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Abstract

The biosynthesis of tetrapyrroles like hemes and
chlorophylls is essential for most living organ-
isms. In bacteria hemes are integral parts of
energy conserving electron transport chains and
cofactors of various enzymes. Changes of envir-
onmental conditions usually lead to an adaption
of the bacterial energy metabolism and often
coincide with significant changes of cellular
heme levels. This review focuses on the known
regulatory mechanisms in non-phototrophic bac-
teria involved in the control of the formation of
the heme biosynthetic apparatus. Species speci-
fic differences in the mode of energy generation
result in various regulatory strategies. Focusing
on the well investigated bacteria Bacillus subtilis,
Escherichia coli, Pseudomonas aeruginosa, and
Salmonella typhimurium the involved environ-
mental stimuli, employed transcriptional regula-
tors and promoter structures as well as the role
of protein stability are described. Broad varia-
tions of the used regulatory principles were
observed.

Introduction

Biosynthetic pathways for the formation of tetrapyrroles
are found in most known prokaryotes. They are
essential for the production of porphyrins like hemes,
chlorophylls and bacteriochlorophylls (Figure 1). The
central biosynthetic pathway branches to produce
porphinoids like corrinoids (vitamin B12), siroheme or
coenzyme F430 (Dailey, 1990; Jordan, 1991; Friedmann
and Thauer, 1992; Beale, 1996). The first committed
step in tetrapyrrole biosynthesis is the production of
5-aminolevulinic acid (ALA). Two different routes exist
in nature to generate this key intermediate. The C4- or
Shemin pathway, in which ALA is formed by the
condensation of succinyl-CoA and glycine in a single
enzymatic reaction catalyzed by ALA synthase is limited
to yeast, mammalian cells and the a-group of proteo-
bacteria (Avissar et al., 1989; Suzuki et al., 1997;
Ferreira, 1999). During the C5-pathway ALA is formed
from the C5-skeleton of glutamate. This pathway is

found in all other bacteria, in archaea, plants and algae
(Jahn et al., 1992; Avissar and Moberg, 1995; Beale,
1996). During its initial step glutamyl-tRNA is reduced to
glutamate-1-semialdehyde by glutamyl-tRNA reduc-
tase (HemA) (Avissar and Beale, 1989; Verkamp et al.,
1992; Moser et al., 1999). In a second step a glutamate-
1-semialdehyde-2,1-aminomutase (HemL) converts
glutamate-1-semialdehyde to ALA (Ilag and Jahn,
1992; Jahn et al., 1992). Further seven enzymatic steps
are required for the formation of protoheme IX. The
involved enzymes and the nature of the chemical
intermediates are remarkably conserved among all
organisms (Figure 1).

Regulation of Heme Biosynthesis in Bacteria

The heme demand of bacterial cells changes drastically
in dependence of its mode of energy generation. In
E. coli and P. aeruginosa significantly varying heme
levels were detected for aerobically and anaerobically
growing cells (Doss and Philipp-Dornston, 1971; Jacobs
et al., 1972; Philipp-Dornston and Doss, 1973; Hino and
Ishida, 1973). Low heme levels were found in general,
when these bacteria were subjected to fermentation,
where no heme-containing respiratory enzymes are
required. These physiological experiments suggested
oxygen, nitrate and the carbon source as direct or
indirect signals for heme biosynthesis regulation (Doss
and Philipp-Dornston, 1971; Jacobs et al., 1972; Jacobs
et al., 1973). Moreover, the accumulation of free heme
as well as some of the biosynthetic intermediates of the
pathway are toxic to the cells (Nakahigashi et al., 1991).
However, when heme binding proteins like hemoglobin,
cytochromes or catalases are overproduced in E. coli,
heme production increases in parallel up to 20-fold,
indicating that heme is a strong regulator of its own
biosynthesis (Woodard and Dailey, 1995; Verderber
et al., 1997).

There is substantial information available about
tetrapyrrole biosynthesis and its regulation in yeast and
higher organisms (Jordan, 1991; Reinbothe and
Reinbothe, 1996; Suzuki et al., 1997; Ferreira, 1999).
However, most information about the regulation of heme
biosynthesis via the C5-route in bacteria is limited to
B. subtilis, E. coli, P. aeruginosa and S. typhimurium.
Physiological investigations identified two steps of the
heme biosynthesis pathway as key regulatory points
(Jacobs et al., 1972; Philipp-Dornston and Doss, 1973).
One major regulatory target in these organisms is the
formation of ALA. The rate limiting character of the initial
step of the pathway was convincingly documented by
ALA-feeding experiments which led to increased heme
formation and the accumulation and excretion of
coproporphyrin III (Philipp-Dornston and Doss, 1973).
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Figure 1. Pathway for the biosynthesis of tetrapyrroles in bacteria. Involved genes and their corresponding gene products as well as the chemical
intermediates are listed.

288 Schobert and Jahn



Therefore, the second obvious regulatory point is the
synthesis of protoporphyrinogen IX from coproporphyr-
inogen III by various coproporphyrinogen III oxidases
namedHemF, HemNandHemZ.One of these enzymes,
HemF, requires molecular oxygen for catalysis and
therefore cannot operate during anaerobic conditions
where it is substituted by a second type of oxygen-
independent enzyme (HemN, HemZ) (Tait, 1969; Tait,
1972; Seehra et al., 1982; Xu et al., 1992; Rompf et al.,
1998). The regulation of the late steps of heme
biosynthesis is believed to be necessary to prevent the
accumulation of potentially phototoxic byproducts or
intermediates.

Interestingly, in plant-associated rhizobia the key
regulatory step is located at the level of ALA utilization
by porphobilinogen synthase (HemB). To control the
flow of plant supplied ALA into the bacterial pathway
hemB expression is strictly controlled (O’Brian, 1996).

Transcriptional Regulation of hemA Encoding
Glutamyl-tRNA Reductase

A number of independent experiments demonstrate,
that the first step in heme biosynthesis is strictly regu-
lated. Several reports state that E. coli overproducing
homologous or heterologous glutamyl-tRNA reductase
accumulate ALA and subsequently heme (Chen et al.,
1994; Verderber et al., 1997). These findings suggested
a central regulatory role of the hemA gene. In E. coli,
S. typhimurium and P. aeruginosa the hemA gene forms
an operon with the prfA gene encoding protein release
factor 1 (Elliott, 1989; Drolet et al., 1989; Li et al., 1989;
Verkamp and Chelm, 1989; Hungerer et al., 1995a).
Upstream of the hemA gene of E. coli and transcribed in
the opposite direction a gene was identified and
previously named hemM, due to its potential involve-
ment in heme biosynthesis (Ikemi et al., 1992). How-
ever, several independent investigations using different
bacterial species excluded its participation in tetrapyr-
role biosynthesis and left it as an open reading frame of
unknown function (Hungerer et al., 1995a; McNicholas
et al.,1997; Verderber et al., 1997).

Regulation of hemA induction was first studied in
E. coli and S. typhimurium using reporter gene fusions
in hemA mutant strains (Choi et al., 1996; Darie
and Gunsalus, 1994; McNicholas et al., 1997). These
hemA mutants grow normally when ALA is supplied
exogenously, but face a severe heme limitation after
cells are transferred into a medium without ALA. The
presence of the fermentable substrate pyruvate is
essential under these conditions to allow slow
exponential growth. Surprisingly, only moderate tran-
scriptional control of the hemA gene was observed.
Under these heme limiting conditions only a 2- to 3-fold
increase of hemA transcription in S. typhimurium and a
4- to 6-fold increase in E. coli was observed (Choi
et al., 1996). E. coli forms significant different heme
amounts during aerobic versus anaerobic growth.
However, only a 1.5-fold anaerobic increase of a
hemA-transcription was observed in anaerobically
grown E. coli (McNicholas et al., 1997). The presence

of alternate electron acceptors like nitrate under
anaerobic conditions did not influence E. coli hemA
expression (Darie and Gunsalus, 1994).

Already Verkamp and Chelm (1989) identified two
transcriptional start sites and two potential s70-depen-
dent promoters for E. coli hemA. Promoter 2 contri-
buted only 10–15% to the total hemA transcriptional
activity, while 85–90% of hemA mRNA formation
initiated at promoter 1. Interestingly, a Fnr-binding half
site of the consensus was detected in promoter 1 in a
position usually found in Fnr-repressed promoters
(Melville and Gunsalus, 1996). Promoter activity is
slightly elevated in wild type cells during anaerobic
growth but repressed under anaerobic heme limiting
conditions (McNicholas et al., 1997) (Figure 2).

Transcriptional regulation of P. aeruginosa hemA
was studied initially by quantitation of mRNA. The
hemA mRNA levels in P. aeruginosa increase under
anaerobic denitrifying conditions compared to aerobic
growth. They are very low under fermentative condi-
tions where no heme-containing cytochromes are
required for respiration (Hungerer et al., 1995a). Two
transcriptional start sites were found upstream of
hemA. Both transcripts are present during both aerobic
and anaerobic growth conditions. A P. aeruginosa
mutant with a defect in the oxygen regulator Anr (an
E. coli Fnr homolog) exhibited similar overall increased
hemA mRNA levels as the wild type under anaerobic
denitrifying conditions, however the distribution of
hemA mRNA from the two promoters changed sig-
nificant. Almost no transcription was detected from
promoter 1 while the induction of the more distant
promoter 2 was drastically elevated. One half of
a binding site of Anr was detected at promoter 1, while
promoter 2 lacked any binding site motif (Hungerer
et al., 1995a). An cooperative Anr- and Dnr-depen-
dence of promoter 1 was verified using reporter gene
fusions. Dnr is a second Fnr-like transcriptional
regulator of P. aeruginosa. However, Dnr is lacking
the conserved cysteine residues for iron-sulfur cluster
formation. In contrast to in E. coli and S. typhimurium,
P. aeruginosa hemA expression was induced under
anaerobic conditions by the presence of nitrate
mediated by the two component regulatory system
encoded by narXL. IHF was found important for overall
hemA transcription (Krieger, R., Rompf, A., Schobert,
M., and Jahn, D. unpublished results) (Figure 3).
Expression of P. aeruginosa hemL encoding gluta-
mate-1-semialdehyde-2-1-aminomutase was induced
by oxygen stress and anaerobic denitrifying conditions
(Hungerer et al., 1995b).

HemA Activity is Regulated by Proteolysis

While heme has no obvious inhibitory effect on the
enzymatic activity of the purified HemA protein (Jahn
et al., 1991), glutamyl-tRNA reductase activity is
reduced when heme is added to cell extracts of E. coli
(Javor and Febre, 1992). This implies, that additional
factors in combination with heme are required for the
regulation of HemA activity.
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Elliott and coworkers first discovered a striking
difference between hemA-lacZ expression and enzy-
matic activity of glutamyl-tRNA reductase in various
S. typhimurium heme mutants after starvation for heme
(Wang et al., 1997). While hemA-lacZ expression
increased only 1.5- to 2 -fold in heme-deficient hemB
or hemL mutants, the enzymatic activity of glutamyl-
tRNA reductase increased 20- to 25-fold proportional
to the parallel increase of HemA protein. Puls-chase
experiments of HemA turnover in hemL mutants of
S. typhimurium revealed a half-life of 20 min in the
presence of ALA which increased to more than 300 min
in heme-limited cells (Wang et al., 1999a). Two ATP-
depending proteases Lon and ClpP as well as the ClpA
chaperone were identified to be involved in HemA tur-
nover. In an E. coli lon clpP double mutant the HemA
protein showed a significantly increased half life.
These results clearly demonstrated, that cellular
HemA concentration is regulated by conditional protein
stability (Wang et al., 1999a). A HemA mutant protein
with a positive charge introduced close to the N-termi-

nus was significantly stabilized and confirmed, that the
N-terminus is important for proteolysis by the Lon and
ClpP protease systems (Wang et al., 1999b). The
proposed model for the heme dependence of the prot-
eolytic process suggested, that heme binding to HemA
induces a conformational change of the protein and the
exposition of a protease sensitive domain (Wang et al.,
1999a) (Figure 2).

Regulation of HemF and HemN

Early experiments with crude extracts of Rhodobacter
spheroides revealed the presence of two enzyme activities
for the conversion of coproporphyrinogen III to protopor-
phyrinogen IX under aerobic and anaerobic conditions
(Tait, 1969; Tait, 1972). Genetic approaches identified two
loci involved in coproporphyrinogen III oxidase activity and
led to their cloning from various bacteria (Coomber et al.,
1992; Xu and Elliott, 1993; Troup et al., 1994; Troup et al.,
1995; Xu and Elliott, 1994; Zeilstra-Ryalls, 1995; de Gier
et al., 1996; Homuth et al., 1996; Hippler et al., 1997; Lieb

Figure 2. Model for the regulation of glutamyl-tRNA reductase (HemA) formation in Escherichia coli and Salmonella typhimurium. The hemA gene
with two upstream promoters, the corresponding ratio of the transcription from both promoters as well as the Fnr binding half site in promoter 1 are
indicated. Regulation of HemA stability by the proteases Lon and ClpAP in response to heme is displayed underneath. Abbreviations: Glu-tRNA,
glutamyl-tRNA; GSA, glutamate-1-semialdehyde.
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et al., 1998). The oxygen-dependent coproporphyrinogen III
oxidase is encoded by hemF. HemF shows no obvious
similarity to the oxygen-independent coproporphyrinogen
III oxidase encoded by hemN except for a stretch of 21
amino acids with 40% identical residues. HemN contains
a [4Fe–4S]-cluster and requires besides various other
cofactors S-adenosyl methionine for enzyme activity
(Layer, Mahlitz and Jahn, unpublished results). The
enzyme is active under anaerobic as well as aerobic
conditions. Surprisingly, in P. aeruginosa a hemF hemN
double mutant still synthesized heme under aerobic and
anaerobic conditions, indicating the existence of a third
oxygen-independent enzyme of the HemN-type named
HemZ (Rompf et al., 1998).

Regulation of hemF and hemN was found not as
simple as expected from their oxygen-related enzymatic
functions. In P. aeruginosa both hemF and hemN were
induced under anaerobic growth conditions. The 7- to
10-fold anaerobic induction was only expected in the
case of the hemN gene encoding the oxygen-indepen-
dent enzyme. Surprisingly, also hemF encoding the
oxygen-dependent enzyme was found 20-fold induced
under anaerobic conditions (Rompf et al., 1998).

However, anaerobic induction of the hemF analo-
gue HEM13 gene from Saccharomyces cerevisiae was
observed before (Zagorec et al., 1988). The authors
proposed that HEM13 is increasingly expressed under
oxygen limiting conditions to maintain heme produc-
tion. The enzyme possesses a high affinity for oxygen
and catalyses a rate limiting step in yeast heme
biosynthesis (Zagorec et al., 1988). This explanation
seems unlikely for the case of the anaerobic induction
of the P. aeruginosa hemF gene due to the availability
of the oxygen-independent HemN and HemZ. More-
over, a P. aeruginosa hemF mutant showed signifi-
cantly reduced anaerobic growth indicating additional
anaerobic functions for the HemF protein.

The promoter regions of hemF and hemN in
P. aeruginosa contain a putative Anr/Dnr binding motif
centered 44.5 bp and 41.5 bp upstream of the transcrip-
tional start site, respectively (Rompf et al., 1998). The
regulatory proteins Anr and Dnr have been reported to
form a regulatory cascade for the induction of denitrifi-
cation genes under anaerobic conditions. During this
cascade Anr, the Fnr analogue, induces expression of
dnr. Dnr in turn induces transcription of various target
genes (Arai et al., 1997). Investigation of P. aeruginosa
hemF and hemN transcription using anr or dnr mutant
strains and co-expression of the anr and dnr genes in
trans revealed dual action of Anr and Dnr during the
transcriptional induction process. Surprisingly, Anr is
essential for aerobic expression of hemN (Rompf et al.,
1998). Moreover, observed anaerobic hemF and hemN
expression requires in parallel nitrate induction via the
NarXL system and DNA-bending via integration host
factor (IHF)(Figure 4).

In contrast to the situation in P. aeruginosa the
E. coli and S. typhimurium hemF genes form an operon
with an open reading frame coding for a protein with
strong similarity to a cell wall amidase of B. subtilis. Xu
and Elliot (1993) demonstrated that this gene is not
involved in heme biosynthesis. Two hemF promoters
were identified in E. coli. But transcription from these
promoters does not vary significantly in dependence of
changing oxygen tension and the presence of various
alternative electron acceptors (Troup et al., 1994).
However, an OxyR-dependent low level induction of
E. coli hemF in response to hydrogen peroxide was
observed (Mukhopadhyay and Schellhorn, 1997). In-
creased heme synthesis is required to maintain the
heme cofactor concentration for the hydrogen peroxide
detoxifying catalases, which are induced in parallel
under condition of oxygen stress. Experiments using
reporter gene fusions showed an 3-fold anaerobic

Figure 3. Regulation of hemA transcription in Pseudomonas aeruginosa.The hemA gene with two upstream promoters, the Anr binding half site in
promoter 1 and IHF and NarL binding sites upstream of promoter 1 is shown.
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induction of E. coli hemN which was found indepen-
dent of the presence of nitrate. Iron depletion by
addition of a chelator led to a 4-fold decrease of hemN
transcription (Troup et al., 1995).

ForB. subtilis the existence of two oxygen-indepen-
dent coproporphyrinogen III oxidases, HemN and
HemZ, has been reported (Hippler et al., 1997; Homuth
et al., 1996; Homuth et al., 1999). There is evidence for a
third oxygen-independent enzyme since a hemN hemZ
double mutant has no obvious growth phenotype
(Homuth et al., 1999). B. subtilis contains no HemF
(Hippler et al., 1997; Kunst et al., 1997). Regulation of
B. subtilis hemN and hemZ was studied using reporter
gene fusions. Transcription of both genes is induced
5-fold under anaerobic conditions in the presence of
nitrate. In agreement with the low heme requirement
during fermentative growth no induction of those genes
was observed under these conditions (Homuth et al.,
1999). To investigate which regulators participate in
anaerobic induction of B. subtilis hemN and hemZ,
reporter gene fusions of these genes were tested in fnr,
resDE and ywiD mutant strains. These mutants are
defective in previously identified redox regulatory genes
(Nakano and Zuber, 1998). While aerobic expression of
hemN and hemZ remained unaffected, anaerobic
expression was drastically reduced in all three mutant
strains (Homuth et al., 1999). InB. subtilis the regulators
encoded by resDE, fnr and ywiD form a redox regula-
tory cascade (Cruz Ramos et al., 2000; Marino et al.,
2000). The two component regulatory system resDE is
required for strong anaerobic induction of fnr expression
(Nakano et al., 1996). Fnr in turn binds to the highly
conserved Fnr box upstream of ywiD and induces its
anaerobic transcription. Finally YwiD co-activates tran-
scription of various genes involved in anaerobic meta-
bolism including hemN and hemZ. The resDE locus
participates in the regulation of several tetrapyrrole-
associated genetic loci including qcrABC (cytochrome

bc complex), ctaA (required for heme A synthesis) and
several cytochrome c biogenesis genes (Sun et al.,
1996). A fivefold induction of hemZ transcription was
observed after peroxide stress, while the transcription of
hemN remained unchanged. However, no typical bind-
ing site for the alternative stress sigma factor sB and no
per box were detected in the promoter region of hemZ.
This per box motif was previously found upstream of
other genes which are subject to oxygen stress regula-
tion like the B. subtilis hemAXCDBL operon encoding all
enzymes for uroporphyrinogen III formation (Hansson
et al., 1991; Chen et al., 1995) (Figure 5). Moreover the

Figure 4. Model of hemF and hemN regulation in Pseudomonas aeruginosa by the dual action of Anr and Dnr, by NarX/L and IHF. The signal for Anr
is a change in oxygen tension. The signal for NarX/L is the presence of nitrate. IHF is a DNA bending protein. The labels –O2 and +O2 indicate the
oxygen-dependence of the enzymatic reaction catalyzed by the coproporphyrinogen III oxidases.

Figure 5. Model for the oxygen tension-dependent control of hemN
and hemZ in Bacillus subtilis by the regulatory cascade of resDE, fnr
and ywiD, and for the induction of hemZ expression by oxygen stress.
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hemX gene product was shown to affect the levels of
glutamyl-tRNA reductase (Schroder et al., 1994).

Recently a genomics approach discovered
the anaerobic activation of the B. subtilis hemEHY
operon (Hansson and Hederstedt, 1992; Hansson and
Hederstedt, 1994; Ye et al., 2000)

Regulation of Other Heme Biosynthetic Genes

Only little information is available about regulation of
the remaining heme biosynthesis genes in bacteria.
McNicholas et al. (1997) investigated transcriptional
regulation of the genes encoding porphobilinogen
deaminase (hemC), uroporphyrinogen III synthase
(hemD), and the final enzyme of the tetrapyrrole bio-
synthesis, ferrochelatase (hemH) in E. coli. Only a
2-fold induction was observed for these genes under
heme limiting conditions indicating a moderate tran-
scriptional regulation.
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