
pubs.acs.org/Biochemistry Published on Web 03/23/2009 r 2009 American Chemical Society

4738 Biochemistry 2009, 48, 4738–4746

DOI: 10.1021/bi900118j

Evidence for Heme Oxygenase Activity in a Heme Peroxidase†,‡

Sandip K. Badyal,§ Graham Eaton,§ Sharad Mistry, ) Zoi Pipirou,§ Jaswir Basran,^ Clive L. Metcalfe,§

Andrea Gumiero,§ Sandeep Handa,§ Peter C. E. Moody,^ and Emma Lloyd Raven*,§

§Department of Chemistry, Henry Wellcome Building, University of Leicester, University Road, Leicester LE1 7RH, U.K.,

)Protein and Nucleic Acid Chemistry Laboratory, University of Leicester, Lancaster Road, Leicester LE1 9HN, U.K., and
^Department of Biochemistry and Henry Wellcome Laboratories for Structural Biology, Henry Wellcome Building, University of

Leicester, Lancaster Road, Leicester LE1 9HN, U.K.

Received November 18, 2008. Revised Manuscript Received March 22, 2009

ABSTRACT: The heme peroxidase and heme oxygenase enzymes share a common heme prosthetic group
but catalyze fundamentally different reactions, the first being H2O2-dependent oxidation of substrate
using an oxidized Compound I intermediate, and the second O2-dependent degradation of heme.
It has been proposed that these enzymes utilize a common reaction intermediate, a ferric hydroper-
oxide species, that sits at a crossroads in the mechanism and beyond which there are two mutually
exclusive mechanistic pathways. Here, we present evidence to support this proposal in a heme
peroxidase.Hence, we describe kinetic data for a variant of ascorbate peroxidase (W41A)which reacts
slowly with tert-butyl hydroperoxide and does not form the usual peroxidase Compound I inter-
mediate; instead, structural data show that a product is formed in which the heme has been cleaved at
the R-meso position, analogous to the heme oxygenase mechanism.We interpret this to mean that the
Compound I (peroxidase) pathway is shut down, so that instead the reaction intermediate diverts
through the alternative (heme oxygenase) route. A mechanism for formation of the product is
proposed and discussed in the light of what is known about the heme oxygenase reaction mechanism.

Heme oxygenase (HO)1 catalyzes the degradation of
heme in biological systems (1-7). It does this by means
of an oxygen-dependent reactionmechanism that converts
heme, sequentially, to R-meso-hydroxyheme, verdoheme,
and biliverdin, a reaction that releases both CO and free
iron (Scheme 1). The CO released during HO catalysis
might well be coupled to other biological processes, be-
cause CO is one of a few small, gaseous molecules that are
thought to have a signaling role in vivo (8-10).
The initial step of the HO mechanism involves one-

electron reduction of a ferrous-oxy heme species to give a
ferric hydroperoxide intermediate, followedby formationof
R-meso-hydroxyheme. Reaction of hydrogen peroxide
(O2

2-) with the ferric form of the enzyme, to form the same
ferric-hydroperoxide intermediate, can also catalyze this
first step (11-18). The conversion of verdoheme to bili-
verdin was initially believed to be catalyzed only by reac-
tion with oxygen (1,11), but it is now known that hydrogen

peroxide and its derivative MeO2H can substitute for
oxygen in this reaction, too (19,20).
There is an obvious similarity here between the heme

oxygenase reaction mechanism and that of the related

heme peroxidase enzymes, both of which use a transient

ferric hydroperoxide intermediate. There are differences

though. In the peroxidases, the ferric-peroxide intermedi-

ate is not normally observed because its decay to an

oxidized Compound I intermediate occurs more rapidly

than its formation. Accordingly, no evidence for heme

oxygenase reactivity has been observed for a peroxidase

enzyme. In contrast, the ferric hydroperoxide intermediate

in heme oxygenase converts to R-meso-hydroxyheme and

does not form an oxidized Compound I species. Indeed, in

cases where reaction of HO with different peroxides

(such asm-chloroperoxybenzoic acid, tert-butyl hydroper-

oxide, and cumene peroxide) leads to formation of a

Compound I, no heme degradation is observed (11,21).

Together, the consensus of data from theHOwork has led

to the suggestion (3,4,7) that HO and the heme peroxidase

enzymes share a common reaction intermediate, the ferric

hydroperoxide species, but that the two routes for decay of

the intermediate are mutually exclusive (Scheme 2).
Up to now, there has been no experimental evidence

from studies on peroxidase enzymes to support this pro-
posal. In this work, we have studied a variant of ascorbate
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peroxidase (W41A) which is known (22) to react slowly
with peroxide on account of a mobile distal ligand (His42)
that moves on and off the iron during the reaction. Here,
we show that formation of Compound I does not occur in
this variant on reaction with tert-butyl hydroperoxide.
Instead, the reaction is diverted through the alternative
route, leading to formation of a degraded heme product
that is cleaved at the R-meso position. To our knowledge,
this is the first time that heme cleavage has been observed
crystallographically in a peroxidase enzyme, and the data

provide evidence for a common reaction intermediate in
the two enzymes. A mechanism for this reaction is pro-
posed and discussed in terms of the known chemistry of the
HO reaction mechanism.

EXPERIMENTAL PROCEDURES

Materials. L-Ascorbic acid (Aldrich, ε290 = 2.8 mM-1

cm-1) (23) and the chemicals used for buffers were of the
highest analytical grade (more than 99% pure) and were
used without further purification. R-Cyano-4-hydroxy-
cinnamic acid was purchased from Fluka. Hydrogen per-
oxide solutions were freshly prepared by dilution of a
30% (v/v) solution (BDH Chemicals); exact concentra-
tions were determined using the published absorption
coefficient (ε240 = 39.4 M-1 cm-1) (24). Solutions of
t-BuOOH were freshly prepared by dilution of a 70%
(v/v) solution (Avocado Research Chemicals). Aqueous
solutions were prepared using water purified through an
Elgastat Option 2 water purifier, which itself was fed with
deionized water. All pHmeasurements weremade using a
Russel pH electrode attached to a digital pH meter
(Radiometer Copenhagen, model PHM 93). All molecu-
lar biology kits and enzymes were used according to
manufacturer’s protocols.
Protein Expression and Purification. Bacterial fermen-

tation of cells and purification of wild-type APX and
W41A were carried out according to published proce-
dures (22,25). Purified samples of wild-type APX
and W41A showed wavelength maxima at 407, 525, and
≈630 nm and 405, 525, and ≈630 nm, respectively, as
reported previously (22,26). Enzyme concentrations for
wild-typeAPXandW41Awere determined using absorp-
tion coefficients of ε407 = 107 mM-1 cm-1 (26) and
ε405 = 125 mM-1 cm-1 (22), respectively.
Electronic Absorption Spectroscopy and Kinetics. Elec-

tronic absorption spectra were collected using a Perkin-
Elmer Lambda 35 spectrophotometer, linked to a PC
workstation running UV-Winlab software.
Transient-state measurements were performed using

an SX.18MV microvolume stopped-flow spectrophot-
ometer (Applied Photophysics) fitted with a Neslab
RTE-200 circulating water bath (5 ( 0.1 �C). Reported
values of kobs are an average of at least fivemeasurements.
Individual traces weremonophosic in all cases. All kinetic
data were analyzed using nonlinear least-squares regres-
sion analysis on an Archimedes 410-1 microcomputer
(Applied Photophysics) using Spectrakinetics software.
All curve fitting was performed using the Grafit 5 soft-
ware package (Grafit version 5.0.3, Erithacus Software
Ltd.). Formation of Compound I (k1,obs) was monitored
at the wavelength maximum for the ferric enzyme by
mixing enzyme (2 μM) with various concentrations of
t-BuOOH.
Multiple-wavelength absorption studies were carried

out using a photodiode array detector and X-SCAN
software (Applied Photophysics Ltd.). Spectral deconvo-
lution was performed by global analysis and numerical
integration methods using PROKIN software (Applied
Photophysics Ltd.). To ensure consistency with the crys-
tallographic data, all experiments were carried out in
sodium phosphate buffer (pH 8.3, μ = 0.1 M), but in

Scheme 1: Overall Reaction Catalyzed by HO

Scheme 2: Decay of the Ferric Hydroperoxide Intermedi-
ate, either to R-meso-Hydroxyheme, as in HO, or to Com-
pound I, as in the Heme Peroxidases (as Well as the P450s
and Nitric Oxide Synthase)a

aAdapted from ref 7.



4740 Biochemistry, Vol. 48, No. 22, 2009 Badyal et al.

control experiments using sodium phosphate buffer
(pH 7.0, μ = 0.1 M) or crystal screen buffers (0.1 M
Hepes, pH 8.3, 2.25 M lithium sulfate) identical results
were obtained.
Structure Identification and Structure Determination.

Crystals of W41A were obtained using previously pub-
lished procedures (27). The t-BuOOH-soakedW41A struc-
ture was obtained by soaking crystals for 15 min in a fresh
solution of t-BuOOH (72.5mM)made up inmother liquor
(0.1MHepes (pH8.3) and2.25M lithium sulfate).We tried
numerous other soaks of different durations (5, 10, 15 min)
for both wild-type and W41A crystals with various con-
centrations of both hydrogen peroxide and t-BuOOH (up
to ∼100 mM). In none of these cases was it possible to
obtain crystallographic information for the final product.
All crystals were flash-frozen and then cryocooled in
liquid nitrogen and stored for data collection. High per-
formance liquid chromatography and MALDI-Tof and
electrospray ionization mass spectrometry were used for
product identification in solution.
All Synchrotron data were collected at 100 K at the

ESRF, Grenoble. Diffraction data for t-BuOOH-soaked
W41A was collected using beamline ID14-1 and an
ADSC Q210 CCD detector. The data were indexed and
scaled using MOSFLM (28) and SCALA (29). Crystals
were continuously cooled by a cold nitrogen stream from
an Oxford Cryosystems 700 series cryostream. Single-
crystal microspectrometry measurements from the
t-BuOOH-soaked W41A crystals were taken before and
after X-ray data collection. UV-visible absorption spec-
tra of the crystals in the 500-800 nm range were recorded
at ESRF (beamline ID14-2) using the EMBL online
microspectrophotometer (HR2000 CCD detector, Ocean
Optics). Input light was provided by a deuterium/halogen
source (Ocean Optics, DH2000) coupled to custom lenses
via a 100 μm 2-UV-SR fiber optic (generating a focal
spot of 25 μm) and collected from the second lens coupled
to a 600 μm fiber optic. Spectra were recorded at the same
φ position. The spectrum of the cryocooled crystals
remained unchanged during storage.
Data collection and processing statistics are shown in

Table 1; 5%of the data were flagged for the calculation of
Rfree and excluded from subsequent refinement. The
t-BuOOH-soaked W41A structure was refined from the
1.35 Å ferric W41A structure (PDB code 2GGN) (22).
The modified heme porphyrin in t-BuOOH-soaked
W41A was based on the 2.19 Å iron-free biliverdin
structure from human HO (PDB code 1S8C) (30). The
dictionary for refinement was constructed with the pro-
gram SKETCHER in the CCP4 suite (35). Several cycles
of refinement using REFMAC5 (31) from the CCP4 suite
(29) and manual rebuilding of the protein model using
COOT (32) followed by the addition of water molecules
were carried out until the Rfree and Rfactor values con-
verged. The structure and diffraction data were deposited
with the following identifier: PDB code 2WD4. The final
refinement statistics are presented in Table 1.

RESULTS

Reaction with tert-Butyl Hydroperoxide. The reactions
of both wild-type APX (Figure 1A,B) and W41A
(Figure 1C,D) with t-BuOOH (Figure 1A,C) and H2O2

(Figure 1B,D) were monitored spectrophotometrically
over 15 min. For the W41A variant, a rapid decrease of
the absorbance at the Soret maxima and the R and β
bands was observed on reaction with t-BuOOH
(Figure 1C) and accompanied by a change in color from
red to green (Supporting Information Figure S1).
In contrast to the wild-type protein (Figure 1A), no
evidence for formation of a ferryl species was detected
under any conditions for W41A. At the end of the
reaction, the final product in solution shows maxima in
the visible region (λmax/nm = 405, 532, 564, 630 nm,
Figure 1C) which are similar to the final spectrum ob-
tained when a crystal of W41A is soaked in the same
peroxide (Figure 4, see below). Similar spectroscopic
changes are observed when HO is reacted with H2O2

(11,14,17,18,33), although in HO an increase in absor-
bance at ∼700 nm is observed, indicative of verdoheme
formation, which is not observed for W41A on this time
scale. The corresponding spectra on reaction of W41A
with H2O2 are shown for comparison (Figure 1D). The
reactivity ofW41Awith t-BuOOHand the failure to form
a distinct Compound I intermediate are consistent with
previous work in which this variant has been shown (22)
to react more slowly with H2O2 than the wild-type
protein, although it still forms distinct Compound I and
II intermediates (accordingly, there is no evidence for
heme degradation on reaction of W41A with H2O2).
In control experiments over identical time scales (spec-

trophotometrically; Figure 1) and faster (using stopped
flow; data not shown), we showed that wild-type APX
reacts normally with t-BuOOH (Figure 1A) and that for-
mation of Compound I occurs as expected (λmax/nm =
410, 530, 570 (sh), and 650) but is slower (k1 = (9.7( 0.5)
� 104 M-1 s-1) than for the equivalent H2O2 reaction
(k1 = (3.3 ( 0.1) � 107 M-1 s-1 (34)). Furthermore,
formation (k2,t-BuOOH = 2.1 ( 0.1 s-1) of Compound II
(λmax/nm = 414, 527, and 560 (sh)) follows normally as
a first-order decay process (compare k2,HOOH = 2.7( 0.1
s-1 (34)). The spectra for wild-type APX on reaction with
H2O2 are shown for comparison (Figure 1B). No evidence
for heme degradation was observed for wild-type APX
with either H2O2 (Figure 1B) or t-BuOOH (Figure 1A).
In photodiode array stopped-flow experiments over

faster time scales (1.28-500 ms), no evidence for forma-
tion of a transient Compound I intermediate on reaction
of W41A with t-BuOOHwas observed (data not shown),

Table 1: Data Collection and Refinement Statisticsa

Data Collection

resolution (Å) 82.20-1.40 (1.48-1.40)

total observations 386646 (51240)

unique reflections 51023 (7330)

ÆIæ/ÆσIæ 16.5 (3.7)

Rmerge 0.06 (0.57)

completeness (%) 100 (100)

Refinement

Rfactor 0.189

Rfree 0.217

rmsd from ideal

angles (deg) 1.62

bonds (Å) 0.008

aValues in parentheses are for the outer shell.
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which shows that the ferryl heme is not formed at all on
these time scales in solution.
Effect of Reducing Equivalents.We also tested the effect

of reducing equivalents, since in the crystal structure
experiments (see below) the X-ray beam is a source of
reducing equivalents for the heme and it was important to
check whether an effect could be seen in solution. We
found that addition of ascorbate to W41A and wild-type
APX after reaction with H2O2 (data not shown), and to
wild-type APX on reaction with t-BuOOH (Figure 2A),
cleanly regenerated ferric heme from Compound II,
which is as expected for these peroxidase intermediates.
In contrast, addition of ascorbate toW41A after addition
of t-BuOOH has no effect on the observed spectra under
any conditions (Figure 2B). These data together provide
confirmation that ferryl heme is not formed on reaction of
W41Awith t-BuOOH, because the presence of a reducing
agent has no effect on the spectra and does not regenerate
ferric heme as in the other cases above. The possible
involvement of reducing agents in the crystallographic
experiments is discussed below (see Discussion).
Structural Characterization of the Reaction Product.

The structure of ferric W41A has been shown (22) to
have His42 coordinated to the iron. This His42 is mobile
and moves on and off the iron depending on whether or
not other ligands or peroxide are present. Here, the
crystal structure of W41A soaked in t-BuOOH for 15
min was determined. The overall structure and most of
the active site were found to be similar to that of ferric
W41A, althoughHis42 is no longer bound to the iron and
a presumed water molecule (Fe-O distance of 2.1 Å)
occupies the position above the heme instead (we note,
however, that this distance is not far from what might be
expected for a Compound II Fe-OH (1.7-1.8 Å) formed
in the crystals from reduction of CII in the beam; see also

discussion of Figure 4 below and correlation of solution/
structural data in the Discussion).
The electron density around the heme in this structure

clearly shows that the heme is cleaved at the R-meso
position (Figure 3A). The additional density observed
directly above the site of heme cleavage (R-meso-carbon)
was assigned as a tert-butyl group, to give the correspond-
ing tert-butylbiliverdin species. There was unambiguous
electron density for an iron atom in the modified biliver-
din species, in close proximity to an active site oxygen
atom (Fe-O distance of 2.1 Å). An unambiguous assign-
ment is not possible from the crystallographic data alone,
but this distance is consistent with that expected for a
water molecule bound to APX (equivalent distance of
2.1 Å in the wild-type APX/ascorbate complex). We note
that the R-meso-carbon in W41A lies directly below the
Ala41 residue in the distal pocket; we interpret this to
mean that during the reaction mechanism the tert-butyl
group of the peroxide likely occupies space in the distal
cavity that was previously occupied by Trp41.
Mass Spectrometry. We attempted characterization of

the product observed crystallographically using HPLC/
mass spectrometry. For wild-type APX and W41A on
treatment with H2O2, and for wild-type APX on treat-
ment with t-BuOOH, a single peak was identified by
HPLC analysis of the products (retention time 33 min)
which in all three cases was shown by MALDI-Tof mass
spectrometry to have a mass of 616 Da, corresponding to
free heme, and an isotope distribution that assigns it as
containing iron (data not shown). In similar solution
experiments on W41A after treatment with t-BuOOH
we found that the product as observed crystallographi-
cally was unstable under various conditions and that
mixtures of products were often observed by mass spec-
trometry (MALDI-Tof and ESI in positive and negative

FIGURE 1: Selected electronic spectra collected during the reaction of ferric wild-type APX (A and B) and W41A (C and D) with 14.5 equiv of
t-BuOOH (A and C) andH2O2 (B andD). The intermediate spectra between ferricW41A/wild-type APX (thin solid line) and final spectra of the
reaction (thick solid line) are shown as dotted lines. The total reaction time was 15 min. The visible region has been multiplied by a factor of 5.
Conditions: sodium phosphate, pH 8.3, μ = 0.1 M, 25.0 �C.
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ion mode). We believe this arises from degradation of the
product during sample preparation/handling time scales
which were much longer than those used for the crystal-
lographic experiments (15 min).We did, however, repeat-
edly detect a species (Mr = 583) consistent with
formation of biliverdin (Mr = 582) in these MALDI-
Tof and electrospray mass spectrometric analyses, which
we propose as arising from direct degradation of the
product under the (acidic) conditions of these experi-
ments; see Discussion and Scheme 3 (35). This would
not be inconsistent with the structural data, where the
tert-butyl group is seen at a lower contour level, and is
modeled with a partial occupancy of 0.5, consistent with a
mixture of both biliverdin and the tert-butyl product in
this site (Figure 3B).

Single-Crystal Microspectrophotometry. In parallel ex-
periments, single-crystal microspectrophotometry was
also used to monitor the t-BuOOH-soakedW41A crystal
before and after exposure to the X-ray beam. The spec-
trum of the soaked crystal at 100 K (Figure 4) collected
before data collection was different from that in solution
(Figure 1C) with wavelength maxima (λmax/nm = 532
and 559) very close to those observed for the proposed
ferric-hydroperoxide intermediates in heme oxygenase
(λmax/nm= 421, 530, and 557 (36)). Thus, we assign this
species as arising from formation of a ferric tert-butyl
hydroperoxide intermediate (not visible in solution ex-
periments due to it being only transiently stable). After
exposure to X-rays, the final spectrum of the crystal
(λmax/nm = 532, 563, and 630; Figure 4) was identical

FIGURE 2: Electronic spectra of (A)wild-typeAPXand (B) ferricW41Aprior to additionof t-BuOOH(solid line) and immediately after addition
of 14.5 equiv of t-BuOOH (dashed line). Clear formation of a Compound II species is observed for the wild-type protein but not for W41A.
The spectra immediately after subsequent addition of 14.5 equiv of ascorbate to the t-BuOOH-treated enzymes are shown as dotted lines in both
cases. The visible region has been multiplied by a factor of 5. Conditions: sodium phosphate, pH 8.3, μ = 0.1 M, 25.0 �C.

FIGURE 3: (A) Stereoview of the t-BuOOH reaction product observed in the crystal. Electron density calculated with coefficients 2Fo - Fc

and contoured at 1.0σ is shown in blue. The positions of the proximal histidine (His163), the distal histidine (His42), and the conserved
arginine (Arg38) are indicated; there are multiple conformations of the proximal histidine, as previously (22). An orthogonal view is shown in
Supporting Information Figure S2. (B) Stereoview of the W41A/t-BuOOH reaction product in the crystal. Electron density calculated using
coefficients Fo- Fc and excluding the heme derivative and water atoms is shown at contours of 2σ (gray) and 3σ (green). The lower occupancy of
the tert-butyl group can be seen clearly.
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to that observed in the solution experiments on reaction
of W41A with t-BuOOH (λmax/nm = 532, 563, and 630;
Figure 1C above). We take this to mean that the final
product in solution and in the crystal is the same but that
the intermediates that we can observe at low temperatures
are not visible in solution. An alternative suggestion is
that the final spectrum in Figure 4 arises from a ferryl
species (which would have to mean that formation of
ferryl heme is observed only in the crystal (Figure 4) but
not in solution). The dotted line in Figure 4 looks similar
to what one might expect for a ferryl (Compound I/II)
species, but the spectra are not entirely consistent with
this interpretation. Compound I of W41A (22) shows
only one peak at 530 nm (with a shoulder), whereas
Figure 4 shows two clear peaks in this region; Compound
II of W41A does show two peaks (530, 560 nm), as in
Figure 4, but has no peak at 630 nm, which is clearly
visible in Figure 4. (We note, however, that high absor-
bancies in the crystal when collecting single-crystal spec-
tra can lead to spectral abberations.)

DISCUSSION

In this paper, we have presented crystallographic evi-
dence for heme degradation in a peroxidase enzyme on
reaction with t-BuOOH. Our kinetic data in solution
indicate that this degradation of the heme group most
likely occurs because formation of a normal peroxidase
Compound I intermediate is sloweddown to suchanextent
that its rate of formation becomes uncompetitive. Instead,
the reaction diverts through an alternative route not pre-
viously observed in a peroxidase enzyme. Although the
reaction with t-BuOOH is clearly not a physiological
process, it is revealing in the sense that it does show us
that the HO and peroxidase enzymes likely operate
through a similar ferric-peroxide intermediate (as pre-
viously suggested (3,7)) and that their differing reactivities
derive from the fate of this intermediate. This is considered
in further detail below.
Mechanism of Product Formation. In considering pos-

sible mechanisms for product formation, we began from
the clear observation that ferryl heme (in the form of
Compound I) is not observed on reaction of W41A with
t-BuOOH. This is consistent with what is known in HO,
since ferryl heme is not observed either for HO under

normal catalytic conditions. In fact, in cases where ferryl
heme is observed for HO (e.g., on reaction with m-
chloroperoxybenzoic acid and alkyl peroxides such as
cumene hydroperoxide, t-BuOOH, and EtOOH (11,21))
formation of verdoheme does not occur (1). Further, the
microspectrophotometry data lead us to conclude that a
ferric-peroxide species is the first intermediate formed
on reaction of ferric W41A with t-BuOOH. This is
consistent with what we know of the reactivity of heme
peroxidases in general and with all cited mechanisms for
HO in which formation of this same species is an obligate
intermediate.
We propose that this ferric-peroxide intermediate is

converted first to R-meso-hydroxyheme and then to ver-
doheme by the mechanism shown in Scheme 3A, which is
based on the analogous reactions in HO. Thus, HO is
known (11,18,21,37) to react with O2 or H2O2 (or
EtOOH) to carry out R-meso-hydroxylation (or ethoxy-
lation) of the heme. Initial mechanistic studies suggested
that this reaction proceeds by electrophilic attack on the
R-meso-carbon (4). The alternative, radical mechanism
was regarded as unlikely because it generates HO 3 as a
product of O-O bond cleavage, and this species was
thought to be too nonspecific in its reactivity to account
for the regioselectivity of the HO reaction.More recently,
however, there is evidence from theoretical and experi-
mental work that a radical mechanism might, in fact, be
operational for HO (38-45) because homolytic cleavage
of the peroxide O-O bond has a lower energy barrier
than the corresponding electrophilic mechanism so that
the HO 3 thus produced selectively targets the correct
meso-carbon of the heme. Accordingly (Scheme 3A), we
propose that initial homolytic cleavage of the O-O bond
(Scheme 3A, step ii) generates an intermediate radical
species in which the tert-butoxy group has added to theR-
pyrrole carbon. Oxidation by Fe(IV) (step iii) gives a
cationic intermediate which can undergo nucleophilic
attack by water (step iv). Subsequent loss of t-BuOH
(step v) and formation of R-meso-hydroxyheme is then
followed by conversion to verdoheme as an intermediate
(dotted arrow, step vi), and this last step is proposed to
occur as an O2-dependent process as in HO (1).
The differing regioselectivity between the first step in

this proposed mechanism with that observed for HOmay
be due to the steric bulk of the tert-butyl group. We
believe that in W41A the tert-butyl group is positioned in
an orientation that directs it toward both the R-meso-
carbon and the R-pyrrole carbon as it is likely to occupy
the space that was previously occupied by Trp41 which
lies above these two carbon atoms in the wild-type
enzyme. Our crystal structure (22) for the NO-bound
complex of W41A supports this idea because the bound
NO adopts two conformations in the active site, rather
than one as in the wild-type protein, with the second
binding orientation orienting the ligand toward Ala41
and above the R-meso and R-pyrrole carbons.
We envisage two possible routes for conversion of

verdoheme to the observed product (Scheme 3B). The
first (route i) is conceptually more straightforward and
involves nucleophilic addition of t-BuOH (as a byproduct
of the first step) to the R-pyrrole carbon of verdoheme to
generate an intermediate that can undergo subsequent

FIGURE 4: Changes in the absorption spectrum (100 K) of a tert-
BuOOH-soaked crystal ofW41A before (solid line) and after (dotted
line) exposure to the X-ray beam.
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Scheme 3: Proposed Mechanism of the Reaction. (A) Initial Reaction of Ferric W41A with t-BuOOH. (B) Possible Routes
for Product Formation, Showing the Final Product Which Is Consistent with X-ray Data Shown in Figure 3. (C) Possible
Mechanism for Decomposition of the Producta

aFurther details of the individual steps are given in the Discussion.
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C-Obond cleavage to give product. The second pathway
(route ii) is analogous to the proposed mechanism for the
conversion of verdoheme to biliverdin by HO. This
conversion was originally (1,11) thought not to be cata-
lyzed by peroxide, but it is now known (19,20) that this
can indeed occur by reaction of ferrous verdoheme with
peroxide, formation of a ferrous-peroxide bound inter-
mediate, and heterolytic O-O bond cleavage to give a
two-electron oxidized ferryl (FeIV) heme. Indeed, this
mechanism has been used to explain (20) the reactivity
of HO with MeOOH in which a linear tetrapyrrole
product, analogous to our observed product (t-Bu re-
placed by Me; no Fe), resulting from addition of a
methoxy group to the R-pyrrole carbon, was observed.
Applying a similar mechanism to W41A, initial reaction
of ferric-verdoheme with excess t-BuOOH (Scheme 3B,
route ii) would generate an intermediate that could react
via either a heterolytic (as proposed forHO) or homolytic
mechanism, as shown in Scheme 3B.However, in contrast
to HO, formation of ferrous heme is not possible in our
system, at least in solution (but see below, however),
because no reducing equivalents are present: both me-
chanisms would therefore need to invoke formation,
formally, of a transient FeVdO species. We also note that
the conversion of verdoheme to biliverdin was found not
to occur with ferric verdoheme (11,17,46), which argues
against the corresponding mechanism in the W41A/
t-BuOOH reaction. Therefore, although we cannot rule
out route ii, we conclude that this pathway is likely to be
unfavorable and thus favor the more straightforward
route I in solution.
Correlation between Solution and Structural Data. The

situation might be slightly different in the solid state from
that observed in solution since exposure to the X-ray
source generates reducing equivalents which might allow
formation of ferrous verdoheme, so that in the crystal-
lographic experiments product formation might more
likely proceed through the mechanism shown in route ii
but using ferrous verdoheme (as for HO (19,20)) instead
of ferric verdoheme as shown in Scheme 3B. In fact, if this
were the dominant mechanism in the crystal, it would
account for the more clear-cut formation of product in
the crystallographic experiments compared to that in
solution, since the requisite FeVdO intermediate is quite
clearly not observed as an intermediate in solution and
characterization of the products is more ambiguous than
for the crystallographic experiments. Regardless of the
precise mechanism of formation, the final product, as
shown in Scheme 3B, is likely to be unstable under acidic
conditions and would decompose to biliverdin according
to Scheme 3C. This would explain why we have been
unable to observe this product in solution or by mass
spectrometry (under acidic conditions) and why biliver-
din was detected in mass spectra under various solution
conditions.
Conclusions. In conclusion, we have presented evidence

for heme oxygenase activity in the W41A variant of
ascorbate peroxidase on reaction with t-BuOOH. By
comparison with the wild-type enzyme andwith reactions
with hydrogen peroxide, it appears that the origin of this
activity is the failure of the W41A variant to form the
expected Compound I intermediate on reaction with

t-BuOOH. These observations are consistent with the
idea that the heme oxygenase and peroxidase enzymes
use a common reaction intermediate, a ferric-hydroper-
oxide species, and that the specific reactivities of these two
enzymes are differentiated by diversion of the mechanism
through one of twomutually exclusive reaction pathways.
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