruginosa. Furthermore, my preliminary results indicate P. syringae (Figure 4.5b) and 

P. fluorescens (Figure 4.5c) form less biofilms under low iron condition, when sigX is 

potentially expressed at higher levels. If sigX expression induces c-di-GMP production, 

investigating the presumed link between iron, sigX and biofilms of Pseudomonads is 

worth pursuing as it is established that c-di-GMP stimulates biofilm formation. This 

might open a new avenue for understanding how iron affects Pseudomonas biofilm 

physiology.  
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Chapter 5: Discussion and Future Directions 

Introduction 

  P. aeruginosa requires iron for infection and virulence207. Due to its ability to 

undergo Fenton chemistry, iron uptake must be tightly regulated to avoid toxicity. The 

regulation of how this key nutrient is acquired and used by the cell occurs through 

various mechanisms, including the Fur-regulated PrrF sRNAs114.  Deletion of the prrF 

locus shows substantial virulence attenuation in acute murine lung infection model, 

making the PrrF sRNAs crucial elements for pathogenesis in P. aeruginosa67. Previous 

studies showed that the PrrF sRNAs regulate a subset of genes involved in iron storage 

and oxidative stress response, as well as a large number of metabolic genes that use iron 

as a cofactor114. The PrrF sRNAs are transcribed from two highly homologous genes 

located in tandem on the P. aeruginosa genome, allowing for the production of a unique 

heme-response sRNA named PrrH115. The role of PrrH in P. aeruginosa physiology 

remains unclear, but it is hypothesized to regulate a distinct subset of genes in response to 

heme. Understanding the mechanism of PrrF and PrrH mediate regulation of their gene 

targets has thus been of interest since the discovery of these sRNAs. My work is the first 

mechanistic study to show how PrrF affects gene expression and virulence traits in P. 

aeruginosa. In addition, my work has identified a new iron regulation of antR that is 

independent of PrrF. 

 

5.1 Identification of Hfq as a PrrF and PrrH binding protein. As I began my 

studies, our lab had developed a crosslinking methodology coupled with sequence 

specific affinity chromatography and tandem mass spectrometry (SSAC-MS/MS) to 
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identify proteins that interact with the PrrF and PrrH sRNAs in vivo. These analyses 

identified Hfq, a protein known to interact with and stabilize numerous bacterial sRNAs, 

as a potential binding partner of both the PrrF and PrrH sRNAs. These analyses also 

identified several other proteins as potentially interacting with the PrrF and PrrH sRNAs, 

although it is unclear if these interactions are specific. Many of the proteins identified in 

our SSAC-MS/MS analyses are involved in iron homeostasis - PvdL is required for 

siderophore biosynthesis, shikimate is a precursor for siderophore biosynthesis, HemB is 

involved in the biosynthesis of heme, and the putative oxido-reductase encoded by 

PA3106 likely contains an iron cofactor. The PrrF1 and PrrH co-localization in the 

bacterial cell with other factors involved in iron homeostasis could explain this result. 

Yet, application of the SSAC-MS/MS methodology to other bacterial sRNAs of P. 

aeruginosa, as well as analysis of protein that interact with iron-responsive sRNAs in 

other bacterial species, should provide additional clarity to these results.  

To determine the validity of our SSAC-MS/MS results, I purified the P. 

aeruginosa Hfq (Pa Hfq) protein and analyzed its ability to interact with the PrrF and 

PrrH sRNAs by EMSA. My results confirmed that the Hfq protein is capable of 

interacting with both the PrrF and PrrH sRNAs166 (See Chapter 2). I next used stringent 

biochemical and biophysical analyses to clearly establish the interactions of Hfq with 

each of the PrrF sRNAs (See Chapter 3). My in vitro data showed that PrrF1 and PrrF2 

have similar affinity for Pa Hfq (51 nM for PrrF1 and 70 nM for PrrF2). This was 

expected because PrrF1 and PrrF2 have > 95% sequence identity.  

Though Hfq has been shown to mediate annealing between sRNAs and their 

mRNA targets, Pa Hfq seems to only increase the annealing rate of the PrrF binding to 
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antR mRNA. My results also indicate that antR has a strong affinity for the PrrF sRNAs 

(2.5 nM) as compared to Pa Hfq (295 nM), which brings the question of whether Pa Hfq 

is required for PrrF function in vivo. It is worth noting that in some Gram-positive 

bacteria like Staphylococcus aureus, Hfq exits but its deletion does not have any effect on 

the expression and function of the sRNAs9. In addition, Y. pestis encodes two RyhB 

sRNAs (RyhB1 and RyhB2), one of which is regulated by Hfq, but not the other. In sum, 

Hfq mechanism of mediating PrrF sRNA regulation seems to be similar to what has been 

seen in E. coli sRNA regulation.  

Sequence alignments show that Pa Hfq and E. coli Hfq (Ec Hfq) are 65% identical 

and the core sequence required for protein activity is conserved between the two bacterial 

species. To test whether or not Ec Hfq can interact with the PrrF sRNAs, I performed a 

side-by-side footprinting analysis of both Pa Hfq and Ec Hfq bound to the PrrF sRNAs 

(See Chapter 3). As a control, I used an Ec Hfq R16A mutant that has lost the ability to 

bind sRNAs in E. coli. The data with Ec hfq R16A mutant indicates that Hfq binding to 

PrrF occurs through the Hfq arginine patch on the rim. Thus, Pa Hfq has a strong affinity 

for both PrrF1 and PrrF2 sRNAs, and the arginine patch on the rim is required to initiate 

and/or speed the annealing rates with mRNA targets46. Altogether, the studies with Ec 

Hfq show that the mechanism of Hfq interaction with RNAs in E. coli is similar to that of 

Hfq interaction in P. aeruginosa. 

 

5.2 Redundancy of the PrrF1 and PrrF2 sRNAs in gene regulation. I have also 

established the mechanism of PrrF regulation of antR, which regulates the metabolism of 

a critical precursor for AQ synthesis. My work showed that the chaperone protein Hfq 
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has a weaker affinity for the mRNA (295 nM) than it does for the PrrF sRNAs. The 

finding that Hfq does not bind nearly as well to antR can be explained by the lack of a 

clear binding site on antR mRNA, such as an A-rich motif (AAN) 4 essential for Hfq 

recognition and binding to the mRNA31. Previous failures by our own laboratory to make 

a clean hfq mutant have precluded us from addressing the role of Hfq in PrrF-mediated 

regulation of antR at the present time. However, my in vitro kinetic analyses could prove 

to be more important in ensuring PrrF regulation of antR in vivo, when the PrrF sRNAs, 

antR mRNA, and other factors (ribosome) are all present. This was demonstrated by 

previous study of a Pa ∆hfq mutant165. Nonetheless, future work into conditional hfq 

mutants may further inform on the in vivo role of Hfq in PrrF regulation of antR. 

To further establish the role for PrrF regulation of antR in vivo, I constructed 

reporter strains of antR (antR67) containing the native promoter. I then cloned them in 

sense with the lacZY gene lacking its own shine Dalgarno site. I analyzed the activity of 

this reporter under low and high iron conditions. The repression of antR in the wild type 

PAO1 strain and de-repression in the PrrF double mutant (∆prrF1,2) strain when grown 

in low iron conditions suggests a direct interaction between the PrrF sRNAs and antR 

mRNA in vivo. This work also revealed the redundancy of the PrrF sRNAs function in P. 

aeruginosa, as antR remained repressed in either the ∆prrF1 or ∆prrF2 single mutants 

under low iron conditions. Moreover, the mass spectrometry analysis of PQS and AQs in 

the single ∆prrF mutants shows that both PrrF1 and PrrF2 affect the production of these 

molecules (See Chapter 3).  

 

 5.3 In vitro studies attempted with PrrH. As for the PrrH sRNA, getting enough 
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transcripts to perform EMSA with Pa Hfq has been very challenging, owing to the 

intrinsic nature by which this sRNA is made. PrrH results from the read-through at prrF1 

Rho independent terminator, and the possibility for the RNA to be unstable is high, as 

was previously shown of read-through transcripts in E. coli208.  Nevertheless, my 

preliminary EMSA on PrrH indicates that it binds to Pa Hfq. One major issue I faced was 

the presence of two RNA species in the reaction, PrrF and PrrH sRNAs (See Appendix 

B). PrrF was present in small amount as compared to PrrH, and Pa Hfq appeared to have 

a higher affinity for PrrH and 33.3 nM Pa Hfq was enough to induce a shift on the native 

gel (Appendix B). Nonetheless, PrrH remains an outstanding question. We are continuing 

to pursue the genetic and biophysical basis of this unique RNA’s expression and function, 

and we expect these studies to further enlighten the basis for the conserved tandem 

arrangement of the prrF genes in P. aeruginosa species. 

 

5.4 Summary and future directions. One line of ongoing research in our lab will 

focus on other putative PrrF targets that are conserved in pseudomonads. AntR is not 

conserved across most nonpathogenic pseudomonads, even though the PrrF sRNAs are 

present in all pseudomonads. Therefore, we are interested in exploring the more 

conserved targets to determine how their regulation by the PrrF sRNAs evolved through 

the Pseudomonas genus. Few examples of such PrrF targets are the putative 

bacterioferritin PA4880, the iron superoxide dismutase sodB, and the extracellular sigma 

factor sigX. A tentative in vitro analysis of these targets revealed that they could indeed 

interact with the PrrF sRNAs (See Chapter 4). However, further characterizations are 

needed to better understand these interactions.  
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Biophysical analyses of these targets to determine their binding affinity to PrrF 

and Pa Hfq in P. aeruginosa and other Pseudomonads are necessary to verify whether 

their PrrF regulation is conserved across all Pseudomonads. This is particularly important 

because the tandem arrangement of the PrrF sRNAs is only detected in P. aeruginosa, 

whereas other Pseudomonads encode for the two PrrF sRNAs at separate genomic loci. In 

vitro studies, in conjunction with site-directed mutagenesis coupled with reporter fusions, 

will be equally crucial to establish the mechanism of PrrF and Pa Hfq regulation of the 

putative targets.  Moreover, RT-qPCR to determine the targets expression levels under 

different iron gradient will give an estimated concentration of iron required in vivo to 

induce an effect. Likewise, northern blot to determine RNAs levels and western blot to 

determine proteins levels of these targets under various PrrF expressions will provide 

additional information onto these targets expression and stabilization in vivo. This will 

give clear mechanisms into how the putative targets are regulated by PrrF and Hfq under 

specific conditions. 

Understanding the iron-mediated PrrF and Pa Hfq regulation of these genes may 

open a new avenue for antimicrobial therapeutic, as iron is central to P. aeruginosa for 

survival, virulence, and pathogenesis. 
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Appendix A: The complex interplay of iron, biofilm formation, and mucoidy 
affecting antimicrobial resistance of Pseudomonas aeruginosa1 
 
Introduction 

Pseudomonas aeruginosa is a premier opportunistic pathogen, particularly 

amongst humans with certain underlying conditions. It is a leading infectious agent in 

cancer patients with chemotherapy-induced neutropenia209, and most CF patients become 

infected with P. aeruginosa early in life and generally remain chronically infected 

throughout adulthood210. P. aeruginosa has also been associated with bacteremia in burn 

victims211 and acute ulcerative keratitis in individuals wearing contaminated contact 

lenses212,213. Complicating treatment of individuals infected with this pathogen is the 

increasing ability of P. aeruginosa to resist even the most contemporary therapeutic 

agents214. One of the most notable mechanisms contributing to antibiotic resistance of P. 

aeruginosa is its proclivity to form biofilms through the increased production of one or 

more of three distinct extracellular polysaccharide matrices, designated as Pel, Psl, and 

alginate215. In this regard, most P. aeruginosa strains isolated from chronically infected 

cystic fibrosis (CF) patients exhibit the mucoid phenotype, a consequence of hyper-

production of alginate. This mucoid phenotype was previously thought to increase 

antimicrobial resistance by providing a physical barrier to antibiotic penetration78,216. 

However, the conversion of chronic pulmonary isolates of P. aeruginosa to a mucoid 

phenotype is correlated with numerous other physiological changes, such as hyper-

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  Adapted from Oglesby-Sherrouse, A.G., Djapgne, L., Nguyen, A.T., Vasil, A.I. & 
Vasil, M.L. The complex interplay of iron, biofilm formation, and mucoidy affecting 
antimicrobial resistance of Pseudomonas aeruginosa. Pathog Dis 70, 307-20 (2014). 
Permission to reuse under license number: 423773084435. A. Oglesby-Sherrouse 
performed ETEST antimicrobial testing in Denver Colorado. A. Vasil developed the 
initial MBEC protocol in Denver Colorado. L. Djapgne optimized the MBEC protocol 
and performed the MBEC and the growth curve studies in Baltimore, Maryland.	  
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mutability, which also contribute to antibiotic resistance217,218. Additionally, P. 

aeruginosa can mount a protective response to antibiotic exposure via increased 

expression of multidrug efflux pumps and ß-lactamases, as well as through the down-

regulation of outer membrane porins219. 

P. aeruginosa requires an abundance of iron during infection97,102,136,137, but the 

sequestration of iron by host proteins from potential pathogens creates a substantial 

barrier to infection. P. aeruginosa overcomes iron limitation through a variety of 

mechanisms, including the synthesis and secretion of two siderophores, pyoverdine and 

pyochelin, which can scavenge iron from host proteins and thus contribute to 

virulence102,136. P. aeruginosa can also acquire iron from heme, an abundant source of 

host iron, via at least two systems: Phu (Pseudomonas heme uptake) and Has (heme 

assimilation system)108. In reducing or anaerobic environments, P. aeruginosa acquires 

iron via the Feo system, a G-protein-like transporter of ferrous iron106,220. Because of the 

potential for iron-accelerated oxidative damage, iron uptake systems are coordinately 

regulated in response to iron availability by the Fur (ferric uptake repressor) protein and 

an array of sigma factors. As an example, Fur directly represses expression of pvdS, 

encoding a sigma factor that, in turn, directly activates expression of genes for 

pyoverdine biosynthesis (pvd) and uptake (fpv), exotoxin A (toxA), and a secreted 

protease that can degrade iron-binding proteins (prpL)98,153,221,222. Binding of ferri-

pyoverdine to its outer membrane receptor, FpvA, releases PvdS, which is normally 

sequestered at the inner membrane by its anti-sigma factor, FpvR223,224.  

Several studies demonstrate that high iron concentrations favor the formation of 

biofilms117,225-229, and a recent report shows iron released from CF airway epithelial cells 
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promotes biofilm formation by this pathogen225. Pyoverdine-mediated iron uptake 

contributes to the formation of P. aeruginosa biofilms, and intracellular iron levels are 

important for biofilm formation117. Furthermore, a recent study showed an FDA-

approved iron chelator, deferasirox (DSX), in combination with tobramycin, blocks the 

formation of biofilms on CF airway epithelial cells by P. aeruginosa225. Because of the 

pervasive role of iron in P. aeruginosa physiology, we postulated that iron might 

similarly affect the ability of P. aeruginosa to better resist a broader range of antibiotics. 

Here we show iron levels affect resistance of P. aeruginosa to two antibiotics: 

tobramycin, which is commonly used to control P. aeruginosa lung infection in CF 

patients, and tigecycline, which is used to treat skin and soft tissue infections by a variety 

of bacteria, though P. aeruginosa is generally considered to be resistant to this antibiotic. 

While both antibiotics target protein synthesis, the mechanisms by which iron enhances 

resistance of P. aeruginosa to each vary greatly, indicating the complicated and varied 

roles that iron uptake and signaling play in pathogenesis and virulence-associated 

activities. Furthermore, our studies, which employ the use of the FDA-approved iron 

chelator DSX, broaden the potential for this and other FDA-approved iron chelators to 

treat individuals afflicted with P. aeruginosa infections. 

 

Materials and Methods 

Bacterial strains and growth conditions: Bacterial strains used in this work are 

listed in Table 1. The ∆pvdA, ∆pvdD, ∆pvdD∆pchEF, and ∆pchEF mutants were 

generated by allelic exchange as previously described230. Deletion of each gene in the 

resulting mutants was confirmed by polymerase chain reaction (PCR). Additionally, 
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phenotypic validation of the pyoverdine mutants was conducted by chrome azurol S 

(CAS) and chromophore detection assays as described below. P. aeruginosa strains were 

maintained in brain-heart infusion (BHI) broth or on BHI agar plates. For high and low 

iron DTSB medium, tryptic soy broth (TSB) was treated with Chelex-100 resin (Bio-

Rad) and dialyzed, then supplemented with 50 mM monosodium glutamate and 1% 

glycerol. CAS amino acids medium (CAA) was also prepared as previously described231 

for growth curves. FeCl3 was added to a concentration of 100 µM. Heme was added at a 

final concentration of 40 µM. Purified pyoverdine was added at a final concentration of 2 

µM. Deferasirox (DSX,  - Novartis) was added to a final concentration of 330 µM to 

ensure complete iron chelation in iron-replete conditions without inhibiting growth of 

PAO1. Desferoxamine (DFO) was added at a final concentration of 400 µg ml-1 as 

previously described232. Ethylenediamine-di(o-hydroxyphenylacetic acid) (EDDHA) was 

deferrated as previously described233 and added at a final concentration of 45 µM. For 

low oxygen growth, ETEST® plates were incubated in GasPakTM (BD BBLTM) 

containment systems with either a GasPakTM EZ (for anaerobic environment) or 

CampyPakTM EZ (for microaerobic environment, approximately 6-16% O2 after 2 hours 

according to manufacturer’s insert) pouch added to deplete atmospheric oxygen. 

Table A.1: Strains used in this study 

Strain Description Source or reference 
PAO1 Wild-type P. aeruginosa 

strain 
Holloway 1995 

P.S.3 Mucoid CF clinical Isolate Pradeep Singh 
P.S.5 CF clinical Isolate Pradeep Singh 
P.S.7 Weakly mucoidy clinical 

isolate from explanted CF 
Lung 

Pradeep Singh 

∆pvdA PAO1 carrying a deletion in 
the pvdA coding sequence 

U. Ochner 



	  

	   106 

Table A.1 Continued 
∆pchEF PAO1 carrying a deletion in 

the pchEF coding sequence 
U. Ochner 

∆pvdD PAO1 carrying a deletion in 
the pvdD coding sequence 

U. Ochner 

∆pvdDpchEF PAO1 carrying a deletion in 
the pvdD and pchEF coding 
sequence 

U. Ochner 

∆mucA PAO1 carrying a deletion in 
the mucA coding sequence 

Yuta Okkotsu 

∆mucB PAO1 carrying a deletion in 
the mucB coding sequence 

Yuta Okkotsu 

Fur C6 PAO6261∆anr mutant 
carrying a A10-> G 
mutation in the Fur protein 

Barton et al, 1996 

∆prrF1,2 PAO1 carrying a deletion in 
the prrF1,2 locus 

Wilderman et al, 2004 

 
 

Antibiotic resistance testing. ETEST® antibiotic gradient strips (Biomérieux) 

were used to assess the level of antibiotic resistance in the presence of different 

concentrations of iron as described in the manufacturer’s instructions with some 

modifications. Briefly, stains were grown overnight from freezer stock on BHI agar. 

Either a 0.5 (non-mucoid strains) or 1.0 (mucoid strains) McFarland standard was 

prepared in sterile saline then spread onto 150-mm DTSB agar plates supplemented as 

indicated in duplicate. Plates were allowed to dry for 30 minutes, then antibiotic test 

strips were applied to the agar. Antibiotic resistance was read according to the 

manufacturer’s instructions after 20 hours incubation at 37°C. 

 

Siderophore detection. Total iron chelator production in DTSB culture 

supernatants was quantified as previously described234. Briefly, 100 µL of culture 

supernatant was mixed with 100 µL of chrome azurol S (CAS) solution and left to 
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equilibrate for 30 minutes at room temperature. 800 µL of sterile water was added to the 

reaction and the absorbance at 410 nm was determined on the spectrophotometer. The 

pyoverdine chromophore was directly detected in culture supernatants by determining the 

absorbance of the filtered supernatants at 410 nm. All readings were normalized to 

culture density as determined by the absorbance at 600 nm.  

 

Purification of pyoverdine. Mini-preparations of pyoverdine were obtained as 

described previously207 with minor modifications. Briefly, supernatant from a 50-ml 

culture of wild type PAO1, grown in DTSB + 0.5 MSG and 1% glycerol for ~18 hours, 

was applied to a C8 SPE column (Fisher) by gravity. The column was washed with water 

and pyoverdine eluted with 50% methanol. The resulting eluate was dried by 

centrifugation in a evaporator and resuspended in 1 ml of water. The concentration was 

determined by diluting the stock in 0.5M acetic acid-sodium acetate buffer at pH 5.0 and 

determination of the A380 (ε = 16,500 M-1 cm-1 at A380, pH 5.0). 

 

Biofilm growth and measurement. The MBEC (minimal biofilm eradication 

concentration) Assay™ physiology and genetics biofilm device (formerly known as the 

Calgary Biofilm Device, Innovotech) was used to assay biofilm formation and the MBEC 

of tobramycin and tigecycline against PAO1, according to the manufacturer’s instructions 

and as previously described235 with some modifications. Briefly, 96-well MBEC plates 

containing DTSB, supplemented with 100 µM FeCl3, were inoculated in duplicate with 

approximately 1 x 107 cfu ml-1 bacteria. The plates were covered with the MBEC peg lids 

and incubated with gentle shaking (65 RPM) at 37°C for 24 hours to allow biofilm 
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formation on the pegs. Following incubation, the peg lid was gently washed in PBS to 

remove non-adherent bacteria, then transferred to a fresh 96-well “challenge plate” with 

DTSB, with or without 100 µM FeCl3, and varying concentrations of either tobramycin 

or tigecycline. Biofilms were incubated with tobramycin for 24 hours at 37°C, at which 

point the pegs were stained with 0.1% crystal violet solution for 10 minutes, then rinsed 

in water. After drying, the pegs were destained in 200 µl 30% acetic acid, and the amount 

of crystal violet dye released was determined by reading the wells at OD595 in a Biotek 

plate reader.  

 

Results 

 Iron enhances antibiotic resistance to tobramycin and tigecycline. Iron was 

previously shown to play a role in resistance of P. aeruginosa grown on CF airway cells 

to tobramycin236. To look more broadly at the potential effects of iron on P. aeruginosa’s 

ability to survive antibiotic treatment, we explored the effects of iron concentration on 

resistance of P. aeruginosa to multiple clinically-relevant antibiotics. ETEST® antibiotic 

test strips (Figure A.1) were used to determine the minimal inhibitory concentration of 

eight different antibiotics with varying clinical efficacy against P. aeruginosa 

(summarized in Table A.2).  
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Figure A.1: Iron increases resistance of P. aeruginosa to tobramycin. Demonstration of 
ETEST analysis to determine the minimal inhibitory concentration (MIC) of tobramycin 
toward PAO1 growing on DTSB agar medium with and without FeCl3 (100 µM) 
supplementation. 
 

For these assays, P. aeruginosa strain PAO1 was grown on chelexed and dialyzed tryptic 

soy agar, an iron-depleted medium used extensively for iron regulation studies114,199. 

Three strains isolated from CF patients (P.S. 3, P.S. 5, and P.S. 7 - Table A.2) were 

included in our preliminary studies to determine the clinical relevance of our findings. 

Results of these studies are shown in Figure 1.
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Figure A.2: Iron has varying effects on resistance of P. aeruginosa to different 
antibiotics 

ETEST®s were used as described in the materials and methods to determine the minimal 
inhibitory concentration (MIC) of several clinically-relevant antibiotics toward the 
indicated clinical CF isolates growing on DTSB agar medium without (white bars) and 
with (grey bars) FeCl3(100 µM) supplementation. Error bars show the standard deviation 
in MIC's from three independent experiments (A-B and E-F). Asterisks indicate the 
significance of increased resistance upon iron supplementation as determined by a two-
tailed Students t-test: * p < 0.05. 

 

Table A.2: Antibiotics used in this study 

Cellular 
Target 

Class Antibiotic Use S/R11 (MIC 
in µg/ml) 
of P. 
aeruginosa 
 

Cell wall 
 

Penicillin 
 
 
 
 
 

Pipericillin (PP) Broad spectrum, often used 
in combination with beta-
lactam inhibitors, active 
against P. aeruginosa, 
although not used in CF 
patients 

S (≤ 64) 
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 Changing iron levels in the media had no effect on in vitro resistance to pipericillin, 

ceftazidime, or azythromycin (Figure A.2C-D and G), and caused a slight decrease in 

carbapenem resistance for two of the more resistant clinical isolates (Figure A.2A and B). 

Iron also caused a decrease in resistance to ciprofloxacin in one of the clinical isolates, 

P.S. 3 (Figure A.2H). In contrast, addition of 100µM ferric chloride to iron-depleted 

media significantly increased resistance of several P. aeruginosa strains to both 

Table A.2 
Continued 

   

Cephalosporins Ceftazidime (TZ) Broad spectrum, active 
against P. aeruginosa 
 

S (≤ 8) 
 

 
Carbapenem 
 

Imipenem (IP) and 
Meropenem (MP) 
 

Broad spectrum, resistant to 
most beta-lactamases 
 

S (≤ 4) 
 

Protein 
synthesis 
 
 

Aminoglycoside Tobramycin (TM) Gram (−), including P. 
aeruginosa; preferred over 
gentamicin for treatment of 
CF patients due to better lung 
penetration 
 

S (≥4) 
 

 
Glycylcycline 

Tigecycline (TGC) Used for tetracycline-
resistant cases of 
MRSA, Haemophilus 
influenzae, and Neisseria 
spp; limited to no activity 
against P. aeruginosa 
 

S (≥ 8) 
 

Macrolide 
 

Azithromycin (AZ) 
 

Gram (+), although 
ineffective against MRSA, 
and some Gram (−); no 
bacteriocidal activity 
against P. aeruginosa 
 

S (≥4) 
 

DNA 
replication 
 

Quinolone 
 

Ciprofloxacin (CI) 
 

Broad spectrum, although 
many clinical P. 
aeruginosa strains are 
resistant 
 

S (≤1) 
 

1Expected resistance of P. aerugionsa. MIC of resistant (R) or sensitive (S) strains shown 
in parentheses. 
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tobramycin and tigecycline (Figure A.2E-F). This increase in resistance was most 

apparent in the case of tigecycline, resulting in approximately a three-fold increase in 

MIC for both P.S. 3 and P.S. 5 (Figure A.2F). Most notably, the MICs of tigecycline 

against all of the strains grown under iron-limitation was below the threshold for 

susceptibility (8 µg/ml), especially intriguing considering tigecycline has been deemed 

clinically ineffective against P. aeruginosa237. Although not as robust, iron 

supplementation at 100 µM significantly increased the minimal inhibitory concentration 

of tobramycin against each of the strains tested by 50% to 200% (Figure A.2E), further 

supporting the idea that iron chelation/limitation could enhance the clinical efficiency of 

tobramycin236.  

These results suggest that iron exerts a protective effect on P. aeruginosa when 

exposed to tobramycin or tigecycline. To further examine this effect, we employed iron 

chelators to sequester available iron during exposure to these antibiotics. Addition of 

either deferasirox (marketed as Exjade®, abbreviated here as DSX) or desferoxamine 

(marketed as Desferal®, abbreviated here as DFO), both FDA-approved iron chelators 

typically used to treat iron-overload in humans, abrogated the increased resistance 

afforded by 100 µM FeCl3 to either antimicrobial agent (Figure A.3), demonstrating that 

elemental iron enhances resistance to these antibiotics. In contrast, addition of 

ethylenediamine-N,N'-bis(hydroxyphenylacetic acid (EDDHA) had no observable effect 

on resistance to either tobramycin or tigecycline. This could be due to the ability of 

pyoverdine to scavenge iron from EDDHA, which has a lower binding affinity for iron 

than DSX238,239. Overall, these results suggest that iron levels known to be present during 

chronic CF lung infections240-245 could enhance the ability of P. aeruginosa to resist 



	  

	   113 

either tobramycin or tigecycline. 

 

Figure A.3: Iron increases resistance of P. aeruginosa to tobramycin and tigecycline 

ETEST®s (shown in panel A) were used as described in the materials and methods to 
determine the minimal inhibitory concentration (MIC) of B) tobramycin and C) 
tigecycline toward PAO1 growing on DTSB agar medium without (white bars) and with 
(grey bars) FeCl3 (100 µM) supplementation. Error bars show the standard deviation in 
MIC's from at least three independent experiments. Asterisks indicate the significance of 
increased resistance upon iron supplementation as determined by a two-tailed Students t-
test: * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.00005. 

 

Siderophores exert different effects on tobramycin and tigecycline resistance. 

Because iron enhanced survival of P. aeruginosa in the presence of tobramycin and 

tigecycline, we next asked whether or not siderophore mutants would be more sensitive 

to these antibiotics. Accordingly, we evaluated the antibiotic resistance profiles of 

mutants defective for pyoverdine (∆pvdA, ∆pvdD, and ∆pvdS) or pyochelin (∆pchEF) 

biosynthesis in comparison to those observed with their wild type parent. Surprisingly, no 

significant difference in tobramycin resistance was observed between wild type PAO1 

and the pvd or pch mutants (Figure 3A, ∆pvdA and ∆pchEF mutants, and data not 

shown). However, addition of DSX, while eliminating the effects of iron in both 

siderophore mutants, caused tobramycin resistance to be significantly increased in each 

of the mutants as compared to wild type, particularly in the absence of iron 

supplementation (Figure A.4A). The pyoverdine mutants grew very poorly on plates 
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supplemented with DSX, and growth curves of these strains confirmed a growth defect in 

low iron DTSB upon addition of DSX (Figure A.1). Thus, the increased resistance of the 

pyoverdine mutants may be due to decreased growth and protein synthesis, the target of 

tobramycin, in the presence of DSX. Supporting this hypothesis, addition of purified 

pyoverdine to the ∆pvdA mutant restored growth to wild type levels (Figure A.5), and 

reduced tobramycin resistance of the ∆pvdA mutant to wild type levels (Figure A.4A). 

This rationale, however, cannot be applied to the ∆pchEF mutant, which grows similar to 

wild type in liquid (Figure A.6) and on solid media (data not shown). Alternatively, it is 

possible that a compensatory increase in pyoverdine biosynthesis allows the ∆pchEF 

mutant to acquire iron and survive tobramycin treatment, perhaps even better than the 

wild type parent. The ∆pchEF mutant does indeed produce higher levels of pyoverdine as 

compared to the wild type PAO1 strain, as judged by both chromophore absorbance and 

chrome azurol S assay (Figure A.6).  
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Figure A.4: Siderophores exert complex effects on iron-enhanced resistance to 
tigecycline and tobramycin 

ETEST®s were used as described in the materials and methods to determine the MIC of 
tobramycin and tigecycline toward PAO1 and an isogenic pyoverdine biosynthetic 
mutant (ΔpvdA) growing on DTSB agar medium in the presence or absence of FeCl3, 
deferasirox (DSX), or pyoverdine, as indicated in the figures. Error bars show the 
standard deviation in MIC's from three independent experiments. Asterisks indicate the 
significance of increased or decreased resistance either upon supplementation of 
pyoverdine or as otherwise indicated as determined by a two-tailed Students t-test: * - p < 
0.05, ** - p < 0.01. ND - not determined. 
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Figure A.5: Pyoverdine allows for optimal growth in the presence of Exjade. The 
indicated strains were grown in liquid DTSB broth for 16 hours with the indicated 
amounts of DSX and/or purified pyoverdine. Growth was monitored in a Bioscreen C. 
Shown are average absorbance (OD600) values from three independent experiments.  
 

 

Figure A.6: The ∆pchEF mutant displays a compensatory increase in pyoverdine 
production. Supernatants of the indicated strains were grown in DTSB broth with (grey 
bars) or without (white bars) 100 µM FeCl3 and analyzed for pyoverdine (A) and overall 
siderophore (B) production as described in the materials and methods.  
 

However, addition of purified pyoverdine to the wild type strain did not increase 

tobramycin resistance (Figure A.4A). In fact, the addition of pyoverdine to the wild type 

strain reduced tobramycin resistance, although this reduction was only significant in the 

presence of iron and DSX (Figure A.4A). Based on these data, it seems unlikely that 

enhanced pyoverdine production by the ∆pchEF mutant is the source of increased 
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tobramycin resistance in the presence of DSX. While the rationale for increased 

resistance of the ∆pchEF mutant in the presence of DSX remains unclear, our results do 

indicate that siderophore-mediated iron uptake is not the primary means by which PAO1 

mediates iron-enhanced tobramycin resistance. 

 

In contrast to what was observed regarding the influence of iron on tobramycin 

resistance, the ∆pvdA mutant was slightly more sensitive to tigecycline than the wild type 

in the absence of deferasirox (Figure A.4B). Curiously, this defect was only significant 

when these strains were grown in the presence of iron (p < 0.05). The addition of DSX 

caused a significant decrease in resistance to tigecycline in the wild type grown in low 

iron, and in the ∆pvdA mutant grown in either high or low iron (p < 0.05). In contrast to 

the ∆pvdA mutant, the ∆pchEF mutant displayed increased tigecycline resistance in the 

presence of DSX (Figure A.4B), possibly due to compensatory production of pyoverdine. 

Supplementation of the media with purified pyoverdine restored tigecycline resistance to 

the ∆pvdA mutant to wild type levels (Figure A.4B), supporting the idea that increased 

tigecycline resistance in the ∆pchEF mutant is due to a compensatory increase in 

pyoverdine production. Notably, iron still enhanced tobramycin resistance in the ∆pvdA 

mutant, suggesting other methods of iron acquisition may contribute to iron enhanced 

tobramycin resistance. Moreover, addition of pyoverdine eliminated the effect of iron on 

tigecyclin resistance  in the absence of DSX (Figure A.4B). Thus, the mere presence of 

pyoverdine in the media is not sufficient for enhanced antimicrobial resistance to 

tigecycline and may even exert a negative effect on tigecycline resistance in iron-replete 

environments. Instead, our data suggest that pyoverdine biosynthesis, even at the low 
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levels present in iron-replete conditions, may contribute to tigecycline resistance. 

However, our data also indicate that other mechanisms of iron acquisition, independent of 

pyoverdine, are able to mediate this phenomenon in the absence of pyoverdine. 

 

Heme confers a modest increase in tobramycin resistance in the presence of 

an iron chelator. Since heme is potentially an abundant source of iron during infection, 

we next tested the ability of heme to enhance P. aeruginosa resistance to tobramycin and 

tigecycline. At a concentration of 40 µM, heme allowed for a slight increase in resistance 

to tobramycin (Figure A.7A), but it is unknown if this small increase in MIC (0.4 to 0.5 

µg/ml) would be clinically significant. Interestingly, heme elicited nearly a 2-fold 

increase in resistance to tobramycin in the presence of the iron chelator DSX (Figure 4A), 

suggesting increased levels of heme during infection may be able to overcome the effects 

of iron chelation. In contrast, heme did not lead to increased resistance to tigecycline in 

either the absence or presence of DSX (Figure A.7B). Because of its hydrophobicity, free 

heme often aggregates and can even be toxic to cells, which could have complicated 

analysis of our results. P. aeruginosa can also acquire heme from hemoglobin, a more 

soluble source of iron found in the host. Thus, we tested the ability of P. aeruginosa to 

resist antibiotic treatment in the presence of hemoglobin. At 64 µg/ml of hemoglobin, 

which correlates to approximately 4µM heme, we observed no significant increase in 

MIC of either tobramycin (Figure A.7C) or tigecycline (Figure A.7D) as compared to 

DTSB with no iron source, either in the presence or absence of DSX. Thus, hemoglobin 

does not appear to induce the same protective response during tobramycin treatment as 

does heme or iron. 
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Figure A.7: Heme enhances tobramycin resistance in the presence of deferasirox 

ETEST®s were used as described in the materials and methods to determine the MIC of 
tobramycin and tigecycline toward PAO1 growing on DTSB agar medium with or 
without heme or hemoglobin (HGB) supplementation, in the presence or absence of the 
iron chelator DSX, as indicated in the figures. Error bars show the standard deviation in 
MIC's from three independent experiments. Asterisks indicate a significant increase in 
resistance by addition of heme or hemoglobin as determined by Student's t-test (* p < 
0.05; ** p < 0.01). 

 
Iron regulation plays a minor role in iron- and heme-induced tigecycline 

resistance. Previously, a P. aeruginosa fur mutant was shown to form biofilms under low 

iron culture conditions, whereas the wild type was unable to form biofilms under iron 

depletion, indicating a role for iron regulation in biofilm formation117. Thus, we 

wondered if iron regulation might additionally be involved in the observed increase in 

antibiotic resistance upon iron supplementation. To test this, we determined the MICs of 

tobramycin and tigecycline for a C6 fur mutant, which produces a Fur protein defective 

for DNA binding and is de-regulated for siderophore and exotoxin A synthesis246. While 

the C6 fur mutation had no effect on iron enhancement of resistance to either tobramycin 
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or tigecycline (Figure. A.8A-B), this mutation allowed for heme-induced resistance to 

tigecycline (Figure. A.8D), while heme had very little effect on tigecycline resistance of 

wild type cells (Figures A.7B and A.8D). Similarly, deletion of the Fur-repressed PrrF 

regulatory RNAs allowed for a small but significant increase in tigecycline resistance in 

the presence of heme (Figure. 8D). These results suggest iron homeostasis and/or 

signaling is important for tigecycline resistance, while the function of these processes 

have no significant effect on resistance to tobramycin.  

 

Figure A.8: Iron regulation does not play a major role in iron-dependent enhancement of 
antibiotic resistance 
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ETEST®s were used as described in the materials and methods to determine the MIC of 
tobramycin and tigecycline toward PAO1 and the indicated iron regulatory mutants 
growing on DTSB agar medium without (white bars) and with (grey bars) FeCl3 or heme 
supplementation. Error bars show the standard deviation in MIC's from three independent 
experiments. Asterisks (*) indicate a significant increase in resistance as compared to the 
wild type as determined by Student's t-test (p < 0.01). 

 

 Iron enhances resistance to tobramycin and tigecycline under low oxygen 

conditions in a Feo-independent manner. The human body is a diverse set of 

environments, and nutrient availability in specific sites of P. aeruginosa infection can 

vary greatly. One current focus of research concerns how oxygen availability, which 

vastly decreases in the lung during late stages of CF disease247, affects gene expression 

and production of virulence determinants in P. aeruginosa. Oxygen status can also affect 

iron availability, as iron is reduced to its ferrous, soluble form under anaerobic 

environments, while remaining largely insoluble as ferric iron under aerobic conditions. 

Therefore, we next looked at the ability of iron to confer a protective effect in the 

presence of either tigecycline or tobramycin under microaerobic and anaerobic 

conditions. While we observed an overall increase in resistance to both tigecycline and 

tobramycin under anaerobic conditions, potentially due to increased iron solubility and/or 

decreased growth rates, resistance to either antibiotic was enhanced by iron 

supplementation under both microaerobic and anaerobic conditions in a manner similar to 

what was observed during aerobic growth (Figure A.9). Also similar to what was 

observed under aerobic conditions, addition of DSX eliminated the inducing effects of 

iron on resistance, indicating oxygen availability does not affect iron-enhanced resistance 

to these antibiotics. Curiously, the feoB gene, encoding for a G-protein-like transporter of 

ferrous iron, was not required for iron-induced resistance to either tobramycin or 
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tigecycline under microaerobic or anaerobic conditions (Figure A.9). Overall, these 

results indicate that iron is able to increase resistance to tobramycin and tigecycline 

regardless of its oxidation state. 

 

Figure A.9: Iron and DSX exert similar effects on tigecycline and tobramycin resistance 
under microaerobic and anaerobic conditions 

ETEST®s were used as described in the materials and methods to determine the minimal 
inhibitory concentration (MIC) of tobramycin and tigecycline toward PAO1 and a 
Δfeo ferrous iron uptake mutant growing on DTSB agar medium without (white bars) and 
with (grey bars) FeCl3 (100 µM) supplementation. Plates were incubated in jars with 
anaerobic or Campy Paks as described in the materials and methods Error bars show the 
standard deviation in MIC's from three independent experiments. * p < 0.05, ** p < 
0.005, *** p < 0.0005. 

 

 Iron enhances tobramycin resistance of PAO1 biofilms. Iron is an important 

factor for P. aeruginosa biofilm development117,225-229, a phenomenon that further 

complicates antibiotic treatment of recalcitrant infections. Therefore, we next sought to 

determine the effects of iron, heme, and DSX on resistance of PAO1 biofilms to 

tobramycin and tigecycline. For these studies, we employed the MBEC Assay™ 

(Innovotech), which utilizes a 96-well plate with a peg lid on which biofilms can form. 

Using this MBEC device, the minimal biofilm eradication concentration (MBEC) can 
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quickly be determined for a large number of compounds and conditions. Wild type PAO1 

biofilms were allowed to form on the MBEC device pegs in iron-replete media, then 

gently washed and exposed to decreasing concentration of either tobramycin or 

tigecycline, in the presence or absence of iron. Similar to what was observed with the 

ETEST®, iron enhanced the ability of planktonic cells in the MBEC device to survive 

antibiotic treatment, and addition of DSX eliminated this effect (Table A.3). Moreover, 

iron increased the MBEC of the PAO1 biofilms from 2 µg/ml in low iron to 8 µg/ml in 

high iron (Figure A.10A). Previous studies demonstrated that sub-inhibitory 

concentrations of aminoglycosides, including tobramycin, induced biofilm formation by 

P. aeruginosa via increased synthesis of the cylic di-GMP (c-di-GMP) second 

messenger248. In agreement with these earlier studies, we also observed a large induction 

in biofilm formation at sub-inhibitory concentrations of tobramycin (< 2 µg/ml – Figure 

A.10A). Interestingly, induction of biofilm formation by tobramycin was eliminated in 

the absence of iron (Figure A.10A), and addition of the DSX iron chelator eliminated 

tobramycin-induced biofilm formation in iron-replete cultures (Figure A.10C). 

Combined, these data suggest a link between iron regulation and c-di-GMP signaling in 

mediating resistance of PAO1 biofilms to tobramycin. 
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Figure A.10: Iron protects PAO1 biofilms from eradication by tobramycin and 
tigecycline 

PAO1 biofilms were allowed to form on MBEC device pegs for 24 hours in DTSB 
supplemented with 100 µM FeCl3. The biofilms were then washed in saline, then 
challenged for 24 hours with varying concentrations of tobramycin (A) or tigecycline (B) 
in the presence or absence of 100 µM FeCl3 and/or 330 µM DSX as indicated. Biofilm 
formation was then determined as described in the materials and methods. Error bars 
show the standard deviation of three independent experiments. Asterisks indicate the 
significance of increased resistance upon iron supplementation as determined by a two-
tailed Students t-test: * p < 0.05, ** p < 0.005, *** p < 0.005. 
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Table A.3: MICs of planktonic PAO1 

MIC 
 - DSX + DSX 
Antibiotic  - Iron + Iron - Iron + Iron 
Tobramycin 1.0 ± 0.0 2.7 ± 1.2 

 
0.6 ± 0.2 
 

0.8 ± 0.3 
 

Tigecycline 53.3 ± 18.5 
 

64.0 ± 0.0 
 

8.0 ± 0.0 
 

8.0 ± 0.0 
 

1MIC = minimal inhibitory concentration of antibiotic required to produce clearing in 
MBEC plate wells, as described in materials and methods. 

 

In contrast to what was observed with tobramycin, PAO1 biofilms were highly 

resistant to tigecycline regardless of iron supplementation (Figure A.10B), and addition 

of DSX exerted no significant effect on biofilm formation in the presence of tigecycline 

(Figure A.10D). Curiously, planktonic PAO1 cells also showed extremely high resistance 

(MIC = 64 µg/ml) in either high or low iron conditions (Table A.3). This finding was 

particularly surprising, since the MIC as determined by ETEST®, which measures 

resistance of bacteria growing on agar, was much lower (approximately 10 and 5 µg/ml 

in high and low iron media, respectively - Figure A.3B). In spite of the high resistance of 

planktonic cells to tigecycline in this assay, addition of DSX greatly reduced the MIC of 

tigecycline for planktonic PAO1 (to 8 µg/ml - Table A.3). These data demonstrate the 

complex relationship between iron and P. aeruginosa antimicrobial resistance, and 

further delineate the apparent mechanisms by which iron enhances resistance to 

tobramycin and tigecyclin. 

 

Mucoidy per se has no effect on antibiotic resistance of P. aeruginosa. A 

hallmark of chronic P. aeruginosa infection of CF patients is the appearance of a mucoid 

phenotype, often due to the mutation of one of the muc genes resulting in overproduction 
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of the polysaccharide alginate249-251. It has been proposed that excessive alginate 

production by these strains contributes to antibiotic resistance by providing a physical 

barrier to antibiotic penetration216, but this hypothesis has not yet been directly tested. 

Analysis of antibiotic resistance of our clinical isolates showed no correlation between 

mucoidy and antibiotic resistance for any of the antibiotics we tested (Figure A.2 - P.S. 3 

and P.S. 7 are mucoid; P.S. 5 is not). This was by no means an exhaustive collection of 

CF clinical isolates, though. Furthermore, numerous factors drive the evolution of P. 

aeruginosa during decades-long chronic CF infections, which can result in large 

variations in the ability of infecting strains to resist different antibiotics. We therefore 

sought to directly determine the effects of alginate over-production on antibiotic 

resistance by testing isogenic muc mutants of PAO1. As shown in Figure A.11, the 

∆mucA and ∆mucB mutants are no more resistant than the wild type strain to either 

tobramycin or tigecycline. Moreover, the effect of iron and DSX on these strains is 

similar to what was observed for the wild type PAO1 parent strain (Figure A.11). 

Together, these results indicate that increased antibiotic resistance of mucoid clinical CF 

isolates is largely due to other characteristics of mucoid P. aeruginosa strains, perhaps 

hyper mutability, rather than increased secretion of alginate. Combined with the observed 

effects of iron chelators on mucoid clinical isolates from CF patients, as well as data on 

non-CF isolates from previous studies in other laboratories236, these results suggest FDA-

approved iron chelators, such as DSX, may potentiate the activity of tobramycin during 

CF lung infections. 
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Figure A.11: Mucoidy per se does not increase resistance to tobramycin or tigecycline 

ETEST®s were used as described in the materials and methods to determine the MIC of 
tobramycin and tigecycline toward PAO1 and the indicated deletion mutants growing on 
DTSB agar medium without (white bars) and with (grey bars) FeCl3 supplementation. 
Error bars show the standard deviation in MIC's from three independent experiments. 
 

Discussion 

Antimicrobial resistance is an ever-increasing problem, and the requirement for 

iron by pathogenic bacteria provides an ideal target for antimicrobial agents. Yet the time 

required to develop novel, effective, and safe therapies is a hurdle to antibiotic drug 

discovery. As such, repurposing already-approved therapies to improve the efficacy of 

available antibacterials is a favorable option for extending the current antimicrobial 
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arsenal. Iron chelation therapy has been used for more than 40 years to treat iron overload 

disorders252. Because of their proven efficacy and relative safety in humans, both DFO 

and DSX are ideal candidates for enhancing current antibiotic therapies. Previous studies 

demonstrated that concurrent treatment with the FDA-approved iron chelator DSX, sold 

in the US under the brand name Exjade®, may increase the effectiveness of tobramycin in 

controlling P. aeruginosa infections in the CF lung. DSX was previously shown to block 

biofilm formation by P. aeruginosa when used in combination with tobramycin236. In this 

study, we demonstrate that iron chelation increases susceptibility of P. aeruginosa 

growing in iron-replete conditions to certain antibiotics, namely tobramycin and 

tigecycline. Additionally, our study further corroborates previous studies showing that 

iron chelation enhances activity of tobramycin against P. aeruginosa biofilms. Moreover, 

we show that iron chelation eliminates the induction of P. aeruginosa biofilm formation 

by sub-inhibitory concentrations of tobramycin, a previously-reported phenomenon that 

likely complicates tobramycin treatment of chronic CF lung infections248. Combined with 

previous reports, this study strengthens the argument for development of FDA-approved 

iron chelators for the treatment of multi-drug resistant microbial infections, including P. 

aeruginosa infections in the CF lung. 

Iron concentrations in the CF lung vary and measure anywhere between 2 and 130 

µM241,243-245,253 - and are correlated with the amount of inflammation and damage to lung 

tissues. Although P. aeruginosa encounters differing iron concentrations both temporally 

and spatially during pathogenesis, the importance of iron acquisition and iron-dependent 

regulation for a successful infection is well established97,102,136,137. This study further 

establishes the importance of iron during pathogenesis, as higher iron concentrations 
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allow for increased resistance to certain antibiotics. The specific mechanism(s) for iron-

induced antibiotic resistance observed here is unclear, but our data suggest the 

mechanisms for iron-induced resistance to tigecycline and tobramycin are distinct. 

Interestingly, heme was unable to induce the same increase in tobramycin and tigecycline 

resistance as free iron, even though heme can serve as an iron source for P. aeruginosa, 

suggesting the method in which P. aeruginosa acquires iron is important for enhancing 

antibiotic resistance. While pyoverdine-mediated iron uptake allowed for some increased 

resistance to tigecycline (Figure A.4), our analysis of several iron uptake mutants did not 

reveal an iron uptake system that was responsible for iron-induced tobramycin resistance. 

P. aeruginosa possesses a number of iron acquisition systems, however; thus, it is 

possible that a system not analyzed in our study is responsible for iron-induced 

tobramycin resistance. Alternatively, iron could be playing a more complex role, either 

through signaling or interaction with the antibiotics themselves. More studies will be 

necessary to understand the mechanism(s) underlying this phenomenon. 

We were surprised to find that, while deletion of the genes for pyoverdine 

biosynthesis led to a decrease in tigecycline resistance, addition of purified pyoverdine to 

the ∆pvdA mutant did not complement this defect. Assuming a 100% yield of pyoverdine 

during our purification, the concentration of pyoverdine obtained from the supernatant of 

an 18-hour DTSB low iron culture of PAO1 should be approximately 0.04 µM. However, 

it is unlikely that we actually achieved a 100% yield during our purification of 

pyoverdine. Further, this amount does not take into account how much pyoverdine was 

taken up by PAO1 as a means of iron acquisition prior to purification. Based on these 

caveats, we supplemented the DTSB agar plates with a higher level of purified 
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pyoverdine (2µM) than what was calculated to ensure the levels would be ample enough 

to mediate iron acquisition over the 20 hours course of the ETEST experiments. It is 

possible, however, that the levels of pyoverdine we added were not high enough to 

complement the defect of the ∆pvdA mutant. Alternatively, our data may suggest that 

other factors, such as biosynthesis of pyoverdine, contribute to tigecycline resistance. 

These data are interesting to consider in light of the fact that some strains of P. 

aeruginosa lose the ability to synthesize pyoverdine during CF lung infection254. It has 

been hypothesized that pyoverdine mutants may benefit from pyoverdine-producing 

strains also present in the CF lung255, but our data suggest that these pyoverdine-deficient 

“cheaters” lack some of the signaling pathways present in pyoverdine-producing strains 

of P. aeruginosa. However, our finding that pyoverdine has a negative effect on 

resistance to tobramycin may provide some additional insight into the evolutionary 

pressures that might result in loss of pyoverdine, as CF lung-infecting strains of P. 

aeruginosa are frequently exposed to tobramycin.  

Loss of pyoverdine production by P. aeruginosa in CF lung may also be due to 

decreased oxygen concentrations, resulting in the conversion of insoluble ferric iron to 

soluble ferrous iron. In fact, the PvdS sigma factor required for pyoverdine biosynthesis 

is repressed in low oxygen conditions222. Recent studies further support this notion, 

showing an inverse relationship between CF lung function and ferrous iron content in the 

lungs of CF patients256. The study from Hunter, et al, further showed that DSX, which 

chelates ferric iron, may not eliminate biofilms as adequately in the microaerobic 

environment of the CF lung. Thus, the development of ferrous iron chelators should also 

be considered for treatment of CF lung infections, as well as other persistent infections 
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involving biofilms. Our study does indicate, however, that DSX could potentiate 

tobramycin killing in low oxygen environments. More work, particularly in animal 

models, is clearly needed to define how iron chelation therapy may be developed for 

treatment of P. aeruginosa infections. 

It is interesting that DFO blocked enhanced resistance to both tobramycin and 

tigecycline, since it has been shown to be used as an iron source by P. aeruginosa232. 

This suggests the receptor for DFO is not present under the conditions used in this study, 

similar to one of the receptors for ferripyoverdine, FpvB, which is only evident in the 

presence of certain carbon sources257. Growth curves suggest that DFO, unlike DSX, 

does not inhibit growth in either DTSB or CAA (Figure A.12). However, the effects of 

iron supplementation on growth in these media differed and indicated that CAA is a 

much more iron-depleted media that DTSB. Previous data indicate that DFO is less 

efficient than DSX at blocking biofilm formation in combination with tobramycin by P. 

aeruginosa236. Combined with the lower solubility and more difficult delivery of DFO258, 

these findings suggest DSX is a more appropriate candidate for supplementary 

antibacterial therapy. Another curious observation is that addition of EDDHA has no 

effect on resistance of P. aeruginosa to antibiotic resistance (Figure A.3). Each of these 

chelators can complex with other cations to varying lesser degrees than iron, however, 

and the effects these interactions may have on iron and other metal availability in our 

experiments are unclear. Thus, an investigation into the role that other metals play in 

antibiotic tolerance may also yield interesting results. 
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Figure A.12: DFO and DSX have different effects on growth in different media. The 
indicated strains were grown in liquid DTSB or CAA media for 16 hours with no 
supplements, 100µM FeCl3, 330 µM DSX, or 400 µg/ml DFO. Growth was monitored in 
a Bioscreen C. Shown are average absorbance (OD600) values from three independent 
experiments. 
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This study also distinguished between the roles of mucoidy and biofilm formation 

in the ability of P. aeruginosa to resist antibiotic treatment. While biofilm formation 

expectantly increased resistance of PAO1 to both tigecycline and tobramycin (Figure 

A.7), inducing mucoidy through genetic deletion of the mucA or mucB gene caused no 

increase in antibiotic resistance (Fig. A11). These data further support previous findings 

that biofilms259 and mucoidy in the CF lung218 impart characteristics to P. aeruginosa that 

contribute to antibiotic resistance, distinct from a physical barrier generated by hyper-

secretion of polysaccharide. Especially interesting in this study, however, was the finding 

that iron was required for induction of biofilm formation by sub-inhibitory concentrations 

of tobramycin. Previous work nicely demonstrated the role of the c-di-GMP second 

messenger in this phenomenon248, and our data indicate iron regulation is also involved in 

tobramycin-induced biofilm formation. Iron regulation has already been shown to play a 

role in PAO1 biofilm formation117, thus presenting the intriguing hypothesis that iron and 

c-di-GMP regulatory pathways overlap. A more recent study supports this idea, showing 

that  c-di-GMP levels are positively correlated with pyoverdine and pyochelin 

production260. More studies will be necessary to elucidate how these regulatory 

pathway(s) intersect.  

Tigecycline is a glycylcycline antibiotic, a class of antibiotics derived from 

tetracycline to overcome resistance mediated by efflux pumps and/or ribosomal 

protection261. Our data indicate co-treatment with iron chelators reduces the MIC of 

tigecycline for P. aeruginosa well below the reported levels of 8 µg/ml237. However, this 

effect was not observed when P. aeruginosa was grown as a biofilm, a critical factor in 

many P. aeruginosa infections. Tigecycline is often used to treat Acinetobacter baumanii, 
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an opportunistic pathogen causing infections of the urinary tract, bloodstream and other 

sites with increasing resistance to multiple antibiotics262. In spite of its efficacy for 

treating many infections, resistance rates and MICs for tigecycline are increasing among 

multi-drug resistant strains of A. baumanii263. A. baumanii is closely related to P. 

aeruginosa, raising the possibility that iron and iron chelation may have the same effects 

in this emerging pathogen. Many of the proposed novel therapies for A. baumanii, P. 

aeruginosa, and other highly antibiotic resistant bacteria remain years away from clinical 

use262,264-266, whereas iron chelators have a long history of clinical efficacy and could be 

implemented at the bedside in much less time252,258. As such, iron chelators may be a 

promising avenue for curbing the growing problem of antimicrobial resistance. 
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Appendix B: Preliminary characterization of PrrH sRNA 
 

Introduction 

 Pseudomonas aeruginosa is an opportunistic bacterial pathogen that is resistant to 

multiple antibiotics. Iron is required for P. aeruginosa growth and virulence, but high 

iron concentrations can be toxic. Iron homeostasis is maintained in part by the production 

of two small RNAs (sRNAs), PrrF1 and PrrF2 (Pseudomonas RNA Responsive to Fe). 

Under iron-depleted conditions, these sRNAs are expressed, blocking the production of 

iron-containing proteins. The PrrF1 and PrrF2 sRNAs are transcribed from two genes 

located in tandem on the P. aeruginosa genome, allowing the expression of a third 

sRNA, PrrH (Pseudomonas RNA Responsive to Heme). PrrH transcription is initiated at 

the prrF1 Fur-regulated promoter, reads through the prrF1 Rho-independent terminator 

and the prrF1-prrF2 intergenic region, and terminates at the prrF2 Rho-independent 

terminator. The PrrH sRNA is responsive to both iron and heme and has been shown to 

regulate a specific set of genes involved in heme homeostasis118. Our laboratory 

previously showed that the locus encoding these sRNAs is required for virulence of P. 

aeruginosa118, indicating these sRNAs are possible targets for antimicrobial therapy. We 

recently established the mechanism of PrrF1 and PrrF2 regulation of their gene targets in 

vitro and in vivo (see Chapter 3). However, the mechanism by which the PrrH sRNA 

regulates gene expression remains unknown. Our goal was to determine the principal 

mechanism governing PrrH expression and regulation of gene targets, using a 

combination of biological and biophysical approaches. Our preliminary data indicate that 

PrrH interacts with Pa Hfq in vitro. 
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Materials and Methods 

 Isolation of genomic DNA: Wild type PAO1 was grown overnight in BHI media 

at 37 0C, 250 rpm. 1 mL of culture was spun down for 3 minutes at 13, 000 rpm and re-

suspended into 1X Tris-EDTA (TE) buffer. The sample was boiled for 5 minutes and 

cooled down at room temperature. 1 µL was used as template during the DNA 

amplification. 

 Electrophoretic mobility shift assay: To generate the PCR product for in vitro 

transcription of PrrH RNA, PrrF1 forward and PrrF2 reverse primers were used to 

amplify the DNA fragment from PAO1 genomic DNA. A modified protocol from New 

England BioLabs Inc. was employed for in vitro transcription. A T7 promoter replaced 

the native PrrF1 promoter during PCR, as this allowed the transcription of the sRNA by 

the T7 RNA polymerase. Briefly, 0.3-0.5µg of DNA template was added to a sterile 

eppendorf tube containing 10X T7 buffer and 10X low ATP NTPs. Alpha-32P-ATP 

isotope, RNase free water, and T7 RNA polymerase were then added to the tube. The 

reaction mixture was placed at 37 0C in water bath for 30 minutes. The resulting γ-32P-

labeled transcript was passed through a TE-30 column (Clontech) and collected in 1.5 mL 

sterile Eppendorf tube. A 1:10 dilution of the stock was made and used to access the 

binding of PrrH with Pa Hfq at 30°C. Samples were measured by a gel shift assay as 

previously described 181. Dried gel was visualized by phosphorimaging (Molecular 

Dynamics) using a Typhoon 9210 imaging system (Storm 820). 

 

Results and Discussion 

 My preliminary results indicate the presence of two RNA species when performing 
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in vitro transcription of the entire prrH sequence. These species correspond to the PrrF 

and PrrH sRNAs (Figure B.1). PrrF is present in small amount as indicated by the low 

band intensity on the gel. Since PrrH is the predominant transcript in the mixture, Pa Hfq 

appears to interact with it at a lower concentration (33.3 nM Pa Hfq) as compared to PrrF 

(75 nM). This higher affinity of Pa Hfq for PrrH could be explained by the fact that PrrH 

has twice as many binding sites for Pa Hfq as PrrF. Our previous in vivo studies 

demonstrated this preference of Pa Hfq for PrrH166 (see Chapter 2). However, when the 

concentration of Pa Hfq reaches 250 nM or higher, all of the PrrF and PrrH RNAs in the 

mixture form aggregate that does not migrate onto the gel. This is probably due the fact 

that at high concentration of Hfq?, one or multiple molecules of Pa Hfq could be binding 

to both PrrF and PrrH simultaneously, making a complex that is too big to migrate into 

the gel. 

 Even though these results give us some insights into PrrH interaction with Pa Hfq, 

the data remain difficult to interpret due the presence of multiple RNA transcripts. As 

described in the methods section, PrrF1 forward and PrrF2 reverse primers were used to 

amplify the DNA fragment from the genomic PAO1. Due to the high sequence similarity 

between PrrF1 and PrrF2, it is possible that the reverse primer also served to amplify 

PrrF1 DNA. The same logic would not necessary hold true for PrrF2 as the forward 

primer, which contains the T7 promoter, was designed based on nucleotides that 

specifically distinguish PrrF1 from PrrF2. In addition, it would be unlikely for the T7 

RNA polymerase to interact with PrrF2 native promoter. Therefore, it is likely that the 

mixture is made uniquely of PrrF1 and PrrH sRNAs. Yet, the presence of both sRNAs in 

the transcript makes the data hard to analyze and to interpret. Further work is needed to 
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determine why PrrF1 terminator inhibits T7 polymerase. Another approach in solving this 

issue will be to increase the transcript yield and proceed to gel purification of PrrH sRNA 

from the mixture.  

 
 
 
Figure B.1: In vitro interaction of PrrH sRNA with Pa Hfq: PrrH seems to have a strong 
affinity for Pa Hfq and 250 nM Pa Hfq hexamer is enough to completely shift PrrH. In 
the presence of higher Pa Hfq (333.3 nM), a complex too big is formed and does not 
migrate into the native gel. 
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