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As part of the machinery to acquire, internalize and utilize heme as a source of iron from the host, some bacteria
possess a canonical heme oxygenase, where heme plays the dual role of substrate and cofactor, the later catalyz-
ing the cleavage of the hememoiety usingO2 and electrons, and resulting in biliverdin, carbonmonoxide and fer-
rous non-heme iron. We have previously reported that the Escherichia coli O157:H7 ChuS protein, which is not
homologous to heme oxygenases, can bind and degrade heme in a reaction that releases carbon monoxide.
Here, we have pursued a detailed characterization of such heme degradation reaction using stopped-flow UV–
visible absorption spectrometry, the characterization of the intermediate species formed in such reaction by
EPR spectroscopy and the identification of reaction products by NMR spectroscopy and Mass spectrometry. We
show that hydrogen peroxide (in molar equivalent) is the key player in the degradation reaction, at variance
to canonical heme oxygenases. While the initial intermediates of the reaction of ChuS with hydrogen peroxide
(a ferrous keto π neutral radical and ferric verdoheme, both identified by EPR spectroscopy) are in common
with heme oxygenases, a further and unprecedented reaction step, involving the cleavage of the porphyrin
ring at adjacent meso-carbons, results in the release of hematinic acid (a monopyrrole moiety identified by
NMR spectroscopy), a tripyrrole product (identified by Mass spectrometry) and non-heme iron in the ferric ox-
idation state (identified by EPR spectroscopy). Overall, the unprecedented reaction of E. coli O157:H7 ChuS pro-
vides evidence for a novel heme degradation activity in a Gram-negative bacterium.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Iron acquisition is vital for pathogens survival within the host [1,2].
Since the most abundant source of iron is the heme of hemoglobin
and of other heme binding proteins of the host, bacteria have developed
an impressive machinery to acquire, internalize and utilize heme as a
source of iron (see [3] for review). Infections by Escherichia coli
O157:H7 can cause severe gastroenteritis in humans, which sometimes
evolve to the life-threatening hemolytic uremic syndrome condition [4,
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Laurier University, Waterloo,
5]. Bacterial growth of E. coli O157:H7 isolated from infected patients is
stimulated in the presence of heme and hemoglobin, suggesting that
heme may be an important signaling molecule for the up-regulation of
factors contributing to host colonization and virulence [6]. This bacteri-
um may also induce hemolytic lesions to gain access to the host nutri-
ments [6]. In this context, it is interesting that the analysis of the E. coli
O157:H7 genome revealed that this bacterium contains a gene cluster,
chuASTUVWXY, highly similar to the shu gene cluster of Shigella in-
volved in heme internalization and processing pathway [7].

In Gram-negative bacteria that possess a gene cluster for heme inter-
nalization, heme either free in solution, bound to proteins such as he-
moglobin or captured via specialized protein chelators, is first
anchored onto the pathogen surface via an outer membrane TonB-
dependent receptors that also actively transport the heme across the
outer membrane [3]. An ABC (ATP binding cassette) permease that
transport heme across the inner membrane finalizes the heme internal-
ization process [3]. In E. coliO157:H7, these functions are assigned to the
outermembraneheme receptors ChuA andHma [8,9] and to theperme-
ase composed of three proteins; the periplasmic binding protein
(ChuT), the integral membrane protein (ChuU) and the ATPase
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(ChuV) [10]. Once inside the cytoplasm, the heme may be bound by
chaperones and transferred to other proteins or it may be metabolized
to release the sequestered iron. This later reaction may be carried out
by a heme oxygenase (HO) in Gram-negative bacteria that possess the
gene encoding this enzyme. Like the HO from higher organisms, bacte-
rial HO uses heme both as a substrate and as a cofactor to catalyze the
opening of the porphyrin ring thus producing biliverdin and carbon
monoxide and liberating the iron [11–15].

The reaction carried out by HO occurs at the heme-bound active site
and requires electrons, which are provided by cytochrome P450 reduc-
tase/NADPH or ascorbate in vitro, and molecular oxygen [12,13,16,17].
The complete reaction cycle requires 7 electrons in total and generates
carbon monoxide, ferrous iron and biliverdin. The mechanism of the
HO reaction has been elucidated and the detailed picture of the reactive
intermediates of the catalytic reaction emerged from biochemical stud-
ies in heme oxygenase 1 (HO-1) and a bacterial HO (HmuO), using var-
ious spectroscopy techniques (reviewed in [11–14,16]). In the HO
reaction, after the heme is first reduced and binds oxygen, the heme-
bound oxygen is activated by a second electron and a proton to form a
hydroperoxy complex (FeIII-OOH) from which hydroxylation of the
heme occurs and meso-hydroxyheme is formed. The initial oxygenated
complex of HO was characterized by resonance Raman spectroscopy
[18,19] and X-ray crystallography [19] which revealed an unusually
highly-bent geometry of the heme-bound O2. The short-lived
hydroperoxy complex was formed by cryoreduction from the oxidized
enzyme and was characterized by EPR and ENDOR spectroscopies
[20]. Notably, this intermediate was shown to be competent to hydrox-
ylate the heme to produce meso-hydroxyheme [20]. The details about
the coordination and electronic structure of themeso-hydroxyheme in-
termediate, which is stable in absence of molecular oxygen and could
exist in three equilibrium forms, was probed by EPR and resonance
Raman spectroscopies [21,22]. The subsequent intermediate,
verdoheme, which is formed spontaneously by the reaction of meso-
hydroxyheme with molecular oxygen, was probed with NMR [23] and
resonance Raman spectroscopies [21] and shown to be in a 6-
coordinate state. The complex of verdoheme with HO-1 was also char-
acterized by X-ray crystallography to get a better picture of the mecha-
nism for the opening of the porphyrin ring to thefinal product biliverdin
[24,25].The enzymatic degradation of heme by mammalian HOs occurs
quite selectively at the alpha-meso-carbon. On the contrary, the chem-
ical oxidation of heme in the presence of excess reductant and molecu-
lar oxygen, termed coupled oxidation, is rather unspecific attacking
essentially all four meso-carbons [26,27].

Bacterial HOs similar to those of mammalian, termed canonical HOs,
are found in several pathogens including Corynebacterium diphtheria
[19,28,29], Neisseria meningitidis [30,31] and Pseudomonas aeruginosa
[32]. In Gram-positive bacteria, the IsdG family of proteins performs a
similar function to HOs although they are not structurally related and
yield porphyrin products different form biliverdin [33–35]. Notably, a
HO is apparently absent in E. coli strains, including O157:H7, based on
genomic data mining. Thus, the fate of the heme once it reaches the cy-
toplasm is not clearly understood in E. coli O157:H7 or in bacteria that
have no homologs of canonical HOs or IsdG [3].

We previously reported that the ChuS protein of E. coli O157:H7, a
protein encoded by the chuS gene of the chu gene cluster, is able to
bind and degrade heme in a reaction that releases carbon monoxide
[36]. The physiological role for the ChuS protein in iron acquisition re-
mains however to be established [3]. Since this protein has no structural
homology to canonical HOs neither to the IsdG family of proteins [36,
37], we have pursued a thorough investigation of its heme degradation
mechanism. In this work, we present a detailed analysis of the heme
degradation reaction by ChuS using stopped-flow optical absorption
spectroscopy and EPR spectroscopy andwe identified reaction products
by NMR spectroscopy andmass spectrometry (MS) in order to gain fur-
ther knowledge about the role of proteins of the heme acquisition path-
way of E. coli O157:H7 and of other bacteria. We show that the heme
within ChuS reacts with H2O2 in the lowmicromolar range and we pro-
vide evidence on ferric (not ferrous) iron being released upon cleavage
of the heme by amechanism that differs from that of the canonical HOs.

2. Material and methods

2.1. Chemicals and reagents

Hemin, catalase, sodium ascorbate, ABTS, guaiacol and horseradish
peroxidase (HRP) were from Sigma. Biliverdin-hydrochloride was
from Frontier Scientific (Newark, DE).

2.2. ChuS expression and purification

The expression and purification of the recombinant apo-ChuS,with a
N-terminal tag composed of 6 histidine residues, was performed in ac-
cordance with our previously published method [36]. As a control to
verify that the histidine tag was not involved in the heme degradation
activity of ChuS, we also expressed and purified the ChuS protein with-
out any tag (Supp. material). The histidine-tagged and untagged pro-
teins degraded heme similarly using ascorbate (Fig. 1 and Supp.
Fig. 1). All measurements reported in this study were obtained with
the histidine-tagged protein for which the crystal structure is known
[36,37]. Protein purity was verified by SDS-PAGE. As purified, the ChuS
protein is devoid of heme but displays a light purple color presumably
because the enzyme is active inside the bacteria and a fraction of the
protein contains a porphyrin degradation product [36]. This product
can be extracted using butanol as a solvent (see Section 2.8). Protein
concentration was quantified by the Bradford method.

2.3. Preparation of heme-bound ChuS (Holo-ChuS)

Holo-ChuS was prepared by adding a six-foldmolar excess of hemin
(solubilized in 15 mM NaOH and neutralized in 50 mM Tris–HCl pH 8)
to the apo-protein solution and incubated 15–30min at room tempera-
ture. Removal of excess heme was performed by loading the heme-
protein mixture onto a 10 ml DEAE Sepharose Fast Flow column (GE
Healthcare) equilibrated with 50 mM Tris–HCl pH 8. After washing
with the same buffer, the holo-protein complexes was eluted with
50 mM Tris–HCl pH 8 buffer containing 250 mM NaCl. The collected
fractions were dialyzed (Spectrapor membranes, 10 kDa MWCO)
against 0.1 M sodium phosphate pH 7 overnight at 4 °C. The dialysate
was concentrated using a 10 kDa cut-off Centricon (Millipore) and
kept at −80 °C. The protein and heme contents were quantified by
the Bradford (Bio-Rad Laboratories) and pyridine hemochrome
methods, respectively [38]. We determined that holo-ChuS contains
one heme per monomer of protein (1.1 ± 0.1). All protein concentra-
tions throughout this paper are reported based on the heme content.
All experiments were performed in 0.1 M sodium phosphate buffer at
pH 7.0.

2.4. UV–vis characterization of heme degradation

The characterization of ChuS heme degradation reactionwas studied
at 20 °C with either sodium ascorbate or with hydrogen peroxide on a
Cary 3E spectrophotometer (Varian) equipped with a temperature-
controlled multicell holder. Sodium ascorbate was added to a 10 μM so-
lution of holo-ChuS to a final concentration of 100 μM. The absorption
spectra of ChuS upon addition of sodium ascorbate were recorded at 5
minute intervals during 60 min. Where indicated, catalase (50 to
300 U) was added to the reaction mixtures. For the peroxide-driven re-
action, hydrogen peroxide (final concentrations of 5–20 μM)was added
to a 10 μMholo-ChuS. Heme degradationwas also followed by acquiring
the optical absorption spectra at 5 minute intervals. The concentration
of the H2O2 stock solution was determined using an absorption coeffi-
cient of 43.6 M−1 cm−1 at 240 nm [39]. To obtain the spectra of the



Fig. 1. The degradation of heme by ChuS using ascorbate. A— The degradation of hemewas initiated by the addition of ascorbic acid (100 μM final concentration) to a solution containing
holo-ChuS (10 μM,black line) in sodiumphosphate buffer pH7.0. The optical absorption spectrawere recordedover the course of 60min at 20 °C. The spectra recorded at 25min (gray and
dashed line), 40 min (black dashed line) and 60 min (solid black line labeled T = 60) are shown. The inset shows the variation in absorbance at 410 nm plotted as a function of time
(squares) and for identical reactions containing 150 U (diamonds) and 300 U (triangles) catalase and with no ascorbic acid added (circles). B — The amount of H2O2 formed in aerobic
solutions containing ascorbate with or without heme-bound ChuS was followed from the increased fluorescence signal at 590 nm (Exc. at 544 nm) caused by the oxidation of ADHP to
resorufin by HRP as it used the H2O2 formed in solution. The reactions were recorded in 0.1 M sodium phosphate buffer pH 7 and contained either 100 μM sodium ascorbate (triangles),
100 μM sodium ascorbate and 1 μM ChuS (circles) or 100 μM sodium ascorbate and 10 μM ChuS (squares).
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pyridine complex, pyridine was added at a final concentration of 16%
(v/v) to solutions of ferric ChuS that had reacted with hydrogen per-
oxide for 100 s or 60 min, the precipitated protein was removed by
ultrafiltration (10 kDa cut-off) and the optical spectra were recorded
immediately.
2.5. Quantification of hydrogen peroxide

The amount of H2O2 formed in an aerobic solution of sodium ascor-
bate and in the presence of heme-bound ChuS, was quantified using the
OxySelect H2O2 quantification assay kit (Cell Biolabs Inc.). This system
uses HRP and the substrates 10-acetyl-3,7-dihydroxyphenoxazine
(ADHP) and hydrogen peroxide to produce fluorescent resorufin. A
calibration curve obtained with known amounts of H2O2 was used to
convert the intensity of the fluorescence signal to actual H2O2 concen-
trations. The fluorescence emissionwasmeasured at 590 nm from exci-
tation at 544 nm with a Fluoroskan Ascent FL (Termo LabSytems).
2.6. Stopped-flow UV–vis electronic absorption characterization of heme
degradation

We used a stopped-flow spectrometer (Applied Photophysics
SX.18MV-R) equipped with a photomultiplier tube (PMT) for the mea-
surement of variations in optical absorbance at single-wavelengths and
with a photodiode array (PDA) detector to obtain optical absorption
spectra versus time data sets. The dead-time of the stopped-flow was
1.28 ms. In PDA mode, the spectral integration time was 2.56 ms. The
10 mm optical path length of the observation window was used and
the monochromator slit widths were adjusted at 1.5 mm. The mixing
unit of the stopped-flow was placed inside a glove box, which ensured
that good anaerobic conditions were obtained when required (less
than 5 ppm O2 inside the glove box). For anaerobic work, the buffer
was equilibrated to the glove box atmosphere for 24 h prior to the ex-
periments. Protein samples and H2O2 were flushed with argon for
45 min before being brought into the glove box and used immediately.
Data analysis was done using singular-value decomposition with the
Specfit software (Spectrum Software Associates) to fit the time-
dependent spectra and obtain the observed transition rate constants
(k1, k2, … kn) between species. A two-step model (A → B → C) was
used, in which A was the ferric holo-ChuS, B was an intermediate state
displaying a weak broad band centered in the visible region (named
734 nm species) and C was the species with a broad intense band cen-
tered at 565 nm (named 565 nm species).
2.7. Electron paramagnetic resonance spectroscopy

The 9-GHz EPR spectra were recorded on a Bruker EleXsys E500
spectrometer equippedwith a standard Bruker ER 4102 X-band resona-
tor and a liquid helium cryostat (Oxford Instruments, ESR 900). A
50 mM sodium phosphate buffer pH 7.0 was used for all EPR experi-
ments on ChuS. The protein concentration was 670 μM. It is of note
that freezing the sample for the EPR experiments in such buffer may in-
duce a pH change to ca. pH 5.0.
2.8. Analysis of ChuS heme degradation products by HPLC and MS

H2O2 (2 foldmolar ratio over heme)was added to 600 μMholo-ChuS
in 0.1MNaPO4 buffer pH7.0. After an incubation of onehour in the dark
at room temperature, the protein fraction was separated from small
molecular weight molecules on a 10 kDa cut-off Amicon Ultra centrifu-
gal unit (Millipore) that had been extensivelywashedwith NaPO4 0.1M
pH 7.0. Both the filtrate and protein fractionswere analyzed. The filtrate
was lyophilized, solubilized inwater and then injected on a Supelco C18
column (5 μm) equilibrated in H2O/0.1% TFA for reverse-phase chroma-
tography. To elute bound material, a linear gradient from 0–100% (v/v)
acetonitrile in H2O/0.1% TFA was used. The elution profile was deter-
mined using the PDA detector of an Agilent 1050 HPLC system. A com-
pound later identified as hematinic acid by NMR spectroscopy, which
showed strong absorbance at 220 nmas expected for amaleimide com-
pound, was eluted at ~20% (v/v) acetonitrile. Fractions containing he-
matinic acid were pooled, lyophilized and solubilized in 0.1 M NaPO4

buffer in D2O (pD 7.4) for NMR analysis. This hematinic acid preparation
was subjected to electrospray ionization mass spectrometry (ESI-MS)
but the mass could not be obtained as this molecule apparently failed
to ionize.

Butanol extraction of the protein fraction allowed the extraction of
molecule(s) purple in color. After freeze-drying, the purple powder
was solubilized in DMSO. A sample was subjected to reverse-phase
chromatography on the C18 column as described above. Several of the
peaks showing absorbance at 555 nm were lyophilized, dissolved in
DMSO and subjected to high-resolutionMS. High-resolutionmass spec-
tra were obtained with a LC/MS-TOF Agilent 6210 using electrospray
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ionization (ESI). The mMass software was used to calculate theoretical
mass of molecules [40].

2.9. NMR characterization of ChuS heme degradation product (hematinic
acid)

A partially purified sample was lyophilized after HPLC and dissolved
in 600 μL of 0.1 M NaPO4 prepared with pure D2O (99.9%, pD 7.4). All
NMR spectra were recorded in a 5 mm tube at 20 °C on a 600 MHz
INOVA spectrometer equipped with a triple resonance XYZ pulsed-
field gradient probe. Assignments are based on the following NMR ex-
periments: 1D 1H, 2D gCOSY, 2D NOESY with 500 ms mixing time, 2D
1H–13C HSQC and 2D 1H–13C gHMBC with delays optimized for an
8 Hz multiple bond 1H–13C coupling constant and a J-filter to suppress
one-bond correlations. Internal DSS was used for 1H and 13C chemical
shift referencing. Additional experimental details are provided in Sup-
plementary Material (Supp. Figs. 3–6).

2.10. Quantification of released iron

The amount of iron liberated as heme was degraded by ChuS was
quantified using the Prussian Blue method [41]. Samples collected
60 min after the addition of H2O2 to holo-ChuS were fractionated over
a 10 kDa cut-off size permeation membrane (Amicon Ultra 10 K cut-
off centrifugal filters). The flow-through fraction, which was free of
ChuS protein as determined by SDS-Page and the absorbance at
280 nm, was used to quantify the free iron from a calibration curve pre-
pared with FeCl3. A holo-ChuS sample that had not been exposed to
H2O2 was analyzed as a negative control.

2.11. Peroxidase activity assay

Peroxidase activity of ChuS andHRPwere determined spectrophoto-
metrically usingABTS and guaiacol as substrates. Protein concentrations
of 0.9 nM HRP and 1 μM holo-ChuS were used with ABTS or guaiacol at
300 μM, and H2O2 at 160 μM. Substrate oxidation was monitored at
415 nm for ABTS and 470 nm for guaiacol, over 30 min at 20 °C.

3. Results

3.1. The heme degrading activity of ferric ChuS is initiated by hydrogen
peroxide

As shown previously [36] and here in Fig. 1 (Panel A), the ascorbate-
driven heme degradation catalyzed by ChuS can be monitored by the
changes in the UV–vis absorption spectrum of the heme. The optical
absorption spectrum of native (ferric) holo-ChuS at pH 7.0 and in the
absence of ascorbate, showed bands at 409, 549, and 586 nm (Fig. 1,
panel A, black trace) that are typical for the Soret and β and α bands
of a hexacoordinated low-spin (LS) heme. Upon addition of ascorbate,
a clear decrease in absorbance of the heme Soret band (at 409 nm)
and a concomitant appearance of a new broad band centered near
565 nm occurred over the course of 60 min. As the reaction proceeded,
the absorbance in the650–800nmregionfirst increased over the course
of 40 min and then decreased, as indicated by the arrows (Fig. 1, panel
A). The heme degradation reaction did not proceed through isosbestic
points.

It is important to note that the holo-ChuS complex could be formed
again by the addition of one molar equivalent of heme after the 60 min
reaction as described above. Moreover, the addition of ascorbate to this
newly formed complex initiated a similar heme degradation reaction
(result not shown). This process could be repeatedmany times strongly
suggesting little protein inactivation. In addition, optical spectra record-
ed 60min after the initiation of each catalytic cycle showed the build-up
of the species related to the distinct broad band centered at 565 nm.
Together the observations indicate that ChuS can carry several cycles
of heme degradation and product(s) formation.

In canonical HOs, heme degradation is initiated by O2 binding to the
reduced heme-iron, forming the oxyferrous complex (FeII–O2), which
rapidly converts to ferric hydroperoxy (FeIII–OOH) upon the addition
of an electron and of a proton. This reactive species is responsible for
the hydroxylation of the heme α-meso-carbon [12,27]. As such, the re-
action catalyzed by HO is not inhibited by the addition of catalase
since hydrogen peroxide from the solvent is not involved in the reaction
[27]. In contrast to HOs, the addition of catalase (50–300U) to a reaction
containing ChuS and ascorbate slowed heme degradation activity in a
concentration dependent manner, (Fig. 1A, inset). The sensitivity of
the reaction catalyzed by ChuS to the presence of catalase, which was
also reported for the homologous PhuS protein of Pseudomonas [42],
strongly suggests that it was H2O2, not the activation of heme-bound
molecular oxygen, which initiated the heme degradation process.
Without added catalase (Fig. 1A, inset), heme degradation by ChuS
proceeded following a delay of several minutes. We hypothesized that
this delay might constitute the time required to build sufficient levels
of H2O2, considering that formation of H2O2 could happen from O2

− in
solution. The latter would be generated by the reduction of O2 by ascor-
bate through trace metal(s) from the buffer solution [43] and/or from
the very fast autoxidation of the short-lived FeIIO2 complex of ChuS
(Ouellet, Y. H. et al., in preparation). The addition of superoxide dismut-
ase (SOD),which converts superoxide toO2 andH2O2, did not accelerate
the ascorbate-driven heme degradation (data not shown) suggesting
that the reaction of H2O2 with heme-bound ChuS was rate-limiting.

To verify this hypothesis, we monitored the synthesis of H2O2 in a
solution of ascorbate. The results show that the addition of ChuS
(1 μMand 10 μM) to an aerobic solution of ascorbate (100 μM) promot-
ed the time-dependant formation of H2O2 (Fig. 1B). The rate of H2O2

production nearly doubled in the presence of ChuS (1 μM) and in-
creased further at 10 μM. The amount of resultingH2O2 did not correlate
linearly with the amount of ChuS because of its concomitant consump-
tion by ChuS heme degradation activity (vide infra). Altogether, these
results show that ChuS can accelerate the formation of H2O2 in an ascor-
bate solution. Most likely, this peroxide would be produced indirectly
after the formation of superoxide and in sufficient concentrations to ini-
tiate and support its heme degradation activity.

3.2. Peroxide-driven heme degradation monitored by UV–visible electronic
absorption spectroscopy

Heme degradation initiated by H2O2 was characterized by optical
absorption spectroscopy. Immediately after the addition of H2O2, the
first spectrum recorded in a scanning spectrophotometer showed that
the heme Soret band (409 nm) had lost intensity and the absorbance
in the650–800nmregion had increased (Fig. 2A). A stopped-flowappa-
ratus was used to obtain the rapid-scan absorption spectra that showed
the details of the fast initial event(s) of the reaction of ferric ChuS with
H2O2 (Fig. 2B). A first transition with an apparent rate constant of
0.059 s−1 lead to a large decrease of the Soret band and the formation
of an intermediate showing absorbance in the 650–800 nm region, cen-
tered at ca. 734 nm (hence named the 734 nm species). This reaction
proceeded through isosbestic points at 331, 448, 530 and 593 nm
(Fig. 2B). After this initial reaction, the absorbance of the Soret band de-
creased further along with a disappearance of the 734 nm species in a
transition with an apparent rate constant of 0.001 s−1 (Fig. 2B, inset).
This slow transition, best observed in the scanning spectrophotometer
(Fig. 2A), occurred through isosbestic points at 321, 350, 498 and
632 nm and was characterized by the appearance of the new broad
band centered at 565 nm over 60 min that is referred to as the
565 nm species. It is of note that the spectral features identified during
the reaction of ChuSwith ascorbate, i.e. decrease of the heme Soret band
with the concomitant appearance of the broad band centered at ca.
734 nm and the subsequent increase at 565 nm, were observed both



Fig. 2. Aerobic degradation of the heme of ChuS in the presence of hydrogen peroxide followed by optical absorption spectroscopywith a scanning spectrophotometer (A) and a stopped-
flow apparatus (B). A— The heme degradation reaction was followed by UV–visible optical absorption spectroscopy over 60 min. H2O2 was added to a solution containing 10 μMChuS in
0.1M sodiumphosphate buffer pH 7 (2:1M ratio H2O2:heme). The optical absorption spectrawere recorded at regular intervals for 60min at 20 °C. The gray line represents the spectrum
of ferric holo-ChuS prior to the addition of H2O2. The arrows indicate the direction of the optical transitions during the course of formation of the 734 nm species and its conversion to the
565 nmspecies. The absorbance at 565 and 734 nmare plotted as a function of time (Inset).B—Rapid-scan electronic absorption spectra of thefirst 51 s of the reaction of holo-ChuSwith a
2-fold excess hydrogen peroxide under aerobic conditions. The arrows indicate the direction of the optical transitions recorded in PDAmode. The inset shows the time course of the var-
iation in absorbance at 409 nm and 734 nm (the upper limit of the PDA) over 1000 s on a logarithmic scale. These transitions were fitted to a 3 species model (ferric ChuS → 734 nm
species→ 565 nm species). The reaction was carried out at 20 °C with 5 μM ferric ChuS and 10 μM hydrogen peroxide (final concentrations) in 0.1 M sodium phosphate buffer pH 7.

Fig. 3. Optical absorption spectra of pyridine extracts of the heme degradation reaction of
ChuSwith peroxide arrested at 100 s (black line) and 60min (gray line). The sampleswere
obtained from the reaction arrested by the addition of pyridine (16% v/v final concentra-
tion) and cleared from precipitated proteins by ultrafiltration over a 10 kDa cut-off
membrane. The solution contained 10 μM holo-ChuS and 20 μM H2O2.
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when using ascorbate (Fig. 1, panel A) and H2O2 (Fig. 2, panel A), the
difference being the time scale for the appearance of the resulting spe-
cies and the clear isosbestic points displayed by the peroxide-driven
reaction.

It should be noted that the same rates were measured for reactions
monitored by stopped-flow electronic absorption spectroscopy using
white light and a PDAdetector (spectra vs timedata sets) or using single
wavelengths and a PMT (result not shown). The latter were not due to
photoreduction of heme or reaction intermediates induced by light as
shown by the parallel experiments in a test tube, incubated in the
dark. Clear color changes from red (ferric ChuS before the addition of
hydrogen peroxide) to green (734 nm species that reached a maximal
concentration at ~100 s) to purple (565 nm species) were observed. If
left standing at room temperature for ~12 hours, the color of the
565 nm species evolved very slowly from purple to a pinkish (not char-
acterized here). It is of note that the spectral transitions differed when
ferric ChuS was mixed with H2O2 under strict anaerobic conditions.
We observed a large decrease of the absorbance of the Soret band show-
ing that the protein reacted with H2O2 but the 565 nm species was not
observed indicating that molecular oxygen is mandatory for the above
described aerobic reaction (result not shown).

As judged from the decrease of heme Soret band at 409 nm, it ap-
pears that heme degradation with H2O2 was slightly more complete at
a 2:1 (H2O2:heme) ratio than with equimolar amount (data not
shown). Additionally, as expected, a large amount of heme remained in-
tact at a ratio of 0.5:1, but the optical transition to the species absorbing
at 565nmstill occurred. From these observations,we conclude that only
one peroxide molecule per heme is likely used to form the transient
734 nm species and the subsequent 565 nm species. However, the 2:1
(H2O2:heme) ratio was used thereafter to ensure a more complete
reaction.

3.3. Pyridine complexes of reaction intermediates

To gain insight into the nature of the reaction intermediates, pyri-
dine was added to the 734 nm species that reached a maximal concen-
tration 100 s after the addition of a two-fold molar excess of H2O2

(Fig. 3). The absorption maxima detected at 395, 499, 533, 610 (sh)
and 660 nm (black trace) are characteristic of those of the bis-pyridine
complex of Fe2+-verdoheme [26]. Using a millimolar extinction coeffi-
cient of 32.5 at 660 nm [26], we calculated that 72% of the initial heme
was observed as verdoheme at this time. The formation of verdoheme,
in which one meso-carbon is replaced by an oxygen atom, is fully
consistent with our reported release of CO in the reaction catalyzed by
ChuS [36]. We note that the verdoheme complex formed during ChuS
heme degradation is in the ferric oxidation state as revealed by the
EPR spectrum (vide infra). Upon the addition of pyridine to the ChuS
solution that had reacted with hydrogen peroxide, which is essentially
depleted of remaining free hydrogen peroxide, an electron, possibly
from an amino acid or from the solution, reduced the Fe3+ allowing
the observation of Fe2+-verdoheme-pyridine complex.

A sample collected after 60 min of reaction (565 nm species)
and extracted with pyridine (gray trace) indicated that a small amount
(b 1 μM) of verdohemewas still present as revealed by the peaks at 533
and 660 nm (Fig. 3). Pyridine had little effect on the wavelength maxi-
ma of the 565 nm species (wavelength maximum at 572 in pyridine)
suggesting the absence of pyridine coordination. The wavelength max-
ima of the 565nmspecies are different from those recorded for pure bil-
iverdin in solution (373 and 668 nm) and for the biliverdin-ChuS
complex (384 and 700 nm) (Supp. Fig. 2). From the lack of absorbance
in the 660–700 nm region of the spectrum recorded at 60 min
(565 nmspecies), we conclude that iron-free biliverdinwas not a signif-
icant product of ChuS heme degradation. It should be pointed-out that
iron-bound biliverdin (ferric biliverdin) is almost featureless in the
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visible region [44] and thus cannot be the origin of the strong absorption
band of the 565 nm species.

3.4. Analysis of porphyrin degradation products and iron release

Samples of the 565 nm species collected after 60 min reaction of
ferric ChuS with a two-fold molar excess of hydrogen peroxide were
fractioned with a 10 kDa size-permeation membrane. The high-
molecular weight fraction (protein fraction), contained ChuS as deter-
mined by the absorbance at 280 nm and by SDS-PAGE. The coloration
of the protein fraction was purple and showed absorption maxima
near 400 and 565 nm. The smallmolecularweight fractionwas colorless
but it contained a porphyrin degradation product that was detected as
the heme degradation reaction was followed by NMR spectroscopy (re-
sult not shown). This substance was partially purified by reverse-phase
HPLC on a C18 column and was unambiguously identified as hematinic
acid using 1H and natural abundance 13C NMR spectroscopy (Fig. 4). The
1H 1D NMR spectrum of the partially purified sample dissolved in D2O
showed only three proton resonances that could be attributed to the
ChuS soluble degradation product. Resonances from impurities in the
sample were identified based on significant varying 1H intensities
from samples prepared from different regions of the HPLC chromato-
gram. Using high resolution 1D 1H, 2D gCOSY, 2D NOESY, 2D 1H–13C
HSQC and 2D 1H–13C gHMBC spectra, all 1H and 13C NMR resonances
were unambiguously assigned. Fig. 4 shows the assigned 2D 1H–13C
gHMBC NMR spectra of the colorless ChuS heme degradation product
(the other spectra are included in Supplementary Material, Supp.
Fig. 3–6). Table 1 lists all 1H and 13C chemical shifts, 1H–1H coupling con-
stants, 1H–1H COSY correlations, 1H–1H NOESY correlations, and long-
range 1H–13C correlations. The values and similarity of the 13C chemical
shifts at position C-2 (177.7 ppm) and C-5 (178.0 ppm) were used to
confirm the presence of carbonyls at these positions.

Unbound iron was quantified from the small molecular weight col-
orless fraction. The amount of iron liberated from a reaction containing
40 μM ferric ChuSwas 23.2 μMcorresponding to 58%. For a reaction car-
ried out at higher protein concentration (193 μM), only 14% of the initial
heme-ironwas released in solutionwhich is consistentwith the EPR de-
tection of ChuS-bound iron (vide infra).

In addition to hematinic acid and iron found in the small molecular
weight fraction, the protein fractionwas successfully extractedwith bu-
tanol to isolate the molecule(s) giving rise to the purple color. Analysis
Fig. 4. 2D 1H–13C gHMBC NMR spectra of the colorless ChuS heme degradation product
partially purified by HPLC and identified as hematinic acid. Multiple bonds 1H–13C
correlations are labeled with the proton assignments above the spectra. The structure of
hematinic acid is showed in blue.
of the butanol extract by reverse-phase HPLC on a C18 column afforded
the observation of several peaks with absorbance in the 500–600 nm
region (Fig. 5A-B). Analysis by high-resolution electrospray ionization
mass spectrometry (ESI-MS) of peaks b–d displaying the highest
level of absorbance at 555 nm revealed a mass of 437.1913 m/z
(Supp. Fig. 5C). Based on mass and composition of the starting heme
(protoporphyrin IX, C34H34N4O4, [M + 1H]1+ 563.2653 m/z), the
437.1913 m/z indicates a C24H26N3O5 molecule with an error of
−0.0032 between the observed and the calculated [M + 1H]1+ mass.
This represents a net loss of 10 C, 8 H, 1 N and the gain of 1 O compared
to heme (protoporphyrin IX). Protoporphyrin IX contains 4 pyrroles and
hematinic acid (C8H9NO4) contains only one. The molecule(s) with
437.1913 m/z is consistent with the cleavage of protoporphyrin IX
at two adjacent meso carbons and the formation of a tripyrrole
product(s) containing both vinyl groups and one propionate group
(Fig. 5D).
3.5. Peroxide-driven heme degradation monitored by EPR spectroscopy

Low temperature EPR spectroscopywas used to further characterize
the electronic structure of the different species formed when mixing
ferric ChuS with hydrogen peroxide in aerobic conditions. Fig. 6 shows
the 9-GHz EPR spectra, recorded at 4 K, of ferric ChuS in the resting
state (black trace, bottom) and after reaction with hydrogen peroxide
(green and dark red traces, top). The holo-ChuS EPR spectrum (black
trace) is typical for heme iron in the ferric oxidation state, showing con-
tributions of both high-spin (HS) and low-spin (LS) EPR signals, with ef-
fective g-values of g⊥=6.01 and g∥=1.99 for the HS signal and of g1=
2.85, g2= 2.16 and g3= 1.70 for the LS signal. The relative contribution
of the HS and LS spin species were shown to be pH dependent (results
not shown). Mixing the ferric ChuS protein with 2-folds excess H2O2

at room temperature and for 10 s (before freezing the samples) resulted
in a dramatic decrease (90% conversion) in intensity of the ferric HS sig-
nal, the complete disappearance of the ferric LS signal, and concomitant
appearance of three new EPR signals, labeled A, B and C in Fig. 6 (green
trace). The narrow Signal A at gA=2.00 (Fig. 6, inset) agrees well with a
ferrous keto π neutral radical, one of the three resonance structures of
the α-meso-hydroxyheme2 previously characterized as intermediate in
the heme degradation process of heme oxygenases [45]. Signal B, with
g-values of 2.50, 2.12 and 1.87 (Fig. 6, inset) is virtually identical to the
rhombic LS EPR signal of ferric verdoheme, also previously reported
for heme oxygenases [22,45]. Signal C, with a strong resonance at
gC = 4.29 and a much weaker one at g = 9.58 is consistent with a
non-heme HS (S = 5/2) ferric iron being in a rhombically distorted co-
ordination environment as shown for themononuclear iron site in Trep-
onema pallidum neelaredoxin [46] or one of the mononuclear iron
centers in Desulfovibrio desulfuricans desulfoferrodoxin [47]. It is of
note that the apparent difference in yield for the three species is due
to the fact that they have very different relaxation properties, hence
the signals, Signals A and B, are somewhat saturated (that is the ob-
served intensity is reduced) in the experimental conditions used to re-
cord the spectra (temperature, 4 K and microwave power, 1 mW),
unlike the resting ferric ChuS and the non-heme iron (Signal C). The
same three new EPR signals (labeled A, B and C) were observed when
mixing ChuS and hydrogen peroxide up to 60 s at room temperature.

Based on the kinetics of the different species shown by the stopped-
flow UV–vis absorption experiments (Fig. 2), we used the approach of
mixing at lower temperatures in order to slow down the reaction, and
possibly detect changes in the relative intensities of the three signals
contributing to the EPR spectrum. Accordingly, when ferric ChuS was
mixed with H2O2 on ice and during 2 s (Fig. 6, dark red trace) less con-
version of the ferric EPR signals was observed, with the concomitant
2 For HO-1, the hydroxylated meso-carbon of the hydroxyheme complex is at position
α. For ChuS, it was not determined which meso-carbon is hydroxylated.



Table 1
Identification by NMR of hematinic acid released as a soluble product of heme degradation by ChuS.

# δ 1H (ppm) 1H–1H coupling (Hz) δ 13C (ppm) 1H–1H correlations (ppm) 1H–13C HMBC correlations (ppm)

31 (CH2) 2.63
7.6 (3J, 31–32)
0.96 (5J, 31–41)

22.8
COSY: 2.37(s), 1.93(w)
NOESY: 1.94(w), 2.36(m)

38.0, 143.0, 177.7, 184.2

32 (CH2) 2.37 7.6 (3J, 32–31) 38.1
COSY: 2.63(s)
NOESY: 2.64(m)

23.0, 143.0, 184.1

41 (CH3) 1.93 0.84 (5J, 41–31) 10.6
COSY: 2.63(w)
NOESY: 2.62(w)

142.6, 178.0

2 – – 177.7 – –
3 – – 143.0 – –
4 – – 142.6 – –
5 – – 178.0 – –
33 – – 184.1 – –

NMRdata acquired at 1H frequency of 600MHz and at 20 °C. Chemical shifts referenced to internal DSS. (s), (m) and (w) indicate strong, medium andweak correlations, respectively. The
long-range 5J coupling constant was measured from a high resolution 1D spectrum (Supp. Fig. 3). 13C chemical shifts for carbons 31, 32 and 41 were obtained from a 1H–13C HSQC (Supp.
Fig. 4). 13C chemical shifts for carbons 2, 3, 4, 5 and 33 were obtained from a 1H–13C HMBC (Fig. 5). 2D gCOSY and NOESY spectra are shown in Supp. Figs. 5 and 6, respectively.
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lower intensity of the three signals, in particular that of Signal B as com-
pared to the Signal A. But, when using 10 smixing time on ice, the spec-
tra obtained was virtually identical to that of the room-temperature
mixing case (Fig. 6, green trace), described above. More importantly,
the relative ratio of Signals A and B is reversed in the 10 s mixing-time
spectrum (Fig. 6, green trace) as compared to the 2 s mixing-time case
(Fig. 6, dark red trace), hence showing that the ferrous keto π neutral
radical (resonance structures of the meso-hydroxyheme, Signal
A) precedes the ferric verdoheme (Signal B) and the bound ferric iron
species (Signal C).
Fig. 5. HPLC and MS analysis of the butanol-solubilized ChuS heme degradation product(s). A —
dation by H2O2 for 60 min were extracted with butanol. The HPLC profile of the butanol extrac
shown as an inset. B — Optical absorption spectra recorded at the peaks of the HPLC chromat
blue (peakb), red (peak c) and green (peak d)while the less intense ones are shown in gray. The
Peak e corresponds to undegraded porphyrin (heme). C—High-resolution ESI-MS profiles of pe
The calculated mass indicates that one more oxygen and hydrogen atoms would be present on
tripyrrole shown is drawn from cleavage at the β and γmeso-carbons. It was not determined he
of the heme.
Accordingly, the sequential disappearance and appearance of the
signals contributing to the EPR spectrum of ChuS upon mixing with
H2O2 are consistent with those observed in the absorption spectra
(Fig. 2). Specifically, a band observed at ca. 800 nm was previously re-
ported as the α-meso-hydroxyheme species for HO [45]. The ferric
verdoheme intermediate formed inHOwas reported to have an absorp-
tion band ranging from 600 to 700 nm, and centered at ca. 680 nm [45].
In the case of ChuS, the ferric verdoheme band would overlap with that
ofmeso-hydroxyheme resulting in the observed broad band in the 650–
800nmregion (the 734 nmspecies) and consistentwith the EPR Signals
Porphyrin degradation product(s) that remained bound to ChuS following heme degra-
t on a C18 column is showed at 555 nm. A picture of the butanol extract prior to HPLC is
ogram shown in A. The spectra of the most intense peaks are showed in black (peak a),
trop black line is the calculated spectrumof themixture obtained by adding all the spectra.
aks a-d.D— Proposed structure of a tripyrrolemolecule consistent with the 437.1913m/z.
the molecule unless these additional masses originated from the ionization process. The
re if cleavage occurred at thesemeso-carbons or if it occurred at the γ and δmeso carbons



Fig. 6. The 9-GHz EPR spectra of ferric ChuS (black trace) and upon reaction with 2-fold
excess hydrogen peroxide, at 20 °C for 10 s (green trace) or at 2 °C for 2 s (dark red
trace). Inset: enlargement of the spectral region where the ferrous keto π-neutral radical
(Signal A) and the ferric verdoheme (Signal B) intermediates are detected. Experimental
conditions: T = 4 K, 5G modulation amplitude, 1 mWmicrowave power, 100 kHz modu-
lation frequency. The ferric ChuS sample (heme) concentration used was 0.67 mM, in
phosphate buffer pH 7.0.
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A and B, assigned to themeso-hydroxyheme and ferric verdoheme, re-
spectively. The broad band (500–650 nm) of the 565 nm species in
the absorption spectrum, thatwas identified as a porphyrin degradation
product (tripyrrole) by theMS and NMR experiments, would also over-
lap with the contribution of non-heme iron (Signal C) [46,47] detected
in the EPR spectrum.

3.6. Peroxidase activity

We examined whether ferric ChuS could use H2O2 to oxidize ABTS
and guaiacol in a reaction analogous to that of peroxidases. No detect-
able substrate oxidation could bemeasured for ChuS, even at a high pro-
tein concentration (1 μM) in contrast to the easily detected oxidation of
ABTS by nM concentration of HRP (data not shown). These results
strongly suggest that in the presence of H2O2, ferric ChuS does not
form the high-valent intermediate(s) that react with substrates in a
peroxidase-like mechanism [48]. Hence H2O2 is apparently used by
ChuS exclusively for its own heme degradation activity.

4. Discussion

ChuS is a protein encoded by a gene of the chu gene cluster involved
in heme internalization in E. coli O157:H7. We have previously shown
that recombinant ChuS degrades heme and releases CO in a reaction
mediated by ascorbate or NADPH and cytochrome P450 reductase [36,
37]. Our present results reveal that the substrates of this reaction are
not electrons and oxygen, as expected for a canonical HO, but hydrogen
peroxide that is formed in solution in the presence of ascorbate and O2

and is accelerated by ChuS. This explains the delay in the initiation of the
heme degradation reaction using ascorbate. The overall ascorbate-
driven reaction and the peroxide-driven reaction seem to proceed
through similar optical transitions (Figs. 1 and 2). However, unlike the
ascorbate-driven reaction, the reaction of ferric ChuS with H2O2 starts
without delay and produces distinct optical transitions that proceed
through isosbestic points suggesting the formation of intermediate spe-
cies. We thus characterized the details of the reaction of ChuS with hy-
drogen peroxide using optical absorption and EPR spectroscopies to
gain a better understanding of the electronic structures of the interme-
diate species formed in the course of reaction and thus, a better under-
standing of the reaction mechanism. Porphyrin degradation products
were identified by MS and NMR spectroscopy.

It is of note that both LS and HS forms of the resting ferric heme of
ChuSwere reactive upon addition of H2O2, as shown by the nearly com-
plete disappearance of the corresponding EPR signals and the concom-
itant appearance of the three new and distinct EPR signals (Fig. 6,
green trace), thus indicating that the LS signal does not arise from a ni-
trogenous axial ligand on the heme distal side. The g-values of the LS
ferric form for the resting holo-ChuS (g1 = 2.85, g2 = 2.16, g3 = 1.70)
are consistent with the presence of a water molecule close to the iron
on the heme distal side, and most possibly in H-bond interactions to a
nitrogenous species [49]. Interestingly, a water molecule is observed
in the crystal structure of the homologous HemS protein of Yersinia
enterocolitica [50] andwas suggested as the sixth axial ligand of the ho-
mologous PhuS protein of P. aeruginosa based on spectroscopic evidence
[42]. In the ChuS structure, a formate molecule from the crystallization
buffer [37] has been observed, possibly replacing the native water mol-
ecule. Then, the N from Arg 100 would be in H-bonding distance and in
agreement with the EPR spectrum (see above).

In the case of the well-characterized heme oxygenases, the initial
step for O2 activation is the formation of the ferric hydroperoxy species
(FeIII–OOH) resulting from the activation of the FeIIO2 complex or from
the reactionwithH2O2 (for a recent review, see [12]). Such intermediate
is rather short-lived, hence it could only be characterized applying the
cryoreduction approach to an oxy-HO sample [20]. The EPR spectrum
of the FeIII–OOH showed a LS ferric signal with g-values of g1 = 2.31,
g2 = 2.18 and g3= 1.92. In the case of ChuS, both EPR signals of LS spe-
cies detected before and after addition of hydrogen peroxide (see Fig. 6)
show very different g-values to those expected for a ferric hydroperoxy
species. Accordingly, the ferric hydroperoxy species in ChuS is conclud-
ed to be as transient as in the case of HO. In contrast, the species related
to the subsequent step in heme oxygenation (i.e. meso-hydroxylation)
proved to be longer-lived in ChuS as compared to HO, since it could be
trapped bymanual mixing and characterized by EPR spectroscopy (Sig-
nal A in Fig. 6). An intriguing difference between ChuS andHO is that the
ferrous keto π-neutral radical species could only be detected during the
anaerobic reaction of HO with hydrogen peroxide [45], and converted
readily to the ferric verdoheme intermediate when exposed to O2 [22,
45]. The difference in stability of the ferrous keto π-neutral radical spe-
cies formed in ChuS could be explained by differences in the electronic
properties of the heme within the binding site. It is of note that we
can rule out a protein-based radical species (g ≈ 2) as the origin of
the EPR Signal A, based on its relaxation properties but also on the fact
that no peroxidase-like activity of ChuS could be detected whenmixing
ChuS with H2O2 in the presence of typical peroxidase substrates (see
Section 3.6).

The other EPR signal detected for ChuS upon reaction with hydro-
gen peroxide was that of a LS ferric heme having g-values of g1 =
2.50, g2 = 2.12, and g3 = 1.87 (Fig. 6), consistent with a ferric
verdoheme intermediate. Our low temperature EPR experiments
(see Results Section 3.5) clearly showed that the formation of the
ferrous keto π-neutral radical and the ferric verdoheme species
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were sequentially correlated, as judged by the changes in the relative
intensity of the EPR signals (see Fig. 6).

Last but not least, the predominant EPR signal with g-values of g =
4.29 and g = 9.58 that is entirely consistent with a non-heme HS FeIII

in a rhombically distorted coordination environment, clearly indicated
that the final step of the reaction of ChuS with H2O2 and O2 involves
the release of the ferric iron, a fraction of which binds to the protein.
Moreover, the analysis of the products by MS and NMR showed that a
tripyrrole, and hematinic acid, represented in Figs. 4 and 5D, are the
degradation products of the heme degradation reaction that released
the iron. The specific mechanism by which the ferric iron is released in
ChuS, i.e. the cleavage of the porphyrin, is under study. The g-values of
the EPR signal from ferric non-heme iron detected in ChuS strongly in-
dicated that at the protein concentration used to follow the reaction by
EPR, most of the released iron is not free iron in solution, but coordinat-
ed with predominantly nitrogenous and/or oxygenous ligands [47]. It is
not possible to assess so far the binding site for the non-heme iron and
whether it is specific one or the iron just binds to the protein surface.
Scheme1.Reaction pathways for the reaction of ChuSwith hydrogen peroxide. The native (rest
green traces) identified by their EPR spectra as well as the heme degradation products identifie
keto-π-radical species detected by EPR spectroscopy (grad = 2.00) is one of the resonance st
obtained from the rapid-scan electronic absorption spectrum of the reaction of ChuS with hyd
Based on the present initial characterization and identification of the
different species involved in the aerobic reaction of holo-ChuS with hy-
drogen peroxide, we propose a tentative scheme with the different re-
action steps (Scheme 1) inspired by the well-characterized species
involved in the activation of dioxygen by canonical HOs and the
peroxide-shunt pathway. ChuS appears to share with HOs the ability
to carry out the modification of the heme to meso-hydroxyheme
when it reacts with peroxide (peroxide-shunt pathway). The unequivo-
cal identification of ferric verdoheme as an intermediate by its EPR
spectrum, and from the distinct optical absorption spectrum of the fer-
rous verdoheme complex with pyridine, is consistent with the require-
ment of molecular oxygen for the H2O2-driven reaction with ChuS. This
evidence supports our proposal in Scheme 1 for a reaction proceeding
via the formation of verdoheme from meso-hydroxyheme. With rat
HO1, the reaction of ferric hemewith an equimolar amount of peroxide
was shown to be arrested at the verdoheme stage. Onlywith addition of
cytochrome P450 reductase andNADPHdid the reaction continue to bil-
iverdin [51]. In contrast, the reaction of ferric ChuS with H2O2 is not
ing) ChuS (black trace) and intermediates of the reactionwith hydrogen peroxide (red and
d by NMR spectroscopy (hematinic acid) and HPLC/MS (tripyrrole) are shown. The ferrous
ructures of the meso-hydroxyheme intermediate. The observed kinetic constants (s−1)
rogen peroxide are also shown (in blue).
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arrested at the verdoheme stage but proceeds further to release ferric
iron that partially binds to the protein (Scheme 1).

The simple hydrolytic cleavage of the porphyrin ring from
verdoheme would produce biliverdin [52]. As judged from the optical
spectrum of products after 60min of incubation of holo-ChuS with per-
oxide, iron-free biliverdin does not appear to be a significant heme deg-
radation product by ChuS. Rather, hematinic acid, which contains one
pyrrole, was identified as a porphyrin degradation product along with
the remaining portion of the porphyrin, which is a tripyrrole compound
(Scheme 1). The mechanism by which a second meso-carbon is
attacked leading to the release of hematinic acid from verdoheme re-
mains to be established. In this context, it is interesting that a synthetic
ferric oxaphlorin, a porphyrin with a carbonyl group at a meso-carbon,
was shown to be oxidized by O2 without the addition of reductant
when incubated in pyridine [53–55]. This reaction led to the release of
one of the pyrrole by an as yet undetermined mechanism. A similar
oxygen-dependant reaction cleaving the verdoheme at adjacent meso
carbons and releasing hematinic acid and a tripyrrole may be facilitated
within the environment of the ChuS protein. In such as case, molecular
oxygen would be required for heme degradation by ChuS both at the
conversion of meso-hydroxyheme to verdoheme step and at the open-
ing of the porphyrin ring at adjacentmeso-carbons step. This scenario is
consistent with the absence of formation of the tripyrrole under strict
anaerobic condition. Although the reaction leading to the formation of
the tripyrrole appears to be quite slow, we suspect that it may be
modulated within the bacterial cell by other proteins or small mole-
cules. We also did not investigate here if the cleavage of the ChuS-
bound verdoheme would be accelerated with additional reductant.

Biliverdin, hematinic acid and variousmono-, di- and tripyrrolemol-
ecules are known to be formed by chemical oxidation of heme under
strong oxidizing conditions, a process known as coupled heme oxida-
tion. In the coupled oxidation reaction, the reduced or the oxygenated
state of heme proteins reacts with hydrogen peroxide resulting in
degraded heme [56,57]. The novelty of our findings related to the
ChuS-mediated reaction is that hematinic acid and the tripyrrole
molecule(s) are formed from the ferric oxidation state of the heme
and under relatively mild conditions, i.e. stoichiometric concentration
of peroxide. In addition to the well characterized HO, that produces bil-
iverdin [11–14,16], the IsdG family of proteins found in Gram-positive
bacteria is known to degrade heme to oxo-biliverdins [33] and recently,
theMhuDenzyme from another Gram-positive bacterium,Mycobacteri-
um tuberculosis, was shown to synthesize mycobilins [34]. Overall,
the heme degradation reaction shown here by ChuS provides a first
Fig. 7. Phylogenetic mapping of homologous sequences to the ChuS architecture. Structural ch
segment of bridging residues [36]. Although they share the same topology, the N- and C-term
range of proteobacteria [50]. Similarly to Schneider et al., we identified 266 homologous seque
diverse group of bacterial species including representatives from Escherichia, Shigella, Citrobact
human pathogens. Conserved residues are shown in pink, neutral in white, ambiguous in yello
binding site of ChuS complex with heme (left) and the mirror site (right) are highly conserved
that formed ChuS [36,37].
example of heme degradation by a protein not homologous to HO in
Gram-negative bacterium that degrades heme to products that are not
biliverdin. It also constitutes another example of the expanding reper-
toire of reactions catalyzed by heme degrading enzymes.

Different functions have been described for the ChuS family of pro-
teins. The homologous PhuS from Pseudomonas has been themost char-
acterized. ChuS and PhuS share a somewhat high degree of sequence
identity for each other (38% identity) and for othermembers of the fam-
ily (Fig. 7), in both the C-terminal-flanked heme containing domain and
the N-terminal-flanked domain that is devoid of heme, as well as an
overall conserved three-dimensional structures [36,37,58,59]. Evidence
from biochemical studies and in vivo experiments support the proposal
that PhuS acts as a chaperone that transfers heme to the canonical HO
(HemO) that is present in this bacterium [42,60–63]. In absence of the
phuS gene, heme utilization is not optimal and the bacteria secrete
less biliverdin, the product as of the activity of the canonical heme
hemO, in the growth medium [64]. The ability of PhuS itself to degrade
hemewas investigated and it appears to be limited to the conversion of
heme to verdoheme [42,59]. The specific heme environment of these
proteins likely plays a large role in this different outcome [59]. To
date, no canonical HO has been identified in any strain of E. coli. The
fact that ChuS can release the Fe from heme suggests that ChuS could
be beneficial for the survival and growth of the pathogenic E. coli
O157:H7 under iron-limited condition, and possibly of other bacteria
that possess homologs of this protein, in the absence of a canonical
HO. However, it should be kept in mind that other functions are possi-
ble. In addition to the chaperone activity proposed for PhuS, a protective
role from oxidative stress was also proposed for this family of proteins
[65–67]. The fact that ChuS contributes to the generation of H2O2 in so-
lution and that it reacts with H2O2 in the low-micromolar range sug-
gests that it could also be involved in the oxidative-stress response of
E. coli O157:H7.
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