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Hemes belong to a small subgroup of the tetrapyrrole family, which is characterized by the combination of a ferrous

ion and a porphyrin macrocycle. The ‘true’ hemes possess a fully oxidized porphyrin macrocycle, including heme a,

heme b, heme c, and heme o. Hemes are an important class of prosthetic molecules that play roles in a number of

biological processes. The most widespread and ubiquitous is heme b, which plays an important role in transporting

oxygen as part of hemoglobin. In addition, heme b is a cofactor for many enzymes, such as myoglobin, cytochrome

P450, and peroxidases, and plays significant roles in catalysis, transcription, signaling, and electron transfer. 

heme b  pathway  protein

1. Introduction

The capacity to synthesize heme b is very common but not ubiquitous, and there are organisms with a complete

absence of a tetrapyrrole biosynthetic capacity or incomplete pathways. The available research suggests that the

overall biosynthetic pathway of heme b can be divided into three parts (Figure 1): (i) the synthesis of the precursor

5-aminolevulinate (5-ALA) via the C4 or C5 pathway, (ii) the synthesis of the intermediate metabolite

uroporphyrinogen III (UPG III) via a conserved core pathway, and (iii) the synthesis of heme b via the

protoporphyrin-dependent (PPD) pathway, coproporphyrin-dependent (CPD) pathway, or siroheme-dependent

(SHD) pathway.
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Figure 1. Heme b biosynthesis pathway. The overall biosynthetic pathway of heme b can be divided into three

parts. The orange arrows indicate the C5 pathway, the blue arrows indicate the C4 pathway, the green arrows

indicate the protoporphyrin-dependent (PPD) pathway, the light blue arrows indicate the coproporphyrin-dependent

(CPD) pathway, and the red arrows indicate the siroheme-dependent (SHD) pathway. OAA, oxaloacetate; MAL,

malate; FUM, fumarate; SUC, succinate; SUC-COA, succinyl-CoA; α-KG, α-oxoglutarate; GLY, glycine; GLU,

glutamate; GLU-tRNA, glutamyl-tRNA; GSA, glutamate-1-semialdehyde; 5-ALA, 5-aminolevulinic acid; PBG,

porphobilinogen; HMB, hydroxymethylbilane; UPG I, uroporphyrinogen I; CPG I, coproporphyrinogen I; UPG III,

uroporphyrinogen III; CPG III, coproporphyrinogen III; PPG IX, protoporphyrinogen IX; PP IX, protoporphyrin IX;

CP III, coproporphyrin III; DDSH, 12,18-didecarboxysiroheme.

2. Biosynthetic Pathways of the Precursor 5-ALA

The common precursor of tetrapyrroles, 5-ALA, is synthesized via two completely different biosynthetic pathways.

The C4 pathway (Shemin pathway) was the first to be discovered, using succinyl-CoA and glycine as the

substrates (Figure 1). It is mainly found in metazoans, fungi, and alphaproteobacteria . For a long time, this was

thought to be the only pathway for 5-ALA biosynthesis. However, in 1973, Beale et al. confirmed the existence of

an alternative 5-ALA biosynthesis pathway, called the C5 pathway (Beale pathway), through their studies on

cucumber cotyledons . This route, which uses glutamate as the initial substrate, is predominantly found in plants,

archaea, and most bacteria . Generally, only one of these pathways is present in each organism, but a small

number of organisms contain both pathways, such as Euglena gracilis .

The C4 pathway requires only one step to synthesize 5-ALA, which is catalyzed to the pyridoxal-5′-phosphate

(PLP)-dependent ALA synthase (AlaS). This is a homodimeric protein, containing an active-site lysine that is
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covalently bound to the PLP cofactor, which catalyzes the condensation of succinyl-CoA and glycine, releasing

carbon dioxide and coenzyme A in the process . As shown in Figure 1, the C5 pathway is more complex than the

C4 pathway, requiring three steps to synthesize 5-ALA from glutamate. First, glutamate is converted into Glu-tRNA

in the presence of glutamyl-tRNA synthetase (GluTS). The next step is catalyzed using the NADPH-dependent

glutamyl-tRNA reductase (GluTR). Its highly conserved cysteine residues bind to glutamyl-tRNA and release

Glu  to form a thioester intermediate, which is then reduced to glutamate-1-semialdehyde (GSA) . Finally,

glutamate-1-semialdehyde-2,1-aminomutase (GsaM) catalyzes an intramolecular amine transfer, resulting in the

conversion of GSA to 5-ALA . GsaM also requires PLP as a cofactor and has a structural similarity to AlaS. Since

the GSA intermediate is unstable, GluTR and GsaM usually tend to form the stable complexes for the substrate

channeling .

3. Formation of the Common Tetrapyrrole Core
Uroporphyrinogen III

UPG III, the common core of tetrapyrroles, is formed through the condensation of eight 5-ALA molecules in a highly

conserved three-enzyme pathway (Figure 2). These three enzymes can be considered as the backbone of the

biological tetrapyrrole synthesis tree, with a variety of branches formed by modifications and different metals .
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Figure 2. Formation of uroporphyrinogen III (UPG III) and the branching of the heme b biosynthesis. In nature, the

pathway from 5-aminolevulinic acid (5-ALA) to UPG III is a highly conserved three-enzyme cascade. UPG III is

decarboxylated by uroporphyrinogen III decarboxylase to form coproporphyrinogen III (CPG III), a reaction shared

by the protoporphyrin-dependent (PPD) and coproporphyrin-dependent (CPD) pathways. In the siroheme-

dependent (SHD) pathway, the C2 and C7 positions of UPG III are methylated by the SAM-dependent

uroporphyrinogen III methyltransferase (SumT) to generate precorrin-2.

At the beginning, the asymmetric condensation of two 5-ALA molecules catalyzed by porphobilinogen synthase

(PbgS) forms the monopyrrole porphobilinogen (PBG) . This enzyme contains two 5-ALA binding sites, called A

and P. The first 5-ALA molecule that binds to the enzyme forms the propionate side chain of PBG, while the second

forms the acetate side chain . The enzyme requires metals to be active in both the eukaryotes and prokaryotes

, and the metal requirement determines the features of the A site. In the next step, the pyrrole building block

PBG is used for the large-loop assembly. Hydroxymethylbilane synthase (HmbS) catalyzes the sequential

deamination of the aminomethyl groups of the four PBG molecules, and the deaminated pyrroles are strung

together to produce the linear tetrapyrrole hydroxymethylbilane (HMB) . For the HmbS catalysis, two PBG

molecules are required to form a unique dipyrromethane cofactor through covalent linkage, and the enzyme-bound

tetrapyrrole is formed after the sequential addition of PBG, followed by the cleavage of the reaction product HMB,

leaving the holo-enzyme behind . Finally, uroporphyrinogen synthase (UroS) cyclizes HMB and notably reverses

the D-ring, producing the only asymmetric isomer, UPG III . Although a simple cyclization can produce a type I

isomer, the ring reversal was favored by evolution . UroS is highly sensitive to proteolysis and heat denaturation,

resulting in a significantly lower intracellular abundance than HmbS .

4. Multiple Pathways for Synthesizing Heme b

Three heme b synthesis pathways have been discovered in living organisms (Figure 3). The PPD and CPD

pathways are known as the two branches of the classical heme b synthesis pathway. The PPD pathway is found

mainly in eukaryotes and many gram-negative bacteria, while the CPD pathway is found mainly in gram-positive

bacteria. As shown in Figure 2, the decarboxylation of UPG III catalyzed by uroporphyrinogen III decarboxylase

(UroD)  forms coproporphyrinogen III (CPG III), which is the last step before the branching pathways. In both

classical pathways, the four methyl groups of heme b are produced by the stepwise decarboxylation of the acetate

side chain of UPG III, with four methyl groups produced at the C2, C7, C12, and C18 positions . Hence, no

methylation of the tetrapyrrole backbone occurs in the classical pathways. The alternative siroheme-dependent

(SHD) pathway is considered to be an evolutionary remnant from an anaerobic world . Some archaea and

sulfate-reducing bacteria rely on this pathway to synthesize siroheme and then convert it into heme b . Unlike

the two classical routes, the SHD pathway involves the S-adenosyl-L-methionine (SAM)-dependent methylation of

the C2 and C7 positions of the tetrapyrrole backbone .
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Figure 3. The three known pathways for the heme b biosynthesis. In the protoporphyrin-dependent (PPD) and

coproporphyrin-dependent (CPD) pathways, the four methyl groups of heme b are the result of the stepwise

decarboxylation of the acetate side chains of uroporphyrinogen III (UPG III), with four methyl groups produced at

the C2, C7, C12, and C18 positions. The SHD pathway involves the S-adenosyl-L-methionine (SAM)-dependent

methylation of the C2 and C7 positions of the tetrapyrrole backbone.

4.1. The Protoporphyrin-Dependent (PPD) Branch

In the PPD branch (Figure 3a), the two propionic acid side chains on the A- and B-rings of CPG III are oxidized

and decarboxylated to their corresponding vinyl groups to form protoporphyrinogen IX (PPG IX) . Two main

types of enzymes catalyze this reaction. One is the oxygen-dependent coproporphyrinogen III decarboxylase

(CgdC), which is present in most eukaryotes and a small percentage of gram-negative bacteria . The other is the
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oxygen-independent coproporphyrinogen III dehydrogenase (CgdH), an exclusively bacterial enzyme and a

member of the free radical SAM protein family . They are completely unrelated in their structure and mechanism,

but both first catalyze the modification of the A-ring and form a monovinyl monopropionate deuteroporphyrin

intermediate .

Next, PPG IX undergoes a six-electron oxidation to produce protoporphyrin IX (PP IX). Three completely different

enzymes have been found to catalyze this reaction, including the oxygen-dependent protoporphyrinogen IX

oxidase (PgoX), and two oxygen-independent protoporphyrinogen IX dehydrogenases (PgdH1 and PgdH2). The

FAD-containing PgoX shares a certain degree of sequence similarity with coproporphyrinogen oxidase (CgoX) from

the CPD pathway, which is found in eukaryotes and a few gram-negative bacteria . PgdH1 is a member of the

long-chain flavodoxin family and is found mainly in gammaproteobacteria, such as E. coli. It couples the oxidation

of PPG IX to the anaerobic respiratory chain rather than using oxygen directly . PgdH2 is a membrane-bound

protein, and similar to PgdH1, it does not directly interact with the electron acceptors, such as oxygen .

However, little is known about PgdH2, although it is present in almost two-thirds of gram-negative bacteria .

The final step is the insertion of a ferrous ion into PP IX, catalyzed by protoporphyrin IX ferrochelatase (PpfC). This

enzyme is also poorly understood, but there is evidence that a [2Fe-2S] cluster may be a widespread feature of

ferrochelatases . However, its exact role is unclear. It is worth considering the source of the ferrous irons

required by ferrochelatase due to the activity of the iron metabolism. In the organisms that were studied, there was

no stoichiometric link between the iron reduction and the heme synthesis, although it was tightly linked to the

cellular respiratory chain . The complex and long pathways, such as the heme b synthesis, seem to employ

multi-enzyme complexes in most organisms. Studies on eukaryotes confirmed the existence of multi-enzyme

complexes containing the heme b synthetases . However, there is still a lack of sufficient data to prove the

existence of the same complexes in bacteria, and the only available data are those involving the PgoX and PpfC

complexes .

4.2. The Coproporphyrin-Dependent (CPD) Branch

In evolutionary terms, the CPD pathway can be considered a transitional form between the SHD and PPD

pathways . It shares the same precursor, CPG III, with the PPD pathway, and the methyl group of the

tetrapyrrole backbone is not involved in the reaction. Similar to the SHD pathway, it does not have

protoporphyrinogen or protoporphyrin as intermediates (Figure 3b).

In the CPD pathway, the six electrons of CPG III are first oxidized to form coproporphyrin III (CP III). This implies

that the macrocyclic oxidation in the CPD pathway occurs earlier than in the PPD pathway . This conversion from

a flexible, cyclic tetrapyrrole porphyrinogen to a fully conjugated, planar macrocyclic porphyrin is achieved through

porphyrin oxidation using coproporphyrinogen oxidase (CgoX). CgoX is a soluble monomeric protein containing

flavin adenine dinucleotide (FAD), which has two distinct structural differences compared to PgoX. In CgoX, the

putative active-site pocket is larger and has more positively charged residues . Based on these two features,

CgoX has a higher affinity for CPG III.
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The insertion of the ferrous ions to form Fe-coproheme is the next step in the CPD pathway. The iron chelatase

involved in this step is coproporphyrin ferrochelatase (CpfC), which is a soluble monomeric protein . It has an

obvious structural homology with PpfC, but it can use CP III as a substrate, while PpfC cannot. This may be due to

a lid consisting of a dozen residues on one side of the active site of PpfC, which can close the binding pocket

during the catalytic cycle . In this closed position, there is not enough space in the pocket to hold CP III. CpfC

does not have a lid and can, therefore, accept CP III as a substrate, but this also means that its active site remains

open during catalysis.

The last reaction, catalyzed using Fe-coproheme decarboxylase (ChdC), is the oxidative decarboxylation of the two

propionic acid side chains on the coproheme pyrrole rings A and B to produce the corresponding vinyl groups .

The decarboxylation reaction catalyzed using ChdC requires the presence of a proton acceptor.

Under aerobic conditions, it can utilize the H O  produced by the earlier pathway enzyme CgoX , which is not

feasible under anaerobic conditions. A gene similar to chdH, ahbD, was identified in the genomes of many gram-

positive bacteria, likely encoding a free radical SAM enzyme that perhaps also catalyzes this reaction . This

enzyme will be described in detail in the section on the final step of the SHD pathway.

4.3. The Siroheme-Dependent (SHD) Pathway

The SHD pathway was only fully deciphered in 2011, confirming that siroheme is the key intermediate (Figure 3c)

. Siroheme is generated by a pathway consisting of three enzymes, including an SAM-dependent

uroporphyrinogen III methyltransferase (SumT), an NAD -dependent precorrin-2 dehydrogenase (PcdH), and a

sirohydrochlorin ferrochelatase (ShfC) . In this process, the C2 and C7 positions of UPG III are methylated to

produce precorrin-2, which is then dehydrogenated to produce sirohydrochlorin, which is finally converted into

siroheme through the iron insertion. In some organisms, such as E. coli, a multifunctional protein, CysG, exists,

which contains the enzymatic activities of the above three enzymes and can directly convert UPG III into siroheme

.

The latter three steps of the pathway are encoded using a series of ahb genes. Firstly, in the presence of AhbA and

AhbB, the acetic acid side chains attached to C12 and C18 are decarboxylated to generate 12,18-

didecarboxysiroheme (DDSH). The siroheme decarboxylase is either a heterodimer of the two subunits AhbA and

AhbB, or a genetically encoded fusion of AhbA and AhbB. AhbC oxidizes and removes the C2 and C7 acetic acid

side chains of DDSH to produce Fe-coproheme. Finally, AhbD decarboxylates the propionic acid side chains

attached to C3 and C8 to produce heme b . AhbC and AhbD both belong to the radical SAM enzyme family and,

therefore, both contain an [4Fe-4S] cluster .
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