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Mössbauer and electron paramagnetic resonance studies of
chloroperoxidase following mechanism-based inactivation
with allylbenzene

(N-alkylheminsycytochrome P450yepoxidationythree-term modelyelectron paramagnetic resonance simulations)

PETER G. DEBRUNNER*, ANNETTE F. DEXTER†, CHARLES E. SCHULZ‡, YAO-MIN XIA*, AND LOWELL P. HAGER†§

Departments of *Physics and †Biochemistry, University of Illinois, Urbana, IL 61801; and ‡Department of Physics, Knox College, Galesburg, IL 61401

Contributed by Lowell P. Hager, September 4, 1996

ABSTRACT We have used Mössbauer and electron para-
magnetic resonance (EPR) spectroscopy to study a heme-N-
alkylated derivative of chloroperoxidase (CPO) prepared by
mechanism-based inactivation with allylbenzene and hydrogen
peroxide. The freshly prepared inactivated enzyme (‘‘green
CPO’’) displayed a nearly pure low-spin ferric EPR signal with
g5 1.94, 2.15, 2.31. TheMössbauer spectrum of the same species
recorded at 4.2 K showed magnetic hyperfine splittings, which
could be simulated in terms of a spin Hamiltonian with a
complete set of hyperfine parameters in the slow spin fluctuation
limit. The EPR spectrum of green CPO was simulated using a
three-term crystal field model including g-strain. The best-fit
parameters implied a very strong octahedral field in which the
three 2T2 levels of the (3d)5 configuration in green CPO were
lowest in energy, followed by a quartet. In native CPO, the 6A1
states follow the 2T2 ground state doublet. The alkene-mediated
inactivation of CPO is spontaneously reversible. Warming of a
sample of green CPO to 22&C for increasing times before freezing
revealed slow conversion of the novel EPR species to two further
spin S5 1⁄2 ferric species. One of these species displayed g5 1.82,
2.25, 2.60 indistinguishable from native CPO. By subtracting
spectral components due to native and green CPO, a third
species with g 5 1.86, 2.24, 2.50 could be generated. The EPR
spectrum of this ‘‘quasi-native CPO,’’ which appears at inter-
mediate times during the reactivation, was simulated using
best-fit parameters similar to those used for native CPO.

Chloroperoxidase (CPO) is an iron porphyrin (heme) peroxidase
secreted by the fungus Caldariomyces fumago, together with an
H2O2-generating system, for the synthesis of the chlorine-
containing antibiotic caldariomycin. Originally discovered in the
Hager laboratory on the basis of its chlorinating activity (1), CPO
has been found to possess an extremely broad range of oxidative
activities, making it probably the most versatile of the heme
peroxidases. An incomplete list of reactions catalyzed by CPO
includes classical heme peroxidase reactions [hydroperoxidase,
halogenation, and catalase activities (2, 3)], oxidation of alcohols
to aldehydes (4) and aldehydes to acids (5), hydroxylation (5, 6),
epoxidation (7–9), sulfoxidation (10, 11), and oxo-transfer to
arylamines (12–14). Themajority of these catalytic activities, with
the exception of the classical heme peroxidase reactions, are also
characteristic of the cytochrome P450 class of monooxygenases
(P450) (15), with which CPO shares common active site proper-
ties. The x-ray crystal structures of CPO (16) and P450cam (17)
reveal that both enzymes contain a cysteine thiolate ligand to the
active site heme. This proximal thiolate ligation in CPO is highly
unusual for a heme peroxidase. All other structurally character-
ized heme peroxidases contain histidine as the proximal ligand
(18), while the heme of catalase is ligated by a tyrosine (19, 20).
As a result of the possession of a common proximal ligand,

CPOandP450 share a range of spectral properties both with each

other andwith synthetic iron(III) porphyrins (hemins) containing
a thiolate ligand (21), including optical (22, 23), magnetic circular
dichroism (24–26), electron paramagnetic resonance (EPR) (27–
29), ENDOR (30), and Mössbauer (31, 32) properties. Interest-
ingly, even though CPO and P450 possess a similar active-site
structure and similar activities, the catalytic cycles of the two
enzymes are different. In P450, an enzyme-bound oxidant is
generated from dioxygen using reducing equivalents derived
ultimately from NADH or NADPH (Scheme I) (33).

During the catalytic cycle, one oxygen of molecular oxygen is
incorporated into the substrate by P450 (hence the term
monooxygenase), while the other is reduced to water. In CPO,
the native enzyme reacts with hydrogen peroxide (34) to
generate an oxoiron(IV) porphyrin cation radical species
known as compound I (35, 36). Compound I may then be
reduced to the ferric enzyme by a hydrogen donor, accompa-
nied by generation of water from the iron-bound oxygen, or
may incorporate oxygen into a substrate, as occurs during
epoxidation (37) and sulfoxidation (38). The nature of the
two-electron oxidized enzyme intermediate in P450 is not
known, although it may be similar to CPO compound I.
We have recently shown (8, 39) that CPO shares an additional

reactivity with microsomal P450 (40)—mechanism-based inacti-
vation as a side reaction during the epoxidation of terminal
alkenes. The product of alkene-mediated inactivation in both
CPO and P450 is a ‘‘green enzyme’’ species in which the active-
site heme has been modified by addition of the alkene skeleton
plus a single oxygen. For P450, it has been shown that the oxygen
incorporated into the modified heme is derived from molecular
oxygen, probably via the oxygen-derived oxidized form of P450.
The result suggests that P450 inactivation results from covalent
addition of the alkene to the oxidized enzyme intermediate.
Unfortunately, a physical characterization of intact ‘‘green P450’’
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§To whom reprint requests should be addressed.

Scheme I

12791



has not been possible to date, because of the difficulty of
obtaining the pure inactivated P450 in sufficient quantities. NMR
studies of demetallated porphyrins extracted from alkene-
inactivated P450 have shown them to be mono-N-(2-hydroxyal-
kyl)porphyrins (Structure 1), suggesting that the modified heme
may be a mono-N-alkylhemin (41, 42).

Optical studies of a modified porphyrin extracted from alkene-
inactivated CPO also indicate a mono-N-alkylporphyrin (39).
Structural studies of some model hemins which undergo a mech-
anism-based modification with alkenes also support this assign-
ment (43), and suggest that the intact N-alkylhemin contains a
five-membered chelate ring (Structure 2).
Surprisingly, alkene-inactivated green CPO [CPO species ob-

tained viamechanism-based inactivation with hydrogen peroxide
plus a terminal alkene (allylbenzene in this work)] converts on
standing to an active enzyme species with spectral properties
similar to native CPO (39). In parallel with this gain of activity,
the prosthetic group modification is lost, and the heme reverts to
heme b. Spontaneous dealkylation of model N-alkylhemins re-
lated to Structure 2 has been also reported (44–46), though no
mechanism has been proposed. In each case, the reaction
amounts to anN-dealkylation of themodified heme.Nucleophilic
dealkylation ofmodelN-alkylmetalloporphyrins has been studied
in some detail by Lavallee and others (47–52) and may serve as
a model for hemeN-dealkylation in CPO. The mechanism of this
reaction is under active investigation in the Hager laboratory.
In the current work, we have used EPR and Mössbauer

spectroscopy to study the electronic properties of the heme
iron in native CPO and in the CPO species generated by
inactivation with the terminal alkene allylbenzene. In addition,
we have employed EPR to follow the time course of CPO
reactivation following allylbenzene-mediated inactivation.

MATERIALS AND METHODS
Enzyme Purification. C. fumago (ATCC 16373) was grown in

fructose-salts medium without added yeast extract [100 g/liter
fructose (Sigma, 99%)y2 g/liter KH2PO4y2 g/liter NaNO3y1
g/liter MgSO4.7H2O] in aerated roller bottles. For preparation of
enzyme for EPR samples, the growth medium contained 0.02
gyliter FeSO4. For preparation of enzyme for Mössbauer sam-
ples, iron was supplied to the growth medium as a partially
dissolved suspension of 57Fe2O3 (.89 atom-%; Oak Ridge Na-
tional Laboratory). Solid 57Fe2O3 (50 mg) was stirred for several
days in a mixture of H3PO4 (85%; 5 ml) and HNO3 (98%, 2 ml).
Themagnetic stirrer bar was removed and 2.5 liters distilled water
was added. Fructose (300 g) and MgSO4.7H2O (3 g) were added
and dissolved by shaking. The solution was adjusted to pH 4.4 by
addition of solid KOH, and the volume brought to 3 liters. The
mediumwas sterilized by autoclaving and used for fungal culture.
C. fumago medium containing secreted CPO was harvested

when the enzyme concentration reached 0.5 gyliter. CPO was
isolated from the medium by precipitation with ethanol (50–
75% cut) at2208C. The enzyme used for EPR and Mössbauer

studies had a purity number (Rz, A400yA280) greater than 1.2.
CPO concentrations were determined using «398 5 91,200
M21zcm21 in 20 mM K1 acetate, pH 5.2. Activity was deter-
mined using the monochlorodimedon chlorination assay (53).
Electron Paramagnetic Resonance and Mössbauer Spectra.

EPR spectra were recorded at 4 K on a Bruker ER200 X-band
spectrometer equipped with an Oxford ESR 10 helium flow
cryostat. Field values were calibrated using a Bruker ER 35M
NMR Gaussmeter. Mössbauer spectra were recorded on fro-
zen solutions using a constant acceleration spectrometer in the
presence of a small (320 G) magnetic field parallel or perpen-
dicular to the gamma beam. The temperature was controlled
using a Janis Varitemp cryostat. Isomer shifts are quoted
relative to Fe metal at 300 K.
Native Enzyme Samples. For EPR studies of native CPO, an

aliquot of concentrated enzyme stock (2.0 mM, 0.4 ml) in 20
mMK1 acetate (pH 5.2) was frozen into a quartz tube in liquid
N2. For Mössbauer studies, an aliquot of 57Fe-labeled native
CPO (2.99 mM, 0.7 ml) in 20 mM K1 acetate (pH 5.2) was
frozen into a plastic cell in liquid N2. The Mössbauer sample
contained 120 mg 57Fe. After Mössbauer studies of the native
enzyme were complete, the 57Fe-labeled native CPO was
thawed and used to prepare allylbenzene-inactivated (green)
CPO. Freeze-thawing of CPO at millimolar concentrations
does not appear to have adverse effects on the enzyme activity.
Allylbenzene-Inactivated Enzyme Samples. For the prepara-

tion of EPR samples of green CPO, allylbenzene (Aldrich 30 mg,
250 mmol) was added to 20 mM K1 acetate, pH 5.2 (10 ml), at
48C and stirred vigorously to form an emulsion. CPO (42 mg, 1
mmol) was added and H2O2 addition (10 mlymin, 2 M) was
commenced via a syringe pump. Addition of H2O2 (500 mmol)
over 25 min resulted in complete loss of CPO chlorinating
activity, accompanied by a change in the enzyme color from
red-brown to bright green. CPO was held at 48C during the
inactivation and subsequent work-up (1–2 h), to slow the spon-
taneous enzyme reactivation. Studies of the reactivation of green
CPO at 48C indicated that the reaction is very slow at this
temperature (t1y2 ' 120 h). The reaction mixture was passed over
a 0.45 mm syringe filter and concentrated to 0.5 ml over a
Centriprep-30 concentrator (Amicon). The concentrated enzyme
sample (2.2 mM) was frozen into a quartz EPR tube in liquid N2.
Concentrations of alkene-inactivated CPO were estimated using
«419 5 75,000 M21zcm21 in 20 mM K1 acetate (pH 5.2).
The Mössbauer sample of green CPO was prepared simi-

larly, except that 57Fe-labeled native CPO, which had been
analyzed previously by Mössbauer, was used as the starting
material. The concentrated sample (2.80 mM, 0.7 ml) was
frozen into a plastic cell in liquid N2. After the completion of
Mössbauer studies of green CPO, the sample was thawed and
allowed to reactivate for 96 h at 48C in the sample cup to
generate a mixed sample containing green, quasi-native, and
native CPO. The sample was then refrozen in liquid N2 for
further analysis. The time period used approximates to one
reactivation half-life for green CPO at 48C and is equivalent to
a 10-h time point for reactivation at 228C.
Reactivation of Alkene-Inactivated CPO. The EPR time

course of spontaneous reactivation in allylbenzene-inactivated
CPO was followed on a single sample which was warmed to
228C in a quartz tube for defined time intervals, then refrozen
in liquid N2 for analysis. Measurements were made initially at
10- to 30-min intervals, then at increasing intervals up to a total
reactivation time of 355 h. An alternate procedure for observ-
ing CPO reactivation employed separate aliquots of CPO
withdrawn from a concentrated stock at different times during
reactivation at 258C, then frozen for EPR analysis. Samples
prepared using the latter procedure showed larger sample-to-
sample variations in the EPR signal intensity; however, the
reactivation profile was similar once the effects of temperature
on the reaction rate are taken into account.
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Generation of Component EPR Spectra. To obtain the
spectra of individual EPR species present during the reacti-
vation of allylbenzene-inactivated CPO, a digital subtraction
procedure was used, as follows. (i) Two separate EPR spectra
of green CPO recorded at 0 h reactivation time (defined as the
time of initial freezing) were summed to improve the signal-
to-noise ratio. This spectrum defined ‘‘green CPO’’ for the
EPR simulations and served as a basis spectrum for digital
subtractions. (ii) EPR spectra recorded at 3, 6, 12, 18, 36, and
63 h during reactivation were summed to improve the signal-
to-noise ratio. The EPR spectrum of green CPO defined in i
was subtracted from this composite EPR spectrum, using a
suitable scaling factor, to yield the mixed EPR spectrum of the
remaining two low-spin species. (iii) The EPR of reactivating
CPO recorded at 195 h was subtracted from the mixed
spectrum defined in ii to obtain the EPR of the minor
component present at 3–63 h. This spectrum defined quasi-
native CPO for the EPR simulations. (iv) The EPR spectrum
of quasi-native CPO obtained in iii was back-subtracted from
the EPR spectrum recorded at 195 h. The resulting spectrum
defined ‘‘native CPO’’ for the EPR simulations.
Spectral Simulations. The hyperfine interactions observed

in the low temperature Mössbauer spectra were analyzed in
terms of the spin S 5 1⁄2 Hamiltonian:

H̃ 5 mBSY zg̃zBY 1 SY zÃzIY 1
eQVz#z#
12

3 F3Iz#2 2
15
4

1 h~Ix#
2 2 Iy#

2!G , [1]

where SY and IY are the electron and nuclear spin operators, BY
is the magnetic field, mB is the electronic Bohr magneton, Vij
represents the negative of the electric field gradient, g̃ is the
g-tensor known from EPR studies, and Ã is the magnetic
hyperfine tensor, which was taken to have the same principal
axes as g̃. The last term in Eq. 1 represents the electric
quadrupole interaction, with principal axes, x#, y#, and z#, which
may be rotated relative to those of g̃ and Ã by Euler angles a,
b, and g (54). The asymmetry parameter h is given by:

h 5
Vx#x# 2 Vy#y#
Vz#z#

, [2]

and ranges between 0 and 1 in a ‘‘proper’’ principal axis frame
defined by Vz#z# . Vy#y# . Vx#x#. The quadrupole splitting
DEQ observed in the absence of magnetic interactions is

DEQ 5
eQVz#z#
2 Î1 1

h2

3
. [3]

The Mössbauer spectra were fitted by an iteration program
based on an earlier simulation routine (55). The Griffith model
for a single hole in the (t2g)5 manifold, as extended by Lang (56)
has been used in the interpretation of the spin Hamiltonian
parameters.
TheEPR simulations, on the other hand, were based on amore

sophisticated three-term crystal field model, which allows admix-
ture of sextet, quartet, and doublet states in a crystal field having
an octahedral component 10Dq, second rank and fourth rank
axial componentsV2 andV4, and a rhombic componentR (57, 58).
The electron-electron interactions of the (3d)5 configuration are
given in terms of the Racah parameters B5 1015 cm21 and C5
4800 cm21, while the spin-orbit coupling has its free ion value, z
5 430 cm21. To fit the EPR lineshape, the model assumes an
isotropic Gaussian linewidthH0, and allows for inhomogeneity of
the heme environment (g-strain) by assigning Gaussian distribu-
tions of width sQ, sV, and sR to 10Dq, V2, and R, respectively.
Elsewhere in the literature, the terms m and D are used for the
axial and rhombic crystal field splittings, respectively (59). The
EPR simulation procedure is described in more detail in Results
and Discussion.

RESULTS AND DISCUSSION
When CPO is treated with hydrogen peroxide in the presence of
allylbenzene, the red-brown native CPO (Fig. 1 Left) is observed
to convert to a green enzyme species (Fig. 1 Center). We have
previously shown that the green CPO obtained in this reaction is
completely inactive, having neither chlorinating nor epoxidizing
activity (39). However, on standing, the enzymatic activity is
spontaneously regained with a half-life of 6 h at 258C, and
eventually reaches a level greater than 80%of that of native CPO.
During the same period, the color of the novel species is replaced
by that of native CPO (Fig. 1 Right). The color changes observed
are suggestive of chemical changes in the prosthetic hemeofCPO,
and mass spectrometric studies confirm this, showing that the
heme of green CPO has been modified by the addition of the
alkene plus a single oxygen. In the reactivated enzyme, this
modification has again been lost, and only native heme b is
present. CPO can be passed through several cycles of inactivation
and reactivation of this kind, suggesting that no permanent
modification is retained in the active site on reactivation.
In the present work, we have followed the process of green

CPO reactivation using EPR spectroscopy. Fig. 2 shows the EPR
of green CPO frozen immediately after inactivation with allyl-
benzene (top trace), then at incrementally longer times up to
195 h during reactivation at 228C (lower traces). Freshly prepared
green CPO is seen to have a novel, rather pure low-spin signal
with g-tensor 1.94, 2.15, 2.31. The spread in g-values is consid-
erably smaller than that of native CPO (g 5 1.82, 2.25, 2.60, this
work; g5 1.84, 2.26, 2.61, ref. 30, indicating a smaller contribution
of orbital angular momentum to the spin-only value of g0 5 2 in
green CPO than in native CPO. EPR spectra similar to that of
green CPO have been reported for substrate-free P450 (g5 1.91,
2.26, 2.45) (60) as well as for complexes of CPO and P450 with
exogenous thiolate ligands (29).A similar g-tensor (g5 1.94, 2.14,
2.38) has also been reported for the pyridine complex of a model
N-alkylhemin related to Structure 2 (43).
In spectra recorded at longer times after inactivation, the EPR

signal of green CPO decreases in intensity and another low-spin
signal appears with g 5 1.82, 2.25, 2.60 (Fig. 2). This signal is
indistinguishable from that of untreated native CPO recorded by
us. The appearance of the g5 1.82, 2.25, 2.60 species parallels the
increase in activity in greenCPO, suggesting that this is themajor,
or sole, species responsible for enzyme activity. In the remaining
discussion, we therefore refer to the species with this g-tensor as
‘‘native CPO.’’ We refer to CPO which has not been exposed to
allylbenzene as ‘‘untreated native CPO.’’
At intermediate times during green CPO reactivation, a third

low-spin species with g5 1.86, 2.24, 2.50 is also observed in small
amounts (Fig. 2). The EPR signal of this species is similar to that
of native CPO, and we have thus designated this species ‘‘quasi-
native CPO.’’ The EPR signal of quasi-native CPO increases in
parallel with that of native CPO during the early period of
reactivation (,18 h) but decreases very slowly thereafter. This
behavior is similar to the kinetic behavior which would be
expected of an intermediate in the conversion of green CPO to
native CPO. However, the profile of appearance of quasi-native
CPO indicates that it cannot be an obligate intermediate in

FIG. 1. Visual changes in CPO on inactivation with allylbenzene.
Native untreated CPO (Left), allylbenzene-inactivated CPO immedi-
ately following preparation (Center), and allylbenzene-inactivated
CPO after standing for 65 h at 258C (Right).
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reactivation, as the intensity of its EPR signal is never higher than
that of nativeCPO. It is possible that quasi-nativeCPO represents
an intermediate in a second pathway leading either from green to
native CPO, or from green CPO to another final product. A
possible heme structure for this species is discussed below.
In addition to the low-spin signals seen in Fig. 2, the EPR

samples also contained aminority high-spin fraction (not shown).
In native CPO, the high-spin ferric component was minimal and
homogeneous, while in freshly inactivated green CPO, two dif-
ferent high-spin components were observed.During the course of
green CPO reactivation, the high-spin fraction increased and
becamemore inhomogeneous. In addition to g-values near 8 from
S5 5y2 heme ironwith rhombic zero-field splitting, g-valueswere
also observed close to 6, corresponding to heme with an axial
zero-field splitting. The latter presumably arises from denatured
CPO present in the frozen sample andmay represent free hemin.
Although CPO is unusually thermostable for a protein not
obtained from a thermophilic organism, the long time period
(.200 h at 228C) required for complete restoration of enzyme
activity means that some thermal denaturation is inevitable at
later time points. Between 195 and 355 h at 228C, we observed
significant evidence of denaturation in the enzyme sample. The
355-h time point was therefore excluded from the EPR analysis,
and the reactivation was halted at this point.
To obtain EPR spectra of the individual low-spin components

present during green CPO reactivation, we applied a digital
subtraction procedure to the mixed EPR spectra obtained at
different time points. Fig. 3 shows (from the top) the component
spectra of green, quasi-native, and native CPO generated from
the data in Fig. 2 by the subtraction procedure described in
Materials and Methods. For comparison, the EPR spectra of
freshly prepared green CPO (Fig. 3 Top) and untreated native
CPO (Fig. 3 Bottom) are shown on an expanded scale in Fig. 4.
The solid lines superimposed on the data in Figs. 3 and 4 are
spectral simulations that are discussed below.
To obtain a more detailed understanding of the electronic

structure of the heme iron in the three low-spin species (green,
quasi-native, and native CPO) present during reactivation of
green CPO, we have carried out simulations of the EPR spectra.
The simulations employ a three-term crystal field model after
Ristau (61), who developed it to fit the g-tensors of P450. The

Ristau model is in turn an expansion of the one-term crystal field
model of Griffith (62), which has traditionally been used to
interpret the g-tensors of low-spin ferric iron.
The Griffith model of low-spin ferric iron assumes that the

splitting, 10Dq, due to the octahedral crystal field is so large that
the five 3d electrons occupy exclusively the t2g orbitals, leaving a
single hole in the t2g subshell. The three-fold orbital degeneracy
of this t2g hole is lifted by spin-orbit coupling, as well as by axial
and rhombic crystal field components given by V and R, respec-
tively. In addition to the two-dimensionless crystal field param-
eters Vyz and Ryz, an orbital reduction factor k # 1 is typically
added as a third parameter to be adjusted in the simulations. This
three-parameter Griffith model has been quite successful in
explaining the g-values of most low-spin ferric hemes. It has been
found, however, that values of k greater than 1 are needed to
match the g-values of P450 and quite generally for heme com-

FIG. 2. Selected EPR spectra of allylbenzene-inactivated CPO
during spontaneous reactivation at 228C. Spectra were recorded on a
single sample at (from top) 0, 6, 12, 36, 106, and 195 h cumulative
reactivation times, where 0 h is the time of initial freezing after
work-up at 48C. EPR spectra have been adjusted to a constant
integrated area. Experimental conditions: T 5 4 K, microwave power
20 nW, 100 kHz modulation of 10 G amplitude, frequency 9.443 GHz,
sweep rate 4 Gys. At intermediate times during the reactivation, three
S 5 1⁄2 ferric species can be observed.

FIG. 3. Simulated EPR spectra (solid lines) of green (Top), quasi-
native (Middle), and native (Bottom) ferric CPO, overlaid on the
individual component spectra (symbols). The EPR spectra for quasi-
native and native CPO were constructed by the digital subtraction of
spectra recorded at different times during reactivation of green CPO
(Fig. 2). The simulations are based on the parameters in Table 1.

FIG. 4. SimulatedEPR spectra (solid lines) of green (Upper) and native
(Lower) ferric CPO, overlaid on the measured EPR spectra of freshly
prepared green CPO and untreated ferric CPO (symbols). The spectrum
of green CPO is shown on an expanded scale (top axis) to illustrate the
quality of the fit. Experimental conditions are as given for Fig. 2.
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pounds with thiolate as an axial ligand (for examples, see ref. 63).
As shown byGriffith (64), values of k greater than 1 can arise from
quartet admixtures to the doublet state. In these cases, a model
accommodating admixtures of other spin states is appropriate.
The three-term model employed in our simulations includes

quartet and sextet as well as doublet states. In the simulation
procedure, the crystal field components are adjusted to produce
a ground multiplet of the appropriate spin, in the present case a
doublet, and the desired g-tensor. Themodel hasmany adjustable
parameters, and the uniqueness of a solution is thus difficult to
ascertain. It may be recalled from the Griffith model, which
employs only the 2T2 subset of the states used here, that is
uniquely determined by the ratios Syz and Ryz, and vice versa,
hence all energies are given in terms of the spin-orbit coupling,
z. Similar relations are also expected for the three-term model,
but the additional energy scale defined by the Racah electron–
electron interaction parameters B and C complicates the situa-
tion. In our experience with the three-termmodel, the adjustable
crystal field parameters are exquisitely sensitive to the exact
values of gx, gy, and gz. Since low-spin EPR signals have broad
lines, it may be difficult to determine experimental g-values with
adequate precision without using a fitting routine. Here again our
version of the three-termmodel is useful, as it allows fitting of the
line shape, as well as the g-values, in a physically meaningful
fashion. The model incorporates the concept of g-strain by
permitting Gaussian distributions of width sQ, sV, and sR about
the means of the crystal field parameters 10Dq, V2, and R,
respectively. The g-strain accounts for the slightly different con-
formations thatmay exist at the heme iron for differentmolecules
in a frozen sample, meaning that each molecule has a slightly
different crystal field and consequently, a different g-tensor. The
model also employs an isotropic intrinsic line widthH0 to account
for unresolved hyperfine structure. Not surprisingly, sQ, sV, and
sR have distinctly different effects on the lineshape.
In the absence of single crystal EPR data on native and green

CPO, the principal axis system of the second rank tensor g2 is not
known.Barring contradictory evidence, we have assumed that the
largest component is observed along the heme normal. All
existing single crystal EPR data of low-spin hemes to date suggest
that the largest component, gz2, is observed within 10–158 of the
heme normal. In contrast, the orientation of the minimal value,
gx2, in or near the heme plane is not obvious. The orientation
of gx2 is not determined by the direction to the pyrrole nitrogens,
which are equivalent in four-fold symmetry, but by thep-bonding
capacity of the axial ligand(s), or by other deviations from
four-fold symmetry about the heme normal. For native CPO,
p-bonding to the lone pairs of the cysteine thiolate ligand is
expected to determine the directions of gx2 and gy2, whereas for
green CPO the direction to the single alkylated pyrrole nitrogen
is likely to be a competing factor. In our version of the three-term
model, all crystal field terms use the same coordinate system, so
x, y, z represent the principal axes of g2 as well. Accordingly, the
t2g single-electron states dxy, dyz, and dxz are defined relative to g2
or the crystal field, but not relative to the Fe-Npyr directions.
Having discussed the caveats in the use of the three-termmodel,

we now turn to the results obtained. Fig. 3 shows the simulated
EPR spectra obtained for green, quasi-native, and native CPO
(solid lines) superimposed on the individual component spectra
obtained by subtraction. In Fig. 4, an expanded scale is used to
better show the fit of the EPR simulations to the directly recorded
spectra of green CPO and untreated native CPO. Within the
limitations of the signal-to-noise ratio for the data, the model
clearly fits the measured spectra well, accounting both for the
g-values and the lineshape. Further, the EPR simulation for native
CPO, which was based on the component spectrum obtained by
subtraction of the data in Fig. 2, clearly fits well to the EPR
spectrum of native CPO which has not been exposed to allylben-
zene, suggesting that the ‘‘two native species’’ may indeed be
identical. The best-fit parameters used to generate the spectra are
given in Table 1. The lower-lying spin states of green, quasi-native,

and native CPO are shown in Fig. 5, with the higher states of
green CPO, in particular, omitted for clarity. On the basis of the
fit, nativeCPOhas an admixed ground-state doublet that is 98.0%
2T2, 1.5% 4T1, and 0.5% 6A1, with 95% of the unpaired spin being
in the dyz orbital. This ground doublet of native CPO (shown as
the lowest-lying 2T2 level) is followed by the sextet centered'890
cm21 higher, while the other two members of the 2T2 orbital
triplet are substantially higher in energy at '1520 cm21 and
'2640 cm21. Green CPO, in contrast, has a 100% pure 2T2
ground manifold followed by the almost pure quartet states (not
shown), with the sextet statemuch higher in energy. Further, 99%
of the unpaired spin is in the dyz orbital. Finally, quasi-native CPO
has the sextet at an average energy of '2150 cm21, between the
two lower doublets and the third, higher doublet. Both the quartet
and the sextet admixture (1.1% and 0.1%, respectively) in the
ground doublet of quasi-native CPO are smaller than in native
CPO. As shown in Table 1, green CPO has the smallest orbital
reduction factor, k5 0.90, compared with k5 0.91 and k5 0.92
for quasi-native and native CPO, respectively. These values
suggest decreasing covalency for green, quasi-native and native
CPO, as expected from the strong-field character (large 10Dq,
pure 2T2 ground state) of greenCPOand the ligand configuration
implied by the Structure 2.
Based on the EPR data and some chemical reasoning, we can

offer some speculation regarding the identity of quasi-native CPO.
TheStructure 2proposed for the hemeof greenCPOcontains two
hememodifications relative to nativeCPO: (i) an alkylated pyrrole
nitrogen, and (ii) an axial alkoxide ligand. The native CPO species
observed in the EPR appears to have lost both these heme
modifications, as it possesses not only entirely native spectral
properties, but catalytic activity at a level close to that of untreated
native enzyme. It is reasonable to propose that quasi-native CPO
has lost only one of the hememodifications present in green CPO,
giving rise to a spectrally distinct, but native-like, enzyme species.
If we accept this proposal, two formulations are possible for the

FIG. 5. Spin state energies (6A1, 4T1, and 2T2) obtained for green,
quasi-native, and native CPO from the EPR simulations of Figs. 3 and
4, using the three-term crystal field model described in the text. Only
the lower-lying states are shown. In the simulations, the Racah
parameters B 5 1015 cm21 and C 5 4800 cm21 and the spin-orbit
coupling constant z 5 430 cm21 were kept fixed, while all other
parameters were allowed to vary. For quasi-native and native CPO, the
lowest-lying 2T2 states contain admixtures of the higher-lying quartet
(4T1) and sextet (6A1) states. The lowest-lying state of green CPO is
a pure doublet (2T2).

Table 1. Parameters used to simulate the EPR spectra in
Figs. 3 and 4

Parameters Green CPO
Quasi-native

CPO
Native
CPO

k 0.90 0.91 0.92
10Dq (sQ) (cm21) 61,160 (5080) 36,330 (640) 35,540 (71)
V2 (s2) (cm21) 264 (0.0) 209 (0.0) 200 (0.1)
V4 (cm21) 294 263 260
R (sR) (cm21) 425 (5) 286 (10) 243 (8)
H0 (G) 6.0 5.1 5.5
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heme of quasi-native CPO: (i) a mono-N-alkylhemin lacking an
alkoxide as the sixth ligand (Structure 3), and (ii) an alkoxide-
ligated hemin with no pyrrole N-alkyl group (Structure 4). For
Structure 3, the six-coordination of the heme iron implied by the
low-spin EPR spectrum should be a result of ligation of water or
hydroxide in the frozen enzyme, as occurs in native CPO (30). In
Structure 4, the alkene-derived carbon skeleton must presumably
be tethered to the protein part of CPO, given that the kinetics of
its disappearance are slow.Wehave chosen to formulate Structure
4 as an alkoxide, rather than as a ligated neutral alcohol, given that
the octahedral crystal field splitting in quasi-native CPO, as
determined from the EPR simulations, is rather stronger than the
crystal field splitting in water-ligated native CPO.
As is evident from the EPR simulations, the combination of

pyrrole N-alkylation and an axial alkoxide generates a very
strong octahedral crystal field splitting in green CPO. In the
absence of EPR data on model hemins possessing only one of
these modifications, it is not possible to dissect the contribu-
tions of the two different heme modifications to the EPR
properties of green CPO. As a consequence, we cannot directly
discriminate between Structures 3 and 4 for quasi-native CPO.
Nevertheless, the EPR spectrum of quasi-native CPO resem-
bles those of imidazole adducts of native CPO, where no heme
N-alkylation is present (29), and appears to be generally
consistent with the binding of a stronger-field ligand than
water to heme b of CPO, leading us to favor Structure 4 for the
structure of the quasi-native CPO active site.
The proposal of Structure 4 for quasi-native CPO also has a

mechanistic rationale. It is known from studies on the nucleo-
philic dealkylation mono-N-alkylmetalloporphyrins (where
metalÞ Fe), that pyrrole N-dealkylation can be effected by even
weak nucleophiles, depending on the identity of themetal and the
alkyl group (47–52). Generation of Structure 4 from the metal-
lacycle 2 would amount toN-dealkylation of green CPO heme by
a nearby protein nucleophile. One candidate for such a reaction
might be the distal glutamate residue recently identified in the
x-ray crystal structure of CPO (16). Stinson and Hambright (52)
have shown that even a nucleophile as weak as chloride ion can
effect intramolecular pyrrole N-dealkylation in an appropriate
model system. If the distal glutamate of CPO were able to serve

as a nucleophile for pyrrole N-dealkylation of green CPO, the
alkene-derived organic moiety would then be bound to the
protein as the monoester of a diol. Slow hydrolysis of this species
could then result in the generation of native CPO from green
CPO by a second pathway. We are continuing the investigate the
structure and reactivity of quasi-native CPO in the hope of
clarifying its relation to both green and native CPO.
Quite generally, the picture that emerges from the EPR simu-

lations is that different spin states may be interspersed on the
energy scale and that all states mix to some extent, depending on
the crystal field parameters. It is further clear that the crystal field
components should be strong functions of interatomic distance,
and thus should couple strongly to the vibrational modes of the
heme–protein complex. In a more detailed model, the vibronic
coupling between different spin manifolds should also be consid-
ered, as was done in the case of mixed quartetysextet states by
Bominaar and Block (65). For native CPO in particular, vibronic
coupling between the ground 2T2 doublet and the excited sextet
predicted near 890 cm21 might explain the unusual temperature
dependence of the low-spin quadrupole coupling first noted by
Champion et al. (31).CPO, likeP450, shows a low-spin to high-spin
transition with increasing temperature, as is also observed in

FIG. 6. Mössbauer spectra of native CPO recorded at 4.2 K in the
presence of a field of 320 G applied parallel (Upper) and perpendicular
(Lower) to the g beam. An admixture of high-spin CPO amounting to
3% of the spectral area has been subtracted to remove extraneous
peaks at uvu . 5 mmys. The subtracted Mössbauer spectra (error bars)
are overlaid on simulations (solid lines) based on Eq. 1 using the
parameters of Table 2.

FIG. 7. Mössbauer spectra of allylbenzene-inactivated (green)
CPO at 4.2 K recorded in the presence of a field of 320 G applied
parallel (Upper) and perpendicular (Lower) to the g beam. A high-spin
admixture amounting to 10% of the spectral area has been subtracted
to remove extraneous peaks at uvu . 4.5 mmys. In accordance with the
EPR data, the correction consisted of 7% rhombic (g ' 8) and 3%
axial (g ' 6) heme iron, and was modeled using the parameters of
Champion et al. (31). The subtracted Mössbauer spectra (error bars)
are overlaid on simulations (solid lines) based on Equation 1 using the
parameters of Table 2.

Table 2. Parameters used to simulate the Mössbauer spectra in
Figs. 6 and 7

Parameters Green CPO Native CPO

g̃ (1.94, 2.15, 2.31) (1.82, 2.25, 2.60)
ÃygNzbN (T) (247.7, 11.9, 1.1) (244.6, 7.8, 27.4)
DEQ (mmys) 21.81 23.01
h 0.47 0.46
a, b, g* (0, 90, 90) (0, 84.7, 90)
G (mmys)† 0.37 0.39
dFe (mmys)‡§ 0.28 0.29

*Euler angles (in degrees) to rotate from the principal axes of g̃ (and
Ã) to the principal axes of the quadrupole interactions.
†Lorentzian linewidth (full width at half maximum height).
‡Measured at 4.2 K.
§Calculated relative to metallic Fe at 300 K.
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model systems (66). The spin equilibrium for CPO is evident from
optical absorption studies, which show coexisting Soret peaks from
high- and low-spin heme (67), as well as from the temperature
dependence of theMössbauer spectra (31). The two experimental
observations, the temperature dependence of the high-spinylow-
spin equilibrium in CPO and that of the quadrupole splitting, are
presumably related, but no quantitative explanation has yet been
given. Whether or not the spin transition involves ligand dissoci-
ation, the prediction, via a crystal field model, of a thermally
accessible sextet is certainly relevant in this context.
In addition to the EPR studies discussed above, we have also

recorded the Mössbauer spectra of CPO before and after inac-
tivation with allylbenzene, as well as Mössbauer spectra of
partially reactivated CPO. Fig. 6 shows Mössbauer spectra of
57Fe-enriched native CPO recorded at 4.2 K in the presence of a
weak magnetic field applied parallel (Fig. 6 Upper) and perpen-
dicular (Fig. 6 Lower) to the g beam. As the raw spectra (not
shown) displayed lines beyond 65 mmys due to the presence of
high-spin iron species, we used previously published Mössbauer
parameters (31) to simulate the corresponding spectra, and
subtracted these from the recorded spectra at an intensity level of
3% to obtain the pure low-spin spectrum. The corrected spectra
are shown in Fig. 6 as vertical error bars. The solid lines
superimposed on the data represent simulations of the spectra
(based on the spin Hamiltonian described in the Materials and
Methods) using the parameters of Table 2.
Mössbauer studies of green CPO (prepared from the previ-

ously studied native enzyme) yielded the spectra shown in Fig. 7.
In the green CPO sample, extraneous high-spin lines accounted
for 10% of the total area. Appropriate spectral components were
thus simulated and subtracted as described in the figure caption.
Vertical error bars show the corrected experimental spectra,
while the solid lines are the results of the simulation procedure.
Fig. 8 shows the Mössbauer spectra of allylbenzene-

inactivated CPO following reactivation for 96 h at 48C. This
partial reactivation was undertaken to generate a mixed sam-
ple of green, quasi-native, and native CPO. The time point is
approximately equivalent to reactivation for 10 h at 228C. No
subtraction of high-spin ferric components has been applied to
these spectra, and bands beyond 65 mmys are clearly visible.
In contrast to the EPR data, it was not possible to generate
Mössbauer spectra of individual components present during

reactivation by a subtraction procedure. Hence no simulation
of the Mössbauer of quasi-native CPO has been carried out.
The continuous absorption bands seen in Figs. 6–8 between

65 mmys, and their dependence on the direction of the
external field, are typical of the large magnetic and electric
hyperfine interactions of low-spin ferric hemes at low temper-
atures. At higher temperatures, the magnetic interaction grad-
ually averages out because of an increase in spin fluctuation
rates, and broadened quadrupole doublets emerge. At tem-
peratures up to 20 K for native CPO and to 50 K for green
CPO, the spectra were indistinguishable from the spectra
recorded at 4.2 K. The spin fluctuation rate at these temper-
atures is thus clearly small enough to allow description of the
spectra in the static limit of the spin Hamiltonian (Eq. 1).
To ensure convergence to a consistent solution of Eq. 1,

Mössbauer spectra taken in parallel and perpendicular fields
were fitted simultaneously, and the resulting parameter set is
listed in Table 2. As seen in Figs. 6 and 7, the final simulations
for both green and native CPO match the data quite well. The
question then arises as to what the fit parameters (Table 2)
mean in terms of the electronic structure of the active site
heme iron in the two enzyme species. Both complexes have
DEQ less than zero, meaning that Vz#z#, the component of largest
magnitude, is negative. The rotation of the quadrupole tensor
with Euler angles b 5 g 5 908 for green CPO is a mere
permutation of axes, placing Vz#z# along x, Vy#y# along z, and Vx#x#
along y. For native CPO with b ' 858 , 908, the rotation
approximates the same axis permutation, but Vz#z# and Vy#y# are
slightly rotated from the x and z axes, respectively.
For the interpretation of the Mössbauer parameters in terms

of electronic structure, we compare the experimental spin Ham-
iltonian parameters with the predictions of the standard crystal
field model. As shown by the three-termmodel, the admixture of
higher spin states amounts to less than 2% even for native CPO,
and the simplerGriffithmodel of a t2g-hole should therefore serve
as an adequate approximation. Neglecting quartet and sextet
admixtures, the wavefunction of native CPO has 97% dyz char-
acter, and if we ignore electron delocalization by setting the
orbital reduction factor k equal to one, theGriffithmodel predicts
an A-tensor of ÃygNmN 5 P [20.742, 0.159, 0.481]. Here, P is an
overall scale factor proportional to ^r23& of the unpaired spin that
has an upper limit of P5 64 T for the most ionic iron complexes,
but decreases with increasing covalency. For native CPO, the best
match of empirical and predicted A-values is obtained for P5 59
T, amounting to an 8% reduction. The predicted A-tensor is then
(243.7, 9.4, 28.3) T, which matches the larger and well-defined
componentsAx andAzwithin 3%, and the smallest one,Ay, which
has the largest uncertainly, within 20%. All in all, the crystal field
model in the approximation stated here thus matches the mea-
sured A-tensor of native CPO quite well. The same model
predicts a valence contribution to the electric quadrupole inter-
action of eQy2(Vx,x,Vy,y,Vz,z) 5 R (20.956, 0.465, 0.491), where x,
y, and z are the principal axes of g̃, and R is an overall scale factor
proportional to ^r23& of the five 3d electrons. Obviously, the
predicted tensor has almost axial symmetry about the x-axis, as
expected for a dyz hole. Substituting the accepted value of R 5 3
mmys, we find (22.88, 1.40, 1.47) mmys as compared with the
measured (22.91, 0.79, 2.12) mmys. Here, we approximated the
Euler angle b 5 84.78 by 908 to allow the principal axes of Vij to
align with those of and hence of the crystal field. Agreement
between the measured quadrupole tensor and the crystal-field
prediction can be obtained, however, if the bonding dp orbitals
are allowed to delocalize by 8% while the nonbonding dxy orbital
remains localized. Given the dyz character of the unpaired elec-
tron, an 8% delocalization of the dp orbitals is almost equivalent
to the 8% reduction of themagnetic hyperfine scale factor P used
above to bring the experimental A-tensor in line with the pre-
diction. In summary then, the crystal-field model provides an
adequate explanation for the magnetic and electric properties of

FIG. 8. Mössbauer spectrum of partially reactivated allylbenzene-
inactivated CPO at 4.2 K in the presence of a field of 320 G applied
parallel (Upper) and perpendicular (Lower) to the g beam. The
Mössbauer sample of green CPO was reactivated for 96 h at 48C to
generate a sample containing green, quasi-native, and native CPO,
then refrozen. No simulations are shown.
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the heme iron in native CPO if is account is taken of the
delocalization of the bonding dp orbitals.
Adopting the Griffith approximation of the crystal field model

for green CPO as well, we find the ground doublet has 98.7% dyz
character—i.e., less dxz and dxy admixture than in nativeCPO. The
model predicts anA-tensor of ÃygNmN5P [20.815, 0.057, 0.218].
To obtain the best match to the experimental values, we need to
set P5 55.6 T, which means a 13% reduction from the standard
value of 64 T and implies a greater covalency in green CPO heme
than in native CPO. Using this reduced value of P, the model
predicts ÃygN mN 5 (245.3, 3.2, 10.1) T. Interestingly, the match
with the experimental values is much better if the y and z
components are interchanged. However, such a change is not
consistent with the crystal field model adopted here. Acceptable
fits could be obtained with ÃygNmN 5 (247.9, 4.3, 7.2) T, which
is closer to the model predictions, but the mean-square deviation
was then 15% greater than for the fits shown in Fig. 7. We have
therefore retained the parameters of Table 2, and attribute the
discrepancy to the oversimplification of the model.
The Griffith model, finally, predicts valence contributions to

the quadrupole tensor in green CPO of R (20.982, 0.488,
0.495), which are on average 3% larger than those predicted
for native CPO, as expected for a dyz hole containing even less
dxy and dxz admixture. As is evident from Table 2, native and
green CPO have the same asymmetry h of the quadrupole
tensors, and all the Vij values differ simply by a factor 1.67, with
those of green CPO being smaller. The differences between
the model prediction and the fitted values is therefore larger
for green CPO than for native CPO, unless the overall scaling
constant R is reduced by the same factor 1.67. The greater
delocalization of the unpaired electron in green CPO is evident
from the smaller orbital reduction factor listed in Table 1 and
from the 13% reduction in the scale factor P of the magnetic
hyperfine tensor mentioned above. Nevertheless, a decrease of
^r23& for all 3d electrons by a factor of 1.67 appears unrea-
sonable. Again, it should be recalled that in calculating the
quadrupole tensor form the crystal field model, we ignored the
differences in delocalization of the various t2g orbitals, as well
as the lattice contribution, which together may account for the
apparent discrepancy. The alkylation of one of the pyrrole
nitrogens according to Structure 2 breaks the four-fold sym-
metry of the heme, and hence orbitals other than the t2g set
may be involved in iron bonding to the pyrrole nitrogens. It is
interesting to speculate what lattice contribution to the qua-
drupole tensor might result from these structural changes. If
we attempt to model the redistribution of charge in the
porphyrin plane in terms of fractional point charges on the
four pyrrole nitrogens, the single alkylated pyrrole nitrogen is
expected to carry a less negative charge than in native CPO,
and the remaining negative charge will be shared by the other
three pyrrole nitrogens. While the lattice contribution to the
quadrupole interaction is too small to account for the discrep-
ancy between experiment and prediction, it possesses at least
the correct symmetry, if the Fe-NpyrR vector defines the
x-direction. ENDOR studies of green CPO are currently in
progress and may be hoped to clarify this picture.

CONCLUSION
Simulations of the EPR spectrum of green CPO obtained by
mechanism-based inactivation of native CPO with allylbenzene
show this species to have a very strong octahedral crystal field
splitting. The result is consistent with an assignment of the
structure as a six-coordinate N-alkylhemin metallacycle. Frozen
native CPO, which has water ligated to the heme iron, has amuch
weaker octahedral crystal field splitting, as does the quasi-native
CPO present during spontaneous reactivation of the alkene-
inactivated enzyme.
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