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Tetrapyrroles are ubiquitous molecules in nearly all living organisms. Heme, an iron-containing tetrapyr-
role, is widely distributed in nature, including most characterized aerobic and facultative bacteria. A large
majority of bacteria that contain heme possess the ability to synthesize it. Despite this capability and the fact
that the biosynthetic pathway has been well studied, enzymes catalyzing at least three steps have remained
“missing” in many bacteria. In the current work, we have employed comparative genomics via the SEED
genomic platform, coupled with experimental verification utilizing Acinetobacter baylyi ADP1, to identify one of
the missing enzymes, a new protoporphyrinogen oxidase, the penultimate enzyme in heme biosynthesis.
COG1981 was identified by genomic analysis as a candidate protein family for the missing enzyme in bacteria
that lacked HemG or HemY, two known protoporphyrinogen oxidases. The predicted amino acid sequence of
COG1981 is unlike those of the known enzymes HemG and HemY, but in some genomes, the gene encoding it
is found neighboring other heme biosynthetic genes. When the COG1981 gene was deleted from the genome of
A. baylyi, a bacterium that lacks both hemG and hemY, the organism became auxotrophic for heme. Cultures
accumulated porphyrin intermediates, and crude cell extracts lacked protoporphyrinogen oxidase activity. The
heme auxotrophy was rescued by the presence of a plasmid-borne protoporphyrinogen oxidase gene from a
number of different organisms, such as hemG from Escherichia coli, hemY from Myxococcus xanthus, or the
human gene for protoporphyrinogen oxidase.

With the availability of an increasing number of completed
microbial genome sequences, metabolic pathways that were
long considered to have been conserved across species have
now been found to have missing pieces (enzymes, transporters,
etc.) in some organisms (16, 36). Such is the case with micro-
bial tetrapyrrole biosynthesis. By the start of 2011, over 500
sequenced microbial genomes were complete for organisms
believed to possess functional heme biosynthetic pathways. Yet
most bacteria lacked one or more identifiable genes for en-
zymes that are necessary to catalyze heme biosynthetic steps
(40). The situation for Archaea is even less settled, although a
recent bioinformatics-based approach has added significant
clarity to the issue (47). This is important, given the fact that
hemes are essential biological molecules in virtually all living
organisms.

Heme, the iron-containing tetrapyrrole protoporphyrin IX,
functions as an enzymatic cofactor with a diverse background,
including electron transfer in cytochromes (4), catalysis in cata-
lases and peroxidases (51), diatomic gas transport in hemoglo-
bin (41), activation of oxygen in P450 enzymes (42), and signal

molecule recognition (15). In prokaryotes, heme can also serve
as an iron source (49), a regulator of pathogenicity and dor-
mancy (18, 48), and a transcriptional regulator for heme-re-
sponsive global iron networks (46). The biosynthesis of proto-
heme from the first committed precursor, �-aminolevulinic
acid (ALA), is relatively well conserved. However, two distinct
mechanisms exist for ALA synthesis, the so-called 5-C route
from glutamyl tRNA, which is present in plants, most bacteria,
and Archaea, and the C-4 route from glycine and succinyl
coenzyme A, which is found in the metazoa and a few bacteria
(21, 22). However, the remaining seven enzymatic steps are
highly conserved in eukaryotes and the entire system is tightly
regulated. The pathway is absent in only a few organisms, such
as helminths and trypanosomes, where it appears that heme
biosynthesis was lost in favor of heme uptake (25, 43). In some
instances, eukaryotes lacking the ability to synthesize heme
maintain a bacterial endosymbiont to synthesize and provide
the necessary heme (12). In prokaryotes, this essential biolog-
ical pathway is more diverse and less well characterized.

Examination of available bacterial genomes for heme bio-
synthetic enzymes reveals several noteworthy gaps where rec-
ognizable forms of characterized enzymes cannot be located
(40). Interestingly, this phenomenon is not limited to one spe-
cific taxon but occurs across a diverse set of microorganisms.
The first gap occurs during the cyclization of the linear tet-
rapyrrole, where uroporphyrinogen synthase cannot be identi-
fied in some Alphaproteobacteria and Chlamydiaceae. The next
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missing step is the antepenultimate step, where two distinct
enzymes are known to catalyze this reaction (7), i.e., an oxy-
gen-dependent coproporphyrinogen oxidase named HemF (3)
and an oxygen-independent, radical S-adenosyl-L-methionine-
utilizing coproporphyrinogen dehydrogenase named HemN
(29). Some heme-synthesizing bacteria lack both of these pro-
teins, so it is clear that there is an as-yet-undiscovered form of
coproporphyrinogen oxidase.

Until recently, there was a third example, where an iden-
tified enzyme for the penultimate step, the six-electron ox-
idation of protoporphyrinogen IX to protoporphyrin IX,
was lacking. Some bacteria, such as Myxococcus and Aquifex,
possess an oxygen-dependent, membrane-associated en-
zyme, HemY, which is homologous to eukaryotic protopor-
phyrinogen oxidase (PPOX; the general abbreviation for pro-
toporphyrinogen oxidase is PPO) (6, 7, 50). Firmicutes and
Actinobacteria contain a soluble version of HemY that is dif-
ferent in that it lacks the membrane binding domain (8) and
the enteric Gammaproteobacteria employ the oxygen-indepen-
dent enzyme HemG (20, 44), which is a quinone-dependent
flavodoxin with protoporphyrinogen dehydrogenase (PpdH)
activity that can be coupled to aerobic or anaerobic respiration
(2, 34). The Deltaproteobacteria, such as Desulfovibrio, lack
typical PPO activity since they utilize a different pathway for
the terminal steps (19, 31). Interestingly, a homolog of either
HemG or HemY is absent from many cyanobacteria and non-
enteric Gram-negative bacteria, including many pathogenic
microbial genera, such as Bordetella, Brucella, Campylobacter,
Fusobacterium, Helicobacter, Pseudomonas, and Rickettsia, for
example.

The purpose of the present study was to identify and char-
acterize the protein(s) responsible for PPO activity in this
broad class of prokaryotes by using a marriage of bioinformat-
ics and experimental techniques. By employing the SEED plat-
form (38), we identified a protein family, uncharacterized at
the time, that we predicted may fulfill the “missing” function of
PPOX in these taxa. Utilizing the naturally transformable bac-
terium Acinetobacter baylyi ADP1 (23), which lacks hemG and
hemY, we determined that the COG1981 protein family pos-
sesses PPO activity in vivo and in vitro.

MATERIALS AND METHODS

Identification of genes for putative bacterial PPO. The Signature tool allows
homology-blind identification of candidate protein families based solely on their
phyletic occurrence profile (as described at http://www.nmpdr.org/FIG/wiki/view
.cgi/FIG/SigGenes). It requires as input an inclusion and an exclusion set of
genomes. The latter is formed of diverse genomes, all of which harbor a clear
homolog(s) of a known PPO gene(s) and hence are not expected to contain a
novel nonhomologous form of PPO. The inclusion set consists of genomes that
encode the majority of heme biosynthetic genes yet lack any known form of PPO
and hence are expected to encode an as-yet-undiscovered nonhomologous form
of the enzyme (see Table S1 in the supplemental material). The Signature tool
identifies and returns protein families represented in the genomes of the inclu-
sion set but absent from genomes of the exclusion set. In order to shorten and
optimize the output list of candidate protein families, only the smallest genomes
were chosen for the inclusion set, while larger genomes were selected for the
exclusion set. After several iterations, an output file was obtained containing only
31 candidate protein families.

Cloning. For the sequences of the PCR primers used in this study, see Table
S2 in the supplemental material. A. baylyi ADP1 hemJ was obtained by PCR of
genomic DNA from this organism. The DNA for the open reading frame (ORF)
was ligated into the NheI and HindIII sites of pTrcHisA (Invitrogen). Escherichia
coli hemG, Myxococcus xanthus hemY, and the human gene for PPOX were

cloned as previously described (2, 7, 9). For expression in A. baylyi ADP1, these
genes were inserted into the NheI and HindIII sites of pBBR1sp. pBBR1sp
was made by inserting the following short sequences into the KpnI and XhoI
sites of the broad-host-range cloning vector pBBR1MCS (26): 5�-CAAGGA
GCAAGTAATGGCTAGCC-3� and 3�-CATGGTTCCTCGTTCATTACCGA
TCGGAGCT-5�. These sequences contain an Acinetobacter ribosomal bind-
ing site (AGGA), an ATG start codon, and a unique NheI site (in bold). The
unique ApaI site of pBBR1MCS between KpnI and XhoI was abolished in the
process and was used for verification of the insertion. The plasmid was
confirmed by sequencing by the Georgia Genomics Facility at the University
of Georgia.

Construction of hemJ knockout. The A. baylyi hemJ knockout strain, termed
ACN1054, was constructed by a three-step gene-targeting method. First, a DNA
sequence containing flanking regions �400 bp upstream and �800 bp down-
stream of hemJ was amplified by PCR and cloned into the EcoRI and HindIII
sites of pUC19. This plasmid was named pBAC883. Next, a kanamycin resistance
cassette was excised from pUI1637 with XbaI and inserted into the unique SpeI
site within the hemJ sequence of pBAC883, and the resulting plasmid was named
pBAC884. Finally, pBAC884 was introduced into the bacterial chromosome by
allelic exchange as previously described (5). The wild-type strain was trans-
formed with linear pBAC884, and recombination events were selected on LB
agar containing 10 �g/ml hemin and 30 �g/ml kanamycin. Positive recombination
was further screened by plating on medium without hemin. A lack of growth was
used to indicate a phenotype auxotrophic for heme. ACN1054 was verified by
sequencing of genomic DNA.

PPO assays. Enzymatic assays were carried out using a continuous fluorimetric
assay as previously described (45). Briefly, crude extracts were obtained by
sonicating 15 g of cells three times for 30 s on ice in 60 ml solubilization buffer
containing 100 mM Tris-morpholinepropanesulfonic acid (MOPS; pH 8.1), 100
mM KCl, and 0.1% Na cholate. The resulting extracts were diluted 1:100 in the
same buffer and assayed for PPO activity in reaction mixtures consisting of 10 �l
extract, 50 mM NaH2PO4 (pH 8.0), 0.2% (wt/vol) Tween 20, 2.5 mM glutathione,
and 25 �M protoporphyrinogen IX. Extract protein concentrations were on the
order of 0.1 mg/ml. For soluble and membrane fractions, crude extracts were
centrifuged at 100,000 � g and the soluble supernatant fraction was collected.
The pelleted membrane fraction was then resuspended in an equivalent volume
of solubilization buffer containing 1% Triton X-100 and centrifuged again at
100,000 � g. The resulting supernatant was then collected as the membrane
fraction. These extracts were diluted 1:10 before use in reaction mixtures. Pro-
toporphyrinogen IX was generated by reducing protoporphyrin IX (Frontier
Scientific, Logan, UT) with an amalgam of 3.5 g sodium and 75 g mercury and
then adjusted to neutral pH with 1.0 M Na-MOPS. Product formation was
monitored by accumulation of fluorescence at 545 nm using a Synergy HTI plate
reader (BioTek, Winooski, VT).

Porphyrin accumulation. To induce porphyrin accumulation in vivo, ACN1054
cells were grown on LB agar containing 25 �g/ml ALA and 5 �g/ml hemin. After
72 h at 30°C in the dark, plates were examined under UV light and visible red
fluorescence could be seen in cells positive for accumulation. For identification
and quantification, 1.0 ml of a 5.0-ml 48-h culture of ACN1054 was grown under
the same conditions as above and centrifuged at 10,000 rpm for 3 min. The
resulting pellet was then suspended in a solution of a 4:1 (vol/vol) ethyl acetate-
acetic acid solution for extraction of porphyrins. This suspension was centrifuged
at 10,000 � g for 3 min, and the supernatant was collected. Porphyrins were then
separated and quantified using high-performance liquid chromatography
(HPLC) as previously described (13). The lowest level of detection for any
porphyrin in this system is 1 pmol.

Complementation and growth analysis. The plasmid pBBR1sp containing one
of the PPOs listed was transformed into ACN1054 cells from a 5-ml overnight
culture in LB broth to which 2.0 mM succinate had been added 30 min prior to
the transformation procedure. For transformation, 2.0 �l of each respective
vector and 2.0 �l of culture were mixed and spotted onto an LB plate. After 24 h,
the resulting growth was transferred to a fresh LB plate containing 10 �g/ml
hemin, 20 �g/ml chloramphenicol, and 30 �g/ml kanamycin. Selected colonies
arising from this procedure were transferred to LB with both antibiotics but no
hemin to verify complementation. Transformation of the isolated cultures was
verified by extraction of the original plasmid and identification by restriction
digestion.

For growth analysis, 1.0 ml of a culture with an optical density at 600 nm of 1.0
was used to inoculate 100 ml LB medium containing appropriate antibiotics.
Flasks were shaken at 37°C, and the culture density was measured hourly for 10 h
using a Klett-Summerson colorimeter bearing a number 66 filter.
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RESULTS

Identification of HemJ. Since protein-based searches iden-
tified no homologs of HemG or HemY in many genomes of
heme-synthesizing prokaryotes, a non-homology-based tech-
nique was employed using the SEED genomic platform (http:
//www.theseed.org) (38). A subsystem encoding the heme
and siroheme biosynthetic pathways was constructed as de-
scribed by Osterman and Begley (37) for the nearly 690
eubacteria with complete and nearly complete genomes avail-
able in the SEED database at the time. An updated analysis
can be viewed at http://theseed.uchicago.edu/FIG/seedviewer
.cgi?page�Subsystems&subsystem�Heme_and_Siroheme
_Biosynthesis. From this evaluation, 167 organisms were inferred
to be incapable of heme biosynthesis based on their genomic data
(with 123 of these incapable of any tetrapyrrole biosynthesis).
The heme biosynthetic pathway could be asserted in the re-
maining 521 eubacteria with sequenced genomes. Four repre-
sentative species are shown in Fig. S1 in the supplemental
material, illustrating several common operational variants of
this subsystem. Of the 521 potentially heme-synthesizing bac-
teria, approximately half (254) lacked an identifiable homolog
of hemG or hemY. The NMPDR Signature tool (http://www
.nmpdr.org/FIG/wiki/view.cgi/FIG/SigGenes) (33), with a sim-
ilarity score cutoff of 1e�10 and default parameters, was then
utilized to identify hypothetical protein families with the fol-
lowing desired occurrence profile: (i) present only in genomes
encoding other enzymes of heme biosynthesis, specifically, the
terminal enzymes surrounding PPO; (ii) not found in genomes
with known forms of PPO; and (iii) present in nearly all can-
didate genomes missing hemG and hemY. The inclusion and
exclusion sets of genomes required as input for the Signature
tool were composed as described in Materials and Methods
and shown in Table S1 in the supplemental material. Thirty-
one hypothetical protein families with the desired occurrence
profile were identified. The list of possible candidates was
further shortened by examining the genomic context, as genes
associated with the same metabolic pathway or functional com-
plex tend to colocalize in prokaryotic genomes (14, 39). Using
the Compare Regions tool of the SEED database, the presence
of other known heme biosynthetic genes in the immediate
vicinity of each of the 30 candidate gene families was assessed.
Only one gene family, encoding COG1981, was found to

cluster with either uroporphyrinogen decarboxylase and fer-
rochelatase genes or the ferrochelatase gene alone. This
clustering was seen in 26% of the genomes examined.

The ORF for COG1981 occurs in nearly all eubacterial
genomes where a known PPO is absent and is not present in
organisms incapable of heme biosynthesis. The COG1981
homologs are found in cyanobacteria and all subdivisions of
proteobacteria, except for Deltaproteobacteria. As stated pre-
viously, M. xanthus and its relatives contain eukaryotic-protein-
like HemY, and others, such as D. gigas, employ a different
route to heme that is based upon the siroheme pathway (19,
31). The enterics also lack COG1981, containing HemG in-
stead (2, 20, 30, 44). In addition, COG1981 is present in a few
subclasses of Bacteroides, though the majority of these contain
HemY. These results led us to select COG1981 for character-
ization, and the gene was named hemJ (see Fig. S2 in the
supplemental material). A previous publication had predicted
that the COG1981 protein family was associated with heme
synthesis, but no function was assigned by those researchers
(17).

hemJ knockout in A. baylyi ADP1. To elucidate the function
of HemJ in vivo, we chose to knock out the gene in an organism
that contains only hemJ and not hemG or hemY. A. baylyi
ADP1 was selected since it possesses only hemJ (ACIAD0878),
is naturally competent, and affords ease of genetic manipula-
tion via homology-driven recombination (23). The hemJ gene
was disrupted by the introduction of a linear plasmid contain-
ing a gene conferring kanamycin resistance. The resulting
strain, named ACN1054, was selected for its ability to grow in
the presence of kanamycin and hemin. ACN1054 cells do not
grow in the absence of hemin, but wild-type growth character-
istics are restored by hemin supplementation of the medium
(Fig. 1A). This is consistent with the designation of this gene as
essential in the complete A. baylyi knockout collection gener-
ated by de Berardinis et al. (11).

Complementation of ACN1054. Functional complementa-
tion of heme auxotrophs has proven to be a valuable tool in
identifying heme biosynthetic proteins (9, 10, 30, 35). To de-
termine the role of HemJ, we cloned genes encoding several
validated PPO enzymes into a newly created A. baylyi active
expression vector. HemG from E. coli, HemY from M. xanthus,
and human PPOX were selected as candidates for complemen-

FIG. 1. Comparison of A. baylyi ADP1 wild-type and ACN1054 cultures. (A) Growth characteristics of wild-type and ACN1054 mutant A. baylyi
ADP1. Shown are data for ACN1054 cultures without added heme (�) and supplemented with exogenous heme (E) and wild-type cells without
heme supplementation (F). (B) Growth analysis of ACN1054 with expression of known PPO enzymes. Shown are data on the growth of ACN1054
cells alone (f) and with plasmid-encoded expression of human PPOX (F), M. xanthus HemY (E), and E. coli HemG (‚). Data for wild-type A.
baylyi ADP1 are shown for comparison (�).
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tation of ACN1054 on the basis that each is a characterized,
fully functioning PPO. In addition, HemJ from A. baylyi ADP1
was used as a control. Soluble HemY of the Firmicutes or
Actinobacteria was not chosen, since it has been shown that it
is not functional in E. coli unless supplied concomitantly with
HemH and HemQ (8). Each individual PPO-encoding plasmid
was transformed into ACN1054 and rescued heme auxotrophy.
Growth analysis further revealed that each plasmid restored
growth to wild-type status (Fig. 1B).

To further confirm that the gene under examination pos-
sessed PPO activity, two separate approaches were used: (i)
examination of intracellular porphyrin accumulation, which is
anticipated when PPO activity is not present, and (ii) in vitro
assays of crude cell extracts. In other systems, such as E. coli,
lack of PPO results in an increase in the protoporphyrin pre-
cursors uro-, copro-, and protoporphyrinogen (44). Accumu-
lation of these intermediates is enhanced by the addition of
ALA, the initial precursor compound in heme biosynthesis.

When supplemented with ALA, ACN1054 cells exhibited an
orange-red fluorescence under UV illumination after 24 h of
growth. This fluorescence increased up to approximately 72 h
of incubation (Fig. 2). HPLC was used to separate and quantify
oxidized samples obtained from cellular acid extracts. Data
presented in Table 1 demonstrate an accumulation of proto-
porphyrin, coproporphyrin, uroporphyrin, and a heptacarboxyl
porphyrin. The latter is an intermediate formed during the
enzymatic decarboxylation of uroporphyrin. In comparison,
quantifiable amounts of porphyrins were not found in ex-
tracts from wild-type cells supplemented with ALA in the
same fashion.

In vitro PPO activity was determined in assays performed
with crude cell lysates of wild-type and ACN1054 cells (Fig.
3A). No PPO activity was present in the mutant. In vitro assays

were also conducted using soluble and membrane fractions of
wild-type A. baylyi extracts. Analysis of the HemJ amino acid
sequence by the program TMHMM (27) yields a firm predic-
tion for a membrane-bound protein. However, no measurable
activity was found for isolated membrane or soluble fractions.
Activity was seen only when the soluble and membrane frac-
tions were present together (Fig. 3B).

DISCUSSION

Over the past decades, researchers have employed heme
synthesis mutants of E. coli to identify enzymes of heme bio-
synthesis via complementation. This approach, while straight-
forward and robust, can work only if the sought-after enzyme
is functional in E. coli. Another approach is to rely upon
specific biochemical characteristics of the sought-after protein.
Kato et al. recently identified HemJ in Synechocystis in this
fashion by introducing plant-derived acifluorfen-sensitive PPO
into cells and then screening mutants for acifluorfen sensitivity
(24). This approach is suited for the identification of novel
enzymes where a second, well-characterized enzyme exists that
catalyzes the reaction of interest and for which a novel inhib-
itor also exists, but it does not easily lend itself to all enzyme
systems. A third approach is to employ bioinformatics to ini-
tially identify genes of potential interest and then experimen-
tally test these. This technique has a broad range of applica-
tions in biological systems for which significant genomic data
exist. It requires little knowledge of actual function to identify
novel components, relying instead on gene context and func-
tional complementation. That was the approach we employed
herein to identify hemJ.

We utilized the SEED (http://www.theseed.org) platform, in
which a characterized biological system from one species can
be accurately projected to other species within the database
based on sequence similarity, nonhomologous contextual
clues, and experimental evidence of enzymatic function (38).
From this, “missing” steps become readily apparent as “gaps”
for a given genome within the displayed subsystem. Once gaps
are identified, the tools for comparative genome analysis
within the SEED database facilitate the identification of can-
didate gene families that can then be experimentally verified
(11, 15, 44, 45). As detailed above, this led to our identification
of COG1981 as a strong candidate for the missing PPO, which
was then experimentally verified as HemJ.

With HemG, HemY, and HemJ now identified, nearly all
eubacterial genomes in the SEED database inferred to encode
functional heme biosynthetic pathways have identifiable en-
zymes to catalyze the conversion of protoporphyrinogen IX to
protoporphyrin IX (663 out of 671). The majority (46%) en-

FIG. 2. Porphyrin accumulation in mutant and wild-type A. baylyi
cells. After stimulation of the heme biosynthetic pathway, porphyrin
accumulation is clearly seen in ACN1054 cells (left) but not in wild-
type cells (right). Fluorescence is visible with exposure to long-wave-
length UV light.

TABLE 1. Porphyrin content analysis of cell extracts from A. baylyi ADP1 wild-type and ACN1054 strains

Strain
Avg porphyrin concn (nM) � SDa

Total Uroporphyrin Heptacarboxyl porphyrin Coproporphyrin Protoporphyrin

ACN1054 4,802 � 318 559 � 81 81 � 43 2,429 � 149 1,734 � 135
Wild type BDb BD BD BD BD

a Quantitation of porphyrins was done as described in Materials and Methods. Samples for analysis were obtained from 1 ml of 48-h A. baylyi ADP1 cultures grown
in the presence of ALA.

b BD, below detection level.
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code HemJ, with HemY or HemG present in 32% and 23%,
respectively. The only two clear exceptions appear to be Tro-
pheryma and Desulfovibrionaceae. For Desulfovibrionaceae, the
explanation is simple. An alternative, ancient pathway for the
biosynthesis of heme has been shown to be operational in
the genus Desulfovibrio (19). Lobo et al. (31) presented evi-
dence that protoheme biosynthesis in Desulfovibrio vulgaris
occurs by branching off the common tetrapyrrole route not at
the level of precorrin 2, as was hypothesized by Ishida et al.
(19), but at the level of sirohydrochlorin. In this scenario, the
activities of classic coproporphyrinogen oxidase, PPO, and pos-
sibly ferrochelatase are not involved in the terminal steps of
protoheme synthesis. Instead, the D. vulgaris homologs of the
NirJ and NirD enzymes participate in this novel transforma-
tion (31, 47).

Tropheryma whipplei, the causative agent of Whipple’s dis-
ease, is an obligate human pathogen that has not been cultured
in the absence of living eukaryotic cells (28). Compared to
free-living species of the same order (Actinomycetales), this
organism has undergone drastic genome reduction (to merely
�930 kbp), resulting in a lack of key biosynthetic pathways and
a reduced capacity for energy metabolism (1). The absence of
a gene encoding any of the 3 known forms of PPO from the
genome of this highly host-adapted organism might indicate a
recent onset of pathway decay and the reliance on the host as
a source of heme.

Kato et al. (24) noted that they could not identify hemJ,
hemG, or hemY in Archaea, Actinobacteria, Acidibacteria,
Deinococcus, Fusobacteria, Spirochaetes, and Thermotogae and
posited that these organisms may contain other, yet-to-be-
identified, novel PPO enzymes. This is clearly true in Archaea,
where, with limited exceptions, the organisms do not possess
HemF/N, HemG/Y/J, or HemH as the terminal pathway en-
zymes essential for protoheme biosynthesis but instead utilize
a different pathway from uroporphyrinogen to heme that in-
volves S-adenosyl-L-methionine-dependent uroporphyrinogen
III methyltransferase, precorrin-2 dehydrogenase, and the ahb-
nir genes (47). While some Spirochaetes contain the siroheme
biosynthetic pathway but not the terminal enzymes for proto-
heme synthesis, the remaining Spirochaetes and Thermotogae
contain no tetrapyrrole biosynthetic enzymes. However, it
should be noted that hemY is present in the genomes of Aci-
dobacteria and Actinobacteria and has been expressed and

characterized from Actinobacteria (8). The examination of the
remaining groups using the SEED subsystem readily explains
the absence of hemG, hemY, or hemJ in these organisms.

The present work does not identify whether HemJ is a stand-
alone PPO enzyme or a subunit of a larger complex. Although
it is clear that HemJ is an essential protein for the cellular
oxidation of protoporphyrinogen to protoporphyrin, our ob-
servation that both the membrane fraction containing HemJ
and the soluble cellular fractions are required for measurable
activity in vitro argues for an additional component. Whether
this additional component is an as-yet-unidentified protein that
did not manifest itself in our genome screen or simply a redox
cofactor is something that requires additional study. Interest-
ingly, Kato et al. (24) reported that a partially purified HemJ-
maltose binding protein fusion from Rhodobacter sphaeroides
could catalyze the oxidation of protoporphyrinogen to proto-
porphyrin without any added cofactors. This led them to spec-
ulate that HemJ could utilize molecular oxygen for the reac-
tion. However, no description or evidence of the level of
protein purity was presented and no UV/visible spectrum was
presented that would have identified chromophoric cofactors
such as flavin mononucleotide or flavin adenine dinucleotide.
During our studies, we cloned and attempted to express and
purify hemJ from A. baylyi, Pseudomonas aeruginosa, and R.
sphaeroides using a variety of different methods, including
maltose binding protein fusions. However, in all our efforts, the
membrane-associated enzyme was expressed poorly and was
not purified to a level that would allow confident kinetic stud-
ies. Since neither Kato et al. nor we managed to obtain pure
enzyme, a comparison of our results is not possible. However,
the specific activity of our combined membrane and soluble
fractions is greater than a factor of 10 higher than their pub-
lished data for purified enzyme.

In addition to the use of SEED to identify target genes, the
current work also has additional impact in that we have utilized
A. baylyi ADP1 rather than E. coli in our gene target verifica-
tion protocol. While our choice was in part driven by the fact
that A. baylyi ADP1 lacks hemG and hemY, we were also
attracted to the high natural transformability and ease with
which one can produce gene mutations, deletions, and homol-
ogous recombinations (23). Interestingly, had we chosen E. coli
	hemG for complementation with the sought-after HemJ pro-

FIG. 3. PPO activity in Acinetobacter crude cell extracts as measured by continuous fluorescence spectroscopy. (A) In vitro PPO assay results
are shown for wild-type (F) and ACN1054 (E) extracts, as well as an extract-free control (�). (B) PPO activity in membrane and soluble fractions
of Acinetobacter extracts. Activity levels in the soluble fraction (E), the membrane fraction (�), an extract-free control (F), and the membrane and
soluble fractions together (‚) are shown. Approximately 0.1 mg/ml protein was present in each extract. Proto, protoporphyrin.
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tein, we would have not been successful, since we discovered
that HemJ does not function in E. coli (data not shown).

HemJ represents a novel drug target for many human patho-
gens. Acifluoren, a potent herbicide, is already a widely used
plant PPO inhibitor (32), and it is imaginable that HemJ could
present a high-specificity target in those organisms that possess
it. Many clinically significant pathogens and opportunists that
have HemJ are among those organisms that have evolved mul-
tiantibiotic resistance, and for these, HemJ presents a new
antimicrobial target. The prokaryotic heme biosynthetic path-
way has previously been proposed as a drug target for symbi-
ont-containing parasites (12), and HemJ’s absence from most
human flora suggests that it could be a prime candidate.
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