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ABSTRACT: We have previously shown that introduction of an engineered Met160 residue in ascorbate
peroxidase (S160M variant) leads to the formation of a covalent link between Met160 and the heme vinyl
group [Metcalfe, C. L., et al. (2004)J. Am. Chem. Soc. 126,16242-16248]. In this work, we have used
electronic spectroscopy, HPLC, and mass spectrometry to show that the introduction of a tyrosine residue
at the same position (S160Y variant) leads, similarly, to the formation of a heme-tyrosine covalent link
in an autocatalytic reaction that also leads to formation of a second covalent link from the heme to Trp41
[Pipirou, Z., et al. (2007)Biochemistry 46,2174-2180]. Stopped-flow and EPR data implicate the
involvement of a tyrosyl radical in the reaction mechanism. The results indicate that the heme can support
the formation of different types of covalent links under appropriate conditions. The generality of this idea
is discussed in the context of other heme enzymes.

The heme prosthetic group is used commonly in biology.
It is usually found associated with proteins as a noncovalent
complex, for example in the globins and theb-type cyto-
chromes. There are examples, however, in which the heme
is bound to the protein through a covalent link to one or
more amino acids. The cytochromesc (1) are probably the
most well-known example of this: in this case, one or both
of the heme vinyl groups are bound to the protein through
thioether bonds to cysteine residues. Recently, however, it
has become clear that the presence of a covalently bound
heme group is not a special privilege of the cytochromesc.
For example, the mammalian peroxidase enzymes are known
to contain sulfonium links between the heme 2-vinyl group
and a Met residue (in myeloperoxidase) and/or two ester links
between heme methyl groups and Glu/Asp residues (in
myeloperoxidase, lactoperoxidase) (2-5). Other examples
include the CYP4 family of cytochrome P450s which contain
a similar ester link between the heme methyl group and a
Glu residue (2, 6, 7); a cyanobacterial hemoglobin, which
contains a covalent link between the vinyl group and a His
residue (8); and the heme chaperone CcmE which uses a
different vinyl-His covalent link (9, 10).

Recently, various studies from a number of laboratories
have shown that the formation of covalent links to the heme
of the type described above are not a unique feature of these
particular proteins and can actually be engineered into an
existing heme protein framework if an appropriate residue
is introduced at an appropriate location and if the correct
metal oxidation states are accessible (11-16). Collectively,
these data have led to an emerging view that the existence
of a specific covalent link is largely dictated by structural
geometry and, in the catalytic enzymes, heme reactivity. This
represents a substantial departure in the way we think about
these modified heme groups because it tells us that the
strategic positioning of a suitable amino acid within close
proximity of the heme group, and contained within a
structurally competent protein architecture, is all that is
needed for a covalent link from the heme to the protein to
form. By implication, this leads one to conclude that
“activation” of the heme substituents is accessible in numer-
ous heme protein architectures and is dictated by the iron
chemistry and the structural environment. It follows logically
that some proteins might actually need to be poised in an
environment that controls the inherent reactivity of the heme
group by specifically “switching off” the machinery required
for formation of these covalent links. As a case in point, we
have noted (17) that a covalent link between the heme and
an engineered Met residue, analogous to that found in the
mammalian peroxidases, can be incorporated into the ascor-
bate peroxidase framework but that cytochromec peroxidase,
which already contains a Met residue at this position
(Met172), does not form the same covalent heme-Met link
under any accessible conditions.
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If it is the case that the heme groupper seis inherently
reactive and its reactivity is controlled by the iron and the
protein hardware, then it follows that the heme should, in
principle, react withany nucleophilic amino acid, not just
those observed so far in biological systems. In this work,
we have tested the generality of this hypothesis by the
introduction of a Tyr residue (S160Y variant, Figure 1) into
ascorbate peroxidase at a position that has been shown (11)
to allow formation of a methionine-heme covalent link
(S160M variant) through a H2O2-dependent activation pro-
cess. We find that Tyr160 does indeed form a covalent link
to the heme in an autocatalytic reaction that also leads to
formation of a second covalent link to Trp41. We find that
the formation of these links has a profound effect on the
redox properties of the heme iron. The implications of these
data in terms of current understanding of heme group
reactivity are discussed.

EXPERIMENTAL PROCEDURES

Materials. L-Ascorbic acid (Aldrich Chemical Co.) and
all buffers (Fisher) were of the highest analytical grade
(99%+ purity) and used without further purification. Sina-
pinic acid andR-cyano-4-hydroxycinnamic acid were pur-
chased from Fluka. All other chemicals were purchased from
Sigma. Water was purified by an Elga purelab purification
system, and all buffers were filtered (0.2µm) prior to use.
Hydrogen peroxide solutions were freshly prepared by
dilution of a 30% (v/v) solution (BDH): exact concentrations
were determined using the published absorption coefficient
(ε240 ) 39.4 M-1 cm-1) (18). All molecular biology kits and
enzymes were used according to manufacturer’s protocols.

Mutagenesis, Protein Expression, and Purification.Site-
directed mutagenesis on recombinant soybean cytosolic
APX1 (rsAPX) was performed according to the Quikchange
protocol (Stratagene Ltd, Cambridge, U.K.). For the S160Y
mutation, the primers were 5′-CGTTGCTCTATATGGGGGT-
CACACTATTGG-3′ (forward primer) and 5′-CCAATAGT-
GTGACCCCCATA TAGAGCAACG-3′ (reverse primer),
with the mutation shown in bold. Bacterial fermentation of
cells and purification of rsAPX and S160Y were carried out
according to published procedures (11, 19). Purified samples
of rsAPX and S160Y showed wavelength maxima at 407

(107), 525, and≈630 nm (20) and 413 (134), 529, and 562
nm, respectively. Enzyme concentrations for rsAPX and
S160Y were determined using absorption coefficients ofε407

) 107 mM-1 cm-1 (20) and ε405 ) 134 mM-1 cm-1,
respectively. Preparation of apoenzyme and reconstitution
with iron (III) deuteroporphyrin IX chloride was carried out
according to published procedures (17).

Electronic Absorption Spectroscopy.Spectra were col-
lected using a Perkin-Elmer Lambda 35 or 40 spectropho-
tometer, linked to a PC workstation running UV-Winlab
software. Pyridine hemochromagen assays before and after
reaction of enzyme with H2O2 were carried out according to
published protocols (17). The pyridine hemochromagen
experiment proceeds as follows: a solution of protein is
mixed with a solution of pyridine in NaOH. Oxidized
pyridine hemochromagen, which is a soluble and stable
compound, is formed rapidly. The spectrum between 600
and 500 nm is recorded just after addition of solid sodium
dithionite, which yields the relatively unstable reduced
pyridine hemochromagen. An absorbance maximum of 557
nm is expected for protoheme (17). The complete transfer
of heme from the protein to the pyridine was assessed by
determining the absorbance at maximum (λ ) 557 nm) and
minimum (λ ) 540 nm) wavelengths; a ratio ofA557/A540 )
3.5 is found for protoheme.

Acidified Butanone Extraction.Acid butanone extractions
were carried out as reported previously (21). Specifically,
an aqueous solution of protein was titrated with 1 M HCl to
a pH of 1.5. An equivalent volume of ice-cold 2-butanone
was added with gentle but continuous stirring. After a period
of cooling on ice, two distinct layers were observed. Transfer
of heme to the organic layer (visualized by red color)
indicates absence of covalent links between the heme and
the protein, andVice Versa.

Kinetic Measurements.Steady-state measurements (100
mM potassium phosphate, pH 7.0, 25°C) for oxidation of
ascorbate were carried out according to published protocols
(22). Multiple wavelength absorption studies were carried
out using a photodiode array detector and X-SCAN software
(Applied Photophysics). Spectral deconvolution was per-
formed by global analysis and numerical integration methods
using PROKIN software (Applied Photophysics). To inves-
tigate reaction of S160Y with H2O2, the enzyme (20µM in
100 mM potassium phosphate buffer, pH 7, 25.0°C) was
mixed with varying concentrations of H2O2 and the reaction
was followed over time scales ranging from 300 ms to
4200 s.

Electron Paramagnetic Resonance. All EPR spectra were
measured using a Bruker EMX EPR spectrometer (X-band)
at a modulation frequency of 100 kHz. Accurate g-values
were obtained using the built-in microwave frequency
counter and a 2,2-diphenyl-1-picrylhydrazyl powder standard
(g ) 2.0037( 0.0002 (23)). A spherical high quality Bruker
resonator SP9703 and an Oxford Instruments liquid helium
system were used to measure low-temperature EPR spectra.
Spectra for blank samples (frozen water) were subtracted
from the corresponding protein spectrum to eliminate the
baseline caused by the resonator’s walls, quartz insert, or
quartz EPR tube. Individual signals were simulated using
SimFonia v.1.25 (Bruker Analytische Messtechnik GmbH).
The absolute free radical concentration was determined by
comparison of the second integral of a pure line shape of

1 Abbreviations: APX, ascorbate peroxidase; rsAPX, recombinant
soybean cytosolic ascorbate peroxidase; HAO, hydroxylamine oxi-
doreductase.

FIGURE 1: The active site of rsAPX.
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the free radical EPR signal, free from theg ) 2 components
of both high-spin ferric heme and Compound I, with the
signal of a 98µM Cu2+ standard. For spectra of ferric rsAPX
and S160Y, 250µL of enzyme (160µM in 100 mM
potassium phosphate, pH 7) was mixed with equal volume
of buffer; for spectra of rsAPX and S160Y after H2O2

treatment, 180µL of enzyme solution (98µM in 100 mM
potassium phosphate, pH 7) was mixed with 40µL of H2O2

solution (440µM in 100 mM potassium phosphate, pH 7)
(final concentrations) 80 µM enzyme/80µM H2O2).

High Performance Liquid Chromatography.HPLC analy-
sis of protein and peptide samples and tryptic digestion were
carried out according to published protocols (17).

Mass Spectrometry.MALDI-TOF mass spectrometry
analysis of protein and peptide samples and MS/MS analysis
of peptide samples were carried out according to published
protocols (17). Theoretical isotope patterns for heme and
peptide fragments of interest were calculated by entering the
desired chemical formula in the “Sheffield ChemPuter
Isotope Pattern Calculator” (http://winter.group.shef.ac.uk/
chemputer/isotopes.html). The results are presented with the
most intense line set to 100%. Experiments on peptide
isotope patterns were carried out with the assistance of the
EPSRC National Mass Spectrometry Service in Swansea.

Determination of Fe3+/Fe2+ Reduction Potential.Fe3+/Fe2+

reduction potentials for rsAPX and S160Y were determined
by simultaneous reduction with a dye of known potential
(24) according to previous methodology (25). The assay
contained xanthine (300µM), xanthine oxidase (50 nM), and
enzyme (3-4 µM). The buffer (100 mM potassium phos-
phate buffer, pH 7.0) was made oxygen free using glucose
(5 mM), glucose oxidase (50µg/mL), and catalase (5µg/
mL). For measurement of the reduction potentials of rsAPX
and S160Y before reaction with H2O2 the reaction also
contained phenosafranin (Em,7 ) -252 mV) (26). Absorbance
changes corresponding to reduction of heme were measured
at the isosbestic point for phenosafranine (407 nm); reduction
of the dye was measured at 520 nm where the change due
to heme reduction was negligible. For measurement of the
reduction potential of S160Y after reaction with H2O2, the
same experiment was also carried out using indigo trisul-
fonate (Em,7 ) -81 mV) as a dye (26). Reduction of the
dye was measured at the wavelength maximum of the dye
(600 nm), where the change due to heme reduction was
negligible; absorbance changes corresponding to reduction
of heme were measured at 440 nm, subtracting the contribu-
tion from the dye. In all cases, linear Nernst plots for one-
electron reduction of heme (25 mV ln(Eox/Ered)) (whereEox

) concentration of oxidized enzyme,Ered ) concentration
of reduced enzyme) and two-electron reduction of dye (12.5
mV ln(Dox/Dred) (whereDox ) concentration of oxidized dye,
Dred ) concentration of reduced dye) produced the expected
slope of 1 across a wide range of potentials, and the intercept
gives a reliable value for∆Em,7 with an error of(2 mV.
UV-visible spectra obtained in all experiments were ana-
lyzed using SPECFIT (27) for singular value decomposition
based on factor analysis. All potentials reported in this paper
are given versus the normal hydrogen electrode (NHE).

RESULTS

Characterization of S160Y.The S160Y variant was
expressed asapo-enzyme, which was reconstituted with

hemin. This resulted in formation of a red enzyme with
absorption maxima at 413, 529, and 562(sh) nm (Figure 2a).
Comparison with the corresponding spectrum of rsAPX (Fig-
ure 2a) shows that the Soret peak for S160Y is red-shifted
compared to rsAPX and that there is no band at 630 nm,
both of which are indicative of formation of low-spin heme
in S160Y.

EPR spectroscopy was used to further characterize the
heme environment in S160Y. Low-temperature EPR spectra
of rsAPX reveals high- and low-spin species (20). Consistent
with this, the EPR spectrum of S160Y (Figure S1 in the
Supporting Information) contains features with a high-spin
ferric heme of tetragonal symmetry (g⊥ ) 5.88,g| ) 1.99)
and a low-spin species (g ) 2.94, 2.27, and 1.47). These
signals are, however, somewhat different from those observed
in the EPR spectrum of rsAPX, which has a high-spin signal
with less tetragonality (g ) 5.96, 5.23, and 1.98), and a less
rhombic low-spin signal (g ) 2.68, 2.21, and 1.78 (20)).

In steady-state analyses of S160Y in the presence of
ascorbate, the value forkcat (kcat ) 43 ( 2 s-1) was lower
than that of rsAPX (kcat ) 272( 32 s-1 (28)), althoughKM

values (KM ) 638 ( 66 µM and 389( 64 µM (22) for
S160Y and rsAPX, respectively) were largely similar.

Assessment of CoValent Heme Attachment on Reaction
with H2O2. Initial experiments indicated that, on reaction with
H2O2, the heme group in S160Y became covalently attached
to the protein. This was tested, qualitatively, in two ways.
First, a pyridine hemochromagen assay was carried out before
and after reaction with H2O2. For S160Y before treatment
with H2O2, the spectrum of the reduced pyridine hemochro-
magen complex showed a maximum at 556 nm (Figure 2b).
In this experiment, complete extraction of the heme from
the protein is observed and the spectrum of the hemochro-
magen complex is consistent with a noncovalently bound
heme structure, in which neither heme vinyl group is
modified (29). When the same experiment was carried out
with S160Y after treatment with 6 equiv of H2O2, the peak
of the reduced pyridine complex at 556 nm was shifted to
551 nm (Figure 2b). These spectroscopic changes are
consistent with covalent modification of the heme vinyl
groups (30). Second, an acid butanone extraction after
reaction of S160Y with H2O2 did not remove the heme from
the protein, which is a clear indication of covalent attachment
of the heme to the protein (Figure S2 in the Supporting
Information); in contrast, control experiments with S160Y
before reaction with H2O2 showed complete extraction of

FIGURE 2: (a) Electronic absorption spectra of S160Y (solid line)
and rsAPX (dashed line). The visible region has been multi-
plied by a factor of 5 (100µM potassium phosphate, pH 7.0,
25.0 °C). (b) Spectra of the reduced pyridine hemochromagen
complexes of S160Y before (solid line) and after (dashed line)
reaction with H2O2.
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heme into the organic layer. These effects were examined
in more detail below.

HPLC Analyses.We sought further confirmation of the
proposed heme-protein covalent linkage. HPLC analysis
(under denaturing conditions) of the product of the reaction
of S160Y with H2O2 (prepared with addition of 6 equiv of
H2O2 as above) showed that the protein (monitored at 215
nm) and the major proportion of the heme (monitored at 398
nm) coelute at 24 min (Figure 3b); a proportion of the protein
(≈10%) remains unreacted. This is in direct contrast to the
HPLC profile of S160Y which has not been treated with
H2O2, in which the heme (11 min) and the protein (24 min)
do not coelute (Figure 3a). Coelution of the heme and the
protein is a clear indication of covalent heme attachment and
has been used previously to identify covalently linked heme
in various other heme proteins (3, 6, 7, 11, 12, 16, 31). A
commercial sample of hemin eluted at 11 min, confirming
the assignment for free heme above (Figure S3 in the
Supporting Information). In separate experiments (data not
shown) under the same conditions as those used above for
Figure 3b but in the presence of a large excess of ascorbate,
it was shown that no peak corresponding to protein-bound
heme was observed at≈24 min. This indicates that under
turnover conditions no formation of covalently bound heme
occurs.

Mass Spectrometry.Mass spectrometry can be used not
only to confirm the presence of a covalent link but also to
establish the identity of the residue(s) making the link (17).
The MALDI-TOF mass spectrum of S160Y before treatment
with H2O2 showed a mass of 28393.63 Da (Figure 4a), which
corresponds closely to the predicted mass (28394.97 Da) of
the apoprotein and is consistent with noncovalent attachment
of the heme (as found in rsAPX). After treatment with H2O2,
the main peak in the MALDI-TOF spectrum showed a mass
of 29025.68 Da (Figure 4b); this corresponds to an increase
in mass of 632 Da over the apoprotein and is consistent with
covalent attachment of the heme (616 Da). The additional
mass of 16 amu is assigned as arising from hydroxylation
of the fragment. Hydroxylation of heme after reaction with
H2O2 has been reported previously (11, 17).

To establish more clearly the nature of the heme-protein
covalent link, tryptic digestion of the product of the reaction
of S160Y with H2O2 was carried out and HPLC was used
to isolate the main heme-containing peptide fragment (i.e.,
showing both heme and protein absorbances, eluting at 24.7
min, Figure S4 in the Supporting Information) from the
resulting peptide mixture. There were three peptide peaks

detected on the MALDI-TOF mass spectrum of the main
HPLC fragment (Figure 4c). (i) The first peak at 1863.96
Da is the same mass as that observed in identical analyses
on rsAPX in which a covalent link to Trp41 has been
established (17). This peak corresponds to the L39AW41-
HSAGTFDK49 peptide fragment containing heme covalently
bound to Trp41 (17). (ii) The second peak at 2971.48 Da is
16 Da higher than the calculated mass (2955.18) expected
for the A148MGLTDQDIVAL Y160GGHTIGAAHK170 peptide
fragment containing heme covalently bound to Tyr160. (iii)
A third peptide fragment was also observed at 4203.39 Da.
This is 16 Da higher than the calculated mass (4187.79 Da)
expected for the A148MGLTDQDIVAL Y160GGHTIGAAHK170

peptide fragment plus the L39AW41HSAGTFDK49 peptide
fragment, with both fragments covalently bound to the heme
through Tyr160 and Trp41. The proposed structure of this
fragment is shown schematically in the inset to Figure 4d.

MS/MS mass spectrometry was used to obtain more
specific sequence information for the third heme-containing
fragment at 4203.39 Da. There were two different fragmen-
tation series identified, indicating the presence of two distinct
peptides bound to the heme. First, a y-ion fragmentation
series allowed sequential identification of His42 through to
Thr46 with the remaining C-terminal mass (409.1 Da)
consistent with residues Phe47 to Lys49, which corresponds
to the sequence H42SAGTFDK49 (Figure 4d, series yB). The
absence of fragment ions for the amino acids (LAW41)
indicates that the heme forms a covalent link with this part
of the peptide and is interpreted as being consistent with the
formation of a covalent link toTrp41. This same link has
also been shown to form when rsAPX is reacted with H2O2

(17). Second, a separate y-ion fragmentation series allowed
sequential identification of His163 through to Lys170, which
corresponds to the sequence H163TIGAAHK 170 (Figure 4d,
series yA). A combination of a- and b-ion fragmentation series
allowed sequential identification of Ala148 through to
Asp152, which corresponds to the sequence A148MGLTD152

on the N-terminal end of this peptide (Figure 4d, series a/bA).
As above, the absence of fragment ions for the amino acids
(QDIVAL Y160GG) indicates that the heme forms a covalent
link with this part of the peptide (in Figure 4d, inset).

Further evidence for heme incorporation into the peptides
mentioned above came from isotope patterns of the peptides
in question. Because iron exhibits a very distinct isotope
pattern, when incorporated into protoporphyrin IX to form
heme it produces very characteristic signals. Figure 5a, left,
shows the theoretical isotope pattern of heme, and Figure
5a, right, shows the isotope pattern obtained from MALDI-
TOF mass spectrometry of heme. Theoretical isotope patterns
were also calculated for the two heme-free peptides contain-
ing Trp41 (L39AW41HSAGTFDK49, Figure 5b, left) and
Tyr160 (A148MGLTDQDIVAL Y160GGHTIGAAHK170, Fig-
ure 5d, left) and were in very good agreement with the
experimental isotope patterns obtained for these peptides
(Figures 5b, 5d, right). The same procedure was used to
calculate theoretical isotope patterns for the same peptide
fragments but with heme covalently attached (i.e., after
treatment with H2O2). Hence, the peptide fragment with a
mass of 1864 Da (Figure 4c) was assigned above to the
fragment L39AW41HSAGTFDK49 with heme covalently
bound: this peptide exhibits the same characteristic isotope
pattern (Figure 5c, right) as that predicted theoretically after

FIGURE 3: HPLC analyses of S160Y before and after reaction with
H2O2 monitored at 398 nm (solid line) and 215 nm (dotted line).
(a) S160Y before reaction with H2O2. (b) S160Y after reaction with
H2O2.
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attachment of heme (Figure 5c, left) which confirms the
assignment. Similarly, the same change in isotope pattern
is observed for the peptide with a mass of 2971 Da (Fig-
ure 4c), assigned above as A148MGLTDQDIVAL Y160-
GGHTIGAAHK170 with heme covalently attached, before
and after attachment of heme, Figures 5d and 5e. The fact
that the peptides with masses of 1864 Da (Figure 5c) and
2971 Da (Figure 5e) exhibit the same characteristic isotope
pattern as heme (Figure 5a) gives further confirmation of
their assignment as heme-containing peptides.

Mechanistic InVestigations. Reaction of ferric S160Y with
6 equiv of H2O2 was monitored over∼2 h, and the
intermediate spectra are presented in Figure 6a. In contrast
to the wild type protein in which a Compound I species
(containing a porphyrinπ-cation radical) is clearly visible
on the stopped-flow time scale and a Compound II species

is clearly visible on a time scale of 1-2 min (28), reaction
of S160Y with H2O2 did not show any evidence for formation
of either Compound I or Compound II using conventional
electronic spectroscopy. Instead, the reaction resulted in a
final product with wavelength maxima at 408, 530, and 563
nm (Figure 6a).

The same reaction was also examined under pre-steady-
state conditions (Figure 6b), to investigate if reaction of
S160Y with H2O2 involved initial formation of a Compound
I intermediate over shorter time scales (300 ms to 4200 s)
and using different H2O2 concentrations (6 to 100 equiv).
Unlike rsAPX which shows clear formation of a Compound
I intermediate containing a porphyrinπ-cation radical (λmax/
nm ) 409, 530, 569sh, and 655 (17)) on reaction with H2O2

under rapid mixing conditions, no formation of a porphyrin
π-cation radical intermediate was observed under any condi-

FIGURE 4: MALDI-TOF mass spectrum of S160Y before (a) and after (b) reaction with 6 equiv of H2O2. (c) MALDI-TOF mass spectrum
of the HPLC-purified heme-containing peptide fragment obtained after reaction of S160Y with H2O2. (d) MS/MS spectrum of the HPLC-
purified heme-containing peptide fragment showing the 4+ charged precursor ion (1051.44 Da). The peptide sequences obtained correspond
to the y-ion fragment series for LAW41HSAGTFDK peptide and the a-, b-, and y-ion fragment series for the AMGLTDQDIVALY160-
GGHTIGAAHK peptide and are shown (inset).
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tions for S160Y. (Over time scales<300 ms and>1.28 ms
(the dead-time of the stopped-flow instrument), no formation
of a porphyrinπ-cation radical intermediate was observed
either.) Instead, on reaction of S160Y with H2O2 the Soret
peak is blue-shifted and decays to a final spectrum with
maxima (408, 530, and 563 nm) similar to those described
above (Figure 6a). Time-dependent spectra were fitted
globally by numerical integration methods using Prokin
software (Applied Photophysics). Data collected over a
period of 1000 s from the mixing event were best fitted to
a two-step model (Af B f C, with rate constants for these
two steps of 0.028 s-1 and 0.0024 s-1, respectively) (Figure

6c). Intermediate A has absorption characteristics (λmax/nm
) 413, 529, and 562(sh) nm) consistent with those observed
above for ferric S160Y, and clearly arise from the oxidized
enzyme. Intermediate B (λmax/nm ) 411, 528, and 558(sh)

nm) does not show spectroscopic characteristics that are
consistent with either Compound I or Compound II. Inter-
mediate C has maxima that are consistent with the final
product of the reaction of S160Y with H2O2 (Figure 6a).
These findings show that exposure of the protein to H2O2

does not lead to formation of the expected porphyrinπ-cation
radical, which is in contrast to rsAPX and all other APXs
examined so far (32). They also indicate that the formation

FIGURE 5: Theoretically calculated (figures on the left) and experimentally observed (figures on the right) isotope patterns for heme (a),
the LAW41HSAGTFDK peptide before (b) and after (c) covalent attachment of heme, and the AMGLTDQDIVALY160GGHTIGAAHK
peptide before (d) and after (e) covalent attachment of heme.
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of these links is slower overall than that observed for
formation of other cross-links in APX which are known to
go through formation of an authentic porphyrinπ-cation
intermediate (11).

Electron Paramagnetic Resonance. EPR spectroscopy was
used to obtain further evidence for the formation of a protein
radical. EPR spectra of rsAPX and S160Y after treatment
with H2O2 are shown in Figure 7a and 7b, respectively. In
agreement with previous work (33), reaction of rsAPX with
H2O2 yields a species withg-values (g ) 3.52,g ) 1.998)
consistent with the existence of a porphyrinπ-cation radical
(Figure 7a). In contrast, reaction of S160Y with H2O2 (Figure
7b) reveals a single radical species withg ) 2.0053 and a
line width of 19.2 G. This signal is shown in more detail in
Figure 7c and is compared with the EPR signal (Figure 7d)
observed in the human metHb/H2O2 system in which a
tyrosyl radical has been assigned (34). These EPR signals,
Figures 7c and 7d, have identicalg-factors and linewidths
and have very close overall lineshapes. The maximal yield
of the free radical, observed at the first time points of the
reaction (4-10 s), was 0.3µM for the stoichiometric amount
of H2O2 added and 0.5µM for a 6-fold molar excess of H2O2

over the heme concentration (80µM). A low concentration

of free radicals observed (under 1% of protein) is in
agreement with previous reports on different heme protein/
peroxide systems (34, 35). Taken together, these data are
consistent with the stopped-flow data presented above and
are consistent with the formation of a tyrosyl radical.2 Power
saturation studies (data not shown) revealed that the radical
in the S106Y mutant relaxed faster than many radicals
observed so far on proteins, which suggests proximity to a
nearby paramagnetic center, consistent with its presence on
the Tyr160 and close to the heme.

Redox Measurements.The Fe3+/Fe2+ reduction potential
for S160Y before reaction with H2O2 (determined using the
phenosafranine/xanthine/xanthine oxidase method) was found
to be -197 mV, Figure 8a; this compares with a value of
-206 mV (25) for rsAPX and indicates that no considerable
shift in potential occurred as a consequence of the S160Y
mutation. The corresponding Fe3+/Fe2+ reduction potential
for S160Y after reaction with H2O2 was determined using
indigo trisulfonate as a dye (Figure 8b) and was found to be
-98 mV, an increase of 99 mV. Both sets of data show linear
Nernst plots, Figure 8c. This suggests that the formation of
two covalent links between the heme and the protein in
S160Y leads to a significant stabilization of the reduced
protein.

DISCUSSION

The heme prosthetic group is widely distributed in
biological systems and in the majority of cases is bound to
the protein through noncovalent interactions. There are still
relatively few examples of heme proteins or enzymes in
which the heme substituents (i.e., the vinyl and/or methyl
groups) are covalently bound to the protein backbone (1, 2,
8, 9, 36-38). For many years, therefore, the prevailing view
was that the substituents on the heme group were inherently
unreactive and that formation of these links could only be
supported within a very specific and highly tuned structural

2 We note that no such radical is observed before introduction of
Tyr at position 160. However, the possibility that the radical might be
at a different location to Tyr160 cannot be ruled out.

FIGURE 6: (a) Selected spectra collected during the reaction of ferric
S160Y (dashed line) with 6 equiv of H2O2. Intermediate spectra
between ferric S160Y and the final product (solid line) are shown
as dotted lines. The total reaction time was 2 h. The visible region
has been multiplied by a factor of 5. Sample conditions: enzyme
5 µM, hydrogen peroxide 30µM, 0.1 M potassium phosphate, pH
7.0, 25.0°C. (b) Reaction of S160Y with H2O2 monitored by
stopped-flow diode array spectroscopy. Conditions: 100 mM
potassium phosphate buffer, pH 7.0; 25°C. Enzyme concentration,
20 µM; substrate concentration, 30 mM. The experiment is
performed over 1000 s. For clarity, only selected spectra are shown.
(c) Deconvoluted spectra for the reaction shown in (b). The data
were fitted to a two-step model: intermediate A shown in solid
line, intermediate B shown in dotted line, and intermediate C shown
in dashed line.

FIGURE 7: The EPR spectra of (a) rsAPX and (b) S160Y (both 80
µM) after addition of 80µM H2O2 (final concentrations, pH 7.0,
the samples frozen 4 s after mixture). The spectra were measured
at 10 K; other instrumental conditions were modulation frequency
νm ) 100 kHz, modulation amplitudeAm ) 5 G, sweep rateV )
22.6 G/s, time constantτ ) 82 ms, microwave frequencyν ) 9.47
GHz, microwave powerP ) 3.188 mW, number of spectral scans
NS ) 1. (c) Detailed EPR spectrum of the free radical formed in
S160Y after addition of H2O2; sample conditions as in (b),
instrumental conditions were as in (b) exceptAm ) 3 G andV )
1.19 G/s. (d) A tyrosyl radical EPR signal recorded under the same
conditions as (c) in the human metHb+ H2O2 system (34).
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and/or catalytic framework. This simplistic rationalization
now appears to represent only one part of a much more
sophisticated problem. Hence,in Vitro studies from different
laboratories (11-16) have revealed that most of these
covalent links can be duplicated in other protein architectures
when the correct residue is introduced in the correct place
and if the correct oxidation states of the metal are accessible.
This is supported by other examples in which covalent links
to various heme proteins have also been observed without
needing to introduce specific mutations in the active site (17,
31, 39-41).

This paper provides further evidence in support of the
above hypothesis. Hence, we have already shown (11) that
replacement of Ser160 in ascorbate peroxidase by a me-
thionine residue leads to formation of a heme-methionine
covalent link in an autocatalytic reaction that requires H2O2.
Here, we establish that the introduction of a nucleophilic
tyrosine residue at this position leads, similarly, to a covalent
link to Tyr160. In addition, a second covalent link to Trp41
is observed: this link has been previously shown (17) to
form to the 4-vinyl group of the heme in the wild type protein
through an autocatalytic reaction involving reaction with
H2O2. To our knowledge, there is only one other example
(15) in which formation of a doubly linked heme species

has been engineered inside a protein architecture that does
not, ordinarily, support such links.

The Nature of the Tyrosine-Heme Link.Based on our
previous work in which a covalent link from Met160 to the
2-vinyl was proposed, we had originally envisaged a similarly
modified heme for the S160Y variant. The peak at 551 nm
for the reduced pyridine-heme complex of S160Y after
treatment with H2O2 has been used as an empirical indication
that two vinyl groups on the porphyrin ring have been
modified (29): since we had already established that Trp41
links to the 4-vinyl group (17), the 551 nm peak indicated
that Tyr160 was linked to the 2-vinyl group. There are only
a handful of examples in the literature of tyrosine-heme
covalent links: in the cytochrome P460 heme in hydroxy-
lamine oxidoreductase (HAO) (36, 42), in myoglobin (39),
and in leghemoglobin (40). In all three cases, the link has
been proposed to ameso-carbon of the heme (although not
the samemeso-carbon in all cases), but this has not been
confirmed crystallographically. There is, however, a structure
for the cytochrome P460 fromNitrosomonas europaea(37)
in which a covalent link from theγ-meso carbon of the heme
to the amine group of a lysine residue has been observed.
By analogy, it has been proposed (37) that the heme-tyrosine
link in HAO is to the hydroxyl group of the Tyr residue and
that the heme-tyrosine (in HAO) and heme-lysine (in P460
from Nitrosomonas europaea) links are formed either through
a radical mechanism or by direct nucleophilic attack. From
the data presented above for S160Y, we cannot confirm
unambiguously the precise nature of the heme-tyrosine link,
but analogy with the examples above would suggest that a
link to the meso-carbon is most likely. This would be
consistent with our control experiments and parallel HPLC
analyses with apo-S160Y reconstituted with deuteroheme (in
which hydrogen atoms replace the 2- and 4-vinyl groups) in
which we observed that replacement of the heme vinyl
groups reduced the percentage of covalently linked heme
but did not eliminate it completely (Figure S4 in the
Supporting Information3).

The Mechanism of Formation of the Links.Stopped-flow
data shows no evidence for formation of a typical Compound
I species (containing a porphyrinπ-cation radical) on reaction
of S160Y with H2O2. EPR experiments similarly showed no
evidence for formation of a porphyrinπ-cation signal as
observed for the wild type enzyme (33); instead, EPR
identifies an initial radical species which was assigned as a
tyrosyl radical. This is shown as Intermediate I in Scheme
1, in which we outline a proposed mechanism for formation
of the covalent links to the heme. This initially formed
species may arise in two ways: (a) indirectly, through
internal electron transfer within an initial porphyrinπ-cation
species that is not observable on the stopped-flow time scale
(steps (i) and (ii), Scheme 1); or (b) directly through
oxidation of Tyr160 on reaction with H2O2 (step (iii) in
Scheme 1), without going through a normal Compound I
intermediate. There is separate evidence that formation of

3 We estimate that the percentage formation of total covalently linked
product reduces by≈20% for deuteroheme (from≈90% for S160Y+
iron protoporphyrin IX+ H2O2), and we assume that the link is to the
meso-carbon for this deuteroheme species (since the vinyl groups are
missing). In these experiments, our methods of separation for these
modified fragments are not sensitive enough to pick up minor cross-
linked components if they were present.

FIGURE 8: Representative family of spectra for determination of
Fe3+/Fe2+ reduction potential in S160Y before (a) and after (b)
reaction with H2O2 (100 mM potassium phosphate, pH 7.0). (c)
The corresponding linear Nernst plots, where plot (i) corresponds
to the data shown in (b) and plot (ii) to the data shown in (a).
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tyrosyl radicals can occur independently and not necessarily
as a consequence of Compound I formation (43). We cannot
distinguish these two possibilities from the data presented.
We then envisage a further radical reaction mechanism to
form the heme-tyrosine link, Scheme 1, followed by further
reaction with H2O2 to form the heme-Trp link, step (iv) in
Scheme 1. We have proposed (17) that formation of this link
to Trp41 involves radical formation on Trp41.

Functional Implications. We have observed that formation
of a double link between the heme and Tyr160 and Trp41
resulted in an increase of the Fe3+/Fe2+ reduction potential
from -197 mV to-98 mV, reflecting a clear stabilization
of the reduced form. Parallel experiments with rsAPX after
formation of the Trp41-heme linkage also showed an
increase in the Fe3+/Fe2+ reduction potential (data not shown)
although this increase was difficult to quantify because of
the experimental complications associated with obtaining
completely pure samples of the Trp41-heme species. Hence,
we cannot assign the 99 mV stabilization of the reduced form
in the modified enzyme as arising from one or other of the
two links, although we note also that covalent modification
of the flavin (FAD) subunit of the flavocytochromep-cresol
methylhydroxylase by a Tyr residue also raises the reduction
potential of the flavin group (44). In fact, quantitative
rationalizations of the role of individual covalent links on
the control of heme redox potential are very poorly defined.
The closest analogy is with the mammalian peroxidases, in
which the covalent links to the heme have been linked with
their redox properties. Although there is no overall consensus
on exactly how and why these links are influential, disruption
of the Asp94-heme ester linkage in myeloperoxidase has

been shown to lead to changes in heme potential, suggested
to be a result of increased heme flexibility introduced as a
consequence of the removal of one of the three physiological
covalent links (45). It is possible that similar effects on the
heme structure are responsible for the changes we observe
in this work.
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