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Summary

Enzymatic heme catabolism by heme oxygenases is conserved from bacteria to humans and
proceeds through a common mechanism leading to the formation of iron, carbon monoxide, and
biliverdin. The first members of a novel class of heme oxygenases were recently identified in
Staphylococcus aureus (1sdG and Isdl) and were termed the IsdG-family of heme oxygenases.
Enzymes of the IsdG-family form tertiary structures distinct from those of the canonical heme
oxygenase family, suggesting that 1sdG-family members degrade heme via a unique reaction
mechanism. Herein we report that the 1sdG-family of heme oxygenases degrade heme to the oxo-
bilirubin chromophore staphylobilin. We also present the crystal structure of heme-bound Isdl in
which heme ruffling and constrained binding of oxygen is consistent with cleavage of the
porphyrin ring at the f— or y—meso carbons. Combined, these data establish that the I1sdG-family of
heme oxygenases degrade heme to a novel chromophore distinct from biliverdin.
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Introduction

Most pathogenic bacteria have an absolute requirement for iron, a nutrient that is scarce
within the human host (Bullen, 1999). The majority of vertebrate iron is found in the form of
heme, which is bound by intracellular proteins, the most abundant of which is hemoglobin
(Bullen, 1999). Heme-iron acquisition systems have been characterized in a number of
pathogens; one such system is the iron-regulated surface determinant (Isd) system of S.
aureus (Mazmanian et al., 2003). The Isd system is dedicated to heme-iron acquisition from
host hemoglobin and includes nine proteins that bind hemoglobin, remove the heme
cofactor, and traffic heme into the bacterium (Skaar and Schneewind, 2004). Once in the
cytoplasm two paralagous heme oxygenases, 1sdG and Isdl, degrade heme to release nutrient
iron (Skaar et al., 2004). IsdG and Isdl represent the founding members of the IsdG-family
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of heme oxygenases. Orthologues have been identified in other staphylococci and several
pathogenic species of Bacillusand Listeria, as well as Mycobacterium tuberculosis and the
plant symbiont Bradyrhizobium japonicum (Chim et al., 2009; Puri and O'Brian, 2006;
Skaar et al., 2004, 2006).

IsdG and Isdl share 64% sequence identity at the amino acid level (Reniere and Skaar,
2008). Moreover, the porphyrin-bound crystal structures are superimposable with a root
mean square deviation of less than 1 A, highlighting their significant structural similarity
(Lee et al., 2008). However, both enzymes are required for staphylococcal growth on heme
as a sole iron source, indicating that 1sdG and Isdl are not functionally redundant (Reniere
and Skaar, 2008). In support of this, S. aureus strains inactivated for either /sdG or isdl are
attenuated for virulence in a murine model of systemic infection (Reniere and Skaar, 2008).
Insight into the requirement for two separate heme oxygenases came from studies into the
regulation of these enzymes which revealed that I1sdG and Isdl are differentially regulated
depending upon iron and heme availability (Reniere and Skaar, 2008). In low iron
conditions, transcription of /sdG and /sdl is increased due to the release of repression
mediated by the canonical iron-dependent repressor Fur. A second layer of regulation exists
post-transcriptionally as the stability of IsdG is affected by changes in exogenous heme
concentrations. It has been modeled that this differential regulation provides a means for the
bacteria to fine-tune the expression of heme oxygenase activity in the cell in order to rapidly
adjust to changes in nutrient levels (Reniere and Skaar, 2008).

Heme oxygenases (HOs) are ubiquitous enzymes in nature and are required for many
diverse processes, such as iron metabolism, oxidative stress response, and inflammation
(Chung et al., 2009; Stocker et al., 1987; Tenhunen et al., 1969). Although HOs were
identified in eukaryotes approximately forty years ago, it is only recently that bacterial heme
oxygenases have been identified and studied. The first bacterial heme oxygenase described
was HmuO from Corynebacterium diphtheriae, which was identified based on its homology
to human heme oxygenase 1 (HO-1) (Schmitt, 1997). Since that initial report, numerous
additional HO-1-like heme oxygenases have been identified in bacteria (Ratliff ef a/,, 2001;
Wilks and Schmitt, 1998; Zhu et al., 2000). Despite sharing little sequence identity,
members of the HO-1 family exhibit significant structural similarity (Schuller et a/., 2001).
The HO-1 enzymes are monomeric a-helical proteins, each with a single active site and
GXXXG catalytic motif (Schuller et al,, 1999). Heme catabolism by the HO-1 family of
enzymes has been studied extensively in both bacteria and vertebrates and the mechanism of
heme degradation is believed to proceed similarly across most heme oxygenases, resulting in
the production of a-biliverdin (Unno et a/., 2004). One exception is pa-HO from
Pseudomonas aeruginosa which differs in its regiospecificity, producing a mixture of
biliverdin isomers (Friedman et a/., 2004; Ratliff et a/,, 2001). In mammals biliverdin is
further reduced to bilirubin by biliverdin reductase; however, the ultimate fate of biliverdin
in bacteria is unknown as homologues of biliverdin reductase have not been discovered in
bacteria.

The 1sdG-family of heme oxygenases is structurally distinct from the HO-1 family. IsdG-
family members form homodimeric B-barrel structures with two separate active sites, each
containing three residues (Asn, Trp, His) that are required for activity (Wu et a/., 2005).
Initial reports demonstrated 1sdG-catalyzed cleavage of the macrocyclic ring with
concomitant release of free iron, although the precise mechanism of heme degradation by
this class of heme oxygenases has not yet been delineated (Skaar ef a/., 2004). Recently it
has been suggested that this family of enzymes degrade heme via a novel mechanism
(Reniere et al., 2007). Porphyrin-bound structures of 1sdG-family enzymes have revealed
significant ruffling of the porphyrin ring in the active site. In fact, the porphyrin ring is
distorted approximately 2 A out of plane, far more than has been observed in any other
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heme-binding protein (Lee et al., 2008). Moreover, in vitro heme degradation catalyzed by
recombinant 1sdG results in the formation of a yellow reaction product distinct from the
blue-green biliverdin chromophore (Lee et a/., 2008; Reniere et al,, 2007). Taken together,
these structural and biochemical observations suggest that members of the 1sdG-family of
heme oxygenases degrade heme by a unique mechanism, resulting in the formation of a
product that is distinct from biliverdin. Herein we present the crystal structure of heme-
bound Isdl and demonstrate that the 1sdG-family of enzymes degrade heme to the novel
oxo-bilirubin chromophore staphylobilin.

The structure of heme-bound Isdl

We have previously determined the crystal structures of a catalytically inactive variant of
IsdG bound to heme (FePPI1X) as well as native Isdl bound to the heme analogue cobalt
protoporphyrin IX (CoPPIX) (Lee et al,, 2008). However, studies into the mechanism of
heme degradation have been hindered by the fact that the crystal structure of a catalytically
active IsdG-family member bound to the substrate heme has not been reported. To gain
insight into the mechanism of heme catabolism by IsdG-family enzymes, we crystallized
catalytically active Isdl bound to heme by lowering the temperature to 4° C. The structure
was solved to 1.5 A resolution with one Isdl dimer in the asymmetric unit (Table 1). The
fold of the Isdl-heme complex is similar to that observed in the Isdl-CoPPIX structure and
the heme porphyrin ring is also highly ruffled. We observe elongated density for a sixth iron
ligand on the distal side of heme, best modeled as a coordinating dioxygen species with an
average Fe-O bond length of 2.05 A (Fig. LA-C). The presence of an oxygen species
implies that heme-iron was photoreduced to Fe(ll) in the X-ray beam during data collection.
Further reduction of the oxygen species is suggested by the decreased Fe-O-O angle (108°).
Notably, dithionite reduced crystals yield a structure without a density for a sixth ligand
(Fig. 1D), likely due to the consumption of oxygen in the crystal by the reductant. No other
significant differences are noted between the dithionite reduced and native structures.

In contrast to the HO-1 family of enzymes, the oxygen species in the Isdl heme-binding
pocket is aligned with the imidazole plane of the coordinating histidine, which lies along the
B,6-axis of the porphyrin ring (Fig. 1C). The orientation of the dioxygen is restricted by
Phe22 and Asn6, which is also an H-bond donor to the oxygen species. In the HO-1 family,
regiospecificity is also achieved by steric limitations of the dioxygen ligand such that only
the a-meso carbon is accessible for hydroxylation (Unno et al., 2004). In the two Isdl heme-
binding pockets of the asymmetric unit, the oxygen species are in opposite orientations such
that the B- or d-meso carbon is aligned for hydroxylation. The heme is bound predominantly
in one orientation, suggesting that reaction at both meso-carbons is possible.

Due to the alignment of the oxygen species with respect to the heme ring in the active site,
we hypothesized that the product of heme degradation by IsdG-family enzymes exhibits
unique regiospecificity compared to the canonical HO-1 like enzymes. We therefore sought
to determine the structures of the products of IsdG- and Isdl-mediated heme degradation and
add insight into the mechanism by which these enzymes degrade heme.

Purification of the IsdG- and Isdl-catalyzed heme degradation products

As previous attempts to crystallize the product-bound enzymes were unsuccessful, we
sought to isolate the product of IsdG-mediated heme degradation for structural studies. /n
vitro heme degradation reactions were performed with purified recombinant IsdG and Isdl
using ascorbate as the electron donor and catalase to prevent coupled oxidation (see
Experimental Procedures). Purification of the products of IsdG- and Isdl-catalyzed heme
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degradation results in a red-orange solid that becomes yellow when dissolved in dimethyl
sulfoxide (DMSO) or water/acetonitrile (1:1). This is in stark contrast to the blue-green
color of the canonical heme degradation product biliverdin (Fig. 2A-C, insets). HPLC-
separation of the 1sdG and Isdl reaction products results in two distinct peaks which elute
earlier than both biliverdin and bilirubin, indicating a higher degree of polarity (Fig. 2A-C).
Product peaks from both IsdG- and Isdl-mediated degradation exhibit similar optical spectra
with one maximum at ~390 nm and one at ~460 nm. The peak maxima of biliverdin are 365
and 663 nm and the peak maximum of bilirubin is 446 nm (Fig. 2D-F). Together, these data
suggest that the IsdG-family of oxygenases catabolize heme to a unique chromophore that is
more polar than biliverdin and bilirubin.

IsdG and Isdl degrade heme to staphylobilin

In order to determine the molecular composition of the products of IsdG- and Isdl-mediated
heme degradation, the HPLC-purified samples were subjected to high resolution
electrospray ionization mass spectrometry (HRESIMS). Each of the eluting product peaks
gave a mass of 598.25 Da (/m/2599.2605 [M + H], A = 3.0 — 4.2 ppm), corresponding to a
molecular formula of C33H34N407 (Fig. S1). As biliverdin and bilirubin have molecular
masses of 582.6 and 584.7 Da, respectively, these data conclusively demonstrate that heme
degradation catalyzed by IsdG and Isdl does not produce biliverdin or bilirubin.

This hypothesis is supported by analysis of 1H NMR spectra of the purified fractions
acquired in dg-DMSO. Inspection of the downfield region indicates that both eluting
fractions possess two pyrrol amide (6 10.4 — 10.5) and two pyrrol amine (6 11.0 — 11.3)
resonances; however notable chemical shift differences in this region were evident between
the two fractions (Fig. S2). Furthermore, both products of 1sdG- and Isdl-mediated heme
degradation have distinct 1H NMR spectra in comparison to reported spectra of biliverdin
and bilirubin (Fig. S4-S7) (Kaplan, 1981). The most significant dissimilarity is again in the
NH region in which the pyrrol amines of the 1sdG and Isdl products are shifted as much as
0.8 ppm in comparison to reported hemes (Fig. S2). Chemical shift values in this range are
also observed for 10-oxo-mesobilirubin which was chemically synthesized by Chen et al. in
order to investigate possible oxidative pathways of bilirubin elimination /7 vivo (Chen,
1999). Due to the addition of a carbonyl group at the y-meso carbon of bilirubin, 10-oxo-
mesobilirubin is more stable than the parent molecule and the pyrrole NHs are considerably
more deshielded than the corresponding NHs of bilirubin (Chen, 1999). These similarities
further suggest that the products of 1sdG-mediated heme degradation may be oxidized forms
of bilirubin.

The H NMR spectra also establish several regions of biliverdin and bilirubin that are
conserved in the IsdG-family products. All side-chain resonances present comparable
chemical shifts and coupling values to canonical hemes (Tables 2 and 3), indicating that the
vinyl side chains and the a- and B-CH, positions of the propionate group chains are intact
and that the methyl substituents are unmodified. Side-chain functional groups are readily
positioned in their corresponding pyrrol rings using two-dimensional NMR data (Fig. S3—-
S7). The observed nuclear Overhauser effect (NOE) interactions between C20-CH and C3-
CHs and also C18-CH= indicate that the a-bridge is intact, and correlations between C10-
CH and a,a’-CHy, B,B’-CH> indicate that the y-bridge is intact (Fig. 3A). These spectral data
allow us to assemble two partial structures, one hemisphere containing the intact a-bridge
and the other encompassing the intact y-bridge (Fig. 3B). Therefore, although the heme
degradation products of the I1sdG-family share structural similarities with bilirubin, these
products are not cleaved at the a-meso carbon.

From the molecular formula obtained by HRESIMS and the NMR data described above, we
have been able to propose structures of the products of IsdG- and Isdl-mediated heme
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degradation. In accordance with the 10-oxo-mesobilirubin nomenclature (Chen, 1999), we
have named these unprecedented molecules 5-oxo0-6-bilirubin (elution peak 1) and 15-o0xo-f-
bilirubin (elution peak 2) (Fig. 4). Collectively, we refer to these molecules as
staphylobilins. The - and 8-meso carbon cleavage is in agreement with the alignment of
molecular oxygen in two orientations along the ,5-heme axis in the crystal structure of
heme-bound Isdl (Fig. 1). Alternatively, the heme molecule may bind in either orientation
about the a,y-axis in the active site, resulting in either the - or 8-isomer of oxo-bilirubin, as
reported previously for the CoPPIX and inactive IsdG variant (Lee et al., 2008). Similarly,
in human HO-1, heme is orientationally disordered about the a,y-axis, although in that case
a-cleavage occurs with either heme seating (Schuller et al., 1999).

The position of the remaining oxygen atom in the proposed structures of - and 8-oxo-
bilirubins was confirmed by tandem ESI-MS analyses (Fig. 5). Fragmentation generated by
collision-induced dissociation results in cleavage on either side of the proposed dipyrryl
ketone and is diagnostic for the presence of the 5- and 15-oxo-bridges in these structures.
Fragmentation at these positions results in the formation of ion pairs consisting of an
oxonium ion (/7/z 359, 267 [M*]) and pyrrolium ion (/7/z 241, 333 [M’+H]). Pyrrolium ions
M correspond to ions resulting from intramolecular proton transfer reactions, possibly
facilitated by propionate groups which are proximal in the ridge-tile conformation (Chen,
1999). Beta-fragmentation of the -propionic acid side chains is also evident (/7/2539.2), as
has been noted in the mass spectral analysis of analogous mesobiliverdin (Cole et a/., 1968).
Lastly, we observe cleavage at the C-10 methine bridge (17/2418.2), similar to that observed
in mesobiliverdin (Cole et al., 1968). The 5- and 15-oxo-bridges in these structures were
further confirmed by observation of a fifth carbonyl resonance in 5-oxo-bilirubin at 175.1
ppm via cryogenic 13C-NMR (Fig. S4C), consistent with the reported shift of the oxo-bridge
in 10-oxo-bilirubin at 176 ppm (Chen, 1999).

Discussion

In this study we have presented the crystal structure of native Isdl bound to heme and
described HRESIMS and NMR studies on the products of IsdG- and Isdl-catalyzed heme
degradation. Combined, these data demonstrate that 1sdG and Isdl degrade heme to release a
mixture of B- and 0- isomers of oxo-bilirubin. A few cases of heme oxygenases that degrade
heme to non-alpha biliverdins or modified biliverdins have been demonstrated (Paiva-Silva
et al., 2006; Ratliff et al., 2001; Zhang et al., 2004). However, to the best of our knowledge,
the oxo-bilirubin molecules described here have not been previously observed or
characterized.

It has been reported that 1sdG-mediated heme degradation results in the formation of
biliverdin based on similar HPLC elution profiles between these molecules (Skaar et al.,
2004). However, the prior study utilized standard methods for isolating biliverdin, which
includes a chloroform extraction. We have found that staphylobilin is not very soluble in
chloroform, and therefore, the previously published chromatograms are not representative of
purified staphylobilin. Moreover, the previous chromatographic method used a
methanol:water mobile phase and monitored absorbance at 380 nm. In the current study we
have used an acetonitrile:water mobile phase and 465 nm, which better distinguishes the two
products. We believe it is for these reasons that the product of IsdG-mediated heme
degradation was previously misassigned as biliverdin.

The HRESIMS data provide conclusive evidence that heme degradation catalyzed by 1sdG-
family enzymes does not result in the canonical heme degradation product biliverdin or the
eukaryotic metabolite bilirubin (Fig. S1). The downfield regions of the 1H NMR spectra
demonstrate that the IsdG-family products share similarities with 10-oxo-mesobilirubin (Fig.
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S2) (Chen, 1999). Moreover, the HMBC and NOESY spectra demonstrate an intact
correlation network between the a-meso carbon proton and the vinyl protons at C18 and
methyl protons at C2. The y-meso proton also displays correlations with the propionate side
chain protons of rings B and C (Fig. 3 and S3). These data provide strong evidence that the
a- and y-/meso carbons of the porphyrin ring are intact, accounting for all but 28 Daltons of
the isolated heme degradation products. ESI-MS/MS data and 13C NMR spectra
demonstrate that the remaining mass comprises a bridging carbonyl (C=0) between the a/y
positions in the two isomers (Fig. S4C and S5C).

The mechanism of the HO-1 family of enzymes has been studied extensively, although
surprisingly many details remain unclear (Fig. S8) (Unno et al., 2007; Wilks, 2002). After
the enzyme binds ferric-heme, one electron is donated by the reducing substrate, converting
heme-iron to the ferrous state. Molecular oxygen then binds the reduced pentacoordinate
heme to form a meta-stable oxy complex. From there, a one electron reduction and
protonation yields a ferric-hydroperoxo complex. This complex then self-hydroxylates at the
a-/meso carbon, although it is unknown how the protonation activates the hydroperoxo
intermediate to promote meso-hydroxylation. Ferric a-meso-hydroxyheme is then converted
to biliverdin through multiple oxidoreductive steps and a verdoheme intermediate (Matsui et
al., 2005; Schuller et al,, 1999; Unno et al., 2007). The conversion of verdoheme to
biliverdin is incompletely understood, although it is known to be the rate-limiting step of the
reaction /n vivo (Unno et al., 2007). However, in vitro the rate-limiting step is biliverdin
release. In mammals this step is accelerated 7 vivo by biliverdin reductase, which removes
biliverdin from the active site and reduces it to bilirubin. All characterized bacterial heme
oxygenases catalyze single-turnover reactions /n vitro, suggesting that another protein is
required to remove the heme degradation product from bacterial heme oxygenases /in vivo
(Puri and O'Brian, 2006; Wegele et al., 2004; Wilks and Schmitt, 1998; Zhu et a/., 2000).

Both IsdG-like and HO-1-like enzymes produce biliverdin derivatives suggesting that both
reactions may proceed similarly up to formation of a hydroperoxo intermediate. However, in
the case of 1sdG-like enzymes the complex would self-hydroxylate at the - or 6-meso
carbon, rather than the a-meso carbon. Importantly, HO-1-like enzymes contain an ordered
set of water molecules in the binding pocket that funnel protons to the catalytic site and
stabilize the hydroperoxy intermediate (Friedman et a/., 2003; Lad et a/., 2003). This water
network is absolutely required for catalysis in all HO-1 enzymes (Matsui et a/., 2005;
Schuller et al., 1999; Schuller et al., 2001; Sugishima et al., 2000); however, a similar water
network is not present in 1sdG-family enzymes (Lee et al., 2008). Therefore, it is currently
unclear how intermediates are activated and stabilized during 1sdG-mediated catalysis.

It is possible that the meso-hydroxyheme intermediate may then go through a verdoheme
intermediate that is hydroxylated and then degraded to staphylobilin, or through formation
of a B,6-dihydroxyheme intermediate that is subsequently degraded to staphylobilin (Fig.
S8). Addition of biliverdin to purified IsdG in the presence of ascorbate does not lead to
formation of staphylobilin (data not shown), indicating that a-biliverdin is not an
intermediate in the pathway. However, more experiments are necessary to investigate the
mechanism of staphylobilin formation.

In the active site of Isdl there are several amino acids that are completely conserved among
members of the 1sdG-family of enzymes, including Asn6. We hypothesize that the
conserved asparagine has two roles in heme catalysis. The asparagine amide is observed to
form an H-bond to the bound oxygen species and potentially stabilizes intermediate(s) in the
pathway. Asn6 along with Phe22 may also sterically direct the sites of hydroxylation, as
they are only 3.5 A from the a- and y-/meso carbons, respectively (Fig.1). Though the
precise nature of the oxygen species observed in the crystal structure remains to be
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characterized, the steric constraints imposed by Asn6 and Phe22 are likely to be structurally
conserved leaving only the B- and 8- meso carbons accessible for hydroxylation. Phe22 is
conserved in all 1sdG members with the exception of HmuD and HmuQ from B. japonicum,
which encode for tryptophan at that site. Phe22 is one of the residues implicated in directing
heme ruffling such that the - or d-meso carbons are tilted towards the oxygen species (Lee
et al., 2008). Considering that the pathway of heme degradation has not been experimentally
determined, identification of the reaction products of IsdG-family enzymes raises many
mechanistic questions to be investigated in future studies.

Interestingly, we noted that 67.5 + 1.9% of the IsdG-catalyzed product elutes in the first
peak as the d-isomer, whereas only 56.2 + 1.6% of the Isdl-catalyzed product elutes as the d-
isomer. This may indicate that the heme-binding pocket of 1sdG is more constricted than that
of Isdl, and therefore preferentially allows for one heme seating over another. The
ramifications for this regiospecificity /77 vivo and the fate and function of staphylobilin
inside the cell are currently under investigation.

Bilirubin, the terminal product of heme degradation in mammals, is one of the most potent
antioxidants in the serum (Stocker et a/., 1987). The other products of vertebrate heme
catabolism, biliverdin and carbon monoxide, also have beneficial anti-oxidative and anti-
inflammatory properties (Kirkby and Adin, 2006). In contrast, the role of bacterial heme
degradation products /7 vivo has yet to be uncovered. Considering the important roles of
biliverdin and bilirubin within vertebrate cells, it is tempting to speculate that staphylobilins
may have important functions within bacterial pathogens. This is particularly intriguing
considering that IsdG and Isdl are differentially regulated in response to environmental
changes experienced by the bacterium (Reniere and Skaar, 2008). It is possible that the
different isomers of staphylobilin are required under different environmental conditions.
Moreover, the significant difference in protein structure and mechanism between human
HO-1 and the IsdG-family of enzymes, combined with the known requirement for 1sdG-
mediated heme degradation during bacterial pathogenesis (Reniere and Skaar, 2008; Skaar
et al., 2006), suggests that inhibiting this class of bacterial heme oxygenases is an attractive
therapeutic strategy.

Experimental Procedures

Protein purification

Recombinant IsdG and Isdl were purified from Escherichia coli BL21(DE3) as previously
described (Skaar ef al., 2004). Purity was assessed by SDS-PAGE and concentrations were
determined using a BCA protein assay.

Crystallography

Crystals of recombinant Isdl-heme were prepared by sitting drop vapour diffusion at 4° C.
Protein (15 mg/ml in 20 mM Tris-HCI, 0.2 M NaCl) was mixed 1:1 with a reservoir of 25%
polyethylene glycol 3350, 0.2 M MgCl,, and 0.1 M Bis-Tris buffer pH 5.5. Prior to data
collection crystals were looped from a cryoprotectant of 10% ethylene glycol in reservoir
solution on ice and immersed in liquid nitrogen. Reduced crystals were obtained by soaking
the ferric crystals in 50 mM sodium dithionite in cryoprotectant solution for 10 minutes
before immersion in liquid nitrogen. Diffraction data sets were collected under a cryostream
at 100 K on beamline 08ID-1 at the Canadian Light Source (Saskatoon, SK). The programs
in the CCP4 suite (Potterton et al., 2003) were used to solve and refine the structures. Data
were processed and scaled with MOSFLM (Leslie, 1992) and SCALA (Evans, 2006),
respectively. Initial phases were obtained with the program MolRep (Vagin and Teplyakov,
1997), using a search model of the protein moiety from the structure of Isdl in complex with
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cobalt protoporphyrin IX (CoPPIX, PDB ID: 2ZDP). Model building was carried out using
COOT visualization software (Lohkamp, 2005) and the structure was refined with the
program Refmac5 (Murshudov et al., 1997). Final structure validation was done with the
program PROCHECK (Laskowski et al., 1993) and figures were prepared with the program
PyMOL (DeLano, 2002).

Heme degradation and product purification

Heme degradation reactions were performed in tris-buffered saline (50 mM tris, pH 7.5, 150
mM NacCl) at room temperature protected from light. I1sdG or Isdl (50 uM) were incubated
with equimolar hemin (Sigma) and catalase (from bovine liver, Sigma) at a 0.5:1 molar ratio
of catalase:hemoprotein. We also performed the reactions in the presence of superoxide
dismutase (20 units/mL) to test the role of superoxides in the heme degradation mechanism.
Products and product distributions in reactions performed in the presence of catalase and/or
superoxide dismutase were unchanged. Ascorbic acid was added to a final concentration of
1 mM and spectral changes between 300-800 nm were monitored. Following completion of
the reaction the mixtures were filtered through Centricon Plus spin filters (MWCO 5 kDa,
Millipore) by centrifugation at 3,220 x g to remove the buffer, salts, and non-degraded
heme. The heme degradation product(s) were eluted from the proteins by addition of
water:acetonitrile (1:1), 0.1% trifluoroacetic acid (TFA) followed by centrifugation. The
eluate was lyophilized and resuspended in a minimum volume of water:acetonitrile (1:1),
0.1% TFA, and further purified by reverse-phase chromatography on a Varian ProStar
HPLC using a Microsorb-MV C-18 column. Biliverdin (MP Biomedicals) and bilirubin
(Sigma) were dissolved in 0.1 M NaOH and diluted in water:acetonitrile (1:1), 0.1% TFA
for HPLC analysis.

HPLC analysis was performed using 95% water / 5% acetonitrile with 0.1% TFA as the
mobile phase with a flow rate of 1 mL/min. After a 10 min equilibration period, a linear 40
min acetonitrile gradient (5%-80%) was employed and the final concentration was
maintained for an additional 20 min. The eluant was monitored using a photodiode array
detector from 200-900 nm and two peaks (Amax: 465nm) were individually collected and
lyophilized for further analysis. The ratio of isomers was calculated by integration of the
peaks and averaged over ten injections (p < 0.0001).

LC-MS/MS Analysis

NMR

Each lyophilized product was dissolved in acetonitrile/water (50:50) with 0.25% formic acid
at a concentration of 80 ng/uL prior to injection. The LC-MS/MS analysis was performed on
a Waters Acquity UPLC system (Waters, Milford, MA) integrated with a Thermo Finnigan
LTQ linear ion trap mass spectrometer (Thermo Fisher Scientific, Waltham, MA) using a
Thermo Hypersil Gold C18 column (1.9 pm, 2.1 x 150 mm). Prior to MS analysis, LC
separation was performed using water:acetonitrile (95:5) with 0.25% formic acid as the
mobile phase. After a 10 pl sample injection, a 20 minute linear acetonitrile gradient (5%—
100%) was performed at a flow rate of 300 pl/min. The following optimized parameters
were used for the detection of analyte: N2 sheath gas 36 psi; N2 auxiliary gas 20 psi;
capillary temperature 300° C; source voltage 3.8 kV; source current 100 MA,; skimmer
offset 0.00 V; capillary offset —44.00 V; tube lens offset —103.30 V; activation time 30 ms
(MS), 50 ms (MS2); isolation width 1 m/z (MS), 2 m/z (MS2). Data acquisition and
quantitative spectral analyses were conducted using the Thermo-Finnigan Xcaliber software,
version 2.0 Surl.

See Supplementary Material for NMR methods.
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A

Fig. 1.

Crystal structure of the active site of Isdl-heme. The structure of Isdl (green) bound to heme
(gray) reveals density on the distal side modeled as a dioxygen species (red) liganded to the
heme-iron. A. 2Fo - Fc map contoured at 10. B. A Fo - Fc omit map for oxygen is contoured
at 3. The heme a-, B-, and 6-meso carbons are labeled. The y-meso carbon is buried in the
protein. C. The same figure as in b, but looking down perpendicular to the heme from the
distal side. The heme a-, B-, y-, and d-meso carbons are labeled. D. Crystals of Isdl (cyan)
bound to heme (gray) were reduced for 10 minutes in 50 mM (excess) dithionite. The 2Fo -
Fcmap (light gray) is contoured at 10. Heme and selected amino acids are depicted in sticks
and are labeled. Nitrogen, oxygen and iron atoms are colored blue, red, and orange,
respectively.
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Purification and optical spectra of heme degradation products. HPLC tracings of heme
degradation products separated on a linear acetonitrile gradient. Insets are images of the
heme degradation products dissolved in DMSO. The contrast of the photos was adjusted to
present the clearest images. A. Biliverdin purification monitored at 405 nm. B. Bilirubin
purification monitored at 405 nm. C. The product of Isdl-catalyzed heme degradation
monitored at 465 nm. The two prominent peaks were collected separately and both product
images are shown (/nsel). 1sdG- and Isdl-catalyzed heme degradation products have
overlapping spectra so only that of Isdl is shown for simplicity. D-F. Optical spectra of each
fraction as measured by the photodiode array detector upon elution.
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Fig. 3.

NOESY correlations of IsdG product peak 1. A. NOESY spectrum (in dg-DMSO) of the
first eluting product focused on key regions that demonstrate correlations between the a-
and y-bridge CHs and neighboring protons. The second eluting product from the IsdG-
catalyzed reaction and the Isdl-catalyzed products have similar NOESY spectra, and are
shown in Fig. S5-S7. B. Two fragments of a bilirubin-like molecule with NOE correlations
(arrows). Carbon 10 and 20 are labeled according to standard bilirubin nomenclature in
which C10 corresponds to the y-meso carbon and C20 corresponds to the a-meso carbon of
the porphyrin ring.
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Fig. 4.
Linear representations of heme degradation products. A. Bilirubin. B. 5-0xo0-6-bilirubin, the
first eluting product. C. 15-oxo-f-bilirubin, the second product to elute upon HPLC
purification. The bilirubin carbon numbering scheme was used for the 1sdG and Isdl
products for simplicity.
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Tandem LC- HRESIMS. A. ESI-MS/MS spectrum of fragment ions selecting for 599.3 m/z
for 5-0x0-8-bilirubin. B. ESI-MS/MS spectrum of fragment ions selecting for 599.3 m/z for
15-oxo-B-bilirubin. C,D. Fragmentation scheme corresponding to the masses and molecular
formulas obtained in A and B respectively. ESI-MS/MS spectra for Isdl-catalyzed products
are similar.
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Table 1

Data collection and refinement statistics for Isdl-heme structures

Isdl-heme Isdl-heme (reduced)
Data collection?
Resolution range 48.11 - 1.50 58.03 - 1.88
Space group P2,2:2¢ P2,212,

Unit cell dimension (A)
Unique reflections
Completeness (%)
Average /ol
Redundancy

Rmerge

Refinement

Ruork Rree)

No. Atoms

Protein

Solvent

Heme

Dioxygen

Overall B-factor (A?)
Protein

Solvent

Heme

Dioxygen
r.m.s.deviation
Bond length

Bond angles

4=58.24 b=66.78 ¢=69.43
43991 (6351)

99.8 (100.0)

13.1 (3.3)

6.8 (5.6)

0.077 (0.481)

0.181(0.214)
2256
1884
282
86

4
21.7
19.7
36.6
16.1
14.4

0.009
1.118

a=58.03 £=67.93 c=70.67
25682 (3674)

99.8 (100.0)

12.2 (4.1)

7.0(6.9)

0.094 (0.487)

0.201(0.242)
2116

1845

185

86

29.6

28.8

39.2

26.3

0.014
1.348

a\/alues for the highest resolution shell are shown in parenthesis
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