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ABSTRACT OF THE DISSERTATION 

 
Characterization of a Heme Degrading Enzyme from Mycobacterium tuberculosis 

 
By 

 
Alex Chao 

 
Doctor of Philosophy in Biological Sciences 

 
 University of California, Irvine, 2018 

 
Professor Celia W. Goulding, Chair 

 
 

Iron is important for pathogen survival and pathogens such as Mycobacterium 

tuberculosis (Mtb) have evolved pathways to acquire host iron. One such mechanism Mtb has 

evolved is the acquisition of heme, where Mtb imports host heme for degradation and iron 

release. In the cytosol, the heme degrading enzyme MhuD is responsible for the cleavage of 

heme and the liberation iron for use by Mtb. In this work we document our ongoing efforts 

to better understand MhuD and its larger role in Mtb.  

Although the structure of the inactive diheme form of MhuD was previously 

determined, the structure of its active monoheme form was unresolved. We were able to 

determine the crystal structure of the cyano-derivative of MhuD-monoheme to obtain 

insights into MhuD heme degradation and product uniqueness. Heme ruffling, proposed to 

be responsible for heme’s reactivity within the active site of MhuD homologs, was observed 

in the MhuD-monoheme structure. Mutations to apparent heme ruffling residues Phe23 and 

Trp66 appear to abolish MhuD’s heme degradation activity suggesting the importance of 

heme ruffling in MhuD activity. Residues were also identified potentially responsible for 

MhuD’s unique degradation products. We found that mutation of one such residue, Arg26 



xii 
 

into a serine, alters MhuD’s heme degradation into biliverdin and formaldehyde. Efforts to 

biophysically and structurally characterize the MhuD R26S mutant suggests that there is a 

reduction in heme ruffling in the mutant which may lead to the altered degradation product.  

We also explored the role MhuD plays in the pharmacological inhibition of Mtb 

growth of mice infected with Mtb by the heme analog tin-protoporphrin IX (SnPPIX). Despite 

its ability to inhibit the human heme degrader, heme oxygenase, SnPPIX did not appear to 

inhibit MhuD’s ability to degrade heme. Lastly, we also carried out preliminary research 

towards the identification of a MhuD electron donor as well as of a potential protein partner 

for MhuD product release. To date, neither proposed MhuD interaction partners have been 

identified, however more candidate proteins remain to be purified and tested.  
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CHAPTER 1  

Heme Uptake and Heme Degradation in Mycobacterium tuberculosis and 

Other Organisms 

 

Tuberculosis 

Tuberculosis (TB) is one of the most deadly, infectious diseases known to man. Prior to the 

advent of anti-TB drugs, a TB diagnosis was considered a death sentence1. TB is caused by 

Mycobacterium tuberculosis (Mtb), a slow-growing, pathogenic bacterium1. Mtb has evolved 

multiple mechanisms to evade host immune defenses, often times the bacterium moves into 

a latent dormant state within a host2. In the early to mid-1900’s, TB was a major public health 

concern with scores of patients sent to isolated resorts for quarantine and treatment1. 

Inspired by the discovery of penicillin, the first anti-TB drug streptomycin was discovered in 

1943 from Streptomyces griseus1. Other anti-TB drugs would soon follow leading to the near 

eradication of TB1. However, with the rise of AIDS in the 1980’s, TB cases reemerged3. Today, 

TB is responsible for approximately 1.4 million deaths annually4. Additionally, it is estimated 

that one-third of the world’s population is infected with latent TB, where patients are 

infected with Mtb, but do not present symptoms5. 
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Current treatments for TB  

Following the development of streptomycin in 1943, an array of anti-TB drugs were 

developed. These drugs are administered together as a drug cocktail and in accordance with 

guidelines set forth by the World Health Organization(WHO)6. First line drugs such as 

isoniazid, rifampicin, pyrazinamide, ethambutol, and streptomycin are used in the standard 

cocktail to treat TB patients6. However, if the patient has a drug resistant TB infection, then 

second line drugs are administered6. Second line drugs are divided into five categories: 

group 1 (first-line oral agents), group 2 (injectable agents), group 3 (fluoroquinolones), 

group 4 (oral bacteriostatic second-line agents), and group 5 (agents with unclear roles in 

treatment of drug resistant-TB)6. The usual TB treatment regime lasts more than 6 months, 

and up to 18 months for drug resistant forms6. Unfortunately, many anti-TB drugs come with 

harsh side effects or cause medical complications (i.e. liver damage), which combined with 

the prolonged treatment time can result in therapeutic non-compliance by patients and the 

development of drug resistant strains6. 

 

Emergence of drug resistant TB 

Drug resistance in TB is on the rise. Cases of multidrug resistant TB (MDR-TB) that are 

resistant to first-line anti-TB drugs, isoniazid and rifampin, have emerged. More concerning, 

however, is the emergence of extensively drug resistant TB (XDR-TB), which like MDR-TB 

are resistant to isoniazid and rifampin, but also fluoroquinolone and a second-generation 

anti-TB drugs (such as amikacin, kanamycin, or capreomycin). According to the WHO, cases 
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of XDR-TB have been documented around the world in both industrialized and 

unindustrialized countries (Figure 1.1). This emergence and spread of MDR-TB and XDR-TB 

is a major concern, necessitating the development of new classes of anti-TB therapeutics. 

 

 

Figure 1.1  Incidence map of XDR-TB as of 2011 from the WHO7. Countries in magenta have reported to 
have at least one case of XDR-TB. 

 

Targeting Iron Assimilation  

Iron is essential for the survival of nearly all living organisms including pathogens8-10. 

Because of its unique catalytic properties, iron is a common cofactor for many enzymes11. 

Iron is found in many protein families including oxidoreductases, hydrolases, lyases and 

isomerases12. Iron-containing proteins are involved in many important metabolic processes 

such as ATP synthesis. Because of the importance of iron in essential biological functions, 

many bacteria have evolved pathways to acquire host iron. However, the majority of iron—

80% of iron in the host—is in the form of heme. Consequently, in addition to evolving iron 
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acquisition pathways, pathogens have also evolved heme uptake pathways to access this 

large otherwise untapped reservoir of iron. Like many other pathogens, Mtb has the ability 

to acquire host heme-iron13. Thus, because of its role in in Mtb iron acquisition, the Mtb heme 

uptake pathway is a potential target for novel anti-TB drugs. 

 

 

Heme uptake in other bacteria 

A number of different heme uptake pathways have been reported in both Gram-positive and 

Gram-negative bacteria such as Staphylococcus aureus, Bacillus anthracis, and Serratia 

marscences14. One of the best characterized heme uptake pathways is that of the Gram-

negative S. marscences14. This pathway utilizes a bipartite heme acquisition system (Has) 

common throughout Gram-negative bacteria15. This system, encoded by the has operon 

(Figure 1.2), utilizes the hemophore HasA to scavenge heme from host hemoproteins in an 

affinity driven process15-17. Next, heme is transferred to TonB-dependent outer membrane 

transporter (HasR) and imported into the cytosol in a process involving a HasB/ExbB/ExbD 

import complex15, 18, 19. In this proton motive force driven process, HasR transports heme 

across the outer membrane. The HasA TonB box of HasR interacts with the periplasmic 

domain of a TonB homolog HasB allowing for heme transfer to HasB15, 19.  
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Figure 1.2  Schematic of the S. marscences heme uptake pathway20. Secreted hemophone HasA scavenges 
heme from host hemoproteins and transfers the heme to the TonB-dependent outer membrane 
transporter HasR, which imports heme across the outer membrane with the assistance of TonB analog 
HasB and auxiliary proteins ExbB and ExbD. 

 

Another well-characterized heme uptake pathway is the S. aureus iron-regulated surface 

determinant (Isd) pathway (Figure 1.3)21, 22. Many of the proteins in the Isd pathway (IsdA, 

IsdB, IsdC, IsdH) feature the Near Iron Transport domain fold (NEAT domain), which are 

immunoglobulin-like folds commonly found in heme uptake pathways of Gram-positive 

bacteria23, 24. These NEAT domains mediate heme extraction from host heme proteins or 

heme transfer inside the bacteria23, 24. In the S. aureus heme uptake pathway (Figure 1.3), 

NEAT domains on surface receptors IsdB and IsdH capture heme from host hemoglobin25, 26. 

The captured heme is shuttled through the cell wall by a heme transfer cascade from IsdB 
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and IsdH onto IsdA and then IsdC via NEAT-NEAT interactions27. Then IsdC transfer heme to 

IsdE, a membrane tethered lipoprotein28. Heme is then transferred to the ABC permease, 

IsdF, for transport across the cell membrane using energy derived from ATP-hydrolysis27. 

Once in the cytosol, heme is degraded by IsdG and IsdI into staphylobilin isomers (Figure 

1.8)29, formaldehyde30, and ferrous iron.  Recently, it has been shown that IruO, a FAD-

containing NADPH-dependent reductase, provides electrons for S. aureus heme 

degradation31. 

 

Figure 1.3  Schematic of the S. aureus heme uptake pathway14.  Here, heme is captured from host heme 
proteins by IsdB and IsdH and transferred through the cell wall via IsdA and IsdC. Next, the heme is passed 
through the periplasmic space and the cell membrane in a process involving IsdDEF proteins. Finally, 
heme is degraded by IsdG and IsdI.  
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Mtb heme uptake pathway 

Mtb has a heme uptake pathway, which could be a potential anti-TB drug target (Figure 

1.4)13. The mechanism of mycobacterial heme uptake is still being unraveled; however, it is 

known to involve proteins encoded by the genomic region Rv0202c-Rv0207c13. In this 

pathway, it has been proposed that heme is acquired from host hemoproteins and involves 

the secreted hemophore Rv020313. It is unknown how Rv0203-heme complex traverses the 

mycobacterial outer membrane; however Rv0203 can transfer its heme cargo onto the 

periplasmic soluble domains of the inner membrane transport proteins MmpL3 and 

MmpL1113, 32. Once heme is imported across the inner member to the Mtb cytosol, heme is 

degraded by the mycobacterial heme utilization degrader (MhuD) into mycobilin isomers 

(Figure 1.12) and ferrous iron33, 34.  
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Figure 1.4  Schematic of the proposed Mtb heme uptake pathway.  

 

More recently, Mitra et al. have identified several new proteins that may play a role in Mtb 

heme uptake (Figure 1.4)35. These proteins, PPE36 (Rv2108), PPE62 (Rv3533c), and FecB2 

(Rv0265c), were identified in transposon mutant screens by searching for mutants resistant 

to Ga(III)-protoporphyrn IX35, a heme analog toxic to Mtb13, 35. PPE36, PP22, and PPE62 are 

thought to localize to the outer membrane, while Rv0265c is thought to localize to the 

periplasmic space35. Initial characterization using surface plasmon resonance (SPR) suggest 

that these proteins are capable of binding heme albeit in the low millimolar to high 

micromolar range35. The roles of these proteins in Mtb heme uptake are still being unraveled; 

however, based on predictions and experimental results, it is hypothesized that heme is 

PPE36 captures heme from for transport by outer membrane receptor PPE6235. Periplasmic 
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siderophore binding protein FecB2 is thought to transport heme to an yet-to-be-identified 

heme receptor in the inner membrane35. Together, PPE36 (Rv2108), PPE62 (Rv3533c), and 

FecB2 (Rv0265c) may play a role in Mtb heme uptake, however experimental verification is 

required35.  

 

Heme oxygenases  

The canonical heme degrading protein, heme oxygenase (HO) (Figure 1.9A), has been 

extensively studied. In humans and several bacteria including Corynebacterium diphtheriae 

and Neisseria Meningitidis, heme oxygenase (HO) is responsible for the degradation of heme 

into biliverdin IXα (Figure 1.5), carbon monoxide (CO) and ferrous iron36-39.  

 

Figure 1.5  Structure of HO heme degradation product biliverdin.  

 

The mechanism for heme degradation by HO occurs via three successive mono-oxygenation 

steps (Figure 1.6)40. During HO heme degradation, first heme is hydroxylated at the α-meso 

carbon into α-mesohydroxyheme41, 42, and then oxidized into α-verdoheme combined with 
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CO43. This process has been shown to occur spontaneously even outside of HOs44. In the third 

and final step, the α-verdoheme is oxidized to produce the final product biliverdin45.  

 

Figure 1.6  Reaction pathway for HO catalyzed heme degradation. The HO heme substrate is oxygenated 
into hydroxyheme, then into verdoheme, before finally into biliverdin, in a total of three successive 
oxygenation reactions.  

 

Substrate hydroxylation in the first and third steps of heme degradation occur via activation 

of molecular oxygen by the substrate iron center40. This is a process similar to P450 

activation where the heme ferric iron center is reduced to its ferrous iron while coordinating 

molecular oxygen (Figure 1.7)40, 46.  
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Figure 1.7  Activation of HOs vs activation of P450s. Both P450s and HOs generate a ferric hydroperoxyl 
[Fe(III)-OOH] species before diverging into their separate pathways. 

 

In the second step of HO activation, ferrous-O2 heme is further reduced into a ferric 

hydroperoxyl [Fe(III)-OOH] species40. Cleavage of the hydroperoxyl [Fe(III)-OOH] species 

then occurs resulting in substrate hydroxylation in a yet-to-be-determined mechanism40. 

Close examination of the human heme oxygenase-1 (hHO-1) crystal structure reported by 

Schuller et. al. reveals a distal network of water molecules that may stabilize the ferric 

hydroperoxyl [Fe(III)-OOH] species (Figure 1.11A)47. Disruption of this network of water 

molecules within the vicinity of the HO active site via mutagenesis abolishes or diminishes 

the heme degrading properties of HO48, 49. Further illustrating the importance of this network 

of water molecules, experiments by Davydov et al show that a water molecule is required for 

donating a proton to ferrous-O2 heme allowing for substrate hydroxylation50.  
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IsdG/I heme degradation  

Other types of heme degrading enzymes have been reported in the literature. First among 

this non-canonical heme degrading enzymes and most characterized are the S. aureus IsdG 

and IsdI heme degraders, which degrade heme into staphylobilin isomers (Figure 1.8)29, 

formaldehyde30, and ferrous iron.  

 

Figure 1.8  Isomers of staphylobilin products from S. aureus heme degrading enzymes IsdG and IsdI. IsdG 
and IsdI cleaves heme at either the β- or δ-meso carbon while oxidizing the other meso carbon. 

 

These Isd-type heme degrading enzymes are structurally distinct from HO proteins51, 52. 

While HO proteins are composed of solely α-helices (Figure 1.9A)47, Isd-type proteins forms 

a homodimer with a ferrodoxin-like α + β-barrel fold (Figure 1.9B)51, 52.  
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Figure 1.9  Structures of human heme oxygenase-1 (hHO-1, PDB: 1N45)47 (A) and IsdI (PDB: 3LGN)52 (B). 
Despite both heme degrading enzymes, hHO-1 and IsdI share no structural homology.  

 

The differences in protein structure and heme degradation products suggest that the Isd-

type enzyme utilize a different degradation mechanism than that of HO. The details of IsdG/I 

heme degradation are still being worked out, however thus far, time resolved mass 

spectrometry experiments suggest that IsdG/I oxidizes heme into β/δ-meso-hydroxyheme 

and then into formyl-oxo-bilin53. The formyl-oxo-bilin intermediate is converted into 

staphylobilin isomers through the spontaneous loss of formaldehyde (Figure 1.10)53.  
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Figure 1.10  Proposed mechanism for IsdG and IsdI heme degradation53.  

 

Whereas HOs have a network of water molecules to assist in heme oxygenation47, 

examination of IsdG/I structures reveal an absence of water molecules in the active site 

pocket suggesting an alternative mechanism for substrate oxidation than that of HOs52. 

Furthermore, both the IsdG/I structures reveals that bound heme is distorted or ruffled 

(Figure 1.11)52. While the heme in the rat HO structure is distorted only by 0.6 Å47, the heme 

in the IsdG N7A and IsdI crystal structures are distorted by 1.9 and 2.3 Å, respectively52. NMR 
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experiments by Takayama et al. show that the observed heme ruffling appears to alter the 

electronic structure of heme, possibly sensitizing the heme meso-carbons to a nucleophilic 

attack54. Density functional theory (DFT) calculations and hydrogen peroxide shunt 

experiments suggest this proposed nucleophilic attack occurs via the formation of a ferric-

peroxo [Fe(III)-OO-] species and not the ferric-hydroperoxy [Fe(III)-OOH] species observed 

in HOs55.  

 

Figure 1.11  Active site pockets of hHO-1 (PDB: 1N45)47 (A) and of S. aureus heme degraders IsdG N7A 
(PDB: 2ZDO) (B) and IsdI (PDB: 3LGN)52 (C). Distinct loss of heme planarity is observed in B and C.  

 

The role of heme ruffling in IsdG/I heme degradation was further demonstrated via 

mutational studies. Mutation of the IsdG/I Trp-66, which makes a hydrophobic interaction 

with the heme protoporphyrin ring, resulted in a reduction of heme ruffling as well as a 

reduction in heme degradation activity56. This loss in heme degradation activity is correlated 

to the bulkiness of the substituted residue56. Additionally, mutation of Trp-66 also reverses 

alterations to the heme electronic structure56. Together, this evidence suggests that heme 

ruffling in IsdG/I plays an important role in heme’s reactivity in the active site56.  
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MhuD heme degradation  

Another Isd-type heme degrading protein is the Mtb heme degrading enzyme MhuD33, 57. 

MhuD shares high sequence and structural homology with S. aureus IsdG/I heme 

degraders33, 57, however, MhuD degrades heme into unique mycobilin isomers34 (Figure 

1.12) and free ferrous iron. Additionally, unlike IsdG-like proteins, MhuD is capable of 

binding two heme molecules in its active site, but is enzymatically inactive in its MhuD-

diheme form33. Thus far, only the structure of the diheme form of MhuD has been solved 

(Figure 1.13)33 

 

Figure 1.12  Structures of mycobilin isomers from Mtb heme degrader MhuD34. MhuD cleaves and oxides 
heme at the α-meso carbon while also oxidizing the β- or δ-meso carbon. 

 

Similar to IsdG/I, MhuD forms a homodimer with a ferrodoxin-like α + β-barrel fold (Figure 

1.13)33, 57. In the MhuD-diheme structure, the two hemes are stacked one upon another with 

their propionate groups rotated approximately 80 degrees from one another33. The iron of 

the solvent exposed heme is coordinated by His75 while the iron of the solvent protected 

heme is coordinated by a chloride ion33. Minimal heme distortion was observed for both 
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hemes in the MhuD-diheme structure33. While the hemes in IsdG N7A and IsdI crystal 

structures are distorted by 1.9 Å and 2.3 Å respectively52, the hemes in the MhuD-diheme 

structure were only distorted by 0.7 Å33. This dramatic difference in heme ruffling may be 

responsible for inhibition of MhuD upon binding the second heme33.  

 

Figure 1.13  X-ray crystal structure of diheme form of MhuD (PDB: 3HX9)33. (A) Ribbon representation 
of the dimeric MhuD-diheme. (B) Active site pocket MhuD-diheme.   

 

Initial studies suggest that MhuD degrades heme in a similar mechanism to that of IsdI 

(Figure 1.14)58. MhuD is proposed to oxidize heme into β/δ-meso-hydroxyheme 

intermediate via formation of a ferric-peroxo [Fe(III)-OO-] species58. Then, the β/δ-meso-

hydroxyheme is thought to undergo radical localization to the α-meso carbon before 

dioxygenation at the α-meso position into a dioxetane intermediate58. Finally, dioxetane 

intermediate is proposed to spontaneously decompose into Fe-mycobilin58.  
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Figure 1.14  Proposed mechanism for MhuD heme degradation58.  

 

Although MhuD has been well characterized, much remains unknown about MhuD. The work 

presented herein details progress made toward a better understanding of MhuD. In Chapter 

2, we describe the determination of cyanide inhibited MhuD-monoheme structure, and 

discuss mutational analyses of residue that play a role in MhuD heme ruffling. In Chapter 3 

we discuss a single mutation that produces a different heme degradation product. In Chapter 

4, we examine the role of hHO-1 and MhuD in human Mtb infection. We demonstrate that 

adjunctive administration of the heme analog tin-protoporphrin IX (SnPPIX) inhibits Mtb 
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growth in mice. In Chapter 5, we discuss preliminary work done towards identification of a 

MhuD electron donor as well as towards understanding of MhuD product release. Together, 

this work reveals factors important for MhuD heme degradation and product uniqueness as 

well as identifies potential MhuD protein partners.  
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CHAPTER 2 

The Role of Heme Ruffling in MhuD Heme Degradation 

 

Abstract 

Mycobacterium heme utilization degrader (MhuD) is a heme-degrading protein from 

Mycobacterium tuberculosis (Mtb) responsible for extracting the essential nutrient iron from 

host-derived heme. MhuD has been previously shown to produce unique organic products 

compared to those of canonical heme oxygenases(HOs) as well as those of the IsdG/I heme-

degrading enzymes from Staphylococcus aureus. Here, we report the X-ray crystal structure 

of cyanide-inhibited MhuD (MhuD−heme−CN). There is no evidence for an ordered network 

of water molecules on the distal side of the heme substrate in the X-ray crystal structure, as 

was previously reported for canonical HOs. The degree of heme ruffling in the crystal 

structure of MhuD is greater than that observed for HO and less than that observed for IsdI. 

Furthermore, the degree of heme ruffling in MhuD is consistent with changes in relative 

energies between the 2B2g ground electronic state, which has a (dxz,dyz)4(dxy)1 electronic 

configuration, and the 2Eg excited electronic state, which has a (dxy)2(dxz,dyz)3 electronic 

configuration. Mutation of residues Trp-66 and Phe-23 thought to play a role in MhuD heme 

ruffling abolishes MhuD heme activity. Together, the data suggest that out of plane distortion 

of the heme in MhuD changes the electronic structure of heme and is essential to MhuD’s 

heme degradation properties.   
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Introduction 

Although MhuD from Mycobacterium tuberculosis (Mtb) degrades heme to non-heme iron 

and organic by-products, the enzyme has features that distinguish it from human heme 

oxygenases (hHOs)1, 2 .Whereas hHOs adopt an all α-helical fold3, 4 , the catalytically-inactive, 

diheme-bound form of MhuD (MhuD-diheme) has a ferrodoxin-like β-barrel fold5. The 

structure of MhuD-diheme is more similar to heme degrading enzymes from Staphylococcus 

aureus, IsdG and IsdI6. However, MhuD is also distinct from these enzymes. The organic by-

products of MhuD-catalyzed heme degradation are unique (Figure 2.1). MhuD cleaves the 

porphyrin ring of heme at the α-meso carbon, and this carbon is retained as an aldehyde 

group in the final “mycobilin” product7. In humans, the porphyrin ring is converted to 

biliverdin and carbon monoxide (CO) by hHOs, while S. aureus, IsdG and IsdI convert the 

porphyrin ring to staphylobilins8, and formaldehyde9. Since MhuD generates unique 

enzymatic products as compared to hHOs, IsdG, or IsdI, the reaction must proceed via a 

unique mechanism. 
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Figure 2.1  HO has an ordered network of active site water molecules on the distal side of the heme 
substrate and is believed to stabilize a 2Eg electronic state, where spin density is delocalized onto the 
porphyrin pyrrole rings (violet and blue circles represent the two components of this degenerate state), 
producing biliverdin, CO, and iron as products. S. aureus IsdI has been proposed to stabilize a 2B2g state, 
with spin density delocalized onto the α-, β-, γ-, and δ-meso carbons (green circles), without a defined 
network of water molecules en route to staphylobilin and formaldehyde formation. M. tuberculosis MhuD 
degrades heme to mycobilin and iron, but prior to this work, the active site and electronic structures were 
unknown. 

 

Based upon Raman, electron paramagnetic resonance (EPR), UV/Vis absorption (Abs), and 

nuclear magnetic resonance (NMR) spectroscopy results, Ikeda-Saito has proposed that 

MhuD-catalyzed heme degradation proceeds through hydroperoxyheme and α-meso 

hydroxyheme intermediates, but bypasses verdoheme, en route to “mycobilin” formation7. 

The first steps of this proposed mechanism (binding of molecular oxygen, reduction to 

hydroperoxy, and hydroxylation of the α-meso carbon) are identical to the generally 

accepted mechanism of hHO-catalyzed heme degradation10. For hHOs, EPR and Mössbauer 

spectroscopic data11, and density functional theory (DFT)-based hybrid quantum 

mechanical/molecular mechanical (QM/MM) calculations12, have led researchers to 
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conclude that the enzyme active site stabilizes an S = ½, (d-xy)2(dxz,dyz)3 Fe(III)–

hydroperoxy state (Figure 2.1). An ordered network of active site water molecules on the 

distal side of the heme substrate, first characterized in solution by NMR spectroscopy13, 14, 

stabilizes the hydroperoxy ligand allowing for the stepwise homolytic cleavage of the 

hydroperoxy O–O bond followed by barrier-free attack of the α-meso carbon by the resulting 

hydroxyl radical. 

There remain at least two mechanistic questions regarding the MhuD-catalyzed 

transformation of heme to α-mesohydroxyheme. First, in the generally accepted mechanism 

of hHO-catalyzed O–O bond cleavage, the homolysis proceeds through a (dxy)2(dxz,dyz)3 

(2Eg) state11, 12. However, Murphy and Mauk have proposed that the heme degradation 

reaction catalyzed by S. aureus IsdI, structurally more similar to MhuD than hHO, proceeds 

through a (dxz,dyz)4(dxy)1 (2B2g) state15, 16. These 2Eg and 2B2g states have different electron 

and spin density distributions and, thus, different reactivities (Figure 2.2). Second, there is 

no evidence for an ordered network of active site water molecules on the distal side of heme 

to control the regioselectivity of porphyrin hydroxylation in the available X-ray crystal 

structures of heme-bound IsdG or IsdI15-17. These data have led to their proposal that S. 

aureus IsdI compensates for the missing network of water molecules by stabilizing the 2B2g 

state. 
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Figure 2.2  Electron distributions of the 2Eg and the 2B2g electronic states.  

 

Here, we investigate the initial steps of Mtb MhuD-catalyzed heme degradation using a 

combined crystallographic and spectroscopic approach to clarify the geometric and 

electronic structure of the single heme-bound MhuD (MhuD-heme) species. We report the 

first X-ray crystal structure of a monoheme form of Mtb MhuD. This structure reveals that 

the MhuD active site stabilizes a ruffled His-ligated heme substrate without an organized 

network of water molecules on the distal side of heme. Work by our collaborators establish 

that the MhuD heme ruffling rearranges the heme electronic state sensitizing the meso-

carbons to hydroxylation in the MhuD active site. Lastly, mutagenesis of purported heme 

ruffling residues abolished MhuD heme degradation demonstrating the importance of heme 

ruffling in MhuD enzymatic activity. 

Results  

MhuD heme-CN structure  

We have previously determined the crystal structure of MhuD-diheme, which revealed two 

stacked heme molecules in the MhuD active site. However, no heme degradation activity is 

observed by MhuD-diheme and only the monoheme complex is capable of degrading heme5. 

To observe MhuD in its active conformation, we determined the structure of MhuD-heme-
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CN to 1.9 Å resolution (Table 2.1), with one homodimer in the asymmetric unit. MhuD-

heme-CN retains its ferrodoxin-like α + β-barrel fold as observed for MhuD-diheme5; 

however only one bound molecule of heme is observed in each active site (Figure 2.3A). 

Within the active site, His-75 coordinates the iron of MhuD-heme-CN on its proximal side 

(2.1 Å, Figure 2.3B), and the His-75 imidazole ring is hydrogen (H)-bonded to the backbone 

carbonyl of Ala-71. A fully occupied cyano group was modeled into the electron density 

observed on the distal side of the heme iron (2.1 Å). The bound CN atoms refine with B-

factors of approximately 22 Å2, similar to those of the heme irons. The CN ligands are 

observed in a bent coordinating mode, with Fe–C–N angles of 118 and 120° for chains A and 

B, respectively, whereas the Fe–C–N bonds are nearly perpendicular to the porphyrin plane 

in the IsdI-heme-CN structure with Fe–C–N angles of 171° and 158° 15. In the MhuD-heme-

CN active site, the CN ligand H-bonds to Asn7 NH1. Furthermore, the CN-inhibited heme 

substrate is stabilized by hydrophobic interactions with Ile-9, Phe-23, Phe-39, Val-53, Thr-

55, Phe-63, and Trp-66; H-bonds between propionate 6 and Arg-22 NH1 and the Val-83 

backbone amide; and H-bonds between the bent propionate 7 and a water molecule, which 

in turn H-bonds to Arg-26. 
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Table 2.1  X-ray data collection and refinement statistics for the structural determination of MhuD-heme-
CN 

 MhuD heme-CN 
Space group P212121 

Unit cell dimensions (Å) 40.97 × 60.40 × 78.46 
pH of crystallization conditions 6.0 
Data Set   

wavelength (Å) 1.0 
resolution range  39.23-1.90 
unique reflections (total) 15989 (103418) 
completeness (%)a 99.6 (99.9) 
Redundancy 6.5 (6.7) 
Rmergea,b 6.4 (35.5) 
I/σ 17.3 (4.9) 
NCS copies 2 

Model Refinement  
resolution range (Å) 39.23-1.90 
no. of reflections (working/free) 15935 (1595) 
no. of protein atoms  1505 
no. of water molecules 94 
no. of heme dimer 2 
no. of cyanide dimer 2 
missing residues  103-105 
Rwork/Rfree (%)c 17.3/22.4 

Average B-factor (Å2)  
protein  31.9 
heme and cn 27.0 
Water 37.6 

rms deviations   
bond lengths (Å) 0.010 
bond angles (degrees) 1.098 

Ramachandran Plot  
most favorable region (%) 95.43 
additional allowed region (%) 4.06 
disallowed region 0.51 

PDB ID code 4NL5 
aStatistics for the highest-resolution shell are given in brackets.  
bRmerge=Σ|I − ⟨I⟩|/ΣI  
cRwork= Σ|Fobs – Fcalc|/Σ Fobs. Rfree was computed identically to that of Rwork except for where 
all reflections belong to a test set of 10% randomly selected data. 
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Figure 2.3  X-ray crystal structure of MhuD-heme-CN (PDB: 4NL5). Panel A: Ribbon representation of the 
dimeric MhuD-heme-CN complex. Panel B: Ribbon representation of the MhuD-heme-CN heme-binding 
pocket. α-helices and β-strands are depicted in cyan and magenta, respectively. Loops and sidechain 
carbons are shown in salmon. All α-helices are labeled, with the second polypeptide chain differentiated 
by a prime symbol (‘). Heme-CN, one per active site, is represented as a stick model where nitrogen, 
oxygen, heme carbon, and cyano carbon atoms are in blue, red, white, and yellow, respectively. Iron atoms 
and ordered water molecules are depicted as orange and red spheres, respectively.   

                  

MhuD-diheme and MhuD-heme-CN structures superimpose with a root-mean-square 

deviation (rmsd) of 0.29 Å over all Cα atoms18. Within the active site pocket, the heme 

substrate overlays with the solvent-protected heme from the MhuD-diheme structure, 

however the modeled heme is rotated 180° about the α–γ axis (Figure 2.4). Additionally, 

there is an increase in heme ruffling.   
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Figure 2.4  Degree of heme ruffling within heme degrading enzymes.  Panel A: Overlay of MhuD-heme-CN 
(cyan) and HO-1 heme (orange, PDB: 1N45).  The right panel shows HO-1 heme being mostly planar, while 
the left one shows that it is ruffled in one pyrollic group  Panel B: Overlay of hemes from MhuD-heme-CN 
(cyan, PDB: 4NL5), N7A IsdG (white, PDB: 2ZDO) and IsdI-heme-CN (green, PDB: 3QGP) following 
structural overlay. 

                 

The distortions of the hemes in MhuD-heme-CN (1.4 and 1.5 Å) are more severe than those 

in MhuD-diheme (0.7 Å), as analyzed by normal-coordinate structural decomposition19. It 

was suggested that Phe-22 contributes to heme ruffling in IsdG by contacting the γ-meso 

carbon8, 17; however, the corresponding residue, Phe-23, overlays in MhuD-diheme and 

MhuD-heme-CN. The most notable structural differences are within the α2 helix and the 

subsequent loop region surrounding the active site (Figure 2.5A). In MhuD-heme-CN, the α2 

helix is kinked after residue Asn-68, while in the MhuD-diheme structure this helix (α2) is 

extended. This kink results in the movement of His-75 (4.5 Å) so that it may coordinate with 

heme iron in the MhuD-heme-CN structure (Figure 2.5B). Furthermore, there is one notable 

altered sidechain conformation, Arg-26, between the MhuD-heme-CN and MhuD-diheme 

structures. In the MhuD-diheme structure, Arg-26 forms an H-bond with propionate 7 from 

the solvent-exposed heme, but not with the solvent-protected heme molecule (Figure 2.5C). 
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However, in MhuD-heme-CN Arg-26 is flipped into the reduced volume heme active site 

where it H-bonds to an active site water molecule, which in turn H-bonds to the carbonyl 

oxygen of His75 and heme propionate 7, whose orientation is rotated toward the active site 

water (Figure 2.5B). One could speculate that the ordered water and alternative 

conformation of the Arg26 sidechain may stabilize the otherwise flexible loop to form a 

stable monoheme active site. The position of this water molecule is conserved in both active 

sites of the MhuD dimer, however in one of two active sties of the dimer there is a second 

water molecule that also H-bonds with Arg-26. 

 

Figure 2.5  Structural comparison of the active sites of MhuD-heme-CN and MhuD-diheme. Panel A: 
Superposition of MhuD-heme-CN (PDB: 4NL5, cyan) with MhuD-diheme (PDB: 3HX9, pink) shows that α2 
in MhuD-heme-CN is kinked while it is extended in the MhuD-diheme structure. This kink results in MhuD-
heme-CN His75 moving 4.5 Å to coordinate heme iron (orange spheres). Panels B and C: The orientations 
of most residues within the MhuD-heme-CN (B) and MhuD-diheme (C) active sites are unchanged, but 
Arg26 in the MhuD-heme-CN structure flips into the reduced volume active site. Heme propionates 6 and 
7 are denoted by P6 and P7, respectively, and the solvent-exposed heme propionates (MhuD-diheme) are 
differentiated with a prime symbol (`). Heme molecules are in stick representation, with carbon atoms 
depicted in cyan and white for MhuD-heme-CN and MhuD-diheme, respectively, and nitrogen, oxygen and 
cyano carbon atoms in blue, red, and yellow, respectively.  Iron atoms, an ordered Cl- atom (MhuD-diheme) 
and water molecule (MhuD-heme-CN) are depicted as orange, green, and red spheres, respectively.         

 

Mutational studies on proposed heme ruffling residues  

Previous studies have shown that mutation of the IsdG/I Trp-66, which makes a hydrophobic 

interaction with the heme protoporphyrin ring, resulted in a reduction of heme ruffling as 
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well as a loss of or reduction in heme degradation. This loss in heme degradation activity is 

correlated to the bulkiness of the replacement residue. Similar to IsdG/I, the Trp-66 residue 

(Figure 2.6) in MhuD may also play a role in heme ruffling through the same hydrophobic 

interaction previously observed in IsdG/I. In addition to Trp-66, we also propose that the 

Phe-23 residue (Figure 2.6) also plays an important role in MhuD heme ruffling by 

stabilizing the ruffled heme via a π-stacking interaction with the protoporphyrin.  

 

Figure 2.6  Ribbon representation of the MhuD active site. Residues Trp-66 and Phe-23 appear to stabile 
the ruffled heme state via hydrophobic interaction and π-π stacking interaction respectively 

           

To determine if Phe-23 and Trp-66 play an important role in MhuD activity, alanine mutants 

of these residues were generated for biochemical characterization. Heme degradation assays 

were initially performed to assess the effect of the aforementioned residues on MhuD heme 

degradation. In these assays, heme degradation by MhuD-monoheme and its mutants were 

initiated with sodium ascorbate and were monitored spectophotometrically between 300 

and 700 nm. To avoid non-enzymatic heme degradation, catalase from Aspergillus niger was 
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included in each reaction. Similar heme degradation experiments were performed using 

cytochrome P450 reductase as an electron donor and NADPH as an electron source.  

As previously reported, wild type MhuD degraded heme as indicated by a decrease in the 

soret peak near 410 nm5. While MhuD WT was shown to degrade heme, no soret peak 

decrease was observed in the MhuD W66A and F23A variants indicating that these mutants 

do not degrade heme upon the addition of ascorbate (Figures 2.7A-2.7C). Similarly, MhuD 

W66A mutant was also shown to be enzymatically inactive when using cytochrome P450 

reductase as an electron donor and NADPH as an electron source (Figures 2.8A-2.8B). 

These results suggest that these mutants are functionally inactive and that the mutated 

residues play an important role in MhuD heme degradation activity and in heme ruffling as 

previously postulated.  
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Figure 2.7  Heme degradation assays of wild type (A), W66A (B), and F23A (C) monoheme forms of MhuD 
in the presence of 0.5:1 molar ratio of catalase to MhuD-monoheme using ascorbate (10 µM) as the 
electron donor. UV/vis spectra were collected between 300 to 700 nm in 5 minute intervals. A decrease 
in the soret peak (arrow) near 410 nm was observed for MhuD WT indicating that heme was being 
degraded. No soret peak decrease were observed in heme degradation assays for the W66A and F23A 
variants.  

 

Figure 2.8  Heme degradation assays of wild type (A) and W66A (B) monoheme forms of MhuD in the 
presence of 0.3:1 molar ratio of catalase to MhuD-monoheme using cytochrome P450 reductase as an 
electron donor and NADPH as an electron source. NADPH was titrated in 1 µM increments up to 10 µM 
final concentration and spectral changes between 300 and 700 nm were monitored after each titration. 
MhuD WT degrades heme as indicated by a decrease in the soret peak, and the W66A variant does not. 

 

 

 

A B 

C 

 

A B 
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To eliminate the possibility that the inactivity of MhuD F23A and W66A variants is due to 

reduced heme affinity, heme titrations experiments and heme off assays were performed to 

measure the affinity of the MhuD variants for heme. In the heme titration experiments, 

absorbance spectra between 300 and 700 nm were collected following the titration of heme 

into either 5 µM apo-MhuD or buffer for a difference spectra. The absorbance difference at 

412 nm was plotted against the titrated heme concentration. The change in absorbance 

attributed to MhuD WT interacting with heme plateaus after titrating of two molar 

equivalents of heme indicating that MhuD WT can bind up to two hemes (Figures 2.9A).  

Similarly, both MhuD F23A and W66A appear to saturate following the addition of two molar 

equivalents of heme indicating that these variants retained the ability to bind two hemes 

(Figures 2.9B-2.9C).  
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Figure 2.9  Difference absorption spectroscopy of heme added to wild type (A), W66A (B), and F23A (C) 
MhuD. Here, spectral changes at 412 or 413 nm were monitored upon additions of 1 µM heme titrations 
to 5 µM apo-MhuD. Heme binding saturates after titration of two-molar equivalents of heme for the MhuD 
variants tested indicating that the MhuD WT and the mutants are capable of binding up to two hemes per 
active site.  

 

The heme off rates from MhuD-monoheme and its variants were determined by monitoring 

absorbance changes over time upon the addition of apo-H64Y/V68F-myoglobin20, which has 

a high affinity for heme (kheme-off = 6.6×10-4 min-1). Increased heme off rates were observed 

for the MhuD W66A and F23A variants indicating that these MhuD mutations reduced heme 

affinity (Figure 2.10). However, these MhuD variants are still capable of binding heme 

indicating that the W66A and F23A mutations render MhuD functionally inactive. These 

experiments demonstrate the importance of Phe-23 and Trp-66 in MhuD heme degradation 

activity and suggest that heme ruffling is important for MhuD function.  

 

 

A B 

C 
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Figure 2.10  Time course of heme transfer from wild type (blue), W66A (orange), and F23A (gray) MhuD 
to a 5-fold excess off apo-H64Y/V68F-Mb. Heme transfer was monitored at 412 nm and conducted in 
triplicate.  

 

Table 2.2  Heme off rates of MhuD and mutants determined via single-exponential fitting of time course 
heme transfer data from Figure 2.9.  

 
Rate (min-1) 

WT 0.091 ± 0.002 

W66A 0.126 ± 0.003 

F23A 0.536 ± 0.004 

 

Discussion  

Geometric Structure of MhuD-heme-CN 

It has been suggested that the heme ruffling observed in structures of Isd-like heme 

degrading proteins is required for their activity. The Cα atoms of the MhuD-heme-CN 

structure superimpose with those of N7A IsdG (PBE ID 2ZDO) and IsdI-heme-CN (PDB: 

3QGP) with rmsds of 1.59 and 1.24 Å, respectively (Figure 2.11)15, 17. The 1.4 Å distortion of 

heme from planarity in the MhuD-heme-CN structure is less than that observed for N7A IsdG 
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and IsdI-heme-CN, which show heme distortions of 1.9 and 2.3 Å, respectively (Figure 2.4). 

This intermediate degree of heme ruffling confers a distinct electronic structure on the MhuD 

heme which may play a role in MhuD’s unique degradation products. Experiments by the 

Liptak group at University of Vermont found that while electronic state of MhuD-heme-CN 

was similar to that of IsdI-heme-CN with a 2B2g ground state and a 2Eg excited state, the 

relative energy difference between the two states is in MhuD-heme-CN reduced due to the 

reduction of heme ruffling compared to in IsdI-heme-CN (Figure 2.12)21. The overall 

distortion of heme in MhuD-heme-CN is greater than that observed in hHO (1.2 Å, PDB: 1N45, 

Figure 2.4)3. Furthermore, distortion of the hHO heme is localized to a single pyrollic group, 

while the MhuD-heme-CN heme is distorted throughout its tetrapyrrole ring. Finally, while 

the bound hemes of MhuD-heme-CN, IsdG, and IsdI occupy similar positions within their 

respective structures, the heme propionate groups of IsdG and IsdI are rotated 

approximately 90° about the axis normal to the tetrapyrrole ring compared to the MhuD-

bound heme. The positional difference within the heme molecules is dictated by the α1 helix 

and the loop region directly following the α2 helix. Within MhuD-heme-CN, the C-terminus 

of the α1 helix has an additional turn as compared to that of heme-bound IsdG/I, which 

enables Arg-26 to form a H-bonding network with a water molecule, His-75, and propionate 

7. The last turn of this α1 helix is a loop region in both the IsdG and IsdI structures and, thus, 

the IsdG/I Arg-26 Cα is displaced ~6 Å from the heme molecule, with its sidechain solvent 

accessible instead of participating within the active site, as observed for Arg26 inof the 

MhuD-heme-CN structure. Furthermore, the structural variance in the loop region directly 

following the α2 helix combined with that of the α1 helix results in the MhuD heme 

propionates pointing towards this loop region, whereas the corresponding propionates in 
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IsdG/I point towards the α1 helix, reducing their solvent accessibility compared to those of 

MhuD (Figure 2.11). This heme rotation may play a role in the variant location of 

tetrapyrrole ring cleavage during the heme degradation reaction of MhuD and Isd proteins, 

whereby the two products of IsdI suggest cleavage at the β- and δ-meso carbons and the 

products of MhuD suggest cleavage at the α-meso carbon7, 8.The kink observed in the α2 helix 

of MhuD-heme-CN is reminiscent of the corresponding helix in the S. aureus IsdG and IsdI 

heme-degrading proteins17. 

 

Figure 2.11  Structural comparison of MhuD-heme-CN with IsdG N7A and IsdI. Panel A: Superposition of 
MhuD-heme-CN (cyan, PDB: 4NL5) with N7A IsdG (green, PDB: 2ZDO) and IsdI-heme-CN (white, PDB: 
3QGP) shows that the orientation of heme within the active site of MhuD is different compared to that of 
IsdG and IsdI, whereby the heme propionates in MhuD are rotated 90° around the axis normal to the heme 
plane. Panel B: The final turn of the α1 helix of MhuD (contains Arg-26) is a loop region in the IsdG and 
IsdI structures, enabling Arg-26 to flip from within the active site as observed in MhuD to be surface 
exposed in both IsdG and IsdI. Residue sidechains and heme molecules are represented as sticks, with 
oxygen, nitrogen, and iron atoms colored red, blue, and orange, respectively. Ordered water molecules are 
represented as spheres.  
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Figure 2.12  Porphyrin ruffling alters the relative energies of the Fe 3dxy-, 3dxz-, and 3dyz-based MOs. As 
the degree of ruffling increases from 0.7 Å (hHO–heme–CN) to 1.4 Å (IsdI–heme–CN) the electronic ground 
state changes from 2Eg to 2B2g. MhuD–heme–CN exhibits an intermediate degree of ruffling (2.3 Å) and, 
consequently, a thermal mixture of these two states is observed.   

 

Residues Trp-66 and Phe-23 are important for MhuD heme degradation 

Previous experiments by Ukpabi et al. have shown that the Trp-66 residue in IsdI is plays an 

important role in IsdI heme ruffling and therefore IsdI heme degradation16. Mutation of the 

IsdI Trp-66, which makes a hydrophobic interaction with the heme protoporphyrin ring, 

resulted in a reduction of heme ruffling and a more negative measured heme reduction 

potential as well as a loss of or reduction in heme degradation. This loss in heme degradation 

activity is correlated to the bulkiness of the replacement residue and is thought to be due to 

the more negative heme reduction potential arising from decreased heme ruffling. The same 

residue in the Mtb heme degrading enzyme MhuD also appears to play a similar role in MhuD 

heme degradation. Replacement of Trp-66 with an alanine abolishes MhuD heme 

degradation activity (Figures 2.7A, 2.7B, 2.8A, & 2.8B). A similar loss of activity was 

observed upon mutation of the Phe-23 residue, which appears to stabilize the ruffled MhuD-

monoheme via a π-π stacking interaction, into an alanine (Figures 2.7A & 2.7C). Heme 

titration (Figures 2.9A-2.9C) and heme off experiments (Figures 2.10) show that the loss 

of heme degradation activity of the W66A and F23A variants are due to enzymatic inactivity 
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and not to a lack of heme binding. Furthermore, NMR and UV/vis experiments of the W66A 

variant by Graves et al. indicate that mutation of the Trp-66 similarly reduces ruffling of the 

MhuD-monoheme22, which, similar to in IsdI, may decrease the reduction potential of the 

heme. Together, these results suggest that Trp-66 and Phe-23 are both heavily involved in 

MhuD heme ruffling which is thought to be crucial for MhuD heme degradation activity, 

highlighting the importance of heme ruffling in MhuD heme degradation activity.  

 

Materials and Methods 

Expression and purification of wild type Mtb MhuD and its mutants  

Generation of pET22b vector for his-tagged wild type Mtb MhuD expression was achieved as 

previously described5. Site directed mutagenesis using MhuD-W66A-fwd (5’ - CAT TCC AGG 

CGG CGG CAA ACG GGC C - 3’) and MhuD-W66A-rev (5’ - GGC CCG TTT GCC GCC GCC TGG 

AAT G - 3’) primers was used to introduce the W66A mutation. The MhuD F23A construct 

was produced via site directed mutagenesis using primers MhuD-F23A-fwd (5’ - CTG GAG 

AAG CGG GCG GCT CAC CGC GC - 3’) and MhuD-F23A-rev (5’ - GCG CGG TGA GCC GCC CGC 

TTC TCC AG - 3’). The MhuD mutants were expressed and purified in the same manner as 

reported for the wild type variant5. In brief, E. coli B21-Gold (DE3) cells transformed with 

pET22b-MhuD vector were grown in LB medium containing μg/mL ampicillin at 37 C. 

Overexpression was induced at OD600 of ~ 0.6 using 1 mM IPTG. The cells were harvested 4 

hours post induction and resuspended in lysis buffer (50 mM Tris/HCl pH 7.4, 350 mM NaCl 

and 10 mM imidazole). Cells were lysed via sonication and the resulting lysate was 

centrifuged at 14 krpm and passed through a 1 µm filter. The cell supernatant was loaded 
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onto a Ni2+-charged HiTrap chelating column (5 mL) and washed with lysis buffer. Bound 

protein was eluted from the column with increasing concentrations of imidazole. Next, 

MhuD, which elutes at 50 and 100 mM imidazole, was concentrated (Amicon, 5 kDa 

molecular mass cutoff) and was further purified on a S75 gel filtration column in 20 mM Tris, 

pH 8, and 10 mM NaCl. A final purification step was performed on an ion exchange column 

(HiTrap Q HP, 5 mL) with the pure MhuD eluting at 150 mM NaCl. 

 

Crystallization of the cyanide inhibited MhuD-monoheme 

A hemin solution was prepared by dissolving 3.3 mg of heme in 300 μL 1 M NaOH before 

dilation into sodium phosphate buffer (50 mM NaPO4 pH 7.4, 150 mM NaCl). After adjusting 

the pH of the hemin solution to pH 7.4, a few KCN crystals were added to derivatize the heme 

into heme-CN. Purified apo-MhuD was bound to heme-CN in sodium phosphate buffer in a 

1.1:1.0 heme-CN/MhuD ratio. Excess heme was removed via a PD-10 desalting column.  

MhuD-heme-CN was crystallized using the hanging drop-vapor diffusion method. Hanging 

drops consisted of 1 μL of MhuD heme-CN at 10 mg/mL and 1 μL of mother liquor containing 

0.1 M sodium acetate, pH 6.0, 1.9 M ammonium sulfate, and 0.2 M NaCl. Crystals were 

collected by flash freezing after soaking in a cryoprotectant containing a 1:1 mixture of 40% 

(v/v) glycerol and mother liquor. A native diffraction dataset was collected at a wavelength 

of 1.0 Å at 70 K. The MhuD heme-CN structure was solved to 1.9 Å resolution using molecular 

replacement against the heme-deplete MhuD-diheme structure (PDB: 3HX9). 
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Preparation of MhuD-monoheme 

Reconstitution of wild type MhuD and its mutants with heme was achieved as previously 

described5. Briefly, a hemin solution was prepared by dissolving 4 mg of heme in 500 μL 0.1 

M NaOH. After the addition of 500 μL 1 M tris, pH 7.4, the solution was diluted into 15 mL of 

50 mM tris, pH 7.4, 150 mM NaCl. Heme was gradually titrated into 100 μM apo-MhuD in a 

0.9 heme: 1 MhuD ratio. The samples were incubated overnight at 4°C before being passed 

through a desalting column to remove unbound heme. Protein and heme concentrations of 

the eluted samples were determined via Lowry23 and Hemochromogen24 assays respectively.  

 

Single turnover heme degradation assays 

Single turnover heme degradation assays of 5 μM MhuD-monoheme were performed in 50 

mM tris, pH 7.4, 150 mM NaCl25, 26. To eliminate the possibility of non-enzymatic heme 

degradation, 2.5 μM catalase from Aspergillus niger (Sigma Aldrich) was added to each 

reaction. Heme degradation reaction was initiated with 10 mM sodium ascorbate and the 

reaction was monitored spectrophotometrically (DU800, Beckman Coulter) between 300 

and 700 nm for an hour with scans taken at 5-minute intervals.  
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Heme titration experiments  

Heme was titrated in 1 μM increments into 5 μM apo-MhuD or buffer at room temperature. 

Spectra were collected between 300 and 700 nm after each titration after a 5-minute 

incubation period and the difference spectra obtained to determine absorbance change.  

 

Heme off rate measurement 

For the heme off rate measurements, MhuD-monoheme of the wild type and its mutants were 

prepared as described above using the following heme to protein ratios: 1.2 heme:1 MhuD 

(wild type), 1.2 heme:1 MhuD (W66A), and 1.2 heme:1 MhuD (F23A). Preparation of apo-

H64Y/V68F-Mb was achieved as previously reported20. Hemochromogen24 and Lowry23 

assays were used to determine heme and protein concentration to ensure a near 1 to 1 heme 

protein ratio. To measure heme dissociation, 5 µM MhuD-monoheme was mixed with a 5-

fold excess of apo-H64Y/V68F-Mb. The reaction was monitored spectrophotometrically 

(DU800, Beckman Coulter) at 412 nm to completion.  
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CHAPTER 3  

A Single Mutation in the Mycobacterium tuberculosis Heme-Degrading 

Protein MhuD, Results in a Different Product 

 

Abstract 

Mycobacterium tuberculosis MhuD degrades heme into mycobilin isomers and free iron, 

unlike canonical heme degrading enyzmes, heme oxygenases (HOs), which degrade heme 

into biliverdin, carbon monoxide (CO), and ferric iron. Within the MhuD heme binding active 

site, Arg26 stabilizes one of the heme propionates. In this work, we report that the R26S 

mutation alters the end-product of MhuD from mycobilin into biliverdin. Surprisingly, unlike 

in HOs, our novel R26S MhuD variant produces formaldehyde instead of CO as its C1 product. 

Attempts to crystalize and solve the complex structure of MhuD R26S in its monoheme form 

proved unsuccessful. Instead these efforts resulted in crystal structures of the R26S variant 

in the di-metalloprotoporphyrin form, suggesting the active site of the mutant is more 

flexible compared to that of the wild type.  Electron paramagnetic resonance (EPR) analysis 

suggests that the presence of mixed ruffling states in the MhuD R26S complex in which heme 

ruffling is probably diminished in one of the states compared to the heme in MhuD WT. 

Together, this suggest that the heme in the MhuD R26S mutant is in a different heme ruffling 

state compared to that of wild type MhuD thus resulting in an altered heme degradation 

product.  
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Introduction 

In living organisms, heme (iron-protoporphyrin IX) degradation is known to play a variety 

of crucial functions including iron homeostasis1, cell signaling2, and antioxidant defense3. 

The most well-studied heme–degradation enzyme, mammalian heme oxygenase (HO), 

catalyzes the regiospecific breakdown of heme (iron-protoporphyrin IX, Figure 3.1) into 

biliverdin IXα (Figure 3.1), the C1-product carbon monoxide (CO) and ferrous iron4-6. HO-

like enzymes have also been found in prokaryotes such as HmuO in Corynebacterium 

diphtheriae and nm-HO in Neisseria meningitidis that share structural homology with HOs 

and produce the same heme degradation products7-11. Other heme-degrading enzymes have 

been reported in the literature with no homology to HOs12, 13. These non-canonical heme-

degrading enzymes produce chromophores distinct from biliverdin14-16. For example, 

Staphylococcus aureus heme-degrading proteins, IsdG and IsdI, break down heme to liberate 

iron, staphylobilin isomers (Figure 3.1), and formaldehyde14, 17. The IsdG-like heme 

degrading enzymes are structurally distinct from HOs and have a ferrodoxin-like α + β fold12. 

Whereas HOs and HO-like enzymes are composed exclusively of alpha helices18, the structure 

of IsdG/I-like enzymes are dimeric and are composed of an eight-stranded β-barrel 

decorated with α-helices12. The Mycobacterium tuberculosis heme degrading enzyme MhuD 

falls into this category of heme-degrading proteins as, it has high structural homology to 

IsdG/I proteins13, 19. Despite this high homology to IsdG/I, MhuD yields two unique mycobilin 

isomers (Figure 3.2) upon heme degradation15. Mycobilins differ from the staphylobilin 

isomers as ring cleavage occurs at the α-meso carbon instead of the β-meso or δ-meso 

carbons, and there is no loss of vicinal C–O moiety in mycobilins14, 15. Additionally, mycobilin 

is oxygenated at either the β-meso or δ-meso carbons by MhuD depending on the isomer15. 
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In addition to generating an unique heme degradation product, another way MhuD also 

differs from IsdG/I is that MhuD is capable of binding two hemes per active site13. However, 

accommodation of the additional heme into the active site renders the enzyme inactive13. 

Most recently, LaMattina et al have reported a new type of heme degrading enzyme, ChuW 

in E. coli O157:H716. ChuW degrades heme in an oxygen-independent manner via a radical-

mediated mechanism16, whereas HOs and IsdG-type enzymes degrade heme in an oxygen 

dependent manner6, 14.  

 

Figure 3.1  Structures of heme, biliverdin, and staphylobilins.  
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Figure 3.2  Structures of MhuD heme degradation products mycobilin-a and mycobilin-b.  

 

Superposition of the structures of MhuD heme-CN and IsdG/I reveal that the heme molecule 

in the MhuD active site is rotated ~90° about the tetrapyrrole plane from the heme molecules 

in both IsdG and IsdI13, 20. This difference in heme orientation probably accounts for the 

variation in the resulting product between IsdG/I and MhuD heme degradation reactions. 

Previously, the effect of heme orientation on product specificity has been observed in a HO 

from Pseudomonas aeruginosa (pa-HO)21. Structural determination of pa-HO revealed that 

the pa-HO heme molecule, as a result of differential residue contacts, is rotated ~100° from 

the canonical orientation of heme in other HOs21. As a consequence, heme cleavage by pa-HO 

occurs at the β-meso or δ-meso carbon instead of at the α-meso carbon producing β- and δ-

biliverdin products instead of the typical α-biliverdin product21. Mutation to the HO active 

site has also been shown to alter the HO degradation products. Work by Wang et al. has 

shown that the hHO Arg183Glu variant results in the generatation of δ-biliverdin and trace 

amounts of β-biliverdin in addition to the canonical α-biliverdin product when ascorbate is 

used as an electron donor22. Unexpectedly, the heme molecule in the hHO-1 R183E binding 
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pocket retains the same orientation as wild-type hHO; however, it was proposed that 

differences in heme degradation products are attributed to changes in the electrostatic 

environment in the hHO R183E variant active site22.  

Close examination of the MhuD active site revealed two residues, Arg22 and Arg26, which 

could aid in the orientation of the heme molecule via hydrogen-bonding interactions with 

the heme propionates (Figure 3.3). Thus, these residues may be responsible for MhuD’s 

unique degradation products by controlling the site of heme cleavage. In this work, we 

explore the roles of the Arg22 and Arg26 residues in MhuD’s product uniqueness.  

 

Figure 3.3  Proximal view of MhuD active site. MhuD heme appears to be orientated by Arg-22 and Arg-
26 residues. 
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Results  

Heme off tests  

To further test that the MhuD mutations did not affect heme binding, the heme off rates for 

heme to WT MhuD and the R22S and R26S variants were determined.  The heme off rates for 

MhuD-monoheme and its variants were determined by monitoring absorbance changes over 

time upon the addition of apo-H64Y/V68F-myoglobin, a high-affinity heme scavenger (kheme-

off = 1.1×10-5 s-1). The reaction was monitored spectrophotometrically and a single-

exponential fit was used to determine the heme off rates for wild type (WT) MhuD and its 

mutants. While little change in the heme off rate was observed for the R26S variant (kheme-off 

= 1.68 × 10-3 ± 0.08 × 10-3 min-1) compared to wild type MhuD (kheme-off = 1.5 × 10-3 ± 0.03 × 

10-3 min-1).  There was a noticeable decrease in heme off rate for MhuD R22S (kheme-off = 3.87 

× 10-3 ± 0.03 × 10-3  min-1). Despite this, the change in heme off rate in the R22S variant was 

not substantial enough to prevent heme binding.   

 

Heme degradation assays  

To test that the MhuD mutants did not abolish heme degradation activity, the activity of WT 

MhuD and variants was assessed.  MhuD WT and variants were incubated with an electron 

donor sodium ascorbate to determine heme-degradation. Catalase was added to each heme 

degradation reaction to rule out non-enzymatic heme degradation. A noticeable decrease in 

the Soret peak at 401 nm was observed when MhuD WT monoheme was incubated with 

sodium ascorbate indicating heme degradation (Figure 3.4A). Heme degradation assays 
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performed using the MhuD variants and indicated that the MhuD R22S and R26S variants 

did not inhibit MhuD heme degradation (Figures 3.4B & 3.4C).  

 

Figure 3.4  Heme degradation assays of wild type (A), R22S (B), and R26S (C) monoheme forms of MhuD 
in the presence of 0.5:1 molar ratio of catalase to monoheme-MhuD (5 µM) using ascorbate (10 mM) as 
the electron donor. UV/vis spectra were collected between 300 to 700 nm in 5-minute intervals. A 
decrease in the Soret peak (arrow) at 401 nm was observed for MhuD WT indicating that heme was being 
degraded. The same Soret peak decrease was observed for the R22S and R26S variants of MhuD. 

 

Product purification of MhuD mutants  

After initial characterization of the MhuD R22S and R26S variants, product purification from 

MhuD WT and its variants was carried out as outlined in Nambu et al15. In brief, to extract 

the degradation products heme degradation was performed in the presence of an iron 

chelator. Upon reaction completion, the protein was denatured and the degradation 

products were extracted using a reverse phase column. HPLC was used to analysis as well as 
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to further separate the products. Previous characterization found that the wild type MhuD 

degrades heme into novel chromophores, mycobilin-a and mycobilin-b15. Product 

purification from MhuD R22S yielded two primary chromatogram peaks, which elute at the 

same time as mycobilin-a and mycobilin-b, suggesting that MhuD R22S also produces 

mycobilin isomers during heme degradation (Figure 3.5).  

 

Figure 3.5  HPLC chromatogram of biliverdin (blue) and of heme degradation products from WT (orange), 
R22S (gray), and R26S (yellow) MhuD-monoheme. Peaks corresponding to MhuD products mycobilin-a 
and -b appear to elute near 9 min and 11 min respectively for WT and R22S forms of MhuD. Biliverdin and 
the main R26S product elutes near 10 min.  

 

Furthermore, the UV/vis spectrum of the two HPLC products both have Soret peak maxima 

at 345nm and Q-band peaks at 555 nm and 565 nm, which are consistent with mycobilin 

isomer products (Figure 3.6). Moreover, the ESI-MS analyses of the MhuD-R22S products, 

both resulting 611 m/z, further supports that the products are mycobilin-a and mycobilin-b 

(Figure 3.6). While the data suggest that MhuD R22S produces both mycobilin isomers, 

MhuD R26S appears to produce a product distinct from mycobilin-a or mycobilin-b. Unlike 
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MhuD WT and MhuD R22S, only one primary peak appears on the chromatogram with an 

elution time distinct from those of either mycobilin isomers (Figure 3.5). HPLC retention 

times, m/z ratio, and UV/vis spectra suggest that the MhuD R26S variant predominately 

degrades the protoporphyrin ring to biliverdin. UV/vis analysis shows that the R26S primary 

product has a Soret peak at 377 nm like biliverdin (Figure 3.6) and unlike mycobilin-a and 

-b that has Soret peaks at 345 nm and 336 nm, respectively (Figure 3.6). Furthermore, mass 

spectrometry found that the molecular mass of the R26S product (m/z 583) is equivalent to 

that of biliverdin (Figure 3.6) and not of mycobilin-a and -b (m/z 611). ESI-MS/MS was 

performed to verify that our R26S variant produces α-biliverdin as its degradation product. 

Fragmentation of α-biliverdin control yielded a daughter-ion species at m/z 297 as 

previously reported in literature (Figure 3.7)23. The same 297 m/z daughter-ion species was 

observed in the fragmentation spectra of the R26S product showing that α-biliverdin is 

produced by MhuD R26S (Figure 3.7). Lastly, two minor peaks with similar retention times 

to the mycobilin isomers were also observed, which were identified as mycobilin-a and –b 

(Table 3.1). These results demonstrate that α-biliverdin is primarily generated upon heme 

degradation by the MhuD R26S variant and thus highlights the importance of Arg26 in MhuD 

product uniqueness and perhaps mechanism of action. 

 



58 
 

 

Figure 3.6  UV/vis spectra (left) and ESI-MS spectra (right) of biliverdin and degradation products from 
the wild type, R22S, and R26S variants of MhuD.  Products from MhuD R22S share the same UV/vis and 
mass spectra as wildtype MhuD’s mycobilin products, while MhuD R26S products share the same spectra 
as biliverdin.  
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Figure 3.7  Fragmentation spectra of α-biliverdin (top) and MhuD R26S heme degradation product 
(bottom). Fragmentation profiles of both α-biliverdin and the MhuD R26S product share the same 297 
m/z daughter-ion. Structure of α-biliverdin with predicted fragmentation also shown (right). 

 

Table 3.1  Estimated product yields from MhuD WT and mutants 

 Mycobilin-a Mycobilin-b Biliverdin 
MhuD WT 87.0% 12.8% 0.0% 
MhuD R22S 80.3% 19.7% 0.0% 
MhuD R26S 10.7% 7.7% 81.6% 

   

Identification of MhuD-R26S C1 product 

Since CO is generated when HO degrades heme into biliverdin, we tested if the MhuD R26S 

variant also produces CO as its C1 product upon heme degradation. CO production was 

detected using a H64L variant of myoglobin (Mb) with high CO affinity as outlined in Nambu 

et al15. In this assay, spectral changes upon the addition of reduced myoglobin were 

compared between MhuD-monoheme samples where heme degradation was initiation and 

samples without initiation of heme degradation. Consistent with prior reports, CO 
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generation was detected during HO-1 heme degradation, but not observed during MhuD WT 

heme degradation (Figure 3.8). Despite degrading heme into biliverdin, no CO production 

was detected during heme degradation by the MhuD R26S variant (Figure 3.8).    

 

Figure 3.8  CO detection assay of known CO producer human heme oxygenase-1 (hHO-1) (blue), MhuD 
WT (orange), and MhuD R26S (gray). While hHO-1 produces CO during heme degradation as indicated by 
the peak near 420 nm, MhuD WT and R26S do not.   

 

MhuD R26S was also tested for the production of alternate C1 products. Another C1 

candidate may be formic acid and previously, it was shown that MhuD homologs IsdG/I 

generate formaldehyde upon heme degradation17.  

To test for formic acid production, formic acid dehydrogenase was used to consume formic 

aicd and generate NADH, which can be quantified via HPLC. No formic acid production was 

detected for MhuD WT or the R26S variant (Figure 3.9). 
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Figure 3.9  Formic acid detection assay of MhuD WT (orange) and MhuD R26S (gray) as well as a formic 
acid standard (blue). Neither MhuD WT nor MhuD R26S produce formic acid in the heme degradation 
process. 

 

To test for formaldehyde production, Nash’s reagent was used to convert the generated 

formaldehyde into a yellow pigment quantifiable via HPLC. As expected, formaldehyde 

production was detected during IsdG heme degradation, while no formaldehyde was 

observed for WT MhuD heme degradation (Figure 3.10).  
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Figure 3.10  Formaldehyde detection assay of known formaldehyde generator IsdG (yellow), MhuD WT 
(orange), and MhuD R26S (gray). A formaldehyde standard (blue) was also included. Product signal 
marked with asterisks. While MhuD WT does not produce formaldehyde during heme degradation, the 
R26S variant does. 

 

While MhuD WT doesn’t generate formaldehyle, tests showed that like IsdG/I, the MhuD 

R26S variant produces formaldehyle during heme degradation (Figure 3.10).  

 

Crystallization of MhuD R26S  

Previous studies of MhuD and IsdG/I have found that the hemes in these heme degrading 

enzymes are distorted or ruffled as opposed to the more planar hemes observed in canonical 

HOs19, 20. Because the MhuD R26S produces biliverdin like HOs, it was suspected that like in 

HOs the heme MhuD R26S was also more planar than in the MhuD WT. To determine the 

degree of heme ruffling in our R26S variant, we attempted to solve the structure of MhuD-

monoheme-R26S via X-ray crystallography. Initially, crystallization trials were set up with 
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MhuD R26S with cyanide derivatized heme. Despite using substoichiometric ratios of heme-

CN, only the diheme form of MhuD R26S was crystallized and solved. The crystal structure 

of diheme MhuD R26S was refined to a resolution of 1.9 Å and is highly similar to that of the 

wild type MhuD-diheme with a rmsd of 0.759 Å. MhuD R26S diheme retains the ferrodoxin-

like α + β-barrel fold previously observed in both wild type MhuD-diheme and wild type 

cyanide inhibited MhuD monoheme (Figure 3.11A & 3.11B). Like in the wild type MhuD 

diheme, the hemes of the MhuD R26S diheme are planar and solvent exposed heme is rotated 

90° degrees from the solvent protected heme. One notable difference is that Ser26 residues 

are oriented away from the heme molecules and does not in any way interact with heme. 

Moving on, it is also unclear, based on the electron density, whether the solvent protected 

hemes are coordinated by cyanide or chloride ions, despite having derivatizing heme with 

cyanide. While cyanide is a stronger ligand compared to chloride, it is plausible that the 

cyanide may have been protonated under the slightly acidic conditions of the crystallization 

condition.  

Attempts were also made to crystalize MhuD R26S in its monoheme form with heme analogs 

Mn-protoporphyrin IX (Mn-PPIX), Co-protoporphyrin IX, and Zn-protoporphyrin IX. Bright 

red crystals formed of MhuD R26S with substoichiometric ratios of Mn-PPIX. As with heme, 

MhuD R26S was crystallized in its diheme form with two Mn-PPIX per active site (Figure 

3.11C & 3.11D). The MhuD R26S di-Mn-PPIX structure was solved to a resolution of 2.4 Å 

and had a rmsd of 0.638 Å to MhuD-diheme. However, as with the MhuD R26S-diheme 

structure, the Ser26 residue is orientated away from the heme.  
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Figure 3.11  Ribbon representations of the full MhuD R26S-diheme structure (A) and a close up view of 
its binding site (B). Ribbon representations of the full MhuD R26S-diMnPPIX structure (C) and a close up 
view of its binding site (D). In both structures, each MhuD R26S monomer has either two hemes or two 
Mn-PPIX in its active site.  

 

We also crystalized and solved the structure of MhuD R26S in complex with its biliverdin 

product to a resolution of 2.5 Å. The asymmetric unit of the MhuD-biliverdin consist of two 

MhuD monomers connected at their active sites by five partially π-stacked biliverdin 

molecules (Figure 3.12A). The MhuD-biliverdin structure is highly similar to that of the 

MhuD heme-CN and the MhuD-diheme structures. The solvent protected biliverdin adopts a 

similar orientation as the monoheme in MhuD heme-CN and the solvent protected heme in 

the MhuD-diheme structure (Figure 3.12B & 3.12C). As seen in the MhuD heme-CN 

structure, the α2 helix is kinked at the Asn68 residue in the MhuD-biliverdin structure but is 
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ends a few residues earlier than in the MhuD heme-CN structure (Figure 3.12B). Despite 

structural similarity of the MhuD-biliverdin with other MhuD structures, MhuD-biliverdin 

contains an additional α-helix at residues 76-80 not observed in either the MhuD heme-CN 

or the MhuD-diheme structures. We suspect that the absence of a metal for the His75 residue 

to coordinate is primarily responsible for the previously mentioned shortening of the α2 

helix as well as the formation of this new α3 helix in the MhuD-biliverdin structure.   

Recently, the structure of apo-MhuD has been crystallized and solved (5UQ4). The apo-MhuD 

structure shares high structural homology with the MhuD-biliverdin structure, however, two 

notable differences can be observed between the two structures (Figure 3.12D). First, α1 

helix of apo-MhuD-WT is extended by two helical turns. This can be attributed to the absence 

of a ligand in the binding pocket that would otherwise sterically hinder. Secondly, residues 

73-85 are missing in the apo-MhuD structure indicating that this region is highly disordered 

when MhuD is in its unbound state. 
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Figure 3.12  Ribbon representations of the full MhuD R26S-biliverdin structure (A). Structural 
comparison of the active sites of MhuD biliverdin (green) against active sites of MhuD heme-CN (cyan) 
(B), MhuD-diheme (purple) (C), and apo-MhuD WT (yellow) (D).  

 

  



67 
 

Table 3.2  X-ray data collection and refinement statistics for the structural determination of MhuD R26S 
diheme, MhuD R26S di-MnPPIX, and MhuD R26S biliverdin 

 MhuD R26S diheme  MhuD R26S di-MnPPIX MhuD R26S biliverdin  
Space group P212121 P212121 I222 
Unit cell dimensions (Å) 38.21 × 68.57 × 74.09 39.02 × 68.70 × 74.49 37.2399 × 113.59 × 

113.64 
pH of crystallization 
conditions 

5.5 7.5 6.5 

Data Set     
wavelength (Å) 1.0 1.0 1.0 
resolution range  37.05  - 1.90 50.50 - 2.40 35.93 – 2.5 
unique reflections 
(total) 

15858 (31671) 7868 (15636) 8413 (16206) 

completeness (%)a 99.04 (96.54) 95.06 (93.60) 96.47  
Redundancy 2.0 (2.0) 2.0 (2.0) 1.9 (1.9) 
Rmergea,b 0.02947 (0.2111) 0.01736 (0.08277)  
I/σ 12.23 (2.67) 26.25 (7.58) 25.41 (10.64) 
NCS copies 2 2 2 

Model Refinement    
resolution range (Å) 37.05  - 1.90 50.50 - 2.40 35.93 – 2.5 
no. of reflections 
(working/free) 

15767 (1479) 7864 (760) 8409 (826) 

no. of protein atoms  1495 1494 1449 
no. of water molecules 127 24 16 

no. of heme or MnPPIX 
or biliverdin/dimer 

4 4 5 

No. of chloride/dimer 2 2 0 
missing residues  101-105 102-105 99-105 
Rwork/Rfree (%)c 17.6/22.5 18.4/24.3 0.2211/0.3012 

Average B-factor (Å2)    
protein  26.87 30.93 49.06 
ligands 25.69 28.77 39.44 
water 35.42 28.41 45.18 

rms deviations     
bond lengths (Å) 0.015 0.012 0.011 
bond angles (degrees) 1.75 1.45 1.47 

Ramachandran Plot    
most favorable region 
(%) 

95.88 95.88 90.53 

additional allowed 
region (%) 

4.12 4.12 7.89 

disallowed region 0.00 0.00 0.00 
PDB ID code 6DS7 6DS8 NA 
aStatistics for the highest-resolution shell are given in brackets.  
bRmerge=Σ|I − ⟨I⟩|/ΣI  
cRwork= Σ|Fobs – Fcalc|/Σ Fobs. Rfree was computed identically to that of Rwork except 
for where all reflections belong to a test set of 10% randomly selected data. 
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UV/vis spectroscopy of MhuD R26S  

Spectra of the wild type and R26S monoheme MhuD were collected to possibly observe 

differences in the heme binding environment. Both the wild and R26S monoheme 

complexes had Soret maxima at 399 nm. Furthermore, no spectra differences could be 

observed between the wild type and the R26S mutant.  

 

Figure 3.13  UV/vis spectra of wild type (blue) and R26S (orange) monoheme MhuD.  

 

Resonance raman of MhuD R26S 

Resonance raman spectroscopy of wild type and R26S MhuD monoheme (Figure 3.14). 

Frequency mode assignments were based on previous assignments from Heme-Nitric 

oxide/OXygen binding domain from Thermoanaerobacter tengcongensis24, which also has a 

ruffled heme. Reduced intensities corresponding to the symmetric pyrrole folding modes 

γ21, γ15, and ν15 were observed at 547, 685, and 749 cm-1 respectively in the spectra R26S 

monoheme, but not in the spectra of the WT monoheme. Additionally, the peak associated 
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with the symmetric pyrrole folding mode γ11 was upshifted by 2 cm-1 from 715 cm-1 in the 

wild type monoheme to 717 cm-1 in the R26S monoheme. These spectral differences suggest 

that heme ruffling is reduced in MhuD R26S.  

 

Figure 3.14  Raman spectra of MhuD WT-monoheme (blue) and MhuD R26S-monoheme (red). The 
difference spectra is also included (black dashes).  

 

EPR spectroscopy of MhuD R26S  

EPR spectroscopy was performed to tease out the electronic structure of monoheme MhuD 

R26S (Figure 3.15). EPR spectra of monoheme MhuD R26S were collected alongside with 

those of holo-hHO-1, MhuD WT monoheme, MhuD W66A monoheme, and holo-IsdI. The 

ruffled hemes of IsdI and MhuD WT both appeared low spin configuration. In sharp 

contrast, the EPR spectra of the ferric heme:hHO-1 complex at pH 7.4 exhibited a high spin 

ferric hemoprotein signal. The high spin state exhibits both an axially symmetric type of 

spectrum g = 6 and g = 1.98, previously observed for mammalian and bacterial HOs25-27. 

For IsdI, exhibited predominately low spin signal (g = 2.57, g = 2.23 and g = 1.78)27 with 

slight high spin characteristics (g = 6 and g = 1.98), and wild-type MhuD also exhibited a 

similar EPR spectrum, however there appears to be a slightly larger percentage of a high 
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spin component, see Table 3.3.  Interesting, the inactive MhuD W66A variant, in which 

heme ruffling has been shown to be diminished, exhibited a predominately high spin signal 

(g = 5.96 and g = 1.97), similar to hHO-1. Finally, the EPR spectra of the MhuD R26S variant 

suggests two separate populations of high spin (g = 5.88) and low spin (g = 2.22) heme 

complexes. These high and low spin populations could correspond to low to high degrees 

of heme ruffling. In the IsdI, MhuD WT and R26S MhuD samples, there is a g = 4.20-4.28, 

which may be attributed to trace iron in the samples – this has been observed previously 

in CcmE proteins28.   
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Figure 3.15  EPR spectra of holo-hHO-1 (light blue), holo-IsdI (orange), MhuD WT-monoheme (gray), 
MhuD W66A-monoheme (yellow), and MhuD R26S-monoheme (dark blue).  

Table 3.3  EPR values in this study.  

 Spin state  
Protein High -spin Low-spin Liganding 
hHO-1 5.70 ND His/Cl- 
IsdI 6.00/1.98 2.57/2.23/1.78 His/Cl- 
MhuD WT 5.85 2.60/2.20/1.80 His/Cl- 
MhuD W66A 5.96/1.97 ND His/Cl- 
MhuD R26S 5.88 2.22 His/Cl- 
ND, not detected  
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Discussion 

MhuD R26S generates biliverdin product 

Previous it has been shown that MhuD WT degrades heme into distinct mycobilin isomers15. 

These mycobilin isomers are distinct from other heme degrading enyzmes previously 

reported in the literature15. Furthermore, heme degradation by MhuD is achieved without 

the generation of a C1 product as observed in heme degradation by HOs and IsdG/I15, 17. 

Initiailly, we thought that MhuD’s differential heme orientation from that of IsdG/I was 

responsible for MhuD’s unique heme degradation product. We identified two residues that 

were potentially responsible for MhuD’s unique heme orientation inside the heme binding 

pocket, Arg-22 and Arg-26. Mutation of the Arg-22 residue into a serine did not appear to 

alter MhuD’s heme degradation product. However, the R26S mutation changes MhuD’s heme 

degradation product from mycobilin into biliverdin. Interestingly, unlike HOs which also 

produces biliverdin, our R26S variant does not generate CO upon heme degradation. Instead, 

MhuD R26S produces formaldehyde as its C1 product similar to IsdG/I17. This suggest that 

our R26S variant degrades heme in a mechanism different to that of HO and MhuD.  

 

Proposed mechanism for MhuD heme binding and product release 

Structural determination of the apo-MhuD revealed that apo-MhuD is highly disordered 

between residues 67 and 85. We propose residues Ala67-Thr85 are disordered when MhuD 

is in its apo form, allowing the now solvent exposed His75 residue to recognize and 

coordinate with either free heme or heme from a partner protein. Furthermore, the 
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propensity for MhuD R26S to crystallize in its diheme form suggests that the Arg26 residue 

prevents incorporation of the second heme into the binding site presumably unless the heme 

concentration is high. A closer look at the active site revealed that the Arg26 is perfectly 

positioned to sterically hinder accommodation of a second heme if heme passes through the 

opening between the α1 and the α2 helices in the heme incorporation process. After this, we 

postulate that the residues Ala67-His75 rearrange, stabilized by the presence of the heme 

ligand, in particular by the coordination of the heme iron and the His75 residue, resulting in 

an extended α2 helix as observed in the MhuD-heme-CN structure. Examination of the MhuD-

biliveridin structure revealed the presence of a new α3 helix formed by residues His75 to 

Pro82. Interestingly, the His75 is oriented away from the biliverdin molecules and is solvent 

exposed, suggesting that this is the confirmation adopted prior to product release post heme 

degradation after iron extraction. However, it is unclear if the MhuD-biliverdin conformation 

is an artifact of crystallization since it is uncertain whether iron is released from mycobilin 

before or during mycobilin release from the MhuD active site. 

 

Accessibly of the MhuD R26S binding pocket and potential accommodation of water  

To observe the ruffling state of the heme in the MhuD R26S active site, we attempted to 

crystalize the R26S variant with substoichiometric ratios of heme and with different heme 

analogs. However, despite our exhaustive attempts to crystallize MhuD R26S momoheme, 

we were only able to crystallize the mutant with two metalloprotoporphyrins per active site, 

suggesting that the R26S mutation decreases heme ruffling and thus increases susceptibly to 
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heme stacking. Additionally, initial EPR data of the MhuD R26S monoheme contains both 

high and low spin characteristics suggesting that heme ruffling is diminished in the mutant.  

The EPR data of MhuD R26S and propensity of MhuD R26S crystallize as a diheme suggest 

that the MhuD R26S active site is flexible enough to accommodate water molecules on the 

distal side of the heme. In fact, in the cyanide derivative crystal structure of IsdI W66Y, in 

which heme ruffling is also diminished, there is a distal pair of water molecules forming a 

hydrogen bond network with the cyanide ligand and the Thr-55 residue29. In a way 

analogous to the network of water molecules found in HOs, this purported distal water 

molecule in MhuD R26S may play a role in molecular oxygen activation as well as product 

specificity.   

 

Proposed activation of R26S mutant 

Previous work suggests that Isd-type heme degrading enzymes utilize ruffled or distorted 

heme, where the heme undergoes a out of plane distortion greater than 1 Å. This heme 

distortion is thought to enable the activation of molecular oxygen by decreasing the 

reduction potential of the heme, thus allowing for the production of a reactive ferric-oxy [Fe-

OO-] species for heme degradation29-31.  Conversely, reductions in IsdG/I and MhuD heme 

ruffling have been shown to abolish heme degradation, which are thought to be attributed 

to a decreased heme reduction potential29.  

Paradoxically, despite evidence of diminished heme ruffling in the R26S variant, the R26S 

still retains its heme degradation properties. Examination of the MhuD WT monoheme 
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structure indicates that Arg-26 appears to immobilizes the negatively charged propionate-7 

carboxyl group in close proximity of the heme iron.  Previous work on the hHO-1 R183E 

mutant has shown that positive to negative charge reversal in the hHO-1 active site makes 

reduction of the heme substrate more difficult22. Conversely, mutation of the Arg-26 residue 

into serine may allow the propionate-7 carboxyl group to delocalize away from the heme 

iron increasing reduction potential in the heme iron and allowing for oxygen activation, and 

thus rescuing MhuD heme degradation in our R26S variant and possibly changing the 

degradation product into biliverdin.  

 

Proposed mechanism  

Degradation of heme by HOs into biliverdin has been shown to occur through three 

successive oxygenation steps6. In HO heme degradation, molecular oxygen is activated by the 

formation of a ferric-hydroxy [Fe-OOH] species with assistance from nearby network of 

water molecules in HO core after which the heme is hydroxylated at the α-meso carbon into 

α-hydroxyheme32, 33. The α-meso-hydroxyheme undergoes a rapid, spontaneous auto-

oxidation into α-verdoheme before undergoing another self-oxygenation into biliverdin34, 35. 

In the proposed heme degradation mechanism for MhuD, heme is hydroxylated at either the 

β/δ-meso carbon into β/δ-hydroxyheme, before undergoing a deoxygenation into mycobilin.  

Since the other meso carbons do not appear to be altered in R26S heme degradation, MhuD 

R26S likely degrades heme through the hydroxylation of a different site an instead of β/δ-

meso carbon as is the case reported for wild type MhuD activity. This change in 
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hydroxylation site may be the result of the aforementioned of distal water molecule in R26S 

active site playing a role first in activation of molecular oxygen, forming a ferric-hydroxy [Fe-

OOH] species, and secondly in orienting the oxygen away from the β/δ-meso carbon to favor 

hydroxylation at or near the α-meso carbon instead of at the β/δ-meso carbon. Because 

evidence suggest that heme ruffling is reduced in the MhuD R26S mutant, spin density may 

be delocalized onto the porphyrin pyrrole rings as observed in HOs instead of onto the α-, β-

, γ-, and δ- meso carbons of the heme which is what is observed in IsdG/I and MhuD19, 30, 36. 

As a result, we suspect that the heme is oxidized near the α-meso carbon at the 4- or 6- 

carbon position instead of at the α-meso carbon. 

The fact that MhuD R26S does not produce CO as its C1 product suggest R26S heme 

degradation does not proceed through the formation of α-verdoheme. Production of 

formaldehyde by MhuD R26S suggest that ferric α-formyl-oxo-bilin is generated instead as 

an intermediate. As such, we propose that heme is converted into ferric α-formyl-oxo-bilin 

intermediate through a mechanism inspired by Wang et al. for hHO-1 (Figure 3.16)37. In this 

mechanism, heme is hydroxylated at either the 4- or 6- carbon position by an activated 

oxygen molecule. Afterwards, the heme is hydrated before being oxidized at either the 4- or 

6- carbon by another activated oxygen molecule resulting in a ferric α-formyl-oxo-bilin 

intermediate. Finally, similar to the final proposed step for IsdG/I production of 

staphylobilin, iron and formaldehyde leave resulting in the final biliverdin product. 
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Figure 3.16  Proposed mechanism for MhuD R26S heme degradation.  
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Materials and Methods 

Expression and purification of wild type Mtb MhuD and its mutants  

Generation of pET22b vector for his-tagged wild type Mtb MhuD expression was achieved as 

previously described13 and the mutant constructs reported herein were prepared through 

site directed mutagenesis. Site directed mutagenesis using MhuD-R22S-fwd (5’ - CGA GCT 

GGA GAA GTC GTT CGC TCA CCG - 3’) and MhuD-R22S-rev (5’ - CGG TGA GCG AAC GAC TTC 

TCC AGC TCG - 3’) primers was used to introduce the R22S mutation. The MhuD R26S 

construct was produced via site directed mutagenesis using primers MhuD-R26S-fwd (5’ – 

CGG TTC GCT CAC AGC GCG CAC GCG G - 3’) and MhuD-R26S-rev (5’ – CCG CGT GCG CGC TGT 

GAG CGA ACC G - 3’). The MhuD mutants were expressed and purified in the same manner 

as reported for the wild type variant. In brief, E. coli B21-Gold (DE3) cells transformed with 

pET22b-MhuD vector were grown in LB medium containing 50 μg/mL ampicillin at 37°C. 

Overexpression was induced at OD600 of ~ 0.6 using 1 mM IPTG. The cells were harvested 4 

hours post induction and resuspended in lysis buffer (50 mM Tris/HCl pH 7.4, 350 mM NaCl 

and 10 mM imidazole). Cells were lysed via sonication and the resulting lysate was 

centrifuged at 14,000 rpm and passed through a 1 µm filter. The cell supernatant was loaded 

onto a Ni2+-charged HiTrap chelating column (5 mL) and washed with lysis buffer. Bound 

protein was eluted from the column with increasing concentrations of imidazole. Next, 

MhuD, which elutes at 50 and 100 mM imidazole, was concentrated (Amicon, 5 kDa 

molecular mass cutoff) and was further purified on a S75 gel filtration column in 20 mM Tris, 

pH 8, and 10 mM NaCl. A final purification step was performed on an ion exchange column 

(HiTrap Q HP, 5 mL) with the pure MhuD eluting at 150 mM NaCl. 
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Preparation of MhuD-monoheme 

Reconstitution of wild type MhuD and its mutants with heme was achieved as previously 

described13. Briefly, a hemin solution was prepared by dissolving 4 mg of heme in 500 μL 0.1 

M NaOH. After the addition of 500 μL 1 M tris, pH 7.4, the solution was diluted into 15 mL of 

50 mM tris, pH 7.4, 150 mM NaCl. Heme was gradually titrated into 100 μM apo-MhuD in a 

0.9 heme: 1 MhuD ratio. The samples were incubated overnight at 4°C before being passed 

through a desalting column to remove unbound heme. Protein concentrations of the eluted 

samples were determined via lowry assay38.  

 

Single turnover heme degradation assays 

Single turnover heme degradation assays of 5 μM MhuD-monoheme were performed in 50 

mM tris, pH 7.4, 150 mM NaCl. To eliminate the possibility of non-enzymatic heme 

degradation, 2.5 μM catalase from Aspergillus niger (Sigma Aldrich) was added to each 

reaction. Heme degradation reaction was initiated with 10 mM sodium ascorbate and the 

reaction was monitored spectrophotometrically (DU800, Beckman Coulter) for an hour with 

scans taken at 5-minute intervals.  
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Heme binding experiments  

Heme was titrated in 1 μM increments into 5 μM apo-MhuD or buffer at room temperature. 

Spectra were collected after each titration after a 5-minute incubation period and the 

difference spectra obtained to determine absorbance change.  

 

Heme off rate measurement 

For the heme off rate measurement, MhuD-monoheme of the wild type and its mutants were 

prepared as described above using the following heme to protein ratios: 1.2 heme:1 MhuD 

(wild type), 1.3 heme:1 MhuD (R22S), and 1.3 heme:1 MhuD (R26S). Preparation of apo-

H64Y/V68F-Mb was achieved as previously reported39. Hemeachromogen and lowry assays 

were used to determine heme and protein concentration to ensure a near 1 to 1 heme protein 

ratio. To measure heme dissociation, 5 µM MhuD-monoheme was mixed with a 5-fold excess 

of apo-H64Y/V68F-Mb. The reaction was monitored spectrophotometrically (DU800, 

Beckman Coulter) at 412 nm to completion.  

 

MhuD product purification 

Product purification was performed as previously reported with minor modifications15. 

MhuD monoheme was prepared as described above. In this protocol, MhuD heme 

degradation was performed in 0.1 M MES, pH 6.0 at 37°C with 4 µM MhuD-monoheme, 2.5 

mM deferoxamine, 2 µM catalase, and 25 mM sodium ascorbate. Reaction mixtures were 
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incubated at 37°C for 50 minutes before termination with one half reaction volume of 8 M 

guanidinium chloride. Samples were incubated at 37°C for 10 minutes to ensure full protein 

denaturation. Products were purified via sold phase extraction using a C-18 column 

(Supelco). Initial sample analysis was done using a Hitachi 7000 series HPLC System 

equipped with a NUCLEODUR C-18 pyramid column. Sample separation was achieved using 

a linear gradient from 55% methanol, 45% 0.1 M ammonium acetate (v/v) to 65% methanol 

with a 0.25 mL/min flow rate.  Product fractions were further analyzed via UV/vis 

spectroscopy (DU800, Beckman Coulter) and ESI-MS/MS (Micromass LCT Premier TOF, 

Waters). For further analysis samples were injected HPLC-MS/MS (Micromass Quattro 

Premier XE, Waters) on negative mode. 

 

C1 product detection 

C1 product detection was performed as previously described and outlined below.  

CO detection15, 17- For CO detection, heme degradation in 50 mM tris, pH 7.4, 150 mM NaCl 

of 5 µM MhuD-monoheme or of 5 µM holo-hHO-1 was initiated with 10 mM sodium ascorbate 

in a sealed cuvette. After completion of heme degradation, 1 mM sodium dithionite was 

added to the reaction mixture before the addition of 5 µM reduced Mb H64L for CO detection. 

Spectra were collected before and after addition of Mb H64L to monitor spectral changes. 

The experiment was repeated without initiation of heme degradation to eliminate spectral 

changes not due to CO association with the Mb H64L variant. 
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Formaldehyde detection17- Detection of formaldehyde was done using a modified Nash’s 

method17. In this method, heme degradation of 20 µM MhuD-monoheme was initiated with 

10 mM sodium ascorbate in a 500 µL of 50 mM tris, pH 7.4, 150 mM NaCl. At the completion 

of the reaction, 25 µL of 10% trichloroacetic acid (w/v) was added to the reaction mixture. 

Samples were passed through an LC-18 SPE column (Supelco) before incubation with Nash’s 

reagent (0.02 M acetyl acetone, 2 M ammonium acetate, and 0.05 M acetic acid) at 40°C for 

30 min and at room temperature for 30 min. Formation of the yellow 3, 5-diacetyl-1,4-

dihydrolutidine was quantified on a Hitachi 7000 series HPLC System equipped with a 

NUCLEODUR C-18 column on a 32% methanol (v/v) to 42% methanol (v/v) linear gradient. 

Control reactions were performed by adding trichloroacetic acid before reaction initiation. 

Formic acid detection17- For formic acid detection, heme degradation of 50 µM MhuD-

monoheme was initiated with 10 mM sodium ascorbate in 50 mM tris pH 7.4, 150 mM NaCl. 

Formic acid dehydrogenase (R-Biofarm F-kit) was used to generate NADH. HPLC analysis of 

the NADH product was performed on a NUCLEODUR C-18 column with a 5%/ 

methanol/95% mM triammonium (v/v) to 15% methanol (v/v) linear gradient.  

 

Crystallization of MhuD-R26S heme-CN 

A solution of cyanide derivatized heme (heme-CN) was prepared by dissolving 3.3 mg of 

hemin in 300 µL 1 M NaOH before diluting into 50 mM sodium phosphate (NaPi), pH 7.4, 150 

mM NaCl to 10 mL. Hydrochloric acid (1 M) was used to readjust the pH to pH 7.4, then 

several KCN crystals were added to derivatize the heme.  Apo-MhuD-R26S (100 μM) was 
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gradually titrated with a 1.3-fold excess of heme-CN and incubated overnight at 4°C. The 

mixture was concentrated and passed through a PD-10 column (GE Healthcare) to remove 

unbound heme. The MhuD R26S heme-CN was concentrated once again to 10 mg/mL in 50 

mM NaPi, pH 7.4, 150 mM NaCl and crystalized in 1.6 M ammonium sulfate, 0.1 M sodium 

acetate, pH 5.5, 0.2 M NaCl. Crystals were flash frozen in 1:1 crystallization condition and 

40% glycerol. A complete native data set was collected at a wavelength of 1.0 Å at 70 K and 

processed using iMOSFLM40. Molecular replacement using the apo-MhuD-diheme structure 

as a search model (PDB ID 3HX9) was performed with the Phaser in the PHENIX suite41. 

Iterative rounds of structure refinement were completed with Coot42 and phenix.refine41.  

 

Crystallization of MhuD-R26S Mn-PPIX  

To prepare a Mn-PPIX solution, approximately 2 mg of Mn-PPIX was dissolved in 500 μL 0.1 

M NaOH followed by 500 μL 1 M tris, pH 7.4 before dilution into 50 mM tris pH 7.4, 150 mM 

NaCl. Mn-PPIX was slowly added to 100 μM apo-MhuD R26S in a 0.9 Mn-PPIX to 1 MhuD 

molar ratio and incubated overnight at 4°C. The Mn-PPIX-protein complex was concentrated 

to 10 mg/mL and crystalized in 0.2 M ammonium sulfate, 0.1 M HEPES pH 7.5, 25% (w/v) 

Polyethylene glycol 3350. The crystals were mounted in a 1:1 mixture of crystallization 

buffer and 40% glycerol and diffracted to a resolution of 2.4 Å at 70 K. The collected data was 

indexed, integrated, and reduced using iMOSFLM40. Iniital phase determination was done 

with Phaser in the PHENIX suite using wild type MhuD-diheme structure with heme as a 

search model (PDB ID 3HX9)41. The initial model building was performed by Autobuild in 
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PHENIX41 and the preceding iterative structure refinement was done with Coot42 and 

phenix.refine41.  

 

Crystallization of MhuD R26S biliverdin  

A biliveridin solution was prepared as described above for Mn-PPIX and a ferric chloride was 

made by dissolving 27.3 mg of ferric chloride hexahydrate in 10 mL water. A 1.3 fold excess 

of biliveridin and ferric chloride mixture was gradually added to 100 μM apo-MhuD R26S 

and incubated overnight at 4°C before concentration to approximately 10 mg/mL as 

estimated by the biliverdin Soret peak. Light blue crystals appeared in 0.1 HEPES pH 6.5, 4.6 

M NaCl, 30 mM Glycyl-glycyl-glycine after 2 days. The crystals were flash frozen in 100% 

NVH oil and a 2.5 Å resolution data set was collected. The data was processed phaser before 

iterative rounds of refinement were completed with Coot42 and phenix.refine41.  

 

Expression and purification of wild type hHO-1  

Human HO-1 was prepared as previously described in the literature43. In brief, the hHO-1-

pBAce plasmid for the expression of hHO-1 was transformed into E coli DH5α cells, which 

were grown in LB medium containing 50 μg/mL ampicillin at 37°C. Protein expression was 

induced at OD600 of 0.3 – 0.5 with 1 mM IPTG after which cultures were incubated overnight 

at 18°C at 100 rpm for 12 -18 hours. After harvest, the greenish bacteria was lysed in 50 mM 

tris pH 8.0, 2 mM EDTA via microfluidization. Ammonium sulfate (250 mM) and 10% 
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polyethylenimine were added to the lysate, and after a 25 minute incubate period, the lysate 

was centrifuged at 14 krpm. Another round of ammonium sulfate precipitation was 

performed, this time using with a 40% ammonium sulfate concentration. The ammonium 

sulfate concentration of the supernatant was raised to 70% and centrifuged one last time. 

The precipitated green hHO-1 was resuspended into a minimal volume of 10 mM 

diaminopropane pH 9.0. Throughout the purification process 1 mM PMSF was constantly 

added to ensure minimal protein degradation. The sample was dialysed twice into fresh 10 

mM diaminopropane. The protein was loaded onto an ion exchange column (HiTrap Q HP, 5 

mL) and the pure protein was eluted with a KCl gradient. 

 

Preparation of heme-protein complexes for EPR and Raman spectroscopy 

MhuD WT-monoheme, MhuD W66A-monoheme, MhuD R26S-monoheme, and holo-IsdI were 

prepared as described earlier for MhuD-monoheme preparation however using a 0.6:1 heme 

to protein ratio and desalting into 100 mM MOPS pH 7.0, 5 mM EDTA. Holo-hHO-1 was 

prepared in a similar manner but using a 3-fold excess of heme to displace bound biliverdin. 

Samples were concentrated (Amicon, 5 kDa molecular mass cutoff) to a 1 mM heme 

concentration determined via a Hemochromogen assay44. Protein concentrations were also 

measured using the Lowry assay38 to ensure substoichiometric ratios of heme to protein for 

the MhuD samples.   
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Resonance Raman spectroscopy 

Resonance Raman spectra of MhuD WT-monoheme and MhuD R26S-monoheme were 

acquired with TriVista 555 triple monochromator (900/900//2400 gr/mm; Acton Research, 

Acton, MA) equipped with a CCD camera (1,340 × 100 pixels; Princeton Instruments, 

Princeton, NJ). Samples were excited with a Krypton-ion laser (Innova 300C, Coherent, Santa 

Clara, CA) at a wavelength of 407 nm.  

 

EPR spectroscopy 

EPR spectra of holo-hHO-1, MhuD WT-monoheme, MhuD W66A-monoheme, MhuD R26S-

monoheme, and holo-IsdI were acquired from frozen samples with using a Bruker EMX-

PLUS (9.2 GHz) EPR spectrometer at 10 K.   
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CHAPTER 4  

Inhibition of In vivo Mycobacterium tuberculosis Infection with Tin-Protoporphyrin 

IX 

This project was performed in collaboration with the Sher lab at the National Institute of 

Health 

 

Abstract 

Heme oxygenase-1 (HO-1) is a stress response antioxidant enzyme which catalyzes the 

degradation of heme released during inflammation. Also hHO-1 is a biomarker of active 

Mycobacterium tuberculosis (Mtb) infection. HO-1 expression is upregulated in both 

experimental and human Mtb infection suggesting that heme degradation plays an 

important role in Mtb pathogenicity. Adjunctive administration of a well-characterized HO-

1 enzymatic inhibitor tin-protoporphyrin IX (SnPPIX) with an anti-TB drug cocktail resulted 

in accelerated pathogen clearance. Like humans, Mtb has its own heme degradation enzyme 

MhuD, which may also be a target for SnPPIX. We tested SnPPIX for both HO-1 and MhuD 

inhibitory activity. SnPPIX completely abolishes HO-1 activity, but SnPPIX failed to inhibit 

MhuD enzymatic activity. Together, the above findings demonstrate that SnPPIX may be used 

as an adjunctive therapy for tuberculosis and that the pharmacological target of SnPPIX is 

human HO-1 and not the Mtb heme degrading enzyme, MhuD.  
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Introduction 

One novel strategy for the treatment of tuberculosis (TB) is through host directed therapies. 

Instead of targeting the pathogen directly, host directed treatments target host factors in 

host-pathogen interactions that aid or permit pathogen survival or augment factors involved 

in host immune response. By targeting or augmenting host factors, host directed therapies 

avoid the development of new drug-resistant strains since pathogens would have to evolve 

new mechanisms for drug-resistance. Furthermore, many drugs targeting host factors have 

already been approved and may be repurposed as host-directed therapies. Already, several 

host-directed treatments are in clinical use1, 2. These include prednisone and erythromycin, 

which both act as anti-inflammatory agents in the treatment of Streptococcus pneumoniae 

infections1. More promising therapies are in various stages of clinical testing1, 2. 

The current treatment for TB utilizes a battery of drugs, which must be consistently taken 

for at least 6 months for drug-sensitive Mtb strains. The treatment is considerably longer for 

multiple-drug resistant (MDR-TB) or extreme-drug resistant (XDR-TB) strains ranging from 

18 to 24 months3. Due to the length of TB treatments and the rise of MDR-TB and XDR-TB 

strains, there is a dire need for new classes of anti-TB drugs. Host directed therapies offer a 

promising new approach to treat TB.  

The causative agent of TB, Mycobacterium tuberculosis (Mtb), has evolved many mechanisms 

to use or modulate host-interactions in their favor. For example, Mtb has been shown to 

secrete proteins that inhibit phagosome maturation and acidification to allow for survival 

within the macrophage4. Additionally, Mtb has been found to induce the formation of lipid 

bodies for additional protection and as a source of nutrients5. Fortunately, drugs inhibiting 
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many of these host-pathogen interactions currently exist. For instance, the 

chemotherapeutic Imatinib has been shown in mice to restore phagosome acidification by 

indirectly increasing expression of the vacuolar proton pump vATPase6, 7. Lipid body 

formation may be modulated with several different classes of drugs such as metformin, 

thiazolidinediones, and statins8. Numerous other potential targets for host directed 

treatments against TB have been identified and are currently being assessed (Table 4.1).  

Table 4.1  Examples of novel anti-TB host directed therapies, their mechanism of action, and their stage 
in clinical development1. 

Drug class Examples of host-
directed therapy 

Mechanism of action  Developmental 
stage  

Repurposed 
drug 

Imatinib, verapamil, 
metformin, ibuprofen 

Modulation of inflammation and 
activation of intracellular 

antimicrobial defenses  

Preclinical/clinical 
(early phase) 

Cytokine 
therapy 

Interleukin 2, GM-CSF, 
interferon γ, 

interleukin 12 (early 
stage) 

Induction of pro-inflammatory cell 
signaling  

Clinical (late phase) 

Monoclonal 
antibody  

Anti-TNFα, anti-
interleukin 6, anti-

VEGF 

Reduction of tissue-destructive 
inflammation by cytokine 

neutralization  

Preclinical/clinical 
(early phase) 

Anti-PD-1, anti-LAG3, 
anti-CTLA-4 

Activation and mobilization of 
antigen-specific T cells by immune 

checkpoint inhibition 

Preclinical 

Vitamin Vitamin D3 Activation and augmentation of 
intracellular defenses (via 

interferon γ and interleukin-15 
signaling) 

Clinical (late phase) 

Cellular therapy Autologous 
mesenchymal stromal 

cells, T cells  

Neutralization of tissue-destructive 
inflammation, enhancement of 

organ repair, and potentiation of 
antigen-specific immune responses 

Clinical (early 
phase) 

 

One novel target for TB host directed therapies is human heme oxygenase-1 (hHO-1).  hHO-

1 is responsible for the degradation of heme into biliverdin, carbon monoxide (CO), and 
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ferrous iron, and has been implicated in the innate immune response9, 10. Previous research 

has found that TB patients with reduced sera hHO-1 levels were more likely to have better 

prognoses post anti-TB therapy11. This suggest that hHO-1 plays a significant role in Mtb 

survival within the host and that inhibition of hHO-1 is a possible strategy to treat TB. Here 

we evaluate the use of the hHO-1 inhibitor, tin protoporphyrin IX (SnPPIX), as a potential 

host directed therapy against TB12. Additionally, we demonstrate that SnPPIX only inhibits 

mammalian and not the Mtb heme degradation enzyme. Together these results suggest that 

SnPPIX is host-directed anti-TB therapy, which targets hHO-1.  

 

Results 

Evaluation of adjunctive administration of SnPPIX for the treatment of TB (Sher Lab) 

To evaluate whether adjunctive administration of SnPPIX could enhance the efficacy of 

conventional anti-TB drugs, mice were treated four weeks post infection with combined 

rifampin (R), isoniazid (H), and pyrazinamide (Z) therapy (RHZ) alone, SnPPIX alone, or a 

combination of SnPPIX and RHZ (Figure 4.1A). Similar experiments were performed on T-

cell-deficient mice (TCRα-/-) to assess the role of host T-cells on TB infection. Bacterial 

burdens were quantified after 3 weeks by culturing serial dilutions of lung tissue 

homogenates. The RHZ and SnPPIX treatments of wild type mice each resulted in an 

approximate 1-log reduction in pulmonary bacterial loads below those in untreated infected 

animals, and when RHZ and SnPPIX  are combined, this treatment resulted in an additive 2-
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log reduction in mycobacterial burden (Figure 4.1B). Meanwhile, adjunctive treatment with 

SnPPIX failed to enhance RHZ efficacy in infected T cell-deficient mice (Figure 4.1B). 

 

Figure 4.1 (Courtesy of Sher lab)  Administration of SnPPIX in conjunction with conventional antibiotic 
treatment accelerates pulmonary bacterial clearance in Mtb -infected mice. (A) Diagram of the 
experimental protocol employed. (B) Quantification of CFU in lungs of Mtb-infected C57BL/6 (WT) mice 
at day 0 of treatment (4 wpi) and 3 weeks post-treatment initiation, in which animals were left untreated 
or were administered RHZ, SnPPIX, or RHZ plus SnPPIX, or in lungs of TCRα-/- mice at day 0 of treatment 
(4 wpi) and 3 weeks post-treatment with RHZ or RHZ plus SnPPIX. (C) Quantification of CFU in lungs of 
Mtb-infected WT mice at the multiple time points described for panel A. The dotted line represents the 
limit of detection for the assay. Graphs show individual results or means ± standard deviations of the 
results. *,P≤0.05; ***,P≤0.001, n.s., nonsignificant. Each experimental group consisted of 4 to 5 mice. The 
experiment shown in panel B is representative of 2 to 3 performed, while the time course results shown 
in panel C are from a single experiment. 

 

To evaluate the long-term effectiveness of the SnPPIX-RHZ therapy, time course experiments 

were also performed. In these experiments, mice were treated with either SnPPIX, RHZ, or 

both four weeks post Mtb infection. Colony forming units from lung tissue homogenates 
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were quantified every 3 weeks thereafter to assess long-term treatment effectiveness. 

Supplementation with SnPPIX improved RHZ treatment within the first three weeks. After 

13 weeks of treatment, the combination treatment with SnPPIX and RHZ resulted in an 

undetectable bacterial load (Figure 4.1C). Meanwhile, in mice treated only with RHZ, Mtb 

was still detectable as late as 17-weeks after treatment (Figure 4.1C). 

 

Pharmacological target of SnPPIX   

In macrophages, hHO-1, which has been implicated in the innate immune response and 

degrades heme into biliverdin, carbon monoxide, and iron9, 13. To study the effect of SnPPIX 

on hHO-1, we used the hHO-1 variant G139A whose heme degradation activity was 

attenuated by 58%, allowing for observation of heme degradation within a similar time 

period as MhuD14. When incubated with the electron donor sodium ascorbate, the hHO-1 

variant was observed to degrade heme as evidenced by the observed soret peak decrease 

(Figure 4.2D). However, when the hHO-1 variant was incubated with 2 µM SnPPIX, no Soret 

peak decrease was observed (Figure 4.2A & 4.2B), suggesting that hHO-1 heme degradation 

activity is completed inhibited by 2 µM SnPPIX. In contrast, no inhibitory effect was observed 

when the SnPPIX concentration was lowered to 0.002 µM (Figure 4.2C).  
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Figure 4.2  Heme degradation experiments were observed by the decrease of the soret peak (arrow) by 
monitoring the spectral changes from 300 – 700 nm every 5 mins where the hHO-1 G139A variant is called 
hHO1-G139A in the figure. (A) Heme degradation assay of 5 µM hHO1-G139A-heme incubated in the 
presence of 2 µM SnPPIX for 1 hr before reaction initiation with 10 mM ascorbate. No soret peak decrease 
was observed. (B) Difference spectra of experiment (A) where the 5 µM apo-hHO1-G139A reaction spectra 
were subtracted from those of the 5 µM hHO1-G139A-heme reaction. (C) Heme degradation assay of 5 µM 
hHO1-G139A-heme incubated in the presence of 0.002 µM µM SnPPIX for 1 hr before reaction initiation 
with 10 mM ascorbate. A soret peak decrease was observed similar to those of hHO1-G139A-heme in the 
absence of SnPPIX (D). (D) The heme degradation reaction of 5 µM hHO1-G139A-heme alone was initiated 
by the addition of 10 mM ascorbate. All experiments were performed in triplicate. 

 

Mtb has a heme-iron acquisition pathway15, 16, and a previous study suggests that 

Mycobacterium smegmatis, a non-pathogenic mycobacterial strain, can uptake 

metalloporphyrins, such as Zn-mesoporphyrin17. Furthermore, Mtb has a cytosolic heme-

degrading protein, MhuD, which breaks down heme to mycobilin isomers and iron18.  As 

SnPPIX can competitively inhibit hHO-1, we asked the question whether MhuD may also play 

a role SnPPIX in vivo Mtb growth inhibition either by (1) degrading SnPPIX and liberating tin 

in the Mtb cytosol or (2) by interfering with the ability of MhuD to bind and degrade heme. 
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To determine if SnPPIX could also be degraded by Mtb MhuD, MhuD-SnPPIX and MhuD-

monoheme complexes were incubated with the electron donor sodium ascorbate. Within an 

hour of incubation with sodium ascorbate, a soret peak decrease indicative of heme 

degradation was observed in the UV/vis spectra of the MhuD-monoheme complex (Figure 

4.3A). Meanwhile, despite overnight incubation with ascorbate, no such soret peak decrease 

was observed in the spectra of the MhuD-SnPPIX complex demonstrating that SnPPIX is not 

cleaved by MhuD (Figure 4.3B).  

 

Figure 4.3  MhuD cannot degrade SnPPIX. Degradation of heme and SnPPIX by MhuD was monitored by 
UV/vis spectroscopy every 5 min for 1h for heme and for a period of 24h for SnPPIX. Each color represents 
a different time point. Degradation activity, as indicated by the soret peak decrease, was observed when 
sodium ascorbate was added to (A) MhuD-heme, but not when sodium ascorbate was added to (B) MhuD-
SnPPIX. All experiments were performed in triplicate. 

 

To assess if SnPPIX could inhibit MhuD heme degradation, MhuD heme degradation assays 

were performed in the presence of SnPPIX. Here, MhuD-monoheme was incubated in the 

presence of SnPPIX for an hour prior to the initiation of heme degradation with sodium 

ascorbate. A slightly diminished Soret peak was observed for the reaction suggesting that 
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heme degradation was occurring (Figure 4.4A). The difference spectra of this reaction 

(Figure 4.4B) was highly similar to those spectra of MhuD heme degradation in the absence 

of Sn-PPIX (Figure 4.3A), further reinforcing the results that SnPPIX does not competitively 

inhibit MhuD heme degradation. 

 

Figure 4.4  SnPPIX does not inhibit MhuD heme degradation. Heme degradation were observed by the 
decrease of the Soret peak (arrow) by monitoring the spectral changes from 300 – 700 nm every 5 mins. 
(A) Spectra of 5 µM MhuD heme degradation following an hour long incubation with 2 µM SnPPIX. (B) 
Difference spectra of (A) where the apo-MhuD reaction spectra were subtracted from those of the MhuD-
heme reaction. The resulting difference spectra were very similar to those of the MhuD heme degradation 
in the absence of SnPPIX (Figure 4.2A). All experiments were performed in triplicate. 

 

Discussion  

Initial studies found that hHO-1 is expressed by host cells in response to oxidative stress and 

has several anti-inflammatory, anti-apoptotic and anti-proliferative effects. Bilirubin, a 

downstream product of biliverdin, has been shown to have potent antioxidant properties, 

while CO has been shown to have cryoprotective effects19. Additionally, the elimination of 

heme by hHO-1 may have anti-inflammatory effects20. Despite the protective effects of hHO-

1 in most infections, hHO-1 has been shown to paradoxically promote infections such as 
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Leishmania chagasi21 or Salmonella enterica serovar Typhimurium10. Whether hHO-1 

expression during an Mtb infection is host protective is currently unclear. While it has been 

found that levels of hHO-1 in sera of TB patients is positively correlated to disease11, deletion 

of HO-1 in mice resulted in increased susceptibility to Mtb infection22. Moreover, recent 

studies showed that inhibition of hHO-1 in Mtb-infected human macrophages resulted in a 

reduction in intracellular bacterial loads as well as decreased proinflammatory cytokine 

production23.  

Data presented in this study demonstrate that adjunctive treatment with known hHO-1 

inhibitor SnPPIX reduces bacterial load in Mtb-infected mice and this reduction is T-cell 

response dependent (Figure 4.1A-4.1C). Experiments also showed that SnPPIX inhibited 

hHO-1 activity (Figure 4.2B) and not the activity of the Mtb heme degrader MhuD (Figure 

4.4B). Lastly, we showed that the observed growth inhibition was not attributed to the 

release of tin upon the cleavage of SnPPIX by MhuD. While heme analog gallium 

protoporphyrin IX has been shown to inhibit Mtb growth possibly via the release of gallium 

upon cleavage by MhuD24, our experiments show that MhuD is unable to degrade SnPPIX 

(Figure 4.3B). Together, this suggest that upregulation of hHO-1 expression has an overall 

host-detrimental effect during a Mtb infection.  

SnPPIX acts mainly through the inhibition of hHO-1, although off-target effects are possible 

but unlikely.  One possible way blockade of host heme degradation may suppress Mtb growth 

is by limiting the availability of free iron necessary for bacterial growth. Inhibition of hHO-1 

may also reduce bacterial load via the generation of toxic reactive oxygen species as a result 
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of   increased heme levels25, 26. Additional experiments are required to delineate how the 

hHO-1 inhibition suppresses Mtb growth.  

Although the exact mechanism of action is not understood, results from this study show that 

pharmacological inhibition of hHO-1 is a novel strategy for the treatment of TB. Inhibitors of 

hHO-1 such as SnPPIX have already been developed and are in the clinic to treat jaundice27. 

While these inhibitors may potentially be repurposed to treat TB, more studies are necessary 

to assess the safety and efficacy compounds for host-directed therapy before initiation of 

human trials.  

 

Materials and Methods 

Recombinant MhuD and hHO-1 G139A protein expression and purification  

Construction of the expression vector, pET22b-MhuD with a C-terminal His6tag, and the 

expression and purification of M. tuberculosis MhuD have been previously described28. In 

brief, MhuD was overexpressed in BL21-Gold (DE3) Escherichia coli. Cells were resuspended 

in 50 mM Tris/HCl pH 7.4, 350 mM NaCl and 10 mM imidazole and lysed by sonication. The 

cell supernatant was loaded onto a Ni2+-charged HiTrap chelating column (5 mL) and 

washed with resuspension buffer. Fractions of eluted MhuD (between 50 and 100 mM 

imidazole) were collected and concentrated. Apo-MhuD was further separated on a S75 gel 

filtration column (GE Healthcare, Little Chalfont, UK) with 20 mM Tris, pH 8, and 10 mM NaCl 

before a final purification step with an ion exchange column (HiTrap Q HP, 5 mL) where 

homogeneous apo-MhuD eluted at 150 mM NaCl. Recombinant human heme oxygenase-1 
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variant G139A (hHO-1 G139A) clone was a gift from Dr. Thomas L. Poulos from the 

University of California, Irvine and was purified as previously described14, 29. 

 

MhuD-SnPPIX, MhuD-monoheme and hHO-1 G139A-heme / SnPPIX competition assays  

For these assays, SnPPIX was dissolved in 300 µl of 0.1 M NaOH before dilution into 50 mM 

tris pH 7.4, 150 mM NaCl. The pH was readjusted back to 7.4 with 1 M HCl. Hemin was 

prepared by dissolving hemin chloride (Sigma-Aldrich) in 0.1 M NaOH before the addition of 

1 M Tris pH 7.4 and dilution into 50 mM Tris pH 7.4, 150 mM NaCl. To produce the MhuD-

SnPPIX complex, SnPPIX was gradually added to 0.1 M Apo-MhuD in a 1:1 molar ratio. The 

mixture was incubated overnight at 4°C and exchanged into 50 mM Tris pH 7.4, 150 mM NaCl 

via a desalting column (HiTrap desalting, 5 mL). The protein concentration post-desalting 

was determined by Lowry assay. MhuD-monoheme was prepared as previously reported28. 

Briefly, heme was gradually added to 0.1 M MhuD in a 1.2:1 molar ratio before overnight 

incubation at 4°C. Excess heme was removed using a desalting column (HiTrap desalting, 5 

mL) and the eluted protein concentration was determined by Lowry assay. The human HO-

1 variant G139A (hHO-1 G139A) was used as a positive control for heme degradation by the 

host enzyme as its reaction rate is attenuated by 58%14, allowing for the observation of single 

turnover heme degradation within a similar time period as MhuD28. The heme degradation 

reaction for hHO-G139A-heme was carried out in a similar manner as that for MhuD-

monoheme. In all assays, sodium ascorbate was added as an electron donor to initiate the 

heme degradation process, as previously described28. The reaction was monitored by UV/vis 

spectroscopy by collecting spectra between 300 – 700 nm at various time intervals and 
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observing the decrease of the Soret peak over time to determine heme degradation. For the 

SnPPIX/heme competition assays, 2 µM SnPPIX was incubated with either 5 µM MhuD-

monoheme or 5 µM apo-MhuD as well as 5 µM hHO G139A-heme or 5 µM apo-hHO-1 G139A 

for 1 hr before addition of 10 mM sodium ascorbate to initiate the reaction. The difference 

spectra (ΔAbsorbance) were calculated by subtracting the reaction spectra without enzyme 

from those of the 5 µM enzyme-heme reaction to remove the absorbance interference of 

SnPPIX. 
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CHAPTER 5  

Towards the Identification and Characterization of MhuD Interaction 

Partners for Electron Donation and Product Release 

 

Abstract 

While the heme degradation protein MhuD has been extensively characterized, little is 

known about its interaction partners. Of particular interest is the electron donor(s) for MhuD 

which currently remains unidentified. Through a BLAST search, we have identified several 

candidate electron donors and have begun purifying and testing them for MhuD electron 

donor activity. Unfortunately, of the two candidate proteins tested thus far neither 

demonstrated electron donor activity with MhuD. Also unknown is the mechanism for MhuD 

product release. We hypothesize that LpqF, which is encoded on the same operon as MhuD, 

is crucial for MhuD product release. We have been able to express and solubilize LpqF, 

however attempts to purify LpqF in a native buffer for biochemical characterization has thus 

far proven unsuccessful. In this chapter, we document our ongoing efforts to identify the 

MhuD electron donor(s) as well as our attempts to express and purify a candidate protein 

for MhuD product release.  
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Introduction 

The mechanism of Mycobacterium tuberculosis (Mtb) MhuD heme degradation has been 

quite extensively studied; however there remains a large knowledge gap with regards to 

protein partners that ensure fully functional MhuD in vivo. For instance, while an electron 

source is essential for MhuD-dependent heme cleavage, the MhuD electron donor protein(s) 

remain elusive. Notably, electron donors for other heme degradation proteins have been 

identified. In humans, NADPH cytochrome P450 reductase donates electrons from NADPH 

to human heme oxgyenase (hHO-1)1. More recently, Staphylococcus aureus proteins NtrA 

and IruO have been shown to donate electrons to IsdG and IsdI, both homologs of MhuD2, 3. 

IruO is a FAD-containing NADPH-dependent reductase2. NtrA is thought to be a novel 

nitroreductase capable of S-nitrosoglutathione activity and is believed to be involved in 

nitrofuran activation as well as protection against transnitrosylation4. Additionally, NtrA has 

also been shown to play a role in staphyloferrin A mediated iron uptake in S. aureus3. While 

both NtrA and IruO can participate in heme utilization, they appear to serve redundant roles 

in S. aureus heme degradation2, 3. In fact, deletion of either NtrA or IruO does not appear to 

inhibit growth of S. aureus when heme is the sole iron source, while deletion of both genes 

debilitates Mtb ability to grow in heme alone2.  

While the by-products of MhuD have been identified, mycobilin isomers, the fate of these by-

products is unknown. Because of the harsh, denaturing conditions required to extract 

mycobilin isomers from MhuD5, we speculate that MhuD requires a protein partner to 

release and shuttle mycobilins from its active site. Other heme degradation by-products have 

been shown to be secreted. Biliverdin in humans is converted into bilirubin by biliverdin 
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reductase before excretion6. In Pseudomonas aeruginosa, products resulting from P. 

aeruginosa HO heme degradation, β- and δ-biliverdin, are both secreted7, 8. However, similar 

to MhuD, the fate of S. aureus IsdG/I staphylobilin products is unknown.  

Thus, there are several questions that remain to be resolved regarding the protein factors 

that are important for the MhuD function within the Mtb heme utilization pathway.  In this 

chapter, we will describe the on-going research to identify of the MhuD electron donor(s). 

Several candidate proteins have been identified and are being tested.  Furthermore, we have 

identified a potential protein partner required for product release, and we will discuss our 

progress thus far. 

 

Results 

Evidence of a MhuD electron donor  

To demonstrate the existence of a mycobacterium MhuD electron donor, we utilized 

Mycobacterium smegmatis, the non-pathogenic Mtb model organism9.  We grew M. 

smegmatis in iron deplete media and used its cytosolic fraction to test for MhuD heme 

degradation in vitro. For this reaction, we used NADPH as the electron source. Upon addition 

of 100 μM NADPH to MhuD-monoheme and the M. smegmatis cytosol, a decrease in the Soret 

peak was observed, indicating that heme was being degraded (Figure 5.1B).  However, when 

NADPH was added to MhuD-monoheme alone, no heme degradation activity was observed 

(Figure 5.1A). These results demonstrate that there is an electron donor for MhuD in 

mycobacterium.  
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Figure 5.1  Demonstration of the presence of a MhuD electron donor in mycobacterium. NADPH was 
added to MhuD-monoheme in the absence of (A) and presence of (B) the cytosolic fraction from M. 
smegmatis. UV/vis spectra were collected between 300 to 700 after each titration of NADPH. Heme 
degradation, as evidenced by the decrease in the Soret peak at around 410 nm, was observed when 
NADPH was added to MhuD-monoheme in the presence of M. smegmatis cytosol (B). No such decease was 
observed for MhuD-monoheme in the absence of mycobacterium cytosolic fraction (A).  

 

Previous studies have identified IruO and NtrA as S. aureus IsdG/I electron donors. Blast 

searches of IruO and NtrA with the Mtb proteome have identified IruO homologs Rv0628c 

(27% sequence identity), LpdB (Rv0794c, 24% sequence identity), Rv1432 (27% sequence 

identity), GorA (Rv2855, 24% sequence identity), Rv2997 (33% sequence identity), and 

TrxB2 (Rv3913, 25% sequence identity) and an NtrA homolog Rv0306 (21% sequence 

identity) as possible MhuD electron donors (Figures 5.2, 5.3, and 5.S1-5.S4). Because 

TrxB2 is essential for Mtb survival, we decided to test TrxB2 for electron donor activity10-12. 

Rv0306 was also tested since it was the only homolog of NtrA in Mtb.  

 



110 
 

 

Figure 5.2  Sequence alignment of IruO with Mtb homolog TrxB2 (Rv3913). 

 

 

Figure 5.3  Sequence alignment of NtrA with Mtb homolog Rv0306. 

 

Assaying candidate proteins for MhuD electron donor activitiy 

To determine if IruO homolog TrxB2 was a MhuD electron donors, heme degradation assays 

were performed with MhuD-monoheme in the presence of TrxB2. In these assays, NADPH 

and NADH were added into a mixture of MhuD-monoheme and TrxB2. UV/vis spectra were 

collected between 300 nm and 700 nm to monitor the reaction. No Soret peak decrease was 
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observed upon the addition of either NADPH or NADH indicating that heme degradation had 

not occurred and suggesting that the IruO homolog TrxB2 is unable to act as a MhuD electron 

donor (Figure 5.4A & 5.4B).   

 

Figure 5.4  UV/vs spectra of MhuD heme degradation assay of 10 µM MhuD-monoheme performed in the 
presence of 10 µM candidate electron donor TrxB2 with 200 µM of either NADPH (A) or NADH (B) added. 
No Soret peak decrease was observed upon the addition of either NADPH or NADH.  

 

NtrA homolog Rv0306 was also tested to assay for MhuD electron donor activity. In these 

assays, NAPDH was added to a mixture of MhuD-monoheme and Rv0306. As before, the 

reaction was monitored over time spectrophotometrically between 300 and 700 nm. Similar 

to TrxB2, there was an absence of a Soret peak decrease indicating MhuD heme degradation 

did not occur (Figure 5.5A & 5.5B). This suggests that the protein Rv0306 is not MhuD’s 

cognate electron donor.  
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Figure 5.5  MhuD heme degradation assays in the absence (A) and presence (B) of candidate electron 
donor Rv0306. MhuD-monoheme (5 µM) was mixed with 1 µM Rv0306 prior to the addition of 200 µM of 
NADPH. The reaction was monitored using UV/vis spectrometry. 

 

Assaying a candidate protein for MhuD product release 

Examination of the MhuD operon revealed a 2-gene operon where the gene encoding for 

LpqF (Rv3593) that partially overlaps with the one that encodes for MhuD.  This MhuD 

opeonic structure is highly conserved amongst mycobacteria, and suggests that MhuD 

interacts with LpqF. The LpqF gene is predicted to encode a two-domain protein that is 

directed to the periplasm. One domain of the protein product is predicted to share homology 

to β-lactamase and penicillin-binding proteins (PBP), which are known antibiotic targets. 

Since genes on the same operon are often functionally linked, we suspected that like MhuD, 

LpqF is involved in Mtb heme-iron metabolism. While LpqF function is unknown, we 

currently postulate that LpqF facilitates the difficult process of MhuD product release. 

To study LpqF, several different constructs of truncated LpqF were cloned and inserted into 

expression vectors. For these constructs, based on prior literature and predicted domain 

boundaries, LpqF34-452, LpqF44-452, and LpqF52-452 truncation mutants were generated and 

inserted into pET22a and/or pET28a vectors (Table 5.1). Constructs were transformed into 
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several different E. coli strains for expression studies at 37°C or 18°C. The best expression of 

LpqF was the pET28a 34-452 amino acid truncation construct in BL21 Gold, RIPL, and 

Rosetta E. coli cells when the cells are grown to an O.D. of 0.6 at 37°C and induced with 1 mM 

IPTG for either 4 h at 37°C or 18 h at 18°C (Figure 5.6).  

 

Figure 5.6  SDS-PAGE gel of LpqF expression in BL21 Gold, RIPL, and Rosetta E. coli after incubation for 
4 h at 37°C or 18 h at 18°C post IPTG induction. Expression from uninduced cultures included for 
comparison.    

 

LpqF34-452 was then tested for solubility in 8 different buffers. To test for solubility in a given 

buffer, E. coli cells were spun down and pelleted after expression of our truncated LpqF. 

Following lysis in the buffer, the lysate was centrifuged and the supernatant run in a SDS-

PAGE gel. The LpqF34-452 construct appear most soluble in 6.0 M urea, 50mM Tris, pH 7.4, 350 

mM NaCl, 10% glycerol. Partial protein solubility was observed in the similar buffers with 
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reduced urea concentrations (Figure 5.7). Despite partial or full protein solubility in urea 

based buffers, efforts to refold LpqF purified proved unsuccessful.  

 

Figure 5.7  SDS-PAGE gel of solubility test of LpqF. LpqF was overexpressed in BL21 (DE3) Gold E coli 
cells and lysed in one of the buffers: (1) 50 mM Tris, pH 7.4, 350 mM NaCl, 10% glycerol; (2) 0.5 M Urea, 
50 mM Tris, pH 7.4, 350 mM NaCl, 10% glycerol; (3) 0.2% NP40, 50 mM Tris, pH 7.4, 350 mM NaCl, 10% 
glycerol; (4) Bugbuster (1x), 50 mM Tris, pH 7.4, 350 mM NaCl, 10% glycerol; (5) 2.0 M Urea, 50 mM Tris, 
pH 7.4, 350 mM NaCl, 10% glycerol; (6) LDAO 0.2%, 50 mM Tris, pH 7.4, 350 mM NaCl, 10% glycerol; (7) 
6.0 M Urea, 50 mM Tris, pH 7.4, 350 mM NaCl, 10% glycerol; (8) 50 mM Tris, pH 7.4, 350 mM NaCl, 2% 
dodecyl-maltoside. Lysate was centrifuged and the supernatant was run on an SDS-PAGE gel.  

 

Because attempts to purify and refold LpqF34-452 proved unsuccessful, we attempted to 

purify folded LpqF34-452 in 50 mM Tris, pH 7.4, 350 mM NaCl, 10% glycerol via Ni2+ affinity 

chromatography in the presence of 25 µM heme (Figure 5.8). Eluted protein was 

concentrated and passed through a S75 size exclusion column (Figure 5.9). Unfortunately, 

we were unable to purify LpqF34-452 truncation construct to a purity sufficient for protein 

characterization.   
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Figure 5.8  Chromatogram (A) and SDS-PAGE gel (B) from LpqF34-452 Ni2+ affinity purification. 

 

 

Figure 5.9  Purification of LpqF34-452 via size exclusion chromatography. (A) Chromatogram of elutions 
from the size exclusion column. (B) SDS-PAGE of selected elution from LpqF34-452 size exclusion 
purification.  

 

Future directions 

Further research is needed to identifying the MhuD electron donor and towards 

understanding the role of LpqF in MhuD function. Prior work in S. aureus identified IruO and 

NtrA as electron donors for MhuD homologs IsdG/I. Based on sequence homology, we 

identified IruO homologs Rv0628c, LpdB, Rv1432, GorA, Rv2997, and TrxB2 and NtrA 
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homolog Rv0306 as potential MhuD electron donors. Of the 7 of candidate MhuD electron 

donors identified, only TrxB2 and Rv0306 have been tested for electron donor activity. 

Unfortunately, neither TrxB2 nor Rv0306 demonstrated MhuD electron donor activity. 

Although the rest of the candidate MhuD electron donors have been cloned into vectors, their 

expression and purification remains to be optimized before testing for electron donor 

activity.  

Because LpqF is located in a two-gene operon with MhuD, we suspect that LpqF plays a role 

in MhuD function and that it may play a role in MhuD product release. Work is ongoing to 

optimize expression and purification of LpqF for biochemical and structural 

characterization. Thus far, the expression and purification of LpqF has proven difficult. In 

this study, several truncation mutants were generated based on prior literature, structural 

alignment models, and leader peptide prediction. Of these constructs, only the LpqF34-452 

truncation mutant when cloned into a pET28a vector appeared to express in E. coli. While 

LpqF was soluble under denaturing conditions, removal of the denaturing agent resulted in 

substantial protein aggregation. We were able to to partially purify LpqF in the presence of 

heme in a native buffer. This suggests that LpqF is capable of binding heme and might not be 

responsible for MhuD product release, but may instead facilitate the transfer of heme from 

inner membrane proteins in the heme uptake pathway onto MhuD. This is consistent with 

the fact that LpqF is predicted to be a two-domain periplasmic protein and would be ideally 

positioned to interact with the transmembrane proteins of the heme uptake pathway. More 

work will need to be done to identify suitable purification protocol for the eventual 

characterization of LpqF.  
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Materials and Methods 

Expression and purification of wild type Mtb MhuD  

Purification of his-tagged wild type Mtb MhuD expression was achieved as previously 

described. In brief, E. coli B21-Gold (DE3) cells transformed with pET22b-MhuD vector were 

grown in LB medium containing 50 μg/mL ampicillin at 37 °C. Overexpression was induced 

at OD600 of ~ 0.6 using 1 mM IPTG. The cells were harvested 4 hours post induction and 

resuspended in lysis buffer (50 mM Tris/HCl pH 7.4, 350 mM NaCl and 10 mM imidazole). 

Cells were lysed via sonication and the resulting lysate was centrifuged at 14 krpm and 

passed through a 1 µm filter. The cell supernatant was loaded onto a Ni2+-charged HiTrap 

chelating column (5 mL) and washed with lysis buffer. Bound protein was eluted from the 

column with increasing concentrations of imidazole. Next, MhuD, which elutes at 50 and 100 

mM imidazole, was concentrated (Amicon, 5 kDa molecular mass cutoff) and was further 

purified on a S75 gel filtration column in 20 mM Tris, pH 8, and 10 mM NaCl. A final 

purification step was performed on an ion exchange column (HiTrap Q HP, 5 mL) with the 

pure MhuD eluting at 150 mM NaCl. 

 

Preparation of MhuD-monoheme 

Reconstitution of wild type MhuD with heme was achieved as previously described. Briefly, 

a hemin solution was prepared by dissolving 4 mg of heme in 500 μL 0.1 M NaOH. After the 

addition of 500 μL 1 M tris, pH 7.4, the solution was diluted into 15 mL of 50 mM tris, pH 7.4, 

150 mM NaCl. Heme was gradually titrated into 100 μM apo-MhuD in a 0.9 heme: 1 MhuD 
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ratio. The samples were incubated overnight at 4°C before being passed through a desalting 

column to remove unbound heme. Protein concentrations of the eluted samples were 

determined via Lowry assay13.  

 

Verification of the presence of a MhuD electron donor 

The non-pathogenic Mtb model organism Mycobacterium smegmatis was cultured in iron 

deleted 7H9-0.01% tyloxapol for 3 days. Cells were centrifuged and the pelleted cells were 

washed with prechilled PBST (PBS, 0.05% Tween 20). The washed cells were lysed using 

glass beads in 50 mM tris pH 7.4, 150 mM NaCl. The resultant lysate was spun down at 14 

krpm and the supernatant containing the M. smegmatis cytosolic fraction was collected. 

MhuD-monoheme (5 µM) was added to the M. smegmatis cytosolic fraction prior to the 

titration of NADPH up to 100 μM in 10 μM increments.  Spectra were collected between 300 

and 700 nm (DU800, Beckman Coulter) after each titration to monitor the reaction.  

 

Construction of expression vectors  

Generation of expression vector was achieved as previously outlined. Primers listed in Table 

5.2 were used to PCR amplify Mtb genes encoding NtrA (Rv0306), Rv0628c, IpdB (Rv0794c), 

Rv1432, GorA (Rv2855), Rv2997, LpqF (Rv3593), and TrxB2 (Rv3913). PCR products were 

ligated into pCR-BluntII-TOPO. The resultant plasmids were transformed into E. coli OneShot 

TOP10 cells for plasmid expression. Restriction enzyme digestions were performed to excise 
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the gene inserts as well as to cut the target vector, which were ligated together using T4 DNA 

ligase (NEB).  
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Table 5.1  Primers used in vector construction 

Gene Construct  Primer Sequence 
Rv0306 pET28a::NtrA Fwd: 5’ - GGC ATA TGT TTA GTG CAC CAG AAC GAC GGG - 3’  

Rev: 5’ - GGG GAT CCC TAT TCG CCG TGA TGG TGA TCT GTG 
GCC - 3’       

Rv0628c pET28a::Rv0628c Fwd: 5’ - GGC ATA TGC GGA TCG GAG TCG GGG TTT CCA CCG 
C - 3’ 
Rev: 5’ - GGA AGC TTT CAG TCG ACG AAC AGC GCC ATC GAC 
GCG G - 3’ 

IpdB (Rv0794c) pET28a::IpdB Fwd: 5’ - GGC ATA TGA CCG CGG CCC AAC AGG ACC AGG CG - 
3’ 
Rev: 5’ - GGA AGC TTG GCG CGG CGG CGG GTT GGC TAT AC - 
3’ 

Rv1432 pET28a::Rv1432 Fwd: 5’ - GGC ATA TGA CGA CCG CGG TCG TCG TCG GAG CC - 
3’ 
Rev: 5’ - GGA AGC TTT CAA CGT CGC TTG CGC AGC CAC CTC 
AGC G - 3’ 

GorA (Rv2855) pET28a::GorA Fwd: 5’ - GGC ATA TGG AAA CGT ACG ACA TCG CGA TCA TCG 
GAA CCG GTT CGG G - 3’ 
Rev: 5’ - GGA AGC TTT CAA CGC AGG CCA AGC AGC GCG TTT 
TCC ACC ACC - 3’ 

Rv2997 pET28a::Rv2997 Fwd: 5’ - GGC ATA TGG ACG TCA CCG TCG TCG GCA GCG GAC 
C - 3’ 
Rev: 5’ - GGG AGC TCT TAT GGC CTC AGC TCA TGG CCC AAA 
GGG GGC ATG C - 3’ 

LpqF (Rv3593) pET21a::LpqF34-452 Fwd: 5’ - GCC ATA TGT CAG CTC CGA CGC CGT CCG CGA ACG 
CGG C - 3’ 
Rev: 5’ - CGC TCG AGT TGT GGC GCT ATC AAC GCA AAG ACT 
TGC CTG GCG ACC TGC - 3’ 

pET22a::LpqF34-452 Same as the primers for pET21a::LpqF34-452 
pET28a::LpqF34-452 Same as the primers for pET21a::LpqF34-452 
pET28a::LpqF44-452 Fwd: 5’ - CGC CAT ATG AAT CAC GGG CAC CGG ATC GAC ACC 

AGA ACT CCG C - 3’  
Rev: 5’ - CCC AAG CTT TTG TGG CGC TAT CAA CGC AAA GAC 
TTG CCT GGC GAC C - 3’ 

pET28a::LpqF52-452 Fwd: 5’ - GCC ATA TGA GAA CTC CGC CTG GTC TGC GGG CGC 
AAC AG - 3’ 
Rev: Same as the Rev primer for pET28a::LpqF44-452 

TrxB2 (Rv3913) pET28a::TrxB2 Fwd: 5’ - GCC ATA TGA CCG CCC CGC CTG TCC ATG - 3’ 
Rev: 5’ - GCA AGC TTT CGT TGT GCT CCT ATC AAT GCG TCG 
GTA CTG - 3’ 

 

Expression and purification of TrxB2 

TrxB2 was expressed and purified as previously reported14. In brief, E. coli B21(DE3)-Gold 

cells with pET22b-TrxB2 vector was grown in Terrific broth with 50 μg/mL ampicillin at 37 

°C. Overexpression was induced at OD600 of ~ 0.6 using 1 mM IPTG. The cells were harvested 
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4 hours post induction and resuspended in lysis buffer (50 mM phosphate buffer pH 8, 300 

mM NaCl, 5% glycerol, 20 mM imidazole). Cells were lysed via sonication and the resulting 

lysate was centrifuged at 14 krpm and passed through a 1 µm filter. The cell supernatant was 

loaded onto a Ni2+-NTA column (5 mL) and the column was washed with lysis buffer. Bound 

protein was eluted from the column with increasing concentrations of imidazole.  

 

Expression and purification of NtrA 

B21-Gold (DE3) cells were transformed with pET28a-NtrA vector and grown in Luria broth 

with 30 μg/mL kanamycin at 37°C to an OD600 of ~ 0.6 before induction with 1 mM IPTG. 

Cells were harvested following overnight expression of NtrA for approximately 18 hours at 

18°C for lyse in 50 mM tris, 350 mM NaCl, 10% glycerol, 2 M urea via sonication (Lysis 

buffer). The resulting lysate was clarified via centrifugation at 14 krpm and passage through 

a 1 µm filter for purification with Ni2+-NTA gravity column. After loading the protein onto 

the Ni2+-NTA column, the column was thoroughly washed with lysis buffer and the bound 

protein was eluted with increasing concentrations of imidazole. Urea was gradually removed 

and 5 mM DTT and 0.5 mM EDTA was added with the pure protein fractions via dialysis. 

Imidazole was gradually dialyzed out of the sample before stepwise dialysis into buffer 

containing 150 mM NaCl. Lastly, dialysis was used to remove DTT and EDTA from the sample.   
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Binding FAD to TrxB2 and NtrA 

To ensure near 1: 1 stoichiometric ratio of FAD to protein, a two-fold excess of FAD was 

incubated with TrxB2 or Rv0306 for 1 hour. Protein samples were passed through a 

desalting column to remove unbound FAD. Protein and FAD concentrations of the desalted 

samples were measured to ensure near 100 percent FAD loading. Protein concentration was 

determined using the Lowry assay13. SDS denaturation was used to measure FAD 

concentrations15. In brief, spectra of a 10 µM TrxB2 or Rv0306 (1mL) in 10 mM tris-HCl, pH 

7.5 were collected after addition of a 10% SDS solution (20 µL). FAD concentrations were 

calculated using ε450 = 11,300 M-1cm-1. 

 

Testing TrxB2 and NtrA for electron donor activity 

To test TrxB2 and Rv0306 for electron donor activity, heme degradation assays were 

performed in the presence of a candidate electron donor. In these assays, 10 µM of TrxB2 

was mixed with 10 µM of MhuD-monoheme, to which 200 µM of either NAPDH or NADH was 

added. Similar reactions were performed using 1 µM of Rv0306 and 5 µM of MhuD-

monoheme. The reactions were monitored spectrophotometrically between 300 and 700 nm 

with spectra collected at regular intervals for 30-45 minutes.  
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Expression of LpqF 

Vectors encoding the LpqF truncation mutants were transformed into BL21 (DE3)-Gold, 

BL21 (DE3)-C41, BL21 (DE3)-C43, BL21 (DE3)-Rosetta-gami B, and BL21 CodonPlus (DE3)-

RIPL E. coli cells. Transformed cells were grown in Luria broth with 30 μg/mL kanamycin at 

37°C to an OD600 of ~ 0.6 before induction with 1 mM IPTG. Duplicate cultures were also 

grown concurrently without the addition of IPTG. Following incubation either for 4 hours at 

37°C or overnight at 18°C, 1 mL aliquots of cells were pelleted and lysed via sonication in 6.0 

M Urea, 50 mM Tris, pH 7.4, 350 mM NaCl, 10% glycerol. Lysates were loaded and run on 

SDS-PAGE gels for analysis.  

 

Testing the solubility of LpqF 

B21-Gold (DE3) cells were containing vectors for LpqF expression were grown in Luria broth 

with 30 μg/mL kanamycin at 37°C to an OD600 of ~ 0.6 before induction with 1 mM IPTG. 

Following overnight expression of NtrA for approximately 18 hours at 18°C, 1 mL aliquots of 

cells were pelleted and lysed in 200 µL of various lysis buffers. The lysates were centrifuged 

and supernatants were run on an SDS-PAGE gel.  

 

Expression and partial purification of LpqF 

B21-Gold (DE3) cells transformed with the pET28a-LpqF34-452 vector were grown in LB 

medium containing 30 μg/mL kanamycin at 37 °C. Overexpression was induced at OD600 of 
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~ 0.6 using 1 mM IPTG. The cells were harvested 18 hours post induction and resuspended 

in lysis buffer (50 mM Tris/HCl pH 7.4, 350 mM NaCl and 10% glycerol) supplemented with 

25 µM of heme. Cells were lysed via sonication and the resulting lysate was centrifuged at 14 

krpm and passed through a 1 µm filter. The cell supernatant was loaded onto a Ni2+-charged 

HiTrap chelating column (5 mL) and washed with lysis buffer. Bound protein was eluted 

from the column with increasing concentrations of imidazole. Next, the eluted protein was 

concentrated (Amicon, 5 kDa molecular mass cutoff) and passed through a S75 gel filtration 

column equilibrated with lysis buffer.  
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Supplemental information  

 

Figure 5.S1  Sequence alignment of IruO with Mtb homolog Rv0628c. 

 

 

Figure 5.S2  Sequence alignment of IruO with Mtb homolog IpdB (Rv0794c). 
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Figure 5.S3  Sequence alignment of IruO with Mtb homolog Rv1432. 

 

 

Figure 5.S4  Sequence alignment of IruO with Mtb homolog GorA (Rv2855). 
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Figure 5.S5  Sequence alignment of IruO with Mtb homolog Rv2997. 
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CHAPTER 6  

Closing Remarks and Future Directions: Understanding MhuD and its 

Role in Mtb Heme Uptake 

 

Summary  

The enzyme MhuD is an integral part of iron metabolism in Mycobacterium tuberculosis 

(Mtb)1, 2. Within the Mtb cytosol, MhuD is responsible for the degradation of heme and the 

liberation of iron resulting in distinct mycobilin products2, 3. While much has been reported 

in the literature about MhuD, much remains unknown about Mtb’s heme degrading enzyme 

MhuD. Here we present work to both biochemically and structurally characterize MhuD in 

an effort to better understand the factors behind MhuD heme degradation and product 

uniqueness as well as preliminary work towards the identification and characterization of 

MhuD’s protein partners.  

 

Role of heme ruffling in MhuD reactivity  

While the crystal structure of MhuD in its inactive diheme form has previously been solved2, 

the structure of MhuD in its monoheme form has remained elusive. Though derivatization of 

the heme with cyanide, we were able to solve the crystal structure of MhuD in its monoheme 

form. Close examination of the heme molecule within the MhuD-monoheme structure 
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revealed that similar to MhuD homologs IsdG/I the heme is ruffled4, 5. Previous studies of 

IsdG/I suggest that this heme ruffling in fact is important in IsdG/I reactivity5-8. Mutations to 

apparent heme ruffling residues Phe23 and Trp66 abolished MhuD’s heme degradation 

activity suggesting that heme ruffling is important in MhuD heme degradation. This research 

has allowed us to understand the factors important for non-canonical MhuD heme 

degradation. 

 

Single mutation alters MhuD’s heme degradation product 

Close examination of the active site of the MhuD-monoheme structure also revealed that the 

heme molecule is rotated ~90° about the tetrapyrrole plane from the heme molecules in 

MhuD homologs IsdG/I4, 5, which may be responsible for MhuD’s distinct mycobilin products. 

Two arginine residues potentially responsible of MhuD’s altered heme orientation were 

identified. Interestingly, mutation of one the arginines, Arg26, to serine resulted in new heme 

degradation products, biliverdin and formaldehyde, instead of the MhuD mycobilin isomers. 

Despite our best attempts, we could only the MhuD R26S mutant in its diheme form and not 

its monoheme form. This propensity to crystalize as a diheme along with spectroscopic 

characterization suggests heme ruffling is reduced in the MhuD R26S mutant, which may be 

the cause for the mutant’s altered degradation products. The single residue mutation is also 

suspected to alter the electrostatic environment of the active site thus changing the 

reduction potential of the heme iron; however, this speculation remains to be tested.  

Additional experiments are required to understand the role of the Arg26 residue in product 

specificity.  
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Role of heme degradation enzymes in pharmacological inhibition of Mtb growth by tin-

protoporphyrin IX 

Prior work has implicated the heme degrader human heme oxygenase-1 (hHO-1) as a 

potential target for host directed therapy against Mtb9. Here, we show that adjunctive 

administration of known hHO-1 inhibitor and heme analog tin-protoporphrin IX (SnPPIX) 

can inhibit Mtb growth in vivo10. Because the precise mechanism of action for SnPPIX-

mediated Mtb growth inhibition in a mouse model was unknown, activity assays were 

performed to determine if SnPPIX inhibited MhuD in addition to inhibiting hHO-1. Results 

show that whereas SnPPIX inhibits hHO-1, it does not inhibit MhuD, demonstrating SnPPIX 

acts through a host directed mechanism. Although the work is just starting, the results 

presented here may represent the initial steps towards a novel class of effective anti-TB 

treatments. 

 

Towards the identification of MhuD interaction partners  

To date, the protein partners of MhuD are unknown. We hypothesize that the existence of a 

MhuD electron donor as well as a protein partner involved in MhuD product release. We’ve 

identified several candidate electron donors as well as a potential product release protein. 

Thus far, we’ve expressed, purified, and tested two candidate electron donors, neither of 

which demonstrated electron donor activity with MhuD. Meanwhile, our attempts at 

expression, solubilization, and purification of a potential product release protein LpqF have 
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proven unsuccessful. More work will need to be done to identify and eventually characterize 

MhuD’s protein partners.  

 

Concluding Remarks  

The research documented in this work has led to a better understanding the fundamentals 

of MhuD heme degradation and possibly of aerobic heme degradation in general. 

Additionally, we have identified several residues important for MhuD heme degradation or 

product uniqueness. Of note, we have shown that heme ruffling is important for normal 

MhuD heme degradation and we found that the R26S mutation alters the heme degradation 

product of MhuD. We have also begun work towards the identification of MhuD’s elusive 

protein partners. The identity and nature of these protein partners represent a massive gap 

in knowledge that must be filled before MhuD and the heme uptake pathway can be fully 

understood.   
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