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ABSTRACT OF THE DISSERTATION 

 

Structural and Molecular Basis of Heme Acquisition by the Gram-positive  
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by 
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Doctor of Philosophy in Biochemistry and Molecular Biology 
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Professor Robert T. Clubb, Chair 

 

 

 

The work described in this dissertation examines how surface receptors in the 

Gram-positive pathogens Staphylococcus aureus and Listeria monocytogenes acquire 

heme from human hemoglobin (Hb). Specifically, it describes studies of conserved NEAr 

Transporter (NEAT) domains present in these Gram-positive pathogens that mediate 

heme and hemoglobin (Hb) binding. The majority of iron in the human body is located in 

heme (ferrous protoporphyrin IX) that is in turn, bound to human hemoglobin within 

erythrocytes. Since iron is an essential nutrient for microbial growth, both S. aureus and 

L. monocytogenes lyse red blood cells and acquire heme bound iron. Research 

described in chapters 2 and 3 investigated the structural basis through which S. aureus 

uses the IsdH protein to bind to Hb and extract its heme. We show that the receptor 
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uses a bi-NEAT domain unit to efficiently extract heme and we define the molecular 

basis through which IsdH binds to Hb. 

Chapter 4 in this thesis describes biochemical and structural studies of the heme 

acquisition system present in L. monocytogenes. This microbe expresses two poorly 

characterized NEAT containing proteins, Hbp1 and Hbp2, which have been previously 

implicated in heme acquisition. Our results indicate that Hbp2 functions as a hemophore 

that binds extracellular heme and then delivers it to Hbp1, a cell wall-associated 

hemoprotein. We demonstrate that Hbp2 scavenges heme using three NEAT domains 

that each bind heme with high affinity. Moreover, the mechanism of heme binding to the 

central NEAT domain in Hbp2 (Hbp2N2) is elucidated by determining the structure of 

Hbp2N2 and the Hbp2N2–heme complex using X-ray crystallography. The combined 

results of this work enable a model of the hemin acquisition mechanism of L. 

monocytogenes to be constructed and to reveal a novel mode of heme binding by a 

NEAT domain. The results of the structural and biochemical experiments presented in 

this thesis shed light onto the mechanism used by Gram-positive pathogens to plunder 

host heme and could facilitate the development of novel anti-infective agents that work 

by preventing heme uptake.    
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Introduction to the Heme Acquisition Systems Present in Staphylococcus 

aureus and Listeria monocytogenes  
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1.1    Overview 

 Staphylococcus aureus and Listeria monocytogenes are Gram-positive 

pathogens that are capable of causing serious illness and death. S. aureus causes many 

life-threatening conditions such as endocarditis, septicemia, osteomyelitis, septic 

arthritis, and toxic shock syndrome (1, 2). Methicillin-resistant Staphylococcus aureus 

(MRSA) is a growing problem, worldwide accounting for at least 25-50% of infectious S. 

aureus isolates (3, 4). Furthermore, in 2005, the Centers for Disease Control and 

Prevention (CDC) estimated that MRSA was responsible for 18,650 deaths in the United 

States, similar to the death toll associated with AIDS, tuberculosis, and viral hepatitis 

combined (5, 6). Worse still, even more recently developed antibiotics are becoming 

ineffective as vancomycin (VRSA), linezolid (LRSA), and daptomycin (DRSA) resistant 

strains have emerged (7-10). L. monocytogenes is a foodborne pathogen that causes 

listeriosis, which is a serious infection that may lead to infection of the central nervous 

system (meningitis, meningoencephalitis, brain abscess, cerebritis) and bacteremia in 

immunocompromised individuals. These infections, although rare, are very serious as 

they have an overall mortality rate of 30% (11, 12). Since L. monocytogenes is capable 

of crossing host barriers with ease, it is necessary to study the mechanisms employed 

by this microorganism for survival and proliferation. Both S. aureus and L. 

monocytogenes require iron for growth, as this element is a key cofactor involved in 

microbial electron transport, activation of oxygen, peroxide reduction, amino acid and 

nucleotide synthesis, DNA synthesis, and photosynthesis (13-18). Iron can be present in 

either its ferrous or ferric form and bacteria have developed ways to acquire it. As a 

result, it is of prime importance to study the mechanisms of iron acquisition, which could 

lead to new therapeutics that work by preventing acquisition of this essential nutrient. 

The goal of this introduction is to review what is currently known about the mechanisms 

through which S. aureus and L. monocytogenes acquire heme.  
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1.2 Staphylococcus aureus and Listeria monocytogenes  

1.2.1 Staphylococcus aureus  

 S. aureus kills an estimated 19,000 people per year and causes a variety of 

illnesses ranging from wound infections to more serious life-threatening diseases such 

as endocarditis, septicemia, and toxic shock syndrome (1, 6). Interestingly, S. aureus is 

present in the anterior nares of approximately 30% of healthy individuals in the United 

States population (19). This phenomenon may lead to spreading of drug resistant strains 

of the bacterium in hospitals, especially since 1-7% of patients are methicillin-resistant S. 

aureus (MRSA) carriers (20). The bacterium generally causes problems when a local 

injury leads to infection, since intradermal infection of human volunteers with seven 

million cocci only resulted in a small pustule, while sutures contaminated with only 

30,000 cocci resulted in abscesses the size of an orange (21).  

 S. aureus is equipped with an array of virulence factors that promote its survival 

in the human host (22). These include, and are not limited to, leukocidins, hemolysins, 

enterotoxins, toxic shock syndrome toxin-1, and aureolysin (22). These toxins include α-

toxin, which is a cytolytic toxin that forms pores in the cytoplasmic membranes of host 

cells, leading to cell lysis (22-24). It also employs Panton-Valentine leukocidin, 

leukocidin D, and leukocidin E that lyse leukocytes, and γ-hemolysin that lyses both 

erythrocytes and leukocytes. The hemolysins allow S. aureus to gain access to the iron 

rich hemoglobin of red blood cells, sustaining its growth in the host. The toxins can have 

broad activity. For example, utilization of δ-hemolysin results in lysing of subcellular 

structures such as membrane-bound organelles, in addition to lysing erythrocytes (25). 

To suppress the immune response, aureus releases the chemotaxis inhibitory protein of 

staphylococci (CHIPS), which prevents neutrophil chemotaxis. Furthermore, it expresses 

Protein A on the cell surface, which binds the Fc region of IgG and renders it resistant to 

phagocytosis (26). Furthermore, S. aureus is able to survive in phagosomes with the aid 
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of carotenoid pigments and superoxide dismutase enzymes that neutralize oxygen free 

radicals (22).  

 

1.2.2 Listeria monocytogenes life cycle and contribution to pathogenesis 

 L. monocytogenes is an intracellular pathogen that causes extremely severe 

foodborne infections. This bacterium infects 2,500 individuals per year in United States 

with a lethality rate of 30% (11). It is particularly deadly because it infects the central 

nervous system (CNS) in humans causing meningitis, meningoencephalitis and 

rhombencephalitis (27). It evades the host’s immune system because of its ability to 

spread intracellularly, using actin to move via membrane protrusions between adjacent 

cells (Figure 1.1). L. monocytogenes uses a receptor on its surface that specifically 

binds to E-cadherin expressed on the surface of epithelial cells and initiates bacterial 

uptake via the zipper mechanism (Figure 1.1a) (28). Once the bacterium is encapsulated 

in a phagocytic vacuole, it releases listeriolysin O (LLO), a cholesterol-dependent 

cytolysin (CDC) toxin that disrupts the host cell membrane of the phagosome. This 

releases the microbe into the cytosol where it replicates (29). Since LLO is optimally 

active at pH 5.5, the plasma membrane of the host cell remains intact as the pH of the 

cytosol is neutral (Figure 1.1a). After selective destruction of the phagosomal 

membrane, the bacterium then spreads from cell to cell by inducing the assembly of 

actin-rich comet tails in the cytosol that form membrane-enclosed protrusions that are 

engulfed by neighboring cells (Figure 1.1) (30, 31). In this way, L. monocytogenes is 

able to evade host defense strategies that rely on antibody recognition of cell-associated 

antigens (32).    

Recent studies have shown that L. monocytogenes uses heme as a nutrient. 

Currently, it is largely unknown how heme-iron is acquired. However, it is known that the 
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bacterium possesses hemolysins that completely lyse red blood cells and is therefore, β-

hemolytic (33). This gives the bacterium access to the host’s heme iron reservoirs.  

 

1.3 The nutritional requirement for iron 

1.3.1 Iron in biology 

 Both eukaryotic and prokaryotic cells require iron for survival, with the exception 

of Borrelia burgdorferi and Lactobacillus plantarum (34). Since iron can exist in either the 

ferrous (Fe2+) or ferric (Fe3+) form and since these forms differ greatly in their redox 

potentials depending on the molecules that they are bound to, this makes iron a vital 

element in catalyzing the redox chemical reactions required to sustain life. However, 

under aerobic conditions, iron is typically found in the ferric form. When iron is reduced 

and in the ferrous form, it activates the Fenton reaction and forms hydroxyl radicals that 

are damaging to biomolecules, leading to DNA damage and an increase in spontaneous 

mutagenesis (Equation 1) (35, 36).  

Fe2+ + H2O2  Fe3+ + OH + OH-    (1) 

Furthermore, oxidized DNA products are both mutagenic and carcinogenic and 

represent a threat to human health (37). Biological damage is not limited to DNA. Lipid 

peroxidation may also occur, leading to the formation of peroxyl radicals (ROO), which 

may lead to oxidized DNA base adducts that have been shown to be mutagenic and 

carcinogenic (37, 38). Furthermore, several diseases such as diabetes, atherosclerosis, 

cardiovascular disease, Alzheimer’s, Parkinson’s, chronic inflammation, and several 

cancers have been linked to oxidative stress (37). As a result, vertebrates have evolved 

several mechanisms to sequester free iron. 
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1.3.2 Human nutritional immunity to limit microbial infections 

 In order to prevent microbial infections humans sequester iron intracellularly and 

in proteins, a process called nutritional immunity. The primary method humans employ to 

sequester free iron is by evolving proteins that bind iron and heme (Figure 1.2) (39). The 

oxygen carrying proteins hemoglobin and myoglobin bind iron via a heme prosthetic 

group, thus keeping the iron in complex with the protein. In epithelial cells, the major iron 

chelating protein is ferritin, which is composed of 24 protein subunits that form a hollow 

sphere and is able to bind over 4000 atoms of Fe(III) (Figure 1.2) (39, 40). In the serum, 

the glycoprotein transferrin binds ferric iron with a KD of ~10-22 M, essentially ensuring 

that free iron is unavailable in the blood (Figure 1.2) (41). Lactoferrin is an iron-binding 

protein found in seminal fluid, pancreatic exocrine secretions, tears, saliva, uterine 

secretions, milk, and neutrophils and is involved in both innate and adaptive immunities 

to protect the host from microbes as well as the deleterious effects of inflammation (42, 

43). Hemopexin is a protein in the blood that binds free heme with a KD of ~10-12 M, 

which is then cleared via receptor-mediated endocytosis by the liver (Figure 1.2) (44). 

Haptoglobin, on the other hand, is a dimeric protein in the blood that consists of two 

complement control protein (CCP) and two serine protease (SP) domains (45). The 

three-dimensional structure of haptoglobin bound to hemoglobin has eluded structural 

biologists for several decades until very recently (45). A single haptoglobin molecule 

binds a hemoglobin dimer, and functions to prevent macromolecular oxidation by 

hemoglobin, caused by the formation of radical intermediates on the globin chains.  

Haptoglobin also functions to sequester free hemoglobin from bacterial pathogens (39, 

45).  
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1.4 During infections S. aureus and L. monocytogenes steal iron from 

humans 

To overcome nutritional immunity S. aureus and L. monocytogenes actively 

acquire iron during infections. In order to sustain growth, most prokaryotic pathogens 

require micromolar concentrations of iron (46, 47). However, since the solubility of ferric 

iron is on the order of 10-18 M and the concentration of free iron in the human host is on 

the order of 10-24 M as a result of iron sequestration, prokaryotes have evolved systems 

for extracting iron from their host (47). Siderophore and heme acquisition systems 

appear to be the two main tactics these bacteria utilize to acquire iron from humans. 

They have also evolved mechanisms to either import or reduce ferric iron chelates, 

which are primarily encountered outside of the human host. S. aureus and L. 

monocytogenes siderophore and heme iron acquisition systems are discussed below.  

 

1.4.1 The use of siderophores to acquire iron  

 One approach to acquire iron is to use siderophores, small peptidic compounds 

that possess side chains and functional groups capable of coordinating ferric iron (Figure 

1.3). They are able to coordinate iron with extremely high affinity and association 

constants (Ka) range from 1030 M-1 to 1052 M-1 (47). Siderophores generally bind Fe(III) in 

a hexacoordinated complex and are synthesized by nonribosomal peptide synthetase 

assembly lines (47, 48). In general, siderophores are synthesized in the cytoplasm, 

exported out of the cell, and then captured by receptors that bind the ferric-siderophore 

complex. However, the siderophore uptake machinery differs for Gram-positive and 

Gram-negative bacteria. In Gram-negative bacteria, siderophores that are too large to 

diffuse through outer membrane porins or those that are present at very low 

concentrations require energized transport to move them from the outer membrane into 
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the cytoplasm (49). This type of transport is TonB-dependent and has been well studied 

for the FhuA, FepA and FpvA systems. The TonB transport system consists of a TonB-

dependent transporter (TBDT) that binds the ferric-siderophore complex, a TonB-ExbB-

ExbD complex that transduces the proton motive force of the cytoplasmic membrane 

then causes a conformational change in the TBDT, which releases the complex into the 

periplasm by an unknown mechanism. A periplasmic-binding protein then binds the 

ferric-siderophore complex and transports it to the cytoplasmic membrane, to an ATP-

binding cassette (ABC) transporter that transports the ferric siderophore complex into 

the cytoplasm (Figure 1.4). Much less is known about siderophore uptake in Gram-

positive bacteria, but presumably the siderophores are capable of diffusing across the 

peptidoglycan to the membrane where they are bound by the lipoprotein component of 

specific ABC transporters that subsequently pump the ferric-siderophore across the 

membrane (47, 50).  

Siderophores are responsible for the procurement of iron from the host proteins 

ferritin, transferrin and lactoferrin (39). The host counters this onslaught by secreting 

siderocalin (also called lipocalin 2), which is a mammalian protein that binds ferric-

enterobactin and other catecholic siderophores with high affinity, effectively disrupting 

the bacterium’s ability to acquire iron (Figure 1.5) (34, 51, 52). Bacteria have countered 

this defensive strategy by secreting stealth siderophores, which are modified 

siderophores that are incapable of binding siderocalin (Figure 1.5).  

 

1.4.2 S. aureus and L. monocytogenes siderophore acquisition systems  

 S. aureus utilizes two siderophores, staphyloferrin A (SA) and staphyloferrin B 

(SB), for iron uptake (53-55). Both siderophores are synthesized through the non-

ribosomal peptide synthetases (NRPS)-independent (NIS) pathway and then secreted 

into the extracellular milieu (53). The siderophore-iron complexes bind to ABC 
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transporters, enabling their transport back into the cytoplasm (53, 54). Recently SA 

binding to the membrane-anchored ATP binding cassette-binding protein, HtsA (heme 

transport system), has been demonstrated (56, 57). Grigg et al. obtained the structure of 

HtsA bound to SA in both the open and closed conformations using X-ray 

crystallography, and demonstrated that HtsA had been named incorrectly as it is unable 

to bind to hemin (56). This same group also solved the X-ray crystal structures of the 

homologous lipoprotein surface receptor, SirA (staphylococcal iron regulated), in the 

absence and presence of SB (58). SirA and HtsA are the only known lipoprotein 

receptors for siderophores in S. aureus. 

 L. monocytogenes, on the other hand, is a “cheating” bacterium in that it does not 

synthesize siderophores, but instead encodes cytoplasmic membrane ABC-transporter 

systems that allow it to transport ferric siderophores that are produced by other 

organisms  (14, 16). At the present time, it has been shown the fhuBCDG locus is 

responsible for uptake of the hydroxamate iron complexes ferrichrome (Fc), ferrichrome 

A (FcA), and ferrioxamine B (FxB), and that the deletion of genes within this locus 

prevent L. monocytogenes from acquiring iron from hydroxamate ferric siderophores (14, 

59).  This confirmed the notion that L. monocytogenes, and possibly other Gram-positive 

bacteria, directly acquire ferric siderophores through the activity of cytoplasmic 

membrane permeases alone which is in stark contrast to the strategy employed by 

Gram-negative bacteria (14). L. monocytogenes is also able to acquire iron from 

transferrin, lactoferrin, and ferritin, but the molecular mechanism of this process remains 

unknown (59, 60). L. monocytogenes also possesses several other mechanisms to 

import iron. These include expression of a citrate inducible transporter that imports ferric 

citrate, as well as a cell-surface localized iron reductase that reduces iron-containing 

catecholamines and heterologous siderophores (14, 61, 62). However, the specific 

reductase enzyme has not been identified (14, 61, 63, 64). 
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1.5 The thick peptidoglycan of Gram-positive bacteria and proteins 

attached to the surface 

 Bacteria are classified into two fundamental groups based on the Gram stain, in 

which Gram-positive bacteria keep their initial crystal violet stain and appear purple after 

washing with water, whereas Gram-negative bacteria are decolorized when similarly 

treated (65). This differential staining is a result of the differences in cell envelope 

architecture of Gram-positive and -negative bacteria. Gram-positive bacteria have a thick 

layer of peptidoglycan, whereas Gram-negative bacteria have a thin layer of 

peptidoglycan and a lipid-protein outer membrane (Figure 1.6) (66). In Gram-positive 

bacteria, the peptidoglycan is composed of several layers and gives the cell its shape as 

well as protects it from the outside environment (65). The peptidoglycan (also referred to 

as murein) is composed of glycan chains, cell wall peptides, and cross-bridges (67). The 

fundamental repeating unit of the glycan chains is N-acetylglucosamine–(β14)-N-

acetylmuramic acid (GlcNAc–MurNAc), which in turn is linked to a peptide moiety via the 

carboxyl group of the lactic acid group in N-acetylmuramic (MurNAc) to the amino group 

of alanine (Figure 1.7). The peptidoglycan chains are connected by cross bridges, which 

vary amongst bacterial species (Table 1.1).  

Proteins on the surface of Gram-positive bacteria are covalently anchored to the 

cell wall by sortase enzymes. Sortases display a β-barrel structure with eight β-strands 

and an active site cysteine (68). These enzymes catalyze transpeptidation reactions that 

form an acyl (thioester) bond between the enzyme active site and a residue in the 

sorting signal (Figure 1.8) (69). Proteins destined for the cell wall are synthesized in the 

cytoplasm with a signal sequence at their amino terminus and a sorting signal at their 

carboxy terminus (69, 70). The signal sequence is recognized by the Sec secretion 

system, which is subsequently cleaved off by signal peptidases. Sortases are critical for 
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anchoring proteins of the Iron-regulated surface determinant (Isd) system, which is 

crucial for iron acquisition. In S. aureus, sortase A (SrtA) anchors the hemoglobin 

binding receptors IsdB and IsdH, as well as the heme transport proteins IsdA, where as 

sortase B (SrtB) anchors the heme transport protein IsdC to the cell wall (15). In L. 

monocytogenes, SrtB anchors the Hemin/Hemoglobin binding proteins (Hbp), Hbp1 and 

Hbp2, involved in heme acquisition (14).   

 

1.6 Iron acquisition from heme (hemophores and cell wall anchored 

heme binding proteins) 

Iron in heme is the most abundant source of iron in the human body. Bacteria 

use two basic mechanisms to exploit it. They either produce secreted heme binding 

hemophores that capture heme, or they produce surface displayed receptors that bind to 

either heme or heme-laden host proteins. In Gram-positive bacteria both of these 

mechanisms make use of proteins containing NEAr Transporter (NEAT) domains. Below 

we briefly review what is known about NEAT domains and how they are used to acquire 

hemin in the best-studied Gram-positive pathogens: B. anthracis, S. pyogenes, L. 

monocytogenes and S. aureus.   

 

1.6.1 NEAr Transporter (NEAT) domains 

 Gram-positive bacteria produce proteins containing NEAr Transporter (NEAT) 

domains that bind to heme, and host proteins such as hemoglobin. Initially, NEAT 

domains were predicted to be involved in iron acquisition due their proximity to putative 

Fe3+ siderophore transporters, hence the name (71). However, many biochemical 

experiments have demonstrated without a doubt the involvement of NEAT domains in 

heme acquisition and the binding of human hemoglobin (72). NEAT domains are 
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conserved across Gram-positive bacterial species and are predicted to be composed of 

β sheets (Figure 1.10) (71). The first structure of a NEAT domain was determined by 

Pilpa and colleagues using NMR (73) and revealed that NEAT domains possess an 

immunoglobulin-like fold and are made up of eight β strands. Subsequent 

crystallographic studies revealed that some NEAT domains are capable of binding 

hemin using two conserved Tyr residues, the first of which coordinates the heme iron 

and the second of which stabilizes heme binding via hydrogen bonding to the first Tyr 

(Figure 1.9, colored red and yellow, respectively) (13). The 310 helix, or ‘lip’, is situated 

above the heme and functions to further stabilize binding (Figure 1.9) (13). Since their 

discovery the structures of several NEAT domains in their free and hemin bound states 

have been solved (Figure 1.10) (73-81). However, the mechanism through which they 

bind Hb and transfer heme was poorly understood. 

 

1.7 S. aureus heme acquisition: the Iron-regulated surface determinant 

(Isd) system 

 S. aureus has the best-studied heme acquisition system in Gram-positive 

bacteria.  When S. aureus enters the human circulatory system, it immediately enters an 

iron-restricted environment. The bacterium therefore uses the Iron-regulated surface 

determinant (Isd) system to scavenge the iron that is abundantly present in red blood 

cells in the form of heme bound to hemoglobin (39). The Isd system was discovered 

while searching the genome of S. aureus for SrtA homologs, leading to the discovery of 

SrtB and the isd locus (82). The two sortases differ in that SrtA anchors several different 

proteins, many of which are virulence factors, whereas SrtB only anchors IsdC to the cell 

wall (82). The Isd system is regulated by a ferric uptake repressor (Fur) promoter, which 

upregulates the transcription of Isd proteins in response to iron limitation (Figure 1.11) 
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(83). The transcriptional repressor Fur binds the Fur box when staphylococci are grown 

in iron replete conditions, thereby inhibiting transcription of genes downstream of the Fur 

box (84). S. aureus employs nine Isd proteins, IsdH, IsdB, IsdA, IsdC, IsdDEF, IsdG and 

IsdI, to shuttle heme iron from the outside of the cell into the cytoplasm (Figure 1.12) 

(13, 15, 39, 53, 72, 85, 86). Although SrtA appears to be constitutively expressed, SrtB 

is under Fur regulation as is its substrate IsdC (82). Together, SrtA and SrtB anchor 

IsdB, IsdH, IsdA and IsdC to the peptidoglycan under iron-limiting conditions (Figure 

1.12). Interestingly, isdH is located at a chromosomal locus outside of the main Isd gene 

cluster (Figure 1.11).      

  After gaining access to the bloodstream, S. aureus releases hemolysins that 

result in the rupture of red blood cells, allowing the bacterium to scavenge the heme iron 

(23, 25). Although haptoglobin (Hp) is present in the blood to bind any free hemoglobin, 

this system is most likely overwhelmed upon mass hemolysis (Figure 1.2). This would 

allow the surface-exposed proteins IsdH and IsdB to bind hemoglobin and extract its 

heme. Both IsdH and IsdB contain multiple highly conserved NEAT domains with 

nanomolar binding affinities to both hemoglobin and the haptoglobin-hemoglobin (Hp-

Hb) complex (87-89). The first two NEAT domains of IsdH (IsdHN1 and IsdHN2) and the 

first NEAT domain of IsdB (IsdBN1) are responsible for binding Hb and the Hp-Hb 

complex, whereas the carboxy terminal NEAT domains of IsdH and IsdB (IsdHN3 and 

IsdBN2, respectively) are responsible for binding heme (Figure 1.12) (87, 88). 

Interestingly, IsdHN1 and IsdHN2 bind haptoglobin (Hp) with low micromolar affinity, 

whereas IsdB is unable to bind Hp (88). Furthermore, the structures of IsdHN1 in the 

presence and absence of Hb have been solved, the former being the focus of Chapter 2 

(73, 78). Additionally, it has been shown that non-iron metalloporphyrins are potent 

antimicrobial agents against both Gram-positive and Gram-negative bacteria (90, 91). 

Recently, it has been demonstrated using X-ray crystallography and isothermal titration 
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calorimetry (ITC) that IsdHN3 is able to bind some of these compounds with high affinity, 

which may represent a ‘Trojan horse’ strategy for bacterial killing (92, 93).   

Furthermore, a murine model of abscess formation was used to show that IsdB is 

vital for growth in the spleen and kidneys (94, 95). However, the authors failed to test the 

liver, which harbors the majority of Hp-Hb complexes, resulting in an underestimation of 

IsdH’s contribution to bacterial virulence (96, 97). In addition, IsdH has been shown to 

contribute to staphylococcal virulence, as isdH mutants were engulfed by human 

neutrophils more rapidly and mice infected with a lethal dose of an isdH mutant 

displayed prolonged survival as compared to wild-type bacteria (98). Nonetheless, both 

IsdB and IsdH are likely required for bacterial survival due to their ability to rapidly 

remove heme from Hb (99, 100). The detailed biochemical mechanism of heme 

extraction from human Hb is not known, as many structural and biochemical studies 

have focused on individual NEAT domains. However, data will be presented in Chapter 

3 which strongly suggests that a conserved and structured linker between IsdHN2 and 

IsdHN3 is responsible for positioning the NEAT domains in the ideal geometry to extract 

heme from human Hb (99). After heme is removed from human Hb, it is transferred to 

IsdA or IsdC (Figure 1.12).  

 IsdA consists of a single NEAT domain and is anchored to the cell wall by SrtA. A 

protease-protection study established that IsdA, in contrast to IsdB and IsdH, is not 

surface-exposed but is partially buried within the cell wall (83). This would put IsdA in an 

ideal position to accept heme from either IsdH or IsdB (Figure 1.12). X-ray 

crystallography has been used to elucidate molecular details of IsdA binding in the 

presence and absence of heme (Figure 1.10) (76). Interestingly, it has been shown that 

IsdA is able to bind heme despite mutation of the conserved heme coordinating Tyr 

residue, which is compensated by a His residue situated above the heme molecule in 

the 310 helix (Figure 1.9) (101). Also, IsdA is able to bind Fe(II)-protoporphyrin IX (PPIX), 
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in contrast to IsdHN3 (92, 101). IsdA is unique in that it is a promiscuous protein and is 

able to bind many other ligands in addition to heme, notably, fetuin, asialofetuin, 

fibronectin, fibrinogen, apo- and holo-transferrin, and hemoglobin, binding each with low 

micromolar affinity (102). In addition to binding host extracellular matrix components and 

glycoproteins, IsdA has also been shown to bind proteins present in the envelope of 

human desquamated epithelial cells (namely, loricrin, involucrin, and cytokeratin K10) 

(103, 104). Ultimately, this allows the bacterium to adhere to host cells and promote 

infection. A considerable body of work has focused on IsdA’s ability to bind heme and 

rapidly transfer it to IsdC in vitro (105-107). Furthermore, NMR paramagnetic relaxation 

enhancement (PRE) experiments have demonstrated that IsdA and IsdC form a 

transient, ultraweak affinity ‘handclasp’ complex that juxtaposes their respective 310 

helices and β7/β8 loops in order to rapidly transfer heme (80). 

 The same protease-protection assay that established the cell surface positioning 

of IsdH, IsdB and IsdA, revealed that IsdC is buried within the cell wall (83). It is not 

known if the unique placement of IsdC is due to the fact that it is a SrtB substrate. The 

structure of IsdC bound to heme and Zn(II)-PPIX has been determined using X-ray 

crystallography and NMR, respectively (79, 80). The structure of IsdC in the absence of 

ligand is not known, but NMR experiments have demonstrated that unlike IsdA, the lip 

region of IsdC undergoes motion in the absence of heme (80). Furthermore, IsdC has 

been described as the central conduit for heme transfer in the cell wall since it is able to 

accept heme from IsdH, IsdB, and IsdA (100, 105-107). Heme transfer between 

IsdH/IsdB with IsdC may not be relevant in vivo since the proteins occupy distinct 

locations in the cell wall and may be a result of IsdC’s higher affinity for heme (Figure 

1.12). Additionally, since the cell wall is ~20-50 nm thick and each NEAT domain is ~5 

nm, it is possible that there are multiple copies of IsdA and/or IsdC to allow heme 

transfer across the cell wall. Chromatography experiments have shown that IsdA and 
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IsdC self-transfer, lending support to this hypothesis (108). Stopped-flow and ESI-MS 

experiments have shown that heme transfer is effectively unidirectional, proceeding from 

IsdH/IsdB to either IsdA or IsdC and then from IsdC to IsdE (Figure 1.12) (100, 105, 

106). A recent photo-crosslinking experiment has demonstrated very elegantly that IsdC 

and IsdE form a complex and that heme transfer from IsdC to IsdE is mediated by an 

extended β7/β8 strand and loop that does not exist in IsdA (108). Interestingly, this 

region can be grafted onto IsdA to confer rapid heme transfer from mutated IsdA to IsdE 

(108).    

 IsdDEF is an ABC transporter located in the cytoplasmic membrane and its 

lipoprotein component, IsdE, is responsible for transporting heme from IsdC into the 

cytoplasm (109). The structure of IsdE bound to heme has been solved using X-ray 

crystallography, revealing that it is a member of the helical backbone metal receptor 

superfamily and that it coordinates heme via two ligands (Met and His) (110). It has been 

suggested that heme binding may be loosened through interactions with the 

transporter’s transmembrane permease component (IsdF), resulting in heme import into 

the cytoplasm (110). Interestingly, it has been shown that inactivation of isdDEF does 

not inhibit growth on heme iron when it is present as the sole source of iron, suggesting 

that potentially unidentified heme importers may exist (57, 83). Once imported into the 

cytoplasm, heme can be directly utilized or the protoporphyrin ring may be degraded by 

heme monooxygenases to liberate the iron (86).  

 Once heme has reached the cytoplasm, dimeric IsdG or IsdI degrade the PPIX 

ring to release iron. IsdG and IsdI are over 60% identical and crystal structures of an 

inactive IsdG bound to hemin and IsdI bound to cobalt protoporphyrin IX (PPIX) have 

been solved (111). It was also revealed that the PPIX ring was distorted or ruffled in 

these structures resulting in cleavage of the macrocycle at the β-meso or δ-meso (rather 

than α-meso) carbons via a heme-bound hydroperoxide (112). Unlike the canonical 
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heme oxygenases that break down heme to biliverdin and carbon monoxide (CO), 

IsdG/IsdI break down heme into 5-oxo-δ-bilirubin and 15-oxo-β-bilirubin (staphylobilins), 

and formaldehyde (112, 113). Although IsdG and IsdI share functional similarity, they are 

differentially regulated such that IsdG is targeted for degradation in the absence of heme 

(114). Finally, a recent paper has identified a gene coding for the protein iron utilization 

oxidoreductase (IruO), which is a FAD-containing NADPH-dependent reductase that 

donates electrons to IsdG and IsdI, resulting in heme degradation an order of magnitude 

greater as compared to using the chemical reductant ascorbic acid (115). The pyridine 

nucleotide-disulphide oxidoreductase, IruO, therefore represents the in vivo reductant 

required for heme degradation and is conserved in other Gram-positive bacteria that 

code for the IsdG-family of heme oxygenases (115). In conclusion, the Isd proteins 

function as a molecular wire to transfer heme from the extracellular environment of the 

cell into the cytoplasm, where it is degraded by IsdG or its paralog IsdI to release the 

iron (Figure 1.12).      

 Heme transfer across the cell wall of Gram-positive bacteria appears to be 

mediated by protein-protein interaction. It is also possible the heme affinities progress in 

the following order: IsdH/IsdB<IsdA<IsdC<IsdE<IsdG/IsdI. Furthermore, stopped-flow 

experiments have demonstrated that IsdA releases hemin 70,000 times faster in the 

presence of IsdC than spontaneous diffusion into solvent, which strongly supports the 

idea that an activated complex is responsible for rapid hemin transfer. Kinetic 

experiments have demonstrated that an activated complex exists that facilitates rapid 

heme transfer between the Isd proteins of S. aureus, as well as for the Isd proteins of B. 

anthracis (100, 105, 116). NMR paramagnetic relaxation enhancement (PRE) 

experiments demonstrated that heme-bound IsdA and IsdC form an ultraweak affinity 

transient complex with the proteins positioned pseudosymmetrically about a 180° 

rotational axis that is coplanar with the heme plane (117). Recently, the heme-bound 
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crystal structure of IsdX1 revealed that there was a heme stacking interaction between 

two molecules of IsdX1 that resembles the handclasp complex elucidated with NMR 

studies, suggesting that this may resemble a transfer complex between NEAT domains, 

allowing for heme to easily slide from the pocket of one NEAT domain into the pocket of 

another (74). The crystal structures of IsdHN3 and IsdC are also suggestive of this 

‘transfer motif’ (79,81). In silico docking analysis with the structure of IsdBN2 and IsdA, as 

well as IsdA and IsdC, predicted a transfer complex that is reminiscent of the handclasp 

complex suggested by NMR experiments (101). These structures are highly suggestive 

of NEAT domain compatibility that facilitates rapid heme transfer between these 

domains. This was demonstrated recently by employing photo-crosslinking experiments 

to map transient interactions between the NEAT domains of IsdC-IsdC and IsdC-IsdE 

(108). This study also showed that IsdA and IsdC self-transfer heme, further 

substantiating the notion that the NEAT domain structure supports rapid transfer 

between NEAT domains (108). Despite recent structures suggesting that heme transfer 

between NEAT domains occurs by orienting the proteins about a twofold rotational axis 

coplanar with the heme molecule, it is still not known whether the heme iron is 

coordinated by the Tyr of the acceptor simultaneously with the Try of the donor (i.e. bis-

Tyr heme intermediate), or if the heme pocket is perturbed and heme is released by the 

donor and rapidly bound by the acceptor in the NEAT-NEAT complex (101). More 

experiments need to be carried out in order to resolve this difference and elucidate the 

detailed mechanism of heme transfer between NEAT domains.  

 

1.7.1 The heme acquisition system of Streptococcus pyogenes  

 Streptococcus pyogenes or Group A streptococcus (GAS) is a Gram-positive 

bacterium and is capable of causing direct infection (e.g. skin and soft tissue infection, 

pharyngitis/tonsillitis, bone and joint infection, and bacteremia), immune-mediated 
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disease (acute rheumatic fever leading to rheumatic heart disease or acute post-

streptococcal glomerulonephritis), or toxin-mediated disease (Scarlet fever, 

streptococcal toxic shock syndrome and necrotizing fasciitis) (118).  

 Similar to S. aureus, S. pyogenes codes for a ten-gene iron-regulated cluster, 

consisting of Shr, Shp, and the heme transporter HtsABC (also known as SiaABC) (119, 

120). Shr is a large (145 kDa) protein that contains two NEAT domains (the carboxy 

terminal NEAT domain being truncated and missing some conserved residues), a 

leucine-rich repeat, an EF-hand motif, a leader peptide, transmembrane domain, and 

two domains of unknown function (121). Shr has been shown to localize to the 

cytoplasmic membrane and it spans the cell wall such that it is exposed to the 

extracellular environment, allowing it to function as an adhesin that binds to the 

extracellular matrix proteins fibronectin and laminin (122). In addition to mediating 

adhesion to host proteins, Shr was also shown to bind metHb, as well as autoreducing 

ferric hemin to ferrous heme (121). Finally, it was very recently shown that Shr can 

rapidly remove heme from Hb and transfer it to Shp (123). Shp was shown to bind heme 

and is localized to the cell wall, even though it lacks a putative sortase recognition motif 

(120). Also, it appears that Shp may be surface-exposed since it could be detected with 

antibodies directed against whole cells in flow cytometric experiments (120). The 

structure of Shp has been solved in the presence of hemin, revealing bis-methionyl 

ligation of the iron and a structural fold reminiscent of those adopted by NEAT domains 

(root-mean-square difference of 2.0 Å between Shp and IsdC) (124). Shp has been 

shown to rapidly transfer heme to HtsA, the lipoprotein component of the ABC 

transporter (125, 126). Biochemical experiments have identified Met and His as axial 

ligands for heme binding in HtsA, similar to IsdE (127). In conclusion, there exists a 

pathway for heme transfer similar to that found in S. aureus, where heme flows from 

ShrShpHtsA.  
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1.7.2 The heme acquisition system of Bacillus anthracis 

Bacillus anthracis is a resilient spore-forming bacterium that causes the zoonotic 

disease anthrax (128). Anthrax is a rare, yet very deadly disease resulting in the death of 

more than 90% of patients who contracted the disease during the twentieth century 

(128). The high lethality rate of anthrax combined with its potential misuse as a 

bioterrorism agent has spurred much interest in this deadly bacterium (129). Similar to 

the Isd locus of S. aureus, B. anthracis codes for SrtB, IsdC, an ABC-type transporter 

(IsdE, IsdE2 and IsdF), and the heme monooxygenase, IsdG. Additionally, it also codes 

for hemophores IsdX1 and IsdX2, a cell surface-associated NEAT domain noncovalently 

attached to the S-layer (BslK), and a cell wall attached NEAT domain termed Hal (130). 

IsdX1 and IsdX2 are proposed to function as hemophores because they lack the 

canonical sorting signal motif, and Western blots have demonstrated that all of IsdX1 

and most of IsdX2 are secreted into the extracellular medium (131). This is the first 

example of a Gram-positive bacterium that utilizes a hemophore system to acquire 

heme. Since NEAT domains have a propensity to associate and transfer heme rapidly 

between each other, it is possible that IsdX1/IsdX2 deliver heme to IsdX2 or to Hal, 

BslK, or IsdC (131). SPR has been used to show that IsdX1 and all five NEAT domains 

of IsdX2 bind Hb (131, 132). SPR was also used to show that Hal could bind Hb.(133) 

Both IsdX1 and IsdX2, with the exception of the second NEAT domain of IsdX2, BslK, 

Hal, and IsdC are capable of binding heme (130, 133, 134). However, it is not known if 

IsdX1, IsdX2, Hal, or BslK can actively strip heme from Hb. On the other hand, holo-

IsdX1 is able to rapidly transfer heme to either apo-IsdC or apo-IsdX2 at a rate that is 

~10,000-fold faster than spontaneous dissociation into solvent, suggesting that this is an 

active process (116). Similarly, holo-BslK is also able to rapidly transfer heme to IsdC 

(134). Furthermore, unlike the Isd proteins of S. aureus, holo-IsdX1 forms stable 

complexes with apo-IsdX2 and apo-IsdC, as does holo-BslK with apo-IsdC (116, 134). A 
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recent study examining IsdX1 mutants in the 310 helix identified residues critical for Hb 

binding (74).  

 Gram-positive bacteria were not believed to employ hemophores until a few 

years ago, when Bacillus anthracis was shown to secrete two hemophores, IsdX1 and 

IsdX2. Affinity chromatography was used to show that IsdX1 and IsdX2 were able to 

remove heme from hemoglobin when compared directly to HasA (131). This is different 

from HasA, which does not bind to Hb (135). Another major difference is the mechanism 

of hemophore retrieval since Gram-negative bacteria rely on an outer membrane 

receptor protein and TonB-dependent transport, whereas B. anthracis relies on proteins 

anchored to the cell wall to transport heme from the extracellular environment to the 

cytoplasm (116). Furthermore, the HasA-HasR heme transfer event may be facilitated by 

steric clashes between the side chains in HasR with heme, resulting in destabilization of 

the heme bound HasA species and transfer to apo-HasR (136). However, since the 

heme binding components of the B. anthracis system are not structurally distinct, it is 

unlikely that a similar mechanism is at play, and instead, it has been proposed that 

domain-domain interactions facilitate heme transfer (see section on NEAT domains) 

(116).      

 

1.7.3 The heme acquisition system of Listeria monocytogenes 

 Of the three Gram-positive pathogens examined above, the least is known about 

the heme acquisition system of Listeria monocytogenes. This bacterium is the causative 

agent of listeriosis and in recent years, some key discoveries have been made towards 

understanding how it acquires heme. Listeria monocytogenes contains two NEAT-

containing proteins, Hbp1 and Hbp2 (for Hn/Hb binding protein and formerly known as 

Lmo2186/SvpB and Lmo2185/SvpA, respectively), containing non-canonical SrtB sorting 

signals. A transcriptional study investigating the mecA locus identified Hbp2 and found 
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that its expression is downregulated by the regulatory protein MecA and the stress 

proteins ClpC and ClpP (137). Both Hbp1 and Hbp2 were also identified as possible 

surface proteins in a comparative genomic study of L. monocytogenes and L. innocua 

(138). Later studies utilizing immunogold labeling and immunofluorescence established 

that Hbp2 is surface-exposed, whereas Western blots demonstrated that the majority of 

the protein was secreted into the culture supernatant (139-141). The cellular localization 

of Hbp1 is currently unknown. A recent paper has demonstrated that at low nanomolar 

concentrations of hemin, the system is SrtB-dependent and NEAT domain containing 

proteins, Hbp1 and Hbp2, anchored within the peptidoglycan scavenge heme from Hb 

(142). At concentrations of 50 nM or higher, Hn diffuses into the cell wall and is shuttled 

into the cytoplasm by heme transporters in the membrane (142). L. monocytogenes also 

codes for a set of genes in the hupDGC locus which codes for an ABC transporter and 

has been shown using plate nutrition tests to be required for the growth of bacteria on 

hemoglobin (Hb) or hemin (Hn) (59, 142). Using this approach, it was also shown that 

Hbp2 was required for growth on Hb at low concentrations of Hn (142). Currently, the 

structure of NEAT domains present in L. monocytogenes remains unknown, as does the 

Hn or Hb binding specificity of each NEAT domain, which will be explored in Chapter 4. 

Additionally, it is unknown whether heme is efficiently transferred from Hbp1 to Hbp2 or 

vice versa, which will be explored in Chapter 4. L. monocytogenes does, however, code 

for proteins that are homologous to the heme monooxygenase IsdG and the 

oxidoreductase IruO (115, 143). These proteins have not been characterized and 

therefore, the cytoplasmic fate of heme is unknown.  

 

1.8 Scope of dissertation  

This thesis will report on research that advances our understanding of NEAr 

Transporter (NEAT) domains and their role in acquiring heme iron from hemoglobin 
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within the S. aureus Iron-regulated surface determinant (Isd) and the L. monocytogenes 

Hemin/Hemoglobin binding proteins (Hbp) system. It has been shown that the Isd 

system enables S. aureus to survive and proliferate in human host tissues and as a 

result, heme acquisition systems represent important avenues of investigation. The 

structural basis for Hb binding to the IsdHN1 NEAT domain of S. aureus will be presented 

in Chapter 2, which reveals critical residues in the 310 helix that mediate Hb binding. This 

study makes use of X-ray crystallography, SEC-MALLS, UV-vis spectroscopy, 

mutagenesis, and S. aureus growth assays to investigate NEAT domain binding to Hb. 

Interestingly, the 310 helix that is involved in heme binding in other NEAT domains also 

mediates Hb binding in IsdHN1 (Figures 1.9 and 1.10). Although this study is unique in 

that it shows for the first time how a NEAT domain binds Hb, it is mostly focused on the 

individual NEAT domains. Work described in Chapter 3 focuses on the multi-NEAT 

domain proteins, IsdH and IsdB. This study makes use of solution state NMR 

spectroscopy, UV-vis spectroscopy, and ESI-MS to show that the bi-domain IsdH 

receptor composed of NEAT domains N2 and N3 is responsible for positioning the NEAT 

domains in an optimal orientation for efficient heme capture from Hb. This study firmly 

establishes the importance of a conserved structured linker between the Hb and heme 

binding NEAT domains in IsdH in promoting heme transfer from Hb. Finally, Chapter 4 

reports biochemical and structural studies of the Hbp1 and Hbp2  proteins from L. 

monocytogenes. In this study, X-ray crystallography, isothermal titration calorimetry 

(ITC), enzyme-linked immunosorbent assays (ELISA), and UV-vis spectroscopy are 

used to determine the ligand binding specificities of each of the NEAT domains in these 

proteins. The results highlight key functional differences as compared to Isd-system in S. 

aureus. In this chapter, the X-ray crystallographic structure of the second NEAT domain 

from Hbp2 in its free and heme bound states is reported. The structure reveals a novel 

heme binding mechanism for this NEAT domain (Figure 1.9).  
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1.9 Figures 

 

 

Figure 1.1. L. monocytogenes uptake and cell-to-cell spread. (a) Entry into human cells 

begins with the invasion proteins internalins A (InlA) and B (InlB). InlA binds the receptor 

E-cadherin on human epithelial cells, whereas InlB binds the hepatocyte growth factor 

receptor and initiates bacterial uptake via the zipper mechanism. Listeriolysin O (LLO), 

together with phospholipases C, PlcA and PlcB, are excreted to degrade the cell 

membrane of the phagosome, which results in bacterial escape and replication in the 

cytosol. The bacterium then uses ActA to hijack the host’s actin cytoskeleton for 

bacterial movement and spread to adjacent cells. This image was adapted from ref. (12). 

(b) Fluorescence micrograph of listerial cells (red) utilizing actin-rich comet tails (green) 

for intracellular movement and cell-to-cell spread. This image was adapted from ref. 

(30).     
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Figure 1.2. Nutritional immunity is an effective preventative measure against bacterial 

infection. Vertebrates sequester free iron using a variety of proteins to prevent bacterial 

infection. This image was adapted from ref. (39). 
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Figure 1.3. The large variety of siderophores and the microbes that synthesize them. 

Chemical groups that are involved in iron coordination are highlighted with red for 

catecholates, orange for phenolates, pale yellow for hydroxamates, light green for α-

hydroxy-carboxylates (deriving from citrate units), and blue-green for α-keto-

carboxylates (deriving from 2-oxo-glutarate units). This figure was adapted from ref (48). 
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Figure 1.4. The uptake of vitamin B12 is a well-characterized example of TonB-

dependent transport. Vitamin B12 (shown as sticks in red) binds to its specific TonB-

dependent transporter (TBDT) BtuB (blue ribbon). The TonB-ExbB-ExbD-complex 

(yellow) utilizes the proton motive force to induce a conformational change in the TBDT, 

releasing vitamin B12 into the periplasmic space. The periplasmic-binding protein (PBP) 

BtuF (yellow ribbon) binds vitamin B12 and transports it to the ATP binding-cassette 

(ABC) transporter BtuCD in the cytoplasmic membrane (the transmembrane and ATP-

binding domains are shown in blue and green, respectively). BtuCD uses ATP to 

transport the vitamin B12 nutrient into the cytoplasm. This figure was adapted from ref 

(49).    
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Figure 1.5. The various strategies employed by bacteria to acquire iron. Bacteria utilize 

a variety of receptors, along with siderophore and hemophores to exploit iron and heme 

sources. This image was adapted from ref. (39). 
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Figure 1.6. The cell envelope of Gram-positive and Gram-negative bacteria. Gram-

positive bacteria have a thick peptidoglycan layer, which forms its cell wall (CW) and sits 

above the plasma membrane (PM) (left panel). Gram-negative bacteria have a thin 

peptidoglycan (PG) layer and an outer membrane (OM) that contains porins and 

lipopolysaccharides attached to the surface (right). The panels are electron micrographs 

of S. aureus and E. coli on the left and right, respectively. This image was adapted from 

ref. (65). 
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Figure 1.7. Chemical structure of the peptidoglycan network in Gram-positive bacteria. 

iGlu denotes isoglutamic acid and DAA denotes a diamino acid such as L-lysine or m-

diaminopimelic acid. This image was adapted from ref. (67). 
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Figure 1.8. The mechanism sortases employ to attach proteins on the cell surface. 

Here, the sortase A mechanism is provided as an example. An active site Cys residue in 

sortase is responsible for cleaving the bond between the Thr and Gly residues, resulting 

in a covalent adduct between sortase and the protein substrate. This primes the amino 

group within the pentaglycine crossbridge of lipid II for nucleophilic attack, which will 

ultimately result in attachment of the protein to the cell wall. This figure was adapted 

from ref. (69).  
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Figure 1.9. Amino acid sequence alignment of NEAT domains from Gram-positive 

bacteria. Residues present in the 310 helix are underlined and a Ser residue shaded in 

green is conserved in all NEAT domains that are capable of binding hemin. Italicized 

residues in the 310 helix are involved in hemoglobin binding. A conserved Tyr residue in 

the β8 strand that is involved in coordinating the heme iron and stabilizing heme binding 

are shaded red and yellow, respectively. A non-conserved Tyr (shaded orange) present 

in the β7 strand of the listerial Hbp2N2 NEAT domain coordinates hemin in a novel way 

and will be discussed in Chapter 4.    
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Figure 1.10. NEAT domains are able to recognize the small ligand hemin, as well as the 

protein hemoglobin. (a and b) IsdHN1 is shown in ribbon format and colored light blue. 

The 310 helix is shaded red. (a) The NMR solution structure of IsdHN1 in the absence of 

heme reveals a disordered 310 helix. (b) Upon binding hemoglobin, the 310 helix becomes 

ordered. This will be discussed in detail in Chapter 2. (c and d) IsdA is shown in ribbon 

format and colored purple. (c) IsdA in the absence of hemin. (d) IsdA in the presence of 

hemin (shown as red sticks). The β strands are numbered in yellow.  
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Figure 1.11. The isd loci of S. aureus. The genes coding for IsdB, IsdA, IsdC, IsdDEF, 

IsdG, and SrtB are on a single locus, whereas genes in distinct loci code for IsdH and 

IsdI. The genes in white are uncharacterized and orfX/orfY have an unknown function. 

This figure was adapted from ref. (72). 
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Figure 1.12. A model of how heme is transferred across the cell wall of S. aureus. 

Methemoglobin (metHb, oxidized hemoglobin) is immobilized by the surface-exposed 

receptors IsdH/IsdB and subsequently, heme is rapidly extracted. The heme is then 

transferred to IsdA, and then to IsdC and finally, to the ABC transporter IsdDEF, which 

transports the heme into the cytoplasm. IsdG/IsdI degrades the heme in the cytoplasm.   

 

 

 



	36

Table 1.1. The peptidoglycan of various Gram-positive bacteria 

 

The above table was adapted from ref. (67). 
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2.1 Overview‡ 

Pathogens must steal iron from their hosts to establish infection. In mammals, 

hemoglobin (Hb) represents the largest reservoir of iron, and pathogens express Hb-

binding proteins to access this source. Here, we show how one of the commonest and 

most significant human pathogens, Staphylococcus aureus, captures Hb as the first step 

of an iron-scavenging pathway. The X-ray crystal structure of Hb bound to a domain 

from the Isd (iron-regulated surface determinant) protein, IsdH, is the first structure of a 

Hb capture complex to be determined. Surface mutations in Hb that reduce binding to 

the Hb-receptor limit the capacity of S. aureus to utilize Hb as an iron source, suggesting 

that Hb sequence is a factor in host susceptibility to infection. The demonstration that 

pathogens make highly specific recognition complexes with Hb raises the possibility of 

developing inhibitors of Hb binding as antibacterial agents.  

‡The work described in this chapter has been published in the following paper: 

Krishna Kumar, K., Jacques, D.A., Pishchany, G., Caradoc-Davies, T., Spirig, T., 
Malmirchegini, G.R., Langley, D.B., Dickson, C.F., Mackay, J.P., Clubb, R.T., Skaar, 
E.P., Guss, J.M., and Gell, D.A. (2011) J. Biol. Chem. 286, 38439-38447.  
 
 My role in this work was to study the role of IsdHN1 and IsdHN2. I contributed 

protein purification conditions and pure protein that led to the publication of this work. 
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2.2 Introduction 

Bacteria that cause human disease must acquire iron from their host to establish 

infection (1). Host strategies to restrict iron availability therefore constitute a form of 

innate immunity. Most iron is sequestered within cells, and serum iron is kept at an 

extremely low concentration (∼10−24 M) by the iron transport protein transferrin (2). A 

related protein, lactoferrin, is present in exocrine solutions such as tears and milk and is 

also released from neutrophils at sites of infection (3). Iron uptake and homeostasis are 

even tuned toward anemia in chronic infection by the hormone hepcidin (4). In cases 

where serum iron levels are either artificially or genetically elevated, there are dramatic 

increases in levels of bacteremia (5).  

Bacteria in all iron-restricted environments, including the human body, employ a 

variety of generic mechanisms to scavenge this essential element. These mechanisms 

include the production of siderophores, small (typically <1000 Da) soluble factors that 

bind with very high affinity (∼10−22–10−50 M) to Fe(III). Siderophores are subsequently 

reabsorbed by the bacteria in the iron-charged form (6). Alternatively, iron-reducing 

compounds can be released into the environment to generate soluble Fe(II) that is 

absorbed through the FeoB permease, escaping the requirement for metabolically 

expensive siderophore production (7).  

Naturally, the rich iron reservoirs found in mammals and other animals has driven 

evolution of iron-scavenging mechanisms that are specific to the pathogen-host 

relationship. Perhaps the most distinguishing feature of the mammalian iron profile is 

that ∼75% of the total body-iron is locked up in heme, a cyclic organic compound 

(porphyrin) with central square-planar Fe(II/III) ion coordinated by four nitrogen atoms. 

This iron pool is considered largely inaccessible to siderophores (6), and pathogens 

have therefore evolved specialized pathways dedicated to heme uptake. As with all 
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forms of iron, heme is retained tightly sequestered into host proteins at all times. Hb is 

the most abundant heme protein in humans, accounting for ∼70% of total body iron, 

making it a particularly attractive iron source for invading microbes.  

Highly pathogenic species such as Staphylococcus aureus secrete hemolysins 

(8) to release Hb into the serum where it is accessible to the bacteria. S. aureus displays 

a preference for heme as an iron source (9) and can grow on Hb as the sole source of 

iron (10, 11). Utilization of Hb in S. aureus is mediated by Isd proteins (12, 13), which 

are also found in a large number of other Gram-positive pathogens (14, 15). The Isd 

pathway in S. aureus comprises nine proteins IsdA-I (12). Of these, the four proteins 

IsdA, IsdB, IsdC, and IsdH are expressed on the bacterial cell-surface, anchored through 

a C-terminal covalent linkage to the peptidoglycan cell wall. Notably, the surface 

exposed Isd proteins are the most highly up-regulated genes in response to iron 

starvation in S. aureus (16) and Bacillus anthracis (17). IsdB and IsdH are Hb-binding 

proteins (10, 11). IsdA and IsdC are heme-binding proteins that cooperate with IsdB/H 

through an unknown mechanism to transfer heme in a unidirectional manner to the 

membrane-associated lipoprotein IsdE (18–20). A dedicated ABC transporter complex 

(IsdD and IsdF) transfers heme from IsdE into the S. aureus cytoplasm, where the 

porphyrin macrocycle is cleaved by a heme oxygenase complex (IsdG and IsdI), 

releasing its iron (21).  

Genetic inactivation of IsdA (22), IsdB (11, 22, 23), IsdH (24, 25), IsdG, or IsdI 

(26) reduces the ability of S. aureus to cause infections in mice, confirming the Isd 

system as an important virulence mechanism. It has been demonstrated that 

immunization with IsdA, IsdB or IsdH antigens (24, 25, 27–29) or administration of 

purified antibodies to IsdA, IsdB, IsdC, and IsdH (22) confers some protection from 

infection in various animal models. These studies suggest that blocking the Isd pathway 

of heme/iron uptake could have therapeutic benefit in human infections.  
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To transfer the heme group from Hb to the bacterial membrane, the cell wall-

anchored proteins IsdA, IsdB, IsdC, and IsdH each possess one ∼130-residue NEAT 

(NEAr Transporter) domain that binds to heme (30–34). Extraction of heme from Hb 

relies upon a physical interaction of Hb with the Hb receptors IsdB and IsdH (20). IsdB 

and IsdH contain, respectively, one or two variant NEAT domains that possess Hb-

binding activity but do not bind to heme (see Fig. 2.1A) (10, 35–37). The structural basis 

for heme binding by NEAT domains is comparatively well understood (30–34), but the 

molecular mechanism of Hb recognition has remained elusive and is the subject of the 

current investigation.  

Many pathogens express Hb-binding proteins, but the molecular details 

underlying Hb recognition are unknown in every case. Here, we show that the first NEAT 

domain from IsdH (IsdHN1) binds to a site on the α-chain of Hb (αHb) and determine the 

X-ray crystal structure of the IsdHN1·Hb complex. Using mutant forms of Hb that are 

defective in IsdHN1 binding, we demonstrate that physical capture of Hb by S. aureus is 

important for the utilization of this iron source.  

 

2.3 Results 

2.3.1 First and Second NEAT Domains of IsdH Bind to αHb Chain of Hb 

To investigate the molecular mechanism of Hb recognition by S. aureus, we 

produced the Hb-binding domains, IsdHN1 and IsdHN2 (Fig. 2.1A), in an E. coli 

expression system. Recombinant IsdHN1 and IsdHN2 are pure monomers as determined 

by SEC (Fig. 2.1B) and Rayleigh light scattering (Table S1). Both NEAT domains bind to 

native adult HbA, shifting the SEC elution peak to an earlier elution time (Fig. 2.1C, solid 

line). Formation of a protein complex was confirmed by light scattering measurements 

(Fig. S1). To determine the binding sites on Hb, we first separated the constituent αHb 

and βHb chains. Mixing of IsdHN1 or IsdHN2 with purified αHb, at a 1:1 molar ratio, lead to 
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the formation of a distinct protein complex (Fig. 2.1D), with a molecular weight close to 

that expected for a heterodimer (Fig. S1). The binding affinity for the IsdHN1:αHb was 

100 nm, determined by isothermal titration calorimetry (ITC, Fig. S2). Interaction 

between IsdHN1 and βHb could not be detected using SEC (Fig. 2.1E), light scattering or 

ITC (Figs. S1 and S2). Some evidence of complex formation was detected upon mixing 

equimolar quantities of IsdHN2 and βHb, but the mixture retained a substantial proportion 

of free monomers suggesting a weaker interaction (Fig. 2.1E). Thus, the IsdHN1/N2 

domains show a clear preference for αHb binding, although it is conceivable that 

interaction of IsdHN2 with βHb might also be significant in vivo. In the absence of heme, 

the resulting apo-αHb chain is no longer competent to bind IsdHN1 (Fig. S3), suggesting 

that Hb is released from the Hb receptor following heme removal.  

 

2.3.2 IsdHN1/N2 Do Not Induce Large-scale Changes in Heme Pocket Structure of 

αHb  

To determine whether IsdHN1 or IsdHN2 domains induce structural changes that 

might promote heme release, we employed UV-visible absorption spectroscopy as a 

sensitive probe of heme coordination chemistry. These studies revealed that IsdHN1/N2 

had no substantial effect on αHb heme pocket structure or heme release over a period of 

8 h (Fig. 2.2A). Small absorbance changes were observed in all samples consistent with 

slow autooxidation. After 48 h the spectrum of IsdHN1:αHb contained distinct peaks at 

630, 500, and 405 nm (Fig. 2.2B, solid line), characteristic of the auto-oxidation product, 

met-Hb (48). The sample of free αHb contained precipitate and following filtration, 

yielded a spectrum indicative of a mixture of heme-ligand states (Fig. 2.2B, dashed line). 

Our interpretation is that met-αHb forming in the free αHb sample was being lost as 

precipitate (met-αHb is well known to be highly unstable) and that IsdHN1 was stabilizing 

met-αHb. ITC revealed that IsdHN1 binds carbonmonoxy-αHb or met-αHb with the same 
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affinity (Fig. S2). These data indicate that IsdHN1 and IsdHN2 capture Hb, independent of 

ligand/oxidation state, but do not induce conformational changes in Hb that cause heme 

release. Hence, rapid heme release must rely upon recruitment of the heme acceptor 

domain of IsdH.  

 

2.3.3 Crystal Structure of IsdHN1·Hb Complex  

To reveal the molecular mechanism of Hb binding, IsdHN1 was crystallized in 

complex with met-Hb, and X-ray diffraction data were collected to a resolution of 3.0 Å 

(Table 2.1). Initial phases were obtained by molecular replacement using αHb or βHb 

(PDB code 1IRD) as independent search models. In the crystal structure, IsdHN1 binds to 

one αHb·βHb dimer through a site on the αHb chain (Fig. 2.3A). There are two 

independent IsdHN1·Hb complexes in the crystallographic asymmetric unit. The IsdHN1 

and αHb subunits are identical in the two complexes (Cα coordinates overlay with a root 

mean square displacement of 0.35 Å, Fig. S4). Electron density in one of the βHb 

subunits is weak, possibly due to whole domain movement. The well defined αHb·βHb 

dimer is very similar in structure to the native Hb dimer (Cα displacement of ∼1 Å root 

mean square) with no dramatic conformational change being induced by IsdHN1 (Fig. 

S4). The dimeric form of Hb appears to have been selected by the crystallization 

process, as IsdHN1 does not overlap with the Hb dimer-tetramer interface. Indeed, 

molecular weight measurements obtained for the complex in solution were consistent 

with IsdHN1 bound to a mixture of Hb dimers and tetramers (Table S1). In any case, the 

met-Hb dimer-tetramer interaction is relatively weak (Kd ∼ 30 μm) (49); hence, the 

αHb·βHb dimer observed in our structure is likely to be a physiologically relevant species 

in plasma.  
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2.3.4 IsdHN1·αHb Interface  

The IsdHN1 domain is a nine-stranded distorted β-barrel with an immunoglobulin-

like fold. The conformation is very similar to the heme-binding NEAT domains from IsdA, 

IsdB, and IsdC (30–34) but with an additional N-terminal helix loop. The binding site for 

Hb is formed from loops at one end of the β-barrel (Fig. 2.3A), designated loops 2, 4, 6, 

and 8 based on the conserved NEAT domain fold. Loop 2 of IsdHN1 contains an unusual 

string of five consecutive aromatic residues (Tyr-125, Tyr-126, His-127, Phe-128, and 

Phe-129; Fig. 2.3, B and C), which are crucial for Hb binding (36). A number of these 

aromatic side chains make van der Waals contacts with non-polar surfaces on αHb and 

are partially (Tyr-125 and Phe-128) or completely (Tyr-126 and Phe-129) buried from 

solvent. Loops 4 and 6 of IsdHN1 account for the majority of electrostatic interactions with 

αHb (Fig. 2.3C). Overall, the αHb-interacting face of IsdHN1 displays a negative 

electrostatic potential that complements a surface with positive potential on αHb. Of 

particular note, the positively charged ϵ-amino group of αHb Lys-11 protrudes into an 

electronegative pocket on IsdHN1 (Fig. 2.3D) lined with hydroxyl and carbonyl groups 

from Ser-130, Tyr-126, Asn-151, and Thr-152 (Fig. 2.3C).  

A comparison with the NMR structure of the free IsdHN1 domain (Fig. 2.4, A and 

B) (36) reveals a substantial conformational change in IsdHN1 loops 2 and 8 upon 

complex formation. Loop 8 requires a considerable movement of ∼8–10 Å to 

accommodate αHb. More strikingly, residues 123–129 of loop 2 are disordered in free 

IsdHN1 (36) and undergo a transition to an ordered helical conformation upon interaction 

with Hb. In the absence of αHb, it appears that the aromatic side chains in loop 2 cannot 

bury sufficient surface area to attain a stable fold. In the helical conformation Gln-124 

and His-127 in loop 2 make specific intramolecular H-bonding interactions with the 

underlying β-sheet (Fig. 2.4C). Remarkably, the Hb-binding site on IsdHN1 occupies the 

same face of the NEAT fold that is used to bind heme in other NEAT domains (Fig. 
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2.4D). We infer from this that structural properties of the NEAT fold might predispose this 

site to ligand interactions.  

 

2.3.5 Mutations in αHb Abrogate Binding to IsdHN1/N2 

To gain insight into the ligand binding specificity of NEAT domains, we compared the 

IsdHN1-binding surface of αHb (Fig. 2.5A) to the surface of βHb, which does not bind 

IsdHN1 (Fig. 2.5B). The most outstanding difference between these two surfaces is a 

substitution of Lys-11 in αHb and for Thr-12 in βHb. Interestingly, Lys-11 is conserved 

across αHb sequences from distantly related mammalian species (Fig. 2.5C). To test the 

role of Lys-11 in IsdH recognition, we produced recombinant Hb (rHb) carrying a Lys-11 

to Thr mutation in the αHb chain (rHb(αK11T)). A second mutant (rHb(α∆18,19)) was 

produced to test the effect of removing the binding site for one of the IsdHN1 loop 2 

aromatic residues (Tyr-125) by shortening the linker between αHb helices A and B. 

Thirdly, rHb(αA5E) was generated in response to the natural variation in this position 

across αHb sequences from different species (Fig. 2.5C). Reciprocal mutations were 

also introduced into the βHb chains (Fig. 2.5C).  

Wild type and mutant rHb samples were purified and converted to the stable 

cyanomet form (50). All proteins had normal UV-visible spectra (data not shown) and 

eluted in one major peak from SEC, at the expected mobility (Fig. S5), indicating no 

substantial defect in folding or αHb-βHb subunit interactions. The individual SEC traces 

for rHb and IsdHN1 are overlaid in Fig. 2.5D, upper panel. Mixing of these components 

lead to formation of the expected IsdHN1·Hb complex (Fig. 2.5D, lower panel, black). 

Strikingly, rHb(αK11T) showed no detectable interaction with IsdHN1, yielding two 

separate elution peaks (Fig. 2.5D, blue). Similarly, rHb(αK11T) failed to interact 

significantly with IsdHN2 (Fig. 2.5E, blue), strongly suggesting that IsdHN1 and IsdHN2 

bind a common site on Hb. The reverse mutation in βHb, rHb(βT12K), had no detectable 
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effect on IsdHN1 binding (Fig. 2.5D, red). However, rHb(βT12K) experienced a larger 

than normal shift in SEC retention time when mixed with IsdHN2 (Fig. 2.5E, red), 

suggesting that the intrinsic weak binding to wild type βHb subunits might be enhanced 

by the βT12K mutation. The αA5E mutation partially inhibited binding to IsdHN1 but not 

IsdHN2 and rHb(α∆G18,A19) also displayed reduced binding to IsdHN1 but was not tested 

against IsdHN2 (Fig. 2.5F and Fig. S5). In summary, both IsdHN1 and IsdHN2 are likely to 

bind Hb through the same site on αHb but display some differences in sequence 

specificity that could potentially provide greater tolerance to species variation in the Hb 

sequence.  

 

2.3.6 IsdHN1-αHb Interaction Is Important for S. aureus Growth on Hb as Sole Iron 

Source  

To investigate the importance of NEAT-Hb interactions for iron uptake from Hb, 

we grew S. aureus strain Newman on medium containing Hb as the sole iron source. 

When supplemented with rHb, a culture of S. aureus grew over an incubation time of 40 

h as shown in Fig. 2.5G (black). In contrast Hb carrying αHb mutations that inhibit IsdHN1 

and/or IsdHN2 binding supported a significantly slower rate of culture growth. An S. 

aureus strain carrying deletions of both Hb receptors, IsdB and IsdH (∆isdBH), failed to 

replicate on wild type or mutant Hb (Fig. 2.5H), confirming that the IsdB/H Hb receptors 

are required for iron uptake from Hb in this assay. Compared with isdBH, the residual 

growth of S. aureus Newman on mutant Hb suggested that our individual αHb mutations 

are not sufficient to completely abrogate interactions with intact IsdH and/or IsdB. This 

could be due to avidity affects arising from the multidomain structure of IsdB/H, binding 

of Hb through βHb chains, or because the mutations that inhibit binding to IsdH have 

more limited effects on the IsdB-Hb interaction. In any case, our results demonstrate that 
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capture of Hb through NEAT domain receptors is an important step that allows S. aureus 

to utilize iron from Hb.  

 

2.4 Discussion 

Direct binding of host iron proteins to bacterial cell-surface receptors is a 

widespread strategy to capture iron, but despite their importance, these interactions are 

still poorly understood at the molecular level. For example, the structures of transferrin 

receptors present on the surface of pathogenic species from the genera Neisseria and 

Pasteurella have only recently been determined (51, 52) and only then in the absence of 

the transferrin ligand. The importance of Hb-binding proteins is emphasized by their 

widespread distribution across bacterial and protozoan pathogens. In Gram-negative 

bacteria, TonB-dependent heme transporters in the bacterial outer membrane act as Hb 

receptors in Haemophilus (53), Neisseria (54), Pasteurella (55), Porphyromonas (56), 

and Helicobacter (57) species. In Gram-positive bacteria, the IsdB/H proteins from S. 

aureus are the most well documented Hb receptors, but cell-surface proteins from 

Streptococcus pyogenes (58) Streptococcus equi (59) Bacillus cereus (60), and 

Corynebacterium diphtheriae (61) are reported to bind Hb. In addition to the surface-

bound receptors, secreted hemophores produced by Gram-negative (62) and Gram-

positive (63, 64) bacteria may transiently interact with Hb to facilitate heme transfer. The 

IsdHN1·met-Hb complex is the first Hb receptor complex for which the structure has been 

determined. It reveals a highly specific protein-protein interaction, raising the possibility 

that inhibitors to this interaction might be developed. If this is so, the diversity of Hb-

binding functions described above may provide restriction points through which to inhibit 

colonization of the host by a range of pathogens.  

Loops 2 and 4 account for the majority of IsdHN1-Hb interactions and are largely 

conserved in IsdHN2 and IsdBN1 (Fig. S6), suggesting that all three NEAT domains bind 
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HbA in a similar way. In each case, loop 2 contains an aromatic-rich sequence and is 

predicted to adopt a similar α-helical structure, with conserved Gln and His residues 

interacting with the underlying β-sheet (Fig. S6). In IsdHN1, Tyr-126 and Ser-130 form 

part of the binding pocket for αHb Lys-11, and these residues are conserved in IsdHN2 

and IsdBN1. Similarly, side chains from IsdHN1 loop 2 involved in H-bonding to Lys-11 are 

conserved in IsdHN2 and IsdBN1. Thus, it is likely that the preference for binding to αHb 

observed for IsdHN1 and IsdHN2 will also hold true for IsdB. This, along with the fact that 

Lys-11 is highly conserved in αHb sequences from many mammalian species, argues 

that targeting the αHb subunit is of mechanistic importance.  

The transfer of heme from met-Hb to the isolated heme acceptor domains of 

IsdH/B is governed by the simple dissociation of heme from met-Hb (20, 35) and is 2–3 

orders of magnitude slower than heme transfer to the full-length Hb receptor (20). Thus, 

physical interaction between Hb and the Hb receptors is crucial for activating heme 

transfer. Structural and UV-visible spectroscopy data obtained for IsdHN1/N2 argue that 

this enhancement in heme transfer rate does not arise from a conformational change in 

Hb that promotes heme release. Instead, we favor an alternative model whereby binding 

to Hb through the IsdHN1/N2 or IsdBN1 domains enhances the rate of productive 

encounters between Hb chains and the IsdHN3 or IsdBN2 heme acceptor domains. One 

potential role for the specific binding of IsdB/H to αHb subunits might be to control the 

sequential release of heme from the βHb and αHb chains by orienting the heme 

acceptor domains in a particular way. αHb·βHb dimers can loose heme from one subunit 

(semi-Hb) and retain much of their native structure (65), potentially allowing them to 

remain associated with the Hb receptor until all the heme is removed. IsdHN1 does not 

bind to free apo-αHb, suggesting that the IsdH·Hb complex would dissociate following 

complete heme removal from Hb.  



	 58

NEAT domains with the characteristic aromatic loop 2 sequence of IsdHN1 are 

restricted to the genomes of S. aureus and the related Staphylococcus lugdunensis, 

suggesting that the Hb-binding mechanism described here is restricted to these 

organisms. However, Hb-binding function has been reported for other NEAT domain 

containing proteins, including IlsA from B. cereus (60), IsdX1 from Bacillus anthrasis (63) 

and Shr from S. pyogenes (66), suggesting that NEAT domains have adapted to make 

different interactions with Hb or that sequences outside the NEAT domains are 

responsible for the Hb-binding activity of these proteins.  

Concerted folding and binding is proposed to allow recognition of diverse 

molecular targets by a single protein (67), and it is possible that, being an opportunistic 

pathogen, folding and binding of IsdH might help S. aureus to accommodate some of the 

natural sequence variation present in Hbs from different host species. IsdH also binds 

directly to haptoglobin, a mammalian protein that is unrelated in sequence or structure to 

Hb (10, 25, 35). Aromatic residues in IsdHN1 loop 2 are required for binding to Hb or 

haptoglobin (35), and it will now be interesting to establish whether folding and binding 

has a role in accommodating these different ligands. The function of haptoglobin is to 

sequester Hb that is released by continuous physiological levels of hemolysis, hence the 

Hb·haptoglobin complex represents an alternative route through which S. aureus might 

capture Hb.  

Among Isd proteins, folding and binding is not limited to IsdH. An NMR study of 

the heme-binding NEAT domain from IsdC revealed that loop 2 (Fig. 2.4D) undergoes 

significant conformational dynamics in the absence of ligand (33) consistent with a 

folding-and-binding event. Here, loop flexibility may facilitate insertion of the hydrophobic 

heme molecule “under” loop 2. In contrast, loop 2 from the heme-binding NEAT domain 

of IsdA adopts a helical conformation in crystal structures of the heme-free and heme-

bound forms. The structure of IsdA has not been determined in solution, and it is 
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conceivable that a folded loop 2 conformation might be stabilized during crystallization. 

Although a more extensive study into the general role of conformational dynamics in 

NEAT-ligand interactions is required, it is tempting to speculate that structural flexibility 

in an ancestral NEAT domain may have played a role in the remarkable adaptation of 

this domain to binding such vastly different molecular targets as heme and Hb protein.  

The IsdHN1·Hb structure reveals a highly specific recognition interface that allows 

S. aureus to capture heme directly from the richest iron source in the mammalian host. 

The Hb-receptor mechanism establishes a direct conduit for the transfer of heme groups 

from host Hb into the bacterial cytoplasm. In this regard, it contrasts with strategies such 

as siderophore or protease secretion, which mobilize iron into the extracellular milieu 

where it can be intercepted by competing bacterial populations. The highly specific 

nature of the IsdH-Hb interaction suggests that sequence variation in the IsdB/H-binding 

face of Hb could influence susceptibility to S. aureus infection, as described recently for 

mice and humans (68). Determining the structure of an Hb-capture complex now raises 

the exciting possibility of mimicking the NEAT-interacting face of αHb as a strategy for 

developing new anti-virulence treatments for S. aureus infection.  

 

2.5 Experimental Procedures 

2.5.1 Protein Preparation 

The DNA sequence encoding the IsdHN1 (IsdH residues 86–229) and IsdHN2 

(residues 321–467) domains from S. aureus strain TCH1516 were cloned into pET15b 

(Novagen) for expression with an N-terminal His6 tag. The proteins were expressed and 

purified as described previously (35) to yield a final product with the additional N-terminal 

sequence MGSSHHHHHHSSGLVPRGSHM. Native human HbA was prepared and 

separated into its constituent αHb and βHb chains as described previously (38). Hb, 
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αHb, and βHb were maintained in the carbonmonoxy-liganded state during purification 

and subsequent analysis, unless otherwise specified.  

Recombinant human Hb (rHb) was produced in Escherichia coli strain 

BL21(DE3) from the pHb0.0 plasmid, a gift of Dr. John Olson (39). pHUG21 (a gift of Dr. 

Doug Henderson) harboring the Plesiomonas shigelloides heme transport system was 

co-transformed to enhance rHb expression (40). The heme transport system was 

induced by iron restriction with 50 μg/ml of the iron chelator ethylenediamine-di-(o-

hydroxyphenyl acetic acid) (EDDHA, LGC Standards GmbH). rHb expression was 

performed at 16 °C overnight, and bacteria were lysed by passage through a French 

press twice at 1200 psi. Hb was purified in a single step over nickel-nitrilotriacetic acid 

beads (Qiagen) by virtue of interactions with naturally occurring His residues on the 

surface of Hb and dialyzed twice against PBS. Substitution mutations within the Hb 

genes were generated using PCR-based mutagenesis and confirmed by sequencing.  

For protein crystallography, native Hb purified in the carbonmonoxy-liganded state was 

converted to the oxygenated form by passing a pure stream of oxygen over a protein 

solution held on ice and illuminated with a focused beam from a 50-watt halogen lamp. 

The oxy-Hb was converted to met-Hb by addition of excess potassium ferricyanide in 20 

mm sodium phosphate, pH 7.0. The reaction was monitored to completion by UV-visible 

spectroscopy, at which point the Hb protein was isolated over Sephadex G-25. Met-Hb 

was combined with purified IsdHN1 in a 1:1 molar ratio (with respect to αHb·βHb dimers) 

for crystallization.  

 

2.5.2 Light Scattering 

Samples were separated on a Superose 12 column (GE Healthcare) equilibrated 

in 20 mm sodium phosphate, 150 mm sodium chloride, pH 7.0, with in-line MALS (mini-

DAWN; Wyatt Technology Corp., Santa Barbara, CA) and refractive index (Optilab 
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differential refractometer, Wyatt Technology Corp.) measurements. The refractive index 

increment with respect to mass concentration (dn/dc) was taken to be 0.19 ml g−1 for all 

proteins/complexes.  

 

2.5.3 Isothermal Titration Calorimetry (ITC) 

ITC was carried out on a MicroCal iTC200 instrument. All components were 

dialyzed into 20 mm sodium phosphate, pH 7.5, 150 mm sodium chloride. Multiple 

injections of 1.1 μl were performed at 150-s intervals, with continuous stirring at 20 °C. 

The volume of the reaction cell was 350 μl. Heats of dilution were determined from 

injections of protein solution into buffer and subtracted from the experimental data.  

 

2.5.4 UV-visible Spectroscopy 

Changes in heme coordination of αHb (20 μm) were measured by UV-visible 

absorption spectroscopy (Shimadzu UV1800) at 30 °C in the presence/absence of NEAT 

domains in 20 mm sodium phosphate, 10 μm diethylenetriaminepenta-acetic acid, pH 

7.0.  

 

2.5.5 Structure Determination 

Crystals were prepared by hanging-drop vapor diffusion at 293 K in which 2 μl 

protein solution (10.9 mg/ml) was mixed with 2 μl of precipitant (0.2 m potassium 

thiocyanate, 0.1 m Bis-tris propane, pH 7.5, 20% PEG). Crystals of 150–200 μm 

appeared within 2 days. Seeding was done to grow diffraction quality crystals. The 

crystals were cryoprotected with 30% glycerol and flash-cooled in a cold nitrogen stream 

(100 K). X-ray diffraction data were collected in-house using copper Kα X-ray produced 

by a Rigaku 007HF rotating-anode generator with Osmic Varimax optics and recorded 

on a MAR345 image plate (Marresearch GmBH).  
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Data were collected over a phi-range of 180° and were indexed and scaled using 

MOSFLM (41) and Scalepack (42). Structure was solved by molecular replacement 

using PHASER (43), which gave a unique solution when using αHb or βHb (PDB code 

1IRD) as independent search models. The structure was refined using REFMAC5 (44), 

with manual map inspection and model building performed in COOT (45). The quality of 

the model was regularly checked for steric clashes, incorrect stereochemistry, and 

rotamer outliers using MolProbity (46).  

 

2.5.6 Bacterial Strains and Growth Conditions 

All experiments were carried out with S. aureus strain Newman (47) or with 

mutants generated in its background. All cultures were inoculated from a single colony 

and grown overnight (∼20 h) in 5 ml of RPMI medium (Thermo) supplemented with 1% 

casamino acids in 15-ml conical tubes at 37 °C with shaking at 180 rotations per minute 

(rpm). The isogenic variant in which the Hb receptors IsdB and IsdH have been deleted 

(∆isdBH) has been described previously (11).  

 

2.5.7 S. aureus Growth Curves 

Single colonies of S. aureus were inoculated into RPMI medium plus casamino 

acids, supplemented with 0.5 mm EDDHA and grown overnight. One ml of overnight 

cultures was normalized to A600 of 3.0, and bacteria were sedimented (9000 × g, 3 min) 

and resuspended in 1 ml of NRPMI with 0.5 mm EDDHA. NRPMI was prepared in 

advance by treating RPMI plus casamino acids with Chelex 100 (Sigma) according to 

the manufacturer's recommendations and supplementing the resulting ion-deficient 

medium with 25 mm ZnCl2, 25 μm MnCl2, 100 μm CaCl2, and 1 μm MgCl2. The resulting 

suspension of S. aureus was subcultured (1:100) into 1 ml of NRPMI with 0.5 mM 

EDDHA and rHb at 2.5 μg/ml. One-ml cultures were incubated at 37 °C in 15-ml conical 
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tubes with shaking at 180 rpm. A600 measurements were taken at the indicated time 

points by mixing 20-μl aliquots of the culture with 180 μl of PBS in 96-well plates. The 

graphs represent a mean of three independent experiments. Error bars represent S.D.; 

asterisks denote values upon mutant rHb supplementation significantly different from 

values upon wild type rHb supplementation at the same time point (Student's two-tailed t 

test, p < 0.05).  
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2.6 Figures 

 

 

Figure 2.1. The N-terminal NEAT domains of IsdH bind to Hb through the αHb chain. A) 
the S. aureus Hb receptors IsdH and IsdB possess NEAT domains that bind to Hb 
(stippled) or heme (gray). Amino acid sequence identity is indicated for the pairs of 
NEAT domains joined by dashed lines. C-terminal sortase cleavage sites are indicated. 
B) elution profiles of purified IsdHN1 and IsdHN2 on SEC. C) SEC traces for free HbA 
(dashed lines) or HbA mixed with an equimolar quantity of IsdHN1 or IsdHN2 (solid lines, 
equimolar with respect to tetrameric HbA). A shift in the SEC elution peak to smaller 
elution volume indicates the formation of a protein complex. D) and E) SEC traces for 
αHb/βHb alone (dashed lines) or mixed with an equimolar quantity of IsdHN1 or IsdHN2 
(solid lines, equimolar with respect to αHb or βHb monomers). Refractometer voltage is 
proportional to protein concentration. Light scattering data accompanying B–E are 
shown in Fig. S1.  
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Figure 2.2. Spectral analysis of the IsdHN1/N2·αHb complexes. A) oxygenated αHb was 
incubated with or without IsdHN1/N2 at 30 °C, and visible absorption spectra were 
recorded at 0, 0.5, 1, 1.5, 2, 2.5, 3.5, 5.0, and 8.0 h. Arrows indicate the direction of 
spectral change. B) after 48 h, the spectrum of IsdHN1·αHb contained peaks at 405, 500, 
and 630 nm, characteristic of met-αHb. 
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Figure 2.3. The structure of the IsdHN1·Hb complex. A) IsdHN1 (yellow) binds to the αHb 
subunit (orange) of the αHb:βHb dimer. B) stereo view of the 2Fo − Fc electron density 
map contoured at 1σ (mesh) for portions of IsdHN1 loop 2 (green), IsdHN1 loop 4 (cyan), 
and helix A of αHb (orange). C) aromatic residues from IsdHN1 loop 2 (green) pack 
against αHb. Loops 4 and 6 of IsdHN1 (cyan) account for the majority of polar and H-
bonding interactions (dashed lines). D) the αHb-contacting surface of IsdHN1 colored by 
electrostatic potential (positive, blue; negative, red; supplemental “Experimental 
Procedures”) showing the binding pocket for αHb Lys-11. 
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Figure 2.4. The ligand-interaction sites in Hb-binding and heme-binding NEAT domains 
share some common features. A) the NMR structure of free IsdHN1 (PDB code 2H3K) 
contains a disordered loop 2 (36). B) when bound to Hb, loop 2 of IsdHN1 adopts an α-
helical conformation. C) in the α-helical conformation, loop 2 makes H-bonding 
interactions with the underlying β-sheet. D) NEAT domains have evolved to bind Hb or 
heme ligands using a similar face of the NEAT domain fold. Shown here, for comparison 
with IsdHN1, is the heme-binding NEAT domain from IsdC in complex with Zn 
protoporphyrin IX (PDB 2K78) (33). Green shading indicates regions that are affected by 
conformational exchange in the ligand-free states of IsdHN1 and IsdC. 
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Figure 2.5. Mutation of IsdH binding site in αHb restricts Hb utilization by S. aureus. A) 
the surface of αHb, colored by electrostatic potential (positive, blue; negative, red) and 
αHb-contacting loops from IsdHN1 (same orientation as Fig. 2.3C). B) a model showing 
the surface of βHb (PDB 1GZX) overlaid with the αHb-binding residues of IsdHN1. 
Dashed ovals mark substantial differences between the molecular surfaces of αHb and 
βHb. C) helix A sequences of αHb and βHb from divergent mammalian species, showing 
αHb residues that make H-bonds (stars) or other contacts (dots) with IsdHN1. D) upper 
panel, SEC elution traces for IsdHN1 (solid curve) and recombinant wild type Hb (rHb, 
dashed curve). Lower panel, SEC elution traces for mixtures of IsdHN1 with rHb (black), 
rHb(βT12K) (red), or rHb(αK11T) (blue). E) SEC elution traces showing interactions of 
IsdHN2 with rHb and rHb mutants. F) summary of binding data for rHb mutants, indicating 
the fraction of unbound IsdHN1 in chromatographic separations (Fig. S5). G) growth of S. 
aureus strain Newman with rHb or rHb mutants as the sole iron source. H) growth of S. 
aureus ∆isdBH under conditions as in G. 
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Table 2.1. Crystallographic data collection and refinement statistics 

Data collection 

   Space group P212121 

   Cell dimensions a = 65.880, b = 123.206, and c = 143.933 Å; α β, and γ =90°  

   Resolution (Å) 50.00–3.01 (3.16–3.01) 

   Rmerge 0.244 (0.785) 

   I/σI 8.6 (2.3) 

   Completeness (%) 98.9 (92.8) 

   Redundancy 6.9 (6.5) 

Refinement 

   Resolution (Å) 3.01 

   No. of reflections 21,420 

   Rwork/Rfree 0.245/0.275 

   No. of atoms 

      Protein 6434 

      Ligand/ion 172 

B-factors  

    Protein 22.7 

    Ligand/ion 22.5 

Root mean square 
deviations  

    Bond lengths (Å) 0.005 

    Bond angles 0.698° 

Ramachandran plot 

    Favored (%) 95.2 

    Disallowed (%) 0.0 

       PDB code 3SZK 
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2.8 Supplementary information  

 

 

Structural Basis for Hemoglobin Capture by Staphylococcus aureus Cell-

surface Protein, IsdH 
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Figure S1. Light scattering data showing that IsdHN1 and IsdHN2 bind to the αHb chain of 
Hb, supplementary to Figure 2.1B-E. Elution profiles from size-exclusion 
chromatography (SEC, solid lines; refractive index ∝ protein concentration) and 
molecular weights calculated from in-line Rayleigh light scattering data (dots, ordinate 
axis scale at right hand side). Free IsdHN1/N2 is shown in red, globin (HbA, αHb or βHb) is 
shown in blue and the IsdHN1/N2:globin complex is shown in black. Free HbA, αHb and 
βHb samples each contain a mixture of oligomeric states but elutes as a single peak in 
SEC due to rapid exchange between these states (Supplementary Materials and 
Methods). Traces shown in same panel were obtained using the same hardware setup. 
In all, data were obtained from a number of different chromatography systems and 
elution volumes may vary between panels. 
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Figure S2. Isothermal titration calorimetry (a) Titration of IsdHN1 (150 μM in syringe) into 
carbonmonoxy(CO)-liganded αHb (10 μM in cell). The upper pane shows the difference 
in power applied to the sample and reference cells to maintain constant temperature. 
Negative values indicate the interaction is exothermic. The lower panel shows the 
binding curve generated by non-linear least squares fitting to a single-site binding model. 
The thermodynamic parameters obtained were: association constant KA = 11.3 ± 3 x 106 
M-1 (average ± 1 standard deviation from three different experiments); stoichiometry n = 
0.94 ± 0.04; apparent enthalpy ∆Happ = −8.8 ± 0.9 kcal mol-1. (b) Titration of IsdHN1 (150 
μM in syringe) into CO-βHb (10 μM as monomer, in cell). (c) Titration of IsdHN1 (100 μM 
in syringe) into met-αHb (10 μM in cell). The thermodynamic parameters obtained were: 
KA = 11.1 ± 1 x 106 M-1 (average ± 1 standard deviation from two different experiments); 
stoichiometry n = 0.91 ± 0.007; apparent enthalpy ∆Happ = −14.8 ± 1.4 kcal mol-1. 
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Figure S3. IsdHN1 does not bind to isolated apo-αHb. The free apo-αHb is highly 
unstable and is lost on the column under the conditions employed, unless it forms a 
stable complex with a binding partner. IsdHN1 elutes in the same peak with (black) or 
without (red) addition of apo-αHb, indicating that these proteins do not make a stable 
complex. Apo-αHb is stabilized through interaction with the αHb-stabilizing protein 
(AHSP), allowing the apo-αHb:AHSP complex to be eluted (green). AHSP induces a 
native-like structure in apo-αHb (1) allowing a ternary IsdHN1:apo-αHb:AHSP complex to 
be eluted (maroon). IsdHN1 did not interact directly with AHSP (not shown). 
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Figure S4. Structure of the IsdHN1:HbA complex and comparison with HbA. (a) Two 
independent IsdHN1:HbA complexes are present in the crystallographic asymmetric unit. 
In one complex the αHb, βHb and IsdHN1 subunits are colored as in Figure 2.3. The 
second complex is colored magenta. (b) A superposition of the two complexes from a. 
(c) A superposition of one αHb:βHb dimer from a (blue, orange) with the tight αHb:βHb 
dimer in native Hb (magenta, PDB 2dn3). The overlay was performed to minimize the 
deviation in βHb coordinates (0.5 Å RMS over 140 Cα atoms). (d) An overlay of the αHb 
subunits alone from c gives a displacement of 1 Å RMS over 140 Cα atoms. 
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Figure S5. The effect of Hb mutations on IsdHN1/N2 binding. SEC elution traces for 
IsdHN1, IsdHN2, recombinant Hb (rHb) and rHb mutants as labeled (dashed lines). SEC 
elution traces for mixtures of IsdHN1/N2 with rHb and rHb mutants, mixed at a 1:1 molar 
ratio (calculated on the basis of αHb:βHb dimers) are shown in solid lines. 
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Figure S6. One region of a structure-based sequence alignment of the seven NEAT 
domains from S. aureus IsdA,B,C,H. Sequences are grouped based on their target 
ligand: heme (upper four sequences) or Hb (lower three sequences). Residues that 
participate in ligand interactions from experimentally determined structures (see main 
article introduction) are highlighted white-on-black. Residues from IsdHN2 and IsdHN3 
predicted from the current work to be involved in Hb-binding are show black-on-grey. 
Residues likely to be involved in intra-molecular H-bonding interactions (Fig. 2.4C) are 
joined by dashed lines and are conserved across Hb-binding, but not heme-binding, 
NEAT domains. 
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Table S1. Molecular weights (Mw) for IsdHN1 and IsdHN2 complexes measured by 

light scattering in-line with SEC 
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S7 Supplementary Experimental Procedures 

S7.1 Light scattering 

Samples were separated on a Superose 12 column (GE Healthcare) and eluting 

protein fractions were monitored by in-line light scattering (LS) and refractive index (RI) 

measurements. LS intensity was measured at three angles (41.5°, 90.0° and 138.5°) 

using a mini-DAWN (Wyatt Technology Corp., Santa Barbara CA) equipped with a 690 

nm laser. Voltages for the three detectors were normalized using BSA monomer (Sigma) 

as a standard isotropic scatterer. Absolute LS intensity was calibrated once against a 

standard sample of HPLC grade toluene. Protein concentrations were obtained from 

inline RI measurements (Optilab differential refractometer, Wyatt Technology Corp.), 

calibrated against standard salt solutions and the refractive index increment with respect 

to mass concentration (dn/dc) was taken to be 0.19 ml g-1 for all proteins/complexes. 

Weight-average molecular weight (Mw) of the solute was calculated for every 5 μl volume 

across each eluting peak using the Rayleigh-Debye-Gans scattering model for a dilute 

polymer solution, as implemented by the ASTRA software (Wyatt Technology Corp.) (2). 

Hb samples were prepared in the CO-liganded form. Under the SEC conditions, 

HbA is a mixture of dimer and tetramer species (3, 4). Similarly, αHb and βHb undergo 

well-characterized self-association processes. Mw measurements by LS made over a 

wide range of loading concentrations (not shown) were consistent with the previously 

characterized weak monomer-dimer exchange of αHb (5, 6) and monomer-tetramer 

exchange of βHb (7); (5). In each case only a single peak is observed in SEC, due to 

rapid exchange (on the timescale of the separation) between the different self-

association states, and the elution time of the peak is concentration-dependent. 
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S7.2 Electrostatics calculation 

Atom charges and radii were calculated using the CHARMM27 forcefield (8) and 

PDB2PQR (9), with optimized hydrogen bonding networks, and titration states at pH 7 

assigned using PROPKA (10). Electrostatic potential maps were calculated in the 

presence of 150 mM monovalent ions by solving the Poisson-Boltzmann equation using 

the software, Adaptive Poisson-Boltzmann Solver (APBS) (11). Electrostatic contact 

surfaces were visualized by coloring the van der Waals surface according to the 

electrostatic potential at the solvent accessible surface (determined using a 1.4 Å probe) 

in the range ± 5 kbTe (where kb is Boltzmann’s constant, T = 310 K, e is the charge of an 

electron) using PyMOL (12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 84

S8 Supplementary References 

1. Krishna Kumar, K., Dickson, C.F., Weiss, M. J., Mackay, J.P., and Gell, D.A. 
(2010) Biochem. J. 432, 275-282. 

 
2.  Wyatt, P.J. (1993) Anal. Chim. Acta 272, 1-40. 
 
3.  McGovern, P., Reisberg, P., and Olson, J.S. (1976) J. Biol. Chem. 251, 7871-

7879. 
 
4.  Valdes, R., Jr., and Ackers, G.K. (1977) J. Biol. Chem. 252, 88-91. 
 
5.  Valdes, R., Jr., and Ackers, G.K. (1977) J. Biol. Chem. 252, 74-81. 
 
6.  Windsor, W.T., Philo, J.S., Potschka, M., and Schuster, T.M. (1992) Biophys. 

Chem. 43, 61-71. 
 
7.  Philo, J.S., Lary, J.W., and Schuster, T.M. (1988) J. Biol. Chem. 263, 682-689. 
 
8.  MacKerell, A.D., Bashford, D., Bellott, Dunbrack, R.L., Evanseck, J.D., Field, 

M.J., Fischer, S., Gao, J., Guo, H., Ha, S., Joseph-McCarthy, D., Kuchnir, L., 
Kuczera, K., Lau, F. T.K., Mattos, C., Michnick, S., Ngo, T., Nguyen, D.T., 
Prodhom, B., Reiher, W.E., Roux, B., Schlenkrich, M., Smith, J.C., Stote, R., 
Straub, J., Watanabe, M., Wiorkiewicz-Kuczera, J., Yin, D., and Karplus, M. 
(1998) The Journal of Physical Chemistry B. 102, 3586-3616. 

 
9.  Dolinsky, T.J., Nielsen, J.E., McCammon, J.A., and Baker, N.A. (2004) Nucleic 

Acids Research 32 (suppl 2), W665-W667. 
 
10.  Li, H., Robertson, A.D., and Jensen, J.H. (2005) Proteins 61, 704-721. 
 
11.  Baker, N.A., Sept, D., Joseph, S., Holst, M.J., and McCammon, J.A. (2001) Proc. 

Natl. Acad. Sci. U.S.A. 98, 10037-10041. 
 
12.  Schrodinger, LLC. (2010) The PyMOL Molecular Graphics System, Version 

1.1r1. In. 



	 85

 

 

 

Chapter 3 

 

 

 

 

A Conserved Bi-domain Receptor Efficiently Captures Heme from 

Hemoglobin 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 86

3.1 Overview§ 

Staphylococcus aureus is a leading cause of life-threatening infections in the 

United States. It requires iron to grow, which must be actively procured from its host to 

successfully mount an infection. Heme-iron within hemoglobin (Hb) is the most abundant 

source of iron in the human body and is captured by S. aureus using two closely related 

receptors, IsdH and IsdB. Here we demonstrate that each receptor captures heme using 

two conserved near iron transporter (NEAT) domains that function synergistically. NMR 

studies of the 39-kDa conserved unit from IsdH (IsdHN2N3, Ala326–Asp660) reveals that it 

adopts an elongated dumbbell-shaped structure in which its NEAT domains are properly 

positioned by a helical linker domain, whose three-dimensional structure is determined 

here in detail. Electrospray ionization mass spectrometry and heme transfer 

measurements indicate that IsdHN2N3 extracts heme from Hb via an ordered process in 

which the receptor promotes heme release by inducing steric strain that dissociates the 

Hb tetramer. Other clinically significant Gram-positive pathogens capture Hb using 

receptors that contain multiple NEAT domains, suggesting that they use a conserved 

mechanism.  

§The work described in this chapter has been published in the following paper: 

Spirig, T.†, Malmirchegini†, G.R., Zhang, J., Robson, S.A., Sjodt, M., Liu, M., Krishna 
Kumar, K., Dickson, C.F., Gell, D.A., Lei, B., Loo, J.A., and Clubb, R.T. (2013) J. Biol. 
Chem. 288, 1065-1078.  
 
 †I contributed equally to this work. My role in this work was to study the 

conserved bi-domain receptor of IsdH. I contributed to the NMR studies and biochemical 

experiments described in this publication. 
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3.2 Introduction 

Staphylococcus aureus is a leading cause of lethal hospital- and community-

acquired infections in the United States. These infections result in a range of life-

threatening diseases, such as pneumonia, meningitis, osteomyelitis, endocarditis, toxic 

shock syndrome, bacteremia, and sepsis. Highly virulent methicillin-resistant strains of 

S. aureus are now common, which annually cause more deaths in the United States 

(over 18,500) than any other single infectious agent (1). Iron is an essential nutrient 

required for S. aureus growth and is actively procured from its host during infections. As 

an innate defense mechanism, humans and other vertebrates exploit this dependence 

by sequestering the majority of the body's total iron within cells and by binding 

extracellular iron to transferrin and lactoferrin glycoproteins (2, 3). Iron-protoporphyrin IX 

(heme), found in the oxygen transport protein hemoglobin (Hb), contains ∼75% of the 

body's total iron. As a result, S. aureus and other microbial pathogens have developed 

elaborate heme acquisition systems to exploit this rich nutrient source.  

S. aureus captures heme-iron from human Hb using nine iron-regulated surface 

determinant (Isd) proteins (4–7). Four Isd proteins are attached to the cell wall and 

capture Hb, extract its heme, and pass it across the peptidoglycan to the membrane. 

These proteins include IsdA, IsdB, and IsdH (also known as HarA), which are attached 

to the cell wall by the SrtA sortase enzyme (8–11), and IsdC, which is attached to the 

cell wall by the SrtB sortase (12). Biochemical and cellular localization studies indicate 

that heme capture is mediated by an ordered set of heme transfer reactions. This 

process is initiated when the IsdH and IsdB proteins exposed on the cell surface bind Hb 

and remove its heme (8, 11). Heme is then transferred to IsdA, which, in turn, relays it to 

the IsdC protein buried within the cell wall (11, 13, 14). Holo-IsdC then passes heme to 

the IsdE-IsdF complex, a transporter that pumps heme across the membrane into the 

cytoplasm. In the cytoplasm, the heme oxygenase IsdG or its paralog, IsdI, degrades the 
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tetrapyrrole ring to release free iron for use by the bacterium (15). A molecular level 

understanding of the Isd system could facilitate the development of new anti-infective 

agents that work by disrupting heme uptake, because several studies have shown that 

its components are required for S. aureus virulence (12, 16–19), and related systems 

are present in a number of other important pathogens, including Listeria monocytogenes 

(20, 21), Bacillus anthracis (22), and Streptococcus pyogenes (23–25).  

In the Isd system, both Hb and heme are captured by near iron transporter 

(NEAT) domains that are located within the IsdA, IsdB, IsdC, and IsdH proteins. These 

conserved binding modules are ∼125 residues in length and are named for the location 

of their genes, which are proximal to putative Fe3+ siderophore transporter genes (26). 

Biochemical studies of isolated NEAT domains indicate that they have distinct binding 

specificities that enable interactions with one or more distinct ligands, including heme, 

Hb, haptoglobin, and other host proteins. The atomic structures of several isolated NEAT 

domains have now been determined, revealing the mechanism of heme and Hb binding 

(27–29). In addition, recent studies have shown that heme transfer from IsdA to IsdC 

occurs when their NEAT domains transiently associate via an ultra-low affinity hand 

clasp complex (30, 31).  

The first step in heme acquisition is the capture of Hb and the extraction of its 

heme molecules by IsdH and IsdB. Both receptors are potential targets for the 

development of novel antibiotics because isdH and isdB mutant strains of S. aureus are 

reduced in their ability to infect mice (16, 19, 32, 33), and purified antibodies against 

IsdH and IsdB confer protection from staphylococcal infections in animal models (33). 

IsdH and IsdB share a significant degree of primary sequence homology, and, unlike 

other components of the Isd system, they contain multiple NEAT domains. IsdB has 

been shown to bind Hb and capture its heme at least 150 times faster than the rate at 

which Hb spontaneously releases heme into the solvent, suggesting that the receptors 
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capture heme via an activated receptor-Hb complex (14, 34). Here we demonstrate that 

heme capture by IsdB and IsdH is mediated by a conserved structured unit that contains 

two NEAT domains that are connected by an α-helical linker domain. We show, based 

on absorbance spectroscopy and electrospray ionization mass spectrometry (ESI-MS) 

measurements, that the linker domain in IsdH forms a three-helix bundle structure that is 

essential for efficient heme capture. NMR studies of a 39-kDa polypeptide containing the 

conserved unit from IsdH indicate that it adopts an extended but ordered structure. A 

model of the heme extraction process is presented in which IsdH dissociates the Hb 

tetramer to promote heme release.  

 

3.3 Results 

3.3.1 A Conserved Unit in IsdB and IsdH Containing Two NEAT Domains Rapidly 

Captures Heme from Hb 

The S. aureus Hb receptors IsdB and IsdH contain two and three NEAT domains, 

respectively (Fig. 3.1A). Isolated domains from these receptors have been characterized 

in vitro and bind to either Hb or heme; the IsdHN1, IsdHN2, and IsdBN1 NEAT domains 

bind to Hb, whereas the C-terminal NEAT domains in both proteins interact with heme 

(IsdHN3 and IsdBN2) (32, 38, 50–54). Interestingly, a sequence alignment reveals that 

IsdB and IsdH share 64% primary sequence identity with one another over a region that 

encodes two NEAT domains (Figs. 3.1A and 3.2). This conserved unit contains two 

NEAT domains that are joined by a ∼70-amino acid segment, hereafter referred to as 

the “linker.” In IsdH, the unit corresponds to the N2 and N3 domains, which are 

homologous to the N1 and N2 domains in IsdB, respectively (Fig. 3.1A, enclosed in a 

dashed box). In vitro, full-length IsdB rapidly captures heme from Hb (14). To determine 

if the conserved unit within IsdB and IsdH is responsible for efficient heme capture, UV-

visible absorption spectroscopy was used to measure the rate of heme transfer from 
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heme-loaded methemoglobin (MetHb) to either IsdBN1N2 (residues Thr121–Asn458, 

containing the N1 and N2 domains in IsdB) or IsdHN2N3 (Ala326–Asp660, containing the N2 

and N3 domains in IsdH). All studies were performed under oxidizing conditions, in 

which heme is in its ferric form. Upon mixing of MetHb with apo-IsdHN2N3, a rapid shift of 

the UV absorbance spectrum of Hb to the heme bound spectrum of IsdHN2N3 is observed 

(Fig. 3.1B). This spectral change is indicative of heme transfer to IsdH and is most 

pronounced at 371 and 406 nm where the absorbance increases and decreases, 

respectively. A kinetic analysis of the heme transfer data indicates that IsdBN1N2 and 

IsdHN2N3 capture heme from Hb at similar rates, 0.055 ± 0.001 and 0.048 ± 0.001 s−1, 

respectively (Fig. 3.1C). These rates are similar to those measured for intact IsdB and 

are up to 580 times faster than the rate at which tetrameric Hb spontaneously releases 

heme into the solvent, suggesting that heme transfer to IsdB and IsdH occurs via a 

MetHb-receptor complex (14, 34).   

To determine if the NEAT domains within IsdH need to be part of the same 

polypeptide to rapidly extract heme, we measured the rate of heme transfer from MetHb 

to the isolated N3 domain in the presence and absence of the Hb binding N2 domain 

(Fig. 3.3, A and B). Compared with IsdHN2N3, the isolated heme binding domain IsdHN3 

(Leu544–Asp660) acquires heme from MetHb very slowly, which is consistent with an 

indirect transfer mechanism in which heme is first released from MetHb into the solvent 

before it is acquired by IsdHN3 (Fig. 3.3B). The addition of the MetHb binding IsdHN2 

protein (Ala326–Pro466) in trans to this transfer reaction fails to increase the rate of heme 

transfer from MetHb to IsdHN3 (Fig. 3.3B, N2 + N3). This indicates that IsdHN2 binding to 

MetHb itself does not perturb its structure so as to promote heme release and 

subsequent capture by the isolated N3 domain. The presence of the N2 domain also 

does not significantly alter the heme binding affinity of the N3 domain within IsdHN2N3, 

because IsdHN2N3 and IsdHN3 bind heme with similar affinities, KD values of 3.2 ± 0.7 and 
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3.4 ± 0.6 μm, respectively (Fig. 3.4). Combined, these data strongly suggest that the N2 

and N3 domains of IsdH need to reside within the same polypeptide to efficiently capture 

heme from Hb. Because IsdB contains this conserved unit, its NEAT domains also 

presumably synergistically extract heme (Fig. 3.2). 

 

3.3.2 The NEAT Domains within IsdH and IsdB Are Connected by a Functionally 

Important Helical Linker 

 The ∼70-amino acid linker segments that connect the NEAT domains in IsdB and 

IsdH share 70% sequence identity (Fig. 3.2). To investigate their structure, we purified 

polypeptides containing this segment from IsdB (IsdBlinker, Ser263–Ser361) and IsdH 

(IsdHlinker, Pro466–Val564). Their circular dichroism (CD) spectra indicate that IsdBlinker and 

IsdHlinker adopt a helical conformation, which is evident by negative bands in their CD 

spectra at 222 and 208 nm and a positive band at 193 nm (Fig. 3.5A). This is consistent 

with secondary structure predictions, which propose that amino acids in this region form 

several α-helices. To explore the functional role of the linker domain in IsdH, UV-visible 

absorbance spectroscopy was used to follow heme capture from MetHb. IsdHlinker was 

unable to acquire heme from MetHb (Fig. 3.3B). Moreover, the presence of IsdHlinker and 

IsdHN2 did not accelerate the rate at which IsdHN3 captures heme from MetHb (Fig. 3.3C, 

N2 + linker + N3). This indicates that the isolated components of the conserved unit in 

IsdH are unable to associate with one another via non-covalent interactions to form a 

fully functioning receptor. To further investigate the function of the linker, polypeptides in 

which the linker was fused to either the N2 (IsdHN2-linker, Ala326–Gln543) or N3 (IsdHlinker-N3, 

Leu544–Asp660) domains were studied. Slow transfer from MetHb to the isolated N3 

domain was observed when IsdHN2-linker was added in trans, indicating that MetHb 

binding by IsdHN2-linker did not significantly promote heme release and subsequent 

capture by IsdHN3. Similarly, IsdHlinker-N3 captures heme slowly from MetHb in either the 
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presence or absence of IsdHN2, indicating that the presence of the helical linker does not 

influence the N3 domain's ability to scavenge heme (Fig. 3.3C). To determine if the 

structure of the linker is important for function, we studied IsdHN2-GS-N3, which replaces 

the linker with a nine-residue glycine- and serine-rich polypeptide (GSGSGSGSG). 

Spectroscopic measurements reveal that IsdHN2-GS-N3 captures heme slowly from MetHb 

at a rate that is similar to that of the isolated N3 domain (Fig. 3.3, compare B and C). 

Combined, these data indicate that the NEAT domains in IsdB and IsdH are connected 

by a helical linker, whose primary function is to properly position the domains so as to 

specifically facilitate heme transfer from MetHb to the N3 domain. 

 

3.3.3 IsdH Destabilizes Hb to Promote Heme Release 

 We used ESI-mass spectrometry to investigate the mechanism through which 

IsdH accelerates heme release from Hb. ESI-MS allows the quantification of different Hb 

oligomers in the presence and absence of IsdH (55). Hb consists of α- and β-globin 

chains each bound to a heme. The globins assemble into a noncovalently bound (αβ)2 

tetramer that dissociates into (αβ) dimers with a dissociation constant (KD) of 2 μm (56). 

This is evident from the ESI-MS spectrum of a 10 μm solution of Hb; from the ratio of the 

signal from the dimer and tetramer ions, the dimer/tetramer ratio is 1:1.4. This is 

consistent with previously reported studies (57, 58) and validates the use of ESI-MS to 

estimate the relative abundances of Hb species. ESI-MS spectra of Hb were acquired in 

the presence or absence of either wild-type IsdHN2N3, IsdHN2-GS-N3, or IsdHN2N3(Y642A), 

which contains a Y642A mutation in the N3 domain that disrupts heme binding (Fig. 3.6, 

A–D). In all of the experiments, the receptors were present at a 2-fold molar excess 

relative to Hb (expressed in tetrameric units). The ESI-MS data are summarized in Fig. 

3.6E, which shows a histogram plot of the relative abundances of the various forms of 

Hb (the sum of the monomeric α- or β-globins (M); (αβ) dimer (D); and (αβ)2 tetramer 
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(T)), as well as receptor-bound forms of the (αβ)2 tetramer (T:R), and (αβ) dimer (D:R). 

Incubation of IsdHN2N3 with Hb substantially reduces the amount of dimeric and 

tetrameric Hb, which is converted into monomeric globins. This is consistent with 

previous studies that have shown that Hb dissociates into its component globins upon 

heme removal (58, 59). Because substoichiometric amounts of the receptor were used, 

Hb dissociation is not complete, leaving mostly a mixture of dimeric Hb and the (αβ) 

dimer-receptor complex. Importantly, after the IsdHN2N3 addition, most of the Hb tetramer 

disappears, and very little (αβ)2 tetramer-receptor complex is formed. This indicates that 

receptor binding and/or heme removal significantly destabilizes the tetramer. 

To gain insight into the role of the linker and heme binding in the acquisition 

process, ESI-MS spectra of Hb in the presence of IsdHN2-GS-N3 or IsdHN2N3(Y642A) were 

acquired. Unlike the wild-type receptor, when the IsdHN2-GS-N3 linker mutant is incubated 

with Hb, the majority of the receptor binds to the (αβ)2 tetramer to form a (αβ)2-IsdHN2-GS-

N3 complex, and a significant fraction of the tetramer remains intact (Fig. 3.6E). 

Moreover, smaller amounts of Hb are converted to its monomeric globins, whereas 

roughly similar amounts of (αβ) dimer and (αβ) dimer-receptor complex are present. The 

absence of monomeric globins is compatible with the kinetic data that showed that 

IsdHN2-GS-N3 extracted heme from Hb inefficiently. The fact that the linker mutant does not 

disrupt the tetramer suggests that it adopts a unique structure as compared with the 

wild-type protein, such that the mutant receptor can no longer impart sufficient structural 

strain to rupture the tetramer. To determine if the receptor needs to bind heme in order 

to dissociate the Hb tetramer, we studied IsdHN2N3(Y642A), which contains a Y642A 

mutation in the N3 domain that disrupts heme binding. When Hb is incubated with 

IsdHN2N3(Y642A), the amount of tetrameric Hb is significantly reduced as a result of its 

conversion into the (αβ)-IsdHN2N3(Y642A) complex. However, only small amounts of 

monomeric globin are produced. This suggests that heme removal from the tetramer by 



	 94

the receptor is not required to dissociate it into its dimeric state. However, heme removal 

appears to be required to convert Hb into its monomeric units. A working model of the 

extraction process is presented under “Discussion.” 

 

3.3.4 Structure of the Linker Domain 

 To gain a better understanding of the molecular basis of heme capture, we 

determined the NMR solution structure of IsdHlinker (Protein Data Bank accession code 

2LHR). The NMR spectra of IsdHlinker are well resolved, enabling nearly complete 1H, 

13C, and 15N resonance assignments (Fig. 3.5B). A total of 1793 experimentally derived 

restraints were used to determine the structure, including 1469 interproton distance 

restraints, 118 dihedral angle restraints, 54 3JHNα restraints, and 152 13C secondary shift 

restraints. An ensemble of 20 conformers representing the structure of IsdHlinker is 

displayed in Fig. 3.7A. The structure is well defined by the NMR data; the backbone and 

heavy atom coordinates of the structured residues Val470–Val531 can be superimposed 

with a root mean square deviation of 0.42 ± 0.10 and 0.87 ± 0.07 Å, respectively 

(experimental and structural parameters are presented in Table 3.1). 

 The linker forms a three-helix bundle that is composed of helices α1 (Asp471–

Lys486), α2 (Leu490–Lys503), and α3 (Glu506–Ala530) (Fig. 3.7B). In the bundle, the long 

axes of the helices are co-linear and are connected by short reverse turns. The structure 

is stabilized by a hydrophobic core that is formed by nine leucine and tyrosine residues 

(Leu477, Leu480, Leu481, Tyr484, Leu497, Leu500, Leu504, Tyr508, and Tyr512; Fig. 3.7C). 

Although each helix contributes residues to the hydrophobic core, helix α3 is longer than 

the other helices, such that its C terminus projects from the bundle. This region and 

residues immediately following it presumably facilitate interactions with the N3 domain in 

the intact receptor (see below). {1H}15N heteronuclear NOE measurements are 

compatible with the structure because residues Val470–Val531, whose coordinates are 
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precisely defined in the ensemble, exhibit large magnitude NOE values, indicating that 

they are immobile on the picosecond time scale (Fig. 3.5C). 

 

3.3.5 IsdHN2N3 Adopts an Extended but Ordered Multidomain Structure  

 We used NMR to investigate the structure and dynamics of IsdHN2N3(Y642A). It is 

structurally identical to the wild-type protein based on its HSQC spectrum but is reduced 

in its ability to bind heme. Previously, we sequence-specifically assigned the chemical 

shifts of its backbone atoms (36). To learn whether the domains form a rigid unit within 

IsdHN2N3(Y642A), we measured {1H}15N heteronuclear NOE relaxation parameters. As 

shown in Fig. 3.8A, residues spanning the N2, linker, and N3 domains exhibit positive 

and mostly uniform {1H}15N heteronuclear NOEs, which indicates that they are 

structurally ordered. Notably, residues that connect the domains also exhibit positive 

NOEs. Because some of these residues are unstructured in the isolated linker 

polypeptide (Fig. 3.5C), this suggests that in the context of IsdHN2N3(Y642A), they form 

stabilizing interactions with residues located in the N2 and/or N3 domains and that the 

domains form a single structured unit. 

 Although the structure of the full receptor is unknown, the structures of the 

isolated linker and N3 domains are known, and the structure of the N2 domain can be 

accurately modeled using the previously determined NMR and crystal structures of 

IsdHN1, which shares 54% sequence identity with N2 (50, 51, 53). To determine whether 

the domains undergo major structural changes upon incorporation into IsdHN2N3, we 

measured 15N-1H residual dipolar couplings (1DNH RDCs) in a sample of IsdHN2N3 partially 

aligned in pentaethylene glycol monododecyl ether (C12E5 PEG)/hexanol. The 1DNH data 

provide information about the angle of each backbone N–H bond relative to an alignment 

tensor. The compatibility of the individual domain structures with the RDC data was 

evaluated by plotting the back-calculated versus experimental 1DNH values (Fig. 3.9). 



	 96

There is good agreement between the experimental data and the individual structures of 

the N2, linker, and N3 domains, which have calculated Q-factors of 0.28, 0.10, and 0.23, 

respectively. This indicates that incorporation of the domains into IsdHN2N3 does not 

significantly alter their structure and is consistent with our previously reported Cα and Cβ 

backbone secondary chemical shifts of IsdHN2N3, which suggested that the domains have 

similar secondary structures in isolation and when incorporated into IsdHN2N3 (36). 

 The chemical shifts of IsdHN2N3(Y642A) and polypeptides containing its isolated 

domains were compared with the aim of learning if the domains interact with one another 

in the context of IsdHN2N3(Y642A). Fig. 3.8B shows an overlay of the secondary chemical 

shifts of IsdHN2N3(Y642A) and IsdHlinker. Similar secondary chemical shifts were observed for 

the structured part of the linker, suggesting that its conformation is preserved in 

IsdHN2N3(Y642A). Average chemical shift differences of the backbone amide signals of 

isolated linker and the corresponding residues in IsdHN2N3 are displayed in Fig. 3.8C. In 

general, small chemical shift differences were observed for residues in the core helices 

of the linker, indicating that they do not form a molecular surface that interacts with the 

N2 or the N3 domains. However, significant chemical shift differences in the linker occur 

for residues located at the beginning of helix α2 (Leu490–Arg492) and at its N terminus 

(Asp468-Glu472, Thr474–Tyr475) and C terminus (Gln526–Ser529, Val531–Thr538, Thr540–Gln543). 

Mapping these changes onto the NMR structure of the linker reveals that they reside at 

distinct ends of the domain (Fig. 3.8D). This is consistent with residues at the beginning 

of helix α2 and the N terminus of the linker contacting the N2 domain, while residues at 

the C-terminal end interact with the N3 domain. Interestingly, comparison of the 

secondary chemical shifts suggests that helix α3 in the linker domain is lengthened at its 

C terminus when it is incorporated into IsdHN2N3 (Fig. 3.8B). Moreover, residues 

immediately following this segment, based on their secondary chemical shifts, do not 

participate in regular secondary structure when located in IsdHN2N3 but are nevertheless 
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highly ordered, based on the heteronuclear NOE data (Fig. 3.8A). To further ascertain 

whether the domains in IsdHN2N3 might be significantly interacting with one another in 

IsdHN2N3, we produced 15N samples of IsdHN2 and IsdHN3. The 1H-15N HSQC spectrum of 

IsdHN2 is well resolved and, when overlaid with the spectrum of IsdHN2N3, reveals very 

similar chemical shifts (data not shown). This suggests that, in the context of IsdHN2N3, 

the N2 domain does not contain a large contact surface that interacts with the remainder 

of the protein. A similar analysis using 15N-labeled IsdHN3 was also attempted but did not 

prove fruitful because the cross-peaks in its spectrum are partially broadened, 

presumably because of protein aggregation. Combined, the absence of extensive 

interaction surfaces in the linker and N2 domains suggests that, while ordered, IsdHN2N3 

does not adopt a compact structure. 

 

3.4 Discussion 

 To successfully mount an infection, S. aureus and other pathogens acquire the 

essential nutrient iron from human Hb. Two surface-displayed S. aureus receptors 

capture Hb on the cell surface, IsdB and IsdH. The receptors share a high degree of 

sequence homology over a region that contains two NEAT domains that are separated 

by a ∼70-amino acid “linker” segment (Figs. 3.1A and 3.2). The NEAT domains in the 

conserved units have distinct functions; in each protein, the N-terminal domain binds to 

Hb, and the C-terminal domain interacts with heme (8, 38). Interestingly, the NEAT 

domains in IsdB appear to function synergistically, because Lei and colleagues (14) 

have shown that IsdB captures heme from Hb ∼28–250 times faster than proteins that 

contain only a single NEAT domain. To gain insight into the molecular basis of this 

synergy, we studied the conserved bi-NEAT domain unit located within IsdH (IsdHN2N3). 

UV-visible spectroscopy measurements of heme transfer from Hb indicate that IsdHN2N3 
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rapidly acquires the heme of Hb at a rate that is 110–580 times faster than the rate at 

which Hb spontaneously releases heme into the solvent (IsdHN2N3 acquires heme at a 

rate of 0.048 ± 0.001 s−1, whereas the α and β subunits in tetrameric Hb release heme 

into the solvent at a rate of ∼0.000083 and ∼0.00042 s−1, respectively) (34). IsdB and 

IsdHN2N3 capture heme from Hb at a similar rate, compatible with both proteins forming a 

receptor-Hb complex in which heme is actively removed. These transfer rates may be 

slower if the heme iron in Hb is in its reduced state, because IsdHN3 has been shown to 

bind ferric heme more tightly than ferrous heme (60). Systematic dissection of IsdHN2N3 

into its components indicates that its NEAT domains need to be part of the same 

polypeptide chain in order to rapidly acquire heme from Hb. Moreover, a linker with a 

specific structure and size that connects the domains is required for efficient heme 

capture; an IsdHN2-GS-N3 mutant in which the linker is replaced with a glycine-serine 

nonapeptide acquires heme slowly from Hb.  

IsdHN2N3 adopts an ordered elongated dumbbell-shaped structure in which its 

NEAT domains are separated by a helical linker domain. The NMR structure of the linker 

domain (called IsdHlinker) reveals that it adopts a three-helix bundle. First observed in the 

IgG-binding domain of S. aureus, three-helix bundles serve as robust scaffolds for 

molecular recognition and are ubiquitously found in structural proteins, enzymes, and 

DNA-binding proteins (61, 62). Because the N and C termini in IsdHlinker are positioned at 

opposite ends of the bundle, in the context of the IsdHN2N3 receptor, the linker domain 

presumably acts as a spacer that holds the N2 and N3 domains apart from another by 

∼40 Å. This is compatible with the assigned NMR spectra of the intact 39-kDa IsdHN2N3 

receptor, because a comparison with the NMR spectra of IsdHlinker reveals that only 

residues located at the ends of the helical bundle near the connection points to the N2 

and N3 domains exhibit large chemical shift differences. Moreover, the NMR chemical 

shifts of residues in the isolated IsdHN2 domain and IsdHN2N3 are similar, suggesting that 
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N2 is not involved in extensive interdomain interactions in the structure of IsdHN2N3. 

Interestingly, although IsdHN2N3 adopts an elongated structure, the domains do not 

appear to be connected by flexible loops. Inspection of the heteronuclear NOE data of 

IsdHN2N3 reveals nearly uniform values over the length of the polypeptide, including 

amino acids that connect the domains. Notably, several residues at the N and C termini 

of the linker domain that are unstructured in the isolated IsdHlinker become ordered when 

they are located in IsdHN2N3 (in IsdHN2N3, 2 and 11 residues preceding and following the 

linker domain, respectively, exhibit elevated NOE values in IsdHN2N3 as compared with 

IsdHlinker). Thus, the three domains within IsdHN2N3 adopt an extended conformation in 

which their positioning is fixed with respect to one another. IsdB can be assumed to 

adopt a similar structure because it shares significant sequence homology with IsdHN2N3, 

and we have shown that its linker region also adopts a helical conformation.  

From the ESI-MS data, IsdHN2N3 extracts heme from Hb via the ordered process 

shown in Fig. 3.10A. On the cell surface, IsdB and IsdH can be expected to encounter 

Hb in its (αβ)2 tetrameric and αβ dimeric forms, whose relative abundance depends on 

protein concentration. When IsdHN2N3 binds to the (αβ)2 tetramer, it promotes its 

dissociation into αβ dimers, which is presumably caused by receptor-induced steric 

strain that ruptures the weaker α1β2 interface of the tetrameric Hb (63). Dimer formation 

is expected to facilitate heme transfer to IsdHN2N3 because dimeric Hb releases heme 

more readily than the (αβ)2 tetramer; compared with the tetramer, the rate of heme loss 

from the α and β chains in the isolated (αβ) dimer is 2 and 10 times faster, respectively 

(34). In the second step, heme is transferred from the (αβ) dimer to the N3 domain within 

the IsdHN2N3 receptor. Our data do not reveal which globin chain, if any, serves as the 

preferred heme donor for IsdHN2N3. It is possible that heme is first removed from the β 

subunit because it has intrinsically weaker affinity for heme as compared with the α 

subunit (34). Alternatively, structural distortions induced in the dimer by the receptor may 
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trigger heme transfer from the α chain, creating semi-β Hb from which heme is known to 

be rapidly released (34). In the final step, after the loss of one of its heme molecules, the 

(αβ) dimer dissociates completely. Formation of monomeric species is probably driven 

by the greater tendency of Hb dimers to dissociate (59). As the monomeric α and β 

chains quickly lose their heme to the environment, both globins could be expected to 

readily release their ligand to IsdH (34). A similar transfer reaction is expected to occur 

when IsdH encounters an (αβ) Hb dimer, but it would bypass the need for tetramer 

dissociation. An alternative heme transfer pathway is also possible. In it, the receptor 

would remove heme directly from the tetramer or concurrently with tetramer dissociation. 

Heme removal from the tetramer could be advantageous because it would produce 

semi-Hb tetramers that are prone to dissociate (64). However, as described immediately 

below, heme capture from the Hb tetramer is not an obligate step in the transfer 

reaction.  

Several lines of evidence indicate that binding of the IsdHN2N3 receptor to 

tetrameric Hb induces steric strain in Hb that causes it to dissociate into dimers and that 

this process does not require heme transfer to IsdHN2N3 (Fig. 3.10A). The most 

compelling evidence comes from the ESI-MS data of IsdHN2N3 and IsdHN2N3(Y642A), which 

indicate that both proteins readily disrupt the tetramer. Because IsdHN2N3(Y642A) binds 

heme with lower affinity, this indicates that structural perturbations in Hb induced by 

receptor binding are sufficient to cause it to dissociate. This process requires two NEAT 

domains that are connected by a structured linker because the Hb tetramer does not 

dissociate when it is bound to an IsdHN2-GS-N3 mutant in which the linker domain is 

replaced with a flexible glycine-serine peptide. The idea that an intact bi-NEAT domain 

receptor is required to dissociate the tetramer is also consistent with a recent crystal 

structure of the IsdHN1-Hb complex, which revealed that binding of the isolated N1 NEAT 

domain to Hb induced only modest structural changes in Hb (50). As we have shown, 



	 101

IsdHN2N3 adopts a rigid structure in its apo state; this suggests that binding of IsdHN2N3 to 

Hb results in atomic overlap between the proteins that causes the tetramer to dissociate. 

A model of the structure of the IsdHN2N3-Hb complex illustrates a possible orientation of 

the receptor protein on Hb (Fig. 3.10B). The orientation of the subdomains (N1, linker, 

and N2) within IsdHN2N3 has not been experimentally determined, and only one possible 

orientation is shown. The model was constructed using the NMR structure of IsdHlinker, 

the crystal structure of the isolated N3 domain, and a homology model of the N2 domain 

based on the structure of IsdHN1. Based on the recently reported crystal structure of the 

isolated N1 domain bound to Hb, the N2 domain in IsdHN2N3 can be expected to engage 

the α subunit of Hb via its A-helix (50). Contacts from N2 presumably originate from 

residues located within surface loops positioned at one end of its β-barrel structure 

because these residues are conserved in N1 and N2. The relative positioning of the 

remainder of the IsdHN2N3 protein and its contacts to Hb cannot be predicted from our 

NMR data. However, assuming that IsdHN2N3 adopts an extended structure, the N3 

domain could, in principle, be positioned adjacent to the heme pockets of either the α or 

β subunits. Unlike IsdB, the IsdH protein contains an N-terminal NEAT domain (N1) that 

binds to the α subunit of Hb (Fig. 3.1A) (50). It is possible that the N1 and N2 domains in 

IsdH simultaneously engage the Hb tetramer via its two α subunits. Alternatively, N1 and 

N2 may not simultaneously engage the same tetramer. In this scenario, Hb binding by 

N1 may function to increase the efficiency of heme capture by increasing the local 

concentration of Hb that is proximal to IsdHN2N3. A more detailed understanding of the 

mechanism of extraction and the origin of molecular strain induced by the receptor on 

Hb will require studies of the full-length IsdH protein and the structure determination of 

IsdHN2N3 in both its free and Hb-bound states.  

We have demonstrated that the NEAT domains within IsdH function 

synergistically to capture heme from Hb. Interestingly, several other pathogenic species 
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of Gram-positive bacteria display surface proteins implicated in heme capture that 

contain more than one NEAT domain (26). At present, only a few of these proteins have 

been characterized biochemically. S. pyogenes encodes the membrane-anchored Shr 

protein, which has two NEAT domains, and, similar to IsdB and IsdH, it has been 

proposed to acquire heme via a receptor-Hb complex (65, 66). B. anthracis produces a 

Hb hemophore called IsdX2 that contains five NEAT domains (67, 68). All of its domains 

bind Hb, and some are multifunctional because they can also bind heme. It will be 

interesting to see if subsets of these domains are also connected by structured linker 

segments that enable their NEAT domains to function synergistically. Despite the 

prevalence and importance of multi-NEAT domain proteins in Gram-positive bacteria, 

this present study is the first to address in detail the possible interactions between NEAT 

domains, the role of the linker segments, and functional synergy between these regions. 

Further research will be required to reveal if the mechanism of extraction described here 

can be generalized to other NEAT-containing Hb receptors. This work could lead to 

small molecule antibiotics that work by limiting microbial access to heme-iron.  

 

3.5 Experimental Procedures 

3.5.1 Cloning, Protein Expression, and Purification 

 Plasmids were generated encoding IsdH and IsdB receptor constructs as small 

hexahistidine-ubiquitin-like modifier (SUMO)-tagged proteins under control of an 

inducible promoter: pRM208 coding for amino acids 326–660 in IsdH (IsdHN2N3), 

pRM213 coding for amino acids 326–466 in IsdH (IsdHN2), pRM214 coding for amino 

acids 466–660 in IsdH (IsdHlinker-N3), pRM234 coding for amino acids 326–543 in IsdH 

(IsdHN2-linker), pRM219 coding for amino acids 467–543 in IsdH (IsdHlinker), and pRM221 

coding for amino acids 544–600 in IsdH (IsdHN3). Briefly, the DNA was amplified from 

the S. aureus RN4220 genome by polymerase chain reaction (PCR) and cloned into the 
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vector pHis-SUMO using BamHI and XhoI restriction enzymes (35). pRM233 coding for 

amino acids 326–660 (IsdHN2-GS-N3) was generated from pRM208 using two-step PCR, 

such that the linker was replaced with a nine-amino acid artificial linker (GSGSGSGSG). 

The sequence of all plasmids was verified by DNA sequencing. Generation of the 

plasmid pRM216 coding for amino acids 326–660 in IsdH with an alanine substitution of 

Tyr642 (IsdN2N3(Y642A)) has been described earlier (36). Protein expression in Escherichia 

coli BL21(DE3) cells (New England BioLabs) transformed with the overexpression 

plasmids in LB/kanamycin (50 μg/ml) was induced with 1 mm isopropyl-β-d-

thiogalactoside for 4 h at 37 °C. For production of isotopically labeled [13C,15N]protein, 

the cells were grown in M9 minimal medium containing 15NH4Cl and [13C]glucose 

(Cambridge Isotope Laboratories). The bacterial cells were harvested by centrifugation, 

resuspended in 50 mm NaH2PO4, 300 mm NaCl, pH 7.0, and ruptured by sonication. 

The cell debris was removed by centrifugation, and the supernatant containing the 

SUMO-tagged proteins was purified using a Co2+-chelating column (Thermo Scientific). 

After cleavage of the fusion proteins with ULP1 protease for 2 h at 4 °C, they were 

reapplied to the Co2+ chelating column to remove the protease and cleaved SUMO-

affinity tag. The receptor proteins were further purified by gel filtration on a Superdex 75 

column (GE Healthcare) equilibrated with 20 mm NaH2PO4, 50 mm NaCl, pH 6.0. Heme 

contents of holo- and apoproteins were determined with the pyridine hemochrome 

assay, and homogeneous apo forms of the heme-binding proteins were generated by 

extraction with methyl ethyl ketone (37). Expression and purification of [U-

2H,13C,15N]IsdN2N3(Y642A) was performed according to a previously published protocol (36). 

 

3.5.2 Preparation of Human Hemoglobin 

 Human blood (30–40 ml) was collected with heparin anticoagulant by a health 

practitioner following appropriate institutional protocols. Red blood cells were collected 
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by centrifugation at 700 × g for 10 min at 4 °C. The cells were washed three times with 

0.9% NaCl and bubbled with carbon monoxide (CO) for 5 min. The cells were then 

collected by centrifugation and lysed by resuspension in five volumes of water, followed 

by incubation on ice for 30 min. NaCl was added to a final concentration of 0.9%, 

resulting in aggregation of the membrane fractions into a gelatinous phase, which was 

removed by centrifugation for 15 min at 9500 × g. The supernatant containing Hb was 

supplemented with 1 mm EDTA and bubbled with CO for 5 min. After adjusting the pH to 

6.9, the hemolysate was applied to an SP Sepharose Fast Flow column (GE Healthcare) 

equilibrated with 10 mm NaH2PO4, 1 mm DTT, pH 6.9, and Hb was eluted with 10 mm 

Tris-HCl, pH 8.5. The fractions containing Hb were pooled, supplemented with 1 mm 

EDTA, and bubbled with CO for 5 min. Subsequently, the sample was applied to a Q 

Sepharose Fast Flow column (GE Healthcare) equilibrated with 10 mm Tris-HCl, pH 8.5. 

Pure Hb was eluted with 30 mm NaH2PO4, pH 6.9, with a yield of 100 mg of protein/ml of 

blood. Hb concentrations were determined using Drabkin's reagent (Sigma). 

 

3.5.3 Electrospray Ionization Mass Spectrometry and Circular Dichroism 

Spectroscopy 

Purified human Hb and IsdH proteins were prepared in 10 mm ammonium 

acetate buffer at pH 6.9, subsequently mixed to concentrations of 10 and 20 μm, 

respectively, and incubated at 25 °C for 1 h. MS measurements of protein samples were 

performed on a Waters Synapt G1 QTOF mass spectrometer (Waters Corp., Milford, 

MA) (35). The protein solutions were electrosprayed using Proxeon glass capillary 

nanoelectrospray emitters at flow rates between 30 and 50 nl/min. Quantification of Hb 

and Hb-receptor complexes was performed based on the Waters Synapt data by 

comparing summed peak heights. Higher resolution mass spectrometry experiments 

were performed using a 15-tesla Fourier transform ion cyclotron resonance instrument 
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(SolariX hybrid Qq-FTMS, Bruker Daltonics, Billerica, MA). Circular dichroism spectra of 

0.2 mg/ml IsdBlinker and IsdHlinker in 10 mm NaH2PO4, 50 mm NaF, pH 6.8, were recorded 

on a JASCO J-715 spectropolarimeter (JASCO Corp.) at 25 °C with a scan rate of 20 

nm/min. 

 

3.5.4 Heme Transfer Kinetics and Affinity Measurements 

 Heme transfer reactions from Hb to IsdBN1N2 and various IsdH protein constructs 

were monitored by following absorbance changes using a conventional 

spectrophotometer (Shimadzu UV-1700 PharmaSpec), as described previously (14). 

Human hemoglobin was purchased from Sigma and dissolved in 20 mm NaPO4, pH 7.5, 

150 mm NaCl. Briefly, 1 μm holo-Hb (expressed in tetrameric units) was mixed with 10 

μm apo-receptor protein in 20 mm NaPO4, pH 7.5, 150 mm NaCl. Entire absorbance 

spectra were recorded for hemin transfer from holo-Hb to apo-IsdHN2N3 over time. To 

compare the heme transfer rates from Hb to the various acceptor proteins, changes in 

absorbance at 371 and 406 nm were recorded over time at 25 °C for up to 2 h. Apparent 

rate constants for the heme transfer reactions were obtained by fitting the time courses 

of the absorbance changes ∆A406–371 to single or double exponential curves with 

SigmaPlot (Systat Software Inc.). Affinities of IsdHN3 and IsdHN2N3 for heme were 

determined by fluorescence spectroscopy as described (38). 

 

3.5.5 NMR Spectroscopy and Solution Structure Determination 

 NMR spectra of IsdHlinker were acquired at 25 °C on cryoprobe-equipped Bruker 

Avance 500-, 600-, and 800-MHz spectrometers. Backbone and side-chain chemical 

shift assignments were obtained by analyzing the following experiments: 1H,15N HSQC, 

HNCO, HN(CA)CO, HNCACB, HNCA, CBCA(CO)NH, 15N-edited TOCSY, HNCA, 

HNHA, HNHB, HBHA(CO)NH, CC(CO)NH, HCCH-TOCSY, HCCH-COSY, 15N-edited 
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NOESY, and 13C-edited NOESY (reviewed in Ref. 39). TALOS+ was used to obtain a 

majority of the ϕ and ψ dihedral angle restraints (40). Additional ϕ dihedral angle 

restraints were obtained by analyzing HNHA spectra (41). Stereo-specific assignments 

of methylene protons were obtained by analyzing HNHB and 15N-edited TOCSY spectra. 

Distance constraints were identified in three-dimensional 15N- and 13C-edited NOESY 

spectra with mixing times of 125 and 130 ms, respectively. NMR spectra were 

processed using NMRPipe and analyzed using the CARA and PIPP software packages 

(42, 43). The program UNIO was used for automated NOE assignments and structure 

determination of IsdHlinker (44). The NOESY data were manually inspected to verify all 

NOE assignments and identify additional NOE restraints. The structures were improved 

by iterative rounds of structure calculations in which hydrogen bond restraints, backbone 

torsion angle restraints obtained from the program TALOS+, and side-chain torsion 

angle restraints were added (45). A final set of 100 conformers was generated with a 

standard simulated annealing protocol, as implemented in the program NIH-XPLOR, of 

which 51 had no NOE, dihedral angle, or scalar coupling violations greater than 0.5 Å, 

5°, or 2 Hz, respectively (46). Of these, the 20 conformers with lowest overall energy 

were chosen to represent the structure of IsdHlinker. The quality of the structural 

ensemble was evaluated with PROCHECK and visualized with PyMOL (47, 48). 

Statistics for the linker structure are presented in Table 3.1. Details on the NMR 

experiments used to obtain the backbone chemical shifts of IsdHN2N3(Y642A) have been 

described (36). 1DNH residual dipolar couplings were measured using protein samples 

partially aligned in PEG C12E5/hexanol using two-dimensional 15N-coupled IPAP 1H-15N 

HSQC experiments. Steady-state 15N heteronuclear NOE values for the IsdHlinker and 

IsdHN2N3(Y642A) were acquired on cryoprobe-equipped Bruker Avance 600- and 800-MHz 

spectrometers, respectively. The heteronuclear NOE experiments were carried out in an 
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interleaved manner, with and without proton saturation, and analyzed using the program 

SPARKY (49). 
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3.6 Figures 

 

 

Figure 3.1. A homolog bi-domain unit for heme capture in IsdH and IsdB. (A) A 
schematic of the NEAT domains present in S. aureus IsdH and IsdB. NEAT domains 
binding to Hb or heme are colored in black/white or grey, respectively. Sequence 
identities of functionally homolog NEAT domains as well as the linker connecting them 
are indicated. (B) Spectral shifts as a function of time after mixing for the reaction of 1 
μM holo-Hb with 10 μM apo-IsdHN2N3. Arrows indicate the increase and decrease in 
absorbance over time at 371 nm and 406 nm, respectively. (C) Time courses of ∆A406-371 

for the heme transfer reaction from Hb to IsdHN2N3 or IsdBN1N2. The symbols and curves 
represent the observed data and the single-exponential fitting curves, respectively, 
yielding heme transfer rates of 0.048 ± 0.001 s-1 and 0.055 ± 0.001 s-1 for IsdHN2N3 and 
IsdBN1N2, respectively. 
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Figure 3.2. Alignment of IsdH and IsdB. A primary sequence alignment of IsdH 
(Q99TD3) and IsdB (Q7A656) was generated using ClustalW (69). Conserved residues 
are indicated by grey boxes. The predicted NEAT domains IsdHN1, IsdHN2/IsdBN1 and 
IsdHN3/IsdBN2 are highlighted by yellow, red and green boxes, respectively. The IsdH 
and IsdB linker domains are indicated by blue boxes.  
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Figure 3.3. Heme transfer by various fragments of IsdH. (A) A schematic of the different 
fragments of IsdH used for heme transfer experiments. (B) / (C) Time courses for the 
heme transfer reaction from 1 μM holo-Hb to 10 μM apo-IsdHN2N3, various IsdH receptor 
fragments as well as combinations thereof and the linker deletion construct IsdHN2-GS-N3 

are displayed. Heme transfer is followed by monitoring ∆A406-371 over 2 minutes.  
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Figure 3.4.  Heme binding properties of IsdHN3 and IsdHN2N3. Protoporphyrin binding of 
IsdHN3 (A) or IsdHN2N3 (B) was measured following Zn-protoporphyrin IX fluorescence as 
a function of protein concentration (38). The solid lines represent best fits of the data 
yielding dissociation constants (KD) of 3.4 ± 0.6 μM and 3.2 ± 0.7 μM for IsdHN3 and 
IsdHN2N3, respectively. 
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Figure 3.5. The IsdH and IsdB linkers fold into soluble α-helical domains. (A) Far-UV CD 
spectra of the linker domains of IsdH (solid) and IsdB (dashed). The strongly negative 
CD signals with minima around 208 nm and 222 nm are indicative of α–helical proteins. 
(B) 1H-15N HSQC spectrum of 1.1 mM 15N-labeled IsdHlinker acquired at 800 MHz. The 
amino acid assignment for each cross-peak is indicated with one letter code and residue 
number. Amide δNH2 of Asn and γNH2 of Gln are connected by lines and denoted as “sc” 
for side-chain.  An asterisk indicates the cross-peak from the εNH of R520, which was 
folded in the 15N dimension. (C) {1H}-15N heteronuclear NOE data of the IsdHlinker. The 
peak intensity ratio between spectra with and without 1H saturation as a function of the 
residue number is shown. The average heteronuclear NOE values and standard 
deviations of two experiments are displayed and the location of the three α-helices is 
indicated above the panel. 
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Figure 3.6. ESI-MS analysis of Hb dissociation by the IsdH receptor. Positive MS 
spectra are shown for 10 μM Hb (A) and 10 μM Hb in presence of either 20 μM IsdHN2N3 
(B), IsdHN2-GS-N3 (C) or IsdHN2N3(Y642A) (D). The most prominent peaks corresponding to 
monomeric, dimeric or tetrameric Hb, as well as their complexes with the receptor 
proteins are labeled by the indicated symbols. (E) Relative amounts of the different Hb 
oligomeric states, IsdH receptor proteins and complexes thereof were quantified from 
ESI-MS spectra when 10 µM Hb is added to either 20 µM apo-IsdHN2N3 (black),  20 µM 
apo-IsdHN2-GS-N3 (dark gray) or 20 µM apo-IsdHN2N3(Y642A) (light gray). 10 µM Hb was run 
as a control (white). M = monomer, D = dimer, DR = dimer:receptor complex, T = 
tetramer, and TR = tetramer:receptor complex. 
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Figure 3.7. NMR solution structure of IsdHlinker. (A) Cross-eyed stereo view 
representation of the ensemble of 20 lowest energy structures. The coordinates were 
superimposed by aligning the backbone N, Cα and C’ atoms of residues V470 – D531. 
(B) Ribbon diagram of the structured part encompassing residues V470 – D531 of the 
lowest-energy conformer of IsdHlinker. The view on the left is in a similar orientation as 
shown in (B), whereas the structure on the right has been rotated by 90°. The α helices 
are labeled α1 – α3. (C) Location of the residues of the hydrophobic core of IsdHlinker. A 
ribbon diagram of the structured part encompassing residues V470 – D531 of the linker 
structure is shown. The nine residues that form the hydrophobic core are indicated and 
heavy atoms of their side chains are shown in stick representation.  
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Figure 3.8. Interactions of IsdH linker with NEAT domains N2 and N3. (A) {1H}-15N 
heteronuclear NOE data of IsdHN2N3. The peak intensity ratio between spectra with and 
without 1H saturation as a function of the residue number is shown. The average 
heteronuclear NOE values and standard deviations of two experiments are displayed. 
The domain boundaries of IsdHN2N3 and the location of predicted secondary structure 
elements are indicated above the panel. (B) Comparison of the backbone conformations 
of the isolated IsdH linker region and the corresponding residues in IsdHN2N3. Chemical 
shift deviations of the linker (gray bars) and IsdHN2N3 (open bars) with respect to the 
corresponding random coil values are plotted versus amino acid residue number, after 
multiplication with a 1:2:1 weighing function for residues i-1:i:i+1 (70). Positive values for 
the chemical shift deviations ∆δ(Cα)- ∆δ(Cβ) are indicative of a helical conformation. (C) 
Average chemical shift differences of the backbone amide signals (CSP = (∆δH

2 + 
(∆δN/6.49)2)½) of isolated IsdHlinker and the linker in context of the functional receptor 
IsdHN2N3. (D) Mapping of the perturbed residues on ribbon diagrams of the linker. The 
residues with CSP > 0.3 ppm are highlighted in red. 
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Figure 3.9. Comparison of experimental and back-calculated RDC values of backbone 
amide protons in IsdHN2N3(Y642A). (A) Observed 1DNH RDCs for the N2 domain were 
plotted versus back-calculated RDCs from a homology-model of IsdHN2. (B) 
Experimentally measured 1DNH RDCs for the linker domain were plotted versus back-
calculated RDCs from the solution structure of the isolated linker. (C) Observed 1DNH 
RDCs for the N3 domain were plotted versus back-calculated RDCs from the crystal 
structure of IsdHN3 (PDB 2Z6F). The correlation factors R are indicated in the plots. 
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Figure 3.10. Model of heme extraction by IsdH. (A) A model for the mechanism of heme 
acquisition by the surface receptor IsdHN2N3. A schematic diagram shows the binding 
equilibria involved in the extraction process. Wild-type IsdHN2N3 binds to the α chain of 
Hb promoting its dissociation into (αβ) dimers.  Heme acquisition by the receptor protein 
results in further dissociation of Hb into its monomeric subunits. See text for details. (B) 
A model of IsdHN2N3 in complex with Hb. IsdHN2 (red) was modeled based on the solution 
structure of IsdHN1 (2H3K). The complex model with Hb was generated by superposition 
over the crystal structure of the IsdHN1-Hb complex (3SZK). A possible orientation of the 
linker (blue) and IsdHN3 (green, 2Z6F) allowing productive heme transfer from a Hb (αβ) 
dimer (yellow-orange) to IsdH is indicated. The orientation of the subdomains (N1, linker 
and N2) within IsdHN2N3 has not been experimentally determined and only one possible 
orientation is shown. The protein backbones are shown as cartoons. The heme groups 
in Hb are shown in stick representation. 
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Table 3.1. Structural statistics for the solution structure of IsdH linker domain 
 
  <SA>a (SA) 
 
R.m.s. deviations from  
 NOE interproton distance restraints (Å) (1469) 0.046 ± 0.002 0.051 
 dihedral angle restraints (°)b (118) 0.072 ± 0.099 0.306 
 3JHN

a coupling constants (Hz) (54) 0.532 ± 0.018 0.543 
 secondary 13C shifts (ppm) 
  13Cα (76) 1.212 ± 0.206 1.267 
  13Cβ (76) 0.816 ± 0.206 0.791 
 
Deviations from idealized covalent geometry 
 Bonds (Å) 0.0044 ± 0.0002 0.0174 
 Angles (°) 0.623 ± 0.028 1.538 
 Impropers (°) 0.492 ± 0.031 1.181 
 
PROCHECK results (%)c 
 Most favorable region 96.7 ± 2.8 96.7 
 Additionally allowed region  3.3 ± 2.8 3.3 
 Generously allowed region 0.0 ± 0.0 0.0 
 Disallowed region 0.0 ± 0.0 0.0 
 
Coordinate precision (Å)d 
 Protein backbone  0.42 ± 0.10 
 Protein heavy atoms 0.87 ± 0.07 
 
The notation of the NMR structures is as follows: <SA> are the final 20 simulated annealing structures; (SA) is the average energy 
minimized structure. The number of terms for each restraint is given in parentheses.  
a None of the structures exhibits distance violations greater than 0.5 Å, dihedral angle violations greater than 5°, or coupling constant 

violations greater than 2 Hz. 
b Experimental dihedral angle restraints comprised 48 φ, 48 ψ, and 16 χ1 angles. 
c PROCHECK-NMR data includes residues Val470 to Val531 of the linker domain. 
d The coordinate precision is defined as the average atomic r.m.s. deviation of the 20 individual simulated annealing structures and their 

mean coordinates. The reported values are for residues Val470 to Val531 of the linker domain. 
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4.1 Overview¶ 

Listeria monocytogenes is a Gram-positive bacterium that causes serious 

foodborne infections. Iron is an essential requirement for growth and this bacterium uses 

the Hbp (hemin/Hb binding protein) system to acquire heme iron from the host. Both 

Hbp1 and Hbp2 contain NEAT (NEAr iron Transporter) domains, which are predicted to 

be important for both heme and hemoglobin binding. We report here that these domains 

bind heme with high affinity and all of them bind hemoglobin, with the exception of the 

central NEAT domain of Hbp2. Although neither protein actively extracts heme from 

hemoglobin (Hb), they may function to keep Hb close to the bacterial surface. In addition 

to binding heme, both Hbp1 and Hbp2 release heme extremely slowly into the solvent. A 

chromatographic assay shows that Hbp2 can transfer its heme to Hbp1, which suggests 

a heme transfer pathway exists within the cell wall. Finally, the structure of the middle 

NEAT domain of Hbp2 is presented and it reveals a novel heme binding mechanism.  

 

¶The work described in this chapter has not been published yet but will be 

submitted for publication.  
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4.2 Introduction 

  Listeria monocytogenes is a Gram-positive bacterium that is the causative agent 

of listeriosis, a rare foodborne infectious disease with a mortality rate of 20-30% (1-3). It 

is an intracellular pathogen with the ability to cross intestinal, placental, and blood-brain 

barriers, which can lead to serious gastroenteritis, maternofetal infections, meningitis, 

and meningoencephalitis (4, 5). Similar to other human bacterial pathogens, L. 

monocytogenes requires iron to grow because this element is an essential cofactor in 

proteins that mediate microbial metabolism (6). L. monocytogenes lives in the soil as a 

saprophyte before transitioning to an intracellular pathogen after being ingested. In the 

wild, and perhaps when inhabiting its host’s intestinal track, L. monocytogenes acquires 

iron from its environment by producing an ABC transporter that imports iron laden 

hydroxamate ferric siderophores that are produced by other microbes (FhuBCDG), but 

itself appears to be incapable of producing siderophores (7). It also produces a citrate 

inducible receptor for the uptake of ferric citrate and may also display a yet to be 

identified ferric iron reductase that releases soluble ferrous iron from catecholmines and 

heterologous siderophores. (7). During infections alternative mechanisms may be used 

to acquire iron. In humans, innate nutritional immunity mechanisms limit microbial 

access to iron by sequestering this precious element within cells and in extracellular 

proteins such as transferrin, lactoferrin and hemopexin. Recent studies suggest that L. 

monocytogenes acquires iron from heme (iron protoporphyrin IX). In humans, heme is 

primarily bound to human hemoglobin (Hb) and it is a very rich nutrient source as it 

contains ~75% of the body’s total iron. An understanding of the molecular mechanisms 

through which L. monocytogenes and other pathogens capture heme is of fundamental 

importance, and it could lead to the development of novel antimicrobial agents that work 

by inhibiting heme uptake.  
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Many species of Gram-positive pathogens capture heme using NEAT (NEAr iron 

Transporter) domains. These conserved binding modules are ~125 residues in length 

and were originally named based on their prevalence in bacterial genes whose genomic 

positioning is proximal to putative Fe3+ siderophore transporter genes (8). The functions 

of these proteins are best understood for Bacillus anthracis, Staphylococcus aureus, and 

Streptococcus pyogenes. In general, these microbes display or secrete proteins that 

contain NEAT domains that bind to host hemoproteins and/or heme. NEAT containing 

proteins bind heme and shuttle the heme across the peptidoglycan to membrane 

associated ABC transporters that import it into the cytoplasm. Heme uptake in S. aureus 

has been studied in detail and is mediated by the Iron Regulated Surface Determinant 

(Isd) system (9). It contains four NEAT domain-containing proteins that are covalently 

attached to the cell wall by sortase enzymes (IsdA, IsdB, IsdC, and IsdH (originally 

named HarA)). The IsdH and IsdB proteins are exposed on the cell surface and bind to 

Hb and capture its heme (10, 11). IsdH also binds to Haptoglobin (Hpt), enabling 

S. aureus to capture the Hb:Hpt complex (10, 12). Interestingly, unlike other proteins in 

the Isd system, IsdH and IsdB have recently been shown to rapidly remove heme from 

Hb using two NEAT domains that function synergistically (13). Based on their positioning 

and in vitro studies, IsdB and IsdH are then thought to pass heme to IsdA, which is 

partially buried within the cell wall (11, 14, 15). Heme is then passed to IsdC, which is 

completely embedded in the cell wall. Holo-IsdC then passes heme to the IsdDEF 

complex, a bacterial ABC transporter that pumps the heme into the cytoplasm. The 

heme oxygenases IsdG, or its paralog IsdI, degrade the tetrapyrrole ring to release free 

iron for use by the bacterium (16). Heme-uptake in S. pyogenes has been characterized 

biochemically and appears to be closely related to the Isd-system. In this microbe, the 

Shr protein located in the cell wall binds Hb and captures its heme (17, 18). The heme is 

then transferred to the cell wall protein Shp, which transfers it to an ABC transporter 
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(Hts, heme transporter system). The Shr protein contains two NEAT domains and 

appears to function like IsdB/IsdH, while the Shp protein presumably functions like IsdC 

(19). Recent studies of B. anthracis indicate that it uses three NEAT containing proteins 

to capture heme from Hb: IsdX1, IsdX2 and IsdC (20-22). IsdX1 and IsdX2 function as 

hemophores that are secreted from the microbe and subsequently deliver heme to IsdC 

attached to the cell wall (22, 23). Thus, it appears that Gram-positive bacteria use 

conserved NEAT domains to capture and transfer heme, but the manner in which the 

domains are employed can vary to meet the specific needs of the microbe. 

 Two NEAT domain containing listerial proteins have been implicated in hemin 

uptake, Hbp1 (hemin/Hb binding protein 1) and Hbp2 (originally named SvpA, surface 

virulence-associated protein). They are expressed under iron deplete conditions from an 

operon that also contains genes encoding SrtB-class sortase enzyme (SrtB), 

components of an ABC transporter of unknown function (lmo2182, lmo2183 and 

lmo2184) and three proteins that have not yet been characterized (lmo2178, lmo2179 

and lmo2180). Hbp1 and Hbp2 are thought to be covalently attached to the cell wall by 

the SrtB sortase, as they contain C-terminal sorting signals (NPKSS and NAKTN, 

respectively) that have been shown to be functional substrates of SrtB (24). Recent 

whole-cell mass spectrometry studies have shown that they are surface associated, and 

cell fractionation immunoblot studies have shown that Hbp2 is also secreted (25-28). 

The results of plate nutrition and [59Fe]-hemin uptake assays indicate Hbp2 is required 

for hemin import into the cell when it is scarce (<50 nM), or when Hb is provided as an 

iron source (29). In contrast, when higher hemin concentrations are present (>50 nM 

hemin), only the HupDGC complex is needed, which based on sequence homology is 

presumably an ABC transporter that facilitates heme passage in the cytoplasm (29,30).   
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Since Hbp1 and Hbp2 contain NEAT domains and are cell wall anchored, we 

hypothesized that they may function to capture heme on the cell surface. Here we report 

the results of biochemical and structural studies of Hbp1 and Hbp2. We present data 

that suggest that Hbp2 functions as a secreted hemophore that is capable of rapidly 

delivering heme to Hbp1, which is primarily associated with the cell wall. Crystal 

structures of the second NEAT domain from Hbp2 (Hbp2N2) and the Hbp2N2–heme 

complex reveal a novel mechanism of heme binding by a NEAT domain.     

 

4.3 Results 

4.3.1 Hbp1 and Hbp2 expression and cellular localization 

Previous analyses have shown that Hbp1 and Hbp2 are expressed in iron 

deplete conditions and that they are associated with the cell wall (26, 31, 32). Moreover, 

they have shown a portion of Hbp2 is also secreted into the medium. To define their 

relative abundances and localizations, cellular fractionation and immunoblotting studies 

were performed. This data indicates that 70% of the Hbp2 protein is secreted into the 

medium by the microbe, whereas the remainder is associated with the cell wall (data not 

shown). In contrast, all detectable Hbp1 is associated with the cell wall. Hbp2 is overall 

more highly expressed than Hbp1 (data not shown). In summary, these findings 

demonstrate both Hbp1 and Hbp2 are found in the peptidoglycan and that Hbp2 is also 

present in the extracellular medium. 

 

4.3.2 Hbp1 and Hbp2 bind hemin  

Inspection of the primary sequences of Hbp1 and Hbp2 indicate that they contain 

one and three NEAT domains, respectively (Fig. 4.1B). As other NEAT domains bind to 

hemin and/or host proteins such as hemoglobin, we biochemically characterized the 

ligand binding properties of Hbp1 and Hbp2. Initially, Hbp1 (residues Asp31-Ala149) and 
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Hbp2 (residues Ser31-Ala479) polypeptides were purified that contain the intact protein, 

excluding the C-terminal cell wall sorting signal (Fig. 4.1B). These polypeptide 

sequences were chosen for study because they code for the full NEAT domain and 

exclude residues outside the NEAT domain that may be unstructured. Upon 

overexpression and purification of these polypeptides from E. coli it was immediately 

apparent that they interacted with hemin (the ferric form of heme) because their spectra 

exhibited Soret peaks at 404 nm and 402 nm, respectively (Fig. 4.2A). Based on their 

UV absorbance properties approximately 25% and 20% of E. coli purified Hbp1 and 

Hbp2 is bound with hemin, respectively (33-35). This level of saturation is similar to other 

E. coli heterologously expressed NEAT domains described in the literature, and 

suggests that Hbp1 and Hbp2 bind hemin with high affinity. To gain insight into which 

NEAT domains within Hbp2 bind hemin we purified polypeptides containing each of its 

three domains: Hbp2N1 (residues Ser31-Phe170), Hbp2N2 (residues Thr183-Lys303) and 

Hbp2N3 (residues Leu360-Ala479). As with the Hbp2 protein, upon purification each 

domain had a reddish-brown color and UV-vis analysis revealed the presence of a Soret 

peak. This suggests that all three NEAT domains within Hbp2 are capable of binding 

hemin.  

The hemin binding affinities of the isolated NEAT domains were determined 

using isothermal titration calorimetry (ITC). This analysis was performed using the apo-

form of each domain, which were produced using the methyl ethyl ketone organic 

extraction method (36). In the ITC experiments, a syringe filled with hemin was 

incrementally injected into a solution of the apo-form of each domain and the resultant 

heat changes were monitored. Affinities were determined for all NEAT domains, with the 

exception of Hbp2N1, which aggregated upon hemin extraction. A representative hemin 

binding isotherm for Hbp2N3 is shown in Fig. 4.2B, and similar high quality data was 

obtained for the other NEAT domains. As reported in Table 4.1, the Hbp1, Hbp2N2 and 
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Hbp2N3 NEAT domains each bind one molecule of hemin, with dissociation constants 

(KD) that range from 25 to 80 nM. Although the hemin affinity of Hbp2N1 could not be 

determined by ITC, it likely binds hemin with similar nanomolar affinity since when it is 

purified from E. coli it exhibits a similar level of hemin saturation as the other NEAT 

domains. Moreover, when equal amounts of Hbp2N1 (~30% saturated) and holo-Hbp2N2 

are incubated with one another, approximately 35% of the hemin associated with holo-

Hbp2N2 is transferred to Hbp2N1 (data not shown). Combined, this data indicates that all 

of the NEAT domains within the Hbp2 and Hbp1 proteins bind hemin with KD values 

ranging from 25 to 80 nM.  

 

4.3.3 Hemin is rapidly transferred between Hbp1 and Hbp2  

After scavenging hemin from the cell’s surroundings, Hbp1 and Hbp2 may 

transfer it across the cell wall to the plasma membrane. To fulfill this task they should 

ideally release hemin into the solvent very slowly, but nonetheless rapidly transfer hemin 

between each other. The rate at which Hbp1 and Hbp2 spontaneously release hemin 

into the solvent was investigated using a recombinant H64Y/V68F apo-myoglobin (apo-

Mb containing His64Tyr and Val68Phe mutations, referred to as apo-Mb henceforth) 

(37). This commonly used hemin scavenging reagent has a unique UV-vis absorbance 

maxima at 600 nm that enables indirect hemin release from the Hbp1and Hbp2 proteins 

to be monitored unambiguously. Mixing of hemin saturated Hbp2 with a 10-fold excess 

of apo-Mb results in a measurable change in the in the UV-vis spectrum; the most 

significant changes occur at 600 nm, which increases as hemin is bound by apo-Mb 

(Fig. 4.3A). The time-dependence of this change reveals that it occurs slowly, 

compatible with a transfer mechanism in which hemin is first released from Hbp2 into the 

solvent, followed by hemin binding by apo-Mb (the transfer process is biphasic with rate 

constants of 6.347 and 0.229 h-1) (Fig. 4.3B). Similar experiments using hemin saturated 
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Hbp1 revealed little or no transfer to apo-Mb over the time course of the experiment, 

suggesting that it has slower hemin release kinetics than Hbp2. Taken together, these 

data indicate that Hbp1 and Hbp2 release hemin slowly into the solvent.  

To explore whether hemin is rapidly transferred between Hbp1 and Hbp2, a 

chromatographic approach was employed. Briefly, holo-Hbp2 was mixed with a 3-fold 

molar access of an Hbp1 fusion protein that contained a hexahistidine tagged small-

ubiquitin-like modifier protein at its N-terminus (His-SUMO-Hbp1) (Fig. 4.4A). The SUMO 

tag was used because it results in higher expression levels and the protease used to 

remove the SUMO tag is highly specific (38). The heme free form of His-SUMO-Hbp1 

was incubated with heme saturated Hbp2 and after varying times, the proteins were 

separated by applying them to a Co2+-chelating column (Fig. 4.4A). In this procedure 

Hbp2 does not bind to the column, whereas His-SUMO-Hbp1 binds the column and is 

eluted only after the addition of 250 mM imidazole. Based on SDS-PAGE analysis of the 

eluent and wash fractions this approach separates the proteins completely (Fig. 4.4B) 

such that the amount of hemin transferred from holo-Hbp2 to His-SUMO-Hbp1 can be 

determined by measuring the UV absorbance of each fraction. Specifically, the amount 

of hemin bound to each protein after mixing was quantified by pooling the wash and 

eluate fractions, and then comparing their ASoret/A280 absorbance ratios to the ASoret/A280 

ratio of the hemin saturated proteins. This analysis reveals that all of the His-SUMO-

Hbp1 becomes bound to hemin, while only ~33% of holo-Hbp2 loses its hemin. This is 

compatible with the number of hemin binding NEAT domains present in each protein and 

the fact that they have similar affinities for hemin (Table 4.1). Most importantly, the rate 

of the transfer process is significantly faster than the rate at which holo-Hbp2 

spontaneously releases hemin into the solvent. This is because hemin transfer is 

complete within five minutes of mixing the proteins, which indicates that the rate of 

transfer is several orders of magnitude faster than the rate at which Hbp2 releases 
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hemin into the solvent spontaneously (~0.002 sec-1). This strongly suggests that Hbp1 

and Hbp2 transfer hemin via an activated protein-protein complex. 

 

4.3.4 Hbp1 and Hbp2 bind Hb and passively capture its heme  

To investigate whether Hbp1 or Hbp2 can function as bacterial Hb receptors an 

enzyme-linked immunosorbent assay (ELISA) Hb binding assay was performed. Hb 

adhered to the bottom of wells in a micro-plate were incubated with varying amounts of 

6x-His-SUMO tagged variants of Hbp1 or Hbp2. After washing, the amount of Hbp1 or 

Hbp2 retained in each well as a result of its interactions with Hb was determined using 

an immunoassay. As shown Figure 4.5, both Hbp1 and Hbp2 are capable of binding Hb, 

whereas the negative control, 6x-His-SUMO tag, is unable to bind Hb (Fig. 4.5A). 

Binding is specific for Hb as little or no Hbp1 and Hbp2 was retained in in control 

experiments in which the wells were coated with bovine serum albumin (BSA) (data not 

shown). The data suggest that Hbp1 and Hbp2 bind to Hb with generally similar 

affinities, since the wells are saturated with Hbp1 and Hpb2 after a similar amount of 

protein has been added (~75 pmoles). We estimate that Hbp1 and Hbp2 each bind to 

Hb with KD values that are in the nanomolar range. This is because similar ELISA results 

are obtained in positive control experiments using the NEAT domain from the S. aureus 

IsdH protein (IsdHN2, residues 326 to 466 of the IsdH protein), which has been shown 

independently by SPR and ELISA methods to bind to Hb with nanomolar affinity (12, 39). 

In order to determine which NEAT domain within Hbp2 mediates binding to Hb we 

repeated the ELISA experiments using histidine-tagged polypeptides that separately 

encode each of its three NEAT domains (His-SUMO-HbpN1, His-SUMO-HbpN2, and His-

SUMO-HbpN3). As shown in Figure 4.5B, this analysis revealed that the N-terminal 

(HbpN1) and C-terminal (HbpN3) domains bind Hb, whereas the central HbpN2 domain 

does not significantly interact with Hb. Combined, the ELISA data indicate that both 
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Hbp1 and Hbp2 can function as Hb receptors. In Hbp1, its single NEAT domain 

mediates Hb binding, whereas in Hbp2, the first and third modules within the tri-domain 

protein are responsible for binding.  

In order to determine whether Hb binding enables Hbp1 and Hbp2 to rapidly 

capture its hemin, UV-vis spectroscopy was used to measure the kinetics of this 

process. The UV-vis spectra of hemin bound metHb differs substantially from the hemin 

bound spectra of Hbp1and Hbp2. After protein mixing these spectral differences 

therefore enable the hemin transfer reaction to be monitored by recording as a function 

of time the difference in A406 and A371 absorbances (∆A406-371). Upon mixing 6-fold molar 

excess of apo-Hbp1 with metHb, only modest spectral changes occur after 10 minutes 

indicating that very little hemin is transferred to apo-Hbp1 (Fig. 4.6A). Similar results are 

obtained using apo-Hbp2, which also does not extract significant amounts of hemin 

during the course of the experiment (Fig. 4.6B). As a positive control, we repeated these 

experiments using apo-IsdHN2N3 (residues 326 to 660 of IsdH), the Hb receptor from S. 

aureus that has been shown to rapidly extract hemin from metHb at a rate of ~0.8 s-1 

(13). As shown Figure 4.6C, large spectral changes are observed shortly after apo-

IsdHN2N3 is mixed with metHb indicating that unlike Hbp1 or Hbp2 it rapidly acquires 

hemin from metHb. This is evident from a plot of the ∆A406-371 changes for the proteins 

after mixing with metHb, which shows that only rapid large amplitude changes occur 

when IsdHN2N3 is mixed with metHb, whereas smaller magnitude slower changes occur 

when Hbp1 or Hbp2 are used as the hemin receptors. We conclude from this data that 

both Hbp1 and Hbp2 are capable of binding human metHb, but the isolated proteins do 

not actively extract its hemin. 
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4.3.5 Crystal structure of the Hbp2N2-hemin complex reveals a novel coordination 

mechanism  

Structural and mutagenesis studies have revealed that many NEAT domains use 

two highly conserved tyrosine residues to interact with hemin (colored red and yellow in 

Fig. 4.1C). The hydroxyl group of the first tyrosine (red) functions as an axial ligand that 

coordinates the metal located in hemin, while the second tyrosine (yellow) stabilizes the 

positioning of the axial tyrosine through side chain–side chain hydrogen bonding. Upon 

examining the primary sequences of Hbp1 and Hbp2, it is immediately apparent that the 

dual tyrosine motif is incomplete in the central NEAT domain from Hbp2 (Hbp2N2), but 

preserved in the other domains. In particular, in Hbp2N2 the stabilizing tyrosine residue is 

replaced with an alanine residue (Fig. 4.1C). To determine if this significantly altered its 

mechanism of hemin binding we used X-ray crystallography to determine the three-

dimensional structures of Hbp2N2 and the Hbp2N2-hemin complex (Fig. 4.7A, B). Crystals 

of apo-HbpN2 and the HbpN2-hemin complex were grown using distinct conditions, and 

their structures were subsequently solved to 2.3 Å and 1.6 Å resolution, respectively. 

Initially, the structure of apo-HbpN2 was determined using multiwavelength anomalous 

dispersion (MAD) phasing applied to a selenomethionine labeled protein (40) (Fig. 4.7A). 

The structure of the HbpN2-hemin complex was then determined by molecular 

replacement using the coordinates of apo-HbpN2 as a search model (Fig. 4.7B). 

Experimental and structural statistics for each structure are presented in Table 4.2.  

 The structure of the HbpN2-hemin complex reveals a mode of metal ligation not 

previously visualized in the structures of other NEAT domain hemin complexes. HbpN2 in 

its free and hemin bound states adopts a canonical NEAT domain fold that consists of 

eight beta strands that form a β-sandwich (Fig. 4.7A, B). One face of the structure is 

formed by the antiparallel strands β1a-β2-β3-β6-β5b, while the other face is formed by 

strands β1b-β8-β7-β4-β5a (41). Two molecules of HbpN2-hemin complex are present in 
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the asymmetric unit and have essentially identical coordinates (the root mean square 

difference of their backbone atoms is 0.16 Å) (Fig. 4.8D). In each complex, the protein 

bound hemin is wedged in between a short 310 helix (called a ‘lip’), and a beta-hairpin 

formed by strands β7 and β8 (Fig. 4.7B). The molecular basis of hemin binding is well 

defined by the structure as evidenced by a Fo–Fc omit map generated by deleting the 

coordinates of the hemin and axial Tyr ligand (Fig. 4.7C). In the structure of the complex 

the hemin is pentacoordinate. The planar hemin surface rests on the β-hairpin which 

positions the hydroxyl oxygen from Tyr280 located in strand β7 to coordinate the iron 

from a distance of 2.2-2.4 Å.  

The majority of protein interactions with the hemin are nonpolar. Val127 packs 

against the methyl of hemin pointing into the core of the protein. Tyr209 on the 310 helix 

packs against the vinyl moiety of hemin. The methyl group of Thr234 also packs against 

the methyl of hemin. Ala282 of the β7 strand packs against the methyl, methine bridge, 

and vinyl groups of hemin. Phe284 at the end of the β7 strand packs against the methyl 

and vinyl groups of hemin. Tyr289 π stacks against hemin and packs against the methyl, 

methine bridge and vinyl groups of hemin. Phe33 plays a role in capping the end holding 

the hemin so its other end can be wedged underneath the 310 helix. The use of Tyr280 in 

strand β7 to coordinate the hemin is very surprising, since in all other NEAT-hemin 

complexes studied to date metal ligation occurs via a highly conserved tyrosine residue 

located in strand β8 (colored red in Fig. 4.1C). Interestingly, Hbp2N2 also contains this 

conserved tyrosine (Tyr289), but this side chain π stacks against the hemin and its 

hydroxyl projects out into the solvent. Polar interactions also occur in the complex as 

Ser204 hydrogen bonds with the propionate group of hemin, as does Ser205. 

Additionally, the backbone amide of Ser205 donates a hydrogen bond to the propionate 

of hemin.  
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 In order to probe energetics of binding, ITC was used to measure hemin binding 

affinities of two single amino acid mutants of Hbp2N2. These include a Tyr280Ala mutant 

of Hbp2N2 that removes the hydroxyl group that coordinates the hemin metal in the 

crystal structure of the Hbp2N2–hemin complex, and a Tyr289Ala mutant that alters the 

highly conserved tyrosine residue that in other NEAT domains functions to coordinate 

the metal. The Tyr280Ala mutant exhibited no detectable hemin binding as no significant 

heat changes was observed even after 1 mM hemin was added to a cell containing 

Hbp2N2(Y280A). The severity of this mutation is compatible with the crystal structure as the 

hydroxyl of Tyr280 coordinates the metal of the hemin and ITC studies of other NEAT 

domains which have shown similar large reductions in affinity when mutations are 

introduced that disrupt the axial bond to the hemin metal (42). The Y289A mutant also 

reduces hemin affinity significantly, albeit to a lesser extent than the Y280A mutation. 

The loss in affinity caused by the Y289A mutant presumably occurs because it disrupts 

favorable hydrophobic interactions with the protoporphyrin molecule.  

 A comparison of the structures of apo-Hbp2N2 and the HbpN2-hemin complex 

reveals that hemin binding causes major changes in the structure of Hbp2N2. Fig. 4.8A 

shows an overlay of the backbone atoms of the protein in its free and hemin bound 

states. This comparison reveals that that the largest changes caused by hemin binding 

occur in the β-hairpin structure, while the remainder of the hemin binding surface formed 

by the 310 helix undergoes only modest changes. In the apo-form of the protein the β 

strands that form the hairpin are significantly shorter and are connected by a large 10 

amino acid loop. In contrast, after hemin binding the loop is only four amino acids in 

length because several of its residues that were in the loop in the apo-form become 

incorporated into the β sheet. Specifically, upon hemin binding residues in the loop alter 

their structure such that strand β7 strand is extended to include residues Glu130-Phe284 

and similarly, strand β8 is extended to include residues Ser136-Lys139. Although the 
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crystal structures do not provide direct insight into conformational dynamics, residues 

Ala131-Tyr289 in the loop are likely conformationally disordered and flexible in the 

absence of hemin. This is because their B-factors are elevated in the apo-form as 

compared to structurally ordered regions of the molecule. Ordering of the hairpin 

structure is presumably driven by hemin contacts to Tyr289 and Phe284, which are 

rotated towards the hemin in the complex. Specifically, Tyr289 weakly π stacks against 

the pyrrole ring and packs against the methine bridge and methyl groups of hemin. 

Overall, as compared to previously described NEAT domains Hbp2N2 exhibits substantial 

differences in the mechanism of hemin binding (discussed below).  

 

4.4 Discussion 

In this study we investigated the listerial Hpb1 and Hpb2 proteins.  A previously 

reported proteomics study utilizing two-dimensional gel electrophoresis (2-DE) coupled 

with MALDI-TOF/TOF-MS showed that both Hbp1 and Hbp2 are present in the 

peptidoglycan layer (25). Additionally, it was shown that Hbp2 is both anchored to the 

cell wall and secreted (26). Interestingly, a larger quantity of Hbp2 was secreted into the 

extracellular medium as compared to Hbp1, raising the possibility that Hbp2 may 

function as a hemophore (27, 29). The biochemical studies reported here suggest that 

the L. monocytogenes Hbp1 and Hbp2 proteins work together to scavenge hemin from 

the cell’s surroundings. Here we show the following: (1) Hbp2 functions as a hemophore. 

It contains three NEAT domains that all bind hemin with nanomolar affinity. (2) Hbp2 can 

deliver heme to Hbp1, which has previously been shown to be located in the cell wall. (3) 

Hbp1 and Hbp2 have biochemical properties that are ideal for heme scavenging as both 

proteins bind hemin with high affinity and release hemin slowly into the solvent.  

We also report the three-dimensional structures of Hbp2N2 and the Hbp2N2–heme 

complex. We show that Hbp2N2 coordinates the hemin iron via a nonconserved Tyr 
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located in the β7 sheet (Fig. 4.1C). This binding mode has not been seen previously in 

structures of other hemin-NEAT domain complexes. Although the biological significance 

of this difference is not immediately clear, it may have evolved in order to facilitate rapid 

transfer from this domain to a downstream heme receptor. Another curious observation 

is the crystallization of two Hbp2N2 molecules in the asymmetric unit that resemble a 

handclasp transfer complex (43). In the complex the hemin binding pockets of the two 

proteins are juxtaposed such that the proteins are positioned about a twofold rotational 

axis. The orientation of the proteins may be related to protein-protein complexes through 

which heme is rapidly transferred.  

Finally, in this study we also show that several of the NEAT domains in Hbp1 and 

Hbp2 are capable of binding to human Hb, but that they do not actively extract its heme. 

L. monocytogenes has the demonstrated ability to completely lyse red blood cells (it is β-

hemolytic) (44) and several microbes have been shown to secrete hemoglobinases that 

degrade hemoglobin in order to access heme (45-47). It is therefore possible Hb binding 

by Hbp1 and Hbp2 may facilitate heme capture by holding Hb near the cell surface 

where it is degraded by secreted proteases. The heme would then be released and be 

able to be imported into the microbe. A similar mechanism could exist for Hbp2 when it 

acts as a hemophore. 

 

4.5 Conclusions: Exploiting NEAT Domains for the Production of 

Antibacterial Porphyrins 

Antibiotics kill bacteria by targeting DNA, RNA, cell wall or protein synthesis (48). 

However, since resistance has evolved against nearly all known antibiotics, a major 

effort has been directed towards the development of novel therapeutics (49). Heme 

bound to hemoglobin makes up the majority of the body’s iron and is therefore, targeted 
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by many bacterial pathogens. Gram-positive pathogens in particular, use NEAT domains 

to scavenge heme from hemoglobin. It has previously been shown that heme with 

substituted iron metal centers have antimicrobial activity. In particular, gallium 

protoporphyrin IX (Ga-PPIX) displayed potent antimicrobial activity against methicillin-

resistant S. aureus (MRSA) (50). These metalloporphyrins represent bacterial ‘Trojan 

horses’ and are potentially significant in battling antibiotic resistant bacteria. In vitro 

studies have demonstrated that Ga-PPIX was not toxic to human primary fibroblasts 

(MRC-5) and furthermore, preliminary toxicity testing in Balb/c mice showed no peracute 

or acute effect on the health and behavior of mice (50). Furthermore, it has been shown 

that Ga-PPIX binds with high affinity to IsdHN3 and that it can be transferred from IsdHN3 

to IsdA (42). Since the NEAT domains and hemoglobin bind heme differently, it should 

be possible to produce metalloporphyrins that are more specific for Gram-positive heme 

uptake systems. However, it is vital that more experiments be done to demonstrate the 

viability of these compounds in vivo.    

  

4.6 Experimental Procedures 

4.6.1 Cloning, Protein Expression, and Purification 

 Plasmids encoding proteins containing a removable N-terminal hexahistidine-

small-ubiquitin-like modifier (SUMO) tag were generated using standard cloning 

protocols. The following plasmids were constructed that express proteins with the SUMO 

tag (6x-His-SUMO tag): pRM245 coding for amino acids 31-170 in Hbp2 (Hbp2N1), 

pRM246 coding for amino acids 183-303 in Hbp2 (Hbp2N2), pRM247 coding for amino 

acids 360-479 in Hbp2 (Hbp2N3), and pRM248 coding for amino acids 31-479 in Hbp2 

and pRM251 coding for amino acids 31-149 in Hbp1. Site directed mutagenesis of His-

SUMO-Hbp2N2 was performed on plasmid pRM246 to generate plasmids pRM257 and 

pRM258 that express Hbp2N2(Y280A) and Hbp2N2(Y289A), respectively (QuikChange Site-
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Directed Mutagenesis Kit, Stratagene, La Jolla, CA). The nucleotide sequences of all 

plasmids were confirmed by DNA sequencing.  

Proteins were expressed by transforming the aforementioned plasmids into 

Escherichia coli BL21 (DE3) cells (New England BioLabs). Standard protocols were 

used, and proteins were expressed overnight at 25 °C by adding 1mM isopropyl-β-D-

thiogalactoside (IPTG). Proteins were purified as previously described (13). Briefly, 

bacterial cells were harvested by centrifugation, ruptured by sonication, and purified 

using a Co2+-chelating column. The ULP1 protease was then used to cleave the amino 

terminal 6x-His-SUMO tag.  

 

4.6.2 Preparation of apo and hemin bound protein 

Hemin saturated proteins were generated by adding hemin in 1.5-fold excess to 

purified protein solutions, followed by removal of excess hemin using a Sephadex G-25 

column (GE Healthcare Life Sciences) equilibrated with 20 mM Tris-HCl, pH 8.0. The 

hemin saturation level was checked by recording UV-vis spectra and calculating the 

ASoret/A280. To create apo-form of the proteins used in this study hemin was removed 

from purified proteins by methyl ethyl ketone extraction (36).  

 

4.6.3 Enzyme-linked immunosorbent assay   

The enzyme-linked immunosorbent assay (ELISA) was performed in 96-well 

plates (Sigma; Corning, USA). Wells were coated with 100uL of human hemoglobin 

(Sigma), dissolved in PBS, pH 7.4 to a concentration of 10 μg/mL. To ensure coating, 

the plates were incubated on an orbital shaker overnight at 4 °C.  Blocking of nonspecific 

sites was achieved by washing the wells with a buffer containing PBS, pH 7.4, 0.05% 

Tween 20 (Sigma), and then applying 200uL of a solution of PBS pH 7.4, 1% BSA, 0.2% 

Nonfat Dry Milk (NFDM), 0.05% Tween 20 for 1 hour at room temperature.  After 
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blocking, 50 µL of the relevant NEAT domain containing protein was added to each well 

at a range of concentrations (0.5-250 pmol total protein dissolved in PBS pH 7.4, 0.05% 

Tween 20).  Plates were incubated for ten minutes on an orbital shaker at room 

temperature, washed, and then incubated for 1 hour on an orbital shaker at room 

temperature with a 50 µL solution of monoclonal mouse IgG antibody against 6x-His tag 

(Abgent) (1000-fold dilution dissolved in PBS, pH 7.4, 0.05% Tween 20).  After washing 

with PBS pH 9, 0.05% Tween 20, a 50 µL solution containing an alkaline phosphatase 

conjugated monoclonal goat IgG antibody against mouse IgG was added for detection. 

The monoclonal antibody was diluted 10,000-fold and dissolved in PBS, pH 9, 0.05% 

Tween 20. It was incubated for 1 hour on an orbital shaker at room temperature. After 

final washes in PBS pH 9, 0.05% Tween 20, 50 µL of 1-Step PNPP (Thermo Scientific) 

was added to develop the signal as described by the manufacturer Optical densities 

were measured at 405 nm on an ELISA plate reader (Molecular Devices, Spectramax 

M5, USA) at 30 minutes, 1 hour, and overnight. 

 

4.6.4 Hemin transfer and dissociation studies 

Similar methods were used to monitor hemin transfer from metHb to either Hbp1, 

Hbp2, or IsdHN2N3. Briefly, human metHb (Sigma) was dissolved in PBS buffer (10 mM 

Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4) to a concentration of 1.5 

μM and then mixed with 8.5 μM apo-protein dissolved in PBS buffer (either apo-Hbp1, 

apo-Hbp2 or apo- IsdHN2N3). UV-visible spectra of the solution were recorded using an 

Agilent 8453 UV–visible diode-array spectrophotometer, equipped with a Peltier device 

to control the temperature (Agilent 89090A). At varying time intervals after mixing 

spectra (ranging from 260 to 700 nm) were recorded at 25 °C. Differences in absorbance 

at 406 and 371 nm and (∆A406-371) were used to track hemin transfer. To monitor heme 

release into the solvent by different proteins they were incubated with recombinant 
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sperm whale myoglobin that contained H64Y and V68F mutations (H64Y/V68F Mb) (37). 

For these studies proteins were exchanged into PBS buffer (pH 7.4). Heme saturated 

donor proteins (Hbp1 or Hbp1) were add to H64Y/V68F Mb to a final concentration of 5 

μM and 50 μM, respectively. Sucrose was also add to a final concentration of 450 μM to 

prevent protein aggregation as described previously. UV-visible spectra were then 

recorded between 260-700 nm for up to 24 hours at 25 °C. The change in absorbance at 

600 nm was plotted with time and used as a measure of hemin dissociation. All kinetics 

data were analyzed using the program GraphPad Prism. A column-based approach was 

used to measure hemin transfer from Hbp2 to Hbp1. The apo-form of 6x-His-SUMO-

Hbp1 and holo-form of Hbp2 were prepared according to aforementioned protocols. Both 

proteins were dissolved in transfer buffer (50 mM NaH2PO4, 300 mM NaCl, pH 7.0). 

They were allowed to incubate at room temperature for varying amounts of time after 

mixing; 6x-His-SUMO-Hbp1 (75 μM) was mixed with holo-Hbp2 (25 μM). The proteins 

were then separated by applying them to a Co2+-chelating column that had been pre-

equilibrated in transfer buffer. The column was then washed four times with 0.9 ml of 

transfer buffer followed by elution of the 6x-His-SUMO-Hbp1 protein with one ml of the 

following buffer: 50 mM NaH2PO4, 300 mM NaCl, 250 mM Imidazole, pH 7.0. Hemin 

content was quantified by determining the ASoret/A280 ratio for each of the fractions at the 

indicated time points.     

 

4.6.5 Isothermal titration calorimetry (ITC) 

ITC measurements were performed using a MicroCal iTC200 calorimeter (GE 

Healthcare Life Sciences). The apo-form of proteins to be studied were dialyzed into ITC 

buffer (50 mM NaH2PO4 (pH 7.3) and 5% DMSO). A fresh 4.1 mM hemin solution 

(Sigma) was immediately prepared before each titration by dissolving hemin into ITC 

buffer. The cell was filled with apo protein and the syringe was filled with hemin solution. 
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Sixteen injections were performed using 2.5 μL aliquots (260 seconds between 

injections). The data were analyzed using MicroCal iTC200 analysis software (GE 

Healthcare Life Sciences). Hemin binding affinities for the following proteins were 

determined: Hbp1, Hbp2N2, Hbp2N3, Hbp2N2(Y280A), and Hbp2N2(Y289A).  

 

4.6.6 Crystallization and structure determination 

The apo-form of Hbp2N2 (residues 183 to 303) was prepared as detailed above 

and dialyzed into a 10 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 

pH 8.0 buffer. The protein solution was concentrated to 150 mg/mL and crystallized at 

room temperature using the hanging drop vapor diffusion method in a reservoir solution 

of 100 mM sodium citrate tribasic dihydrate (pH 5.4), 200 mM potassium sodium tartrate 

tetrahydrate, 2.0 M ammonium sulfate. Large cubic crystals appeared within 3 days. 

Crystals were stored in liquid N2 after soaking in cryoprotectant solution which consisted 

of 2M trimethylamine N-oxide dihydrate (TMAO) mixed 1:1 with the reservoir solution. 

The best diffracting crystals were obtained by soaking them in cryoprotectant solution for 

2-5 min. Selenomethionine-substituted protein was produced by withholding native 

methionine and supplementing bacterial cells with selenomethionine upon induction with 

IPTG (Sigma). SeMet-Hbp2N2 was purified as described above and crystallized similar to 

the native protein. The crystals belonged to space group I23 with one protein molecule in 

the asymmetric unit. An X-ray diffraction data set was collected on a native crystal at the 

Advanced Photon Source (Argonne National Laboratory), beamline 24-ID-C, using a 

Dectris Pilatus 6M pixel detector. Crystals were cryo-cooled to 100 K during the data 

collection. One hundred 1.0° oscillation frames were collected at a wavelength of 0.9795 

Å. Data reduction and scaling were performed using XDS (51). Diffraction to 2.3 Å 

resolution was observed. Using the CC1/2 statistics as the primary criterion, the limit of 

the data set was drawn at 2.3 Å resolution (52). The crystal structure was determined 
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using the multiwavelength anomalous dispersion (MAD) method combined with manual 

placement of a homologous structure, IsdX1, an anthrax hemophore, into the electron 

density map (Protein Data Bank ID code 3SZ6) (53). Data sets were also collected at 

two wavelengths on a selenomethionine derivative at the same beamline. One data set 

was collected at the peak energy for Se (0.9792 Å) and one at a high energy remote 

(0.9686 Å). A data set at a low energy remote was collected in house, using a Rigaku 

FR-E rotating Cu anode (1.5418 Å wavelength) and R-AXIS HTC imaging plate detector. 

The Hbp2N2-hemin complex used for crystallization trials was generated by adding free 

hemin to apo-Hbp2N2. Extensive effort was put forth to remove hemin aggregates prior to 

adding it to the protein. Briefly, in this procedure 40 mg of hemin was dissolved in 4 mL 

of 0.1 M NaOH (4 ˚C) and then vortexed. A total of 4mL of buffer A (1M Tris-HCl, pH 8.0) 

was then added to the hemin solution and it was then centrifuged at 18,000 x g for 10 

minutes at 4 °C. The hemin solution was then diluted with 8 ml of buffer A, and then 

centrifuged for 10 minutes to pellet aggregated hemin. The hemin concentration of the 

cleared solution was 3 mM as determined by UV absorbance (assuming ε385 = 58.44 

mM-1 cm-1). Hemin was then added slowly to protein in small 100 µL aliquots to a final 

concentration such that was in 1.5-fold molar excess. The protein/hemin mixture was 

incubated at room temperature on a tube rotator for 1 hour. The excess hemin was 

removed by separating the mixture using a Sephadex G-25 column. Fractions containing 

Hbp2N2-hemin complex were then dialyzed overnight into buffer B (50 mM Tris-HCl (pH 

7.4), 150 mM NaCl) solution. After concentration, the protein was then applied onto a 

Sephacryl S-100 XK 26/100 gel filtration column (GE Healthcare Life Sciences) 

equilibrated with buffer B, and pure fractions were pooled for crystallography trials. The 

Hbp2N2-hemin complex was concentrated to 53 mg/mL and crystallized at room 

temperature using the hanging drop vapor diffusion method in a reservoir solution of 100 

mM MES (pH 6.0), 10 mM ZnCl2, 20% polyethylene glycol 6,000. Crystals grew within 
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one day and were cryoprotected by soaking the crystals in reservoir solution that 

contained 35% glycerol. An X-ray diffraction data set was collected on beamline 24-ID-

C, as described above for apo-Hbp2N2. The crystals were in the P21 space group and 

contained two protein-hemin complexes per unit cell. Apo-Hbp2N2 was used as a search 

model for molecular replacement. Diffraction to 1.6 Å resolution was observed and the 

CC1/2 statistics was used to process the data to 1.6 Å resolution. Models of apo-Hbp2N2 

and the Hbp2N2-hemin complex were refined using REFMAC5 (54) and Buster/TNT (55) 

with TLS parameterization of domain disorder (56). After each refinement step, the 

model was visually inspected in COOT, using both 2Fo-Fc and Fo-Fc difference maps 

(57). Final structural models were validated with the following structure validation tools: 

PROCHECK (58), ERRAT (59) and VERIFY3D (60). 
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4.7 Figures 

 

 

 

Figure 4.1. Hbp1 and Hbp2 schematic and sequence alignment. (A) A schematic 
representation of the chromosomal loci coding for SrtB, Hbp1 and Hbp2. SrtB is 
responsible for anchoring Hbp1 and Hbp2 to the cell wall. An ABC transporter is coded 
by genes lmo2182-2184, which contains a lipoprotein component bearing sequence 
homology to IsdE although its function is currently not well defined. Two SrtA substrates 
are also coded by lmo2178 and lmo2179, but their functions are currently unknown. A 
nearby chromosomal locus codes for the Hup ABC transporter (lmo2429-lmo2431) that 
has been shown to be involved in hemin import. The values in parentheses show base 
pair distance between adjacent genes. (B) A schematic representation of Hbp1 and 
Hbp2 with amino acid sequence numbering for that region is shown above. (C) Amino 
acid sequence alignment of NEAT domains from S. aureus, B. anthracis, and L. 
monocytogenes. Red highlighting indicates the conserved Tyr that coordinates the iron, 
yellow highlighting indicates the stabilizing Tyr that hydrogen bonds to the coordinating 
Tyr, and orange indicates the novel Tyr observed for Hbp2N2.  



 
 

147

 
 
Figure 4.2. UV-visible spectra of Hbp1 and Hbp2. (A) Hemin is added to a final 
concentration of 10 µM to 10 µM Hbp1 or Hbp2  (B) Representative ITC data for Hbp2N3. 
Fresh hemin was injected stepwise into a cell containing apo-protein at a constant 
temperature of 25 ˚C. The top panel shows the time-course of the titration (black) and 
baseline (red). The bottom panel shows the integrated isotherms. The program ORIGIN 
was used to fit the data using non-linear regression to a one site binding model to derive 
thermodynamic parameters.  
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Figure 4.3. Hemin dissociation from Hbp1 and Hbp2. H64Y/V68F apo-myoglobin was 
added to a final concentration of 50 µM to 5 µM Hbp1 or Hbp2. (A) The absorbance 
spectra for reactions at 5 min and 12 hr for Hbp2 are shown as solid and dotted lines, 
respectively. (B) The panel shows the absorbance change at 600 nm, which is indicative 
of hemin scavenging by the H64Y/V68F myoglobin. For Hbp2, the black dotted line 
represents the raw data and the solid line is the best fit using a double exponential. The 
data for Hbp1 is shown in gray and could not be reliably fit since very little or no hemin is 
released from this protein. 
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Figure 4.4. Hemin transfer from Hbp2 to Hbp1. (A) A schematic of the hemin transfer 
experiment. Holo-Hbp2 (25 µM) is mixed with 6x-His-SUMO-Hbp1 (75 µM) for 0, 5, 10, 
20, 40, and 60 min and then separated using a cobalt (Co2+)-chelating column. (B) The 
amount of hemin is quantified by taking the absorbance ratio of the Soret band and 280 
for each of the indicated time points, which is then divided by the ratio representing 
heme saturated protein. Representative SDS-PAGE showing complete separation of 
Hbp1 and Hbp2 after the incubation for 60 min. W, wash; E, elution. 
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Figure 4.5. Hemoglobin binding. (A) An ELISA experiment showing binding of Hbp1 and 
IsdHN2, and to a lesser extent Hbp2, to Hb coated wells. (B) An ELISA experiment 
showing binding of Hbp2N1, Hbp2N3 and IsdHN2, and to a lesser extent Hbp2N2, to Hb 
coated wells. 
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Figure 4.6. Hemoglobin transfer. (A-C) For hemin transfer reactions, Hb was added to a 
final concentration of 1.5 µM to 8.5 µM apo-protein and UV-visible spectra were 
recorded for 10 minutes using a conventional spectrophotometer. Spectral changes are 
indicated with arrows and darker shades of gray represent later time points for Hbp1 (A), 
Hbp2 (B), and S. aureus IsdHN2N3 (C). (D) Heme transfer is followed by monitoring ∆A406-

371 for 10 min. 
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Figure 4.7. Apo- and holo-Hbp2N2 crystal structures. (A-B) Ribbon diagram of apo-
Hbp2N2 (A) and holo-Hbp2N2 (B). The β-strands and helices are colored green and light 
pink, respectively. Residues are color coded to match the sequence alignment in Figure 
4.1C. (C) The hemin-binding pocket is shown with the 1.6 Å resolution holo-Hbp2N2 
structure superimposed with a Fo-Fc omit map contoured to 5.0 σ shown as a dark grey 
mesh.  
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Figure 4.8. Superimposition of apo-Hbp2N2 and holo-Hbp2N2. (A) Ribbon diagram of 
superimposition of apo-Hbp2N2 (green) and holo-Hbp2N2 (blue). Residues shown as 
sticks match those in Figure 4.7 and are shown for holo-Hbp2N2. (B) Superimposition of 
the hemin binding pocket. (C) Superimposition of holo-Hbp2N2 and S. aureus IsdC in 
blue and green, respectively. The heme bound to holo-Hbp2N2 and IsdC are shown in 
stick format in pink and green, respectively. Iron atoms are shown as spheres. The 
residues corresponding to holo-Hbp2N2 and IsdC are shown in black and green, 
respectively. (D) holo-Hbp2N2 shown as a surface representation. 
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Figure 4.9. A model for how heme is transported into L. monocytogenes. The heme 
PPIX ring is shown as a red rhomboid and the iron is shown as a yellow circle. 
Methemoglobin is shown as a brown ellipsoid. The dashed lines of Hbp2 represent the 
observation that Hbp2 is both anchored and secreted, with the majority being secreted 
into the medium. Heme is transferred from metHb to Hbp1 and Hbp2. The heme may 
also be transferred between Hbp2 and Hbp2, as well as Hbp2 and Hbp1. Since the 
peptidoglycan layer is ~30 nm thick, there may be multiple copies of Hbp1 allowing for 
heme transfer to the ABC transporter HupDGC or Lmo2182-4. Currently, it is not known 
which ABC transporter accepts heme from Hbp1. After heme is transported into the 
cytoplasm, an IsdG homologue likely degrades the heme to release iron.   
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Table 4.1. Thermodynamic parameters and affinity data for hemin binding 
Protein KD (nM) ∆H (kcal/mol) -T∆S (kcal/mol)a ∆G (kcal/mol) nb 
Hbp1 25 ± 19 -9.6 ± 0.1 -1.3 -11 ± 0.1 1 
Hbp2N2 81 ± 35 -3.5 ± 0.1 -6.3 -9.8 ± 0.1 1 
Hbp2N3 48 ± 11 -9.1 ± 0.1 -0.9 -10 ± 0.1 1 
Hbp2N2(Y289A) 47667 ± 14445 -1.8 ± 0.3 -4.2 -6.0 ± 0.3 1 
Hbp2N2(Y280A) N.D.c N.D. N.D. N.D. N.D.
a Temperature, 298 K 
b n refers to the molar ratio hemin/protein 
c N.D. refers to binding ‘not detected’ 
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Table 4.2 Data collection and refinement statistics  
 apo-Hbp2N2 Se-Hbp2N2  Se-Hbp2N2 Se-Hbp2N2  Holo-Hbp2N2 
  peak high remote low remote  
Data collection      
Space group I23 I23 I23 I23 P21 
Cell dimensions      
    a,b,c (Å) 89.3, 89.3 89.3 88.7, 88.7 88.7 88.7, 88.7 88.7 88.8, 88.8 88.8 32.7,67.7, 58.51 

    α,β,γ (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 91.6, 90 

Resolution (Å) 2.3 (2.35-2.30) 2.7 (2.76-2.70) 2.75 (2.82-2.75) 2.65 (2.74-2.65) 1.6 (1.64-1.60) 

Wavelength (Å) 0.9795 0.9792 0.9686 1.5418 0.9792 

Rmerge  0.056 (8.123) 0.057 (0.723) 0.055 (0.524) 0.080 (0.709) 0.051 (1.522) 

I/σI 22.4 (0.5) 32.2 (3.3) 33.6 (3.9) 30.6 (3.7) 10.7 (0.9) 

CC1/2 99.9 (32.2) 99.9 (85.4) 100.0 (91.7) 100.0 (84.2) 99.8 (37.0) 

Completeness (%) 100.0 (100.0) 99.9 (99.4) 100.0 (100.0) 99.2 (100.0) 96.4 (94.4) 

Redundancy 21.4 (18.3) 20.2 (17.7) 19.7 (11.1) 10.1 (10.1) 3.2 (3.2) 

      
Refinement      
Resolution (Å) 2.3    1.6 
No. reflections 5408    33,711 
Rwork/ Rfree 0.254/0.290    0.199/0.230 
No. atoms      
    Protein 947    1865 
    Sulfate 1    0 
    Hemin 0    86 
    Glycerol 0    54 
    Zinc 0    4 
    Water 9    115 
B-factors (Å2)      
    Protein 125.4    41.0 
    Sulfate 216.5    0 
    Hemin 0    35.9 
    Glycerol 0    68.8 
    Zinc 0    60.4 
    Water 88.7    48.8 
R.m.s deviations      
    Bond lengths (Å)  0.008    0.01 
    Bond angles (º) 1.0    1.1 
*Highest resolution shell is shown in parenthesis. 
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