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                                          ABSTRACT 

Cloning and Characterization of Heme Transport Proteins on the Outer  

and the Inner Membranes of Pseudomonas Aeruginosa  
by Hasan Ilhan 

 

Iron is an essential element for the body and plays important roles in bacterial virulence. 

Pathogenic bacteria Pseudomonas aeruginosa has evolved sophisticated heme uptake 

systems to steal iron from environment. One of the heme uptake system contains an outer 

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

membrane heme permease (PhuU) coupled with an ATPase (PhuV) and associated protein 

(PhuW), and a cytosolic heme-binding protein (PhuS).  

In this study, PhuW genes was cloned, over-expressed in E. coli and purified as a 32 kDa 

His-tagged protein. Heme-staining assays show that the isolated PhuW binds heme in 

vitro. Fluorescence and UV studies suggest that apo-PhuW binds heme in a 1:1 

stoichiometry  (Kd ~ 81 nM) and the ferric heme is 5-coordinate with  tyrosine as a 

possible axial ligand. CD spectroscopic studies show a well-ordered helix-rich structure 

for PhuW and little secondary structure changes upon heme binding to apo-PhuW. PhuW 

is reduced by dithionite but not by either DTT or ascorbate. Multiple sequence alignment 

and homology modeling reveals that Tyr166 is strictly conserved and likely to be the heme 

ligand in PhuW.   

 

The PhuUV (heme permease and ATPase components on the inner membrane) have been 

cloned into pET101D vector, and expressed in E. coli.  PhuV was purified by Ni-NTA 
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affinity chromatography as a 30 kDa protein.  Heme-free (apo) PhuV binds heme at 1:1 

ratio with affinity at the submicromolar level, as revealed by UV-vis and fluorescent 

titrations.  Titrations with imidazole and reduction by dithionite suggest that histidine is 

the possible ligand for the ferric heme iron in PhuV. 

In order to characterize the other components in the heme uptake system, PhuR (wild type 

and a few mutations PhuRF343C and PhuRA527C) have been cloned into pET101D vectors, 

and expressed in E. coli.  PhuR (and its variants) was purified by Ni-NTA affinity 

chromatography as a 70 kDa protien. In vitro studies indicate that PhuR binds free heme in 

the presence of 1% octyl-polyoxyethylene. In order to use Förster Resonance Energy 

Transfer (FRET) technique to probe heme binding and heme transport process,  PhuR was 

successfully labeled with Alexa Fluor 488 (AF488) via specifically engineered cysteine 

sites (PhuRF343C and PhuRA527C).  The fluorescence intensity of the AF-donor is quenched 

when the protein binds to heme (the acceptor) and it is found that apo-PhuRF343C and apo-

PhuRA527C bind heme in a 1:1 stoichiometry, with affinity at 69 and 108 nM, respectively. 

The biochemical characterizations of these novel membrane-bound heme transport 

proteins will contribute to a better understanding of the bacterial heme transport pathway.  

 

Keywords: Pseudomonas aeruginosa, cloning, heme transport, membrane protein, site 

directed mutagenesis, spectroscopy.  
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CHAPTER 1: BACTERIAL HEME BINDING PROTEINS 

1.1. Introduction 

1.1.1 The Importance of Iron, Heme and Bacteria for Biological Systems 

 

Iron is an essential element to practically all organisms, including bacteria (1,2). At the 

cellular level, it is involved in crucial biological processes such as photosynthesis, 

nitrogen fixation, the trichloroacetic acid (TCA) cycle, methanogenesis, H2 production, 

oxygen transport, gene regulation, and  DNA biosynthesis (2,5). Iron mainly exists in two 

oxidation redox states either the oxidized state Fe3+ or the reduced state Fe2+, in the body. 

These redox  forms can be found in variable spin forms which are high and low to make 

them remarkable prosthetic resources and versatile when they are incorporated into 

proteins as a catalytic center or electron carrier in numerous cellular reactions (5,6). The 

incorporation of iron into proteins allows regulation of the local redox potential (ranging 

from -300 to +700mV), geometry and spin state of the iron atoms, such that they can 

fulfill their essential biological function (5,7). 

Although iron is one of the most abundant elements on earth and such a useful element in 

various biological processes, it catalyzes the production of toxic hydroxyl radicals (OH-) 

from hydrogen peroxide (H2O2) (the Fenton reaction) or the production of hydroxyl 

radicals (OH-) from superoxide (O-) (the Haber-Weiss reaction (Figure 1.1) ) (8,9,10). 

Oxygen radicals and  peroxides are highly harmful and damaging to lipids, proteins, and 

nucleic acid in the cell. These damages may induce aging and various diseases such as 
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stroke and cancer, and several neurological disorders such as Parkinson’s disease, 

Alzheimer’s disease and atherosclerosis (11,12).  

 

 

Figure 1.1: Fenton Reaction and Haber-Weiss Cycle. This scheme is commonly known 

as  the Haber-Weiss cycle. Chemical reactions involve  iron and the production of 

reactive oxygen species (13). The left-hand side of the cycle is the classical Fenton 

reaction (8,9).  

                                                                                                                                      

Free iron is poorly available for bacteria inside animal hosts (free iron is at concentration 

below 10-18 M in human host (17). Upon access into a mammalian host, bacterial 

pathogens have adopted a set of control mechanisms to acquire and manage iron from 

tissues to survive. The first control is a high affinity transport system that efficiently 

scavenges iron in several forms from the host.  Iron is commonly conserved within the 

cells in the form of protein-bound  iron, which stores and  control excess iron (14-15). 

Virtually all bacterial pathogens possess iron storage proteins to be infectious (16).  

 

Three main mechanisms have been evolved by bacterial pathogens to accomplish the 

uptake of iron from the environment. A first common mechanism, bacterial pathogens 
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secrete and synthesize siderophores that actively chelate iron from the environment (18). 

The second mechanism, involved only in pathogenic bacteria, is to capture iron from the 

host iron binding proteins, such as transferrin, lactoferrin and ferritin via specific outer 

membrane receptors (9,15,18,19,20,21). The last method, also found mostly in bacterial 

pathogens, is to assimilate iron either from free heme or from hemoproteins, such as 

hemoglobin or hemopexin (22,23,24). 

 

 Heme is a prosthetic group that comprises of an iron atom and a protoporphyrin IX in 

many proteins such as hemoglobin and cytochromes (25). There are several types of 

hemes in biological molecules, for instance heme A, heme B and heme C. The 

biosynthetic precursor of each as a whole is heme B that is found in hemoglobin and 

carries propionyl groups in the porphyrin ring (26) (Figure 1.2). Heme is presented in the 

ferrous iron form (Fe2+) that is highly reactive and thence useful cofactor in biological 

systems. Whereas the oxidized form (Fe3+) is called hemin. Both the ferrous form and the 

ferric form are mostly known as “heme”, which will be used  throughout this thesis. 

Heme can also be used as a source of iron which plays a vital role in almost all organisms 

(26). Heme participates in electron transfer and respiration (cytochromes), oxygen 

storage and transport (myoglobin and hemoglobin), hydrogen peroxide degradation 

(peroxidases, catalases), oxygen sensing, activation of oxygen-containing molecules 

(P450 enzymes) (26,27), cellular signaling and gas sensing (28), apoptosis and regulation 

of DNA expression and enzymatic transformations of organic molecules (29). These 

properties are used in vivo to apply numerous biochemical and physiological roles. Heme 
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can also be a source of both iron and porphyrin for the microbes. Recently, by using 54Fe-

labeled heme and 57Fe-labeled transferrin and analyzing the stable iron isotope contents 

of cells using inductively coupled plasma mass spectrometry (ICP-MS) which has been 

used to determine iron concentrations and isotope ratios in bacteria at many times during 

growth (2,30),  Skaar and colleagues have revealed  that the pathogenic bacterium 

Staphylococcus aureus prefers heme iron at its initial growth stage.     

 

         

                               (A)                                                                   (B) 

            

Figure 1.2:The structure of Heme B. (A) The histidine bound heme group in a 

protein; (B) The structure of Heme B (31).  

      

Heme B carries propionyl groups at positions  6 and 7 of the porphyrin ring according to 

Fisher system, and vinyl groups at location 2 and 4. Four methyl compounds occupy the 

remaining â-carbons and also have methyl groups at locations 1, 3, 5, and 8. The ferrous 

iron atom is coordinated by the nitrogen atoms at the center of the molecule (32,33).  
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Heme is poorly soluble in water at physiological pH but dissolves in the presence alkaline 

solution because of deprotonation of the propionic acid groups (34).  It diffuses very 

slowly across membranes and has a tendency to form oxy-dimmers in the presence of 

oxygen. Heme is also a lipophilic molecule that can easily intercalate into cell 

membranes.  Heme is a reactive molecule that promote  the formation of reactive oxygen 

species (ROS).  Accumulation of heme in cells may  cause  oxidative stress and tissue 

injury (35). 

 

1.1.2 Iron Sources 

 

The relatively insoluble ferric (Fe+3) state is the major form of iron under conditions of 

aerobic and alkaline pH environments, but it is not directly assimilable by an organism. 

When in the Fe3+ state, iron will form large complexes with anions, water and peroxides. 

These large complexes have poor solubility and upon their aggregation lead to 

pathological consequences. Iron homeostasis requires the coordinated regulation of the 

synthesis and action of proteins involved in iron acquisition, utilization, and storage. 

When present in excess, iron is stored in a nontoxic form, in ferritins. Ferric iron (Fe3+) is 

a widespread anaerobic terminal electron acceptor both for autotrophic and heterotrophic 

organisms. Electron flow in these organisms is similar to those in electron transport, 

ending in oxygen or nitrate. The ferrous (Fe+2) state is favored at acidic pH and anaerobic 

conditions. The iron atom in the heme group must initially be in the ferrous (Fe2+) 

oxidation state to support oxygen and other gases' binding and transport. This highly 
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soluble ion can transport through the outer membrane of gram negative bacteria strains 

and is transported through the cytoplasmic membrane (15,36) by a high affinity ferrous 

ion uptake (Feo) system that is essential for iron acquisition in many gram negative 

bacteria (15,37).       

 

 

1.1.2.1 Transferrin and Lactoferrin 

 

Most pathogenic bacteria can obtain iron from transferrin and lactoferrin as  the typical 

iron sources (38). Transferrin is available in serum while lactoferrin is available in lymph 

and mucosal secretions (39). Transferrin functions as an iron transporter and as iron 

assimilation protein that contributes to the protection against microbial infections and 

iron toxicity, whereas lactoferrin has only protective function (40). Both proteins are 

monomeric glycoproteins with a molecular mass of about 80 kDa (15,41) and exhibit an 

extremely high affinity for the Fe3+ ion (Ka ~ 1020 M-1) and a much lower affinity  for Fe2+ 

( 103 M-1). 

1.1.2.2 Ferritins  

 

Ferritin, consisting of 24 identical globular protein subunits filled with several thousands 

of Fe3+ ions, is the main iron storage  in many organisms. These cytoplasmic proteins can 

be made available in case of an need of iron shortage, in which cells are protected from 

the toxic effects of  free iron accumulation(15,39).  
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1.1.3 Heme Sources 

 

Heme, a prosthetic group of hemoglobin, myoglobin and some enzymes, is composed of 

an iron atom in the center of a porphyrin ring.  Due to its highly toxicity, it is scarcely 

found free, and therefore primarily bound to proteins like hemopexin or albumin (40). 

The heme containing proteins including hemoglobin, myoglobin, haptoglobin-

hemoglobin complex, HAS, peroxidases, cytohchrome P450s and cytochromes,  are 

present in bacteria, eukaryotic cells, and in the blood serum. Many bacterial pathogens 

have evolved several mechanisms for the scavenging of iron from host proteins.    

Hemoglobin and Myoglobin are very important oxygen transport  proteins, and also  the 

most abundant heme sources in the body (Figure 1.3) (41).  However, like free heme, 

free hemoglobin is not tolerated by the body (42). Hemoglobin functions as the oxygen 

transporter, located in red blood cells. Each of the four subunits in hemoglobin binds a 

heme  in which iron is penta-coordinated to four nitrogen atoms in the porphorin ring and 

one nitrogen on  an imidazole ring of a histidine residue. The sixth coordination site binds 

to oxygen in oxyhemoglobin or to carbon dioxide in methemoglobin (the oxidized form 

of hemoglobin Fe3+) (43). Hemoglobin dimers are bound with high affinity (Kd ~ 10-12 

M) by hemopexin or haptoglobin when heme is liberated through intravascular hemolysis 

during erythrocytes lysis (44). Then the haptoglobin-hemoglobin complex is 

subsequently recognized by CD163 receptor mediated endocytosis. The haptoglobin 

binds the hemoglobin which is released from erythrocytes by hemolysis.  Myoglobin is a 

small, monomeric compact heme protein (MW ~ 17 800) which serves as an oxygen-

binding protein pigment. It is found primarily in the skeletal muscle of vertebrates, and 
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functions in the storage of oxygen and is responsible for the transport of oxygen to the 

mitochondria for oxidative phosphorylation (45).   

Hemopexin is a 60-kDa plasma glycoprotein with a high affinity to heme (Kd ~ 10-13 M) 

in an equimolar ratio and delivers heme to the liver cells via  receptor-mediated 

endocytosis (46,47). Hemopexin is an important heme transportation vehicle in the 

plasma and act as an extra cellular antioxidant, preventing heme-mediated oxidative 

stress.  This protein involves two non-disulfide-linked domains, a 35-kDa N-terminal 

domain (domain I) that binds heme and a 25-kDa C-terminal domain (domain II)  that are 

linked to a hinge region (48).  

 

Figure 1.3: Structure of Myoglobin (A) and a subunit of hemoglobin (B) (41).  

 

1.2. Overview of Bacterial Heme Uptake Systems    

 

Many pathogenic bacteria can utilize heme to obtain iron needed for their survival (49-

51). Heme is a required iron source of bacterial pathogens such as Staphylococcus aureus 

(2). Bacterial heme acquisition systems have been characterized  in numerous bacterial 
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pathogens (52). The best known example of heme acquisition system is the uptake of 

heme through specific outer membrane receptors on the bacterial surface via direct 

binding of heme or heme proteins such as hemoglobin or hemopexin.  The heme is then 

transported into the periplasm by ATP-binding cassette (ABC) transporters (51). 

Examples include  the PhuRSTUVW system in Pseudomonas aeruginosa (51,53) and  

the ShuASTUV system in Shigella dysenteria (22,54). The second heme acquisition 

system is facilitated by the secretion of hemophores that bind heme and deliver it to 

specific outer receptors that interact with TonB-dependent (55,56) proteins.  A common 

example of this strategy is the recently identified HasA/HasR system of Serratia 

marcescens (Figure 1.4) (15,57,58). 

 

1.2.1 Hemophore-Mediated Heme Acquisition Systems 

 

Hemophores are extracellular heme-binding proteins found only in gram-negative 

bacteria. Their function is to obtain free heme or extract heme and to deliver it to their 

specific outer membrane receptors (59). There are two species of the best characterized 

hemophore system so far. One hemophore system that has been characterized is heme 

acquisition system (HasA). The HasA is used by variable bacteria species, including 

pathogens in Serratia marcescens (51,57,58) and Pseudomonas aeruginosa (60,61). The 

second hemophore system that has been identified is heme/hemopexin utilization (HxuA) 

in Hemophilus influenzae (62,63). The has operon   is under transcriptional control of the 

Fur (Ferric Uptake Regulator) repressor protein in conjunction with the specific 
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extracytoplasmic function ECF sigma and anti-sigma factors (Figure 1.4) (64,65). The 

has system has variable components that are utilized for heme uptake. HasA is a secreted 

hemophore that acquires heme outside the cell. HasA is proposed to remove the heme 

from its carrier, as opposed to forming a stable complex with hemoproteins (66). HasA is 

secreted from the cell by an ABC transporter complex that consists of three envelope 

proteins, HasD, HasE, and HasF (67). Has comprises the inner membrane portion of the 

secretory apparatus and is a part of the ABC proteins provided energy for the substrate 

export. HasE is also an inner membrane protein. HasF codes for the outer membrane 

portion of secretory complex (68). HasR is a specific outer membrane receptor of the 

HasA/heme complex. HasR can transport heme itself or regulate expression of the has 

operon with specific sigma and anti-sigma factors encoded by gene clustered at the has 

operon. HasB, a TonB homolog, provides the energy for movement of heme into the cell 

(69). The process by which heme is transported from the periplasmic space across the 

inner membrane has not been well described.      
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Figure 1.4: Genetic organization of the has systems in several bacteria. P.a., 

Pseudomonas aeruginosa; P.f.,  Pseudomonas fluorescens; Y.p., Yersinia pestis; S.m., 

Serratia marcescens. HasI and hasS encode sigma factors, respectively. The white box 

indicates a consensus Fur box (15,51).         

. 

The hasA hemophore from S. marcescens functions as a 19 kDa small polypeptide that 

removes heme from several heme containing proteins, and binds one b-type heme per 

molecule with high affinity (Kd lower than 10-8 M) (70). The crystal structure of heme-

hasA complex has been characterized at 1.9 Å resolution showing that the heme iron is 

highly exposed to the solvent and is bound to residues His32 and Tyr75 (58,71). These 

may be significant to the function of hasA.  HasA must interact with hemoglobin in such 

a way that it leads to a state in which its affinity for the heme ligand is greater than that of 
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the globin, and this will allow it to uptake to the periplasm via interaction with HasR, the 

TonB-dependent receptor (66).      

 

The HxuA hemophore in H. influenzae is a 100 kDa extracellular protein that interacts 

with exogenous heme for aerobic growth. A gene cluster consisting of three genes, hxuA, 

hxuB and hxuC, is involved in the utilization of free heme and heme-hemopexin. All of 

them are necessary for effective growth on free heme and heme-hemopexin (63,72,73). 

HasA and HxuA hemophore proteins are commonly secreted into the extracellular 

medium, although their secretion systems are different: HasA is secreted by ABC 

transporters (HasDEF), but HxuA is secreted by a protein (HxuB) resembling transporters 

(60,61). The HxuC protein is a 78 kDa outer membrane protein and also is required for 

H. influenzae to acquire the low levels of heme (73). 

 

1.2.2 Direct Heme Acquisition Systems in Gram Negative Bacteria     

 

The direct heme uptake systems in gram-negative bacteria have been reported  to play a 

significant role in P. aeruginosa infections (51). These systems also are similar and 

encoded by a ferric uptake regulator (Fur) gene cluster (Figure 1.5) and found in distinct 

loci in the genome (74). Two distinct heme uptake operons  have been determined, 

including the phu (Pseudomonas heme utilization) and has (heme assimilation system) 

(75). The phu operon system contains PhuR which is a single outer membrane receptor 

(Figure 1.7 A)) and PhuSTUVW which encodes genes for a periplasmic binding protein 
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(PhuT) (Figure 1.7 B)), a cytoplasmic heme binding protein (PhuS), and  inner 

membrane proteins (PhuUVW)  (51) (Figure 1.7 (C) & (D) and Figure 1.6 the crystal 

structure of heme-bound ChaN) (76). A summary of the current understanding of a 

possible heme acquisition and transport in P. aeruginosa is presented in Figure 1.8. Once 

invaded into an animal host, bacterial pathogens produce hemolysin to lyse red blood 

cells in the form of hemoglobin and release hemoglobin (80-800 nM) into the serum. In 

the presence of the excess quantities of serum haptoglobin (5-20 µM), it combines 

rapidly with hemoglobin where it is delivered to the liver for removal. Hemopexin (12 

µM, with a high affinity to heme Kd 10-13) or Serum albumin (640 µM, Kd 10-18) take up 

free heme released from hemoglobin or extract heme from hemoglobin. The bacteria 

heme outer membrane (OM) receptor (PhuR) can directly bind heme, hemoglobin, 

myoglobin, hemopexin, and haptoglobin-hemoglobin, assimilating the heme and 

transporting it via a TonB dependent process to the periplasmic (PP) heme transporter 

(PhuT)                                                                                                                       (51,77),  

 

Figure 1.5: Map of the P. aeruginosa heme uptake locus containing the PhuR gene and 

the PhuSTUVW operon. Three Fur binding elements are indicated as white boxes.   
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which leads to shuttling of the heme between the outer and inner membrane (51). Heme 

is then translocated to the inner membrane (CM) by heme permease (PhuV), ATPase 

(PhuU) and an associated protein (PhuW). A cytoplasmic heme-binding protein (PhuS) 

stores  the heme and delivers it to heme oxygenase (HO), which oxidizes heme and 

releases ferrous iron for bacterial growth (77,78).   

 

 

 

 

 

 

Figure 1.6: The crystal structure of heme-bound ChaN, a PhuW analogue in 

Campylobacter jejuni. Dimeric holo-ChaN encloses two cofacial heme molecules. ChaN 

is consisted of a large parallel β-sheet with flanking α-helices and a smaller domain 

consisting of α-helices. Two different colors, blue and teal, are used to show the two 

ChaN monomers. The heme and heme ligands are indicated as ball-and-stick 

representations and are colored in orange (76).  
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Figure 1.7: Homology models of heme transport proteins (PhuRUV) and crystal 

structure of heme transport protein (PhuT) of P. aeruginosa at the phu locus: (A) PhuR; 

(B) PhuT; (C) PhuU; (D) PhuV (51). 
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Figure 1.8: Heme Acquisition Systems in Gram Negative Bacteria P. aeruginosa.The 

proposed  heme transport process  in P. aeruginosa. Acquisition of iron is started by 

breaking red-blood cell by hemolysin (the green one). Albumin or hepexsin takes up free 

heme released from hemoglobin or extracts heme from hemoglobin and shuttles it to an 
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outer membrane receptor. Alternatively, receptor (PhuR) can directly bind 

heme/hemoglobin and transport heme across OM to PP by a TonB-dependent process. 

Periplasmic heme transport protein (PhuT) binds heme and transfers it to CM, then heme 

is translocated by heme permease (PhuU), ATPase (PhuV) and associated protein 

(PhuW). PhuS storages heme and delivers it to HO, which oxidizes heme and releases 

ferrous iron (51).     

 

1.2.3 TonB-ExbB-ExbD System 

 

Cytoplasmic membrane protein (CM) TonB provides energy for transport of heme into 

periplasmic space in many gram-negative bacteria. ExbB and ExbD are two cytoplasmic 

membrane proteins, which utilize the proton motive force to produce an energized form 

of TonB. The cellular ratio of TonB, ExbB and ExbD in Escherichia coli has been 

determined to be 1:7:2, respectively (79-81). The central proline-rich domain of TonB 

facilitates an extended rigid structure that allows TonB to span the periplasmic space 

(82). The CM TonB can be divided into three domains: a hydrophobic region at the N-

terminal domain anchores the TonB protein to the CM and interacts with proteins ExbB 

and ExbD to form an energy transducing complex; the C-terminal domain of TonB 

directly contacts with the TonB-dependent receptors, particularly with their TonB box; 

and the intermediate domain involves a region of alternating Pro-Glu and Pro-Lys repeats 

in proline rich region. While ExbB contains three transmembrane segments in the 

cytoplasm, ExbD possesses only one transmembrane segment and most of the protein is 

available in the periplasm (83). 
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The three-dimensional crystal structure of two C terminal TonB were reported. One of 

the fragments is consisted of C terminal 85 amino acid residues of TonB and the other 

fragment is consisted of the C terminal 77 amino acid residues of  TonB. Both fragments 

involve only residues 163-239 (84), because the eight additional N-terminal residues of 

TonB-85 are disordered, so it can not be determined in the electron density map. 

However, two fragments are significantly identical and indicate two molecules tightly 

engaged with each other as an intertwined dimmer (85). 

 

Two systems for TonB-OM receptor interaction have been proposed (86). In the shuttle 

model, the energized form of TonB completely appears the CM, crosses the periplasmic 

space and transduces its energy to TonB dependent transporters (TBDTs) (87). In the 

pulling model, TonB remains membrane bound and spans the periplasmic space to 

interact with the TBDT. It is believed that conformational changes of TonB cause a 

pulling force on the plug domain of the TBDT that results in either a conformational 

change of the plug that remains in the barrel or a delocalization of the plug (88).     

 

1.2.4 ABC Transport Systems 

 

ABC transport systems (ATP-dependent transport systems) form a soluble periplasmic 

binding protein an integral inner membrane permease that is energized by a bound 

ATPase (5). They can mediate the import of heme, ferrous, ferric iron, and ferric irons 

coupled to siderophores and also are found for amino acids, peptides, sugars, and other 
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essential nutrients (22). Although these systems are substrate specific as identified by the 

ligand selection of periplasmic binding proteins and the permeases, they are used for the 

uptake of a wide variety of ligands. They are not interchangeable with each other in 

different systems (5,22,89).   

 

1.2.4.1 Transport of Heme in the Periplasmic Space 

 

Most of periplasmic binding proteins that have been structurally identified composed of 

two globular domains connected by short stretches of polypeptide chains which enable 

movement of the two lobes by a flexible hinge mechanism. Each lobe is comprised of a 

central β-sheet flanked by α-helices in the two globular domains (9,90). Due to the 

properties of the differences in domain structure and sequence of the periplasmic 

receptors, the structure of the binding site is efficiently variant (9). 

 

After transport across the outer membrane, heme is inside periplasm space and then is 

sequestered by a heme-specific periplasmic binding protein (PhuT). Heme is transferred 

from PhuT to the cytoplasmic binding proteins (PhuUV) and ATPase (PhuW) through an 

ATP-binding cassette (ABC) transporter (51). To release iron from the heme molecule, 

the bacteria most likely employs a heme oxygenase (91). 

 

 Several periplasmic PhuTs have been described at genetic level, including HemT (Y. 

enterocolitica), ShuT (Shigella dysenteriae), PhuT (P. aeruginosa), HmuT (C. 
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diphtheriae), HutB (Vibrio cholerae), and ChuT (E. coli), that encode range from 30 to 

90%  identical amino acid residues  (77).   

The purpose of  PhuTs is to bind heme in the periplasm and transfer it to the membrane-

bound ABC transporter (92). It has been claimed that heme is present  in a cleft between 

two subdomains of  PhuT, that will lead to a conformational change in PhuT and this 

contributes to the holo form of PhuT to interact with the transmembrane domain of ABC 

transporter (51). 

 

 The best examples of identified periplasmic heme binding proteins are PhuT  from 

Pseudomonas aeruginosa (51) and ShuT from Shhigella dysenteria (54). ShuT is a 28.5 

kDa monomeric  protein.  The heme in ShuT is  five-coordinated and high-spin  with a 

Tyr proximal ligand. Wild type ShuT has  a soret band at 400 nm and a few other bands  

500, 521, and 617 nm (54). Further site directed mutagenesis studies indicated that Tyr-

94 is the heme axial ligand. This was also confirmed  by resonance Raman spectroscopy, 

magnetic circular dichroism spectroscopy and UV-visible spectroscopy. The structures of 

ShuT  also indicated Tyr-94 on the heme binding pocket (54). PhuT is a 33 kDa heme 

binding protein with ~ 50% heme-bound in the native form. PhuT includes five-

coordinate ferric heme center and the heme can be transferred to apo-myoglobin in vitro. 

PhuT  is consisted of 24-26% α- helices, 20-21% of β-sheets, 19-22% of turns and 28-

37% of other structures (56). PhuT showed a broad Soret band with maxima at 400 nm. 

The other weaker broad bands showed at 500, 534, and 624 nm. The heme in PhuT with 

addition of dithionite displayed a redshift of the 400, 500 and 534 nm bands to 420, 560 
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and 589 nm, respectively. A recent X-ray study has indicated that Tyr-71 is the axial 

ligand of PhuT. The heme binding pocket of PhuT also include  charged residues, Arg73 

and Arg228.                           

 

1.2.4.2 Transport of Heme Across the Cytosol 

 

Once in the periplasm, heme is internalized by a periplasmic binding protein, which 

provides heme transfer to the cytoplasm through specific ABC transporters. The ABC 

transporters are comprised of periplasmic binding proteins, permeases, and ATPases, 

providing active translocation of various molecules across cell membranes via a lipid 

anchor in both gram-positive and gram-neagtive bacteria (22,93).  

Several inner membrane proteins complete the transport of heme across the  cytoplasmic 

membrane by utilizing an ABC transporter such as PhuU, PhuV and PhuW (51). 

Homology models of PhuU and PhuV were shown in Figure 2.12. Similar to that in 

ChaN, which is a putative lipoprotein from Campylobacter jejuni,  PhuW shares 30% 

identical amino acid residues with ChaN and has been indicated to be essential in heme 

uptake in P. aeruginoas (77).  

 

1.3 Heme Biosynthesis  

 

Heme biosynthesis in eukaryotes occurs partly in the mitochondrion and partly in the 

cytosol, involving   eight enzyme-catalyzed steps that serially convert glycine and 
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succinylCoA into heme (94). Most of the atoms in the heme molecule are derived from δ-

aminolevulinic acid (ALA) or from an ALA precursor, for instance glutamic acid or 

succinic acid (94,95).  An abbreviated scheme of the heme biosynthetic pathway can be 

seen in Figure 1.9. 

 

The first step in heme biosynthesis starts in the mitochondrion with the condensation of 1 

glycine and 1 succinylCoA by the pyridoxal phosphate containing enzyme ALA synthase 

to produce  5-aminolevulinic acid. This small molecule is the significant resource of all 

carbon and nitrogen atoms utilized for formation of tetrapyrrolic macrocycle (94-96), 

  

Following synthesis, mitochondrial ALA is formed within the matrix of the 

mitochondrion and exported to the cytosol, where ALA dehydratese condenses 2 

molecules of ALA to produce the pyrrole ring compound porphobilinogen (PBG). The 

third step in the pathway contains the head-to-tail condensation of four molecules of PBG 

to produce a linear tetrapyrrole intermediate, hydroxymethylbilane, a reaction catalyzed 

by PBG deaminase. Hydroxymethylbilane has two principal points. The most valuable 

point is conversion to uroporphyrinogen III, the next intermediate on the path to heme. 

This step is provided by uroporphrinogen synthase and uroporphyrinogen III cosynthase. 

This linear molecule cyclizes slowly (non-enzymatically) to generate uroporphyrinogen I 

(94-97). 
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In the cytosol, uroporphyrinogen decarboxylase enzyme catalyzes decarboxylation of all 

the acetate substituents of uroporphyrinogen III or uroporphyrinogen I to form 

coproporphyrinogen III. Coproporphyrinogen III is then transferred into the 

mitochondrion, where two of the propionate side chains and desaturation of porphyrin 

ring to vinyl groups leads to protoporphyrinogen IX, catalyzed by the enzyme 

coproporphyrinogen III oxidase. In the mitochondrion, the colorless product of 

protoporphyrinogen IX is a precursor for protoporphyrin IX which is created by the 

enzyme of protoporphyrin IX oxidase (94,95,99) 

 

The last reaction in heme biosynthesis also occurs in the mitochondrion, contains the 

insertion of the ferrous form of iron into the ring system. Iron is transported in the plasma 

by transferrin, a protein that binds ferric ions. Ferrochelatase enzyme is converting 

protoporphyrin IX into heme in the eighth step of heme biosynthesis (94,99). 

 

1.4. Heme Coordination 

In the last few decades  common studies of model hemes have been applied that are 

aimed at understanding the effect of axial ligands and porphyrin substituents on the 

electronic ground state and detailed magnetic properties of these systems themselves, as 

well as how they associated with the properties of heme uptake proteins (100). The 

common qualification of many of the heme uptake proteins in nearly examined studies is 

the ability to stabilize the heme in the ferric state (22). 
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Figure 1.9: Pathway of Heme Biosynthesis. The first and the final three enzymes δ-

aminolevulinic acid synthase (ALAS), Ferrochelate and protoporphrinogen oxidase are 

situated in the mitochondria and the remaining in the cytosol. The heme biosynthetic 

pathway involves four basic processes: formation of the pyrrole, assembly of the 

tetrapyrrole, modification of the tetrapyrrole side-chains followed by oxidation of 

protoporphyrinogen IX to protoporphyrin IX and insertion of a single ferrous iron to 

form heme. This final step, the insertion of iron into the protoporphyrin molecule, is 

catalyzed by the enzyme ferrochelatase. Figure 1.9 is marked: ALAD = δ-aminolevulinic 

acid dehydratase, PBGD = porphobilinogen deaminese.  
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heme is 6-coordinated through a His residue that is primarily  low spin at neutral pH 

(107).     

 

 

  

Figure 1.10: The structure of wild type  holo-HasA (Protein Data Bank code 1B2V). The 

heme is in blue, and the two axial ligands, His32 and Tyr75, are in red. Residue His83, 

which is H-bonded to Tyr75, is in green on the left side. Right side shows final electron 

density of the heme region of H83A (Protein Data Bank code 2UYD). 
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1.5 Aims of This Thesis Work                         

 

The ability to transport heme is a significant virulence factor  for bacterial pathogens. 

Most pathogenic bacteria require heme and have several sophisticated mechanisms to 

steal heme from the host. The understanding of heme transport pathways in bacteria has 

been advanced by the discovery of the bacterial heme transport gene clusters such as 

PhuRSTUVW in P. aeruginosa.  The pariplasmic heme transport protein PhuT has been 

cloned and characterized by Guo’s research group at UMASS Dartmouth (56) and the 

cytosol heme transport protein PhuS has been characterized by Wilks’ lab (112). 

However, the membrane associated heme transport proteins, PhuR and PhuUVW, are still 

poorly understood. This work focuses on the  cloning and characterization of the 

outermembrane heme receptor PhuR and innermembrane heme transport proteins PhuU, 

PhuV and PhuW.  Mutations of the outer membrane protein PhuR and their roles in heme 

binding  were also investigated.   
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CHAPTER 2: CLONING AND EXPRESSİON OF A NOVEL INNER              

                          MEMBRANE HEME TRANSPORT PROTEIN FROM  

                           PSEUDOMONAS AERUGINOSA 
 

2.1 Abstract  

 

In this study an inner membrane heme transport protein from Pseudomonas aeruginosa, 

PhuW, was investigated. The phuW gene has been amplified by PCR (Polymerase Chain 

Reaction) and cloned into a pET101D vector. The positive clones were confirmed by 

DNA sequencing. The 32-kDa PhuW has been over expressed in E. coli and purified by 

Ni-NTA affinity column. The hemin binding properties of PhuW were studied by UV-

vis, fluorescence, CD spectroscopies and heme staining. The data show that PhuW binds 

hemin in vitro at a 1:1 stoichiometry, with a broad Soret band at 409 nm and weaker β, α 

and CT bands at ~ 531 and 627 nm. Upon reduced, the soret band was sharpened and 

shifted to 412 nm, accompanied by red shifts of the β and α bands.  Scatchard analysis 

gave a linear plot with a binding affinity (Kd) of 81 nM.   CD spectroscopic studies reveal 

that PhuW is a helix-rich protein and heme binding induces little changes in its secondary 

structure. Multiple sequence alignment of the PhuW sequence to other putative inner 

membrane heme-binding proteins was performed to identify structurally conserved 

regions. A highly conserved tyrosine residue (Y166) is identified and it  is most likely to 

be the heme ligand in PhuW, in agreement with the spectroscopic data. Structural 

modeling studies suggest that PhuW closely resembles the crystal structure of ChaN that 

shares 30% sequence identity with PhuW.        
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2.2. Introduction 

 

Heme is a prosthetic group that comprises of iron and a protoporphyrin IX in many 

proteins such as hemoglobin and cytochromes. Heme can also be used as a source of iron 

which plays an essential role for bacterial growth of most bacteria in the host (1,2). 

However, due to low solubility of iron (III) at physiological pH in the presence of 

oxygen, iron uptake, transport, and storage is a critical obstacle for bacteria to overcome 

for survival and pathogenesis (3). The incorporation of iron into proteins as an electron 

transport or biocatalytic center facilitates organisms to carry out many crucial biological 

processes such as photosynthesis, N2 fixation, methanogenesis, respiration, the 

tricarboxylic acid cycle, oxygen transport, control of gene expression, and DNA 

biosynthesis (4).  

 

Pathogenic bacteria have developed sophisticated mechanisms to obtain iron from host. 

Most bacterial pathogens secrete and synthesize siderophores that actively chelate iron 

from their various sources (5). Alternatively, pathogens can also obtain iron directly  

from host sources such as heme, hemoglobin, or hemopexin via  a specific outer 

membrane receptor that binds directly to host hemoproteins, extracting heme from the 

host (6).  

 

Pseudomonase aeruginosa is known to be an opportunistic pathogen, producing  a 

remarkable variety of virulence factors that is necessary for the infection of injured or 

immunocompromised hosts such as those with cancer or  severe burns (7).  P. aeruginosa 
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contains two heme uptake systems: Phu(Pseudomonas heme uptake) and Has (heme 

assimilation system) (8). The Phu system is comprised of an outer membrane receptor 

(PhuR), a periplasmic heme binding protein (PhuT),  inner membrane ATPase and 

permease proteins (PhuUVW), and a cytoplasmic heme binding protein (PhuS) (1,9,10).  

 

2.3 Experimental 

2.3.1 Chemicals and Equipments 

Restriction endonucleases were purchased from Fermentas (Canada). Hemin, sodium 

dithionite, sodium dodecyl sulfate, o-Dianisidine and sodium azide were obtained from 

Sigma. Protoporphyrin IX was purchased from TCI America. UV-vis spectra were 

measured on a Perkin-Elmer Lamda 25 spectrophotometer. Fluorescent spectra were 

measured on a Perkin-Elmer model LS55 luminometer. CD spectra were carried out 

using a Jasco J-715 spectropolarimeter (Jasco Corporation Tokyo, Japan). 

 

2.3.2 Cloning of PhuW and Construction of Expression Vector  

The gene encoding  the inner membrane protein PhuW from Pseudomonas aeruginosa 

(12) was amplified from its genomic DNA (strain PAO1 from ATCC) via polymerase 

chain reaction (PCR). The following oligonucleotides (Qiagen Operon, FL): 5’-

CACCATGCGCATTCGCCTGTTC-3’ (Tm = 66 ˚ C ) and 5’- ACGTGCC TTCT TCA 

TCTCCGCG-3’ (Tm = 66 ˚ C) were used as the forward and reverse primers to amplify 
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PhuW gene with the stop codon truncated in order to be fused with a downstream His-tag 

sequence on the vector. The PCR products were then directly cloned into pET 101/D-

TOPO vector (Invitrogen, CA) (See Figure 2.1) containing a built-in V5 epitope and a 

6xHis tag sequence followed by a stop codon. The TOPO cloning products were then 

transformed into TOP10 One ShotTM  competent E. coli cells (Invitrogen, CA), following 

the instructions in the manual and then plated on LB (Luria-Bertani) plate containing 100 

µg/ml ampicilin at 37 ˚C overnight. Positive single colonies on the plate were inoculated 

in each of 5 ml small-scale culture in LB broth with shaking  220 rpm   at 37 ˚C 

overnight. Plasmid DNA was isolated from these cultures using Qiagen’s DNA Miniprep 

kits (Qiagen, CA) and screened by restriction enzymes Sac I/Xba I (Fermentas, Canada) 

double digestion followed by agarose gel electrophoresis. Positive plasmids containing 

the PhuW gene were confirmed by DNA sequencing at Cornell University (Cornell, NJ). 

The new construct is named pET101D/PhuW. 

 



 

 

39 

 

Figure 2.1: Map of the pET101/D-TOPO  vector used in cloning of the PhuW gene. 

 

  

 

2.3.3 Over-Expression and Purification of PhuW  

 

BL21 (DE3) E. coli (Invitrogen, CA) cells were used for expressing the PhuW gene 

product. BL21 (DE3) E. coli cells were transformed with pET101D/PhuW, followed by 

plating on an LB plate with ampicilin (100 µg/ml). After overnight incubation at 37 ˚C, 

one single colony was picked up to inoculate each of 5 ml of LB broth containing 100 

µg/ml ampicilin. These cultures were shaken at 220 rpm at 37 ˚C overnight and used to 

inoculate each 1 liter LB with 100 µg/ml ampicilin at 37 ˚C in 2.8 liter flasks. At OD600  ~ 

0.8, 1 mM isopropyl beta-D-thiogalactoside (IPTG) was used for induction. The culture 
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was further shaken at 220 rpm, 37 ˚C overnight and harvested by centrifugation at 7000 

rpm for 20 min. The  pellets were collected and stored at -20 ˚C for protein purification. 

 

Wild type recombinant PhuW was purified through Ni-NTA affinity column. The cell 

pellet was thawed at 4 ˚C for a while and re-suspended in 50 mM potassium phosphate 

buffer (KPB), pH 7.3, containing 300 mM NaCl, lysozyme (3g/liter), 1mM PMSF, 1 mM 

benzamidine, tiny amount of DNase and RNase, and then sonicated on ice for one min, 

alternating the power between on (0.5 second) and off (1.5 sec); this step was repeated 3 

more times for a total of 3 min. Cell debris was removed by centrifugation. The 

supernatant was loaded onto a Ni-NTA affinity column (Qiagen, CA). The column was 

pre-equilibrated by 50 mM KPB containing 300 mM NaCl. Unbound proteins were 

removed by extensive washing with the buffer containing 5-10 mM imidazole. The 

PhuW protein was eluted by a step-wise procedure, using buffers containing 10, 20, 30 

(?), 50, 100 and 500 mM imidazole. The fractions were collected and analyzed by SDS-

PAGE. Most of the PhuW was found in the fractions containing 30 mM imidazole which 

was pooled with the first buffer wash and the initial flow through. The pure PhuW 

proteins were concentrated by ultra filtration using Amicon concentrator devices. PD-10 

column was used to change KPB buffer and remove the excess of imidazole. Protein 

concentration was determined by the Bradford method (13) using bovine serum albmin as 

a standard, and then ε280 nm was determined by measuring the absorbance at 280 nm.            
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2.3.4 Heme Staining Assay 

 

In order to detect whether the purified recombinant PhuW (wide type) involves heme or 

can bind heme in vitro, heme-specific staining procedure was applied for native PhuW 

and its mixture with hemin after separating the protein from unbound hemin by native 

PolyAcrylamide Gel Electrophoresis (PAGE). Gels and buffers were prepared according 

to the Laemmli method (14). Laemmli gels were equilibrated at 4 ˚C prior to 

electrophoresis. The buffer tank kept cooled with an ice bath during electrophoresis. Two 

identical wild type PhuW and four similar PhuW samples pre-loaded with hemin were 

loaded on the native gel at alternative positions. The electrophoresis was carried out 

between 4 mA to 7 mA (after the initial start at 70 V) for ~ 10 h. After the 

electrophoresis, the gel was divided into two pieces each containing a wild type PhuW 

sample and two samples with addition of heme. One gel piece was stained for protein 

peptides with Coomassie Blue and the second piece was stained for heme with o-

Dianisidine dihydrochloride/H2O2 following a published procedure (15) with slight 

modification. The first gel involving Coomassie Blue gel was rinsed for 20 min in destain 

solution containing methanol/acetic acid/water = 3:1:6 (v/v/v), respectively. The second 

gel involving with o-Dianisidine dihydrochloride/H2O2 was washed for 15 min in 

methanol/sodium acetate (0.25 M, pH 5.0) = 3:7 (v/v), subsequently incubated in the dark 

for 30 min in a freshly prepared solution of 7 volume of 0.25 M sodium acetate, pH 5.0, 

and 3 volume of  6mM with o-Dianisidine dihydrochloride in methanol. Gels were 

developed for 60 min by adding H2O2 to a final concentration of 60 mM, washed for 20 

min in H2O/methanol/acetic acid = 8:1:1 (v/v/v), dried, and photographed. 
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sensitive-detector (PSD). PSD is a special detector which extracts a small periodic signal 

of known frequency and phase from a large background of incoherent noise. Far UV CD 

(190-250 nm) studies were performed to obtain secondary structural information of apo- 

and holo-PhuW. This experiment was monitored on a Jasco J-715 spectropolarimeter 

using 0.1 cm path-length, a scan rate of 50 nm/min and band width 2 nm. An average of 3 

scans for each spectrum were recorded and baseline subtracted (18). 

 

2.3.8 Fluorescence Spectroscopy and Binding Affinities  

Purified PhuW was recorded by fluorescence emission spectra on a Perkin-Elmer LS55 

luminescence spectrometer with titration of heme or protoporphyrin IX at 25 ˚ C in 20 

mM KPB buffer, pH 7.3. To get the binding affinities of purified PhuW with heme or 

protoporphyrin IX, titrations of diluted PhuW with heme or protoporphyrin IX were 

recorded by steady state fluorescence emission. The wild type PhuW was used for 

recording the binding constants in the presence of heme or protoporphyrin IX. The 

dissociation constants (Kd) were determined by Scatchard plots (19). 

 

2.3.9 Phylogenetic Analyses and Sequence Alignment 

Protein sequences similar to the PhuWs from P. aeruginosa PAO1 and Campylobacter 

Jejuni were identified in ExPASy database with BlastP (http://us.expasy.org/cgi-

bin/blast.pl). PhuW homologs were manually chosen from the best hits from each BlastP 

search. Protein sequences homologous to  PhuW from P. aeruginosa were identified in 

http://us.expasy.org/cgi-bin/blast.pl
http://us.expasy.org/cgi-bin/blast.pl
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GenBank with BlastP. Protein sequences selected were aligned with ClustalW 2.0 

program (20). The secondary structure element of PhuW was predicted based on the 

PhuW sequence and using on PSIPRED predictions at the PSIPRED (Protein Structure 

Prediction Protein Server) (http://bioinf.cs.ucl.ac.uk/psipred/) (21). The tertiary structure 

of PhuW was predicted by homology modeling at CPHmodels-2.0 server program at the 

ExPASy (Expert Protein Analysis System) server (http://us.expasy.org/). The predicted 

structure was displayed in PyMol. 

 

2.4 Results 

2.4.1 Cloning, Expression and Purification of PhuW  

The PhuW gene (Figure 2.2 (A)) was successfully amplified by PCR and cloned into 

pET101D Topo vector yielding a construction pET101D/PhuW with PhuW gene fused 

with a 6-His tag sequence. Positive clones were screened by Xba I/Sac I double digestion  

(Figure 2.2 (B)) of the plasmids. This construct was confirmed by DNA sequencing and 

transformed into BL21 (DE3) E. coli cells for the over-expression of the recombinant 

PhuW with a C terminal His-tag. Protein expression was induced at OD600 between 0.8-

1.0 using 1 mM IPTG and grown for 20 hours at 20 °C. PhuW was purified as a soluble 

protein by Ni-NTA affinity chromatography (eluted at ~ 30 mM imidazole). After PD-10 

column, only one band was detected on SDS-PAGE at ~ 32 kDa (Figure 2.3 (A)).   

 

http://bioinf.cs.ucl.ac.uk/psipred/
http://us.expasy.org/
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                       (A)                                                                               (B) 

Figure 2.2: Agarose Gel Electrophoresis of PhuW PCR Product. (A) Agarose gel 

indicating the PhuW gene that was successfully amplified as a 900 bp fragment by PCR 

from genomic DNA of P. aeruginosa. (B) Agarose gel showing the restriction 

endonucleases (Xba I and Sac I) double digestion of the DNA constructs 

pET101D/PhuW. DNA markers from top the bottom: 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 

0.9, 1.0, 1.2, 1.5, 2.0, 3.0, 4.0, 6.0, 8.0, 10.0 (kb).   

 

2.4.2 Native PAGE and Heme Staining 

Native gel electrophoresis is known as non-denaturing gel electrophoresis which is run in 

the absence of SDS (22). Heme staining and native PAGE were performed to probe if 

PhuW involves heme and if it binds heme in vitro. Four identical PhuW samples of which 

two had been incubated with addition of heme at 1:1 molar ratios for 30 min were loaded 

on a native gel at alternative positions. After electrophoresis, the gel was cut into two 
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pieces, each containing an untreated PhuW sample and a heme-treated  PhuW sample. 

One of the pieces was stained for protein polypeptides with Coomassie Blue. The other 

piece was stained for heme as described in the experimental part. The untreated-PhuW 

samples showed only one band on the native PAGE with Coomassie Blue staining but is 

negative to heme staining (Figure 2.3 (B and C)); however, the heme-treated sample 

showed a broader band (more to the bottom) with Coomassie Blue staining and is 

positive to heme-staining,    suggesting PhuW binds heme in vitro.  The non-heme-treated 

PhuW shows two bands on Coomassie Blue staining, the upper band contains heme-

loaded PhuW; the lower band contains heme free PhuW, which can bind heme in vitro. 

                                                                                                                                                                    

.                     (A)                                   (B)                                               (C) 

Figure 2.3: SDS-PAGE and Native-Page of PhuW. (A) SDS-PAGE of the purified 

PhuW indicates a single band at ~ 32 kDa (B) Native-PAGE with Coomassie Blue R-250 

staining (lanes 1 and 2). C) heme-staining (lanes 3 and 4). Lanes 1 and 3, isolated PhuW; 

lanes 2 and 4 PhuW loaded with hemin (1:1 mol ratio) for 1 h in phosphate buffer, pH 7.3 

before loading gel. 
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2.4.4 Reduction of PhuW 

The UV-visible absorption spectrum of the heme-bound PhuW samples (Figure 2.5) 

show that the heme is oxidized with a Soret maximum at 409 nm, with additional weaker 

bands at ~ 531 and 627 nm, assignable to β/α metal and charge-transfer band between 

porphyrin and the high spin Fe(III) (23). Upon reduction of the PhuW using sodium 

dithionite, (Figure 2.6), the Soret band and β, α bands decreased in intensity. The soret 

band underwent a red shift to ~ 412 nm accompanied by red shifts of the β and α bands 

(to ~ 530 nm and 572 nm, respectively). Interestingly, the α band increased in intensity at 

~ 572 nm, while the CT band at 627 nm disappeared, as well as decrease in intensity at ~ 

500 nm (Fe(III) to Tyr CT band) observed. Periplasmic heme protein PhuT decreased in 

intensity around 500 nm, accompanied by red shifts of the β and α bands (to 560 nm and 

589 nm, respectively) and disappearance of the charge transfer band at 624 nm. ChaN 

function is poorly understood each heme iron is coordinated by a single tyrosine (Tyr-

148) from one monomer (28). The apparent dissociation constant of the enzyme-tyrosine 

complexes in overall reaction could be obtained by spectrophotometric titration at 500 

nm in the steady state of the reaction (29). The spectroscopic changes are indicative of a 

reduction of the ferric heme center with Tyr as an axial ligand (24).  

   

To determine further information for heme coordination, excess imidazole was added to a 

heme-PhuW solution. The soret band was sharpened and shifted from 409 nm to 412 nm, 

with an increase in intensity (Figure 2.7), accompanied by red shifts of the β and α bands 

(to 536 nm and 577 nm, respectively. These changes in the UV-vis spectra suggest a 5-



 

 

49 

coordinated heme site, with  Tyr as a possible axial ligand (25). Large excesses of 

dithiotheritol (DTT) or sodium ascorbate did not reduce PhuW as judged by UV-vis 

spectroscopy. 

 

Figure 2.5: UV-Visible absorption spectra of the heme-bound 8.6 µM PhuW, indicates 

the Soret band at 409 nm (β and α band in 50 mM potassium phosphate buffer, pH 7.3).  

 β band 

 α band 
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Figure 2.6: UV-Visible spectra of reduction of PhuW by sodium dithionite. Blue color 

indicates PhuW (6.1 µM) in the presence of 20 mM freshly prepared sodium dithionite, 

in 20 mM potassium phosphate buffer (pH 7.3). 
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Figure 2.7: PhuW Imidazole Titration. PhuW (4.1 µM, solid line) reacts with large 

excess of imidazole (0.5 M, dashed line) in 20 mM potassium phosphate buffer (pH 7.3). 

 

 

2.4.5 Fluorescence Spectra and Binding Affinities with Heme and       

         Protoporphyrin IX 

Fluorescence spectroscopy was performed to investigate ligand binding and to detect 

whether the binding leads to protein conformational change as well as to calculate 

binding affinities. The cellular actions of a heme begin when the heme (Ligand), L, binds 

specifically and tightly to its protein receptor, R, on or in the target cell. Ligand-protein 

affinities is mediated by noncovalent intermolecular interactions (hydrogen bonds, 

hydrophobic and electrostatic interactions) between the complementary surfaces of ligand 
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and receptor. Receptor-ligand interaction brings about a conformational change that alters 

the biological activity of the receptor.  

Receptor-ligand binding is described by the equation 

Protein (R) + Ligand (L) = Complex; 

Kd = [Protein][Ligand]/[Complex] 

This binding, like that of an enzyme to its substrate, is based on the concentrations of the 

interacting components and can be described by an equilibrium constant (Kd). Scatchard 

analysis (26) of receptor ligand binding allows an estimation of both the dissociation 

constant Kd and the number of receptor-binding sites. When binding has reached 

equilibrium, the total number of possible binding sites, Bmax, is equal to the number of 

occupied sites, represented by [R], plus the number of occupied or ligand-bound sites, 

[RL]; that is, Bmax = [R] + [RL]. The number of unbound sites can be expressed in terms 

of total sites mines occupied sites: [R] = Bmax - [RL]. Rearranging to obtain the ratio of 

receptor-bound ligand to free (unbound) ligand, we get [Bound heme]/ [Free heme] = 

1/Kd(Bmax-[RL] (27).      

  In the fluorescence spectra of PhuW, tryptophan fluorescence was monitored at 353 to 

354 nm (varying with protein concentration). As indicated in Figure 2.8, binding of 

hemin to the protein results in quenching of the fluorescence at the near UV region. This 

allows the verification of the 1:1 stoichiometry (Fig. 2.8 (C)) of the heme binding 

reaction obtained by the aforementioned UV-vis spectroscopy (26). Scatchard analysis 

(Figure 2.8 (A) and (B), ) gave a linear plot with  dissociation constants for heme of 81 

nM, respectively, indicting strong binding . 
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Figure 2.8: Fluorescence spectra of hemin titration to PhuW in 50 mM potassium 

phosphate buffer (pH 7.2). (a) Fluorescent quenching by hemin (374 µM hemin was 

titrated to a solution of 550 µl PhuW (3.41 µM) with sequence addition of 1 µl heme); (b) 

Scatchard plot for hemin binding to PhuW. (c). Fluorescence intensity of PhuW at 353 

nm as a function of the molar ratio of heme vs. PhuW, suggesting a 1:1 stoichiometry. 

 

2.4.6 Far-UV CD Spectrosccopy and Secondary Structure 

CD spectroscopy is a valuable method for the characterization of protein structures in 

solution. This due to the inherent information content of the far-UV CD spectra (between 

190-250) which based on the difference in absorption of the left-handed and right-handed 

circularly polarized light at the protein backbone. The two most prominent peaks in the 

Far-UV CD spectra of proteins take place at 190 nm (associated π π* transition) and 220 

nm (associated with the n π* transition). Other methods are based on the assumption that 

the spectra are a linear combination of reference spectra for the five secondary structure 

types (helical conformation, parallel and antiparallel β-sheet, β-turn and random coil). 

The secondary structure of PhuW was monitored by CD spectroscopy in the far-UV 
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spectral region (190-250 nm). CD spectroscopy was also performed to determine the 

effect of heme binding on the secondary structure of  PhuW (28). The CD spectra of 

PhuW are shown in Figure 2.9. Both in the absence of and in the presence of heme, 

PhuW is predominantly α-helical, displaying characteristic minima at 208 nm and 222 

nm. Addition of heme to PhuW solution up to 2:1 molar ratio did not lead to any 

significant changes of the far-UV CD spectrum, suggesting that specific heme binding 

does not affect the secondary  structure  of  PhuW appreciably. 
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Figure 2.9: Far UV CD spectra of PhuW at 25 ˚ C in 50 mM mM potassium 

phosphate buffer, pH 7.2. Blue solid line, CD spectra of apo-PhuW (7.2 µM) prepared 

from cold acid-acetone heme-extraction method. Black dashed line, holo-PhuW (9.1 µM) 

prepared by addition of 1 equivalent hemein into PhuWsolution. Little change far-UV 

CD spectra was monitored when titration hemin to the PhuW suggesting hemin binding 

to the apo-form does not affect significant secondary structure changes of apo-PhuW.   
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2.4.7 Secondary Structure Prediction and Sequence Analysis  

The PSIPRED predicted secondary structure of PhuW is displayed graphically in Figure 

2.10. The prediction suggest that PhuW contains mainly α-helix with several short β- 

sheets and a few random coils.   
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Figure 2.10: The predicted secondary structure of PhuW are indicated above. This 

prediction is based on PhuW sequence using on PSIPRED predictions at the Protein 

Structure Prediction Server (http://bioinf.cs.ucl.ac.uk/psipred). 

http://bioinf.cs.ucl.ac.uk/psipred
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The PhuW homologs found in the BLAST sequence database are derived from several 

prokaryotes including putative inner membrane lipoprotein [Escherichia coli UTI89], 

iron(III) ABC transporter [Azotobacter vinelandii DJ], conserved hypothetical protein 

[Serratia odorifera DSM 4582], Chain X, cofacial heme binding to ChaN which is an 

iron regulated lipoprotein from Campylobacter Jejuni. Sequence homologies between 

each of the classes are rather low with only 30 to 40% sequence identity. None of these 

proteins has been biochemically characterized, except for the one from Campylobacter 

Jejuni (shares 30% sequence identity with PhuW ) which has been reported recently (29).  

A structural homology search using ExPASy data base (http://www.expasy.org/) showed 

that none of these PhuWs, except for ChaN, are yet structurally characterized and do not 

share any significant homology with any protein. The crystal structure of holo-ChaN 

reveals that ~ 18% of the heme surface is exposed to solvent. The corresponding value of 

23 % is observed for heme bound to hemophore HasA, in which Tyr and His provide 

axial ligand to a single heme group. Analyses of the sequences (Figure 2.11) suggest that 

the N-terminal sequences are more conserved. One Tyr residue, Tyr166 is found to be 

strictly conserved in all these sequences. The C. Jejuni contains Tyr148, His176, Leu178, 

Leu186, Leu190, Lys197, Lys189, among which, Tyr148 and His176 are conserved with 

PhuW from other species. Tyr148 is coordinated to the heme iron in the crystal structure 

of ChaN (30), suggesting that Tyr166 in P. aeruginosa is likely to be a heme ligation 

residue. 

 

http://www.expasy.org/
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Figure 2.11: Multiple sequence alignment has been performed for PhuW using 

ClustalW.2.0 program. Fully conserved residues are marked with asterisk, strongly 

conserved amino acids with colons, and weakly conserved residues with periods. The 

highly conserved Tyrosine166 is likely heme-ligating ligand.  

 

Homology modeling of the 3D structure of PhuW suggests that it is most likely similar to 

the crystal structure of ChaN (Figure 2.13. Both the homology structure of PhuW and the 

ChaN structure involve two domains that form a cleft and are linked by a loop and an α-
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helix. Domain Ι in the predicted structure of PhuW comprises of an five-stranded β-sheet 

sandwiched by nine α-helices. All of the β-sheet strands seem to be parallel to each other. 

β-1 and β-2 consist of the N terminal and C terminal residues of polypeptide chain. 

Domain II takes place 3 α-helices (α-6, α-7 and α-8 helixes) arranged in a bundle. In the 

mixed α-helices, α-7 helix is antiparallel. The conserved heme-binding Tyr residue (Tyr 

166 in PhuW and Tyr148 in ChaN) is located on  α-6 in domain II. 

                      

                                                                     (A) 

                                                                                                                    

                                                                     (B) 

Figure 2.12: The Homology Structure of PhuW and Crystal Structure of ChaN. (A) The 

homology structure of PhuW, which was constructed from CPHmodels-3.0 server using 

PyMOL program. (B) The crystal structure of ChaN. Tertiary structure shows the 

location of heme-coordinating Tyr 148 and N and C termini. 

Y166 
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The cytoplasmic protein HemS from Yersinia enterecolitica has been indicated to play a 

role  in preventing heme toxicity. In a recent  study, PhuS in P. aeruginosa has been 

shown facilitating the transfer of heme to heme oxygenase (80). 

 

The crystal structure of ChaN (Figure 2.12 reveals that it is composed of a large parallel 

β-sheet with flanking α-helices and the heme is coordinated by a single tyrosine from one 

monomer. The EPR spectrum demonstrates that it contains a five-coordinate ferri heme 

center with a proximal Tyr ligand, while the spectrum at alkaline pH is more complex 

(30).  

2.5 Conclusions 

 

The inner membrane heme transport protein PhuW from P. aeruginosa has been cloned 

and over-expressed in E. coli. PhuW binds heme in a 1:1 stoichiometry (Kd ~ 81 nM). 

CD spectroscopy of Phuw suggests α-helical-rich protein. Formation of heme complex 

does not affect the secondary structure of the protein appreciably. Heme is 5-coordination 

in PhuW and Tyr166 is likely the axial ligand.  
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CHAPTER 3: CLONING, EXPRESSION AND PRELIMINARY    

                         CHARACTERIZATION OF THE INNER MEMBRANE   

                         HEME TRANSPORT PROTEIN PHUV AND THE    

                         OUTER MEMBRANE HEME RECEPTOR PHUR  
 

3.1 Abstract 

The membrane components of the heme transport system, the heme receptor PhuR on the 

outer membrane and the inner membrane heme ABC transporter PhuU (membrane-

spanning domain) and PhuV (nucleotide-binding domain) play significant roles in P. 

aeruginosa heme transport process. In this study, PhuR (wild type and a few mutations   

PhuRF343C and PhuRA527C) and  PhuUV genes have been amplified by PCR (Polymerase 

Chain Reaction) and cloned into pET101D vector, respectively. The positive clones were 

confirmed by enzyme digestion/DNA sequencing.  Wild type PhuR, PhuRF343C, 

PhuRA527C, and PhuUV were over-expressed in E. coli after IPTG induction.  PhuRF343C, 

PhuRA527C and PhuV have been purified by Ni-NTA affinity chromatography.  PhuV 

binds heme at 1:1 ratio was revealed by means of UV-Visible and fluorescence 

spectroscopies, with the binding affinity determined to be (Kd = 564 nM and 107 nM, 

respectively).   To study heme binding/release and heme transport process by Förster 

Resonance Energy Transfer (FRET),  the PhuR mutants were successfully labeled with 

an Alexa Fluor 488 dye. Heme-free (apo) PhuRF343C and apo-PhuRA527C bind both heme 

and Protoporphyrin IX in a 1:1 stoichiometry.  
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3.2 Introduction 

Many Gram negative bacterial pathogens have specific outer membrane receptors that 

sequester heme from free heme or host hemoproteins and deliver it into the periplasmic 

space via a TonB-dependent system (1). There are several outer membrane receptors that 

have been identified to date, involving those that bind the secreted siderophores, 

hemophores, as well as those that directly bind to hemoglobin and the hemoglobin-

haptoglobin complex (1). The Phu heme uptake system in Pseudomonas aeruginosa 

consists of an outer membrane receptor PhuR, an inner membrane heme permease PhuU, 

an ATPase component PhuV, an inner membrane component PhuW, a periplasmic heme 

binding protein PhuT and a cytoplasmic heme protein PhuS (2).  Recently, PhuT and 

PhuS have been characterized at the protein level (3).  In this study, in collaboration with 

Y. Tong in the lab, PhuR, PhuRF343C, PhuRA527C, and PhuUV genes were cloned from the 

genomic DNA of P. aeruginosa via PCR (polymerase chain reactions) and, subcloned 

into pET101D expression vectors. PhuR, the PhuR mutants and PhuUV were over-

expressed with the machinery of the T7 RNA polymerase expression system in E. coli 

BL21 cells. The inner membrane heme-bound protein PhuV and the outer membrane 

heme binding protein PhuR have been purified and characterized at the protein level. 

 

Fluorescence Resonance Energy Transfer (FRET) was first proposed by the German 

scientist Theodor Förster in the 1940s (4). FRET is a dipole-dipole interaction occurring 
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between two dye molecules. When the two fluorophores are spatially in close proximity, 

there is energy transfer between the donor fluorophore and the acceptor fluorophore 

molecules. The emission energy of a donor fluorophore transfers and excites an acceptor 

flurorophore (5,6). The donor molecule fluorescence is quenched, and the acceptor 

molecule is excited (4). There are a few intrinsic fluorophore in proteins (generally 

aromatic amino acids: tryptophan, tyrosine, and phenylalanine) (7). However, these 

amino acids makes FRET study of heme uptake system pathway difficult, because their 

fluorescence quantum yields are weak and less sensitive to the conformational changes 

(8,9). 

 

3.3 Experimental Procedures 

3.3.1 Materials 

Pseudomonas aeruginosa PAO1 genomic DNA was purchased from ATCC (Manassas, 

VA). Directional TOPO Expression kit pET 101 was purchased from Invitrogen 

(Carlsbad, CA). Oligonucleoties were purchased from Qiagen Operon (Alameda, CA). 

Enzymes and reagents were purchased from Stratagene and Fermentas. Alexa® Fluor 

488 (AF-488) C5-maleimide was purchased from Invitrogen (Carlsbad, CA). Hemin 

porcine was purchased from Sigma. Sn (IV) protoporphyrin (IX) dichloride was 

purchased from Frontier Scientific. Disposable PD-10 desalting columns were purchased 

from GE Healthcare life sciences. N-lauroyl-sarcosine and n-octyl polyoxyl ethylene (O-
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POE) were purchased from Fisher Scientific and Bachem Americas, Inc., respectively. 

All other kind of chemicals were purchased generally from Fisher and Sigma. 

 

 

3.3.2 Cloning of PhuR Gene and Construction of Expression Vectors 

The gene coding the putative outermembrane heme-binding protein PhuR from bacterial 

pathogen P. aeruginosa was amplified from genomic DNA (PAO1 strain from ATCC) 

with Polymerase Chain Reaction (PCR). The following oligonucleotides (Qiagen Operon, 

CA): 5’-CACCATGCCGCTCTCCCCGC-3’ (Tm: 70 ˚C) and 5’-GATGTCCCAGACC 

AGGTTGACCGC-3’ (Tm: 70 ˚C) were used as the forward and reverse primers to 

amplify PhuR gene with stop codon truncated in order to be fused with a downstream 

His-tag sequence on the vector. The PCR products were then directly cloned into pET 

101/D-TOPO® vectors (Invitrogen, Carlsbad, CA) including a built-in V5 epitope and a 

polyhistidine (6xHis tag) region followed by a stop codon. The PCR cycling conditions 

were as follows: initial denaturation at 98 ˚C for 30 seconds, 35 cycles consisting of the 

denaturation step at 98 ˚C for 10 seconds, the annealing step at 72 ˚C for 85 seconds, and 

the extension step at 72 ˚C for 10 min. 

 

3.3.3 Cloning of PhuUV  

The following primers 5’-CACCATGGTGTTGGTCCTCTGGTTGTC-3’ (Tm: 69 ˚C) 

and 5’-ACGGGCGACGATCAGCGGATG-3’ (Tm: 68 ˚C)(Qiagen Operon, CA) were 
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attempted in the PCR to amplify the PhuUV gene. The stop codon for PhuUV was 

truncated in order to be fused with a downstream His-tag sequence on the vector of  

pET101/D-TOPO® (Invitrogen, Carlsbad, CA). The PCR cycling conditions for PhuUV 

were as follows : initial denaturation at 98 ˚C for 35 seconds, 30 cycles consisting of the 

denaturation step at 98 ˚C for 15 seconds, the annealing step at 60 ˚C for 20 seconds, and 

the extension step at 72 ˚C for 56 seconds; additional elongation for 10 min at 72 ˚C was 

performed.    

 

The TOPO cloning products were then transformed into TOP10 One ShotTM competent 

E. coli cells (Invitrogen, CA) and then plated on LB (Luria-Bertani) plate containing 100 

µg/ml ampicilin at 37 ˚C overnight. Single colonies on the plate were inoculated in each 

of 5 ml small-scale culture in LB medium with shaking 220 rpm  at 37 ˚C overnight. 

Plasmid DNA were isolated from these cultures using QIAprep® Spin Miniprep kit 

(Qiagen, CA) and then screened by restriction enzymes either SacI/XBaI, or PstI 

(Fermentas, Canada) double digestion followed by agarose gel. Positive plasmid DNAs 

were confirmed by DNA sequencing at Cornell University Life Sciences Core 

Laboratories, (Cornell, NJ). 

    

3.3.4 Preparation of Site-Directed Mutants of PhuR 

DNA constructs of PhuRF343C and PhuRA527C mutants were successfully amplified using 

PCR from PhuRWT plasmid DNA aforementioned. Site-directed mutagenesis was 

performed on the vector pET101/D using a QuickChange site-directed mutagenesis kit 
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(Stratagene, CA). The forward mutagenic primers: 5’-GCGACCCGCGAGTGCTACTA 

CCCGATC-3’, 5-GATTCGAGAACCTGCAGTG CGGCTACCACATCGAGCC-3’, 5’-

GGCTTCGGCGCTGTGCCCGGCCAACATC-3’. The entire coding region of the 

PhuRF343C and PhuRA527C mutants constructs was verified by DNA sequencing. Positive 

clones were screened by Pst I digestion.  

3.3.5 Over-Expression and Purification of PhuR and PhuV 

The outer membrane proteins PhuR and mutant PhuRs were over-expressed and 

produced in BL21 (DE3) E. coli cells using expression vector Pet101/D vector  

following plated on LB plate containing 100 µg/ml ampicilin at 37 ˚C overnight 

incubation. 5 ml LB medium cultures containing 100 µg/ml ampicilin were prepared by 

inoculation of a single colony. These cultures were shaken horizontally at 220 rpm at 37 

˚C overnight and used to inoculate large LB medium. Wide-type and mutant PhuRs were 

induced at 1mM isopropyl-beta-D-thiogalactoside (IPTG) at 20 ˚C for about 18 hours 

when optical density showed growing the cells between 0.6 and 0.8. The cells were 

harvested by centrifugation at 3000 rpm for 45 minutes and pellets were collected and 

stored at -20 ˚C for protein purification. The cells were thawed on ice about 10 min and 

resuspended in 20 mM potassium phosphate buffer (KPB), pH 7.3 containing 500 mM 

NaCl, lysozyme (3g/liter), 1 mM PMSF, tiny amount of DNase and RNase, and 1% (w/v) 

N-lauroyl-sarcosine and subsequently sonicated on ice for one min, alternating the power 

between on (0.5 second) and off (1.5 sec); this step was repeated 3 more times for a total 

of 3 min. The solution was centrifuged at 18, 000 rpm for 45 min. The part of supernatant 

was separated and the cell pellets were solubilized in 20 mM KPB, 500 mM NaCl, 1 mM 
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PMSF and 7% octyl-polyoxyethylene (O-POE), and then sonicated on ice for 10 min. 

After a 1 hour incubation on a rotator at room temperature, the solution was centrifuged 

before loading the supernatant onto Ni-NTA affinity column. From this point, all buffers 

contained 1%O-POE. Proteins were rinsed with a linear gradient of 10-1000 mM 

imidazole concentration in 20 mM KPB, 100 mM NaCI and 1% O-POE. PhuR proteins 

were eluted at 100 mM imidazole analyzed by SDS-PAGE. Fractions including PhuR 

were concentrated using an Amicon Ultra concentrator (Milipore, MA). PD-10 desalting 

column was used to change the buffer as necessary (3).  

 

Wild-type recombinant PhuV was over-expressed in BL21 (DE3) E. coli cells and 

purified by Ni-NTA metal affinity chromatography. The cell pellet was resuspended in 

50 mM KPB (pH 7.3), 300 mM NaCl, 1 mM PMSF, 1mM benzamidine, 2.5% DM (n-

Decyl-beta-D-maltopyranoside), tiny amount of DNase and RNase, and then sonicated on  

ice. The PhuV protein fractions were collected by centrifugation at 18, 000 rpm for 45 

min. Supernatant  was loaded onto Ni-NTA affinity column. The column was pre-

equilibrated with 50 mM KPB, 300 mM NaCl , and 0.1% DM. Proteins was eluted at 50 

mM imidazole concentration. 

  

3.3.6 Labeling of PhuR Mutants with AF-488 C5-Maleimide  

To perform fluorescent measurements, PhuR mutant proteins were purified and labeled 

with AF-488 maleimide (Chemical structure shown in Fig. 3.1). Fluorescent labeling was 

done using a standard procedure for the thiol-reactive probes conjugation to PhuRA527C 
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(10).  Briefly, 59.55 µM PhuRA527C mutant protein was dissolved in 250 µl 20 mM KPB, 

100 mM NaCl, 1% O-POE buffer (pH 7.3) at room temperature. At this pH point, the thio 

groups in the PhuRs are efficiently nucleophilic so that they could react with AF-488 

maleimide. A 10-fold molar excess of reducing agent TCEP (tris-(2-carboxyethyl) 

phosphine) was added to the solution to reduce the sulfide bonds in the proteins to 

liberate free thiols (11). In a typical labeling  reaction, 1-10 mM AF-Alexa 488 

maleimide stock solution in DMSO was freshly prepared (molar extinction coefficient 

71,000cm-1M-1 at 494 nm). A 10-fold molar excess of AF-488 maleimide was  added 

dropwise to the protein solution as it was in stirring. The reaction of the maleimide 

double bond with thiol group in the protein was allowed to proceed overnight on ice. A 

60-fold molar excess of glutathione was added to consume excess thio-reactive reagent, 

subsequently passing through PD-10 gel filtration column (12). 

 

       

                   

Figure 3.1: Chemical structure of AF-488 maleimide. 
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3.3.7 Fluorescence Spectroscopy and Binding Affinities 

 To determine the binding affinities between PhuRs, PhuV and heme, addition of heme or 

protoporphyrin IX to purified apo-PhuRs and PhuV were carried out at 25 ˚C in 20 mM 

KPB, 100 mM NaCl, pH 7.3 and measured by steady state fluorescence emission spectra 

on a Perkin-Elmer LS55 luminenscence spectrometer with excitation wavelengths at 495 

nm. The dissociation constants (Kd) were calculated by Scatchard plots as forementioned 

(13). 

 

3.3.8 Heme Staining 

Heme staining of proteins separated by sodium dodecyl sulfate (SDS)-15% 

polyacrylamide gel electrophoresis was carried out with o-dianisidine (Sigma) as the 

substrate as described previously (14). 

 

3.3.9 Reduction of PhuV 

Reduction of PhuV was recorded by UV-vis spectroscopy in 20 mM sodium phosphate 

buffer (pH 7.3) on a Perkin-Elmer (Lamda 25) spectrophotometer. The reduced form of 

PhuV (1-10 µM) was obtained by addition of sodium dithionite (20 mM).  
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3.3.10 Reconstitution of PhuV with Hemin and UV-visible Spectroscopy 

In order to determine if the PhuV protein  can bind heme and to probe if it can bind Fe-

free protoporphyrin IX, titration experiments were performed in 20 mM sodium 

phosphate buffer (pH 7.3) and recorded by UV-vis spectroscopy. All the experiments 

were performed with 1-cm cuvettes on a computer controlled Perkin Elmer Lambda 25 

spectrometer at  25 ˚C. UV-visible spectra after addition of heme (208 µM) to PhuV were 

monitored immediately and at different time intervals. The range used for the spectrum 

was 800 –250 nm. To calculate the amount of holo-PhuV in the sample the absorbance at 

the Soret band was measured. All heme solutions were freshly made in 0.1 M NaOH and 

the molar absorptivity used was ε385 value of 58,440 M-1cm-1 (15). 

    

3.4 Results and Discussion 

3.4.1 Cloning of PhuR and PhuUV Genes 

PhuR (2.3 kb) and PhuUV (1.7 kb) genes were successfully amplified by PCR (Figure 

3.2) from Pseudomonas aeruginosa genomic DNA and cloned into pET101D Topo 

vectors. DNA construct were excised from the agarose gel and extracted with 

MinEluteTM Gel Extraction Kit (Qiagen, CA).  
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3.4.2 Pst I Digestion of PhuR- and PhuUV-pET101/D Plasmids 

Positive clones were screened by PstI digestion (Figure 3.3) of the plasmids. PstI has a 

single-cut on the PhuR and PhuUV at 1577/1573 and 1519/1515, respectively; it has also 

a single-cut on the pET101/D vector at 1489/1485. 

 

 

 

                                             PhuR                   Marker     PhuUV 

                                  
 

Figure 3.2: Agarose Gel of PhuR and PhuUV. Agarose gel indicating the PhuR and 

PhuUV genes that were successfully amplified by PCR. DNA markers from top the 

bottom: 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.2, 1.5, 2.0, 3.0, 4.0, 6.0, 8.0, 10.0 

(kb).      

 

The new constructs are named as pET101D/ PhuR that are confirmed by PstI enzyme 

digestion (6 kb and 1.9 kb DNA fragments in Figure 3.3) and as pET101D/PhuUV that 
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are confirmed by PstI digestion (6 kb and 1.4 kb DNA fragments in Figure 3.3). These 

constructs were also confirmed by DNA sequencing at CLC. 

 

        

          

 

              

 

 

                 PhuUV                 Marker         PhuR               

   

Figure 3.3: PstI digestion of PhuR-pETt101/D and PhuUV-pET101/D. Agarose gel 

showing the restriction endonuclease (PstI) digestion of PhuR-pETt101/D and PhuUV-

pET101/D. DNA markers from top the bottom: 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 

1.0, 1.2, 1.5, 2.0, 3.0, 4.0, 6.0, 8.0, 10.0 (kb).      
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3.4.3 Purification of Wild-type PhuR and PhuV 

In order to characterize their heme binding properties in vitro, the outer membrane 

protein PhuR and the inner membrane protein PhuV were overexpressed in E. coli BL21 

(DE3) cells. Overexpressed PhuR or PhuV protein represented the major band on SDS 

Polyacrylamide gels in extracts of E. coli BL21 (DE3) transformed with the vectors. 

Wild-type PhuR and PhuV were purified as a 70 kD and as a 30 kD protein, respectively, 

in agreement with the predicted molecular weights for each proteins (Figure 3.4). 

 

            

           

 

           

           kDa        Mk    PhuR                             PhuV        Mk     kDa                                                        

                                   
                             

       Figure 3.4: SDS-PAGE of Purified PhuR and PhuV. SDS-PAGE of the purified      

       PhuR (left); and PhuV proteins (right). 

                                                                                                                 
3.4.4 Mutagenesis Study of PhuR 

In many organisms, the study of developmental processes has made remarkable advances  
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with the use of mutants, which are excellent tools to elucidate protein functions. With the 

help of mutants, it has been possible to identify and clone numerous genes involved in 

many different aspects of heme bacterial proteins development. Phe 343, Ala 527, and 

Ala 742, which are located on the surface of the PhuR homology model, were chosen for 

mutagenesis to cys (Figure 3.5) residue for site-specific dye labeling. In order to have an 

effective FRET, the donor and acceptor molecules must be in close proximity (Typical 

10-100 Å). The distances of the cys residues of PhuRF343, PhuRA527 and PhuRA742 to 

G118, a site close to the predicted heme-binding site in phuR,  are measured as 17.7 Å, 

15.9 Å and 21.5 Å, respectively. 

                              (A)                                                                        (B) 

 

Figure 3.5: Homology model of PhuR mutant Proteins. Structure model of PhuR was 

indicated in cartoon (A) and sphere (B) model. F343, A527 and A 742 labeled in red, 

magenta and blue color, respectively. PhuR mutant proteins homology model were 

constructed with SWISS-MODEL (11,12). 
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3.4.5 Cloning and Purification of Mutant PhuR Proteins 

The PhuR variants F343C, A527C, and A742C plasmids were cloned by PCR using 

QuickChange site-directed mutagenesis kit (Stratagene, CA). Positive clones of the PhuR 

mutants were subjected to restriction by PstI enzyme (Figure 3.6) and DNA sequencing. 

 

 

 
1     2     3      4      1      2     3      4     5    MK    1     2      3     4 

F343C                      A527C                               A742C 

 

Figure 3.6: PstI digestion of PhuR mutants, F343C, A527C, and A742C. DNA markers 

from top to the bottom: 10.0, 8.0, 6.0, 4.0, 3.0, 2.0, 1.5, 1.2, 1.0, 0.9, 0.8, 0.7, 0.6, 0.5, 

0.4, 0.3, 0.2, 0.1 (kb). 

 

The mutant proteins of PhuR were purified by using a Ni-NTA affinity column. The 

purified proteins were analyzed by SDS-PAGE method and stained by Commassie Blue. 
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                              (A)                                                          (B) 

Figure 3.7: SDS-PAGE gel picture of PhuRA527C (A); PhuRF343C (B).  

 

3.4.6 FluoresceMnce Spectra and Binding Affinities of Heme/Protoporphyrin   

          to PhuR and PhuV 

Fluorescence spectroscopy was applied to study ligand binding and to detect 

conformational changes as well as to calculate binding constants. Fluorescence 

spectroscopy measurements were carried out on a Perkin-Elmer LS55 luminenscence 

spectrometer at 25 ˚C in 20 mM KPB, 100 mM NaCl (pH 7.3). To determine the heme 

binding affinities of  purified  PhuRF343C, PhuRA527C and PhuV proteins, titrations of 

diluted protein samples with the addition of heme or protoporphyrin IX were monitored 

by steady state fluorescence emission. The mutant PhuR proteins A527C (Figure 3.8), 

F343C  (Figure 3.9) and the inner membrane protein PhuV (Figure 3.10) bind heme or 

protoporphyrin IX at a 1:1 ratio. The dissociation constants (Kd) were calculated by the 
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method of Scatchard plots for  PhuRA527C of 108 nM, PhuV of 107 nM and  PhuRF343C 

heme and protoporphyrin IX of 69 nM and 181 nM, respectively. (13).   

 

 

Figure 3.8: Fluorescence Heme Titration to PhuRA527C. Fluorescence spectra of titration 

of aliquots of heme (0.155 µM to 1.39 µM)  to the outer mutant membrane protein 

PhuRA527C (0.568 µM) in 20 mM sodium phosphate buffer, pH 7.3,  in the presence of 

1% O-POE detergent. 
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Figure 3.9: (A) Fluorescence Heme/Protoporphyrin Titration to PhuRF343C. Fluorescence 

spectra of titration of aliquots of heme to 0.172 µM PhuRF343C in 20 mM sodium 

phosphate buffer (pH 7.3), 1% O-POE at 25 ˚C. Fluorescent quenching by 222 µM hemin 

(from 0.40 µM to 4.44 µM) was added to a solution of 550 µl PhuR in 20 mM KPB, 100 

mM NaCl (pH 7.3) with increasing increments of 1 µl); (B) Fluorescence spectra of 

titration of aliquots of protoporphyrin IX (58.6 µM, prepared in 0.1 NaOH) to 0.089 µM 

PhuRF343 (from 0.105 µM to 1.05 µM, at 0.105 µM increments). 
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Figure 3.10: A) Fluorescence Heme Titration to PhuV. Fluorescence spectra of 201.5 

µM heme aliquots titrated to inner membrane heme protein PhuV (1.566 µM) in 20 mM 

KPB, 100 mM NaCl (pH 7.3). B) Scatchard plot analysis of PhuV binding heme. C)   

PhuV saturation curve at a 1:1 ratio. 

3.4.7 Heme Staining Assay 

To determine whether PhuV binds heme, heme staining assay was performed.  After 

heme treatment, samples were subjected to native-PAGE. The gels obtained from native-

PAGE were subjected to heme staining with o-dianisidine or to protein staining with 

Coomassie Blue R-250 as described (16). The untreated PhuV samples showed one band 

on the native PAGE with Coomassie Blue staining but is negative to heme staining  

(lanes 1 and 4 in Figure 3.11).  The heme-treated samples (lanes 2, 3) migrated slower 

than the untreated sample but are positive to heme staining (lanes  5 and 6 in Figure 

3.11), indicating that the PhuV binds heme in vitro.  
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Figure 3.11: Heme Staining Assay. PhuV was purified by Ni-NTA affinity 

chromatography and subjected to Native-PAGE. Gels were stained with Coomassie Blue 

R-250 (Lanes 1,2,3) and for heme (lanes 4,5,6). Lanes 1 and 4, isolated PhuV; lanes 2,3 

and 5,6, 1, 56 µM PhuV incubated with 242 µM heme at 1:1 ratio and 1:2 in 20 mM 

KPB, 100 mM NaCl (pH 7.3) buffer for 30 minutes.  

 

 

3.4.8 Electronic Spectroscopy and Reduction of Heme Transport Proteins  

The purified PhuV protein (Figure 3.12) displays a sharp band with maxima at ~ 412 nm 

in UV-visible spectrum, characteristic of Soret band for a hemoprotein, as well as three 

additional weaker broad bands at ~ 530, 567, and 643 nm, attributable to β/α bands and 

ligand to metal charge-transfer (LMCT) band between the porphyrin and high-spin Fe 

(III) (18), respectively. The UV-vis spectrum resembles hemoproteins with  His as axial 

ligand, e.g. myoglobin (19).  In order to further probe this, imidazole was added to the 

sample.   After adding even large excess of imidazole to the PhuV solution (Figure 3.13), 
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little change to the Soret band was observed. Only minor increase in intensity of the β/α 

and CT bands was observed. This is in contrast to those observed for PhuT and PhuW, 

where addition of imidazole causes major changes to the soret bands and β/α and CT 

bands. This data provides strong support for histidine imidazole as the axial ligand to the 

ferric heme iron in PhuV (17,18).  
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Figure 3.12: UV-Visible absorption spectra of 12.7 µM the holo-PhuV (solid line), 

indicates the Soret (β band, α band and charge-transfer band in 20 mM potassium 

phosphate buffer (pH 7.3)). 

 

Sodium dithionite was added to generate reduced PhuV spectra. The spectrum of PhuV 

with its heme iron in the Fe+2 oxidation state, obtained upon addition of sodium dithionite 
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(Figure 3.14), shows the Soret band at 425 nm, the α band and β bands at 528 and 560 

nm, respectively and no absorption near 643 nm, as expected. The β band decreases and 

the α band increases in intensity. This spectral behavior implies that the PhuV heme is, 

when oxidized, in a high spin configuration (19).    

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13: PhuV Imidazole Titration. PhuV (12 µM, solid line) reacts with large 

excess of imidazole (0.5 M, dashed line) in 20 mM KPB 100 mM NaCI pH 7.3. 
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Figure 3.14: UV-vis spectra of reduction of 14.2 µM PhuV by sodium dithionite (20 

mM) in 20 mM KPB, 100 mM NaCI pH 7.3.  

3.4.9 Reconstitution of PhuV with Hemin    

PhuV and hemin were used to reconstitute holo-PhuV in vitro. Upon reconstitution with 

heme the Soret maximum of the heme-PhuV complex occurs at 412 nm at pH 7.3, with 

visible bands at 530,567 and 643 nm (Figure 3.15). PhuV at a concentration of 7.5 µM 

was treated by incubating at room temperature for at least for 30 min with 10 µM hemin. 

The absorbance spectra were monitored from 200 to 800 nm by subtracting the 

absorption due to hemin in the buffer.  The sprectra of hemin at similar identical 

conditions were also monitored. The PhuV showed strong absorption peaks at 412 nm 

while the maximum absorbance of free hemin was at 392 nm (Figure 3.15). To 

determine the protein-hemin stoichiometry  and binding constant, successive aliquots (1 

µl) of 208 µM hemin were added to the sample cuvette, which contained 8.9 µM PhuV, 
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and a reference cuvette containing 20 mM potassium phosphate buffer alone. Spectra 

were monitored 10 min after the addition of each hemin aliquot. Spectrophotometric 

titration indicated a progressive increase in absorbance at 412 nm (Figure 3.16). Plotting 

the spectral changes observed at 412 nm versus the hemin concentration yielded a 

saturation curve, and the data showed that the PhuV binds hemin in a 1:1 stoichiometry 

(Figure 3.18). Scatchard analysis gave a linear plot with a binding affinity (Kd = 564 nM) 

(Figure 3.17).  
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Figure 3.15: UV-Vis Absorption Spectra of apo- and holo-PhuV. UV-Vis absorption 

spectra of 10.4 µM hemin alone (dashed line), 7.5 µM inner heme permeases protein 

PhuV (dotted line), and hemin-PhuV complex (solid line) in 20 Mm KPB, 100 mM NaCI 

pH 7.3. 
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Figure 3.16: UV-Vis absorption Heme Titration to PhuV. UV-Vis absorption spectra 

showed that the maximum absorbance of free hemin 392 nm shifts to a longer 

wavelength (412 nm) after binding of PhuV to hemin. The absorption spectra of 

increasing concentrations of 208 µM hemin added to PhuV protein (8.9 µM) were 

acquired. 
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Figure 3.17: Scatchard plot analysis of 8.9 µM PhuV binding heme in 20 mM KPB, 

100mM NaCI pH 7.3. 
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Figure 3.18: PhuV Saturation Curve. Plotting the spectral changes observed at 412 nm 

versus the hemin/PhuV concentrations yielded a saturation curve at a 1:1 ratio in 20mM 

KPB, 100mM NaCI, pH 7.3.  
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Table 3.1: The summary of the characterization of heme binding proteins encoded in the 

P. aeruginosa heme-uptake phu locus  

 

Protein 
name 

Cellular 
location 

Molecular mass 
(Da) 

pI Homologues       
(% identity)  

Putative 
function 

            

PhuR 
Outer 
membrane 84 600  5.7 

Y. enterocolitica 
HemR (24) 

Heme 
receptor 

            

PhuU 
Inner 
membrane 33 600  9.7 

Y. enterocolitica 
HemU (48) 

Heme 
permease 

            

PhuV 
Inner 
membrane 27 500  6.2 

Y. enterocolitica 
HemV (45) 

ATPase 
component 

            

PhuW 
Inner 
membrane 32 900  7.3 

C. jejuni orfW 
product (27) Unknown 

 

 

3.5 Discussion 

 

The ability to transport heme is an significant virulence factor for bacterial pathogens as 

heme is the most abundant source of essential iron in many pathogenic bacteria or 

mammalian host (20,21). Iron uptake system from host heme plays an important role in 

bacterial infections (22). Furthermore, heme is a potent pro-oxidative, promoting the 

light-dependent formation of reactive oxygen species that can cause non-enzymatic redox 

reactions (23). 
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The successful cloning and the biochemical characterization of the inner membrane 

protein PhuW, ATPase component PhuV and the mutation of PhuR proteins from P. 

aeruginosa have been provided more information about the understanding of the 

PhuRSTUVW heme transport system (Table 3.1) and other similar bacterial heme 

transport system. Recently, PhuT and ShuT have been purified and characterized as a 

heme binding protein with crystal structures (24). Also the crystal structure of heme 

bound ChaN, a PhuW analogue in Campylobacter jejuni was expressed and purified.  

ChaN exhibited a clear growth defect using heme as the sole iron source. Additional 

homologues of ChaN are found in many pathogenic bacteria (25). 

 

The heme staining assay results showed that PhuW and PhuV can be produced as apo- 

and heme bound modes. Heme staining of proteins have displayed that PhuW and PhuV 

can bind hemin in vitro.    

 

The ChaN, an iron-regulated lipoprotein from Campylobacter jejuni, has been reported 

recently as the first member of its lipoprotein family to bind heme specifically. PhuW 

shares 30% sequence identity with ChaN (25). Our investigation showed that these two 

heme transport proteins share some similarities, i.e., they both bind one heme per protein 

molecule in vitro. ChaN has a low spin, five-coordinated ferriheme center with a 

proximal Tyr ligand. This proximal tyrosine ligand is Y148 in ChaN and most likely to 

be Tyr 166 in PhuW, as suggested by the multiple sequence alignment studies and the 

homology structure. 



 

 

92 

 

PhuV also binds heme, as revealed by UV-vis and fluorescent titration (Figure 3.16 and 

Figure 3.10, respectively). Scatchard analysis gave a linear plot with a binding affinity 

(Kd) (Figure 3.17) determined. The affinities (dissociation constant Kd) of hemin to 

PhuV were estimated to be 564 nM by UV-vis and 107 nM by fluorescence, respectively. 

The measured Kd difference between the two methods is ca 5-fold. The lower binding 

constant obtained from UV-vis titration is probably due to the  overlap of the soret bands 

of the bound heme and the free heme in the system.  In the fluorescence titration, free 

heme is not interfere with the  protein Trp signal. Thus the binding constant obtained 

from the fluorescence titration is more reliable.   

 

 PhuR binds heme at 1:1 ratio with affinity at submicromal range.  Kds in the micromolar 

range have also been reported for the serratia marcescens TonB-dependent heme 

receptor HasR and the Porphyromonas gingivalis outer membrane heme receptor HmuR 

(26). The affinity of P. damselae subsp. piscicida HutB to the ligand appears weaker 

than the periplasmic hemin binding protein PhuT of P. aeruginosa.  

 

These biochemical features for the bacterial outer membrane heme receptor PhuR, inner 

membrane protein PhuW and ATPase component PhuV will contribute to a better 

 understanding of the bacterial heme transport pathway.  
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3.6 Conclusions 

PhuR, PhuUV genes were amplified by PCR and cloned into pET101D vectors and  

confirmed by DNA sequencing. PhuR and its variants, and PhuV were purified by Ni-

NTA affinity chromatography. PhuR and its variants bind heme at 1:1 ratio with high 

affinity.  In vitro study indicates that PhuV also binds heme in a 1:1 stoichiometry with 

affinity at submicromolar. Histidine appears to be the heme ligands in PhuV.   
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