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Abstract 

 

Title of Dissertation: Determining the Mechanism and Regulation of the Heme 

Assimilation System (Has) in Pseudomonas aeruginosa Heme Signaling and Acquisition 

 

Alecia Tennessee Dent, Doctor of Philosophy, 2020 

 

Dissertation Directed by:  Dr. Angela Wilks, Professor, 

                 Department of Pharmaceutical Sciences, 

              School of Pharmacy 

 

Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen that causes 

infections in immunocompromised populations including patients with cystic fibrosis, 

surgical site wounds and pneumonia. Like most other bacterial pathogens, Pseudomonas 

requires iron for survival and virulence and has adapted several mechanisms including 

utilizing heme as an iron source. P. aeruginosa encodes two nonredundant heme uptake 

systems, the heme assimilation system (has) and Pseudomonas heme utilization (phu) 

pathways. Proteomic and RNA seq analysis of P. aeruginosa show the Has pathway is 

one of the most upregulated during infection and knockout strains of HasR reduce the 

pathogenicity of the bacteria in mice elevating it as a potential drug target. Despite 

previous studies of the S. marcescens Has pathway there has been no comprehensive 

study of the molecular mechanism by which heme is sensed and transported by the Has 

pathway. The work herein utilizes a combination of site-directed mutagenesis of the 

extracellular hemophore HasAp, allelic exchange, quantitative PCR analyses, 

immunoblotting and 13C-heme uptake studies to elucidate both the mechanism of  heme 

release from HasAp to HasR and its requirement for initiation of the extracellular 



 

 

cytoplasmic function (ECF) HasIS /anti- factor system. Furthermore, I show in 

contrast to the S. marcescens system the hasIS operon is not subject to autoregulation by 

HasI, but rather post-transcriptional regulation through modulation of HasAp. Employing 

similar approaches with the outer membrane receptor HasR, I determined heme capture 

by H221 on the plug domain of HasR is required for signaling and transport, whereas 

mutations to the extracellular FRAP/PNPL loop H624 and L8 loop Ile694 are competent 

to signal but not transport heme. Based on my studies, I propose a model for heme 

signaling and transport by the P. aeruginosa Has system that provides a foundation for 

further studies of heme uptake and a starting point for the development of novel 

antimicrobial strategies.  
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Chapter 1: Bacterial Heme and Iron Acquisition 

 

 

1.1   Iron: An Essential Micronutrient   

 

Iron is an essential micronutrient for almost all living things. It is required for many 

metabolic processes, including cell division, respiration, oxygen transport, photosynthesis 

and nitrogen fixation among others (1,2). Iron can occupy multiple spin states and 

coordination geometries which coupled to its redox properties makes it a versatile 

biocatalyst. However, despite its abundance in the earth’s crust the bioavailability of iron 

is extremely low due to its insolubility. At physiological pH, ferrous iron (Fe2+) is rapidly 

oxidized to the insoluble ferric (Fe3+) form and in aerobic conditions Fe3+ forms iron 

oxides. In contrast ferrous iron (Fe2+) is soluble but under physiological conditions can 

react with oxygen to form reactive oxygen species (ROS), a process termed Fenton 

chemistry (3). The generation of ROS activity can cause damage to nucleic acids, 

proteins and lipids culminating in irreparable damage in cells (4). Iron in the form of 

heme can also lead to destabilization of membranes due to its hydrophobic nature (5). 

Therefore, the iron paradox requires organisms to tightly regulate and fine tune iron and 

heme transport, storage and reactivity.  

The majority of iron is sequestered in the iron storage protein ferritin or as iron-sulfur 

clusters in essential metabolic pathways such as the TCA cycle (6). Heme comprises 75% 

of iron in the cell, the majority of which is found in the oxygen-binding proteins 

myoglobin and hemoglobin (2) with some in respiratory cytochromes (1,7) and oxidative 

enzymes such as cytochrome P450’s (8,9). Heme as the major bioavailable form of iron 
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provides an attractive source to an invading pathogen. In order to utilize this abundant 

source of iron, bacteria have evolved sophisticated systems to obtain heme from the host.  

1.2 Host-Pathogen Interaction  

 

1.2.1 Iron Uptake and Virulence 

 

The bacterial requirement for iron is far above the concentration of bioavailable 

iron in the host which is estimated to be 10-18 M (10). Unsurprisingly, the list of gram 

positive and negative bacteria that require iron span from Staphylococcus, Streptococcus, 

Bacillus, Acinetobacter, Klebsiella, Escherichia, Yersinia, Shigella and Pseudomonas 

among many others (11,12). During iron starvation, bacteria can rapidly respond to 

fluctuations in the local environment by secreting iron-regulated virulence factors that 

enhance pathogenicity. These virulence factors include shiga toxin (Shigella dysenteriae) 

(13), aerobactin (Escherichia coli) (14), hemolysins (Serratia marcescens) (15), exotoxin 

A (Pseudomonas aeruginosa) (16,17), iron-regulated gene A (Vibrio cholerae) (18) and 

diphtheria toxin (Corynebacterium diphtheriae) (19). In fact, hemolysins are quite 

common among bacteria where the most extensive research has been done in E. coli (20). 

It has been shown that adding a hemolysin expressing plasmid to a nonhemolytic E. coli 

increases virulence during infection (21). In addition, bacterial virulence is host specific 

for example, Helicobacter pylori can sequester iron from human gastric lactoferrin but 

not bovine transferrin (22). The common denominator between species is invading 

pathogens must maintain iron homeostasis. To obtain enough iron to establish and 

maintain an infection, pathogens have evolved to use at least one or more iron acquisition 

systems to compete and sequester iron away from the host’s iron transport and storage 

proteins. Bacterial iron acquisition is discussed further in Section 1.4.  
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1.2.2 Innate Immune Response and Iron Availability 

 

Although iron is one of the most abundant metal in the body it is largely 

unavailable for invading pathogens due to nutritional immunity (23,24). Nutritional 

immunity is the process by which the hosts’ innate immune system sequesters trace 

minerals (e.g. Cu, Mn, Zn, Fe) away from invading pathogens. The hormone hepcidin 

plays a critical role in mammalian systemic iron regulation and distribution. Through the 

inhibition of ferroportin, hepcidin prevents iron release to the plasma which increases 

intracellular iron stores (25,26). Also, calprotectin is an antimicrobial protein that is 

secreted from neutrophils and sequesters first row divalent transition metals (27). 

Recently, it was shown that calprotectin can induce an iron starvation response in P. 

aeruginosa by inhibiting iron uptake and uniquely coordinating ferrous iron into a His6 

site (28).  

To counteract bacterial iron sequestration systems, mammals produce neutrophil 

gelatinase-associated lipocalin (NGAL), also known as siderocalin and lipocalin-2. 

NGAL is secreted from activated neutrophils and sequesters iron loaded catecholate-

based siderophores (29). NGAL is used as a marker for acute kidney injury and numerous 

bacterial infections (30,31). A primary component of the innate immune response is the 

phagolysosome of macrophages (32). The phagolysosome engulfs and kill pathogens by 

phagocytosis and by limiting transition metals.  Natural resistance-associated macrophage 

protein 1 (NRAMP1) effluxes iron and manganese from the phagosome which limits 

these metals from intracellular pathogens (33,34). Lactoferrin is a glycoprotein that can 

chelate two ferric irons with high affinity. Lactoferrin is a transferrin like protein but 

rather than transport it retains its’ iron stores even in acidic environments (35). This 



4 

 

ensures iron sequestration at infected sites where the pH is often acidic (35). It is present 

in tears, mucosal membranes and on the surface of neutrophils which contributes to its 

role in the innate immune response (36,37).  

1.3 Bacterial Iron regulation and homeostasis  

1.3.1 Fur-mediated Iron regulation 

The ferric uptake regulator (Fur) is the global regulator of iron responsive genes. 

The Fur protein family is a bacterial transcriptional repressor that responds to iron 

availability in the cell. As a repressor it functions by shutting down pathways in iron 

replete conditions by binding the promotor of an iron responsive gene and blocking RNA 

polymerase (RNAP) (Figure 1.1). In iron deplete conditions Fur is de-repressed, 

disengages from the promotor and allows for transcriptional upregulation. In iron replete 

conditions, Fur binds Fe2+ as a corepressor which allows for binding to the Fur box (38). 

The classical Fur box is a 19-bp inverted repeat, GATAATGATAATCATTATC, where 

the Fur- Fe2+ dimer binds with high affinity in E. coli (39). However subsequent studies 

showed that this consensus sequence varies within strains and between bacterial species. 

The fur gene encodes a 17 kDa polypeptide that has two domains; an N-terminal module 

that serves as the DNA binding site and a C-terminal module that is required for 

dimerization (40). Fur coordinates Fe2+ in the metal binding site via two histidines and a 

carboxylate ligand with octahedral geometry (41). 
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Figure 1.1. Mechanism of Fur regulation. In high iron conditions, Fur represses the 

transcription of iron responsive genes by blocking the promotor. In low iron conditions, 

Fur is de-repressed and released from the promotor which allows RNAP to bind the 

promotor and transcribe the iron responsive genes.  
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In E. coli Fur has been shown to regulate over 90 genes including siderophore production 

and uptake, heme transport, oxidative stress and carbon metabolism (38,42). Fur is 

required for the expression of several proteins in the tricarboxylic acid (TCA) cycle 

where fur mutants resulted in decreased virulence in Staphylococcus epidermidis (43) 

and Vibrio cholera (44).  

1.3.2 sRNA dependent iron regulation 

 

Fur can control the transcription of iron responsive genes indirectly  

through small regulatory RNAs (sRNA). Small regulatory RNAs tend to be less than 300 

nucleotides and act by complementary base pairing to their target genes (45). In E. coli 

sRNAs are responsible for a variety of cellular operations like altering RNAP activity, 

triggering protein degradation and modulating translational efficiency (45). RyhB is a 

sRNA that downregulates a specific set of iron storage proteins and iron utilizing 

enzymes in iron deplete conditions. Inversely, ryhB is negatively regulated by Fur so all 

the genes that are repressed by RyhB are upregulated during Fur repression. In E. coli, 

RyhB is known to downregulate sodB and the succinate dehydrogenase operon sdhCDAB 

by complementarily binding the gene product mRNAs and triggering their degradation 

(46). Like many other sRNAs, RyhB requires the Hfq protein for its function in the cell. 

Hfq is an RNA binding protein that is necessary for certain sRNA functions such as 

mRNA stability, mRNA polyadenylation and translation (47). There are several 

homologs of ryhB in gram negative pathogens such as Shigella (48), Vibrio cholera 

(49), Yersinia pestis (50), Salmonella (51) and Pseudomonas aeruginosa (52).  

In P. aeruginosa there is a RyhB homolog found within the prrF (Pseudomonas  



7 

 

regulatory RNA involving iron [Fe]) locus (53). This locus encodes prrF1 and prrF2 

which are two nearly identical tandem sRNAs in the PAO1 genome separated by a 95 

base intergenic region (Figure 1.2) (54). The PrrF sRNAs are important for iron 

homeostasis and virulence in PAO1. PrrF sRNAs are upregulated in iron limiting 

conditions and represses non-essential iron utilizing proteins like Fe-sodB, Fe-aconitase 

A, succinate dehydrogenase, and some proteins in the TCA cycle (55). Both PrrF1 and 

PrrF2 downregulate antR, a transcriptional activator of the antABC and catBCA loci (56). 

The ant and cat loci are responsible for breaking down anthranilate, a precursor 

compound associated with quorum sensing (54). Also, PrrF1 and PrrF2 are differentially 

activated based on variations in the extracellular and intracellular iron pool (53,57).  

Pseudomonads typical encode for two PrrF sRNAs in separate loci however in P.  

aeruginosa PrrF1 and PrrF2 are encoded in tandem. The orientation of prrF1 and prrF2 

in the PAO1 genome allows for transcription of a third sRNA PrrH (regulatory RNA 

involving heme) that is thought to play a role in the regulation of heme metabolism (58). 

PrrH is repressed by both heme and iron and transcribed by initiation at the 5’ of prrF1, 

reading through the Rho-independent terminator of prrF1 and the intergenic region then 

terminates at the 3’ of prrF2 (Figure 1.2) (58). Expression of PrrH in strains deficient in 

heme uptake and utilization suggests a Fur independent mechanism of heme regulation of 

PrrH (58). Interestingly, ongoing studies in the Wilks laboratory have shown the 

cytoplasmic heme binding protein PhuS binds to the prrF1 promoter providing a 

potential link between heme utilization and PrrH function. The downstream targets of 

PrrH overlap with the PrrF sRNA which includes iron storage, metabolic genes, and 

oxidative stress protection but in response to either iron or heme. One such gene is nirL  
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Figure 1.2. The prrF and prrH operon. prrF1 and prrF2 are located in tandem and are 

independently regulated by Fur as indicated by the blue boxes. Transcription for prrF1 

and prrF2 is terminated by a rho-independent terminator This tandem arrangement 

allows for the transcription of prrH, a heme responsive sRNA. 
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which is encoded in the operon for the dissimilatory nitrate reductase (NIR) that also 

encodes genes for the biosynthesis of d1 heme the prosthetic group of NIR. As the 

biosynthesis of d1 heme branches from that of the central heme biosynthesis pathway, 

PrrH may play a role in regulating or prioritizing heme precursors for these pathways. 

Consistent with a role in heme homeostasis, a prrF1,prrF2 strain shows a growth defect 

in the presence of heme (53,59). Future studies of the prrF1,prrF2 at the genomic and 

proteomic level in response to heme will help unravel the role of PrrH in heme 

homeostasis. 

1.3.3 Iron and Heme Regulation Through ECF σ Factors  

 

Fur can regulate iron homeostasis indirectly through extracytoplasmic function  

(ECF) σ factors. ECF σ factors are a subfamily of alternative σ70 factors that allow for 

transcriptional amplification of genes involved in extracellular stress-response functions 

(60). Core RNAP requires a σ factor to create the RNAP holoenzyme. ECF σ factors have 

promotor specificity so it can recruit RNAP to transcribe specific genes. Fur is a negative 

regulator of iron dependent ECF σ factors so in high iron conditions Fur represses by 

binding the promotor and blocking the transcription of the ECF σ gene. This leads to 

downstream suppression of specific iron responsive genes that are positively regulated by 

the ECF σ factor. After translation, typically ECF σ factors are held inactive by a 

membrane-associated anti-σ factor (61). An extracellular signal initiates a signaling 

cascade that triggers the release of the σ factor from the anti-σ to initiate transcription 

(Figure 1.3) (62,63). The ECF σ factor and anti-σ factor are encoded within an operon 

that is often adjacent to the TonB-dependent OM signaling receptor (64). 
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Figure 1.3. Transcriptional regulation through of iron responsive genes through the ECF 

σ factor regulation. In iron deplete environments an extracellular stimulus initiates the 

signaling cascade through interactions with its respective OM receptor. The signal is 

transduced from the globular of the OM receptor to the anti-σ factor which releases the 

ECF σ factor and recruits RNAP which binds the promotor and transcribes the iron 

responsive genes.   
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ECF systems regulate a diverse array of functions at the cell surface such as iron and 

heme uptake, as well as motility and cell wall maintenance (65-68). P. aeruginosa has 19 

ECF σ factors and 10 are predicted to be Fur regulated including pvdS,  fpvI and hasI 

(69,70). The pvd and fpv operons encode pyoverdine biosynthesis genes and the TonB-

dependent ferripyoverdine receptor gene fpvA, respectively (60,71,72). PvdS has also 

been shown to regulate the transcription of PrpL and exotoxin A, two extracellular 

virulence factors (60,71).  The hasRApDEF operon encodes a TonB-dependent receptor 

and secretory genes necessary for heme uptake and sensing. A more in-depth review of 

heme dependent CSS will be covered in Chapter 2. 

1.4 Iron Acquisition Systems 

 

The ability to adapt to its extracellular environment in response to iron starvation 

is what allows bacterial pathogens to persist during infection. It was reported that P. 

aeruginosa biofilm formation was significantly decreased when Fe2+ and Fe3+ chelators 

were used in combination indicating the importance of iron sequestration during infection 

(73).  Invading pathogens can utilize several mechanisms to acquire iron during infection: 

ferric iron uptake, ferrous iron importers and heme.  

1.4.1 Siderophore Mediated Acquisition 

 

Siderophores are low molecular weight iron (Fe3+) chelators that are secreted in to  

the extracellular environment to sequester iron. In acute infections, pathogens such as 

Klebsiella pneumoniae (74), Mycobacterium tuberculosis (75), Vibrio cholerae (76) and 

Pseudomonas aeruginosa (59) secrete siderophores to sequester iron. Siderophores are 

categorized by the their chemical structures such as phenolates, catecholate, 
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hydroxamate, carboxylate or mixed complexations (59). Pyoverdine is a siderophore 

produced by fluorescent Pseudomonas species and allows the bacteria to compete for iron 

during infection against high affinity proteins like lactoferrin and transferrin. Pyoverdine 

is a composite siderophore that contains three groups: (i) a conserved fluorescent 

chromophore; (ii) an acyl side chain (either dicarboxylic acid or amide); and (iii) a 

variable peptide chain (Figure 1.4) (71). The structure of pyoverdine is highly variable 

among bacterial species and even varies within strains. P. aeruginosa encodes three 

distinct pyoverdines where the catecholate and hydroxamate group within the 

chromophore is conserved while the peptide chain can vary between 6-12 amino acids 

between the three pyoverdines. The catecholate and hydroxamate groups provide a high 

affinity Fe3+ site with a Kf of approximately 1024 M-1 (77). The pyoverdine (pvd) operon 

encodes several biosynthesis genes but not much is understood about the chemical 

synthesis of pyoverdine. Most notably the largest genes in the operon were identified as 

the non-ribosomal peptide synthetase enzymes (pvdL, pvdI, pvdJ and pvdD) (72,78). 

They participate in non-ribosomal peptide synthesis in the cytoplasm. This mechanism 

enables many bacteria and fungi to synthesize a variety of peptides for broad biological 

functions (79). Due to its high affinity pyoverdine is the primary mechanism of iron 

acquisition but many Pseudomonas species can synthesize additional siderophores such 

as ferripyoverdine and pyochelin.  

 During iron starvation, P. aeruginosa produces the low affinity pyochelin first 

and switches to pyoverdine in extreme iron deprivation (Figure 1.3) (80). Pyochelin has a 

binding constant of 105 which is significantly lower than pyoverdine with a stoichiometry 

of two molecules of pyochelin to one molecule of Fe3+ (81,82).  
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Figure 1.4. Structure of P. aeruginosa siderophores pyoverdine and pyochelin. 

Pyoverdine is the high affinity iron chelator with three distinct regions; chromophore, 

side chain and peptide backbone. Pyochelin is a lower affinity iron chelator with 

cytotoxic effects.  

 

 

 



14 

 

In P. aeruginosa pyochelin is synthesized by the pchDCBA cluster and regulated by pchR 

a predicted transcriptional regulator (83). Whole genome sequencing of PAO1 revealed 

there are two overlapping Fur boxes in the bi-directional promotor of pchR-pchD 

implying Fur-mediated iron repression of pyochelin synthesis (82). Fur repression is 

either by direct binding of Fe2+-Fur to the pchDCBA promoter or indirectly by repression 

of the pchR activator. Iron bound (Fe3+) pyochelin is imported via the FptA OM receptor 

and transported to the cytoplasm via a classical ATP-binding cassette (ABC) transporter 

(Figure 1.5). Pyochelin can also bind Fe2+ which could provide iron to the Feo system as 

discussed in Section 1.4.2. 

P. aeruginosa can utilize siderophores from other microorganisms termed 

siderophore piracy. In 1993, Dean and Poole demonstrated that P. aeruginosa can use 

enterobactin, an E. coli siderophore, via two different outer membrane receptors (84). 

Since then, there have been several publications that have characterized xenosiderophore 

receptors in P. aeruginosa including FemA for the utilization of the Mycobacterium 

smegmatis siderophore mycobactin and carboxymycobactin (70) and FvbA for the uptake 

of the Vibrio cholerae siderophore vibriobactin (85). In fact recent research has shown 

through proteomics that PAO1 downregulates pyoverdine and pyochelin production in 

the presence of exogenous siderophores (86).  

1.4.2 Feo mediated iron uptake  

 

Microorganisms have adapted to utilize ferrous iron (Fe2+) in anaerobic or low pH 

environments for example the low O2 tension in the lungs of cystic fibrosis patients 

where ferrous iron is the predominant form.  
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Figure 1.5. Siderophore mediated uptake in gram negative bacteria. The iron bound 

siderophore is imported by a TonB-dependent OM receptor to the periplasm. It is further 

translocated across the CM by an ABC transporter. Once inside the cytoplasm the Fe3+-

siderophore complex is reduced releasing Fe2+ for use by the cell. 
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As previously mentioned, bacteria contain several iron uptake systems whereas the Feo 

system is the only dedicated ferrous iron transport pathway and it is highly conserved 

among bacteria. In Gram-negative bacteria, it is presumed that Fe2+ diffuses through the 

outer membrane porins into the periplasm (Figure 1.6) (87). From the periplasm Fe2+ can 

then be transported into the cytoplasm by in the Feo system. The feoAB operon is 

encoded in many Gram-negative bacteria while feoC is only present amongst γ-

proteobacteria (88). The feoABC operon is under either Fur or Fnr transcriptional 

regulation. Fur acts as a repressor in iron limiting environments while Fnr is an oxygen 

sensor that activates feoABC in oxygen deplete conditions (89). FeoB is a large polytopic 

membrane protein that contains a G-protein domain and a GDP dissociation inhibitor 

(GDI) domain (90). Numerous studies have highlighted the importance of FeoB in 

bacterial survival, virulence and biofilm formation in H. pylori (91),  Legionella 

pneumophila (92), Y. pestis (93) and Streptococcus suis (94). It was reported in E. coli 

that a ∆feoB strain was incapable of ferrous iron transport (89). It was also shown that 

only a FeoB protein capable of hydrolyzing GTP was able to import ferrous iron (95). 

There is no reported function for FeoA although structural analysis discovered a Src 

homology 3 (SH3)-like fold (96). SH3 is responsible for mediating protein-protein 

interaction through binding of proline-rich motifs (PXXP) (97). Studies in Salmonella 

enterica show FeoA is required for ferrous iron import through interactions with FeoB 

(98). Biophysical characterization of FeoC has identified a winged-helix motif that is 

typical of LysR transcriptional regulators. The helix-turn-helix (HTH) domain of LysR is 

responsible for DNA binding while the wing domain regulates the  
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Figure 1.6. Ferrous iron uptake in gram negative bacteria. Pyocyanin and PCA can 

reduce ferric to ferrous iron allowing it to diffuse through the OM via porins. Ferrous iron 

is subsequently transported across the CM by FeoB. It is not clear whether FeoA 

facilitates binding between and if FeoC acts as a regulator.  

 

 

 

 

 



18 

 

affinity of the HTH for DNA (99). In addition, the wing domain contains four highly 

conserved cysteines that is predicted to form an [Fe-S] cluster. Studies show that FeoA 

and FeoC are required for the activity of the FeoB transporter in Vibrio cholerae (100). In 

addition, FeoC may interact with the cytoplasmic domain of FeoB (100). For the Feo 

system to function it requires the reduction of Fe3+ to Fe2+.  In P. aeruginosa this is 

performed by the secretion of redox active phenazines such as  phenazine-1-carboxylic 

acid (PCA) which is a precursor to pyocyanin (101). Both phenazine compounds can 

redox cycle and contribute to the blue-green color associated with P. aeruginosa.  

1.5 Heme Mediated Acquisition in Pathogenic Bacteria 

 

As previously mentioned, heme is a significant and readily available source of 

iron in mammals. Due to the sequestration of labile iron by the innate immune response 

pathogenic bacteria have adapted to also utilize heme during infection. The ability to 

utilize heme requires systems that both sense and transport extracellular heme.  

1.5.1 Heme Transport in Gram-Positive Bacteria 

 

Gram-positive bacteria have an extensive peptidoglycan cell wall that provides 

structural stability and protection from osmotic lysis. Gram-positive pathogens overcome 

this barrier by using a heme shuttling and transport network across the cell wall and 

plasma membrane while avoiding heme toxicity. The most well characterized Gram-

positive heme acquisition system is that of S. aureus although homologous systems are 

present in Streptococcus pyogenes (102) and Listeria monocytogenes (103) among others. 

The S. aureus iron-regulated surface determinant (isd) gene cluster encodes the cell wall 

anchored IsdB, IsdH, IsdA and IsdC proteins. 
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Figure 1.7. Gram-positive heme uptake in S. aureus. Heme is stripped from hemoglobin 

on the extracellular face by IsdB/H and transferred to IsdA/C which subsequently shuttles 

it across the cell wall. Heme is then translocated across the cytoplasmic membrane by the 

permease and ABC transporter IsdE and IsdF. Once inside the cytoplasm heme is 

metabolized to release iron, staphylobilin and formaldehyde. 
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The IsdB/H proteins are responsible for stripping heme from methemoglobin and the 

hemoglobin-haptoglobin complex (Figure 1.7) (104). Heme is then transferred to IsdA/C 

which shuttles heme to the permease and ABC transporter IsdE and IsdF (8). Once inside 

the cell heme is degraded by isdI and IsdG releasing iron, staphylobilin and formaldehyde 

(5). The isd operon also encodes a sortase (SrtB) that is required for sorting and 

anchoring the IsdB, IsdH, IsdA and IsdC proteins to the peptidoglycan cell wall (8).   

The efficient transfer of heme throughout the cell wall requires near iron transport 

(NEAT) domains (105). Each cell wall anchored protein has at least one NEAT domain 

with IsdB/H containing 2-3 (105). Not all NEAT domains bind heme but rather increase 

binding affinity for the target protein through protein-protein interaction. The overall 

architecture of the NEAT domain is similar among the Isd proteins however, subtle 

differences between each contribute to the specific function of each protein. Interestingly, 

IsdA accepts heme from IsdB/H via Tyr-166 and mutations to this ligand significantly 

reduced heme transfer to and from IsdA (106). Furthermore, several highly conserved 

Tyr residues were found in the hydrophobic pocket of holo-NEAT domains which differs 

from traditional His ligation in heme binding proteins (107). While OM heme transport 

inherently differs across Gram-negative and Gram-positive pathogens as its clear the His-

Tyr ligation is an emerging motif in heme acquisition proteins. 

1.5.2 Heme Acquisition in Gram-Negative Bacteria 

 

1.5.2.1 Outer Membrane Transport 

 

Due to the reactive and lipophilic nature of free heme it must be actively 

transported across the outer and inner membrane of Gram-negative bacteria. The OM 
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consists of a heterogenous mixture of lipopolysaccharide, protein and phospholipid which 

surrounds a single layer of peptidoglycan. The OM acts as a barrier to facilitate the 

exchange of nutrients and blockade of toxins from the intracellular space. Therefore, to 

import lipophilic molecules like heme, many Gram-negative pathogens like P. 

aeruginosa (108), S. marcescens (109) and V. cholerae (110) encode multiple heme 

acquisition pathways that are capable of sequestering heme from hemoglobin, hemopexin 

and the hemoglobin-haptoglobin complex. The transfer of heme from hemoglobin 

requires free energy derived from the protein-protein interaction and/or an energy 

transducing system that drives protein release and transport of heme.  

Since the OM does not have a source of energy the proton motive force from the 

cytoplasm must be utilized through the TonB-ExbB-ExbD complex. The OM receptors 

that require energy are termed TonB-dependent transporters (TBDT). The first crystal 

structure of TBDTs were those of E. coli FecA (111), FepA (112), BtuB (113) and FhuA 

(114) all possessing similar structure that is conserved in iron and heme transporters of P. 

aeruginosa (115), S. marcescens (116) and S. dysenteriae (117). The typical architecture 

of TBDTs consist of a 22 anti-parallel β-barrel strands that make up the transmembrane 

region with a globular plug or hatch domain that occludes the channel as shown in Figure 

1.8 by ShuA and FpvA. The strands on the periplasmic side are connected by short turns 

while the extracellular loops are large and flexible. The extracellular loops are largely 

important for facilitating protein-protein interactions and ligand binding. On the 

periplasmic side, TonB interacts with the OM receptor through a TonB box on the N-

terminal face. Substrate binding to the extracellular loops triggers a conformational 

change making the TonB box more accessible to TonB (118). The TonB-ExbB-ExbD  
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Figure 1.8. Structures of TonB-dependent transporters in gram negative bacteria. A. The 

structure of S. dysenteriae ShuA which is responsible for heme transport. B. The structure 

of P. aeruginosa FpvA which is a siderophore transporter and apart of the pyoverdine 

CSS system. TBDTs contain a beta barrel transmembrane domain colored in grey with a 

plug domain that occludes the extracellular milieu colored in purple for ShuA and red for 

FpvA. FpvA also contains a signaling domain colored in light pink. PDB file for ShuA 

(3FHH) and FpvA (2W75).  
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complex then transduces energy to the OM receptor causing structural changes to the 

plug domain allowing substrate transport into the periplasm. Traditionally, the 

coordination of TBDTs that are hemophore-dependent and -independent have 

characteristic bis-His ligations. Interestingly, Spectroscopic studies of the P. aeruginosa 

OM heme transporter PhuR reveal heme is coordinated by Tyr-519 on the highly 

conserved FRAP/PNPNL loop and His-124 on the plug domain (119). In addition, some 

TBDTs contain an N-terminal signaling domain that interacts with an ECF anti-σ/σ factor 

system (Figure 1.8B). In the case of FpvA, the signaling domain interacts with the anti-σ 

FpvR in the presence of Fe(III)-Pvd (59). ECF anti-σ/σ factor systems will be further 

discussed in Section 1.5.2.2. Overall the distinct coordination and structural properties 

between TBDTs likely contribute to their respective functions. 

1.5.2.2 Hemophore Mediated Outer Membrane Transport 

 

A hemophore is a soluble protein that is secreted into the extracellular media and 

scavenges heme. Upon interaction with its cognate receptor, heme is released and 

subsequently translocated into the periplasm. Prior to the current studies presented herein 

the most studied hemophore based outer membrane transport is the heme assimilation 

system (Has) pathway of S. marcescens where the protein-protein interaction between 

HasAs, a hemophore and HasR, the outer membrane receptor triggers the signaling 

cascade (120). This signal is transduced from HasR to the anti-σ factor HasS which 

releases the ECF σ factor HasI and recruits RNAP for transcriptional activation (Figure 

1.3) (121). Since HasR is a TBDT and facilitates CSS pathways it also contains a C-

terminal globular signaling domain that resides in the periplasm similar to FpvA (Figure 

1.8B) (122). Signal initiation causes large conformational changes where the signaling 
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domain forms a complex with the cytoplasmic membrane anti-σ factor HasS (122,123). 

HasAs coordinates heme through the His-32 loop and the axial Tyr-75 loop where His-83 

provides a hydrogen bond to Tyr-75 (124). This reinforces the Tyr-iron bond and 

contributes to stabilizing heme coordination. The high affinity HasAs must transfer heme 

to the lower affinity TBDT HasR by a protein-protein induced conformational change. 

HasR binds heme through His-189 on the plug and His-608 on the L7 loop. From the 

crystal structure, loops L7 and L8 of HasR displace the His-32 loop in HasAs weakening 

its’ affinity for heme (116). Protonation of His-83 weakens the heme-iron ligation in Tyr-

75 which triggers heme release to the plug of the receptor. Sequentially, the Ile-671 of 

HasR provides steric hinderance which triggers heme release and prevents heme from 

reverting to the hydrophobic pocket of HasAs (116). After HasR coordinates heme the 

TonB-ExbB-ExbD is needed for heme translocation. This system will be further 

discussed in Chapter 2.  

1.5.2.3 Cytoplasmic Membrane Transport 

 

Once heme reaches the periplasm it must be specifically delivered to an ATP 

binding cassette (ABC) transporter for translocation across the cytoplasmic membrane 

(125). Heme is shuttled across the periplasm by periplasmic binding proteins (PBP) 

which are divided into three classes based on the number of interdomain connections 

(126). All three classes of PBPs are comprised of N- and C-terminal globular domains 

that upon binding of a ligand form a cleft between the two domains. Both class I and II 

have 2-3 interdomain connections and undergo large conformational changes during 

ligand binding while class III PBPs only have one interdomain connection (127,128). The 

P. aeruginosa PhuT is a class III PBP that binds heme with a Tyr-71 and Arg-228 
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ligation (129). PhuT shuttles heme from PhuR to PhuUV which comprises the 

cytoplasmic transmembrane ATP-dependent transporter. Classical ABC transporters 

contain two transmembrane domains that form the channel and two cytoplasmic 

nucleotide binding domains that hydrolyze ATP. The crystal structure of the Y. 

pestis HmuUV (130), and the related Burkholderia cenocepacia BhuUV–BhuT (131), 

show mechanistic insight into heme transport across the CM. The nucleotide free 

structure of HmuUV show an outward facing open gate while the BhuUV-BhuT reveal 

an inward facing conformation with the cytoplasmic gate open (Figure 1.9). The 

proposed mechanism implies heme is transferred from the PBP to the ABC transporter on 

the periplasmic face. Through conformational changes in the channel, heme is 

transported to the cytoplasmic face and ATP hydrolysis releases the PBP and resets the 

channel. 

1.6 Heme Metabolism 

1.6.1 Canonical Heme Degradation 

Once heme has reached the cytoplasm it must be shuttled by a chaperone to a heme 

degrading enzyme to release the iron. In P. aeruginosa PAO1 heme is trafficked by PhuS 

to the heme oxygenase, HemO for catalysis (132). In addition, 13C-heme isotopic labeling 

studies show heme is almost exclusively broken down by HemO to BVIXβ and BVIXδ 

versus the second non-iron regulated heme oxygenase BphO associated with the two 

component phytochrome system (133). This indicates the PhuS-HemO protein-protein 

interaction is specific. 
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Figure 1.9. Structure of ABC transporter and periplasmic heme binding protein. The 

structure of Burkholderia cenocepacia BhuUV-T in the closed position in the 

cytoplasmic membrane. BhuT (pink) is shown interacting with BhuU (cyan and grey) and 

BhuV (red and green) in the open position toward the periplasmic space (PDB: 5B58).  
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Studies from the Wilks lab reveal PhuS is needed to regulate the flux of heme in the cell 

while a ∆hemO strain abolished heme utilization (133,134). Despite low sequence 

homology, canonical heme degradation enzymes from bacteria to mammals’ function as 

α-hydroxylating heme oxygenases (HO). The initial step in heme oxidation is the 

reduction of the Fe3+-heme complex to the Fe2+ form coupled with O2 binding (Figure 

1.10) (135). The Fe2+-O2 complex is further reduced to the activated Fe3+-OOH peroxo 

species that hydroxylates heme at the α-meso carbon (136,137). In the presence of 

oxygen, α-meso-hydroxy heme is rapidly oxidized to verdoheme (135). In the final step, 

verdoheme is converted to Fe3+-biliverdin IX-α (BVIX-α) and is further reduced to 

release ferrous iron. Interestingly, the iron-regulated HemO of P. aeruginosa yields a 

different regioselectivity from known HOs due to the unusual seating of heme in the 

active site as shown in Figure (1.11A) (138,139). In HemO, heme is rotated in plane ~90° 

resulting in the δ-meso-carbon being placed in the active site in position of oxidative 

cleavage (138). This results from the heme propionates being orientated at the solvent 

edge of the HemO binding pocket without stabilization from the polypeptide which are 

typically found in α-hydroxylating heme oxygenases (139).    

1.6.2 Noncanonical Heme Degradation 

While most heme oxygenases yield BVIX and release iron and CO it was discovered that 

S. aureus and M. tuberculosis metabolize heme via an alternate mechanism. Traditionally 

HOs were characterized based on the enzymatic production of CO however, in 

noncanonical HOs this is not the standard. 
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Figure 1.10. Canonical heme degradation from mammalian heme oxygenase (HO-1). 

Heme is oxidized to form the hydroperoxyheme, meso-hydroxyheme, verdoheme and 

finally biliverdin releasing iron and CO. 
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Figure 1.11. The structure heme seated in canonical and noncanonical heme oxygenases. 

A. P. aeruginosa HemO shown in green (1SK7) bound to heme (red) with an inset of the 

heme binding pocket. B. M. tuberculosis MhuD homodimer (4NL5) with each monomer 

colored in cyan and blue bound to heme (red). The inset of the heme binding pocket 

shown below.  
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The IsdG/I HOs of S. aureus produce staphylobilin where the δ- or -β-meso-carbon is 

released as formaldehyde whereas the structurally similar MhuD of M. tuberculosis 

produces mycobilin where the meso-carbon is retained as an aldehyde (Figure 1.12) 

(140,141). IsdG/MhuD is composed of a homodimer where each monomer adopts a 

ferredoxin-like α/β-sandwich fold that form a β-barrel at the homodimer interface (Figure 

1.11B) (142,143). Despite little structural homology to canonical HOs IsdI still shares a 

proximal histidine ligand in the active site. The mechanism of how heme is metabolized 

in noncanonical HOs is still not well understood but it is assumed from the structural 

homologies between IsdG and MhuD that the conversion of heme to a bilin is similar 

(144). In addition, the unique protein fold and perturbations in the heme electronic 

structure are presumed to contribute to the distinct mechanism (140). The first step still 

required the formation of an activated Fe3+-OOH peroxo intermediate however, extreme 

ruffling of heme in the pocket contributes to the hydroxylation at the meso-carbon 

positions which leads to different regioselectivities (145,146). In IsdG/I the proximity of 

the terminal oxygen of the putative Fe3+-OOH peroxo intermediate allows for 

modification of the β- or δ-meso-carbons (144). In contrast, MhuD cleaves at the α-

meso carbon with carbonyl modification of either the adjacent β- or δ-meso-carbon. The 

difference in regioselectivity could be due to the in-plane rotation about α/ axis that 

places the β- or δ-meso-carbon in position for oxidation (144).  
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Figure 1.12. Heme degradation products from canonical and noncanonical heme 

oxygenases. The products of canonical heme oxygenases are shown in green producing 

either BVIXα (HO-1) or BVIXβ and BVIXδ (HemO). The products of noncanonical 

heme oxygenases are shown in black and the oxidative cleavage sites and meso-carbon 

modifications are shown in red where heme is converted to mycobilin (MhuD) or 

staphylobilin (IsdG/I).  
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1.7 Pseudomonas aeruginosa Infections 

P. aeruginosa can cause a multitude of infections in immunocompromised 

populations including lung, blood and wound infections in hospitalized patients on 

ventilators, catheter devices and severe burn wounds (147). It is the most highly isolated 

pathogen from chronic cystic fibrosis (CF) lung infections and of the P. aeruginosa 

isolates, 17.9% of are multidrug resistant (148). Transcriptome studies from patients with 

server thermal injuries show a significant reduction in quorum sensing and heme uptake 

genes while increasing the production of pyochelin and pyocyanin genes (149). In 

collaboration with the Oglesby-Sherrouse lab we confirmed in longitudinal clinical 

isolates that P. aeruginosa increased its reliance on heme while decreasing siderophore 

production (150). Parallel studies of CF chronic infections discovered that a positive 

selection for mutations in the phuR promotor led to increased expression of the heme 

transporter and increased growth (151). The reliance on specific heme uptake pathways 

was further confirmed by an acute murine lung model looking at P. aeruginosa PAO1 

and murine response to infection. Dual RNA-seq showed genes in the has and phu 

operons were significantly upregulated vs PAO1 cells in media (152). In addition, 

knockout strains of PAO1 ∆hasR reduced the bacterial load in the lungs of intranasally 

infected mice (152). This microevolution could be triggered by a change in the iron 

source to heme-based proteins in the infection site which is a prolonged from 

spontaneous bleeding making heme more suitable during chronic infections. 

Pseudomonas’ ability to sense and adapt to its extracellular environment in different 

disease states highlights the need to investigate its heme uptake capabilities as it is 

physiologically relevant during infection.   
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1.8 Pseudomonas aeruginosa Heme Uptake Pathways 

 

P. aeruginosa encodes two distinct TBDTs; PhuR (Pseudomonas heme uptake) 

and HasR (heme assimilation system). The Phu system can utilize free heme and the 

hosts’ heme proteins directly while HasR acquires heme through direct interaction with 

the hemophore, HasAp (108). Heme is transported across the OM by PhuR and shuttled 

to the CM by PhuT for translocation into the cytoplasm by the ABC transporter PhuUV 

(Figure 1.13). Sequentially, PhuS chaperones heme to be degraded by HemO to yield 

BVIX-β and BVIX-δ, iron and CO. There is a second non-iron regulated heme 

oxygenase, BphO that is associated with the phytochrome system. BphO is an α-

hydroxylating HO resulting in low levels of BVIX-α.  

The second heme uptake pathway is the Has cell surface signaling (CSS) system. 

It is comprised of the OM receptor HasR that triggers the signaling cascade through 

protein-protein interactions with HasAp. The signal is transduced to the anti-σ factor 

HasS which releases the σ factor HasI. HasI recruits RNAP for transcriptional activation 

of the hasRADEF operon. This forms a feedback loop where the type I secretion system, 

HasDEF effluxes more HasAp. It has also been shown the biliverdin accumulation 

increases the translational efficiency of HasAp (153). This is discussed in greater detail in 

Chapter 2. 

1.9 Conclusions 

 

Invading pathogens must overcome iron limitation to survive hosts’ innate 

immune response. Heme makes up the essential reservoir of iron in mammalian hosts  
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Figure 1.13. Heme uptake pathways of P. aeruginosa. The Phu pathway acts as the 

primary mechanism of heme uptake where heme is transported across the OM by PhuR 

and shuttled to and across the CM by PhuT-UV. Once inside the cytoplasm, PhuS 

shuttled heme to HemO where it is catalyzed to biliverdin, iron and CO. Alternatively, 

HasDEF secretes HasAp which scavenges heme and transfers it to HasR initiating the 

signaling cascade.  
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which prompted a shift from sequestering labile iron in acute infections to utilizing the 

hosts heme proteins. P. aeruginosa is a major component of nosocomial infections and in 

immunocompromised populations. The emergence of MDR strains and innate resistance 

poses a threat eliciting a need for new therapeutics. In order to meet this need we must 

identify new therapeutic targets within heme utilization pathways.  

The research presented here will examine the structure and function of the Has 

cell surface signaling pathway. In chapter 2, the transcriptional activation of the Has 

signaling cascade through the ECF σ factor is presented along with the regulation of the 

has operon. Using site-directed mutagenesis, bacterial genetics and biophysical 

techniques the post-transcriptional regulation of the Has CSS system is examined. In 

chapter 3, the contribution of the heme coordination properties of HasR is investigated 

using qRT-PCR, Western blot analysis and heme uptake studies.  
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Chapter 2: Elucidating the function of the Pseudomonas 

aeruginosa heme assimilation system (Has) in extracellular heme 

sensing 

 

2.1 Introduction 

Iron is essential for the survival and virulence of nearly all bacterial pathogens. 

However, in the human body iron is tightly bound by high affinity binding proteins such 

as transferrin, lactoferrin and ferritin (154). Within the host iron is further limited by the 

innate immune response and the upregulation of lipocalin-2 and ferritin (35). To 

circumvent the iron-deficient environment of the host, bacterial pathogens have evolved 

systems that can scavenge iron and heme (5,155-157).  The opportunistic pathogen P. 

aeruginosa is a major cause of infection in immune compromised patients (158,159).  P. 

aeruginosa encodes several iron-uptake pathways including the siderophore based 

pyoverdine and pyochelin systems (160,161), ferrous uptake system (Feo) (73), and the 

heme assimilation (Has) and Pseudomonas heme uptake (Phu) systems (108,162).  In 

order to adapt within the host, the invading pathogen must sense and alter gene 

expression in response to the extracellular iron source. One mechanism through which 

bacteria respond to external stimuli are cell surface signaling (CSS) systems that encode 

alternative sigma () factors. ECF  factors are proteins that complex with the core RNA 

polymerase, direct binding to the promoter region of target genes and activate 

transcription (163-166). P. aeruginosa encodes several ECF  factors associated with 

iron-uptake systems including the iron-starvation  factors, PvdS and FpvI. PvdS and 
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FpvI respond to the presence of extracellular iron-pyoverdine and upregulate expression 

of pyoverdine biosynthesis genes and the pyoverdine outer membrane (OM) receptor 

FpvA, respectively  (167-172).  Several heme dependent  factors associated with heme 

uptake systems have also been identified in gram negative pathogens including 

Bordetella pertussis (173), Serratia marcescens (109,174) and P. aeruginosa (108).  To 

date the only study of a heme dependent ECF  factor system is the Has system of S. 

marcescens, which was functionally reconstituted in E. coli (109). In this system the 

heme loaded extracellular hemophore HasAs (holo-HasAs) on interaction with the OM 

heme receptor triggers a signal inactivating the anti- factor HasS and releasing the  

factor HasI through recruitment of RNA polymerase, HasI upregulates transcription of 

the hasR, hasA and hasS genes. Therefore, positive autoregulation of HasS by HasI, 

allows the anti- factor HasS to accumulate in an inactive state in the presence of heme. 

As extracellular heme levels decrease the accumulated HasS is activated and rapidly 

sequesters HasI downregulating the system. Therefore, the ECF anti-/ factor system 

serves as both transcriptional activator, when heme is present in the extracellular media, 

and a repressor when levels decline. To date the S. marcescens Has system is the only 

iron-starvation  factor either heme or siderophore dependent that has been shown to 

directly auto-regulate its anti- factor. 

Although S. marcescens also encodes a second non-hemophore dependent heme 

uptake system (Hem) it was proposed based on the high affinity of HasAs for heme that 

the Has system was the high capacity transport system compared to the non-hemophore 

dependent Hem system (175). However recent studies in P. aeruginosa which also 

encodes a non-hemophore dependent Pseudomonas heme uptake (Phu) system in 
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addition to the Has system, are not consistent with this hypothesis. Specifically, 13C-heme 

uptake studies with P. aeruginosa PAO1, and the phuR or hasR strains showed 

deletion of the gene encoding the outer membrane receptor PhuR, significantly decreased 

the efficiency of heme uptake, whereas loss of HasR had no effect on the rate of heme 

uptake (162). Similarly, in vitro 13C-heme uptake and utilization studies performed with 

longitudinal chronic lung infection isolates revealed an adaptation over time to heme 

utilization at the expense of pyoverdine biosynthesis (150). Furthermore, transcriptional 

analysis of longitudinal P. aeruginosa chronic infection isolates shows over time they 

adapt to utilize heme through mutations within the promoter that give rise to increased 

expression of PhuR (151). Additionally, in vitro spectroscopic and kinetic studies 

indicate that heme binding to P. aeruginosa HasAp is passive and occurs at a similar rate 

to heme dissociation from hemoglobin (176). The emerging evidence from both in vitro 

and in vivo studies suggests the Has and Phu systems have non-redundant roles in heme 

sensing and transport, respectively. Once transported into the cell heme is degraded by an 

iron-regulated heme oxygenase HemO to release iron, generating carbon monoxide, and 

BVIX and BVIX as by-products (177). 

Given the significance of heme as an iron source during infection, we sought to 

further investigate the role of the P. aeruginosa Has system in extracellular heme sensing 

and uptake. In the current studies, we show that activation of the ECF anti-/ factor 

(HasS/I) system is dependent on the release of heme from HasAp to the HasR receptor. In 

contrast, the hasIS operon encoding the  factor and anti- factor is co-transcribed and 

solely regulated by iron in a Fur-dependent manner. Using 13C isotopically labelled heme 

we show that the protein-protein interaction alone does not trigger heme signaling and 
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requires heme release to the HasR receptor. Furthermore, in contrast to previous 

proposals of a sequential mechanism that involves formation of a HasAp-HasR 

coordinated heme intermediate our data supports a concerted mechanism where both 

HasAp ligands are released prior to heme capture by HasR. Transcriptional regulation by 

the ECF  factor system combined with the post-transcriptional regulation of the 

extracellular hemophore HasAp by the heme metabolites BVIX and BVIX (153) 

allows for a rapid response to fluctuating extracellular heme levels. Taken together we 

propose that the multiple layers of regulation over Has pathway provides a significant 

advantage for adaptation and colonization of P. aeruginosa within the host.  

2.2 Methods 

2.2.1 Bacterial strains, plasmids and protein 

Bacterial strains and plasmids used in this study are listed in Appendix II Table II.1 

and oligonucleotide primers and probes in Table II.2. Escherichia coli strains were 

routinely grown in Luria Bertani (LB) broth (American Bioanalytical) or on LB agar 

plates, and P. aeruginosa PAO1 wild type (WT) and allelic strains were freshly streaked 

and maintained on Pseudomonas isolation agar (PIA) (BD Biosciences). Brain heart 

infusion agar (BHI) and LB were used in generating the hasI and hasAp deletion 

strains as previously described (178,179). All strains were stored frozen at -80°C in LB 

broth with 20% glycerol. For qPCR, Western Blot or β-galactosidase assays single 

isolated colonies from each Pseudomonas strain were picked, inoculated into 10 mL LB 

broth and grown overnight at 37°C. The bacteria were then harvested and washed in 10 

ml M9 minimal medium (Nalgene). Following centrifugation, the bacterial pellet was 

resuspended in 10 ml M9 medium and used to inoculate 50 mL of fresh M9 medium to a 
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starting OD600 of 0.04. Cultures were grown at 37°C with shaking for 3 hours before the 

addition of supplements (0 hours) and incubated for a further 7 hours. When required, 

antibiotics were used at the following final concentrations (µg ml-1): Ampicillin (Ap), 

100; Tetracycline (Tc), 10 (for E. coli) and 150 (for P. aeruginosa); Carbenicillin (Cb), 

500. 

2.2.2 Construction of the PAO1 hasI and hasAp PAO1 strains 

The P. aeruginosa hasI unmarked deletion was generated by a method developed 

in our laboratory (178). Briefly, partial overlapping flanking primer pairs were designed 

to amplify the 500 bp upstream (hasI-upstreamF/hasI-upstreamR) and downstream (hasI-

downstreamF/hasI-downstreamR) flanking sequences of hasI (Table II.2). The resulting 

upstream and downstream fragments were cloned by Gibson assembly into the pEX18Tc 

suicide plasmid (179) and the resulting plasmid (pEX18Tc-hasI) was transformed into 

P. aeruginosa PAO1 strain as described previously (178). Clones in which a double event 

of homologous recombination resulted in the allelic exchange of the hasI gene were 

checked by PCR with primers flanking the genomic sequence of the deleted locus (∆hasI-

F/∆hasI-R) and further verified by DNA sequencing (Eurofins MWG Operon). 

The in-frame P. aeruginosa hasAp mutant was constructed using two primer pairs, 

∆hasAp-A/∆hasAp-B and ∆hasAp-C/∆hasAp-D (Table II.2), designed to amplify the 

upstream and downstream regions of the gene from the genomic DNA. The sequence of 

PCR products was confirmed by DNA sequencing (Eurofins MWG Operon). Following 

BamH1-HindIII digestion, the fragments were cloned into the counter-selective suicide 

plasmid pEX18Tc (179). The resulting pEX18Tc∆hasAp was transformed into E. coli 

S171-λpir and a 0.8 kb KpnI fragment containing the FRT-Gentamycin (Gm)-FRT 
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resistance cassette from pPS858 was inserted into the KpnI site of pEX18Tc∆hasAp. The 

resulting pEX18Tc-∆hasAp-GmFRT plasmid was transferred from E. coli S17-1-λpir 

into P. aeruginosa PAO1 by conjugation. Clones in which a double event of homologous 

recombination resulted in the chromosomal integration of the ∆hasAp::GmFRT allele 

were selected on PIA plates containing Gm and 5% sucrose. To obtain the unmarked 

∆hasAp deleted strain, the pFLP2 plasmid was mobilized into PAO1 ∆hasAp::GmFRT 

strain. This plasmid encoding the Flippase Recombinase (Flp) promotes recombination 

between FRT sequences flanking the Gm cassette. Isolated colonies were selected on PIA 

plates containing Cb and loss of the hasAp gene confirmed by screening for GmS. 

Plasmid pFLP2 was then cured by streaking CbR GmS colonies on PIA plates 

supplemented with 5% sucrose. Loss of pFLP2 was tested selecting for sucrose resistance 

and CbS. Southern blot hybridization, PCR and sequencing analysis were used to verify 

allelic exchange of the parental gene and to ensure that the construct was non-polar (data 

not shown).  

2.2.3 Gene expression analysis using quantitative real-time PCR (qRT-PCR) 

To analyze gene expression total RNA was purified from 1 ml aliquots collected at 

several time points from cultures grown under various conditions. RNA was stabilized by 

the addition of 250 µl RNALater Solution (Ambion) and the samples were stored at 

−80°C until further use. Total RNA was isolated from each cell pellet using the RNAeasy 

mini spin columns according to the manufacturer’s directions (Qiagen). 6 µg of total 

RNA was treated with RNAse-free DNAseI (New England Biolabs) for 2h at 37°C to 

remove contaminating chromosomal DNA and precipitated with 0.1x volume 3M sodium 

acetate pH 5.2 and 2x volume 100% (v/v) ethanol. RNA quantity and quality were 
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assessed by UV absorption at 260 nm in a NanoDrop 2000c Spectrophotometer (Thermo 

Scientific, USA). cDNA was generated using the GoScript™ Reverse Transcriptase kit 

(Promega) from RNA (250 ng) and random primers (0.5 µg). cDNA (10 ng) was 

analyzed with gene specific primers (Table II.2) using the StepOnePlus Real-Time PCR 

System (Applied Biosystems) and FastStart Universal Probe Master (46) (86). The 

relative gene expression was calculated using the ∆∆Ct method and the cycle threshold 

(180) values at each time point were normalized to the constitutively expressed OprF 

gene. mRNA values represent the standard deviation of three independent experiments 

performed in triplicate. 

2.2.4 5’ rapid amplification of cDNA ends (5’-RACE) and Reverse Transcriptase-

PCR (RT-PCR)  

5′-RACE analysis was performed using the 5´-RACE System for Rapid 

Amplification of cDNA Ends according to manufacturer's instructions (Invitrogen) and 

with approximately 3 µg of total RNA extracted from P. aeruginosa PAO1 cells grown in 

M9 media. A gene-specific primer for the hasI (hasI-GSP1) transcript was used to initiate 

the first-strand cDNA synthesis from hasI mRNA (Table II.2). A 5 µl aliquot of cDNA 

was amplified using the Abridged Anchor Primer (AAP) and the nested gene-specific 

primer hasI-GSP2. The amplified product was purified by agarose gel electrophoresis and 

used as a template for a second round of amplification with the Universal Amplification 

Primer (UAP) and hasI-GSP3 specific primer (Table II.2). The cDNA product resulting 

from this last amplification step was sequenced to determine the transcriptional start site 

following the AAP. Reverse transcriptase (RT)-PCR analysis was performed to confirm 

the hasIS co-transcript. Gene-specific hasS primer RT-hasS-R was used to initiate the 
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first-strand cDNA synthesis. The resulting cDNA was used as a template to amplify the 

co-transcribed genes hasI (primers hasI-F/hasI-R) and hasS (primers hasS-F/hasS-R) and 

the intergenic region between hasI-hasS genes (primers Intergenic-F/Intergenic-R).  

2.2.5 Cloning expression and purification of PAO1 WT and mutant HasAp 

proteins 

The full length hasAp gene was obtained by mutation of the stop codon in the 

previously constructed pET11a harboring the truncated hasAp gene using the 

QuikChange II site-directed mutagenesis kit (Agilent) (181). The H32, Y75 and H83 

mutations were introduced into the truncated hasAp and full length hasAp plasmids 

utilizing the QuickChange method. All mutations were verified by DNA sequencing 

(Eurofins MWG Operon). All primers for site-directed mutagenesis are listed in Table 

II.2. 

Protein expression was performed by slight modification of the previously published 

method following transformation of the resulting plasmid constructs into E. coli 

BL21(DE3) competent cells (181). HasAp WT and mutant proteins were expressed by 

culturing a single colony from freshly transformed cells for 16 h in LB medium (100 ml) 

containing 100 µg/mL ampicillin at 37°C with shaking. The cells were harvested by 

centrifugation at 6000 rpm at 4°C for 5 min and resuspended in M9 media. The cells 

were washed with M9 twice and the final cell pellet was resuspended in M9 and used to 

inoculate 4 (182) liter cultures in M9 containing 100 µg/mL ampicillin to a final OD600 

of 0.05. The cells were grown to an OD600 of ~ 1.0 and induced with 1 mM final 

concentration of isopropyl-β-D-thiogalactopyranoside (IPTG) and grown for a further 16 

h at 30 °C. Cells were harvested by centrifugation at 7,000 rpm for 15 min and stored at -
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80°C until further use. Pellets were thawed and resuspended in 40 mL lysis buffer (20 

mM Tris-HCl (pH 7.5), 20 mM NaCl, 1 mM EDTA) containing a protease inhibitor 

tablet (86), 1 mg/mL DNase and 25 mg/mL lysozyme and stirred at 4°C for 1 h and 

passed through an LM-20 Microfluidizer at 20,000 psi. The lysis suspension was 

centrifuged at 25,000 rpm for 1 h to separate the cell debris. The supernatant was applied 

to a Q-Sepharose column (3 cm × 10 cm) pre-equilibrated with equilibration buffer (20 

mM Tris-HCl (pH 7.5) and 20 mM NaCl). The column was washed (3-5 column 

volumes) with equilibration buffer and the protein eluted over a gradient from 20-600 

mM NaCl in 20 mM Tris-HCl (pH 7.5). The purity of the eluted fractions was determined 

by SDS-PAGE and those containing HasAp were pooled and dialyzed in 4 L of 50 mM 

Tris-HCl (pH 7.5) containing 50 mM NaCl. The protein was then concentrated (10 ml) 

and applied to a 26/60 Superdex 200 pg size exclusion column. Fractions containing 

purified protein were pooled and concentrated to 10 mg/ml. holo-HasAp samples were 

prepared with hemin prepared immediately prior to use by dissolving in 0.1 mM NaOH 

and buffered with 10 mM Tris-HCl (pH 8), and the final concentration was determined 

by the pyridine hemochrome method (183). HasAp WT and mutant protein were 

reconstituted 1:1 with hemin and incubated on ice for 30 min and concentrated via 

Amicon ultracentrifuge filters (30 MWCO).  

 The integrity of protein secondary structure was determined by circular dichroism 

CD spectroscopy recorded on a Jasco J-810 spectropolarimeter. All samples were 

recorded in 10 mM potassium phosphate (pH 7.4) at 25 °C from 190 to 260 nm at a scan 

rate of 20 nm/min, with each spectrum representing 10 accumulations. Data were 

acquired at 0.2-mm resolution and 1.0-mm bandwidth. The mean residue ellipticity 
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(degrees cm2 dmol1) was calculated using CDPRO software supplied by the 

manufacturer. 

2.2.6 Transcriptional activation in the PAO1 hasAp strain in the presence of 

exogenous holo-HasAp mutant proteins 

 Overnight cultures (50 ml) were harvested by centrifugation at 5000 rpm at 4°C for 

5 min and resuspended in M9. The resulting cell pellet was washed twice, resuspended in 

M9 and used to inoculate fresh 50 mL M9 cultures to a final OD600 of 0.05. The cultures 

were grown for 3 h at 37°C, with shaking to deplete the bacterial iron stores. After 3 h, 

samples (1 ml) were collected and the cultures supplemented with 1 µM HasAp WT or 

mutant proteins containing 0.1 µM heme to induce HasI-dependent transcriptional 

activation of hasR promoter by HasI, while ensuring low levels of iron as a result of 

heme transport and degradation in preventing Fur repression. Aliquots (1 ml) were 

collected at 2, 5 and 7 h. RNA isolation and qRT-PCR analysis of hasR mRNA levels 

was performed as described above with primers listed in Table II.2. 

2.2.7 Isothermal Calorimetry (ITC) experiments 

ITC was performed on a MicroCal PEAQ-ITC (Malvern Panalytical) instrument at 

25 °C. All protein solutions were in 10 M sodium phosphate (pH 7.5). Samples were 

degassed before use and injections (0.4 l) were carried out at 2.5 min intervals. For all 

experiment’s protein concentrations ranged from 20-50 M, and the titrated heme was set 

to 10-20 times this value. The heat of dilution of the protein was obtained by injecting 

into the buffer alone. The resulting integrated heats were baseline corrected, then fitted to 

a one-site binding model using the MicroCal PEAQ-ITC software. A nonlinear least 

squares algorithm (minimization of 2) was used to fit the heat flow per injection to an 
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equation corresponding to an equilibrium binding model, which pro- vides best fit values 

for the stoichiometry (nITC), change in enthalpy (HITC), and binding constant (KITC). KD 

values and Gibbs free energy were calculated according to Kd =1/Ka and G=RT lnKa. 

The thermodynamic relationship G=H-TS was used to find the entropic contribution 

to binding. The data were averaged from three independent ITC experiments. 

2.2.8 SDS-Page and Western Blot analysis 

 Aliquots (1 ml) from PAO1 and mutant cultures were harvested at the 0, 2, 5 and 

7 h time points. Cell pellets were resuspended in 200 μl per 1.0 OD600 of Bugbuster 

(Novagen). Cells were incubated at room temperature for 30 min with occasional 

agitation to ensure complete cell lysis and total protein concentrations were determined 

using the BioRad RCDC Assay. Samples of the cell lysate (25 μg total protein) in SDS-

PAGE loading buffer were run on a 7.5% SDS-PAGE for HasR detection. Samples of 

supernatant at 2, 5 and 7 h time points were collected for analysis of the extracellular 

HasAp levels and run on 12.5% SDS-PAGE. Following normalization between strains 

for differences in OD600 at each time point the supernatants (final volume 10 l) were 

loaded in SDS-PAGE loading buffer. Proteins were transferred by electrophoresis to 

PVDF membranes (Bio-Rad) for Western blot analysis. Membranes were blocked with 

blocking buffer (5% w/v skim milk in Tris-buffered saline (TBS) with 0.2% v/v Tween 

20), washed and probed with 1:750 dilution of anti-HasR, or anti-HasAp primary 

antibodies in hybridization buffer (1% w/v skim milk in TBS with 0.2% v/v Tween 20). 

Antibodies were obtained from Covance Custom Antibodies and generated from purified 

proteins supplied by our laboratory. Antibody sensitivity was checked against the 

respective purified proteins prior to use and all experimental Western blots were run with 
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molecular weight markers as standards. Membranes were rinsed three times in TBS with 

0.2% (v/v) Tween 20 and probed with goat-anti rabbit immunoglobin G conjugated to 

horseradish peroxidase (KPL) at a dilution of 1:10000 in hybridization buffer. Proteins 

were visualized and enhanced by chemiluminescent detection using the Super-Signal 

chemiluminescence kit (Pierce) and Amersham hyperfilm ECL (Amersham). The 

normalized density represents the relative abundance of each protein compared to the 

RNA polymerase   subunit as the loading control for n = 3 independent biological 

replicates. The RNA polymerase   subunit was detected with the anti-E. coli RNA 

Polymerase α Antibody (BioLegend). Densitometry analysis was performed on an 

AlphaImager HP System using the manufacturers supplied AlphaView software.  

2.2.9 Preparation and Isolation of [13C] Heme 

Labeled [4-13C] δ-aminolaevulinic acid (ALA) was purchased from Frontier 

Scientific. [4-13C] δ-ALA was used as a biosynthetic precursor to produce [13C] heme. 

Expression of cytochrome b5 in the presence of [4-13C] δ-ALA induces heme 

biosynthesis in E. coli where the produced cytochrome b5 captures and acts as a reservoir 

for the synthesized heme (184). [13C] Heme was prepared as previously reported 

(133,162). Briefly, rat outer mitochondrial cytochrome b5 was expressed in E. coli 

BL21(DE3) cells in M9 minimal medium with the following supplements: 2 mM MgSO4, 

100 μM CaCl2, 150 nM (NH4)6Mo7O24, 40 μM FeSO4 (acidified with 1 N HCl), 17 μM 

EDTA, 3 μM CuSO4, 2 μM Co(NO3)2, 7.6 μM ZnSO4, 9.4 μM Na2B4O7·10H2O, and 1 

mM thiamine. Following lysis and centrifugation the cellular lysate was loaded onto a Q-

Sepharose anion exchange column (2.5 X 10 cm) equilibrated in 50 mM Tris-HCl (pH 

7.4), 5 mM EDTA, 50 mM NaCl. The column was washed with the same buffer followed 
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by an additional wash with 50 mM Tris-HCl (pH 7.4), 5 mM EDTA, 125 mM NaCl (5 

column volumes). Cytochrome b5 was eluted in 50 mM Tris-HCl (pH 7.4), 5 mM EDTA, 

250 mM NaCl and dialyzed overnight in 50 mM Tris-HCl (pH 7.4), 5 mM EDTA, 50 

mM NaCl. Heme extraction from cytochrome b5 was performed by the acid/butanone 

method as previously described (185). Heme concentrations were determined by the 

pyridine hemochrome assay (183). Heme stocks were prepared immediately prior to use 

by dissolving in 0.1 N NaOH and buffered to pH 7.4 with 1 M Tris-HCl and the final 

concentration was determined by pyridine hemochrome (pH 7.4). The labeling pattern of 

biosynthesized heme from [4-13C] δ -ALA is shown in Appendix II (Figure II.1) (162). 

2.2.10 Extraction of BVIX Isomers from PAO1 Supernatants 

PAO1 WT and allelic strains were grown as described above and supplemented 

with either 1 μM 13C-labeled heme or HasAp bound to 13C-labeled heme. 50-ml cultures 

were shaken at 210 rpm for 3 h at 37 °C in 250-ml baffled flasks. After 3 h further 

growth they were supplemented and allowed to shake for an additional 4 h. Cells were 

harvested by centrifugation in 50 mL conical tubes at 6000 rpm for 20 min at 4°C. The 

supernatant was collected and filtered by a Nalgene vacuum filtration unit with a 0.22 µm 

PVDF membrane. Supernatants were acidified to pH ~ 2.5 with 10% trifluoroacetic acid 

(TFA), supplemented with 10 nM (final concentration in 45 mL) with Di-Methyl ester 

BVIXα and loaded over a C18 Sep-Pak column purchased from Waters. The column is 

prepared by flushing with 2 mL of Acetonitrile (ACN), H2O, 0.1% TFA in H2O and 

methanol:0.1% TFA (10:90). After sample application wash with 4 mL 0.1% TFA, 4mL 

ACN:0.1% TFA (20:80), 2 mL Methanol:0.1% TFA (50:50). Elute with 1 mL Methanol. 
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Purified BVIX isomers were speed vacuumed dry and stored for up to 1 week at -80 °C 

prior to LC-MS/MS analysis.  

2.2.11 Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS) Analysis 

of BVIX Isomers 

Samples were resuspended in 10 μL DMSO and diluted to 100 μL with mobile 

phase ACN (50:50, v/v) and centrifuged at 14000 rpm for 5 minutes at room temperature 

to remove particulates. The BVIX isomers (2 μl) were separated and analyzed by LC- 

MS/MS (Waters TQ-XS triple quadrupole mass spectrometer with AQUITY H-Class 

UPLC). BVIX isomers were separated on an Ascentis RP-amide 2.7 µm C18 column (10 

cm × 2.1 mm) at a flow rate of 0.4 mL/min. The mobile phase consisted of A: H2O:0.1% 

formic acid and B: ACN:0.1% Formic acid. The initial gradient is 64% A and 36% B. 

After 5 min A:55% - B%45, 8 min A:40% - B:60%, 8.5 min A:5% - B:95% and 10 min 

A:64% - B:36%. Fragmentation patterns of the precursor ions where detected at 583.21 

(12C-BVIX) and 591.21 (13C-BVIX) using multiple reaction monitoring (MRM). The 

source temperature was set to 150°C, the capillary voltage to 3.60 kV and the cone 

voltage to 43V. The column was kept at 30°C during separation. The precursor ion used 

in MRM for 12C-BVIXα, -β, and -δ isomers is 297.1, 343.1, and 402.2 with a collision 

energy of 38, 36 and 30 V respectively. The product ion used in MRM for 13C-BVIXα, -

β, and -δ isomers is 301.1, 347.1 and 408.2 with a collision energy of 34 V for each.  

2.2.12 Crystallization, Data Collection, Phasing, Model Building, and Refinement 

Diffraction quality crystals of the Y75H HasAp variant were obtained in the 

laboratory of Professor William N. Lanzilotta with protein supplied by our laboratory. 

Crystals were obtained when purified enzyme (0.5μL at 10 mg/mL) was mixed 1:1 with a 
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precipitating solution containing 100 mM sodium chloride, 100 mM HEPES pH 7.5, and 

1.6 M Ammonium sulfate (100 μL reservoir) using a Mosquito (tpplabtech, Boston MA) 

protein crystallization robot. Crystals appeared 4 weeks after incubation at 18°C. Crystals 

of the H32A HasAp variant were obtained when purified enzyme (1μL at 10 mg/mL) was 

mixed 1:1 with a precipitating solution of 1 M sodium citrate, 100 mM Tris (pH 7.0) and 

200 mM sodium chloride. Crystals of HasA H32Ap were obtained via sitting drop. 

Crystals appeared after 1 week of incubation at 18°C. Monochromatic data collection 

with 0.97 Å X-rays was performed at SER-CAT on the 22-BM beamline at the Advanced 

Photon Source (Argonne, IL). Data were processed using SGXPRO, and 5% of the 

reflections were set aside for cross-validation (186). Phases were obtained by molecular 

replacement using the wild-type HasAp (PDB code: 3ELL) model and initial phasing was 

performed using PHENIX. Successive rounds of model building and refinement were 

performed using COOT and PHENIX (187,188). All statistical data for the raw images 

and refined model is described in Table II.3. 

2.2.13 Surface Plasmon Resonance  

Apo-HasAp or holo-HasAp were covalently bound to the surface of flow cells 2, 

3 and 4 of a CM5 chip to a final level of 50 RU using the NHS-EDC kit (GE Life 

Sciences, Piscataway, New Jersey). Flow cell 1 was used as blank. HasR-his (0-1000 

nM) in 120 µL of HBS-EP buffer (GE Life Sciences) was injected into flow cells 1-4 at 

25 oC. The surface was then washed with buffer for 3 min and the dissociation of analyte-

ligand complexes was followed over time. The flow cells were regenerated by injecting 

15 µL aliquots of 10 mM glycine, pH 1.5 followed by 15 µL aliquots of 10 mM NaOH 

and the process was repeated. Sensorgrams were analyzed with BIAeval 4.1 software 
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(Biacore). Values from the reference flow cell were subtracted to obtain the values for 

specific binding. Data were fitted to a Steady-State Affinity model. These studies were 

completed by the University of Maryland, School of Medicine, Biacore Facility.   

2.3 Results 

2.3.1 Fur-mediated regulation of the PAO1 Has system 

qPCR analysis of hasR mRNA levels in the presence of 2.5 M FeCl3 were 

significantly down regulated in PAO1 compared to those from cultures grown in low 

iron, consistent with the previously reported Fur-mediated regulation of the hasR 

promoter  (Figure 2.1A) (108). In the aforementioned study, it was also reported that 

hasR and hasAp were co-transcribed as an operon (108). qPCR analysis of the hasAp 

mRNA expression profile over time in low iron or when supplemented with 2.5 M 

FeCl3 is similar to that of hasR, suggesting co-transcription from the Fur-regulated hasR 

promoter (Figure 2.1B). Similarly, mRNA levels of hasR and hasAp in a hasI strain 

lacking the  factor are Fur-repressed in the presence of iron (Figure 2.1A and B). 

2.3.2 Heme dependent activation of the PAO1 has system by the HasI  factor   

In the presence of heme as an iron source, hasR mRNA levels from PAO1 

cultures show a time dependent increase that peaks at ~5 h (Figure 2.2A), whereas in the 

hasI strain we observe no heme-dependent activation of hasR as a result of the loss of 

the heme-dependent ECF  factor HasI (Figure 2.2A). Similarly, in the presence of heme 

a time dependent increase in hasAp mRNA levels is observed, whereas in the hasI strain 

the heme-dependent transcriptional activation is repressed (Figure 2.2B). 
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Figure 2.1. Iron regulation of hasAp and hasR in PAO1 wild type and PAO1 hasI. A. 

relative expression of hasR mRNA from cultures in low iron or supplemented with 2.5 

M FeCl3. mRNA was isolated at 0, 2, 5 and 7 h as described in materials and methods. 

B. relative expression of hasAp mRNA as described for hasR. mRNA values represent 

the standard deviation from three independent experiments performed in triplicate and 

normalized to 0 h for the respective strains. The indicated p values as determined by a 

Student’s two-tailed t-test were normalized to mRNA levels of the respective strains at 

the same time point, where *, p<0.05, and **, p<0.005.   
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Figure 2.2. Heme regulation of hasAp and hasR in PAO1 wild type and PAO1 hasI. A. 

relative expression of hasR mRNA from cultures supplemented with 1 M heme. mRNA 

was isolated at 0, 2, 5 and 7 h as described in materials and methods. mRNA values 

represent the standard deviation from three independent experiments performed in 

triplicate and normalized to 0 h for the respective strains. The indicated p values as 

determined by a Student’s two-tailed t-test were normalized to mRNA levels of the 

respective strains at the same time point, where *, p<0.05, and **, p<0.005. B. relative 

expression of hasAp performed as described above for hasR. C. Western blot analysis of 

HasAp and HasR. Western blot of extracellular HasAp levels in PAO1 WT and hasI 

were performed on supernatant (5–10 l) adjusted for differences in OD600. D. 

Normalized density (n = 3) was performed on Western blots for three separate biological 

replicates. E. Representative Western blots of HasR and HasAp. For HasR 25 g total 

protein as determined by Bradford assay was loaded in each well. RNA  polymerase 

subunit was used as an internal loading control. Normalized intensity (n = 3) of HasR to 

the loading control was performed on Western blots for three separate biological 

replicates. The indicated p values as determined by a Student’s two-tailed t-test for PAO1 

hasI were normalized to PAO1 WT at the same time point where *, p<0.05, and **, 

p<0.005.  
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The similarity in the mRNA expression profiles of hasR and hasAp is consistent with co-

transcription from the hasR promoter. Western blot of HasR protein levels in both PAO1 

and hasI show a similar profile over time to the mRNA levels, with a slight difference 

in the peak levels due to a lag between transcription and translation (Figure 2.2C). 

Similarly, we do not detect HasAp protein until the later time points in keeping with the 

fact that HasAp following translation must be secreted to the extracellular media. The 

observed ~20-30 fold increase in hasAp mRNA levels compared that of hasR in WT 

PAO1 corresponds to the inherent stability of the hasAp transcript over hasR (189). In 

addition, it was previously reported that the heme metabolites BVIXβ and/or BVIXδ 

increase the translational efficiency of HasAp which leads to more secreted HasAp 

(Figure 2.2E) (153). The influx and catalysis of heme coupled to the increased stability of 

the hasAp transcript and subsequent increased translational efficiency leads to further 

signal amplification and transcriptional activation by the ECF σ-factor HasI.  

2.3.3 PAO1 hasI and hasS are co-transcribed as an operon and subject to Fur-

dependent iron regulation.  

In S. marcescens the ECF  factor HasI and anti- factor HasS are co-transcribed 

as an operon. Furthermore, hasS was shown to be autoregulated via HasI (109). 

Therefore, in S. marcescens hasS and hasI have different expression profiles depending 

on the presence or absence of heme. Sequence analysis of the PAO1 hasI-hasS intergenic 

region revealed no obvious terminator suggesting the genes are co-transcribed as an 

operon. RT-PCR analysis using primers designed within the ORF of hasI and hasS 

confirmed they are indeed co-transcribed as an operon (Figure 2.3A). Further analysis by 

5’RACE mapped the transcriptional start site 20 base pairs upstream of hasI within the  
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Figure 2.3. Heme and iron regulation of hasI and hasS in PAO1. A. Map of the 

transcriptional start site and promoter of hasI. The hasI transcriptional start site and start 

codon bolded. Positions of primers for 5’RACE and primer specific extension of hasAp 

and hasR are shown by sequence position and listed in Appendix II Table II.2. B. hasI 

fragment was obtained as above with primer hasI-GSP2. RNA isolation and RT-PCR 

were performed as described in “Materials and Methods”. The fragment obtained in low 

iron was sequenced and represents hasI mRNA. In the presence of FeCl3 the respective 

cDNA fragments are not detected due to Fur repression and decreased transcription of the 

respective genes. 
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intergenic region that also includes the previously identified Fur-box (190). The Fur-

dependent regulation of the hasIS construct was confirmed in PAO1 cultures 

supplemented with 2.5 M FeCl3 where mRNA levels of hasS and hasI are repressed as a 

function of time (Figure 2.4B and C). The similar hasI and hasS mRNA profiles is 

consistent with their co-transcription from the hasI promoter. PAO1 cultures grown in the 

presence of 1 M heme show similar decreases in the relative expression of both hasS 

and hasI when compared to low iron conditions (Figure 2.4A and C). The decrease in the 

relative expression of hasS in PAO1 WT cultures supplemented with either iron or heme 

suggests the hasS gene is not subject to autoregulation by HasI (Figure 2.4A and B). The 

lack of autoregulation over the hasS gene was further confirmed in the hasI strain, 

where hasS mRNA levels in PAO1 WT and the hasI strain are similarly repressed in the 

presence of heme (Figure 2.4A and C). Therefore, in contrast to S. marcescens the ECF  

 factor/anti- system in PAO1 is subject to iron regulation by the Fur-repressor and is 

not autoregulated by HasI. 

2.3.4 Spectroscopic characterization of the HasAp axial heme ligation mutants 

Previous transcriptional reporter assays of the S. marcescens hasR promoter in E. 

coli transformed with a plasmid constitutively expressing hasISR, concluded heme 

release from HasAs to HasR was required for activation of HasI (191). However, several 

HasAs mutants that showed reduced -galactosidase activity, including the heme ligand 

mutants H32A and Y75A, were reported to be competent to transport heme (124). 

Therefore, given the conflicting nature of these results we sought to further dissect the 

HasAp-HasR heme signaling complex in the native PAO1 background.   
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Figure 2.4. hasS mRNA levels as a function of time in PAO1 and PAO1hasI in the 

presence of heme (A) or iron (B). C. hasI mRNA levels as a function of time in PAO1. 

mRNA was isolated at 0, 2, 5 and 7 h following supplementation with 1 M heme (left 

panel) or 2.5 M FeCl3 (right panel). mRNA values represent the mean from three 

biological experiments each performed in triplicate and normalized to PAO1 in low iron 

conditions at the same time point. Error bars represent the standard deviation from three 

independent experiments performed in triplicate. The indicated p values as determined by 

a Student’s two-tailed t-test were normalized to mRNA levels of PAO1 at the same time 

point, where *, p<0.05; **, p<0.005: ***.  
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It has previously been reported that HasAp undergoes C-terminal proteolytic cleavage on 

secretion to the extracellular media (192). The cleaved protein retained biological activity 

and was proposed to be the major form in the extracellular environment. Consequently, 

we and others have studied the biochemical and biophysical properties of purified HasAp 

lacking the C-terminal 21 amino acid residues (181). We constructed a series of mutants 

targeting the proximal Y75 (Y75A and Y75H), distal H32 (H32A) heme coordinating 

ligands and H83 (H83A) which contributes a hydrogen bond between the N with the O 

of Y75 that is proposed to increase its tyrosinate character (Figure 2.5). Rivera and co-

workers have previously characterized the structural and spectroscopic contributions of 

the HasAp Y75, H32, and H83 residues to heme binding (176,193,194). Kinetic analysis 

of heme loading to the holo-HasAp WT and the corresponding heme coordination mutant 

H32A concluded that heme binds rapidly to the Y75 loop, followed by a slower 

conformational closing of the H32 loop (193). 

Consistent with previous reports, CD spectrophotometry confirmed there were no 

significant differences in the overall structural fold of the holo-HasAp heme coordination 

mutants compared to the WT holo-protein (Figure 2.6A). A similar result is observed 

when WT apo-protein is compared to the apo-HasAp mutants (Figure 2.6B). The results 

indicate the mutations have no effect on the overall fold of the protein in the presence or 

absence of heme. This is further confirmed in the triple mutant (TM) where H32, Y75 

and H83 were all mutated to alanine which completely abrogates heme binding to HasAp 

but does not affect the overall fold of the protein (Figure 2.6B). The HasAp WT, H32A, 

Y75A, and H83A variants when reconstituted with heme all show absorption spectra 

identical to those previously reported (Figure 2.7A and B) (176,181,194). Compared to  
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Figure 2.5. Crystal structure of WT PAO1 HasAp bound to heme. The His-32 residue is 

colored gray and Tyr-75 and His-83 residues are colored pale blue. The dotted black line 

depicts the hydrogen bond from Nδ of His-83 to the Oη of Tyr-75. The coordinating 

ligands, and His-83 is shown in stick format (Protein Data Bank code 3ELL).  
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Figure 2.6. CD spectra of WT HasAp and mutant proteins. A. Spectra of holo-HasAp. B. 

Spectra of apo-HasAp which includes a TM. Spectra were recorded in 10 mM potassium 

phosphate (pH 7.4) at 25 °C from 190 to 250 nm at a scan rate of 20 nm/min as described 

in the Methods section. 
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Figure 2.7. Spectroscopic characterization of the holo-HasAp mutant proteins. A.  

Absorbance spectra of the holo-HasAp WT, H32A and H83A mutants. B. Absorbance 

spectra of the holo-HasAp WT, Y75A and Y75H mutants.  Spectra were recorded in 20 

mM Tris (pH 8.0) containing 50 mM NaCl at 25oC with a final protein concentration of 

20 M.  
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holo-HasAp WT which has a Soret maxima at 406 nm and a typical high-spin marker at 

616 nm, the H32A and H83A mutants have slightly blue shifted Soret maxima at 401 and 

404 nm and high spin markers at 619 and 621 nm, respectively (Figure 2.7A). In contrast 

the holo-HasAp Y75A mutant has a Soret maxima identical to that of the WT complex, 

with the major difference being the appearance of Q bands at 535 and 550 nm, consistent 

with an increase in low-spin character (Figure 2.7B). The spectrum of the holo-HasAp 

Y75H mutant showed a slight red shift in the Soret maxima to 408 nm accompanied by 

increased intensity in the Q bands at 537 and 567 nm, indicative of a low spin bis-His 

coordinated heme.  

Despite expression of the HasAp proteins in M9 minimal media they purify with 

residual heme bound (5-20%). In order to perform heme binding assays by ITC we 

further separated apo- and holo-HasAp fractions by hydrophobic chromatography (193). 

Consistent with previously calculated binding affinities (KD) the HasAp WT has a KD in 

the M range when measured by ITC (Table 2.1 and Figure II.1) (176). As previously 

reported for S. marcescens HasAs, the free energy (G) of heme binding to HasAp is 

favorable and enthalpy driven as judged by the large negative H and unfavorable 

entropy (TS) (195). The unfavorable entropy most likely arises from hydrophobic 

interactions of heme with the Y75 loop and subsequent displacement of water molecules 

on rearrangement of the H32 coordinating loop. Perhaps not surprisingly the HasAp 

Y75H mutant shows a similar enthalpy driven process, consistent with heme binding to 

His-75, again driving rearrangement of the H32 loop. The bis-His heme coordination in 

holo-HasAp Y75H is also supported by the red shifted Soret band and increased 

definition in the Q-band region (Figure 2.7B).   



85 

 

 

 

 

 

 

Table 2.1. Thermodynamic parameters for heme binding to HasAp and HasAp WT and 

mutant proteins. Experiments were performed as described in the Methods section 2.2.7. 

The data were fit to a one-site binding model with the MicroCal PEAQ-ITC analysis 

software supplied by the manufacturer. The data was averaged from three independent 

experiments.  

 

 

 

 

 

 

 

Protein KD (M) N (sites) H (kcal mol-1) G (kcal mol-1) TS (kcal mol-1) 

HasAp 1.2  0.8 1.3  0.6 -99.7  0.5 -8.5  1.0 -91.2  0.4 

HasApY75H 1.1  0.7 1.4  0.7 -100 -8.1  4.0 -91.8  0.2 

HasApY75A 0.012  0.006 0.95  0.03 -7.1  0.59 -10.9  0.4 3.8  0.9 

HasApH32A 0.079  0.003 0.55  0.05 -22.3  1.4 -9.7  0.2 -12.6  1.3 

HasApH83A 0.012  0.003 0.92   0.03  -7.1  0.34 -10.8  0.15  3.7  0.24 
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While the overall free energy (G) of heme binding to the HasAp Y75A, H32A and 

H83A mutants is favorable, all three mutants show significant increases in entropy at the 

expense of enthalpic contributions. The gain in entropy and disorder is consistent with a 

greater contribution of hydrophobic interactions of the heme scaffold with HasAp and 

increased conformational flexibility of the Y75 and H32 loops in the absence of the heme 

coordinating ligands. Interestingly, the thermodynamic parameters of the H83A HasAp 

mutant are almost identical to Y75A consistent with its role in stabilizing heme 

coordination to Y75. For all three mutants the increase in hydrophobic contributions is 

reflected in the increased heme binding affinities (KD). Taken together the data is 

consistent with previous reports that hydrophobic interactions of the heme scaffold with 

the HasAp Y75 loop contribute to heme capture, whereas heme ligation through Y75 and 

H32 controls heme release to HasR (194).  

To determine whether HasAp heme coordination mutants retain the ability to 

interact with the OM receptor, we employed surface plasmon resonance (SPR) to assess 

the protein-protein interaction in vitro. Immobilized HasAp WT and or mutant proteins 

were passaged with increasing concentrations of HasR. In all cases the mutants retained 

the ability to interact with HasR as judged by the similar submicromolar binding 

affinities (KD) for holo- and apo-HasAp WT and mutants (Table 2.2). The binding 

affinities were determined by steady-state binding analysis due to poor fits of the 

dissociation constants and we attribute this to the complexity of the HasAp-HasR 

interaction and the necessary energy requirement. Physiologically, there is no saturation 

binding occurring as holo-HasAp binds HasR, undergoes a conformational change to 

release heme and then apo-HasAp is released from the receptor.  
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Protein (Holo)             KD (µM)      KA (1/M) 

WT HasAp    0.300    3.33E6  

H32A HasAp    0.257   3.89E6  

H83A HasAp    0.669   1.49E6  

Y75H HasAp    0.250   4.00E6  

Y75A HasAp 

 

Protein (Apo) 

 

WT HasAp    0.311   3.21E6  

H83A HasAp    0.189   5.30E6  

 

Table 2.2. SPR of WT and HasAp mutants incubated with HasR in lipid nanodiscs. The 

HasAp mutants were fixed to the chip and flowed with increasing concentrations of WT 

HasR in lipid nanodiscs. See the Methods section 2.2.7. 
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The binding affinities are therefore a useful metric from which to determine if the 

HasAp/HasR interaction is perturbed by the mutation but may not be reflective of a 

physiological complex. Therefore, the physiological relevance of the apo-HasAp 

interaction remains to be determined but this has also been observed for the S. 

marcescens HasAs interaction with its cognate receptor (120). However, the binding 

affinities provide a reference point for studies herein addressing the ability of the HasAp 

variants to trigger heme signaling and transport in vivo. 

2.3.5 Structural characterization of the holo-Y75H HasAp  

Crystal structures of the holo-Y75A, H32A and H83A have previously been 

solved, however, there is no available structure for the holo Y75H HasAp. We solved the 

crystal structure of the Y75H variant in collaboration with Professor William N. 

Lanzilotta at the University of Georgia. The holo-HasAp Y75H shows an overall fold 

similar to WT (Figure 2.8B) (181). The four α-helices that form the “α-helix wall” are 

identical to WT except the “β-sheet wall” has distinct differences where β-sheets 1, 3, 4, 

6, and 7 have formed shorter sheets and are connected in anti-parallel by long hairpin 

turns. As compared to WT HasAp, β5 was replaced by an extended loop in the Y75H 

mutant leaving only seven β-sheets. Heme is axially coordinated by H32 on loop 1 which 

connects α1 and β2. The remaining axial ligand, H75 is housed on the second extended 

loop between β3 and β4. The vinyl groups appear to have similar hydrophobic contacts in 

the Y75H HasAp binding pocket where heme vinyl CBC makes contact with L85 and on 

the other edge T43 with heme vinyl CAB. The heme methyl groups and propionates are 

mostly exposed apart from NH of G35 which is in hydrogen-bonding distance of the O1A 

propionate.  
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Figure 2.8. The crystal structure of bisHis HasAp. A. bisHis HasAp with H32 loop 

colored in light blue and Y75 loop in green (PDB file: 6U87). B. An overlay of P. 

aeruginosa WT HasAp (PDB file: 3ELL) in light blue with HasAp Y75H in tan. C. 

Closer view of WT HasAp heme ligation with heme axial ligands including the hydrogen 

bond donor H83 shown in stick format. D. HasAp Y75H represented as detailed in C. 

The blue dotted line represents the distance between the heme-Fe and axial ligands. The 

red dotted line represents the distance between the Nδ of H83 to Oη of Y75 (C) or NH of 

H75 (D). The yellow lines (D) represents the distance between heme carbons or oxygen 

in parentheses and nearby residues.   
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Interestingly, the Fe-N bond length in the WT and Y75H mutants is similar at 2.0 and 2.2 

Å.  In contrast in the HasAp Y75H variant the distance from the His-N is 4.0 Å 

compared to 2.0 Å for the Fe-O in the WT (Figure 2.8 C and D) (181). However, despite 

this distance the red-shifted Soret maximum and increased low spin character would 

suggest in solution H75 is coordinated to the heme iron (Figure 2.7 B).  In WT HasAp, 

Nδ of H83 donates a hydrogen bond to the phenolate oxygen of Y75 which has a bonding 

distance of 2.6 Å however the 4.6 Å distance in the Y75H HasAp mutant suggests that 

H83 is no longer donating a hydrogen-bond to H75 but makes electrostatic contact with 

the tetrapyrrole ring. The implications of the structural differences between holo-HasAp 

Y75H and the WT are discussed in the following sections. 

2.3.6 Heme release from HasAp to HasR is required to activate the  factor HasI.  

To assess the contributions of heme coordination to heme release and activation 

of the cell surface signaling cascade we employed a hasAp strain exogenously 

supplemented with the purified holo-HasAp WT or mutant proteins. Transcriptional 

activation from the hasR promoter was determined by qPCR analysis of hasR mRNA 

levels following addition of holo-HasAp WT or mutant complexes to the media. As 

expected, addition of heme alone in the absence of extracellular HasAp shows no time-

dependent increase in hasR mRNA levels (Figure 2.9). In contrast addition of 1 M holo-

HasAp WT to the cultures results in induction of hasR mRNA levels, consistent with 

transcriptional activation of the ECF  factor HasI (Figure 2.2). Interestingly, addition of 

the holo-HasAp Y75A, H83A or H32A proteins shows an even greater increase (~30 

fold) in hasR mRNA levels between 2-5 h compared to holo-HasAp WT. As the heme 

content in all of the proteins is identical, we interpret this increase in hasR  
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Figure 2.9. Effect of purified holo-HasAp WT, H32, Y75 and H83 proteins on 

transcriptional activation of hasR in a PAO1 hasAp strain. Relative expression of hasR 

mRNA from PAO1 hasAp cultures supplemented with holo-HasAp WT or mutant 

proteins. mRNA was isolated at 2, 5 and 7 h as described in materials and methods. 

mRNA values represent the standard deviation from independent experiments performed 

in triplicate and normalized to 0 h for the respective strains. The indicated p values as 

determined by a Student’s two-tailed t-test were normalized to mRNA levels of the 

respective variants to HasAp WT at the same time point, where *, p<0.05, and **, 

p<0.005. 
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mRNA to result from the formation of a non-physiological heme HasAp-HasR 

coordinated intermediate that is less efficiently transported, and thus “kinetically” trapped 

in the signaling mode. In contrast on supplementation of hasAp cultures with holo-

HasAp Y75H we observe no transcriptional activation of hasR. This data suggests that by 

introducing the stronger bis-His ligation, the conformational rearrangement and free 

energy gained on holo-HasAp-HasR complex formation, is not sufficient to drive release 

of the heme coordinating ligands.  

 To determine whether heme is transported into the cell, WT PAO1 was 

supplemented with isotopically labelled 13C-heme bound to either WT or Y75H HasAp. 

The addition of 1 µM WT HasAp bound to 13C-heme is actively transported and 

converted to 13C-BVIXδ and 13C-BVIXβ by HemO (Figure 2.10A). In contrast cultures 

supplemented with 13C-heme Y75H HasAp showed little to no detectable 13C-BVIX 

isomers. The data is consistent with the lack of transcriptional activation and confirms 

heme from holo-Y75H HasAp is not released to or transported by HasR.  

2.3.7 Apo-HasAp does not induce transcriptional activation 

 Previous studies where the Has pathway of S. marcescens was reconstituted in E. 

coli show apo-HasA is capable of activating HasR (191). To determine the effects of apo-

HasAp on the P. aeruginosa Has signaling pathway, the hasAp strain was supplemented 

with exogenously purified apo-HasAp WT or mutant proteins. In iron-restricted media 

(M9) there was an induction of hasR mRNA which is consistent with de-repression of 

Fur in iron restricted conditions (Figure 2.1 and 2.11). In contrast addition of 1 µM apo-

HasAp WT shows no induction at 5 and 7 h while there appears to be some initial 

activation at 2 h. We attribute this initial induction to the 5-20% of heme present after  
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Figure 2.10. BVIX fragmentation pattern in WT PAO1 supplemented with 13C-heme 

bound to holo-HasAp WT or the Y75H mutant. A. The LC-MS/MS fragmentation pattern 

of WT PAO1. B. The fragmentation pattern of Y75H HasAp. The biliverdin values were 

(n=4) where normalized to OD600 at 4 hours. The indicated p values as determined by a 

Student’s two-tailed t-test where Y75H HasAp was normalized to WT biliverdin at each 

respective isomer, where *, p<0.05, **, p<0.005, and ***, p<0.0005. 
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Figure 2.11. Effect of purified apo-HasAp WT and Y75H proteins on transcriptional 

activation of hasR in WT PAO1 strain. Relative expression of hasR mRNA from WT 

PAO1 cultures supplemented with apo-HasAp WT or mutant proteins. mRNA was 

isolated at 2, 5 and 7 h as described in materials and methods. mRNA values represent 

the standard deviation from independent experiments performed in triplicate and 

normalized to 0 h for the respective strains. The indicated p values as determined by a 

Student’s two-tailed t-test were normalized to mRNA levels of the respective variants to 

HasAp WT at the same time point, where *, p<0.05. 
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HasAp purification. This causes an initial activation of hasR but leads to a 

downregulation after the fraction of holo-HasAp is depleted. Similarly, apo-HasAp Y75H 

did not show any activation indicating the protein-protein interaction alone is not 

sufficient to induce transcriptional activation through HasI. This indicates that in the 

absence of holo-HasAp there is no transcriptional activation through HasR.  

2.3 Discussion 

As is the case for most bacteria including P. aeruginosa the maintenance of iron 

homeostasis is globally regulated by the iron-dependent repressor Fur. However, many of 

the individual iron uptake systems both siderophore and heme dependent are regulated by 

their respective substrates. This regulation is mediated by specific  factors belonging to 

the ECF family of regulators (163-165). In P. aeruginosa, the siderophore dependent 

signaling systems have been well characterized including the iron-pyoverdine system, 

which regulates divergent pathways through the ECF  factors PvdS (pyoverdine 

biosynthesis, exotoxin A, PrpL endoprotease) and FpvI (outer membrane receptor FpvA) 

(170).  However, to date the P. aeruginosa heme-dependent holo-HasAp signaling 

cascade has not been well characterized.  

The Has pathway has been well characterized in S. marcescens where the CSS 

system is regulated at the level of transcription via the global iron regulator Fur and 

autoregulation of the anti- factor HasS by its  factor HasI (109). In the presence of 

heme, HasI upregulates the has operon allowing inactive HasS to accumulate but as 

extracellular heme levels decrease HasS is activated and sequesters HasI leading to the 

down-regulation of the Has signaling cascade. In contrast, the homologous Has system of 

P. aeruginosa has fundamental differences in heme dependent regulation. In the current 
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studies using qRT-PCR we observed a significant increase in hasAp mRNA over hasR 

when supplemented with heme which suggests there are significantly more hasAp 

transcripts. This finding is consistent with previous research from the Wilks lab where 

transcriptional activation of the has operon yields a single transcript which is post-

transcriptionally processed producing transcripts with varying stabilities where hasAp 

mRNA is inherently more stable than hasR (189). We have also shown the heme 

metabolites BVIX and/or BVIX increases the translational efficiency of HasAp 

resulting in higher protein levels over those of HasR at later time points (153). Therefore, 

the integration of heme dependent transcriptional activation, post-transcriptional 

processing and inherent stability of hasAp mRNA coupled with the BVIX and/or 

BVIX dependent regulation of HasAp protein levels allows P. aeruginosa to rapidly 

respond to fluctuations in extracellular heme levels. 

In addition to elucidating the transcriptional regulation of the Has system, we 

further investigated the molecular mechanism by which the holo-HasAp-HasR complex 

triggers activation of the HasI  factor itself. Previous spectroscopic and structural 

analysis of axial ligand mutants H32A and Y75A confirmed they retained the overall 

structural fold as the HasAp WT protein and the ability to bind heme with similar affinity 

(176,194). Similarly, loss of H83, which contributes a hydrogen bond between the N 

with the O of Y75 increasing the tyrosinate character of the heme ligand does not 

decrease the heme binding affinities or overall structural fold of the protein (194). Based 

on these findings the authors concluded the heme axial ligands are primarily required for 

slowing the release of heme from the hemophore, whereas the association of heme with 

the protein is primarily governed by non-covalent hydrophobic interactions. However, 
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given previous reports these same mutations in S. marcescens HasAs are compromised in 

heme signaling but competent to transport heme. In this study, we sought to clarify the 

role of the heme coordinating ligands in P. aeruginosa Has signaling.  

Based on previous spectroscopic and crystallographic studies of the S. marcescens 

HasAs-HasR complex a sequential mechanism of heme release was proposed where the 

initial interaction of holo-HasAs with HasR displaces the H32 ligand of HasAs while 

heme remains coordinated to HasAs through Y75 (116,196). In a second step the 

displacement of H83 weakens the tyrosinate character of Y75 promoting heme release to 

HasR. If the holo-HasAp H32 “off” state is an intermediate in the sequential transfer of 

heme to HasR, then the H32A variant would be expected to show a heme-dependent 

transcriptional activation profile similar to the holo-HasAp WT protein. However, 

transcriptional reporter assays following reconstitution of the signaling system in E. coli  

showed a decrease in promoter activity for the HasAp H32A mutant (191). In contrast 

our analysis of hasR transcriptional activation on supplementation of a PAO1 hasAp 

strain with holo-HasAp H32A showed a significant increase (~30-fold) in hasR mRNA at 

5 h compared to holo-HasAp WT. We interpret these findings to be the result of a non-

physiological kinetically trapped “signaling” holo-HasApH32A/HasR intermediate on 

protein-protein interaction (Scheme 2.1 B). A similar profile was observed for the H83A 

and Y75A mutants suggesting mutation of the Y75 axial ligand or weakening of the 

tyrosinate character of Y75 on loss of H83, leads to a similar kinetically trapped heme 

intermediate. In contrast, the holo-HasAp Y75H mutant shows no increase in hasR 

mRNA levels above those in the absence of holo-HasAp.  
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Figure 2.12. Proposed mechanism for heme transfer from holo-HasAp to HasR. A. holo-

HasAp WT interaction with HasR.  On complex formation a conformational change and 

the free energy gained drives the concerted release of the HasAp Y75 and H32 ligands 

transferring heme to HasR. B. holo-HasAp Y75A (or H32A) interaction with HasR. The 

open heme coordination site in Y75A (or H32A) mutant is occupied by a H2O molecule 

that on interaction with HasR is displaced forming a kinetically trapped intermediate. The 

kinetically trapped intermediate leads to increased heme signaling activity and decreased 

heme. C. holo-HasAp Y75H interaction with HasR.  The free energy gained on protein-

protein interaction of holo-HasAp with HasR is not sufficient to drive release of the low 

spin six coordinate bis-His ligation in holo-HasAp Y75H blocking heme signaling and 

transport. D. Heme bound to HasR is transported into the periplasm in a TonB-dependent 

manner. 
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Tyrosine is a relatively weak heme ligand that in heme transport proteins is strengthened 

through a hydrogen bond with a neighboring His residue increasing its tyrosinate 

character. The conserved Tyr-His motif has been exploited in bacterial heme transport 

proteins where protein-protein interaction drives a histidine driven protonation of the 

tyrosinate ligand weakens the coordination promoting release of heme (106,119,197). We 

conclude that on interaction of holo-HasAp Y75H with HasR, the stronger bis-His 

coordination inhibits the required conformational rearrangement and free energy gain 

required to drive heme release to HasR. This conclusion is further supported by the 

absorption spectrum of the holo-HasAp Y75H that shows a red shifted Soret and 

increased low spin character compared to the WT (Fig 2.7B). The crystal structure of 

holo-HasAp Y75H not only confirmed H75 coordination, but an overall similar structural 

fold to that of holo-HasAp WT. Finally, the retention of the protein-protein interaction of 

holo-HasAp Y75H with HasR as determined by SPR (Table 2.2) is consistent with 

inhibition of heme release as the reason for the lack of transcriptional activation (Fig 

2.10). Taken together, the data suggest that in contrast to the sequential release of His-32 

to yield the holo-HasAp His-32 “off” intermediate, heme release occurs via a concerted 

mechanism where both His-32 and Tyr-75 are simultaneously released (Scheme 2.1). 

This model is consistent with the data obtained for the H32A and Y75A HasAp mutants 

where loss of either heme ligand yields a kinetically trapped off-pathway intermediate 

that while competent in heme signaling is less efficiently transported (Scheme 2.1).  

We further wanted to elucidate the significance of apo-HasAp protein-protein 

interaction in heme signaling since previous studies show S. marcescens apo-HasAp 

mutants were able to induce transcriptional activation of the Has pathway while 
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inhibiting heme uptake (191). In contrast we show P. aeruginosa cultures supplemented 

with apo-HasAp WT or apo-HasAp Y75H exhibited no ability to activate the heme 

signaling cascade over the Fur dependent derepression in low iron. Furthermore, while in 

vitro binding studies have shown that apo-HasAp interacts with HasR and may do so in 

vivo, the release of heme to the receptor is critical for activating the cell surface signaling 

cascade. Although we cannot fully explain the differences between our data and that 

previously reported for the S. marcescens Has system, it is worth noting the 

transcriptional reporter assays were performed in a heterologous E. coli strain expressing 

hasRSI on a plasmid (191). Furthermore, heme transport by HasR requires the TonB-

paralog HasB that is not present in E. coli. It is unclear at the present time if HasB plays 

role in allowing or facilitating conformational changes in HasR required for heme 

signaling as well as transport (198). 

In conclusion, I have elucidated the molecular mechanism by which HasAp 

delivers heme for activation and transport by the Has system of P. aeruginosa.  

Furthermore, the current studies together with previously published data from our 

laboratory revealed the heme dependent regulation of the cell surface signaling cascade is 

distinct from that of S. marcescens. In S. marcescens the hasIS operon is autoregulated 

allowing for the accumulation of inactive HasS when heme is being actively transported.  

As heme levels decrease and the signaling cascade is dampened, HasS is activated and 

sequesters HasI further down regulating the system. In contrast I have shown the P. 

aeruginosa hasIS operon is regulated solely by iron consistent with our previous studies 

showing the heme signaling cascade is post-transcriptionally regulated at the level of 

HasAp by the heme metabolites BVIX and BVIX (153).  
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Chapter 3: Contributions of the Heme Coordinating Ligands of the 

Pseudomonas aeruginosa Outer Membrane Receptor HasR to 

Extracellular Heme Sensing and Transport

 

 

 

3.1  Introduction 

As discussed in Chapter 2, iron is essential for the virulence and survival of 

Pseudomonas aeruginosa. In iron deplete environments P. aeruginosa can utilize heme 

as an iron source through two non-redundant heme acquisition systems, the Pseudomonas 

heme uptake  and heme assimilation (Has) systems that utilize heme as an iron source 

(108,162). In addition, invading bacterial pathogens can respond and adapt to the 

extracellular environment through cell-surface signaling (CSS) systems which are 

coupled to extra cytoplasmic function (ECF) σ factors (164,165). These alternative σ 

factors complex with the core RNA polymerase, direct binding to the promoter of a target 

gene, and activate transcription. P. aeruginosa encodes several iron-responsive ECF σ 

factors including PvdS and FpvI which are coupled to the pyoverdine uptake system 

(69,70,163). Heme uptake systems associated with ECF  factor systems are conserved 

across a number of bacterial pathogens including Serratia marcescens (109,199), 

Bordetella pertussis (173), and P. aeruginosa (108).  
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The P. aeruginosa Has system senses heme through the interaction of a secreted 

extracellular hemophore HasAp which scavenges and releases heme to the OM receptor 

HasR (Figure 3.1). Capture of the heme by HasR transduces a signal through the N-

terminal plug domain of the OM receptor resulting in inactivation of the anti-σ factor 

HasS and release of σ factor HasI. HasI then binds to the hasR promoter, recruits the core 

RNA polymerase and upregulates transcription of the has operon (Figure 3.1). 

Simultaneously, heme released to HasR is transported through the receptor by the TonB-

dependent coupling of the proton motive force of the cytoplasmic membrane. The Has 

system does not encode a periplasmic transport system so heme is sequestered and 

translocated to the cytoplasm by the PhuT-PhuUV periplasmic ABC transport system 

(Figure 3.1). Within the cytoplasm, heme is trafficked to the iron-dependent heme 

oxygenase (HemO) by the cytoplasmic heme binding protein PhuS. HemO catalyzes the 

oxidative cleavage of heme to release CO, iron and the heme metabolites biliverdin IX-β 

(BVIXβ) and -δ (BVIXδ) isomers (177). In addition to heme-dependent transcriptional 

activation of the Has system, the hasAp transcript is subject to post-transcriptional 

regulation at the level of translation via the heme metabolites BVIX and/or BVIXδ 

(153). In addition to heme-dependent transcriptional activation of the Has system, the 

hasAp transcript is subject to post-transcriptional regulation by the heme metabolites 

BVIX and/or BVIXδ (153). Therefore, the several layers of transcriptional and  
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Figure 3.1. Heme-dependent cell surface signaling and transport. Schematic of ECF  

factor activation and heme transport. 1. In the absence of heme the HasR receptor N-

terminal plug occludes the periplasm from the extracellular environment. 2. In the 

presence of heme, holo-HasAp on interaction with HasR releases heme triggering 

interaction of the N-terminal plug with both TonB and the anti- factor HasS. This event 

triggers release of the  factor HasI, recruitment of the core RNA polymerase and 

transcriptional activation of the has operon. 3. TonB-dependent force partially displaces 

the N-terminal plug allowing heme transport to the periplasm. Subsequently, heme is 

sequestered by PhuT and translocated to the cytoplasm by PhuUV where it is trafficked 

by PhuS to HemO for degradation and iron release.  
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post-transcriptional regulation over the Has system allows the bacteria to rapidly fine 

tune its response to changes in the host environment (153,189). We have further shown 

the P. aeruginosa Has and Phu systems have non-redundant roles, where the Has system 

is primarily required for heme sensing, whereas the Phu system is the major heme 

transporter (162). The significance of heme sensing and uptake to P. aeruginosa 

pathogenesis is evident in the fact that clinical isolates from patients with chronic lung 

infection adapt to utilize heme while decreasing their ability to biosynthesize pyoverdine 

(150). In an attempt to dissect the mechanism of heme signaling and transport by the P. 

aeruginosa Has system, we have employed site directed mutagenesis, allelic exchange, 

qPCR, immunoblotting and 13C-heme uptake studies to determine the contributions of the 

heme coordinating ligands of HasR (Figure 3.2). Previous studies described in Chapter 2 

employed similar approaches with variants of the extracellular hemophore HasAp and  

showed heme release to HasR is required to activate the cell surface signaling cascade 

(189).  

The S. marcescens HasR protein has significant sequence identity (50%) with that 

of P. aeruginosa. The S. marcescens HasAs-HasR structure revealed His-603 of the 

FRAP/PNPNL loop (so called for the conserved amino acid motifs in the heme receptors) 

and His-189 of the N-terminal plug as the heme coordinating residues of HasR (Figure 

3.2).   Following heme release and dissociation of HasAp, heme coordination through 

His-603 was proposed to close off the extracellular milieu from the HasR heme transport 

channel. Despite structural determination of the HasAs-HasR complex the molecular 

mechanism  
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Figure 3.2. Structure of the S. marcescens holo-HasAp-HasR complex. HasAp is shown 

in (pink) and HasR with the N-terminal plug (red) and β-barrel (cyan). The heme (green) 

and heme-coordinating residues His-189 (red), His-603 on FRAP/PNPNL loop (cyan) 

and Ile-671 (dark blue) are shown as sticks. The number in parentheses represent the 

corresponding residues in P. aeruginosa HasR. Image generated from PDB file 3CSL in 

PyMOL (182). 

 

 

 

 

 



115 

 

of heme signaling and transport has remained elusive. Herein we show the corresponding 

FRAP/PNPNL loop residue in P. aeruginosa HasAp His-624 is required for heme 

transport (Figure 3.2). In contrast the N-terminal plug His-221 is critical for both heme 

signaling and transport. Based on the HasAs-HasR structure Ile-671 located on 

extracellular loop L8, was proposed to prevent heme backsliding to HasAp. We further 

show that the corresponding Ile-694 in P. aeruginosa HasR is also essential for heme 

transport (Figure 3.2). Interestingly, heme bound to HasAp is not accessible to the Phu 

system as shown by the significant growth defect in the transport deficient HasR mutants 

when supplemented with holo-HasAp rather than heme.  Interestingly, the N-terminal 

plug hasRH221R strain, which is unable to either activate the CSS cascade or transport 

heme, revealed a global dysregulation in both the Has and Phu system indicating a direct 

or indirect link between the ECF  factor HasI and the Phu heme uptake system. 

3.2 Experimental Procedures 

3.2.1 Bacterial strains, plasmids and growth conditions  

Bacterial strains and plasmids used in this study are listed in Table III.1 and 

oligonucleotide primers and probes in Table III.2. E. coli strains were routinely grown in 

Luria Bertani (LB) broth (American Bioanalytical) or on LB agar plates, and P. 

aeruginosa strains were freshly streaked and maintained on P. isolation agar (PIA) (BD 

Biosciences). Brain heart infusion agar and LB were used in generating the hasR mutant 

strains as described previously (179). All strains were stored frozen at -80 °C in LB broth 

with 20% glycerol. For qPCR and Western blotting, singly isolated colonies from each 

Pseudomonas strain were picked, inoculated into 10 ml of LB broth, and grown overnight 

at 37 °C and shaking at 210 rpm. The bacteria were then harvested and washed in 10 ml 
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of M9 minimal medium (Nalgene). The iron levels in M9 medium were determined by 

inductively coupled plasma-mass spectrometry to be less than 1 nM. Following 

centrifugation, the bacterial pellet was resuspended in 10 ml of M9 medium and used to 

inoculate 50 ml of fresh M9 low-iron medium to a starting A600 of 0.04. Cultures were 

grown at 37 °C with shaking for 3 h before the addition of supplements (0 h) and 

incubated further for 6 h. When required, antibiotics were used at the following final 

concentrations (μg ml-1): ampicillin (Ap), 100; tetracycline (Tc), 10 (for E. coli) and 150 

(for P. aeruginosa); gentamicin (Gm), 250; and carbenicillin (Cb), 500. 

3.2.2 Gene expression analysis using quantitative real-time PCR (qRT-PCR)  

To analyze gene expression, total RNA was purified from 1-ml aliquots collected 

at several timepoints from cultures grown under various conditions. RNA was stabilized 

by the addition of 250 µl of RNALater Solution (Ambion), and the samples were stored 

at -80 °C until further use. Total RNA was isolated from each cell pellet using the 

RNeasy mini spin columns according to the manufacturer’s directions (Qiagen). 6 µg of 

total RNA was treated with RNase-free DNase I (New England Biolabs) for 3 h at 37 °C 

to remove contaminating chromosomal DNA and precipitated with 0.1 volume of 3 M 

sodium acetate (pH 5.2) and 2 volume of 100% (v/v) ethanol. RNA quantity and quality 

were assessed by UV absorption at 260 nm in a NanoDrop 2000c spectrophotometer 

(ThermoFisher Scientific). cDNA was generated using the GoScriptTM reverse 

transcriptase kit (Promega) from RNA (250 ng) and random primers (0.5 µg). cDNA (10 

ng) was analyzed with gene-specific primers (Table III.2) using the StepOnePlus realtime 

PCR system (Applied Biosystems) and FastStart Universal Probe Master (Roche Applied 

Science). The relative gene expression was calculated using the ∆∆Ct method, and the 
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cycle threshold values at each timepoint were normalized to the constitutively expressed 

rRNA 16s gene. mRNA values represent the standard deviation of three independent 

experiments performed in triplicate. 

3.2.3 SDS-PAGE and Western blot analysis 

Aliquots (1 ml) from PAO1 and hasR mutant cultures were collected at the 0-, 2-, 

4-, and 6-h timepoints. Samples were harvested at 14800 rpm for 5 min at room 

temperature. Cell pellets were resuspended in 200 μl per 1.0 A600 of Bugbuster 

(Novagen). Cells were incubated at room temperature for 30 min with occasional 

agitation to ensure complete cell lysis, and total protein concentrations were determined 

using the Bio-Rad RC DC assay. Samples of the cell lysate (5 µg of total protein) in 

SDS-PAGE loading buffer were run on a 7.5% SDS-PAGE for HasR and PhuR 

detection. Following normalization between strains for differences in A600 at each 

timepoint, the supernatants (final volume 1-8 μL) were loaded in SDS-PAGE loading 

buffer. Proteins were transferred by electrophoresis to polyvinylidene difluoride 

membranes (Bio-Rad) for Western blot analysis. Membranes were blocked with blocking 

buffer (5% w/v skim milk in Tris-buffered saline (TBS) with 0.2% v/v Tween 20), 

washed, and probed with a 1:500 dilution of anti-HasR or anti-PhuR primary antibodies 

in hybridization buffer (1% w/v skim milk in TBS with 0.2% v/v Tween 20). Antibodies 

were obtained from Covance custom antibodies and generated from purified proteins 

supplied by our laboratory. Antibody specificity and sensitivity was previously 

determined with the respective purified proteins (153), and all experimental Western 

blots were run with molecular weight markers as standards. Membranes were rinsed three 

times in TBS with 0.2% (v/v) Tween 20 and probed with goat anti-rabbit or goat anti-
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mouse immunoglobin G conjugated to horseradish peroxidase (KPL) at a dilution of 

1:10,000 in hybridization buffer. Proteins were visualized and enhanced by 

chemiluminescent detection using the SuperSignal chemiluminescence kit (Pierce) and 

hyperfilm ECL (Amersham Biosciences). The normalized density represents the relative 

abundance of each protein compared to RNA polymerase α subunit (RNApol) as the 

loading control for (n = 3) independent biological replicates. The RNApol subunit was 

detected with the anti-E. coli antibody (BioLegend). Densitometry analysis was 

performed on an AlphaImager HP system using the manufacturer’s supplied AlphaView 

software. The HasAp supernatant samples were analyzed on the Protein Simple Wes 

imager. No more than 4 µL of each sample was loaded with an antibody dilution of 1:25 

in antibody diluent. The samples were separated by size on a 12-230 kDa capillary tray. 

The separation time (min), separation voltage (V), antibody diluent time (min), primary 

antibody time (min) and secondary antibody time (min) were 25, 375, 30, 30 and 30 

respectively. Samples were processed and quantification performed using the Compass 

for SW (ProteinSimple) software, where the area of each peak based on molecular weight 

was calculated and normalized to OD600 for (n = 3) independent biological replicates.  

3.2.4 Construction of the PAO1 hasR allelic strains 

The in-frame P. aeruginosa hasR mutant allelic strains were constructed using 

two primers, hasR upstream and hasR downstream (Table III.2), designed to amplify the 

5’ upstream and 3’ downstream regions of the gene from the genomic DNA. The 

resulting Taq PCR product was ligated into pCR2.1-TOPO-TA vector (Invitrogen) for 

subcloning. Mutagenesis was performed by PCR using the Quikchange mutagenesis kit 

(Agilent Technologies) and primers specified in Table III.2. The sequence of all PCR 
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products and amino acid changes was confirmed by DNA sequencing (Eurofins MWG 

Operon). Following KpnI–XbaI digestion, the hasR mutant genes were cloned into the 

counter-selective suicide plasmid pEX18Tc (179). The resulting pEX18TchasR was 

transformed into E. coli S17-1-λpir cells and conjugated into P. aeruginosa PAO1. The 

resulting colonies that underwent the first recombination event were screened on PIA + 

Tc plates at 37°C overnight. Isolated colonies were patched several times to ensure TcR. 

To remove the pEX18Tc backbone, isolated colonies were grown in 1 mL LB shaking 

overnight at 210 rpm at 37°C. A 10 µL aliquot of cells was used to inoculate fresh LB 

cultures and was repeated twice more to induce the second recombination event. Lastly, a 

small dilution of cells was streaked on to a PIA + 5% sucrose plate and incubated at 37°C 

overnight. Several isolated colonies were patched on to a PIA + 5% sucrose and PIA + Tc 

plate. Only the TcS colonies were selected for sequencing to confirm complementation 

with the mutant allele at the original locus.  

3.2.5 Preparation and Isolation of [13C] Heme 

Labeled [4-13C] δ-aminolaevulinic acid (ALA) was purchased from Frontier 

Scientific. [4-13C] δ-ALA was used as a biosynthetic precursor to produce [13C] heme. 

Expression of cytochrome b5 in the presence of [4-13C] δ-ALA induces heme 

biosynthesis in E. coli where the produced cytochrome b5 captures and acts as a reservoir 

for the synthesized heme (184). [13C] Heme was prepared as previously reported 

(133,162). Briefly, rat outer mitochondrial cytochrome b5 was expressed in E. coli 

BL21(DE3) cells in M9 minimal medium with the following supplements: 2 mM MgSO4, 

100 μM CaCl2, 150 nM (NH4)6Mo7O24, 40 μM FeSO4 (acidified with 1 N HCl), 17 μM 

EDTA, 3 μM CuSO4, 2 μM Co(NO3)2, 7.6 μM ZnSO4, 9.4 μM Na2B4O7·10H2O, and 1 
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mM thiamine. Following lysis and centrifugation the cellular lysate was loaded onto a Q-

Sepharose anion exchange column (2.5 X 10 cm) equilibrated in 50 mM Tris-HCl (pH 

7.4), 5 mM EDTA, 50 mM NaCl. The column was washed with the same buffer followed 

by an additional wash with 50 mM Tris-HCl (pH 7.4), 5 mM EDTA, 125 mM NaCl (5 

column volumes). Cytochrome b5 was eluted in 50 mM Tris-HCl (pH 7.4), 5 mM EDTA, 

250 mM NaCl and dialyzed overnight in 50 mM Tris-HCl (pH 7.4), 5 mM EDTA, 50 

mM NaCl. Heme extraction from cytochrome b5 was performed by the acid/butanone 

method as previously described (185). Heme concentrations were determined by the 

pyridine hemochrome assay (183). Heme stocks were prepared immediately prior to use 

by dissolving in 0.1 N NaOH and buffered to pH 7.4 with 1 M Tris-HCl and the final 

concentration was determined by pyridine hemochrome (pH 7.4). The labeling pattern of 

biosynthesized heme using [4-13C] δ -ALA is as previously reported (162). 

3.2.6 Extraction of BVIX Isomers from P. aeruginosa Supernatants 

PAO1 WT and allelic strains were grown as described above and supplemented 

with either 1 μM 13C-labeled heme or HasAp bound to 13C-labeled heme. 50-ml cultures 

were shaking at 210 rpm for 3 h at 37 °C in 250-ml baffled flasks. After 3 h they were 

supplemented and allowed to shake for an additional 4 h. Cells were harvested by 

centrifugation in 50 mL conical tubes at 6000 rpm for 20 min at 4°C. The BVIX isomers 

were extracted as previously described (153). Briefly, the supernatant was collected and 

filtered by a Nalgene vacuum filtration unit with a 0.22 µm PVDF membrane. 

Supernatants were acidified to pH ~ 2.5 with 10% trifluoroacetic acid (TFA), 

supplemented with 10 nM (final concentration in 45 mL) with Di-Methyl ester BVIXα 

and loaded over a C18 Sep-Pak column purchased from Waters. The column is prepared 
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by flushing with 2 mL of Acetonitrile (ACN), H2O, 0.1% TFA in H2O and 

methanol:0.1% TFA (10:90). After sample application wash with 4 mL 0.1% TFA, 4mL 

ACN:0.1% TFA (20:80), 2 mL Methanol:0.1% TFA (50:50). Elute with 1 mL Methanol. 

Purified BVIX isomers were speed vacuumed dry and stored for up to 1 week at -80 °C 

prior to LC-MS/MS analysis. 

3.2.7 LC-MS/MS Analysis of BVIX Isomers 

Samples were resuspended in 10 μL DMSO and diluted to 100 μL with mobile 

phase ACN (50:50, v/v) and centrifuged at 14000 rpm for 5 minutes at room temperature 

to remove particulates. The BVIX isomers (2 μL) were separated and analyzed by LC-

tandem Mass Spectrometry (MS/MS) (Waters TQ-XS triple quadrupole mass 

spectrometer with AQUITY H-Class UPLC) as previously described with slight 

modification (153). BVIX isomers were separated on an Ascentis RP-amide 2.7 µm C18 

column (10 cm × 2.1 mm) at a flow rate of 0.4 mL/min. The mobile phase consisted of A: 

H20:0.1% formic acid and B: ACN:0.1% Formic acid. The initial gradient is 64% A and 

36% B. After 5 min A:55% - B%45, 8 min A:40% - B:60%, 8.5 min A:5% - B:95% and 

10 min A:64% - B:36%. Fragmentation patterns of the precursor ions where detected at 

583.21 (12C-BVIX) and 591.21 (13C-BVIX) using multiple reaction monitoring (MRM). 

The source temperature was set to 150°C, the capillary voltage to 3.60 kV and the cone 

voltage to 43V. The column was kept at 30°C during separation. The precursor ion used 

in MRM for 12C-BVIXα, -β, and -δ isomers is 297.1, 343.1, and 402.2 with a collision 

energy of 38, 36 and 30 V respectively. The product ion used in MRM for 13C-BVIXα, -

β, and -δ isomers is 301.1, 347.1 and 408.2 with a collision energy of 34 V for each.  
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3.2.8 ICP-MS analysis of intracellular iron content  

Aliquots (2 ml) were removed from cultures grown as described for the heme 

uptake studies at 2, 5 and 7 h, pelleted and washed in fresh M9 media. The pellets were 

dissolved in trace-metal-free ultrapure 20% HNO3 and boiled overnight at 100°C. 

Samples were further diluted with ultrapure water to a final concentration of 2% HNO3 

and subjected to ICP-MS on Agilent 7700 ICP-MS (Agilent Technologies). ICP-MS runs 

were calibrated with high-purity iron standard solution (Sigma-Aldrich) and raw ICP-MS 

data (ppb) were corrected for drift using values for scandium and germanium (CPI 

international) as internal standards and added to samples during processing. Corrected 

values were then normalized to culture density as determined by the absorbance at 600 

nm. Experimental values and reported standard deviation were the average of six 

biological replicates. 

3.3 Results 

3.3.1 The hasR allelic strains show similar HasR and HasAp expression profiles in 

low iron 

  The expression profiles of the hasR allelic strains were first analyzed in iron 

restricted conditions. The hasR allelic strains all show a similar growth profile to PAO1 

WT (Figure 3.3A). For the hasR allelic strains the hasR mRNA levels were all within 2-

fold of the parent PAO1 strain at the same timepoint with negligible differences in 

protein expression (see Appendix 3; Figure III.1A). The data confirms the HasR variant 

proteins are folded and stable. Similarly, comparison of the mRNA and protein levels of 

hasAp for the FRAP/PNPNL loop mutants were very  
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Figure 3.3. Growth curves of PAO1 WT and the hasR allelic strains. A. Strains were 

grown in M9 minimal media. B. Cells grown in M9 supplemented with 1 M heme. C. 

Cells grown in M9 minimal media supplemented with 1 M holo-HasAp. Strains are 

color coded as shown in the legend. 
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similar to PAO1 WT (Appendix 3; Figure III.2). In contrast to the FRAP/PNPNL loop 

variants, the N-terminal plug hasRH221R strain showed a significant increase in HasR 

protein at the later timepoints (Figure III.1B-C). To confirm that the expression of the 

Phu system was not compromised in the hasR allelic strains we analyzed PhuR mRNA 

and protein levels by qPCR and Western blot, respectively. The FRAP/PNPNL loop 

hasRH624A, -H624Y, and -I694G variants showed similar PhuR mRNA and protein 

profiles as the PAO1 WT strain (Figure III.3). Interestingly, the relative mRNA levels of 

phuR in the hasRH221R strain revealed a significant increase over PAO1 WT (Figure 

III.3A). Furthermore, this increase in relative mRNA levels translated to the protein 

(Figure III.3B-C). Overall, the data suggests that the hasRH221R variant even in low iron 

conditions has a distinct phenotype from that of the FRAP/PNPNL loop variants.  

3.3.2 The hasR allelic strains are deficient in heme uptake.  

The growth of the hasRH624A, -H624Y, -I694G and hasRH221R strains was 

monitored following supplementation with either 1 M heme or 1 M holo-HasAp. All 

of the mutant strains were competent to utilize “free” heme as an iron source when 

compared to the growth rates in iron-deplete media (Figure 3.3A and B). However, when 

heme was supplied in the form of holo-HasAp a significant inhibition in growth was 

observed for all of the hasR allelic strains compared to PAO1 WT (Figure 3.3C). These 

results suggest that heme but not heme complexed to HasAp is accessible to the hasR 

allelic strains via the Phu system. qPCR analysis of phuR mRNA levels following heme 

supplementation show the relative mRNA levels from the hasRH624A and hasRH624Y 

FRAP/PNPL loop and the hasRI694G L8 loop variants are similar to PAO1 WT at all 

timepoints (Figure 3.4A). However, the relative phuR mRNA levels in the hasRH221R  
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Figure 3.4. Relative phuR mRNA and protein levels for the hasR allelic strains in heme 

supplemented conditions. A. mRNA isolated at 0, 2, 4, and 6 h following growth in M9 

minimal media supplemented with 1M heme. mRNA values represent the mean from 

three biological experiments each performed in triplicate and normalized to PAO1 at the 

same timepoint. Error bars represent the standard deviation from three independent 

experiments performed in triplicate. The indicated p values were normalized to mRNA 

levels of PAO1 WT at the same timepoint, where *, p < 0.05; **, p < 0.005. B. 

Normalized density (n = 3) was performed on Western blots for three separate biological 

replicates. The indicated p values were normalized to PAO1 at the same timepoint where 

*, p <0.05; p, < 0.005. C. Representative Western blot of PAO1 WT and the hasR allelic 

strains. Total protein (5 g) was loaded in each well. The RNA polymerase  subunit 

was used as a loading control. 
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N-terminal plug strain are ten-fold higher than those of PAO1 at all timepoints, consistent 

with that observed for the iron-deplete conditions. The PhuR protein levels for PAO1 WT 

and all the hasR allelic strains follow a similar profile where the protein is induced at 2 h, 

followed by a decrease at 4 h and a subsequent increase again at 6 h (Figure 3.4B-C). 

This pattern of expression has been observed previously on addition of heme to the 

media, we have interpreted this result as a shock response on addition of free heme, as we 

do not observe this when heme is complexed to HasAp.  However, despite statistically 

significant differences in protein expression levels as determined by Western blot, it is 

clear that all of the hasR variant strains express PhuR protein within 2-fold of levels 

observed for PAO1 WT (Figure 3.4B-C).  

The ability of the hasR allelic strains to utilize heme, but not holo-HasAp, was 

confirmed by isotopically labeled 13C-heme coupled to LC-MS/MS and ICP-MS 

experiments. Supernatants were collected 4 h following supplementation of PAO1 WT or 

the hasR allelic strains with either 13C-heme or 13C-heme-HasAp.  The resulting BVIX 

isomers were extracted and quantified by LC-MS/MS. When supplemented with 13C-

heme the hasR variant strains were all capable of taking up and degrading heme as 

judged by the similar levels of 13C-BVIX and 13C-BVIX compared to PAO1 WT 

(Figure 3.5A). Consistent with the ability to utilize exogenously added 13C-heme as an 

iron source, ICP-MS analysis confirmed the intracellular iron content for all of the hasR 

allelic strains is similar to PAO1 WT (Figure 3.5B). Taken together the data suggests that 

in the absence of a functional Has system “free” heme is readily acquired by the major 

transporter PhuR.  
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Figure 3.5. Heme utilization by the hasR allelic strains when supplemented with 13C-

heme. A. LC-MS/MS analysis of the BVIX isomers supplemented with 1 M 13C-heme at 

4 h. Biliverdin values represent the standard deviation of four biological replicates. The 

indicated p values for each strain compared back to PAO1 WT for the respective BVIX 

isomers where *, p < 0.05; **, p < 0.005. B. ICP-MS analysis of intracellular iron levels. 

The indicated p values for each strain compared back to PAO1 WT where *, p < 0.05; **, 

p < 0.005. 
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In contrast to supplementation with 13C-heme, the hasR variant strains were unable to 

utilize the 13C-heme-HasAp complex as an iron source (Figure 3.6A). Concomitant with 

the decreased ability to utilize extracellular heme, we see a slight but significant increase 

in endogenous heme (12C-heme) metabolism. Such redistribution of endogenous heme 

iron is consistent with the slower growth rate and dysregulation of iron homeostasis 

(Figure 3.3C). The inability to utilize heme bound to HasAp was further confirmed on 

measurement of the intracellular iron levels by ICP-MS (Figure 3.6B). The hasR allelic 

strains all showed decreased intracellular iron content, which is particularly noticeable for 

the H221R N-terminal plug mutant. Analysis of phuR mRNA levels in the hasR loop 

variants are within 2-fold of those for PAO1 WT (Figure. 3.4). Western blot further 

confirmed protein levels mirror those of PAO1 (Figure 3.4B-C). However, as can be seen 

from the qPCR analysis the relative mRNA levels are significantly higher for the 

hasRH221R plug variant, at all timepoints (Figure 3.4). This difference is not solely due 

to the decreased iron levels, as iron depletion is also observed for the hasR loop variants 

(Figure 3.6B). Furthermore, we observed a similar mRNA profile for the hasR variant 

strains in cultures supplemented with heme, where the intracellular iron levels were 

identical to PAO1 WT (Figure 3.5B). The increased mRNA levels when supplemented 

with holo-HasAp is not reflected in significant changes in protein levels (Figure 3.7). 

Taken together the data clearly shows heme bound to HasAp, in the absence of a 

functional HasR transporter, is not accessible to PhuR. This is consistent with previous 

studies in which we have shown the Has and Phu systems have distinct non-redundant 

roles in heme signaling and transport, respectively (162). 
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Figure 3.6. Heme utilization by the hasR allelic strains when supplemented with 13C-

heme-HasAp. A. LC-MS/MS analysis of the BVIX isomers supplemented with 1 M 13C-

heme-HasAp at 4 h. Biliverdin values represent the standard deviation of four biological 

replicates. The indicated p values for each strain compared back to PAO1 WT for the 

respective BVIX isomers where *, p < 0.05; **, p < 0.005. B. ICP-MS analysis of 

intracellular iron levels. The indicated p values for each strain compared back to PAO1 

WT where *, p < 0.05; **, p < 0.005. 
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Figure 3.7. Relative phuR mRNA and protein levels for the hasR allelic strains in holo-

HasAp supplemented conditions. A. mRNA isolated at 0, 2, 4, and 6 h following growth 

in M9 minimal media supplemented with 1M holo-HasAp. mRNA values represent the 

mean from three biological experiments each performed in triplicate and normalized to 

PAO1 at the same timepoint. Error bars represent the standard deviation from three 

independent experiments performed in triplicate. The indicated p values were normalized 

to mRNA levels of PAO1 WT at the same timepoint, where *, p < 0.05; **, p < 0.005. B. 

Normalized density (n = 3) was performed on Western blots for three separate biological 

replicates. The indicated p values were normalized to PAO1 WT at the same timepoint 

where *, p <0.05; **, p < 0.005. C. Representative Western blot of PAO1 WT and the 

hasR allelic strains. Total protein (5 g) was loaded in each well. The RNA polymerase  

subunit was used as a loading control. 
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3.3.3 Activation of ECF  factor system by the hasRH624A, -H624Y, -I694G and    

-H221R allelic strains.  

We next sought to determine the contributions of the FRAP/PNPNL and N-

terminal plug residues on activation of the CSS cascade. Following supplementation with 

either heme or holo-HasAp, HasI dependent transcriptional activation of hasR and hasAp 

was monitored over time by qPCR analysis and Western blot. As previously reported 

supplementation of PAO1 WT with 1 µM heme after an initial decrease in mRNA levels 

(an effect we consistently see on addition of “free” heme) we observed an increase in 

hasR mRNA levels over time as extracellular HasAp levels accumulate (Figure 3.8A).  

The hasAp mRNA profiles mirror those of hasR and as previously reported the relative 

mRNA levels are greater than hasR due to increased mRNA stability following 

processing of the hasRAp transcript (Figure 3.8B) (189). Western blot analysis of HasR 

and HasAp protein levels are consistent with the respective mRNA profiles (Figure 3.9).  

The hasR FRAP/PNPNL loop mutants H624A, H624Y and I694G show a similar 

profile but lower hasR and hasAp mRNA and protein levels compared to WT (Figure 3.8 

and 3.9). The increase in relative mRNA levels on addition of heme indicates that despite 

an inability to transport heme the FRAP/PNPNL mutants retain the ability to activate the 

CSS cascade (Figure 3.8). In contrast the hasRH221R strain showed no heme-dependent 

transcriptional activation of hasR and hasAp (Figure 3.8). This lack of transcriptional 

activation is not solely the result of decreased HasAp levels in the extracellular medium 

as we observe significant protein levels by Western blot (Figure 3.9). Previous studies 

from our laboratory have shown hasAp is subject to positive post-transcriptional 

regulation by the heme metabolite BVIX and/or BVIX (19, 20).   
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Figure 3.8. Relative hasR and hasAp mRNA levels for the hasR allelic strains in heme 

supplemented conditions. A. hasR relative mRNA levels. B. hasAp relative mRNA levels. 

mRNA isolated at 0, 2, 4, and 6 h following growth in M9 supplemented with 1 M 

heme. mRNA values represent the mean from three biological experiments each 

performed in triplicate and normalized to PAO1 at the same timepoint. Error bars 

represent the standard deviation from three independent experiments performed in 

triplicate. The indicated p values were normalized to mRNA levels of PAO1 at the same 

timepoint, where *, p < 0.05; **, p < 0.005.  
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Figure 3.9. Relative HasR and HasAp protein levels for the hasR allelic strains in heme 

supplemented conditions. A. HasR protein at 0, 2, 4, and 6 h following growth in M9 

minimal media supplemented with 1 M heme. Total protein (5 g) was loaded in each 

well. RNA polymerase  was used as a loading control. Normalized density (n = 3) was 

performed on Western blots for three separate biological replicates. B. As in A for 

HasAp. Extracellular supernatant (4 l) was loaded for analysis on the automated Wes 

capillary system as described in Experimental Procedures.  Normalized density (n = 3) 

was corrected for differences in OD600 for three biological replicates. Error bars 

represent the standard deviation from three independent experiments performed in 

triplicate. Indicated p values for the hasR allelic strains normalized to PAO1 WT at the 

same timepoint, where *, p < 0.05; **, p < 0.005. C. Representative Western blot of 

PAO1 WT and the hasR allelic strains for HasR and digital HasAp images generated by 

capillary western analysis on an automated Wes system. 
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Therefore, the discrepancy between mRNA and protein can be rationalized by the fact 

heme actively taken up by the Phu system is further metabolized to BVIX and BVIX, 

that then upregulates HasAp expression. 

We further analyzed the transcriptional activation of the has operon on 

supplementation with a fixed concentration of holo-HasAp. In these studies, we utilized a 

previously characterized functional but truncated HasAp to distinguish, by Wes analysis, 

the supplemented truncated holo-HasAp from the endogenously produced protein of 

PAO1 WT and hasR allelic strains (153). In contrast to the lag on addition of heme (~4 h; 

see Figure 3.8), addition of holo-HasAp to PAO1 immediately activates transcription 

from the hasR promoter (Figure 3.10A). For PAO1 WT, transcriptional activation peaks 

at the earlier 2 h timepoint, and is maintained over 6 h.  In contrast the hasR loop variants 

show decreased transcriptional activation at the early timepoints. The lag in 

transcriptional activation is further manifested at the protein level, where significantly 

higher HasR levels are seen at the earlier timepoints for PAO1 WT (Figure 3.11A). 

Whereas the hasAp mRNA levels of the FRAP/PNPNL loop variants follow a similar 

trend to those of hasR (Figure 3.10B) we detect barely any endogenous HasAp protein 

(Figure 3.11B). This lack of protein expression can be rationalized by the inability of the 

hasR FRAP/PNPNL loop variants to uptake heme and the resulting decrease in BVIX 

metabolites that positively regulate HasAp protein levels. In the case of N-terminal plug 

hasRH221R strain we observe no transcriptional activation of the hasR operon, as judged 

by the lack of increase in hasR mRNA over time (Figure 3.10A). Similarly, we see no 

transcriptional activation of hasAp at the 2 h timepoint (Figure 3.10B).  
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Figure 3.10. Relative hasR and hasAp mRNA levels for the hasR allelic strains in holo-

HasAp supplemented conditions. A. hasR relative mRNA levels. B. hasAp relative 

mRNA levels. mRNA isolated at 0, 2, 4, and 6 h following growth in M9 supplemented 

with 1 M holo-HasAp. mRNA values represent the mean from three biological 

experiments each performed in triplicate and normalized to time 0 h for each strain. Error 

bars represent the standard deviation from three independent experiments performed in 

triplicate. The indicated p values were normalized to mRNA levels of PAO1 at the same 

timepoint, where *, p < 0.05; **, p < 0.005.  
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Figure 3.11. Relative HasR and HasAp protein levels for the hasR allelic strains in holo-

HasAp supplemented conditions. A. HasR protein at 0, 2, 4, and 6 h following growth in 

M9 minimal media supplemented with 1 M holo-HasAp. B. As in A for HasAp. 

Normalized density (n = 3) was performed on Western blots for three separate biological 

replicates. Error bars represent the standard deviation from three independent 

experiments performed in triplicate. The indicated p values for HasR were normalized to 

RNA polymerase  subunit as a loading control, and to OD600 for HasAp. Indicated p 

values for the hasR allelic strains normalized to PAO1 WT at the same timepoint, where 

*, p < 0.05; **, p < 0.005. C. Representative Western blot of PAO1 WT and the hasR 

allelic strains for HasR and HasAp digital images generated by capillary western analysis 

on an automated Wes system. Endogenously produced HasAp noted by +. The lower 

band represents exogenously added truncated holo-HasAp.  
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However, the accumulation of hasAp mRNA at the later timepoints is a consequence of 

both the inherent stability of the hasAp mRNA transcript versus hasR, and derepression 

of Fur as a consequence of iron deficiency (Figure III.2A). Indeed, the relative increase in 

hasR and hasAp mRNA levels over time is also observed for the FRAP/PNPNL loop 

variant trains, suggesting iron deficiency is also contributing to some degree to the 

increased transcription. Furthermore, this translates to HasR expression where we 

observe increased protein levels at the 4 and 6 h timepoints (Figure 3.11A). Particularly 

noticeable in the hasRH221R strain are the detectable levels of HasAp (Figure 3.11B) 

despite the fact we see no accumulation of BVIX metabolites (Figure 3.6A). Although 

this could be attributed to the lower intracellular iron levels (Figure 3.6B), the lack of 

detectable HasAp protein in the hasR loop variants (that are also iron deficient) does not 

support this. Interestingly, we initially attempted to construct the hasRH221A variant 

strain, however, on sequencing we noted an inversion of the DNA sequence within this 

region that led to a significant change in the amino acid sequence (data not shown). This 

suggested the hasRH221A mutation introduced structural changes within the plug that 

most likely resulted in the strain not being viable. These observations may account for the 

detectable levels of HasAp in the hasRH221R variant where subtle conformational 

changes within the N-terminal plug may potentially lead to destabilization of the anti- 

factor HasS. Furthermore, the increase in PhuR protein expression in the hasRH221R 

strain over both the WT and FRAP/PNPNL loop mutants in all conditions, is consistent 

with a global dysregulation in iron homeostasis.   
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3.4 Discussion 

The crystal structure of the S. marcescens HasAs-HasR complex revealed His-603 

of the extracellular FRAP/PNPNL loop (L7) and His-189 on the N-terminal plug axially 

coordinate heme (Figure 3.2) (116). Based on the crystal structure and previous NMR 

studies of HasAs, heme transfer was proposed to occur through a transient intermediate 

where His-32 of HasAs is displaced on protein-protein interaction with HasR, while the 

stronger Tyr-75 ligand remains coordinated due to deprotonation of Tyr-75 by the nearby 

His-83 (116,196). In subsequent steps, steric hindrance by Ile-671 of HasR, and transient 

protonation of Tyr-75 by His-83 promotes release of heme to HasR. It was also suggested 

that Ile-671 sterically hinders heme from backsliding into the HasAs hydrophobic pocket 

(Figure 3.2). However, our recent studies with the P. aeruginosa hasAp strain 

supplemented with exogenous holo-HasAp H32A, Y75A or H83A mutant proteins 

showed an increase in the transcriptional activation of the CSS cascade compared to the 

WT strain (189). The heme content in the holo-HasAp WT and mutant proteins was 

identical, suggesting that the increased transcriptional activation by the HasAp mutants 

resulted from a kinetically trapped intermediate. Therefore, the data does not support 

sequential release of His-32 and subsequent protonation of Tyr-75, but rather a concerted 

mechanism, where both His-32 and Tyr-75 are simultaneously released through a 

conformational rearrangement and free energy gain on interaction with HasR (189). To 

further study the mechanism of heme signaling and uptake we turned our attention to the 

role of the OM receptor HasR. Specifically, we have interrogated the role of the heme 

ligands His-221 of the N-terminal plug, His-624 of the FRAP/PNPNL loop, as well as the 

extracellular loop (L8) Ile-694 proposed to promote heme release from HasAp. 
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The hasRH624A strain on supplementation with holo-HasAp was unable to utilize 

heme judged by lack of 13C-heme metabolites and decreased intracellular iron levels 

(Figure 3.6), but still able to trigger the activation of the CSS cascade (Figure 3.10). The 

data indicates that heme coordination by the N-terminal plug His-221 is sufficient to 

trigger the CSS cascade, although significantly less efficiently than the WT strain. The 

data further suggests that heme coordination to HasR via the FRAP/PNPNL loop His-624 

and N-terminal plug His-221 is required to trigger conformational rearrangement of the 

plug to facilitate heme transport, while simultaneously closing off the receptor channel 

from the extracellular environment.  

To further test the role of heme coordination on heme signaling and transport we 

mutated the FRAP/PNPNL loop His-624 to a Tyr mimicking the heme coordination motif 

of PhuR (119). Similarly, we observed the hasRH624Y strain on supplementation with 

holo-HasAp was capable of triggering the CSS cascade but deficient in heme uptake. 

Given that heme complexed to HasAp is not accessible to the PhuR receptor (Figure 3.3 

and 3.7) one might have expected making the receptor more “PhuR-like” would disrupt 

heme signaling and transport. However, the fact we observe activation of the CSS 

cascade (Figure 3.10) shows heme can be displaced from holo-HasAp, suggesting the 

inability of PhuR to extract heme from HasAp is more likely due to lack of a direct 

protein-protein interaction. However, somewhat surprisingly we observed no active heme 

uptake indicating that either Tyr-624 is; i) sterically hindered from coordinating to the 

heme and facilitating loop closure, or ii) the Tyr-His coordination is not able to trigger 

the conformational rearrangement of the N-terminal plug required for transport. 

Biochemical and spectroscopic characterization of the purified HasR variants 
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reconstituted in lipid nanodiscs is currently underway to determine their respective heme 

coordination properties. 

Interestingly, despite the fact that the FRAP/PNPNL heme coordinating residue 

His-624 and the N-terminal plug His-221 remain intact, the hasRI694G strain when 

supplemented with holo-HasAp is unable to transport heme (Figure 3.6). Similar to the 

His-624 mutants, qPCR analysis revealed the hasRI694G strain was still capable of 

activating the CSS cascade, albeit with an apparent decrease in efficiency, as judged by 

the lower relative mRNA levels compared to WT (Figure 3.8 and 3.10).  Taken together 

the data suggests loss of Ile-694 still allows for transient release of heme from HasAp to 

the receptor, such that heme signaling is triggered, but heme is not sterically constrained 

to allow loop closure and transport. Taken together the data shows both His-624 and Ile-

694 are essential for facilitating heme release, capture and transport. Ongoing 

biochemical and spectroscopic characterization of the purified HasR variants 

reconstituted in lipid nanodiscs will shed more light on the effect of the FRAP/PNPNL 

loop mutations on heme binding and coordination. 

In contrast to the hasR loop variant strains the hasRH221R strain was deficient in 

both heme signaling (Figure 3.8 and 3.10) and transport (Figure 3.6). It is unlikely that 

this is because holo-HasAp does not interact with the HasR H221R receptor, given that 

the hasR loop variants are functional in activating the signaling cascade. Therefore, heme 

coordination to His-221 is absolutely required for transduction of the signal from the 

periplasmic face of the N-terminal plug to the cytoplasmic signaling domain. Taken 

together the data is consistent with a model where conformational rearrangement on 

interaction of holo-HasAp with HasR, facilitated by the steric clash of Ile-694 triggers 
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heme release to HasR.  Following release, heme binding to the HasR N-terminal plug via 

His-221 triggers the signal through the N-terminal domain, inactivating the anti- factor 

HasS, releasing the  factor HasI, and transcriptionally activating the has operon (Figure 

3.1). Simultaneous release of HasAp and loop closure activates heme transport through 

the receptor channel to the periplasmic face.  

Interestingly, even in the hasRH221R strain we observe a distinct phenotype from 

that of the hasR extracellular loop variant strains, including significant differences in the 

expression profile of PhuR. As previously mentioned in iron deplete conditions the 

relative mRNA and protein levels of PhuR are significantly higher than either the WT or 

hasR extracellular loop variants (Figure 3.4).  Furthermore, on closer analysis of the 

PhuR Western blots supplemented with either heme or holo-HasAp a doublet can be 

observed in what appears to be post-transcriptional or proteolytic processing (Figure 3.4 

and 3.6). Taken together the data suggests that inactivation of the CSS cascade, and the 

cells ability to sense extracellular heme, has a direct or indirect effect on the Phu system. 

Although the Has and Phu systems have distinct non-redundant roles in heme sensing and 

transport, it is reasonable to assume that there is a regulatory link given their distinct roles 

in adapting to changes in physiological environments. The nature of the regulatory link 

between the Has and Phu systems is not clear but it is possible that the ECF  factor HasI 

has yet undetermined targets beyond auto regulation of the has operon. The insight into 

heme release, signaling and transport gained from these studies provides a platform for 

future structural and mechanistic studies of the heme transport channels of both HasR and 

PhuR. 
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Chapter 4: Conclusions and Future Directions 
 

 

 

4.1 Summary 

Iron plays a crucial role in the survival and virulence of microbial pathogens. 

During infection, the hosts’ innate immune system restricts available iron to the invading 

pathogen. To counteract the hosts’ defenses, pathogenic bacteria including Pseudomonas 

aeruginosa, have adapted to use heme as an iron source. P. aeruginosa encodes two 

heme uptake pathways, the heme assimilation system (Has) and Pseudomonas heme 

uptake (Phu) system. These complex heme uptake pathways require TonB-dependent 

outer membrane receptors to capture and translocate heme into the cell. While recent 

advances have shed light on the non-redundant roles of the Phu and Has systems, the 

molecular mechanisms of heme regulation and transport by these non-redundant systems 

remains to be determined. The research presented herein provides significant insight into 

the regulation and mechanism of heme signaling and uptake by the hemophore dependent 

Has pathway. My studies involved bacterial genetics, biochemistry and biophysical 

approaches. As outlined below in chapters 2 and 3, I utilized bacterial genetics, allelic 

exchange and isotopic 13C-heme labelling coupled to LC-MS/MS to determine the 

contributions of the heme coordinating ligands of the extracellular hemophore HasAp and 

outer membrane receptor HasR to heme signaling and uptake. In addition to the in cell 

methodologies, I incorporated OM receptors from P. aeruginosa (HasR and PhuR) and 

Bordetella pertussis into lipid nanodiscs for current and future in vitro biochemical 

biophysical studies. Furthermore, the lipid nanodisc preparations are being utilized as 
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vaccine candidates in collaboration with Professor Mariette Barbier at West Virginia 

University.  

In Chapter 2, I conducted studies to elucidate the transcriptional activation of the 

Has pathway. In order to study the effects of the ECF σ-factor HasI, we used allelic 

exchange to generate a ∆hasI strain to determine the relative mRNA levels of genes in 

the has operon in the presence of iron or heme. In the presence of iron, qRT-PCR 

revealed both WT PAO1 and the ∆hasI strain showed depressed levels of the hasRAp 

mRNA which is consistent with previous reports of Fur acting as the global regulator 

over the has operon (108). However, in the presence of heme as an iron source there was 

a loss of transcriptional activation of hasRAp in the ∆hasI strain. This is also observed in 

the protein levels where Western blots of HasR and HasAp are significantly lower than 

WT PAO1. Interestingly the hasAp levels are exponentially higher than hasR. Previous 

studies by our laboratory report hasRApDEF is transcribed as a single transcript but is 

processed post-transcriptionally yielding individual transcripts with varying stabilities 

(189). Previous studies of the Serratia marcescens homologous Has system shows the 

anti-σ factor hasS and hasI are transcribed separately and HasI autoregulates the bis-

cistronic hasIS (109). The accumulation of inactive HasS as a function of heme levels 

allows the system to be down- regulated as heme levels drop. In contrast I show that in P. 

aeruginosa, using 5’ RACE and gene specific primers hasIS is co-transcribed as an 

operon. Furthermore, qRT-PCR analyses show that hasS is not subject to autoregulation 

by its σ-factor HasI and is solely under Fur-regulation. Therefore, taken together with 

other data from our laboratory P. aeruginosa in contrast to S. marcescens regulates the 
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extracellular cell signaling cascade by post-transcriptional regulation of HasAp protein by 

the heme metabolites BVIX and BVIX.   

To determine what initiates the signaling cascade from the perspective of the 

hemophore, we conducted biophysical characterizations of HasAp and completed in cell 

assays to track transcriptional activation. HasAp coordinates heme through His-32 and 

Tyr-75 where the phenolate Oη donates a hydrogen bond to the Nδ of His-83 increasing 

the tyrosinate character. To understand which ligands are required for heme transfer we 

used site-directed mutagenesis to make single amino acid changes to the heme 

coordinating ligands of HasAp. UV-vis spectroscopy show holo-HasAp WT has a Soret 

maxima at 406 nm and a typical high-spin marker at 616 nm, where the H32A and H83A 

mutants have slightly blue shifted Soret maxima at 401 and 404 nm and high spin 

markers at 619 and 621 nm, respectively. The holo-HasAp Y75A mutant has a Soret 

identical to that of the WT complex, with the major difference being the appearance of Q 

bands at 535 and 550 nm, consistent with an increase in low-spin character. In contrast 

the spectrum of the holo-HasAp Y75H mutant showed a slight red shift in the Soret 

maxima to 408 nm accompanied by increased intensity in the Q bands at 537 and 567 

nm, indicative of a low spin bis-His coordinated heme. CD spectra show no structural 

differences between WT HasAp and the heme coordination mutants. ITC shows the free 

energy (∆G) of heme binding to HasAp is favorable and enthalpically driven whereas the 

Y75A, H83A and H32A mutants have increased binding affinities while the Y75H 

mirrors WT. This data suggests the hydrophobic pocket of HasAp is more important for 

stabilizing heme while the heme coordinating ligands are needed for heme release. SPR 

analyses are consistent with previous ITC studies of the S. marcescens (120)  shows that 
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HasAp WT in both apo- and holo-form binds to HasR. Similarly, all of the HasAp 

mutants in apo or holo-form all interact with HasR with similar affinities to WT. As an 

extension of my current studies we solved the crystal structure of the holo-HasAp Y75H 

showing the overall fold is similar to the WT with the exception of the longer bonding 

distance from H75 to the iron core. Interestingly despite the longer bond distance both the 

red shifted Soret in the absorption spectrum is consistent with a bis-His coordinated 

heme.  

To assess the contributions of heme coordination to heme release and activation 

of the cell surface signaling cascade we constructed a hasAp strain so that exogenously 

purified holo-HasAp proteins could be supplemented into the media. qRT-PCR of the 

hasR promotor shows heme alone did not induce HasI activation while holo-HasAp WT 

exhibited ECF σ-factor activation. The Y75H HasAp did not induce HasI while HasAp 

H83A, Y75A and H32A showed ~30-fold increase. Although SPR analysis showed apo-

HasAp could interact with HasR, hasAp cultures supplemented with apo-HasAp WT did 

not activate transcription of the has operon. Taken together this data confirms that heme 

release from HasAp to HasR triggers the cell surface signaling cascade and not the 

interaction with HasAp alone. In the context of infection where HasAp is subject to 

diffusion, proteolysis and opsonization, a mechanism that does not discriminate between 

the apo and holo-form maximizes the potential of heme capture by HasR.    

Furthermore, the mechanism of heme release is not consistent with the previously 

proposed mechanism where heme is sequentially released from HasAp into the HasR 

binding pocket through a transient intermediate coordinated between HasAp and HasR. 

In the transcriptional profile of the five-coordinate HasAp Y75A and H32A mutants 
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suggest that coordination of HasR such an intermediate represents a non-physiological 

“kinetically trapped” signaling state. Taken together my data is consistent with heme 

being released in a concerted manner where the H32 and Y75 loops are released 

simultaneously. This is further confirmed by the fact the holo-HasAp Y75H is deficient 

in both signaling and uptake.  Based on my studies I proposed the following model for 

heme release over the Has pathway: 1) In low iron,  hasRApDEF is transcribed under the 

global regulator Fur; 2) the high affinity of HasR for HasAp allows for rapid upregulation 

of the Has pathway through high affinity protein-protein interactions; and 3) In the 

presence of heme, holo-HasAp releases heme to HasR and triggers activation of HasI 

upregulating hasRApDEF. In S. marcescens, the Has system is regulated at the level of 

transcription via autoregulation of the anti- factor HasS by its factor HasI (109). The 

HasI-dependent regulation of HasS allows inactive anti- factor to accumulate when the 

system is active, and as extracellular heme levels decrease HasS is activated sequestering 

HasI and down-regulating the signaling cascade. In P. aeruginosa, the Has pathway is 

regulated post-transcriptionally by biliverdin (153). In the presence of heme, holo-HasAp 

can transcriptionally activate the Has pathway through the ECF σ factor HasI. As heme is 

metabolized through HemO, the production of BVIXδ and BVIXβ increases the 

translational efficiency of HasAp which amplifies the amount of protein secreted creating 

a feedback loop. As extracellular heme levels drop, HasAp protein levels are reduced by 

the lack of BVIX metabolites. This is advantageous in infection as the layers of 

regulation over the P. aeruginosa Has CSS allows for rapid response and adaptation to 

the extracellular environment which could lead to colonization of diverse niches within 

the host.  
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The differential contributions of the heme coordination ligands outer membrane 

receptor, HasR, to cell surface signaling was explored in Chapter 3. HasR coordinates 

heme through the extracellular FRAP/PNPNL loop residue His-624 and the N-terminal 

plug residue His-221. Using site directed mutagenesis and allelic exchange we created 

hasR heme coordination mutants in the original locus. In low iron media, PAO1 WT and 

hasR allelic strains grew poorly as expected but when supplemented with heme the 

strains grew just as well as WT. However, when supplemented with exogenous holo 

HasAp WT the hasR allelic strains grew poorly as compared to PAO1 WT. The mRNA 

and protein levels of the hasR mutants compared to WT in iron restricted conditions 

indicate all of the proteins are expressed and folded. As presented previously, this data 

suggests PhuR serves as the primary heme transporter in the presence or absence of HasR 

which is consistent with previous studies from the Wilks lab (162). However, when heme 

is supplemented in the form of HasAp it is not accessible to PhuR. This is further 

confirmed through isotopically labelled 13C-heme studies, where all hasR allelic strains 

have a higher biliverdin content than WT. In fact, the iron content of all hasR mutant 

strains mirror WT as shown by ICP-MS. Clearly “free” heme is readily taken up by PhuR 

and processed by HemO. More notably, in the 13C-heme-HasAp condition heme uptake 

was abrogated in the HasR loop and plug mutants indicating both are required for 

successful heme transfer into the periplasm. This also validates the function of Ile-694 

where it was predicted to prevent heme backsliding into the HasAp binding pocket (116). 

Clearly Ile-694 provides steric hinderance so heme remains coordinated by the plug His-

221. As expected, ICP-MS revealed the iron content of the hasR allelic strains were 

significantly lower than WT consistent with a lack of heme transport.  
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To determine the contributions of the FRAP/PNPNL and N-terminal plug residues 

on activation of the CSS cascade, we supplemented cultures with heme or holo-HasAp. 

HasI dependent transcriptional activation of hasR and hasAp was monitored over time by 

qPCR analysis and Western blot. When supplemented with heme, the hasR 

FRAP/PNPNL loop mutants H624A, H624Y and I694G resembled WT PAO1 although 

the hasR and hasAp mRNA levels were lower. This indicates that while the 

FRAP/PNPNL loop mutants are incapable of transporting heme that they retain the 

ability to initiate the signaling cascade. In contrast the hasRH221R strain showed no 

heme-dependent transcriptional activation of hasR and hasAp and to the contrary we 

observe a significant amount of HasAp by Western blot. This is likely due to the post-

transcriptional regulation of HasAp by heme metabolites BVIX and/or BVIX (153). As 

stated in Chapter 3, this discrepancy is due to heme uptake by PhuR which results in 

heme metabolism production of BVIX and BVIX that in turn increases the 

translational efficiency of HasAp. This added level of regulation allows for a rapid post-

transcriptional response to extracellular heme levels.  

Upon supplementation with holo-HasAp, WT PAO1 showed immediate 

activation of hasR and hasAp at the early timepoints that is maintained over 6 h while the 

FRAP/PNPNL loop mutants show an initial lag at 2 h. The gradual increase of hasR and 

hasAp mRNA over time could be due to the inherent stability of the hasAp transcript 

alongside Fur depression. The lag is present at the protein level for HasR and no 

endogenous HasAp is observed under these conditions. Due to the lack of heme transport 

as shown by the 13C-heme uptake assays it likely the absence of BVIX and/or BVIX 

resulted in decreased HasAp protein levels. In the N-terminal plug hasRH221R strain we 
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observe no transcriptional activation of the hasR operon, as judged by the lack of increase 

in hasR mRNA over time but in contrast we observe HasAp protein. Though this 

discrepancy cannot yet be explained the increase in PhuR in the plug mutant suggests an 

overall dysregulation in iron homeostasis.  

Taken together, the data in Chapter 3 highlighted the importance of the 

FRAP/PNPNL loop His-624 and plug His-221 in heme transport and signaling. While 

His-624 is required for heme transport its primary role is closure of the HasR pore to 

occlude the extracellular milieu. Taken together, His-221 is required to activate the 

signaling through triggering a potential conformational change coupled to the TonB 

energy transducing system. Furthermore, the lack of signaling from the Has system leads 

to dysregulation between the Has and Phu system.  

The need to explore the heme coordination properties of the HasR mutants in 

vitro is advanced in Appendix 1. Outer membrane proteins are typically solubilized in 

detergent however, the local environment of the extended extracellular loops of HasR in 

detergent micelles may be significantly different than in a lipid membrane. Indeed 

previous studies from our laboratory have shown significant shifts in heme Sorets of the 

OM receptor ShuA when reconstituted in detergent versus lipid bicelles (200). To 

mitigate this issue in vitro, we developed an expression and extraction protocol for the 

outer membrane receptors into styrene malic acid lipid polymer (SMALP) nanodiscs. We 

characterized the heme coordination properties of the HasR FRAP/PNPNL loop variants 

H624A, H624Y, I694G and plug mutant H221Rvia UV-Vis spectroscopy and CD. WT 

HasR had a Soret of 411 nm with Q-bands at 533 and 568 nm indicative of a bis-His 

ligated heme. The loop and plug mutants exhibited blue shifted Sorets indicative of a loss 
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of ligand. CD spectra revealed all HasR mutants mimic the WT profile indicating no 

significant changes in overall peptide fold. In all, OM proteins extracted into SMALP 

lipid nanodiscs provides a platform for in vitro characterization. This method can be used 

within and across Gram-negative bacterial strains.   

4.2 Future Directions 

The in cell studies combining bacterial genetics, qPCR and 13C heme isotopic 

labeling have provided insight into the mechanism of heme signaling and uptake by the 

P. aeruginosa Has system. In future experiments this suite of tools can be applied to 

HasR mutants targeting residues within the heme channel thought to be involved in 

translocating heme across the OM. This will be used to complement the in cell studies 

and further define critical structural features required for heme binding and transport. 

Currently, biophysical characterization of the current HasR mutants are ongoing and 

require additional analyses. Specifically, we can gain insight on the heme coordination 

properties by resonance Raman which can provide a more detailed picture of the heme 

coordination and spin state of the HasR mutant proteins compared to WT. This is 

especially pertinent in the case of the holo-HasR H624Y mutant to determine if Tyr-624 

coordinates the heme. As this is the ligand set in PhuR if heme release and loop closure 

occurred, I would have expected heme to be transported. By reconstituting the HasR 

variants in SMALPs I hope to retain the native structure to better determine the protein-

protein interactions with hasAp by SPR. Similarly, crystallography studies initiated with 

the HasR-SMALP provide an opportunity to crystalize the HasR and HasAp-HasR 

complex in a native lipid environment. Furthermore, crystallography of the HasR mutants 

in complex with HasAp may allow for trapping of intermediate states along the pathway.    
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The PhuR heme ligation has been studied previously by making mutations to the 

heme coordinating ligands and using spectroscopy to evaluate the distinct His-Tyr 

ligation in vitro (119). However, to determine the molecular contribution of PhuR to 

heme uptake the receptor must be examined in cell. PhuR coordinates heme through Tyr-

519 on the FRAP/PNPNL loop and His-124 on the plug domain. Currently PhuR variants 

Y519A, Y519H, and H124A have been complemented into the original locus for in cell 

studies. Using qRT-PCR and Western blot analysis can determine the transcriptional 

activation and protein levels of the receptor in the presence of heme. In addition, we 

optimized the 13C-heme uptake assay to quantify the BVIXα, BVIX and BVIX isomers 

down to 1 nM concentration. This would be a great tool for examining heme transport in 

PhuR variants. Furthermore, a key component to understanding the structure and function 

of PhuR would be to elucidate the crystal structure. This would provide the first known 

structure of PhuR while the anticipated structure is expected to be similar to that of 

traditional TonB-dependent transporters, we might expect to gain some insight into subtle 

differences in heme coordination associated with the His-Tyr heme coordination versus 

the bis-His ligation of HasR.  This is of particular interest given the fact the HasR H624Y 

mutant is deficient in heme transport. Chapter 3 suggests there is a link between the 

between Phu and Has systems. This is observed through the hasH221R allelic strain 

where signaling and transport is abrogated however, the mRNA and protein profile are 

distinctly different in heme and holo HasAp conditions from WT and the remaining hasR 

allelic strains. The shift in signaling suggests genes in the phu operon could be targets of 

HasI. This multiple target concept is seen in Pseudomonas aeruginosa as the PvdS ECF 

σ-factor controls the transcription of two extracellular virulence factors: endoprotease 
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PrpL (201) and exotoxin A (165,202). PvdS and FpvI also regulate the pyoverdine outer 

membrane receptor FvpR and its extracellular binding partner FvpA (69,70,163). In the 

case of HasI, experiments utilizing the ∆hasI strain grown in the presence of heme and 

assaying phuR and phuS mRNA and protein levels could determine the profiles of the 

phu system in the absence of HasI. Furthermore, doing pulldown studies with the HasI 

protein could identify the DNA binding sites/sequence followed by bioinformatic studies 

could shed light on the global effects of the ECF σ-factor and what genes it regulates in 

addition to the has. 

4.3 Conclusions 

Historically antibiotics were designed as bactericidal or bacteriostatic drugs which 

targeted essential cellular functions. The excessive use of antibiotics increases the 

selective pressure on bacteria which induces mutations that can lead to drug resistant 

strains. In 2013, the U.S. Centers for Disease Control and Prevention published a report 

on ‘Antibiotic Resistance Threats in the U. S.’ which described multi-drug resistant 

Gram-negative infections as representing the beginning of a potential post-antibiotic era 

(139).The decline of new antibiotics on the market, lack of drug targets and rise of multi-

drug resistant bacteria can cripple the global healthcare system. This requires a shift in 

the drug discovery paradigm away from targeting bacterial survival to producing new 

antimicrobial drugs that will hinder virulence. This shift reduces the selective pressure to 

mutate in order to mitigate survival. The study of bacterial pathogenesis has led to the 

discovery of new virulence factors that function as sequestration and transport systems to 

acquire essential nutrients like iron and heme. During infection, heme is one of the most 

abundant sources of iron which P. aeruginosa requires for iron-based virulence factors 
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including the heme uptake and CSS pathways. The mechanistic and regulatory research 

presented within in combination with studies underway in the Wilks lab has provided 

valuable drug targets for probing Pseudomonas’ ability to utilize extracellular heme. 

Using qRT-PCR and 13C-heme uptake assays, I determined heme release from HasAp to 

HasR triggers the Has signaling cascade. Subsequently, I showed a bis-His HasAp mutant 

incapable of heme transfer downregulates transcriptional regulation. This research has led 

to studies exploiting the protein-protein interaction between HasAp and HasR by using 

Ga3+-salophen to mimic heme binding to HasAp which is subsequently not released to 

HasR blocking signal activation . Furthermore, this study uses SPR to probe the protein-

protein interaction between HasAp bound to inhibitors and HasR-SMALPs which I 

discuss in Appendix 1 (203). The HasR-SMALPs expression and extraction method 

provides a platform for in vitro characterization of Gram-negative OM receptors in lipid 

nanodiscs. Recent studies from the Wilks lab show BVIX increases the translational 

efficiency of HasAp (153). In chapter 3, I show a lack of heme transport and BVIX 

production completely abolishes HasAp production by 13C-heme uptake and Western blot 

analysis (204). The catalysis of heme by HemO releases iron and BVIX and IX which, 

as mentioned previously function as positive regulators of HasAp expression. My 

research findings have contributed to our understanding of heme sensing and uptake by 

the Has system and provide a platform for current projects in the Wilks lab including the 

targeting of iron acquisition by HemO and the subsequent decrease in extracellular 

HasAp production hitting two critical steps in the same pathway required for P. 

aeruginosa virulence. By studying the underlying mechanisms of heme uptake and its 
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regulatory elements, I have increased the viability of these systems as potential drug 

targets in antimicrobial therapeutics.  
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Appendix I: The Characterization of Outer Membrane 

Proteins in SMALPS 

 

 

I.1   Introduction 

  Gram-negative bacteria have an inner and outer membrane that serves as 

protection against the extracellular environment and for acquiring nutrients for survival. 

The outer membrane (OM) is composed of an asymmetrical distribution of lipids called 

phospholipids and lipopolysaccharide (LPS), a highly negatively charged molecule that 

extends into the extracellular space (205). It also contains integral membrane proteins 

called outer membrane (OM) proteins that make up almost 3% of the bacterial genome 

(206). These OM proteins have essential functions in waste excretion, cell signaling and 

adhesion (207). In pathogenic bacteria many of these OM receptors act as virulence 

factors such as nutrient transport (siderophores, heme uptake) and evading the hosts 

defense system. Given the importance of OM receptors in bacterial survival and virulence 

highlights the need for structural studies that could elucidate the structure-function 

relationship between OM proteins and their respective ligands, rational protein 

engineering and drug design (208). However, membrane proteins are one of the most 

intriguing and challenging aspects of structural biology and drug discovery. Studying OM 

receptors in vitro poses a challenge as many receptors contain highly dynamic regions 

that prevent crystallization and high-resolution structures. Recombinant membrane 

proteins are hard to express and often result in low yields. In addition, many membrane 

proteins contain globular domains with different redox properties but most importantly 
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recombinantly produced OM receptors require a specific environment that is favorable to 

their structure and function. The first step in working with membrane proteins in vitro is 

to determine an appropriate expression and extraction protocol in a more native-like lipid 

rich environment.  

For many years researchers have bypassed this by using membrane mimetics such 

as detergent micelles, lipid bicelles, lipid-protein nanodiscs (LPNs), amphipols and 

styrene maleic acid (SMA) lipid particles (SMALPs) (208). While detergent micelles are 

widely used it is known that detergents can perturb the structure of OM receptors which 

have large extracellular loops extending out from the membrane surface. Therefore, the 

best option is to reconstitute the OM protein in native lipids to retain receptor structure 

and function (209). SMA co-polymers of styrene and maleic acid allow purification of 

membrane proteins in their native lipid environment without the requirement of prior 

solubilization in destabilizing detergents (Figure I.1B). SMA stabilizes OM proteins by 

intercalation of the hydrophobic styrene groups between acyl chains of the lipid allowing 

the hydrophilic maleic acid group to be solvent accessible allowing isolation of the 

protein in native lipid nanodiscs (210). In this study we chose to use SMALPs as the lipid 

nanodiscs for isolation of the P. aeruginosa OM receptor HasR.  

HasR is essential for sensing and transport through its interactions with its 

hemophore HasAp. HasR coordinates heme through His-624 on the conserved 

FRAP/PNPNL loop and His-221 on the plug domain (Figure I.1A). A ∆hasR knockout 

strain has been shown to reduce the bacterial load in acute murine lung infection and is 

one of the most upregulated genes during infection (152). The results from Chapter 3 

suggests that HasR heme coordination contributes to its ability to signal and transport  
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Figure I.1. A depiction of the P. aeruginosa HasR OM protein in SMALPs. A. The HasR 

receptor β-sheet transmembrane region is shown in grey and with plug domain colored in 

red (PDB: 3CSL). The receptor is surrounded by lipids (blue) and encased by the 

SMALP polymer in pink. B. The structure of SMA synthetic polymer containing styrene 

and maleic acid co-polymers.  
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heme in vivo. In order to study the biophysical properties of these mutants, I developed a 

protocol to optimize the recombinant expression of HasR in E. coli cells while extracting 

the OM receptor into SMALP lipid nanodiscs without ever introducing detergent. In this 

short and ongoing study, I show that this protocol is diverse and can be used on other OM 

receptors within P. aeruginosa and Bordetella pertussis. This method also has 

implications in characterizing OM receptors in vitro using several spectroscopic 

techniques.  

I.2   Experimental Procedures 

 

I.2.1 Bacterial strains  

 

DNA alterations were performed in Escherichia coli OneShot Top10 chemically 

competent cells (F- mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 

Δ lacX74 recA1 araD139 Δ(araleu)7697 galU galK rpsL (StrR) endA1 nupG) 

(Invitrogen). All protein expressions were performed in E. coli BL21 DE3 cells 

(F– ompT hsdSB (rB–, mB–) gal dcm (DE3) (New England Biolabs).  

I.2.2 Cloning and Vector construction of receptors  

 

The hasR allelic strains were constructed using the QuikChange II site-directed 

mutagenesis kit (Agilent) and integrated into the original locus as previously described in 

Chapter 3. The hasR mutant genes were PCR-amplified from the genomic DNA of the P. 

aeruginosa PAO1 hasR allelic strains. The hasR and phuR WT genes were cloned by 

previously in the Wilks lab (119). For HasR mutant expression we chose the pET22B 

(Novagen) vector and the PCR products were cloned as previously described (119). The 

first 36 amino acids that were native to the HasR PAO1 signal peptide were omitted in 
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the final construct so the pelB leader sequence in the pET22b plasmid could be utilized. 

The forward primer HasR-F (5’- TAT AGG ATC CAC AAG ACG GGG CGG A-3’) 

incorporated a BamHI site 8 amino acids downstream of the pelB signal peptide. The 

reverse primer HasR-R (TAA TGA GCT CGA ACT GGT ATT CGA GGG TGC-3’) 

removed the native stop codon so the 6x-His tag could be utilized and incorporated a SacI 

site for cloning. The PCR products were incorporated into a pCR2.1 Topo TA 

(ThermoFisher Scientific) vector by Gibson assembly and transformed into OneShot 

Top10 cells for plasmid amplification. The following construct was digested, 

supplemented with Antarctic phosphatase to prevent re-annealing and ligated into 

pET22b. All mutants were verified by DNA sequencing (Eurofins MWG Operon). The 

BfeA and BhuR constructs were cloned into a pET21a plasmid by the Mariette Barbier 

lab at West Virginia University.  

I.2.3 Expression and Purification of HasR 

 

HasR was prepared as reported with modifications to prepare the protein in lipid 

discs (119). Briefly, a single colony of freshly transformed E. coli BL21 (DE3) cells 

harboring the pHasR22b plasmid was selected to inoculate 50 mL of noninducing 

MDAG-135 media containing 100 μg/mL Amp and grown overnight at 37 °C and 225 

rpm. This culture was used to inoculate 4 1-L flasks of autoinducing MDA-5052 media 

containing 100 μg/mL Amp and grown for 10 h at 25 °C. Cells were harvested by 

centrifugation for 15 min at 7,000 rpm at 4°C. 

Pellets were resuspended in 40 mL lysis buffer and passed through an LM-20 

microfluidizer at 20,000 p.s.i. Cell debris was removed by centrifugation at 12,000 rpm 
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for 15 min and the supernatant was centrifuged for an additional hour at 25,000 rpm to 

pellet the cellular membranes. Pelleted membranes were resuspended in 30 mL lysis 

buffer with an added EDTA-free protease inhibitor tablet and stirred overnight at 4°C. 

The cytoplasmic membrane proteins were selectively solubilized by the addition of 2% 

(v/v) Triton X-100 (Sigma) and 0.5% (v/v) N-Lauroylsarcosine sodium salt (Sigma). The 

membrane fractions were stirred at room temperature for 1 h and pelleted at 25,000 rpm 

for 1 h at 4°C. The resulting supernatant containing only the cytoplasmic membrane 

proteins was discarded. The pelleted outer membrane (OM) fraction was then 

resuspended in 30 mL of lysis buffer containing an EDTA-free protease inhibitor cocktail 

tablet and stirred at 4 °C overnight.  

The RC DC protein assay (Bio-Rad) was used to determine total protein 

concentration. The OM fragments were diluted to at least 10 mg/mL final concentration. 

The styrene-maleic acid copolymer (Xiran SL30010 P20, Polyscope Polymers) was then 

added to the OM suspension to a final concentration of 2.5% (v/v) and inverted 

continuously at r.t. for 1 h. The suspension was frozen in liquid nitrogen and thawed at 42 

oC a total of 5 times followed by passage through a microfluidizer at 20,000 p.s.i. This 

cycle was then repeated once more. The final suspension was centrifuged at 25,000 rpm 

for 1 h at 4 oC and the supernatant containing the HasR in lipid nanodiscs (HasR-

SMALP) was collected and concentrated. Samples were collected before and after 

solubilization and run on either a 7.5% or 12.5% SDS-PAGE gel to access the purity and 

amount of receptor that was solubilized into SMALPs. The filtrate was saved as a blank 

to account for the UV-Vis absorption of loosely associated lipids and polymer. The HasR 
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concentration was determined using the extinction coefficient of 126 mM-1 cm-1. All 

spectra were recorded on an Agilent Cary 300 UV-visible spectrophotometer.  

The integrity of protein secondary structure was determined by circular dichroism 

CD spectroscopy recorded on a Jasco J-810 spectropolarimeter. All samples were 

recorded in 50 mM potassium phosphate (pH 7.4) and 100 NaCl at 25 °C from 190 to 

250 nm at a scan rate of 20 nm/min, with each spectrum representing 3 accumulations. 

Data were acquired at 0.2-mm resolution and 1.0-mm bandwidth. The mean residue 

ellipticity (degrees cm2 dmol-1) was calculated using CDPRO software supplied by the 

manufacturer.   

I.3   Results and Discussion 

I.3.1 Receptor extraction into SMALP  

Expression and extraction of the OM proteins into SMALPs was initially tested 

on WT HasR using the original expression protocol with modifications for extracting 

HasR into SMALPs lipid nanodiscs (119). The original protocol allows for 

overexpression of HasR but most of the OM protein remained in the insoluble fraction 

post-SMALP solubilization (Figure I.2A). Even after concentration there was hardly a 

detectable band (Figure I.2A). It was later discovered that lipid packing of the bilayer 

influences SMALP formation. Therefore, overexpressing the protein in the outer 

membrane can decrease the available lipid between protein molecules which reduces the 

ability of the SMA polymer to form around the protein and its local lipids. To mitigate 

the lack of soluble protein we decreased expression to ~10 h which provided a balance 

between the protein to lipid ratio and increased the soluble protein fraction by 50% 
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(Figure I.2B). Lowering expression even further yielded very little protein for extraction 

so we determined this expression profile was optimal. 

In addition, we wanted to determine if this protocol is transferable to other OM 

proteins including the P. aeruginosa PhuR receptor. PhuR is the high capacity heme 

transporter of P. aeruginosa PAO1 and to-date there is no structure of this OM 

transporter. Since PhuR is a TonB-dependent transporter its structure is presumed to be 

similar to that of HasR minus the N-terminal signaling domain. As shown in Figure I.3A, 

the method for HasR extraction was also compatible with purification of PhuR.  

The Wilks laboratory has an NIH funded collaboration with the Barbier lab at 

West Virginia University to study the iron and heme receptors of P. aeruginosa and 

Bordetella pertussis as potential vaccine targets. These include approaches utilizing 

constrained peptides of the extracellular loops as well as the purified proteins.  B. 

pertussis is a Gram-negative obligate pathogen most associated with respiratory 

infections and whooping cough (211). In B. pertussis, BfeA acts as a ferric enterobactin 

receptor (siderophore) and BhuR is important for heme transport and utilization with 

respective sizes of 79.9 kDa and 91.7 kDa (Figure I.3B) (173,212,213). I have tested the 

SMALPS-method for HasR purification on BfeA and BhuR as a first step in 

characterizing the receptors for future vaccine development. As expected, both proteins 

expressed well in E. coli with BfeA having high extraction yields into SMALPs than 

BhuR (Figure I.3C). Future studies are required for optimization of the purification 

method. Additionally, further biophysical characterization of the proteins by dynamic 

light scattering, CD-spectrophotometry, will confirm size and structural integrity of the 

SMALPS.  
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Figure I.2. The expression profile of WT HasR in SMALPs. A. WT HasR before 

optimization into SMALP lipid nanodiscs. Samples were collected at different points 

through the extraction process where W is the whole fraction from the outer membrane 

fragments. Post centrifugation the pellet (pel) containing the insoluble fraction and 

supernatant containing the solubilized receptor was collected for analysis on SDS-PAGE. 

The sol fraction was further concentrated (conc). B. WT HasR after optimization into 

SMALP lipid nanodiscs. Samples were collected at different points through the extraction 

process where W, P and S are the same as in A. 
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Figure I.3. The expression of alternate OM receptors in SMALPs. A. The extraction of P. 

aeruginosa PAO1 PhuR OM transporter. Samples were collected at different points 

through the extraction process where W is the whole fraction from the outer membrane 

fragments. Post centrifugation the pellet (P) containing the insoluble fraction and 

supernatant (S) containing the solubilized receptor was collected for analysis on SDS-

PAGE. B. The expression of Bordetella pertussis BfeA and BhuR OM transporters into 

the outer membrane fragments and before extraction. C. Is the same as B but after 

SMALP extraction.  
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However, an initial vaccination trial in mice is underway with the HasR-SMALPS and 

has shown no toxicity or side effects (Barbier, personal communication).  

I.3.2 UV-vis characterization of HasR in SMALPs 

 The UV-vis characterization of HasR mutants in SMALPs show HasR WT has a 

Soret of 411 nm and Q-bands of 533 and 568 which is indicative of a 6-coordinate low 

spin bisHis ligated heme (Figure I.4A). The Soret peak contains a large shoulder around 

350 nm which is indicative of some nonspecific binding of heme or weak heme-protein 

interactions. We attribute this to a mixture of species of apo and holo HasR as adding an 

excess of heme during expression only yields 30-40% heme loading of the OM receptors. 

Reconstitution of the OM receptors with heme following purification leads to non-

specific binding to the extracellular loops. The HasR FRAP/PNPNL mutants H624A and 

H624Y are both blue shifted with Sorets at 407 and 408 nm respectively which is 

indicative of a 5-coordinate heme iron with minimal shifts in the Q-bands (Figure I.4A). 

This suggests the loss of the loop histidine results in heme coordination by the plug His-

221. Similarly, the plug mutant H221R and I694G show blue shifts at 407 nm and minor 

shifts in Q-band region which suggests a 5-coordinate low spin heme (Figure I.4B). This 

is likely due to a His-624 ligation which may drive partial loop closure and hydrophobic 

interactions of the porphyrin ring with the N-terminal plug. Following optimization of the 

purification and heme loading, we propose to further study the heme coordination 

properties of the HasR mutants by resonance Raman and EPR in collaboration with 

Pierre Moënne-Loccoz at Oregon Health and Science University.  
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Figure I.4. The UV-Vis Characterization of HasR WT and Mutants in SMALPs. A. 

Spectra of holo HasR WT, H624Y and H624A loop mutants. B. Spectra of the HasR 

H221R plug and I694G mutant. Spectra were recorded in 50 mM potassium phosphate 

(pH 7.5) containing 100 mM NaCl at 25 °C with a final protein concentration of 20 µM. 
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I.3.3 CD characterization of HasR WT and mutants 

 The CD characterization of HasR WT in SMALPs show minima around 208 and 

222 nm consistent with a mixture of predominately β-barrel and some α-helical features 

(Figure I.5A). The CD is consistent with the crystal structure of Serratia marcescens 

HasR which has some helical features within the extracellular loops and plug domain 

(116). The HasR mutants all exhibit spectra similar to WT indicating the heme 

coordination mutations did not perturb the general structure of the receptor. There is 

some scattering below 200 nm which we attribute to the SMA polymer since the blank 

had similar noise and scattering (Figure I.5B).  

I.4   Conclusion 

In this short study we present a method that can be used to express and extract 

OM proteins in SMALP lipid nanodiscs for biophysical characterization. This method 

can be adapted and optimized for iron and heme OM receptors of Gram-negative 

bacteria. The UV-vis and CD spectra show distinct features for HasR WT and mutants in 

SMALPs. In addition to spectroscopic techniques, SPR has been used to study the 

protein-protein interaction between HasR-SMALPs and its respective hemophore HasAp 

in Chapter 2. Preliminary SPR trials with the HasR-SMALP mutants show they interact 

with HasAp, consistent with data in Chapter 2. Future studies should be carried out to 

both optimize yield and characterize the biophysical properties including uniformity in 

size (dynamic light scattering) and stability. Ultimately, we propose to utilize the SMALP 

system to solve the X-ray structures of PhuR and the HasR mutants of interest identified 

in the cell based assays outlined in Chapters 2 and 3.   
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Figure I.5. CD spectra of OM proteins in SMALPs. A. Spectra of HasR WT and mutants. 

B. Spectra of blank containing buffer containing proteinless SMALPs. Spectra were 

recorded in 50 mM potassium phosphate (pH 7.5) and 100 mM NaCl at 25 °C from 190 

to 250 nm at a scan rate of 20 nm/min as described in the Methods section. 
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Specifically, I propose that future studies could include trapping heme intermediates 

along the pathway of heme release and transport.  The initial studies presented herein 

provide the foundation for future biophysical and structural characterization of the iron 

and heme OM receptors of Gram-negative bacteria.  
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Appendix II: Supplementary Material for Chapter 2 
 

Supplementary Tables  

Table II.1. Strains and plasmids used in Chapter 2. 

 

 

 

Strains Relevant genotype or description Source of 

reference 

E. coli    

S17-1-λ-pir pro thi hsdR_ Tpr Smr; 

chromosome::RP4–2 Tc::Mu-

Km::Tn7/λpir 

(214) 

BL21 (DE3) F¯ ompT hsdSB (rB¯ mB¯) gal dcm 

(DE3) 

Stratagene 

P. aeruginosa    

PAO1 

PAO1 hasAp 

 

PAO1 hasI 

Wild type 

Chromosomal in frame hasAp deletion 

in PAO1 

Chromosomal in frame hasI deletion in 

PAO1   

(215) 

This study 

 

This study 

Plasmids   

pEX18Tc TcR; allelic replacement vector (179) 

pFLP2 ApR; source of Flp recombinase (179) 

pEX18Tc-hasI TcR; hasI allele cloned into pEX18Tc 

plasmid by Gibson assembly 

This study 

pEX18Tc--

hasAp-GmFRT 

TcR, GmR; hasAp allele cloned into 

pEX18Tc containing a gentamicin 

cassette. 

This study 

pET11a-HasAp ApR; Gene coding for the truncated 

HasAp lacking 21 amino acids from the 

C-terminal cloned into the expression 

vector pET11a 

(181) 
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Table II.2. Oligonucleotide primers and probes used in Chapter 2. 

 

Name Sequence Restriction 

site/ 

Reference 

RT-qPCR Pimers and probes  

qPCR-hasR probe 5'-/FAM/CTG GCC TAC GGG CAG CTC TCC 

TA/3BHQ_1/-3' 

 

qPCR-hasR F  5'-CGT GGC GTC GAG TAC CAG-3'  

qPCR-hasR R  5'-GGT CTT CGA ACA GAA GTC GTT G-3'  

qPCR-hasAp 

Probe  

5'-/56-FAM/TCG ACC CGA GCC 

TGT/3BHQ_1/-3' 

 

qPCR-hasAp F  5'-ATC GAC GCG CTG CTG AA-3'  

qPCR-hasAp R  5'-TGG TCG AAG GTG GAG TTG ATC-3'  

qPCR-hasS probe 5’-/56-FAM/CTG GTC TTC GAC GAG CA 

/3BHQ_1/-3’ 
 

qPCR-hasS F 5’-CCT CGA CGA CCT GAC CAG TT-3’  

qPCR-hasS R 5’-CCG GCC GGT AAC GAT TG-3’ 

 
 

qPCR-hasI probe 5’-/56-FAM/CGC CTA TCT CTA CCG 

CAC/3BHQ_1/-3’ 
 

qPCR-hasI F 5’-GGA GCC GAT CGA GCA TGT-3’  

qPCR-hasI R 5’-TGG TCG ATG GTG AGG TTG TG -3’  

qPCR-oprF probe 

5'-/56-FAM/CGG TGA GTA CCA TGA CGT 

TCG TGG C/3BHQ_1/-3'  

qPCR-oprF F 5'-CAG CTG GAC GTG AAG TTC GA-3'  

qPCR-oprF R 5'-GAA GTC AGC CAG GTT CTT GAT GT-3'  

Allelic Exchange  

hasI-upstreamF 

5’-CGG GTA CCG AGC TCG CCG GCG CGC 

CTG GTC TAC-3’ 
 

hasI-upstreamR 

5’-CTA TGA CCA TGA TTA CGT AGG CGA 

CAT CGA TGG CA-3’ 
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hasI-

downstreamF 

5’-GGA CGT GGA TGG ATT ACC GAG TCT 

TGC-3’ 
 

hasI-

downstreamR 

5’-CTA TGA CCA TGA TTA CGT AGG CGA 

CAT CGA TGG CA-3’ 
 

∆hasI-F 5’-CAA CTG GCC TTC GCC ATC AAC-3’  

∆hasI-R 5’-CTG ACC AGG AAC CGA GTA CC-3’  

∆hasAp-A  5’-GCAAGCTTGGTCGACGACTTCAT-3’ HindIII 

∆hasAp-B 5’-GCGAGCTCTCCGCCAGGTAAT-3’ SacI 

∆hasAp-C 5’-GCGAGCTCTCGGCGTGCAGGAA-3’ SacI 

∆hasAp-D 5'-GCGGATCCGAGCCGG CGATCAT-3’ BamHI 

5’RACE    

hasI-GSP1 5’-CAG TTC GGC GAC TAT CTC GCG CAG-

3’ 

 

hasI-GSP2  5’-TGG TCG ATG GTG AGG TTG TG -3’  

hasI-GSP3 5’-GAT CGG CTC CTT GTG CCG CTG-3’  

Abridged Anchor 

Primer (AAP) 

5'-GGC CAC GCG TCG ACT AGT ACG GGI 

IGG GII GGG IIG-3' 

Invitrogen 

Universal 

Amplification 

Primer (UAP) 

5'-CUA CUA CUA GGC CAC GCG TCG ACT 

AGT AC-3' 

Invitrogen 

RT-PCR   

RT-hasS-R 5’-CCG GCC GGT AAC GAT TG-3’  

hasI-F 5’-GCA GTC GTA TCT GTT GCG C-3’  

hasI-R 5’-CTC CAG ACG GTT GAG ACG G-3’  

intergenic- F 5’-GCC TGG AAA TCT CCG ATA GCT CG-

3’  

Intergenic-R 5’-TCG AGG TCG CCG CCG TCC AG-3’  

hasS-F 5’-CAG ACG CCG GTC GCC AG-3’  

hasS-R 5’-CGA CGC GGT GTT CGA GCA C-3’  

Quickchange mutagenesis primers 

stop codon-F 5’-CCG GCG GCG GCA GCG GCG GAA 

GTG-3’  
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stop codon-R 5’-CAC TTC CGC CGC TGC CGC CGC CGG-

3’  

HasAp H83A-F 5’ –GTT TAG CAA CCC GAG CGC GAC CCT 

GTG-3’  

HasAp H83A-R 5’-CAC AGG GTC GCG CTC GGG TTG CTA 

AAC-3’  

HasAp Y75H-F 5’-GGC GGC GAT CTG CAT CAT ACC CTG 

TTT AGC AAC CC-3’  

HasAp Y75H-R 5’-GGG TTG CTA AAC AGG GTA TGA TGC 

AGA TCG CCG CC- 3’  

HasAp Y75A-F 5’-GGC GGC GAT CTG CAT GCG ACC CTG 

TTT AGC AAC-3’  

HasAp Y75A-R 5’-GTT GCT AAA CAG GGT CGC ATG CAG 

ATC GCC GCC-3’  

HasAp H32A-F 5’-GTA TTT TGG CGA TGT GAA CGC GCG 

TCC GGG CC-3’  

HasAp H32A-R 5’-GGC CCG GAC GCG CGT TCA CAT CGC 

CAA AAT AC-3’  

HasAp H83A-F 5’-GTT TAG CAA CCC GAG CGC GAC CCT 

GTG-3’  

HasAp H83A-R 5’-CAC AGG GTC GCG CTC GGG TTG CTA 

AAC-3’  
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Table II.3. Data collection and refinement statistics of HasAp structures. 

 

HasAp Variant   H32A     Y75H 

Data Collection 

   

Beamline    APS 22-ID 

Space Group    C2    P212121  

Unit Cell     

a, b, c (Å)    111, 51, 72   34, 47, 101 

α, β,  (°)             

Wavelength    0.97    0.97 

Resolution Range (Å)   50.0-2.10   50.0-1.32  

Outer Shell    2.18-2.10   1.39-1.32  

Unique Observations   18,692    48,941 

Completeness (%)   94.6 (88.7)a    98.5 (96.2) 

Rsym (%)b    8.8 (30.8)   7.7 (36.5) 

CC ½      0.995 (0.911)   1.0 (0.982) 

Redundancy    3.6 (2.7)   25.8 (21.4)    

I/     17.0 (2.9)   52.7 (6.8)   

Refinement 

 

Protein Atoms    2651    1,385 

Solvent Atoms    95    170 

Resolution Limits (Å)   50.0-2.10   50.0-1.31 

Rcryst (%)    23.3    16.6 

Rfree (%)    30.2    18.8 

rmsd bonds (Å)   0.008    0.006 

rmsd angles (°)   1.159    1.593 

average B factor (Å2)   29.1    11.6 

PDB ID code    6URB    6U87 

 
aNumbers in parentheses denote values for the outermost resolution shell.  bRsym = 

∑hkl[∑I(|Ihkl,I - <Ihkl>|)]/∑hkl,I<Ihkl>, where Ihkl is the intensity of an individual 

measurement of the reflection with indices hkl and <Ihkl> is the mean intensity of that 

reflection. 
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Supplementary Figures 

 

 

 

Figure II.1. Biliverdin fragmentation pattern. The labels show the fragmentation pattern 

for 12C- and 13C-biliverdin.  
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Figure II.2. Isothermal Titration Calorimetry (ITC) analysis of heme binding to HasAp. 

Titrations were performed in 20 mM sodium phosphate (pH 7.5) at 298 K as described in 

“Materials and Methods”. Upper. Time-dependent release of heat during the titration. 

Lower. Peak integrals as a function of the molar ratio of heme to HasAp. The data were 

fit to a single binding model with Origin software, supplied by MicroCal. 
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Appendix III: Supplementary Material for Chapter 3 
 

Supplementary Tables  

Table III.1. Strains and plasmids used in Chapter 3. 

   E. coli 

       S17-1-λ-pir 

BL21 (DE3) 

 

OneShot Top10 

 

pro thi hsdR_ Tpr Smr; chromosome::RP4–2 

Tc::Mu-Km::Tn7/λpir  

 

F¯ ompT hsdSB (rB¯ mB¯) gal dcm (DE3) 

 

F- mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 

Δ lacX74 recA1 araD139 

Δ( araleu)7697 galU galK rpsL 

(StrR) endA1 nupG 

(214) 

 

 

Stratagene 

 

Invitrogen 

P. aeruginosa 

PAO1 

H221R 

H624A 

I694G 

H624Y 

Wild type 

Chromosomal in frame hasR mutation in PAO1 

Chromosomal in frame hasR mutation in PAO1 

Chromosomal in frame hasR mutation in PAO1 

Chromosomal in frame hasR mutation in PAO1 

 

(215) 

This study 

This study 

This study 

This study 

        Plasmids 

pCR 2.1-TOPO 

TA 

 

pEX18Tc 

 

 

pEX18Tc-H221R 

 

pEX18Tc-H624A 

 

pEX18Tc-I694G 

 

 

pEX18Tc-H624Y 

 

 

cytochrome b5-

PET11a 

AmpR, KanR; Subcloning vector 

 

 

TcR; allelic replacement vector 

 

 

TcR; hasR mutant allele cloned into pEX18Tc 

plasmid by Gibson assembly 

 

TcR; hasR mutant allele cloned into pEX18Tc 

plasmid by Gibson assembly 

 

TcR; hasR mutant allele cloned into pEX18Tc 

plasmid by Gibson assembly 

 

TcR; hasR mutant allele cloned into pEX18Tc 

plasmid by Gibson assembly 

 

Expression vector 

 

Invitrogen 

 

(179) 

 

 

 

This study 

 

This study 

 

 

This study 

 

 

This study 

 

 

(184) 

 

 

Strains Relavent genotype or description Source of Reference 
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Table III.2. Oligonucleotide primers and probes used in Chapter 3. 

 

Name Sequence Reference 

RT-qPCR Primers and probes 

qPCR-hasR probe 

 

qPCR-hasR F  

qPCR-hasR R  

qPCR-hasAp probe 

qPCR-hasAp F  

qPCR-hasAp R  

qPCR-phuR probe 

 

qPCR-phuR F  

qPCR-phuR R 

qPCR-PA16S F  

qPCR-PA16S R 

5'-/FAM/CTG GCC TAC GGG CAG CTC TCC 

TA/3BHQ_1/-3' 

5'-CGT GGC GTC GAG TAC CAG-3' 

5'-GGT CTT CGA ACA GAA GTC GTT G-3' 

5'-/56-FAM/TCG ACC CGA GCC TGT/3BHQ_1/-3' 

5'-ATC GAC GCG CTG CTG AA-3' 

5'-TGG TCG AAG GTG GAG TTG ATC-3' 

5’-/56-FAM/CTA CGC GCA GAC CCA CCG CAA 

C/3BHQ_1/-3’ 

5’-TGA CCA ACG ACT TCT TCA GC-3’ 

5’-CTT TAC GAT GTC CGG ATC GAC-3’ 

5'-GGT GGT TCA GCA AGT TGG ATG TG-3'  

5'-CCA GGT GGT CGC CTT CGC-3' 

 

 

 

 

 

 

 

 

 

 

 

(216) 

(216) 

Allelic Exchange 

HasR upstream 

HasR downstream 

5’-GCG GTA CCT CGC TTC CGA GAG C-3’ 

5’-GCT CTA GAC AAC GAG TGG TGA ATG-3’ 

This study 

This study 

Quickchange mutagenesis primers 

H221R-F  

 

H221R-R 

 

H624A-F 

 

H624A-R 

 

I694G-F 

 

I694G-R 

 

 

5’-GAA CTA CCA GCA GAG CGG CCG CCA GCA 

GCG CAA C-3’ 

5’-GTT GCG CTG CTG GCG GCC GCT CTG CTG 

GTA GTT C-3’ 

5’-GAT CAC CGG CCG CCC CGC CGG CGG CGG 

CGC GGA AAA C-3’ 

5’-GTT TTC CGC GCC GCC GCC GGC GGG GCG 

GCC GGT GAT C-3’ 

5’-GTA CGG CAT GGC CGG GGG CGG CAA CAG 

CGC CTA C-3’ 

5’-GTA GGC GCT GTT GCC GCC CCC GGC CAT 

GCC GTA C-3’ 

This study 

This study 

This study 

This study 

This study 

This study 
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H624Y-F 

 

H624Y-R 

5’-GAT CAC CGG CCG CCC CTA CGG CGG CGG 

CGC GGA AAA C-3’ 

5’-GTT TTC CGC GCC GCC GCC GTA GGG GCG 

GCC GGT GAT C-3’  

This study  

 

 

This study 
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Supplementary Figures 

 

 

 

Figure III.1. Relative HasR mRNA and protein levels for the hasR allelic strains in iron-

deplete conditions. A. hasR mRNA isolated at 0, 2, 4, and 6 h following growth in M9 

minimal media. mRNA values represent the mean from three biological experiments each 

performed in triplicate and normalized to PAO1 WT at the same timepoint. Error bars 

represent the standard deviation from three independent experiments performed in 

triplicate. The indicated p values were normalized to mRNA levels of PAO1 WT at the 

same timepoint, where *, p < 0.05. B. Western blot analysis of PAO1 WT and the hasR 

allelic strains. For HasR total protein (5 g) was loaded in each well. RNA polymerase  

was used as a loading control. Normalized density (n = 3) was performed for three 

separate biological replicates. The indicated p values were normalized to PAO1 at the 

same timepoint where *, p <0.05, **, p < 0.005. C. Representative Western blot of HasR 

for the WT and hasR allelic strains following growth in M9 minimal media. Total protein 

(5 g) was loaded in each well. The RNA polymerase  subunit was used as a loading 

control. 
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Figure III.2. Relative HasAp mRNA and protein levels for the hasR allelic strains in 

iron-deplete conditions. A. hasAp mRNA isolated at 0, 2, 4, and 6 h following growth in 

M9 minimal media. mRNA values represent the mean from three biological experiments 

each performed in triplicate and normalized to PAO1 WT at the same timepoint. Error 

bars represent the standard deviation from three independent experiments performed in 

triplicate. The indicated p values were normalized to mRNA levels of PAO1 WT at the 

same timepoint, where *, p < 0.05. B. Western blot analysis of HasAp in PAO1 WT and 

the hasR allelic strains. Normalized density (n = 3) was performed for three separate 

biological replicates. The indicated p values were normalized to PAO1 at the same 

timepoint where *, p <0.05, **, p < 0.005. C. Representative Wes digital images of 

HasAp for the PAO1 WT and hasR allelic strains following growth in M9 minimal 

media. 4 l extracellular supernatant was loaded and run on the automated Wes as 

described in the Experimental Procedures. 
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Figure III.3. Relative PhuR mRNA and protein levels for the hasR allelic strains in iron-

deplete conditions. A. mRNA isolated at 0, 2, 4, and 6 h following growth in M9 minimal 

media. mRNA values represent the mean from three biological experiments each 

performed in triplicate and normalized to PAO1 WT at the same timepoint. Error bars 

represent the standard deviation from three independent experiments performed in 

triplicate. The indicated p values were normalized to mRNA levels of PAO1 WT at the 

same timepoint, where *, p < 0.05; **, p < 0.005. B. Normalized density (n = 3) was 

performed on Western blots for three separate biological replicates. The indicated p 

values were normalized to PAO1 WT at the same timepoint where *, p <0.05; **, p < 

0.005. C. Representative Western blot of PAO1 WT and the hasR allelic strains. Total 

protein (5 g) was loaded in each well. RNApol was used as a loading control. 
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