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INTRODUCTION

Hemoprotein peroxidases catalyze the one-electron oxidation of micro- and
macromolecular substrates at the expense of hydrogen peroxide or lipid
hydroperoxides. Our understanding of the catalytic mechanisms of classical
peroxidases (e. g. those with an imidazole as the fifth iron ligand) derives to a
large extent from work with horseradish peroxidase (HRP) and cytochrome c
peroxidase (CcP), the former because it is readily available and has been
extensively studied by chemical and spectroscopic methods (1), and the latter
because it is the only peroxidase for which a high resolution crystal structure
is available (2, 3). These two enzymes, together with chloroperoxidase, a
prototypical nonclassical peroxidase with a thiolate rather than imidazole iron
ligand, provide a solid ground to explore the relationship between structure
and function in the peroxidases. The relationships inferred from the analysis
of these three enzymes appear to be broadly applicable, in principle if not
always in detail, to other peroxidases, including the less accessible or tracta-
ble mammalian enzymes lactoperoxidase (4-6), thyroid peroxidase (7),
myeloperoxidase (8), and eosinophil peroxidase (9).
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COMPOUND I
Ferryl Complex

The minimal catalytic mechanism inferred from studies of HRP and CcP is
initiated by the binding of a neutral molecule of hydrogen peroxide to the
heme iron atom (Figure 1). As proposed by Poulos & Kraut from an analysis
of the crystal structure of CcP, binding of the peroxide to the iron is facilitated
by transfer of one of its hydrogens to the nitrogen of the active site imidazole
(His-52 in CcP) (10). The hydrogen is then delivered by the imidazole to the
terminal oxygen of the peroxide as the oxygen-oxygen bond is cleaved to give
the ferryl (Fe'¥ = O) species and a molecule of water. The oxygen-oxygen
bond scission is promoted not only by the hydrogen transfer but also by an
active site arginine that polarizes the dioxygen bond (10). Heterolytic cleav-
age of the dioxygen bond to give this compound I structure (sometimes called
compound ES in CcP) requires two electrons, one of which comes from the
iron atom. Extensive specwoscopic and kinetic evidence (1, 11), including
Mossbauer (12-14), EXAFS (15), magnetic circular dichroism (16, 17),
ENDOR (18), magnetic susceptibility (19), resonance Raman (20--23), and an
actual crystal structure of CcP compound I (24), supports formulation of the
iron as an Fe'Y = O species in compound I of HRP and CcP. Extrapolation of
this inference to other peroxidases is supported by spectroscopic evidence on
those enzymes (4-9).

Source of the Second Electron

In HRP, the second electron required to cleave the peroxide bond comes from
the porphyrin, producing a porphyrin radical cation (Figure 1; 25-28). The
second electon may initially come from the porphyrin in CcP (29), but the
porphyrin radical cation, if formed, is rapidly quenched by electron transfer
from the protein to give a protein radical (3, 30). In the presence of reduced
cytochrome c, however, electron transfer from cytochrome ¢ may compete
with electron transfer from the protein, possibly diminishing the role of the
protein radical in normal catalytic turnover (30). The site of the protein radical
in cytochrome c peroxidase has been elusive, but site specific mutagenesis
studies (31-33) and EPR studies of compound I of CcP with deuterium-
labeled tryptophan residues (34) indicate that the unpaired electron is centered
on Trp-191. This tryptophan residue is adjacent to His-175, the fifth heme
iron ligand, and is roughly parallel to it. Detailed analysis of the EPR spectra
of several site-specific mutants suggests, in fact, that approximately 90% of
the unpaired electron density is on Trp-191 and the other 10% on other
(probably tyrosine) residues (33). This is consistent with the report that the
tyrosine residues of the enzyme are cross-linked with time in the reaction of
CcP with H,0, (35, 36). The factors that determine whether the radical
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Compound 1I Compound 1 Compound 1

Figure 1 A general catalytic mechanism for classical peroxidases based on the mechanism
proposcd for cytochrome c peroxidasc by Poulos & Kraut (10). The heme group is represented by
the four nitrogen iron ligands. P stands for a protein residue. With some exceptions, only one of
the two compound I structures shown in the scheme is detected for a given peroxidase.

density remains on the porphyrin, as in HRP, or is transferred to the protein,
as in CcP, remain obscure, although it has been suggested that one factor may
be the presence or absence of negatively charged groups near the porphyrin
that stabilize the porphyrin radical cation (37).

Porphyrin-protein Radical Exchange

Lactoperoxidase and thyroid peroxidase react with H,0, to give an Fe!¥=0/
porphyrin radical cation analogous to that of HRP compound I (4-7). Re-
cent work on the oxidation of iodine by these two peroxidases suggests, how-
ever, that the porphyrin radical oxidizes the protein at a relatively rapid rate
to give a protein radical, much as in CcP (38—41). The key finding for lac-
toperoxidase is that the compound I structure with a porphyrin radical cation
catalyzes both the iodination of tyrosine residues and the coupling of tyro-
sine residues to dimeric products, whereas only the latter reaction is cata-
lyzed by an alternative two-electron oxidized compound I structure without
the porphyrin radical cation spectrum (38). The existence of two two-elec-
tron oxidized states of lactoperoxidase was confirmed by titration with
ferrocyanide at different pH values (39). The same research group demon-
strated the formation of a transient thyroid peroxidase Fe!Y=O/porphyrin
radical cation that catalyzes the iodination of tyrosine residues, and its decay
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to a second compound I species without the porphyrin radical cation that only
promotes the coupling of tyrosine residues (40). The proposal that iodination
requires the Fe'™¥=0/porphyrin radical cation is supported by the finding that
horseradish peroxidase catalyzes both the iodination and dimerization of
tyrosine residues, whereas CcP only catalyzes tyrosine dimerization (41). The
presence of two compound I species may be related to the observation that the
oxidation of phenols by thyroid peroxidase switches from an apparent two-
electron to a one-electron mechanism as the size of the 2,6-substituents of the
phenol increases, whereas all the phenols are oxidized by HRP and lactoper-
oxidase via a one-electron mechanism (42). These results suggest that subtle
factors determine whether the second oxidation equivalent is taken from the
porphyrin or the protein, and indicate that the site of the unpaired electron has
functional consequences.

COMPOUND II

Transfer of one electron to compound I of HRP, CcP, or other heme per-
oxidases gives compound II, in which the Fe'V¥ =0 species remains intact but
the porphyrin or protein radical has been reduced (13, 15). The remaining
oxidation equivalent is therefore located in the ferryl species in compound II
of all the peroxidases (Figure 1). The catalytic activity of HRP compound II is
linked to a group with a pKa of 8.6, probably His-42, which in the protonated
state is hydrogen bonded to the ferryl oxygen (21, 23, 43). Compound II is
inactive if this amino acid residue is not protonated (44). Compound II of CcP
is generally not observed because it is rapidly reduced. Transfer of a second
electron to the peroxidases in the final step of the catalytic cycle reduces
compound II to the resting ferric state and results, after protonation of the

oxygen, in release of the ferryl oxygen as a molecule of water.

PROPERTIES OF PEROXIDASE ACTIVE SITES

Iron Accessibility

A large body of indirect evidence suggests that an Fe'Y=O/porphyrin or
protein radical is also the catalytic species of cytochrome P450 (45, 46). One
of the challenges in the hemoprotein field has been to understand why
cytochrome P450 enzymes, with occasional exceptions, transfer an oxygen
atom to their substrates whereas the peroxidases generally remove an electron
from theirs without transferring the oxygen atom. Recent work with HRP and
other peroxidases provides some insight into this difference in the reactions
catalyzed by compounds I and II of the peroxidases and the corresponding
ferryl state of cytochrome P450. One key finding is that both HRP and
cytochrome P450 are inactivated by phenylhydrazine, albeit by different
mechanisms. Phenylhydrazine gives a relatively stable phenyl-iron complex
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with a characteristic long-wavelength absorption maximum with cytochrome
P450 (47, 48) but does not give such a complex with HRP (49). Inactivation
of HRP by phenylhydrazine is due to covalent binding to the protein as well as
addition of the phenyl radical to the &-meso position of the heme group
(Figure 2; 49). In addition to forming 6-meso-phenylheme, the reaction also
produces the 8-hydroxymethyl heme derivative due to competitive abstraction
by the phenyl radical of a hydrogen from the 8-methyl group. Lignin per-
oxidase, manganese peroxidase, and Coprinus macrorhizus peroxidase also
do not yield phenyl-iron complexes with phenylhydrazine (50-52). These
results, given that all hemoproteins with accessible heme iron atoms so far
examined give phenyl-iron complexes (53), suggest that the iron atom of the
classical peroxidases is not readily accessible to substrates. Furthermore,
exclusive modification of the §-meso carbon and the vicinal 8-methyl group
indicates that phenylhydrazine, and presumably other substrates, interact with
this sector of the heme group.

0-Meso Heme Edge

The inactivation of HRP by alkylhydrazines (54, 55), azide (56), cyclopro-
panone hydrate (57), and nitroalkanes (58) provides additional support for the
hypothesis that the iron is not readily accessible and that substrates interact
with the d-meso heme edge (Figure 2). Unlike the reactions of the alkylhydra-
zines with cytochrome P450 (59), which result in N-alkylation of the prosthe-
tic heme group, the reaction of HRP with several alkylhydrazines results in
addition of the alkyl moieties exclusively to the 8-meso carbon (54). Cyclo-
propanone hydrate, niwomethane, and sodium azide similarly add to the
6-meso carbon after being oxidized by the enzyme to radical intermediates
(56-58). The reaction with the alkylhydrazines is particularly instructive
because it gives rise to a long-lived intermediate (t;» of hours) with an
absorption spectrum characteristic of an isoporphyrin (55). The substitution
reaction therefore involves addition of the alkyl radical to the §-meso carbon
to give an isoporphyrin that slowly decays to the 6-meso-alkylheme by loss of
the meso proton (Figure 2). The phenyl and azidyl radicals presumably add by
the same mechanism, but the corresponding isoporphyrin intermediates
apparently decay too rapidly to be observed. The same 6-meso regiospecific-
ity is observed for the azide reaction with lignin, manganese, and Coprinus
macrorhizus peroxidases (50-52).

As a result of these observations, it has been postulated that classical
peroxidases suppress oxygen transfer reactions by allowing substrates to
interact with the d-meso heme edge while restricting their access to the ferryl
oxygen, thereby forcing electron transfer to the heme edge (49, 53). Support
for this proposal is provided by the finding that 6-meso-ethylheme-
reconstituted HRP reacts normally with H,0, to give a ferryl species but is
catalytically inactive, whereas the enzyme reconstituted with hemin or &-
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Figure 2 Meso-substitution of the prosthetic heme group of the peroxidases during the catalytic
turnover of certain substrates. The radical cation of Compound I is shown outside the brackets to
indicate that it could be located on the porphyrin or the protein.

meso-methylheme is active (54, 55). Retention of catalytic activity by the
é-meso-methyl but not -ethyl analogue demonstrates that the 8-meso sub-
stituent interferes with substrate oxidation by a steric mechanism rather than
by critically altering the conformation or redox properties of the heme group.
The argument that substrates interact with the 6-meso heme edge has received

- independent support from NMR nuclear Overhauser studies showing that

resorcinol (60), 2-methoxy-4-methylphenol (60), and thiocyanate (61) bind to
the ferric enzyme in the vicinity of the heme 8-methyl group. The estimated
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distances of the aromatic protons of the first two substrates from the iron are
8.4-11.0 A, and of the thiocyanate nitrogen 6.8 A. A schematic model for the
active site of horseradish peroxidase which only exposes the §-meso heme
edge and the 8-methyl group is suggested by these results (Figure 3).

Monooxygenase Activity

The observation that catalytic turnover of HRP occasionally results in sub-
strate oxygenation suggests that HRP functions, under certain circumstances,
as a monooxygenase. In most of these cases, however, the oxygen is in-
troduced by reaction of a normal peroxidative product with oxygen or water
rather than by transfer of the ferryl oxygen to the substrate. Thus, the
HRP-catalyzed oxidation of 2,4,6-trimethylphenol produces 2,6-dimethyl-4-
hydroxymethylphenol, but '80-studies show that the oxygen does not come
from H,O, and therefore is not introduced by a P450-like monooxygenation
reaction (62). The O-demethylation of 9-methoxyellipticine by HRP proceeds
with replacement of the methoxy oxygen by an oxygen from the medium, so
that the reaction involves addition of water to a peroxidatively generated
quinone-imine intermediate rather than a P450-like hydroxylation of the
methyl group (63, 64). A similar mechanism accounts for the O-
demethylation observed in the oxidation of 1,2,4,5-tetramethoxybenzene
(65). N-methylcarbazole has been used to probe the mechanisms of nitrogen
demethylation reactions because the N-hydroxymethyl intermediate is suf-
ficiently stable to be isolated. The hydroxymethyl intermediate isolated in the
reaction catalyzed by HRP has been shown to incorporate oxygen from the
medium (66). Furthermore, the formation of this species and its more highly
oxidized N-formyl derivative has been shown to be oxygen dependent. The
reaction thus involves oxidation of the nitrogen to the radical cation, de-
protonation to give the vicinal carbon radical, and either reaction of the

Figure 3 Hypothetical model of the active site of horseradish peroxidase based on the regioche-
miswy of the reactions of the prosthetic heme with catalytically generated substrate radicals.
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carbon radical with molecular oxygen or further peroxidation to give the
imminium cation that reacts with water (66). In agreement with its in-
effectiveness as a ferryl oxygen transfcr catalyst, HRP does not mecdiate the
epoxidation of either styrene (62) or butadiene (67). The exception to the
otherwise general observation that HRP does not catalyze oxygen transfer
reactions is the oxidation of aryl thioethers to the corresponding sulfoxides,
which proceeds with partial incorporation of oxygen from the peroxide (68).
Thus, 66% and 85%, respectively, of the oxygen incorporated into the
sulfoxides obtained from p-methoxy- and p-methylthioanisoles derives from
the peroxide. In the case of the p-methoxy analogue, 10% of the sulfoxide
oxygen derives from water. Despite the incorporation of peroxide oxygen, the
sulfoxide produced from p-methylthioanisole is achiral (69). Kinetic and
spectroscopic evidence suggests that the sulfur radical cation is an in-
termediate in this ferryl oxygen transfer reaction. The sulfoxidation rates
increase with the electron-releasing ability of the aromatic substituent (69)
and correlate with the voltammetric peak oxidation potentials for the sub-
strates (70), as expected for a radical cation mechanism. Pseudo-first order
and single turnover studies of the sulfoxidation reaction provide kinetic
evidence for the formation of an intermediate, presumably the sulfur radical
cation, in the reduction of compound I by thioanisoles, and for the reaction of
compound II with both the radical cation intermediate and the parent thioani-
sole (71, 72). The kinetic evidence suggests, in fact, that decay of both
compounds I and II at high thioether concentrations involves binding of a
second sulfide molecule to the enzyme-thioanisole radical cation complex
formed by oxidation of the first substrate molecule (72). Thioethers and
related sulfur compounds are clearly oxidized by HRP in an exceptional
manner that culminates in ferryl oxygen transfer. This finding needs to be
reconciled with evidence that the ferryl species is shielded in peroxidases,
leading to interaction of substrates with the heme edge. One possibility is that
the charged sulfur radical cation perturbs the residues shielding the ferryl
moiety in such a way that ferryl oxygen transfer becomes possible. The
proposed involvement of enzyme-radical cation complexes in the reaction is
consistent with strong interaction of the one-electron oxidation product with
the protein (72). Kinetic evidence for a similar kinetically competcnt radical
cation-enzyme complex has been reported for the HRP-catalyzed dimerization
of dimethylaniline, a reaction thought to proceed via the dimethylanilinium
radical cation (73).

ELECTRON TRANSFER: THE CASE OF
CYTOCHROME ¢ PEROXIDASE

CcP, as already noted, is the only peroxidase for which a crystal structure is
available (2). It is anomalous, however, in that its substrate is cytochrome c, a
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hemoprotein, rather than a small organic or inorganic molecule (3). Because
of this anomaly, it is less critical for proper peroxidative functioning of the
enzyme that access to the ferryl oxygen be strictly limited. In addition to the
oxidation of cytochrome c, CcP catalyzes the in vitro peroxidation of guaiacol
and other small molecules and, more interestingly, the epoxidation of styrene
and substituted styrenes by what appears to be a conventional ferryl oxygen
transfer mechanism (G. D. DePillis, G. Mauk, P. R. Ortiz de Montellano,
unpublished data). Furthermore, unlike HRP and other classical peroxidases,
CcP reacts with phenylhydrazine to give the phenyl-iron complex characteris-
tic of an open active site. Both the peroxidation of guaiacol and the epoxida-
tion of styrene, but not the one-electron oxidation of ferrocytochrome c, are
suppressed when the enzyme is reconstituted with -meso-ethylheme. The
O-meso substituent clearly interferes with small substrate oxidation but not
with formation of the ferryl/protein radical complex or oxidation of
cytochrome c, the normal redox partner. Differential processing of small
substrates and cytochrome c is confirmed by the finding that reconstitution of
the enzyme with y-meso-ethylheme yields an enzyme that oxidizes small
molecules normally but is defective in its ability to oxidize cytochrome c (74).
The crystal structure of CcP readily rationalizes these results. Poulos & Kraut
proposed, on the basis of modeling studies, that electron transfer from
cytochrome c occurs when it is bound to the surface of CcP at a site facing the
y-meso edge (75). Brownian motion calculations suggest that the binding site
may not be as rigidly defined as originally proposed by Poulos & Kraut, but
nevertheless concur with the assessment that electron transfer is most favored
when cytochrome c is bound to the surface facing the y-edge of the heme
group (76). Support for some degree of conformational searching in the
binding of cytochrome c to cytochrome c peroxidase is provided by the fact
that the rate of intramolecular electron transfer decreases under conditions of
very low ionic strength that favor very tight complex formation (77). In
contrast, H,0, is thought to reach the enzyme through a 6 A-wide (11 A-long)
channel that leads from the outside of the protein into the heme crevice
directly above the &-meso position. Substrates migrating up the channel
therefore interact first with the 6-meso edge, as in other classical peroxidases,
but are able to migrate into the actual heme crevice and to react with the ferryl
oxygen (Figure 4). 6-Meso-alkyl substituents sterically obstruct the access
channel and interfere with the oxidation of small substrates but do not block
the reaction with H,0, or interfere with oxidation of cytochrome c at the
protein surface. The results demonstrate that the ferryl oxygen of a peroxidase
can be transferred to an olefin even when it interacts with proximal histidine
and arginine residues and is paired with a protein rather than porphyrin
radical. The fact that CcP behaves as a hemoprotein with a relatively open
active site, in agreement with its crystal structure, reinforces the hypothesis
that HRP and other classical peroxidases do not have such open sites.
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Figure 4 Schematic model for cytochrome c peroxidase illustrating the separate reaction sites for
the oxidation of small substrates and cytochrome c.

LACTOPEROXIDASE, A MAMMALIAN PEROXIDASE
Prosthetic Group

The prosthetic group of lactoperoxidase can only be extracted under harsh
acidic conditions but is readily extracted with acidic butanone if the protein is
first digested by pronase (78). Absorption spectroscopy and thin layer
chromatography suggest that these procedures yield iron protoporphyrin IX,
although they cause appreciable degradation of the prosthetic group. These
results led to the conclusion that the prosthetic group is iron protoporphyrin
IX and that it is not, contrary to earlier claims, covalently bound to the protein
by an ester or amide linkage (78). The prosthetic group has recently been
re-isolated by mild treatment with mercaptoethanol in 8 M urea, however, and
has been shown by NMR and mass spectrometric methods to be a heme with a
thiol group on either the 5- or 8-methyl group (Figure 5; 79). Nichol et al have
therefore proposed that the prosthetic group is bound in the active site of the
enzyme via a disulfide bond between a cysteine residue and the sulfhydryl
group of the modified heme. The porphyrin structural assignment appears to
be on solid ground but the nature of the heme-protein link in the intact enzyme
is not yet clear, although a hyperfine-shifted pair of methylene protons has
been tentatively assigned to the -CH,-S-moiety by NMR studies (80). Reso-
nance Raman studies suggest that the vinyl groups of the heme are intact in
the native enzyme and are not involved in covalent bonds (81). The probabil-
ity that the thiol moiety is on the 8-methyl is of some interest because the
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HO,C COH

Figure 5 Swucture of the prosthetic group isolated from lactoperoxidase treated with mercap-
toethanol and 8 M urea. The structural data indicate that the thiol group is located either on the
8-methyl, as shown, or the S-methyl.

same methyl group is converted to a hydroxymethyl group in the reaction of
HRP with phenylhydrazine by a reaction that involves hydrogen atom abstrac-
tion from the methyl group by the phenyl radical (49). The intriguing possibil-
ity thus exists that the prosthetic group is covalently bound during turnover of
a pro-enzyme form due to catalytic generation of a protein radical that
abstracts a hydrogen from the 8-methyl group of the initially noncovalently
bound heme.

Catalytic Site

The active site of lactoperoxidase has the general characteristics of a classical
peroxidase. The bovine cDNA sequence encodes a protein of 78,500 kd
exhibiting strong sequence identity with human myelo-, thyro-, and eosino-
phil peroxidases (82). Five imidazole residues are conserved in all four
proteins, one of which is presumably the heme fifth ligand and another is the
catalytic histidine. A histidine is implicated as the fifth heme ligand by EPR
(83), magnetic circular dichroism (84), resonance Raman (85), and NMR data
(80, 86, 87). The suggestion from magnetic circular dichroismstudies that the
sixth ligand is a carboxylate anion (84) has given way to the proposal, based
on NMR data, that the sixth coordination site is vacant or is only loosely
coordinated to a water molecule (87). Protons with dipolar connectivities
similar to those of the distal histidine and arginine in HRP are observed by
NMR and are consistent with the presence of these residues in lactoperoxidase
(80). No other catalytic residues have been clearly identified although in-
activation of the enzyme correlates well with derivatization of a tyrosine
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residue by diazotized sulfanilate (88). Chemical derivatization studies suggest
that carboxyl-containing (89) but not tryptophan or arginine residues are also
important (90), but such studies do not distinguish between functionally and
structurally important residues.

The reaction of lactoperoxidase, as already discussed, yields an HRP-like
ferryl/porphyrin radical cation that decays to a CcP-like ferryl/protein radical
(40, 41). The mechanism of the interaction of substrates with lactoperoxidase
is not yet clear, but the available evidence suggests that access to the heme
iron is perhaps even more restricted than in HRP (91-93). The difference
spectra for lactoperoxidase in the presence of phenols, hydroquinones, aryl
amines, and hydroxamic acids, all of which slightly perturb the lactoperox-
idase spectrum, are very similar, suggesting that the substrates do not interact
with the iron atom (91). In contrast, the spectra are somewhat different for the
corresponding HRP complexes (92). NMR proton relaxation studies indicate
that several aromatic substrates bind to the enzyme at a site that places their
protons 9.4-11.1 A from the iron atom, approximately 2-3 A further than the
proton-iron distances estimated for HRP (93). Compctitive studies show that
iodide and thiocyanate compete for binding at the same site, whereas
coordination of cyanide to the iron does not effect substrate binding (93-95).
The observation that protonation of a residue with a pK, of ~6 facilitates
substrate binding has led to the proposal that substrates bind near, and
possibly hydrogen bond with, the proposed catalytic histidine residue (93,
95). Further support for a closed active site is provided by the fact that
reaction of lactoperoxidase with phenylhydrazine inactivates the enzyme (91,
96) concomitant with a spectroscopic alteration similar to that observed with
HRP (91). This suggests that phenylhydrazine, as with HRP (49), reacts with
the heme edge rather than the heme iron. Lactoperoxidase oxidizes benzyl-
methylsulfide and thioanisole slowly, and thiobenzamide more rapidly, to the
corresponding sulfoxides (70). It is not yet known whether these oxidations,
like those catalyzed by HRP (68, 69), proceed with incorporation of oxygen
from the peroxide. Sulfur oxidation by lactoperoxidase probably also involves
ferryl oxygen transfer and therefore must be reconciled, as discussed for
HRP, with evidence that the heme iron is not readily accessible to most
substrates. Lactoperoxidase is inactivated by hydrogen sulfide and the
thiocarbamides by mechanisms that involve sulfur oxidation, covalent bind-
ing of the agents to the enzyme, and heme modification, but the nature of the
heme reaction is unclear (97-99).

CHLOROPEROXIDASE, A PROTOTYPICAL
NONCLASSICAL PEROXIDASE

Chloroperoxidase, a nonclassical peroxidase from Caldariomyces fumago
with a cysteine (Cys-29) thiolate as the fifth heme ligand (100-103), is much
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poorer as a peroxidase than HRP (104, 105). The electron-rich thiolate ligand
may help cleave the peroxide oxygen-oxygen bond in the absence of some of
the assistance provided by polar active site residues in HRP, although there is
evidence for the involvement of a group of pK, 5.5, probably a histidine, in
chloroperoxidase catalysis (100, 106, 107). This group may play the same
role in chloroperoxidase as it does in horseradish and cytochrome c per-
oxidase. Inactivation of the enzyme by diethylpyrocarbonate, a histidine-
specific agent, and sequence comparison with CcP, suggest that His-38 may
be the residue in question (108). The catalytic intermediates involved in the
peroxidatic reactions appear to be an HRP-like ferryl/porphyrin radical cation
compound I and the usual ferryl compound II (100, 109-112). Like
myeloperoxidase, chloroperoxidase catalyzes the H,O,-dependent activation
of chloride ion to a chlorinating species. It is controversial whether the
chlorinating agent is an enzyme-bound (e. g. Fe-O-Cl) species or the catalyti-
cally generated hypochlorous acid (100, 101, 112). In the absence of chloride
ion, chloroperoxidase catalyzes monooxygenation reactions. These include
olefin epoxidation (62, 67, 113, 114) and thioether sulfoxidation (6870,
115, 116). The oxygen incorporated into the product in the epoxidation of
styrene (62) and the sulfoxidation of two thioanisoles (68) derives primarily or
exclusively from the peroxide. As expected for a P450-like ferryl oxygen
transfer, the epoxidation of trans-[1-2H]styrene proceeds with complete reten-
tion of the olefin stereochemistry (62). Furthermore, the sulfoxidations
catalyzed by chloroperoxidase are enantioselective (69, 116) even though
the chlorination reactions catalyzed by the same enzyme yield racemic prod-
ucts (107, 117-119). Further support for a P450-like rather than HRP-like
active site is provided by the fact that its reaction with phenylhydrazine
yields a phenyl-iron complex but not a 6-mesophenyl heme adduct (V. M.
Samokyszyn, P. R. Ortiz de Montellano, submitted). Chloroperoxidase,
like CcP, is therefore an anomalous peroxidase in that it catalyzes P450-like
monooxygenation reactions.

SUMMARY

The structures of the active sites of horseradish and cytochrome ¢ peroxidase,
prototypical peroxidases with an imidazole heme ligand, suggest that small
substrates are generally oxidized by peroxidases at the 8-meso edge of the
heme group. This inference is supported by experimental results on the
Coprinus macrorhizus peroxidase (52), manganese peroxidasc (51), lignin
peroxidase (50) and, less definitively, lactoperoxidase (90). Macromolecular
substrates, exemplified by the cytochrome ¢ peroxidase-cytochrome c interac-
tion, are likely to be oxidized at peroxidase surface sites bearing no specific
relationship to the d-meso heme edge. The second oxidation equivalent in the
two-electron Compound I states of the peroxidases is stored either as a



Annu. Rev. Pharmacol. Toxicol. 1992.32:89-107. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

102 ORTIZ DE MONTELLANO

porphyrin radical or as a protein radical, although some peroxidases have both
types of compound I. The factors that control the location of the second
oxidation equivalent remain unclear. Classical peroxidases do not generally
catalyze olefin epoxidation and other monooxygenations but do catalyze
sulfoxidation reactions. This is best rationalized by physical separation of the
substrate from the ferryl oxygen, possibly by a protein barrier, because results
with cytochrome ¢ peroxidase show that there is no inherent mechanistic
reason for the inability of peroxidases to epoxidize olefins. It is not yet clear
why the barrier to oxygen transfer reactions is circumvented during sulfur
oxidation reactions, although one possibility is that the relatively stable sulfur
cation radical that is initially formed disrupts the barrier. Chloroperoxidase,
the principal nonclassical hemoprotein peroxidase so far examined, has an
open active site that readily catalyzes P450-like monooxygenation reactions.
The active site of chloroperoxidase is a potentially useful model for that of
myeloperoxidase, but caution must be used in extrapolating from one to the
other because myeloperoxidase has a histidine rather than thiolate fifth heme
ligand and therefore is a classical rather than nonclassical peroxidase.
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