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ABSTRACT: Ascorbate peroxidase (APX), cytochrome c peroxidase (CcP), and the catalase-peroxidases
(KatG) share very similar active site structures and are distinguished from other peroxidases by the presence
of a distal tryptophan residue. In KatG, this distal tryptophan forms a covalent link to an adjacent tyrosine
residue, which in turn links to a methionine residue. We have previously shown [Pipirou, Z. et al. (2007)
Biochemistry 46, 2174-2180] that reaction of APX with peroxide leads, over long time scales, to formation
of a covalent link with the distal tryptophan (Trp41) in a mechanism that proceeds through initial formation
of a compound I species bearing a porphyrin π-cation radical followed by radical formation on Trp41, as
implicated in the KatG enzymes. Formation of such a covalent link in CcP has never been reported, and
we proposed that this could be because compound I in CcP uses Trp191 instead of a porphyrin π-cation
radical. To test this, we have examined the reactivity of the W191F variant of CcP with H2O2, in which
formation of a porphyrin π-cation radical occurs. We show, using electronic spectroscopy, HPLC, and
mass spectroscopy, that in W191F partial formation of a covalent link from Trp51 to the heme is observed,
as in APX. Radical formation on Trp51, as seen for KatG and APX, is implicated; this is supported by
QM/MM calculations. Collectively, the data show that all three members of the class I heme peroxidases
can support radical formation on the distal tryptophan and that the reactivity of this radical can be controlled
either by the protein structure or by the nature of the compound I intermediate.

The class I heme peroxidase enzymes, the most prominent
members of which are cytochrome c peroxidase (CcP),
ascorbate peroxidase (APX),1 and the bifunctional catalase-
peroxidases (KatG), are distinguished from other heme
peroxidases by the presence of a distal tryptophan residue
in place of the more usual phenylalanine residue and a second
active site tryptophan adjacent to the proximal histidine
ligand (Figure 1). A key distinguishing feature of the
catalase-peroxidase enzymes is that they contain a covalent
cross-link between the distal tryptophan and adjacent tyrosine
and methionine residues (1-5), Figure 1a. The functional
role of this covalent link is not clearly established, but the

fact that it is not observed in the monofunctional peroxidases
(APX and CcP, Figure 1b,c) suggests that it might be
connected with catalatic activity in KatGs (6-8). The
mechanism of formation of the link in KatG is proposed (4, 9)
to involve initial reaction with peroxide to form a compound
I intermediate (containing a ferryl heme and a porphyrin
π-cation radical) followed by formation of both tryptophan
and tyrosine radicals through a normal oxidative peroxidase
mechanism. A second cycle of reaction with H2O2 is then
proposed for formation of the tyrosine-methionine link.

Recently, we have demonstrated (10) that covalent linking
of Trp41 to the heme group in ascorbate peroxidase can occur
under noncatalytic conditions on exposure of the enzyme to
peroxide, and a reaction mechanism involving initial forma-
tion of a porphyrin π-cation radical followed by radical
formation at Trp41 has been implicated. We interpreted this
to mean that radical formation at the distal tryptophan residue
is not an exclusive feature of the KatG enzymes and that
this radical intermediate is accessible in other related
peroxidases. If this is the case, it follows that the route by
which APX and CcP legislate against formation of this link
is largely structural (i.e., the absence of tyrosine or methion-
ine residues, Figure 1b,c) rather than an intrinsic inability
to form a tryptophan radical.

In preliminary experiments on CcP (10), no evidence for
formation of an analogous cross-link of the heme to Trp51
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was observed. We proposed that this was because CcP
immediately diverts oxidizing equivalents to Trp191 as the
immediate product of H2O2 oxidation without detectable
formation of a porphyrin π-cation radical (11-13), which
is thought to be an obligate intermediate of the mechanism
for heme-protein cross-linking (as described above). To test
this hypothesis in further detail, we have examined the
reactivity of the W191F variant of CcP, in which, in contrast
to CcP, an oxyferryl porphyrin π-cation radical intermediate
is formed on reaction with H2O2 (14, 15). HPLC and mass
spectrometry data for this variant show that partial formation
of a covalently linked product indeed occurs in the W191F
variant, as seen for APX, and we propose that this is related
to the ability of the W191F variant to form a compound I
intermediate bearing a porphyrin π-cation radical instead of
the more usual Trp191 cation radical in CcP.

EXPERIMENTAL PROCEDURES

Materials. All buffers were of the highest analytical grade
(99% + purity) and used without further purification.
Sinapinic acid and R-cyano-4-hydroxycinnamic acid were
purchased from Fluka. All other chemicals were purchased
from Sigma. Water was purified by an Elga purelab purifica-
tion system, and all buffers were filtered (0.2 µm) 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) (16). All molecular biology kits and
enzymes were used according to manufacturer’s protocols.

Protein Expression and Purification. Wild-type CcP and
W191F were prepared and isolated with modifications to
published procedures (17), as described previously (18). The
CcP(MKT) gene was a generous gift from Professor Grant
Mauk (University of British Columbia). Purified samples of
wild-type CcP and W191F showed wavelength maxima at
409, 506, 544sh, 589sh, and 647 nm and 409, 504, 544sh, 589sh,
and 645 nm (150 mM potassium phosphate, pH 6.0),
respectively. Enzyme concentrations for CcP and W191F
were determined using absorption coefficients of ε409 ) 95
(19) and 102 mM-1cm-1, respectively.

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. Reactions of CcP and W191F with H2O2 were
carried out at pH 7.0 in a 10 mM potassium phosphate buffer
with sufficient KNO3 to adjust the ionic strength to 0.1 M.

Transient-State Kinetics. Transient kinetics were performed
using an Applied Photophysics SX.18MV-R microvolume

stopped-flow spectrophotometer fitted with a Neslab RTE200
circulating water bath. Time-dependent spectra (in 100 mM
potassium phosphate, pH 7.0, 25.0 °C) were performed by
multiple wavelength stopped-flow spectroscopy using a
photodiode array detector and X-SCAN software (Applied
Photophysics) by reacting W191F (3.5 µM) with 1 or 5 equiv
of H2O2 (3.5 or 17.5 µM), and the reaction was followed
over time scales ranging from 3 ms to 1 s.

Characterization of Protein Fragments. HPLC analysis of
protein and peptide samples and tryptic digestions were
carried out according to published protocols (10). MALDI-
TOF analyses of protein and peptide samples and MS/MS
analysis of peptide samples were carried out according to
published protocols (10).

QM/MM Methods and System Preparation. QM/MM
methods join together QM and MM representations of
different sectors of a complex system (20, 21). The models
for compound I of CcP were extracted from the structure
(PDB code 2CYP). The closest crystallographic water
molecule to the iron center was used to model the oxo ligand.
The W191F mutation was performed by side chain replace-
ment followed by four iterations of side chain sampling plus
minimization of a region within 6 Å of Trp191. Preparation
of both wild-type CcP and W191F included soaking the
protein in a box of pre-equilibrated water molecules followed
by 100 ps of NPT molecular dynamics at 300 K using
periodic boundary conditions. For the molecular dynamics
as well as for the MM part of the QM/MM calculations, we
used the OPLS-AA (22) force field and the Impact program
(23). For the molecular dynamics, the iron plus all its first
coordination shell atoms (a total of seven atoms) were
constrained. For the QM/MM minimizations, only a 10 Å
layer of water molecules surrounding the proteins was used.
The quantum region includes the heme, His163, the oxygen
ligand, Trp51, and Trp191 (or Phe191). In all QM/MM
optimizations, the last layer of oxygen atoms from the explicit
water solvent was constrained. QM/MM calculations were
performed with the Qsite program (24). Geometry optimiza-
tions used unrestricted DFT (B3LYP) in combination with
the LACVP* basis sets.

RESULTS

Reaction of Wild-Type CcP with Hydrogen Peroxide and
HPLC Analyses. Purified samples of CcP showed wavelength
maxima at 409 (ε ) 95 mM-1 cm-1), 506, 544sh, 589sh, and
647 nm (100 mM potassium phosphate, pH 6.0), as reported
previously (25). In order to examine whether wild-type CcP
exhibits similar behavior to wild-type APX (i.e., whether it

FIGURE 1: Structures of (a) mtKatG (PDB 1SJ2), (b) APX (1OAG), and (c) CcP (2CYP), showing the covalent links in mtKatG and the
equivalent residues in APX and CcP.

3594 Biochemistry, Vol. 48, No. 16, 2009 Pipirou et al.



forms a link from Trp51 to the heme on reaction with H2O2),
we reacted CcP with 6 equiv of H2O2 at pH 7 and followed
the reaction using UV-visible spectroscopy, as reported
previously for wild-type APX (10). (The choice of stoichi-
ometry ([protein]/[H2O2]) is a balance between obtaining
acceptable yields of covalently linked product and avoiding
nonspecific heme bleaching or degradation at high concen-
trations of H2O2, especially over long time scales. We used
6 equiv of H2O2 to be consistent with our previous work on
APX (10) in which we found that higher concentrations of
peroxide lead to heme degradation.) Reaction of CcP with
H2O2 resulted in clean formation of compound I (λmax (nm)
) 420, 530, and 561) as expected (26, 27), which decays
over ∼2 h to compound II (λmax (nm) ) 413, 532 and 569sh,
data not shown). HPLC analysis of protein samples was
carried out at both 398 nm (reporting on the heme content)
and 215 nm (reporting on the protein) before (Figure 2a)
and after (Figure 2b) treatment of CcP with hydrogen
peroxide under the same conditions as those used for wild-
type APX (10). There is no coelution of the heme with the
protein, Figure 2b.

Reaction of W191F with Hydrogen Peroxide and HPLC
Analyses. Reaction of W191F is known (14, 15, 28) to lead
to formation of a transient compound I intermediate that has
spectroscopic properties consistent with those expected for
a porphyrin π-cation radical. We have reported (18) similar
behavior: W191F exhibits spectroscopic changes on reaction
with H2O2 consistent with formation of a transient porphyrin
π-cation radical (λmax (nm) ) 412, 543, and 656). This
compound I decays to a species (λmax (nm) ) 423, 535, and
565) that is consistent with an oxy-ferryl heme and a protein
radical (29). Experiments using a pyridine hemochromagen
assay suggested that, on reaction with H2O2, the heme group
in W191F becomes covalently attached to the protein over
longer time scales (∼2 h). This was confirmed qualitatively
in two ways as described below.

First, HPLC analysis of the product of the reaction of
W191F with H2O2 (prepared with addition of 6 equiv of
H2O2) showed that the protein (monitored at 215 nm) and
some proportion of the heme (monitored at 398 nm) coelute
at 33 min (Figure 2d); this is in direct contrast to the HPLC
profile of W191F that has not been treated with H2O2, in
which the heme (13 min) and the protein (33 min) do not
coelute (Figure 2c). Coelution of the heme and the protein
fragments is a clear indication of covalent heme attachment
and has been used previously to identify covalently linked
heme in various other heme proteins, including APX (30-36).

FIGURE 2: HPLC analyses of CcP and W191F before and after reaction
with 6 equiv of H2O2 (150 mM potassium phosphate, pH 6.0),
monitored at 398 nm (solid line) and 215 nm (dotted line): (a) CcP
before reaction with H2O2; (b) CcP after reaction with H2O2; (c) W191F
before reaction with H2O2; (d) W191F after reaction with H2O2.

FIGURE 3: MALDI-TOF mass spectrum of W191F before (a) and
after (b) reaction with 6 equiv of H2O2.

FIGURE 4: HPLC analyses of a tryptically digested sample of W191F
after reaction with H2O2, monitored at 215 nm (solid line) and 398
nm (dotted line). Elution times of heme-containing peptides (30.0
min), as well as free heme (35.7 min), are indicated.

FIGURE 5: MALDI-TOF mass spectrum of (a) the HPLC-purified heme-containing fragment obtained after reaction of W191F with H2O2

and (b) heme, showing the characteristic heme isotope pattern as reported previously (37).
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We note, however, that the yield of covalently linked product
(estimated from peak areas in the HPLC chromatograms)
was overall lower for CcP than previously observed for APX
(10) (see Discussion).

Second, the MALDI-TOF mass spectrum of W191F before
treatment with H2O2 showed a mass of 33561.10 Da (Figure
3a), which corresponds closely to the predicted mass
(33554.4 Da) of the apoprotein and is consistent with
noncovalent attachment of the heme (as found in APX). After
treatment with H2O2, two peaks were observed in the
MALDI-TOF spectrum, Figure 3b. The first is at 33578.66
Da2 which is consistent with the mass of the apoprotein (as
above). The second peak is at 34195.77 Da, which corre-
sponds to a mass increase of 617 Da over the apoprotein,
and is consistent with covalent attachment of the heme (616
Da) to the protein. Tryptic digestion of the product of the
reaction of W191F with H2O2 was carried out, and HPLC
was used to isolate the heme-containing peptide fragments
(i.e., showing both heme and protein absorbance) from the
resulting peptide mixture (Figure 4). The MALDI-TOF mass
spectrum of the product eluting at 35.7 min gave a mass of
616 Da (Figure 5b), corresponding to free heme, as reported
previously for APX (10, 37). MALDI-TOF mass spectrom-
etry of the peptide fragment eluting at 30.0 min gave a mass
of 1915.22 Da, which is 2 Da lower than the calculated mass
of 1917 Da expected for the L49AW51HTSGTWDK59 peptide
fragment containing heme covalently bound to Trp513

(Figure 5a). Further evidence for heme incorporation into
this peptide fragment came from the characteristic heme
isotope pattern (Figure 5a). As reported previously (37), iron
exhibits a distinct isotope pattern in the mass spectrum when
incorporated into protoporphyrin IX (Figure 5b). The fact
that the peptide with mass of 1915.22 Da (Figure 5a) exhibits
similar isotope pattern as heme (Figure 5b) (37) is further
confirmation that it derives from a heme-containing peptide.

QM/MM Calculations. QM/MM methods (38) provide a
useful means of assessing spin distribution in heme-contain-
ing systems (39-43). Accordingly, we have mapped the spin
density for the compound I intermediate for both wild-type
CcP and W191F; Figure 6 shows the spin density obtained
in the doublet spin state. As shown previously, both doublet
and quartet spin states are degenerate, showing almost

identical spin density (39, 42, 44). For the wild-type protein,
Figure 6a, the three unpaired electrons are localized on the
iron-oxo moiety and on Trp191. For W191F, Figure 6b, there
is a shift of the spin density for the “third” unpaired electron
from Trp191 to the porphyrin, which is in agreement with
the experimental observations.4 For W191F, we also observe
a small amount of spin density on Trp51, Figure 6b. Single
point QM/MM calculations, to check the dependency of this

2 The mass increase of +17.6 indicates possible oxidation (e.g.,
sulfoxide formation at methionine).

3 However, in this case there was no additional mass to indicate
that addition of an extra hydroxyl group to the heme-containing frag-
ment had occurred, as previously seen for APX (10).

4 We also observe a larger component of the spin density on the
propionate groups, possibly as a result of a less effective screening for
the propionates due to larger oscillations in the vicinity of these groups
as a consequence of the mutation (40).

FIGURE 6: Doublet state spin densities for the compound I
intermediate of (a) wild-type and (b) W191F. All three unpaired
electrons are shown. Positive (blue) and negative (red) spin densities
are indicated. The heme, Trp51, and Trp(Phe)191 are indicated.

FIGURE 7: Evolution of the doublet state spin density for the W191F
mutant along 2 ns of molecular dynamics. Positive and negative
spin densities are depicted in blue and red, respectively. The heme,
Trp51, and Trp(Phe)191 are indicated.
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Trp51 spin density on protein fluctuations (45, 46), showed
four intermediate states, at 0.5, 1.0, 1.5, and 2.0 ns, Figure
7, which show fluctuations in spin density between the
porphyrin ring and Trp51.

DISCUSSION

The catalase peroxidases are distinguished from other class
I peroxidase enzymes by the fact that their distal tryptophan
is involved in a covalent tryptophan-tyrosine-methionine
cross-link. The proposed (4, 9) mechanism for formation of
this cross-link involves radical formation on Trp107. Al-
though both APX and CcP contain the same distal tryptophan
residue (Figure 1), no such cross-link has been observed in
either of these enzymes. We have previously presented
evidence that was consistent with radical formation on the
equivalent distal tryptophan, Trp41, in APX. Hence, over
long time scales (∼2 h) and under conditions where no
substrate was present to quickly regenerate the ferric form,
we observed covalent attachment of Trp41 to the heme (10).
We proposed a mechanism that involved initial formation
of a porphyrin π-cation radical followed by formation of a
protein radical on Trp41. In this case, the fate of the supposed
tryptophanradicalisdifferentfromthatinthecatalase-peroxidase
enzymes, because in APX there is no suitable active residue
nearby with which it might react; instead, it reacts with the
heme. By implication, and in view of the close structural
similarity, we suggested that radical formation on the distal
tryptophan might be a common feature across members of
the class I peroxidase family. Consequently, the absence of
a tryptophan-tyrosine-methionine cross-link in APX and
CcP could be assigned to the absence of suitable residues
adjacent to the distal tryptophan (Figure 1).

The aim of this work was to test this proposal further,
with parallel experiments on CcP. CcP is unique among the
class I peroxidases in that it immediately diverts oxidizing

equivalents to a protein radical (Trp191) as the immediate
product of H2O2 oxidation, without observable formation of
a porphyrin π-cation radical. Since formation of the covalent
link in the catalase peroxidases is thought to require a
porphyrin π-cation intermediate (4, 9) and since APX forms
the same porphyrin π-cation radical, we reasoned (10) that
the absence of a corresponding heme-tryptophan link in CcP
might be related to the identity of the compound I species
(since in CcP a porphyrin π-cation radical is not observed,
although it might form fleetingly, and compound I exists as
a stable protein radical).5 The W191F variant provides a
convenient means of assessing this, since in this case
formation of a radical at Trp191 is not possible and a
transient porphyrin π-cation radical is observed instead (14).

Although the cross-linking reactions are substoichiometric,
our HPLC analyses show that following exposure of W191F
to 6 equiv of H2O2 the protein and some proportion of the
heme coelute and that a peptide containing Trp51 can be
isolated. This fragment was shown by mass spectrometry to
be covalently attached to heme. We propose a similar
mechanism for formation of the Trp51-heme link in W191F
as that proposed previously (10) for the same link in APX
(Scheme 1). In this mechanism, initial formation (step i) of
a transient compound I intermediate, as observed by stopped
flow, is followed by oxidation and deprotonation of Trp51
(step ii) and addition of the Trp51 radical across the 4-vinyl

5 Timescales might be important here, so that the stability of the
porphyrin π-cation radical might determine whether or not a cross-
link is feasible. For KatG, a porphyrin π-cation radical is stable enough
to be observed, but it has been shown that formation of a protein radical
at Trp321 (equivalent to Trp191 in CcP) occurs subsequently (54). In
wild-type CcP, a porphyrin π-cation radical has never been observed
but might well be formed prior to formation of a radical in Trp191.
We presume that if a porphyrin π-cation radical exists for CcP it is
present much too fleetingly to be productive in terms of possible cross-
linking mechanisms (unlike KatG).

Scheme 1: Proposed Mechanism for Formation of a Covalent Link between Trp51 and the Heme Group in W191F Variant
of CcPa

a Steps i-vi are described in the Discussion.
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group of the heme (steps iii and iv). Subsequent reduction
of the ferryl group and release of H2O (step v) leads to
formation of a carbocation, and deprotonation at this position
(instead of addition of a H2O molecule, as proposed for APX
(10)) as the final step (step vi) gives a product that is
consistent with the mass spectrometry data.

A key element of the proposed mechanism is that
formation of a porphyrin π-cation radical is followed by
radical formation at the distal tryptophan for both APX and
CcP. This proposal is supported by the QM/MM data for
W191F, which show transient spin density on Trp51. Radical
formation at numerous other sites is also possible in CcP,
however (see, for example, refs 47-51), which will decrease
the percentage of heme that links covalently to Trp51. In
fact, two populations of radical product for W191F have been
reported (50): one of these leads to protein dimerization
(through tyrosine residues) and our data would account for
the other (radical formation on Trp51). Our work does not
unambiguously establish Trp51 as a site of radical formation
in W191F, but the proposed mechanism is consistent with
other suggestions in the literature in which formation of a
radical at this site has been implicated (52). In fact, Poulos
and co-workers (53) have demonstrated peroxide-dependent
formation of a Trp51-Tyr52 link in the H52Y variant of
CcP: formation of this link is proposed to involve radical
formation on Trp51 and Tyr52 in a mechanism that is
analogous to that proposed for KatG (4, 9), which lends
further support to our proposal (10) that this group of class
I peroxidases share common reaction mechanisms and that
radical formation at the distal tryptophan residue is more
widely accessible than was previously realized.
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