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ArtiC{e history: ) Haem b and sirohaem are two iron-chelated modified tetrapyrroles that serve as prosthetic groups in pro-
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common pathway until the formation of uroporphyrinogen IlI, from where the synthesis diverges. In bac-
teria, sirohaem is produced from uroporphyrinogen III through the activities of one, two or three separate
proteins, while haem b is synthesised through three distinct pathways. The biosynthesis of haem b and
sirohaem comprises intermediates and end-products that are unstable or potentially hazardous to the
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Il:??r:?i;ynth esis cell. Therefore, the cellular metabolic fluxes of tetrapyrroles need to be tightly controlled by substrate

Regulation channelling and/or other regulatory processes. This review summarises the recent advances on the reg-

Protein-protein interactions ulation and protein-protein interactions controlling the formation of sirohaem and haem b in bacteria.
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1. Introduction

Tetrapyrroles are molecules present in all domains of life and
include chlorophylls, coenzyme F430, bilins, cobalamin (vitamin
B12), haem b and sirohaem [1]. These compounds derive all from
the universal common tetrapyrrole precursor, uroporphyrinogen
Il (uro’gen III) that is synthesised from 5-aminolaevulinic acid
(ALA). The iron-containing tetrapyrroles haem b and sirohaem
are ubiquitous tetrapyrroles derivatives involved in a plethora of
cellular functions [2]. Haem iron is a source or sink of electrons
during electron transfer or redox chemistry due to the ability of
iron to alternate between two oxidation states, Fe?* and Fe®*. Sev-
eral types of haem molecules exist (haem a, b, c, d, o and deriva-
tives), but haem b that is the precursor of all other types of
haems is the most common one [3].

A myriad of haem proteins play key functions in cells, such as,
cytochromes that promote electron transfer in the respiratory
chains, haemoglobin that is responsible for the transport/storage
of oxygen, and catalases/peroxidases with major roles in oxidative
stress detoxification. In addition, several transcription factors con-
tain a haem cofactor that allows sensing different extracellular
stimuli and, consequently, promote the regulation of various genes
[4,5].

Sirohaem is an iron-containing isobacteriochlorin that is typi-
cally linked to the reduction of sulphur and nitrogen oxides [1,6].
Sirohaem is the prosthetic group of sulphite and nitrite reductases,
which catalyse the six-electron reduction of either sulphite or
nitrite to yield sulphide and ammonia, respectively. Sirohaem is
also an intermediate of anaerobic haem b synthesis, as detailed
below.

Both sirohaem and haem b (hereinafter referred to only as
haem) are synthesized endogenously by the vast majority of
prokaryotes through biosynthetic pathways that have been exten-
sively studied, and are described in several reviews [6-15]. Despite
its important functional role, high intracellular levels of tetrapyr-
roles derivatives are toxic to cells [16,17]. Therefore, the biosynthe-
sis of these cofactors needs to be regulated to meet cellular
requirements while preventing harmful accumulation [18,19].

In this review, we focus on the regulation of the genes involved
in the biosynthesis of sirohaem and haem. Therefore, in the follow-
ing sections we present a brief overview of the steps and enzymes
of the several pathways. Next, we describe the regulatory mecha-
nisms that may occur at the transcriptional level, via transcrip-
tional regulators that modulate gene expression, post-
transcriptionally through mRNA degradation, and post-
translationally via protein-protein interactions and substrate-
protein inhibition. Moreover, we present the currently known net-
work of protein-protein interactions in which these enzymes are
involved.

2. Towards uroporphyrinogen III
2.1. Synthesis of ALA

The first common precursor of uro’gen III synthesis is 5-
aminolaevulinic acid (ALA) that may be formed by the C4 or the
Cs pathway (Fig. 1).

In the C4 or “Shemin” pathway, the pyridoxal-5’-phosphate-de
pendent enzyme AlaS catalyses the condensation of succinyl-CoA
and glycine to ALA, releasing CO, and coenzyme A as side-
products. This pathway is mainly found in metazoans, fungi and
alphaproteobacteria [20,21].

The Cs pathway converts glutamyl-tRNA to ALA in a two-step
pathway carried out by the enzymes glutamyl-tRNA reductase
(GtrR) and glutamate-1-semialdehyde-2,1-aminomutase (GsaM).
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Fig. 1. Schematic representation of bacterial metabolic pathways leading to the
formation of haem. Haem biosynthesis starts with synthesis of ALA through either
C4 (AlaS) or Cs (GtrR, GsaM) pathways (light blue), followed by formation of uro’gen
Il (purple) by the enzymes PbgS, HmbS, and UroS. Uro’gen Il is the common
precursor from which three branches are originated, namely Sirohaem-Dependent
(SHD) (dark blue), Coproporphyrin-Dependent (CPD) (red) and Protoporphyrin-
Dependent (PPD) (green) pathway. In SHD pathway, sirohaem is an intermediate
formed by CysG, and haem is synthesised by the subsequent activity of a cascade of
the enzymes AhbA, AhbB, AhbC, AhbD. In both CPD and PPD pathways, UroD
converts uro’gen III to copro’gen III. In the CPD pathway, copro’gen III is converted
to coproporphyrin Il by CgoX, and the last two enzymes that lead to haem are CpfC
and ChdC. In the PPD Pathway, copro’gen Il is converted to proto’gen IX by CgdC or
CgdH enzyme, and the subsequent reactions forming haem are done by PgoX/
PgdH1/PgdH2 and PpfC. Abbreviations: uro’gen III, uroporphyrinogen III; copro’gen
III, coproporphyrinogen III; and proto’gen IX, protoporphyrinogen IX.

GtrR catalyses the reduction of glutamyl-tRNA to glutamate-1-
semialdehyde (GSA) in a NADPH-dependent manner, and subse-
quently, the PLP-dependent GsaM enzyme transforms GSA into
the final product ALA [22-26]. GtrR and GsaM occur often in bac-
teria, archaea and plants.

2.2. Regulation of ALA synthesis

In general, expression of the genes encoding haem and siro-
haem biosynthesis enzymes are regulated mainly by intracellular
haem and oxygen levels, as it is the case of gtrR (Table 1).

In Escherichia coli and Salmonella typhimurium, transcription of
gtrR is induced in ALA and haem-starving cells and under low oxy-
gen conditions. The latter involves two global oxygen responsive
regulators, namely the fumarate and nitrate reductase regulator
FNR and the two-component ArcAB, formed by the transcriptional
regulator ArcA and the sensor kinase ArcB [27-30]. A detailed
description of these global regulatory systems is reviewed in
[31-33].
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Table 1
Regulators linked to bacterial haem and sirohaem biosynthesis.
Pathway Gene/Protein Organism Regulator Signal References
ALA synthesis gtrR P. aeruginosa Dnr; IHF; NarXL; Anr 0, [44-48]
E. coli ArcAB™; Fnr™ [27-30]
C. glutamicum HrrSA Haem/Haemoglobin [53]
C. diphteriae HrrSA; ChrSA [50,51]
S. aureus; B. subtilis HemX [40,41,43]
E. coli; S. enterica CIpAP; Lon [34-37]
C. glutamicum; C. diphteriae DtxR Iron [50,52,53,170]
B. subtilis PerR H,0, [38,39]
Uro’gen III synthesis hmbS B. subtilis PerR H,0,
P. aeruginosa AlgZR nt [64,65]
pbgS B. subtilis PerR H,0, [38,39]
uroS P. aeruginosa AlgZR nt [64,65]
Sirohaem synthesis cysG E. coli; S. typhimurium FNR 0, [95-100]
E. coli IHF; FIS
NarP, NarL NOs3, NO,
RyhB Iron
uroM P. denitrificans nt Uro’gen III, SAH [103]
NNR; Nirl 0,, NO [101,102]
K. aerogenes CysB S [78]
S. aureus NreABC 0, [104,105]
B. subtilis TnrA N, [106,107]
ResDE 0, [106]
shfC D. nodosus Fur Iron [108]
SHD ahbAB M. barkeri nt Haem [114]
PPD/CPD uroD P. aeruginosa Dnr; Anr 0, [49,140-142]
L. monocytogenes SpxAl [165]
C. glutamicum DtxR Iron [53,168,170]
HrrSA Haem/Haemoglobin [53]
PPD cgdC P. aeruginosa Dnr: Anr 0, [49,140-142]
E. coli OxyR H,0, [147-149]
cgdH P. aeruginosa Dnr; Anr 0, [49,140-142]
AlgZR nt [64,65,143]
A. eutrophus Fnr 0, [146]
ppfC E. coli OxyR H,0, [147-149]
CPD cgoX C. glutamicum DtxR Iron [53,168,170]
HrrSA Haem/Haemoglobin [53]
cpfC L. monocytogenes SpxAl 0, [165]

PPD-Protoporphyrin-Dependent pathway; CPD-Coproporphyrin-Dependent pathway; SHD-Sirohaem-Dependent pathway; SAH-S-adenosyl-L-homocysteine. nt: not tested.

In S. typhimurium, GtrR is also post-transcriptionally regulated
by proteases CIpAP (two-chain ATP-dependent) and Lon (single-
chain ATP-dependent). These proteases promote degradation of
GtrR when there is an increase of the intracellular haem concentra-
tion [34-37].

Bacillus subtilis is so far the only organism in which regulation of
gtrR by reactive oxygen species has been identified through repres-
sion by the general oxidative stress regulator PerR, which is lifted
upon exposure to H,0, [38,39].

Also in B. subtilis, the membrane protein HemX, whose gene is
clustered in the operon that encodes the enzymes involved in uro’-
gen Il biosynthesis, modulates the steady state levels of GtrR. The
regulatory role of HemX was deduced from the observation that
GtrR protein levels were higher in the AhemX mutant than in the
wild type strain (~15-fold higher).

Furthermore, the co-expression of B. subtilis gtrR and hemX
genes in E. coli decreased the amount of GtrR protein produced,
indicating a direct negative effect of HemX on GtrR expression.
Since pulse chase experiments showed that HemX does not modify
the protein stability of GtrR, the regulation appears to result from a
control at the level of GtrR protein synthesis rate [40-42].

Similar results were observed in Staphylococcus, since S. aureus
hemX mutant cells contained higher amounts of GtrR protein and
porphyrins, namely uro’gen IIl, coproporphyrin Ill, coprohaem
and haem, as shown by liquid chromatography-multiple reaction
monitoring-tandem mass spectrometry [43]. Moreover, the haem
biosynthesis deficient S. aureus AcdhC strain contained more GtrR
protein than AhemX. This phenotype was further shown to be
dependent on the activity of HemX, as the amount of GtrR was

lower in the double mutant AhemX AcdhC than in AcdhC, but sim-
ilar to AhemX. Still, the mechanism through which GtrR protein
levels are modulated by HemX and haem concentrations remains
to be elucidated [43].

In Pseudomonas aeruginosa, the induction of gtrR under oxygen
limiting conditions in nitrite-grown cells involves Dnr, the denitri-
fication regulator/nitric oxide reductase regulator, Anr for anaero-
bic regulation of arginine deiminase and nitrate reduction, IHF the
integration host factor that is a sequence-specific, histone-like,
multifunctional DNA-binding and DNA-bending protein, and
NarXL a two-component nitrate regulatory system [44-49].

An apparently more complex regulation seems to occur in
Corynebacterium diphtheriae through the two-component system
HrrSA (formed by the haem sensor HrrS and the response regulator
activator HrrA) and ChrSA (Corynebacterium haem-responsive sen-
sor and activator) [50,51]. In this organism, gtrR is repressed by
both systems through a possibly linked process. HrrA is proposed
to be the predominant repressor, independently of its phosphory-
lation state and the presence of haem. On the contrary, gtrR repres-
sion by ChrA only occurs under haemoglobin replete conditions
(concentrations between 140 and 200 pg/mL). Moreover, the iron
regulator DtxR represses the HrrSA system, increasing the com-
plexity of regulation of gtrR as well as of the other HrrSA/ChrSA
gene targets [50,52,53].

Interestingly, in Caulobacter crescentus, a different type of regu-
lation seems to exist. The enzyme AlaS, that catalyses the forma-
tion of ALA from glycine and succinyl-CoA, is directly inhibited
by haem as shown by spectroscopic analyses done with the puri-
fied protein [54].
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Fig. 2. Schematic representation of sirohaem synthesis. Sirohaem is formed from uroporphyrinogen IIl in three consecutive steps [73]. The three steps can be held by Type 1,
Type 2 or Type 3 routes comprising one, two or three separate proteins, respectively. Chemical groups of products that undergo modification are highlighted in red.
Abbreviations: SAM, S-adenosyl-L-methionine; SAH, S-adenosyl-L-homocysteine; NAD®, nicotinamide adenine dinucleotide; and NADH, reduced nicotinamide adenine

dinucleotide.

2.2.1. Synthesis of uroporphyrinogen IIl

Conversion of ALA to uro’gen III occurs in three steps. In the
first, a porphobilinogen synthase (PbgS) promotes the asymmetric
condensation of two ALA molecules generating porphobilinogen. In
general, PbgS is a homooctamer metalloenzyme that contains Zn?*
(mammals, yeast, bacteria) or Mg?* (plants, bacteria) [55-57]. One
exception is the Rhodobacter capsulatus PbgS, whose activity is
independent of any of these metals ions [58]. In the second step,
hydroxymethylbilane synthase (HmbS) combines four porpho-
bilinogen molecules to give hydroxymethylbilane. Usually, the
enzyme is a monomer and requires a dipyrromethane cofactor
for its activity [59,60]. In the final step, uroporphyrinogen III syn-
thase (UroS) converts hydroxymethylbilane into uro’gen IIl. The
enzyme catalyses the cyclisation of hydroxymethylbilane, and pro-
motes rearrangement of the molecule to avoid formation of uro-
porphyrinogen I [8,61-63].

Uro’gen Il is the last common intermediate of the downstream
formation of sirohaem and haem. Three alternative pathways,
namely the protoporphyrin-dependent pathway, coproporphyrin-
dependent pathway, and sirohaem-dependent pathway, which
are described below, do the synthesis of haem.

2.3. Regulation of the uroporphyrinogen Il synthesis

The information currently available on regulation of the genes
involved in uro’gen III synthesis is indicated in Table 1.

In P. aeruginosa, hmbS and uroS genes are co-transcribed with
algZR, a two-component system that regulates the expression of
several iron-related genes [64,65].

In B. subtilis, oxidative stress and low haem levels induce the
expression of hmbS and pbgS, in a regulation that involves PerR
[39].

Recently, a post-transcriptional regulation mechanism was
described for Vibrio cholerae PbgS whose activity was shown to
decrease upon binding of haem, indicating that the intracellular
haem levels directly modulate the PbgS activity [66].

In cyanobacteria, iron modulates the expression of hmbS and
pbgS. For example, in Anabaena sp. PCC7120 the holo form of FurA,
a homologue of the ferric uptake regulator (Fur) [67], represses the
transcription of pbgS and hmbS through direct binding to their pro-
moter region, as shown by quantitative real-time PCR and elec-
trophoretic mobility shift assays (EMSA) [68].

3. Synthesis of sirohaem from uroporphyrinogen III

Sirohaem is synthesised from uro’gen IIl in three steps (Fig. 2).
First, uro’gen Il is methylated at positions C2 and C7, giving rise
to precorrin-2 [69], an intermediate that also occurs in the biosyn-
thesis of cobalamin, haem d; and cofactor F43¢ [6,70,71]. Next,
precorrin-2 is oxidised to sirohydrochlorin, and then iron is
inserted into the macrocycle to produce sirohaem [6,72].

Depending on the organism, the three reactions of sirohaem
biosynthesis are performed by a single multifunctional protein,
two different proteins, or three separate proteins, and these routes
were labelled as Type 1, Type 2 and Type 3, respectively (Fig. 2)
[73]. In some bacteria, the presence in the same genome of
enzymes associated with the three pathways suggests that more
than one sirohaem-producing route can be used, but how and
when it occurs still needs to be investigated. Examples of the dif-
ferent routes are found in Fimbriimonas ginsengisoli and Photobac-
terium gaetbulicola (Type 1 and Type 2), Magnetococcus marinus
(Type 2 and Type 3), and Desulfuromonadales Pelobacter carbinoli-
cus and Geobacter lovleyi (Type 1 and Type 3) [73].

The enzyme active in Type 1 route is the sirohaem synthase
CysG, with E. coli and S. enterica being the best characterized. CysG
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is composed of CysG*, formed by domains A and B connected by a
flexible loop and harbouring uro’gen Il methyltransferase activity,
and CysGE that has dehydrogenase/chelatase activities [74-76].
CysGP? possesses a Rossmann fold, characteristic of a NAD" sub-
strate binding site required for the dehydrogenase activity, and a
helical domain that endows the ferrochelatase activity [76]. The
mechanism that allows the two activities in the same active site
of the CysG® domain is not yet fully understood. A recent structural
study of E. coli CysG identified the binding conformation for both
substrates and for the metallated sirohydrochlorin, and proposed
residues P133 and D104 to be important for the bifunctional activ-
ity. Moreover, site-directed mutagenesis of residue D104 in CysG?
generated a protein lacking the two activities [77]. Interestingly, in
some bacteria, two functional copies of the cysG gene are present in
the genome, such as in Klebsiella aerogenes, Enterobacter aerogenes
and Yersinia pestis [73,78].

The Type 2 route includes an uro’gen methyltransferase (UroM),
that converts uro’gen III to precorrin-2, and the P2D-ShfC fusion
protein that converts precorrin-2 in sirohaem.

UroM is a S-adenosyl-L-methionine-dependent enzyme that
catalyses the sequential insertion of two methyl groups in rings
A and B of uro’gen III [71,79]. It shares high amino acid sequence
similarity to the C-terminal part of CysG. In Firmicutes and Acti-
nobacteria, such as Propionibacterium, Corynebacterium and
Mycobacterium species, UroM and UroS constitute a single protein
[73,80,81].

P2D-ShfC has domains for precorrin-2 dehydrogenase (P2D)
and sirohydrochlorin ferrochelatase (ShfC). P2D domain has a
Rossman fold for binding of the NAD" substrate, and converts
precorrin-2 to sirohydrochlorin [82]. P2D-ShfC enzymes share
sequence similarity with CysG® proteins, namely of E. coli and S.
cerevisiae [83,84]. Although initially considered to occur only in
eukaryotic yeasts, a recent bioinformatics analysis revealed that
P2D-ShfC homologues are also present in several bacterial gen-
omes [73].

ShfC is a chelatase that inserts iron into the sirohydrochlorin
macrocycle, and is evolutionarily related to protoporphyrin
ferrochelatases [73,85-88]. In S. aureus, His22 and His87 of ShfC
predicted, by homology modelling, to be located at the active site
were shown to control the ferrochelatase activity [73]. In plants,
ShfC contains a [2Fe-2S] cluster that is not required for sirohy-
drochlorin ferrochelatase activity [89,90]. In the sulphate-reducer
Desulfovibrio vulgaris, the enzyme CbiK® exhibits both sirohy-
drochlorin ferro- and cobalto-chelatase activities [91].

The Type 3 route that synthesises sirohaem via the three indi-
vidual enzymes, UroM, P2D and ShfC, is found mainly in Firmicutes
phylum [73]. Individual P2D enzymes are widespread in bacteria
other than Firmicutes, e.g., in Desulfovibrio vulgaris [80].

Bacillus megaterium and S. aureus are two bacteria using Type 3
route. In vitro enzymatic assays and complementation experiments
proved the function of each enzyme [73,82,92,93]. Complementa-
tion experiments in a sirohaem deficient E. coli strain demon-
strated that S. aureus ShfC inserts iron into sirohydrochlorin, and
the absence of nitrite consumption of a S. aureus Ashfc mutant con-
firmed that ShfC is required for nitrite reductase activity [73].
Although it acts as a monofunctional enzyme, the B. megaterium
P2D structure reveals a P2D-ShfC-like overall architecture. Addi-
tionally, residues N98 and Ser124 were found to be important for
the dehydrogenase activity [92].

Interestingly, in plants the three consecutive steps of sirohaem
synthesis are carried out only by two enzymes, UroM and a smaller
ShfC-like protein, as no precorrin-2 dehydrogenase has, so far, been
described [89].

A phylogenetic analysis of the bacterial sirohaem routes
showed that Type 1 is the most used pathway and it occurs in
Gammaproteobacteria and Streptomycetales. Type 2 predominates
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in Fibriobacteres and Vibrionales, and Type 3 in Firmicutes of the
Baciliales order. Thus, the occurrence of several sirohaem path-
ways, that changes at the genus or species level and within taxa,
may result of evolutionary multiple fusion/fission events.

3.1. Regulation of sirohaem synthesis

The genes encoding enzymes for sirohaem synthesis can appear
clustered in a single operon, as it frequently occurs for genes of the
Type 3 pathway, or are widespread in the genome (Fig. 3). In sev-
eral cases, these genes are in operons that contain other genes
involved in the metabolism of nitrate or nitrite and are regulated
by nitrate, nitrite and oxygen [94].

In E. coli and S. typhimurium, cysG expression is controlled by
two promoters, namely, pcysG that is constitutively expressed,
and pnir that also controls the expression of the nirBDC operon (en-
coding the nitrite reductase enzyme) and thus, induced by nitrate,
nitrite and oxygen limiting conditions. This regulation involves
NarL, NarP (two nitrate regulators), FNR, IHF, and Fis (factor for
inversion stimulation) that bind to the pnirB promoter. Addition-
ally, the nir operon is post-transcriptionally regulated, via increase
of mRNA degradation under iron starvation and mediated by the
iron stress-induced small RNA (RyhB) [95-100] (Table 1).

Klebsiella aerogenes contains two copies of cysG: one of the
genes is co-transcribed with nitrite reductase genes, and therefore
modulated by nitrate and nitrite under oxygen limiting conditions,
while the other gene is regulated by the CysB transcriptional acti-
vator in response to sulphur starvation [78].

In S. enterica typhimirium, a regulatory mechanism involving the
post-translational phosphorylation of residue Ser128 at CysG?
active site inhibits the dehydrogenase and chelatase activities
and, ultimately, impairs sirohaem synthesis, which may shift the
metabolic flux to cobalamin formation [76,77].

In P. denitrificans, the uroM gene is included in the nir operon
that is regulated by NNR (nitric oxide reductase regulator, a FNR-
like transcriptional activator) and Nirl (nitrite reductase transcrip-
tional regulator), which is also under the control of NNR. Activation
of NNR is dependent on nitric oxide [101,102]. Interestingly, stud-
ies in P. denitrificans suggested that UroM enzyme is tightly regu-
lated by feedback inhibition by the substrate uro’gen Il and the
product S-adenosyl-L-homocysteine (SAH) [103].

In S. aureus, uroM and sfhC genes are located in the nir operon
whose expression was shown to be positively regulated by the
oxygen-responsive nitrogen regulation system (NreABC) in cells
grown under anaerobic conditions [104,105].

In B. subtilis, UroM is encoded by the nasF gene that is upregu-
lated under nitrogen and oxygen limiting conditions through the
nitrogen regulator TnrA and the two-component response redox
regulator ResDE, respectively [106,107]. Like in P. denitrificans,
UroM activity is inhibited by the substrate uro’gen IIl. Hence, it is
possible that formation of precorrin-2 constitutes a regulatory step
for the production of cobalamin [92].

In P. denitrificans, the shfC gene was reported to be constitu-
tively expressed [85], while in Dichelobacter nodosus shfC was
shown to be overexpressed in the Afur strain, suggesting that Fur
represses shfC when iron is available [108].

4. Synthesis of haem b from uroporphyrinogen III

Bacteria and archaea use one of three pathways to produce
haem from uro’gen IIl, namely the sirohaem-dependent (SHD)
pathway, the protoporphyrin-dependent (PPD) pathway, and the
coproporphyrin-dependent (CPD) pathway (Figs. 1 and 4). In the
following sections, we describe the enzymes of each respective
pathway and their modes of regulation.
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4.1. Sirohaem-dependent pathway

The SHD pathway is considered the most ancient route for
haem synthesis as it is present in archaea, sulphate-reducing and
denitrifying bacteria (Figs. 1 and 4) [8]. This pathway is also known
as the alternative haem biosynthesis pathway as reflected in the
nomenclature of the respective enzymes. The existence of siro-
haem intermediates was early reported by Ishida and colleagues
when studying in D. vulgaris the formation of haem derived from
precorrin, and the involvement of sirohaem was also deduced by
analysis of several Archaea genomes [109,110]. Finally in 2011,
the complete pathway, i.e. the enzymes and intermediates sustain-
ing haem biosynthesis derived from sirohaem, was identified
[111].

In the SHD pathway, sirohaem undergoes decarboxylation of
the acetic acid side chains in rings C and D to methyl groups pro-
ducing 12,18-didecarboxysirohaem (Fig. 4). This step is catalysed
by an heterodimeric complex (~40 kDa), named sirohaem decar-
boxylase and formed by AhbA and AhbB enzymes [111-113]. The
next two steps are catalysed by two radical S-adenosyl-L-
methionine (SAM) enzymes, namely AhbC and AhbD. The AhbC
protein is a 12,18-didecarboxysirohaem deacetylase that removes
the acetic acid groups of rings A and B of didecarboxysirohaem
generating coprohaem [111,114]. The haem b synthase AhbD
transforms coprohaem to the final product haem b, through oxida-
tive decarboxylation of coprohaem propionates side chains of rings
A and B into vinyl groups (Fig. 4). D. vulgaris, AhbD was shown to
be a monomeric cytoplasmic protein harbouring two [4Fe-
4S]%*"* clusters [115].

4.2. Regulation of the sirohaem-dependent pathway genes

The regulation of genes of the SHD pathway remains essentially
unknown and cannot be deduced from the gene organisation that
it is quite diverse amongst genomes.

In an apparently limited number of bacteria, the genes involved
in the last steps are included in operons that contain gene products
that are active in the common branch. This is the case of D. vulgaris,
in which ahbA and ahbD are clustered together with ahbC and pbgs,
and ahbB is closely located to gsaM. Also, in the archaeon Methano-
sarcina barkeri, ahbA, ahbB and ahbD are part of a single operon,
whereas ahbC is located elsewhere in the genome but in the close
vicinity of uroS (Fig. 5).

The M. barkeri AhbAB complex was shown to bind haem, raising
the possibility that the heterodimeric complex might be subject to
feedback regulation by the pathway’s end-product [114].

4.2.1. Protoporphyrin-dependent pathway

The PPD pathway converts uro’gen Il to haem in four steps
involving the activity of UroD, CgdC/CgdH, PgdH1/PgdH2/PgoX
and PpfC enzymes. It was the first route discovered for production
of haem biosynthesis and, for this reason, used to be considered the
classical pathway (Fig. 1 and Fig. 4) .

The uro’gen decarboxylase (UroD) catalyses decarboxylation of
the four acetic acid side chains of uro’gen IlI, releasing four CO,
molecules and forming coproporphyrinogen III (copro’gen III)
[116-118]. This step is common to the PPD and the CPD pathways
(see below). Next, copro’gen Il undergoes oxidative decarboxyla-
tion of the two propionates side chains to vinyl groups generating
protoporphyrinogen IX (proto’gen IX). Under aerobic conditions,
the reaction is done by the oxygen-dependent copro’gen decar-
boxylase (CgdC), which catalyses the oxidative decarboxylation
reaction with release of CO, and H,0, as side-products [119-
121]. Under anaerobiosis, the reaction occurs via the oxygen-
independent copro’gen dehydrogenase protein (CgdH) that belongs
to the radical SAM protein family and contains a [4Fe-4S]** cluster.
CgdH uses a still unknown electron donor to form proto’gen IX, re-
leasing two CO, molecules as side-product [121-123].

The following step concerns the oxidation of proto’gen IX to
protoporphyrin IX that may be done by three different enzymes:
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the oxygen-dependent proto’gen oxidase PgoX or two dissimilar
proto’gen dehydrogenases PgdH1 and PgdH2. PgoX belongs to
the FAD-containing amine oxidase superfamily, and is found in
few Gram-negative bacteria (< ~16%) [124,125]. PgdH1 and PgdH2
are FMN-containing enzymes. PgdH1 is membrane associated and
linked to the respiratory chain through the quinone pool [126-
130]. PgdH2 is the most common enzyme in Gram-negative bacte-
ria and usually present in organisms lacking both PgoX and PgdH1
[131]. Since overexpression of PgdH2 does not overcome the haem
auxotrophy of a ApgdH1 mutant strain, PgdH1 and PgdH2 may
have different mechanisms [132,133].

In the last step, protoporphyrin IX is converted to haem in a
reaction catalysed by protoporphyrin ferrochelatase (PpfC), that
promotes insertion of ferrous iron into the protoporphyrin scaffold
[134-136]. Some ferrochelatases may contain one [2Fe-2S]*" clus-
ter in the C-terminal region, as first shown for the Caulobacter cres-
centus and Mycobacterium tuberculosis enzymes [137]. In silico
analysis revealed putative Fe-S coordination motifs in fer-
rochelatases of species belonging to Bacteroidetes, Planctomycetes,
Chlamydiae, Verrucomicrobia, Cytophagaceae, and Flavobacteria
[137-139], indicating a more spread occurrence of this type of
ferrochelatase.

4.3. Regulation of the PPD pathway genes

In E. coli and P. aeruginosa, the hmbS, uroS and pgoX genes
belong to the same operon (Fig. 5). However, this genomic organ-
isation is not conserved in other organisms and the PPD pathway
related genes usually occur disperse in the genomes.

The main factors modulating expression of the genes of the PPD
pathway are oxidative stress, oxygen, iron, copper and haem avail-
ability. In P. aeruginosa, the cgdC and cgdH genes are mainly
induced under anaerobic conditions, with cgdH being dependent
on the transcriptional activators Anr and Dnr, as shown by DNA
microarray and RNA-seq experiments [49,140-142]. Under aerobic
conditions, there is also a Anr-dependent upregulation of cgdH
that, however, is ~ 10 times lower than the induction observed
under anoxic conditions. This is consistent with the increased level
of the P. aeruginosa gtrR mRNA under anaerobic conditions,
described above, and suggests that in this bacterium the same reg-
ulatory system controls several haem biosynthesis genes. In the
genomes of some Pseudomonas species, Anr boxes are also present
in the promoter regions of other haem biosynthetic genes, such as
uroD, pbgS, and hmbS [49]. In P. aeruginosa, PPD-related genes
appear to be regulated by the two-component system AlgZR, with
AlgR repressing the cgdH expression along the logarithmic and sta-
tionary growth phases. However, it remains to be clarified to what
type of signal the gene expression is responding and if this regula-
tion occurs directly. Additionally, AlgZR regulates hmbS and uroS,
which are co-transcribed with algZR genes [64,65,143]. In this bac-
terium, mutation of outer membrane haem receptors increases the
haem biosynthesis rate, thus suggesting that external haem modu-
lates expression of the haem biosynthesis related genes [46]. In
Neisseria gonorrhoeae, addition of exogenous copper inhibits haem
biosynthesis. As copper-treated cells accumulate coproporphyrin
III (an auto-oxidized version of copro’gen III) and the growth defect
was suppressed by addition of protoporphyrin IX to the medium,
the authors proposed that CgdH is the haem biosynthetic enzyme
targeted by copper toxicity [144].

Another example of oxygen dependent transcriptional regula-
tion of the cgdH gene was observed in E. coli, in which cgdH expres-
sion was found to be higher under anaerobic conditions and lower
under iron starvation, through a not yet known regulatory mecha-
nism [145]. Also, in Alcaligenes eutrophus, cgdH was reported to be
essential for anaerobic growth and possibly regulated by FNR as its
promoter region contains a FNR binding site [ 146]. In E. coli, hydro-
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gen peroxide induces the expression of cgdC and ppfC through
OxyR, possibly to guarantee that sufficient haem is available for
production of active catalase and peroxidase detoxifiers [147-149].

There is a general assumption based on experimental observa-
tions that ALA supplementation results in enhancement of haem
synthesis, and that haem exerts feedback inhibition. This was first
observed in Rhodopseudomonas sphaeroids and subsequently in
E. coli, P. aeruginosa, and Achromobacter metalcaligenes [150-152].
In particular, ppfC was described to be slightly induced in the haem
deficient E. coli gtrR mutant strain. Although in E. coli the ppfC gene
is slightly upregulated under anaerobic conditions no modification
of expression was observed in fnr/anr/arcA mutant strains [30],
thus ruling out a role for these transcriptional factors in its
regulation.

In the cyanobacterium Anabaena sp. PCC7120, iron limitation
induces the expression of all haem biosynthetic genes through
FurA. This regulator binds to the promoter regions of pbgS, hmbs,
pgoX, ppfC genes and, overexpression of FurA increases the expres-
sion of uroS, uroD, pgoX and ppfC genes and decreases expression of
pbgS and hmbs, as shown by qRT-PCR [68].

The cyanobacterium Synechocystis sp. PCC 6803 contains the
chlorophyll regulator ChIR, a MarR (Multiple Antibiotic
Resistance)-like regulator. The regulator controls the operon
formed by cgdH, acsFII and ho2. The last two genes encode enzymes
involved in the synthesis of chlorophyll a and biliverdin, respec-
tively, and are induced under microaerobic conditions. Moreover,
this regulation seems to be crucial for the cyanobacterium as a
AchIR strain is unable to grow under microaerobic conditions
[153]. Synechococcus sp. PCC 7002 ChIR contains an oxygen-
sensitive [4Fe-4S]**/'* cluster as shown by low temperature EPR
and Madssbauer spectroscopies. Thus, the binding of holo-ChIR to
promoter regions and consequent induction of the target genes
occurs only under microaerobic conditions, as confirmed by RNA-
seq and YFP transcriptional fusions [154].

4.3.1. Coproporphyrin-dependent pathway

The CPD pathway shares the first reaction (transformation of
uro’gen IIl into copro’gen III catalysed by UroD) with the PPD path-
way (Figs. 1 and 4) [155,156]. In the following step, copro’gen oxi-
dase (CgoX) uses oxygen to remove six hydrogen atoms from
copro’gen III yielding coproporphyrin IIl in a similar way to its
PPD homolog enzyme (PgoX) [8]. In the CPD pathway, oxidation
of copro’gen IIl, which generates the intermediate coproporphyrin
Il unique to this pathway, occurs at an earlier stage when com-
pared with the PPD pathway. Interestingly, CgoX can utilise both
copro’gen III and proto’gen IX as substrate [157]. Recently, it was
proposed that S. aureus CgoX is also necessary for nitrate-
dependent respiration sustained by haem containing enzymes, as
the AcgoX mutant strain could not grow under anaerobic condi-
tions unless haem was added to the medium [158].

In the next step of the CPD pathway, coproporphyrin fer-
rochelatase (CpfC) catalyses the insertion of ferrous iron into
coproporphyrin IIl macrocycle to generate coprohaem, an interme-
diate that is shared with the SHD pathway. Although PpfC and CpfC
ferrochelatases have high sequence similarity, only CpfC is able to
use both coproporphyrin Il and protoporphyrin IX substrates [8].
Interestingly, coprohaem is the cofactor of D. desulfuricans bacteri-
oferritins, which shows that, when metallated, some intermediates
are used as protein cofactors [159].

In the last step, the propionates of rings A and B of coprohaem
are decarboxylated to vinyl groups by coprohaem decarboxylase
(ChdC) generating haem [8]. In contrast with the AhbD enzyme
of the SHD pathway that converts the same substrate to the same
product using an anaerobic mechanism [112], the ChdC enzyme is
proposed to use H,0,; to catalyse the reaction [160-163].
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4.4. Regulation of CPD pathway genes

The organisation of the genes involved in the synthesis of haem
via the CPD pathway is not conserved amongst organisms. How-
ever, some genes occur clustered in operons. For example, the uroD
gene is part of an operon that encodes other enzymes involved in
haem biosynthesis (Fig. 5). Moreover, S. aureus, B. subtilis and Liste-
ria monocytogenes possess one operon that contains all the genes
required to produce uro’gen III from glutamyl-tRNA. On the con-
trary, in C. glutamicum, only gtrR and hmbS are clustered together
in a single operon (Fig. 5).

Information on regulation of the genes encoding CPD pathway-
related enzymes is scarce and mainly focused on Gram-positive
bacteria. Listeria monocytogenes SpxAl (an oxidative stress sensor
and redox regulator of Gram-positive bacteria [164]) activates
uroD and cpfC gene expression in aerobic conditions [165]. How-
ever, this regulation is not conserved in all Gram-positive organ-
isms. For example, although B. subtilis SpXA represses katA
expression it has no apparent control on haem biosynthesis genes
[166,167].

In C. glutamicum, the cgoX and uroD genes are regulated by
intracellular levels of free haem and iron through HrrSA and the
diphteria toxin receptor regulator DtxR, respectively [53,168].
HrrSA is activated by haem to repress transcription of cgoX and
uroD, and induces the haem oxygenase (hmuO) and the haem efflux
pump (hrtAB) genes [53]. On the other hand, the HrrSA system is
regulated by DtxR that senses iron [169]. High intracellular iron
levels trigger the DNA binding activity of DtxR repressing tran-
scription of hrrA, thus alleviating repression of haem biosynthesis
genes. This is an example of a cross-talk regulation in haem biosyn-
thesis, as HrrA controls haem-related genes in response to both
intracellular iron and haem levels [53,170].

Regulation of haem biosynthesis by intracellular metals has also
been described in S. aureus and B. subtilis, albeit by different mech-
anisms. The B. subtilis ferrochelatase CpfC possesses a regulatory
metal-binding site that upon ligation to Mg?* increases the enzyme
activity [171]. In S. aureus, Fe?* binds to the catalytic site of CpfC,
but as the iron levels raise Fe** binds to a second regulatory iron
ion site causing inhibition of the ferrochelatase activity, i.e., in this
case, iron levels directly modulate the ferrochelatase activity
[156,172].

Interestingly, studies of Listeria monocystogenes CpfC revealed
that the binding of coprohaem, the product of its reaction, stabi-
lizes the protein which may represent a feedback mechanism of
post-transcriptional regulation [173].

5. Protein-protein interactions supporting haem biosynthesis
pathways

Protein—protein interactions are fundamental in many biologi-
cal processes. These interactions may serve to modify the kinetic
properties of enzymes, act as activators or suppressors of activities,
and modify protein specificity. Interactions within protein com-
plexes may also provide substrate channelling, avoiding the intra-
cellular accumulation of highly unstable or toxic molecules, while
achieving a more efficient transfer of metabolites. Moreover, sev-
eral regulatory intracellular processes are based on protein-pro-
tein interactions [174,175].

In haem biosynthesis, a tight coordination of the pathway’s
enzymes is necessary to avoid the generation of highly unstable
intermediates. For example, the intermediate hydroxymethylbi-
lane, that is the substrate of UroS, may undergo spontaneous oxi-
dation forming the non-physiological compound uro’gen I. While
the haem biosynthesis associated enzymes and their catalytic
activities are well documented [8,9,12], the current knowledge
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on protein-protein interactions (intracellular metabolons) that
allow the traffic of the intermediates generated along the haem
biosynthesis is very limited, and the little that is known refers
mainly to eukaryotes.

The first protein complex proposed to act in haem biosynthesis
was suggested for mitochondria [176] and involved a ternary com-
plex formed by copro’gen oxidase, proto’gen oxidase and protopor-
phyrin ferrochelatase. The complex was deduced based on the
cellular localization of copro’gen oxidase that, facing the outer face
of the inner mitochondrial membrane, could interact with proto’-
gen oxidase (also located in the inner mitochondrial membrane).
The active site of copro’gen oxidase also faces the cytosolic part,
allowing direct interaction with ferrochelatase to channel proto-
porphyrin IX, which would prevent its toxic accumulation.

Later, Medlock and colleagues showed, by combining co-
immunoprecipitation and mass spectrometry analyses, that mito-
chondria harbours a mega complex composed of proto’gen oxidase,
ferrochelatase, aminolaevulinic acid synthase-2 and two iron
metabolism related proteins namely, Abcb7 and Abcb10 [177].
Succinyl-CoA synthase is also included in this heteromeric-
protein complex through its interaction with AlaS [177]. In the
two cases, ferrochelatase constitutes the important key regulatory
point of two cellular pathways namely, porphyrin synthesis and
iron metabolism, as also shown latter by other authors [178]. Sim-
ilar protein associations also occur in bacteria, which are described
below and indicated in Table 2.

The archaeal Methanopyrus kandleri GtrR has a V-shaped struc-
ture forming a void that was initially proposed to accommodate
the next enzyme of the biosynthetic pathway, namely GsaM [25].
This association may have beneficial effects for cells as the chan-
nelling avoids the intracellular diffusion of the highly unstable
intermediate glutamate-1-semialdehyde. A GtrR-GsaM complex
was shown in E. coli by co-immunoprecipitation and gel perme-
ation chromatography experiments [179]. More recently, a similar
GtrR-GsaM complex was isolated from cells of Acinetobacter bau-
mannii when co-expressing the two proteins [180]. However, for-
mation of this complex decreased the activity of GsaM probably
due to a reduced accessibility to the GsaM active site [180].

In the cyanobacterium Synechocystis sp. PCC 6803, PgdH2 was
isolated bound to haem b. The enzyme was also proposed to inter-
act with CgdC based on the accumulation of harderoporphyrinogen
(an intermediate of the CgdC reaction), which was observed when
a pgdH2 mutant strain was complemented with E. coli PgdH1 [181].
In the cyanobacterium Synechococcus elongatus, the highly con-
served HtpG protein that responds to different stresses interacts
with UroD. The interaction occurs via the N-terminal domain of
HtpG, as shown by a yeast two-hybrid system experiment, causing

Table 2
Protein-protein interactions of enzymes involved in bacterial haem biosynthesis.

Protein*  Partner Function Organism/References
Protein
PpfC PgoX/ Substrate T. elongatus [187]; V. vulnificus [188]
PgdH channelling
GtrR GsaM Substrate E. coli [179]; A. baumannii [180]
channelling
CgdC PgdH2 Substrate Synechocystis sp. [181]
channelling
CpfC ChdC Substrate S. aureus [193]
channelling
PpfC Irr Regulation Rhizobiaceae, Bradyrhizobiaceae and
Rhodobacteraceae orders [183]
CpfC Fra Regulation B. subtilis [189,190]
CpfC IsdG Regulation S. aureus [194]
PpfC PufQ Regulation R. sphaeroides [186]
UroD HtpG Regulation Synechococcus sp. PCC 7002 [182]

" See abbreviations in the text.
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to ferrochelatase to facilitate iron transfer [189,190].

inhibition of UroD activity. Additionally, UroD activity is 2.5 times
higher in a AhtpG strain than in the wild type strain, and cell
extracts overexpressing htpG exhibited ~ 3-fold lower UroD activ-
ity [182].

Several haem regulatory processes have been described to
involve ferrochelatase the last or the penultimate enzyme of the
PPD and CPD pathways, respectively (Fig. 6), and one of the best
studied mechanisms implicates the alphaproteobacterial iron
response regulator Irr that belongs to the Fur protein family
[183]. Under iron replete conditions, the haem produced by fer-
rochelatase binds to Irr causing its degradation. At low iron levels,
and consequently low haem content, no degradation occurs and Irr
represses the transcription of pbgS and alaS, thus impairing the for-
mation of toxic porphyrin intermediates [184,185].

More recently, it was reported for the purple photosynthetic
bacterium R. sphaeroides a new regulatory mechanism of the por-
phyrin flux at the haem/bacteriochlorophyll branchpoint of the tet-
rapyrrole biosynthesis that occurs via interaction with
ferrochelatase. In this organism, the synthesis of haem and bacte-
riochlorophylls uses protoporphyrin IX as precursor, which is the

10

substrate of iron and magnesium chelatases. At low oxygen levels,
the PufQ expressed from the pufQBALMX operon, which encodes
the reaction centre light-collecting photosystem complex, seques-
ters ferrochelatase and provides sufficient protoporphyrin IX for
bacteriochlorophyll synthesis, adjusting the metal insertion pro-
cess into protoporphyrin IX [186].

In the cyanobacterium Thermosynechococcus elongatus,
ferrochelatase interacts with proto’gen oxidase, as shown by
co-immunoprecipitation and co-localisation assays [187].

In Vibrio vulnificus, a complex between ferrochelatase and pro-
to’'gen dehydrogenase in a 8:8 hetero-hexadecamer arrangement
was also described [188].

In B. subtilis, in cell lysates CpfC co-purifies with Fra, a homolog
of the eukaryotic iron chaperon frataxin [ 189,190]. Moreover, it has
been shown that Fra transfers iron to CpfC, as the protein was able
to convert protoporphyrin IX to haem when Fra was loaded with
ferrous iron at several concentrations. Iron donation via Fra was
assumed based on the observation that a Afra mutant strain has
decreased nitric oxide synthase activity, an enzyme whose activity
is haem dependent. Also, hydrogen-deuterium exchange-mass
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spectrometry revealed that the two proteins undergo structural
rearrangements that may facilitate iron transfer, which suggested
that Fra is a specific chaperone of this CpfC [191]. Mutations of
the conserved S54 residue in B. subtilis CpfC impaired haem syn-
thesis and caused accumulation of coproporphyrin IIl. Located on
the CpfC surface, this S54 residue is proposed to be important for
binding of a cell component, e.g., a docking protein that could serve
to deliver coproporphyrin Ill/iron or mobilize haem [192].

In S. aureus, a transient interaction between CpfC and Chdc, the
last two enzymes of the CPD pathway, may allow substrate chan-
nelling of coprohaem [193]. S. aureus CpfC interacts with the haem
oxygenase IsdG, an enzyme that belongs to the haem uptake sys-
tem of this pathogen [194]. We showed that the CpfC activity
decreases with increase of IsdG concentration, and binding of
haem to IsdG stabilizes the protein [194,195]. Therefore, the inter-
action IsdG-CpfC would serve to impair the endogenous haem syn-
thesis via the CPD pathway, and thus reduce the intracellular toxic
haem accumulation. The interaction between ChdC, the last
enzyme of the S. aureus haem synthesis pathway, with IsdG was
also shown by FLIM-FRET experiments, but the physiological
meaning of this interaction remains unclear [194].

6. Conclusions

Altogether, the currently published data indicate that sirohaem
and haem biosynthesis are modulated mainly by oxygen availabil-
ity and, in some cases, through feedback inhibition by the final pro-
duct of the pathway, namely haem. As mentioned above, sirohaem
biosynthesis is also sensitive to cellular nitrate and nitrite levels
due to the occurrence of these genes in operons encoding nitrate
and nitrite reductases, which in some bacteria are itself
sirohaem-containing proteins. Also, protein-protein interactions,
that regulate cell metabolism and provide the means for substrate
channelling that endows a protective environment for highly reac-
tive intermediates, seem to play a role in haem biosynthesis. An
example is the formation of a heteromeric complex between PbgS
and UroS that would impair the spontaneous formation of the non-
physiological uroporphyrin I. However, the network of protein
interactions is anticipated to be more extensive. In particular,
interactions involving the last enzyme of the CPD pathway, ChdC,
are predicted in light of what is already known about fer-
rochelatase PpfC. Additionally, interactions between the fer-
rochelatase and haem chaperones are also foreseen.

The multistep sirohaem and haem biosynthesis and the involve-
ment of multiple substrates, that are also needed for other cellular
functions, implies an intricate regulation that remains largely
unknown. Therefore, new approaches such, as for example, high-
throughput and machine learning methodologies will be important
to advance our knowledge on haem homeostasis. Recently, Ulijasz
and co-workers reported a novel method to identify genes that
directly influence the intracellular haem levels. By using a Met-

Seq (metabolite-coupled transposon sequencing) methodology
that combines a fluorescent haem biosensor, fluorescence-
activated cell sorting (FACS), and next-generation sequencing
(NGS), they uncovered in P. aeruginosa over 80 haem-related genes,
most of them involved in metabolic pathways not previously asso-
ciated with haem, and that include secreted virulence effectors,
predicted small RNAs and riboswitches [46]. Also, a machine learn-
ing implementation for the prediction and qualitative assignment
of binding affinities was recently shown to be successful in identi-
fication and qualitative evaluation of haem-binding motifs in pro-
tein sequences [196]. A similar methodology could be applied to
discover the regulatory processes of haem that sustain the balance
between infection, haem uptake, and haem biosynthesis. These
studies would provide basic knowledge of importance for the
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establishment of new targets for antimicrobial therapies for resis-
tant infections, as well as for biotechnology purposes aimed at the
production of fine chemicals.
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