University of Massachusetts Dartmouth

Department of Chemistry and Biochemistry

Cloning and Characterization of Heme Transport Proteins
on the Outer and the Inner Membranes of

Pseudomonas Aeruginosa

A Thesis in
Chemistry
by

Hasan Ilhan

Submitted in Partial Fulfillment of the
Requirements for the Degree of

Master of Science

May 2011



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 ina 1:1
stoichiometry (K4~ 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



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 PhuR"*¢ and PhuR**?’) 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 Forster 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 (PhuR™*€ and PhuR*?’). The fluorescence intensity of the AF-donor is quenched
when the protein binds to heme (the acceptor) and it is found that apo-PhuR™*€ and apo-
PhuR*%?7¢ 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, H> production,
oxygen transport, gene regulation, and DNA biosynthesis (2,5). Iron mainly exists in two
oxidation redox states either the oxidized state Fe*" or the reduced state Fe?*, 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 (H20) (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



stroke and cancer, and several neurological disorders such as Parkinson’s disease,

Alzheimer’s disease and atherosclerosis (11,12).
"OH + HO " Fe(IIT) -
X >< 02
H,0 Fe(ID
29 0,
Net reaction: O, +H,0, — p "OH+OH + O,

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'® 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



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 (Fe?") that is highly reactive and thence useful cofactor in biological
systems. Whereas the oxidized form (Fe*") 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



can also be a source of both iron and porphyrin for the microbes. Recently, by using >*Fe-
labeled heme and *’Fe-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.

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 a-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).



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*?) 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 Fe** 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 (Fe**) 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*?) state is favored at acidic pH and anaerobic
conditions. The iron atom in the heme group must initially be in the ferrous (Fe*")
oxidation state to support oxygen and other gases' binding and transport. This highly

5



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
2+

extremely high affinity for the Fe*" ion (Ka ~ 10°° M) and a much lower affinity for Fe

(103 M.

1.1.2.2 Ferritins

Ferritin, consisting of 24 identical globular protein subunits filled with several thousands
of Fe*" 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).



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 Fe**) (43). Hemoglobin dimers are bound with high affinity (Kq ~ 1072
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 (K4 ~ 10713 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).

Myoglobin - Hemoglobin

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
8



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 ShuASTUYV 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

9



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 /as
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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Fur box Fur box

Pa.

Fur box Fur box

Figure 1.4: Genetic organization of the Aas systems in several bacteria. P.a.,

Pseudomonas aeruginosa; P.f., Pseudomonas fluorescens; Y.p., Yersinia pestis; S.m.,
Serratia marcescens. Hasl 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 (Kq lower than 10 M) (70). The crystal structure of heme-
hasA complex has been characterized at 1.9 A 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 Aas (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 M), it combines
rapidly with hemoglobin where it is delivered to the liver for removal. Hemopexin (12
uM, with a high affinity to heme Kq 10"'*) or Serum albumin (640 pM, Kq 107'®) 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),

Inner Membrane !Periplasm! Cytosol ' !Outer Membrane '

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 B-sheet with flanking a-helices and a smaller domain
consisting of a-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). PhusS 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 B-sheet flanked by a-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% 1identical 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% a- helices, 20-21% of B-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 o-
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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