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Abstract 

 
 

Title of Dissertation: The Cytoplasmic Heme Binding Protein PhuS of P. aeruginosa: A 
Heme Oxygenase (HemO) Titratable Regulator of Extracellular 
Heme Uptake 

 
Maura O’Neill, Doctor of Philosophy, 2013 
 
Dissertation Directed by: Dr. Angela Wilks, Professor, 
  Department of Pharmaceutical Sciences, 
  School of Pharmacy 
 

Iron acquisition is critical for pathogenic bacteria and as such they have evolved 

sophisticated mechanisms to utilize the hosts heme containing proteins as an iron source. 

The Pseudomonas aeruginosa cytoplasmic heme binding protein (PhuS) has been shown 

to interact specifically with and deliver heme to the iron regulated heme oxygenase 

(HemO). HemO then oxidatively cleaves heme to release iron with biliverdin (BV) IXδ 

and IXβ and CO as by-products of the reaction. A combination of site directed 

mutagenesis and spectroscopic studies of holo-PhuS reveal a dynamic heme with 

overlapping but distinct binding sites through alternate heme ligands, His-209 or His-212. 

We have further investigated the role of the histidine triad (His-209, His-210 and His-

212) in complex formation and heme transfer. A series of biophysical studies has shown 

that a heme induced conformational change drives interaction of holo-PhuS with HemO. 

We further show that in addition to the proximal ligand His-209 both His-210 and His-

212 are required for complex formation and heme transfer. Based on these studies we 

propose a mechanism that couples the heme-dependent conformational switch in PhuS to 

protein-protein interaction, the subsequent free energy of which drives heme transfer via 

a His-ligand switch from His-209 to His-212, and subsequent release of heme to HemO.  



 

	  
 

The in vitro characterization of PhuS as a heme trafficking protein was further confirmed 

in vivo utilizing a combination of isotopic labeling (13C-heme) and qRT-PCR. Under 

conditions of active heme uptake wild type P. aeruginosa produced exclusively 13C- 

BVIXδ and IXβ. In contrast the ΔphuS knockout strain led to loss of the heme-dependent 

regulation of the heme uptake proteins and an uncoupling of heme trafficking to HemO. 

The resulting elevated expression of the heme uptake proteins leads to increased heme 

uptake and degradation of heme via both HemO (13C-BVIXδ and IXβ) and the alternate 

non-iron-regulated BphO (13C-BVIXα).  We propose a testable model whereby PhuS acts 

as a HemO titratable regulator of extracellular heme uptake that couples the metabolic 

flux of heme through PhuS-HemO to the regulatory RNA network.  
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Chapter 1 

Iron and Heme Acquisition in Pathogenic Gram-Negative 

Bacteria 

 

1.1 General Introduction to Iron 

1.1.1 Iron Bioavailability 

Iron is an essential nutrient for most living organisms due to its participation in 

many biological processes including respiration, nitrogen fixation, oxygen transport and 

DNA biosynthesis. Although it is the fourth most abundant metal on earth it is not readily 

available because of the rapid oxidation of soluble ferrous (Fe2+) to the insoluble ferric 

(Fe3+) form (1). Additionally Fe3+, because of its ability to produce oxidative radicals, is 

highly toxic to cells requiring tight regulation of the metal ion in the body. In an effort to 

control and reduce the toxicity of iron, the majority is sequestered by iron binding 

proteins such as lactoferrin and transferrin, or the iron storage protein ferritin. In addition 

iron is found complexed in porphyrins such as heme, a reactive molecule found in 

oxygen binding proteins, oxidative enzymes and P450s. Due to the reactivity of iron and 
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heme, the regulation and transport of heme is highly regulated (2). In order to obtain iron, 

organisms have to actively acquire iron from their diet, or in the case of bacteria acquire 

it from the environment. A complex relationship exists between bacterial pathogens and 

the human host, where the ability of the pathogen to acquire iron from the host is 

restricted by the innate immune response to bacterial invasion. To counteract the immune 

response or iron sequestration bacterial pathogens have evolved sophisticated 

mechanisms to acquire iron and heme from the host (3). Hence, the “iron struggle” 

between the host and invading pathogen may provide an Achilles heel in future drug 

development.  

 

1.1.2 Iron and the Immune Response 

Pathogenic bacteria must acquire iron from the host for infection. As a counter 

measure the human immune response has evolved mechanisms to limit iron availability 

to pathogens. Increased expression of hepcidin is one such mechanism. Hepcidin is a 

peptide hormone that is secreted by the liver and acts as a global regulator of iron 

homeostasis (4). During extracellular bacterial infection hepcidin expression is induced 

as a result of an increase in inflammatory cytokine IL-6 levels (5). The increase in 

hepcidin results in inhibition of ferroportin, a transmembrane iron transporter. Hepcidin 

binds to ferroportin and induces internalization and subsequent lysosomal degradation of 

the transporter resulting in retention of iron in the cell, and reduced serum iron levels (6).  

A second level of protection is provided by the secreted iron binding proteins 

lactoferrin and siderocalin. Lactoferrin, a glycoprotein that binds two ferric irons with 
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high affinity, is released at sites of inflammation and has been shown to inhibit bacterial 

growth in vivo (7). Siderocalin is expressed and secreted by macrophages, neutrophils 

and other cells during inflammation and infection (8,9). It has been shown to bind at least 

two categories of siderophores: enterobactin (8), the primary siderophore of many 

bacteria, as well as carboxymycobactins thereby decreasing bacterial iron uptake (9). The 

importance of siderocalin in the immune response is demonstrated by the suppression of 

bacterial growth upon the addition of siderocalin at the site of infection (10), 

susceptibility to bacterial infection in siderocalin knockout mice (11,12), and the 

mutations bacteria undergo to produce additional siderophores that are not detected by 

siderocalin (9,13).  

 

1.2 Microbial Iron Acquisition 

1.2.1 Bacterial Siderophore Mediated Iron Acquisition Systems 

Bacteria respond to iron stress in the environment by upregulating iron 

siderophore transport systems (14). Siderophores are low molecular weight, high affinity 

iron chelators that can act as extracellular scavengers and transporters of ferric iron. They 

are generally biosynthesized and secreted by the pathogen; however, it has also been 

shown that bacteria can utilize siderophores synthesized by other organisms (15,16). 

Siderophores usually contain a peptide backbone with hydroxamates, catechols, or 

hydroxycarboxylates acting as iron chelating ligands (17). The high affinity of the 

siderophores (Kaff>1030M) for iron allows them to compete with host proteins such as 

transferrin for iron (18). 
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Siderophores have molecular weights too large to be transported through porins 

and therefore have their own, dedicated, outer membrane receptors (OMRs) (Figure 1.1).  

These receptors are induced under iron starvation and are dedicated to specific 

siderophores (both endogenously and exogenously produced) (1). All siderophore OMRs 

consist of a 22-stranded beta barrel structure that contains a ~160 residue ‘plug’ at the N-

terminus which is positioned towards the periplasmic end (19). In order for the ferric-

siderophore complex to be internalized the ‘plug’ has to rearrange to allow transport 

across the outer membrane. This is accomplished through energy provided from the 

TonB-ExbB-ExbD complex through the proton motive force. The transmission of energy 

requires direct contact between TonB and the OMR which occurs at the TonB box (a 

conserved seven amino acid segment located at the N-terminus of the OMR) (20). A 

periplasmic binding protein then shuttles the ferric-siderophore complex from the OMR 

to an ATP-Binding Cassette (ABC) transporter located on the inner membrane. The 

siderophore complex is subsequently transported into the cytoplasm by an ATP-

dependent process (Figure 1.1A). 

There are two mechanisms for release of iron from siderophores. Due to the low 

affinity of siderophores for Fe2+, release occurs via reduction of Fe3+ to Fe2+ by dedicated 

enzymes (21). Several cytoplasmic ferric reductase enzymes have been identified, though 

few of them have high specificity for Fe-siderophore substrates leading to the conclusion 

that bacteria are utilizing already established reductase enzymes (15). The second 

mechanism of iron release involves proteolysis of the backbone of the siderophore 

through hydrolysis (Figure 1.1 A). This strategy is limited by the structure of the 

siderophore, as well as the cost to the cell since it results in destruction of the  
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Figure 1.1 Siderophore-Mediated Iron Uptake in Gram-Negative Bacteria. A. General 
siderophore mediated iron uptake. Iron bound siderophores are recognized at the OMR 
and transported into the periplasm where they are bound by a periplasmic binding 
protein. The Fe3+-siderophore is then transported into the cytoplasm where a Fe3+ 
reductase releases the iron. The siderophore is then recycled by an as yet identified 
mechanism. B. Pyoverdin iron uptake in Pseudomonas aeruginosa. Pyoverdin binds iron 
and is recognized at the OM receptor. Upon entry into the periplasm the iron is reduced 
from Fe3+ to Fe2+ and released. Fe2+ is subsequently transported into the cytoplasm. 
Pyoverdin is recycled and released through transport proteins to the media.   
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siderophore. Once released the iron can be stored in proteins such as ferritin or utilized in 

iron containing proteins such as iron-sulfur proteins or in heme biosynthesis. 

P. aeruginosa encodes two siderophore mediated iron uptake systems, the 

pyoverdin and pyochelin transport systems. Pyoverdin(s) have a conserved chromophore 

but variation on the peripheral peptide chains, are regulated by Fur (Ferric Uptake 

Regulator), and have an iron binding coefficient of 1032 (22). They have been shown to 

be essential for the establishment of biofilms (23) as well as for the production of 

exotoxin A (24). Uptake of ferri-pyoverdin occurs upon binding with the FpvA receptor 

in a TonB-ExbB-ExbD dependant fashion. Current studies suggest that release of iron 

occurs in the periplasm with the subsequent recycling of the siderophore and 

transportation of iron into the cytoplasm (25) (Figure 1.1 B).   

Pyochelin is a secondary siderophore with a lower affinity for iron, 5 x 105 (26) 

and has been reported to bind iron in a 2:1 (27) or 1:1 stoichiometry (28). Unlike 

pyoverdin it has the same structure throughout all Pseudomonas strains and has been 

suggested as a means of delivery for Co(II) and Mo(IV) into cells (29). It is postulated 

that pyochelin is the siderophore of choice when iron limitations are moderate because 

the biosynthesis of pyoverdin is energetically more costly (30). Iron-pyochelin uptake 

into the periplasm is mediated through FptA, a TonB dependent transporter. It is then 

transported into the cytoplasm through either as yet unidentified ABC transporter, or 

through FptX, a single subunit siderophore transporter (31). Iron release is presumably 

mediated through reduction of the iron by an as yet unidentified reductase (Figure 1.1 B).  
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1.2.2 Heme Uptake Systems in Bacterial Pathogens 

1.2.2.1 Gram-Positive Heme Uptake 

Due to the fact pathogenic bacteria require iron and that ~95% of iron in the host 

is contained in the form of heme, bacteria have evolved sophisticated heme uptake 

systems (32,33). Gram-positive bacteria facilitate heme uptake through the Isd heme 

binding proteins which are anchored in the cell wall. These proteins contain one to three 

NEAT (NEAr iron transporter) domains which can either bind free heme or interact with 

heme containing proteins such as myoglobin or hemoglobin to obtain heme (34). These 

NEAT domains are separated by 15-20 residue sequences that are often highly charged 

and are predicted to be disordered (35). All of the NEAT domains that have been 

structurally characterized have the same overall 8 stranded β-sandwich fold that contains 

an α-helix between the β1 and β2 strands (36,37) (Figure 1.2). Spectroscopic and 

structural studies of holo-NEAT domains reveal a conserved Tyr ligand located in the 

hydrophobic pocket of the β8 strand (38). A second Tyr is located four residues 

downstream and forms a hydrogen bond with the coordinating Tyr ligand, as well as a π-

bond interaction with the heme pyrrole ring. Heme is transferred through direct 

interaction of the high affinity Isd proteins to the cell membrane lipoprotein translocation 

system (IsdDEF) (39) (40) (Figure 1.3). Heme is then translocated through the IsdD/F 

membrane transporters and sequestered by the heme degrading enzymes IsdG/I (41,42).  

Despite the general similar overall structure of the NEAT domains, minor 

structural differences are important in the role of these proteins. For example, the outer 

membrane IsdHN1, a non-heme binding NEAT domain, does not contain Tyr-52, Tyr-

132, His-134 and Tyr-136, residues that are involved in heme binding (43). Additionally,  
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Figure 1.2 Structure of the IsdAN1 NEAT domain. Overall fold of the S. aureus NEAT 
domain adapted from the PDB file 3QZO. 
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Figure 1.3 Gram-positive Heme Uptake System. Heme uptake in Gram positive 
organisms requires the cell wall proteins IsdB/H which strip heme from the heme 
containing proteins. Heme is then transferred either to IsdA or IsdC and then through the 
membrane transporter IsdDEF. Once internalized it is degraded by IsdG/I. 
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IsdHN1 has a series of disordered aromatic residues in the loop 2 region. These residues 

(Tyr125, Tyr126, His 127, Phe128, and Phe129) are conserved in all hemoglobin binding 

NEAT domains, and it has been proposed that IsdH functions to tether hemoglobin to the 

cell wall to enable the transfer of heme through IsdA to IsdC (36,43). IsdB also has the 

conserved loop structure, and spectroscopic studies have shown that interaction of 

hemoglobin with these conserved loop regions increases the rate of heme release and 

subsequent transfer into the cell (44,45). The structure of the heme binding portion of the 

ABC-transporter from S. aureus (IsdE) has also been solved (38). It also contains an 8 β-

sandwich fold with the domains linked with an α-helix. The two domains form a cleft 

with each domain donating an axial ligand (Met78 and His229) to the heme. There is no 

structural data available for the transmembrane and ATPase components, but it is 

presumed that the structure and function will likely be similar to those of the Gram-

negative systems as described below.  

 

1.2.2.2 Gram-Negative Heme Uptake 

In Gram-negative bacteria, the first step of heme uptake requires either acquisition 

from host heme-proteins through direct interaction with specific outer membrane 

receptors or secretion of hemophores which are high-affinity heme binding proteins that 

acquire heme and then transport it back to hemophore specific receptors (Figure 1.4). 

Transportation into the periplasm involves direct interaction of the outer membrane 

transporter with TonB, along with the energy gradient provided by ExbBD, as in the 

siderophore uptake system (46).  A periplasmic binding protein then sequesters the heme  
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Figure 1.4 Pseudomonas aeruginosa Heme Uptake System. Heme transport into Gram-
negative bacteria can occur either from host heme containing proteins, or from secreted 
hemophores. After heme is transported into the periplasm from the OM receptor it is 
bound by PhuT which delivers the heme to the ATP-dependant PhuU/V. Upon entering 
the cytoplasm it is bound by PhuS which delivers the heme to the heme oxygenase for 
degradation.   
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and delivers it to an ABC transporter, which translocates the heme to the cytoplasm. An 

in vitro study in Shigella dysenteriae it has been shown that this step requires the 

periplasmic binding protein (ShuT) and cytoplasmic heme binding protein (ShuS) for 

active heme translocation (47).  

The heme outer membrane receptor (OMR) proteins all have similar overall 

structures of a closed β-barrel scaffold consisting of 22 antiparallel β-strands (19) (Figure 

1.5). The pore of the protein is occluded by a globular domain referred to as the plug or 

cork. The β-strands are connected by long, hydrophilic loops on the cell surface that are 

involved in protein-protein interaction and heme transfer, and by short turns in the 

periplasm. In general heme is extracted through His ligands on the FRAP/NPL 

extracellular loop and N-terminal plug allowing the acquisition of heme directly from 

heme containing proteins or from hemophores (48). Upon heme binding to the OM 

receptors a conformational change occurs that exposes the TonB box on the OM protein. 

Upon TonB binding an inter-protein β-sheet is formed at the TonB box resulting in 

positioning of the TonB α-helix in close proximity to the plug, where electrostatic 

interactions drive conformational changes in the plug allowing release of the heme to the 

periplasmic binding proteins (49-51).   

The periplasmic binding proteins, while all consisting of globular domains that on 

closure form a ligand-binding cleft between the domains, can be separated into three 

classes based on the number of interdomain connections (52,53). Class I proteins, 

including the maltose-binding protein, contain two interdomain connections while Class 

II proteins, including ribonucleotide reductase contain three. Class III proteins only have 

one interdomain connection and undergo relatively small conformational changes. This  
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Figure 1.5 Structure of ShuA. Overall fold of apo-ShuA from S. dysenteriae. Adapted 
from PDB file 3FHH. Shown in green are His-86 and His-420 which have been shown to 
be involved in extraction of heme from myoglobin. 
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class includes the heme-binding proteins PhuT and ShuT, from P. aeruginosa and S. 

dysenteriae, respectively, which have two domains consisting of a five stranded β-sheet 

flanked by helices (54) (Figure 1.6). Heme ligation occurs through a tyrosine ligand 

which is solvent exposed until reoriented upon heme binding toward the binding pocket. 

Transfer of heme across the cytoplasmic membrane occurs through an ABC-transporter 

consisting of two transmembrane subunits and two ATP-binding subunits. 

Crystallographic data of BtuCD (a vitamin B12 transport system) combined with 

spectroscopic evidence from ShuU/V (a heme transport system) supports a model 

whereby a ligand bound periplasmic binding protein binds to the trans-membrane domain 

of the ABC-transporter causing a conformational change to an outside facing state 

(47,55). ATP can then bind to the nucleotide-binding domain inducing the closed 

formation of the ATP binding domain, resulting in the inward conformation of the trans-

membrane domain. ATP-hydrolysis drives release of the ligand into the cytoplasm and 

allows the transporter to reset. Release of the ligand into the cytoplasm has been shown to 

require interaction of the transporter with the cytoplasmic heme binding protein (47). The 

cytoplasmic proteins ligate heme with a conserved histidine in a solvent exposed cleft in 

one of the two domains that makes up the monomer protein. Further description of the 

structure and heme binding properties of these proteins follows in Chapter 2.   

 

1.2.2.2 Pseudomonas aeruginosa Heme Uptake  

Pseudomonas aeruginosa is a Gram-negative aerobic rod bacteria commonly 

found in soil and water that can also colonize plants and animals. P. aeruginosa is an  
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Figure 1.6 Structure of ShuT. Overall fold of holo-ShuT from S. dysenteriae. Adapted 
from PDB file 2R7A. 
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opportunistic pathogen in immune compromised patients where it can cause of variety of 

disease states. Specifically, it can cause infections in the urinary tract, soft tissue, 

respiratory, and gastrointestinal systems (56). Treatment of P. aeruginosa is complex as 

it displays intrinsic resistance to many antibiotics (57); therefore, new methodologies are 

required to combat infections. Pseudomonas encodes two heme uptake systems, the Has 

(heme assimilation system) and Phu (Pseudomonas heme utilization) system (58). The 

has system secretes a hemophore, HasA, which acquires heme from host heme proteins 

and delivers it to HasR, the outer membrane, TonB-ExbB-ExbD, dependent transporter. 

It also encodes an ABC-transporter (HasD/E) which appears important for the excretion 

of HasA (59) (Figure 1.4). In the Phu system, host heme proteins bind directly to the 

receptor, PhuR, and heme is extracted and translocated into the periplasm. In both 

systems, upon entering the periplasm the heme is bound by PhuT which sequesters the 

heme and delivers it to the ATP-dependent permease proteins (PhuU/V) which transport 

the heme to the cytoplasm. Upon entering the cytoplasm the heme is bound to PhuS 

which delivers it to the heme oxygenase (HemO) for further degradation to release δ/β-

biliverdin, carbon monoxide, and iron (60). An in depth overview of PhuS and its 

interaction with HemO will follow in Chapters 2 and 3.  

 

1.2.3 The Fate of Heme Within the Cell 

Heme breakdown and release of iron requires specialized enzymes. One class of 

enzymes are the heme oxygenases (HOs) which were first identified in mammals and 

higher organisms (61-65), and subsequently identified in Gram-negative bacteria (66-68). 
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HO binds heme and then uses the substrate (heme) as a cofactor for its own degradation. 

Heme is reduced from the ferric to ferrous state through electrons provided by NADPH 

and cytochrome P450 NADPH reductase. Molecular oxygen then binds to the iron, and 

upon a second electron transfer the active peroxide intermediate (Fe(III)-O-OH) is 

formed (Figure 1.7).  Subsequent electrophilic addition at the α-meso-carbon yields α-

meso-hydroxyheme which in the presence of oxygen is directly converted into 

verdoheme releasing CO as a byproduct (61,64,65,69). Further reduction and binding of 

molecular oxygen to the ferrous-verdoheme gives the activated verdoheme peroxide that 

adds to the carbon radical to yield the ring opened biliverdin with release of iron as Fe2+. 

The stoichiometry of the reaction is 3 molecules O2, and 3 NADPH, with both terminal 

oxygens arising from molecular oxygen. 

Bacterial HOs share little sequence identity (30-35%) with eukaryotic HOs; 

however, the overall fold and mechanism of action is identical (61,70-72) (Figure 1.8). 

While most HOs yield α-biliverdin, the product of the P. aeruginosa HemO has been 

shown to be a mixture of δ- and β- biliverdin due to an ~100˚ rotation of heme in the 

binding pocket (73) (Figure 1.9). HemO will be discussed in more detail in Chapter 4. 

Interestingly, genome wide database searches have failed to find any homologous 

proteins in many Gram-negative bacteria, even though they have been shown to utilize 

heme as a source of iron. 

In the Gram-positive S. aureus, the intracellular IsdG and IsdI were proposed to 

be enzymes involved in heme degradation (41,74,75) and the initial characterization of 

the products suggested they may be biliverdins. Later studies revealed the product to be a  
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Figure 1.7 Heme degradation by Heme Oxygenase into BVIXα. Shown are the key 
intermediates of meso-hydroxyheme and verdoheme.   
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Figure 1.8 Overall structural Fold of the Human and Bacterial Heme Oxygenases. A. 
Human heme oxygenase (HO-1) adapted from PDB file IN45. B. P. aeruginosa iron-
regulated heme oxygenase (HemO) adapted from PDB file 1SK7. 
 
 
 
 

A.

B.
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Figure 1.9 Structure of Biliverdin IX Isomers. A. Structure of BVIXα. B. Structure of 
BVIXδ. C. Structure BVIXβ. 
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novel pigment 5-oxo-bilirubins or staphylobilin (76) (Figure 1.10). The mechanism of 

action is not known but has been proposed to be the result of a highly ruffled heme in the 

pocket leading to cleavage at both the β and δ meso carbons (74,77). A similar enzyme 

called MhuD was recently discovered in Mycobacterium tuberculosis (78). Sequence 

alignment with IsdG and IsdI revealed that the protein shared 46% and 43% identity, 

respectively. Spectroscopic studies have shown that heme is bound to His75 in MhuD, 

similar to the ligands of His77 for IsdG and His76 for IsdI. However, contrary to the Isd 

proteins, MhuD can bind two hemes per monomer, the first identified heme degrading 

enzyme to do so. However, the two heme form of the protein is inactive and has been 

suggested to be a storage form in conditions of low iron availability (78). Using the 

mono-heme form of MhuD it was shown that heme can be degraded in the presence of 

either NADPH-cytochrome P450 reductase or ascorbic acid, and the product was 

identified as a novel catabolite, mycobilin. The degradation by MhuD does not release 

CO as in the typical HO reaction, instead opening the ring at the α-meso position and 

leaving an aldehyde and a carbonyl group at the β or δ position (79). The unique 

metabolite profiles of MhuD and IdsG/I is thought to be due to the heme ruffling 

although the mechanism details have yet to be determined.  

  A third method of iron release from heme was identified in E. coli K12 

pathogenic strain (80). YfeX and EfeB were identified as proteins involved in iron 

extraction from the intact tetrapyrrole ring in vivo. Little is known about the mechanism 

though, and in vitro analysis of the proteins was unable to convert heme into PPIX, 

suggesting that these proteins require a cofactor for the deferrochelation of the heme. 

These proteins are widely conserved through Gram-positive and Gram-negative  
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Figure 1.10 Heme Degradation Products of HemO, MhuD and IsdG/I proteins. The 
mechanism of heme degradation proceeds through the meso-hydroxyheme but then 
differs for the three proteins. The tetrapyrrole substituents are omitted for clarity.   
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organisms and could provide another means for iron release. However, these YfeX and 

EfeB proteins have also been characterized as DyP-type peroxidases that oxidize 

endogenous porphyrinogens to porphyrins, and are more likely involved in bacterial 

anaerobic respiration than in iron regulation (81).  

Alternatively in some organisms it is possible that host heme can be incorporated 

into microbial heme proteins. Heme biosynthesis is an energetically costly process so it 

may benefit bacteria to directly use the intact heme acquired through the heme uptake 

pathways. In addition, bacteria such as Haemophilus influenza do not encode enzymes for 

heme biosynthesis and therefore have a requirement for exogenous heme for proteins 

requiring heme as a cofactor (82). Furthermore, it has been shown that in Bacillus subtilis 

exogenous heme was incorporated into c-type cytochromes (83), and that in S. aureus 

heme-iron was associated with the cytoplasmic membrane, where most heme requiring 

proteins are located (84), though no evidence of direct heme utilization has yet been 

shown.  

 

1.2.4 Regulation of Iron and Heme Uptake in Gram-Negative Bacteria 

The iron and heme uptake systems are regulated in response to iron by Fur (ferric 

uptake regulator) (Figure 1.11). Fur was first identified in E. coli as a transcriptional 

repressor protein of all Fe responsive genes (85). Fur exists as a homodimer with each 

monomer being composed of two domains (86). The C terminus contains the metal 

binding site(s) and is associated with dimerization. The E. coli Fur protein contains two 

metal binding sites. The first is a structural site occupied by Zn2+ 
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Figure 1.11 Fur-mediated Gene Expression. A. In the presence of iron Fur binds to the 
putative “Fur-Box” and turns off transcription of iron regulated genes. B. Apo-Fur does 
not bind to DNA allowing for the transcription of iron-regulated genes. 
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in a tetrahedral geometry flanked by two cysteine residues and two nitrogen/oxygen 

atoms. This site is not present in Fur proteins from other Gram-negative bacteria 

including P. aeruginosa (87). The second metal site, present in all Fur proteins, is a 

regulatory site that binds Fe2+ in a distorted octahedral geometry with at least two 

histidines and one carboxylate as ligands (88).  The N terminus contains a helix-turn-

helix motif that accounts for DNA binding (89). Under iron rich conditions the Fur 

protein binds Fe2+ causing a conformational change which allows Fe2+-Fur to bind to its 

target DNA sequence GATAATGATAATCATTATC, located in the promoter region of 

Fe regulated genes (90). Under iron restricted conditions the Fur protein is released from 

the “fur-box” and transcription of the genes takes place (91) (Figure 1.11).  

Thus far, more than 90 genes have been identified in E. coli that are regulated by 

Fur. These include over sixty genes for the biosynthesis and transport of siderophores and 

heme as well as genes required for the metabolism of iron and oxidative-stress response, 

including superoxide dismutase (92). Fur is also responsible for the regulation of genes 

not directly related to iron metabolism. These include chemotaxis, bioluminescence, and 

production of virulence factors (93,94) such as the Shiga toxin in Shigella and exotoxin A 

in P. aeruginosa (95). 

In addition to its role as a transcriptional repressor, Fur can also act as a positive 

regulator of certain genes. One example is in S. typhimurium where Fur was shown to 

positively regulate acid shock proteins. This regulation of Fur occurs with or without the 

Fe2+ cofactor, suggesting a slightly different mechanism of regulation than that of the 

transcriptional repressor (96). Fur also shows post-transcriptional regulation through 

genes encoding small RNAs. In E.coli Fur has been shown to repress the sRNA RhyB 
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which induces the degradation of iron using/storage proteins such as bacterioferritin and 

superoxide dismutase and has been shown to regulate at least 18 operons which encode 

for 56 genes (97). P. aeruginosa encodes for two identical (5 nucleotide difference) Fur-

regulated tandem small RNAs prrF1 and prrF2 which target similar mRNAs (98). Under 

high iron conditions Fur binds to the promoter region of these RNAs preventing 

expression of the RNAs and allowing the expression of genes involved in oxidative stress 

and iron storage (98). In addition these small mRNAs affect the expression of several 

virulence factors through the PQS (Pseudomonas quinolone signal) system (99). P. 

aeruginosa also encodes for a heme repressed small RNA prrH which is generated when 

the transcription of prrF1 continues through the terminator and intergenic region and 

ends at the prrF2 terminator (Figure 1.12). This transcription has been shown to be 

responsive to heme. Furthermore it has been shown that transcription of prrF1 and prrF2 

is not due to processing of prrH. Although there is overlap in the genes regulated by prrF 

and prrH, prrH regulates a separate set of RNAs including those related to heme 

biosynthesis, though the mechanism by which this occurs is unknown (100).  

In addition to transcriptional regulation, rapid changes in iron-availability are 

regulated by post transcriptional factor including through the expression of Extra-

Cytoplasmic Function sigma factors (ECF-σ). ECF-σ factors are involved in the 

transcription of siderophore biosynthesis genes (eg. PvdS, pyoverdin), ferri-siderophore 

receptor genes (FpvI) and TonB dependent receptors. Binding of heme to the receptor 

causes a signal to be transduced through the receptor anti-sigma factor which in turn 

releases the sigma factor to transcriptionally activate the relevant sets of genes (101) 

(Figure 1.13).  
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Figure 1.12 Proposed Transcription of prrH in P. aeruginosa. Under low iron conditions 
prrF1 and prrF2 are transcribed and expression is terminated at their own rho-
inderpendant terminator. Under low iron, low heme conditions transcription of prrF1 
continues through the terminator to transcribe prrH, likely due to binding of a heme 
regulated protein. Adapted from Oglesby-Sherrouse and Vasil, 2010.  
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Figure 1.13 Model of Heme Regulated ECF-σ System in Gram-Negative Pathogens. The 
heme bound OM-receptor signals through the N-terminus to the Anti-σ-factor in the 
cytoplasmic membrane. The signal is transmitted to the cytoplasm which releases the σ-
factor which subsequently interacts with the RNA polymerase enzyme. This results in 
transcription of the heme uptake system.   
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1.3 Conclusion 

It has been demonstrated that bacteria can not only use heme as an iron source, 

but that some pathogens such as S. aureus and B. pertussis prefer it as an iron source at 

various stages of infection (84,102,103). Research into the molecular mechanisms of 

heme uptake and degradation may aid in identifying targets for further antimicrobial 

development. The work described in this thesis is focused on defining the mechanisms of 

the heme trafficking proteins PhuS and HemO in P. aeruginosa. Chapter 2 describes the 

biochemical characterization of PhuS and the role of the proximal helix histidine triad in 

heme coordination. The interaction of PhuS with the heme oxygenase HemO and the 

transfer of heme is the focus of Chapter 3. Chapter 4 defines the in vivo role of PhuS and 

HemO in heme and iron homeostasis. Finally Chapter 5 summarizes the findings of the 

current studies and discusses future directions as it relates to heme utilization and 

virulence.   

The use of antibiotics since the 1940’s has been crucial for combatting infectious 

disease. However, there has been a significant rise in nosocomial infections and antibiotic 

resistance in recent years, leading to the need for new therapeutic agents (104). As 

antibiotic use has become more widespread there has been an increased selective pressure 

for bacteria to combat antimicrobial agents leading to an additional increase in the 

number of resistant strains. This rise in antibiotic resistance has significantly increased 

the cost of health care to alarming levels (105). In addition the increase in mortality rate 

from resistant pathogens has made the search for new drug targets imperative. Therefore 

targeting systems such as heme uptake that are required for virulence, and not survival, 

lowers the probability of resistance development (106).    
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Chapter 2 

Biochemical Characterization of the Cytoplasmic Heme 

Trafficking Protein, PhuS, from the Uptake System of 

Pseudomonas aeruginosa 

 

2.1 Background 

There have been two heme uptake systems identified in P. aeruginosa. Both the 

has and phu systems are under the control of Fur (Ferric uptake regulator), but 

transcriptional analysis suggests that they are differentially regulated (1). Interestingly, 

only the phu operon encodes a periplasmic uptake system, including the ABC-

transporter, and cytoplasmic binding proteins (2-4). Once shuttled through the inner 

membrane the heme is bound by PhuS which delivers heme to HemO where it is 

degraded to release iron, carbon monoxide and biliverdin (5).  

The role of PhuS and its homologues has been debated in the literature (Figure 

2.1). Initial studies of Yersinia enterocolitica HemS, the first identified homologue in  
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Figure 2.1 Sequence Alignment of Phus and Homologues. The sequences of PhuS, ChuS 
and HemS were aligned using Clustal W. Conserved residues are red and marked with an 
asterisk.  

  

PhuS      MSSTPSLSHSPAELYRAWQDLRAERPQLRARDAAALLQVSEGELVASRVGIDAVRLRPDW 
ChuS      -----------MNHYTRWLELKEQNPGKYARDIAGLMNIREAELAFARVTHDAWRMHGDI 
HemS      ---------MSKSIYEQYLQAKADNPGKYARDLATLMGISEAELTHSRVSHDAKRLKGDA 
                        *          *   *** * *    * **   **  ** *   *  
 
PhuS      AALLPALGELGPIMALTRNEHCVHERKGPYREVTVSANGQMGLVVSP-DIDLRLFLGGWN 
ChuS      REILAALESVGETKCICRNEYAVHEQVGTFTNQH--LNGHAGLILNPRALDLRLFLNQWA 
HemS      RALLAALEAVGEVKAITRNTYAVHEQMGRYENQH--LNGHAGLILNPRNLDLRLFLNQWA 
             * **   *      **   ***  *         **  **   *   ******  *  
 
PhuS      AVFAIAEETARGTQRSIQVFDQQGVAVHKVFLAEASDVRAWEPLVERLRAAEQDAVLALH 
ChuS      SVFHIKENTARGERQSIQFFDHQGDALLKVYATDNTDMAAWSELLARFITDENTPL-ELK 
HemS      SAFTLTEETRHGVRHSIQFFDHQGDALHKVYVTEQTDMPAWEALLAQFITTEIPEL-QLE 
            *   * *  *   *** ** ** *  **      *  **  *       *      *  
 
PhuS      EPRAPAAALVDAQIDAAALREGWAALKDTHHFHALLKKHGAQRTQALRLAGGEWAERLDN 
ChuS      AVD--APVVQT-RADATVVEQEWRAMTDVHQFFTLLKRHNLTRQQAFNLVADDLACKVSN 
HemS      PLS--APEVTEPTATDEAVDAEWRAMTDVHQFFQLLKRNNLTRQQAFRAVGNDLAYQVDN 
               *                * *  * * *  ***     * **        *    * 
 
PhuS      GDLAKLFEAAAESGLPIMVFVGNAHCIQIHTGPVCNLKWLDDWFNVLDPEFNLHLKTTGI 
ChuS      SALAQILESAQQDGNEIMVFVGNRGCVQIFTGVVEKVVPMKGWLNIFNPTFTLHLLEESI 
HemS      SSLTQLLNIAQQEQNEIMIFVGNRGCVQIFTGMIEKVTPHQDWINVFNQRFTLHLIETTI 
            *      *      ** ****  * ** **          * *     * ***    * 
 
PhuS      AELWRVRKPSTDGIVTSWEAFDPDGELIVQLFGARKPGEPERDDWRELAESFKAL---- 
ChuS      AEAWVTRKPTSDGYVTSLELFAHDGTQIAQLYGQRTEGEQEQAQWRKQIASLIPEGVAA 
HemS      AESWITRKPTKDGFVTSLELFAADGTQIAQLYGQRTEGQPEQTQWRDEIARLNNKDIAA 
          ** *  ***  ** *** * *  **  * ** * *  *  *   **      
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Gram-negative bacteria, suggested that it was a heme degrading enzyme (6) based on a 

heme toxicity phenotype seen in the ΔhemS bacterium. Similarly, the ChuS protein from 

Escherichia coli has also been characterized as a heme oxygenase (7). While the structure 

of ChuS has no similarity to any of the previously identified mammalian or bacterial 

heme oxygenases, it was determined to be an HO through biochemical studies showing 

that ChuS was able to breakdown heme (releasing Fe and CO) using either ascorbic acid 

or NADPH as an electron source (7). The researchers, however, did not consider that it 

was nonspecific coupled oxidation by H2O2. Subsequent studies showed that the ChuS 

His193 residue, the proximal ligand to the heme, was required for heme degradation (8). 

The structure of ChuS shows that the two domains, while only having 19% sequence 

identity, are structural duplicates. Heme is coordinated between the domains with the C-

terminal domain providing most of the contact residues, including the proximal His-193 

and the N-terminal domain providing Arg-100 that is in close proximity to the heme iron 

via two water molecules (7,8). The proposed heme degradation would occur through 

initial activation of the water molecules by the arginine. Later structural studies on the 

apo- and holo-HemS lead the investigators to conclude that, in contrast to being a heme 

degrading enzyme, HemS more likely functions to transfer heme from the uptake system 

to proteins that utilize or degrade heme (9). Comparison of the apo- and holo-HemS 

structures showed that upon heme binding a closing of the N- and C-terminal domains 

occurs due to significant interactions of the heme with the protein scaffold. Additionally 

heme, when ligated in the pocket, is approximately 60% exposed to solvent, which would 

be expected for a protein whose role is to bind and release heme. The structure is similar 

to the human heme binding protein hemopexin (heme is 70% solvent exposed) which 
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contains a heme binding site between the N- and C- terminal domains with several non-

coordinating interactions of the heme with the protein scaffold (10).  

PhuS, the most well characterized of the cytoplasmic heme binding proteins, is a 

39 kDa protein that sequesters heme in the cytoplasm and delivers it to HemO, which in 

turn degrades the heme to release iron, CO, and biliverdin (2). PhuS purifies as an apo 

protein, showing a range of oligomeric states (2,11). Upon heme binding, PhuS exhibits a 

Soret maximum of 410 with visible bands at 545 and 570 nm, and binds one heme per 

monomer. While the PhuS homologues have been characterized as heme oxygenases 

based on in vitro experiments, our lab has shown that degradation of heme by PhuS is 

due to coupled oxidation not by an enzymatic reaction (2). Supporting this is the finding 

that holo-PhuS is not stable in the ferrous form, a requirement for oxygenase activity. 

Additionally, holo-PhuS has been shown to interact specifically with HemO, and the 

heme transfer is unidirectional. Unlike its homologues, PhuS has three histidines in its 

heme binding pocket at positions 209, 210, and 212, His-209 being the conserved 

proximal ligand. Through mutagenesis it was shown that in PhuS H209A, His-212 can 

coordinate the heme, and that His-210, while never coordinated to the heme, is required 

for the stabilization of His-212 (11). Resonance Raman studies have shown that the holo-

PhuS can adopt a wide variety of spin states and coordination numbers as a function of 

pH.  The wild type protein (as well as H210A) exists as a mixture of 6cLS, 6cHS and 

5cHS at both low and high pH, with water as the sixth ligand at low pH and hydroxide as 

the sixth ligand at high pH. Upon mutation of the proximal ligand, His-209, the heme can 

be bound by His-212 resulting in 6cLS at low pH and a mixture of 6cLS and 5cHS at 

high pH. When both of the possible His ligands (209 and 212) are mutated the heme 
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becomes 5cHS at all pHs. This ability to cover a wide range of spin states suggests that 

PhuS has a dynamic heme environment (2). The flexibility of the heme environment 

combined with the preference of the protein for the ferric state are desired characteristics 

for a transport protein. It has been suggested that these changes in the heme state and 

protein conformation are essential for the interaction with HemO, heme transfer, and the 

dissociation of the proteins.  Recently a structure of the apo-PhuS protein was solved in 

collaboration with the Poulos lab which further supports a role as a heme transfer protein. 

The protein crystallized as a dimer, with each monomer consisting of two units with nine 

anti-parallel β-sheets capped by α-helices at each end (Figure 2.2). The subunits are 

structurally similar with an rmsd of 2.9 Å. A similarity search of the Protein Data Bank 

(PDB) database revealed that PhuS is a structural homologue of both ChuS and HemS 

with rmsds of 1.30 Å and 1.34 Å, respectively (Figure 2.3). This Chapter will feature an 

in-depth characterization of the role of the PhuS protein and the histidine triad in heme 

binding and conformational changes.  

 

2.2 Methods  

2.2.1 Protein Expression of PhuS Wild Type and His Mutants 

Expression of PhuS proteins was carried out as previously described with minor 

modifications (2). A 50 mL overnight culture containing 100 µg/mL ampicillin was 

prepared from a single colony of freshly transformed E. coli BL21 cells on LB-Amp (100 

µg/mL) plates. One-liter cultures were inoculated with 10 mL of the overnight culture to 

a starting OD600 of ~0.05 and shaken at 225 rpm at 37⁰C. The cells were grown to an  
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Figure 2.2 Crystal Structure of PhuS. PhuS crystallized as a dimer, with each monomer 
consisting of two structural homologous units made up of nine anti-parallel β-sheets 
flanked by α-helices on each side. Adapted from Poulos et al., submitted. 

 

 



48	  
 

	  

 

 

 

 

 

 

Figure 2.3 Overlay of PhuS and Homologues. The crystal structures of PhuS (green), 
ChuS (blue) and HemS (magenta) were overlayed using Pymol. The rmds comparing 
PhuS to its homologues is 1.30 Å for ChuS and 1.34 Å for HemS. 
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OD600 of 0.6 and were induced with 1 mM IPTG and allowed to grow for 3 h at room 

temperature. The cultures were then centrifuged at 7500 rpm for 15 min in a Beckman 

JLA 8.1 rotor and the resulting pellets were frozen at -80⁰C until purification. 

 

2.2.2 Protein Purification of PhuS Wild Type and His Mutants 

Purification of the PhuS proteins was carried out as previously described with 

minor modifications (2). Cells were lysed in 15 mLs lysis buffer (per liter of culture) 50 

mM Tris (pH 8.0), containing 50 mM NaCl, 1 mM EDTA, 1 mM PMSF, 5 µg/mL 

DNAse, 100 µg/mL lysozyme, and a protease inhibitor cocktail tablet (Roche, containing 

mannitol, EDTA, polyvilnypyrrolidone, polyethylene glycol, pefabloc). The lysis mixture 

was stirred for 1 hour at 4⁰C followed by sonication for 30 s total. The cell debris was 

removed through centrifugation at 14,000 rpm in a Beckman JA-17 rotor. The 

supernatant was applied to a Q-Sepharose Fast Flow column previously equilibrated with 

20 mM Tris (pH 8.0), 50 mM NaCl. The column was washed with 100 mL 20 mM Tris 

50 mM NaCl and the protein was eluted over a salt gradient of 50-500 mM NaCl. Protein 

purity was checked on a 12.5% SDS-PAGE gels and samples containing PhuS were 

combined and concentrated in a spin concentrator (Pierce, USA) to ~ 3mL. PhuS was 

further purified over a Superdex 75 HR 10/300 column equilibrated with 20 mM Tris (pH 

8.0) on an AKTA FPLC system. 
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2.2.3 Heme Loading of PhuS Apo Proteins 

Heme was dissolved in 0.1 N sodium hydroxide (NaOH) and brought up in 20 

mM Tris (pH 8.0). The concentration of the heme stock was determined using the 

pyridine hemochrome method (12). 100 µL pyridine, followed by an excess of sodium 

hydrosulfite, was added to the stock solution and a spectrum of the sample was taken. 

The concentration was determined by the millimolar extinction coefficients (ε) of 170, 

17.5 and 34.4 at the absorbance maxima of 418, 525, and 555 nm, respectively. A 1.1:1 

ratio of heme:PhuS was added to the purified protein and was allowed to sit for 10 

minutes. Confirmation of fully loaded PhuS was accomplished by taking the UV-Vis 

spectrum of the holo protein and using the ε410 of 122 mM-1 cm-1 (2).   

 

2.2.4 Determination of the Binding Constant for Free Heme to PhuS and the PhuS 

Histidine Mutants by Fluorescence Quenching 

The binding affinity of free heme for PhuS wild type and mutants (H209A, 

H210A, H212A and H209/210/212A) was determined by a fluorescence emission 

titration on an ISS PC-1 spectrofluorimeter. 1 µM PhuS in 20 mM sodium phosphate (pH 

7.5) was excited at 295 and the emission spectrum was monitored from 300 to 450 nm. 

PhuS was titrated with 1 µL heme (0.1-50 µM) at 25˚C. The binding constant (Kd) was fit 

to a one-site binding model based on the decrease in Trp fluorescence at 337 nm as a 

function of increasing heme using 𝐹! − 𝐹 =
!!!!! !!
!!!!!

 where F is the measured 

fluorescence emission in presence of ligand, F0 is fluorescence emission in absence of 
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ligand, F∞ is protein saturated with the ligand and L0 is the total concentration of the 

bound and unbound ligand. 

 

2.2.5 Determination of Secondary Structure of the Wild Type and His Mutant PhuS 

Proteins by Circular Dichroism (CD) 

All proteins were dialyzed two times against 1 mM potassium phosphate pH 7.4. 

The CD spectra for both the apo and holo PhuS proteins (2.5 µM) were recorded on a 

Jasco J-810 spectropolarimeter at 25˚C from 190-260 nm utilizing a quartz cuvette with a 

1 mm pathlength. Reported spectra were the average of 3 consecutive scans followed by 

the subtraction of the spectrum for buffer alone (1 mM potassium phosphate pH 7.4). The 

CD spectra were analyzed utilizing the CDPRO software provided by the manufacturer. 

 

2.2.6 In vivo analysis of PhuS quaternary structure 

A 50 mL overnight culture was prepared from a single colony of PAO1 and was 

shaken at 225 rpm at 37C for 18 h. 50 mL cultures were inoculated to a starting OD600 of 

0.08 and grown for 4, 8, or 24 h. The OD600 was taken and 1 mL of cells were pelleted at 

15000 rpm for 15 minutes. The cells were lysed in a volume of Bugbuster for a final 

OD600 of 8.0 and the cell debris was removed through centrifugation at 15,000 rpm for 10 

minutes. 10 µL of the supernatant was added to 10 µL Tricine buffer (pH 8.3) and the 

samples were loaded to a previously equilibrated native gel. The gel was run in Tris-

Glycine buffer (pH 8.3, Bio Rad) at 5 mA at 4˚C until the dye front ran off the gel. 
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Transfer to a PVDF was carried out for 1 h at 100 V and the membrane was equilibrated 

in 5% milk in 50 mM Tris 150 mM NaCl 0.1% Tween-20 pH 7.4 (TBS-T) overnight. 

Following a wash with TBS-T the membrane was submerged in 1% milk, 1% BSA in 

TBS-T containing 1:500 primary (PhuS) antibody for 1 h. Three 15-min washes in TBS-

T was followed by 1 h in 1% milk in TBS-T containing 1:10,000 goat anti-rabbit 

antibody. The Western blot was visualized using the Pierce SuperSignal West Pico 

Chemiluminescent Substrate.   

 

2.2.7 Analytical Ultracentrifugation 

Sedimentation velocity experiments were conducted by Karen Fleming at Johns 

Hopkins University on a Beckman-Coulter XL-A analytical centrifuge. 3.88 µM apo- and 

holo-PhuS were centrifuged at 50,000 rpm at 25˚C in two-sector cells equipped with 

sapphire windows. The protein distributions were followed at 280 nm. The sedimentation 

velocity data were analyzed using the Stafford method in DCDT+ (13). Sednterp was 

used to determine the solvent density (1.00058 g/mL), the protein molecular weight, and 

the partial specific volume (0.730 mL/g). 616g was added to the molecular weight of apo-

Phus to account for the heme in holo-PhuS. A partial specific volume of holo-PhuS 

(0.7411 mL/g) was estimated by taking a weighted sum of the partial specific volumes of 

apo-PhuS and oxygenated heme (14).  
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2.3 Results 

2.3.1 Expression and Purification of PhuS Wild Type (WT) and Histidine Mutants 

PhuS expressed and purified as an apo-protein as evidenced by the lack of a Soret 

band in the UV-Vis spectrum. (Figure 2.4) Following expression and purification 10 to 

20 mg of protein per liter of culture was obtained. An SDS-PAGE gel was run after initial 

purification on Q-sepharose ion exchange column and a single band at 39 kDa was 

observed (Figure 2.4). Following ion-exchange PhuS was further purified by Fast Protein 

Liquid Chromatography (FPLC) over a size-exclusion (S-200) column where it was 

observed that PhuS purified as a mixture of monomer and dimer (Figure 2.5). In addition, 

a native gel run a week after separation of the monomer and dimer showed that 

aggregation occurs over time (Figure 2.6). Attempts to disrupt the dimer either with ionic 

or hydrophobic agents such as salt, betaine, or trifluoroethanol were unsuccessful (Figure 

2.7). For all studies the monomer protein was used based on the in vivo results obtained 

in section 2.3.2. 

 

2.3.2 In vivo Analysis of Oligomeric State of PhuS 

P. aeruginosa PAO1 was grown overnight in iron restricted media and those 

cultures were used to inoculate 50 mL of M9 media to an OD600 of 0.1. Samples were 

taken at 4, 8 and 24 hours, normalized to OD600 of 8 with Bugbuster, and run on a native 

gel with a mixture of previously purified dimeric and monomeric PhuS as standards. The 
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Figure 2.4 SDS-PAGE Gel and UV-visible Spectrum of Purified PhuS. (Inset) Following 
purification on an ion exchange column and a size exclusion column a 12.5% SDS-PAGE 
gel was run. PhuS purifies as a 39 kDa protein, running on the SDS-PAGE gel between 
the 34 and 45 kDa markers. Lane 1: Ladder, Lane 2, 3: purified PhuS WT (20 ng). A UV-
Visible spectrum was then taken of the protein, and PhuS (14 µM) purifies as an apo 
protein as evidenced by the lack of a Soret or α/β bands. 
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Figure 2.5 FPLC Size Exclusion Separation of Monomer and Dimer PhuS. Following 
purification by anion exchange the PhuS proteins are further purified on a size exclusion 
column to separate out the monomer protein. 2 mg of protein was loaded to a Superdex 
S75 HR 10/300 column equilibrated with 20 mM Tris (pH 8.0) and run at a flow rate of 
0.5 mL/min. A. PhuS wild type, B. H209/210/212A. 
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Figure 2.6 Analysis of Aggregate Formation of PhuS. A native gel of PhuS at a 
concentration of 5-15 ng was run a week after separation of the monomer and dimer 
PhuS. The monomer protein aggregated to form more dimer, but the dimer protein 
remained stable. The His-tagged PhuS proteins also appear to form higher order 
aggregates. Lane 1: Monomer PhuS after 1 week, Lane 2: Dimer PhuS after one week, 
Lane 3: 1:1 Mixture of monomer and dimer PhuS, Lane 4: Monomer apo-His-PhuS after 
one week, Lane 5: Monomer holo-His-PhuS after one week. 
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Figure 2.7 FPLC of Wild Type PhuS Dimer Treated 2 M Betaine. Attempts were made to 
disrupt the PhuS dimer after formation. Betaine was incubated with PhuS dimer for two 
hours then run on a Superdex S75 column in 20 mM Tris (pH 8.0). A. PhuS dimer before 
treatment. B. PhuS dimer with 2 M Betaine. Additionally, lower concentrations of 
betaine, as well as trifluoroethanol were tested (not shown) but none were able to disrupt 
the dimer once formed, suggesting the formation is due to tight hydrophobic interactions. 
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oligomeric states were visualized by Western blot analysis and at all time points PhuS 

was measured as monomeric (Figure 2.8). Based on this we conclude that dimer 

formation in vitro is most likely due to non physiological interactions likely hydrophobic 

in nature.   

 

2.3.3 Determination of Secondary Structure by Circular Dichroism 

The secondary structure of the apo and holo PhuS proteins was determined using 

circular dichroism. The CD was recorded from 190-260 nm and featured characteristics 

of a protein with both alpha helices and beta sheets, which corresponds well with the 

structures of the homologue proteins (7,8).  The mutants revealed no overall change in 

secondary structure compared to the wild type protein, confirming the structural integrity 

of the proteins (Figure 2.9A). Addition of heme caused minimal changes in the CD 

spectrum confirming binding of heme does not disrupt the secondary structure (Figure 

2.9 B).  

 

2.3.4 Heme binding to PhuS Proteins 

Reconstitution of apo-PhuS with heme gave spectra with heme Soret bands of 411 

nm (WT), 410 nm (H209A), 412 nm (H210A), 407 nm (H212A) and 398 nm 

(H209/210/212A) (Figure 2.10). These Soret peaks are indicative of ferric iron in the 

heme moiety, which was supported by the previous Resonance Raman data(11). The 

coordinating H209A and the H209/210/212A show the lowest A410/A280 ratio, suggesting 
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Figure 2.8 In vivo Analysis of PhuS Oligomeric State. After lysis of PAO1 cells a native 
Western blot was run to determine the oligomeric state of the native PhuS protein. At 4, 8 
and 24 hours the PhuS was always present as a monomer. Lane 1: 4 h, Lane 2: 8 h, Lane 
3: 24 h, Lane 4: Mixture of purified monomer and dimer PhuS (5 ng each).  
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Figure 2.9 Circular Dichroism of PhuS Wild Type and Mutants. Circular dichroism data 
was collected on 2.5 µM apo- and holo- WT and mutant PhuS proteins in 1 mM 
potassium phosphate (pH 7.4). Mutation of the histidines in the binding pocket does not 
have an effect on the secondary structure of the apo- or holo-PhuS proteins. A. CD of 
apo-PhuS proteins, B. CD of holo-PhuS proteins. 

  

A. 

B. 
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Figure 2.10 UV-Visible Spectrums of holo-PhuS Proteins. A UV-Visible spectrum is 
taken of the PhuS proteins after loading with heme.  Soret peaks for the proteins are PhuS 
wild type (411 nm, panel A), H209A (402 nm, panel B), H210A (406 nm, panel C), 
H212A (406 nm, panel D), H209/210/212A (398 nm, panel E).  
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that these proteins are not fully heme loaded as a result of loss of the proximal ligand. 

 

2.3.5 Determination of the Heme Binding Affinity of the PhuS WT and His-Mutant 

Proteins 

The heme binding constant for PhuS was determined using fluorescence 

quenching after titration of heme. Upon excitation at 295 nm, an emission peak was 

observed at 337 nm. Heme was added in 1 µL increments resulting in a quenching of the 

fluorescence intensity (Figure 2.11, 2.12). The Kd determined for the wild type protein 

was 0.41 µM (Table 2.1) and it was determined that PhuS binds one heme per monomer 

as previously reported (2). The binding constants were also determined for the mutant 

proteins resulting in dissociation constants of 1.6 µM (H209A), 0.48 µM (H210A), 1.0 

µM (H212A) and 1.2 µM (H209/210/212A) (Table 2.1), also binding one heme per 

monomer. The similar KDs for the mutant and wild type proteins, even in the absence of a 

proximal ligand, suggests that other interactions (hydrophobic or electrostatic) within the 

binding pocket are the driving force for heme binding. As will be shown in the following 

chapter such non-coordinating interactions likely play a significant role in binding and 

release of heme. 
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Figure 2.11 Fluorescence Emission Spectra of Wild Type PhuS and Mutants. Heme was 
added in 1 µL (0.1 to 50 µM) increments to 1 µM PhuS proteins and the fluorescence 
emission spectra were recorded. The binding affinity (Kd) was determined by fitting the 
data to a one-site binding model according to the decrease in Tryptophan fluorescence 
intensity at 337 nm as a function of increasing heme concentration. A. PhuS Wild Type, 
B. H209A, C. H210A, D. H212A, E. H209/210/212A. 
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Figure 2.12 Change in Fluorescence Intensity upon Addition of Heme. The decrease in 
Tryptophan fluorescence emission at 337 nm is plotted. Upon addition of 1 µL 
increments of heme from 0.1 to 5 µM the fluorescence decreases. The Kd was 
determined by fitting the decrease to a one-site binding model. A. PhuS Wild Type, B. 
H209A, C. H210A, D. H212A, E. H209/210/212A.  
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Table 2.1 Spectroscopic and Binding Parameters for the holo-PhuS Wild-type and His-
mutant Proteins. *Previously published data. Soret bands in parenthesis are data from this 
study on the monomeric protein. 

 

 

  

Protein (PhuS) Soret 
band 
(nm)* 

Q-bands 
(nm) 

Spin-state 
(pH7.8)* 

Proximal 
His-
Ligand* 

Kd (µM) 
heme 

Wild Type 411 545, 570 6CHS/LS His-209 0.41 ± 0.05 

H209A 410 (402) 532, 566 6CLS His-212 1.6 ± 0.6 

H210A 412 (406) 540, 578 6CHS/LS His-209 0.48 ± 0.1 

H212A 407 (406) 544, 580 6CHS/5CHS His-209 1.0 ± 0.3 

H209/210/212A 398 398, 600 5CHS None 1.2 ± 0.3 
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2.3.6 Sedimentation Velocity of apo- and holo- PhuS  

Sedimentation velocity was performed to determine the oligomeric state and 

overall shape of the apo- and holo-PhuS proteins. Both the apo- and holo- proteins 

sediment as a single boundary which was fit to single Gaussian functions in DCDT+. The 

procedure returned the molecular weight within 4% confirming that both proteins were in 

the monomeric state (Figure 2.13). Further examination of the sedimentation profiles 

show that the proteins are reproducibly distinct from each other. This difference was 

determined to be due to distinct hydrodynamic shapes, with the holo-PhuS displaying an 

expanded hydrodynamic envelope compared to that of apo-PhuS. 

 

2.4 Discussion 

PhuS belongs to a family of cytoplasmic heme binding proteins that includes 

homologues from Shigella dysenteriae (ShuS) (15), Yersinia enterocolitica (HemS) (9), 

and Escherichia coli (ChuS) (7,8). Despite sharing a high sequence similarity there is 

some discrepancy in the literature with regard to the function of these proteins. ChuS has 

been identified as a heme oxygenase, while ShuS and PhuS have been identified as heme 

transport proteins. The crystal structures of HemS and ChuS have been solved and show 

that the proteins consist of two homologous domains with central β-sheets flanked on the 

N-terminus with a pair of parallel α-helices and on the C-terminus by an α-loop-α-loop-

α motif. The recently obtained crystal structure of apo-PhuS has been shown to be 

structurally similar to both ChuS (1.30 Å) and HemS (rmsd 1.34 Å) (Figure 2.3). In the 

holo-ChuS structure heme binds through a proximal histidine ligand with a water (or  
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Figure 2.13 Normalized g(s*) Distributions of apo- and holo-Phus. Data are shown for 
3.88 µM apo (red) and holo (blue) PhuS. The average sedimentation coefficients for these 
data are 3.73 S and 3.57 S for apo- and holo-PhuS, respectively.  
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hydroxide) as the sixth ligand to the iron. In addition the water or hydroxide forms a 

hydrogen bond with Arg-100 on the distal face. The propionates orient the heme within 

the pocket through electrostatic interactions with positively charged Arg-206, Lys-291 

and Arg-318 residues. The heme is then clamped between the N- and C- domains through 

several hydrophobic contacts. The heme coordination in PhuS is reminiscent of 

hemopexin and other heme transporters (16). Interestingly, ShuS, HemS and ChuS all 

have one histidine in the binding pocket (193, 196, and 193, respectively), which act as 

the proximal ligand to the heme, whereas PhuS has three (His-209, His-210, His-212). 

Previous studies have shown that His-209 acts as the proximal ligand to the heme; 

however, in the absence of His-209 an alternative binding is provided through His-212. 

Resonance Raman studies indicate that His-210 is required to stabilize the interaction 

with His-212, but does not directly interact with the heme (11). Through recent molecular 

dynamic simulations modeling the heme into the apo-PhuS structure it was shown that 

heme can coordinate to His-212 providing a potential pathway for heme release (Figure 

2.14). In order to determine the role of the His-triad in heme coordination and transfer a 

series of mutations were made to the wild type PhuS protein (H209A, H210A, H212A, 

and H209/210/212A).  

Upon expression and purification, PhuS existed as a mixture of monomer and 

higher oligomeric states which were irreversible. This was also observed in the crystal 

structure, where PhuS crystalized as a homodimer (17). The PhuS crystal structure shows 

that the dimer interface consists of 18 polar interactions within 3.6 Å suggesting that 

these residues are essential for the dimer formation. Interestingly, when compared to the 

ChuS and HemS proteins which crystalize as monomers only 3 of the 12 residues  
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Figure 2.14 Heme Ligation in PhuS. Heme was modeled into the apo-PhuS crystal 
structure. PhuS has three histidines in the heme binding pocket. In the “storage” form 
His-209 acts as the proximal ligand to the heme, but His-212 can also ligate the heme, 
and is likely involved in heme transfer. A. Heme ligated to His-209. B. Heme Ligated to 
His-212. 
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involved in the dimeric interaction were conserved. In order to determine the oligomeric 

state in vivo a native PAGE gel was run with monomer and dimer PhuS as standards. On 

visualizing PhuS through Western blot analysis it was determined that PhuS exists as a 

monomer in P. aeruginosa, so all further studies were conducted on the monomer 

protein, which was purified and used within 4 days. 

PhuS was shown to bind one heme molecule per monomer. Full heme loading of 

PhuS was determined using the heme extinction coefficient (ε) of 122 mM-1 cm-1 at 410 

nm. UV-Visible spectra were taken of the wild type and mutant PhuS proteins. The wild 

type protein exhibits a Soret peak at 411 nm with visible bands at 541nm and 570nm, 

which are similar to other heme complexes such as hemoglobin (18), peroxidases (19) 

and heme-HO (20). Upon mutation of the proximal ligand, His-209, the visible bands are 

blue shifted suggesting a slightly different environment of the heme, likely due to ligation 

by His-212. The previously published Soret band for PhuS H209A was 410 nm (11) 

while recent experiments show the Soret peak to be at 402 nm. It is possible that this 

difference is due to the oligomeric state that is monomer, versus dimer or higher order 

states. The Soret band was also shifted in the H210A protein. When all three of the 

histidines in the heme binding pocket are mutated to alanine (H209/210/212A) there is 

only one Q-band present at 600 nm, confirming a 5cHS heme, ligated by either a water or 

hydroxide ion as reported in previous Resonance Raman studies (11).  

Circular dichroism was employed in order to check the integrity of the mutant 

proteins, and to determine if differences in heme binding were due to changes in 

secondary structure. As shown, there were minimal changes in secondary structure 

between the wild type and mutant PhuS proteins. There were also no significant changes 
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in the holo-PhuS proteins. This suggests that the mutant proteins are not compromised 

and are suitable for future comparative experiments.  

Fluorescence quenching was used to determine the binding affinity of PhuS wild 

type and mutants for heme. Wild type PhuS and H210A have the same binding affinity 

(~0.4 µM), consistent with both of the possible proximal ligands being present. This is 

also supported by the PhuS crustal structure which shows that His-209 and His-212 can 

both ligate the heme while the position of His-210 would not allow it. Mutation of His-

209, His-212, or a combination resulted in a slightly lower binding affinity. The P values 

for the WT to the mutants were p<0.05 (H209A), p < 0.05 (H212A) and p<0.005 

(H209/210/212A). While statistically different, the close binding affinities between the 

wild type and mutants proteins, and the fact that the triple mutant still binds heme at 

micromolar concentrations, suggests that the proximal ligand is not the major 

contribution for the heme binding. Surrounding the histidines in the binding pocket are 

multiple hydrophobic residues including Met-101, Leu-103, Phe-114, Phe-259, Ile-266, 

Ile-268, and Phe-331, which are highly conserved between PhuS and the homologues 

HemS and ChuS (Figure 2.15). These residues likely contributes significantly to the 

binding affinity through direct hydrophobic interactions with the heme.  

Analytical ultracentrifugation was utilized to determine if there is a 

conformational change that occurs on heme binding. The sedimentation velocity 

experiments showed that upon heme binding the protein displays an expanded 

hydrodynamic envelope as compared to the apo-protein. A conformational change upon 

heme binding that requires a trigger for release is a common motif in heme transport 

proteins (16). This is similar to what is seen in the HemS crystal structure where there is a  
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Figure 2.15 Heme Binding Pocket of PhuS. Surrounding the His-209 proximal ligand in 
the heme binding pocket are many hydrophobic residues that directly contact the heme. 
Additionally, Arg-334 and K-307 for hydrogen bonds with the propionate groups.  
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closing of the N- and C-terminal domains upon heme binding, with little change within 

the individual domains. We propose that this conformational change is what drives the 

protein-protein interaction with HemO. 

The properties of the cytoplasmic heme binding protein PhuS are consistent with 

a role as a heme transport protein. Chapter 3 will focus on determining the role of the 

proximal helix His residues in heme transfer to HemO.  
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Chapter 3 

Biophysical Characterization of the Role of the Histidine Triad 

of PhuS in the Interaction with HemO in Pseudomonas 

aeruginosa 

3.1 Background 

As previously discussed in Chapter 2, PhuS is unique, when compared to its 

structural homologues, in that there are three histidines in the heme binding pocket (1-3). 

In the previous chapter we described studies that showed the heme binding properties and 

conformational changes associated with heme binding are consistent with properties of a 

heme trafficking protein. It was confirmed that His-209 is the proximal ligand and that 

upon mutation His-212 can provide a mutually exclusive binding site. It was also 

demonstrated that His-210 does not directly coordinate the heme molecule but is required 

to stabilize ligation via His-212 (4). 

PhuS has been identified as a heme trafficking protein to HemO (5). Heme 

transfer experiments showed that upon incubation of holo-PhuS and apo-HemO, heme 

was completely transferred to HemO (5). Reactions of holo-HemO and apo-PhuS showed 
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no measurable heme transfer indicating that the transfer is unidirectional. Incubation of 

holo-PhuS with apo-BphO, the non-Fur regulated heme oxygenase that is part of the 

phytochrome two-component sensor system, showed a heme equilibrium between the 

proteins based on their relative affinities as a result of solution transfer (5). The 

specificity of transfer was confirmed by Surface Plasmon Resonance (SPR). The PhuS-

HemO interaction binding affinity (KD) of 64 nM was obtained from association (ka) and 

dissociation (kd) rates of 1.68 x 104 M-1s-1 and 1.07 x 10-3 s-1, respectively. Similar 

experiments performed with BphO showed no interaction at physiologically relevant 

concentrations, once again confirming the role of PhuS as a heme trafficking protein that 

delivers heme specifically to HemO (5). Interestingly, it was demonstrated that this 

transfer of heme might involve a change in spin state from 6cLS (6 coordinate low spin) 

in PhuS to 6cHS (6 coordinate high spin) in HemO (6). Further studies showed that this 

spin-state change or ligand exchange must occur within PhuS prior to the heme transfer 

step, and suggested that this is the triggering step that leads to heme transfer. Stopped-

flow kinetic studies showed that transfer of heme from PhuS to HemO is biphasic at pH 

7.5 with rates of 0.10 and 0.0095 s-1, with similar rates observed for BphO (6). However, 

comparison of the activation energies at pH 7.5 revealed that transfer to BphO was driven 

by enthalpy suggesting that transfer to BphO is less favorable than to HemO consistent 

with the SPR studies that confirm transfer is solution based. 

In this chapter I will investigate the role of alternative heme binding sites and the 

resulting dynamic heme environment in driving conformational change resulting in 

protein-protein interactions. Additionally I will examine the roles of the histidine triad in 

the flexibility of the heme environment and subsequent protein interaction with HemO. 
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Finally we will describe how this ligand-induced conformational change facilitates the 

protein-protein interaction, the subsequent free energy of which drives heme transfer.  

 

 3.2 Methods 

3.2.1 Expression and Purification of PhuS WT and Mutants 

PhuS wild type and mutants were expressed and purified as described in Chapter 

2. Before use, PhuS proteins were further purified on a Superdex S 75 10/300 column 

equilibrated with 20 mM Tris (tris(hydroxymethyl)aminomethane, pH 8.0) on a 

Pharmacia FPLC system. Heme was dissolved in 0.1N NaOH and the pH was adjusted 

with identical buffer used to prepare the protein. A 1.1:1 ratio of heme was added to PhuS 

and the complex was purified by gel filtration. Apo-HemO was expressed and purified as 

previously described (7).  C-terminal His-tagged HemO (His-HemO) was expressed E. 

coli BL21 transformed with a pET21A vector. Single colonies were picked and used to 

inoculate a 50 mL overnight culture containing 100 µg/mL ampicillin. A 10 mL 

overnight culture was used to inoculate one liter cultures (containing 100 µg/mL 

ampicillin) to a starting OD600 of ~ 0.05 and cultures were shaken at 225 rpm at 37˚C. 

Upon reaching an OD600 of 0.6 the cells were induced with 1 mM IPTG and allowed to 

grow for 2 hours at room temperature. Cultures were then centrifuged at 7500 rpm for 15 

minutes in a Beckman JLA 8.1 rotor. The pellets were frozen at -80˚C until purification. 

For purification of His-HemO a nickel nitriol triacetic acid (Ni-NTA) column was 

equilibrated with 50 mM Tris (pH 8.0) containing 300 mM NaCl and 5 mM imidazole. 
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The supernatant on lysis and centrifugation of the cells was applied to the Ni-NTA 

column. The column was washed with 50 mM Tris (pH 8.0) containing 300 mM NaCl 

and 20 mM imidazole and the protein eluted in 50 mM Tris (pH 8.0) containing 300 mM 

NaCl and 250 mM imidazole. Protein purity was verified on 12.5% SDS-PAGE to be 

over 90% pure.  

 

3.2.2 Trypsin Digest Experiments 

Apo- or holo-PhuS WT and His-mutants (30 µM in 20 mM Tris pH 8.0) were 

incubated at 37˚C with sequencing grade trypsin (25:1). Samples (5 µL) were taken at 0, 

1, 2, 5, 10, 30 and 60 minutes and immediately mixed with 10 µL 2X SDS-PAGE 

loading buffer containing 1 mM phenylmethylsulfonyl fluoride (PMSF). Samples were 

boiled at 95˚C for 5 minutes and the fragmentation pattern analyzed on SDS-PAGE (8-

20% gradient) and stained with Coomassie blue.  

Trypsin digest for MALDI-MS analysis was performed as described above. 

Samples (2µL) were taken at 0, 1, 2, 5, 10, 30 and 60 minutes and immediately mixed 

with 18 µL quenching buffer (H2O/methanol/formic acid, 90:10:0.1). Samples were 

stored at -80˚C until further analysis. 

 

 

 

3.2.3 Matrix-assisted Laser Desorption/Ionization Mass Spectrometry (MALDI-MS) 

Analysis 

A 10 mg/mL solution of sinnapinic acid was prepared by dissolving the solid in 
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50% acetonitrile in 0.1% trifluoroacetic acid. Samples (2 µL) were mixed with 2 µL 

sinnapinic acid and 2 µL of the resulting mixture was pipetted onto a MALDI plate and 

allowed to air dry. MALDI-MS analyses were performed on a Bruker Autoflex Speed 

MALDI-TOF in linear positive ion mode with laser energy 94%, pulse voltage 1,950 V, 

detector voltage 2,500 V, and mass suppression 4,000 Da. ProteoMass Protein MALDI-

MS Calibration Kit (Sigma) was used for calibration. Data were acquired for 50 s per 

spot, sampling a minimum of 10 laser positions. Data were then analyzed using the 

Bruker Daltonics flexAnalysis 2.4 software package. 

 

3.2.4 Surface Plasmon Resonance (SPR) 

Kinetic evaluations of apo- and holo- PhuS WT and mutants binding to 

immobilized His-HemO were carried out on a Biacore 3000 (GE Healthcare). All buffers 

were degassed and filter sterilized before use. A NTA chip was activated with a 1 min 

injection of 500 µM NiCl2 (pH 7.4). HemO (50 nM) in running buffer [10 mM Hepes 

(pH 7.4) containing 150 mM NaCl and 0.005 % Surfactant P20] was passed over the chip 

at 5 µL/min for 3 min followed by 7 min of stabilization. 200-500 resonance units of 

HemO were immobilized. PhuS samples (0.5-10 µM) in running buffer were passed over 

the sensor chip (20 µL/min) for a 4 min association followed by a 6 minute dissociation. 

The chip was regenerated with 10 mM Hepes (pH 8.0), 150 mM NaCl, 0.005% 

Surfactant P20, and 350 mM EDTA at 15 µL/min for 45 s followed by 1 µM NiCl2 for 90 

s and a 2 min stabilization. Data were fit to a 1:1 Langmuir model using the 

BIAevaluation Software provided by BIAcore. Control experiments were carried out at 

each analyte concentration by passage over the blank chip to determine any nonspecific 
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binding of PhuS to the surface. Any signal attributable to nonspecific binding was then 

subtracted from the actual data curves.  

 

3.2.5 Isothermal Titration Calorimetry (ITC) 

These experiments were conducted by Dr. Mehul Bhakta in the lab of Angela 

Wilks at the University of Maryland Baltimore. Experiments were performed at 25˚C 

using a MicroCal MCS titration calorimeter. 20 mM sodium phosphate (pH 7.5) was used 

for all heme and protein solutions, and samples were degassed before use. Injections were 

carried out at 5 minutes intervals. The heat of dilution of the ligand was measured by 

injecting into the buffer alone, and the value obtained was subtracted from the heat of 

reaction resulting in the effective heat of binding. For all experiments the protein 

concentration was between 10 and 20 µM and the ligand was at 10 to 20 times this value. 

The ITC data obtained were fitted with the Origin software package provided by 

MicroCal using a nonlinear least-squared algorithm and the concentrations of the ligand 

and the sample to fit the heat flow per injection to an equation corresponding to an 

equilibrium binding model, which provides best fit values for the stoichiometry (nITC), 

change in enthalpy (ΔHITC) and binding constant (KITC). Kd and Gibbs free energy were 

calculated according to the equations Kd=1/Ka and ΔG= -RT ln Ka. Entropic contribution 

to binding was determined using the thermodynamic relationship ΔG= ΔH-TΔS. The data 

were averaged from three independent ITC experiments. 
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3.3 Results 

3.3.1 Tryptic Digest Profiles Reveal Heme Coordination Through His-209 Drives 

Conformational Change 

Limited proteolysis was utilized to determine the role of heme binding and 

ligation on mediating conformational changes in holo-PhuS. Limited proteolysis over 

time showed that apo-PhuS was rapidly degraded in the first ten minutes while holo-PhuS 

was protected from extensive degradation. After a 30 minute exposure to trypsin there 

were no detectable protein bands observed for apo-PhuS; however, there was ~40% 

(density measurement) of full length holo-PhuS remaining. The proteolysis profile show 

that apo- and holo-PhuS degrade differently under the same conditions. Holo-PhuS 

degradation yields two bands at ~20 kDa and ~19 kDa whereas the apo-PhuS shows an 

early ~24 kDa core band that is rapidly degraded into the ~20 kDa band along with a new 

band at ~14 kDa (Figure 3.1 A). Analysis of the apo- and holo- H210A and H212A 

mutants, which retain the His-209 proximal ligand, yielded proteolysis profiles similar to 

that of the WT protein (Figure 3.1 C and 3.1 D, respectively). In contrast, the H209A and 

H209/210/212A mutants show degradation profiles more similar to the apo- protein, 

though heme binding to the these proteins does seem to provide some protection from 

proteolysis (Figure 3.1 B, 3.1 E). Interestingly, there is no evidence of the ~19 kDa band 

in the proteins that lack the proximal ligand His-209.  
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Figure 3.1 Limited Proteolysis of the WT and His-Mutant apo- and holo-PhuS Proteins. 
SDS-PAGE gel of apo- and holo- A. PhuS WT, B. H209A, C. H210A, D. H212A, and E. 
H209/210/212A. 30 µM protein was digested with trypsin (25:1) and 10 µL samples were 
taken at various time points as marked, and were separated on an 8-20% Tris HCl 
gradient gel.  
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3.3.2 MALDI reveals that Heme Coordination through His-209 is required for 

stabilization of the C-terminal domain of holo-PhuS 

After limited proteolysis the samples were spotted on a matrix for analysis by 

MALDI-MS. Trypsin cleaves proteins at the C-terminal end of Arg or Lys residues, 

which helps in the analysis of protein fragments. The ~20 kDa and ~19 kDa bands that 

were observed on the SDS-PAGE of holo-PhuS, H210A and H212A were identified by 

MALDI-MS as the N-terminal core domain (Ala-23 to Arg-206, m/z 19879) and the C-

terminal core domain (Ala-183 to Leu-354, m/z 18935), respectively (Figure 3.2 and 3.3). 

The smaller peaks that appear around the main peak of m/z 19879 (a result of cleavage at 

Arg-25) are a result of additional cleavage sites at Arg-25 and Arg-31. In contrast the 

MALDI-MS of the H209A and H209/210/212A yielded the N-terminal core domain (m/z 

19879) and a smaller N-terminal fragment (Met-1 to Arg-130, m/z 14204) but no 

evidence of the C-terminal helical domain (m/z 18935). (Figure 3.2 and 3.3, respectively) 

Additionally, earlier time points did not show any evidence of the C-terminal core 

domain (Figure 3.4). MALDI-MS analysis of the trypsin digested apo-PhuS after 2 

minutes yielded only the smaller N-terminal fragment (m/z 14204) that was previously 

observed in the holo proteins lacking the His-209 ligand (Figure 3.4).  

 

3.3.3 The Conformational Change Induced Upon Heme Binding to PhuS is 

Required for Interaction with HemO 

In Chapter 2 it was demonstrated that upon heme binding there is a 

conformational change in PhuS as evidenced by sedimentation velocity and further  
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Figure 3.2 Representative MALDI-MS of holo-H212A and H209/210/212A at 60 Min. 30 
µM PhuS proteins were digested with trypsin and after 60 min the reaction was quenched 
with (H2O/methanol/formic acid, 90:10:0.1). 2 µl of the sample was mixed with 2 µL 
sinnapinic acid and the digestion was analyzed by MALDI-MS.  
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Figure 3.3 Major Peptide Fragments from MALDI-MS. Peptide fragments from the 
trypsin digest are highlighted and mapped on the apo-PhuS crystal structure. A. 14204 
peptide fragment (red), B. 19879 peptide fragment (blue), C. 18935 peptide fragment 
(magenta).  
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Figure 3.4 Representative MALDI-MS of holo-H212A and H209/210/212A at 2 Min. 30 
µM PhuS proteins were digested with trypsin and after 2 min the reaction was quenched 
with (H2O/methanol/formic acid, 90:10:0.1). 2 µl of the sample was mixed with 2 µL 
sinnapinic acid and the digestion was analyzed by MALDI-MS. After two minutes the 
proteolysis profiles were the same, with the N-terminal domain being protected (m/z 
19879).  
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confirmed by proteolysis. Surface Plasmon Resonance (SPR) was used to investigate the 

role of the heme induced conformational change on protein-protein interaction. When 

increasing concentrations of holo-PhuS were passed over immobilized apo-HemO there 

was a concentration dependent increase in plasmon resonance response. From this a 

binding affinity (Kd) of 1.23 µM was determined (Figure 3.5 A, Table 3.1). As expected 

apo-PhuS gave no evidence of response at concentrations 10-fold higher than those used 

in holo-PhuS titrations (Figure 3.5 B). This data confirms that the “heme-induced fit” and 

conformational change drive the protein-protein interaction with HemO. 

 

3.3.4 The Proximal Helix His-210 and His-212 are Required for Protein-Protein 

Interaction with HemO 

As shown in the last chapter, and previously reported, mutation of the proximal 

His-209 to an Ala results in an alternate heme binding site provided through His-212(4). 

SPR was utilized to determine the role of His residues located in the heme binding pocket 

in interaction with HemO. Holo-PhuS H209A gave a concentration dependent increase in 

plasmon resonance response, but resulted in a binding affinity approximately six times 

lower than the wild type (Figure 3.5 C, Figure 3.6). This suggests that coordination to 

His-212 induces a protein conformation that is competent for interaction with HemO, 

albeit with a lower affinity (Table 3.1). As expected, the apo-H209A showed no response 

(Figure 3.7 A). In contrast, the holo-H210A and H212A gave no detectable plasmon 

response at concentrations 10-fold higher than the maximum response observed for holo-

PhuS WT. (Figure 3.5 D, Figure 3.5 E). The lack of response of holo H210A and H212A  
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Figure 3.5 Kinetic analysis by Surface Plasmon Resonance of the PhuS-HemO 
Interaction. PhuS samples were injected over Ni-NTA immobilized apo-HemO at 0.5 µM  
(——), 1.0 µM (……..), 2.5 µM (------), 5 µM (_._._._.), 7.5 µM (— — —) and 10 µM (— – —). 
A. Holo-PhuS, B. Apo-Phus, C. Holo-PhuS H209A, D. Holo-PhuS H210A, E. Holo-
PhuS H212A, F. Holo-PhuS H209/210/212A. 
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Protein (PhuS) Proximal His-

Ligand 
Kd (µM) heme KD (µM) Heme-

PhuS:HemO 
Wild Type His-209 0.41 ± 0.05 1.23 ± 0.05 
H209A His-212 1.6 ± 0.70 7.0 ± 0.6 
H210A His-209 0.48 ± 0.1 nd 
H212A His-209 1.0 ± 0.3 nd 
H209/210/212A none 1.2 ± 0.3 8.3 ± 0.8 
 
 
 
 
Table 3.1 Spectroscopic and Binding Parameters for the holo-PhuS WT and His-Mutant 
Proteins. Surface Plasmon Resonance was utilized to determine binding between holo-
PhuS and apo-HemO. Apo-HemO was immobilized to an NTA chip and increasing 
concentrations of holo-PhuS were injected. nd no binding observed. 
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Figure 3.6 Normalized Steady State Binding (Req) of holo-PhuS, PhuS H209A and PhuS 
H209/210/212A to apo-HemO. PhuS WT (black), H209A (red), H209/210/212A (green). 
Analyte concentration (holo-PhuS proteins) ranged from 0.5 to 10 µM and were flowed 
over immobilized apo-HemO. Mutation of the proximal ligand resulted in an ~6 fold 
decrease in binding affinity, but H209A and H209/210/212A showed almost identical 
steady state response.  
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Figure 3.7 Kinetic analysis by Surface Plasmon Resonance of the apo PhuS-HemO 
Interaction. PhuS samples were injected over Ni-NTA immobilized apo-HemO at 0.5 µM  
(——), 1.0 µM (……..), 2.5 µM (------), 5 µM (_._._._.), 7.5 µM (— — —) and 10 µM (— – —). 
A. Apo-PhuS H209A, B. Apo-Phus H209/210/212A 
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with apo-HemO suggests that both His-210 and His-212 are required for the protein-

protein interaction.   

Interestingly, the holo-PhuS H209/210/212A, which lacks both possible proximal 

ligands, exhibited a plasmon response that was very similar to the His-212 coordinated 

protein H209A (Figure 3.5 F). It also showed an almost identical steady state response 

(Figure 3.6). It is possible that the lack of either His-210 or His-212 disrupts the His-209 

coordinated heme from being seated in the binding pocket in a conformation critical for 

interaction of the heme with the N-terminal distal face. In contrast, the lack of any 

proximal ligand allows non-bonding interactions between heme and the N-terminal 

domain to induce a conformational change with lower affinity for apo-HemO. Heme 

binding in a similar orientation to the WT holo-PhuS is supported by the previous 

Resonance Raman data (4), as well as by the limited proteolysis which demonstrated a 

stabilization of the N-terminal domain as compared to the apo proteins. As expected the 

apo-PhuS H209/210/212A gave no detectable response confirming that heme binding to 

H209/210/212A induces a conformational change that allows interaction with HemO.  

 

3.3.5 Thermodynamics of Holo-PhuS:HemO Association 

Isothermal titration calorimetry (ITC) was utilized to further characterize the 

interaction of the wild type and H209A holo-PhuS proteins with HemO. Titration of 

holo-PhuS WT with apo-HemO gave an enthalpic signal with a 1:1 stoichiometry (Figure 

3.8 A). The Ka of the interaction of holo-PhuS with apo-HemO of 2.3 µM is consistent 

with the 1.23 µM obtained by SPR. Similar analysis of apo-PhuS with apo-HemO gave  
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Figure 3.8 ITC analysis of the interaction of holo-PhuS (A), apo-PhuS (B), and holo-
PhuS H209A (C) with apo-HemO.  Titrations were performed in 20 mM sodium 
phosphate, pH 7.5, at 298 K. Upper panel represents the time-dependent release of heat 
during the titration.  Lower panel shows the peak integrals as a function of the molar ratio 
of heme to protein. The data were fit to a single binding model with the Origin software 
supplied by Microcal. 
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no detectable heat of exchange (Figure 3.8 B). The Ka of holo-PhuS H209A with apo-

HemO of 9.6 µM is approximately fourfold lower than the WT interactions, and similar 

to the 7.0 µM obtained by SPR (Figure 3.8 C). The weak association of the proteins is 

consistent with the transient nature of the protein complex and with the previously 

reported rate of heme transfer of 0.1 s-1.(6) 

The observed heat (ΔHobs) that is generated upon mixing holo-Phus with apo-

HemO is a sum of the heat of protein-protein interaction (ΔHprotein:protein) and heme 

transfer from PhuS to HemO (ΔHhemetransfer) where ΔHobs = ΔHprotein:protein + ΔHhemetransfer. 

The interaction of holo-PhuS (ΔHobs = -4.4 kcal mol-1) and H209A (ΔHobs = -7.5 kcal 

mol-1) with apo-HemO are both enthalpy driven. The moderate increase in enthalpy in the 

case of the H209A mutant is reflected in the reduced entropy (TΔS = 2.0 kcal mol-1) 

compared to the wild type PhuS (TΔS = 4.0 kcal mol-1). However, the similar overall free 

energy for the interaction and transfer of heme from the holo-PhuS WT (-8.3 kcal mol-1) 

or holo-PhuS H209A (-9.5 kcal mol-1) to HemO demonstrates that coordination through 

His-209 does not play a significant role in the protein association and heme transfer. 

 

3.4 Discussion 

A series of biophysical studies were performed to characterize a heme-induced 

conformational switch in the cytoplasmic heme-binding protein PhuS that is required for 

interaction and heme transfer to HemO. Previous spectroscopic characterization of holo-

PhuS showed that PhuS has a dynamic heme pocket and that the heme ligand can access 

a range of spin-states and coordination number (4). The last chapter discussed how this 

distribution of spin-states and coordination number is indicative of a flexible heme 
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binding pocket, consistent with a heme trafficking protein. Furthermore, the heme 

binding studies indicated that non-bonding residues in the heme pocket provide 

significant contributions relative to heme binding with little or no change in secondary 

structure. This and the previous structural elucidation of the apo-PhuS protein suggest 

that upon heme binding there is an expanded hydrodynamic envelope as compared to the 

apo-protein. This was consistent when compared to the apo- and holo-HemS crystal 

structure which showed that there is a closing of the domains of the heme binding cleft 

upon heme binding (1). This induced conformational change with ligation through His-

209 provides the thermodynamically stable “storage complex” of holo-PhuS. The fact 

that coordination through His-212 in the H209A mutant is still able to interact with 

HemO demonstrated that flexibility within the heme pocket can be accommodated. The 

current studies provided binding affinities of holo-PhuS WT to apo-HemO of 1.23 µM or 

2.3 µM by SPR and ITC, respectively. This is contrast to previously published data which 

showed a Kd of 64 nM for the holo-PhuS apo-HemO interaction (5). One reason for this 

discrepancy could be that current studies were done with the monomer protein while the 

previous studies were done with an oligomeric mixture.  Additionally, comparison of the 

chromatograms show that in the previous studies the holo-PhuS never seems to 

completely dissociate, resulting in slower rates of dissociation, which would affect the KD 

as KD=koff/kon. Given the transient nature of the holo-PhuS to apo-HemO interaction a 

micromolar binding affinity is more realistic (8).  

 In the current studies we further investigated the role of the histidine triad in the 

binding pocket. Mutation of the proximal ligand, His-209 to an alanine resulted in a 

slightly lower binding affinity with apo-HemO than the wild type protein. ITC 



98	  
 

	  

experiments showed that there was comparable free energy (ΔG) of protein interaction 

and heme transfer from holo-PhuS H209A compared to the holo-PhuS WT suggesting 

that coordination through His-209 does not play a major role in driving protein-protein 

interaction. However, mutation of the proximal helix His-210 or His-212 to Ala results in 

holo-PhuS complexes that do not interact with HemO. This was surprising as they show a 

similar proteolysis profile to the WT protein. Therefore, coordination through His-209 

stabilizes the C-terminal domain, but mutation of His-210 and His-212 introduce subtle 

effects within the proximal helix that disrupt the protein-protein interaction. It is feasible 

that in the His-210 and His-212 mutants the heme seating within the binding site is 

altered such that the noncoordinating π-stacking interactions of the porphyrin with the N-

terminal domain are compromised. Mutation of both possible proximal ligands 

(H209/210/212A) results in a “compensatory effect” where the lack of a ligand allows 

rearrangement of the N- and C-terminal domains facilitating noncoordinating π-

interactions of the heme with the protein. The significant interactions of the porphyrin 

ring with aromatic residues and the relatively small change in heme binding affinity upon 

loss of proximal ligand supports a model where significant contributions are provided by 

noncoordinating π-stacking interactions. These non-coordinating contributions are similar 

to the interaction in the heme transport protein hemopexin where two homologous 

domains form a heme-binding cleft with aromatic residues providing significant 

contributions to the binding affinity (9).  

 Taken together the data presented in this chapter suggest a model whereby heme 

binding to apo-PhuS through His-209 causes a conformational change that promotes 

interaction with HemO (Figure 3.9). The free energy that is derived from this interaction 
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triggers a histidine ligand switch to His-212. Previous Resonance Raman studies showed 

that His-210, which never coordinates the heme, is required for stabilization of heme 

binding to His-212 and this is supported by the current data showing that both His-210 

and His-212 are required for protein-protein interaction and heme transfer (4). The 

recently crystallized apo-PhuS structure is consistent with these findings. Heme was 

modeled into the binding pocket using the holo-ChuS structure and it was shown that 

His-209 would initially bind the heme but an alternate rotamer allows heme to coordinate 

to His-212 (Figure 3.9). This also results in the heme being more solvent exposed and 

closer to the surface for transfer to HemO. In the final step of the proposed mechanism 

the holo-PhuS His-212 intermediate is required to deliver heme to HemO. This model is 

consistent with the current data that the His-212 coordinated H209A interacts with 

HemO, and with previous stopped flow studies showing that a spin state transition, or 

ligand switch, occured within holo-PhuS prior to transfer to HemO(6) (Scheme 3.1). In 

summary, we have identified PhuS as a heme trafficking protein for which the protein 

partner (HemO) has been identified and characterized. In the following Chapter 4 we will 

address the role of these proteins in vivo as it relates to regulation and intracellular heme 

homeostasis.  
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Figure 3.9 Model of Heme in the Binding Pocket of PhuS. Heme from the holo-ChuS 
structure was modeled in the heme binding pocket to both His-209 and His-212. His-209, 
the normal proximal ligand, is perfectly positioned to bind heme while His-212 must 
adopt a rotamer conformation to bind heme.  
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Scheme 3.1 Proposed mechanism of Heme Transfer from holo-PhuS to apo-HemO.  
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Chapter 4 

The Cytoplasmic Heme Binding Protein PhuS of Pseudomonas 

aeruginosa is a Heme Oxygenase (HemO) Titratable Regulator 

of Extracellular Heme Uptake 

 

4.1 Background 

Although much work has been done to understand the mechanisms of heme 

uptake in bacterial pathogens, little is known about the fate of heme upon internalization. 

As described earlier, P. aeruginosa, a Gram-negative opportunistic pathogen responsible 

for severe nosocomial infections in immunocompromised patients, encodes two heme 

uptake systems: the has (heme assimilation system) and the phu (Pseudomonas heme 

utilization) operons (1). In high iron environments, the genes encoding the phu and has 

proteins are repressed by Fur (ferric uptake regulator), an iron binding transcription factor 

(2,3). The has system secretes a hemophore, HasA, which acquires heme from host heme 

proteins and delivers it to the TonB-ExbB-ExbD dependent transporter HasR. It also 

encodes for a hemophore export system, the ABC (ATP binding cassette) transporter 
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HasDEF (4). The phu operon encodes an outer membrane receptor (PhuR), a periplasmic 

binding protein (PhuT), the periplasmic ABC transport system (PhuU/V), a protein of 

unknown function (PhuW), and the cytoplasmic heme binding protein PhuS (Figure 4.1). 

Once heme is translocated to the cytoplasm, HemO degrades the heme to release iron, 

carbon monoxide and biliverdin (BVIX) (5).   

HemO is a Fur regulated HO found in P. aeruginosa. It has a similar overall 

structure to the previously characterized human HOs, but has a smaller solvent accessible 

surface than mammalian enzymes (6-8). Initial studies showed that HemO can degrade 

heme using either ascorbate or H2O2 as reductants (5). HemO is unique in that it degrades 

heme to BVIXδ and BVIXβ as opposed to BVIXα, which corresponds to regioselectivity 

of previously characterized HOs (Figure 4.2). This selectivity for BVIXδ and BVIXβ is 

due to a ~100˚ rotation of the heme resulting in the δ or β edge being placed in a position 

for oxidative cleavage (Figure 4.3) (9). Because 180˚ rotation around the α/γ axis leaves 

the propionates in place, it is possible for degradation of heme to occur at either the δ or β 

carbons. The crystal structure of the heme-HemO complex shows that Lys-132 hydrogen 

bonds with the propionate of the heme stabilizing the orientation for δ/β regioselectivity 

(6). Prior to the availability of the HemO crystal structure this was also demonstrated in 

vitro as mutation by Lys-132 to an alanine which resulted in a switch from 28% BVIXβ, 

72% BVIXδ to 12% BVIXα, 26% BVIXβ and 62% BVIXδ (10). Analysis of the 

Neisseria meningitidis nm-HO crystal structure reveals that the conserved Lys-16 and 

Tyr-112 residues, which interact with the propionates, orient the heme for α-

regioselective degradation (8). These residues are replaced with Asn-19 and Phe-117 in 

P. aeruginosa HemO and catalytic turnover of a N19K/F112Y mutant HemO resulted in  
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Figure 4.1 PAO1 phu (Pseudomonas heme uptake) operon. The operon encodes an outer 
membrane receptor (PhuR), a periplasmic binding protein (PhuT), an ABC transporter 
(PhuU/V), a cytoplasmic binding protein (PhuS) and a protein of unknown function 
(PhuW). phuS and phuR are divergently transcribed and two tandem Fur boxes are 
located in the intergenic region 5 bp apart. Fur box 1 matches 15 of 19 conserved 
residues (GATAATTATTTGCATTAGC) while Fur box 2 only matches 11 of 19 
residues (CAAAACGCATATCTGAATC).  
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Figure 4.2 13C labeling pattern of heme and BVIX isomers. [4-13C]δ-ALA was added to 
cells expressing Cytochrome B5 resulting in the heme labeling pattern shown above. 
Degradation of heme by BphO results in BVIXα, while degradation by HemO results in a 
mixture of BVIXδ and BVIXβ.  
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Figure 4.3 Comparison of Heme Orientation in HemO (P. aeruginosa) and nm-HO (N. 
meningitidis). The unique δ/β regioselectivity of HemO is due to an ~100˚ rotation of 
heme in the pocket. A. nm-HO complexed with heme (adapted from PDB file 1J77). 
Shown in cyan are coordinating residues Lys-16, Val-30, Tyr-112, His-127 and Tyr-184. 
B. HemO complexed with heme (adapted from PDB file 1SK7). Shown in cyan are 
coordinating residues Asn-19, Val-33, Phe-117, Lys-132, Phe-189.    
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a mixture of BVIXα (55%), BVIXδ (35%) and BVIXβ (10%), a consequence of two 

distinct seatings of the heme (9). 

P. aeruginosa also encodes a second non-Fur regulated heme oxygenase, which is 

part of the phytochrome two-component sensor system. This operon also encodes the 

sensor kinase BphP (11). Phytochromes are biliprotein photoreceptors that sense light and 

regulate responses utilizing the sensor kinase (12). Unlike plant phytochromes which use 

bilins, BphP utilizes BVIX as its chromophore (11-13). Additionally, while plant and 

cyanobacterial light-harvesting phycobiliproteins require a lyase for attachment the 

chromophore, attachment of BVIX to BphP is autocatalytic. BphO is unable to convert 

heme to BV when human NADPH cytochrome P450 reductase is used to provide 

reducing equivalents, suggesting that at least in terms of a redox partner it is more similar 

to the plant or cyanobacteria than other bacterial HOs (14). BphO degrades heme to 

BVIXα as opposed to the δ/β regioselectivity of the iron regulated HemO. Interestingly 

BphO on purification has BVIXα still bound to the protein, and BphP was required for 

removal of the BVIX. This is similar to the human HO-1, which requires biliverdin 

reductase during heme turnover (15). Studies have shown that while BphP can bind 

BVIXδ, the binding affinity for BVIXα is five times tighter, suggesting the roles for the 

two heme oxygenases are different (13). Previous studies have shown that PhuS interacts 

with and only delivers heme to HemO, not BphO, suggesting independent physiological 

functions, further supporting this hypothesis (16). This lead us to hypothesize that HemO 

is essential in acquisition of iron from heme whereas BphO is required solely for the 

production of BVIXα as a signaling molecule. This is similar to recent reports in 

Chlamydomonas reinhardtii which also encodes two heme oxygenases with distinct 
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function, HMOX1 and HMOX2 (17). Studies have shown that while HMOX2 is involved 

in heme turnover and iron utilization HMOX1 is required to detoxify reactive oxygen 

species produced by light.  

The role of PhuS, and its homologues, in heme acquisition is less clear. Previous 

studies have identified several PhuS homologues, including HemS (Yersinia 

entercolitica) and ChuS (Escherichia coli), as heme degrading factors (18-21), our 

laboratory has conclusively shown that PhuS is a heme transport protein that delivers 

heme unidirectionally to HemO (16,22-24). Previous spectroscopic characterization of 

PhuS has revealed a dynamic heme environment that can access a range of spin states and 

coordination numbers, more consistent with a role as a heme transfer protein than as a 

heme degrading enzyme (23).  I have also shown that heme transfer from PhuS to HemO 

requires a ligand induced conformational change that facilitates protein-protein 

interaction, the free energy of which drives the heme transfer from PhuS to HemO (25). 

This chapter discusses in vivo studies aimed at addressing the physiological role of PhuS 

and HemO. Previously, 13C-heme isotopic labeling followed by MS analysis confirmed 

that PhuS is required for efficient heme uptake and degradation but is not a heme 

oxygenase (24). PAO1 WT in the presence of 13C-heme was shown to convert all 

extracellular 13C-heme to BVIXδ and BVIXβ. In contrast upon deletion of hemO no 

BVIX was detected, demonstrating a role for HemO in driving heme uptake and 

degradation. Deletion of phuS similarly yielded all 13C-BVIXδ and BVIXβ confirming 

that PhuS is not a HO. These studies are consistent with previous transcriptional analysis 

that showed the ΔphuS mutant exhibits an iron starvation response, including an 

upregulation of proteins involved in heme uptake (PhuR and PhuT), despite intracellular 
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iron levels similar to the wild type (26).  In addition, the premature pyocyanin production 

observed in the ΔphuS strain only in the presence of a functional HemO suggests that 

PhuS is required for efficient heme flux through the HemO (26). In the present studies we 

have further investigated the in vivo role of PhuS in heme uptake and utilization through 

a combination of 13C-heme isotopic labeling and qRT-PCR (quantitative real time 

polymerase chain reaction) studies. The results presented herein identify PhuS as a heme 

titratable regulator of heme uptake that couples metabolic flux of heme to the RNA 

regulated network.  

 

4.2 Methods 

4.2.1 Chemicals 

Liquid chromatography (LC)-mass spectrometry (MS) grade formic acid and 

acetone were obtained from Sigma Aldrich. Hemin was obtained from Frontier Scientific.  

 

4.2.2 Bacterial Strains, Media, Growth Conditions and Genetic Manipulation 

All bacterial strains are listed in Table 4.1. Luria-Bertani (LB) broth was used for 

culture and maintenance of bacterial strains. 50 µg/mL gentamicin was used for 

maintenance of hemO::gm and ΔphuS hemO::gm. Strains of P. aeruginosa were 

maintained on Pseudomonas Isolation Agar (BD Biosciences) or LB plates with 50 

µg/mL gentamicin when antibiotic was necessary.  
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Strain Description Source or reference 
 
E. coli 
BL21(DE3) 
 

 
F-dcm ompT hsdS(rB

-mB
-) galλ 

(DE3) 

 
Stratagene  

P. aeruginosa 
PAO1 
 

 
Wild Type 

 
Holloway BW; 1955 

PAO1 hemO  PAO1 hemO::aacC1 Gm 
 

Oglesby-Sherrouse & Vasil; 
2010 

PAO1 phuS  PAO1 ΔphuS Barker & Wilks, 2012 
 

PAO1 phuS hemO PAO1 ΔphuS hemO::gm 
 

This study 

Plasmids   
MRL2 AmpR; pET-11a derivate harboring 

the rat liver outer mitochondrial 
membrane cytochrome b5 gene 
encoding a water soluble domain of 
the cytochrome b5. 

This study 

 

 

 

Table 4.1 Strains and Plasmids used in the Current Study   
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For isotope labeling and expression, PAO1 was grown overnight in LB then used 

to inoculate M9, which was grown for 6 h. This culture was used to inoculate M9 (30 

mL) to an optical density at 600 nm of 0.08. The flask was shaken at 200 rpm at 37˚C and 

cultures were spun down at 8 h. Supernatant and cells were stored at -20˚C until needed. 

For growth curves, the M9 culture was put into Honeycomb 2 plates (Bioscreen) and 

grown in a Bioscreen C (Bioscreen) with continuous shaking at 37˚C. OD600 was read 

every half hour for 23 hours. For growth in heme supplemented media, the heme 

concentration was determined by the pyridine hemochrome assay (27).  

 

4.2.3 Production of 12C- and 13C-Heme 

Labeled heme was prepared as previously described with the following 

modifications (24). The pET11a construct of CytB5 was transformed into BL21(DE3) 

cells. A 50 mL overnight culture in M9 supplemented with 1% glucose was grown at 

37˚C at 225 rpm to an OD600 of 0.8-1.0. 1L M9 supplemented with 27.7 mM glucose, 2 

mM MgSO4, 100 µM CaCl2, 150 nM (NH4)6Mo7O24, 40 µM FeSO4, 17 µM EDTA, 3 µM 

CuSO4, 2 µM Co(NO3)2, 7.6 µM ZnSO4, 9.4 µM Na2B4O7 10H2O, and 0.19 g/L NTA 

was inoculated with the entire 50 mL overnight culture and grown until OD600 reached 

0.8. Cultures were induced with 1 mM IPTG and allowed to grow an additional 10 

minutes before the addition of 1 mL FeSO4 (100 mg/mL) and 1 mL δ-aminoleuvenic acid 

(ALA) (17 mg/mL). Cultures were incubated 3.5 hours at 37˚C with shaking at 225 rpm 

after which the cells were harvested at 8000 rpm for 20 minutes. The protein was purified 

using the protocol described by Barker et al. (24) and heme was extracted using the acid-
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butanone method previously described (9). Aliquoted heme concentration was 

determined using the pyridine hemochrome method (27).  

 

4.2.4 Extraction of BVIX Isomers from PAO1 Supernatant 

Analysis of the heme degradation products was performed as outlined by Barker 

et al(24) with the following modifications. PAO1 strains were grown overnight in LB 

then used to inoculate M9 (25 mLs) to an OD600 of 0.2. The culture was grown for 6 

hours then used to inoculate a fresh 50 mL culture at a starting OD600 of 0.08 and 13C-

heme was then added to a final concentration of 0.5 or 5 µM. Cells were grown for 8 

hours at 37˚C in a 250 mL baffled flask at 200 rpm and harvested by centrifugation (20 

min at 6000 x g). The supernatant was acidified to pH 3 following addition of 10% 

trifluoroacetic acid (TFA). The BVIX isomers were purified as previously reported, 

however an additional wash step of methanol:0.1% TFA (50:50) was added before the 

final wash of 450 µl of methanol. Isomers were eluted in 650 µl of methanol then dried 

under air before analysis by High Performance Liquid Chromatography/Mass 

Spectrometry (LC/MS) as described below.  

 

4.2.5 LC-tandem Mass Spectrometry (MS/MS) Analysis of BV 

BV isomers were separated and analyzed by LC-tandem Mass Spectrometry 

(MS/MS) on a reverse phase UPLC (Waters ACQUITY) over a Phenomenex Ultracarb 5 

µM ODS analytical column (4.6 X 250 mm). Samples were resuspended in 10 µL DMSO 
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and diluted with 40 µL mobile phase (acetone:20 mM formic acid (50:50, v/v)). Samples 

were filtered through a 0.45 µm PTFE syringe and 10 µL were injected per run. UPLC 

was run at a flow rate of 0.6 mL/min and the isomers were detected at 377 nm. Isomer 

masses were detected using multiple reaction monitoring (MRM) on an ACQUITY TQD 

(Waters) with a source temperature set to 150˚C, the capillary voltage at 3.30 kV and a 

cone voltage set to 72V. The collision energy was set to 34 V for BVIXα, 30 V for 

BVIXδ and 36 V for BVIXβ for parent ions of 583.21 (12C-BVIX) and 591.21 (13C-

BVIX) were analyzed.     

 

4.2.6 RNA Extraction and Isolation 

P. aeruginosa strains were grown overnight in LB at 37˚C for 16 hours then used 

to inoculate 50 mL M9 media to an OD600 of 0.1. After 6 hours of growth a new M9 

culture was inoculated to an OD600 of 0.08 and grown for 8 h. 1 mL samples were taken 

from each culture and harvested at 13000 rpm for 10 min. The supernatant was discarded 

and total RNA was extracted from the cells using the RNAeasy Mini kit (Qiagen). To 

remove contaminating DNA the column was treated with RNase-free DNase I (Qiagen). 

Following elution of RNA in 40 µL RNase-free water the sample was treated by DNase 

(NEB) for 2 hours at room temperature. Samples were precipitated overnight at -20˚C 

with the addition of 5 µL 3M sodium acetate (pH 5.5) and 150 µL 100% ethanol.  RNA 

was pelleted, washed with cold ethanol, then resuspended in 50 µL RNase-free water. 

The concentration was quantified by reading the absorbance at 260 nm and was adjusted 

to 50 ng/µL. 
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4.2.7 Quantitative Real Time PCR (qRT-PCR) 

cDNA was made using the ImPromII Reverse Transcription System (Promega) as 

follows. All primers and probes used in the studies are shown in Table 4.2. 0.5 µg 

random Primer was added to 50 ng RNA and RNase free water was added for a total 

volume of 5 µL. The sample was incubated at 65˚C for 10 min then cooled on ice. 15 µL 

master mixture (4 µL 5X Buffer, 4 µL MgCl2, 1 µL dNTPs, 1 µL Reverse Transcriptase, 

5 µL RNase-free water) was added to the priming reaction and the samples were 

incubated at 25˚C for 5 min, 42˚C for 1 h and 70˚C for 15 min. qRT-PCR reactions were 

carried out on an ABI system using the TaqMan Gene Expression Master Mix (Applied 

Biosystems) according to the manufacturers instructions. Primer and probes are listed in 

Table 4.2. ΔΔCT values were calculated and cDNA amounts were normalized using 

omlA. ΔCT(treated)=CT(target, treated) – CT(omlA, treated), ΔCT(control)=CT(target, 

control) – CT(omlA, control), ΔΔCT = ΔCT(treated) - ΔCT(control), Normalized target 

gene expression level = 2(-ΔΔC
T

). 

 

4.3 Results 

4.3.1 Growth of PAO1, ΔphuS, hemO::gm, and ΔphuS hemO::gm in the Presence 

and Absence of Heme 

M9 media was inoculated with cultures of PAO1, ΔphuS, hemO::gm, and ΔphuS 

hemO::gm to a final OD600 of 0.08 and was supplemented with 0, 0.5 or 5 µM heme. 

Cultures were grown for 23 h and samples were taken every half hour. In iron restricted  
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Table 4.2 Primers and probes for qPCR. Primers and probes were designed using the 
Applied Biosystems Primer Express 3.0 program.  

 

  

bphO F primer 5’-GCG CTG GCA GGA GTT TCT C-3’

bphO  R primer 5’-ATC GAC GAA ACG AAA GGA ATG T-3’

bphO  probe 5’-/56-FAM/CCC GGC AGA TCG ACA GCC CC/3BHQ_1/-3’

hemO F primer 5’-TGG TGA AGA GCA AGG AAC CCT TC-3’

hemO R  primer 5’-TTC GTT GCG ATA AAG CGG CTC CA-3’

hemO probe 5’-/56-FAM/TTC GTC GCC/ZEN/GCC CAG TAC CTC TTC CAG CAT/3IABlkFQ/3’

phuR F primer 5’-ACT GCC CAA CGA CTT CTT CAG-3’

phuR R  primer 5’-TTA CGA TGT CCG GAT CGA CGT A-3’

phuR probe 5’/56-FAM/TAC GCG CAG ACC CAC CGC AA/3BQH_1/-3’

phuS F primer 5’-TGC CGA CGA ACA CCA TGA-3’

phuS  R primer 5’-TGG CGA CCT GGC GAA A-3’

phuS  probe 5’-/56-FAM/CTT TCG GCC GCC GCT TCG A/3BQH_1/-3’ 
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media, all strains had similar growth curves and final optical densities (Figure 4.4A). 

However, in both low and high heme conditions the hemO::gm mutant initially had 

similar growth rates to PAO1 WT but reached stationary phase earlier with lower optical 

densities suggesting inefficient heme utilization (Figure 4.4B and Figure 4.4C). As 

expected, when supplemented with heme all of the strains reached higher optical 

densities.  

 

4.3.2 The phuS, hemO, bphO, and phuR Genes are Heme Regulated in PAO1 

qRT-PCR was utilized to determine the effect of heme, and strain, on the 

regulation of heme uptake genes. Upon addition of heme the levels of phuS, hemO, bphO 

and phuR decreased in a concentration dependent fashion (Figure 4.5). The decrease in 

RNA levels of phuR, phuS, and hemO was not surprising given the fact that the heme 

uptake system is iron regulated. However, the 5 fold decrease in bphO levels was not 

expected but suggests that while not iron regulated, bphO is under heme regulation, or 

possibly that bphO is repressed by iron under our growth conditions. 

  

4.3.3 PAO1 Preferentially Degrades External Heme 

The PAO1 parent strain was supplemented with 13C-heme prepared 

biosynthetically as described (24). After 8 h of growth the cells were pelleted and BVIX 

was extracted from the supernatant. LC-MS/MS was performed to determine the ratio of 

13C- to 12C-BVIX excreted into the media. The parent ion m/z 591 for 13C-BVIX  
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Figure 4.4 Growth curves of PAO1, ΔphuS, hemO::gm, and ΔphuS hemO::gm with and 
without heme. M9 cultures were inoculated to an optical density at 600 nm of 0.06 and 
grown for 23 hours. The culture was supplemented with heme to a final concentration of 
0 µM (Panel A), 0.5 µM (Panel B) and 5 µM (Panel C). The hemO::gm strain showed a 
slight attenuation of growth at low (0.5 µM) and high (5 µM) heme conditions.  
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Figure 4.5 Effect of heme on expression of heme uptake genes in PAO1. RNA was 
isolated from PAO1 grown in M9 media supplemented with 0, 0.5, or 5 µM heme. qPCR 
was utilized to check expression and results were normalized to 0 µM heme. ΔΔCT values 
were calculated and cDNA amounts were normalized using omlA. 
ΔCT(treated)=CT(target, treated) – CT(omlA, treated), ΔCT(control)=CT(target, control) – 
CT(omlA, control), ΔΔCT = ΔCT(treated) - ΔCT(control), Normalized target gene 
expression level = 2(-ΔΔC

T
). A. Relative expression of phuS. B. Relative expression of 

hemO. C. Relative expression of bphO. D. Relative expression of phuR. Error bars 
represent one standard deviation.  
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fragments into major ions of m/z 301, 408 and 347 while the parent ion of 12C-BVIX at 

m/z 583 fragments into m/z 298, 402 and 343 for BVIXα, BVIXδ, and BVIXβ, 

respectively (Figure 4.2) (9,11). As has been previously reported BphO degrades heme to 

BVIXα, while HemO degrades heme to a mixture of BVIXδ, and BVIXβ. The heme 

dependent repression seen in the qRT-PCR is consistent with the metabolic profile. When 

PAO1 is supplemented with 0.5 µM heme all BVIX isomers were 13C labeled. 

Additionally the fragmentation profiles show that the majority of degraded heme is 

BVIXδ and BVIXβ due to catalytic turnover by HemO (Figure 4.6). At high heme 

conditions (5 µM) the predominant metabolite is 12C-BVIXα consistent with the 

metabolism of intracellular heme by BphO as a result of downregulation of the system at 

higher heme concentrations. Interestingly, the trace levels of BVIXδ and BVIXβ are 13C 

labeled (Figure 4.7) confirming that HemO is solely used for extracellular heme 

degradation to meet the cell’s iron needs.  

 

4.3.4 Deletion of hemO Results in Loss of Heme Sensitivity  

qRT-PCR was performed on hemO::gm cells grown for eight hours in minimal 

media supplemented with 0, 0.5 or 5 µM heme. Levels of phuS, phuR, and bphO were 

determined. For all of the RNAs examined there was a decrease with supplementation of 

heme, but no difference was detected between low and high levels of heme (Figure 4.8). 

When compared to PAO1, at 0 µM and 0.5 µM heme the levels of phuS (Figure 4.9) was 

significantly lower suggesting that the heme uptake system is suppressed. However, high  
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Figure 4.6 HPLC and MS/MS of BVIX Products from PAO1 at 0.5 µM heme. A. HPLC 
trace of supernatant extract. B. BVIXα selected reaction monitoring (SRM) 
chromatograms of m/z 583→298 (black) and m/z 591→301 (red). C. BVIXδ SRM 
chromatograms of m/z 583→402 (black) and m/z 591→408 (red). D. BVIXβ SRM 
chromatograms of m/z 583→343 (black) and m/z 591→347 (red).  
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Figure 4.7 HPLC and MS/MS of BVIX Products from PAO1 at 5 µM heme. A. HPLC 
trace of supernatant extract. B. BVIXα selected reaction monitoring (SRM) 
chromatograms of m/z 583→298 (black) and m/z 591→301 (red). C. BVIXδ SRM 
chromatograms of m/z 583→402 (black) and m/z 591→408 (red). D. BVIXβ selected 
reaction monitoring (SRM) chromatograms of m/z 583→343 (black) and m/z 591→347 
(red). 
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Figure 4.8 Effect of heme on expression of heme uptake genes in hemO::gm. RNA was 
isolated from hemo::gm cells grown in M9 media supplemented with 0, 0.5, or 5 µM 
heme. qPCR was utilized to check expression and results were normalized to 0 µM heme. 
ΔΔCT values were calculated and cDNA amounts were normalized using omlA. 
ΔCT(treated)=CT(target, treated) – CT(omlA, treated), ΔCT(control)=CT(target, control) – 
CT(omlA, control), ΔΔCT = ΔCT(treated) - ΔCT(control), Normalized target gene 
expression level = 2(-ΔΔC

T
). A. Relative expression of phuS. B. Relative expression of 

phuR. C. Relative expression of bphO. Error bars represent one standard deviation. 
Deletion of hemO results in loss of heme titratable suppression of phuS, phuR, and bphO.  
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Figure 4.9 Relative expression of the Heme Uptake Genes in the PAO1 Δphus, 
hemO::Gm, and Δphus/hemO::gm Strains Compared to the Wild Type. RNA was isolated 
from PAO1, ΔphuS, hemO::gm and ΔphuS hemO::gm cells grown in M9 media 
supplemented with 0, 0.5, or 5 µM heme. qPCR was utilized to check expression and 
results were normalized to PAO1 at stated heme concentration. ΔΔCT values were 
calculated and cDNA amounts were normalized using omlA. ΔCT(treated)=CT(target, 
treated) – CT(omlA, treated), ΔCT(control)=CT(target, control) – CT(omlA, control), ΔΔCT 
= ΔCT(treated) - ΔCT(control), Normalized target gene expression level = 2(-ΔΔC

T
). The 

data represents the standard deviation from independent experiments performed in 
triplicate. A. phuR, B. phuS, C. hemO, D. bphO. * p<0.05, ** p<0.005 or *** p<0.001.  



126	  
 

	  

heme appears to reverse this most likely as a result of increased need to reduce heme 

toxicity. 

 

4.3.5 HemO is Required for Heme Uptake 

BVIX from hemO::gm cells grown for 8 hours in the presence of 0.5 or 5 µM 

heme was extracted from the supernatant and analyzed by LC-MS/MS. As expected, only 

BVIXα was produced confirming the loss of HemO. However, in contrast to PAO1 the 

BVIXα extracted from the hemO::gm strain was 12C labeled suggesting that HemO is 

required for heme uptake despite increased PhuR and PhuS levels at higher heme 

concentrations (Figure 4.10, 4.11).  

 

4.3.6 PhuS in Involved in the Regulation of Heme Uptake Genes 

Total RNA was extracted from ΔphuS and the RNA levels of hemO, phuR, and 

bphO were compared to PAO1. At 0, 0.5 and 5 µM heme all of the uptake genes were 

significantly elevated compared to PAO1 (Figure 4.9), suggesting that lack of PhuS 

induces the upregulation of phuR and hemO. Most significant is the increase in phuR 

expression, encoding the outer membrane receptor, which is increased more than 6 fold at 

all heme concentrations. This is consistent with previous reports that PhuS is required for 

efficient heme uptake (26). As with the hemO::gm mutant there is a slight decrease in the 

expression of phuR and bphO genes upon addition of heme but no titratable heme 

response.  
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Figure 4.10 HPLC and MS/MS of BVIX Products from hemO::gm at 0.5 µM heme. A. 
HPLC trace of supernatant extract. B. BVIXα selected reaction monitoring (SRM) 
chromatograms of m/z 583→298 (black) and m/z 591→301 (red). C. BVIXδ SRM 
chromatograms of m/z 583→402 (black) and m/z 591→408 (red). D. BVIXβ SRM 
chromatograms of m/z 583→343 (black) and m/z 591→347 (red).  
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Figure 4.11 HPLC and MS/MS of BVIX Products from hemO::gm at 5 µM heme. A. 
HPLC trace of supernatant extract. B. BVIXα selected reaction monitoring (SRM) 
chromatograms of m/z 583→298 (black) and m/z 591→301 (red). C. BVIXδ SRM 
chromatograms of m/z 583→402 (black) and m/z 591→408 (red). D. BVIXβ SRM 
chromatograms of m/z 583→343 (black) and m/z 591→347 (red).  
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4.3.7 The Increase in PhuR on Deletion of phuS Results in Increased Heme Uptake 

BVIX extracted from the supernatant of ΔphuS supplemented with 0.5 or 5 µM 

13C-heme grown for 8 hours was analyzed by LC-MS/MS. The loss of heme dependent 

suppression of heme uptake and utilization is consistent with the metabolite profile. At 

lower heme concentration (0.5 µM) only trace levels of BVIX were detected, presumably 

due to the loss of PhuS resulting in inefficient heme uptake. At 5 µM heme, the loss of 

the heme dependent suppression of the uptake genes, combined with increased 

extracellular heme availability, leads to unregulated heme uptake resulting the conversion 

of 13C-BVIXδ, BVIXβ and BVIXα (Figure 4.12, 4.13). The uncoupling of PhuS delivery 

of heme to HemO results in loss of specificity with heme being metabolized by both 

HemO and BphO. Consistent with the hypothesis that PhuS is required for efficient heme 

uptake at low heme levels very little heme is metabolized in the ΔphuS mutant. However, 

at high heme levels the increase in phuR, hemO and bphO leads to an increase in levels of 

heme uptake. This data suggests that PhuS acts to control heme flux into the cell through 

its interaction with HemO.   

 

4.3.8 Deletion of phuS and hemO Disrupts the Regulation of Heme Uptake Proteins 

As stated above, qRT-PCR was employed to determine the effect of PhuS and 

HemO on expression of heme uptake genes. ΔphuS hemO::gm was grown for 8 hours in 

M9 media supplemented with 0, 0.5 or 5 µM heme and total RNA was extracted. When  
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Figure 4.12 HPLC and MS/MS of BVIX Products from ΔphuS at 0.5 µM heme. A. HPLC 
trace of supernatant extract. B. BVIXα selected reaction monitoring (SRM) 
chromatograms of m/z 583→298 (black) and m/z 591→301 (red). C. BVIXδ SRM 
chromatograms of m/z 583→402 (black) and m/z 591→408 (red). D. BVIXβ SRM 
chromatograms of m/z 583→343 (black) and m/z 591→347 (red). 
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Figure 4.13 HPLC and MS/MS of BVIX Products from ΔphuS at 5 µM heme. A. HPLC 
trace of supernatant extract. B. BVIXα selected reaction monitoring (SRM) 
chromatograms of m/z 583→298 (black) and m/z 591→301 (red). C. BVIXδ SRM 
chromatograms of m/z 583→402 (black) and m/z 591→408 (red). D. BVIXβ SRM 
chromatograms of m/z 583→343 (black) and m/z 591→347 (red).  
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compared to PAO1, the mRNA levels of phuR were elevated at all heme conditions, 

similar to what was observed in the PAO1 ΔphuS strain (Figure 4.9). However, there was 

no decrease in phuR mRNA levels upon addition of heme suggesting that heme 

regulation of mRNA of the heme uptake proteins is completely abolished in the absence 

of PhuS and HemO (Figure 4.14). Similarly, levels of bphO are lower than PAO1 at 0 

µM heme but are elevated at 0.5 and 5 µM heme conditions, presumably to reduce heme 

toxicity in the absence of HemO (Figure 4.9).  

 

4.3.9 PhuS is Required to Regulate Heme Turnover 

  PAO1 ΔphuS hemO::gm was grown for 8 hours in M9 media supplemented with 

0.5 or 5 µM 13C- heme and BVIX was extracted and analyzed by LC-MS/MS. All of the 

BVIX extracted as expected was 13C-BVIXα due to the lack of HemO (Figure 4.15, 

4.16). The metabolite profile is consistent with the increased BphO levels as a result of 

the cells need to reduce heme toxicity.  

 

4.4 Discussion 

A combination of qRT-PCR and 13C labeled heme metabolomics allowed us to 

characterize the roles of PhuS and HemO in vivo. Increased growth rate and optical 

density of the P. aeruginosa cultures upon supplementation with heme confirms that all 

of the cultures are able to utilize heme as an iron source, though hemO::gm was not as 

efficient as evidenced by a lower culture density at stationary phase. qRT-PCR was  
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Figure 4.14 Effect of heme on expression of heme uptake genes in ΔphuS hemO::gm. 
RNA was isolated from ΔphuS hemo::gm cells grown in M9 media supplemented with 0, 
0.5, or 5 µM heme. qPCR was utilized to check expression and results were normalized 
to 0 µM heme. ΔΔCT values were calculated and cDNA amounts were normalized using 
omlA. ΔCT(treated)= CT(target, treated) – CT(omlA, treated), ΔCT(control)=CT(target, 
control) – CT(omlA, control), ΔΔCT = ΔCT(treated) - ΔCT(control), Normalized target 
gene expression level = 2(-ΔΔC

T
). A. Relative expression of phuR. B. Relative expression 

of bphO. Error bars represent one standard deviation. Deletion of phuS and hemO results 
in loss of suppression of phuR, and causes an increase of expression of bphO.  
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Figure 4.15 HPLC and MS/MS of BVIX Products of ΔphuS hemO::gm at 0.5 µM heme. 
A. HPLC trace of supernatant extract. B. BVIXα selected reaction monitoring (SRM) 
chromatograms of m/z 583→298 (black) and m/z 591→301 (red). C. BVIXδ SRM 
chromatograms of m/z 583→402 (black) and m/z 591→408 (red). D. BVIXβ SRM 
chromatograms of m/z 583→343 (black) and m/z 591→347 (red).  
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Figure 4.16 HPLC and MS/MS of BVIX Products from ΔphuS hemO::gm at 5 µM heme. 
A. HPLC trace of supernatant extract. B. BVIXα selected reaction monitoring (SRM) 
chromatograms of m/z 583→298 (black) and m/z 591→301 (red). C. BVIXδ SRM 
chromatograms of m/z 583→402 (black) and m/z 591→408 (red). D. BVIXβ SRM 
chromatograms of m/z 583→343 (black) and m/z 591→347 (red).  
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utilized to quantitate RNA levels within the bacterium at specific timepoints to detect 

small changes in transcription levels not apparent by other RNA analysis methods such as 

northern blot or RNAse protection assays. Analysis of the PAO1 strain showed a 

decrease in the heme uptake/degradation mRNAs (phuR, phuS, bphO, and hemO) with 

addition of heme, confirming that heme, or the iron released from heme, regulates the 

heme uptake proteins. As the bacteria’s heme and iron needs are met the heme uptake 

system is down regulated to protect from iron toxicity. The decrease in BphO was 

somewhat surprising, as we know it is not iron regulated, and suggests that it may be 

directly regulated by heme. The supplementation with heme resulted in the excretion of 

BVIX to the media which allowed us to analyze the metabolic by products. At low heme 

levels there was little BVIX excreted, but all of the BVIX was 13C labeled confirming 

that the bacteria are using external heme to meet their iron requirements. Interestingly, 

this suggests that in times of severe iron stress, BphO may play a redundant role in iron 

acquisition from heme, in addition to its primary function of providing the BVIXα 

chromophore for the bacterial phytochrome, BphP. At high heme levels the cell shuts 

down the heme uptake as the iron homeostasis is maintained through the metabolism of 

intracellular 12C-heme by BphO. In all experiments, at both low and high heme levels, 

HemO produced only 13C-BVIXδ and 13C-BVIXβ, confirming that the function of HemO 

is the acquisition of iron from extracellular heme.  

Analysis of the hemO deletion strain verified that HemO is required for driving 

the metabolic flux of heme into the cell.  When supplemented with 13C-heme, at both low 

and high heme levels, no BVIX derived from 13C-heme was detected.  This was further 

supported by the qRT-PCR results which showed that deletion of hemO results in the 
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downregulation of the mRNA levels of phuS when compared to PAO1. Thus the growth 

defect seen in the hemO::gm is most likely a result of the inability to acquire sufficient 

iron with heme as the sole source of iron.     

In contrast, on deletion of phuS, a heme-independent increase in the expression of 

phuR, bphO, and hemO mRNA levels is observed. This results in an increase in the 

degradation of extracellular heme as confirmed by the presence of all 13C-BVIXδ, BVIXβ 

and BVIXα at low and high heme conditions. The lack of PhuS causes a loss of 

regulation of extracellular heme transport resulting in degradation by both BphO and 

HemO. This is further supported by the ΔphuS hemO::gm strain whereby the 

upregulation of PhuR and BphO increase the intracellular production of a stress response 

to reduce heme toxicity. The loss of regulation of heme degradation suggests PhuS acts 

as a ‘stop-valve’ in regulating and directing heme degradation through HemO.  

The current studies lead to the following model whereby the action of both PhuS 

and HemO are required for the metabolic flux of heme into the cell. Under low heme 

conditions the kinetic equilibrium shifts PhuS toward the apo-form as heme is transferred 

to HemO (Scheme 4.1). At higher heme levels the equilibrium would shift towards holo-

PhuS resulting in a down regulation of the heme uptake proteins, though the mechanism 

of this regulation is not known. The current data suggest that PhuS is a feedback regulator 

for the phu heme uptake system. Once the iron needs of the cell are achieved, the levels 

of HemO decrease resulting in heme bound PhuS. The holo-PhuS in turn regulates the 

levels of PhuR, either directly or indirectly, resulting in a decrease in the mRNA levels of 

the outer membrane receptor, and consequently heme uptake. In the absence of HemO, 

PhuS remains heme bound and shuts down the heme uptake system. When PhuS is not  
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Scheme 4.1 Proposed Model for the Regulation of Heme Uptake by PhuS-HemO Two-
Component System. An equilibrium exists between apo-and holo-PhuS in P. aeruginosa. 
A. Under low heme conditions the equilibrium is shifted towards apo-PhuS, as the heme 
is trafficked to HemO for degradation, allowing apo-PhuS to stabilize RNA. B. Under 
high heme conditions the equilibrium is shifted to holo-PhuS resulting in down regulation 
of the heme uptake system. C. When PhuS is not present there is no regulation to shut 
down the heme uptake system resulting in an influx of heme.    
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present there is no regulator to shut down the heme uptake system, which results in 

unregulated influx of heme (Scheme 4.1). 

Although the mechanism by which PhuS directly or indirectly regulates the heme 

uptake proteins is unknown, it is interesting that PhuS and the previously characterized 

tandem, iron regulated regulatory RNAs PrrF1 and PrrF2 are only found in pathogenic P. 

aeruginosa strains, and the small RNAs are located just downstream of the 

PhuS/T/U/V/W operon(28,29). The PrrFs are Fur regulated, and upon de-repression 

under iron starvation, the RNAs bind to complementary sequences in target mRNAs 

causing RNA degradation. It has also been shown that PrrF1 and PrrF2 encode an 

overlapping heme regulated RNA named PrrH (30). The role of this small regulatory 

RNA has not been determined, but ongoing studies have shown a connection between 

PhuS and the expression of PrrH. Additionally, transcriptional analysis of the 

ΔprrF/prrH mutant shows significant overlap in the differentially transcribed genes with 

respect to the phuS deletion strain. It is interesting to speculate that coupling the 

metabolic flux of heme to the regulatory RNA network would provide a novel 

mechanism to rapidly respond to changes in the heme levels.  
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Chapter 5 

Summary and Future Work 

 

5.1 Summary 

 Iron is an essential nutrient for the growth and survival of pathogenic bacteria in 

the host. During infection, the host restricts iron as part of the innate immune response. 

As a result bacterial pathogens have evolved sophisticated mechanisms to acquire iron 

and heme from the host. P. aeruginosa encodes two heme uptake systems the has and the 

phu operon. The characterization of these systems and their role in iron acquisition from 

the host may aid in the identification of new antibiotic targets. This thesis has focused on 

the biochemical, biophysical and in vivo characterization of the cytoplasmic proteins of 

the phu operon in order to provide a better understanding of intracellular metabolism of 

heme and its role in iron homeostasis.  

 The role of the cytoplasmic heme binding protein PhuS and its homologues has 

long been debated in the literature. Previously both ChuS and HemS were identified as 

heme oxygenases, while ShuS was shown to be involved in heme utilization but not as a 
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heme degrading enzyme (1-5). Previous studies in our laboratory have shown that PhuS 

is a heme chaperone to the Fur-regulated heme oxygenase, HemO (6). PhuS is unique 

compared to its homologues in that it has three histidines in the binding pocket (His-209, 

the conserved proximal ligand, His-210 and His-212). In Chapter 2 we examined the 

histidine triad in heme binding and transfer and further characterized the apo- and holo-

PhuS oligomeric state. Size-exclusion chromatography of PhuS WT and His-mutants 

revealed that the proteins purified as a mixture of oligomeric states. In order to determine 

the oligomeric state in vivo a native PAGE was run with both the monomer and dimer 

PhuS as standards. On visualization by Western blot the PhuS protein was shown to be 

monomeric. All studies with the WT and mutant PhuS proteins were performed with the 

PhuS monomer. This extra purification step may explain the slight blueshift of Soret 

bands for the H209A, H210A and H212A protein as compared to previously published 

results, where experiments were done on an oligomeric mixture (6). The binding 

affinities of the PhuS WT and mutant proteins for heme were determined by fluorescence 

quenching. Despite removal of both potential coordinating ligands (His-209 and His-212) 

only a slight decrease in binding affinities was observed. This leads us to conclude that 

the major contribution to heme binding is not the proximal ligand, but rather ionic and 

hydrophobic interactions between the heme and residues within the pocket. Finally we 

investigated if there were any tertiary changes between the apo- and holo- PhuS WT 

protein that would not be detected by CD. Sedimentation velocity experiments concluded 

that upon heme binding the protein displays an expanded hydrodynamic envelope. This 

leads us to draw three conclusions from these results. First, oligomeric state effects the 

properties of PhuS, second that hydrophobic interactions are like the contributing factor 
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for heme binding, and third that there is a slight tertiary structure change upon heme 

binding, that likely drives interaction with HemO. 

 With this basic understanding of the general properties of the PhuS protein I then 

sought to understand the role of the conformational properties and alternate binding site 

in driving the interaction with HemO.  In Chapter 3, limited trypsin proteolysis and 

MALDI-MS revealed that heme binding protects PhuS from extensive degradation. 

Additionally, it was shown that coordination of heme through His-209 protected both the 

N- and C- terminal proteolysis. In contrast the holo-H209A and holo-H209/210/212A 

PhuS showed rapid degradation of the C-terminal domain, most likely a result of non-

coordinating interactions on the distal side. The role of the conformational switch on 

heme coordination was investigated by SPR and ITC. As expected, none of the apo-PhuS 

proteins showed plasmon or ITC response. Holo-PhuS interacts with HemO with a 

binding affinity of 1.23 µM and 2.3µM for apo-HemO, by SPR and ITC respectively. 

This is in contrast to the previously published KD of 64 nM (6), a discrepancy most likely 

due to the oligomeric state of the PhuS protein used in prior studies. The holo-H210A and 

holo-H212A PhuS showed no interaction with HemO at physiologically relevant 

concentrations, concluding that these residues are integral for the protein-protein 

interaction and heme transfer. Interestingly the H209A and H209/210/212A proteins both 

interacted with the HemO, though approximately 6-fold weaker than the WT protein. 

Thus, mutation of both proximal ligands (H209/210/212A) results in a “compensatory 

effect” whereby the lack of a ligand allows a conformational rearrangement that is 

suitable for interaction with the HemO. Therefore, coordination through His-209 

stabilizes the C-terminal domain, but mutation of His-210 and His-212 introduce subtle 
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effects within the proximal helix that disrupt the protein-protein interaction. The results 

from this work lead us to propose a model where heme binding to apo-PhuS through His-

209 causes a conformational change that promotes interaction with HemO. The free 

energy from this interaction triggers a histidine ligand switch to His-212, followed by 

heme delivery to HemO.  

 Finally, in Chapter 4 we investigated the role of PhuS and HemO in vivo. A 

combination of isotopic 13C-heme labeling and qRT-PCR was utilized to show the effects 

of deletion of the hemO and phuS genes on heme uptake and degradation. These studies 

have led to the determination that HemO is exclusively responsible for the degradation of 

extra-cellular heme through specific interaction with PhuS. The phuS deletion results in 

an increase in the expression of phuR, bphO and hemO and an uncoupling of heme 

uptake and degradation of heme by HemO whereby 13C-BVIXδ, 13C-BVIXβ and 13C-

BVIXα were detected as byproducts. This was further supported by the double phuS 

hemO knockout which showed an up regulation of phuR and bphO, and 13C-BVIXα as 

the sole metabolite. These results lead us to a model whereby the equilibrium between 

apo-PhuS and holo-PhuS acts as “stop-valve” regulating heme uptake. At low heme 

conditions equilibrium is shifted towards apo-PhuS as the heme is transferred to HemO 

for degradation. At higher heme levels the equilibrium shifts towards holo-PhuS 

triggering a down regulation in heme uptake proteins. Although the mechanism by which 

PhuS directly or indirectly regulates protein expression levels is not known the recent 

link between PhuS and the heme regulated prrH indicates this may occur through effects 

on RNA stability.   

 Overall the data presented in this thesis have provided insight into the cellular and 
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molecular role of PhuS in heme utilization in Pseudomonas aeruginosa. The combination 

of in vitro and in vivo studies on heme uptake and utilization contributed to the 

determination of the structural and functional characteristic of PhuS. Additionally, it was 

demonstrated the PhuS may play a role directly, or indirectly in the regulation of the 

heme uptake system in P. aeruginosa.  

 

5.2 Future Work 

 Although characterization of the cytoplasmic binding protein PhuS has provided a 

better understanding of heme binding properties and conformational changes required for 

interaction with HemO several questions remain, such as what is the mechanism of the 

ligand switch from His-209 to His-212 in PhuS before heme transfer to HemO, and how 

is PhuS regulating the mRNA levels of the heme uptake studies. Future studies 

combining site directed mutagenesis and freeze quench Resonance Raman and Electron 

Paramagnetic Resonance Spectroscopy will allow us to delineate the mechanism of heme 

transfer (7).  

 In addition, studies to address the protein interface between PhuS and HemO are 

currently underway utilizing trypsin limited proteolysis to determine areas of the protein 

that are protected on interaction. Similarly, hydrogen-deuterium exchange is being 

employed providing information on the solvent accessibility of the complex (8). A third 

way to investigate this interaction would be using Far-Western blotting (9). In this 

technique one of the proteins (A) would be digested, separated on a gel, and transferred 

to a membrane. The second protein (B) would be labeled and used as a probe. Only the 
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areas of the protein (A) that interacted with protein (B) would be visualized. These 

samples could then be examined on MALDI-MS and identified. Cross-linking 

experiments have not been fruitful. However, if a mutant PhuS protein that does not 

transfer heme could be designed (or a mutant HemO that does not accept heme) followed 

by cross-linking, it may provide some insight into the structure of the complex through 

X-ray crystallography.  

 The connection between PhuS and the prrH small RNA is intriguing. A direct 

interaction between PhuS and PrrH can be examined by gel shift assays following in vitro 

transcription. A second way to test this would be to over express the PhuS protein in P. 

aeruginosa cells that are grown in low iron, low heme, conditions (optimal for prrH 

expression) and use qRT-PCR to see if there is increased expression of the prrH 

transcript. One could also use a modified RNase protection assay to determine if PhuS is 

binding to RNA sequences. Apo- or holo-PhuS would be incubated with RNA extracted 

from P. aeruginosa cultures followed by addition of a DNA probe. If protein is bound to 

the RNA at the target sequence it will block hybridization, and prevent cleavage by 

RNase H, thus indicating a site of interaction between the protein and RNA. This might 

be an ideal assay since DNA probes can be as short as a four basepair hybrid which 

would make it possible to map all the RNA. Additionally, one could use a specific probe 

(ie. prrH) to quickly determine if PhuS is interacting with the specified RNA. An 

alternate experiment would be an RNA pull down assay. Apo- and holo- PhuS would be 

added to cell extract and purified out utilizing the PhuS antibody which can be attached 

to a Protein A column. The antibody-PhuS-RNA complex would be eluted and the bound 

RNA could be separated on a Northern blot.  
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5.3 Conclusions 

 The significant increase in nosocomial infections and increased resistance to 

antibiotic therapies is becoming a more prominent health concern (10,11). As antibiotic 

use has become more widespread there has been an increased selective pressure for 

bacteria to undergo mutation leading to an additional increase in the number of resistant 

strains. Because of this there has been a recent hypothesis that proposes targeting 

virulence factors will weaken the pathogens ability to establish an infection, but not 

impact their survival thus reducing the frequency to undergo mutation. Iron is an essential 

nutrient for the survival and virulence of pathogenic bacteria. Lowering the ability of P. 

aeruginosa to acquire iron by inhibiting its heme uptake system may reduce the ability of 

the pathogen to infect the host. The current studies have suggested that inhibiting PhuS in 

vivo will result in toxicity and decreased virulence, either alone or in conjunction with 

current antibiotic therapies, and may ultimately provide a novel antimicrobial target in P. 

aeruginosa and related Gram-negative pathogens.  
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Appendix 1 

 

During a review of previously published microarray data collected in our lab it 

was noticed that the transcription of the MexE-MexF-OprN drug efflux pump was 114.4, 

103.6, and 48.5 fold lower, respectively, in the PAO1 ΔphuS strain than the PAO1 WT 

strain. Multidrug efflux pumps are a major reason for the antibiotic resistance found in 

Pseudomonas aeruginosa (1). P. aeruginosa encodes for at least 10 distinct 3-protein 

efflux pump system operons including at least four multidrug efflux pumps, MexA-

MexB-OprM, MexC-MexD-OprJ, MexE-MexF-OprN, and MexX-MexY-OprM(2). All 

of the efflux pumps consist of a resistance-nodulation-division (RND) exporter protein 

that is located in the cytoplasmic membrane, a gated outer membrane protein (located in 

the outer membrane) and a membrane fusion protein (MFP) that links the RND exporter 

with the gated outer membrane receptor. The MexA-MexB-OprM efflux pump is 

constitutively expressed at low levels but becomes overexpressed as a result of mutations 

in the mexR repressor gene (3). This efflux pump contributes significantly to antibiotic 

resistance as it has the broadest-spectrum of activity of all of the efflux pumps identified 

to date (Table A.1). The MexC-MexD-OprJ and MexE-MexF-OprN efflux pumps are 

contributors to the expulsion of fluoroquinolones as well as macrolides, and tetracycline.  
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Table A.1 Substrate Specificities for Multidrug Efflux Pumps in P. aeruginosa. Adapted 
from Reference (4). Highlighted in pink are antibiotics tested for comparison of % 
inhibition in PAO1 and ΔphuS. Highlighted in green is the control antibiotic.  
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Specifically, MexC-MexD-OprJ effluxes fluoroquinolones, macrolides and tetracycline 

whereas MexE-MexF-OprN effluxes imipenem, trimethoprim, and β-lactamase inhibitors 

(Table A.1). MexX-MexY-OprM has a narrower spectrum of substrates (Table A.1) and 

shows increased expression levels in the presence of low concentrations of its substrates 

(4).   

A literature search revealed that the MexE-MexF-OprN drug efflux pump is 

involved in increased resistance of P. aeruginosa to quinolones, chloramphenicol, 

trimethoprim and imipenem (5). Additionally it was noted that pyocyanin production is 

reduced in MexE-MexF-OprN overexpression strains, consistent with the increased 

pyocyanin production in the Δphus as compared to PAO1 (6).  This led us to test if this 

decreased expression of the MexE-MexF-OprN drug efflux pump would result in 

increased susceptibility to the MexE-MexF-OprN substrates in the ΔphuS strain.  

The experiments were carried out as follows. Cultures of PAO1 or ΔphuS were 

grown overnight in LB from a single colony shaking at 225 rpm at 37˚C. The next day 

200 µL of LB in Honeycomb 2 plates (Bioscreen) was inoculated with PAO1 or ΔphuS to 

a final OD600 of 0.08. Antibiotics chosen for testing were tetracycline (control, a substrate 

for all other efflux pumps), ciprofloxacin, levofloxacin and trimethoprim which are 

substrates specific for the down regulated MexE-MexF-OprN efflux pump. Antibiotics 

were dissolved in DMSO and concentrations of antibiotics tested for both strains were 

chosen based on published MIC50s. Tetracycline was tested from 0.05 µg/mL to 25 

µg/mL, levofloxacin from 0.005 µg/mL to 5 µg/mL, ciprofloxacin from 0.001 µg/mL to 1 

µg/mL, and trimethoprim from 5 µg/mL to 300 µg/mL. DMSO was added to a final 

concentration of 1% in all wells, and cultures were grown in a Bioscreen C (Bioscreen) 
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with continuous shaking at 37˚C for 23 hours, with OD600 readings every 30 minutes. 

As a control the growth of PAO1 WT and ΔphuS strains in LB plus 1% DMSO 

was monitored and as expected the cultures no differences in growth were observed 

(Figure A.1). Tetracycline was also tested as a control for inhibition as it is effluxed by 

all the multidrug efflux pumps except MexE-MexF-OprN. Tetracycline exhibited 

identical inhibition of PAO1 and ΔphuS  (Figure A.2) leading us to conclude that any 

growth differences seen with levofloxacin, ciprofloxacin and  trimethoprim is due to the 

suppression of the MexE-MexF-OprN efflux pump. At early time points (8 and 12.5 

hours) levofloxacin exhibits similar inhibition profile in both strains, though ΔphuS 

shows greater overall inhibition (Figure A.3A and Figure A.3B). However, at later times 

points (18 and 23 hours) ΔphuS strain has a lower MIC50 of 0.192 µg/mL versus 0.560 

µg/mL for PAO1 at 18 hours, and 0.22 µg/mL versus 0.64 µg/mL for PAO1 at 23 h. 

Consequently greater inhibition occurs at a lower antibiotic concentration, suggesting 

increased susceptibility of the ΔphuS strain (Figure A.3) at concentrations close to the 

MIC. A similar profile is seen for ciprofloxacin where at 18 hours the MIC50 for the 

ΔphuS strain is 0.033 µg/mL versus 0.05 µg/mL for PAO1 (Figure A.3C), and at 23 

hours the MIC50 for ΔphuS strain is 0.037 µg/mL versus 0.15 µg/mL for PAO1 (Figure 

A.3D). Additionally, ciprofloxacin reaches its maximum inhibition at a significantly 

lower concentration in the ΔphuS strain than PAO1, again suggesting the ΔphuS strain 

has increased susceptibility to the antibiotics tested (Figure A.4). Trimethoprim, a 

substrate for MexE-MexF-OprN, though not a commonly prescribed antibiotic for P.  
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Figure A.1 Growth of WT PAO1 and ΔphuS in LB. 200 µL LB was inoculated to a final 
OD600 of 0.08 and grown in Honeycomb 2 plates (Bioscreen) in a Bioscreen C 
(Bioscreen) with continuous shaking at 37 ˚C. Optical densities were taken every 30 
minutes and plotted is the average of three replicates. Black-PAO1 WT, Red-PAO1 
ΔphuS. 
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Figure A.2 Tetracycline Inhibition of PAO1 and ΔphuS. 200 µL LB was inoculated to a 
final OD600 of 0.08 and grown in Honeycomb 2 plates (Bioscreen) in a Bioscreen C 
(Bioscreen) with continuous shaking at 37 ˚C. Tetracycline (dissolved in DMSO) at 
concentrations from 0.05 to 25 µg/mL was added to the respective wells. Plotted is the 
average of three replicates of the % Inhibition at timepoints of A. 8 hours, B. 12.5 hours, 
C. 18 hours, D. 23 hours. Black-PAO1 WT, Red-PAO1 ΔphuS. 
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Figure A.3 Levofloxacin Inhibition of PAO1 and ΔphuS. 200 µL LB was inoculated to a 
final OD600 of 0.08 and grown in Honeycomb 2 plates (Bioscreen) in a Bioscreen C 
(Bioscreen) with continuous shaking at 37 ˚C. Levofloxacin (dissolved in DMSO) at 
concentrations from 0.005 to 5 µg/mL was added to the respective wells Plotted is the 
average of three replicates of the % inhibition at the following timepoints A. 8 hours, B. 
12.5 hours, C. 18 hours, D. 23 hours. Black-PAO1 WT, Red-PAO1 ΔphuS. 
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Figure A.4 Ciprofloxacin Inhibition of PAO1 and ΔphuS. 200 µL LB was inoculated to a 
final OD600 of 0.08 and grown in Honeycomb 2 plates (Bioscreen) in a Bioscreen C 
(Bioscreen) with continuous shaking at 37 ˚C. Ciprofloxacin (dissolved in DMSO) at 
concentrations from 0.001 to 1 µg/mL was added to the respective wells Plotted is the 
average of three replicates of the % Inhibition at timepoints of A. 8 hours, B. 12.5 hours, 
C. 18 hours, D. 23 hours. Black-PAO1 WT, Red-PAO1 ΔphuS. 
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aeruginosa likely due to its relatively high MIC50, also has a lower MIC50 and higher 

overall inhibition of growth in the ΔphuS strain (Figure A.5). 

The growth curves of PAO1 and ΔphuS in the presence of the respective 

antibiotics further supports reduced efflux (Figure A.6). In the control growth assay 

containing 2.5 µg/mL tetracycline the cultures grow normally for approximately 7 hours, 

after which the antibiotic reaches MIC and begins to slow the growth. (Figure A.6 A). In 

contrast cultures grown in the presence of levofloxacin (0.5 µg/mL) ciprofloxacin (0.075 

µg/mL), or trimethoprim (250 µg/mL) grew similarly during drug uptake (~4.5 hours) 

after which the optical density began to decrease as the drug reaches the MIC50. 

However, at ~6.5 hours the PAO1 was able to overcome this inhibition and continue 

growing normally on active efflux of the drug, while in the ΔphuS strains the growth was 

inhibited through 23 hours (Figure A.6 B, Figure A.6C, Figure A.6 D). The increased 

susceptibility in the ΔphuS strain is likely due to decreased levels of the MexE-MexF-

OprN efflux pump. It is also worth noting that even though all these drugs are effluxed 

through multiple drug efflux pumps we are able to see significant differences that can be 

attributed to a single pump. The observation that disruption of phuS leads to modulation 

of the MexE-MexF-OprN efflux pump may provide opportunities to target PhuS with 

small molecule inhibitors that have a dual function in increasing susceptibility to current 

antibiotics.  

While these initial data are intriguing, we would like to repeat these experiments 

and include in the screen imipenem, which is the only drug specific for the MexE-MexF-

OprN efflux pump. It is believed that since we can measure differences in drugs that are  
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Figure A.5 Trimethoprim Inhibition of PAO1 and ΔphuS. 200 µL LB was inoculated to a 
final OD600 of 0.08 and grown in Honeycomb 2 plates (Bioscreen) in a Bioscreen C 
(Bioscreen) with continuous shaking at 37 ˚C. Trimethoprim (dissolved in DMSO) at 
concentrations from 5 to 300 µg/mL was added to the respective wells Plotted is the 
average of three replicates of the % Inhibition at timepoints of A. 8 hours, B. 12.5 hours, 
C. 18 hours, D. 23 hours. Black-PAO1 WT, Red-PAO1 ΔphuS. 
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Figure A.6 Inhibition of PAO1 and ΔphuS by Tetracycline, Lexofloxacin, Ciprofloxacin 
and Trimethoprim over time. 200 µL LB was inoculated to a final OD600 of 0.08 and 
grown in Honeycomb 2 plates (Bioscreen) in a Bioscreen C (Bioscreen) with continuous 
shaking at 37 ˚C. Optical Densities at 600 nm were taken every half hour for 23 hours and 
plotted is the average of three replicates. A. 2.5 µg/mL Tetracycline, B. 0.5 µg/mL 
Levofloxacin, C. 0.075 µg/mL Ciprofloxacin, D. 250 µg/mL Trimethoprim. 
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effluxed through multiple pumps we should see significant increase in susceptibility to 

imipenem.  

Another major problem in the treatment of P. aeruginosa is its ability to form 

biofilms, especially in the lungs of cystic fibrosis patients, leading to increased drug 

resistance (7, 8). Future studies will be conducted to determine if this increase in 

sensitivity in the ΔphuS strain correlates with a decrease in biofilm formation. The drugs 

will be tested in both the PAO1 and ΔphuS strains at the same concentrations using the 

minimum biofilm eradication concentration (MBEC) assay. Finally, while we have 

determined that the lack of PhuS results in the lower levels of the MexE-MexF-OprN 

efflux pump, it is not clear if inhibition of PhuS will result a similar decrease in protein 

levels. The future design and identification of specific PhuS inhibitors will be screened 

for antimicrobial activity as well as their ability to increase the sensitivity to known 

antibiotics. 
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