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ABSTRACT

The importance of heme oxygenases in heme catabolism, iron utilization, and cellular signaling has been rec-
ognized for many years and is a well studied process in eukaryotes. Through the accessibility of an increasing
number of bacterial genomes, it has become evident that heme oxygenases are also widespread in prokary-
otes. In these organisms, the heme oxygenase reaction serves a similar function as in eukaryotes. A major role
of bacterial heme oxygenases has been attributed to acquisition of iron in prokaryotic pathogens, but other
functions, such as involvement in phytobilin biosynthesis, have been described. This review summarizes the
current state of the art on bacterial heme oxygenase research. The various biological roles of this enzyme in

prokaryotes and their biochemical properties will be discussed. 4ntioxid. Redox Signal. 6, 825-834.

INTRODUCTION

HEME OXYGENASES (HOs) (E.C. 1.14.99.3), first identi-
fied in eukaryotes, have key functions in the catabo-
lism of heme and in the biosynthesis of phytobilins, in addi-
tion to their involvement in iron metabolism, oxidative stress,
and pathogen responses (1, 11, 37, 39, 53). In an oxygen-
dependent reaction, heme is cleaved to yield biliverdin (BV)
[Xa, Fe2*, and carbon monoxide (CO) in equimolar amounts
(Fig. 1). The reaction requires a total of three oxygen mole-
cules and seven electrons for the cleavage of one heme mole-
cule (34). Heme cleavage can result in four possible isomers
of BV, i.e., IXa, IXB, IXy, and IX3, which reflect the elimi-
nated carbon bridge position in the heme precursor (Fig. 1).
The best characterized HOs are those with the a-meso carbon
bridge specificity from mammals and plants. In mammalian
heme catabolism, BV is further metabolized by biliverdin re-
ductase (BVR) to yield bilirubin (BR) (28) (Fig. 2). In red
algae and plants, the interconversion from heme to BV is cat-
alyzed by ferredoxin (Fd)-dependent HOs that are homo-
logues of the mammalian enzymes (13, 31, 32). Eukaryotic
HOs have been studied in detail for many years (for a review,
see 49), but only recently has the field of bacterial HOs be-
come a focus of interest and the importance of these enzymes
in bacterial pathogenesis, iron acquisition, and chromophore
biosynthesis been recognized. This review focuses on the cur-

rent state of research on bacterial HOs, and their biological
role and biochemical properties will be discussed.

GENERAL CHARACTERISTICS
AND PHYLOGENY OF BACTERIAL
HEME OXYGENASES

Bacterial HOs are highly related among each other. Phylo-
genetic analysis revealed a single tree with five clades of bac-
terial HO proteins: cyanobacterial HO-1 and HO-2, Isd,
HmuO, PigA, and BphO (Fig. 3). Each clade suggests its own
family that can be underlined by their biological function. In
contrast to their eukaryotic counterparts, bacterial HOs are
not membrane-bound, but soluble enzymes. They all lack the
C-terminal membrane anchor present in mammalian HOs. On
average, the molecular mass of bacterial HOs is ~25,000 Da,
and therefore they are slightly smaller than the eukaryotic en-
zymes (~36,000 Da). Interestingly, a new group of bacterial
HOs (Isd) that has been recently identified in Staphylococcus
aureus has a molecular weight of only ~13,000 (43). Some
bacterial HOs (e.g., Synechocystis HO-1) show a very high
identity in amino acid sequence to human HO-1 (38% iden-
tity, 67% similarity), whereas in others the homology is
as low as 19% identity and 42% similarity (HemO from
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Heme oxygenase reaction of bacterial HOs. Two types of bacterial HOs are known so far that show different re-

giospecificities toward the cleavage of the heme macrocycle. Most HOs cleave the heme at the a-meso carbon position yielding BV
IXa. The only HO showing a different regiospecificity is PigA from P, aeruginosa, which displays a 3- and 8-carbon-specific HO.

Neisseria meningitidis) or even lower (BphO from Pseudo-
monas aeruginosa) (30).

BIOLOGICAL ROLE OF BACTERIAL
HEME OXYGENASES

HOs involved in phytobilin biosynthesis

Phytobilins are linear tetrapyrrole molecules that are syn-
thesized in plants, algae, and cyanobacteria and that are the
precursors of the chromophores for the light-harvesting phy-
cobiliproteins and the photoreceptor phytochrome (16). In the
course of their biosynthesis, the product of the HO reaction,
BV IXa, is subsequently converted to one of the major bilins
present in cyanobacteria, phycocyanobilin and phycoerythro-
bilin (Fig. 2). This conversion is catalyzed by a recently dis-
covered family of related Fd-dependent bilin reductases (17).
Bilins are usually bound to apo-proteins through single or
double covalent linkages and can be further modified during

this process. This reaction is autocatalytic for the photorecep-
tor phytochrome, but requires special lyases for phycobilipro-
teins. The binding to the latter results in a great diversity
of bilin chromophores that completely span the visible light
spectrum.

One large group of bacteria that contain HOs are the
cyanobacteria. The HOs from these organisms are among the
best characterized bacterial HOs. In these organisms, the HO
reaction is the first step during the biosynthesis of phytobilins
(Fig. 2). The first cyanobacterial HO to be cloned and charac-
terized was HO-1 from Synechocystis sp. PCC6803 (11). In-
terestingly, Synechocystis sp. HO-1 is only slightly inhibited
by Sn-protoporphyrinlX, a potent inhibitor of mammalian
and algal HOs (11). The genome of Synechocystis sp. (22)
contains two genes, hol and ho2, encoding potential HOs
(11). However, so far only the recombinant HO-1 protein was
shown to catalyze the conversion from heme to BV IXa. The
lack of biochemical data on HO-2 is due mainly to insolubil-
ity issues and therefore is not conclusive at this point. The
exact role for the occurrence of two HOs in this organism
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FIG. 2. Pathway of the biosynthesis of phytobilins in plants and cyanobacteria. The HO reaction is the common biosyn-
thetic step for the biosynthesis of phytobilins in plants and cyanobacteria yielding the precursor BV [Xa. BV [Xa is subsequently
reduced by Fd-dependent bilin reductases or NADPH-dependent BVR, which among prokaryotes has so far been only identified
in Synechocystis sp. Enzyme abbreviations used are: HY2, phytochromobilin synthase or 3Z-phytochromobilin:ferredoxin oxi-
doreductase; PcyA, 3Z-phycocyanobilin:ferredoxin oxidoreductase; PebA, 15,16-dihydrobiliverdin:ferredoxin oxidoreductase;
PebB, 3Z-phycoerythrobilin:ferredoxin oxidoreductase; BvdR, biliverdin IXa:NAD(P)H oxidoreductase.
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FIG. 3. Phylogenetic tree of bacterial HOs. A multiple sequence alignment using Clustal W was used to calculate a phylo-
gram. nost, Nostoc punctiforme; anab, Anabaena sp. PCC7120; PCC6803, Synechocystis sp. PCC6803; WH8102, Synechococcus
sp. WH8102; staur, Staphylococcus aureus; cordi, Corynebacterium diphtheriae; neime, Neisseria meningitidis; agrtu, Agrobac-
terium tumefaciens; pseae, Pseudomonas aeruginosa; deira, Deinococcus radiodurans.
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remains unclear, but it has been speculated that the two HOs
might have different affinities for oxygen and therefore are
active at various oxygen tensions, a speculation that still
needs to be tested. Genes encoding putative HO-1s and HO-2s
can be found in the available genomes of other sequenced
cyanobacteria, including Anabaena sp. PCC7120, Ther-
mosynechococcus elongatus, and Nostoc punctiforme. Phylo-
genetically, they are all very closely related to the HO-1s and
HO-2s, building separate clades within the cyanobacteria
(Fig. 3). Interestingly, under iron-deficient conditions where
many other bacterial HOs are up-regulated (see later section),
hol from Symechocystis sp. is down-regulated whereas ho2
levels remain unchanged (42). This observation is consistent
with a decrease in phycobiliproteins and synthesis of new
chlororphyll-containing light-harvesting structures under
iron deficiency (4).

Besides those HOs found in cyanobacteria, HOs have been
identified in the genomes of the smallest known oxygen-
evolving autotrophs, such as Prochlorococcus marinus (19). In
contrast to cyanobacteria, this phytoplankton does not possess
light-harvesting phycobiliprotein structures, but uses divinyl-
chlorophylls instead. Interestingly, all available genomes of
Prochlorococcus species contain a full set of genes encoding
enzymes for phytobilin biosynthesis, which are mostly orga-
nized in operons consisting of o1, pebA, and pebB genes (the
latter encoding bilin reductases) (17, 19). Although some
strains contain a degenerated phycoerythrin gene, its function
is not yet fully understood. As Prochlorococcus sp. have very
compact genomes most likely lacking any silent, nonfunctional
genes, the function of this HO might be indeed in phytobilin
biosynthesis (19). Although this assumption has already been
proven biochemically through functional recombinant protein
(N. Frankenberg-Dinkel, unpublished observations), its in vivo
function still needs to be confirmed. Whether HO-1 serves ad-
ditional functions in Prochlorococcus, such as iron utilization,
remains to be tested.

The use of external heme as iron source

Iron is a limiting factor for bacterial growth and survival
and is particularly essential for pathogens to cause disease.
Bacteria have developed sophisticated systems to deal with
the low supply of free extracellular iron. The most abundant
source of iron in a host is usually heme, and therefore it is not
surprising that many pathogenic prokaryotes can use heme as
an iron source. Two mechanisms for the acquisition of iron
from heme have been described in prokaryotic organisms: (a)
the cleavage of the heme macrocycle through the action of
HOs (39) and (b) the removal of iron from heme through a re-
versed ferrochelatase reaction (27). Some bacteria (e.g., Bac-
teroides fragilis) even have an absolute requirement for ex-
ogenous supplies of heme (or its precursor, protoporphyrin
IX) because they lack the enzymes required for heme biosyn-
thesis (35). For extracellular pathogens, access to host heme
requires the liberation of heme and hemoglobin from red
blood cells by proteases and hemolysins. Bacteria are able to
use heme or hemoglobin as direct sources of iron. In Gram-
negative bacteria, this involves binding of heme or heme
complexes to outer membrane (OM) receptors followed by
transport of the extracted heme group across the OM in a
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TonB-ExbB-ExbD-dependent fashion. Some bacteria secrete
hemophores that bind extracellular heme and hemoglobin,
and mediate their delivery to the OM receptors (10). Trans-
port of heme across the cytoplasmic membrane seems to re-
quire an ABC transporter (2). Once in the cytoplasm, the
heme is degraded by HOs releasing the complexed iron. Most
of these systems are regulated by the ferric uptake repressor
(Fur). Fur is a classical apo-repressor that requires iron in
order to bind to target DNA sequences (Fur-boxes) in the pro-
moter regions of iron-regulated genes. If the intracellular iron
level (Fe2*) reaches a certain threshold, expression of Fur-reg-
ulated genes is repressed. On the other hand, under iron-defi-
cient conditions transcription is derepressed (48).

In Gram-positive bacteria, genes encoding proteins in-
volved in heme or hemoprotein uptake have only been de-
scribed in a few species, including Corynebacterium and
Streptococcus species (14, 39, 46). In C. diphtheriae, three
genes, i.e., hmuT, hmuU, and hmul] are required for heme and
hemoglobin uptake. These genes appear to be part of an ABC
transport system and have significant sequence homology to
genes from Gram-negative bacteria involved in the utilization
of heme and hemoglobin as iron sources. Heme is first bound
to a membrane-associated lipoprotein HmuT followed by
transport of heme to the cytoplasm via the permease HmuU
using energy supplied by the ATPase HmuV (14). Recently,
iron-regulated surface determinants (isd genes) have been
identified in the Gram-positive pathogen Staphylococcus au-
reus and were shown to encode factors for hemoglobin bind-
ing and transfer of heme iron to the cytoplasm. Furthermore,
the isd operon encodes two putative HOs and is under the
control of Fur (29, 43). Other Gram-positive bacteria appear
to be able to utilize heme compounds as well. Very early stud-
ies on the utilization of heme have measured the production
of CO, the by-product of the HO reaction in the Gram-positive
bacteria Bacillus cereus and Streptococcus mitis (15).

HOs involved in iron acquisition

As described in the last paragraph, pathogenic bacteria
that are able to use heme as iron source contain very efficient
heme receptors and heme uptake systems. All these organ-
isms also encode at least one gene encoding a HO. This whole
heme-iron acquisition system is tightly regulated through
global iron regulators.

The first bacterial gene with homologies to eukaryotic
HOs from a pathogen was the gene AmuO from the Gram-
positive bacteria C. diphtheriae and C. ulcerans (39). The
promoter region of the ~muO genes shows consensus binding
sequences for the global iron repressor DtxR (diphtheria
toxin repressor) (38). DtxR, similar to the regulator Fur in
Gram-negative bacteria, controls many iron-dependent pro-
cesses in C. diphtheriae, including the expression of the rox
gene, encoding the diphtheria exotoxin that causes severe tis-
sue damage throughout the body (38). Therefore, the hmuO
gene is repressed by iron and DtxR and activated in the pres-
ence of heme (38).

The first identified HO from a Gram-negative bacterium
was the HO from Neisseria sp. encoded by the hemO gene
(52). As expected, the hemO genes contain upstream Fur
binding sites for iron regulation (52). Chromosomal knockout
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mutants confirmed the involvement of HemO in heme utiliza-
tion as these mutants were unable to use heme or hemoglobin
as sources of iron, but were fully capable of using inorganic
iron and iron-transferrin as iron supply (52).

One of the most exceptional HOs from a bacterial pathogen
is found in the Gram-negative Pseudomonas aeruginosa. The
pigA gene, originally identified in a screen for iron-regulated
genes is located in a polycistronic operon of a total of five
genes, pigd—FE (33). Some of these genes encoding proteins
involved in iron utilization include an alternative o factor
(pigE) and a ferripyoverdin receptor (i.e., siderophore recep-
tor; pigD). The expression of these genes is again regulated
by Fur (33). The pig4 gene product, which has homologies to
the neisserial HemO, is the most unusual bacterial HO char-
acterized so far. Unlike all other eukaryotic and prokaryotic
HOs that have a regiospecificity for cleavage toward the
a-meso carbon position, PigA targets the (3- and d-meso car-
bons of the heme macrocycle (36). This cleavage yields the
unusual BV isomers BV IX3 and BV X3 in a 30:70 ratio and
is due to an unusual seating of the substrate heme in the ac-
tive site pocket (Fig. 1) (6). The purpose for the production of
these BV isomers is currently unknown, but it might be re-
lated to the fact the P aeruginosa possesses a second HO
(BphO) with an a-meso carbon specificity. Each HO seems
to have a distinct function in P aeruginosa that might be de-
fined through the produced BV isomers. It is intriguing that
phylogenetically the neisserial HemO protein falls into the
PigA family although it has an a-meso carbon specificity
(Fig. 3).

Two other interesting HOs have recently been identified
and biochemically characterized in the Gram-positive patho-
gen S. aureus (43). The HOs IsdG and Isdl are unusually
small proteins with a molecular weight of ~13,000. Overall
their homology to other known bacterial HOs is low because
BLAST homology searches using known bacterial HOs as
queries do not reveal the S. aureus proteins (43). Only other
Gram-positive pathogens like Staphylococcus epidermidis,
Listeria monocytogenes, and Bacillus anthracis have homo-
logues of IsdG and IsdI (43). Similar to other HOs from path-
ogenic bacteria, S. aureus IsdG and Isdl are involved in iron
utilization, and therefore their transcription is regulated
through Fur (29). The isd locus of S. aureus encodes a whole
set of proteins for heme utilization as iron source, including
genes encoding surface protein, lipoproteins, membrane
transporter, and cytoplasmic proteins (29).

In addition to their role in iron acquisition, HOs might also
protect prokaryotic cells against heme toxicity (7).

HOs involved in phytochrome chromophore
biosynthesis in nonphotosynthetic bacteria

Another group of HOs besides those involved in phyto-
bilin biosynthesis and iron utilization from heme have been
identified in mostly nonphotosynthetic bacteria (3). The
genes usually occur in operons with a gene encoding a bacte-
rial phytochrome and are designated bphO (for bacterial phy-
tochrome heme oxygenase).

Phytochromes, first identified in plants, algae, and cyano-
bacteria, are photoreversible light-signal transducing pho-
toreceptors. They can exist in two spectrally stable forms: the
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red light-absorbing Pr form and the far-red light-aborbing Pfr
form. Both forms are interconvertable by light. In plants, phy-
tochromes control processes such as seed germination, shade
avoidance, and flowering (44). Much less is known about the
function of bacterial phytochromes, first identified in species
such as Deinococcus radiodurans and P. aeruginosa (13). On
the molecular level, they show characteristics of a typical
sensor kinase of a bacterial two-component system. There-
fore, a gene encoding a response regulator is often in close
genomic proximity (13). All bacterial phytochromes studied
so far show typical photoactivity in vitro using a BV chro-
mophore, but their function in vivo remains to be elucidated
(3, 18, 23, 24). The use of BV as chromophore is in agree-
ment with the fact that these organisms lack genes encoding
bilin reductases, the enzymes involved in phytobilin biosyn-
thesis (see first section) (17). Furthermore, bacterial phy-
tochromes lack a conserved cysteine residue that has been
shown to be the site of covalent attachment of the phytochro-
mobilin chromophore in plants (13). Due to their close ge-
nomic localization with the bphO genes, it is postulated that
their gene products are important for the biosynthesis of a
functional phytochrome (3).

At this point, it is worth mentioning that P aeruginosa rep-
resents a very unusual scenario as this organism contains two
different genes encoding a HO that show different regiospeci-
ficity. As described earlier, PigA is involved in iron reutiliza-
tion from heme under iron-limiting conditions and produces
the BV isomers IX and IX3 (Fig. 1). On the other hand, P
aeruginosa also contains a bphO gene, located upstream of
bphP (bacterial phytochrome). We were able to demonstrate
that BphO is indeed a HO with a regiospecificity toward
the a-meso carbon yielding BV IXa (R. Wegele, and
N. Frankenberg-Dinkel, unpublished observations). Further-
more, the produced BV is able to bind to BphP yielding a
photoactive phytochrome (R. Tasler, and N. Frankenberg-
Dinkel, unpublished observations). It remains to be eluci-
dated if the PigA reaction products are also able to bind to
BphP and yield a functional phytochrome. In this regard, it
seems more likely that this is not the case and that P aerugi-
nosa has developed a sophisticated method to discriminate
between BV produced during iron starvation and BV pro-
duced for phytochrome chromophore biosynthesis. This
mechanism might be important to prevent a downstream sig-
nal transduction if a “wrong” chromophore is bound. Another
interesting question in this matter is the origin of the sub-
strate heme for the two HOs. It is almost certain that the
source of heme for PigA is extracellular heme, most likely
provided by the host cell. As heme is only taken up under
iron-limiting conditions, the source for BphO might rather be
intracellular heme from the bacteria’s own biosynthesis.

At this point, no uniform nomenclature for bacterial HO
genes has been obtained. To provide the reader with an
overview, Table 1 summarizes all bacterial HOs characterized
so far, their encoding genes, transcriptional regulation, and
bacterial origin.

Function of the products of the HO reaction

Although it becomes more and more evident that the
major function of heme cleavage in bacterial pathogens is the
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TABLE 1. CHARACTERIZED BACTERIAL HOS, THEIR ENCODING

GENES, AND TRANSCRIPTIONAL REGULATION

Promoter region
regulator

Organism Gene binding site
Synechocystis sp. PCC6803 hol Unknown
Synechocystis sp. PCC6803 ho2 Unknown
Prochlorococcus marinus hol Unknown
Corynebacterium diphtheriae ~ hmuQO DtxR-box
Staphylococcus aureus isdl/isdG Fur-box
Neisseria meningitidis hemO Fur-box
Pseudomonas aeruginosa bphO Unknown
Pseudomonas aeruginosa pigd Fur-box
Deinococcus radiodurans bphO Unknown

acquisition of iron, the fate of the other products of the HO
reaction, BV and CO, remains unresolved. Due to the lack of
genes encoding homologues of mammalian BVRs, it seems
unlikely that BV is further metabolized to BR in bacteria. In
pathogens, the production of BV might only be a waste prod-
uct and transported out of the cell (49). On the other hand,
BV is also known to have antioxidant function and could
serve a second purpose in these organisms as well. CO, the
third reaction product obtained during HO catalysis, has been
shown to have signaling functions in eukaryotes. Whether it
is able to serve a similar purpose in prokaryotes remains
unclear.

BIOCHEMICAL PROPERTIES OF
BACTERIAL HEME OXYGENASES

Mechanism of bacterial HOs

The oxygenolytic cleavage of heme by HOs seems to
proceed via a quite similar mechanism in all organisms (Fig.
4; for detailed mechanism, see 34, 49). The reaction in-
volves several spectroscopic distinct intermediates (see
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Table 2). It is postulated that the reaction starts with the
binding of one equivalent of heme to form a ferric (Fe3*)-
heme-HO complex. The formation of this complex is fol-
lowed by the first electron transfer from the reducing sys-
tem yielding a ferrous (Fe*)-heme-HO complex. This
complex subsequently binds molecular oxygen through co-
ordination to the iron to generate a metastable oxy-complex.
In a following electron transfer reaction, a ferric hydroper-
oxy is produced that, after self-hydroxylation of the a-meso
carbon, forms ferric a-meso-hydroxyheme. The next step in
the reaction is the conversion of ferric a-meso hydroxyheme
to ferrous verdoheme and involves the input of another mol-
ecule of oxygen and an electron. The following transforma-
tion of ferrous-verdoheme to ferric-BV requires both oxy-
gen and reducing equivalents and is the least understood
part of the mechanism. For the liberation of free iron and
BV, the iron of the ferric-BV is further reduced to the fer-
rous state by the reducing system.

Spectral properties of bacterial HOs

All HOs form a distinct complex with heme that gives an
optical absorption spectrum with a Soret band around 402 nm
that is highly distinguishable from the Soret band of free
heme (Table 2). By utilizing difference spectroscopy, the stoi-
chiometry of the heme binding reaction can be examined. All
characterized bacterial HOs display a 1:1 ratio of heme to
protein, which is consistent with mammalian and plant HOs
(8, 30, 32, 47, 53). In general, all bacterial HOs display simi-
lar spectroscopic properties for their ferric-, ferrous-, oxy-,
and CO-heme-HO complexes. The largest difference is seen
in the ferric state of the heme-HO complex where the position
of the Soret band varies between 402 nm for the Synechocys-
tis sp. HO-1 and 412 nm for the newly identified HOs IsdI
and IsdG from S. aureus (Table 2).

Reducing partner for bacterial HOs

Most biochemical characterization and enzymology of
bacterial HOs have been carried out using mammalian cy-
tochrome P450 reductase and NADPH to generate reducing

TABLE 2. SPECTROSCOPIC DATA OF CHARACTERIZED BACTERIAL HEME-HO COMPLEXES

HO-1 (30) HmuO (8) HemO (52) PigA (36) BphO* IsdG (43)  Isdl (43)
Synechocystis sp.  C. diphtheriae  N. meningitidis P aeruginosa  P. aeruginosa S. aureus S. aureus
Ferric
Soret (A, ) 402 404 406 406 409 412 412
Visible (A, ) 498, 630 500, 630 632 504, 638 532,567 532,567
Ferrous
Soret (A ) 427 434 n.d.a.f 434 n.d.a. n.d.a. n.d.a.
Visible (A, ) 555 550
Oxy
Soret (A, ) 410 410 nd.a. 410 412 414 414
B, a(N,,) 537,574 540, 570 540, 570 545,579
CO
Soret (A ) 418 421 421 419 n.d.a. n.d.a. n.d.a.
Visible (A, ) 536, 566 538, 568 538, 568 537,567

*R. Wegele and N. Frankenberg-Dinkel, unpublished observations.

n.d.a., no data available.
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FIG.4. Mechanism of HO. Chemical structures of heme and the intermediates during the HO reaction.

power. Ascorbate has also been shown to serve as the elec-
tron donor. For most bacterial HOs, it has been described
that the final product of the reaction with ascorbate is Fe3*-
BV. One exception is HO-1 from Synechocystis sp. where the
final product of the ascorbate-supported reaction is free BV
(30). HemO and PigA enzymes can use cytochrome P450 re-
ductase as a reductant that also yields Fe3*-BV as a product.
This product is not released from the active site using iron
chelators or acidification, indicating that the release of the
product is the rate-limiting step in bacterial HO reactions.
The same step is also rate-limiting in mammalian HOs, but
the reaction is driven forward by BVR (26). As bacteria in
general lack genes encoding BVR, another protein seems to
be required to fulfill this function. Interestingly, for recom-
binant HmuO protein, controversial results have been ob-
tained concerning the BV produced. Reports using the nat-
ural gene expressed in E. coli and cytochrome P450
reductase yielded the Fe3*-BV (50); on the other hand, ex-
pression of HmuO from a synthetic gene resulted in iron-free
BV (8). Whether the differences in these results are due to
the origin of the gene or rather to the experimental nature is
unclear at this point. But it is noteworthy that this is the first

observation of an iron-free BV produced in a cytochrome
P450 reductase-driven bacterial HO reaction. In contrast to
the bacterial HOs from pathogens that seem to obtain their
reducing equivalents from NADPH via cytochrome P450 re-
ductase, cyanobacterial HOs are soluble enzymes that seem
to use Fd as their reducing partner. Interestingly, it was
shown that catalysis is more efficient if a second reductant,
such as Trolox or ascorbate, is present (11). The Fd depen-
dence is in agreement with the HOs found in plants where Fd
is the electron donor and which seem to be the closest eu-
karyotic relatives. This was further confirmed by the ability
of Synechocystis sp. HO-1 to complement an Arabidopsis
HY1 (deficient in one HO) mutant (51). Interestingly, Syne-
chocystis sp. HO-1 can also use cytochrome P450 reductase
for the HO reaction, but the reaction is arrested at the oxy-
complex stage, indicating that cytochrome P450 reductase
might not be the right reducing partner for this bacterial HO
(30). The observed Fd dependence of cyanobacterial HOs led
us to test Fd as a potential reducing partner for the two HOs
from P, aeruginosa, PigA and BphO. In both cases, Fd is able
to deliver the electrons (R. Wegele and N. Frankenberg-
Dinkel, unpublished observations).
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In vivo reducing partner of bacterial HOs

Escherichia coli expressing recombinant bacterial HOs
usually show a dark green color after induction. In general,
the purification of recombinant protein yields a very tight
HO-BV (not Fe3*-BV!) complex. These results strongly indi-
cate that almost all bacterial HOs are functional in E. coli and
can use an E. coli reducing system as the electron donor. Bac-
terial HOs were shown to use either a cytochrome P450 re-
ductase system or Fd as a reducing partner in vitro. E. coli
cells possess several possible reductants. E. coli has a Fd of
the adrenodoxin type [2Fe-2S], which has been shown by ge-
netic analyses to perform an essential role in the maturation
of various iron-sulfur proteins (25). Indeed, E. coli Fd is more
structurally related to the adrenodoxin-type Fds, i.e., bovine
adrenodoxin and P putida putidaredoxin, than to plant-type
Fds (21). Other than this adrenodoxin-type Fd, the E. coli
genome possesses two flavodoxin genes and a flavorubre-
doxin gene (5). As no cytochrome P450 reductase has been
described for E. coli, it is fair to assume that during recombi-
nant production of HOs in E. coli, a flavodoxin serves as the
reductant. Similar to the last electron transfer step in cy-
tochrome P450 reductase, flavin mononucleotide is the redox
active cofactor in flavodoxin. Many other bacteria that carry
HOs exhibit a similar scenario to E. coli in terms of reducing
systems. Usually there are more than one potential interacting
reductants present. At this point, the identification of the en-
dogenous electron donor for any of the bacterial HOs remains
to be elucidated.

Regiospecificity of bacterial HOs

With one exception, all characterized HOs, including
those from mammals and plants, display an a-meso carbon
specificity for cleavage of the heme macrocycle. The only
HOs displaying a different regiospecificity is the PigA HO
from P aeruginosa. Interestingly, homologues of PigA can
also be found in the genomic database of other pathogenic
bacteria (i.e., Agrobacterium tumefaciens; see Fig. 3), but for
those the regiospecificity remains to be determined. !C and
13C NMR studies on the unique HO from P, aeruginosa have
revealed that an unusual seating of the heme is responsible
for the varied regiospecificity (6). The heme propionates are
positioned so that they are pointing toward the direction of
the solvent-exposed heme edge. This seems to be due to the
lack of stabilizing interactions between the protein and the
propionate side chains of the heme that are usually present in
HOs with a-hydroxylating activity. As a result, the heme
group in PigA is rotated ~110° in plane, consequently placing
the 8-meso carbon in a position where the other HOs typi-
cally place their a-meso heme carbon. Interestingly, the mu-
tation of two amino acid residues corresponding to those that
are usually involved in these interactions in the other HOs
(i.e., K16, Y112 of N. meningitidis HemO) changed the re-
gioselectivity of the PigA enzyme toward producing BV IXa
(55%), BV IXB (10%), and BV IX3 (35%) (6). It was found
that these data were due to a mixture of PigA molecules dis-
playing two distinct heme seatings. A recently presented crys-
tal structure of this enzyme (J. Friedmann, L. Lad, H. Li, A.
Wilks, and T.L. Poulos. Structural basis for novel delta-
regioselective heme oxygenation in the opportunistic patho-

FRANKENBERG-DINKEL

FIG.5. Ribbon diagram of the crystal structure of Neisse-
ria meningitidis HemO. Overall structure of N. meningitidis
HemO shows the active site pocket and the bound heme mole-
cule (41).

gen Pseudomonas aeruginosa. Biochemistry 43: 5239-5245,
2004) will give more insight into this phenomenon.

Crystal structures of bacterial HOs

Several crystal structures from mammalian and bacterial
sources have been solved to date (9, 40, 41, 45). Strikingly,
all structures have the same overall fold despite their low
overall sequence similarity, a common phenomenon also
present in other enzymes involved in heme biosynthesis/
degradation (12). All HOs have a novel, mostly a-helical
fold (Fig. 5). The heme is sandwiched between two -
helices with the propionate side chains being exposed at the
molecular surface of the protein (41) (Fig. 5). One of these
helices, the proximal helix, donates the histidine ligand that
coordinates the heme through a water molecule. The recent
elucidation of more refined crystal structures of bacterial
HOs gives insights into the molecular understanding of pro-
ton transfer in these enzymes (20). (For more structural de-
tails, the reader is referred to the original literature and
reference 49).

SUMMARY AND OUTLOOK

The availability of a large number of bacterial genomes
during the last several years has largely contributed to the in-
creasing number of known bacterial HOs. Especially among
bacterial pathogens, HOs seem to play a so far underesti-
mated role during iron acquisition from a host cell. The un-
derstanding of new HOs with varied regiospecificity for
heme macrocycle cleavage is another emerging field that has
to be elucidated especially if two HOs with different BV pro-
duced are present in one organism. Although the involvement
of HOs in bacterial phytochrome chromophore biosynthesis
appears to be understood, the function of this whole bacterial
signal transduction system remains to be elucidated. In the
future, a combination of biochemistry, microbiology, and
structural biology will largely strengthen our knowledge of
this emerging class of bacterial enzymes.
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