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ABSTRACT 

 

 

Heme b is one of natureôs most ancient and versatile co-factors and is essential for 

aerobic life. As such, heme b is synthesized by almost every living organism and plays a 

major role in bacterial virulence. A pathway for heme b biosynthesis, which is unique 

to some of the most primitive gram-positive bacteria including many important 

pathogens, was recently discovered. This pathway, now known as the coproprophyrin-

dependent (CPD) branch, ends in a step catalyzed by an 

unusual enzyme known alternately as coproheme decarboxylase (ChdC) or HemQ. This 

research aimed to understand ChdC function at the molecular, structural, and cellular 

levels. Using the ChdC enzyme from Staphylococcus aureus (SaChdC) and a variety of 

biochemical and analytical tools (conventional and stopped-flow UV-Vis spectroscopy, 

resonance Raman, HPLC, LC-MS, site-directed mutagenesis, EPR, and X-ray 

crystallography), the work presented here describes how the coproheme substrate is 

accommodated in the SaChdC active site and poised for reactivity. The cumulative 

results show that ChdC catalyzes the oxidative decarboxylation of coproheme III to 

generate heme b in a sequential and clock-wise fashion, generating harderoheme III in the 

process. This reaction is H2O2-dependent and the mechanism involves the formation of 

the high-valent Fe(IV) intermediate (Compound I) and a tyrosine radical (Tyr·). The 

coproheme-bound ChdC structure revealed a helical-loop that is flexible and moves in 

towards the active site in the presence of substrate. This loop is hypothesized to act as an 

ñactive site gateò which mediates substrate entry and product egress. Due to the 

cytotoxicity of heme and its porphyrin precursors, we proposed that the metabolite flux in 

this pathway is controlled by transient protein-protein interactions. Using the UV-Vis 

characteristics of porphyrins and phenotype characterization of the ȹchdC knock-out 

strain of S. aureus complemented with ChdC point mutants, we present preliminary 

evidence for an interaction between ChdC the preceding enzyme of the pathway, 

CpfC. The same approaches also implicated potential interactions between ChdC and an 

unidentified heme-chaperone, which delivers heme to its final cellular destination. We 

propose that this chaperone is HemW. Experiments to test this hypothesis are 

outlined. This work elucidates yet different way that nature has equipped cells to perform 

radical chemistry in order to accomplish essential molecule transformations, such as that 

of decarboxylation and the simultaneous generation of CO2, and emphasizes the 

importance of substrate/product post-catalysis cellular trafficking.
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CHAPTER ONE 

 

THE TERMINAL THREE CATALYTIC STEPS OF MAKING HEME,  

A LITERATURE REVIEW 

 

Multiple Ways to Make Heme b 

 

Heme b biosynthesis is a highly important process due to the significance of the 

final cofactor produced, as well as the highly reactive and disease-related intermediates 

that are formed during this process. As such, the enzymes and porphyrins involved in this 

pathway had been extensively studied and thought to be well-documented for over 60 

years. Increasing accessibility to genome sequencing and the development of 

bioinformatics tools revealed that the well-characterized, canonical heme b biosynthesis 

pathway was not applicable to all organisms. Over the last 3-5 years, it has been 

established that this canonical pathway is limited to eukaryotic organisms (namely 

animals and plants) and gram-negative bacteria (such as E. coli), while gram-positive 

bacteria (like B. subtilis and S. aureus) and archaea, denitrifying and sulfate-reducing 

bacteria have a modified, unique pathway to produce the same final product; heme b1,2 

(Figure 1.1). As the knowledge about these different pathways evolved, new 

nomenclature for the enzymes that catalyze each individual step was developed. For 

clarity, the most recently established nomenclature will be used here (new and former 

names are listed in Table 1.1)3. 
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Figure 1.1. Multiple heme b biosynthesis pathways. Three heme b biosynthesis have been 

identified, each specific to different organisms. Eukaryotes and gram-negative bacteria 

share the canonical pathway that was once thought to be universal (blue), while gram-

positive bacteria (purple) and archaea (orange) have distinct and unique pathways to 

synthesize the same molecule. 

 

 

Table 1. Nomenclature of heme b biosynthesis enzymes 

 

Heme biosynthesis enzyme Former abbreviation 

(s) 

New abbreviation 

ALA synthase HemA AlaS 

Glutamine-tRNA reductase HemA/GtrA GtrA 

GSA mutase HemL/GSAM GsaM 

PBG synthase HemB/ALAD/PBGS PgbS 

HMB synthase HemC/HMBS/PBGD HmbS 

URO synthase HemD/UROS UroS 

URO decarboxylase HemE/UROD UroD 

Coproporphyrinogen 

decarboxylase 

HemF/CPOX CgdC 

Coproporphyrinogen 

dehydrogenase 

HemN/HemZ/CPDH CgdH 

Protoporphyrinogen 

dehydrogenase 1 

HemG PgdH1 

Protoporphyrinogen 

dehydrogenase 2 

HemJ PgdH2 

Protoporphyrinogen oxidase HemY PgoX 

Protoporphyrin ferrochelatase HemH PpfC 

Coproporphyrin ferrochelatase HemH/HemZ CpfC 

Coproporphyrin oxidase HemY CgoX 

Coproheme decarboxylase HemQ ChdC 
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All  pathways share a common beginning and only diverge post generation of 

uroporphyrinogen III (Figure 1.2). The pathways commence with the irreversible 

synthesis of 5-aminolevulinic acid (ALA) from glyicine and succinyl-coA by ALA 

Synthase (ALAS) (metazoans and fungi) or from glutamyl-tRNA via a two-step process 

catalyzed by glutamyl-tRNA reductase (GtrR) and glutamate-1-semialdehyde-2-1, 

aminomutase (GsaM) (most bacteria and archaea). Two molecules of ALA can then be 

used by porphobilinogen synthase (PbdS) to make the monopyrrole porphobilinogen, 

which can subsequently be used by hydroxymethylbilane synthase (HmbS) to make the 

first tetrapyrrole intermediate hydroxymethylbilane. Uroporphyrinogen synthase (UroS) 

then catalyzes the formation of the common intermediate, uroporphyrinogen III (Figure 

1.2).  

 

 

 

Figure 1.2. All heme b biosynthesis pathways share a common beginning and have 

uroporphyrinogen III as the final common intermediate. The eukaryotic, gram-negative, 

and gram-positive bacterial pathways continue on to make coproporphyrinigen III, while 

the archaeal pathway branches off after this step. 
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The archeal/sulfate-reducing/denitrifying bacterial pathway was the first alternate 

pathway to be discovered and, as such, was called the ñAlternate heme biosynthesisò 

pathway (Ahb pathway)2. In this alternate pathway, uroporphyrinogen III is converted 

into siroheme, the prosthetic group of sulfite and nitrite reductase. Siroheme is ñhijackedò 

in and processed into heme b by the enzymes AhbA, AhbB, AhbC, and AhbD (Figure 

1.1)2.  For the other two pathways, coproporphyrinogen III is the last common 

intermediate and it is obtained by the decarboxylation of uroporphyrinogen III by 

uroporphyrinogen decarboxylase (UroD). For the simplicity of this discussion, that is all 

that will be said about the Ahb pathway and we will focus on the canonical pathway and 

the branch that stemmed off from it for gram-positive bacteria. 

To get from coproporphyrinogen III to heme b, three chemical transformations 

must occur; (1) decarboxylation of the A- and B-ring propionate groups, (2) oxidation of 

two of the four pyrrole rings, and (3) metalation of the tetrapyrrole with iron. Although 

the set of transformations are the same in both branches of heme b biosynthesis, the order 

in which these transformations occur is what makes them distinct (Figure 1.3). The two 

pathways diverge by proceeding through either the decarboxylation step to yield 

protoporphyinogen IX or through the oxidation step to yield coproporphyrin III and thus 

are now referred to as the protoporphyrin-dependent (PPD) branch or the 

coproporphyrin-dependent (CPD) branch, respectively. 
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Figure 1.3. The PPD and CPD branches of heme b biosynthesis consist of the same 

chemical transformation but in a different order. Although some of the enzymes between 

the branches are homologous, a change in the order creates different porphyrin 

intermediates, making the enzymes that act on these porphyrins intrinsically different. 

The CPD pathwayôs unique terminal enzyme is ChdC.  

 

 

 By changing the order of the set chemical transformations, the tetrapyrrole 

intermediates that are formed also become slightly different. As such, the enzymes that 

catalyze these steps (although sometimes homologous and/or very structurally similar) 

are also unique and distinct. Here, we discuss the recently elucidated similarities and 

differences between the enzymes (and reaction mechanisms) that catalyze these last three 

chemical transformations of the heme b biosynthesis pathway. 

 

The PPD Branch can be Further Split into the PPD-(O2-dependent) and PPD-(O2-

independent) Branches 

 

 

Biosynthesis of heme b has been currently split into two branches. The PPD heme 

biosynthesis branch (the former canonical pathway), which is only found in eukaryotic 
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organisms and gram-negative bacteria, and the novel CPD branch, which pertains to 

gram-positive bacteria1, 3.  

In the newly elucidated CPD branch, the order of the terminal steps is (1) 

oxidation of two of the four pyrrole rings, (2) metalation of the tetrapyrrole, and finally 

(3) decarboxylation of the A- and B-ring propionates. The PPD branch follows the before 

mentioned order of (1) decarboxylation of the A- and B-ring propionate groups, (2) 

oxidation of two of the four pyrrole rings, and lastly (3) metalation of the tetrapyrrole 

with iron. The terminal steps of the CPD branch are each catalyzed by one enzyme. In the 

PPD branch however, each step can be catalyzed by one or more enzymes, depending on 

the organism in which biosynthesis is occurring and on whether oxygen is used during 

catalysis. We propose that the PPD pathway can be further split into two more branches 

which we will call the PPD-(O2-dependent) branch and the PPD-(O2-independent) branch 

(Figure 1.3). This makes heme b biosynthesis unique and distinct, not only in gram-

positive bacteria, but in all organisms for which it has been described. 

 

Decarboxylation of the Ring A- and B- Propionate Groups (CgdC, CgdH, and ChdC) 

 

The first chemical transformation to occur post coproporphyrinogen III formation 

in the PPD branch is a decarboxylation to yield protoporphyrinogen IX (Figure 1.3). This 

reaction can be catalyzed by coproporphyrinogen decarboxylase (CgdC) or 

coproporphyrinogen dehydrogenase (CgdH) in an oxygen-dependent or in an oxygen-

independent manner, respectively.  
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As part of the PPD-(O2-dependent) branch, CgdC catalyzes the oxidative 

decarboxylation of the A- and B-ring propionate groups in sequential and clockwise 

manner. This mitochondrial intermembrane enzyme is dimeric and contains a conserved 

active site base Asp residue is thought to facilitate reactivity of coproporphyrinogen III 

with O2, leaving vinyl groups in those positions3-4. This reaction yields two molecules of 

CO2 and H2O2, one for each round of decarboxylation. CgdC is found almost exclusively 

in eukaryotic organisms and a very small amount of gram-negative bacteria. 

 

 

Figure 1.4. Decarboxylation of coproporphyrinogen III to protoporphyrinogen IX in the 

PPD branch can be catalyzed aerobically or anaerobically by CgdC or CgdH, 

respectively. Although CgdC and CgdH catalyze the same chemical transformation, they 

share no structural nor mechanistic similarity (PDBID 5EO6 and 1OTL). The oxidative 

decarboxylation reaction requires an electron acceptor. CgdC uses oxygen, while CgdH is 

a radical SAM enzyme that uses its [4Fe-4S] cluster and SAM for catalysis.  
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The enzyme that catalyzes this decarboxylation step exclusively in gram-negative 

bacteria is CgdH. CgdH has no structural nor mechanistic relationship to CgdC and as 

part of the PPD-(O2-independent) branch, CgdH is a soluble, monomeric radical SAM 

enzyme, containing a [4Fe-4S] cluster 5-6(Figure 1.4). This reaction is facilitated by the 

formation of the 5ô-deoxyadenosyl radical, which is generated through transfer of an 

electron from the iron-sulfur cluster to one of the SAM molecules and subsequent 

homolytic cleavage of methionine to yield the reactive radical species5. The 

5ôdeoxyadenosyl radical initiates the decarboxylation reaction by stereospecific pro-S-

hydrogen-atom abstraction at the beta-position of the propionate side chains, producing a 

radical in that position7. This reaction requires an electron donor at the start of the 

reaction (to fill the iron-sulfur cluster electron hole) and an electron acceptor at the end of 

the reaction (to quench the radical), both of which have not yet been identified 5. As with 

CgdC, decarboxylation of the ring A- and B- propionate groups in coproporphyrinogen 

III to yield protoporphyrinogen IX happens in a sequential and clockwise manner and 

generates two molecules of CO2 during the process.  

In the CPD branch, decarboxylation of the A- and B-ring propionate groups is not 

the first terminal step, but the last one. In this branch, this chemical transformation occurs 

with coproheme III as a substrate and yields heme b as the final product (Figure 1.2). 

This reaction is a peroxide-dependent oxidative decarboxylation catalyzed by the novel 

enzyme coproheme decarboxylase (ChdC)1, 8. It is the discovery of this enzyme that led 

to the deciphering of the novel CPD branch 1, 9. ChdC also is not homologous nor 

structurally related to either CgdC or CgdH. Instead this enzyme is a member of the 
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chlorite dismutase (Cld) family of proteins, which are soluble enzymes that share a 

homopentametic structure10 (Figure 1.5). 

 

 

 

Figure 1.5. Decarboxylation of coproheme is the last transformative step in the CPC 

branch and it is catalyzed by ChdC. ChdC catalyzes the oxidative decarboxylation of 

coproheme to heme using coproheme as a substrate and a cofactor and H2O2 as an 

electron acceptor. This enzyme shares no structural relationship to CgdC or CgdH and 

instead is a homopentamer, binding one molecule of coproheme in each monomer 

(PDBID 5T2K). 

 

 

Each monomeric unit in ChdC binds a coproheme III molecule and 

decarboxylation is facilitated by reactivity with H2O2 and a conserved Tyr residue in the 

active site which forms a radical to induce reactivity8, 11-12. ChdC uniquely uses 

coproheme III both as a substrate and a cofactor. This reaction mechanism is thought to 

include the formation of the high-valent Fe(IV) intermediate (Compound I) that 
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subsequently acts as an oxidizing agent to the Tyr residue, making it a radical. Slightly 

similar to the 5ôdeoxyadeniosyl radical in CgdH, this protein radical performs a 

hydrogen-atom abstraction at the beta-position of the propionate side chains, producing a 

radical in that position, and inducing decarboxylation. This process happens twice, to 

decarboxylate both propionate groups. Decarboxylation by ChdC again occurs in a step-

wise and clockwise fashion and generates two molecules of CO2 and four molecules of 

H2O in the process. H2O2, is an unusual cellular substrate and its source remains to be 

elucidated, although it is possible that the preceding enzyme CgoX (Figure 1.2), which 

generates H2O2, could deliver the required molecules directly.  

 

Oxidation of the Tetrapyrrole Rings (PgoX, PgdH1, PgdH2 and CgoX) 

 

 The diversity of heme b biosynthesis pathways, or branches, in different 

organisms is most pronounced when looking at the enzymes that catalyze the oxidation of 

the tertrapyrrole ring. This step is the second terminal step in the PPD branch and three 

enzymes have been described as being able to catalyze it (Figure 1.6).  
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Figure 1.6. Three non-homologous, isofunctional enzymes to catalyze the oxidation of 

protoporphyrinogen IX to PPIX in the PPD branch. The PgoX reaction has been well-

characterized and uses O2 as an electron acceptor to yield 3 molecules of H2O2 upon 

completion of catalysis. PgdH1 catalyzes the same reaction in an O2-independent manner, 

by using FMN and electron acceptors from the respiratory chain, such as menadione and 

ubiquinone. PgdH2 is the most abundant protoprophyrin dehydrogenase enzyme, but has 

not been structurally or mechanistically characterized.  

 

 

 In the PPD-(O2-dependent) branch, the oxidation of protoporphyrinogen IX to 

protoporphyrin IX (PPIX) is catalyzed by protoporphyrinogen oxidase (PgoX) (Figure 

1.2).  This reaction is a six-electron oxidation of the tetrapyrrole ring, leaving double 

bonds at all meso-carbon positions.  Oxidation by PgoX occurs in an oxygen-dependent 

manner, requiring three O2 molecules and generating three H2O2 molecules during the 
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six-electron transfer 13-14. This enzyme is dimeric, membrane-associated, and contains a 

single non-covalently bound FAD3 (Figure 1.7). It is thought that PgoX uses FAD as a 

co-factor, going through three-rounds of oxidation before the final, fully-oxidized PPIX 

tetrapyrrole is obtained. PgoX is found almost exclusively in eukaryotes and only in a 

very small amount of gram-negative bacteria, like Myxococcus15-16. Of note is that all of 

the work that has been done to study this oxidation step of the heme b biosynthesis 

pathway has been with the eukaryotic PgoX enzyme.  

 In the PPD-(O2-independent) branch, oxidation of protoporphyrinogen IX to PPIX 

can be catalyzed by the O2-independent enzyme protoporphyrinogen dehydrogenase 1 

(PgdH1) or protoporphyrinogen dehydrogenase 2 (PgdH2). The isofunctional enzymes of 

the PPD branch (PgoX, PgdH1 and PgdH2) are non- homologous and have no structural 

resemblance17. PgdH1 is found mainly in gamma-proteobacteria, like E. coli. It is a 

membrane-bound protein and a member of the ñlong-chain flavodoxin familyò, whose 

members are known to bind FMN and participate in electron transfer. Unique to PgdH1 is 

a long-chain insert loop that is essential for its reactivity15. PgdH1 is thought to use FMN 

and members of the cellôs respiratory chain, such as menadione and ubiquinone, for 

catalysis relieving it of its use of O2 as a final electron acceptor3, 15.  

PgdH2 also catalyzes the oxidation of protoporphyrinogen to PPIX in an O2-

independent manner. This enzyme is present in heme-synthesizing, non-enteric gram-

negative bacteria, such as Acinetobacter (gamma-proteobacteria) and Synechocystis 

(cyanobacteria), which lack both pgoX and pgdH13, 15, 18. Phylogenetic analyses have 

indicated that pgdH2 may have originated in alpha-proteobacteria and subsequently 
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became transferred to gamma-proteobacteria and cyanobacteria 17. Although PgdH2 is 

the most abundant out of these three isofunctional enzymes, very little is known about its 

reaction mechanism. Because it is also a membrane-bound protein, it was initially 

thought that it too could interact with and use molecules of the cellôs respiratory chain to 

catalyze its reaction. However, no co-factor has been identified for PgdH2 and it has been 

reported that PgdH2 is not able to complement a PgdH1-deificient E. coli strain, 

suggesting that it is clearly distinct from PgdH13, 16. 

 In the CPD branch, oxidation of the tetrapyrrole ring is not the penultimate step 

of the entire pathway, but the first out of the terminal three. Conversion of 

coproporphyrinogen III to coproporphyrin III by coproporphyrinogen oxidase (CgoX) is 

the CPD pathwayôs committed step. Interestingly, CgoX bears almost identical sequence 

and structural similarity to PgoX, including the non-covalently bound FAD molecule 17, 19 

(Figure 1.7). As such, CgoX has extensively been reported to be the same as PgoX, with 

the following exceptions; (1) it acts on coproporphyrinogen III instead of on 

protoporphyrinogen IX, (2) it is monomeric instead of dimeric, and (3) it is cytoplasmic 

instead of membrane associated1,19,21. 

The most widely studied CgoX has been that from Bacillus subtilis, whose crystal 

structure is known (PDBID 3I6D) 22. Analysis of the BsCgoX crystal structure and 

comparison to that of MtPgoX and HsPgoX have shown that CgoX has an active site 

cavity with a volume 2-3 times larger (1173 Å vs 450-550 Å) and significantly more 

positively charged than that of PgoX, allowing it to accommodate larger and more 

negatively charged substrates (namely coproporphyrinogen III)  19. In addition, although 
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the BsCgoX crystal structure could not be obtained without it, the structure showed that 

acifluoren, a well-known PgoX inhibitor, binds towards the outside of the CgoX active 

site, while it is buried deep in that of PgoX19 (Figure 1.7). This is in agreement with 

previous reports stating that CgoX is not inhibited by acifluoren (~77 µM), while this 

compound acts as a very strong inhibitor in PgoX (Ki ~0.2 nM) 20, 22. 

 

 

Figure 1.7. CgoX is homologous to PgoX but has a larger active site which allows it to 

accommodate its larger substrate. The structures of PgoX (PDBID 2IVD) and CgoX 

(PDBID 3I6D) show that they both bind an FAD cofactor and can bind the acifluofren 

(AF) molecule (historically a PgoX inhibitor).CgoX is thought to have a very similar 

reaction mechanism with PgoX. However, CgoX is a monomer (vs a dimer), a soluble 

enzyme (vs membrane-bound) and has an active site cavity that is ~3-times larger than 

PgoX. The larger active site allows it to bind its larger porphyrin substrate, its FAD co-

factor and still have room to bind other molecules that might help with catalysis.  
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CgoX has been described as having the same reaction mechanism as PgoX, where 

3 molecules of O2 are used as electron acceptors for the 6-electron oxidation to yield 3 

molecules of H2O2. However, due to the novelty of the CPD pathway, all mechanistic 

studies on CgoX have been conducted using protoporphyrinogen IX as a substrate and 

the requirement of O2 as an electron acceptor has not been experimentally shown using 

coproporphyrinogen III22-23. This begs the question of whether CgoX can catalyze its 

reaction in an O2-independent manner, to best suit the facultative anaerobic organisms in 

which it is found. The PgoX in Plasmodium falciparium, for example, is able to catalyze 

its oxidation reaction using FAD, NAD, and/or NADP as electron acceptors under 

anaerobic conditions24. It is possible that the much larger active site in CgoX can not only 

accommodate FAD and its slightly larger coproporphyrinogen substrate, but also an 

electron acceptor such as NAD(P). Although completely speculative at the moment, the 

requirement of acifluoren in the crystallization of BsCgoX and its pi-stacking interaction 

with the bound FAD alludes to this possibility.  

Lastly, something to note is that the reports that state that CgoX is a soluble 

enzyme are inconsistent with the actual biochemical studies that have been conducted. 

Over the past two decades journal articles and review articles on heme b biosynthesis 

have stated that CgoX, unlike PgoX, is a cytosolic enzyme1, 3, 20-21. However, the original 

biochemical studies of CgoX suggest, and in one case the authors explicitly state, that this 

is not the case22-23. Studies with recombinant BsCgoX showed that this enzyme is found 

in the insoluble fraction/cell membrane fraction when expressed in E. coli, indicating that 

ñCgoX is likely a membrane proteinò 23. A different study reported that, much like other 
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membrane-associated proteins, purification of CgoX required denaturing conditions and 

the addition of 1% Tween-20 to maintain the enzyme in solution22. Finally, although Qin 

et al. 2010 state that CgoX is a soluble enzyme by citing articles that make the 

experimentally untested statement, through comparison of BsCgoX and Mt- and HsPgoX, 

they report that CgoX also contains the membrane-binding domain, the so-called 

ñDomain IIò, that is found in PgoX enzymes, again, indicating that CgoX is likely 

membrane-associated19.  

A lot remains to be discovered about the enzymes that catalyze this tetrapyrrole 

ring oxidation step, in both the PPD and CPD pathways. In order to decipher the true 

nature and mechanism of action of these enzymes it will be important to consider them as 

individuals which are distinct from each other. In the case of CgoX, it is important that 

future studies be performed with the appropriate substrate (coproporphyrinogen III) and 

that its solubility, as well as cellular location, be reassessed.  

 

Metalation of the Tetrapyrrole Ring (PpfC vs CdfC) 

 

 The final step left to describe is the metalation of the oxidized tetrapyrrole ring 

with iron. This is the final step in the PPD branch of heme b biosynthesis pathway and it 

is catalyzed by protoporphyrin IX ferrochelatase (PpfC) (Figure 1.2). PpfC performs a 

ferrous iron- specific insertion to PPIX and its mechanism has been described as being 

the same in eukaryotes and in gram-negative bacteria, although very few bacteria PpfCs 

have been described. The most studied enzyme is that of human (HsPpfC) whose WT 

form, as well as many protein variant forms, has been crystallographically 
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characterized25. PpfC is a homodimer, membrane-bound enzyme that is thought to 

localize in the inner mitochondrial membrane of eukaryotes, and the inner cellular 

membrane of gram-positive bacteria25. Each monomer contains a [2Fe-2S] cluster that 

does not participate in catalysis4, 25-26. The most notable feature of PpfC is the so-called 

ñactive site lipò, which gives PpfC two structural conformations (Figure 1.8). This 12 

amino acid structure moves in towards the active site upon PPIX binding, creating an 

enclosed active site and burying the porphyrin deep inside the pocket.  In the absence of 

substrate or upon product formation, the active-site lip is away from the active site, 

leaving it solvent exposed for substrate entry or product egress.  

 

 

 

 

 

 



18 

 

 

Figure 1.8. PpfC and CpfC share a similar structural fold and reaction mechanism. PfpC 

is a dimer and a membrane associate protein that has a notable (active site lip) that closes 

in towards the active site upon substrate binding (red arrow, PDBID 3HCO). CfpC lacks 

this active site lip, leaving the active site more solvent exposed (PDBID 1CH1). 

 

 

The PpfC reaction mechanism entails (1) Fe2+ acquisition and binding by PpfC, 

(2) binding of PPIX, (3) deprotonation of two pyrrole ring nitrogens in PPIX, and finally 

(4) Fe2+-insertion into the macrocycle and product release. The current model for this 

reaction mechanism was proposed by looking at the different HsPpfC crystal structures25, 

27, as well as heavy metal-soaked crystal structures of the structurally homologous 

enzyme in Bascillus subtilis (BsCpfC), in Figure 1.2 and described below)28-29. In order to 
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obtain Fe2+ in its reduced form, this metal is directly delivered to PpfC by frataxin (Frda 

in human, Yfh1 in yeast) 30-31. Frataxin is a membrane-bound enzyme involved in iron 

storage, iron delivery to [Fe-S] cluster assembly machinery and heme biosynthesis 

enzymes, its role depending on its oligomeric state, which is induced by metal binding30-

31. As a trimer, frataxin directly interacts with PpfC and transfers Fe2+ to a conserved His 

and Glu residues found in the active site pocket, which hold the metal in place28-29. Upon 

PPIX binding, the active site lip closes-in tightly around the active site, causing 

rearrangement of an active site hydrogen-bonding network and distortion to the planarity 

of the PPIX tetrapyrroles ring 25, 27. Both of these conformational changes trigger 

deprotonation and facilitate metal insertion into the porphyrin to yield the final heme b 

product. The hydrogen ions lost from the pyrrole nitrogens are buffered by a well 

conserved His residue. Protonation of this His residue reorients its side-chain and causes 

the final conformational change in the PgoX reaction cycle, which is opening of the 

active site lip to allow for product release3, 25.   

As previously mentioned, although a lot is known about eukaryotic PpfC, very 

little is known about bacterial PpfC and no bacterial PpfC crystal structures have been 

obtained. However, because the enzymes in these organisms are so similar in sequence 

and structural models indicate high structural similarity as well, the reaction mechanism 

is thought to be the same. As such, for the purpose of this review, catalysis of this 

reaction is the same in both forms (O2-dependent and O2-independent) of the PPD 

pathway (Figure 1.2). It is worth noting, that further characterization of the bacterial 

enzymes is required to confirm their reaction mechanism is truly the same as the 
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eukatyotic PpfC, as other differences have already been documented, such as [2Fe-2S] 

cluster content and cluster binding motifs, between the enzymes in different organisms3, 

26, and this may very well not be the case.   

Elucidation of the CPD branch led to the discovery that this was not the case for 

gram-positive bacteria. For many years, people documented that the ferrochelatase 

enzyme from gram-positive organisms like B. subtilis were anomalies that had 

significantly lower binding affinities and reaction rates with PPIX than the well-known 

HsPpfC199223, 28 . It is now recognized that this is because these enzymes are not the 

same at all. Iron insertion into the oxidized tetrapyrroles is the penultimate step of the 

CPD heme b biosynthesis branch. Coproporphyrin ferrochelatase (CpfC) catalyzes the 

insertion of iron specifically to coproporphyrin III. This enzyme is very structurally 

related to PpfC, but shares less than 15% sequence identity with it 1, 25(Figure 1.8). 

Instead of a membrane-bound dimer, CpfC is a cytosolic monomer, as confirmed by 

various independent groups23, 28.  

CpfC enzymes does not contain any bound co-factors and, except for in 

Actinobacteria, do not contain a [2Fe-2S] cluster.  Several structures of CpfC from B. 

subtilis have been obtained with either M-methylmesoporphyrin IX or deuteroporphyrin 

IX bound in the active site, although no substrate/product structure has been obtained. 

CpfC contains all of the conserved active site residues found in PpfC and but lacks the 

well noted ñactive site lipò25, 28,which is though to allow for the accommodation of a 

larger substrate, as is coproporphyrin III. Comparison of M-methylmesoporphyrin IX-

bound BsCpfC and PPIX-HsPpfC showed that the porphyrin in CpfC binds in a different 
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location than in PpfC and is rotated ~100°. Moreover, the porphyrin is about 4.5Å further 

from the inside of the active site, leaving two out of four propionate groups exposed to 

solvent.  

Nevertheless, the porphyrin in CpfC still interacts with the well-conserved active 

site His and CpfC has been shown to bind Fe2+ in a similar manner with its respective 

His-Glu residues28-29. Delivery of Fe2+ to CpfC is also similar and, at least in B. subtilis, 

is directly delivered by Fra, the B. subtilis frataxin homolog31-32. Metalation is thus 

thought to occur through a similar mechanism, although further work with this enzyme 

and its appropriate substrate is also needed.   

 

What Happens After Heme b is Synthesized and Final Notes 

 

 The availability of genome sequencing data and bioinformatics led to the 

realization that there were missing pieces to what was thought to be a well-defined 

pathway. These pieces, which have now been filled in, have simultaneously created more 

holes. Of most importance, the questions that come up are (1) what is the true nature of 

the CgoX and CpfC enzymes? (2) how does metabolite flux happen and how is off-

pathway reactivity controlled in gram-positive organisms? and (3) what is the fate of 

heme b after it has been synthesized?  

Discovery of the CPD branch led to the realization that CgoX and CpfC act on 

different substrates and produce different products than the homologous PgoX and PpfC 

enzymes. Leading off of this, it cannot be assumed that isofunctional, or even 

homologous, enzymes found in different organisms are the same. In order to understand 
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the true nature of these enzymes in the distinct organisms in which they are found, 

oligomerization state, solubility, presence and identity of a cofactor, and reaction 

mechanism must all be experimentally determined for each enzyme. This has been done 

with ChdC, as it was a novel enzyme, unique to the CPD branch, but remains to be done 

for CgoX and CpfC. It is currently assumed that CgoX and CpfC have near identical 

reaction mechanisms to PgoX and PpfC, respectively, however this has not been 

experimentally tested. It is our belief that CgoX and CpfC could catalyze their reactions 

using different co-factors/co-substrates, to best suit the organisms in which they are 

found.  

The fact that heme b and its porphyrin precursors generated during the last three 

steps of biosynthesis are cytotoxic, leads to the question of how off-pathway reactivity is 

regulated in gram-positive organisms. The production and location of these metabolites 

must be tightly regulated. Eukaryotes and gram-positive bacteria have double membrane 

structures that allow them to compartmentalize the terminal enzymes of the heme 

biosynthesis pathway and the toxic molecules they produce. Gram-positive bacteria lack 

a double membrane and thus must have a different way to create this 

compartmentalization.  Direct protein-protein interactions between CgoX, CpfC, and 

ChdC could be a way to achieve this. Characterization of these enzymes with their 

accurate substrates and reconsideration of their structural features (ie. membrane 

association) will shed light on how the CgoX, CpfC, and ChdC work together to 

synthesize the final product, heme b. 
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Lastly, an aspect of heme biosynthesis that is not always considered is the 

delivery of this cofactor to its final cellular destination. Because of its highly reactive 

nature, it is unlikely that ChdC simply releases heme b to the cellular mileu after making 

it. More likely is that ChdC hands this molecule off to a recipient protein that safely 

transports heme throughout the cell. Identifying this recipient protein will be essential to 

understanding gram-positive bacterial heme b biosynthesis in totality.  
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CHAPTER TWO 

 

STUDY OF THE NOVEL, LAST ENZYME IN THE HEME B BIOSYNTHESIS 

PATHWAY OF GRAM-POSITIVE BACTERIA, CHDC (HEMQ) 

 

Discovery of ChdC (Formerly Known as HemQ) 

 

 Prior to genome sequencing and the development of bioinformatics tools, it was 

believed that there was single heme b biosynthesis pathway (now known as the PPD 

branch), which was universal to all heme-containing organisms (Figure 2.1). As these tools 

became more available, it was noted that gram-positive bacteria do not code for either 

enzyme that could catalyze the conversion of coproporphyrinogen III to 

protoporphyrinogen IX (CgdC or CgdH). However, they did contain a gene in their heme 

b biosynthesis gene cluster whose function had not yet been described. This gene, first 

annotated as a ñputative chloride dismutase enzymeò (cld), was renamed hemQ and 

fittingly, was found in gram-positive bacteria but not gram-negative bacteria nor 

eukaryotes1-3.   
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Figure 2.1. The PPD and CPD branches of heme b biosynthesis. Discovery of ChdC 

allowed for elucidation of a new heme b biosynthesis pathway that is unique to gram-

positive bacteria. For the different intermediates that are generated in the unique branches, 

one was called the porphyrin-dependent (PPD) branch and the other the coproporphyrin-

dependent (CPD) branch. The PPD branch is found in eukaryotic and gram-negative 

bacteria only.  

 

 

Eager to decipher the function of HemQ, studies of the S. aureus and the B. subtilis 

HemQ enzymes by separate groups revealed that HemQ did not catalyze the chlorite 

dismutase (cld) reaction (Figure 2.2A) nor did it catalyze the reaction required to substitute 

for the missing CgdC/CgdH heme biosynthesis enzymes2-3. Its link to heme biosynthesis, 

however, was clear. Not only was its gene location suggestive of this, but in cellulo 

experiments also indicated it. The removal of hemQ in S. aureus made this organism a 

heme auxotroph3 and co-expression of the cgoX + cpfC + hemQ proved to be able to 

complement the heme auxothrophy of an E. coli pgoX or ppfC knock-out, while it had been 

long documented that (although cdgH is present in this organism) cgoX and cfpC alone did 

not2. These results led to the realization that the well-characterized heme b biosynthesis 
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pathway was not universal and needed to be re-examined for gram-positive organisms. It 

is now known that HemQ catalyzes the oxidative decarboxylation of coproheme III to yield 

heme b (Figure 2.2B). The discovery of hemQ led to the deciphering of the novel CPD 

branch of heme b biosynthesis and during the renaming of all the other enzymes, HemQ 

became Coproheme Decarboxylase, or ChdC2-3 (Figure 2.1,Table 1.1). 

 

 

Figure 2.2. ChdC does not catalyze the chlorite dismutase (cld) reaction and instead 

catalyzes the last step of the heme b biosynthesis pathway in gram-positive bacteria. (A) 

Canonical Cld enzymes convert ClO2
- to Cl- and O2, using heme as a cofactor. (B) ChdCs 

(formerly HemQs) bind coproheme as a substrate and catalyze the H2O2-dependent 

oxidative decarboxylation of the ring A- and ring B-propionate groups to yield heme.  

 

 

ChdC and the ChdC-Protein Family 

 

ChdC was first annotated as a chlorite dismutase enzyme. Chlorite dismutase 

enzymes (Clds) were first noted for their ability to convert ClO2
- into Cl- and O2 using 

heme as a tightly bound cofactor (Figure 2.2A). The Cld family of enzymes is quite large 
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and diverse, with members in almost all bacterial and archeal phyla4 (Figure 2.3).ChdCs 

share such a high sequence similarity to canonical Clds that the Pfam protein family 

database still groups Clds and ChdCs as a single family and only separates the two at high 

stringencies 4. Their taxonomic distribution, however, is rather distinct and reflects the 

different biological roles of these enzymes. While canonical Clds are found within 

perchlorate or chlorate reductase operons in gram-negative proteobacteria, ChdCs are 

exclusively found within heme b biosynthesis operons of gram-positive bacteria.  

 

 

 

Figure 2.3. The Cld family of enzymes (Pfam06778). ChdCôs belong to the Cld family of 

proteins and share high sequence and structural similarity with canonical Clds. The Cld 

family of proteins is taxonomically diverse with members in almost all phyla. 

 

ChdCs and Clds are not only similar in sequence, but also in secondary and tertiary 

structure (Figure 2.4B). The N-terminal, heme/coproheme-binding portion of these 

structures mutually align to form a homopentamer with an opening in the center (Figure 
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2.4A). With the exception of a large helix loop segment around the active site, the 

superimposed structures of canonical Clds and ChdC display almost complete overlap. 

This helix-loop, composed of amino acid residues ~110-140, is away from the active site 

in ChdC and is thought to have important implications for substrate binding, product-

egress, and/or interactions with other proteins. A defining feature of canonical Clds is a 

well-conserved distal (above the heme plane) Arg residue that is substituted by a neutral 

Glu or Ser in ChdCs (Figure 2.4C).  

 

 

Figure 2.4. ChdCs and canonical Clds share a common structural fold. (A) Canonical Clds 

(top, PDBID 3Q09) and Chds (bottom, PDBID 5T2K) share a homopentameric quaternary 

structure. (B) Superimposing their monomers show almost complete overlap with heme or 

coproheme binding in a similar position. (C) The coproheme substrate in ChdCs is rotated 

about 90 relative to the heme in Clds, positioning the non- reactive propionate groups 

facing towards solvent and the reactive A- and B-ring propionate groups buried deep within 

the ChdC active site. Canonical Clds have a conserved distal Arg, which is essential for 

reactivity with ClO2
-. This residue is replaced by a non-polar Glu in ChdCs.  
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The absence of a polar distal charge, along with the rest of the surrounding non-

polar residues, makes the ChdC binding pocket highly hydrophobic. Without the ability 

to recruit anionic substrates, it is hypothesized that this could be the reason why the 

function of these two enzymes diverged.  

 

The ChdC Active Site is Unlike Canonical Peroxidases 

 

 Early in the discovery of ChdC, preliminary studies suggested that this reaction 

was H2O2-dependent, making ChdC a peroxidase. Canonical peroxidases are enzymes 

that catalyze the oxidation of wide variety of organic and inorganic substrates using H2O2 

and heme b as a cofactor. The axial ligands to the heme in these enzymes are 

a tyrosyl residue or a histidyl residue on the proximal side and water on the distal side, 

which is replaced by H2O2 during the catalytic reaction5 (Figure 2.6A, in red). Also within 

the active site are His and Arg or Asn side chains on the distal side that interact with 

H2O2 when it is bound to the iron (Figure 2.6A, in blue).  

 

 

Figure 2.6. Canonical heme peroxidases contain a highly polar active site, which 

facilitates reactivity with H2O2 through a ñpushò and ñpullò mechanism. (A) In the resting 

state, peroxidase enzymes have a water molecule bound to the iron. (B) This water 

molecule is replaced by H2O2 during catalysis. A push and pull of electrons by conserved 

distal and proximal residues to the O-O bond in the bound H2O2 creates polarization of 

this bond and leads to subsequent heterolytic cleavage. (C) This creates a high-valent Fe 

(IV) intermediate known as compound I, which is the reactive species in these enzymes. 
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These residues play an important role in the reaction mechanism. The distal His 

and Arg/Asn residues activate peroxide by catalyzing proton transfer from the Ŭ-oxygen 

to the ɓ-oxygen in the heme bound H2O2, polarizing the O-O bond6 (Figure 2.6B). The 

modulation of the ionization state (and thus pKa) of the distal His by Arg/Asn and the 

potential acid/base catalysis of this residue also polarizes the O-O bond by what is known 

as the ñpullò mechanism of electrons. The proximal Tyr or His residue, where the 

latter is strongly H-bonded to another residue and therefore anionic in character, donates 

electrons to the heme iron and the bound Ŭ-oxygen atom of H2O2, again polarizing the O-

O bond by what is called the ñpushò mechanism (Figure 2.6B). Deprotonation of H2O2, 

charge separation in the hydroperoxy intermediate (Compound 0) and the formation and 

stabilization of Compound I, allow for reactivity with H2O2 (Figure 2.6C). The ability of 

canonical peroxidase enzymes to do this is attributed to the polar residues contained in 

their active site pocket.  

The fact that the active site of ChdC lacks the polar residues described to be 

essential for reactivity with H2O2 indicates that the ChdC reaction mechanism is not like 

a typical peroxidase.   

 

A Multi -Level Approach to Understanding ChdC and its Unique Reaction 

 

 As a newly discovered enzyme, very little was known about ChdC. The oxidizing 

agent required for this reaction, although hypothesized to be H2O2, required further 

scrutiny. The active site of ChdC lacks essential elements of canonical peroxidase 

enzymes and thus the mode of H2O2 activation needed to be defined. While a mechanism 
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for oxidative decarboxylation of a tetrapyrrole has already been well described in the 

PPD branch of the heme b biosynthesis pathway (by CgdC/CgdH), the fact that the 

substrate of ChdC is metalated, suggested that the method of catalysis must be 

intrinsically different and that ChdC could use coproheme as both a substrate and a 

cofactor. The great structural similarity, yet widely different catalyzed reaction, between 

ChdC and canonical Clds was also of great interest. We wished to identify the specific 

amino acid residues in ChdC responsible for substrate-binding, catalysis, and product 

egress and determine how two highly homologous structures could catalyze completely 

different reactions. Further, how a peroxide-dependent reaction could occur in a highly 

hydrophobic site, was not determined. We wished to characterize this unusual, peroxide-

dependent catalysis site. Lastly, heme b and the porphyrin precursors that are generated 

during its biosynthesis are highly reactive and cytotoxic. Also harmful to the cell if its 

location and concentration are not tightly controlled, is H2O2. The presence of ChdC 

exclusively in gram-positive organisms and the differences in the last three terminal 

enzymes between the PPD and CPD branch, suggest that the collaborative work of these 

terminal enzymes to synthesize heme and regulate precursor metabolite flux, must also be 

unique and distinct to gram-negative bacteria and eukaryotes.  

 The goal of this thesis project was to characterize ChdC and its catalytic reaction 

at (1) the molecular level, (2) the protein-structure level, and (3) the cellular level. 

Contained in the chapters of this thesis are the experiments performed to answer 

questions at all of the three biochemical levels mentioned above.  The conclusions made 

have, one step at a time, added a valuable piece of knowledge about the novel, unusual, 
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and unique enzyme ChdC and a significant contribution to the field of heme b 

biosynthesis. 

 

Note on the Enzyme Nomenclature Used Here 

 

 During the chronological time of this study, the nomenclature of the heme b 

biosynthesis enzymes was evolving. ñHemQò was used in our publications to refer to 

ChdC and this is reflected in the title of the first three sections of this thesis. In the fourth 

section, as well as in the Literature Review chapter, the new nomenclature is used to 

avoid confusion between the PPD and CPD enzymes. The reader should note that HemQ 

and ChdC is the same enzyme, and that HemY and HemH (unless otherwise stated) refer 

to CgoX and CpfC, respectively. Table 1.1 in Chapter 1 of this thesis lists the former and 

current names used for these enzymes and can be used as a reference when needed. 
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Abstract 

 

A recently proposed pathway for heme b biosynthesis, common to diverse bacteria, 

has the conversion of two of the four propionates on coproheme III to vinyl groups as its 

final step. This reaction is catalyzed in a cofactor-independent, H2O2-dependent manner 

by the enzyme HemQ. Using the HemQ from Staphylococcus aureus (SaHemQ) the 

initial decarboxylation step was observed to rapidly and obligately yield the three-

propionate harderoheme isomer III as the intermediate, while the slower second 

decarboxylation appeared to control the overall rate. Both synthetic harderoheme isomers 

III and IV reacted when bound to HemQ, the former more slowly than the latter. While 

H2O2 is the assumed biological oxidant, either H2O2 or peracetic acid yielded the same 

intermediates and products, though significantly greater than the expected two 

equivalents were required in both cases and peracetic acid reacted faster. The ability of 
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peracetic acid to substitute for H2O2 suggests that, despite the lack of catalytic residues 

conventionally present in heme peroxidase active sites, reaction pathways involving high 

valent iron intermediates cannot be ruled out. 

 

Introduction 

 

Heme, the complex of protoporphyrin IX with iron, is fundamentally important for 

life. A diverse set of metal-chelating cofactors including F430 (Ni), vitamin B12 (Co), 

siroheme (Fe,S), and chlorophyll (Mg) additionally share a common tetrapyrrole scaffold 

and hence biosynthetic and evolutionary roots with heme. In humans and other 

eukaryotes, the biosynthesis of chemically unfunctionalized heme b occurs via 8 well-

known enzymatic steps.1,2 A little more than a decade ago, however, a manual survey of 

the available prokaryotic genomes indicated that genes encoding many of these steps 

were absent from diverse species, suggesting the evolutionary history of the pathway may 

be complex.3  

Sophisticated bioinformatics methods and a substantially expanded pool of genomic 

data in conjunction with experimental approaches have since allowed many holes in the 

pathways to heme and related tetrapyrrole cofactors to be filled (Scheme 1). A complete 

route to heme biosynthesis in Archaea and sulfate-reducing bacteria has been identified.4 

Recently, a new ending for the pathway in gram-positive bacteria from the Actinobacteria 

and Firmicutes phyla ï a large group of organisms characterized by their lack of an outer 

membrane ï was proposed.5 This and the canonical pathway effect the same three 

chemical transformations on the metabolic intermediate coproporphyrinogen III. 
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However, the reactions in the two pathways occur in a different order, yield distinct 

intermediates, and invoke distinct enzymes for the oxidative decarboxylation step.5 

In the gram-positive bacteria, this step occurs at the terminus of the pathway, after a 

step analogous to the well-known ferrochelatase reaction.6 It is catalyzed by HemQ, an 

enzyme which uses coproheme III as both substrate and cofactor in the H2O2-dependent 

oxidative decarboxylation of the propionate side chains at ɓ-pyrrole positions 2 and 4 

(Scheme 2).6 Cofactor-independent, O2-dependent enzymes have been described, 

including coproporphyrinogen III oxidase (HemF).7,8 However, this is to our knowledge 

the first example of a cofactor-independent transformation involving H2O2. In contrast 

with coproporphyrinogen III, the metallosubstrate used by HemQ offers the possibility of 

mechanistically distinct, iron-mediated activation of H2O2 for the oxidative 

decarboxylation step. Interestingly, the conversion of coproheme to heme b is also 

catalyzed anaerobically by AhbQ, a radical S-adenosyl-methionine- and iron sulfur 

cluster--dependent enzyme at the terminus of the biosynthetic pathway in Archaea and 

sulfate-reducing bacteria (Scheme 1).4,10 Homologs are also found in some gram-positive 

and possibly other bacteria along with hemQ genes, affording a possible anaerobic 

alternative for this step.  

HemQs are part of the chlorite dismutase family (Clds, Pfam 06778).9,23 This family 

is best known for the minority of its members that use heme b to catalytically convert 

ClO2
ī to Cl- and O2 at the terminus of perchlorate respiratory pathways.24 The reaction of 

HemQs, by contrast, has not been well studied. It has been previously shown that HemQ 

is not highly active toward H2O2 in its heme b-bound form, but instead fairly readily 



43 

 

undergoes heme degradation.9 Further, the reaction appears to be dependent on H2O2 and 

not O2. In its coproheme III bound state, the HemQ from Mycobacterium tuberculosis 

was shown to react with H2O2 rather than various O2/reductant combinations, fully 

converting coproheme III to heme b.5Here, using the enzyme from Staphylococcus 

aureus (SaHemQ), we sought to identify the likely tetrapyrrole-intermediates on the 

reaction pathway in order to narrow down the possible reaction mechanisms. We aimed 

to determine whether the reactions with the propionates occur in an ordered fashion and 

with what time course, and whether a specific three-propionate harderoheme isomer 

could be identified as a reaction intermediate. Finally, in order to set limits on possible 

iron-intermediates, we examined whether the same intermediates and products would be 

generated with organic peroxides and peracids as, and to establish the stoichiometry of 

the reaction in each case.  

 

Experimental Methods 

 

Reagents and Stocks 

 

 Ferric coproporphyrin III chloride (coproheme III, Frontier Scientific) and hemin 

chloride (Sigma) were obtained in 10 mg ampules and used to generate 5-10 mM stock 

solutions in dimethylsulfoxide (DMSO). Harderohemes III and IV prepared in house 

were rigorously dried in tared glass ampules and weighed on an analytical balance. 5 mM 

stocks were prepared in DMSO in the ampules based on the measured masses.  

Hydrogen peroxide (H2O2), tert-butyl-peroxide, meta-chloroperbenzoic acid 

(mCPBA) and peracetic acid stock solutions were prepared at 100 µM concentrations in 
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50 mM potassium phosphate (KPi) buffer, pH 7.4. H2O2 concentrations were ascertained 

by titration with freshly prepared 0.02 M KMnO4 under acidic conditions (concentrated 

H2SO4). Titrations were monitored for loss of the characteristic pink color of 

permanganate as it is reduced to the nearly colorless Mn2+ ion. Peracetic acid stocks were 

analyzed with MQuant Peracetic acid test strips (EMD Millipore).  

Biochemicals (lysozyme, catalase, DNAse, etc.) were purchased from New 

England Biolabs. Reagents and media for bacterial growth, protein purification, and 

analysis were obtained from Fisher or GE Healthcare and used without further 

purification.  

 

Synthesis and Purification of Harderoheme Isomers III and IV  

 

 Harderoporphyrin trimethyl esters were prepared as previously described,7, 8 then 

metallated in a solution of acetic acid/2% pyridine under argon. The resulting 

harderohemes were saponified using NaOH and analyzed by high pressure liquid 

chromatography (HPLC) coupled to electrospray time of flight mass spectrometry (ESI-

MS). See Supplementary Information and Scheme 1S for synthetic and related analytical 

details.  

 

Expression and Purification of SaHemQ Bound to Substrate and Potential Intermediates 

 

SaHemQ protein expression and purification were carried out as previously 

described.9 (See Supplementary information.) The protein was incubated at 4°C for 12-24h 

with ferric coproheme III or harderoheme [isomer III or IV] in an approximate 1:1 (protein 

monomer:heme) ratio, based on the protein concentration estimated by the Bradford assay 
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and SDS-PAGE. To remove unbound substrate and further purify the protein, coproheme-

bound SaHemQ was concentrated to 5 mL and loaded onto an S-200 Sephacryl gel 

filtration column (run at 0.4 mL/min in 50 mM KPi buffer, pH 7.4). Fractions were 

collected using an AKTA Purification System. Fractions with an Rz Ó 0.5 were pooled (Rz 

= AbsorbanceSoret/Absorbance280), concentrated, flash frozen, and stored at -80°C. A PD-

10 desalting column (GE Healthcare) was used to remove unbound harderoheme from the 

protein before concentration and storage.  

        Extinction coefficients for the coproheme III- and heme b-bound SaHemQ at the 

Soret absorbance band maxima (eSoret) were determined by the pyridine hemochrome 

assay.10 Briefly, 200 mL of heme-containing solution was mixed with 800 mL of 50 mM 

NaOH containing 20% pyridine by volume. 3 mL 0.1 M K3Fe(CN)6 were added and the 

oxidized spectrum measured. 3-5 mg of solid Na2S2O4 were then added to obtain the 

spectra of the reduced pyridine-bound hemes. Difference spectra (reduced minus 

oxidized) are reported. Changes in absorbance at observed lmax values were plotted 

against [heme] and the data fit to a line from which extinction coefficients were obtained. 

Protein-bound hemes were released by suspension in 50 mM NaOH/20% pyridine and 

their pyridine hemochrome spectra obtained similarly. Beerôs law was used to estimate e 

at the UV/visible absorbance maximum for the protein-associated coproheme III or heme 

b (Soret band lmax). 

UV/Visible and resonance Raman (rR) Spectroscopy 

 

UV/vis spectra were measured on a temperature-controlled Cary60 instrument in 

scanning mode at 20 °C. Samples contained 15-35 mM SaHemQ-coproheme (III) monomer 
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in 50 mM KPi buffer, pH 7.4. Resonance Raman spectra were obtained with 406.7 nm 

excitation from a Kr+ laser using the 135° backscattering geometry for collection of Raman 

scattered light. The spectrometer was calibrated against Raman frequencies of toluene, 

dimethylformamide, acetone, and methylene bromide. Spectra were recorded at ambient 

temperature from samples prepared at 10-20 mM SaHemQ-coproheme III monomer in 50 

mM KPi in spinning 5 mm NMR tubes. UV/vis absorbance spectra were recorded from the 

rR samples before and after spectral acquisition to assess whether sample integrity had 

been compromised by exposure to the laser beam. Laser power at the samples ranged from 

5-10 mW; no spectral artifacts due to photoinduced chemistry were observed at these 

powers. 

 

Real-Time Monitoring of Reactions 

 

 Solutions of SaHemQ in complex with coproheme III or harderoheme III/IV (5-

10 mM) in 50 mM KPi (pH 7.4) were manually mixed with oxidant from a freshly made 

and titrated stock (H2O2, peracetic acid, mCPBA, t-butyl-peroxide). UV/vis spectra were 

scanned every 0.25-0.5 min. Absorbances at a given wavelength were plotted versus 

time, then fit by linear regression to single exponential curves using KaleidaGraph. Rate 

constants are averages of 3 measurements (error = standard deviation). Resonance Raman 

spectra were acquired at 30 s intervals with 406.7 nm excitation. Difference spectra were 

generated by subtraction of the starting SaHemQ-coproheme III spectrum from that at 

each reaction time. 

For discontinuous kinetic analyses, 10 mM SaHemQ-coproheme III complex was 

mixed with oxidant in a 1 mL reaction mixture and aliquots removed and quenched with 
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10 mM aqueous KCN (1:1 v/v ratio) every 0.3 min. The quenching solution was 

sufficient to completely inhibit the enzymatic reaction. The heme content of quenched 

samples was quantitatively analyzed by HPLC (below).   

Product Analyses by Pyridine Hemochrome Assay, HPLC, and MS 

 

Pyridine-hemochrome spectra were measured as described above. HPLC analyses 

were carried out using an Agilent 1100 series system with diode array UV/vis detection 

(300-700 nm). 25-50 µL aliquots of analyte were injected into a Phenomenex Luna 3c C18 

(2) column (150 x 4.6 mm) at a flow rate of 0.9 mL/min, 45° C. Solvent A was 1M 

ammonium acetate + 10% acetonitrile; solvent B was methanol + 10% acetonitrile. Elution 

followed a linear gradient from 35-95% B over 15 min. The column was washed with 95% 

B (2 min) and equilibrated with 35% (6 min) between runs.30  

Standards in 50 mM KPi, pH 7.4, were suspended 1:1 (v/v) in a 65:35 mixture of 

solvents A and B. For analysis of products, the same solvent was added 1:1 (v/v) to reaction 

mixtures (100 µL, 10 mM protein subunit). Precipitated protein was removed by 

centrifugation and supernatant was loaded into the column. Integration of the resulting 

peaks (400 nm) was used for construction of standard curves and quantification of the 

respective heme. Due to limited availability of and small impurities (<15%) in the 

harderoheme standards, these were not explicitly quantified; rather, integrated peak 

intensities from HPLC traces are reported. The exact masses of intermediates and products 

were verified using ESI-MS carried out on an Agilent 6538 Q-TOF instrument with dual-

ESI source (resolution approximately 20,000; accuracy 1 ppm).  Source parameters: drying 
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gas 12 L/min, nebulizer 60 psi, capillary voltage 3500 V, capillary exit 120 V.  Spectra 

were collected in positive mode from 50 to 1000 m/z at a rate of 1 Hz. 

 

 

Results 

 

Characterization of SaHemQ Bound to Substrate, Product, and Potential Intermediates 

 

 Pure SaHemQ was obtained in yields of 15-20 mg per L of culture. Distinct UV/vis 

spectra for the protein reconstituted with coproheme III, harderohemes III/IV, and heme b 

are shown in Figure 1A. SaHemQ in complex with coproheme III has a slightly asymmetric 

Soret band with a maximum absorbance at 394 nm. Asymmetry may be due to partial 

conversion of coproheme III to harderoheme inside the protein environment even without 

the addition of an oxidant, as indicated by HPLC and MS of the SaHemQ-coproheme III 

complex (see below).  

Values for absorption maxima and spectral extinction coefficients have been 

previously reported for the pyridine hemochrome of heme b (lmax = 556 nm; Ů556 = 33.3 

mM-1cm-1) and coproheme III (lmax = 546 nm; Ů546 = 32.2 mM-1cm-1).10 Pyridine 

hemochrome absorption maxima for the harderohemes III and IV were both at 549 nm 

(Figure S1A). Overlap in the pyridine hemochrome spectra for coproheme III and the 

harderohemes suggested that their separation and analysis by HPLC would be essential. 

Distinct HPLC retention times for all 4 hemes were obtained with the method described 

above (Figure S1B).  

Using the pyridine hemochrome assay to quantify released coproheme III, eSoret for 

the SaHemQ-coproheme III complex was determined to be 139.9 ± 3.0 mM-1 cm-1. Visible 



49 

 

a/b and charge transfer (CT) bands occurred at 497/533 and 630 nm. The spectrum for 

SaHemQ-heme b measured here was consistent with previously reported data.9 An 

extinction coefficient for the Soret band maximum at 406 nm was determined: e = 76.6 

mM-1 cm-1 Visible bands were recorded at: 510/527 nm (a/b), 630 nm (CT). Absorbance 

maxima for SaHemQ-harderoheme III were: 396 nm (Soret), 495/533 nm (a/b), 610 nm 

(CT); for SaHemQ-harderoheme (IV): 398 nm (Soret), 490/530 nm (a/b), 610 nm (CT). 

Notably, the increasingly red-shifted Soret peak maxima for the SaHemQ complexes with 

substrate, intermediate(s), and product are distinct. 

The low frequency rR spectra of SaHemQ complexed with coproheme III, 

harderohemes III/IV, and heme b are shown in Figure 1B; modes involving motions of 

the propionate and vinyl substituents of the various hemes are observed in this low-

wavenumber region. In addition to distortions of the propionate or vinyl groups, it has 

been demonstrated that movement of the methyl and core atoms of the porphyrin are also 

involved; thus they actually occur along with pyrrole ring deformations in these modes. 

Nevertheless, for the purposes of this discussion, they will be termed propionate 

(d(CbCcCd)) and vinyl (d(CbCaCb)) bending.  

Bands due to propionate bending modes were identifiable in all four spectra 

between 378 and 390 cm-1. The four propionate groups on coproheme III present as a 

broad envelope with peaks at 378 and 390 cm-1 in the SaHemQ complex. The three 

propionate groups in SaHemQ-harderoheme III give rise to an even less defined feature, a 

broad band centered at 387 cm-1. The two broad features assigned to propionate modes 

for SaHemQ-harderoheme IV (378 and 392 cm-1) are similar in frequency to those of the 
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coproheme complex. In the case of heme b, the single band at 380 cm-1 is assigned to a 

propionate bending mode for its two propionate groups. Bands associated with vinyl 

bending motions appear in the harderoheme and heme b spectra between 400 and 420  

cm-1; notably, these bands are absent from the SaHemQ-coproheme III spectrum. Single 

d(CbCaCb) bands are observed at 406 and 412 cm-1 for harderohemes III and IV, 

respectively. While two vinyl bending bands are observed for some heme proteins, such 

as myoglobin, only a single feature at 414 cm-1 is observed for SaHemQ-heme b.12, 13 

 

Titrimetric Reactions Between SaHemQ-coproheme III and H2O2  

 

The conversion of a propionate substituent to a vinyl group plus CO2 is a net two 

electron oxidation. Two molecules of H2O2 (one per reactive propionate) were therefore 

expected to be required for the complete conversion of coproheme III to heme b, while 

addition of fewer than 2 eq could potentially result in the accumulation of an 

intermediate. However, UV/vis and rR titrations (Figure 2A-B) indicated only partial 

conversion of the starting material to the heme b complex with < 10 eq H2O2. Ten eq 

were required to affect the complete shift of the UV/vis Soret band from 394 nm 

(SaHemQ-coproheme III) to 406 nm (SaHemQ-heme b). Net changes were the same 

whether the H2O2 was added at once or in increments. 

Direct observation of H2O2-mediated vinyl group formation was possible by 

monitoring the SaHemQ-coproheme III titration by rR (Figure 2B). Appearance of a 

vinyl bending band at 416 cm-1 with diminution in the intensity of the propionate bending 

modes at 378/390 cmī1 is consistent with the expected oxidative decarboxylation 

reaction. Other features typically assigned to vibrations involving the porphyrin pyrrole 
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rings also track the extent of oxidative decarboxylation, including: the increase in n7 

(pyrrole deformation mode), n8 (iron-pyrrole nitrogen stretch), and n11 (pyrrole 

asymmetric folding mode) intensities and the loss in intensity of n15 and n5 (pyrrole 

symmetric fold).14-18 These observations are consistent with changes occurring in 

response to oxidative decarboxylation of propionate groups to yield vinyl substituents at 

the same positions.    

As the buildup of harderoheme was not clear in the parent rR spectra recorded with 

intermediate H2O2 stoichiometries, rR difference spectra were examined.   At each point 

in the rR titration with H2O2, a single, broad band at 416 cmī1 was observed, consistent 

with appearance of one or more modes having vinyl bending character. Given that the 

vinyl bending bands in the spectra of the coproheme III, harderoheme and heme b 

complexes of SaHemQ (Figure 1B) are broad and within 8 cmī1 of one another, they 

likely fall within the observed 416- cmī1 difference envelope. However, when difference 

spectra generated by subtraction of the SaHemQ-coproheme III spectrum from those of 

the reconstituted harderoheme complexes (Figure S2) are compared to  those observed 

during the reaction, the multiple features of both harderoheme spectra in this frequency 

range (Figure 1B) are absent. This suggests that the SaHemQ-harderoheme complex 

generated via the enzymatic reaction differs from the reconstituted complex in its vinyl 

conformation. 

HPLC analysis (Figure 3) illustrated the progress of the reaction with increasing eq of 

H2O2 and allowed for isolation of the intermediate. Determination of its exact mass by 

ESI-MS (708.16 amu) and comparison with retention times established for authentic 
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harderoheme standards (Figure S1B) confirmed the intermediateôs identity as 

harderoheme isomer III (Figure 3). Integration of HPLC peaks and comparison to 

standard curves (Figure S3) indicated loss of roughly 70% of the initially present 

substrate following addition of 2 eq of H2O2. This converted to a mixture of harderoheme 

III and heme b. These observations are consistent complete loss of coproheme III and 

harderoheme III features in the UV/vis spectrum and maximum vinyl band intensities in 

the rR spectrum upon reaction with 8 to 10 eq of H2O2. 

  Quantification of the heme b products of the 2, 8, and 10 eq reactions (~30 ± 2, 80 

± 1, and 75 ± 15% yields, Figure S3) indicated that a full equivalent of heme was not 

produced. Titrimetric addition of H2O2 in excess of 8 eq resulted in gradual diminution of 

the Soret band and complete loss of the heme by 110 eq H2O2 as measured 

spectroscopically and by HPLC, Figures 3 and S4. Titration of an independently 

generated SaHemQ-heme b complex with H2O2 resulted in heme destruction following 

addition of 100 eq, consistent with prior work (data not shown).9  

 

Time Resolved Reactions Between SaHemQ-coproheme III and H2O2 

 

  Following addition of sufficient H2O2 to effect reaction (12 eq), UV/vis spectra 

measured over time showed the gradual conversion of the substrate to product complex 

(Figure 4A). The change in absorbance at 394 nm (Soret band maximum) versus time, 

likely representing a composite of several events, could be fit to a single exponential (k = 

0.30 ± 0.01 min-1).  

The reaction was subsequently monitored over time via a discontinuous method in 

which substrate, intermediate, and product could be independently monitored as function 
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of reaction time (chemical quench followed by HPLC, Figure 4B). These data clearly 

showed that loss of coproheme III and appearance of harderoheme III occurred at about 

the same rate (single exponential decay, k = 2.0 ± 0.3 min-1). These rate constants were 

observed to be ~4× greater than those for loss of harderoheme III and appearance of 

heme b (0.58 ± 0.05 minī1 and (0.5 ± 0.1 minī1, respectively).  Thus, consistent with the 

titration data in Figure 3, harderoheme III appears as the intermediate oxidative 

decarboxylation product.  Additionally, the rates of its appearance and decay are 

consistent with the rate of substrate, coproheme III, decay and product, heme b, 

appearance, respectively. 

Formation of vinyl groups was monitored over time via rR spectroscopy (Figure 4C). 

Assuming that the vinyl group bending modes of harderoheme III and heme b have 

similar resonance enhancements and frequencies, time dependence of the 416 cmī1 

difference band intensity represents a composite rate of vinyl group appearance 

(harderoheme III formation and conversion to heme b).  The data can nonetheless be 

modeled by a single-term exponential function to yield kapp = 1.04 ± 0.10 min-1.  

Although scatter in the rR and HPLC data do not support  a detailed rate analysis, this 

apparent rate constant falls between those governing the appearances of harderoheme III 

and heme b. (i.e. 1/kharIII < 1/kapp < 1/kb) and is therefore in keeping with all the kinetic 

results reported here.  

 

Reactions between SaHemQ complexes with harderohemes and H2O2 

 SaHemQ complexes with harderohemes III and IV were subsequently titrated with 

H2O2. Monitoring by both UV/vis and HPLC indicated conversion of each to heme b 
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following addition of 8 and 2 eq of H2O2, respectively (Figure S5). The rates of each 

reaction were monitored via changes at the Soret band maximum (Figure S6) over time 

following addition of 12 eq H2O2. The harderoheme III complex reacted with a time 

course comparable to coproheme III (k = 0.28±0.07 min-1). The harderoheme IV isomer 

reacted within the mixing time. 

 

Reaction Between SaHemQ-coproheme III and Peracetic Acid 

 

  Titration of the SaHemQ-coproheme III complex with peracetic acid (PAA) gave 

very similar spectroscopic results to those obtained with H2O2 (Figure S7). The 

completeness of each reaction and identity of the products were clear from the HPLC and 

rR spectra (Figure 5). Comparison of the integrated HPLC peaks to standard curves 

indicated that 2 eq of PAA resulted in decomposition of 70% ± 2% of the initially 

available coproheme III. Eight eq fully degraded the substrate, which was converted to 

heme b in 85% ± 8 % yield. Similar behavior was observed in the rR titration; spectral 

features were consistent with the products of the reaction being the same as in the H2O2 

reaction as growth of the vinyl bending band was observed at the same frequency and all 

other difference features were identical to those obtained with H2O2. 

The reaction of SaHemQ-coproheme III following addition 12 eq of PAA was 

subsequently monitored by time resolved UV/vis (Figure S8). The spectral changes were 

similar to those shown in Figure 4 but occurred with a 6-fold larger rate constant (k = 2.4 

± 0.04 min-1).  
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Reaction Between SaHemQ-coproheme III and mCPBA or t-Butyl-OOH 

 

Both oxidants were tested as potential HemQ cosubstrates. However, neither 

resulted in conversion of the SaHemQ-bound coproheme III to an identifiable 

harderoheme isomer or heme b. Instead, following addition of 10 eq of either oxidant, the 

UV/vis spectrum of the bound coproheme III appeared to recede slightly toward the 

baseline, with higher numbers of equivalents producing a similar effect that was more 

pronounced in magnitude. HPLC analysis confirmed that heme b was not produced 

(Figure S9).  

 

Discussion 

 

Nature has devised at least three routes for the biosynthesis of heme b 3, 4, 5 one of 

which appears to be common to a large group of bacteria.5 The terminal step of this 

process, catalyzed in a cofactor-independent manner by the enzyme HemQ, was studied 

here using time resolved methods, synthetically prepared intermediates, and alternate 

oxidants with the goal of identifying possible tetrapyrrole and iron intermediates.   

Only two eq of H2O2 are in principle necessary for the oxidation of two propionates 

to vinyl groups; however, 10 eq were required here to completely convert SaHemQ-

coproheme III to the ïheme b complex, with 2 CO2 and water as the presumptive co-

products (Figure 2). This requirement for a stoichiometric excess suggested that some of 

the H2O2 reacts non-productively. Consistent with that conclusion, a full eq of the 

product heme b was not observed with a stoichiometric addition of H2O2 (Figure 3), 

suggesting concurrent conversion of coproheme III, H2O2-mediated degradation of heme 
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b, and possible catalytic disproportionation of H2O2.
9,20 Heme b degradation was driven 

to completion with the addition of ~ 100 eq of H2O2 (Figure S4).  

The observed inefficiency of the reaction as well as the degradation of the product 

with exogenously added H2O2 could point toward the upstream catalyst, HemY (Scheme 

1), as the endogenous source of H2O2. This idea is consistent with the previously 

documented interplay of HemY, HemH, and HemQ, where the kinetics of HemH/Y are 

altered by the presence of HemQ20 It could also explain how a catalase positive organism 

like S. aureus, which avidly detoxifies H2O2, might be able to manage and use H2O2 as an 

essential enzymatic substrate. 

With <10 eq H2O2, most of the initially present coproheme III was converted to a 

species with several of the anticipated spectral properties of harderoheme (Scheme 2). 

These include rR bands associated with both vinyl and propionate bends in the ñnorthernò 

heme pyrroles, rings A and B (Figure 1). MS corroborated the identity of the product as a 

harderoheme, and comparison to synthetic standards showed it was exclusively isomer III 

(Figure 3, S5). This suggests that, as in heme-biosynthesis-associated coproporphrinogen 

and uroporphyrinogen oxidases,21, 22 the reaction occurs in an obligate clockwise 

direction, viewing from the distal heme pocket, with the ring A propionate converting to 

a vinyl first, and the ring B propionate second.  

This reaction order is consistent with our proposed model for coproheme III 

binding,23 based on published crystal structures of HemQ in the absence of bound 

substrate and related chlorite dismutases bound to heme b.24, 25 An overlay of two 

representative structures illustrates the conservation of hydrogen bonding contacts to the 
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non-reactive ring D propionate. By contrast, a key tyrosine residue that forms hydrogen 

bonds to the ring C propionate in Clds (Y118, Figure 6) is conserved in the primary 

sequences of HemQs; however, in the substrate-free HemQ structure, this tyrosine 

(Y124) is part of a ~40 amino acid stretch of the HemQ monomer (residues 100-140) that 

is clearly out of alignment with the Cld structure. This stretch instead forms the upper 

part of a large opening in the subunit, which may be important for gating substrate 

entry/product egress. In addition to the conserved tyrosine, the putative gate contains a 

triad of positively charged residues (arginine or lysine, R128-130 in Figure 6) that are 

conserved in HemQs but not Clds. These could form hydrogen bonds to the ring B 

propionate when the gate closes. A binding geometry which places coproheme III ñface 

upò relative to the Cldsô ñface downò heme b would allow such hydrogen bonding 

contacts to form, while avoiding potential steric clashes between a HemQ-conserved 

tyrosine residue (Y144). 

The overall conversion of the coproheme III to heme b, monitored by changes in the 

UV/vis spectrum, is   relatively slow (t1/2 = 4.3 min, pH 7.4, 20 °C; Figure 4). Time-

resolved HPLC suggested that the initial decarboxylation reaction at ring A is fast, while 

the ring B decarboxylation limits the overall reaction rate. This conclusion is consistent 

with the observed accumulation of harderoheme III in the reaction between SaHemQ-

coproheme III and <10 eq of H2O2 (Figure 3). If the second decarboxylation were 

appreciably faster than the first, then only unreacted coproheme III and heme b would 

have been expected. A slower second decarboxylation from ring B is also consistent with 

the structure-based hypothesis that loss of this propionate, and its hydrogen bonding 
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contacts with the active site gate, helps to trigger opening of the active site and release of 

heme b. 

 In spite of the fact that harderoheme III is the apparent reaction intermediate, 

SaHemQ complexes with both harderoheme isomers III and IV were converted to heme b 

upon reaction with H2O2 (Figures S5, S6). The reaction with isomer III was slow, with a 

rate constant similar to the SaHemQ-coproheme III reaction under similar conditions. By 

contrast, the reaction with isomer IV was complete within the experimental mixing time. 

This observed pattern, in which removal of the CO2 from ring B (harderoheme III) is 

slow and from ring A (harderoheme IV) is fast, mirrors what is observed when 

coproheme III is the substrate.  

Why the reaction at ring A is so much faster is not clear. One possibility is that the 

ring B propionate is both stabilized and solvent-protected by salt bridges to conserved 

arginine residues (R128-130) when the active site closes around the substrate. Greater 

solvent access to ring A could accelerate the initial steps of the reaction of harderoheme 

IV with H2O2. These steps are expected to require the movement of protons and, in 

principle, could lead to the production of H2O. An active site base over the open (distal) 

coordination position, usually a histidine adjacent to an arginine, helps facilitate the 

Fe(III)/H2O2 reaction in typical heme peroxidases.26 The neutral imidazole side chain acts 

as a base toward H2O2, catalyzing formation of the initial ferric-OOH (Compound 0) 

intermediate. In peroxidase mutants lacking an active site base, formation of Compound 0 

can be slowed up to 5-orders of magnitude.27, 28 The HemQ active site is remarkably 

hydrophobic and lacks either a conserved basic residue or an identifiable route for proton 
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entry/departure. Hence, the formation of Compound 0, the most plausible initial reaction 

product for H2O2 and either the coproheme III or harderoheme complexes of HemQ, 

might be expected to be slow or even rate limiting, but potentially faster if water gains 

access to the active site. 

Once formed, a Compound 0 intermediate can have at least three fates. First, with the 

input of a proton, the FeO-OH bond can break heterolytically to form water and a high 

valent iron-oxo intermediate (Scheme 3, pathway a). This intermediate (Compound I) is 

formally described as FeIV=O with an oxidizing equivalent on either the porphyrin or the 

side chain of an amino acid, such as tyrosine or tryptophan, capable of supporting a 

radical. In heme peroxidases, the protonated active site base acts as the acid in the 

Compound I-forming reaction. The conserved arginine polarizes the FeOOH moiety, 

electrostatically promoting movement of both of the electrons from the O-O bond toward 

the water leaving group.26 On the other (proximal) side of the porphyrin plane, the 

hemeôs histidine ligand is hydrogen bonded to an aspartic or glutamic acid. The anionic 

character of the ligand supports an additional electrostatic push toward heterolytic 

cleavage of the Fe(III)O-OH bond.29 The HemQ active site lacks both the distal His-Arg 

and proximal His-Glu/Asp motifs of a typical peroxidase. Instead, it has a conserved 

distal glutamine surrounded by nonpolar residues, and an apparently neutral proximal 

histidine due to the lack of a hydrogen-bonding Asp or Glu. In short, the HemQ active 

site appears to lack the ordinary equipment for catalyzing FeO-OH heterolysis.  

However, peracetic acid, an oxygen atom donor, was nonetheless able to rapidly 

convert SaHemQ-coproheme III to ïheme b with harderoheme III as an intermediate. 
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Because Compound I is expected to form when these ferric species react with a peracid, 

these results suggest that a species isoelectronic with Compound I may be able to form, 

effecting the transformation of coproheme III to harderoheme III and then heme b. 

Whether a similar iron intermediate proceeds from SaHemQôs reactions with H2O2, 

however, is not clear. Notably the larger oxygen atom donor mCPBA and an organic 

peroxide (t-butyl-OOH) were both ineffective at converting coproheme III to heme b 

(Figure S9). 

Alternatively, the FeO-OH bond of Compound 0 could break homolytically, 

generating FeIV=O, water, and a propionyl b-carbon radical in a stepwise (Scheme 3, 

pathway b) or concerted manner (pathway c). Transient generation of a propionyl b-

carbon radical is an early step in some proposed mechanisms for coproporphyrinogen 

oxidase,30 in which the ring A and B propionates are converted to vinyls in an O2-

dependent fashion. These pathways both have the advantage of producing less-charged 

intermediates which are more consistent with the hydrophobic active site. A stepwise 

homolytic pathway is currently favored in heme oxygenases,31 another enzymatic class 

where a heme acts as both substrate and cofactor. 

Interestingly, HemQs are evolutionarily and structurally related to IsdGs, which 

catalyze the heme oxygenase reaction specifically in several groups of gram-positive 

bacteria.32, 33 The two proteins both possess hydrophobic heme binding domains 

characterized by a mutually conserved distal glutamine (HemQ) or asparagine (IsdG) and 

proximal histidine and tyrosine residues.34 Why nature evolved pathways for heme 

biosynthesis and degradation that are particular to gram-positives is not clear.  
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Figures 

 
 

Figure 3.1. Characteristic spectra of SaHemQ in complex with hemes. (A) UV/vis spectra 

of SaHemQ in complex with ferric coproheme III (red), harderohemes III and IV (dark 

and light green, respectively), and heme b (blue) (5 µM coproheme, 10 µM harderoheme 

isomers and heme, 50 mM KPi, pH 7.4). The inset shows the visible bands on an 

expanded scale. (B) Low frequency rR spectra of SaHemQ in complex with the various 

hemes are shown in the same colors as in A. Spectra were obtained with 406.7 nm 

excitation of 20 µM samples in 50 mM NaPi, pH 6.8; the propionate and vinyl bending 

modes are labeled. 
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Figure 3.2. Spectroscopic changes upon titration of the SaHemQ-coproheme III complex 

with H2O2. Reactions were monitored by (A) UV/vis spectra following the addition of 0-

10 eq H2O2 (2 eq increments) to 5 mM SaHemQ-coproheme III, 50 mM KPi, pH 7.4 and 

(B) rR spectral titration of 15 mM SaHemQ-coproheme III under the same buffer 

conditions as A with 406.7 nm excitation. H2O2 eq are marked on the figure and shown 

underneath the superimposed spectra for clarity. For both A and B, spectra for the 

SaHemQ-coproheme III complexes are in red. Partially decarboxylated species are in 

purple with the final spectrum [lmax (Soret) =406 nm)] in blue. The difference spectra in B 

were generated by subtracting the spectrum of SaHemQ-coproheme III from the product 

spectrum obtained from the reaction with the indicated molar eq of H2O2. 
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Figure 3.3. HPLC analysis of the products of the reaction of the SaHemQ-coproheme III 

complex with H2O2. (A) Representative HPLC traces showing protein-free products of the 

reaction with 0, 2, 8, 10, and 100 eq H2O2 (aïe) are plotted. Comparison of the retention 

times to standards (Figure S1B) identified harderoheme isomer III as the reactive 

intermediate. Note that the absorbance wavelength (400 nm) used for detection is closer to 

the lmax for free coproheme III, which also has a higher extinction coefficient. (B) Relative 

(harderoheme, green) or quantitative (coproheme, red; heme b, blue) amounts of each heme 

species discerned from integrated peak intensities are plotted versus the number of H2O2 

eq. Points are averages of 3 values (standard deviations all within ± 15%). Solid lines are 

spline curves intended to qualitatively illustrate trends in the data. 
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Figure 3.4. Time resolved reactions between the SaHemQ-coproheme III and 12 eq H2O2. 

(A) Reaction monitored by UV/vis (8 mM enzyme, 50 mM KPi, pH 7.4). SaHemQ-

coproheme III complex (red), spectra measured every 0.25 min (purple), and final spectrum 

(Soret band lmax = 406 nm, blue) are shown. The absorbance at 394 nm versus time and 

fitted to a single exponential is shown as an inset. (B) Reaction monitored by HPLC: red, 

coproheme III; green, harderoheme III; blue, heme b. Kinetic phases were fitted to single 

exponentials to obtain rate constants. (C) Reaction (15 mM enzyme) monitored 

continuously by rR. Difference spectra recorded at the indicated times are plotted. D rR 

intensity at 416 cmī1 [time t]/total D 416 cmī1 intensity represents vinyl formation and is 

plotted versus time in the inset.  Red line: single exponential fit; open circles:  residuals. 
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Figure 3.5. Titration of SaHemQ-coproheme III complex with peracetic acid. (A) HPLC 

analyses of the products of the reaction of the SaHemQ-coproheme III complex with 2, 8, 

or 10 eq of peracetic acid are shown. Full conversion of coproheme III to products 

followed addition of 10 eq of PAA. Comparison of the retention times to pure standards 

(Figure S1B) identified harderoheme isomer III as the reactive intermediate and heme b 

as the final product. Note that the absorbance wavelength (400 nm) used for detection is 

closer to the lmax for free coproheme III, which also has a higher extinction coefficient. 

(B) Peracetic acid titration monitored by changes in the Soret-excited rR spectrum. The 

spectrum for SaHemQ-coproheme III is red; partially decarboxylated complexes are 

shown in purple and the final spectrum is blue. Difference spectra were generated by 

subtracting the spectrum of SaHemQ-coproheme III from the spectrum obtained from the 

reaction mixture at equilibrium with the given molar equivalents of PAA. 
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Figure 3.6. Overlay of the structures of a representative heme b-bound chlorite dismutase 

(carbon green, PDB ID 3Q08)24 and solvent-bound HemQ (carbon cyan, PDB ID 

1T0T).25 (A) The monomeric subunit structures are very similar with the exception of a 

loop-helix region, highlighted in darker shades of blue/green. This region is located on 

the exterior of the HemQ homopentamer. (B) Key residues surrounding the heme 

b/coproheme III binding sites are indicated in this view overlooking the distal pocket. 

The placement of tetrapyrrole rings A-D in the expected orientation of the coproheme III 

is shown. K151, W155, N117, and Y113 (Cld numbering) are conserved in both HemQs 

and Clds and form contacts to the ring C/D propionates. Y113 (HemQ) is at the same 

sequence position as Y118 (Cld). It is part of the loop-helix region in HemQ. (C) 

Conserved active site Cld/HemQ residues (side view). 
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Scheme 3.1. Biosynthetic pathways leading to heme and other tetrapyrrolesÀ 

 

 
 

ÀThe genes encoding catalysts for the canonical steps common to eukaryotes and many 

gram-negative bacteria are designated in blue. The pathway used by Archaea and sulfur-

reducing bacteria are in orange.4 The recently proposed terminus of the pathway, found in 

gram-positive members of Actinobacteria and Firmicutes, is shown in purple.5 Note that 

HemF or HemN can catalyze the indicated step in different organisms under aerobic and 

anaerobic conditions, respectively. Similarly, HemJ, G, or Y catalyze the removal of 2 H-

atoms ([H]). 

 

 

Scheme 3.2. Substrate, possible intermediates, and product of the HemQ-catalyzed reaction 
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Scheme 3.3. Possible reaction pathways following from Compound 0 
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Associated Content 

 

Supporting Information 

 

 Includes (1) details of the metalation and deprotection of harderoporphyrins III 

and IV; (2) details of the purification of SaHemQ; (3) HPLC and pyridine hemochrome 

analyses of the various hemes; (4) titrations of the SaHemQ-coproheme III complex with 

H2O2 and peracetic acid; (5) titrations and kinetic data describing the reaction of the 

SaHemQ-harderoheme complexes with H2O2; data showing the reaction of SaHemQ-

coproheme III with mCPBA and t-butyl-OOH. This material is available free of charge 

via the Internet at http://pubs.acs.org. 

 

Abbreviations 

 

Cld, chlorite dismutase; DMSO, dimethylsulfoxide; HPLC, high performance liquid 

chromatography; mCPBA, meta-chloroperbenzoic acid; LB, lysogeny broth; KPi, 

potassium phosphate; rR, resonance Raman; Sa, Staphylococcus aureus; SDS-PAGE, 

sodium dodecylsulfonate polyacrylamide gel electrophoresis; UV/vis, ultraviolet-visible.  
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Abstract 

 

 

A recently discovered pathway for the biosynthesis of heme b ends in an unusual 

reaction catalyzed by coproheme decarboxylase (HemQ), where the Fe(II)-containing 

coproheme acts as both substrate and cofactor. Because both O2 and H2O2 are available 

as cellular oxidants, pathways for the reaction involving either can be proposed. Analysis 

of reaction kinetics and products showed that, under aerobic conditions, the ferrous 

coproheme-decarboxylase complex is rapidly and selectively oxidized by O2 to the ferric 

state. The subsequent second-order reaction between the ferric complex and H2O2 is slow, 

pH dependent, and further decelerated by D2O2 (average KIE = 2.2). The observation of 

rapid reactivity with peracetic acid suggested the possible involvement of Compound I 

(ferryl porphyrin cation radical), consistent with coproheme and harderoheme reduction 

potentials in the range of heme-proteins that heterolytically cleave H2O2. Resonance 

Raman spectroscopy nonetheless indicated a remarkably weak Fe-His interaction; how 
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the active site structure may support heterolytic H2O2 cleavage is therefore unclear. From 

a cellular perspective, the use of H2O2 as an oxidant in a catalase-positive organism is 

intriguing, as is the unusual generation of heme b in the Fe(III) rather than Fe(II) state as 

the end product of heme synthesis. 

 

Introduction 

 

 

Tetrapyrroles - hemes, corrins, and chlorophylls - give rise to many of the colors of 

life and mediate processes from respiration to photosynthesis. The biosynthetic routes to 

tetrapyrroles have evolved and diversified alongside the transitions from anaerobic to 

aerobic Earth and uni- to multi-cellular life. In addition to the well-known, textbook 

pathway for heme biosynthesis, at least two more ancient routes have been described.1, 2  

In the final steps of the well-described pathway, which is shared by eukaryotes and 

gram-negative bacteria, coproporphyrinogen undergoes decarboxylation, macrocycle 

oxidation, and metalation to give heme b.3, 4 By contrast, in gram-positive bacteria 

(Actinobacteria, Firmicutes), the same intermediate is initially oxidized and then metalated 

to give coproheme (isomer III).  In the final step, two propionate substituents on the 

coproheme III (referred to as coproheme herein) are oxidatively decarboxylated to vinyls 

to produce heme b. The oxidation and metalation steps are catalyzed by homologs to their 

canonical counterparts, which act on different substrates in the non-canonical pathway. The 

final step, however, is catalyzed by a novel decarboxylase encoded by the hemQ gene.1 

Functionally, the coproheme decarboxylase (HemQ) is part of a collection of enzymes that 

includes heme oxygenases where the same molecule acts as both substrate and cofactor.  
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It was previously observed that the decarboxylation can proceed with the coproheme 

in the ferric (Fe(III)) oxidation state and with hydrogen peroxide as the cosubstrate.1, 5, 6 

However, whether this reaction is biologically relevant is not clear because, under 

biological conditions, iron is inserted into porphyrins as Fe(II).7 Because ferrous hemes 

can react with O2, the cellular process could use O2 and ferrous coproheme as cosubstrates, 

yielding H2O2 as a product (Scheme 1A). An O2-dependent reaction of this kind is 

consistent with known biological oxidative decarboxylases, including those used in the 

canonical pathway to decarboxylate heme intermediates.8-11 Alternatively, a reaction 

between O2 and Fe(II)-coproheme could occur by a monooxygenase pathway via a 

hydroxylated intermediate (Scheme 1B). This mechanism is analogous to the heme 

oxygenase reaction, which begins with an O2-mediated hydroxylation of the porphyrin 

ring.12, 13 Finally, the enzyme might catalyze a reaction involving Fe(II) and H2O2 (Scheme 

1C). While not completely unprecedented,14, 15 such a reaction would be highly unusual 

since hemes generally react with H2O2 when the iron is in the ferric oxidation state.16 The 

conversion of H2O2 to OH- and OHǐ, which is readily catalyzed by ferrous iron, would 

have to be excluded.  

We sought to determine which if any of these pathways is followed by the coproheme 

decarboxylase in the presence of both O2 and H2O2. Using the hemQ-encoded 

decarboxylase from Staphylococcus aureus, we examined complexes of the protein with 

its substrate coproheme and intermediate harderoheme III (here referred to as 

harderoheme), and their reactions with both oxidants from the ferrous or ferric state 

(Scheme 1). The results presented here support the conclusion that the enzyme facilitates 
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O2-mediated oxidation of the ferrous coproheme under aerobic conditions and then acts as 

a peroxide-dependent decarboxylase. Distinct from the canonical pathways, the coproheme 

decarboxylase yields ferric heme b. These findings have implications for how S. aureus 

and potentially other gram-positive bacteria have evolved to survive in and exploit an 

aerobic environment.  

 

Experimental Methods 

 

 

Preparation of Stocks and pH Buffers 

 Ferric coproporphyrin III chloride (coproheme, Frontier Scientific) and hemin 

chloride (Sigma) were dissolved in dimethyl sulfoxide (DMSO) to generate 5ī10 mM 

stocks. Harderoheme III was synthesized and purified as described previously.5 Hydrogen 

peroxide (H2O2) and peracetic acid working solutions (0.5ï 5 mM) were prepared from 

50 mM stocks in 50 mM potassium phosphate (KPi) buffer (pH 7.4). Working solutions 

were kept on ice and replaced with fresh stocks every 2 h. Oxidant stocks were titrated 

with acidified KMnO4, which had itself been titrated against ultrapure oxalic acid, to 

verify their concentrations. Biochemicals (lysozyme, catalase, DNase, etc.) were from 

New England Biolabs. Reactions were carried out over a range of pH values in either 50 

mM KPi (pH 5.8, 6.6, and 7.4) or 50 mM Tris-Cl (pH 8.2 or 8.8).  For the solvent isotope 

studies, the 50 mM Tris-Cl buffers were made in D2O (Cambridge isotopes, 99.8 % D) 

with addition of DCl (Acros Organics 99% + D) to give final pD values 6.1, 6.5, 6.8, 7.3, 

8.1, 8.7, and 9.2 (pD = pH* + 0.41, where pH* is the apparent pH measuring using a 

standard glass electrode).17 Protein samples were prepared through multiple rounds of 
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concentration and resuspension in deuterated buffer, resulting in only 0.1 % or less of the 

original buffer solution present in the final solution. D2O2 solutions were made from a 

10.6 M H2O2 stock diluted 1:100 in D2O, producing a 108 mM stock with Ó98 % 

deuterium enrichment.   

 

Protein Production and Complex Formation  

 

Expression, purification, and ligand complexation with coproheme decarboxylase 

were carried out as previously reported.5 Porphyrin concentrations were determined by the 

pyridine hemochrome methods. Briefly: 50 ɛL of protein solution (at 50-300 ɛM) was 

mixed with 200 ɛL of 50 mM NaOH containing 20% pyridine by volume. 3 ɛL of 0.1 M 

K3[Fe(CN)6] was added and the oxidized spectrum was measured; 3ī5 mg of solid sodium 

dithionite (Na2S2O4) was then added to yield spectra for the reduced pyridine-bound hemes. 

Difference spectra (reduced minus oxidized, r-o) were used to determine the concentration 

of metalloporphyrin released from the protein.  For coproheme: r-o 546 nm = 23.2 mM-1 

cm-1; for heme b, r-o 556 nm = 28.4 mM-1 cm-1. 

   

Heme Reduction 

 

Solutions were made anaerobic using a double manifold Schlenk line with 

alternating cycles of argon gas purging and evacuation. Protein-coproheme complexes 

were reduced in an anaerobic chamber (Coy) using solutions of sodium dithionite 

prepared by dissolving the solid in deoxygenated buffer. The dithionite concentration was 

determined via anaerobic titration with potassium hexacyanoferrate(III) in the presence of 

methylene blue as indicator.18 A 1.5 molar excess of dithionite relative to coproheme was 
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added and reduction of the heme species was monitored by UV/visible spectroscopy 

(UV/vis, Agilent 8453 spectrometer). Excess unreacted dithionite and dithionite 

oxidation products were removed using a PD-10 desalting column (GE Healthcare).  

 

Titrations with Oxidants  

 

Complexes of coproheme decarboxylase with either coproheme or harderoheme 

(ferrous and ferric, pH 7.4, 20 °C) were mixed anaerobically with H2O2 or peracetic acid 

(0, 0.5, 1, 1.5 or 2 eq) inside an anaerobic chamber. Products were analyzed by UV/vis, 

high performance liquid chromatography (HPLC) (samples 10 mM in the heme species), 

and electron paramagnetic resonance spectroscopy (EPR) (described below). Reactions 

with O2 were carried out by exposing ferrous complexes to atmosphere (240 mM O2, pH 

7.4, 20 °C) or mixing with aliquots of O2-saturated buffer inside septum-sealed vials to 

achieve the desired final O2 concentration.  In reactions involving either O2 or peracid, 

catalase was included at 1000 U/mL to remove any H2O2.  

 

HPLC 

Reactions were analyzed for coproheme, harderoheme, and heme b by HPLC on an 

Agilent 1100 series instrument with a Phenomenex Luna C18 3ɛm column (150 mm x 

4.6 mm). The solvents were H2O with 0.1% TFA (trifluoroacetic acid) (Solvent A) and 

acetonitrile (ACN) with 0.1% TFA (Solvent B). All samples were run at a flow rate of 

1.5 mL/min starting with isocratic 80% A for 3 min, followed by a linear gradient 

transitioning to 5% A over 12 min.  This was followed by 5% A for 5 min and a final 

isocratic run of 20 % A for 3 min.  UV/vis detection was at 411 nm. Standard curves (0 ï 
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500 pmol) were generated for quantifying heme species via integration of the peak areas. 

Samples were quantified in triplicate and error bars are ± 1 standard deviation. 

 

EPR 

 250 mL aliquots of coproheme decarboxylase in complex with its ferrous/reduced 

substrate (pH 7.4, 90 mM) were mixed with 0-2 eq of H2O2 from a 5 mM stock, loaded 

into EPR tubes, sealed, and removed from the anaerobic chamber in a sealed glove bag. 

The samples were immediately frozen and stored in liquid N2. Spectra were measured on 

a Bruker EMX EPR spectrometer (X-band, 9.37 MHz) at 12 K using a Bruker Cold Edge 

(Sumitomo Cryogenics) cryogen-free system with a Mercury iTC controller unit. 

Instrument parameters were: 3.18 MW microwave power, 100 kHz modulation 

frequency, and 5 G modulation amplitude. Averages of 4 scans are reported.  For spin 

quantitation, horse heart myoglobin (Sigma) was used as a standard. Spectra were double 

integrated over 500-4000 gauss (OriginLab) to include the range of Fe(III) species 

produced during the reaction with H2O2. 

 

Transient Kinetics  

Data were measured using KinetAssyst stopped-flow spectrometer (Hi-Tech 

Scientific) in single mixing mode with diode array detection. For the ferric substrates, the 

decarboxylase-coproheme complex (5 mM) was rapidly mixed (< 5 ms) with variable 

concentrations of H2O2 or peracetic acid prior to measurement of spectra. For ferrous 

substrates, the spectrometer was made anaerobic by overnight incubation with 

protocatechuate dioxygenase (PCD) and its substrate, protocatechuic acid (PCA).19 



82 

 

Dithionite-reduced anaerobic samples were prepared in an anaerobic chamber as 

described above and sealed in an airtight tonometer that interfaced with the stopped flow 

sample handling unit. Deoxygenated buffer, H2O2, and peracetic acid solutions were 

prepared in the glove box, sealed in gastight syringes, and then introduced to the sample 

handling unit for reaction. Data were measured at varying time points and fit using the 

Kinetic Studio (Hi-Tech Scientific) software to exponential decay functions to determine 

rate constants (kobs). For each experimental condition, all data were measured in at least 

triplicate and averaged. Plots of kobs versus oxidant concentration were fit with linear 

least squares regression analysis to determine second order rate constants (Kaleidagraph). 

 

Testing for Oxygenase Activity  

To test for oxygenase activity in the ferric state, 5 µM ferric coproheme-

decarboxylase complex was treated with 5 mM (1000 eq) ascorbate in the presence of 

100 U catalase (50 mM KPi, pH 7.4) and spectral changes were monitored every min for 

30 min. The same assay conditions led to complete oxidation of the heme b substrate in 

studies of bacterial IsdG-type heme oxygenases.20  To screen for oxygenase activity from 

the ferrous state, 10 mM coproheme-bound decarboxylase was reduced with dithionite 

under anaerobic conditions (excess reductant removed as described above). The complex 

was mixed 1:1 v/v in the stopped flow with freshly prepared aerobic solutions of 

reductant (2 mM dithionite or 20 mM ascorbate, 50 mM KPi, pH 7.4) and spectral 

changes monitored over time via diode array detection. The products in each case were 

quantified by HPLC. 
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Spectroelectrochemical Titrations 

Fe(III)/Fe(II) reduction potentials (E) were determined via titration of the 

decarboxylase bound to coproheme, harderoheme, or heme b (6 mM) with dithionite in 

the presence of the redox mediator methyl viologen (2 mM) and a reducible dye (10-15 

mM) in an anaerobic glove box (50 mM KPi, pH 7.0, 20 °C). The dyes used were indigo 

disulphonate (-125 mV, coproheme and harderoheme complexes) and indigo 

trisulphonate (-85 mV, heme b) (all potentials are reported versus the standard hydrogen 

electrode, SHE, at pH 7).21  Changes in the UV/vis spectrum were recorded following 

each dithionite addition. Absorbances for the oxidized and reduced dyes (dyeox, dyered) 

and the ratio of the oxidized/reduced protein-heme absorbances (Enzox/Enzred) were 

recorded at their maxima: 612 nm, oxidized indigo disulphonate; 593 nm, indigo 

trisulphonate; 424 nm, coproheme; 418 nm, harderoheme; 428 nm heme b. Plots of 

ln(Pox/Pred) versus ln(dyeox/dyered) were fit to a modified Nernst equation:  

 

ln(Enzox/Enzred) = (nF/RT)(Edye ï EP) + ln(dyeox/dyered)  (1) 

 

 

R is the universal gas constant, F is Faradayôs constant, and n is the number of reducing 

equivalents involved. Titrations were carried out in triplicate, averaged, and ±1 standard 

deviation reported as the error. 

 

UV/visible and Resonance Raman Characterization 

UV/vis spectra were measured on either a Cary 50 spectrometer under ambient 

atmosphere, or an Agilent 8453 spectrometer housed inside an anaerobic chamber. 

Resonance Raman (rR) spectra were obtained from enzyme samples ranging from 20 to 
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100 ɛM in coproheme at 20 ƺC. Spectra were recorded using the 135° backscattering 

geometry and f1 collection. Excitation of Raman scattering was achieved with either 

441.6-nm emission from a HeCd laser, or the 413.1-nm line from a Kr+ laser. The laser 

beam was focused to a line on a spinning 5 mm NMR tube. Scattered light was passed 

through a holographic notch filter and a polarization scrambler then -matched to a 0.67-

m, f/4.7 Czerny-Turner spectrograph fitted with a 1200 groove/mm grating. The Raman 

spectrum was detected using a liquid N2 cooled CCD camera (1340×400 array of 20×20 

ɛm pixels, 26.8Ĭ8.0 mm2 image area). Dimethylformamide, toluene, acetone, and 

methylene bromide were used as external standards for spectral calibration. Laser power 

at samples ranged from 2 to 8 mW; no spectral artifacts due to photoinduced chemistry 

were observed with these irradiation powers.   

 

Results 

 

The Purified Decarboxylase Forms Stable Complexes with Hardero- and Coproheme   

The decarboxylase purified in yields of 15-20 mg/L culture. Following incubation 

with either coproheme or harderoheme and further purification by gel filtration 

chromatography, nearly 1:1 ratios of protein monomer:heme species were measured.5   

 

UV/Vis Features of the Oxidized and Reduced Enzyme-heme Complexes are Distinct  

Spectra for the oxidized and reduced complexes of the decarboxylase with its 

substrate (coproheme), intermediate (harderoheme), and product (heme b) were measured 

and their features summarized in Table 1 (Supplementary Information Figure S1). As 

previously noted,5 the ferric complexes had Soret and visible bands typical of five 
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coordinate high spin (S = 5/2) Fe porphyrins with the Soret bands shifting to the red as 

the number of propionates (and therefore the charge) of the tetrapyrrole diminished 

(coproheme to harderoheme to heme b). Reduction of the iron led to a significant red 

shift of the Soret band (>20 nm) for each ferrous complex relative to the ferric value and 

the appearance of a prominent visible band near 550 nm with a higher energy shoulder. 

These spectral changes are consistent with those observed for other histidine-ligated 

heme proteins, and are suggestive of the formation of five coordinate high spin (5cHS) 

ferrous complexes.22, 23  

 

Reactions between Ferrous Heme Species and O2 do not Lead to Decarboxylation 

 

Complexes of the decarboxylase with coproheme or harderoheme were reduced to 

their ferrous forms under anaerobic conditions. Following exposure to air in the presence 

of catalase, both ferrous complexes converted to ferric within the manual mixing time (Ò 

5 s, pH 7.4, 20 °C, Figure S2). HPLC analysis of the tetrapyrrole products indicated no 

conversion of the propionate side chains to vinyls (data not shown). It was concluded that 

propionates 2 and 4 are not converted to vinyls via an Fe(II)/O2 mediated oxidation 

(Scheme 1A). 

 

The Ferrous Enzyme-coproheme Complex and O2 Rapidly form an Intermediate that 

Converts to Ferric Coproheme 

 

Reactions between the ferrous enzyme-coproheme complex and O2 were monitored 

via UV/vis stopped flow (pH 7.4, 20 °C).  An intermediate with a Soret band at 408 nm 

(350 nm shoulder) and visible bands at 539 and 573 nm (Table 1) formed rapidly (100 

ms, Figure 1A). The rate constant for intermediate formation depended linearly on O2 
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concentration under pseudo first order conditions, yielding second order rate constant k = 

1.2x106 M-1s-1 (Figure 1B, Table 2). The intermediate converted in a slower, O2-

independent, single-exponential phase to a final product (k = 0.20±0.02 s-1, Table 2) with 

UV/vis features closely resembling the ferric enzyme-coproheme complex. A two-

intermediate model (sum of 3 exponentials) was tested but did not substantially improve 

the quality of the data fit. The identity of the product as coproheme was confirmed via 

comparison of its HPLC retention time with those of standards5 (data not shown). 

 

The Oxidative Decarboxylations Do Not Occur via a Monooxygenase Intermediate  

A monooxygenase reaction starting from complexes of the decarboxylase with 

ferric states of coproheme or harderoheme and leading to hydroxylation of the propionate 

side chain may require both O2 and additional electrons. In studies of both canonical and 

IsdG-type heme oxygenases, the electrons have been supplied by excess ascorbate, 

dithionite, or other surrogate donors, as the physiological source is unknown.13, 20, 24  

Under conditions that led to reactivity in IsdG-type heme oxygenases (excess ascorbate, 

O2 and catalase to consume H2O2),
13, 20 no reaction was observed for the decarboxylase-

coproheme complex (data not shown). Reactions were subsequently carried out starting 

from the ferrous coproheme-decarboxylase complex. Upon addition of O2 and either 10 

mM ascorbate or 1 mM dithionite (data not shown) the same intermediate formed that 

was observed in the Fe(II)/O2 reaction in the absence of reductants (Figure 1A, Table 1). 

No changes in the rate of intermediate formation or decay were detected, and the only 

observable product (via UV/vis and HPLC) was ferric coproheme. This suggests that the 

presence of excess reducing equivalents along with O2 is not sufficient to promote 
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oxidative decarboxylation. This further suggests that the coproheme decarboxylase either 

does not react as a monooxygenase (Scheme 1), or that, unlike known heme oxygenases, 

it has an obligate requirement for a specific physiological reductant.   

 

Decarboxylation of the Ferrous Coproheme or Harderoheme Complexes does not Occur 

Following Reaction with H2O2  

 

We next examined the possibility of a ferrous decarboxylase reaction using H2O2. If 

the enzyme acts efficiently, then 0-1 eq of H2O2 should result in stoichiometrically 

equivalent amounts of vinyl groups forming with no oxidation of the iron. To test this 

hypothesis, ferrous complexes of the coproheme decarboxylase with both the substrate 

and intermediate harderoheme were prepared, mixed anaerobically with 0-2 eq of H2O2, 

and the tetrapyrrole and Fe(III) products quantified by HPLC, EPR, and UV/vis 

spectroscopy (pH 7.4, 20 °C, Table 2).   

UV/vis spectra did not exhibit changes consistent with the oxidation of the 

propionates; rather, both UV/vis and EPR spectra indicated that the substrate Fe(II) was 

oxidized to Fe(III) (Figure S3). Iron oxidation did not occur stoichiometrically with 

added H2O2. Instead, full oxidation of the iron for either the coproheme or harderoheme 

complex required 1.5 eq of H2O2, at which point 0.58 or 0.14 vinyl groups (per 

coproheme or harderoheme molecule, respectively, Table 2) had also formed, with both 

harderoheme and heme b as products. We note that, though the mechanism of propionate 

oxidation is not possible to discern from these experiments, 0.45 vinyl groups formed 

following addition of 0.5 eq of H2O2 to the ferric coproheme-decarboxylase complex, 

suggesting that the observed propionate oxidation could have occurred following 
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oxidation of the coproheme iron. Together, these results demonstrated that H2O2 

preferentially oxidized Fe(II), accompanied by a small amount of oxidation of the 

propionates of either coproheme or harderoheme. 

 

The Ferrous Coproheme-Decarboxylase Complex Reacts more Rapidly with Air than 

with H2O2  

 

Even though it does not lead to stoichiometric decarboxylations, we asked whether 

H2O2 might nonetheless kinetically outcompete O2 for reaction with the ferrous iron of 

coproheme or harderoheme bound to the decarboxylase. The reactions between these 

complexes and H2O2 were therefore examined in the absence of O2 by stopped flow.  

After mixing the enzyme-coproheme complex with 1 eq H2O2, an intermediate 

spectrum with UV/vis features similar to the Fe(II)/O2 intermediate formed (maximizing 

at ~100 ms, pH 7.4, Table 3, Figure 2A).  This intermediate slowly converted to a ferric 

product (within 20 s at pH 7.4, kobs = 0.48 s-1, Table 3). EPR confirmed that the majority 

of this end product was in the ferric state (Table 2, Figure S4). Its UV/visible features 

resembled those measured for ferric decarboxylase-coproheme or ïharderoheme 

complexes, or a mixture of the two (397 nm [Soret]; 508, 632 nm [visible bands]) (Table 

1). This result is consistent with HPLC analysis of the products showing predominantly 

Fe(III) production and incomplete oxidation of the propionates (Table 2). 

The reaction was subsequently monitored as a function of [H2O2]. The first order rate 

constants for intermediate formation (average kobs = 32 s-1) or decay were relatively 

insensitive to [H2O2], remaining roughly constant for the two respective phases (Figure 

S5). This suggested that the initial step leading to intermediate formation is either 
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independent of H2O2 or that a saturating value for the rate had been reached at 5 mM H2O2 

(Table 3). If we take the latter interpretation as more likely, then we may compare this 

saturating rate constant to the second order rate constant for the ferrous decarboxylase-

coproheme/O2 reaction. At 27 mM of either, the two oxidants yield equivalent values for 

kobs. Above this concentration, the reaction with O2 becomes faster than the reaction with 

H2O2. Notably, the value for kobs measured at air-saturating O2 (300 s-1, Figure 2B) is 10-

fold higher than the saturating rate constant for the reaction with H2O2. These results 

suggest that, under the aerobic conditions where hemQ is presumed to be expressed,1 

dioxygen is the kinetically preferred (faster) reaction partner for the ferrous decarboxylase-

coproheme complex, with O2ǐ
ī as the presumed co-product.  

 

A Similar Intermediate Forms whether O2, H2O2, or Peracetic Acid is the Oxidant or 

Harderoheme is the Tetrapyrrole Substrate 

 

To gain further insight into the likely identity of the intermediate(s) formed in 

reactions between O2 or H2O2 and ferrous coproheme-decarboxylase, reactions with 

alternate substrates were examined via stopped flow spectroscopy (Table 3). Peracetic 

acid (CH3(CO)OOH, PAA) typically reacts as an oxygen atom donor, oxidizing heme 

species by two electrons and forming a ferryl [from Fe(II)] or ferryl porphyrin pi-cation 

radical [from Fe(III)]. When peracetic acid was used as the oxidant (1 eq, pH 7.4, 20 °C), 

an intermediate formed with the same UV/vis bands as the others and on a similar time 

scale, maximizing at approximately 100 ms (Figure S6). The intermediate converted to 

ferric coproheme within 10 s (kobs = 0.47±0.04 s-1).  
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The reaction between the ferrous decarboxylase-harderoheme complex and 1 eq 

H2O2 led to a similar intermediate (408 nm [Soret], 350 nm [shoulder]; 537, 572 nm [visible 

bands]) (Figure S7, Table 1) that formed on a comparable time scale as the coproheme 

complex and then converted to the ferric product (first order rate constant kobs = 0.72 s-1, 

Table 3). The observation of an intermediate with similar UV/vis features with either 

coproheme or harderoheme as the substrate or in the presence of O2, H2O2, or peracetic 

acid as oxidants suggests that a similar species formed in each case. 

 

Reactions of Ferric Coproheme- or Harderoheme-Decarboxylase Complexes with H2O2 

are Slow and pH Dependent  

 

Since the decarboxylase appears to kinetically favor O2-mediated oxidation of the 

ferrous coproheme iron in air (Figure 1), both of the decarboxylation reactions are 

expected to take place in an Fe(III)/H2O2 dependent manner under aerobic conditions. 

The ferric coproheme-decarboxylase reaction with H2O2 was monitored as a function of 

H2O2 concentration and at a series of pH values. An intermediate was not clearly 

detectable under any condition.  Instead, the initial reaction phase led to a heme b 

complex that subsequently decomposed (Figure 3A). The two observed phases could be 

fit to single exponential curves to obtain kobs values. The first phase exhibited a strong, 

linear dependence on H2O2 concentration (Figure 3B) and a sigmoidal dependence on pH, 

yielding second order rate constants ranging from 110 to 330 M-1 s-1 (pH 5.8-8.8). Fitting 

the data to eq (2) yielded pKa = 7.4 ± 0.3 (Figure 4): 

 

ÌÏÇὯ
   

    (2) 
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The constants k1 and k2 describe the low and high pH forms of the enzyme-substrate 

system.  

This value is well below the pKa of H2O2 (11.7), suggesting that it is due to a deprotonation 

event on the decarboxylase-coproheme complex rather than deprotonation of free H2O2. 

The second phase was far slower and independent of both H2O2 concentration and pH 

(Figure 4B, Table 3). 

The reaction of the ferric harderoheme complex was likewise characterized by two 

phases. The first led to a complex of the decarboxylase with heme b (Soret 408 nm; visible 

bands 540, 572 nm) and the second to heme destruction (Figure S7). Second order rate 

constants were slightly faster with harderoheme than coproheme as substrate (190 to 350 

M-1 s-1, pH 5.8-8.8) and exhibited the same pKa (7.3 ± 0.2) (Figure 4). The heme 

decomposition phases for coproheme or harderoheme as substrates (Figure S8) were 

indistinguishable kinetically or spectroscopically, suggesting that the degradation process 

occurred after heme b formed.   

  

Reactions between Ferric Coproheme-decarboxylase Complex and Peracetic Acid are 

Fast and pH-independent 

 

When PAA was used as the oxidant in place of H2O2, analogous conversion of the 

substrate to a heme b complex followed by degradation was observed in stopped flow 

experiments (Figure S9). However, the phase leading to heme b was approximately an 

order of magnitude faster with the peracid than with H2O2 (k = 3600-5200 M-1s-1). 

Because PAA is expected to react as an oxygen atom donor, the fact that both it and H2O2 

are productive oxidants suggests that the ferryl porphyrin pi-cation radical (Fe(IV)=O 
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porſ+, Compound I) is a common intermediate on both the H2O2 and peracid pathways. 

Finally, neither the second order formation nor the first order decay rate constants had a 

sigmoidal dependence on pH (Figure 4). This may reflect the relatively low pKa of the 

peracid (8.2), which would obviate the need for basic residues to catalyze the formation 

of a ferric-acetylperoxy species. 

  

Solvent Isotope Effect on the Ferric Coproheme-decarboxylase Reaction Indicates Rate 

Limiting Proton Transfer 

 

The slow second order kinetics of the ferric coproheme reactions suggests that a 

bimolecular step involving H2O2 partly limits the rate at which heme b forms. The pH 

dependence of the rate constant (Figure 4) suggests that this step includes transfer of H+. 

To further explore these hypotheses, the decarboxylase-coproheme complex reaction with 

D2O2 was monitored in D2O at varying pD. The second order rate constants diminished in 

magnitude, with an averaged solvent kinetic isotope effect (SKIE) on k (kH/kD) of 2.2 

over the measured pH/pD range. The plot of k versus pD adhered closely not to a one but 

rather a two pKa model: 

 

ÌÏÇὯ
  

 
  

    (3) 

 

Here, k1, k2, and k3 describe the rate constants for each of the 3 pH-dependent forms of the 

enzyme-substrate system. This fit yielded pKas of 6.5 and 9.3.  

We conclude that D2O clearly influences both the rate of the second order reaction 

and the observed number and magnitude of acid dissociation equilibria for the coproheme-
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decarboxylase complex. Substitution of 2D for 1H is known to perturb acid dissociation 

equilibrium constants by varying amounts depending on the acidôs structure (the pKa shifts 

0.41 units for D2O versus H2O, e.g., to 7.41).25 It is possible that the pKas 7.4 and 9.3 

measured in H2O and D2O, respectively, correspond to the same acid dissociation event, 

and that the second pKa (6.5 in D2O) was out of the pH range used in protonated buffer. 

Alternatively, the introduction of deuterium could have altered the rate limiting steps of 

the mechanism, and therefore the chemical event contributing the most to the second order 

rate constant. The origins of these pKas will be explored further in future work.  

 

Resonance Raman (rR) Spectra for Ferrous Decarboxylase-Coproheme Complex Indicate 

a Pentacoordinate High-Spin Coproheme with a Neutral His Ligand  

 

The five-coordinate, high-spin (5cHS) nature of the ferrous HemQ complexes was 

confirmed by the coordination- and spin-state marker bands ɜ3 and ɜ4 at 1467 and 1353-

cmī1, respectively, in the high frequency rR spectra (Figure 5A). The ferrous coproheme, 

harderoheme, and heme b complexes exhibit very similar ɜ3 and ɜ4 shifts.  

Additionally, the rR spectra report on the nature and strength of the proximal iron-

ligand bond. In 5cHS ferrous heme proteins having proximal imidazole ligands, 441.6-

nm Raman excitation elicits well-enhanced bands attributable to their iron-histidine 

stretches, ɜFeīHis. By virtue of its intensity and frequency, the 215 cmī1 band is tentatively 

assigned to the ɜFeīHis mode of 5cHS ferrous decarboxylase-coproheme (Figure 5B). The 

ɜFeīHis frequency for ferrous decarboxylase complexes of harderoheme and heme b are 

within 1 cmī1 of that for the coproheme complex.  
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The 215-cmī1 ɜFeīHis frequency of decarboxylase-coproheme is 7, 11, and 14 cmī1 

lower than those of the closely related, heme b-dependent chlorite dismutases (Clds) from 

Dechloromonas aromatica (DaCld, 222 cmī1), Nitrospira defluvii (NdCld, 226 cmī1), 

and Klebsiella pneumoniae (229 cmī1), respectively.26-28  Mutation of the distal pocket in 

DaCld (DaCld(R183Q)) to mimic the predicted pocket in the decarboxylase29 does not 

result in a significant change of its ɜ(Fe-His) frequency.30 The proximal histidine ligands of 

DaCld and NdCld have some imidazolate character due to H-bonding interactions with 

nearby glutamate side chains. Since the H-bond accepting glutamate in the Cld proximal 

pockets is not conserved in the decarboxylases,31 Hofbauer and coauthors predicted 

correctly that the ɜFeīHis frequency for the heme complexes would be similar to that of 

NdCld(E210A) which they reported at 216 cm-1.27 This result suggests that any proximal 

hydrogen bond network in the decarboxylases does not include strong participation by the 

proximal ligand. It further suggests that the electronic ñpushò exerted by the proximal His 

is closer to that in the globins than in His-ligated peroxidases. 

 

The Reduction Potential for the Decarboxylase-coproheme Complex is Peroxidase-like 

and Becomes More Positive as the Propionates Convert to Vinyls  

 

Fe(III)/Fe(II) potentials for coproheme (-190 mV), harderoheme (-170 mV), and 

heme b (-160 mV) bound to the decarboxylase were measured spectroelectrochemically 

(versus SHE, pH 7. 20 °C, Figures 6 and S10). The value for the coproheme complex is 

similar to the one recently reported for the same protein (-207 mV) at neutral pH.32 These 

positive shifts in reduction potential are consistent with the loss of negative charge from 

the porphyrin periphery as each propionate is converted to a vinyl group. Other histidine-



95 

 

ligated heme proteins offering relevant comparisons include heme peroxidases, which 

react in the ferric oxidation state and have heme Fe(III)/(II) reduction potentials ranging 

from -150 to -300 mV vs SHE.33 The reduction potential of DaCld, which is homologous 

(31.4% similarity, EMBOSS Needle alignment) to and structurally superimposable with 

the decarboxylase/HemQ, is -21 mV.34 Clds use ferric heme b as a catalytic cofactor for 

converting ClO2
ī to Clī and O2. By contrast, positive potentials are associated with heme 

proteins that operate in the Fe(II) state. Ferrous myoglobin, which reversibly binds O2, 

has a low, positive reduction potential of 45 mV,35 while the potential for bifunctional 

dehaloperoxidase, which reversibly binds O2 and reacts with H2O2 in its ferrous form, is 

222 mV.22 

 

Discussion 

 

 

The assembly of biological cofactors requires the highly controlled combination of 

reactive components within the cellular environment. In the final step of heme 

biosynthesis in many bacteria, including most facultative gram positives,1 a ferrous-

porphyrin precursor undergoes the selective oxidative decarboxylation of two propionate 

groups under conditions where both cellular O2 and H2O2 are known to be present.1, 6 

Coproheme is the substrate and cofactor in this unusual autocatalytic reaction, carried out 

by a coproheme decarboxylase encoded by the hemQ gene. Because iron is inserted into 

coproheme as Fe(II),1, 6, 36 the reaction could, in principle, occur via mechanisms that are 

oxidase-, oxygenase-, or peroxidase-like (Scheme 1). Each invokes unique chemical steps 

and distinct biological strategies for directing the reactivity of the redox-active substrates 
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and product. We sought to determine which of these is the most likely pathway for the 

decarboxylase under biological conditions.  

In nearly all cases where decarboxylation is accompanied by C-C bond oxidation, 

the two electrons from the substrate are funneled into a cofactor (e.g., flavin or pyridoxal 

phosphate).37 The cofactor electrons may be subsequently discharged onto NAD(P)+ or 

O2. The coproheme decarboxylase lacks a cofactor; however, the substrate itself could act 

as a conduit for removing two electrons from each propionate side chain and delivering 

them to O2, generating H2O2. This hypothetical reaction (Scheme 1A) is similar to the 

one catalyzed by coprophorphyrinogen oxidase: the cofactor-free enzyme from the 

canonical pathway that catalyzes an analogous reaction with a metal-free, reduced, and 

unconjugated substrate.10 When we examined the ferrous coproheme decarboxylase for 

oxidase activity, however, none was observed.  

In nearly all cases where decarboxylation is accompanied by C-C bond oxidation, 

the two electrons from the substrate are funneled into a cofactor (e.g., flavin or pyridoxal 

phosphate).37 The cofactor electrons may be subsequently discharged onto NAD(P)+ or 

O2. Although the coproheme decarboxylase lacks such a cofactor, the substrate itself 

could act as a conduit for removing two electrons from each propionate side chain and 

delivering them to an exogenous oxidizing agent. One possibility is that electrons are 

directed to cellular O2, generating H2O2. This hypothetical reaction (Scheme 1A) is 

similar to the one catalyzed by coprophorphyrinogen oxidase: the cofactor-free enzyme 

from the canonical pathway that catalyzes an analogous reaction with the metal-free 
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porphyrinogensubstrate.10 When we examined the ferrous coproheme-bound 

decarboxylase for oxidase activity, however, none was observed.  

Structurally, the decarboxylase closely resembles bacterial heme oxygenases from 

the IsdG family, which are found in the same bacterial taxa.38 The heme oxygenase 

reaction is likewise autocatalytic, with ferrous heme b acting concurrently as the substrate 

and cofactor. In the proposed IsdG mechanism,13 heme b reacts with O2 to form a ferrous 

heme-O2 complex. Addition of H+ and an electron leads to a ferric-hydroperoxy 

intermediate, which hydroxylates one of the pyrrole-bridging meso-carbons. The 

biological source of the electron has not been identified for any heme oxygenase, though 

various surrogates have been used under in vitro conditions. Following the initial 

hydroxylation, a series of further reactions leads to ring opening and release of 

formaldehyde and the triply oxygenated linear tetrapyrrole product.20, 39  

An analogous reaction mechanism can be proposed for the coproheme 

decarboxylase, though with hydroxylation directed not toward a meso-carbon, but rather 

the b-carbon of a reactive coproheme propionic acid (Scheme 1B). Consistent with an 

oxygenase mechanism, UV/vis spectroscopic evidence suggests that the ferrous 

coproheme substrate rapidly forms spectroscopically similar intermediates with both O2 

and H2O2 (Figures 1A and 2A). However, under conditions that would have resulted in 

heme oxygenation by IsdG and its homologs, no reaction occurred. Barring the 

requirement for a yet-unknown physiological reductant, the evidence here suggests that 

coproheme decarboxylase does not work according to an oxygenase mechanism. 
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We next considered whether the decarboxylase might react in the ferrous state with 

H2O2, averting the competing, non-productive Fe(II)/H2O2 reaction to generate OHī and 

cytotoxic OHǐ. Such a ñferrous peroxidaseò mechanism would be highly unusual though 

not completely unprecedented. The heme-dependent marine worm dehaloperoxidase 

(DHP) provides the sole example of H2O2/heme reactivity occurring under biological 

conditions from the ferrous state.14, 15, 23 A ferrous-hydroperoxy heme species forms as 

the initial intermediate in DHP, followed by heterolytic cleavage of the O-O bond to 

yield Compound II (Fe(IV)=O porphyrin). Compound II acts as a one-electron oxidant 

toward each of a pair of exogenous substrates, returning the heme cofactor to the ferrous 

oxidation state.  

Consistent with this pathway, the ferrous coproheme-decarboxylase appeared to 

form an intermediate in the reaction with H2O2, which could in principle be a ferrous-

peroxy complex (Figure 2). However, the subsequent steps did not lead to 

decarboxylation (Table 2). Instead, the reaction with 1-2 eq of H2O2 brought about the 

complete conversion of the coproheme Fe(II) to Fe(III). Moreover, while the maximal 

second order reaction rate between the ferrous coproheme-decarboxylase and H2O2 was 

fast, the reaction with ambient O2 (240 mM at pH 7, 20 °C, in Bozeman, MT) was even 

faster. The ferrous reaction with O2 is therefore expected to be kinetically favored over 

H2O2 under aerobic conditions or whenever dissolved O2 exceeds 30 mM (Table 3). 

We therefore hypothesized that the decarboxylase might react as an ñoxidase-

peroxidase.ò According to this model, the ferrous coproheme reaction with O2 would 

generate the ferric coproheme and O2ǐ- in the first step. Once in the ferric state, the 
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coproheme- and harderoheme-decarboxylase complexes would have to react with H2O2, 

since ferric heme species are not known to be oxidized by O2.  

This is an attractive proposition since heme enzymes generally react with H2O2 in 

the ferric state, and since the decarboxylase reaction can occur in an Fe(III)/H2O2-

dependent manner.5 We observed here (Figures 5 and 6) that the Fe(III)/(II) reduction 

potential and coordination state for these are reminiscent of typical heme peroxidases, 

suggesting that the enzyme-substrate complex has a sufficient driving force for reacting 

in the ferric state. We further observed that the reaction between the ferric coproheme-

decarboxylase complex and H2O2 was second order and pH dependent, growing faster 

with a pKa near 7.4 (Figure 4). The observation of a solvent kinetic isotope effect further 

indicated that a proton transfer ï for example, from H2O2 or to a ferric-OOH complex to 

generate water and Compound I ï partly limited the rate of this second order step. Acid-

base catalysis of Compound I formation, usually involving a His-Arg pair, is a 

cornerstone of proposed mechanisms for H2O2 activation by heme peroxidases.40  

However, the second order reaction between the decarboxylase-coproheme complex 

and H2O2 was exceedingly slow, with rate constants (110-330 M-1s-1) that are 102-104 

times lower than expected for typical peroxidases.16 Further, instead of forming 

Compound I as an initially observable intermediate, the first species observed in reactions 

with either the coproheme- or harderoheme-decarboxylase complex and H2O2 is the 

complex of the protein with ferric heme b (Figure 3). Compound I may nonetheless be on 

the reaction pathway. Peracetic acid, an oxygen-atom donor which typically forms 

Compound I from ferric heme, very efficiently generates the expected harderoheme 
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intermediate and heme b product. We would not expect Compound I to be directly 

observed if it reacts quickly once it forms. The lifetime of Compound I in peroxidases is 

highly variable, and appears to depend strongly on the number and proximity of redox-

active amino acids that can react with it.41, 42 The structure of the decarboxylase with 

coproheme bound is unknown; however, consistent with a short lived intermediate, it has 

multiple Trp and Tyr residues (5 and 12, respectively) in its 250 amino acid sequence, 

and its two oxidizable substrates are covalently attached to the heme. Thus, if the 

oxidative decarboxylation proceeds via Compound I, its lifetime may be anticipated to be 

fleeting. 

Compound I-catalyzed decarboxylations could occur by one of at least two possible 

mechanisms (Scheme 2). The first is analogous to the classic, two-step peroxidase 

catalytic cycle.16 In the first step, a net hydrogen atom (H+ plus e-) is transferred from the 

b-carbon of the propionate to the ferryl porphyrin cation radical, filling the hole on the 

porphyrin to generate Compound II and protonating the ferryl oxygen atom. Second, 

migration of the remaining unpaired electron from the b-carbon of the propionate to the 

Fe(IV) might occur with concomitant loss of the carboxylate group as CO2. A second 

proton would need to be brought in to make H2O. Alternatively, one could imagine the 

same protonated Compound II [Fe(IV)-OH] ñreboundingò with the propionyl radical to 

yield a hydroxylated intermediate. The rebound reaction would likely only take place if 

the ferryl were adjacent to the reactive propionate. As this is difficult to envision, the 

rebound mechanism is improbable. The peroxidase-like mechanism, by contrast, could 

involve amino acid side chains as conduits for the transferred electrons and protons. In 
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either case, the oxidation state of the metal remains unchanged at the beginning/end of 

the reaction, and the ferric coproheme is first converted to ferric harderoheme. A second 

catalytic cycle between Fe(III) harderoheme and H2O2 would be needed to generate heme 

b. Do the two, sequential oxidative decarboxylation reactions occur in the same manner? 

The fact that the second order rates for the ferric coproheme/H2O2 and harderoheme/H2O2 

reactions leading to heme b are roughly the same suggests that the second propionate 

conversion (from harderoheme to heme b) limits the overall reaction rate. This suggests 

that the H2O2-activating steps for coproheme and harderoheme could be largely similar. 

Though a mechanism involving Compound I is plausible, the electronic structure of 

the coproheme bound to the decarboxylase presents a conundrum. A ñpush-pullò/distal 

acid-base model is used to explain heterolytic peroxide cleavage in the peroxidase 

mechanism.40 The ñpushò effect correlates with the basicity of the proximal ligand which, 

in the case of heme peroxidases, is typically a His side chain whose basicity is modulated 

by H-bond acceptors. The strongest, anionic H-bond acceptors lead to the most basic His 

ligands, which in turn stabilize the high-valent iron centers of Compounds I and II. The 

extent of the ñpushò effect is reflected in the iron histidine stretching frequency, which 

ranges from 233-246 cmī1 in heme peroxidases.43, 44 By contrast, the low ɜFeīHis 

frequency of 215 cmī1 shows that the imidazole ligand in coproheme decarboxylase is 

not associated with an anionic H-bond acceptor, predicting a relatively weak proximal 

ñpushò. Clds, which are closely related to these HemQ-decarboxylases, also exhibit lower 

ɜFeīHis frequencies (222 - 229 cmī1) than heme peroxidases, suggesting a weaker proximal 

ñpushò, but perhaps greater than HemQ.5, 45, 46 However, their modest push, in 
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conjunction with a strong ñpullò from their distal Arg drives heterolytic cleavage of an 

OīCl bond in the ClO2
ī substrate. As inthe heme peroxidases, this is thought to direct 

both oxidizing equivalents of the substrate to the heme cofactor thereby yielding 

compound I. The distal environment of the coproheme decarboxylase is not known, 

though it might partly compensate for the weak Fe-His interaction via the ñpullò of 

positive charges. By the same token, it is possible that the negatively charged propionate 

groups 2 and 4 could act together with the protein environment to stabilize the ferric 

oxidation state, potentially supporting heterolytic cleavage of bound H2O2.
33 

Alternatively, heme oxygenases have neutral His heme ligands (ɜFeīHis = 216-218 cmī1)47, 

48 and do not react via Compound I. Rather, an Fe(III)-OOH species directly hydroxylates 

one of the pyrrole-bridging carbons, without prior cleavage of the O-O bond,49, 50 and an 

analogous mechanism using ferric coproheme can be proposed here (Scheme 2). 

A pathway invoking O2-mediated oxidation of Fe(II) followed by Fe(III)/H2O2 

dependent decarboxylations has at least three important implications for how heme 

synthesis is organized in the cells that use this noncanonical mechanism. First, the well-

known biosynthetic pathway from gram-negative bacteria and eukaryotes generates 

ferrous heme b. The production of the ferric heme in gram-positives suggests distinct 

ways of subsequently chaperoning the cofactor and incorporating it into proteins in the 

cell. Second, a reaction cycle that begins from the ferrous coproheme complex produces a 

stoichiometric quantity of superoxide per coproheme/heme b conversion as the metal 

oxidizes from Fe(II) to Fe(III). Although the fate of the O2ǐ
ī is not clear, catalytic 

disproportionation of superoxide in the presence of a proton source rapidly yields H2O2.
51 
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The susceptibility of free ferric coproheme to bleaching in the presence of even small 

amounts of H2O2 suggests that oxidation of the iron occurs inside the decarboxylase 

rather than freely in the cell.5 The upstream catalyst, ferrochelatase (HemH), may directly 

relay the substrate to the decarboxylase, as some existing data already support.52 Finally, 

though S. aureus like many gram-positives is a catalase-rich organism, this unique 

oxidative decarboxylation reaction depends on H2O2 rather than O2. 
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Figures 

 
Figure 4.1. The reaction between the ferrous coproheme-decarboxylase complex and O2 

leads to an intermediate, followed by oxidation of the coproheme iron.  A. The ferrous 

coproheme-decarboxylase complex (5 mM, blue line) was rapidly mixed with one eq of 

O2 and the reaction monitored by stopped flow UV/vis spectroscopy (50 mM KPi, pH 

7.4, 20 °C). Conversion to an initial intermediate after 100 ms (green line) was observed, 

followed by formation of the ferric coproheme product (15 s, red line). Intervening 

spectra are shown at 0.015, 0.045, 2, and 5 s (lighter lines). The inset shows the visible 

bands on an expanded scale. B. The progress of the reaction was monitored over time at 

408 nm at varying final concentrations of O2 (6, 60, 120, and 240 mM, increasing in the 

direction of the arrow). Each curve was fit to the sum of two exponentials. Inset: values 

of kobs for the initial phase leading to the green intermediate in (A) were plotted as a 

function of [O2], yielding k = 1.2 x 106 M-1 s-1. 
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Figure 4.2. The ferrous coproheme-decarboxylase complex reacts faster with O2 in air than 

with H2O2. A. The ferrous coproheme-decarboxylase complex (5 mM, blue line) was 

rapidly mixed with one eq of H2O2 and the reaction monitored by stopped flow UV/vis 

spectroscopy (50 mM KPi, pH 7.4, 20 °C). Conversion to an initial intermediate after ~70 

ms (green line) was observed, followed by formation of the ferric product (15 s, red line). 

Intervening spectra are shown at 0.015, 0.045, 2, and 5 s (lighter lines). The inset shows 

the visible bands on an expanded scale. B. The progress of the reaction monitored over 

time at 408 nm is shown for the reactions of ferrous coproheme-enzyme complexes with 1 

eq H2O2 (blue), 1 eq peracetic acid (PAA) (green), or O2 (half and full air saturation, 120 

and 240 mM O2, red and black points respectively). The data points are shown in fits to 

sums of two exponential curves. (Fits to the initial phase for the stoichiometric reactions 

are included as a visual aid.) 



106 

 

 
Figure 4.3. Oxidative decarboxylation of ferric coproheme occurs slowly and without 

observable intermediates when H2O2 is the oxidant. A. The ferric coproheme-

decarboxylase complex (7 mM, blue line) was rapidly mixed with 10 eq of H2O2 and the 

reaction monitored by stopped flow UV/vis (50 mM KPi, pH 7.4, 20 °C). Conversion to a 

complex with heme b was observed after ~35 s (purple line), followed by heme 

decomposition over several minutes (illustrated by the 500 s curve, gray). Intervening 

spectra are shown at 5, 10, and 20 s (lighter lines). The inset shows the visible bands on an 

expanded scale. B. The progress of the reaction monitored over time at 411 nm is shown 

for the reaction of ferric coproheme-decarboxylase with increasing concentrations of H2O2 

(in direction of arrow: 75, 125, 250, 500, 1250, 2500, and 500 mM; 50 mM KPi, pH 7.4, 

20 °C). Each curve was fit to the sum of two exponentials. The first kinetic phase 

corresponded to the generation of a heme b complex and the second to heme b 

decomposition (kdecay). Inset: Values of kobs for the first phase (red squares) were plotted 

versus [H2O2] and used to generate second order rate constant 210 M-1 s-1. 
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Figure 4.4. The rates of reactions between the ferric coproheme-decarboxylase and H2O2 

are pH and solvent-isotope dependent. Reactions between the ferric coproheme- and 

harderoheme-decarboxylase complexes and H2O2, D2O2 (in D2O), or PAA were monitored 

as a function of pH (pD). An initial phase corresponding to heme b formation (kheme) 

followed by heme decomposition (kdecay) was observed in every case. A. Second order rate 

constants measured as shown in Figure 3B were plotted as a function of pH: red circles; 

coproheme/H2O2; blue squares: harderoheme/ H2O2. The initial phase grew faster with 

increasing pH and was fit to a single pKa equation, yielding pKa = 7.3 (harderoheme) or 7.5 

(coproheme). The same rate constants measured for the coproheme reaction with D2O2 (in 

D2O) (blue diamonds) were fit to a two-pKa model yielding 6.5 and 9.3; average SKIE = 

2.2. Finally, rate constants for the coproheme reaction with PAA were much larger and did 

not exhibit a sigmoidal trend. B. Rate constants describing the decay phase did not display 

sigmoidal dependence on pH (see Figure S8.). 
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Figure 4.5. Vibrational characterization of the ferrous iron tetrapyrrole complexes of the 

coproheme decarboxylase. A) High frequency window of the 413.1-nm excited rR spectra 

of (a) ferrous coproheme-, (b) ferrous harderoheme-, and (c) ferric coproheme-

decarboxylase complexes reacted with eight equivalents of H2O2 to generate enzyme-heme 

b followed by reduction with sodium dithionite. B) The 441.6 nm excited low frequency 

rR spectra of (a) ferrous enzyme-coproheme complex, (b) ferrous enzyme-harderoheme 

and (c) product of ferric enzyme-coproheme with H2O2 followed by reduction with 

dithionite. Note the change in the intensities of the propionate and vinyl bends relative to 

one another and the ɜ8. All samples were prepared in 0.1 M sodium phosphate buffer pH 

6.8 and reduced with sodium dithionite. The asterisk indicates a vinyl bending band due to 

a small amount of decarboxylated coproheme.  
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Figure 4.6. The Fe(III)/(II) redox potential for decarboxylase-bound coproheme is 

peroxidase-like, and becomes more positive as each propionate is converted to a vinyl. 

Titration of the ferric coproheme-decarboxylase complex with dithionite in the presence of 

oxidized indigo disulphonate (red) results in the concurrent reduction of both substrate and 

dye (blue). (Inset) Plotting the ln(Enzox/Enzred) versus ln(Dyeox/Dyered) allowed for the 

determination of redox potential of -190 mV from the slope (versus SHE, pH 7. 20 °C). 

Analogous data measured for the complexes of the decarboxylase with harderoheme and 

heme b, yielded -170 mV, and -160 mV, respectively (see Supplementary Information). 
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Scheme 4.1. Possible coproheme decarboxylase pathways starting from Fe(II)coprohemeÿ 

 

 
ÿThe ferrous coproheme III substrate is shown with sites of pyrrole ring substituents 

(methyl or propyl) labeled 1-8. The tetrapyrrole is depicted as an oval and the propionates 

as "P". Only the reacting propionate 2 is shown, for clarity. A) Oxidase, B) oxygenase and 

C) peroxide-dependent mechanisms shown. A mechanism for the conversion of the 

harderoheme III intermediate to heme b is not shown but could occur by an analogous 

mechanism to A-C.  
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Scheme 4.2. Possible pathways for oxidative decarboxylation.ÿ 
 

 

ÿOnly the first oxidative decarboxylation is shown. O2-mediated oxidation of the 

coproheme iron is followed by reaction of the ferric coproheme with H2O2 to form a 

hypothetical Fe(III)-OOH adduct. Two Compound I-dependent pathways are shown. (A) 

Net H-atom (H+ + eī) transfer from the propionate b-carbon to Compound I. (B) Net H-

atom transfer followed by hydroxyl rebound to yield a hydroxylated intermediate. Direct 

hydroxylation from the ferric-hydroperoxy species (C) could likewise occur, analogous to 

heme oxygenase chemistry. 
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Tables 

 

 

Table 4.1. UV/vis bands for complexes of HemQ coproheme decarboxylase with substrate, 

intermediate, or product 

Complex Soret Visible 

Fe(III)    

coproheme 394 497, 533, 630 

harderoheme 396 495, 533, 610 

heme b 406 510, 527, 630 

Fe(II)    

coproheme  424 548 

harderoheme  418 ~520sh, 551 

heme b 427 560 

Fe(II) reaction 

intermediates 

  

coproheme + O2  408 539, 573 

coproheme + H2O2    408 539, 572 

coproheme + peracetic 

acid  

408 539, 572 

harderoheme + H2O2  408 537, 572 

harderoheme + 

peracetic acid 

408 537, 572 
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Table 4.2. Observed oxidation products following addition of defined amounts of H2O2 to 

decarboxylase complexes with ferrous/ferric coproheme or harderoheme, expressed on a 

per-substrate basisa 

heme 

species 

         Fe(II) 

coproheme 

         Fe(II) 

harderoheme 

Fe(III) 

coproheme 

Fe(III) 

harderoheme 

H2O2 

(eq) 

vinylsb Fe(III)c vinyls Fe(III) vinyl groups vinyl groups 

0 0 0 0 0 0 0 

0.5 0.32±0.05 0.05 0.07±0.02 NDd 0.14±0.02 0.07±0.02 

1 0.51±0.07 0.70 0.13±0.02 ND 0.27±0.04 0.11±0.03 

1.5 0.58±0.06 0.98 0.14±0.04 ND 0.45±0.07 0.13±0.02 

2 0.60±0.1 0.91 0.15±0.03 ND 0.54±0.06 0.14±0.02 
aReactions were carried out at 20 °C in pH 7.4 KPi. bConversion of propionates to vinyl 

groups was determined via HPLC quantification of the total harderoheme and/or heme b 

products of each reaction. Each reaction was carried out in triplicate with the error reported 

as the standard deviation of the three measurements. cFe(III) was determined by double 

integration of the EPR spectra and spin quantification, using horse heart myoglobin as a 

standard (Figure S5). dNot determined. 
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Table 4.3. Rate constants for reactions of decarboxylase complexes with oxidants (pH 7.4, 

20 °C) 

Substrate oxidant k (M-1s-1) a
  kdecay (s

-1) 

coprohemeFe(II) O2 1.2 x 106  0.20 ± 0.02 s-1 

 H2O2 32 ± 2 s-1 b 0.48 ± 0.02 s-1 

 PAA 30 ± 3 s-1 b 0.47 ± 0.04 s-1 

harderohemeFe(II) H2O2  41 ± 5 s-1 b 0.74 ± 0.01 s-1 

coprohemeFe(III) H2O2  210 0.00060 M-1s-1 

 PAA  3600 0.0050 M-1s-1 

harderohemeFe(III)  H2O2  270 0.00090 M-1s-1 
aThe second order rate constants in each case describe the conversion of starting material 

to the first observable species, which is either an intermediate (for Fe(II)/O2) or heme (for 

reactions starting with ferric hemes). Formation of ferric coproheme as the final product 

(in the case of the ferrous starting materials) or heme decomposition (ferric starting 

materials) is described by kdecay. This rate constant is first order for the ferrous substrates 

and second order for the ferric.  bThese values were insensitive to changes in oxidant 

concentration and are reported as first-order rate constants. Errors for kobs are standard 

deviations from Ó3 measurements. Second order plots constructed from similarly measured 

kobs had linear correlation values >95%. 
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Additional supporting data include (S1) UV/vis spectra for all complexes in the 

manuscript; (S2-S9) further UV/vis and EPR spectroscopic characterization of reactions 

with O2 and H2O2; (S10) redox titrations of the coproheme decarboxylase in complex 

with harderoheme and heme b.  This material is available free of charge via the Internet 

at http://pubs.acs.org. 
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Acetonitrile, ACN; Chlorite Dismutase, Cld; Dehaloperoxidase, DHP; Dimethyl 

Sulfoxide, DMSO; Electron Paramagnetic Resonance Spectroscopy, EPR; Five 
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Peracetic Acid, PAA; Protocatechuate Dioxygenase, PCD; Protocatechuic Acid, PCA; 
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Abstract 

 

 

Coproheme decarboxylase catalyzes two sequential oxidative decarboxylations 

with H2O2 as the oxidant, coproheme III as substrate and cofactor, and heme b as the 

product. Each reaction breaks a C-C bond and results in net loss of hydride, via steps that 

are not clear. Solution and solid-state structural characterization of the protein in complex 

with a substrate analog revealed a highly unconventional H2O2-activating distal 

environment with the reactive propionic acids (2 and 4) on the opposite side of the 

porphyrin plane. This suggested that, in contrast to direct C-H bond cleavage catalyzed 

by a high-valent iron intermediate, the coproheme oxidations must occur through 

mediating amino acid residues. A tyrosine that hydrogen bonds to propionate 2 in a 

position analogous to the substrate in ascorbate peroxidase is essential for both 
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decarboxylations, while a lysine that salt bridges to propionate 4 is required solely for the 

second. A mechanism is proposed in which propionate 2 relays an oxidizing equivalent 

from a coproheme compound I intermediate to the reactive deprotonated tyrosine, 

forming Tyrǐ. This residue then abstracts a net hydrogen atom (Hǐ) from propionate 2, 

followed by migration of the unpaired propionyl electron to the coproheme iron to yield 

the ferric harderoheme and CO2 products. A similar pathway is proposed for 

decarboxylation of propionate 4, but with a lysine residue as an essential proton shuttle. 

The proposed reaction suggests an unprecedented relay of heme-mediated eī/H+ transfers 

and a novel route for the conversion of carboxylic acids to alkenes.  

 

 

Introduction 

 

 

Activation of O2 or H2O2 by heme often leads to the generation of high-valent iron-

oxo (ferryl) intermediates.1 In reactions catalyzed by heme peroxidases, donation of two 

electrons from the Fe(III)-porphyrin complex results in heterolytic cleavage of the HO-OH 

bond. The resulting compound I intermediate carries one oxidizing equivalent on the iron 

and the other in the porphyrin p system, and is consequently described as Fe(IV)=O 

coupled to a porphyrin radical cation (por·+):2, 3 

 

Fe(III)por + H2O2  ·Fe(IV)=O(por·+) + H2O (1) 

 

How this central intermediate forms and how it oxidizes compounds, sometimes 

over long distances, are longstanding questions in catalysis research. In reactions catalyzed 
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by many cytochrome P450s and peroxidases,4 1 e- + 1 H+ are transferred from a substrate 

to compound I. Such reactions, known as proton coupled electron transfers,5 can occur in 

a single concerted proton/electron transfer step. Alternatively, as in the catalytic model for 

P450s,3 the proton may migrate to the ferryl oxygen while the electron enters an orbital 

that is porphyrin-based. The overall reaction is described as hydrogen atom transfer.6  

The proton and electron may have distinct routes to their separate destinations, 

though in only few cases have these been rigorously described. In ascorbate peroxidase 

(APX), the ascorbate substrate binds near and donates a hydrogen bond (H-bond) to one of 

the heme propionates (Fig. S1).7, 8 Hydrogen atom transfer from ascorbate, in both APX 

and a synthetic heme complex designed to mimic it,9 occurs with the propionate acting 

both as a base toward the proton and as the conduit for the electron to por·+. The proton is 

shuttled to an active site arginine and water molecules before finally arriving at the ferryl 

oxygen,10 and the resulting Fe(IV)=O + H+ or Fe(IV)-OH complex is known as compound 

II.11 Transfer of a hydrogen atom from a second substrate leads back to the ferric heme and 

a molecule of water. Representing the substrate as SH gives the general reaction scheme: 

 

Fe(IV)=O(por·+) + SH ·Fe(IV)=O(por) + H+ + S· (2) 

Fe(IV)-OH(por) + SH ·Fe(III)(por) + H2O + S· (3) 

 

The propionate in APX (Fig. S1) allows the heme to transmit oxidizing equivalents, 

from the site where the heme iron converts H2O2 to its catalytically activated compound I 

form, to the substrate binding site. In some peroxidases, including cytochrome c peroxidase 
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(CCP) and lignin peroxidase (LnP),12-14 the sites of heme-Fe(III)/H2O2 reaction and 

substrate oxidation may be quite spatially remote. Redox-active amino acid side chains15-

17 in addition to the propionates18 act as internal mediators within these enzymes. These 

supply the means to move oxidizing equivalents away from por·+ and to the site where 

substrates bind, greatly extending the catalytic reach of heme as an oxidation catalyst.  

Here, we describe the combined structural and solution-state characterization of a 

H2O2-activating heme protein in which the iron and the pair of organic substrates have an 

unusual spatial and electronic relationship. The enzyme uses H2O2 as an oxidant in the 

successive decarboxylations of propionates 2 and 4 of iron coproporphyrin III 

(coproheme), which serves as both substrate and cofactor in the reactions (Scheme 1). Use 

of H2O2 as the biological oxidant in a decarboxylation or indeed any C-C bond cleavage is 

a highly uncommon feature of this enzyme,19 which is encoded by the hemQ gene and 

which is responsible for the last step in heme biosynthesis in many gram positive bacteria.20 

The 1.8 Å resolution structure of the protein in complex with its Mn(III)-containing 

substrate analog clearly shows the two reactive propionates residing below the coproheme 

plane, in a position where they cannot directly make contact with a ferryl intermediate. 

Instead, the structure suggests and the solution data support an electron/proton relay 

involving the heme, its propionates, and reactive amino acid side chains, leading to net 

transfers of an electron and a hydrogen atom from the reactive propionates themselves. The 

structurally-inferred, experimentally supported reaction mechanism is unprecedented in 

biology. As such, it suggests possible new avenues for extending the catalytic repertoire of 

synthetic heme complexes.  
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Scheme 1. Reaction catalyzed by coproheme decarboxylaseÀ 

 

ÀNet loss of 2eī + H+ from the Ca-Cb bond of each propionate occurs along with 

decarboxylation. Involvement of Fe(III), H2O2, and harderoheme III in the reaction scheme 

was previously verified.21, 22 The porphyrin species are drawn in their expected protonation 

states at pH 7. 

 

 

Experimental Procedures 

 

Expression, Purification, and Ligand Binding to WT and Mutant Coproheme 

Decarboxylases  

 

The sequence of the protein encoded by the hemQ from Geobacillus 

stearothermophilus (Gs, NCBI accession WP_053414189, PDB ID: 1T0T)23 was used to 

design a codon-optimized synthetic hemQ gene for expression in untagged form in 

Escherichia coli. The gene was inserted into a pET14(a) plasmid between the Nde1 and 

Xho1 restriction sites and used to transform competent E. coli Tuner (DE3) cells 

(Novagen). A similar construct for expressing the untagged, homologous protein from 

Staphylococcus aureus (Sa) was previously described.21 A QuikChange Lightning Site-

Directed Mutagenesis Kit (Agilent) was used to generate site-directed mutants of Sa 
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decarboxylase using the manufacturerôs instructions and primers in Table S1. For 

residues closer to the protein interior, substitutions were made from Tyr/Ser, or Trp/Phe- 

in order to retain the hydrophobic/hydrophilic character of the WT residue while 

dramatically changing its size or chemical functionality. Residues at the solvent interface 

were substituted by Ala.   

Proteins were overexpressed and isolated at >95% purity by reverse-anion 

exchange and gel filtration chromatography as previously described.21 Concentrated 

proteins (Amicon, 10,000 MWCO centrifuge filters) were incubated in the dark with 

gentle stirring at 4 °C for 24 h with either the substrate ferric coproheme III or the 

substrate analog Mn(III) coproporphyrinate III (coproporphyrinate III = tetrakis-2,4,6,7-

propionate-protoporphyrin, Frontier Scientific) in a 1:1 subunit:coproheme ratio. 

Unbound coproheme was removed and the protein-ligand complexes further purified on 

an S-200 Sephacryl gel filtration column (0.4 ml/min). Fractions were collected using an 

AKTA purification system and then screened via UV/Vis spectroscopy (Cary50) for 

coproheme content. Fractions with Rz values Ó0.8 (Rz = 

absorbanceSoret/absorbance280nm) were pooled. The Bradford and pyridine 

hemochrome assays for protein and released coproheme, respectively, were used to 

determine the coproheme occupancy in the purified complexes. Extinction coefficients 

determined for the Gs coproheme decarboxylase complexes were eSoret = 110.6 mM-1 

cm-1 (Fe-coproheme)21 and eSoret = 69.7 ± 6.6 mM-1 cm-1 (Mn-coproheme) (Fig. S2).  
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Structure Determination 

The Gs decarboxylase in complex with Mn(III)coproheme was crystallized by 

hanging drop vapor diffusion at 20 °C. Drops were assembled by mixing the complex (7 

mgùmL in 10 mM HEPES-NaOH pH 7.5) with an equal volume of reservoir solution (0.1 

M citrate pH 5.0-5.5, 15-25 % (w/v) polyethylene glycol 3350). Bright red crystals of the 

complex formed after approximately 2 weeks. Crystals were briefly soaked in reservoir 

solution supplemented with 15% (w/v) glycerol as a cryoprotectant prior to freezing in 

liquid N2. An X-ray diffraction dataset to 1.8 Å was measured at Stanford Synchrotron 

Radiation Lightsource beamline 14-1 and processed with autoxds.24 The structure was 

determined by molecular replacement using Phaser25 in the CCP4 program suite26. Phaser 

was supplied with the non-substrate bound structure as a search model (PDB ID 1T0T). 

Model building and refinement and was done using Coot26 and Phenix.27 Electron density 

maps of the Phaser solution showed the presence of a ligand adjacent to His172 (Sa 

sequence numbering, Fig. S3); Mn-coproheme (designated as 76R in the PDB file) was 

modeled into this electron density. Iterative rounds of model building with Coot and 

refinement with Phenix24 yielded the final model (PDB ID 5T2K) with Rfree = 17.6 % and 

Rwork = 15.4 %. The following residues are not included in the final model due to weak 

electron density: residues 115-123, 114-117, 112-117, 114-119 and 115-123 (all Gs 

numbering) in subunits A, B C, D and E, respectively. Molecular graphics were created 

with PyMOL (www.pymol.org). 
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Determining Protein-heme Dissociation Constants 

Values of KD for equilibrium binding of decarboxylases/hemes were determined 

by fluorescence quenching (Cary). Tryptophan fluorescence (5 µM subunit) was excited 

at 295 nm and emission monitored at 340 nm. Quenched emission at 340 nm was plotted 

versus the concentration of added heme ligand. Plots were fitted with the Langmuir-Hill 

equation to determine the KD. 

—     (4) 

 

q is the fraction of ligand-binding sites occupied by the ligand, [L] is the ligand 

concentration, and n is the Hill coefficient describing cooperativity. 

Reactions of Decarboxylase-coproheme Complexes Monitored Following Titrimetric 

Addition of Oxidants 

 

Complexes of decarboxylase with Mn- or Fe-coproheme (pH 7.4, 20 °C) were 

mixed with aliquots of H2O2 or peracetic acid from 1-50 mM stocks. The progress of 

reactions was monitored by UV/vis spectroscopy (Cary50, samples 10 µL in heme 

species). Reaction products were analyzed by high performance liquid chromatography 

(HPLC) and HPLC coupled to electrospray ionization mass spectrometry (HPLC-ESI-

MS) (samples 40 ɛM in the heme species). MS was used to verify the identities of all 

reactants and products via their exact masses. Fe-bound coproheme, harderoheme 

(isomers III or IV), and heme b, or Mn-bound coproheme/heme b were separated and 

quantified via their integrated HPLC peak intensities referenced to standard curves:  

HPLC: 20 µL samples were injected onto a Hypersil Gold PFP 5ɛm column (150 

mm x 4.6 mm, Thermo Fisher) attached to an Agillent1100 series instrument. Solvent A 
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was H2O with 0.1% trifluoroacetic acid (TFA) and Solvent B was acetonitrile (ACN) 

with 0.1% TFA. Samples were run at a flow rate of 2 mL/min starting with isocratic 70% 

A:30% B for 3 min, followed by a linear gradient transitioning from 70% A to 5% A over 

12 min.  This was followed by isocratic 5% A for 5 min and a final isocratic run of 30 % 

A for 3 min.  UV/vis detection was at 411 nm. Standard curves ranging from 0 ï 500 

pmol of the tetrapyrroles. HPLC peak areas were determined in triplicate and error bars 

are reported as ± 1 standard deviation. 

HPLC-ESI-MS: The chromatography conditions described above were used were 

used with an Agilent PLRP-S PSDVB column (PL1312-1300) and 1290 HPLC 

system. Mass spectra were obtained on an Agilent 6538 quadrupole time of flight 

(QTOF) instrument with ESI source (drying gas 8.0 L/min, drying gas heat at 350C̄, 

nebulizer 55 psi, capillary voltage 3500 V, capillary exit 100 V).  Spectra were collected 

in negative mode from 50 to 1700 m/z at a rate of 2 Hz. 

 

Steady State Kinetics of Catalase Reactions 

The conversion of H2O2 to O2 and water by various decarboxylase-

metalloporphyrin complexes was monitored continuously over time via polarography 

using a Clark O2 electrode (YSI). The electrode was equilibrated to 20 °C for 1 h using a 

circulating water bath and calibrated to the concentration of O2 in air-saturated 

distilled/deionized water. Reactions were carried out in 2 mL volumes (50 mM potassium 

phosphate buffer, pH 7.4) with 4 µM of enzyme-porphyrin complex and initiated by 

addition of 10 -100 mM H2O2 stocks via airtight syringe (5-20 ɛL).  Linear initial rates 

(vi) were fit by least-squares regression to the first 5ï10% of the progress of reaction 
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curves (Kaleidagraph). Plots of vi versus H2O2 concentration were fit to the Michaelis 

Menton equation: 

 

    (5) 

 

Here, E is the concentration of enzyme-metalloporphyrin complex. Unreacted 

H2O2 was quantified at the end of reactions using horseradish peroxidase (HRP) and a 

colorimetric substrate (2,2'-Azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-

diammonium salt, ABTS). 0.5U/mL HRP and 500 µM ABTS (final concentrations) were 

added to the samples and incubated (25 °C) for 1hr. The absorbance at 738 nm was 

recorded and compared with a standard curve generated over 5-100 µM H2O2]. 

 

Resonance Raman (rR) spectroscopy  

Ferric samples for rR experiments were prepared at 25 to 60 ɛM coproheme-

decarboxylase complex in 100 mM sodium phosphate at pH 7.5 Ferrous complexes were 

prepared anaerobically at 20 °C from ferric enzymes by reduction with an excess of 

buffered sodium dithionite.  The CO complexes were prepared by flushing the ferrous 

enzymes with 12CO or 13CO (99% 13C). 

The rR spectra were recorded using the 135° backscattering geometry and f1 

collection using a previously described spectrometer.21 Either the 406.7-nm or the 413.1-

nm emission line from a Kr+ laser was used for Raman excitation, and the laser beam 

was focused to a line on a spinning 5 mm NMR tube. External spectral calibration 

standards for the rR spectra were toluene, acetone, methylene bromide, and d6-
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dimethylsulfoxide. Laser power for ferric samples ranged from 4 to 12 mW; ferrous CO 

complexes required laser irradiation powers of 1 to 3 mW to prevent CO photolysis. To 

check the integrity of the rR samples, their UV-visible spectra were checked before and 

after irradiation in the laser beam. Normal mode assignments were made by analogy to 

other heme proteins. Peak fitting analyses of the rR spectra were based on the minimum 

number of peaks required to achieve statistically valid fits of the spectra. Band shapes 

were assumed to be Gaussian and were well modeled by Gaussian line-shape functions. 

 

Results 

 

Co-crystals of the Decarboxylase with Mn-Coproheme Diffracted to 1.8 Å Resolution  

Our bio-chemical characterization of the coproheme decarboxylase and its genetic 

knock out has focused on S. aureus due to the importance of pathogenic strains of that 

spe-cies.21, 28 Robotic screening of thousands of crystallization conditions failed to 

generate diffraction-quality crystals of the enzyme from Sa, either alone or in complex 

with metalloporphyrins. However, the substrate-free structure of a coproheme 

decarboxylase from another member of its phylum, Geobacillus stearothermophilus, was 

available through a structural genomics consortium (PDB ID: 1T0T)23. The Gs and Sa 

proteins have 59% sequence identity (Fig. S3), and solution state spectra (Fig. S4) and 

reactivity (Fig. S5) for the two are similar. We therefore attempted to generate crystals 

with Fe(III)coproheme using the Gs decarboxylase, which was likewise unsuccessful. 

The enzyme complex with the substrate analog Mn(III)coproheme, however, yielded 

large crystals that diffracted to 1.8 Å resolution (Table S2). In solution, the 
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Mn(III)coproheme-decarboxylase complex did not react with H2O2 (up to 50 eq). This 

complex was stable in the presence of O2 and ionizing X-ray radiation, conditions under 

which H2O2 may be spontaneously produced. However, the Mn(III) complex reacted with 

peracetic acid (PAA), yielding the expected Mn-substituted harderoheme intermediate 

and heme b products with similar numbers of eq as the Fe-substrate (Fig. S6).22 These 

results suggest that the Mn(III)coproheme binds in the catalytic orientation but is 

incapable of activating H2O2 and therefore forms a stable complex.   

 

Structural changes associated with substrate binding to coproheme decarboxylase are 

confined to the C-terminus 

 

Like other members of its family (Pfam 06778, which includes both chlorite 

dismutase [Cld] and coproheme decarboxylase enzymes),29 the crystal structure of the Gs 

coproheme decarboxylase is a homopentamer where each subunit consists of two 

ferrodoxin-like a/b domains connected by a pseudo-twofold axis (Fig. 1A). The 

superimposed structures of the ligand-free (PDB ID 1T0T)23 and -bound (5T2K) forms of 

subunit A are shown in Fig. 1B (CŬ RMSD = 0.47 ¡). The peptide backbone and side 

chains mostly overlay, with the structural changes accompanying ligand binding confined 

to the C-terminal region housing the Mn-coproheme. In particular, residues 111-121 form 

part of a loop on the solvent-exposed exterior of the ligand-free homopentamer, where they 

might constitute the site of substrate entry/product egress. (Sa residue numbering is used 

except where noted.) The most dramatic rearrangements in the ligand-bound structure 

occur here (Fig. 1C). Though several of its side chains could not be modeled due to weak 

electron density in this region for the individual coproheme-bound subunits, the loop as a 
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whole folds inwards toward the coproheme in the ligand-bound structure. This 

rearrangement brings the side chain of Asn112, which occupies a position inside the 

substrate-binding pocket, toward the protein exterior in the ligand-bound structure. Tyr113 

and Arg131, by contrast, form new contacts with propionates 4 and 6, respectively, which 

could be significant for the oxidative decarboxylation mechanism (see below).  

 

 

 

 

 

Figure 5.1. Superposition of the apo and ligand-bound forms of coproheme decarboxylase 

illustrate the effects of tetrapyrrole binding. A. The coproheme-bound decarboxylase 

homopentamer is shown in green with the bound coproheme ligands as sticks (orange) 

(5T2K) and the ligand-free structure in yellow (1T0T). The view is down the pseudo-C5 

axis with the coproheme-containing domains oriented toward the viewer. B. 

Superimposition of an individual subunit of coproheme decarboxylase in the apo (yellow) 

and ligand-bound (green) forms. Differences are localized around a flexible loop near 

residues 111-120 and the Mn-coproheme binding site. C. Close-up view of the Mn-

coproheme binding site, illustrating prominent shifts in the positions of side chains for 

Asn112, Tyr113, and Arg131 in the apo (yellow) and ligand-bound (green) forms. 
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Coproheme binding site structure: Implications for mechanism 

The electron density map for Mn-coproheme bound to the active site (Fig. 2A) 

illustrates the unambiguous assignment of the atomic positions of the porphyrin and all of 

its side chains in the crystal structure. The porphyrin ring is slightly ruffled, occupying 

roughly the same position as the molecule of solvent in the ligand-free structure or the 

heme b which serves as a cofactor in Clds. However, the coproheme is rotated 

approximately 90Á about the pseudo-C4 axis relative to the heme b in either Cld (Fig. S7) 

or energy-minimized predictions of the structure of the decarboxylase-coproheme 

complex.30 This orientation positions the two unreactive propionates (6 and 7, Scheme 1) 

pointing outward from the protein toward the solvent, where they occupy positions on the 

distal side of the heme plane (Fig. 2B). The two reactive propionates (2 and 4), by contrast, 

are rotated to the proximal side of the porphyrin plane and well beyond the reach of the 

open, distal coordination site. 

On the other side of the plane (proximal pocket), histidine 172 coordinates the Mn 

of the coproheme (2.3 ¡) via the imidazole-NŮ atom (Fig. 2B). The imidazole-NŮ is H-

bonded to a water molecule, which is itself H-bonded to Ser222, Asp219, and the Met216 

main chain carbonyl. Most H2O2-activating heme enzymes as well as Clds have an aspartic 

or glutamic acid as the hydrogen bonding donor in the analogous position,31-33 leading to 

some degree of negative charge in the proximal ligand. The negatively charged histidine 

supplies an electronic push that favors heterolytic cleavage of the O-O bond in the heme-

Fe(III)-OOH that forms in trans. Water is a comparatively weak H-bonding partner; 
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consistent with previously reported rR spectra,21 His172 is electronically neutral, leading 

to a more globin-like metal-His interaction. 

The distal pocket (Fig. 2C) is likewise distinct from other H2O2-reactive heme 

proteins. Canonical peroxidases share a distal histidine with a relatively low pKa due to a 

nearby arginine.33 In its deprotonated form, the distal His acts as a base toward H2O2 (pKa 

= 11). Heterolytic bond cleavage in the resulting heme-Fe(III)-OOH complex is catalyzed 

by proton donation from the His-Arg pair, yielding Compound I and H2O. By contrast, the 

distal environment in the coproheme decarboxylase is relatively hydrophobic. Ile187 

hovers over the center of the porphyrin plane. Gln185 resides at its side and in the same 

sequence/structural position occupied by the distal arginine from Clds (Fig. S8). This 

residue, which distinguishes the decarboxylase- and dismutase-encoding hemQ and cld 

genes, is important for the heme-dependent chlorite (ClO2
ī) decomposition mediated by 

Clds to yield Clī and O2.
34 

At the edge of the distal pocket nearest the solvent interface, the Arg131 side chain 

sits at the center of a H-bonding network involving propionate 6, Gln185, and a water 

molecule (Fig 2C). This water occupies a position close to where the terminal oxygen of a 

coproheme-Fe(III)-OOH intermediate could reside. Though the solution pKa of the Arg 

side chain is high (12.5) and the propionate is low (3.2-3.5), the two together could in 

principle act as a base toward H2O2, an acid toward coproheme-Fe(III)-OOH, or both. An 

arginine side chain with a similar H-bond to a propionate has been proposed to act as a 

distal base in lieu of His-Arg in dye decoloring peroxidases.35 Prior work showed that the 

second order reaction between the decarboxylase-coproheme complex and H2O2, which 
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leads to the ferric heme b complex, accelerates with pH (~3-fold, pKa = 7.4) and is solvent-

isotope dependent (average k(H2O):k(D2O) = 2.2).
22 Both results suggest the involvement 

of proton movement in the rate limiting step of the H2O2 reaction. However, pH has a much 

larger influence over the analogous, acid-base-catalyzed steps in heme peroxidases.33, 36 

The roles of these residues and of pH therefore remain to be determined.  

Reactive propionates 2 and 4 are each converted (net 2eī+1H+ lost per propionate) 

to a vinyl group and CO2 by a H2O2-mediated oxidation reaction (Scheme 1). Key residues 

surrounding each are shown in Figs. 2D and E. Propionate 2, which reacts first,22 forms H-

bonds to the side chain hydroxyls of Ser223 (2.2 ¡) and Tyr145 (2.8 ¡). The former is part 

of a H-bonding network leading to the proximal His172. The latter is just 3.1 ¡ away from 

the CÇ of the propionate (Scheme 1).  
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Figure 5.2. The structure of the coproheme binding site in coproheme decarboxylase has 

important implications for the chemical mechanism. A. View of the Mn-coproheme in 

subunit B with Fo-Fc omit electron density map contoured at 3ů. B. The tetrapyrrole is 

slightly ruffled, with the two reactive propionates (2 and 4) below its approximate plane. 

A close-up view of the His171 ligand in the (proximal) pocket beneath the substrate 

analog shows that it binds to the metal through the imidazole-NŮ. The imidazole-Nŭ forms 

an apparent hydrogen bond to a water molecule, which is itself hydrogen bonded to 

Ser223 and Asp220. C. The distal region above the coproheme plane is shown, 

highlighting the pair of unreactive propionates. The R131 side chain is part of a hydrogen 

bonding network involving propionate 6, Gln185, and a water molecule that occupies a 

position close to where the terminal oxygen of Fe-OOH might reside. The residue 

immediately over the coproheme plane is Ile187. The environment surrounding the 

reactive propionates 2 and 4 is shown in D and E, respectively. 

 

 

This was the observed site of net hydrogen atom removal catalyzed by 

coproporphyrinogen oxidase,37 an enzyme that carries out analogous oxidative 

decarboxylations on the metal-free, reduced analog of coproheme III. Removal of a 

hydrogen atom at this position leaves a carbon radical conjugated to, and consequently 

stabilized by, the tetrapyrrole. Additionally, propionate 2 is H-bonded to a water molecule 
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which is in turn H-bonded to Arg218. Propionate 4 is directly H-bonded/salt-bridged to 

Lys149 (2.7 ¡), and indirectly to Trp156 and Tyr113 by a network of H-bonds including a 

bridging water molecule. Another H-bond network leads to Trp198 via the OŮ1 atom of 

Glu109 and a second water molecule. The NŮ of Trp198 has the closest through-space 

approach to the CÇ of propionate 4 (3.9 ¡). The occurrence of multiple residues with 

possible redox (Tyr, Trp) and proton-translocating activities suggests one or more may be 

involved in catalyzing the two oxidative decarboxylations.  

The solution state Sa and Gs decarboxylase heme environments are similar to one 

another and distinct from chlorite dismutases. Resonance Raman spectra were measured 

for the Sa and Gs decarboxylases in complex with ferric coproheme and heme b (Fig. 3A). 

Comparison of the low frequency spectra of the coproheme complexes demonstrated 

similarities in their propionate bending (ŭ(CɓCcCd), in this nomenclature Cc and Cd 

correspond to carbons labeled Cɓ and CŬ in Scheme 1) frequencies (Sa: 374 and 393 cmī1; 

Gs: 374 and 395 cmī1). Reaction of both coproheme-decarboxylase complexes with H2O2 

(Fig. S3) yielded comparable rR spectral changes,21 including the appearance of bands 

corresponding to vinyl stretching and bending modes with very similar frequencies (1627 

and 415-418 cmī1, respectively). The 374-cmī1 propionate bending frequency is unaffected 

by decarboxylation while the second propionate bending frequency decreases by 4 cmī1 in 

both decarboxylases. The similarities between the solution spectra and reactivities of the 

Gs and Sa enzyme-substrate complexes suggest it is reasonable to expect that their solid 

state structures, especially the positioning of their reactive coproheme 2- and 4-propionate 

groups, are comparable. 
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Prior simulations of coproheme binding to the decarboxylase had the non-reactive 

propionates 6 and 7 in the same positions as the propionates of the heme b in the Cld 

structures, in contrast with the solid state structure shown here.30 Unique peripheral 

substituent environments of ferric heme b in decarboxylases and Clds are supported by 

their propionate and vinyl (ŭ(CɓCaCb)) bending mode frequencies. The decarboxylase 

complexes exhibit ŭ(CɓCcCd) and ŭ(CɓCaCb) frequencies 8-11 cmī1 and 4-8 cmī1 lower, 

respectively, relative to those modes in WT DaCld and DaCld Arg183Gln mutant (Fig. 

3A).34 The latter substitution exchanges the Cld-associated distal Arg with the distal Gln 

of the Sa decarboxylase, rendering their distal environments more similar.  To further 

examine the solution state environment of the non-reactive propionates, the rR spectrum 

for the ferrous Sa decarboxylase-heme b complex with CO was measured and compared 

with counterpart spectra from WT DaCld and the DaCld(R183Q) (Fig. 3B). Comparison 

of the decarboxylase-CO and Cld-CO spectra clearly shows that the bands associated with 

propionate and vinyl bending, as well as  
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Figure 5.3. Low frequency rR spectra report on the core and peripheral environment of 

hemes bound to decarboxylases. A) The 406.7-nm excited rR spectra of ferric forms of a) 

coproheme:Sa decarboxylase, b) coproheme:Gs decarboxylase c) heme b:Sa 

decarboxylase, d) heme b:Gs decarboxylase, and e) DaCld(R183Q). Ferric samples were 

in 100 mM potassium phosphate at pH 7.4. B) Soret-excited rR spectra of CO complexes 

of a) coproheme:Sa decarboxylase, b) heme b:Sa decarboxylase, c) WT DaCld, and d) 

DaCld(R183Q). Both DaCld enzymes contain heme b. Spectra of CO samples in 100 mM 

potassium phosphate at pH 6.8 were acquired with 413.1 nm excitation and 2 mW power 

at the sample. Original spectra, black; fit spectra, red; component bands making up the fit 

spectra, gray. 
 

 

the porphyrin ring, occur at different frequencies and with different band widths. The 

bending modes for propionates 6 and 7 of heme b:decarboxylase-CO are observed at 377 

and 395 cmī1, in contrast to one broad band at 372 cmī1 in the DaCld-CO spectrum. The 

frequency of the vinyl bending mode for heme b:decarboxylase-CO is 10 cmī1 lower than 

that of WT DaCld (416 versus 426 cmī1). The DaCld R183Q mutation has little effect on 

these propionate frequencies, suggesting that the observed differences in the spectra are 
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not due to differences in their distal environments. In addition to these differences in 

vinyl/propionate-associated frequencies, the ɜ8 core size marker band (M-N stretch) of the 

heme b:decarboxylase-CO occurs at 348 cmī1, and 8-9 cmī1 higher in frequency in the 

DaCld spectrum. Finally, a large band at 341 cmī1 that is tentatively assigned to the pyrrole 

tilting mode (ɔ6) in DaCld is absent from the decarboxylase spectrum. These differences 

collectively reveal distinct peripheral and core heme conformations for the decarboxylases 

and Clds.  

Solution-state spectroscopy indicates retention of the weak Fe-His bond but 

diminishing distal interactions as the propionates are oxidized. The ferrous heme-CO 

complex is a sensitive probe of heme coordination and the electrostatic character of its 

binding site inside proteins.38-41 The CO complexes of the ferrous coproheme-, 

harderoheme-, and heme b-bound decarboxylase (Sa) were generated and their spectra 

analyzed for inclusion on a ɜFeīC/ɜCīO correlation plot (Fig. 4). Three isotope-sensitive (i.e. 

12CO versus 13CO) bands were detected for each of the aforementioned hemes. Based on 

their frequencies and isotope shifts, they were assigned to the Fe-C and C-O stretching 

(ɜFeīC and ɜCīO) and FeCO bending (ŭFeCO) modes for CO-bound forms: coproheme, 513, 

1941, and 582 cmī1; harderoheme, 502, 1955, and 579 cmī1; heme b, 498, 1958, and 577 

cmī1, respectively (Fig. 4A). The same isotopically sensitive bands were observed for the 

heme b-CO, whether generated by binding ferric heme b to the enzyme or by the enzymatic 

activity of the decarboxylase.  

 All of the CO complexes generated here fell on the inverse correlation line 

associated with charge-neutral proximal histidine ligands (Fig. 4B), consistent with the 
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proximal pocket structure (Fig. 2B) and with retention of the proximal histidine as the 

substrate converts to product. However, the location along the histidine correlation line for 

the three decarboxylase complexes varied, consistent with a changing distal environment. 

Stronger interactions of the CO ligand with positively charged or H-bond donating residues 

on the distal side of the heme lead to greater ˊ back bonding and, therefore, to points higher 

on the imidazole line. The decarboxylase complex with coproheme is highest on the line, 

in a position consistent with moderate H-bond donation to or electrostatic interaction with 

the bound CO and the distal pocket. The harderoheme complex is much lower on the 

correlation line and close to the position of heme b, which is lowest of all. The loss of Fe-

C p bonding character and increase in the C-O p bonding character in the three CO 

complexes is consistent with the progressive loss of distal interaction as the substrate is 

oxidized.  

 The positions of these complexes on the line can be further interpreted in 

terms of distal structure using available data from Clds. Two conformers, described as 

closed and open forms, have been reported for the pH 6.5 and 9 crystal structures of DaCld 

as well as in rR spectra of DaCldīCO.44, 45 These have the distal Arg183 oriented toward 

and away from the open coordination position above the heme plane, respectively. The 

coproheme:decarboxylase-CO is comparable to the closed form of DaCld(Arg183Gln)-

CO, suggesting similar distal environments. The closed form of WT DaCld-CO, with its 

distal Arg, is higher up on the correlation line; as one would predict, the distal Arg interacts 

with the bound CO in a stronger manner than the distal Gln in either 

coproheme:decarboxylase-CO or DaCld(Arg183Gln)-CO. The heme b:decarboxylase-CO 
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falls at a position similar to the open form of DaCld-CO and the CO complex of the Cld 

from Candidatus Nitrospira defluvii.46 The degree of distal pocket interaction with the 

bound CO in these three complexes is similar and small.   

Coproheme-bound CO interacts with the conserved distal Gln 

 

The crystal structure suggests that Gln185 and/or Arg131 could make contact with 

the terminal oxygen of a ferric coproheme-OOH complex. To examine this hypothesis, rR 

spectra for the ferrous coproheme-CO complexes were used to assess the distal 

environment sampled by a bound diatomic ligand inside the Gln185Ala and Arg131Ala 

variant decarboxylases. The ɜFeīC and ɜCīO frequencies for the Gln185Ala-CO complex 

(498 and 1953 cmī1, respectively (Fig. S9) dramatically shift the Gln185Ala-CO point 

down the correlation line away from the WT coproheme complex and to a position close 

to the heme b-decarboxylase (Fig. 4B). This indicates loss of distal interaction when 

Gln185 is absent and is consistent with a role for Gln185 in the architecture of the distal 

pocket in solution. 
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Figure 5.4. rR characterization of ferrous CO complexes of the Sa decarboxylase report on 

their proximal ligands and distal environments. A) Soret-excited rR spectra of the 

isotopomers of CO complexes of the decarboxylase bound to a) coproheme b) harderoheme 

III, and c) heme b at pH 6.8.  Spectra were acquired with 413.1 nm excitation and 2 mW 

power at the sample. 12CO complex, black; 13CO complex, red; difference spectra 
12COī13CO, blue.  B) Backbonding correlation plot of ɜFe-C versus ɜC-O for ferrous 

carbonyls of heme proteins shows the dependences of their positions on axial ligation and 

distal pocket properties.  The black line correlates vFe-C with vC-O for six-coordinate Fe-CO 

adducts in which the sixth ligand is histidine (neutral imidazole). The gray dashed line 

represents six-coordinate Fe-CO adducts in which the sixth ligand is a thiolate or and 



148 

 

imidazolate. Points used for these lines are tabulated in Table S1 of reference 42. Data for 

DaClds and NdClds are from references 42 and 43, respectively. 

 

The Arg131Ala-CO complex falls between WT and Gln185Ala on the ɜFeīC/ ɜCīO 

correlation plot (Fig. 4B and S8) indicating that this mutation has a smaller effect on the 

distal pocket interaction than Gln185Ala. Its distal environment is comparable to those 

observed for mutants in which H-bonds/salt bridges to a propionate group have been 

disrupted (see below). This suggests that Arg131 plays a role at the periphery of the 

coproheme instead of in the distal pocket. Loss of the Arg charge could result in either a 

change in coproheme conformation because of loss of the interaction with propionate 6 or 

in an increase in solvent accessibility to the pocket. Either could be responsible for the 

characteristics of Arg131Ala-CO and its decreased activity with H2O2 described below. 

 

Disruption of H-bonding to Propionates 2 and 4 Alters Heme Conformation  

 

The presence of H-bonds or salt bridges to propionates 2 (Tyr145, Arg218) and 4 

(Lys149) are predicted by the structure (Fig. 2). To test whether these apparent 

interactions modulate the electronic structure of the coproheme, the site-specific 

Tyr145Ser, Lys149Ala, and Arg218Ala mutants were generated. The rR spectra of these 

coproheme:mutant-CO complexes are compared in Fig. 4B and S8 and their ɜFeīC and 

ɜCīO frequencies given in Table S3.  As judged by their position on the ɜFeīC/ɜCīO 

correlation plot (Fig. 4B) the mutant:coproheme-CO complexes, like WT coproheme-CO, 

retain the neutral His as the proximal ligand. The CO interactions with their distal 

environments, however, have been diminished. If the only role of the H-bonds/salt 

bridges to the reactive propionates is to position them for decarboxylation, loss of these 
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interactions would not be expected to change exogenous ligand interactions with the 

distal pocket. This result therefore argues that the roles of the H-bond donors to 

propionates 2 and 4 are more nuanced than simply positioning their carboxylate groups 

and the changes in their reactivity could be due, in part, to changes in the distal pocket 

interactions and/or distortions of the coproheme plane that direct the reactivity of the 

high-valent intermediate toward oxidative decarboxylation of propionate 2 or 4. 

Three bands have been tentatively assigned to propionate bending modes in the 

CO complexes of WT, Tyr145Ser, Arg218Ala and Lys149Ala coproheme: 

decarboxylases (Fig. S8B and Table S3). The Tyr145Ser mutant has a propionate bending 

band at 361 cmī1 that is 6 cmī1 lower than the comparable ŭ(CɓCcCd) band in the WT 

CO complex; the other two ŭ(CɓCcCd) frequencies are unaffected indicating that the 

band at 367 cmī1 in the WT CO spectrum is due to propi-onate-2. Loss of the Tyr145 H-

bond to propionate 2 results in a significant alteration in its environment. In contrast, all 

three bands assigned to the propionate bending modes in Arg218Ala and Lys149Ala CO 

complexes exhibit decreases of 3 cmī1 in their frequencies of relative to WT. This 

indicates that disruption of the H-bond network between propionate 2 and Arg218 or the 

salt bridge between Lys149 and propionate 4 lead to more global changes in coproheme 

environment than the very localized effect of Tyr145 mutation. Interestingly, the ɜ8 band, 

a core size marker band that reports Fe-N-pyrrole stretching, exhibits a decrease in 

frequency for all three mutants. This is consistent with increases in the porphyrin core 

size upon mutation of the amino acids that interact with the reactive propionates 2 and 4. 

These features suggest that the interaction of these residues with the coproheme are 
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important in determining the degree to which the heme conformation deviates from 

planarity. Thus, stepwise changes in the heme planarity may contribute to the structural 

basis for regioselectivity in oxidizing propionates 2 and 4. 

 

Figure 5.5. Mutations at Lys149 and Tyr145 prevent decarboxylation of one or both 

propionic acid substrates, respectively. Unreacted coproheme (red), harderoheme III 

intermediate (green) and the heme b product (blue) of the coproheme decarboxylase 

reaction with increasing eq of H2O2 were quantified by HPLC for (top) WT enzyme and 

the mutants (center) Lys149Ala and (bottom) Tyr145Ser. HPLC traces illustrating the 

starting material, observable intermediates, and final products are shown as insets. 

Retention times for unreacted coproheme, the harderoheme III intermediate, and heme b 

product were 4.8, 7.1 and 8.9 min, respectively.   
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 Tyr145 is essential for the decarboxylation of coproheme and harderoheme III; 

Lys149 contributes to decarboxylation of harderoheme III. Based on their proximity to the 

substrate and their catalytic roles in other enzymes, we hypothesized that several residues 

in Fig. 2 may have essential roles in catalysis. We made a series of mutations in the Sa 

enzyme at a total of eight key positions, including those described above (Table S4). All of 

the mutants bound coproheme with >80% occupancy, with KD values similar to WT and 

varying by less than an order of magnitude (Table S4, Fig. S10-11). The catalytic 

competence of each mutant-coproheme complex was examined to determine which 

residues were essential for turnover, specifically whether each generated the expected 

intermediate (harderoheme III) and product (heme b) and how much oxidant was required.  

 The WT enzyme required 5 eq of H2O2 to turn over 90% of the initially bound 

coproheme. Harderoheme III was the observed intermediate, maximizing after delivery of 

2 eq H2O2 (Fig. S5) and fully converting to heme b with a total of 10-12 eq H2O2. Addition 

of further oxidant has been observed to bring about the complete degradation of the heme 

b chromophore.21, 

 The most dramatic deviations from WT behavior were obtained for the Tyr145Ser 

and Lys149Ala mutants (Fig. 5). Tyr145Ser, in which the H-bond to propionate 2 is 

eliminated, required ~3,000 eq of H2O2 to turn over Ó95% of the coproheme substrate 

(Table S4). Neither harderoheme III nor heme b appeared as intermediates or products. 

Instead, the coproheme degraded without detectable products. The Tyr145Ser mutant 

readily bound harderoheme so its catalytic competence towards this stable intermediate 

was investigated. Harderoheme-Tyr145Ser mutant did not form observable heme b upon 
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reaction with H2O2 (Fig. S12). The Lys149Ala mutant, in which the salt bridge to 

propionate 4 is removed, required ~300 eq of H2O2 to turn over Ó95% of the substrate. 

However, the major product was harderoheme III, with relatively little turnover of this 

species to heme b. This suggests that Lys149 is essential specifically for the conversion of 

harderoheme to heme b, while Tyr145 appears to play a role in both decarboxylation 

reactions. 

 Substitutions of other potentially significant residues surrounding propionate 2 

(Arg218Ala) or 4 (Tyr113Ser, Trp157Phe, Trp198Phe), or in the distal pocket (Gln185Ala, 

Arg131Ala) had far smaller effects, suggesting that none of these on its own is essential 

for catalysis. Instead, the Gln185Ala and Arg131Ala mutants brought about small increases 

in the amount of H2O2 required to effect substrate conversion (60 and 24 eq, respectively). 

The Gln185Ala mutant additionally saw exhibited a marked decrease in the amount of 

harderoheme III accrued, suggesting this mutation had a proportionally greater impact on 

the first decarboxylation than the second. Arg218Ala, Trp157Phe, and Trp198Phe all 

behaved very similarly to WT, while the heme b product of Tyr113Ser was slightly less 

stable toward H2O2, possibly due to weaker heme b binding (Fig. S13).   

 The excess H2O2 required for coproheme turnover can be largely accounted for by 

catalase activity. The Sa decarboxylase containing heme b was previously shown to have 

catalase activity: 

 

Fe(III)heme + H2O2 Ÿ  Fe(IV)=O (porǐ+) (6) 

Fe(IV)=O (porǐ+) + H2O2 Ÿ  O2 + H2O (7) 
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This reaction (~50 turnovers) occurs concomitantly with heme b degradation.28 It is 

possible that some of the excess H2O2 required for coproheme conversion to heme b might 

be expended in the catalase reaction. Following addition of 12 eq of H2O2 (120 ÕM) to the 

decarboxylase-coproheme complex (10 ÕM), one eq of O2 (10 ÕM) (measured by O2 

polarography) (Fig. 6A) was generated over the same time frame in which coproheme 

converted to heme b. In light of the mechanism above, 2 eq of H2O2 (likely not a 

physiologically relevant amount) can be accounted for via the catalase reaction, in addition 

to the 2 required for the decarboxylation reactions. The remaining 8 of the initial 12 eq, 

though well within the limits of detection, were not detected by HRP-based colorimetric 

assays as the end of the reaction. Control reactions in which the ligand-free/apo-protein (5 

ÕM) was mixed with 12 eq H2O2 (60 ÕM) under the same conditions showed that ~8 eq of 

H2O2 (40 ÕM) were consumed in a heme-independent reaction with the apo-protein without 

concomitant production of O2, while 4 eq (22 ÕM) remained unreacted in solution (Fig. 

S14).  

 The large excess of H2O2 required to turn over the coproheme bound to the 

Tyr149Ser and Lys145Ala mutants could likewise be primarily accounted for via the 

catalase reaction (Fig. S15). Mutation of either residue increases the values of both kcat and 

kcat/KM(H2O2) relative to WT (Fig. 6B). This suggests that either mutation stabilizes the 

heme species, thereby enhancing their efficiency as catalases.  
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Figure 5.6. The catalase activity of coproheme decarboxylase is strongly enhanced in 

the Lys149Ala and Tyr145Ser mutants. (A) The progress of the coproheme decarboxylase 

reaction over time [coproheme (red), harderoheme III (green), heme b (blue)] measured 

previously22 is shown superimposed on the time course for O2 production (orange) (10 µM 

enzyme-coproheme, 120 µM H2O2, 50 mM KPi, pH 7.4, 25 °C). The generation of ~10 

µM O2 via the catalase reaction suggests that ~20 µM H2O2 was consumed during the same 

time window in which coproheme converted to heme b. (B) Initial rates of O2 production 

were measured as a function of [H2O2] and fit to eqn (5) for the WT (red), Tyr145Ser 

(blue), and Lys149Ala (orange) decarboxylases. The resulting steady state parameters 

describing catalase activity are tabulated in the inset. 

 

Discussion 

 

Coproheme decarboxylase catalyzes H2O2-dependent C-C bond cleavage reactions to 

liberate two molecules CO2 from a pair of propionic acids, converting each to a vinyl 

(Scheme 1). An analogous reaction is catalyzed by the bacterial cytochrome P450, 
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OleT.47 Ferric OleT and H2O2 react to generate Compound I, which in turn abstracts a 

hydrogen atom directly from the exogenous carboxylic acid substrate. Unique among 

P450s, this reaction is not followed by rebound between the substrate radical and Fe(IV)-

OH.19 Instead, the reaction is more peroxidase-like, with the unpaired electron from the 

nearby substrate reduces the iron to Fe(III), resulting in CO2 and the alkene. A similar 

mechanism could be proposed for the coproheme decarboxylase, with the ferryl oxygen 

most likely interacting for steric reasons with the CÇ-H of either propionate 2 or 4 

(Scheme 1). However, the 1.8 ¡ structure of the enzyme in complex with its substrate 

analog (Fig. 1-2) suggests two complications with any straightforward application of 

either the peroxidase or OleT model to the coproheme decarboxylase. 

The first is that the apparatus for activating H2O2 found in most heme 

peroxidases, including CCP and APX (Fig. S1 and Results),12 is completely absent in the 

coproheme decarboxylase. The coproheme is instead ligated by an uncharged proximal 

His (Fig 2-4) and its open coordination position is flanked by a distal Gln. Both the Gln 

and the Arg to which it is connected through-water interact with a coproheme-bound CO. 

Although mutagenesis showed that neither Gln185 nor Arg131 was essential for catalysis, 

their interactions with bound CO suggests they could play activating roles toward H2O2. 

Some role for the protein is supported by prior studies of the reaction of the coproheme 

decarboxylase with peracetic acid: an oxygen atom donor that directly converts ferric 

hemes to Fe(IV)=O(porǐ+) or Fe(IV)=O(Trpǐ+) without the proton movement or 

heterolytic bond cleavage associated with H2O2.
22 The ferric coproheme decarboxylase 

reacts rapidly with peracetic acid to form the expected harderoheme intermediate and 
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heme b product. The second order rate constant for the same reaction with H2O2 is 10-

fold slower and, in contrast with the peracid reaction, dependent on both pH and solvent 

isotope (D2O).
22 These observations strongly suggest that the reaction proceeds through a 

ferryl intermediate and that its formation is facilitated by protein-mediated proton 

transfers (Scheme 2A).  

The second issue concerns the presumptive sites of substrate oxidation ï the C or 

C of propionic acids 2 and 4 ï which the structure shows are spatially removed from the 

site of H2O2 activation at the metal. This separation immediately suggests that, in contrast 

with OleT, the reaction cannot proceed by direct interaction of a ferryl or other 

iron/oxygen intermediate with either propionate, implying the use of an amino acid side 

chain or multiple side chains as redox mediators. Inspection of the environment 

surrounding propionate 2 (Fig. 2C) immediately identified Tyr145 as a possible 

secondary site of oxidation following the initial generation of a coproheme compound I. 

The side chain of Tyr145 sits near to and forms an apparent H-bond with the carboxylate 

moiety of propionate 2, in a position analogous to the ascorbate binding site in APX (Fig. 

S1).8 This configuration suggested that Tyr145 might be well-positioned to be oxidized 

by coproheme compound I (Scheme 2B), and that it may in fact act as the reactive 

species toward propionate 2. Consistent with that hypothesis, substitution of Tyr145 with 

Ser led to complete loss of coproheme decarboxylation. A concomitant large increase in 

catalase activity suggested that, in the absence of Tyr145, the enzyme readily forms 

Fe(IV)=O(coproporphyrinǐ+) with the electron hole localized on the porphyrin.  
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Scheme 2. Proposed mechanisms consistent with the available dataÀ

 

ÀA. Formation of Fe(IV)=O(coproporphyrin·+) (coproheme compound I) (E = enzyme; 

Fe(III) in red and Fe(IV) in purple). B. Oxidative decarboxylation of propionate 2 requires 

Tyr145. The neutral Tyr145-O· radical is depicted abstracting hydrogen (H·) from the 

propionate Cb, though this is hypothetical. Transfer of an electron and proton to the ferryl 

of Compound II then leads to the ferric-OH complex of harderoheme III, from which water 

can ultimately depart. C. Following another round of H2O2-activation analogous to (A), a 

second Fe(IV)=O(harderoporphyrin·+) complex forms. Three possible redox-active amino 

acids are connected to propionate 4 via hydrogen bonding through water molecules, though 

only Lys149 was essential for catalysis. The identity of the mediator for proton coupled 

electron transfer from the propionate (designated E+· or E·) is unclear. Net uptake of H· 

by the enzyme is designated via E(H). 

 

Neutral tyrosyl radicals (TyrOǐ) are implicated in a variety of reactions, including 

those catalyzed by class I ribonucleotide reductase,48 photosystem II,49 galactose oxidase,50 

and prostaglandin-H synthase.5 In each case, a metal center is involved in generating the 

tyrosyl radical, which then acts as the primary recipient of an electron or hydrogen atom 
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from a substrate. The bond dissociation free energy associated with TyrOǐ/TyrOH in these 

systems as well as phenolic model compounds can be quite high17, 52 and, in the case of the 

tyrosine Z in photosystem II, thermodynamically sufficient for the oxidation of water. Net 

transfer of Hǐ from the propionate CÇ-H to Tyr145-Oǐ would result in a resonance-

stabilized coproheme propionyl-CÇ radical, suggesting a proportionally lower requisite 

driving force for carrying out the reaction. Though mutagenesis showed it was not essential 

for coproheme turnover by the decarboxylase, the side chain of Arg218 is well-positioned 

to shuttle propionate-derived protons from the active site. A similarly situated arginine 

residue obligately serves this function in the oxidation of ascorbate by APX (Fig. S1).10 

Transfer of a second electron from the CÇǐ through the porphyrin and to the coproheme 

Fe(IV) would result in the regeneration of Fe(III) and production of the vinyl and CO2 

(Scheme 2B). 

Decarboxylation at propionate 2 is followed by a second, slightly faster22 H2O2-

dependent reaction at propionate 4. Inspection of the environment surrounding this group 

identified three readily oxidizable aromatic residues in its vicinity (Tyr114, Trp198, 

Trp157) as well as a lysine (Lys149) which like Arg218 could potentially act as an initial 

recipient or conduit for protons (Fig. 2E). Individual mutations at each of these residues 

showed that only Lys149 appeared to be essential for coproheme turnover. Substitution of 

this residue with alanine resulted in the accumulation of the three-propionate 

intermediate, harderoheme III (Scheme 1). This result suggested that harderoheme 

maintains the same position as the coproheme substrate, as predicted by solution state rR, 

and loss of the harderoheme-Lys149 interaction specifically inhibits the decarboxylation 



159 

 

of propionate 4.22 We therefore conclude that H2O2 activation by the harderoheme-

decarboxylase proceeds in a similar environment as the coproheme complex, though the 

Fe(III)/(II) reduction potential22 and the degree of distal pocket interaction with the bound 

substrate (Fig. 4) have diminished. The pronounced increase in catalase activity in the 

Lys149Ala mutant likewise suggests that it reacts with H2O2 to form 

Fe(IV)=O(harderoporphyrinǐ+).   

If this intermediate forms during catalytic turnover, then Tyr114, Trp198, and 

Trp157 all appear reasonably positioned to form Tyr-Oǐ or Trpǐ+ radicals by filling the 

electron hole on (harderoporphyrinǐ+). The side chain could then mediate a reaction with 

propionate 4, where the C-H electron could migrate to the same (e.g., Tyr114-Oǐ) or 

separate destinations. In the latter case, Lys149 could serve an essential role as the proton 

acceptor in a proton coupled electron transfer. However, mutation of any of these 

aromatic residues independently had virtually no effect on the efficiency of either 

propionate decarboxylation. This suggests one of two interpretations. First, it is possible 

that radical density is spread over two or more of these residues, and that the others can 

compensate in the event that one is lost. Alternatively, Tyr145-Oǐ could act as the 

enzymeôs sole redox mediator toward both propionates 2 and 4. Though the latter is 

farther from Tyr145, net proton coupled electron transfers can occur across long 

distances. The reactive Tyr-Oǐ in ribonucleotide reductases sets an impressive precedent, 

reacting with a cysteine-SH over 35 ¡ away.48 Supporting this hypothesis in part, we 

noted that reaction of the Tyr145Ser-coproheme complex with H2O2 yielded neither 

harderoheme nor heme b, suggesting that both decarboxylations are impaired by this 
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substitution. Moreover, when a complex of the same mutant was prepared with 

exogenously supplied harderoheme III, its reaction with with H2O2 also yielded no heme 

b. Tyr145 is clearly essential for both propionate oxidations, though whether it acts as a 

radical mediator in either case is still unknown. How Tyr145 would form the Tyr-Oǐ 

radical in the absence of the conduit provided by propionate 2, once it has converted to 

vinyl, is an open question, though we note that there is a clear kinetic preference for 

oxidizing propionate 2 first. This oxidation could be facilitated by the existence of the 

propionate-Tyr145 interaction. 

The chemistry, spectroscopy, and structure reported here constitute an internally 

consistent account of function and mechanism in this class of decarboxylases. Tyr145 and 

Lys149 are H-bonded to the reactive propionates 2 and 4, respectively, and play essential 

roles in the reactivity and regioselectivity of propionates 2 and 4 toward oxidation. These 

nonbonded interactions differ markedly from those recently reported for the Listeria 

monocytogenes enzyme (LmHemQ), in which coproheme III is oriented such that 

propionates 2 and 7 are oriented toward the surface of the enzyme while propionates 4 

and 6 are directed into the pocket. In the LmHemQ structure, propionate 2 is H-bonded to 

Gln187, propionate 4 is H-bonded to Tyr147, and the unreactive propionate 6 is H-

bonded to Lys151 (comparable to Gln185, Tyr145 and Lys149, respectively, in the Sa 

enzyme). Though there are some differences in crystallization parameters (Gs 

decarboxylase crystals were grown at pH 7.5, for example, whereas the Lm 

decarboxylase crystals were obtained at pH 9.0) the reasons for this different coproheme 

orientation are unclear. Though it seems unlikely that homologous decarboxylases from 
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different organisms would utilize different coproheme orientations, this possibility cannot 

be eliminated at this time. More in-depth comparison of the two coproheme-

decarboxylase structures is not possible at the time of writing because the LmHemQ 

structure has yet to be released.53 

Biological oxidative decarboxylation reactions generally use O2 as the oxidant. 

OleT and the coproheme decarboxylase described here are unique for depending on 

H2O2, and coproheme decarboxylase is further distinguished by its evident use of a relay 

of side chain mediators to convey electrons and protons away from its pair of substrates. 

This mechanism suggests new approaches for synthetic or semi-synthetic catalysis of the 

oxidative decarboxylation of fatty acids to generate alkenes, a reaction with significant 

implications for the production of hydrocarbon fuels from renewable lipid feedstocks. 
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ABTS, 2,2'-Azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium salt; ACN, 

acetonitrile; APX, ascorbate peroxidase; CCP, cytochrome c peroxidase; Cld, Chlorite 

dismutase; Da, Dechloromonas aromatica; ESI, electrospray ionization; Gs, Geobacillus 

stearothermophilus; HPLC, High Performance Liquid Chromatography; HRP, horseradish 

peroxidase; LnP, lignin peroxidase; MS, mass spectrometry;  NMR, nuclear magnetic 

resonance; Nd, Nitrospira defluvii; PAA, peracetic acid, QTOF, quadrupole time-of-flight, 

rR, resonance Raman; Sa, Staphyloccocus aureus; TFA, trifluoroacetic acid;. LmHemQ, 

Listeria monocytogenes decarboxylase; rR, resonance Raman 
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CHAPTER SIX 

 

 COPROHEME DECARBOXYLATION INVOLVING A FERRYL, PROPIONATE, 

AND A TYROSYL GROUP IN A RADICAL RELAY YIELDS HEME B 

 

Bennett R. Streit,1 Arianna I. Celis,1 Garrett C. Moraski,1 Krista Shisler,1 Eric M. 
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59717-3400; 

 2Department of Chemistry and Biochemistry, North Dakota State University, Fargo, ND 

58108-6050 

 

 

Abstract 

 

The H2O2-dependent oxidative decarboxylation of coproheme III is the final step 

in the biosynthesis of heme b in many microbes. However, the coproheme decarboxylase 

reaction mechanism is unclear. The structure of the decarboxylase in complex with 

coproheme III suggested that the substrate iron, reactive propionates, and an active-site 

tyrosine convey a net 2e-/2H+ from each propionate to an activated form of H2O2. Time-

resolved EPR spectroscopy revealed that Tyr-145 forms a radical species within 30 sec of 

the reaction of the enzymeïcoproheme complex with H2O2. This radical disappeared over 

the next 270 sec, consistent with a catalytic intermediate. Use of the harderoheme III 

intermediate as substrate or substitutions of redox-active side chains (W198F, W157F, or 

Y113S) did not strongly affect the appearance or intensity of the radical spectrum 

measured 30 sec after initiating the reaction with H2O2, nor did it change the ~270 sec 

required for the radical signal to recede to Ò 10% of its initial intensity. These results 
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suggested Tyr-145 as the site of a catalytic radical involved in decarboxylating both 

propionates. Tyr-145Å was accompanied by partial loss of the initially present Fe(III) 

EPR signal intensity, consistent with the possible formation of Fe(IV)=O. Site-

specifically deuterated coproheme gave rise to a kinetic isotope effect of ~2 on the 

decarboxylation rate constant, indicating that cleavage of the propionate Cɓ-H bond was 

partly rate limiting. The inferred mechanism requires two consecutive hydrogen atom 

transfers, first from Tyr-145 to the substrate Fe/H2O2 intermediate and then from the 

propionate Cɓ-H to Tyr-145Å.  

 

Introduction 

 

 

Metallotetrapyrroles are among natureôs oldest and most versatile catalytic 

scaffolds. Their functional versatility is due to the macrocycleôs capacity for 

accommodating a variety of metals at the center and organic functional groups around the 

periphery. Many well-characterized enzymes that use a metallotetrapyrrole as a substrate, 

such as heme oxygenase (1,2), heme A synthase (3), or some cytochrome P450s (4), take 

advantage of its intrinsic reactivity, so that these reactions have an autocatalytic 

character. Coproheme decarboxylase is a metallotetrapyrrole-modifying enzyme that 

likewise uses a heme as both substrate and cofactor, catalyzing the oxidative 

decarboxylation of ferric 2,4,6,7-tetrapropionic acid porphyrin (coproheme) to yield 

ferric 6,7-dipropionic acid-2,4-divinyl porphyrin (heme b). This reaction is the final step 

in the heme biosynthetic pathways of diverse gram-positive bacteria and possibly some 
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Archaea (5), encoded by a gene alternately referred to as cld or hemQ, or most recently as 

chdC (5,6). 

Each decarboxylation is an oxidation in which a net two electrons and two 

protons are transferred from the reactive propionate to a molecule of H2O2, yielding 

2H2O, CO2, and a new vinyl group (7,8). H2O2 activation at the open coordination 

position on the substrate iron (distal pocket) could generate any of a number of well-

known reactive species, including a ferric-hydroperoxy [Fe(III)-OOH], ferryl porphyrin 

-́cation radical [Fe(IV)=O (por+Å), compound I], or ferryl complex [Fe(IV)=O or 

Fe(IV)-OH compound II]. The structure of the decarboxylase bound to coproheme (9), 

however, showed the reactive propionates are positioned pointing away from the distal 

pocket; their orientation in the proximal pocket below the porphyrin plane prohibits any 

direct access of the reactive propionates to an Fe/H2O2 species (Fig. 6.1). This suggested 

a more complicated reaction mechanism where, like in heme-sidechain-modifying 

enzymes (3,4) or cyclooxygenases (10), electrons or protons might be conveyed from the 

substrate to a reactive Fe intermediate via a redox-active amino acid side chain. Such 

transfers of protons and electrons could occur sequentially or by proton-coupled electron 

transfer (PCET).3 Alternatively, homolytic scission of an Fe(III)coproheme-OOH bond 

could yield a hydroxyl radical (ÅOH) that is channeled by the active site toward a specific 

C-H bond on the reactive propionate. A mechanism of this type would be consistent with 

the proposed self-hydroxylation catalyzed by heme oxygenases (1), and with the 

decarboxylase structure (9), which lacks the typical apparatus of enzymes that activate 
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H2O2 by heterolytic cleavage. How the enzyme would convey a highly reactive ÅOH to 

specific sites of reaction on the two propionates is unclear.  

To distinguish among these pathways, EPR spectroscopy and kinetic methods 

were used to monitor the coproheme decarboxylation using WT, mutant, and site-

selectively deuterated proteins as well as deuterium labeled substrates. Strong 

experimental evidence is presented in support of a mechanism where the substrate iron 

activates H2O2, Y145 forms a radical species via hydrogen atom transfer (HAT), and the 

resulting Y145 radical (Y145Å) acts as the unique intermediary for HAT from both 

reactive propionates. 

 

Results 

 

Deuterium-labeled Coproheme III Was Generated in High Yield 

 

Deuterium labeled coproporphyrinogen III (Fig. S6.1) was prepared in a single 

step by co-incubating D4-ALA (3,3,5,5-2H4-aminolevulinic acid) and the enzymes 

HemB-E in buffer in an anaerobic chamber. Colorless D-coproporphyrinogen III was 

subsequently oxidized to pink D-coproporphyrin III using HemY and O2 from ambient 

air. The HPLC trace for the HemBCDEY reaction (Fig. S6.1) confirms that the product 

has a retention time matching a pure coproporphyrin III standard, with minimal 

detectable contaminants with absorbance in the 300-700 nm range. The predicted exact 

mass for the [M+H]+ ion (667.3 g/mol, M = C36H26D12N4O8) is observed in the mass 

spectrum (Fig. S1), with the same expected isotopic distribution reported previously for 

D-coproporphyrin (MS, [M+H]+: 667.3 Da, determined distribution: Mfull ï 1.4%; Mfull-
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1D ï 5.2%; Mfull-2D ï 15.8%; Mfull-3D ï 20.2%; Mfull-4D ï 20.9%; Mfull-5D ï 19.5%; 

Mfull-6D ï 11%; Mfull-7D ï 4.6%; Mfull-8D ï 1.3%; Mfull-9D ï 0.2%). The starting 

materials and products were subsequently analyzed by 1H-NMR (Fig. S6.2). The data 

show -carbons (4.55 ppm) 

and the four tetrapyrrole-bridging meso carbons (11.2-11.3 ppm), indicating that the 

protons at these positions have been substituted with deuterium. Consistent with prior 

work (11), substitution at the meso positions is not complete, suggesting that a small 

amount of reintroduction of 1H occurs during the biosynthesis. The molar yield of pure 

D-coproporphyrin III, based on the amount of D4-ALA used in the reaction, was 90 ± 5% 

of the expected theoretical yield. 

 

D-Tyr-labeled Decarboxylase Was Generated in Low Yield and its Reaction Was Less 

Efficient than Unlabeled Protein 

 

  Typical pure protein yields for pure decarboxylase were ~8 mg/l culture. By 

contrast, pure D-Tyr-labeled enzyme was produced at 2 mg/l culture, due to low levels of 

expression in the Tyr auxotrophic strain. Complete conversion of substrate to product 

required 400 eq H2O2 (pH 7.4 potassium phosphate, 20 °C). Under those conditions, the 

reaction was complete within 1 min (Fig. S6.3).  

By contrast, prior work showed that approximately 10 eq H2O2 was sufficient to 

convert the WT/unlabeled enzyme-coproheme complex to -heme b; the small excess of 

H2O2 was required due to competing side reactions between H2O2 and the protein/heme 

(7,9). A ferric-harderoheme complex accrues with formation rate constant previously 

fitted to k = 2.9 min-1 or t1/2 = 14 s, and heme b forms with k = 0.30 min-1 (t1/2 = 140 s (pH 

7.4 potassium phosphate, 20 °C) (7). 
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Time Resolved EPR Demonstrated Formation and Decay of an Organic Radical Reaction 

Intermediate 

 

The decarboxylase-coproheme complex and 10 eq H2O2 were manually mixed 

(pH 8.8, 20 °C) and subsequently freeze-trapped in EPR tubes at time points from 0.5-3 

min. The resulting 77K, X-band EPR spectra illustrated the formation of an EPR-active 

S=1/2 species within 0.5 min that subsequently decayed nearly to baseline over the next 5 

min (Fig. 6.2A). Though a full EPR kinetic time course is lacking, the appearance of the 

S=1/2 species within 0.5 min of mixing and its subsequent decay within 300 s is 

kinetically consistent with its assignment as an intermediate in the conversion of 

coproheme to heme b, based on the expected reaction t1/2 = 140 s for heme b formation 

cited above (7). Moreover, the 14 s half-life for the initial decarboxylation of P2 to yield 

harderoheme and the circa 300 s lifetime of the radical species overall suggests that the 

observed EPR signals most likely represent superimposed radical intermediate density 

from both the decarboxylations of P2 and P4, particularly at the later time points (7). This 

observation is consistent with prior stopped flow analyses, which showed that the P2 and 

P4 decarboxylations were similar in rate and not temporally well resolved (8).  

Double integration of the 0.5 min sample spectrum and comparison to a TEMPO 

standard curve indicated that it contained 35 mM of the EPR-active species per 100 mM 

decarboxylase-coproheme complex initially present, where the complex converts nearly 

stoichiometrically to decarboxylase-heme b under the conditions used. The spectrum 

showed a partially resolved 4-line signal centered at g = 2.005 with a peak-to-trough 

linewidth ~20 G (Fig. S6.4), consistent with an amino acid side chain radical (see below) 

(12).  
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The Organic Radical is Localized on a Tyrosine Side Chain 

To gain more information about the radical species, spectra for the 0.5 min 

sample were measured as a function of applied microwave power and at varying 

temperatures (Fig. 6.2B-C). Increasing power yielded a series of similar looking traces 

that diminished in intensity with P1/2 = 190 ɛW. A value in this range is consistent with 

an amino acid based radical that is not strongly exchange coupled to the electronic spin of 

a nearby paramagnetic metal. Coupling would enhance the spin-lattice relaxation for the 

radical and raise P1/2. Values of P1/2 for compound I, for example, where the porÅ+ radical 

is strongly exchange-coupled to the heme Fe(IV) (S=1/2) are typically >5 mW(13-15). 

For heme proteins in which the porÅ+ from compound I migrates to a nearby but still 

Fe(IV)-exchange-coupled tyrosine, e.g., cytochome P450 cam, P1/2 = 1 mW (16). The 

effect of temperature on the spectrum was likewise characteristic of an organic side chain 

radical (17), with signal intensity diminishing steadily as the temperature was lowered 

from 200 to 30 K. The isotropic diminution in spectral intensity with either increasing 

power or decreasing temperature is suggestive of a single organic radical, rather than a 

distribution of species.  

To test whether the radical species was a tyrosyl, the protein was expressed with 

all of its tyrosine side chains carbon-deuterated. The deuterium nucleus has an integer 

spin (ID = 1) that couples weakly to the electron spin relative to the protium nucleus (IH = 

½); perdeuteration consequently eliminates the doublet hyperfine splitting observed for 

1H in the EPR spectra of tyrosyl radicals. Moreover, deuteration narrows the EPR peak-

to-trough line width for free tyrosine from 21 to 8 G (12). Consistent with its assignment 
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as a neutral tyrosyl radical, the spectrum measured for the Tyr-deuterated decarboxylase 

following reaction with 400 eq H2O2 (<30 s) displayed no hyperfine features and a 

significantly narrowed linewidth (7 G) (Fig. 6.2D).    

 

The EPR Spectrum for the Intermediate Can Be Simulated with Hyperfine Coupling Due 

to the Y145 Methylene Protons and Slight G-anisotropy 

 

Studies of site-specifically deuterated tyrosines have shown that the electron spin 

of the tyrosyl radical localizes on the ring 1, 3, and 5 carbons (12,18). Coupling of the 

electron spin to 1H on carbons 3 and 5 is weak and relatively insensitive to the protein 

environment. Doublet splitting due to each of the two methylene Cb protons (HA and HB, 

Scheme 6.1), however, constitutes the major contributor to hyperfine structure, and 

depends on each protonôs position relative to the pz orbital on the ring C1, according to 

(1):   

 

AH = B0r + B1rcos2q   (1) 

 

AH is the isotropic hyperfine coupling due to Cb-H for HA or HB, r is the ring 

carbon unpaired electron spin density (ranging over 0.35-0.42 for C1 for known protein 

tyrosyl radicals), and B1 is a constant (58 G for tyrosyl radicals) (12,18, 19). B0 << B1 

and is usually neglected (12).  

Analysis of the crystal structure for the homopentameric decarboxylase-

coproheme complex (PDB ID 5T2K) (9) allowed us to identify an average QA = 45.41° 

(± 2.20°) and QB = 72.21° (± 2.01°) for Y145 (errors represent ±1 standard deviation). 
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Inserting each of these angles and r = 0.35-0.42 into (1) yielded predicted hyperfine 

coupling constants AHA = 10-12 G and AHB = 1.9-2.3 G. These ranges and g = 2.005 gave 

starting values for fitting the spectrum for the intermediate trapped at 30 s (Fig. S6.4). 

The fit refined to give AHA = 9.6 and AHB = 2.5 G, each of which is close to the predicted 

range. A small degree of g-anisotropy (g1 = 2.006, g2 = 2.005, g3 = 2.004) improved the 

fit, possibly reflecting small differences in the individual subunits of the homopentamer, 

or delocalization of radical character onto other tyrosines (total of 9 per monomer). 

Hence, the spectrum appears to be consistent with a radical on residue Y145. Accurate 

simulation of the X-band EPR spectrum, without making assumptions about the identity 

or structure of the tyrosine giving rise to the spectrum, the likely degree of g-anisotropy, 

or the range of values for r will require further analysis of the corresponding high-field 

EPR spectrum, using gx to solve for q and r, as in reference (19). 

 

Loss of the EPR Radical Signal Specifically in the Y145S Mutant Suggests That Y145 is 

the Site of the Radical Intermediate 

 

 Four aromatic amino acids that could potentially harbor radical electron density 

(20) surround the pair of reactive propionates: Y145 (propionate 2), and W198, W157, 

and Y113 (propionate 4) (Fig. 6.1). Substitution of each of the latter 3 by redox-inactive 

residues had little or no effect on the number of H2O2 equivalents required to convert the 

enzyme-coproheme complex to heme b, though there were some differences in HPLC 

profiles of porphyrin-containing products versus [H2O2]. The W198F mutant, for 

example, accumulated relatively more harderoheme intermediate than WT, while the 

heme b product bound to Y113S was more susceptible to H2O2 mediated degradation. 
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These differences suggested that Y113, W198, and W157 may play some role in the 

coproheme/heme b conversion, but not as an essential catalytic component.  

The Y145S mutant, by contrast, exhibited no decarboxylase activity, regardless of 

the amount of H2O2 added (9). Instead, after addition of 3000 eq H2O2, 90% of the 

initially present coproheme had degraded to a product without an observable UV/vis 

chromophore. These experiments suggested that Y145 was possibly the site of a catalytic 

radical.  

To test this hypothesis and to determine whether the radical formed in a unique 

and localized manner, coproheme complexes of the W198F, W157F, Y113S, and Y145S 

mutants were examined for their ability to form radicals during turnover with H2O2. 

Following reaction with 10 eq H2O2, the W198F, W157F, and Y113S mutants formed 

radical species with EPR spectral features that were highly similar to each other and to 

WT (Fig. S6.4). Small discrepancies in the fitted g-values and hyperfine coupling 

constants suggest the radical is sensitive to the changes in the chemical environment that 

these mutations produce (Table S6.1). Spin quantitation of the spectrum measured for the 

30 s samples indicated 30, 30, and 42 mM of the radical species had formed in the 

W198F, W157F, and Y113S mutants (standard deviations for 3 measurements were 

Ò10% of the measured intensity). For comparison, the WT decarboxylase accumulated 35 

mM of the radical species at 30 s. In each case, the radical species diminished in intensity 

over time, reaching Ò25% of the integrated intensity at 30 s by 150 s (Fig 6.3A-C) and 

receding to baseline within 300 s. 
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By contrast, the Y145S-coproheme complex formed no appreciable radical 

species under the same reaction conditions. Following addition of a large excess of H2O2 

(300 eq), a small amount of an EPR-observable S=1/2 species formed (3.8 ɛM per 100 

ɛM protein) (Fig 6.3D). The peak-to-trough linewidth (11 G) was narrower than the 

spectra in Fig 2A or 3A-C, the spectrum decayed to baseline more rapidly following the 

addition of H2O2 (within 150 s), and the spectrum measured at 30 s lacked any detectable 

hyperfine splitting (Fig. S6.4, Table S6.1). While the identity/nature of the radical in this 

mutant is currently unresolved, it is clear this species is off the reaction pathway.  

The dependence of product formation on Y145, the formation of a S = ½ radical 

whose microwave power and temperature dependencies are consistent with an organic 

radical, and the temporal correlation of the radical decay with product formation support 

the conclusion that Y145 is the site of a mechanistically crucial radical-based 

intermediate. 

 

Cleavage of the 2-propionate-ɓ-C-H Bond by the Y145 Radical is Partly Rate Limiting 

 

Y145Å is well-positioned to remove a hydrogen atom from the coproheme 

propionate 2 on the carbon b to the tetrapyrrole (Fig. 6.1) (9). A substrate radical at this 

position would be conjugated to and resonance stabilized by the macrocycle. To test 

whether C-H bond cleavage occurs at this position, coproheme with deuterium 

substituted for protium at all of its propionate-b-carbons was prepared. Its reaction with 

H2O2 was studied over time via stopped flow UV/vis and freeze-quench EPR 

spectroscopies. The reaction exhibited biphasic kinetics in which the first phase was 

linearly dependent on H2O2 concentration and led to heme b formation (Fig. 6.4A). The 
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second phase was independent of H2O2 and led to loss of the heme b chromophore. 

Second order rate constants determined for the first phase as a function of pH are plotted 

in Fig. 4B along with data previously measured for unlabeled coproheme.(8) The rate 

constants in each case had identical though modest (~3-fold) pH dependencies, with a 

pKa = 7.4 and a kD/kH kinetic isotope effect (KIE) of approximately 2 across the entire pH 

range. We conclude that the Cb-H bond is cleaved during the decarboxylation reaction; 

because the theoretically expected value for a primary H/D KIE is 7 (21,22), this step 

likely only partially limits the rate of coproheme/heme b conversion. The D-

coproheme/H2O2 reaction was subsequently monitored over time by freeze-quench EPR 

(Fig. 6.4C). The amount of Y145Å accumulating at 0.5 min dramatically increased, 

relative to the unlabeled substrate, to 75 mM per 100 mM protein. The Y145Å signal 

likewise took longer (>30 min instead of ~5 min) to return to baseline for the deuterated 

complex (data shown to 300 s). These results collectively suggest that Y145Å forms 

immediately prior to, and is responsible for, cleavage of the Cb-D bond.  

 

Y145Å Formation is Accompanied by Loss of the High Spin Iron Signal 

 

EPR spectra were remeasured at 15K for the t=0 and 30s samples from Fig. 4C to 

characterize changes at the iron center that accompany formation of Y145Å (Fig. 6.5). 

The spectrum measured at 0s was largely high spin (S=5/2) and rhombic, similar to 

spectra previously reported for HemQ-coproheme complexes from S. aureus and Listeria 

monocytogenes (23). At 30s, no obvious new signals due to iron species appeared. 

Instead, ~70% of the doubly integrated spectral intensity was lost from the t=0s high spin 

signal. At the same time, the S=1/2 signal attributed to Y145Å appeared (77K data shown 
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in Fig. 6.2). These data are consistent with the conversion of some of the initially 

available Fe(III) to an EPR-silent iron species, such as low spin Fe(IV)=O (S = 0), as 

Y145Å forms.  

 

Y145Å also Catalyzes the Decarboxylation of the Ferric Harderoheme Intermediate 

 

The data presented above suggest that Y145Å facilitates the initial, slower 

decarboxylation of coproheme to harderoheme. Data presented here and previously also 

suggest that, if a similar radical mechanism is used for conversion of harderoheme to 

heme b, Y145 is also responsible. Specifically, reactions of the W198F, W157F, and 

Y113S mutants were not interrupted at the harderoheme/heme b interconversion step, and 

the Y145S mutant did not yield heme b (7). To examine directly whether Y145Å is also 

involved in the harderoheme/heme b conversion, the decarboxylase-harderoheme 

complex was generated and its reaction with 10 eq H2O2 followed over time by freeze-

quench EPR. A radical species with features similar to those in Fig. 2 formed and 

decayed over time (Fig. 6.6, Fig. S6.4, Table S1). Product analysis identified the end 

species of the reaction as heme b (7). These data suggest that Y145Å forms and reacts in 

the harderoheme-bound enzyme, and may therefore also be responsible for 

decarboxylating propionate 4. 

 

Discussion 

 

Heme biosynthesis in many bacteria concludes with a pair of oxidative 

decarboxylations. Coproheme serves as both substrate and cofactor in these reactions, and 

the two vinyl groups of heme b are products. A similar heme- and H2O2-dependent reaction 
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is catalyzed by the unusual cytochrome P450, OleT. This enzyme reacts with H2O2 to form 

the catalytic Fe(IV)=O (por+Å) species, which in turn directly abstracts a hydrogen atom 

or 

long chain substrates (Cn, n Ó 20), this is followed by transfer of an electron and proton to 

the resulting Fe(IV)-OH (por), yielding Fe(III)por, CO2, the n-1 alkene and water (24). 

 Though coproheme decarboxylase catalyzes a similar reaction, its structural 

constraints are different from those of OleT.  Specifically, the two sites of decarboxylation 

ï propionates at peripheral tetrapyrrole positions 2 and 4 ï are positioned such that neither 

has direct access to the distal pocket where H2O2 is activated (Fig. 6.1). This suggested two 

possible mechanisms. First, oxidizing equivalents could be conveyed by diffusion of ÅOH, 

generated via homolytic cleavage of a ferric-hydroperoxy intermediate, from the site of the 

Fe/H2O2 reaction to each propionate. Alternatively, the oxidation could proceed through a 

relay mechanism involving one or more amino acid side chains as intermediaries, possibly 

dissecting the requisite H-atom transfer reaction into proton and electron transfer steps. 

Results reported here clearly support the latter mechanism. Time-resolved freeze 

quench experiments demonstrated the formation and decay of an EPR-active, S=1/2 

species during the course of a single turnover of the decarboxylase-coproheme complex 

(Fig. 6.2). This species had power- and temperature-dependencies consistent with its 

assignment as an organic radical. Narrowing of the spectral linewidth and loss of 1H-

hyperfine coupling in spectra for the D-Tyr labeled protein allowed assignment of the 

radical species as a tyrosyl (Fig. S6.3), which mutagenesis confirmed to be localized 

specifically at the Y145 side chain (Fig. 6.3). 



185 

 

Separation between the sites of oxidant activation and substrate oxidation is a 

recurring motif in metalloenzyme catalysis. Class 1 ribonucleotide reductase provides a 

classic example, in which oxidizing equivalents are conveyed from the dinuclear iron 

cluster where O2 is reductively activated to a nearby tyrosine and ultimately to a catalytic 

cysteine residue more than 30 Å away (25). Heme-dependent lignin peroxidases translate 

the oxidizing power of the catalytic Fe(IV)=O (por+Å) species over similar distances and 

to the protein surface, allowing the enzyme to access large, water-insoluble lignin 

substrates (26). A heme/alkylperoxide reaction in prostaglandin synthase generates 

Fe(IV)=O (por+Å) which in turn oxidizes a tyrosine side chain to the tyrosyl radical. The 

tyrosyl specifically abstracts the pro-S hydrogen atom from the C13 position on a large, 

polyunsaturated arachidonic acid substrate (10). Distinct from OleT, the resulting fatty acyl 

radical is prevented from transferring an electron to the heme iron; instead, it reacts directly 

with O2 to form an intermediate adduct. Heme A synthase and certain cytochrome P450 

subtypes are in some ways most analogous to coproheme decarboxylase, since the same 

heme molecule is both the catalytic moiety and the scaffold for the substrate (3,4). In each 

case, oxidation of amino acid side chains by Fe(IV)=O (por+Å) is proposed to generate 

amino acid radicals which, in turn, abstract hydrogen atoms from heme methyl substituents. 

Subsequent transfer of the resulting electron on the methyl carbon to the heme Fe(IV) 

generates a methyl carbocation, which is primed for nucleophilic attack by either water or 

carboxylate side chains.  

These examples illustrate how, using one or a series of oxidizable amino acid side 

chains, Fe(IV)=O (por+Å) can extend its reach over sometimes long distances. The amino 
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acid intermediary additionally provides a degree of control over what happens after the 

initial hydrogen atom abstraction from the substrate. In the case of OleT, in which the 

hydrogen atom transfers directly to Fe(IV)=O (por+Å), the resulting substrate radical 

transfers a second electron to the nearby Fe(IV)=O (por). By contrast, in prostaglandin 

synthase, the arachidonic acid radical is removed from the analogous Fe(IV)=O (por) 

species, and instead reacts with O2. Coproheme decarboxylase appears to use Tyr145 as an 

intermediary, connecting the oxidizing power of the presumptive Fe(IV)=O (por+Å) 

electron is then transferred to the Fe(IV). 

Though there is no direct evidence as yet for Fe(IV)=O (por+Å) as the reactive 

species, the production of Y145Å occurred along with loss of the starting ferric-coproheme 

S=5/2 signal and without the clear appearance of new EPR-active species (Fig. 5). These 

observations are consistent with a mechanism in which ferric coproheme first reacts with 

H2O2 to form a ferric-hydroperoxy intermediate. Protonation and heterolytic cleavage of 

the intermediate would yield Fe(IV)=O (por+Å) and water. This high-valent species could 

subsequently remove a hydrogen atom from Y145 to form Y145Å. In cytochrome P450s or 

peroxidases with a basic ferryl oxygen, H-atom transfer is expected to deliver an electron 

to the porphyrin radical cation and a proton to the ferryl in a single, concerted step (27-29). 

While the destination of the proton from Y145 is not clear, concerted rather than sequential 

proton and electron transfer from Y145 is attractive, in light of the expected pKa (~10) and 

midpoint potential of the neutral tyrosine side chain (30). Hydrogen bonding contact 

between propionate 2 and Y145 (Fig. 6.1) might serve to modulate this pKa and/or supply 
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a conduit through which the electron is conducted to the macrocycle, as proposed for 

ascorbate peroxidase and heme model complexes (31,32). The resulting low-spin d4 

Fe(IV)=O (por) or Fe(IV)-OH (por) species is expected to have integer spin (S=1), and 

therefore to be EPR-silent (33). 

 Once formed, Y145Å abstracts a hydrogen atom from a nearby propionate-Cɓ-H in 

a step that appears to be partially rate limiting (Fig. 4). Supporting this conclusion, 

deuteration of the propionate-ɓ-carbons elicits a two-fold (rather than the theoretically 

predicted seven-fold) decrease in the second order rate constant for the decarboxylase/H2O2 

reaction (22). Moreover, about twice as much Y145Å accumulates in the time-resolved EPR 

spectra when the propionate is deuterated, suggesting that this species directly abstracts the 

H-atom from propionate 2. H-atom transfer is expected to leave behind a Cɓ

which we anticipate quickly transfers to the substrate Fe(IV) as CO2 is lost and a new C-C 

double bond forms (Scheme 6.2). 

Prior work showed that the initial decarboxylation of propionate 2, yielding 

harderoheme, is slightly slower than the subsequent decarboxylation of propionate 4. While 

we inferred that the harderoheme reacted with a second molecule of H2O2 to form heme b, 

it was not certain whether this reaction utilized the same Y145 radical. To address this 

question directly we generated the decarboxylase-harderoheme complex and monitored its 

reaction with H2O2 by time-resolved, freeze-quench EPR. A S = ½ signal having line width 

and hyperfine features similar to those of the analogous coproheme intermediate was 

observed (Fig. 6.6). This suggested that harderohemeôs propionate 4 is also decarboxylated 

using Y145Å as an intermediary. Whether the harderoheme reacts in the same orientation 
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as shown in Fig. 1, or whether the propionate first forms a hydrogen bonding interaction 

with Y145, either by leaving the active site and rebinding in a reactive configuration, or by 

rotating ~90° in situ, is unknown. 

 

Conclusions 

 

 Our results support a catalytic model in which the decarboxylase-coproheme 

complex reacts with H2O2 to form an activated intermediate, possibly Fe(IV)=O (por+Å), 

that in turn oxidizes Y145 to Y145Å. The tyrosyl radical then abstracts a hydrogen atom 

from the Cɓ e. Electron 

transfer from the Cɓ to Fe(IV) occurs with loss of CO2 and formation of a new vinyl group. 

A second round of reaction with H2O2 generates Y145Å again in the harderoheme complex, 

allowing for a second decarboxylation in turn. This model is reminiscent of mechanisms 

proposed for heme A synthase or certain cytochrome P450s, both of which undergo 

oxidative modifications of their methyl side chains, or the initial hydrogen atom transfer 

from arachidonic acid in prostaglandin synthase. The use of tyrosyl radicals as 

intermediaries in each case allows for a high degree of reaction control and access of the 

oxidizing species to otherwise hard-to-reach substrates.    

 

Experimental Procedures 

 

Preparation of the decarboxylase (HemQ) from Staphylococcus aureus 

 

Expression and purification of WT and mutant proteins (plasmids available from prior 

work) were carried out as previously reported (7,9).  
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Preparation of the Decarboxylase with Deuterated Tyrosine Side Chains  

 

L-tyrosine with deuterium substituted for protium at all of its carbon atoms (D6-L-Tyr, 

98% label incorporation) was obtained from Cambridge Isotopes. The decarboxylase was 

overexpressed in a tyrosine-auxotrophic strain of E. coli C43 (DE3) ML14 (ȹtyrA) 

(Adgene),(34) which had been transfected with the same pET28a-hemQ construct used 

above. M63 minimal growth medium contained (per L): 3 g KH2PO4, 7 g K2HPO4, 2 g 

glucose, 2 g NH4Cl, 10 mg thiamine, 50 mg kanamycin, 10µM CuSO4, 30 µM FeSO4 and 

1 mM MgSO4). Prior to inoculation, the medium was supplemented with an amino acid 

mixture containing (per l) 16 mg His, 35 mg Val, 35 mg Phe, 40 mg Leu, 40 mg Asp, 40 

mg Ile, and either 80 mg of unlabeled Tyr or 50 mg D6-Tyr (L-enantiomers used for all 

amino acids). A starter culture was generated by inoculating 2 ml of Lysogeny Broth (LB) 

plus 50 mg/l kanamycin with a single colony of the expression strain from a freshly 

streaked plate. The culture was grown on a 250 RPM shaker incubator for 10 h at 37°C, 

and then used to inoculate (1:500) 10 ml of fresh M63+amino acids+kanamycin. After 12 

h (37°C, 250 RPM), the 10 ml culture was used to inoculate (1:1000) 6 1lflasks of 

M63+amino acids+kanamycin. Cultures were grown at 37°C until an OD600 of 0.4 was 

reached. Protein expression was induced by adding IPTG (i -D-1-

thiogalactopyranoside, 0.5 mM final concentration) and the temperature was lowered to 

20°C. Cells were harvested by centrifugation after 16 h and the enzyme purified/substrate-

loaded in the same fashion as the unlabeled enzyme. 
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Generation of Decarboxylase-Substrate Complexes  

 

Purified protein was incubated at 4 °C in the dark with gentle stirring for 24 h with 

either the substrate ferric coproheme III, the three-propionate-substituted intermediate 

(ferric 2-vinyl-4,6,7-tripropionic acid heme, commonly named harderoheme isomer III 

(35) though it is now understood not to be associated with the harderian gland (36)), or 

deuterated coproheme III (D-coproheme, synthesis described below) in a 1:1 

subunit:coproheme ratio. Unbound coproheme was removed by repeated rounds of 

centrifuge-filtration and the protein-ligand complexes were further purified on an S-200 

Sephacryl gel filtration column (0.4 ml/min). Fractions were collected using an AKTA 

purification system and then screened via UV/Vis spectroscopy (Cary50) for the presence 

of a ferric porphyrin. Fractions with Rz values Ó0.8 (Rz = absorbanceSoret/absorbance280nm) 

were pooled. For D6-Tyr-labeled protein, protein with Rz Ó 0.4 was retained. Bound 

porphyrin concentrations were determined by the pyridine hemochrome method. Briefly: 

50 ɛl of protein solution (at 50-300 ɛM) was mixed with 200 ɛL of 50 mM NaOH 

containing 20% pyridine by volume. 3 ɛL of 0.1 M K3[Fe(CN)6] was added and the 

oxidized spectrum was measured; 3ī5 mg of solid sodium dithionite (Na2S2O4) was then 

added to yield spectra for the reduced pyridine-bound hemes. Difference spectra (reduced 

minus oxidized, r-o) were used to determine the concentration of metalloporphyrin released 

from the protein.  For coproheme: ắr-o 546 nm = 23.2 mM-1 cm-1; for heme b, ắr-o 556 nm 

= 28.4 mM-1 cm-1. The Bradford and pyridine hemochrome assays for protein and Fe-

porphyrin, respectively, were used to determine the cofactor occupancy in the purified 

complexes. 
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Biosynthesis, Purification, and Characterization of Deuterium-Labeled Coproheme  

Site-specifically deuterated coproheme III was synthesized enzymatically in vitro (11).  

The heme biosynthesis enzymes porphobilinogen synthase (HemB), porphobilinogen 

deaminase (HemC), uroporphyrinogen III synthase (HemD), uroporphyrinogen III 

decarboxylase (HemE), coproporphyrinogen oxidase (HemY) and ferrochelatase (HemH) 

were recombinantly expressed in His6-tagged forms from synthetic genes in pET 15b or 

28a vectors (Genscript).  Sequences for the genes encoding HemB, C, D, and E were 

obtained from the E. coli K12 genome in the NCBI data base and used without modification 

(genome accession number NC_000913.3 at location 388753-389727, 3989825-3990766, 

3989088-3989828, and 4197716-4198780 for hemB, C, D, and E respectively). Sequences 

encoding HemY and HemH in Staphylococcus aureus Newman were likewise obtained 

from NCBI (accession number NC_009641.1 at 1923252-1924652 for hemY and 1924676-

1925599 for hemH) and codon-optimized for heterologous expression in E. coli. Individual 

plasmids were transformed into Tuner(DE3) cells (Novagen). Heterologous expression was 

carried out in 1L flasks of Terrific Broth supplemented with the appropriate antibiotic 

(kanamycin or ampicillin).  Flasks were inoculated 1:100 with a freshly saturated starter 

culture and grown at 37 °C until an optical density of 0.4-0.6 at 600 nm was reached.  IPTG 

was added to a final concentration of 100 µM, the temperature lowered to 20 °C, and the 

cells grown overnight. Cell pellets harvested by centrifugation were lysed by sonication in 

buffer A (50 mM Tris, pH 8, 150 mM NaCl, 5 mM imidazole), the lysates were clarified 

by centrifugation at 45,000 x g for 1 hour, and the supernatants loaded onto a nickel-

nitrilotriacetic acid affinity column (BioRad) equilibrated with buffer A.  Protein was 
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eluted by a 300 ml linear gradient from 0-100% buffer B (50 mM Tris, pH 8, 150 mM 

NaCl, 500 mM imidazole) at 2 ml/min (Akta Prime).  The proteins eluted around 40-60% 

buffer B. Pure fractions were identified via SDS-PAGE, concentrated, dialyzed into 50 

mM Tris (pH 8, 150 mM NaCl, with 20% glycerol for HemD), and stored at -80 °C.   

Custom-synthesized 3,3,5,5-2H4-aminolevulinic acid (D4-ALA, Shanghai Artis 

Company) was used as the labeled starting material to produce [5, 10, 15, 20, 21, 22, 23, 

24-2H12]-coproporphyrin III (D-

carboxylate groups as well as the tetrapyrrole-bridging meso carbons are perdeuterated 

(Scheme 2). Zn-acetate (10 ɛM), MgSO4 (10 ɛM), ALA or D4-ALA (1 mM), dithiothreitol 

(DTT, 3 mM), and the four enzymes HemB/C/D/E (2 ɛM) were degassed by repeated 

cycles of evacuation and argon backfilling on a Schlenk line, then brought into an anaerobic 

chamber (Coy). Reactants were combined in 50 ml of 50 mM Tris, pH 8 and stirred 

coproporphyrin). After ~16 h, the reactions were removed from the anaerobic chamber, 

exposed to O2 from ambient air, and HemY (350 nM) was added. Reactions were stirred at 

37°C in the dark for 1-2 h to fully oxidize the D-coproporphyrinogen to D-coproporphyrin.  

The D-coproporphyrin-containing reactions were degassed by repeated cycles of 

evacuation and N2 backfilling on a Schlenk line and brought into the anaerobic chamber. 

HemH (10 ɛM), DTT (1 mM), and 1.1 eq of ferrous ammonium sulfate were added. After 

30 min, the red D-coproheme was removed from the chamber and analyzed by HPLC and 

mass spectrometry (MS). For final purification, the D-coproheme-containing reaction was 

loaded onto two 25 ml C18 solid phase extraction columns (Restec product # 26034). The 
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columns were washed with several volumes of H2O and eluted with methanol, followed by 

acetonitrile (ACN) with 0.1% trifluoroacetic acid (TFA), and finally methanol. Each 

column elution step was dried under N2, reconstituted in DMSO, and analyzed (see below) 

before combining and storing the pure fractions at -80 °C. Biosynthetically generated 

hemes and their precursors were analyzed by the methods outlined below. 

 

HPLC 

20-25 ɛl porphyrin- or heme-samples were injected onto a Hypersil Gold PFP 5 ɛm 

column (150 × 4.6 mm, Thermo Fisher) attached to an Agillent1100 series HPLC 

instrument. Solvent A was H2O with 0.1% TFA and Solvent B was ACN with 0.1% TFA. 

Samples were run at a flow rate of 2.5 ml/min starting with isocratic 10% B for 3 min, 

followed by a linear gradient from 10% B to 95% B over 13 min. This was followed by 

isocratic 95% B for 3 min and a 2 min wash with 10% B. UV/vis absorbance was monitored 

at 400 nm. Coproporphyrin and coproheme samples were quantified via standard curves 

(0-20 ɛM) based on HPLC peak integration. 

 

MS 

 Tetrapyrrole intermediates and products were analyzed via HPLC in line with 

electrospray ionization (ESI) MS to verify their expected masses and deuterium 

incorporation.  HPLC was carried out using an Agilent 1290 system and Agilent PLRP-S 

PSDVB column (3.0 ɛm particles, 50 mm x 1.0 mm diameter, P/N PL1312-1300).  The 

column was maintained at 50ºC with a flow rate of 0.6 ml/min.  Solvent A consisted of 

water with 0.1% (v/v) formic acid. Solvent B was acetonitrile with 0.1% formic acid.  The 
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column was equilibrated to 5% B prior to sample injection.  A linear gradient from 5% to 

95% B was used from 1.0-4.0 min, followed by 95% B (4.0-5.0 min) and 5% B (5.0-6.0 

min). Column eluate was imported into an Agilent 6538 quadrupole time of flight (QTOF) 

mass spectrometer with an electrospray ionization (ESI) source.  Source parameters were: 

drying gas 8.0 l/min, drying gas heat at 350 ºC, nebulizer 55 psi, capillary voltage 3500 V, 

capillary exit 100 V.  Spectra were collected in positive mode from 50 to 1700 m/z at a rate 

of 2 Hz. 

 

NMR Spectroscopy 

 Coproporphyrin III, D-coproporphyrin III, and their aminolevulinic acid precursors 

were analyzed by NMR in order to assess the position and extent of deuterium label 

incorporation into the latter. All compounds were characterized by 1H using a Bruker 

300MHz NMR and/or a Bruker AVANCE III 500 MHz NMR spectrometer, equipped with 

a ProdigyTM cryoprobe and SampleJetTM automatic sample loading system.  Chemical 

k in the corresponding 

4- J) are 

reported in hertz (Hz) and analyzed using MestReC NMR data processing.   

 

Monitoring Decarboxylase Reactions in Real Time with Stopped Flow UV/Visible 

spectroscopy (UV/Vis) 

 

Data were measured using a Hi-Tech Scientific stopped-flow spectrometer in single 

mixing mode with diode array detection. The decarboxylase-ferric-tetrapyrrole complex (5 

ï 10 µM) was rapidly mixed (<1.5 ms) with variable concentrations of H2O2/D2O2 or 

peracetic acid prior to measurement of spectra. Data were measured at varying time points 
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and fit using the Kinetic Studio (Hi-Tech Scientific) software to exponential decay 

functions to determine rate constants (kobs). For each experimental condition, all data were 

measured in at least triplicate and averaged. Plots of kobs versus oxidant concentration were 

fit with linear least squares regression analysis to determine second order rate constants 

(Kaleidagraph). Reactions were carried out over a range of pH values in either 50 mM 

potassium phosphate (pH 5.8, 6.6, and 7.4) or 50 mM Tris-Cl (pH 8.2 or 8.8).  

 

Time resolved EPR Spectroscopic Analyses of the Reaction of Decarboxylase-

Tetrapyrrole Complexes with H2O2  

 

EPR data were measured on a Bruker EMX EPR spectrometer (X-band, 9.37 MHz) 

using a Bruker Cold Edge (Sumitomo Cryogenics) cryogen-free system with a Mercury 

iTC controller unit.  In all cases, averages of 4 scans are reported. For the reaction time 

course experiments, 120 ɛL aliquots of enzyme-substrate complex (200 ɛM, pH/D 8.8, 298 

K) were manually mixed inside the EPR tube with an equal volume of H2O2 (D2O2) 

containing either 10 or 300 equivalents of the oxidant and frozen in liquid N2 at time points 

between 30-300 s. Organic radical spectra were measured at 77 K, 25 ɛW microwave 

power, 100 kHz modulation frequency, and 5 G modulation amplitude.  Signals were 

double integrated over 3250-3450 G (OriginLab) and compared to TEMPO standards (0, 

25, 50, and 100 ɛM) measured under similar conditions for spin quantitation. Fe spectra 

were measured at 15 K with a 2 mW microwave power over a field of 500 ï 3500 G. 

Spectral g-values were determined via simulations of experimental data sets utilizing 

Easyspin software (37). 
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For studies of the dependence of the organic radical EPR signal intensity on 

temperature, the instrument parameters were the same as above but with temperatures set 

at intervals between 15 and 200 K. The normalized intensity (In) was plotted versus 

temperature: 

Ὅ
    

   (2) 

 

Here, Io is the doubly integrated signal, T is temperature, dB is microwave power, and gain 

is the amplifier gain.  

For studies of the power saturation properties of the organic radical EPR signal, 

data were measured over 0.85 ɛW-103 mW at 77 K. The power at half saturation (P1/2) was 

determined via nonlinear least squares regression analysis of the log(I/P0.5) versus P plots 

using: 

 

ÌÏÇ
Ѝ
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P is the microwave power, I is the peak-to-trough EPR signal intensity, b is a factor 

describing the homogeneity of the radical signal (where a value of 1 is non-homogenous 

and a value of 3 is completely homogenous), and k is an intensity correction factor. 
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Figures 

 

 

 
Figure 6.1. Coproheme decarboxylase subunit and active site with the substrate analog, 

manganese coproporphyrin, bound. A) The subunit structure of coproheme decarboxylase 

(green cartoon) showing a bound manganese coproheme. The unreactive pair of 

propionates points toward the solvent exterior and to the right in this diagram. B) 

Residues hydrogen bonded to reactive propionates 2 (P2) and 4 (P4) are indicated with 

dashed lines. Y145, Y113, W157, and W159 are all redox active side chains and potential 

sites of catalytic radical formation. W159, in the foreground of P4 in this view, has been 

omitted for clarity. K149 and M147 may facilitate a ~90° rotation to place P4 in 

hydrogen bonding contact with Y145.Three water molecules involved in hydrogen 

bonding networks to each propionate are included. Atoms are labeled: carbon green, 

nitrogen blue, oxygen red, and iron purple.   
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Figure 6.2. Properties of the side chain radical intermediate generated along the pathway 

to coproheme decarboxylation. A) A radical forms with

decarboxylase-coproheme complex with 10 eq H2O2 and then decays to base line over 

77 K, pH 8.8. Spin quantitation of the 30 s sample spectrum relative to a TEMPO 

normalized EPR signal intensity [eq (2)] was measured for the 30 s sample from 15-200K 

(A). An extrapolated curve illustrates the trend in the data points. Inset: full spectra 

measured at 30 (red curve), 60, 90, 120, 150, and 200 (blue curve) K are shown, 

illustrating the isotropic diminution of the signal with decreasing temperature. C) The 

power saturation behavior for the 30 s sample in (A) was determi ï 39 

mW. The data were fit to eq (3) yielding P1/2 

illustrating the isotropic loss of signal with increasing power. D) The EPR spectrum 

measured for the sample frozen at 30 s in (A) is overlaid with a sample prepared in a 

similar manner but with protein in which all the tyrosine side chains were fully 

deuterated. Upon deuteration, the peak-to-trough line width narrows from 20 G to 7 G 

and the fine structure is lost, consistent with the radicalôs assignment as a tyrosyl. 
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Figure 6.3. The side chain radical intermediate formed in W157F, W198F, and Y113S 

decarboxylase mutants has similar properties to WT decarboxylase, while Y145S is 

distinct. 

Y145S decarboxylase mutants were rapidly mixed with 10 eq H2O2 and subsequently 

frozen at the indicated time points. EPR spectra measured for the first three mutants 

resemble one another and the 30 s sample measured for the WT enzyme (Fig. 2). By 

contrast, the Y145S sample had a narrower line width and distinct g-values (see Fig. S3, 

Table S1, and text). Spin quantitation of the spectra measured for the 30 s samples 

with WT Fig. 2A, where 35 

sample was not apparent above baseline by 150 s.   
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Figure 6. 2-coproheme is ~2- 2-

coproheme and results in substantially greater accumulation of Y145Å.  A) Summary of 

2-coproheme from D4-ALA, illustrating the expected 

positions of deuterium label incorporation. B) Reactions of 10 ɛM decarboxylase-

coproheme (red lines) or - 2-coproheme (blue dashes) with 15, 25, 50, 100, or 250 eq 
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H2O2 (increasing concentrations, right to left) were monitored over time via stopped flow 

UV/vis spectroscopy (50 mM potassium phosphate, pH 7.4, 25 °C). The traces measured 

at 402 nm (shown) were fit to two the sum of two exponentials. The first phase 

corresponded to the formation of the decarboxylase-heme b complex and the second to 

heme b decay (8). Inset: kobs values derived from fits to the initial phase are plotted versus 

[H2O2]. Linear fits to the data yielded second order rate constants 210 and 80 M-1 s-1 for 

2-coproheme (blue squares) respectively. C) Second 

order rate constants for the reactions described in (A) were measured as a function of pH, 

and were fit to the same pKa. D) The tyrosyl radical formed during a single turnover of 

the decarboxylase-D- 2O2) was monitored at 30 s, 

along with its subsequent decay. Spectra were measured at 0.026 mW, 77 K, pH 8.8. Spin 

quantitation of the spectrum measured for the 30 s samp

species had formed. 
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Figure 6.5. Time resolved EPR spectra show a ferric S=5/2 component that diminishes in 

intensity as the S=1/2 signal due to Y145Å forms. The X-band EPR spectrum of the 

decarboxylase- 2-coproheme complex (shown at 77K in Figure 3C) was remeasured 

at low temperature (15K) and over a broad magnetic field in order to visualize the 

substrate-

for the sample measured 30 s after the addition of 10 eq of H2O2 is shown in red. The 

700-3000 G region is shown at an amplified scale in the inset. An S=5/2 signal, attributed 

to the ferric- 2-coproheme, is apparent at both time points, diminishing in intensity 
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Figure 6.6. The ferric decarboxylase-harderoheme complex is also decarboxylated via a 

Y145 radical. Tyrosyl radical and its decay were monitored during a single turnover of 

the decarboxylase- 2O2). Spectra were 

measured at 0.026 mW, 77 K, pH 8.8. Spin quantitation of the spectrum measured for the 

formed. The EPR spectrum for 

the intermediate and the time required for its decay are similar to those measured for the 

radical involved in the decarboxylase-coproheme reaction (Fig. 2, Table S1), suggesting 

that Y145 is also involved in decarboxylating propionate 4.  

  



204 

 

 

 

 
Scheme 6.1 

 

 

 

 

 
 

Scheme 6. -carbon from 

which an H-atom is transferred is labeled. There is no direct evidence for the 

intermediacy of a coproheme compound I (shown in brackets) -

carbocation species; their presence is merely proposed hypothetically.    
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CHAPTER SEVEN 

 

PRELIMINARY EVIDENCE AND FUTURE DIRECTIONS IN THE 

INVESTIGATION OF A PROTEIN-PROTEIN INTERACTION BETWEEN CPFC 

AND CHDC 

 

Background and Statement of the Knowledge Gap 

 

Control Over Metabolite Flux in the Heme b Biosynthesis Pathway is Essential  

 Synthesis (or acquisition) of heme b, is essential for almost all living organisms. 

However, heme b and the precursors formed during its biosynthesis can be toxic to the cell 

if they are allowed to accumulate. This is specifically true for the last three steps of the 

pathway in both the PPD and the CPD branch (Figure 7.1).  
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Figure 7.1. The PPD and CPD branches of heme b biosynthesis both produce toxic 

intermediates during the process. Protoporphyrin IX and coproporphyrin III are light-

sensitive molecules that can participate in radical formation by donating electrons to O2. 

Fe (II) and H2O2 together can participate in Fenton chemistry, also creating are also toxic 

reactive oxygen species (ROS). These metabolites must therefore be tightly controlled 

during heme biosynthesis.  

 

 

Coproporphyrinogen III and protoporphyrinogen IX are highly reactive molecules 

which can readily and non-enzymatically be oxidized. The oxidized products, 

coproporphyin III and PPIX are light-sensitive molecules that are even more reactive, 

participating in radical chemistry though their donation of electrons to O2 and generating 

reactive oxygen species (ROS) such as superoxide (·O2
-), hydrogen peroxide (H2O2) and 

hydroxyl radicals (HO·). Their detrimental accumulation in human cells is linked to 

diseases called porphyrias and their toxic effects in bacterial cells have also been well 

documented1-2. In addition, H2O2 itself is generated as a by-product during biosynthesis 

and is required for the ChdC reaction (Figure 7.1). This is all in the presence of ferrous iron 
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(Fe2+), which can participate in the infamous Fenton reaction, also with generating ROS 

(Figure 7.2).  

 

 

Figure 7.2.The Fenton reaction. Ferrous iron readily becomes oxidized by H2O2 leading to 

the generation of reactive oxygen species.  

 

 

It is therefore essential that there be tight regulation of metabolite flux and control 

over off-pathway reactivity during heme b biosynthesis, specifically during the terminal 

three steps. This regulation has been described for organisms that use the PPD branch 

(namely eukaryotic organisms and gram-negative bacteria) but not for the organisms that 

utilize the novel CPD branch (gram-negative bacteria). These mechanisms must be 

different, as not only the enzymes that carry out these branches are different, but the 

organisms themselves are structurally different in significant ways.   

 

Regulation and Control in the PPD Branch  

 

 The PPD branch of heme b biosynthesis is exclusive to eukaryotic and gram-

negative organisms. Of significance to heme b biosynthesis metabolite flux, these 

organisms have one thing in common; multiple membranes. Heme b biosynthesis enzymes 

in eukaryotic organisms are distributed in different areas of the cell. The first enzymes of 

the pathway (GtrR-UroD), which do not produce cytotoxic molecules, are located in the 

cytoplasm, while the last three enzymes (CgdC, PgoX, and PpfC) are localized in various 

areas of the mitochondrion1 (Figure 7.3A).  
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Figure 7.3. Eukaryotic cells and gram-negative bacteria can compartmentalize the 

cytotoxic metabolites of heme b biosynthesis in their membrane-bound spaces. (A) 

Eukaryotic cells control metabolite flux and prevent off pathway reactivity during the 

synthesis of heme by confining the last three enzymes of this pathway to the mitochondrial 

inner membrane space and the matrix. (B) Gram-negative bacteria achieve a similar effect 

by localizing these enzymes to their inner membrane and the periplasmic space that is 

exists between the inner and outer membrane.  
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PpfC resides in the mitochondrial matrix and PgoX and CdgC are located in the 

inner mitochondrial space. This compartmentalization restrains the toxic molecules being 

produced to a single location and facilitates direct interaction between these terminal 

enzymes. Biochemical data has shown that CdgC, PgoX, and PpfC must transiently 

interact, preventing any measurable amount of metabolite leakage from being detected in 

the cellular mileu1. PgoX and PpfC are both membrane-bound proteins, embedded in the 

inner mitochondrial membrane on their respective sides. PgoX and PpfC are thought to 

pass substrate/product directly to each other through a channel in PgoX that spans through 

the mitochondrial membrane2-4 (Figure 7.3A). This direct interaction is only transiently 

stable but allows rapid conversion of PPIX to heme b, making PPIX concentrations 

negligible and harmless to the cell 2.  

Similarly, gram-negative bacteria are able to compartmentalize their enzymes to 

drive direct substrate/product delivery. Gram-negative bacteria have two cell membranes 

that create a periplasmic space in between (Figure 7.3B).  Like in eukaryotic cells, all non-

toxic producing steps happen in the cytoplasm, while the terminal enzymes reside in the 

inner cell membrane and the periplasmic space. Membrane compartmentalization again 

allows for direct transfer of substrate/product to happen between these enzymes, providing 

control of metabolite flux and preventing off-pathway reactivity.  

Less is known about what happens to heme b at the end of biosynthesis. It is 

known that after the last step, heme b it remains bound to PpfC, presumably until a heme 

chaperone takes it to its final destination. Moreover, in eukaryotic cells, heme b needs to 

be exported out of the mitochondria membrane before it can be incorporated into the 
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required hemoprotein. It is speculated that there is more than one heme chaperone and 

that these pathways of heme trafficking are likely complex1, 5. These chaperones and 

mitochondrial export machinery have yet to become elucidated in eukaryotes as well as 

in gram-negative bacteria, although bacterioferritin (Bfr) has recently been suggested to 

be the heme recipient of PpfC in E. coli 6.   

 

Regulation and Control in the CPD Branch is Not Known 

 How metabolite flux and off-pathway reactivity is controlled in the CPD branch 

of heme b biosynthesis has not been described due to the novelty of this discovery. The 

CPD branch is found in gram-positive organisms, which lack the physical structure of a 

double membrane. Gram-positive bacteria have a single membrane and a thick, but 

porous peptidoglycan layer which does not allow formation of a true periplasmic space.  

These organisms have no way of compartmentalizing the terminal, toxic intermediate-

producing enzymes of this pathway. Moreover, the terminal enzymes in the CDP branch 

are not membrane-bound, but cytosolic, indicating that regulation and control must be 

quite distinct for the CPD branch (Figure 7.4).
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Figure 7.4. Gram-positive bacterial heme b biosynthesis occurs in the cytoplasm without 

membrane compartmentalization of cytotoxic intermediates. (A) Gram-positive bacteria 

lack a double membrane as well as a true periplasmic space and their terminal heme 

biosynthesis enzymes are cytosolic, potentially exposing all cytotoxic metabolites to the 

cell. (B) We propose that in the absence of a physical barrier, gram-positive bacteria heme 

biosynthesis enzymes control off-pathway reactivity by forming protein-protein 

interactions and delivering substrate/products directly to each other. In addition, because 

the product heme is toxic itself, the final enzyme ChdC transfers heme to a heme-transport 

protein that safely delivers heme to its final destination. 


