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ABSTRACT

Heme is an intrinsic and indispensable molecule in most forms of life, performing
a myriad of functions such as gas transport, electron transport, and cellular signaling. In
eukaryotes, heme is synthesized by a tightly regulated pathway of eight enzymes that is
both well understood and fully characterized. In prokaryotes, however, there is a
notable absence of identifiable biosynthetic enzymes in the terminal portion of the
pathway. Recognized forms of protoporphyrinogen oxidase (PPO, HemY), the
penultimate step in heme biosynthesis, are lacking in 50% of heme synthesizing
genomes to date. An identifiable form of coproporphyrinogen oxidase (CPO), the
antepenultimate step, is likewise missing in a subset of bacteria. Herein we describe
the presence and characterization of three variant enzymes to fill these steps. The first,
HemG, was shown to be a flavodoxin-like enzyme that has evolved PPO acitivity via a
long chain insert loop specific to this function. Through the use of quinones, HemG
functions during both aerobic and anaerobic respiration and is found in the enterics.
Using comparative genomics, we have further identified another variant PPO, HemJ,

which was proven to contain catalytic function through characterization and



complementation of a AhemJ Acinetobacter baylyi ADP1 mutant. Finally, we have
proven the existence of novel CPO present in the Firmicutes that requires a cobalt
cofactor and utilizes oxygen. This is distinct from the two currently known forms, HemF
and HemN, which use only oxygen or a radical-SAM mechanism respectively. In
addition to these variant enzymes, we show evidence of novel behavior for HemY in the
Firmicutes and Actinobacteria, which requires the presence of the following pathway
enzyme HemH and a newly identified enzyme HemQ to function correctly. This data
indicates a novel mechanism of heme formation, despite overall HemY sequence
homology with eukaryotes. It is intriguing that, while highly conserved elsewhere, these
steps exhibit this degree of diversity in a pathway where the final intermediates are
highly toxic. With our findings, enzymes with protoporphyrinogen oxidase activity can
now be asserted in all heme-synthesizing bacteria. With regards to CPO activity, the
Firmicutes have been satisfied, leaving the only Actinobacteria without a recognized

form.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Importance of Tetrapyrroles and Heme

At its most basic molecular form, life can be defined as a system of
biochemical reactions out of equilibrium with its environment. While this "bag of
enzymes" theory is overly simplistic, it does highlight the importance of such
cellular processes as genetic replication, photosynthesis, respiration, cell
communication, signal transduction, and response to external stimuli.
Porphyrins, one of the oldest families of cofactors known, are intimately
entangled in all of these processes. The chemical nature of these molecules
allows this, enabling a wide variety of functionality based on the exact metal ion
chelated into the center and the side chains present. Dubbed the “pigments of
life”, porphyrins have been attributed to the origin of life as it currently exists.
Without the influx of free solar energy generated by photosynthesis, complex life
would never have formed (115).

The various types of biological porphyrins are shown in figure 1.1. The
basic backbone of all porphyrins enable their special properties. Their structure
consists of a macrocycle of four pyrrole rings connected by methylene bridges.
These bridges generate a stable and aromatic system with the nitrogen atom of

each pyrrole ring facing center, allowing chelation of octahedral metals on the



plane of their octahedron and leaving axial positions open as electron sources or
sinks. These positions are the crux of all porphyrin reactions, through the binding
of various ligands. For example, the transition metal iron can function as a
cofactor in biological processes due to its ability to cycle between redox states.
When iron is inserted into porphyrin, the catalytic capacity increases as great as
10 orders of magnitude (199).

The most prevalent tetrapyrroles in nature are heme and chlorophyll,
which contain iron and magnesium respectively. The most versatile of these is
heme, which affects the maijority of cellular processes previously mentioned
through distinct, separate mechanisms as a cofactor of various hemoproteins.
Among hemoproteins there is no common fold devoted to heme binding. It is the
protein environment that gives the heme moiety its exact mode of action (125).
Various forms of heme exist (figure 1.2), but each is synthesized through
modification of the principle form heme B, an iron-containing porphyrin that bears
vinyl groups attached to the A and B rings and propionate groups attached to the
C and D rings. Heme A and heme O both contain isoprenoid groups attached to
the A ring vinyl moiety, with a formyl-substitution at ring D. Both are cofactors of
their respective cytochrome oxidases (102, 155). Heme C is covalently attached
rather than merely bound to an apoprotein. This is accomplished through the
formation of thioether bonds at the position of vinyl groups to a specific amino
acid sequence, usually CXXCH. The two cysteines form the covalent attachment
and the histidine serves as an axial ligand to the iron (198). The most extreme

modification is found in heme D, containing a fifth ring, a lactone, off of ring C.



Heme D is important in terminal respiratory oxidases and some catalases (207).
Other less common types include heme L in lactoperoxidase (158), heme M in
myeloperoxidase (39), and heme S found in the hemoglobin of marine worms.

Heme has long been known for several functions. The firstis as a
diatomic gas transporter in hemoglobin and myoglobin, where it binds oxygen
through an axial ligand of iron (145). Cytochromes bind various types of heme to
transfer single electrons throughout electron transport chains (72). Finally, heme
has been well-studied as a cofactor in various oxidases, the most familiar being
catalases and peroxidases (221), which catalyze the breakdown of hydrogen
peroxide, as well as cytochrome p450s that activate molecular oxygen and
oxidize a wide variety of organic substrates including steroid and lipid
biosynthesis (53).

More recently, research has revealed that heme is much more widespread
in nature’s design. In addition to diatomic gas transport, the same properties
allow hemoproteins to act as gas sensors, enabling catalytic activity in the
presence or absence of a specific substrate (164). The electron transfer
capability of heme within cytochromes also gives heme the ability to detect
changes in cellular redox potential, which has given rise to many cytoprotective
hemoproteins that are switched on or off during variations in environmental
conditions. E. coli switches between aerobic and anaerobic respiration through
one such protein, Ec DOS (90). Still other hemoproteins contain a heme
regulatory motif (HRM) and are able to affect DNA transcription (47) and have

even been found to exert control over circadian rhythm, integral to coordinating



biological processes (159). Heme has further been found to control processing
of microRNAs, which regulate gene expression (37). In a wide variety of
prokaryotes including Staphylococcus, Bacillus, Haemophilus and Psuedomonas
species, hemoproteins have been shown to act as virulence switches that sense
the presence or absence of heme in addition to many of the afore mentioned

functions (52, 122, 140).

Heme biosynthesis in Prokaryotes

The ubiquity of porphyrins extends to virtually all prokaryotic organisms.
Among these microorganisms can be found all known types of organic
tetrapyrroles, indicating their importance in the ancient lineage of life. Heme
biosynthesis occurred very early in evolution, being present in Aquifex species,
the deepest branching of the bacteria. The majority of organisms that require
heme but lack the ability to produce it, such as Haemophilus and Streptococcus
species, have compensated by having heme uptake systems. These are present
in many pathogenic microorganisms (119, 162).

Heme is synthesized through an eight step process (scheme 1.1).
Outside of the a-proteobacteria, the first four steps are common to all tetrapyrrole
synthetic pathways. The next three are further shared in chlorophyll
biosynthesis, where heme and chlorophyll deviate based on metal chelation.
Synthesis starts with the formation of the precursor compound d-aminolevulinic
acid (ALA). Two ALAs are condensed to form the monopyrrole porphobilinogen

(PBG). Four PBG molecules are required for the formation of



hydroxymethylbilane, an unstable linear tetrapyrrole that is quickly cyclized.
During this cyclization, the D-ring of the porphyrin is also enzymatically inverted.
The resulting uroporphyrinogen 1l is decarboxylated to form coproporphyrinogen
[Il, which is then oxidatively decarboxylated to form protoporphyrinogen IX.
Protoporphyrinogen IX is reduced to form the fully aromatic protoporphyrin 1X
and finally iron is enzymatically inserted to produce heme. In the following
pages, the mechanisms and enzymes involved in the process will be reviewed in

more detail.

Synthesis of 8-Aminolevulinic Acid

The first committed step to tetrapyrrole biosynthesis is the formation of the
precursory compound 3-aminolevulinic acid (ALA). Two distinct systems exist for
synthesizing ALA, the C4 (classically known as the Shemin pathway) and the C5
pathway, named in regards to the initial carbon skeleton of succinate and
glutamate, respectively. In higher organisms, the former is found in animals and
fungi, while plants and algae contain the latter. In prokaryotes, the C4 pathway is
found exclusive to the a-proteobacteria, a biologically diverse group of organisms
including photosynthesizers and endosymbionts. Here, succinyl-CoA and
glycine are condensed via the enzyme ALA synthase (HemA) to form ALA with
the release of carbon dioxide. The C5 pathway, found in archaea and all
remaining bacteria, employs two enzymes, glutamyl-tRNA reductase (GTR) and
glutamate semialdehyde aminotransferase (HemL) to convert glutamate in the

form of glutamyl-tRNA into ALA. The enzyme glutamyl-tRNA synthetase is



required for this, but is not a committed step and is thus considered separate
from heme biosynthesis.
The C4 Pathway

Early characterization of the C4 pathway occurred in the late 1940’s by
following the route of [15N]glycine in the human body. Following ingestion of
labeled glycine, David Shemin took his own blood samples and traced the atoms
to blood porphyrins (157, 185). Further studies with labeled carbon proved that
glycine was responsible for eight of the carbons within the macrocycle with the
rest coming from acetate. This activity was eventually linked to the tricarboxylic
acid cycle, and Shemin went on to postulate the presence of a succinyl
coenzyme compound required during this catalysis, years before succinyl-CoA
was actually discovered (136, 184). Finally, Shemin found that [1-aminolevulinic
acid could effectively replace glycine and succinate, and was responsible for all
atoms within the final tetrapyrrole (186). A reaction mechanism was proposed
(figure 1.3A), and later confirmed, whereby glycine forms a linkage with the
cofactor pyridoxal-5’-phosphate (PLP) and the resulting radical condenses with
succinyl-CoA, carbon dioxide and the coenzyme are released, and finally a
proton replaces the carboxyl group lost and ALA is released (86, 132). A single
lysine residue in murine ALAS has been proposed to help form the quinonoid
reaction intermediate necessary for catalysis to proceed (61).

After being mapped via a mutation, purification of the enzyme confirmed
PLP as a cofactor (127), and through pre-steady kinetics it was determined that

the rate-limiting step during catalysis was product release (128). This led to the



notion that conformational changes occur within ALAS during substrate binding
and product release (224). This was confirmed in 2005 when crystal structures
of ALAS were obtained from Rhodobacter sphaeroides with both glycine and
succinyl-CoA substrates bound respectively (6) (figure 1.3B). ALAS was shown
to be a homodimer of a three-domain enzyme, with the active site and PLP found
in the center domain, deeply buried from the surface. The monomer was seen to
adopt both an open and closed formation, whereby the open conformation allows
for binding of substrates, but residues are not properly aligned for catalysis.
Functionally, ALAS belongs to a subfamily of PLP-dependent enzymes that
catalyze the decarboxylative condensation of a carboxyl acid CoA molecule with
an amino acid (188, 204).

Overexpression of HemA or addition of exogenous ALA leads to an
upregulation of tetrapyrrole biosynthesis. This same overexpression of HemA in
organisms normally containing the C5 pathway also exhibit this same increase
due to the increased internal ALA levels (104, 152). Exogenous heme, on the
other hand, initiates feedback inhibition at the point of ALAS within prokaryotes
(215). Not surprisingly, regulation of HemA has been extensively studied in an
effort to understand how cells regulate heme synthesis in general. In
Rhodobacter sphaeroides, ALAS exists as two separate isozymes, HemA and
HemT. HemT is not expressed under aerobic or photosynthetic growth, but the
encoded enzyme is fully functional (135). hemA is transcribed in response to
changes in oxygen tension, and is attributed to internal redox levels created by

the changes in oxygen rather than the molecule itself. This is mediated by the



global regulatory proteins PrrA and FnrL (36, 161). Regulation in this system
has not been fully elucidated, however, as heme and vitamin B12 levels must be
maintained despite changes in bacterial chlorophyll production (222). In
Rhodobacter capsulatus, feedback inhibition of heme has been attributed to the
heme-binding regulatory protein HbrL that activates expression in the absence of
bound heme (194).
The C5 Pathway

The so-called “alternate route” of ALA synthesis, the C5 pathway, was first
discovered when researchers found that radioactively-labeled succinate and
glycine did not lead to labeled porphyrins in plant extracts (9). Instead, the atoms
were seen to originate predominantly from glutamate (10). Though not
understood, it was assumed that this pathway was utilized for plastid porphyrins
only, until the determination that glutamate led to both plastid and mitochondrial
porphyrins. The same was found to be true in algae and eventually the majority
of prokaryotic organisms (163, 211). Further research revealed that glutamate
must be present in the form of glutamyl-tRNA and that multiple enzymes fractions
were required (212, 213). These findings resulted in the identification of the two
enzymes previously mentioned: Glutamyl-tRNA reductase, and glutamate-1-
semialdehyde (GSA) aminotransferase. These enzymes catalyze the formation
of ALA from glutamyl tRNA (figure 1.4A).

GTR is a NADPH-dependant enzyme that cleaves the nucleic acid
backbone from the glutamyl-tRNA leaving GSA (70). Only the tRNA bearing the

UUC anticodon is recognizable by the enzyme, and a single cysteine and



histidine are thought to be solely responsible for catalysis; a substitution in either
abolishes activity (123, 177). The current accepted mechanism involves a
nucleophilic attack by the cysteine on the a-carbon of glutamate, releasing the
tRNA. Hydride transfer from NADPH, facilitated by the histidine, causes release
of the newly created semialdehyde (108). GTR is also known to function as an
esterase, whereby water is used to instead generate glutamate as a final
product, though this is most likely an in vitro artifact and not an actual
physiological function (176).

Structurally, GTR is a V-shaped dimer with subunits containing an
NADPH-binding, catalytic, and dimerization domain (figure 1.4B). The catalytic
domain itself has two separate functions, a tRNA tertiary core and a glutamate
recognition site that properly align the substrate for the cleaving the tRNA and
hydride transfer respectively (124, 160). The tertiary structure also bears a large
void between catalytic sites that was proposed to contain its partner HemL in
vivo. Studies using co-immunoprecipitation and gel chromatography later
confirmed this tightly-bound complex, most likely developed as a means of
protecting the highly reactive GSA intermediate through substrate channeling .
In vitro, complex formation also prevents esterase activity of GTR (107).

HemL is the enzyme responsible for converting GSA into ALA in the C5
pathway and is sometimes referred to as GSA aminomutase or
aminotransferase. During catalysis, an amine group is translocated from 2-
carbon to the 1-carbon position of GSA via a cofactor of the enzyme, PLP.

Because of the early observations that both PLP and pyridoxamine-5’-phosphate



(PMP) can both bind as cofactors, two mechanisms have been proposed for the
reaction. In the first, PLP transfers the amine of GSA onto itself, generating PMP
and dioxovalerate (DOVA). PMP is then regenerated to PLP by transferring the
amine back to GSA leaving ALA (206). The opposite occurs in the second
mechanism, whereby PMP transfers its amine group to the 1-carbon position
leaving PLP and diaminovalerate (DAVA). PLP then regenerates to PMP by
removing the 2-carbon amine leaving ALA (182). Studies using both of these
intermediates as substrates as well as both cofactors showed that HemL is
capable of either mechanism, though the preferred route is to use PLP as an
initial cofactor (21). In this conformation a salt bridge ensures that PLP is always
protonated, increasing the ability to accept electrons.

Despite sharing only 14% sequence homology, the overall tertiary
structure of HemL is very similar to HemA (figure 1.4C). Within the family of
aminotransferases, they are structurally the closest neighbors. Most key
differences between the two are restricted to the substrate recognition residues
within the active sites, and the overall similarity has led to the hypothesis that
HemA evolved from HemL (182). The appearance of the citric acid cycle and
consequently succinyl CoA is relatively young with respect to evolution, and the
tRNA requirement of GTR may be a remnant of the theoretical ancient RNA
world. Heme biosynthesis eventually evolved to be uncoupled from protein
synthesis and instead be linked to metabolism. According to the theory of
endosymbiosis, mitochondria arose from an ancient a-proteobacterium, which

would have contained this newly created system (141). The gene may have
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been passed to the nuclear genome, giving rise to the C4 pathway in animals
and fungi. Acquirement of ALA synthase has been observed in certain species
of Streptomyces, where both systems are present and functional. Here, the C5
pathway is utilized for heme production, while ALA from HemA is exclusively

used in product of the antibiotic Asukamycin (146).

ALA to Porphobilinogen

The next step in the synthesis of all tetrapyrroles is the formation of the
initial monopyrrole, porphobilinogen (PBG) through the enzymatic condensation
of two molecules of ALA. This condensation is uniquely asymmetric, requiring
precise binding and orientation of the separate acids to complete the reaction
(figure 1.5A). In literature the enzyme responsible is referred to as ALA
dehydratase (ALAD), PBG synthase (PBGS), and HemB, the latter being
ascribed to the enzyme in prokaryotes. HemB is a well-conserved enzyme in all
forms of life, even the most phylogenetically distant organisms share 35%
sequence similarity. Despite this conformity, HemB is subdivided into distinct
groups based on divalent cation binding.

Early experiments using PBG as a precursor to heme led to an
assumption that the molecule was the fundamental building block to tetrapyrrole
synthesis (48). Once the Shemin pathway was proposed, it became clear that
two molecules of ALA could be used to synthesize PBG with the loss of two
molecules of water, thus the original name of “dehydratase” . This activity was

found linked to a single purified enzyme (129). In these early studies, enzymatic
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activity of Rhodobacter sphaeroides was stimulated by the addition of
monovalent cations (131). The actual function of these ions has yet to be
attributed and is not explained by current structural models. An initial reaction
mechanism was proposed whereby the first molecule of ALA formed a Schiff
base with the enzyme, a carbon-carbon bond was formed with the second, and
the original Schiff base was replaced by the second ALA’s amine group. This
was not unlike reactions proposed of known aldolases. The attachment via a
Schiff base was proven by the reduction of the enzyme in the presence of "C-
labeled ALA, which stabilized the bond and left the protein radioactive (130).
Though this was accepted, debate occurred over which molecule of ALA bound
first. PBG is an asymmetric compound, with one acid providing the acetyl group
(the A-side) and the second the propionyl group (the P-side) of PBG. A unique
approach was required to deduce the order, as both substrates were identical
and could not be determined using standard kinetic studies. This was solved by
an elegant set of experiments by P. M. Jordan using ">C and '*C labeled ALA.
Using single turnover experiments, a stoichometrical amount of labeled ALA was
added to the enzyme and allowed to bind, presumably under high affinity.
Unlabelled substrate was then added and the product was examined for
radioactivity. From this, it was seen that the P-side acid always bound to the
enzyme first (76).

Following these findings, molecular advances revealed that at least two
separate types of HemB existed based on the necessity for either zinc or

magnesium cofactors (42, 120). Once crystal structures of these enzymes were
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obtained, five separate types were revealed based on the amount of Zn or Mg
atoms bound to the enzyme (43). HemB monomers exist as a TIM barrel with a
buried central active site with a N-terminal arm of approximately 30 residues
(figure 1.5B). A small loop with a single alpha helix also sits directly above the
active site acting as a lid. Functional HemB is found to adopt an tetramer of
asymmetric dimers, held together by interactions of the N-terminal extensions.
Crystal structures of these octamers revealed three distinct metal binding sites, a
Zn site found only in animals and fungi, a second Zn site within the active site,
and a Mg site. In prokaryotes, these can be functionally divided into enzymes
that use zinc and magnesium as in E. coli, those that use magnesium as in B.
Japonicum and P. aeruginosa, and enzymes requiring no divalent cations as in
Rhodobacter species (34, 35, 58).

Mechanistically, it was discovered that the Mg binding site is used to
control the active site flap location, and allow for allosteric activation (69).
Enzymes requiring Zn, on the other hand, bind the metal with three cysteine
ligands and properly position the A-site substrate before catalysis occurs (121).
Those without Zn are now thought to bind the second ALA via a second lysine in
the active site directly across from the lysine responsible for the Schiff base with
the P-side ALA (190). The P. aeruginosa Zn-independent HemB can be made
Zn-dependent by mutating two amino acids within the active site, A129C and
D139C (44). From this it has been conjectured that Zn-dependency was
evolutionarily lost in some enzymes. This could have occurred through gene

duplication followed by mutation as supported by Nostoc species that contain
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both types. Another possibility is that a mutation in a HemB gene containing only
two encoded cysteine ligands, as seen in M. tuberculosis, could easily lead to a

loss of Zn binding.

Formation of a Linear Tetrapyrrole

The next step in the tetrapyrrole biosynthetic pathway is polymerization of
four PBG molecules by the enzyme hydroxymethylbilane synthase (HemC) to
form the linear tetrapyrrole 1-hydroxymethylbilane (figure 1.6A). As with other
enzymes in the pathway, literature is complicated by the use of additional
nomenclature, with the enzyme often being referred to as PBG deaminase and
occasionally uroporphyrinogen | synthase. The latter is a misnomer brought
about by the early observation that uroporphyrinogen | was produced by HemC
when given PBG (167). In reality, this compound arose from the non-enzymatic,
spontaneous cyclization of the highly reactive linear tetrapyrrole created. In vivo,
this spontaneous reaction does not occur due to the following enzyme in the
pathway, uroporphyrinogen Il synthase (HemD). Only one type of HemC exists
across all forms of life, with 45% sequence identity among the most distant
proteins (49).

Early investigations into HemC led to the discovery that first pyrrole was
covalently linked to the enzyme and each additional molecule was added in a
stepwise fashion (78). The released product was initially proposed to be
aminomethylbilane. Whether the inversion of the D ring was a product of the

deaminase was a topic of debate. Once the difficult chemical synthesis of
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aminomethylbilane and other variations was achieved, it was determined that the
best possible substrate for a HemC/HemD coenzyme system was a
aminomethylbilane of the order AP-AP-AP-AP (where A and P indicate the acetyl
and propionyl groups respectively), indicating that the inversion of the D ring
most likely occurred by HemD rather than the deaminase itself (167). Eventually
experiments were conducted with HemC and HemD separately, leading to the
realization that the aminomethylbilane could not be used as a substrate for
HemD (15). A bona fide intermediate could be purified by cooling a short
reaction with HemC and PBG, and this unknown compound could serve as a
substrate for HemD (75). Chemical synthesis of a variety of methylbilane
variations eventually led to the findings that 1-hydroxymethylbilane had identical
NMR signals to that of the previously unidentified intermediate (7). Furthermore,
this bilane was an excellent substrate for HemD.

Once identification, cloning, and sequencing of the E. coli hemC gene
was complete (203), work was done to identify how the substrate was covalently
attached. While these experiments did not provide the intended results,
proteolytic digests revealed the presence of a chromophore with properties
matching dipyrromethane, a dipyrrole made during the first two steps of the
reaction (74). It was initially assumed that this dipyrromethane was an artifact
left from incomplete turnover, and E. coli cells overexpressing HemC were grown
in the presence of *C-labelled PBG to follow incorporation. Surprisingly, when
purified enzyme was incubated with unlabelled PBG, no radioactivity could be

seen in the final product. In fact, the signal remained exclusive to the enzyme.
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This was the first indication that HemC used its own substrate as a cofactor in
catalysis (79). This was independently confirmed by other groups as well, all
leading to the same conclusion (56). The requirement of two substrate
molecules to form a mature, active enzyme is quite remarkable, and perhaps the
most interesting feature of the HemC enzyme. Apoenzyme is unstable without
this cofactor and conversion to holoenzyme produces a highly stable tertiary
complex capable of catalysis. The cofactor itself serves as a primer for
attachment and assembly of four more molecules of PBG into product, but it is
never catalytically turned over.

To solve the problem of cofactor attachment, a combination of protein
chemistry and site-directed mutagenesis was employed. Using Ellman’s reagent,
only three of the four cysteines present in the sequence could be detected
spectrophotometrically. One of these residues was presumably being masked by
attachment of the cofactor, and cysteine 242 of the E. coli HemC was implicated
by individually mutating these residues (57). Other residues important for
dipyrromethane binding are two lysines conserved across sequences that were
presumed to lie within the catalytic core and bind the carboxyl side chains of the
cofactor (54). Many other integral residues have been identified through the
sequencing of human mutants described for nonfunctional PBG deaminase, and
by the distribution it appears that the vast majority simply lead to destability of the
tertiary structure (189).

The structure of E. coli HemC (figure 1.6B) reveals a three-domain

globular protein, the first two consisting of wound parallel 3-strands surrounded
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by a-helices. These two portions are also connected by two short loop regions
proposed to act as a hinge region. Domain 3 consists of an anti-parallel B-sheet
with surrounding a-helices and contains the cysteine responsible for cofactor
attachment. While covalently bound to domain 3, the dipyrromethane lies in a
deep cleft at the active site between domains 1 and 2 with a large internal cavity
behind it. This cavity may allow for extension of the polymerization, as the
enzyme would need to occupy single, di, tri, and tetrapyrrole products but
maintain a single catalytic site. One possibility is that the active site cavity can
be modulated by movement in the hinge region, but the mechanisms of this
remain unclear (55, 80, 106). Little is known as well about the catalytic
mechanism, but currently one model is proposed. PBG is first deaminated by
nearby basic residues to form a methylene intermediate. A nucleophilic attack
between this and the a-carbon of the attached cofactor links the two, and

deprotonation at this position completes the reaction (196).

Inversion of the D ring and Cyclyization

As previously mentioned, it has been well established that
uroporphyrinogen lll synthase (HemD) is responsible for cyclization in
tetrapyrrole biosynthesis and that inversion of the D ring occurs during this step
(figure 1.7A). HemD is also the last step in the common pathways of all
tetrapyrrolic molecules, leading into the creation of heme, siroheme, chlorophyll,
vitamin B12, and a variety of other biologically important cofactors. Whereas

generation of uroporphyrinogen | from HMB is spontaneous, the remarkable
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transformation into uroporphyrinogen Il requires a complex enzymatic process
whereby the entire D ring of the molecule is inverted with respect to the other
three. As such, most research into this amazing enzyme has involved
mechanistic investigations and structure determination.

The first mechanism for this intricate process was proposed in 1961, a few
years after the discovery of the enzyme itself (112). Mathewson proposed that
the hydroxyl group was lost and formed a methylene bridge with the a-carbon of
ring D. The resulting spirointermediate could then be cleaved between the C and
D rings and give rise to uroporphyrinogen Ill. This mechanism was supported by
previous work inexorably linking cyclization with inversion. Substrate analogs in
which the D-ring was already inverted led to the enzymatic product
uroporphyrinogen |, indicating that inversion occurred regardless of side chain
orientation (8). Indeed, side chain substitutions of the C and D rings had little to
no effect on catalysis, indicating that only the A and B rings were required for
substrate recognition (153). It has been proposed that catalysis is instigated by a
nucleophilic attack on the hydroxyl group by the enzyme, though this has yet to
be proven (181). Furthermore, a spirocyclic compound closely resembling the
proposed intermediate was shown to act as a potent inhibitor of the enzyme,
strengthening this mechanism (101).

Early investigations of heme-deficient mutants led to the discovery and
sequencing of the hemD gene in Salmonella and eventually E. coli (77, 173,
175). Those of Bacillus subtilis, Synechococcus PCC 7942, human, murine, and

Saccharomyces cerevisiae followed shortly (197). Sequence comparison
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revealed 20% similarity between E. coli and human, and consequently this has
hindered identification of hemD in some organisms. Recently, advances in
functional complementation have allowed identification of the enzyme in
Arabidopsis thaliana (202). Examination of sequences reveals 7 invariable
residues, only one tyrosine of which is absolutely required for catalysis to occur
(165). Recombinant human and E. coli enzymes were eventually expressed and
purified, opening the door for structure determination (3, 143).

The structure of human uroporphyrinogen Ill synthase was first solved in
2001 by the Phillips group and revealed a small, monomeric protein containing
two similar o/ globular domains linked by a short two p-strand sheet. Though
very similar, there is a 13.5° rotation of the domains with respect to each other
(111). The linker between them creates a cleft that was proposed to be the
active site and bind product. Conserved residues among enzymes were found to
line the active site cleft, presumably interacting with substrate in some fashion. A
series of structures from Thermus thermophilus with and without product bound
led to the discovery that HemD has a huge range of conformational flexibility
around the linker domain (figure 1.7B). With product bound, the enzyme adopts
a “closed” state, where each domain closes in around the tetrapyrrole. These
structures further proved the importance of the conserved tyrosine residue, which
was poised hydrogen bond with the hydroxyl group of HMB and facilitate its loss
(180). Comparative density studies using quantum mechanical calculations
suggest that the D-ring initially binds in a manner that shields its terminal portion,

thereby forcing an alignment that would favor the attack on the a-carbon as
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predicted (192). Allin all, these experiments fully support the initial mechanism

presented in 1961.

Decarboxylation of Uropophryinogen

The next step in heme biosynthesis proceeds with the step-wise
decarboxylation of uroporphyrinogen Il to coproporphyrinogen Il through the
enzyme uroporphyrinogen decarboxylase (UROD, HemE), with the
decarboxylation occurring at each of the four acetate side chains of the pyrrole
rings (figure 1.8A). The enzymatic step was first described in the pioneering
work of porphyrin biosynthesis by the Granick group in 1957, where it was
attributed to an as yet unidentified protein (114). Further studies of accumulated
intermediates revealed that one enzyme was responsible for all four steps, and
that each occurred separately (31). The enzyme was subsequently identified
and characterized from a wide variety of organisms including human (150),
murine (195), S. cerevisiae (46), Chlorella kessleri (81), E. coli (172), and
Synechoccus elongatus (210). Despite very low sequence homology (~10%),
even the most distant types are capable of replacing each other in vivo,
suggesting that very few conserved residues are required for catalysis and
recognition (219). These studies have also revealed a rather unique feature of
HemE, the absence of any cofactor or prosthetic group required for enzymatic
activity as would be expected.

Most early work on HemE was aimed at elucidating the order of

decarboxylation. By examining the structures of intermediates accumulating in
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rats, the Jackson group first proposed the “clockwise hypothesis” where the D
ring of uroporphyrinogen is decarboxylated first followed by the A, B, and C rings
respectively (63). The initial recognition of the D ring is appealing, as only the IlI-
isomer is recognized by the enzyme efficiently (114). In opposition, other data
existed suggesting that decarboxylation might be random, as all versions of
hepta-, hexa-, and pentacarboxylic porphyrinogens could be used effectively as
substrates (110). In recent years, it has become widely accepted that the latter is
an artifact of high, non-physiological substrate concentrations, and HemE most
likely follows the clockwise pattern in vivo (109).

The number of active sites within HemE was a topic of debate among
early researchers. The lack of conserved repeats within sequence implies either
one active site or the existence of completely separate domains responsible for
the same step (214). While the latter seems unlikely, chemical modification of
purified HemE resulted in an enzyme that could only intermediate forms of the
substrate such as heptacarboxylic porphyrinogen. This implied more than one
catalytic location with a mutation in the first decarboxylative site (84). With the
solving of the crystal structure of the human enzyme, the consensus shifted back
to favoring one active site, and a more recent structure with product bound
appears to confirm this (151). The results of the chemical modification are more
easily explained by the idea that initial binding of the D ring is sterically hindered,
a hindrance overcome by heptacarboxylic porphyrinogen.

The structure of human uroporphyrinogen decarboxylase adopts a (p/a)s

barrel formation with an active site cleft centered on the C-terminal end of the
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beta-strands in a homodimer with active sites facing one another (214) (figure
1.8B). This has promoted the idea of substrate shuttling between each monomer
in order to rearrange the porphyrinogen for the next decarboxylation, but this was
disproved by artificially connecting two HemE ORFs by a small linker with one
subunit inactivated. This heterodimeric complex displays identical activity to
wildtype, therefore substrate shuttling may occurs, but is not required (149).
HemE has also been shown to be very tolerant of missense mutations within its
sequence, and minor structural changes have little to no impact on activity (209).
In contrast, substrate recognition is extremely stringent, and even the smallest
changes uroporphyrinogen Il inhibit the enzyme completely. One such molecule
is porphomethene, identical to the natural substrate except for the methyl bridge
between rings A and B being reduced (148). Mechanistically, HemE is thought
to function by protonating each pyrrole ring by an as yet unidentified residue.
The resulting positively charged intermediate is stabilized by an aspartate
residue within the active cleft and serves as an electron sink for the release of
the carboxylate as carbon dioxide (151). In this model, the protonated pyrrole
ring acts analogously to the pyridine ring of pyridoxyl phosphate, making the
substrate function act as its own cofactor during catalysis (214).

In prokaryotes, little work has been done on HemE, and consequently little
specific information is known about these enzymes. Of the few that have been
examined, a crystal structure exists for the enzyme in Bacillus subtilis that
exhibits remarkable three dimensional similarities to its human counterpart. The

active site cleft contains the same invariant aspartate, as well as other conserved
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polar residues that may play a role in protonation (38). Structural aspects aside,
the prokaryotic hemE is also known to bind a regulator in the Hsp90 family, HtpG
in E. coliand S. elongatus. HtpG is highly conserved in cyanobacteria and
proteobacteria, but is not found in the Actinobacteria or Firmicutes. The
significance of this has not been established yet, but it is currently held that HtpG

regulates heme synthesis by suppressing HemE activity (168, 210).

Oxidative Decarboxylation of Coproporphyrinogen

The antepenultimate step in heme biosynthesis uses the enzyme
coproporphyrinogen oxidase (CPO) to concomitantly decarboxylate and oxidize
the propionates attached to the A and B rings of the porphyrin moiety into vinyl
groups of the product protoporphyrinogen IX (figure 1.9A). In higher organisms
and some prokaryotes this reaction is mediated by oxygen dependant CPO
(HemF) and requires no cofactors other than diatomic oxygen to occur. In other
prokaryotes a second form of this enzyme exists, the oxygen-independent CPO
(HemN), a member of the “Radical-SAM” protein family (97). These enzymes
utilize a 4Fe-4S cluster to transfer a single electron to S-adenosylmethionine,
cleaving methionine and generating the newly formed 5’-adenosyl radical. Here,
the subsequent, highly oxidizing radical is used to carry out catalysis in the
absence of oxygen (95). The majority of bacteria with an identifiable CPO
contain either HemN alone or concurrent alongside HemF (183, 217) with the
exception of a few obligate aerobes such as Rickettsia that may have lost the

unneeded anaerobic version. This suggests a scenario whereby aerobic CPO
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developed as a secondary means of protoporphyrinogen 1X generation and
anaerobic CPO was no longer required. Unfortunately, certain classes of radical
SAM enzymes are often misannotated as hemN in published genomes,
complicating the global CPO perspective in prokaryotes (50).

The oxygen-dependent HemF was initially characterized in eukaryotes,
and most insight into the enzyme derives from these models. The enzyme was
initially purified from bovine and murine liver independently and found to have an
absolute requirement for oxygen but not reducing agents (32, 220). Isolation of
intermediate porphyrinogens from rats also revealed that the initiatory
decarboxylation occurs at the A ring (85). As the enzyme was successfully
purified from other organisms, including S. typhimurium, it became clear that no
cofactor was required for the reaction to proceed (16, 126, 218). This is perhaps
the most striking feature of HemF, as a catalyst is required in order for dioxygen
to break its activation barrier and react with a organic molecule. The majority of
oxidases surmount this obstacle through transition metals or electron accepting
cofactors such as flavins, unlike HemF (41). While uncharacterized, R.
sphaeroides hemF is known to be regulated by the regulatory protein PrrA. PrrA
responds to oxygen tensions, negatively repressing hemF transcription in low or
apoxic oxygen concentrations (223). At the turn of the millennium, it was
reported that E. coli HemF was responsible for oxidation of protoporphyrinogen
IX, the proceeding step in heme production (133). This role is most likely an
artifact of overexpression and not physiological, as the protoporphyrinogen

oxidase in E. coli, HemG, functions during aerobic respiration.
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The reduction/decarboxylation reaction of an enzyme lacking any known
cofactors has presented a unique challenge to researchers over the years, and
various mechanisms have been proposed with varying degrees of evidential
support (100, 192). The currently accepted mechanism involves an initial
deprotonation of the pyrrole NH by a basic residue sitting below the active site of
the enzyme. The resulting radical can then react with oxygen to form a peroxide
anion. A deprotonation of the carboxyl side chain by the anion would then lead
to reordering of the entire ring structure, with the final formation of product,
carbon dioxide, and hydrogen peroxide (93). Studies using radiolabeled
substrate previously confirmed this loss of carbon dioxide (33). More recently
evidence of hydrogen peroxide generation was found in in vitro enzyme assays
(12). Proton abstraction by a nearby residue is appealing, as a single side chain
could easily be poised to catalyze both the A and B ring reactions if the substrate
adopts a structure where the center of the tetrapyrrole faces away from the
direction of the hydrophobic side chains. Coproporphyrinogen lll is known to
adopt this conformation in the crystal structure of HemE, the previous enzyme in
the pathway, where each pyrrole NH is anchored by a single conserved
aspartate residue (151). Finally, this mechanism mimics that of the early steps of
urate decarboxylase, an enzyme that uses molecular oxygen in a similar fashion
without cofactors (62).

In contrast to HemF, HemN is an oxygen-independent
coproporphyrinogen oxidase and is exclusive to bacterial species. Since HemN

functions without the need for oxygen, the term “oxidase” does not apply, but the
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nomenclature has persisted despite this. Anaerobic activity was initially reported
early on from R. sphaeroides and shown to require Mg?*, NADP, NADH, ATP,
and methionine to stabilize in crude cell extracts (201). In the same study,
anaerobic activity Chromatium extracts was seen in the presence of S-
adenosylmethionine (SAM), an early hint at the Radical-SAM nature of the
enzyme. Experiments with these extracts proved that the reaction proceeded in
a similar fashion to HemF, with hydrogen being lost from the B-position of each
ring (183). The gene responsible was eventually identified as a single enzyme
using transposon mutagenesis and sequencing (18). The same gene was
eventually identified in S. typhimurium and E. coli. Under anaerobic conditions,
E. coli hemN expression is three-fold greater than during aerobic growth, and
expression was shown to be dependent on iron as well (205). In Bacillus
subtilis, hemN was identified by functional complementation of a hemF/hemN
double knockout in S. typhimurium. A second gene was found to encode a
protein with high amino acid similarity to HemN and was termed hemZ (166).
Anaerobic induction of these proteins is regulated by a number of distinct
systems, including ANR and DNR in Pseudomonas and resDE and FNR in
Bacillus (60, 103). Knockouts of hemN and hemZ in Bacillus has no abnormal
growth phenotype, implying the existence of another CPO-like gene in this
species (59).

Until biochemical purification of HemN in E. coli, the exact nature of the
enzyme remained undetermined. Spectroscopic analysis revealed a pattern

typical of a 4Fe-4S cluster that was found to be oxygen sensitive and chelation of
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this cluster led to complete inhibition of the enzyme. Furthermore, a cysteine
motif (CXXXCXXC) essential for cluster formation was found to be common to all
known HemN and HemZ sequences. This put these proteins in a superfamily of
radical SAM enzymes and explained the early observed stimulation exhibited by
exogenous SAM. Site-directed mutagenesis of conserved cysteines residues
abolished acitivty, as did removal of the putative SAM binding tyrosine and
histidine residues (99). A mechanism was proposed whereby flavodoxin
oxidoreductase reduces the iron-sulfur cluster using NAD(P)H, leading to the
formation of the desoxyadenosine radical. This portion of the mechanism,
common to all radical SAM enzymes, accounts for the observed stimulation by
nicotinamide cofactors. The radical then abstracts the B-position proton that
finally condenses as a vinyl group with the help of an unknown electron acceptor
(94).

Structure determination of E. coli HemN revealed a monomeric protein
with two dissimilar domains (figure 1.9B). The N-terminal end consists of a
parallel b-sheet with alpha helices on the surface. This domain resembles that of
the TIM barrel of HemE except that one quarter of the barrel is missing. This
open lateral curve creates a substrate-binding pocket perpendicular to the strand
axis. The C-terminal domain functions to plug the open void of the central cavity
and creates a tunnel wide enough to accommodate cofactors and the
coproporphyrinogen molecule (97). The geometry of the 4Fe-4S cluster and
bound SAM is appropriate for radical SAM function. Surprisingly, a second SAM

molecule was found bound in a secondary position near the cluster and other
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SAM binding site. This secondary motif is conserved in all known sequences of
bona fide HemN, and mutagenesis studies have shown it is essential for
catalysis (94). This cofactor has been proposed to act as the electron acceptor
during the final steps of the reaction mechanism, but experimental evidence has
not been shown (98). Comparison of HemN structure with that of other radical
SAM enzymes denotes a strong ancestral lineage of enzymes that have evolved

distinct functions with underlying structural changes (96).

Generation of the Planar Macrocycle

Protoporphyrinogen oxidase (PPO) catalyzes the six-electron oxidation of
protoporphyrinogen IX into protoporphyrin IX during the penultimate step of heme
biosynthesis. The oxidation reaction results in a planar tetrapyrrole bearing
methene bridges joining each ring rather than the methylene bridges of its
porphyrinogen counterpart (figure 1.10A). The resulting structure affords heme
its chromophoric characteristics. PPO is the last shared step between heme
and chlorophyll synthesis, with the generated porphyrin going on to have either
iron of magnesium inserted, respectively. Formation of can occur spontaneously,
and for a while two camps of thought existed. Either this step occurred
spontaneously through the delivery of protoporphyrinogen to the final enzyme
ferrochelatase or another enzyme existed. \

Evidence that a catalytic step existed was shown when the Sano group
found that rat liver extracts significantly enhanced the rate of protoporphyrin

accumulation (170). This enhancement showed a reliance on oxygen, leading to
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the given name oxidase. The enzyme was independently purified to
homogeneity from bovine and murine livers and shown to contain the cofactor
flavin adenine dinucleotide (FAD) (26, 191). Eventually, the Dailey group
observed that during catalysis, 3 mol of diatomic oxygen was consumed per mol
of protoporphyrinogen and that hydrogen peroxide was generated during
catalysis. Though stoichiometric amounts of hydrogen peroxide could not be
determined, it is generally accepted that the six electron oxidation would yield 3
hydrogen peroxide molecules (40). In plants, the enzyme is the target of
diphenyl ether herbicides such as acifluorfen that causes the build up of
protoporphyrinogen. These compounds diffuse through the plant cell and lead to
reactive oxygen species and eventually cell death (113).

In prokaryotes, PPO is designated HemY and has been cloned,
expressed, and characterized from Myxococcus xanthus (23), Aquifex aeolicus
(208), and Bacillus subtilis (30). The former two encode membrane-bound
enzymes identical to eukaryotic PPO and are inhibited by acifluorfen. These
enzymes are a member of an FAD superfamily also containing monoamine
oxidases and phytoene desaturases (28). In contrast, Bacillus subtilis hemY is
unique and encodes a soluble protein that is not inhibited by herbicides and
exhibits broad substrate specificity, oxidizing copro- as well as
protoporphyrinogen (20). This soluble form of HemY is present in all Firmicutes
and Actinobacteria capable of synthesizing heme.

Structure determinations of both the membrane bound and soluble forms

of HemY exist (19, 156). Both have a three-domain structure sharing the FAD-
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binding and substrate binding domains. The main difference lies in the third
domain, the membrane-binding portion. In M. xanthus, this domain consists of a
hydrophobic, a-helical core that is poised to bury itself within a membrane (figure
1.10B). In B. subtilis, the domain is missing this hydrophobic core, and is instead
quite soluble. Both structures were solved in the presence of acifluorfen, with the
inhibitors bound to a pocket separate from the active site.

The precise mechanism of the enzyme remains unclear, though two
separate models have been proposed. Initially, a basic model was presented
based on stereochemical studies that suggested three desaturation reactions
and a final tautometric loss of hydrogen resulting from final rearrangement (19).
The second mechanism was proposed by Koch et al based on their published
structure of tobacco PPO. Their mechanism envisioned hydride transfer at a
single C20 position which reduces the FAD cofactor. FAD is regenerated
through the production of hydrogen peroxide, with the tetrapyrrole undergoing
rearrangement and loss of another hydrogen. This is repeated two times in the
same fashion, with the enzyme still acting on the same C20 position (89). This
proposed mechanism is consistent with the active site of the enzyme, which
sterically disfavors rotation of the substrate. This hindrance is also seen in M.
xanthus HemY. The possibility of multiple sites within the active tunnel has not
been ruled out.

Protoporphyrinogen oxidase activity has also been described in E. coli,
though a homolog of hemY is not present in the genome. This is not surprising,

as an enzyme reliant on oxygen could not function during anaerobic conditions.
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Experiments using E. coli cell extracts were carried out in the 1970s by the
Jacobs group and revealed the following information: First, fumarate was found
to enhance protoporphyrin generation and presumed to function as an electron
acceptor in anaerobic assays (65). Delving further into this, they determined that
nitrate and oxygen had the same effect as potential electron acceptors (66).
Next, enzymatic activity can be blocked by the electron transport inhibitor 2-
heptyl-4-hydroxy quinoline-N-oxide, suggesting quinones play a vital role (64).
This led to the hypothesis that this step in heme biosynthesis is coupled to the
electron transport chain itself, rather than directly to single electron acceptors
such as oxygen in HemY (67). Finally, the reliance on quinones was examined
in E. coli cells devoid of menaquinone or ubiquinone and only those containing
the former contained activity. Additionally, this same study determined activity
was limited solely to the membrane fraction (68).

Shortly after the previous findings, researchers working with heme-
deficient E. coli mutants found that one strain accumulated porphyrins associated
with terminal enzymes (uro- copro- and proto-) but remained functional in the
final step of heme biosynthesis, ferrochelatase. Porphyrin accumulation does not
occur when a functional biosynthetic pathway is present, and this strain was
deemed deficient in PPO activity (171). The mutation was mapped to a gene
termed hemG (174) and is present only in the enterics, a subclass within the (-
proteobacteria. The E. coli mutant strain has since been used as a
complementation tool for testing other bona fide PPOs including the human

enzyme, validating a lack of this activity within the cells(91, 134, 138). The

31



protein encoded by hemG was never purified but bears striking homology with
flavodoxins, small non-catalytic proteins involved in electron transport, and its
exact role in heme biosynthesis was not determined.

PPO activity has been studied to a lesser extent in other prokaryotes as
well. In Desulfovibrio gigas, the membrane fraction of crude cell extracts was
capable of oxidizing protoporphyrinogen IX and reported to function best with
sulfite and nicotinamide electron acceptors (87). Later, extracts were
fractionated using size exclusion chromatography, and the fraction containing
PPO activity was composed of three distinct proteins (88). To date, no additional
research has been carried out to identify the proteins involved. Recently it has
been suggested that heme is synthesized in these organisms through a novel
pathway branching from siroheme biosynthesis, using sirohydrochlorin as a
substrate (105). This represents an appealing system for organisms that lack
the terminal enzymes of heme biosynthesis but still require heme, and may be

the predominant route of heme synthesis in archaea.

Iron Insertion and the Formation of Heme

The terminal step in heme biosynthesis is the insertion of iron into the
center of the porphyrin macrocycle by the enzyme ferrochelatase (FC, HemH)
(figure 1.11A), referred sometimes as heme synthase or protoheme ferrolyase.
Each of the tetrapyrrole metabolic pathways contain a specific, distinct metal ion
chelatase to ensure the proper metal is inserted. Thus, the specificity of

ferrochelatase must be precise in vivo. Surprisingly in contrast, ferrochelatases
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of various organisms have been reported to chelate a wide variety of metals in
vitro (117). The enzyme’s observed stringency in vivo has been attributed to
compartmentalization and theoretical metal chaperones. Evolutionarily,
ferrochelatase appears to have arisen from a fusion of an ancient ancestral
chelatase, the small cobalt chelatase recently discovered in archaea (13). This
enzyme is much less specific, and can accommodate the insertion of different
metals into different tetrapyrrole substrates.

Much like protoporphyrinogen oxidase, ferrochelatase exists in two forms
known forms, a monomeric, water soluble form in the Actinobacteria and
Firmicutes and a homodimeric, membrane-associated form in other heme-
synthesizers. Both are designated HemH and contain very low sequence
homology among each other and with higher organisms. HemH can be further
subdivided by those that contain a 2Fe-2S cluster and those that do not (29,
187). Interestingly, this division is separate from the soluble/membrane-bound
division, as both groups contain organisms with and without clusters.
Furthermore, the carboxy terminal region that binds this cluster bears no
similarity to their counterparts in eukaryotes (24). However the clusters evolved,
they are not involved in catalysis, but removal has an impact on enzyme activity.
This suggests a role in further linking internal iron levels to heme biosynthesis.

The microbial enzyme was first reported from R. sphaeroides crude
extracts (73), followed by reports that heme could be produced under non-
enzymatic conditions. This was later settled by the characterization of a

ferrochelatase-deficient mutant of Spirillum itersnoii, as well as detection of the
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enzyme in E. coli, the alga Cyanidium caldarium, and a few other bacterial
species (14, 25). The hemH gene was eventually mapped, cloned, and
expressed from a wide variety of organisms (45, 82), but most of our knowledge
comes from the Bacillus subtilis and human enzymes, both of which various
structures have been solved (figure 1.11B). The bacillus enzyme contains two
domains of similar core structures bearing the Rossman fold (parallel  sheet
surrounded by a-helices) with a metal binding hisitidine residue located inside the
predicted active site cleft (2). It has been proposed that substrate positioning
inside the active cleft of the enzyme is crucial for proper distortion of the
macrocycle (83), but this data is based on complexes with substrate analogues
bound outside the actual active site. Thus, the conclusions may not be
physiologically relevant. Several conserved surface residues are present in
HemH that seemingly play no role in structure or catalysis, yet when mutated the
resulting enzyme is inactive. From this, researchers have postulated these
residues play a role in either substrate or product channeling (142).

Most of the data concerning the mechanism of ferrochelatase is a result of
various human ferrochelatase structures solved to date. Much of this is relevant
to the overall nature of the enzyme in all organisms, and thus will be discussed
here. The general accepted mechanism prior to the solution of these structures
involved enzymatic distortion of the planar protoporphyrin IX macrocycle,
followed by insertion of bound iron and product release (22). While seemingly
simplistic, this mechanism requires the enzyme to differentiate between very

similar substrates and products during this catalysis (24). Insight came with the
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structure of an E343K variant that was found to crystallize with substrate bound.
The porphyrin displayed a 11.5° bend, consistent with previous theoretical
configurations that would sufficiently allow iron insertion (116). Wild-type and
heme-bound structures soon followed this, and a comparison of all three
structures revealed a large clue as to the enzyme’s mechanism. The residue
H263 anchors a complex hydrogen bond network within the active site (27).
Once protoporphyrin binds, this hydrogen bond network is altered dramatically
and the active site is closed. Together, this facilitates iron insertion. Finally,
once the product is formed, a conserved n-helix partially unwinds creating an
alternate exit route for heme (118). Furthermore, it was also shown that only
insertion of the proper metal into the macrocycle can initiate this release.
Inhibitory metals such as Pb, Hg, Cd, or Ni are chelated into the macrocyle, but
the enzyme will not release the product. In the case of Mn, the helix does not

unwind at all and maintains a closed active site (117).

Regulation and Conservation of Heme Biosynthesis, and a Genomic
Perspective

Heme biosynthesis represents a paradox within the cell. On one side,
heme is vital to cellular operations and is required in organisms that contain
hemoproteins. On the other side, heme itself is a highly toxic molecule to living
systems. This is due in part to the nature of heme to incorporate into cell walls,
increase permeability, and potentially cause lysis (17), as well as the observation

that heme exhibits mono-oxygenase-like activity resulting in DNA, protein, and
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lipid damage (1, 11, 137). The breakdown of heme within a cell can also lead to
uncontrolled iron release and Fenton chemistry resulting in reactive oxygen
species formation, though a direct correlation within cells has yet to be noted in
microbial systems (5). In addition to heme toxicity, the intermediates of the
biosynthetic pathway are also quite harmful to cells. Uncoupled to proteins, the
intermediates uro-, copro-, and protoporphyrinogen are rapidly oxidized to their
porphyrin counterparts. These porphyrins are highly photoreactive, and in the
presence of light and oxygen give rise to singlet oxygen species and cellular
damage (92). This feature has been well-documented and cleverly used in anti-
cancer treatments where porphyrins are targeted to tumors. The porphyrins are
then excited with light to induce tumor necrosis (139). The photoreactiveness is
also responsible for light sensitivity seen in types of human porphyrias where
mutations in heme biosynthetic enzymes lead to the build up of these latter
intermediates (200).

In light of the adverse effects heme and its intermediates can cause, heme
biosynthesis must be highly regulated and should be highly conserved. This
conservation is reinforced by the idea that heme synthesis occurred very early in
the evolution of life. During synthesis, all intermediates are thought to be tightly
shuttled through the pathway, with no free substrate available to the cell. This
creates a regulatory control point at the synthesis of ALA. Addition of exogenous
ALA to a bacterial culture causes an unregulated acute increase in internal
porphyrin and heme levels, suggesting that the production of the precursory

compound is indeed the major regulatory route of microorganisms (147). In E.
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coli and Salmonella typhimurium, the enzyme GTR is regulated in vivo by the
presence of heme (71). This is due to a conformation change that occurs within
GTR when heme is bound that allows proteolytic cleavage of a domain that
would otherwise be unexposed (179). For the minority of bacteria that contain
HemA, regulatory control is exhibited through direct feedback inhibition of HemA
by heme (36).

For the most part conservation of the heme biosynthetic pathway also
holds true. The enzymes that catalyze the conversion of ALA into
uroporphyrinogen are fully conserved across all taxa and are used for the
synthesis of all forms of tetrapyrroles. The only real variation is the appearance
of a gene fusion of HemD with an enzyme in siroheme biosynthesis in a small
number of genomes (4). The Granick hypothesis states that enzymatic
pathways recapitulate themselves, and that the pathway intermediates reflect the
evolutionary history of porphyrins, each with their own use (51). This further
implies that uroporphyrin may have been a universal cofactor before
specialization occurred. The next step in heme biosynthesis, HemE is also as
conserved. Finally, the terminal enzyme, HemH, is conserved in all heme-
producing species. Unfortunately, the same cannot be said of the
antepenultimate and penultimate enzymes, coproporphyrinogen oxidase and
protoporphyrinogen oxidase. Here, a great deal of diversity exists among these
steps, and neither is limited to a specific taxonomic group (144). This is

surprising, given that the final enzyme remains the same.
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The antepenultimate step in heme biosynthesis is the conversion of
coproporphyrinogen Il to protoporphyrin IX. As stated earlier, two separate
enzymes are known to catalyze this reaction, the oxygen-dependent HemF and
the oxygen-independent HemN. The HemF version is homologous to the
eukaryotic enzyme and represents the version adapted for life in an oxygen-rich
environment. In prokaryotes, it is only present in subclasses of proteobacteria,
the Bacteroidetes, the green sulfur bacteria, green non-sulfur bacteria, and the
cyanobacteria. Any bacterium capable of anaerobic respiration could not contain
hemF only, and must contain a separate form that does not require oxygen. An
examination of available genomic sequence data would suggest that HemN is
present in all heme-synthesizers annotated as “probable oxygen-independent
coproporphyrinogen Il oxidases”. Unfortunately, recent examinations and
publications have revealed that these enzymes are often misannotated. It has
been estimated that up to 49% of all computationally annotated genes are
annotated incorrectly (178). HutW is one example, where an enzyme thought to
be involved in heme uptake is annotated in databases as HemN, despite being
more closely homologous with a separate family of proteins (216). When the
sequence of these genes are examined, the only regions homologous are the
residues required for iron-sulfur cluster formation and S-adenosyl methionine
binding, indicating they are all Radical-SAM enzymes. There is no biochemical
or biological data to support many of the annotated genes’ involvement in heme
biosynthesis. A closer look, as will be detailed later, reveals distinct protein

families with wide taxonomic spread. When searching for those that resemble
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the bona fide, experimentally-verified HemN of E. coli and Salmonella, a clearer
picture emerges that leaves the Firmicutes and Actinobacteria without an
identifiable CPO. This indicates that at least a third uncharacterized variant of
the enzyme exists, possibly more.

Even more surprising, however, is the case of the penultimate step. Here,
at the six electron-oxidation of protoporphyrinogen IX to protoporphyrin X, the
porphyrin becomes planar and biologically important for both the heme and
chlorophyll biosynthetic pathways. Unfortunately, it is also here that the biggest
gap in our knowledge of the pathways exists. Like the previous step, the HemY
enzyme homologous to the eukaryotic protoporphyrinogen oxidase is oxygen-
dependent, and therefore cannot be solely responsible in obligate or facultative
anaerobes. In fact, this enzyme exists only in the Firmicutes, Actinobacteria, and
a few Gram-negative organisms such as Mxyococcus and Aquifex species. The
only clues to activity outside of these organisms come from experiments of crude
cell extracts carried out in the mid 1970s. Jacobs and Jacobs found that the
enzymatic reaction required the electron transport chain of E. coli to be intact and
that the electron acceptor used for growing the culture be present (nitrate or
fumarate for anaerobic growth, oxygen for aerobic growth) (64-67). The activity
was only present when cellular membrane fractions were included (68).

Separate from these experiments, the Sasarman group isolated an E. coli mutant
that exhibited the features of protoporphyrinogen oxidase loss, an acquired
auxotrophy for heme and a buildup of the pathway intermediates (171). This

mutation was mapped to a specific gene, now called hemG, sequenced, and
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nothing more done (174). Prior to the research presented herein, this gene was
never expressed and the encoded protein never characterized. As stated, hemG
contains a distinct flavodoxin motif. Flavodoxins are small flavin-containing
proteins that act as electron carriers between two systems and are not known for
catalytic activity themselves (169). This led most researchers to conclude the
encoded protein merely shuttled electrons from an as yet unidentified enzyme to
the electron transport chain. Even still, hemG is only present in the enteric
subset of [I-proteobacteria. Further complicating matters is the presence of a
gene annotated as hemY in E. coli and related organisms that is unrelated to
bona fide protoporphyrinogen oxidase. Prior to the current studies, the vast
remaining heme-synthesizing bacteria contained no identifiable enzyme,
accounting for nearly 50% of sequenced genomes. This includes the well-
studied species Pseudomonas aeruginosa, Caulobacter crescentus, and
Synechocystis PCC 6803.

Together, the features outlined above represent a major flaw in our
understanding of prokaryotic terminal heme biosynthesis. It is not surprising to
find this amongst pathways in microorganisms, considering the outstanding
diversity they display. In fact, the overall conservation of the pathway outside of
these steps is quite extraordinary. It is perplexing though that the final chelation
steps do not display the same diversity. This could be due to a variety of
reasons. First, it is possible that chelation of specific metals first evolved before
modifications of the tetrapyrrole side chains occurred, as uroporphyrin.

Patchwork enzyme recruitment could then allow for further modifications that
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were ‘inserted’ before chelation. Since the final product remained the same
throughout the diversity, it is more likely that one version of each step was the
original ancestral enzyme and then replaced as oxygen-requiring enzymes were
adapted. Identification of the novel, missing enzymes will provide insight into
this topic, as well as deliver new candidate drug targets for a variety of
pathogenic microorganisms. This has been previously proposed elsewhere,
including as an antifilarial target for nematodes that maintain a Wolbachi
endosymbiont to provide them heme (193). Currently, a diphenyl ether inhibitor
of plant protoporphyrinogen oxidase, acifluorfen, is used as a potent herbicide,
but also affects human PPO (154). The novel genes in heme biosynthesis
would not be present in humans, limiting their adverse effects. It is the author’s
hope that after examining the evidence presented in the following work, the
reader will agree that the vast majority of these unidentified steps in heme

biosynthesis have now been filled with forms unique to the microbial world.
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Figure 1.1. Examples of biological tetrapyrroles: A) Heme, a cofactor various
proteins including hemoglobin, cytochromes, and peroxidases. B) Siroheme,
used in sulfur and nitrogen reduction. C) Cobalamin, also known as vitamin B12,
used by enzymes such as isomerases and methyltransferases. D) Chlorophyill,
the light absorbing pigment used in photosynthesis. E) Coenzyme F430, a
cofactor in archaeal methanogenesis. F) Phycocyanobilin, a linear tetrapyrrole
chromophore in light harvesting proteins.
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Figure 1.2. Biological forms of Heme. A) Protoheme, or heme B, the principle
form generated by the biosynthetic pathway. B) Heme C, modified to contain
thiol groups for covalent attachment to proteins, C) Heme D, shown in the
trans- formation without the added lactone ring. D) Heme A and E) Heme O, two
forms containing a farnesyl side chain used as a lipophilic anchor in bacterial
oxidases.
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Glutamyl tRNA
l Gtr — Glutamyl tRNA reductase

Glycine
+y ! Glutamate
Succinyl CoA 1-semialdehyde

HemA - ALA syntha&‘ /—IemL — GSA aminotransferase

d-Aminolevulnic acid
l HemB - ALA dehydratase
Porphobilinogen

l HemC - Hydroxymethylbilane synthase

Hydroxymethyl bilane
l HemD - Uroporphyrinogen synthase
Uroporphyrinogen Il

HemE - Uroporphyrinogen decarboxylase
Coproporphyrinogen il

HemF/HemN — Coproporphyrinogen oxidase
Protoporphyrinogen IX

HemY - Protoporphyrinogen oxidase

Protoporphyrin IX

HemH - Ferrochelatase

Heme

Scheme 1.1. The heme biosynthetic pathway. Intermediates are shown in bold;
enzymes involved in catalysis are shown in italics.
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Figure 1.3. The C4 pathway. A) d-Aminolevulinic acid is generated through a
condensation of glycine and succinyl-CoA. This reaction is catalyzed by the
enzyme ALA synthase. The reaction also requires the turnover of a PLP
molecule. B) Crystal structure of ALAS from Rhodobacter capsulatus. The
enzyme is presented as a dimer of dimers.
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Figure 1.4. The C5 pathway A) The creation of ALA requires two steps, the
conversion of glutamyl-tRNA to glutamate semialdehyde followed by an
isomerization step to form the final product by the enzymes B) glutamyl tRNA
reductase and C) GSA aminotransferase. The former is shown as a monomer,
but physiologically exists as a dimer that interacts with the latter dimer in vivo.
The structures are from Methanopyrus kandleri and Synechococcus,
respectively.
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Figure 1.5. The creation of the monopyrrole porphobilinogen. A) Two molecules
of ALA are condensed together to form porphobilinogen with the loss of two
waters. This reaction is catalyzed by ALA dehydratase. Each ALA is aligned to
show its position in the final product. B) Crystal structure of ALA dehydratase
from E. coli, shown as a dimer. In vivo, four dimers adopt a homooctamer

configuration.
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Porphobilinogen Hydroxymethylbilane

Figure 1.6. Synthesis of hydroxymethylbilane. A) Four porphobilinogen rings are
condensed together with a loss of ammonia at each step by the enzyme PBG
deaminase. The final linear tetrapyrrole must be hydrolyzed from the enzyme
before release. B) Crystal structure of E. coli PBG deaminase showing its
dipyrromethane cofactor.
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Hydroxymethylbllane Uroporphyrinogen lll

Figure 1.7. Cyclization of the tetrapyrrole ring. A) Hydroxymethylbilane will
spontaneously cyclized to the non-biological form uroporphyrinogen |. The
enzyme uroporphyrinogen synthase functions to invert the D ring leading to the
correct form, uroporphyrinogen Ill. B) Crystal structure of Thermus thermophilus
uroporphyrinogen synthase. The structure is shown as an asymmetric dimer.
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Uroporphyrinogen Il Coproporphyrinogen lli

Figure 1.8. Decarboxylation of the acetate side-chains. A) Each of the side
chains, starting at the D-ring, is decarboxylated by the enzyme uroporphyrinogen
decarboxylase. B) The crystal structure of the Bacillus subtilis enzyme, as
viewed down the (a/b)g barrel. This enzyme is one of the few decarboxylases

that contain no cofactors.
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Coproporphyrinogen lli

Figure 1.9. The antepenultimate step of heme biosynthesis. A) This step
requires the oxidative decarboxylation of the propionate groups of rings A and B
to form vinyl groups. In prokaryotes, this is catalyzed by two known enzymes,
the oxygen-dependent HemF (B), and the oxygen-independent Radical-SAM
enzyme HemN (C). The structures are from Saccharomyces cerevisae
coproporphyrinogen oxidase (homologous to HemF) and E. coli HemN
respectively.
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Figure 1.10. Porphyrin formation. A) Protoporphyrinogen undergoes a six-
electron oxidation to generate the planar macrocycle of protoporphyrin. In
organisms containing HemY, this mechanism requires molecular oxygen as the
electron acceptor. B) Crystal structure of Myxococcus xanthus
protoporphyrinogen oxidase (HemY) showing the FAD cofactor in the center.
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Figure 1.11. Final step in heme synthesis, the chelation of iron. A) Ferrous iron
is inserted by the enzyme ferrochelatase, producing the principle form of heme.
B) Crystal structure of Bacillus subtilis ferrochelatase showing the position of a
substrate analog in wireframe.
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CHAPTER 2
IDENTIFICATION OF E. COLI HEMG AS A NOVEL, MENADIONE-
DEPENDENT FLAVODOXIN WITH PROTOPORPHYRINOGEN OXIDASE

ACTIVITY !

! Boynton TO, Daugherty LE, Dailey TA, Dailey HA 2009. Biochemistry. 48:6705-6711.
- Reprinted here with permission of the publisher.
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Abstract

Protoporphyrinogen oxidase (PPO, EC 1.3.3.4) catalyzes the six electron
oxidation of protoporphyrinogen IX to the fully conjugated protoporphyrin IX.
Eukaryotes and Gram-positive bacteria possess an oxygen-dependent, FAD-
containing enzyme for this step while the majority of Gram-negative bacteria lack
this oxygen-dependent PPO. In E. coli, PPO activity is known to be linked to
respiration and the quinone pool. In E. coli SASX38 the knockout of hemG
causes loss of measurable PPO activity. HemG is a small soluble protein typical
of long chain flavodoxins. Herein purified recombinant HemG was shown to be
capable of a menadione-dependent conversion of protoporphyrinogen IX to
protoporphyrin IX. Electrochemical analysis of HemG revealed similarities to
other flavodoxins. Interestingly, HemG, a member of a class of the long chain
flavodoxin family that is unique to the y-proteobacteria, possesses a 22 residue
sequence that, when transferred into E. coli flavodoxin A, produces a chimera
that will complement an E. coli hemG mutant, indicating that this region confers
PPO activity on the flavodoxin. These findings reveal a previously unidentified
class of PPO enzymes that do not utilize oxygen as an electron acceptor thereby
allowing y-proteobacteria to synthesize heme in both aerobic and anaerobic

environments.
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Introduction

Heme is a highly versatile small organic compound that is a key
component of most living organisms. As a cofactor it functions in diverse
reactions ranging from a gas sensor and transporter of diatomic gasses to
serving as an electron carrier in redox-linked reactions such as is found in mixed-
function oxidases, catalases or electron transport chains (29, 31, 32). In
addition, it is now recognized that it is also a regulatory molecule. It has been
shown to manage protein expression at the transcriptional (41, 42) and
translational levels (26) as well as through protein targeting and degradation (19),
it participates in regulating circadian rhythm, lipid metabolism, and
gluconeogenesis (35, 36, 45) and in prokaryotic organisms heme may even
serve to alter pathogenesis by triggering decreased virulence levels and evasion
of the host immune response (4, 43).

The biosynthesis of heme has been studied in both eukaryotes and
prokaryotes. It is a tightly regulated metabolic pathway consisting of seven
enzymatic steps from a precursor compound 5-aminolevulinic acid to the end
product, protoheme (30). In humans and animals defects in any of these seven
enzymes result in clinically distinct diseases, porphyrias, due to an accumulation
of pathway intermediates (18). While the system has been extensively studied
and is relatively well understood in eukaryotes (1), the pathway is less well-
defined in bacteria and archaea (33). Two steps in particular, the penultimate
and antepenultimate, have characterized enzymes that require molecular oxygen

as an electron acceptor in eukaryotes. In higher organisms and a handful of
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Gram-negative organisms such as Myxococcus xanthus, the penultimate
enzyme, protoporphyrinogen oxidase (PPO), exists as a three domain,
membrane-associated enzyme that utilizes an FAD cofactor (7, 25) and converts
oxygen to hydrogen peroxide during the reaction (scheme 2.1). This enzyme
belongs to an FAD superfamily of proteins that also contains monoamine
oxidases and phytoene desaturases (11). A soluble form of the enzyme named
HemyY is found in Gram-positive bacteria that produce heme and apart from its
solubility, it is virtually the same as the eukaryotic enzyme (12). Not surprising,
these oxygen-dependent enzymes have not been found in facultative or
anaerobic bacteria although it is clear that some mechanism to catalyze this
reaction must exist. The current work focuses on this penultimate step in the
facultative bacterium E. coli.

Investigations by the Jacobs group in the 1970’s found that PPO
enzymatic activity was found in crude cellular extracts of E. coli and was reported
to be membrane-associated (23). The activity was intimately linked to cellular
respiration and increased in the presence of terminal electron acceptors such as
fumarate, nitrate, or oxygen (20-22). Respiratory enzymes using these
substrates all share one thing in common: the usage of quinones, specifically
menaquinone-8, as an electron donor (17, 44). These same studies also showed
that menaquinone-deficient E. coli were deficient in PPO activity (23).
Mutagenesis of E. coli by the Sasarman group resulted in the production of one
mutant, SASX38, that was deficient in PPO activity (37). The gene, named

hemG, was mapped and later annotated as being responsible for the penultimate
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step in heme biosynthesis (38). Sequence analysis of the encoded protein
reveals it to be a member of the protein family known as long chain flavodoxins.
These are small electron transfer proteins containing an FMN cofactor. They are
distinct from the small chain flavodoxins in that they possess an additional loop
inserted in the fifth beta strand. This insert has previously been implicated in
specificity and function between redox partners (27, 28). To date, however, there
are no published data for the expression, purification and characterization of
HemG. Of particular note, because of HemG’s resemblance to flavodoxins, it
has been generally assumed that it may simply function as an electron carrier for
a bonafide PPO enzyme, and PPO enzymatic activity has never been reported
for HemG (9).

In the current study the HemG protein was expressed, purified and
characterized. In addition the nature of the hemG mutation in E. coli SASX38
was identified. EPR-monitored redox titrations of HemG were performed to
examine the FMN cofactor’s role in electron transfer and a menadione-
dependent PPO activity was identified and characterized. The possible function
for the long chain insert loop, which is unique to HemG of the y-proteobacteria,
was also examined. The data presented unequivocally demonstrates that HemG
functions as a protoporphyrinogen oxidase and quinone reductase and that the

PPO activity is conveyed by the long chain insert loop.
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Materials and Methods
Bacterial strains and constructed plasmids.

The hemG gene was amplified from E. coli genomic DNA and cloned into
the Nhel and Hindlll sites of the 6x-His tag vector pTrchisA (Invitrogen, Carlsbad,
CA, USA). The resulting plasmid pTHHemG was then tested for functionality by
transforming into the SASX38 cell line that contains a knockout of hemG.
Overexpression of recombinant protein was carried out in JM109 cells.
Bdellovibrio bacteriovorus Bd2899 was cloned identically to E. coli hemG. The
chimeric FIdG plasmid was constructed by first cloning the fIdA gene of E. coli
into pTrchisA and then Quickchange (Stratagene, Jolla, CA, USA) mutagenesis

was used to swap the 66 nucleotide insert region to that of hemG.

Protein expression, purification, and characterization.

Cells containing pTHHemG were grown for 7 hours at 30 °C in 100 mL
Circlegrow (MP Biomedical, Solan, OH, USA) containing 50 ng/mL ampicillin and
then transferred to 1 L of the same media and grown for 22 hours at 30°C. Six
hours prior to harvesting, the cells were supplemented with riboflavin at a final
concentration of 0.75 mg/mL. Cells were then collected by centrifugation and
resuspended in a solubilization buffer containing 50 mM Tris-MOPS pH 8.1, 100
mM KCI, 1% sodium cholate, and 10 ug/ml PMSF. The resulting suspension was
sonicated three times for 30 s each and centrifuged at 100,000 x g for 30 minutes
after which the supernatant was applied to a column containing HisPur Cobalt

affinity resin (Thermo Sci., Rockford, IL, USA). The protein was then washed
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with solubilization buffer containing 15 mM imidazole, and eluted in solubilization
buffer containing 300 mM imidazole and 10% glycerol. Concentration
determination and spectrophotometric analysis was carried out using a Cary 1G
scanning spectrophotometer (Varian, Palo Alto, CA, USA). SDS-page was done
using Bio-Rad 4-20% Tris HCI ready made gels (Bio-Rad, Hercules, CA, USA).
FPLC was done using an Aktaprime machine equipped with a Hi-prep Sephacryl

S-300 column (GE healthcare, Piscataway, NJ, USA) using solubilization buffer.

EPR-monitored Redox Titrations.

Redox titrations were carried out at 25° C using a solution containing 100
uM HemG in solubilization buffer (pH 7.0) and the following redox mediator dyes
at 50 uM each: Methyl viologen, benzyl viologen, neutral red, safranin O,
anthraquinone-2-sulphonate, phenosafranin, anthraquinone-1,5-disulphonate, 2-
OH-1,4-naphthoquinone, indigo-disulphonate, and methylene blue. The
reductant and oxidant used were sodium dithionite (20 mg/ml) and potassium
ferrocyanide (50 mg/ml) respectively. HemG was fully reduced anaerobically and
titration points were taken from potentials ranging from ~-450 to -150 mV by
adding small amounts of oxidant. After each addition of oxidant, the sample was
stirred and allowed to come to a stable potential, and 250 (1| of sample was
transferred to an anaerobic EPR tube and frozen in liquid nitrogen. Potentials
were obtained using a Ag/AgCl electrode. Reported potentials were then

recalculated with respect to NHE values. EPR data was then collected at 9.18
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gHz with a microwave power of 20 uW and the intensity of the semiquinone

signal was quantified using double integration.

PPO assay.

PPO activity was monitored as previously described (39). Briefly,
substrate was prepared by solubilizing 6 mg protoporphyrin IX (Porphyrin
Products, Logan, UT, USA) with ~5 drops of 30% ammonium hydroxide and then
diluted with 5 mL 10 mM KOH containing 20% ethanol followed by 5 mL 10 mM
KOH. The resulting solution was then reduced in the dark by addition of 30g
sodium amalgam made from 3.5g sodium and 75g mercury under nitrogen.
Once reduced, removal of excess protoporphyrin was achieved by filtration
through glass wool. The resulting protoporphyrinogen 1X was used immediately.
Concentration was determined by allowing unused substrate to oxidize in light
and quantifying porphyrin absorbance. Reaction mixtures consisted of 50 mM
NaH;PO4 (pH 8.0), 0.2% (w/v) Tween 20, 2.5 mM glutathione, 100 nM HemG
and varying amounts of protoporphyrinogen 1X and menadione. Experiments
were also done using mesoporphyrinogen and coproporphyrinogen prepared as
for protoporphyrinogen. Activity was monitored at 37° C by detecting the
accumulation of porphyrin fluorescence at ~545nm using Synergy HTI plate
reader (BioTek, Winooski, VT, USA) with 528 nm and 545nm bandpass filters
and a 550 nm highpass filter on the excitation light and 635 nm bandpass filter on
the emission light. Data (v vs. [S]) was then fitted to equation 1,

V = Vapp[S]/(Kapp*[S]),
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where Vgpp is the apparent maximum rate and Kypp is the apparent Michaelis-

Menton constant.

Results
Protein expression and characterization.

Sequence analysis of HemG from E. coli revealed that it is a member of a
protein family found in the y-proteobacteria that is part of a larger COG known as
long chain flavodoxins (figure 2.1) (5). The hemG gene of E. coli was cloned,
then expressed and purified as a six histidine-tagged recombinant protein, and
the yield was approximately 20 mg protein/L culture. A band corresponding to
approximately 22 kDa was observed on SDS-PAGE (figure 2.2A), which is in
agreement with the theoretical value of 22.5 kDa calculated from the amino acid
sequence. Maldi TOF/TOF mass spectroscopy identified this band as HemG. A
faint band located at approximately 40 kDa was identified as HemG and may
represent a dimer of the protein. The cofactor was determined to be similar in
size to FMN by ESI MS. The recombinant expression plasmid rescued the
HemG-deficient strain of E. coli SAS38X, which alone cannot grow without the
presence of exogenous heme.

The UV-visible spectrum of recombinant HemG possesses the expected
features associated with protein and the FMN cofactor (figure 2.2B) along with a
feature at 416 nm corresponding to the Soret band of porphyrins, but it is yet to
be determined if this is due to bound protoporphyrin IX. This last feature is

distinct between the spectra of HemG and that of its closest relative E. coli
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flavodoxin A, where no band is observed. Determination of subunit composition
by FPLC identified a peak corresponding to ~108 kDa. Based on this, HemG

would then exist in solution as a homotetramer.

EPR-monitored redox titrations.

The EPR spectra of HemG revealed a signal typical of the FMN
semiquinone radical centered at g = 2.00. Using sodium dithionite (potential of
approximately -450 mV at pH 7.0) it was possible to fully reduce the FMN.
Titrations of HemG included methyl and benzyl viologens, which possess EPR
signals that overlap with the FMN semiquinone radical, so the data were
corrected by subtracting out the signal of the viologens alone. Data obtained at
stable and reliable potentials from the double integration of interpretable spectra
are shown in figure 2.2C. The data was fitted to the Nernst equation (equation 2)
for two consecutive one electron redox steps:

[FIdsq]/[FIdtotal] = 1/{1 + exp(F(E-E2)/RT) + exp(-F(E-E1)/RT)},
and normalized to the fitted maximum. E2 and E1 represent the first and second
reduction steps of HemG and were determined to be -241 mV and -412 mV
respectively. These values (also shown in figure 2.2C) are comparable to those
of standard flavodoxins (40). In typical flavodoxin reactions, the
semiquinone/hydroxyquinone couple is stabilized so that flavodoxins effectively
function as one electron donor/acceptors. Whether HemG functions as a one or

two electron redox partner in the PPO reaction is not known. Accurate
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determination of this is complicated by spectral overlap of porphyrin product with

the flavin spectra.

PPO assays.

To investigate the role of HemG in the conversion of protoporphyrinogen
IX to protoporphyrin IX, HemG was assayed in the presence and absence of the
potential electron acceptor, menadione, a soluble analog of menaquinone-8. The
results of this assay are shown in figure 2.3A. Upon addition of excess
menadione the activity of HemG increased reaching a rate of roughly half of that
found with human PPO (3.71 and 8.54 min™', respectively). A small amount of
light-induced autooxidation occurred as indicated by the assay containing
protoporphyrinogen IX only.

To provide additional evidence that HemG is a bonafide PPO, we carried
out the menadione-dependent assay with the closest COG relative of HemG in E.
coli, flavodoxin A, which cannot complement SASX38 cells, and FMN alone.
Both yielded data equivalent to the rate of autooxidation seen from substrate only
(results not shown). Given the close similarity of HemG and FIdA, these data
indicate that the PPO activity of HemG is not an artifact or side reaction
catalyzed by flavodoxins.

As an additional test, we cloned, expressed and purified the long chain
flavodoxin BD2899 from Bdellovibrio bacteriovorus that is currently annotated as
a PPO. This protein has high homology to HemG including the long chain insert

region (fig. 2B). However, this organism possesses the typical HemY PPO in an
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operon with other heme synthesizing enzyme genes and there exist no
experimental data to support a role for this HemG-related flavodoxin in heme
synthesis. Interestingly, while the insert region of the Bd. bacteriovorus protein is
more similar to that found in HemG than in FIdA, it lacks an acidic residue at
position 136 and a methionine at position 144 that are conserved in all other
HemGs. When expressed in the E. coli SASX38, this protein did not complement
the hemG deletion indicating that it is not a bonafide PPO.

HemG PPO activity was found to be specific for protoporphyrinogen.
Neither mesoporphyrinogen nor coproporphyrinogen were oxidized by HemG.
Kinetic parameters for HemG were determined for both protoporphyrinogen IX
and menadione. These data are shown in figure 2.3B, and the curves were fitted
to the Michaelis equation (eq. 2). The Ky, and Kt for protoporphyrinogen IX
were found to be 7.0 uM and 17.52 min™" respectively, and the K, and K for
menadione were 3.76 uM and 16.87 min™". The Kea/Km for HemG was 2.5. The
kinetic parameters, along with those of other well-classified PPOs are shown in
table 2.1 (8, 10, 14, 24). The K, of HemG is slightly higher than most PPO
enzymes, with the exception of Desulfovibrio gigas PPO, and the K, for
substrate falls within the range of other PPOs. HemG also has a high affinity for
its electron acceptor, menadione. By comparison, the reported K, of mouse
PPO for oxygen is 125 uM (14). HemG'’s affinity for its electron acceptor could
allow function when only a small amount of the menaquinone pool is oxidized, as
in the case of aerobic respiration, where ubiquinone is preferentially oxidized by

terminal oxidases.
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Role of the long chain insert loop.

The E. coli strain SASX38 lacks functional PPO activity and was reported
to be deficient in HemG. However, the nature of this deletion was never
identified. Sequence analysis of the hemG gene in SASX38 cells revealed a
deletion from nucleotides 152 to 470. This results in a predicted HemG protein
that remains in frame but is lacking 106 internal amino acids, including the long
chain insert loop. This long chain loop has been previously reported as being
responsible for activity, specificity, and/or recognition of redox partners (27, 28).
Unique to HemG, this region is predicted to contain an alpha helix (figure 2.1).
Since long chain insert loops have previously been implicated in specificity and
function of flavodoxins, this region of HemG was examined by mutating the long
chain insert loop of E. coli flavodoxin A to that of HemG. The resulting chimeric
clone, FIdG, was expressed in SASX38 cells deficient in HemG activity and
complementation was obtained indicating that in vivo the chimera can contains
PPO activity. Expression and purification of the FIdG protein was performed as
described for HemG. Spectral analysis revealed no feature at 416 nm, and PPO
assays of purified FIdG showed no activity in the presence or absence of

menadione.

Discussion
The lack of an identifiable protoporphyrinogen oxidase in most Gram-
negative bacteria represents a significant gap in our current understanding of

prokaryotic heme synthesis. These organisms require heme and contain all
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other enzymes within the pathway so clearly an enzyme with PPO activity must
exist. Dependence upon non-enzymatic conversion of protoporphyrinogen 1X in
vivo would be untenable since it would be unregulated and the accumulated
highly reactive excess product would be toxic to the cell. Data presented herein
clearly demonstrates that HemG is a previously uncharacterized form of PPO
that is distinct from currently identified oxygen-dependent bacterial HemY PPOs.
Unlike other known PPOs, HemG is a flavodoxin-based enzyme that employs
menaquinone, rather than oxygen, as an electron acceptor. This is appropriate
since E. coli is a facultative anaerobe and would be unable to synthesize heme in
the absence of oxygen if it possessed a HemY type of PPO.

Due to the hydrophobicity of menaquinone and the nature of these
assays, the soluble form menadione was used, which lacks the long aliphatic
side chain not involved in redox properties. Our finding that HemG utilizes
menadione in vitro is consistent with previous research reported by others that
was done with cell extracts of E. coli (20-23). These authors found that PPO
activity was respiratory chain associated (with fumarate, nitrate or oxygen as
terminal electron acceptors) and the activity was localized to the membrane
fraction. This location would be anticipated since the respiratory chain
components, including the menaquinone-8 pool, are membrane localized. Thus,
the coupled reaction will be one where the soluble HemG interacts with
menaquinone at the membrane.

The proposition that a flavodoxin has evolved to gain function is not

without precedent. WrbA, another protein similar to E. coli flavodoxin, possesses
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a quinone reductase activity much like HemG (16, 34). It appears that this
protein represents an evolutionary link between flavodoxins and eukaryotic
NAD(P)H/quinone oxidoreductases (3). Like HemG, it also exists as a
homotetramer and the regions adjacent to the four FMN binding sites form an
active site complex in the center of the quaternary structure (2, 15). Another
interesting property of WrbA and other quinone reductases in general is their
ability to transfer two electrons in a ping-pong mechanism. This avoids the
generation of semiquinone radicals that can lead to harmful reactive oxygen
species (13). It will be of interest to determine if HemG also has the ability to
function as a two electron transfer protein. Such an ability would decrease by
half the number of turnovers required to oxidize the porphyrinogen.

The data obtained from the chimeric FIdG in which the long chain insert of
HemG is substituted for the analogous position of flavodoxin A presents possibly
the most intriguing aspect of HemG. By swapping the long chain insert loop out
of HemG into E. coli flavodoxin A, we were able to complement a cell line that
must have PPO activity to grow under respiring conditions. This clearly indicates
a transfer of function from HemG to a flavodoxin normally only capable of
transferring electrons between redox partners. No in vitro activity with the
chimera could be seen in the presence of menadione, but in vivo
complementation can only occur if function is present. Lack of in vitro activity
probably results from the absence of a normal flavodoxin A redox partner to
accept electrons during the reaction. The most compelling reason for this is that

the loop region is responsible for binding and oxidation of the tetrapyrrole but
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does not confer reoxidation of the cofactor by quinones. From the
complementation results, it is clear that FIdG is still able to interact with a
physiological redox partner of FIdA in vivo so that it can turn over.

Computational modeling of HemG results in a predicted structure that is
similar to the typical flavodoxin motif. The predicted structure generated using
3D-JIGSAW is shown in figure 2.4 (6). The FMN binding pocket is formed by the
50’s and 90’s loops, and the long chain insert loop extends behind this pocket
presenting the possible interaction site for FMN and substrate, further supporting
the role of the long chain insert loop.

Interestingly, the conversion of protoporphyrinogen 1X to protoporphyrin 1X
appears to be an activity where Gram-negative bacteria have scavenged and
adapted other proteins to do the job. Myxococcus species contain an FAD-
containing, oxygen dependent enzyme essentially identical to eukaryotic PPOs
(7) whereas Desulfovibrio gigas is reported to carry out catalysis using a
heterotrimer complex (24) that remains to be characterized. HemG itself is only
present in [J-proteobacteria and so the identity of PPO in the remaining Gram
negative organisms remains unknown. Thus, HemG’s role as a
protoporphyrinogen oxidase fills only a portion of the gap in our understanding of
this point of the pathway.

There are many unanswered questions concerning HemG, its function,
and the role of the long chain insert. Since it is a relatively small protein, it will be

of interest to determine how it binds the substrates protoporphyrinogen and
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menaquinone and catalyzes the reaction. Ongoing studies aimed at determining

the X-ray crystal structure of HemG will help to answer these questions.

Supporting Information Available

SAS38X complementation was identified by the appearance of colony growth
after transformation of appropriate plasmid. In an effort to give some quantitation
to this, the following growth curves were generated: SAS38X, SASX38 with
heme, SAS38X transformed with pTHHemG, and SAS38x transformed with FIdG

(figure S2.1).
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Figure 2.1. Sequence analysis of HemG. A. Sequence and secondary structure
similarity of HemG with Flavodoxin A of E. coli. HemG is predicted by Jpred (5)
to possess a typical flavodoxin-fold motif but with one notable difference, the
presence of an alpha helical domain within the long chain insert loop.
diagram similar residues are highlighted in grey, with conserved residues in red.
Alpha helices and beta sheets are shown in green and blue respectively for each
protein. B. Sequence alignment of the long chain insert loop of E. coli HemG
with that of other annotated HemG proteins and FIdA. Identical residues within
the predicted alpha helix are highlighted. Significant change in this region (i. e.
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Figure 2.2. Initial characterization of HemG and its cofactor. A. SDS-page
analysis of purified recombinant HemG. Left lane, molecular weight marker;
Right lane, purified HemG. Recombinant HemG possesses a major band of
approximately 22 kDa with a faint band seen at approximately 40 kDa. Both
bands were identified as HemG by MS/MS analysis. B. UV-vis spectrum
analysis of purified recombinant HemG. The holoprotein (top line) exhibits
characteristic FMN features (dashed line), as well as the presence of a peak at
416 nm which is lacking in E. coli flavodoxin A (bottom line). C. EPR-monitored
redox titration of HemG. Data were fitted to the Nernst equation for two
consecutive one-electron reduction steps (Eq. 1). A relative semiquinone EPR
signal of 1 indicates a sample where all FMN present is in the semiquinone state.
Inset: Calculated redox potentials for the oxidized/semiquinone and
semiquinone/hydroxyquinone couples of cofactor as determined by Eq. 1.
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Figure 2.3. Enzymatic conversion of protoporphyrinogen IX to protoporphyrin IX
by HemG. A. PPO assays are shown for human PPO (m), 100 nM HemG + 1
mM menadione (o), 100 nM HemG (¢), 1 mM menadione (¥ ), and
protoporphyrinogen alone (A). In the absence of menadione HemG is capable
of generating only minimal amounts of product when compared to autooxidation.
In the presence of saturating menadione concentrations, enzymatic activity is
greatly increased to levels that are comparable to human PPO. B. Determination
of apparent Michaelis constants for HemG. 100 nM HemG was assayed using
varying concentrations of protoporphyrinogen I1X (bottom curve) and menadione
(top curve). Data were fitted to single rectangular hyperbolae (Eq. 2). K, and
Keat for protoporphyrinogen IX = 7.0 uM and 17.52 min™"; K, and Kca for
menadione = 3.76 uM and 16.87 min™".
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Figure 2.4. Predicted Structure of HemG. Structure was generated using 3D-
JIGSAW (6). FMN-binding loops and the long chain insert loop are colored
purple and blue respectively. The long chain insert loop sits above the binding
pocket formed by the two loops allowing possible interaction with FMN.
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Figure S2.1. Complementation analysis of chimeric FIdG. SAS38X cells are
able to grow only when given heme or functional protoporphyrinogen oxidase.
Cells containing FIdG have restored, but slow, growth compared to control ells.
Initial growth is due to residual heme in inoculums.
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Table 2.1. Comparison of kinetic parameters for HemG and various PPOs

Protein Km (uM) Kcat (min")  Reference

H. sapiens PPO 1.7/3.8 10.5/5.7 (36)

M. musculus PPO 6.6 7.45 (37)
B. subtilis PPO 1.0 0.05 (35)
D. gigas PPO 21 17.7 (38)
E. coliHemG 7.0 17.52
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CHAPTER 3
REQUIREMENT OF HEMQ FOR PROPER FUNCTION OF HEMY AND HEMH
IN THE FIRMICUTES AND ACTINOBACTERIA
Summary
The heme biosynthetic pathway was long thought to have been
elucidated, with each step controlled by a characterized enzyme, though multiple
forms exist in some cases. Herein we describe evidence for a novel enzyme
outside of the classical pathway essential for heme synthesis to occur. This
enzyme, HemQ, is present in the Firmicutes and Actinobacteria and is required
for the terminal two enzymes in the pathway, protoporphyrinogen oxidase
(HemY) and ferrochelatase HemH), to catalyze their reactions in vivo. In vitro,
Propionobacterium acnes HemY was shown to contain little detectable activity
when assayed alone, but was greatly stimulated by the addition of HemQ to
reaction mixtures. Furthermore, synthesis of heme by HemH was not seen
unless HemY and HemQ were present. Through the use of this three component
system, it was observed that heme synthesis only occurred when
protoporphyrinogen, the substrate of HemY, was available, suggesting that the
three enzymes function in a complex. The existence of this complex was not
supported by gel filtration techniques, but was not ruled out. Although not
completely characterized, it is clear that HemQ represents a novel aspect of

heme synthesis previously unconsidered. Finally, this enzyme represents an
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intriguing antimicrobial target, present in such pathogenic organisms as
Mycobacerium tuberculosis and Staphylococcus aureus. The data presented
herein is part of a larger article by Dailey et al. previously published in the Journal
of Biological Chemistry, 285:25978-25986.
Introduction

One of the hallmarks of prokaryotes is astounding diversity. In
quantitative terms, a handful of soil has been estimated to contain millions of
different species (6). Qualitatively, consider the capacity of these organisms then
for genetic diversity. The wide range of metabolic pathways within
microorganisms has enabled them to adapt and flourish in all known
environments (16). One key example is the group of metabolic pathways that
make up tetrapyrrole synthesis. As enzymatic cofactors, tetrapyrroles afford
such integral metabolic processes as photosynthesis, aerobic and anaerobic
respiration, oxidative stress response, sulfite assimilation, methanogenesis, and
many others (11). These cofactors include heme (5), siroheme (17), chlorophyll
(11), coenzyme F430 (7) and the highly complex cobalamin (vitamin B12) (13).
The latter two are only synthesized in prokaryotes.

Perhaps the most well-characterized of these is heme biosynthesis (12).
Like all tetrapyrroles, synthesis begins with the conversion of a precursor
compound, d-aminolevulinic acid (ALA), to uroporphyrinogen Il (uro-1ll). While
ALA synthesis can occur two different ways in prokaryotes, the next three
enzymes are shared by all pathways in all organisms. Next, terminal enzymes

shared by both heme and chlorophyll pathways convert uro-lll in to
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protoporphyrin. Unique to heme synthesis, the final enzyme ferrochelatase
(HemH) inserts iron into the macrocycle.

A recent discovery by Tamara A. Dailey in our group has proven that a
protein resembling chlorite dismutase, now named HemQ, is present in the
Firmicutes and Actinobacteria and is required for the soluble HemY and HemH
they contain to function correctly. The initial question of HemY and HemH
function in these organisms came from the observation that neither could
complement an E. coli mutant lacking their respective steps in heme
biosynthesis. HemQ was later discovered when the protein sequence of HemH
within Propionobacterium acnes was seen to contain ~300 C-terminal amino
acids unique to this group, and it was subsequently revealed that the coding
sequence of hemH was fused to that of a hypothetical ORF, now named hemQ.
Studies showed that a successful complementation of the E. coli mutants could
only occur if plasmid-born hemY, hemH, and hemQ were all present (herein,
hemY and hemH are used to refer to their respective genes only in organisms
containing hemQ) (Table 1). This implies that HemY and HemH are not sufficient
for their own respective activities. While the exact function of HemQ is not
known, we have attempted to characterize the catalytic aspects of HemY and
HemH with respect to HemQ essentiality. Presented herein, we have now shown
that in vitro activity of HemY and HemH only occurs in the presence of HemQ.
The existence of a complex between the three proteins was also examined.
These observations indicate that enzymes superfluous to our current understand

of catalytic steps can still be essential for heme biosynthesis.
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Materials and Methods
Cloning, expression, and purification.

In most cases, respective genes were obtained by PCR of genomic DNA
(M. tuberculosis gDNA gifted by Fred Quinn, University of Georgia and P. acnes
gDNA gifted by A. Strittmatter, Georg-August-Universitat, Germany) and cloned
into the Nhel/Hindlll sites of pTrcHisA (Initrogen, Carlsbad, CA) and then
expressed in E. coli. The exceptions to this are P. acnes hemY, which was
engineered to contain a c-terminal 6x his-tag and cloned into the Ncol/Hindlll site
of pTrcHisA, and B. subtilis hemQ, which was cloned into the Nhel/Xhol sites of
pTrcHisA. All constructs were verified by direct sequencing. Protein expression
and purification of recombinant proteins was done as previously described (1).
HemQ referred to as “heme-loaded” indicates that 1 mg of hemin in DMSO was
added per mL to ultracentrifuge supernatant prior to being loaded on the the

HisPur cobalt chelate column (Pierce, Rockford, IL).

Enzymatic Assays.

Protoporphyrinogen oxidase assays were done as previously described
(15) with the addition of 5 mM EDTA added to the reaction mixtures. Briefly, 100
nM of P acnes HemY alone or with either 100 nM HemH/Q or 100 nM HemH/Q
preloaded with heme was assayed and activity was monitored at 37 °C using A
Synergy HTI plate reader (Biotek, Winooski, VT) fitted with a 550 nm highpass
filter and two 528 and 545 nm bandpass filters on the excitation light and a 635

bandpass filter on the emission light. Data (v vs [S]) were fitted to eq 1:
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V= Vapp[S)/(Kapp + [S])
where Vapp is the apparent maximum rate and Kypp is the apparent Michaelis-
Menten constant.

The coupled assays of protoporphyrinogen oxidase and ferrochelatase
were done by measuring the amount of heme produced by HemQ, HemH, and
HemY in the presence of protoporphyrinogen IX (p’gen 1X) and iron. Reaction
mixtures consisted of 1 uM enzymes, 66 mM Tris HCI ph 8.0, 5 mM glutathione,
3.3% Tween 20, 10 mM beta-mercaptoethanol, 100 uM ferrous ammonium
sulfate, and ~25 uM p’gen IX. In the case of one control, 25 uM protoporphyrin 1X
was added instead. 1 mL reactions were conducted at 25 °C and terminated
after 30 minutes with 500 uL of 0.1M iodoacetamide and vortexed. Final heme
concentrations were determined by the pyridine-hemochromogen assay (3).
Here, 500 mL of a 200 mM NaOH and 40% pyridine solution was added to the
terminated reactions, and the resulting 2 mL was split into two cuvettes. Final
samples were analyzed using a Cary 1G UV spectrophotometer (Varian, Palo

Alto, CA) and quantified using the extinction coefficient hemochrome (20.7 mM™).

Analysis of Complex Formation.

To determine if HemY, HemH, and HemQ formed a multiprotein complex,
fast protein liquid chromatography (FPLC) was used. FPLC was carried out
using and Aktaprime machine equipped with a Hi-prep Sephacryl S-300 column
(GE healthcare, Piscataway, NJ, USA) under low ionic strength buffers of 10 mM

NaMOPS pH 7.2. Combinations of HemQ, HemH, and HemY were run together
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and separately using purified recombinant protein from B. subtilis. Prior to
loading, proteins were incubated at 37 °C for 30 min. All peaks obtained were

collected, concentrated, and examined by SDS-PAGE analysis.

Results
HemQ requirement for protoporphyrinogen oxidase activity.

As stated above, the presence of hemY, hemH, and hemQ from
organisms containing hemQ is required for functional complementation of an E.
coli strain previously characterized as lacking PPO activity. HemY alone does
not restore growth. This is surprising give that a homologous gene, human PPO,
will function in these cells. To determine how these results applied in vitro, PPO
assays were performed on purified protein. P.acnes HemY displayed a Vpax Of
3.0 min™ and a Ky, for protoporphyrinogen IX of 19 uM. B. subtilis HemY is
reported to display a low Vpax as well (0.05 min™"), but these values are much
less than those of other reported PPO enzymes. Addition of the heme-loaded P.
acnes HemH/Q fusion protein resulted in an increased Vmax of 19.8 min™ and
lowered the Km to 10.1 uM (Figure 3.1). These changes in the catalytic values
clearly indicate that the presence of HemH/Q influence the activity levels of

HemY in vitro.

Heme synthesis assays.
We next sought to analyze the ability of M. tuberculosis HemY and HemH
to form heme in the presence of protoporphyrinogen IX and ferrous iron. No

detectable activity was observed. Significant activity could only be seen when
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heme-loaded HemQ was added to reaction mixtures, once again confirming its
essentiality (figure 3.2). If the HemQ added was not pre-loaded with heme
before purification, overall activity was lessened. Correct quantification of these
levels cannot be determined however, since initial heme formed in the reaction
would immediately be bound by apo-HemQ present. The three component
HemY/H/Q system from B. subtilis and P. acnes enzymes functioned similarly.
Interestingly, the type of HemQ present in reactions did not matter despite overall
differences in protein homology, as M. tuberculosis HemQ allowed B. subtilis

HemY and HemH to function properly.

Analysis of proposed multi-protein complex.

Fast protein liquid chromatography (FPLC) was used to investigate the
possibility that HemY, HemH, and HemQ exist as a soluble complex in vivo.
Proteins were run under low ionic conditions to promote complex formation.
FPLC of HemQ alone yields peaks at 35 and 48 ml (figure 3.3A). Presence of
HemQ within these fractions was confirmed by SDS-PAGE. The peak at 48 mL
corresponds to roughly 200,000 kDa, in-line with HemQ existing as a pentamer
or hexamer such as crystal structures of HemQ homologues adopt. HemyY,
HemH, and HemQ were incubated together and then subjected to FPLC. The
peaks obtained from these can be seen in figure 3.3B. SDS-PAGE analysis
revealed the presence of HemQ in the same fractions as before, 35 and 48 mL.
HemH was seen to elute at 55 mL, separate from HemQ. The presence of

HemY was not detected in any of the major fractions.
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Discussion

Each individual step in heme biosynthesis, from the initial synthesis of d-
aminolevulinic acid (ALA) to the insertion of iron into protoporphryin, have been
extensively studied and characterized. Structures and established mechanisms
exist for the vast majority of the enzymes involved. As a whole, the pathway is
well-conserved among all life, understandable since the toxic intermediates
produced must be handled with care. Still, variation among enzymes occurs at
some steps, as outlined earlier. Given the grand diversity that exists among
prokaryotes, this is quite understandable. What was not expected, however,
was the discovery of an enzyme outside of the catalytic cycle, yet still essential
for heme biosynthesis. As evident by our findings, HemQ affords soluble HemY
and HemH their function in the Firmicutes and Actinobacteria. The conversion of
protoporphyrinogen to heme cannot occur unless HemQ is available. While the
exact mechanism of this remains unknown, it is clear that a catalytic role in the
heme biosynthetic pathway is not apparent. The remaining conclusion then is
the protein must stabilize the other two enzymes in some way. Our
understanding of the heme biosynthesis pathway must be reevaluated in light of
the discovery of HemQ. Other enzymes may yet exist that, like HemQ, there was
no previous reason to believe unaccounted.

In eukaryotes, PPOX and FECH are homologous to HemY and HemH
respectively. These enzymes are localized to the inner mitochondrial membrane
on opposite sides, with PPOX on the cytosolic side and FECH on the matrix side

(4, 8). For HemY and HemH of the Gram positives, however, these enzymes are
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not membrane associated. If these enzymes must form a similar complex, one
possibility is that the ring like structure of HemQ may act as a bridge to stabilize
this interaction. With the active fusion of HemH and HemQ in P. acnes, it is likely
that each HemQ protein interacts with one monomer of HemH inside this
complex. Our findings that heme can only be produced when
protoporphyrinogen IX, ferrous iron, and all three proteins are present further
strengthens the multi-protein complex idea, as protoporphyrin, the substrate of
ferrochelatase cannot be used despite its functionality. Unfortunately, our FPLC
data currently does not support the existence of the multiprotein complex. This
may be due to a variety of factors, including improper stoichiometry and
unfavorable in vitro conditions (such as pH or salt concentrations). Another
problematic factor is the expression of HemY from these organisms. Through
current purification methods, clean, high yields of this protein are not readily
obtainable. The interactions between these three enzymes may also be transient
in nature, as has been suggested previously for HemY and HemH of other
organisms, complicating matters to observe this formation in vitro. Further
investigations will be required for accurate determination.

From a practical standpoint, one of the more intriguing features of the
newly-discovered HemQ is its potential as a drug target. HemQ is present in a
number of human pathogens, most notably Mycobacterium tuberculosis and
Staphylococcus aureus. Both of these organisms have a significant health and
economic impact globally, with rates continuing to climb. It is estimated that 30%

of the world’s population is infected with M. tuberculosis, with 1.7 million deaths
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occurring in 2009 (14) In the case of S. aureus, the methicillin resistant strain
(MRSA) has become the most frequent cause of skin and soft tissue infections in
the United States (9) and is associated with higher mortality rates and increased
hospitals cost levels (2). The presence of HemQ in these organisms represents
a unique opportunity for antibiotic development. The potent herbicide acifluorfen
inhibits protoporphyrinogen oxidase causing cell death through oxidative stress
and is widely used in soybean, peanut, pea, and rice production (10). Likewise,
drugs inhibiting the function of HemQ would effectively block the same step in the
pathway. These then would fulfill many of the ideal characteristics of an effective
antibiotic agent: Narrow spectrum, bacteriocidal, and limited effect to the host

(heme synthesis within humans and most normal flora would be unaffected).
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Figure 3.1. Stimulation of HemY activity by HemQ. HemY from P. aches was
assayed as described in the text with heme-loaded HemQ (upper curve). The
activity exhibited by this system is greatly increased compare to that of HemY
alone (lower curve).
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Fig. 3.2. Heme synthesis from protoporphyrinogen IX and ferrous iron. The bar
graph shows heme formation in vitro by 1 nmol HemY and HemH. When heme-
loaded HemQ was employed in the assay the amount of heme (present in holo-
HemQ) added was quantitated and accounted for less than 5% of total heme in
assays with heme-forming activity. In one experiment (far right) HemQ was
replaced with catalase and in one experiment (denoted by asterisk)
protoporphyrin, rather than the porphyrinogen, was supplied. In neither of these
instances was heme formation observed.
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Figure 3.3. Sephacryl S-300 size exclusion chromatography of HemQ. A. FPLC
of HemQ alone gives a major peak corresponding to 200,000 daltons. The peak
at roughly 35 mL represents the void volume of the column. B. FPLC of HemQ
in the presence of HemY and HemH yields an additional, separate eluted peak
containing HemH.
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Table 3.1. Complementation of E. coli AhemG with various expression plasmids.
Plasmids for recombinant protein expression in E. coli were transformed into a
hemG-deficient strain. Positive complementation resulted in the growth of wild-
type sized colonies after overnight incubation at 37 °C. (From Dailey et al. 2010.
J. Biol. Chem. 285:25978-25986.)

Protein expressed from plasmid Complementation
pTrcHisA (empty vector) -
Human protoporphyrinogen oxidase +
coelicolor HemY -

. coelicolor HemY + HemH -
. coelicolor HemY + HemQ -
. coelicolor HemY + HemH + HemQ +
. tuberculosis HemY

. tuberculosis HemY + HemH

. tuberculosis HemY + HemQ

. tuberculosis HemY + HemH + HemQ
. aches HemY -
. acnes HemY + HemH/Q fusion
. subtilis HemY -
. subtilis HemY + HemH -
. subtilis HemY + HemQ -
. subtilis HemY + HemH + HemQ
. acnes HemY + M. tuberculosis HemH -
. acnes HemY + M. tuberculosis HemQ

. acnes HemY + M. tuberculosis HemH + HemQ

. acnes HemH/Q + M. tuberculosis HemY

. tuberculosis HemY + HemH + B. subtilis HemQ
M. tuberculosis HemH + HemQ + B. subtilis HemY
M. tuberculosis HemY + HemQ + B. subtilis HemH
B. subtilis HemY + HemH + M. tuberculosis HemQ

+ 1

+

MR REE R R YIRS
+

+ 4+ + + 4+
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Abstract

Tetrapyrroles are ubiquitous molecules in nearly all living organisms.
Heme, an iron containing tetrapyrrole, 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 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 auxotropic 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 human protoporphyrinogen oxidase.

131



Introduction

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
microbial 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 enzymes that are necessary to catalyze heme biosynthetic steps (40).
The situation for the 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 catalases and peroxidases (51), diatomic gas
transport in hemoglobin (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 dormancy (18, 48), and a
transcriptional regulator for heme-responsive global iron networks (46). The
biosynthesis of protoheme from the first committed precursor , 5-aminolevulinic
acid (ALA) is relatively well conserved. However, two distinct mechanisms exist

for ALA synthesis, the so-called 5-C route from glutamyl tRNA that is present in
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plants, most bacteria and the Archaea, and the C-4 route from glycine and
succinyl-CoA found in the metazoan 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 only absent in a few organisms
such as helminthes and trypanosomes, where it would appear 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 biological
pathway is more diverse and less well characterized.

Examination of available bacterial genomes for heme biosynthetic
enzymes reveals several noteworthy gaps where recognizable forms of
characterized enzymes cannot be located (40). Interestingly, this phenomenon is
not limited to one specific taxon, but occurs across a diverse set of
microorganisms. The first gap occurs during the cyclization of the linear
tetrapyrrole, where uroporphyrinogen synthase cannot be identified in some a-
proteobacteria and chlamydiaceae. The next missing step occurs at the
antepenultimate step, where two distinct enzymes are known to catalyze this
reaction (7): an oxygen-dependent coproporphyrinogen oxidase named HemF
(3) and an oxygen-independent, radical SAM-utilizing coproporphyrinogen
dehydrogenase named HemN (29). Some heme-synthesizing bacteria lack both
of these proteins, so it is clear that there is an as yet undiscovered form of

coproporphyrinogen oxidase.
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Until recently there was a third example, where an identified enzyme for
the penultimate step, the six electron oxidation of protoporphyrinogen IX to
protoporphyrin 1X, was lacking. Some bacteria such as Myxococcus and Aquifex
possess an oxygen-dependent, membrane associated enzyme HemY which is
homologous to eukaryotic protoporphyrinogen oxidase (PPOX) (6, 7, 50).
Firmicutes and Actinobacteria contain a soluble version of HemY that is different
in that it lacks the membrane binding domain (8) and the enteric y-proteobacteria
employ the oxygen-independent enzyme HemG (20, 44) that is a quinone-
dependent flavodoxin with protoporphyrinogen dehydrogenase (PpdH) activity
that can be coupled to aerobic or anaerobic respiration (2, 34). The -
proteobacteria, 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 in many cyanobacteria and non-enteric Gram-
negative bacteria, including many pathogenic microbial genera: Bordetella,
Brucella, Campylobacter, Fusobacterium, Helicobacter, Pseudomonas, and
Rickettsia for example.

The purpose of the present study was to identify and characterize the
protein(s) responsible for PPO activity in this broad class of prokaryotes using a
marriage of bioinformatics and experimental techniques. By employing the
SEED platform (38), we identified a protein family, uncharacterized at the time,
that we predicted may fulfill the “missing” function of protoporphyrinogen oxidase

in these taxa. Utilizing the naturally transformable bacterium Acinetobacter
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baylyi ADP1 (23), which lacks hemG and hemY, we determined that the protein

family COG1981 possesses 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 in

www.nmpdr.org/FIG/wiki/view.cqi/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 clear homolog(s) of known PPO gene(s), and
hence are not expected to contain a novel non-homologous 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 a yet
undiscovered non-homologous form of the enzyme (Supplementary Table 4.1).
The Signature Tool identifies and returns protein families represented in the
genomes of the inclusion 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.
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Cloning

The sequences of PCR primers used in this study can be found in
Supplementary Table 4.2. Acinetobacter baylyi ADP1 hemdJ was obtained by
PCR of genomic DNA from this organism. The DNA for the open reading frame
(ORF) was ligated into the Nhel and Hindlll site of pTrcHisA (Invitrogen). E. coli
hemG, M. xanthus hemY, and human PPOX were cloned as previously
described (2, 7, 9). For expression in A. baylyi ADP1, these genes were inserted
into the Nhel and Hindlll site of pBBR1sp. pBBR1sp was made by inserting the
following short sequence into the Kpnl and Xhol site of the broad-host-range

cloning vector pBBR1MCS (26):

5-CAAGGAGCAAGTAATGGCTAGCC-3'

3-CATGGTTCCTCGTTCATTACCGATCGGAGCT-5

This sequence contains an Acinetobacter ribosomal binding site (AGGA), an
ATG start codon, and a unique Nhel site (shown in bold). The unique Apal site
of pPBBR1MCS between Kpnl and Xhol 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 HemdJ Knockout
The A. baylyi hemd 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 downstream of hemJ was amplified by
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PCR and cloned into the EcoRI and Hindlll sites of pUC19. This plasmid was
named pBAC883. Next, a kanamycin resistance cassette was excised from
pUI1637 with Xbal and inserted into the unique Spel site within the hemJ
sequence of pPBAC883 and the resulting plasmid was named pBAC884. Finally,
pBAC884 was introduced into the bacterial chromosome by allelic exchange as
previously described (5). The wildtype strain was transformed with linear
pBAC884 and recombination events were selected on LB agar containing 10
mg/ml hemin and 30 mg/ml kanamycin. Positive recombination was further
screened by plating on media without hemin. A lack of growth was used to
indicate a phenotype auxotrophic for heme. ACN1054 was verified by

sequencing of genomic DNA.

Protoporphyrinogen Oxidase Assays

Enzymatic assays were carried out using a continuous fluorimetric assay
as previously described (45). Briefly, crude extracts were obtained by sonicating
159 of cells three times for 30 seconds on ice in 60 ml solubilization buffer
containing 100 mM Tris-MOPS pH 8.1, 100 mM KCI, 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 uL extract, 50 mM NaH,PO, pH 8.0,
0.2% (w/v) Tween 20, 2.5 mM glutathione, and 25 uM protoporphyrinogen IX.
Extract protein concentrations were in the order of 0.1 mg/mL. For soluble and
membrane fractions, crude extracts were centrifuged at 100,000 x g and the

soluble supernatant fraction was collected. The pelleted membrane fraction was
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then resuspended in an equivalent volume of solubilization buffer containing 1%
Triton X-100 and centrifuged again at 100,000 x g. The resulting supernatant
was then collected as the membrane fraction. These extracts were diluted 1:10
before use in reaction mixtures. Protoporphyrinogen IX was generated by
reducing protoporphyrin IX (Frontier Scientific, Logan, UT) with an amalgam of
3.5g sodium and 75g 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 ug/ml s-aminolevulinic acid and 5 ug/ml hemin. After 72
hours at 30° in the dark, plates were examined under UV light and a visible red
fluorescence could be seen in cells positive for accumulation. For identification
and quantification, 1.0 ml of a 5.0 ml 48h culture of ACN1054 was grown under
the same conditions as above and centrifuged at 10,000 rpm for 3 minutes. The
resulting pellet was then suspended in a solution of 4:1 (v/v) ethyl acetate/acetic
acid solution for extraction of porphyrins. This suspension was centrifuged at
10,000 X g for 3 min and the supernatant was collected. Porphyrins were then
separated and quantified using HPLC as previously described (13). The lowest

level of detection for any porphyrin in this system is 1 pmol.
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Complementation and Growth Analysis

The plasmid pBBR1sp containing one of the listed PPOs was transformed
into ACN1054 cells from a 5 ml overnight culture in LB broth to which 2.0 mM
succinate had been added thirty minutes prior to the transformation procedure.
For transformation, 2.0 pl of each respective vector and 2.0 ul of culture were
mixed and spotted onto an LB plate. After 24 hours, the resulting growth was
transferred to a fresh LB plate containing 10 ug/ml hemin, 20 pg/mi
chloramphenicol, and 30 ug/ml kanamycin. Select 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 original plasmid and identification by restriction digest.

For growth analysis, 1.0 ml of a 1.0 ODggo culture was used to inoculate
100 mL LB medium containing appropriate antibiotics. Flasks were shaken at
37°C and the culture density measured hourly for ten hours using a Klett-

Summerson colorimeter bearing a number 66 filter.

Results
Identification of HemJ

Since protein-based searches identified no homologs of HemG or HemY
in many genomes of heme-synthesizing prokaryotes, a non-homology based

technique was employed using the SEED genomic platform (www.theseed.org

(38)). A subsystem encoding the heme and siroheme biosynthetic pathways was

constructed as described by Osterman and Begley (37) for the nearly 690
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eubacteria with complete and nearly complete genomes available in the SEED
database at the time. An updated analysis can be viewed at:

http://theseed.uchicago.edu/FIG/seedviewer.cqi?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 remaining 521 eubacteria with sequenced
genomes. Four representative species are shown in Supplementary Figure 4.1,
illustrating several common operational variants of this subsystem. Of the 521
potentially heme synthesizing bacteria, approximately half (254) lacked an
identifiable homolog of hemG or hemY. The NMPDR Signature Tool

(www.nmpdr.org/FIG/wiki/view.cqi/FIG/SigGenes (33)) with the similarity score

cutoff of 1e”° and default parameters was then utilized to identify hypothetical
protein families with the following desired occurrence profile:

(1) Present only in genomes encoding other enzymes of heme

biosynthesis, specifically the terminal enzymes surrounding PPO

(2) Not found in genomes with known forms of PPO

(3) Present in nearly all candidate 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 Supplementary Table 4.1. Thirty-one hypothetical protein families with
the desired occurrence profile were identified. The list of possible candidates

was further shortened by examining genomic context, as genes associated with
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the same metabolic pathway or functional complex tend to co-localize 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 ferrochelatase 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 the 5-proteobacteria. As stated
previously, Myxococcus xanthus and its relatives contain the eukaryotic-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 instead (2, 20, 30, 44). In addition, COG1981 is presentin a
few subclasses of bacteroides, though the majority of these contain HemY.
These results led us to select COG1981 for characterization and the gene was
named hemdJ (Supplementary Figure 4.2). A previous publication had predicted
that the COG1981 protein family was associated with heme synthesis, but no

function was assigned by these researchers (17).
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HemdJ knockout in Acinetobacter baylyi ADP1

To elucidate the function of Hemd in vivo we chose to knock out the gene
in an organism that contains only hemdJ and not hemG or hemY. Acinetobacter
baylyi ADP1 was selected since it possesses only hemdJ (ACIAD0878), is
naturally competent, and affords an ease of genetic manipulation via homology-
driven recombination (23). The hemJ gene was disrupted by the introduction of a
linear plasmid containing 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 characteristics are restored by hemin supplementation of the
medium (Figure 4.1A). This is consistent with the designation of this gene as
essential in the complete A. baylyi knockout collection generated by de

Berardinis et al (11).

Complementation of ACN1054

Functional complementation of heme auxotrophs has proven a valuable
tool in identifying heme biosynthetic proteins (9, 10, 30, 35). To determine the
role of HemdJ, we cloned genes encoding several validated PPO enzymes into a
newly created A. baylyi-active expression vector. HemG from E. coli, HemY from
Myxococcus xanthus, and human PPOX were selected as candidates for
complementation of ACN1054 on the basis that each is a characterized, fully
functioning protoporphyrinogen oxidase. In addition, HemJ from A. baylyi ADP1

was used as a control. Soluble HemY of the Firmicutes or Actinobacteria was
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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 resulted in the rescue of
heme auxotrophy. Growth analysis further revealed that each plasmid restored
growth to wild type status (Figure 4.1B).

To further confirm if the gene under examination possessed PPO activity
two separate approaches were used: examination of intracellular porphyrin
accumulation that is anticipated when PPO activity is not present, and in vitro
assays of crude cell extracts. In other systems, such as E. coli, lack of PPO
results in an increase of the protoporphyrin precursors uro-, copro-, and
protoporphyrinogen (44). Accumulation of these intermediates is enhanced by
the addition of 6-aminolevulinic acid, the initial precursor compound in heme
biosynthesis.

When supplemented with ALA, ACN1054 cells exhibited an orange-red
fluorescence under ultraviolet illumination after 24 hours of growth. This
fluorescence increased up to approximately 72 hours of incubation (Figure 4.2).
HPLC was used to separate and quantify oxidized samples obtained from cellular
acid extracts. Data presented in Table 4.1 demonstrates an accumulation of
protoporphyrin, 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 extracts from wild-type cells supplemented with ALA in the same fashion.
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In vitro PPO activity was determined in assays performed with crude cell
lysates of wild type and ACN1054 cells (Figure 4.3A). 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 HemdJ amino
acid sequence by the program TMHMM (27) yields a firm prediction 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 fractions were present together (Figure 4.3B).

Discussion

Over the past decades researchers have employed heme synthesis
mutants of E. coli to identify enzymes of heme biosynthesis via complementation.
This approach, while straightforward and robust, can only work 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 Hemd 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 identification of novel enzymes
where a second, well-characterized enzyme exists that catalyzes the reaction of
interest and for which a novel inhibitor also exists, but it does not easily lend itself
to all enzyme systems. A third approach is to employ bioinformatics to initially
identify genes of potential interest and then experimentally test these. This

technique has a broad range of application in biological systems for which
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significant genomic data exists. It requires little knowledge of actual function to
identify novel components, relying instead on gene context and functional
complementation. That was the approach we employed herein to identify hemdJ.
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 facilitate identification of
candidate gene families that can then be experimentally verified (see 11, 15, 44,
45). As detailed above, this led to our identification of COG1981 as a strong
candidate for the missing PPO that was then experimentally verified as Hemd.
With HemG, HemY and Hemd now identified, nearly all eubacterial
genomes in the SEED database inferred to encode functional heme biosynthetic
pathways have identifiable enzymes to catalyze the conversion of
protoporphyrinogen IX to protoporphyrin IX (663 out of 671). The majority (46%)
encode Hemd, with HemY or HemG present in 32% and 23%, respectively. The
only two clear exceptions appear to be Tropheryma and Desulfovibrionaceae .
For the Desulfovibrionaceae the explanation is simple. An alternative, ancient
pathway for the biosynthesis of heme has been shown operational in the genus
Desulfovibrio (19). Lobo et al. (31) presented evidence that protoheme

biosynthesis in D. vulgaris occurs by branching off the common tetrapyrrole route
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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 CPO, PPO, and
possibly ferrochelatase are not involved in the terminal steps of protoheme
synthesis. Instead the D. vulgaris homologs of the Nird and NirD enzymes
participate in this novel transformation (31, 47).

Tropheryma whipplei, the causative agent of Whipple's disease, 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 the 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 hemdJ, hemG or hemY in
the 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 the Archaea
where, with limited exceptions, these organisms do not possess HemF/N,
HemG/Y/J, or HemH as the terminal pathway enzymes essential for protoheme
biosynthesis, but instead utilize a different pathway from uroporphyrinogen to
heme that involves SUMT, PC2-DH and the ahb-nir genes (47). While some

Spirochaetes contain the siroheme biosynthetic pathway, but not the terminal
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enzymes for protoheme synthesis, the remaining Spirochaetes and Thermotogae
contain no tetrapyrrole biosynthetic enzymes. However, it should be noted that
hemY is present in the genomes of Acidobacteria and Actinobacteria and has
been expressed and characterized from the Actinobacteria (8). The examination
of the remaining groups using the SEED Subsystem readily explains the absence
of hemG, hemY or hemdJ in these organisms.

The present work does not identify whether HemJd is a stand alone PPO
enzyme or if it is 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 observation that both the membrane fraction containing
Hemd and the soluble cellular fractions are required for measurable activity in
vitro would argue 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 will require
additional study. Interestingly, Kato et al. (24) reported that a partially purified
HemdJ-maltose binding protein fusion from Rhodobacter sphaeroides could
catalyze oxidation of protoporphyrinogen to protoporphyrin without any added
cofactors. This led them to speculate that HemJ could utilize molecular oxygen
for the reaction. However, no description or evidence for the level of protein
purity was presented and no ultraviolet/visible spectrum was presented that
would have identified chromophoric cofactors such as FMN or FAD. During our
studies we cloned and attempted to express and purify hemdJ from A. baylyi,

Pseudomonas aeruginosa, and R. sphaeroides using a variety of different
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methods including maltose binding protein fusions. However, in all our efforts the
membrane-associated enzyme expressed poorly and did not purify to a level that
would allow confident kinetic studies. 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 published 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 verification 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 homologous recombinations (23). Interestingly had we
chosen E. coli AhemG for complementation with the sought after HemJ, we
would have not been successful since we discovered that HemJ does not
function in E. coli (data not shown).

HemJd represents a novel drug target for many human pathogens.
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 HemdJ are among those organisms that have evolved multi-antibiotic
resistance and for these HemJ presents a new antimicrobial target. The

prokaryotic heme biosynthetic pathway has previously been proposed as a drug
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target for symbiont-containing parasites (12), and HemJ’s absence in most

human flora suggest it could be a prime candidate.
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Figure 4.1. Comparison of A. baylyi ADP1 wild-type and ACN1054 cultures. A.
Growth characteristics of wild type and ACN1054 mutant of Acinetobacter baylyi
ADP1: ACN1054 cultures without added heme (¥ ) and supplemented with
exogenous heme (O). Wild type cells without heme supplementation (@®). B.
Growth analysis of ACN1054 with expression of known protoporphyrinogen
oxidase enzymes. Growth of ACN1054 cells alone (H) and with plasmid-
encoded expression of human PPO (@), M. xanthus HemY (O), and E. coli
HemG (A). Wildtype A. baylyi ADP1 is shown for comparison (V).
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Figure 4.2. Porphyrin accumulation in mutant and wildtype A. baylyi cells. After
stimulation of the heme biosynthetic pathway, porphyrin accumulation is clearly
seen in ACN1054 cells (left) but not in wildtype cells (right). Fluorescence is
visible with exposure to long wavelength UV light.
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Figure 4.3. Protoporphyrinogen oxidase activity in Acinetobacter crude cell
extracts as measured by continuous fluorescence spectroscopy. A. In vitro PPO
assays are shown for wildtype (@) and ACN1054 (O) extracts, as well as an
extract-free control (V). B. Protoporphyrinogen oxidase activity in membrane
and soluble fractions of Acinetobacter extracts. Activity levels for the soluble
fraction (O), membrane fraction ('V), extract free control (®), and membrane
plus soluble fractions together (A). Approximately 0.1 mg/ml protein was
present in each extract.
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Supplementary Figure 4.1. Abbreviated version of the populated subsystem
encoding heme biosynthesis (complete version can be found on the SEED
server). A: General pathway diagram is shaded to show specific implementation
of the heme biosynthetic pathway in A. baylyi ADP1. B: Subsystem
spreadsheet fragment: only 4 representative organisms are shown (out of ~900
available in SEED at the time of publication). Plus and minus symbols denote
the presence or absence respectively of genes within each organism. E. coli
contains all genes within the pathway. C. botulinum synthesizes siroheme but
not heme, and thus lacks the terminal enzymes. H. influenza does not
synthesize heme but contains the final enzyme ferrochelatase. A. baylyi ADP1
possesses all but one gene within the pathway, indicating a novel gene must be
present. Abbreviations employed are: PBS=porphobilinogen synthase,
PBD=porphobilinogen deaminase, UroS=uroporphyrinogen synthase,
UroD=uroporphyrinogen decarboxylase, CPOX=coproporphyrinogen oxidase,
CpdH = coproporphyrinogen dehydrogenase, PPO=protoporphyrinogen oxidase,
PpdH = protoporphyrinogen dehydrogenase, FC=ferrochelatase.
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Supplementary Figure 4.2. Amino acid sequence comparisons of various HemJ
enzymes. Overall sequence identity among HemJs is low. A carboxyl-terminal
extension is present only in cyanobacterial HemJd.
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Table 4.1. Porphyrin analysis of cell extracts from A. baylyi ADP1 wild-type and
ACN1054

Porphyrins (nM)

Total Uro- 7-COOH Copro- Proto-

ACN1054 4802 + 559 + 81+ 2429+ 1734+
318 81 43 149 135

Wildtype b.d. b.d. b.d. b.d. b.d.

*Quantitation of porphyrins was done as described in Materials and Methods.
Samples for analysis were obtained from 1 mL of 48 hour A. baylyi ADP1
cultures grown in the presence of d-aminolevulinic acid. b.d., below detection
level.
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Supplementary Table 4.1. Identification of candidate protein families for the
missing role of PPO via NMPDR Signature Tool

Inclusion genome set (a novel PPO is
expected to be present)

Exclusion genome set (presence of a
novel PPO is unlikely)

Bordetella bronchiseptica RB50
Bordetella pertussis Tohama |
Brucella melitensis 16M
Brucella suis 1330
Helicobacter pylori J99
Rickettsia conorii str. Malish 7
Rickettsia prowazekii str. Madrid E
Helicobacter pylori 26695
Tropheryma whipplei str. Twist
Wolbachia pipientis wMel
Wolbachia sp. endosymbiont of
Drosophila melanogaster

Bacillus halodurans C-125

Bacillus subtilis subsp. subtilis str. 168
Chlamydia trachomatis D/UW-3/CX
Chlamydophila pneumoniae CWL029
Corynebacterium diphtheriae NCTC
13129

Deinococcus radiodurans R1
Mycobacterium leprae TN
Staphylococcus aureus subsp. aureus
Mu50

Thermus thermophilus HB27
Escherichia coli K12

Salmonella enterica subsp. enterica
serovar Typhi str. CT18

Salmonella enterica subsp. enterica
serovar Typhi Ty2
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Supplementary Table 4.2. List of primers used in this study.

Description

Sequence

Amplification of A. baylyi
ADP1 gDNA sequence
pBAC883:

0878F_EcoR

0878R_Hind

Amplification of ACIAD0878
for insertion into pTrcHis:

pTHO878F

pTHO878R

5 — CTTGAATTCGGAGCGCAGTTAT -3’

5 — GTGACTGAACTCGATGAAGGC - &

5 - GTTCTTGCTAGCGATGCACCTTCTGA -3

5 - GTTCTTAAGCTTTTAAAATTGTGGTTT -3’
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CHAPTER 5
DISCOVERY AND CHARACTERIZATION OF A COBALT-DEPENDENT,
OXYGEN UTILIZING BACTERIAL COPROPORPHYRINOGEN

DECARBOXYLASE *

'Boynton TO, Gerdes S, Dailey TA, Hobson D, Neidle EL, Phillips JD, and HA Dailey
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Abstract

The antepenultimate step in protoheme biosynthesis is the oxidative
decarboxylation of the propionates on the A and B ring to vinyl moieties. In
prokaryotes this may occur via one of two distinct enzymes, an oxygen-
dependent HemF that is homologous to eukaryotic coproporphyrinogen oxidase
(CPOX), and an oxygen-independent member of the radical SAM superfamily,
HemN. HemF is found in a minority of Gram negative bacteria and although
hemN has been annotated in most bacterial genomes, it has been experimentally
verified as a coproporphyrinogen decarboxylase (CpdH) only in Escherichia coli.
Given the lack of evidence and the occurrence of postulated hemNs in bacteria
that do not synthesize heme, we examined the validity of hemN annotations by
utilizing the SEED bioinformatic tools and functional complementation of a
AhemF Acinetobacter baylyi ADP1. Our data support the existence of four
distinct “hemN” families with only one that encodes a bona fide HemN (CpdH).
CpdH is present only in the y-proteobacteria leaving all Gram positive bacteria
without a verified enzyme for this step. The SEED tools were employed to
identify new putative enzymes for this step and one of these was identified as a
bona fide Firmacutes-specific coproporphyrinogen oxidative decarboxylase
(CpoD). Expression and characterization of the recombinant CpoD
demonstrated that this unique protein displays activity in vivo and in vitro,

requires the presence of Co®*, and is oxygen-dependent.
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Introduction

Tetrapyrroles are one of the more ancient and broadly employed groups of
cofactors (32). The most prevalent types of these are iron-bound heme and
magnesium-bound chlorophyll. While the latter is essential for light absorption
during photosynthesis, the former exhibits a wide range of chemical properties
such as electron transport in cytochromes (10), anabolic catalysis in peroxidases
and catalases (50), and binding of diatomic gases in a variety of sensor proteins
(29, 37). Heme-containing proteins are also known to play a crucial role in
pathogenesis in several bacteria, including truncated hemoglobins in
Mycobacterium and Campylobacter that scavenge reactive nitrogen species
produced by host immune systems (3, 4), and heme-sensing and —transporting
proteins in Staphylococcus that modulate virulence (43, 46). The biosynthesis of
these crucial molecules must be tightly regulated as the photo-reactive
intermediates are highly toxic to cells (2).

The formation of all tetrapyrroles begins with the same four steps,
resulting in the conversion of 3-aminolevulinic acid to uroporphyrinogen 111 (1). In
protoheme IX and chlorophyll biosynthesis, uroporphyrinogen lll is further
decarboxylated and oxidized to protoporphyrin IX by the actions of
uroporphyrinogen decarboxylase (UROD), coproporphyrinogen oxidase (CPOX),
and protoporphyrinogen oxidase (PPOX). These last two steps are shown in
Figure 5.1. The initially identified forms of both CPOX and PPOX were shown to

utilize molecular oxygen during catalysis and hence were termed oxidases.
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However, it is clear that heme-synthesizing organisms growing under anaerobic
conditions must have alternate mechanisms to catalyze these two steps.

To date, an oxygen-dependent enzyme, HemF, and an oxygen-
independent enzyme, HemN, have been described for the CPOX step (49).
HemF is a cofactorless enzyme homologous to eukaryotic CPOX that requires
molecular oxygen to convert the propionate side chains to vinyl groups (22).
HemN utilizes a radical-S- adenosylmethionine (SAM) requiring system (26).
Since HemN does not require oxygen, it is more appropriately named
coproporphyrinogen dehydrogenase (CpdH) (23). For the final step in
protoporphyrin synthesis an oxygen-dependent PPOX, HemY, has been
identified in Actinobacteria, Firmicutes, and a few Gram-negative organisms. An
oxygen-independent “PPOX,” HemG, has been identified and characterized, but
is restricted to the y-proteobacteria (6). Like CpdH, this enzyme is oxygen-
independent and is best referred to as protoporphyrinogen dehydrogenase
(PpdH) rather than oxidase. Recently a third enzyme, HemJ, has been identified
in the remaining Gram negative bacteria that lack HemY and HemG and while it
is suggested to utilize molecular oxygen, its catalytic mechanism remains
unknown (7, 21).

With HemY, HemG and HemJd, the vast majority of bacteria for which
complete sequenced genomes exist have identifiable enzymes to catalyze the
penultmate step in protoheme synthesis. The same cannot be stated for the
antepenultimate step. HemF is present in only a minority of Gram negative

bacteria and while most bacteria have annotated genes for “probable oxygen-
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independent coproporphyrinogen |l oxidases” there is experimental validation for
a bona fide HemN only in Escherichia coli. The annotation within this gene
family has never been critically examined and the probability is that many “hemN”
genes do not code for CpdH leaving the possibility that an as yet unidentified and
perhaps unique enzyme remains to be discovered and characterized.

Herein, we have employed the SEED platform (www.theseed.org) (34, 35)

to analyze bacterial genes currently annotated as coproporphyrinogen oxidase
and to identify putative new enzymes for this step in heme biosynthesis. This
bioinformatics approach coupled with experimental verification has allowed us to
identify a new enzyme with CPOX/CpdH-like activity in the Firmicutes. This
soluble protein has no sequence resemblance to either HemF or HemN, is

oxygen-dependent, and requires Co?" for activity.

Results
Analysis of current hemN annotations

The legitimacy of many genes annotated as hemN is questionable given
that they exist in bacteria that do not synthesize heme, or they co-exist with
hemF in strict aerobes. Additionally it has been demonstrated experimentally
that some genes annotated as hemN or “probable oxygen-independent
coproporphyrinogen |l oxidases” do not function as bona fide HemN (48). Our
initial goal was to determine which currently annotated hemNs were true

coproporphyrinogen dehydrogenases and which were incorrectly annotated
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proteins that serve other functions in the organisms that possess them. To do
this comparative genomics were employed via the SEED genomic platform.

All genes annotated as oxygen-independent coproporphyrinogen oxidases
were projected across the previously populated SEED heme biosynthetic
subsystem and examined using genomic context and amino acid sequence
comparisons. The examined genes were found to group into four distinct families
within the radical SAM enzyme superfamily (Table 5.1). The first of these, group
A, represents the bona fide HemN and contains the experimentally validated E.
coliHemN. Group B contains the proteins that are best exemplified by the Vibrio
cholerae HutW protein that has been shown to not have HemN activity (48). The
group C enzyme family is found in a wide variety of organisms, including many
incapable of heme biosynthesis such as Haemophilus species, and these genes
are often found clustered with genes related to nucleotide metabolism. Finally,
group D contains genes labeled hemN in the Firmicutes and Actinobacteria,
including Streptococcus species that do not synthesize heme.

The differences among these four groups are clearly shown when their
amino acid sequences are viewed together. Multiple sequence alignment using
ClustalW reveals little homology among these groups (Figure S5.1) and the
conserved regions that do appear correspond to those found in all radical SAM
enzymes, e.g. the Fe-S cluster motif (CXXXCXXC) and S-adenosyl methionine
binding sites. Furthermore, the N-terminal ,)0GPRYTSYPTA,9 and

30sKNFQGYTT345 motifs of E. coli hemN, reported as integral to CpdH acitivity,
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are present only in the group A family (25). Thus, these data strongly support the

proposition that only group A contains a bona fide CpdH.

Creation of hemF knockout mutant

While our in silico predictions suggested that only the group A hemN
family encodes functional oxygen-independent CpdHs, the possibility remained
that genes within the other groups could also encode functional enzymes. To
decipher the in vivo functionality of the various radical SAM protein families as
potential CpdHs, we developed a complementation system in which to test
members of the four families. To do this we deleted the gene ACIAD3250
(annotated as hemF ) of Acinetobacter baylyi ADP1. The entire coding sequence
of hemF was replaced via homologous recombination with a 3.6 kb cassette
bearing both a kanamycin antibiotic resistance marker and a sacB sucrose
lethality marker (Figure 5.2). While HemF of Acinetobacter has never been
characterized, the protein bears 60% identity with the extensively studied E. coli
and Salmonella enzymes. The resulting mutant strain, named ACN1156, is
auxotrophic for heme with wildtype growth levels restored by the
supplementation of exogenous hemin in growth media (Figure 5.3A). This is
consistent with the encoded protein’s function in heme biosynthesis and the
designation of the gene as essential in the A. baylyi ADP1 knockout collection
generated by de Berardinis et al (13). The heme auxotrophy exhibited by
ACN1156 reinforces the designation of ACIAD3250 as a bona fide oxygen-

dependent coproporphyrinogen oxidase (HemF).
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Interestingly, A. baylyi ADP1 contains ACIAD0432, a member of the
group B radical SAM “HemN?” protein family. The heme auxotrophy of the
ACIAD3250 knockout, despite the presence of ACIAD0432 in the genome,
supports the contention that the putative group B hemNs are not functional

CpdHs.

Experimental evaluation of putative hemNs via complementation

Functional complementation of heme biosynthetic mutants has provided
valuable data in the identification of novel enzymes. Here, were have used the
ACN1156 mutant as a platform for both rapid validation of hemN-annotated gene
families and screening of putative coproporphyrinogen oxidases. Homologous
recombination where the resistance marker of ACN1156 was replaced by DNA
encoding the enzyme under examination resulted in single gene replacement
driven by the natural promoter of hemF. Thus, unlike plasmid-driven
complementation techniques, this system ensures the same physiological
expression profile as the wild type gene.

Although A. baylyi ADP1 contains a number of annotated radical SAM
proteins (including ACIAD0432 mentioned above), there was concern that given
the reported oxygen sensitivity of radical SAM enzymes, even a functional HemN
would not complement the aerobic A. baylyi ADP1. However, expression of the
E. coli hemN (the chosen representative of Group A) eliminated the heme
auxotrophy of ACN1156, thereby providing validation of this complementation

system to evaluate putative hemNs.
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The following ORFs were tested for complementation: E. coli hemN
(Group A), Chloroflexus aurantiacus Caur_0209 (group C), Mycobacterium
tuberculosis hemN (group D), Bacillus subtilis hemN (group D), and B. subtilis
hemZ (group D). Genes from group B encode members of the HutW family and
have previously been ruled out as functional CpdH enzymes, and thus were not
retested here (48). Although a group C gene is present in the ACN1156 genome
(ACIADO0432), the possibility exists that this gene is not functional under our
selected growth conditions, so we tested Caur_0209 placed behind the hemF
promoter. Of all genes tested, only E. coli hemN restored growth to the hemF-
deficient ACN1156 (Figure 5.3B). These data provide strong support for the

bioinformatics-based predictions that only Group A HemNs are functional CpdHs.

Identification of putative bacterial coproporphyrinogen oxidases

The above data demonstrated that only a subset of genes annotated as
hemN encode functional CpdH enzymes. These data further reveal that heme-
synthesizing organisms in the following taxa contain neither hemF nor group A
hemN: Acidobacteria, Actinobacteria and Firmicutes. These organisms contain
enzymes for all other steps of the heme biosynthetic pathway. Since genomic
data on the Acidobacteria is limited, we focused on the Actinobacteria and
Firmicutes.

The first step was to identify genes that might encode the missing
enzyme(s). To do this the Signature Tool within the SEED database

(www.nmpdr.org/FIG/wiki/view.cqi/FIG/SigGenes) was used to generate a list of
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genes containing the desired occurrence profile: i.) candidate enzymes should be
present only in genomes containing other genes of heme biosynthesis and
should never be present in organisms incapable of heme biosynthesis and ii.)
candidates may be present along with hemF and hemN since these are known
to co-occur in some organisms (17, 38). Co-localization of candidates with other
genes of heme biosynthesis was not used as a limiting factor since previous
analysis of small-colony variants of Staphylococcus aureus established the
existence of heme biosynthetic genes outside of the two known gene clusters
(45). Additionally available gene expression patterns performed in S. aureus by
the Dunman group (5, 30, 47) were used to limit the list of potential candidates
to only hypothetical genes displaying expression patterns similar to that of other
genes within the heme branch (i.e. hemE, hemY, hemH).

Analysis of the available 690 bacterial genomes yielded three prime
candidates (Table 5.2). The first candidate gene family, HemQ, has previously
been shown to be essential in heme synthesis, although a function has not been
assigned to it. HemQ is present in both phyla examined and its relationship with
HemY and HemH (11) makes it an excellent candidate. The second gene family
consists of annotated hypothetical ORFs with no known function. Examples of
this family are ytpQ in Bacillus subtilis and SAV1743 in S. aureus. Homologues
of these genes are found in the Bacillales order of the Firmicutes and cover all
heme-synthesizing organisms within the phyla. However, they are not present in

the Actinobacteria. The final candidate family is classified as encoding a putative
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lipoprotein and is exemplified by ygaE in B. subtilis and SAV1865 in S. aureus. It
is also absent outside of the Bacillales order.

One or more members of each of these families was selected to be tested
in the complementation system outlined above. The genes selected were:
Mycobacterium tuberculosis hemQ), B subtilis hemQ), B. subtilis ytpQ, and B.
subtilis ygaE. The only successful complementation was from ytpQ (Figure
5.3B), leading us to propose that this gene encodes an enzyme capable of

converting coproporphyrinogen lll to protoporphyrinogen IX.

Expression and biochemical characterization of B. subtilis YtpQ

Sequence analysis of B. subtilis YtpQ, which is a member of the DUF1444
gene superfamily, reveals a protein sequence that is conserved in the Firmicutes
(Figure S5.2) but with only 30% sequence identity. Phylogenetic clustering of
this gene family is shown in Figure S5.3. Homologues are not present outside
this group nor in Firmicutes that do not synthesize heme.

YtpQ was cloned as an in-frame fusion behind a amino-terminal six
histidine-tagged E. coli maltose binding protein (MBP). Cleavage of the purified
fusion proteinwith TEV protease followed by another round of purification yielded
an untagged protein purified to homogeneity at yields of approximately 30 mg
protein/L culture. SDS-PAGE analysis revealed a roughly 30 kDa band, which is
in line with the calculated theoretical molecular weight of 31 kDa (Figure 5.4A).
FPLC of YtpQ under low ionic conditions gave a single peak corresponding to its

observed molecular weight, suggesting that YtpQ exists in solution as a soluble
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monomer. The UV-visible spectrum of active recombinant YtpQ (see below)
displayed a peak associated with the protein and a small shoulder feature in the
325-350 nm region (Figure 5.4B).

To initially test YtpQ for enzyme activity we utilized a two-enzyme linked
assay described previously (33). This assay employs the use of both a functional
CPOX enzyme and the following enzyme in the heme biosynthetic pathway,
protoporphyrinogen oxidase (PPOX), to convert coproporphyrinogen to
protoporphyrinogen and then protoporphyrinogen into protoporphyrin which can
be quantitated by fluorescence (39). Purified YtpQ protein was assayed and
displayed no measurable activity. A wide range of enzymatic cofactors (Table
S5.1) were tested for their ability to stimulate enzyme activity and of these only
Co* in the form of CoCl, resulted in support of measurable enzyme activity. In
the presence of 10 uM CoCl,, 100 nM YtpQ displayed enzyme activity of 3.5 min
'(Figure 5.4C). This activity compares with published rates of 2 min™ and 0.11
min™" for purified yeast and E. coli HemF, respectively (8, 9). Addition of 100 pM
EDTA reversed the stimulation seen, resulting in no activity above background
(data not shown). Although cobalt has been reported to substitute for
physiological cofactors such as zinc or magnesium in some enzymes (16, 42),
we were unable to obtain significant activity with other metals tested (Figure
5.4D). The fact that the as isolated YtpQ needs cobalt supplementation is not
surprising given that the purification scheme employs a cobalt metal affinity
column where the protein is washed off the column with high concentrations of

free imidazole that might be expected to also strip Co from the protein. To
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determine if Co is required as part of a holo-enzyme, purified YtpQ was
incubated with excess CoCl, and then dialyzed overnight against cobalt-free
buffer. The isolated enzyme exhibits spectral characteristics of acobalt-
containing protein (Figure 5.4B) and metal analysis of the protein revealed 0.80
equivalents of cobalt (Table 5.3).

The kinetic parameters with respect to the substrate coproporphyrinogen
were determined for YtpQ in the presence of cobalt and yielded apparent K, and
Keat Values of 37 uM and 14 min™ respectively (Figure 5.4E). The K, value is in
line with those reported for various CPO enzymes, which range from <1-50 uM
(19). HemF, but not HemN, uses oxygen to carry out catalysis. Since the
coupled YtpQ enzyme assays were carried out aerobically, the possibilities
existed that YtpQ uses oxygen as part of its reaction mechanism, or that it is
oxygen-independent and not affected by oxygen. To examine this, additional
assays were performed with YtpQ in which buffers were held under vacuum and
sparged with nitrogen gas, and reactions carried out under nitrogen. While not
anaerobic, the limited oxygen remaining in these assays may be insufficient to
support full activity if molecular oxygen is required in catalysis by YtpQ.
Alternatively, lowered oxygen concentrations would have no impact on an
oxygen-independent enzyme. The results (Table 5.4) show that when oxygen is
limited, the specific activity of the enzyme is decreased ten-fold, which is

consistent with YtpQ utilizing molecular oxygen as a substrate.

Discussion
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Bacteria are known to possess two enzymes, HemF and HemN, capable of
converting coproporphyrinogen Il into protoporphyrinogen IX. Bacterial HemF is
an oxygen-dependent CPO similar in structure and function to eukaryotic CPOX
and requires no cofactor to catalyze the decarboxylation and oxidation of two
propionate side chains to yield vinyl groups at the 2, 4 positions on the A and B
pyrrole rings (27, 36). However, the gene for HemF is absent in all Firmicutes and
Actinobacteria and some Gram negative bacteria. HemN has been identified as
an oxygen independent CpdH that is a member of the “radical SAM” class of
enzymes and possesses a [4Fe-4S] cluster (24). Many organisms have an
annotated hemN and/or hemZ as an “oxygen independent CPO-like” gene in their
genome and because of this, there has been a widespread assumption that the
conversion of coproporphyrinogen to protoporphyrinogen in bacteria is catalyzed
by either HemF or HemN/Z. As detailed above, we demonstrate that HemN is
present in only a subclass of the y-proteobacteria including Aeromonas,
Enterobacteria, Shewanella, and Vibrio and not in the Firmicutes or
Actinobacteria.

Our data demonstrating that neither B. subtilis hemN nor hemZ
complement a hemF knockout of A. baylyi ADP1 are not consistent with an
earlier publication that proposed both hemN and hemZ code for functional CpdHs
(18). These workers reported that a Salmonella typhimurium hemF/hemN double
mutant was complemented by either B. subtilis hemN or hemZ, but the doubling
time with either of these (i.e. 2-2.5 hrs under aerobic conditions and 5-11.5 hrs

under anaerobic conditions) was considerably slower than that of wild-type S.
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typhimurium. In the previous study neither HemN nor HemZ of B. subtilis was
demonstrated in vitro to have CpdH activity and a knockout of both hemN and
hemZ was not lethal as one would expect. Perhaps most significant, however, is
that the Bacillus proteins lack over forty amino-terminal residues as well as a
significant number of conserved residues that have been identified from the E.
coli HemN crystal structure as being involved in substrate binding and domain
interactions (25). These investigators proposed that a third coproporphyrinogen
decarboxylase was present in B. subtilis. From our results it is clear that yipQ
encodes the bona fide coproporphyrinogen decarboxylase of Bacillus with HemN
and HemZ being proteins whose primary functions are ones other than heme
synthesis.

YtpQ is a member of the DUF1444 superfamily, a group of bacterial
proteins with no previously known function that are found only in the Firmicutes.
We propose to name proteins in this group coproporphyrinogen oxidative
decarboxylase (CpoD). YtpQ contains 270 amino acids and its sequence has
no similarity to either HemF or HemN. Within the DUF 1444 superfamily there is
less than 30% amino acid sequence identity and among identical residues there
are no cysteine or tryptophan residues and only two glutamate, five aspartate,
two histidine, and two arginine residues (Figure S5.2). It is distinct from HemN in
that it does not contain a [4Fe-4S] cluster and requires oxygen for activity. It
differs from HemF in that it requires the presence of a metal for activity. Thus,

the reaction it catalyzes may be unique from that of HemN or HemF.
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Both HemF and HemN are reasonably well characterized enzymes that
catalyze the formation of protoporphyrinogen IX from coproporphyrinogen Ill. In
doing this, both release CO, and function in a stepwise fashion starting at the A
pyrrole ring with the production of harderoporphyrinogen followed by
decarboxylation of the B ring propionate (44). For human CPOX, experiments
employing mesoporphyrinogen VI, which has ethyl rather than propionate side
chains on the C and D rings, and site directed mutagenesis of select Arg
residues, showed that the 6, 7 propionates on the C and D rings are not required
for the first decarboxylation to occur, but were essential to decarboxylate the B
ring propionate (44). These data clearly indicate that reorientation of the
harderoporphyrinogen must occur prior to the second decarboxylation and that
one or both of the non-reacting propionates is essential for proper spatial
positioning of the intermediate substrate. HemF uses molecular oxygen in the
absence of any metal or organic cofactor. Based upon the crystal structure of
yeast and human CPOX (without substrate bound), decades of kinetic studies,
and recent density function theory analysis (41), a model for catalysis proposed
by Lash (22) has current acceptance. In this model the A ring pyrrole nitrogen is
first deprotonated, thereby allowing the formation of a pyrrole peroxide anion by
reaction with molecular oxygen. The pyrrole nitrogen is proposed to interact with
an active site aspartate side chain in a fashion similar to what has been shown
with uroporphyrinogen decarboxylase, the preceding pathway enzyme that
carries out a non-oxidative decarboxylation without a cofactor (40). In contrast,

HemN, a radical SAM enzyme, is oxygen independent. Jahn and colleagues
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have presented evidence that formation of a substrate radical (derived directly
from the 5’-deoxyadenosyl radical) by hydrogen abstraction at the 3 carbon of the
propionate side chain is the first step in the reaction sequence (26). Thus, HemN
and HemF differ in their mechanisms for conversion of coproporphyrinogen to
protoporphyrinogen.

Since the activity catalyzed by CpoD is the oxidative decarboxylation of
two propionate side chains to two vinyl groups and presumably carbon dioxide,
the requirement for cobalt is interesting. One other decarboxylase, a-amino-f3-
carboxymuconate-e-semialdehyde decarboxylase (ACMSD), was initially
reported to contain an essential cobalt, although the crystal structure of the
recombinant protein expressed in E. coli shows a zinc (15, 28, 31) (a cobalt-
containing structure was also determined). Extended soaking of the apo-ACMSD
with zinc yields an active enzyme similar in properties to the Co-containing
enzyme. The role of the active site Zn is unknown but it is coordinated by three
conserved histidyl side chains, which are lacking in the CpoD family of proteins.
One catalytic model for ACMSD has the metal interacting with the leaving
carboxylate group while a second model has the leaving carboxylate interacting
with an Arg side chain and a metal-bound hydroxyl group attacking the C2
carbon. However, unlike ACMSD, CpoD carries out an oxidative decarboxylation
and requires molecular oxygen along with cobalt.

If the cobalt in CpoD is redox inactive and serves only a non-catalytic role,
such as interactions to immobilize a propionic side chain or maintain protein

structure, then the Lash catalytic model may be appropriate. However, the
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stringent requirement for cobalt seems more in line with a role for the metal in
catalysis, possibly involving a radical mechanism and Co?* - Co®" cycling being
driven by O,. If cobalt functions in radical formation, then a mechanism involving
a substrate radical similar to what has been proposed for HemN may be
appropriate. Future studies will resolve this issue.

CpoD represents yet another example of the diversity exhibited by
prokaryotic organisms in the terminal steps of heme synthesis. Separate, distinct
enzymes are now known to catalyze the antepenultimate (HemF, HemN, CpoD)
and penultimate (HemG, HemdJ, HemY) steps in this otherwise well-conserved
pathway. Since CpoD is only present in the Firmicutes, an as yet to be identified

enzyme must exist in the Actinobacteria.

Materials and Methods
Bacterial strains, plasmids, and growth conditions

Bacterial strains and plasmids used or produced during the course of this
study are listed in Table S5.2. A. baylyi ADP1 and E. coli strains were grown in
LB medium at 37 °C unless otherwise noted. Where appropriate, media was
supplemented with 30 ng/ml kanamycin, 100 pg/ml ampicillin, and 10 pg/ml
hemin. For intital pUGA1 construction, the 500 bp segment immediately
upstream of the A baylyi ADP! hemF gene was PCR amplified to contain a 5’
Hindlll site and a 3’ BamHI site. The 500 bp segment immediately downstream
of the gene was PCR amplified to contain a 5’BamHlI site and a 3’ EcoRlI site,

The two segments were ligated in tandem using the BamHI sites and inserted
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into pUC19 using the Hindlll and EcoRlI sites. The resulting plasmid was termed
pUGA1. Plasmids derived from pUGA1 were created by PCR amplification of
target genes with 5’ and 3’ BamHlI restrictions sites and insertion into the BamHlI
site of pUGA1, except for pUGA2, where the sacB-Kan® cassette was excised
directly from pRMJ1 (20), and M. tuberculosis hemQ, where Bglll gene flanking
sites were used. Orientation of each insertion was screened via natural
restriction sites within each gene. For protein expression, pTHMBPYtpQ was
created by inserting Bacillus subtilis ytpQ into pTrcHisA as an in-frame fusion
with the E. coli malE gene, with a TEV protease cleavage site between the two

ORFs.

Generation of a hemF knockout in A. baylyi ADP1

The A. baylyi ADP1 hemF knockout was generated by homologous
recombination, replacing ORF ACIAD3250 (hemF) with a sacB/Kan® cassette
allowing for selection by antibiotic resistance and sucrose lethality. Wildtype A.
baylyi ADP1 was naturally transformed with a PCR amplicon containing the 500
bp upstream and 500 bp downstream of ACIAD3250 with the cassette inserted in
between. Transformations were conducted as previously described (7). Briefly,
1 wl of DNA was mixed with 1 ul of an overnight A. baylyi culture and spotted
onto LB agar and incubated for 24 h. Resulting growth was then plated onto LB
agar containing hemin and kanamycin. Successful replacement of hemF was
verified by acquired antibiotic resistance and auxotrophy for heme, as well as

PCR of genomic DNA.
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Complementation of hemF knockout

For complementation and analysis of gene function, the newly created
ACN1156 (4hemF) strain was transformed in the same fashion as described
above, but with various genes (Table S5.2) cloned into pUGA1 in place of the
sacB/Kan® cassette. The DNA and overnight culture mixture was spotted onto
LB agar containing kanamycin and hemin, and after 24 hours replated on LB
agar. Growth comparable to wildtype levels without exogenous hemin and lack
of Kan® was used to assess positive complementation. Direct sequencing of

each replacement was used for final verification of the genotype.

Protein expression, purification, and initial characterization

Expression and purification of B. subtilis YtpQ was done as previously
described for HemG (6), except that the protein was fused to maltose binding
protein with a TEV cleavage site between them. For expression, E. coli cells
harboring pTHMBPYtpQ were grown for 8 hours at 30° C in 100 mL Circlegrow
media (MP Biomedical, Solan, OH) with ampicillin and then transferred to 1L
media and grown for an additional 22 hours at the same temperature. Cells were
harvested by centrifugation at 5000 x g for 10 minutes and frozen at -80° C. For
purification, cell pellets were suspended in previously described solubilization
buffer, sonicated, and centrifuged at 100,000 x g for 30 minutes. The resulting
supernatant was applied to a HisPur Cobalt resin (Thermo Sci., Rockford, IL)
column, washed, and eluted. The resulting fusion protein was incubated with

AcTEV protease (Invitrogen, Carlsbad, CA) per company directions and applied
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to a HisPur Cobalt resin column to remove MBP and the his-tagged protease.
Protein purity was assessed by SDS-PAGE. Spectrophometric analysis was
done using a Cary 1G spectrophotometer (Varian, Palo Alto, CA, USA). FPLC
was done using an Aktaprime machine equipped with a Hi-Prep Sephacryl S-300
column (GE Healthcare, Piscataway, NJ) with a running buffer consisting of 100

mM Tris-HCI pH 8.0 and 20 mM KCI.

Coproporphyrinogen oxidase assays

Coproporphyrinogen oxidase activity was measured using a combined
method of two published procedures (33, 39), employing a coupled reaction with
YtpQ and human protoporphyrinogen oxidase (PPOX). PPOX was added in ten-
fold excess to ensure any rates observed were attributable to the YtpQ enzyme.
Reaction mixtures consisted of 50 mM NaH,PO,4 pH 8.0, 0.2% (w/v) Tween 20,
2.5 mM glutathione, 100 nM YtpQ, 1 uM PPOX, and varying amounts of the
substrate coproporphyrinogen lll. Coproporphyrinogen Il was produced from
coproporphyrin 11l using sodium amalgam as described previously (39). For
cofactor determination, 10 uM of the cofactors listed in Table S5.1 were
separately tested in reaction mixtures intially. Subsequent assays contained 1
uM CoCl; once the requirement for cobalt was determined. Product formation
was monitored by fluorescence with a Synergy HTI plate reader (BioTek,
Winooski, VT).

In assays to determine oxygen requirements, a coupled reaction was not

possible since PPOX requires molecular oxygen for activity (12). For these
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reactions assays were conducted as above except that buffers, reagents, and
protein were all sparged with nitrogen gas before use and no PPOX was present.
Reactions were carried out in sealed tubes under nitrogen and stopped after 5
minutes with an equal volume of 2.7 N HCI. HPLC was then used to quantify

protoporphyrin levels as previously described (14).

Metal analysis

For metal analysis, 1 mL 300 uM purified YtpQ with 1 mM CoCl, was
incubated for 1 hour and then dialyzed against 4 L of solubilization buffer
overnight at 4 °C. After dialysis, samples were analyzed using a Thermo Jarrell-
Ash 965 (Franklin, MA) inductively coupled argon plasma (ICP) spectrometer at

the University of Georgia Chemical Analysis Laboratory.
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Figure 5.1. Terminal steps of protoporphyrin biosynthesis shared by the heme
and chlorophyll pathways. Among prokaryotic organisms, multiple, distinct
enzymes catalyze each of these steps. Oxidative decarboxylation of
coproporphyrinogen Il to protoporphyrinogen IX occurs through Oz-dependent
HemF or O,-independent HemN. Protoporphyrinogen is then oxidized to
protoporphyrin by either O,-dependent HemY, O,-independent HemG, or the
recently discovered HemJ.

195



A. baylyi
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PUGA?2

ACN1156 —

Figure 5.2. AhemF knockout generation in A. baylyi ADP1. The entire
ACIAD3250 (hemF) ORF was replaced with a cassette containing kanaymycin
resistance and sacB sucrose lethality genes to create the strain ACN1156.
Homologous recombination was driven by the presence of 500 bp ACIAD3250
flanking regions in pUGA2. Complementation of the knockout was achieved in a
similar fashion, using test genes inserted into pUGA1 in place of the sacB/Kan"
cassette.
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Absorbance (ODgs00)

Figure 5.3. Characterization and functional complementation of the ACN1156
AhemF mutant, ACN1156. (A) Growth characteristics of wildtype A. baylyi ADP1
() and ACN1156 (o). Growth of ACN1156 required hemin supplementation (V).
(B) Functional complementation of ACIAD3250. Viability was restored to the
mutant ACN1156 when the following genes werepresent (see Material and
Methods): E. coli hemN (A), Bacillus subtilis ytpQ (v), with A. baylyi ADP1
hemfF (e) as a control. ACN1156 grown without exogenous heme is shown as a
reference (o). Representative genes from the remaining radical SAM families
failed to complement, as did the two remaining CPD candidates hemQ and ygaE.
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Fig. 4. Biochemical characterization of Bacillus subtilis ytpQ. (A) SDS-PAGE
analysis of purified recombinant YtpQ. The band observed corresponds to an
estimated molecular size of 30 kDa. (B) UV-Vis spectrum of YtpQ. The protein
sample examined was incubated with cobalt and then dialyzed overnight as
described in the text. The shoulder feature at ~350 nm is consistent with a cobalt-
containing protein. (C) Typical enzymatic reaction of 100 nM YtpQ in the
presence (o) and absence (o) of 10 uM CoCl,. In the absence of YtpQ, Co**
alone (v) displays no activity as does a reaction containing only substrate (A).
(D) Stimulation of YtpQ by various metals. (E) Determination of apparent
Michaelis-Menton kinetics for YtpQ. 100 nM YtpQ was assayed with varying
concentrations of substrate. Activity (v) is expressed as nmol protoporphyrin 1X
produced per minute per nmol YtpQ. The apparent K, and Kzt values are 37 uM
and 14 min™ respectively.
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Figure S5.1. Multiple sequence alignment of proteins annotated as “oxygen-

independent CPOs” within databases. Each group represents the subfamilies
found in Table 5.1. Among these groups, homologous regions are involved in
Fe-S clusters (CXXXCXXC motif, highlighted black) and SAM binding
(highlighted blue). Regions reported as integral for HemN function are found
only in true HemN sequences (group A, highlighted red).
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Figure S5.2. Multiple sequence alignment of YtpQ. Shown are representative
sequences from Bacillus subtilis, Geobacillus stearothermophilus,
Staphylococcus aureus, and Listeria monocytogenes.
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Figure S5.3. ClustalW phylogenetic tree showing the relationship of YtpQ gene
family among heme-synthesizing Firmicutes.
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Table 5.1. Protein families currently annotated as “coproporphyrinogen |l
oxidase, oxygen independent” in public databases. These families are grouped
based on sequence comparison and genomic context. *Percent amino acid
sequence identity to E. coli HemN. As a reference, distant bona fide HemN
sequences exhibit 50% identity.

Group Representative genes Sequence Putative Function
identity”

A E. coli hemN, S. Bona fide oxygen-independent
typhimurium hemN coproporphyrinogen dehydrogenase

B V. cholera hutW, 25% Found exclusively with heme uptake
E. coli hutW gene clusters

C A. baylyi ADP1 23% Associated with the genes of
ACIADO0432, C. nucleoside metabolism RdgB and
aurantiacus Caur_0209 ribonuclease PH

D B. subtilis hemN, hemZ  23% Clustered with stress response genes
M. tuberculosis hemN and present in organism lacking heme

biosynthesis
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Table 5.2. Candidate gene families for novel coproporphyrinogen oxidase
enzymes based on phyletic and expression profiles.

Representative genes Description

Candidate B. subtilis hemQ, Found in the Firmicutes and Actinobacteria,
family #1 M. tuberculosis hemQ essential for heme biosynthesis

Candidate B. subtilis ytpQ, Present only in the Firmicutes and a member of
family #2  S. aureus SAV1743 the DUF1444 superfamily.

Candidate B. subtilis ygaE, Present only in the Firmicutes and annotated as

family #3  S. aureus SAV1865 “putative lipoprotein.”
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Table 5.3. ICAP spectrometric metal analysis of YtpQ. YtpQ was preloaded with
Co?* and dialyzed to remove unbound metal.

Metal Content

(mol metal/mol enzyme)
Cobalt 0.8026
Copper 0.01
Iron <0.01
Magnesium 0.11
Manganese <0.01
Nickel 0.02
Zinc 0.01
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Table 5.4. Oxygen requirements for YtpQ coproporphyrinogen oxidase activity.
Oxygen was reduced by sparging reaction mixtures with nitrogen prior to
substrate addition as described in the text.

Enzyme Reaction Specific Activity
condition (min™)
Aerobic 9.75+0.44
YtpQ
Limited oxygen 1.05+0.16
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Table S5.1. List of potential biological cofactors tested for stimulation of B.
subtilis YtpQ activity. 100 nM B. subtilis YtpQ was assayed for activity in the
presence of 10 uM cofactor.

Cofactors Metals
ATP CaCl,
FAD CoCly
FMN CuCl,
NAD FeSO,
NADH FeCl,
NADP MgSO,
NADPH MnCl,
PLP NiCl,
PMP ZnSO,
TPP
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Table S5.2. Bacterial Strains and plasmids

Strain or Plasmid

Description

Strains
E. coli
JM109
A. baylyi
ADP1
ACN1156
Plasmids
pUC19
pRMJ1
pUGA1
pUGA2
pUGA3
pUGA4
pUGA5
pUGAG6
pUGA7
pUGAS8
pUGA9
pUGA11
PUGA12
pTrcHisA
pTHMBP
pTHMBPYtpQ

Used for cloning of plasmids and protein expression

Wild-type strain
AhemF, obtained by gene replacement, Kan®

Backbone vector, Amp®

Plasmid harboring sacB-Kan® cassette (48)

500 bp ACIAD0432 flanking regions cloned into pUC19
sacB-KanR cassette from pRMJ1 inserted into pUGA1
E. coli hemN inserted into pUGA1

Chloroflexus aurantiacus hemN inserted into pUGA1
Bacillus subtilis hemN inserted into pUGA1

Bacillus subtilis hemZ inserted into pUGA1
Mycobacterium tuberculosis hemN inserted into pUGA1
Bacillus subtilis hemQ inserted into pUGA1
Mycobacterium tuberculosis hemQ inserted into pUGA1
Bacillus subtilis ytpQ inserted into pUGA1

Bacillus subtilis ygaE inserted into pUGA1

E. coli expression vector

Maltose binding protein inserted into the Nhel site of pTrcHisA
Bacillus subtilis ytpQ inserted into pTHMBP
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CHAPTER 6
CONCLUSIONS

Heme, a major biologically functional form of iron, is a molecule integral in
catalytic and regulatory functions of all cells. While the most basic of the
tetrapyrroles, it is also the most diverse, with its iron-chelated porphyrin structure
utilized in a wide array of molecular functions, as has been described throughout
this text. In eukaryotes, the synthesis of this molecule has long been
established, beginning with the ground-breaking work of David Shemin and
David Rittenberg in 1945 (14) that ignited the further research that would follow.
Synthesis of the precursor compound 5-aminolevulinic acid (ALA) was eventually
seen to occur differently in plants than in animals, but the remaining seven steps
are catalyzed by conserved enzymes. An important fact to remember about
heme biosynthesis is the toxicity of the intermediate products, as this highlights
the principle that these intermediates should never exist freely within a cell.
Thus, evolutionary conservation of the enzymes makes sense in this regard.

In prokaryotes, however, the situation is much more complex. With the
advent of genomic sequencing, bioinformatic analysis has revealed that
homologues of certain enzymes within the pathway could not be located in
bacteria, and in some cases, such as Desulfovibrio species and all of the
archaea, the entire terminal portion of the pathway appeared to be missing.

Among those missing enzymes are the antepenultimate enzyme
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coproporphyrinogen oxidase (CPO) and protoporphyrinogen oxidase (PPO).
The organisms lacking these enzymes contain the remaining enzymes including
the terminal ferrochelatase (FC), therefore it was clear that they must also
contain novel, unidentified forms of CPO and PPO to carry out their respective
chemical conversions. When this research began, bona fide protoporphyrinogen
oxidase could only be asserted in a subset of bacteria, mainly in the Firmicutes
and Actinobacteria (2). Only a handful of other species such as Myxococcus
xanthus also harbor HemY. This is especially notable as the absence of this
enzyme is so taxonomically widespread, despite the presence of all other
biosynthetic enzymes within these same organisms. As noted by Panek et al.
(12), “This (lack of identifiable PPO) suggests a major gap in our understanding
of haem biosynthetic pathways, even in organisms that are well studied such as
Pseudomonas aeruginosa, Caulobacter crescentus, and the rhizobia.” The
specific aim of this dissertation, then, was to identify potential variant enzymes
that must exist, thereby solving one of the major problems facing prokaryotic
heme biosynthesis, as well as characterize the overall diversity.

In our first main goal, we set out to ascertain the function of HemG, a
protein in E. coli and other enterics, previously implicated in PPO activity by way
of an E. coli mutation in the respective gene’s nucleotide sequence discovered in
1979 (13). This mutant exhibited an auxotrophy for heme, and subsequent use
of the strain in identifying eukaryotic PPO enzymes revealed the auxotrophy
could be reversed by complementation with functional PPO (10). While this

proved that removal of HemG also removed PPO activity, no other information on
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HemG was ever discovered. The amino acid sequence of HemG puts itin a
category of proteins known as flavodoxins, non-catalytic electron carriers that
shuttle electrons between two systems. During our initial attempts at
characterizing this protein as a flavodoxin, we determined that it did in fact
contain many of the expected traits. HemG bound FMN as a cofactor and
maintained a redox potential consistent with other known flavodoxins. We then
discovered that, despite it resembling non-catalytic flavodoxins, HemG was in
fact capable of converting protoporphyrinogen ix into protoporphyrin IX. This
activity was dependent on menadione, a soluble form of the quinone. The
dependence on the menaquinone pool in vivo explained all the early work by the
Jacobs group (4-8) showing that PPO activity in E. coli crude cell extracts was
linked to electron transport, both aerobic and anaerobic, since enzymes such
nitrate reductase, fumarate reductase, and the terminal oxidases of E. coli turn
this pool over for HemG to reuse. Astoundingly, this activity can be transferred to
a non catalytic flavodoxin by replacing the long chain insert loop, roughly 20
amino acids, with that of HemG. This region clearly imparts activity, thought our
in vivo results show that menadione utilization is not transferred. With this
discovery, PPO could be fully asserted in the enteric subdivision of the y-
proteobacteria.

Unfortunately, HemG only covered a small percentage of those missing
HemY. Roughly half the bacteria with sequenced genomes were still left missing
an identifiable enzyme, and filling this void became our second main objective.

Here, though, there was no previous knowledge of PPO activity as with E. coli.
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To address the problem, a different approach was needed. Standard homology-
driven methods at finding these enzymes would be fruitless, as it was clear
homologues of HemY or HemG were not present. Instead, we chose to utilize
the SEED comparative genomics database, a system designed to work with no
working knowledge of unidentified enzymes except function (11). The SEED
utilizes a database of subsystems, defined in this regard as biosynthetic
pathways, and populates a list of these across all sequence genomes available.
With it, the genomes containing or lacking specific steps are easily highlighted.
Using a carefully curated heme biosynthetic subsystem, we were able to identify
a novel candidate for PPO, now named HemJ, in the remaining organisms based
on its occurrence profile and genomic context. We subsequently showed the
gene encoding HemJ to be essential for PPO activity within Acinetobacter baylyi
ADP1. This enzyme satisfied the remaining heme-synthesizing bacteria for
presence of a functional PPO, completing our objective and removing perhaps
the biggest hurdle left in our knowledge of prokaryotic heme biosynthesis.

Next, we turned our attention to coproporphyrinogen oxidase, the enzyme
catalyzing the step prior to that of PPO. Two forms exist, the oxygen dependent
HemF and the oxygen independent HemN (1, 9). Annotation of HemN within
prokaryotes had been in question prior to our use of the SEED, but examination
within the Heme subsystem revealed that these misannotation levels were much
more widespread than previously thought. Genomic analysis revealed that
function CPO was missing mainly in the Actinobacteria and Firmicutes. Through

methods similar to those used for Hemd, we were able to find several novel
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candidates for this function in the Firmicutes, one of which was shown to contain
oxygen-dependent CPO activity in vivo and in vitro and also required a
mononuclear cobalt cofactor. Our findings on B. subtilis YtpQ are first
descriptions of this enzyme in any regard. The requirement of both cobalt and
oxygen presents an intriguing mechanism that will require further investigation.
YtpQ homologues cover the entire heme-synthesizing Firmicutes, leaving only
the Actinobacteria and Acidobacteria with a missing enzyme for this step.

While these novel enzymes were being discovered and characterized, we
also learned valuable information on the function of HemY, the PPO resembling
that of eukaryotes, and the final enzyme, ferrochelatase. In the Firmicutes and
Actinobacteria, these enzymes are soluble rather than membrane-associated like
their other homologues. The discovery that they could not catalyze their
respective reactions in vivo alone sparked our interest, as they clearly function
differently than their counterparts. We found that these enzymes could only
properly catalyze their respective reactions in the presence of each other and a
previously unidentified third enzyme, HemQ. HemQ binds heme, and it was
shown that the presence of this heme group is necessary for full activity. Thus, it
is plausible that in this system, heme is needed to make heme. While we were
unable to correlate a multi-protein complex with our data, our findings that heme
can only be made by providing iron and the substrate of HemY suggest that a
complex is formed. Otherwise the substrate of HemH (ferrochelatase) would be

sufficient.
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In his work Principles of Science: A Treatise on Logic and Scientific
Method, William Stanley Jevons wrote, “Science arises from the discovery of
Identity amid Diversity.” This goal of this dissertation can be drawn from this, as
here we have discerned novel heme biosynthetic enzymes where we knew
diversity among them existed. As stated, a large gap in our scientific
understanding of heme biosynthesis was missing in a broad range of prokaryotes
prior to this work. Now, these “holes” in the pathway have been replaced with
newly characterized, unique enzymes and opened up a entirely new avenue of
research to pursue. With the discovery of YtpQ, we have found even more
diversity present among these terminal steps, with even more yet to be
discovered. In addition to our findings, other groups have now shown that an
entire novel terminal pathway exists in organisms such as Desulfovibrio species
and the heme-synthesizing Archaea, who first convert uroporphyrinogen-Ill into
precorrin and are suspected to use a pathway of distinctive nir-like genes to
produce heme. It is exciting to be a part of the current field in heme biosynthesis,
as much can yet be learned concerning the enzymes outlined above. With the
discovery of HemQ, an essential enzyme outside the actual catalytic pathway,
the possibility now exists that more cases such of this are out there, waiting to be
found.

This research has yielded several avenues for future work. In regards to
HemG, it will be interesting to obtain a crystal structure. We were able to obtain
diffraction data from HemG crystals at 2 A, but were not able to phase this data

despite attempts at crystal soaking to allow isomorphous replacement. Once a
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structure is obtained, it will be intriguing to investigate the function of the long
chain insert loop we have shown is responsible for activity. For HemJ, we must
overcome the hurdle of protein expression to characterize the recombinant
protein in vitro. Interestingly, this enzyme resembles a four helix bundle, which
are known to be capable of binding heme (3). HemJ may bind
protoporphyrinogen in a similar manner and allow catalysis, but we must first
obtain purified protein before this can be determined. Furthermore,
cyanobacterial HemJs contain a C-terminal extension whose function is
unknown. Finally, the reliance on cobalt of YtpQ will need to be examined
through extensive electrochemical studies, in addition to crystallographic
structure determination.

Perhaps the most valuable tool extending from this work is the SEED
heme subsystem. Once created, this tool enabled us to rapidly and accurately
evaluate heme synthesis in all sequenced genomes, an application that has been
invaluable. With it, we are continuing to examine other proteins that will
potentially provide even more insight into this metabolic system in the various
areas that remain unfilled, such as coproporphyrinogen oxidase in the
Actinobacteria. Another potential application is the discovery of a missing, novel
uroporphyrinogen lll synthase in the a-proteobacteria, which has remained
unresearched. A further application of our work is the use of the described
enzymes as drug targets, as has been briefly described in the proceeding
chapters. When viewed together, the vast majority of microbial pathogens

contain either HemG, HemJd, or YtpQ.
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During the course of this work, it has also become clear that heme
biosynthetic enzyme nomenclature must also soon be addressed. It has been
stated earlier that HemG and HemdJ cannot be described accurately as
protoprophryinogen oxidases, despite this term being applied to the catalytic step
in general. The same can be said of YtpQ, whose mechanism cannot currently
be confirmed as an actual oxidase. In addition to these problems, the standard
nomenclature of designating these enzymes as Hem followed by a designated
letter has reached its inevitable limit. Currently, this system cannot be used to
designate YtpQ as the remaining letters have been attributed to various
enzymes, in some cases erroneously. As a consequence, a new system must
be agreed upon to encase current and future heme biosynthetic enzymes and

avoid confusion.
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