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ABSTRACT: Versatile peroxidase (VP) fromBjerkandera adustais a structural hybrid between lignin (LiP)
and manganese (MnP) peroxidase. This hybrid combines the catalytic properties of the two above
peroxidases, being able to oxidize typical LiP and MnP substrates. The catalytic mechanism is that of
classical peroxidases, where the substrate oxidation is carried out by a two-electron multistep reaction at
the expense of hydrogen peroxide. Elucidation of the structures of intermediates in this process is crucial
for understanding the mechanism of substrate oxidation. In this work, the reaction of H2O2 with the enzyme
in the absence of substrate has been investigated with electron paramagnetic resonance (EPR) spectroscopy.
The results reveal an EPR signal with partially resolved hyperfine structure typical of an organic radical.
The yield of this radical is∼30%. Progressive microwave power saturation measurements indicate that
the radical is weakly coupled to a paramagnetic metal ion, suggesting an amino acid radical in moderate
distance from the ferryl heme. A tryptophan radical was identified as a protein-based radical formed
during the catalytic mechanism of VP fromBjerkandera adustathrough X-band and high-field EPR
measurements at 94 GHz, aided by computer simulations for both frequency bands. A close analysis of
the theoretical model of the VP fromBjerkanderasp. shows the presence of a tryptophan residue near to
the heme prosthetic group, which is solvent-exposed as in the case of LiP and other VPs. The catalytic
role of this residue in a long-range electron-transfer pathway is discussed.

The extracellular enzymatic system from white rot fungi,
which is involved in lignin degradation, consists mainly of
oxidative enzymes: laccase, lignin peroxidase (LiP),1 and
manganese peroxidase (MnP) (1). However, active lignin-
degrading strains ofPleurotus eryngiiwere shown to produce
a peroxidase different fromP. chrysosporiumperoxidases,
which can both efficiently oxidize MnII to MnIII and carry
out MnII-independent activity on aromatic substrates (2). A
related novel manganese-lignin peroxidase hybrid enzyme,
called versatile peroxidase (VP), was described forBjerkan-
derasp. BOS55 and is able to oxidize various phenolic and
nonphenolic substrates, such as 2,6-dimethoxyphenol,
guaiacol, 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonate)

(ABTS), and veratryl alcohol (VA), in the absence of MnII

(3). Similar VPs have been reported inPleurotus eryngii(4-
6), Pleurotus pulmonarius(7), Pleurotus ostreatus(8), as
well as in Bjerkandera adusta(3, 9-11). VPs fromBjer-
kanderaandPleurotusspecies show comparable structural
and catalytic parameters, and this allows us to infer the same
catalytic intermediates for these enzymes.

VP shows high identity with LiP (58-60%) and MnP
(55%) both fromPhanerochaete chrysosporium(5). The
heterologous expression of VP inAspergillus nidulans
confirmed the ability of this hybrid enzyme to oxidize MnII

and different aromatic compounds in the absence of the
mediator (6). This enzyme seems to have a long-range
electron-transfer pathway similar to those postulated for LiP
(12, 13).

Putatively, VP catalyzes the electron transfer from an
oxidizable substrate to a hydrogen peroxide molecule fol-
lowing the classic peroxidase mechanism (14-17). First, in
the presence of peroxide, a two-oxidizing equivalent inter-
mediate, compound I, is produced. One-oxidizing equivalent
is stored as a ferryl (FeIV) state withS ) 1 and the second,
as a porphyrinπ radical. In some cases, the second oxidizing
equivalent is localized on a spatially removed paramagnetic
species withS) 1/2, namely, a protein-based radical, as the
tryptophan radical found in cytochromec peroxidase (18).
This intermediate is then sequentially reduced back by
substrate molecules in a two-step reaction.
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High molecular-weight substrates are unable to directly
access the heme edge, and surface residues of the protein
may indirectly oxidize them, where the substrate electrons
are conducted through an intramolecular pathway to the heme
active site. Three different substrate interaction sites and their
associated electron-transfer pathways have been proposed
for LiP from P. chrysosporium(19, 20). However, W171-
M172-H176 is the only active electron-transfer pathway
experimentally probed (21, 22). Furthermore, in W171
mutants, VA is unable to reduce compounds I and II (23-
25).

The experimental evidence presented in this paper suggests
the assignment to a tryptophan residue as the site involved
in the long-range electron-transfer pathway. A molecular
model based on the sequence of aBjerkanderasp. has been
built showing the presence of the Trp170 as the residue that
is close to the heme and solvent-exposed.

MATERIALS AND METHODS

Chemicals and Protein Preparation.Potassium hydrogen
phthalate, hydrogen peroxide, and succinic acid were pur-
chased from Sigma-Aldrich-Fluka and used without further
purification.

VP fromB. adustaUAMH 8258 was obtained and purified
by a method previously described (10), in which the
modification consisted in an additional chromatographic step
on a gel-permeation chromatography (GPC). The partially
purified enzyme preparation contained 874 units/mL (105
units/mg protein), measured as manganese peroxidase, and
a Reinheitzahl (Rz) value (A407/A280) of 2.3. After the GPC
on a sepharose HR-200, the Rz value was incremented to
3.5. LiP activity was estimated by the method of Tien and
Kirk (26), following the H2O2-dependent oxidation of VA
to veratrylaldehyde (ε310 ) 9300 M-1 cm-1) at 25 °C.
Reaction mixtures contained 4 mM VA in 40 mM succinate
buffer at pH 3 and were initialized by the addition of H2O2

to a final concentration of 0.4 mM. MnP activity was
measured by the H2O2-dependent formation of a MnIII-
malonate complex at 270 nm (ε ) 11 590 M-1 cm-1).
Reactions contained 0.5 mM manganese sulfate in 50 mM
malonate buffer (pH 4.5), and the reaction was started by
the addition of H2O2 to a final concentration of 0.1 mM (15).
The protein content was determined by the Bio-Rad protein
reagent.

Molecular Model.A molecular model for the VP from
Bjerkanderasp. B33/3 [amino acid sequence deposited in
the Swiss Prot. (AA047909.1)] was constructed. The model
was obtained by automated homology modeling using LiP
(20), MnP (27), andArthromyces ramosusperoxidase (28)
as structural templates. After a structural alignment of the
target sequence against the templates using Deep View-Swiss
PDB viewer version 3.6, the model coordinates were obtained
from the Swiss model server (29). The model was not refined
further.

Electron Paramagnetic Resonance (EPR) Measurements.
EPR solutions were prepared with a final concentration of
0.16 mM enzyme and 1.3 mM hydrogen peroxide in 0.1 M
phthalate buffer at pH 4.5 (enzyme/hydrogen peroxide molar
ratio of 1:8). The reaction was stopped by rapid immersion
of the EPR tube in liquid nitrogen after 10 s. CW-X-band
(9 GHz) EPR measurements were carried out on a Bruker

E500 Elexsys Series using the Bruker ER 4122 SHQE cavity
and an Oxford helium continuous flow cryostat (ESR900).

Spin quantification was performed by double integration
of the experimental EPR radical signal compared to the iron
signal.

High-frequency EPR measurements at 94 GHz were
performed in Berlin, Germany, on a Bruker Elexsys 680
spectrometer equipped with a fundamental mode microwave
resonator. Spectra were recorded atT ) 40 K. For deter-
mination of preciseg-tensor components, the microwave
frequency was measured by a frequency counter, which was
integrated in the spectrometer. The magnetic field was
calibrated with ag standard [Li in LiF,g ) 2.002 293(2)
(30)] at two different frequencies. All spectra were recorded
in the “persistent mode” of the superconducting magnet,
using the room-temperature coils for the field sweep to ensure
high linearity and stability of the field (maximum sweep
width of 80 mT). The modulation amplitude was kept at 0.2
mT to avoid modulation broadening. The design of the 94
GHz EPR microwave resonator ensures high sensitivity and
a small active sample dimension (0.7 mm diameter and∼1.5
mm height) leading to high homogeneity of the magnetic
field.

EPR spectra were analyzed using software for simulating
and fitting EPR spectra forS) 1/2 systems with anisotropic
g and hyperfine tensors described in refs31and32. Thereby,
the spectra are simulated by computing the resonant field
position correct to the second order at the given microwave
frequency, dependent on the orientation of theg and
hyperfine tensors with respect to the external magnetic field
(33, 34). For the relative orientation of the principal axes of
the different tensors, no restriction is applied (31).

MicrowaVe Power Saturation Studies.The method of
microwave progressive power saturation is commonly used
to evaluate electron spin-relaxation times of paramagnetic
center in biological systems. Often the aim is to determine
the locations of paramagnetic centers in biomolecules by
analyzing spin-relaxation enhancements because of long-
range spin-spin interaction (35). If a protein molecule
contains more than one paramagnetic center, magnetic
interactions are expected to be dependent on the distance of
the centers and on the existence of a special pathway for
exchange or superexchange interaction.

The empirical expression used to fit saturation data is

whereS is the EPR derivative signal amplitude (area) or
intensity (height),P is the microwave power,P1/2 is the
microwave power at half-saturation, andb is the inhomo-
geneity parameter that varies between 1 (for the inhomoge-
neous limit) and 3 (for the homogeneous limit). For
inhomogeneously broadened lines, the derivative amplitude
(S) theoretically increases monotonically to a limiting value
with increasing power (P). Homogeneous and inhomoge-
neous broadening are only the extreme cases encompassing
a whole range of intermediate cases (36). The inhomoge-
neous limit (b ) 1) is the typical case for protein radicals at
low temperature. A value ofb < 1 is diagnostic of a dipolar
interaction (37).

For the analysis of power saturation data, the logS/xP
against logP was plotted. The result is a line parallel to the

S/xP ) 1/[1 + (P/P1/2)]
b/2 (1)
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abscissa axis, as long as the signal is not saturated, and slopes
downward toward the abscissa with increasing saturation.
The power for half-saturation is given by the intersection of
the extrapolated straight-line portions of the curve (38).

RESULTS

Highly pure VP fromB. adustawas obtained. Protein
purity was confirmed by a single electrophoretic band using
silver staining and a high Reinheitzahl value (Rz) A407/
A280) of 3.5. Spectrophotometric data of the native VP was
previously reported and compared with LiP and MnP (13).

The X-band EPR spectrum of the resting state of wild-
type BjerkanderaVP at a temperature of 20 K is shown in
Figure 1a. The spectrum is characterized by two distinct
signals, indicating the coexistence of a dominant high spin
FeIII species (g⊥ ) 6.00 andg| ) 2.00) and some small
amount of low spin FeIII species (g ) 3.15 and 2.07). The
third value of the latter species (g ≈ 1.5) is too weak and
broad to be observed. The feature atg ) 4.3 corresponds to
a very small amount of non-heme iron impurity often seen
in protein samples (39). The FeIII spin states were also
confirmed at room temperature by the electronic absorption
spectrum (13), suggesting no conformational changes after
sample freezing. The EPR signal obtained after the addition
of an excess of H2O2 (1:8 enzyme/H2O2 molar ratio) and
rapid cooling, is shown in Figure 1b. The ferric high- and
low-spin species disappeared almost completely and were
replaced by an intense new radical-like signal, centered atg
) 2.0027. This is similar to other heme proteins for which
a mechanism involving compound I was proposed and where
also radical signals were observed instead of a porphyrin
radical (40-42). After 10 s from the addition of H2O2, the
spin quantitation of the narrow radical signal yielded 0.28
spin/heme.

A close-up of the radical signal is shown in Figure 2. The
isotropic signal centered atg ) 2.0027 has two perfect
symmetric peaks at low and high field. A careful analysis
of the signal shows that the EPR spectrum is dominated by
hyperfine interaction.

The data suggest that, using our experimental conditions
(1:8 enzyme/H2O2), the reaction of H2O2 with the heme
proceeds probably via intermediate formation of a very short-
lived compound I precursor and rapidly to a radical located
on an amino acidic residue. The assumed ferryl-porphyrin
radical intermediate precursor is not detected with our

freezing time (40, 41), while amino acid radicals were found
as 8 ms freeze-quenched intermediates in a recent study of
the reaction of P450cam with peroxy acids (42).

Microwave progressive power saturation measurements
were carried out on the radical signal. In Figure 3a, the area
(S) of the normalized radical signal atg ) 2.0027 versus
the microwave power (in milliwatts) at a temperature of 70
K is plotted. The plot is typical for an inhomogeneously
broadened line (43), because of the presence of two interact-
ing paramagnetic species, a protein radical withS) 1/2 and
the ferryl (FeIV-oxo) with a spin stateS) 1 (44). To analyze
the power saturation measurements, a presentation of log

FIGURE 1: Low temperature (20 K) EPR spectra of (a) native VP
from B. adustawith iron(III) spin states before the addition of H2O2
and (b) after the addition of H2O2. Both spectra were recorded at
ν, 9.390 GHz; modulation amplitude, 1 mT; microwave power, 2
mW; and modulation frequency, 100 kHz.

FIGURE 2: Low temperature (20 K) EPR spectrum of the enzyme
radical obtained 10 s after the addition of H2O2 and rapid freezing
in liquid nitrogen. The spectrum was recorded atν, 9.39 GHz;
modulation amplitude, 0.2 mT; microwave power, 2 mW; and
modulation frequency, 100 kHz.

FIGURE 3: (a) Double integration (area,S) of the normalized radical
signal atg ) 2.0027 versus microwave power (P) (in milliwatts).
EPR spectra have been recorded at 70 K;ν, 9.387 GHz; modulation
amplitude, 0.2 mT; modulation frequency, 100 kHz; and microwave
power values, 0.02, 0.2, 2, 20, 63, and 100 mW. (b) Continuous
microwave power saturation curves for the radical signal atg )
2.0027 recorded at 4, 6, 9, 13, and 70 K. The logS/xP (whereS
is the area of the normalized derivative signal andP is the
microwave power) versus logP is reported. EPR spectra have been
recorded under the same experimental conditions as in a.
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S/xP was plotted against logP and the values ofP1/2 were
obtained (Figure 3b). At a temperature of 70 K, the calculated
value of b (see eq 1) was 0.8. Thisb value is typical for
protein radicals at low temperature in the presence of a weak
coupling to a paramagnetic ion. TheP1/2 values obtained from
Figure 3b agree well with the valueP1/2 ) 0.6 mW atT )
70 K, reported for a tyrosyl radical in P450cam, that is
coupled to a ferryl heme iron at about a 7.5 Å distance (42).
At low temperature, theP1/2 values are indicative of a
saturated signal even at low microwave power as reported
by Khindaria and Aust (45). Care was taken to avoid
saturation when recording hyperfine-resolved EPR spectra
used for spectra simulations, see Figure 4.

In Figure 4, the well-resolved narrow scan EPR radical
spectrum together with its simulation is shown. To our
knowledge this type of radical has not been reported in the
literature for any other peroxidase. It can be clearly seen
that the observed EPR signal reveals a partially resolved
structure, which is due to nuclear hyperfine interactions. The
signal is centered at ag value of 2.0027(1), which is a value
typical of an organic radical with no spin density on heavier
atoms such as oxygen or sulfur. The low experimentalgiso

value is consistent with the assignment of the signal to an
aromatic heterocycle composed of carbon and nitrogen (46,
47). This lowgiso value, and the absence of tyrosines [which
can have a similar relaxation behavior, when weakly coupled
to a ferryl heme iron, and also can show similar X-band EPR
spectra as tryptophan radicals (46)] in the amino acid
sequence of VP (11) suggest an assignment of this EPR
signal to a tryptophan radical.

Radicals immobilized in proteins can be characterized by
their g-tensor values that are not affected by different
geometries such as, side-chain orientations. In fact, theg
tensor is a fingerprint for the particular type of radical, which
may be used to identify different radicals even in cases where
different protein environments induce changes of the hyper-
fine structure (46). Nitrogen-heterocycle radicals, such as the
histidine or tryptophan radical, typically show small shifts
of their g-tensor components|∆gi|) |gi - ge| (i ) x, y, and
z and free electron valuege ) 2.002 319) ofe0.002 (40,
46, 48, 49). Furthermore, for a planarπ radical, the shift for
the out of plane component,|∆gz|, is much smaller than for
the in-plane components,|∆gx| and|∆gy| (49), becausegz is

usually close to thege value. Hence, theg-tensor principle
values provide a molecular fingerprint for the respective type
of radical. To determine the smallg-tensor components of
the radical in B. adusta more precisely, W-band EPR
experiments have been performed.

In Figure 5 the high field W-band EPR spectrum is shown
together with its simulation. The obtainedg values are listed
together with the hyperfine-tensor components in Table 1.

A comparison with earlier experimental data on other
enzymes shows that theg-tensor values of the radical inB.
adustaare identical within experimental error margins with
those from a tryptophan neutral radical observed in mutant
Y122F of ribonucleotide reductase (RNR) (refs31 and46,
see Table 1). The obtained hyperfine tensor data indicate
the presence of two large rather isotropic couplings, typical
for â protons of a side chain, two protons with large
hyperfine anisotropy, typical for protons attached to an
aromatic ring, and a large uniaxial hyperfine coupling from
aS) 1 14N nucleus. Again, these values are identical within
their experimental error margins with those of the tryptophan
radical in refs31 and46. These results strongly suggest an
assignment to a tryptophan radical. The weak broad feature
on the low-field side of the 94 GHz EPR spectrum might be
due to weak coupling to FeIV (S ) 1) of the heme, even if
this type of feature needs further investigations. It is
important to note that both simulations for the X-band and
the W-band EPR spectra were done with the same set ofg-
and hyperfine-tensor components. The simulations and fits
of the 94 GHz EPR spectrum are more sensitive to the
g-tensor values, whereas the hyperfine-tensor values of the
smaller couplings are obtained from the simulation of the
9.5 GHz EPR spectrum. This multifrequency approach is
indispensable for obtaining a unique set of hyperfine- and
g-tensor values. On the basis of these multifrequency data,
we are able to assign the nature of the radical formed during
the catalytic mechanism.

DISCUSSION

Recently, EPR signals assigned to uncoupled tryptophan
radicals in RNR mutants have been reported (31, 46).

FIGURE 4: Narrow scan of the radical EPR spectrum reported in
Figure 2 together with its simulation. Microwave power, 2 mW;
modulation amplitude, 0.2 mT; andT, 20 K. Parameters are for
the simulation and fit, see Table 1.

FIGURE 5: EPR spectrum (94 GHz) of the protein radical together
with its simulation atT ) 40 K. Microwave power, 0.25µW;
modulation amplitude, 0.2 mT; andT, 40 K. The positions for the
threeg-tensor principal values are shown to indicate theg anisotropy
in the spectrum.g- and hyperfine-tensor components used for the
simulation are the same as in Figure 4, see Table 1, except for a
somewhat larger intrinsic line width (0.5 mT versus 0.38 mT).
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However, in other proteins, electronic coupling of the radical
with other paramagnetic centers can obscure the signals (18,
48, 51-53). For the radical inB. adusta, the dominant
splittings in the spectrum arise from distinct hyperfine
couplings of theâ-methylene protonsâ1 andâ2 at Câ. This
carbon atom is attached to position C3 of the tryptophan ring
(see Chart 1). These two protons can be considered as almost
magnetically equivalent as seen in Table 1. This is an
exception because the hyperfine couplings of these twoâ
protons in other tryptophan radicals, detected so far, generally
are different, leading to significantly different EPR spectra
(31, 46). This is due to a strong dependence on the orientation
of the side chain, measured as dihedral angleθ for each of
the â protons according to the Heller-McConnell relation
(46, 49)

whereFπ
C is the carbon spin density,B′ andB′′ are empirical

constants, andθ is the dihedral angle between the adjacent
π-carbon (R-carbon)pz axis and the projected CâHâ bond.
The dihedral angles of bothâ protons of the side chain
become equivalent when the first carbon-carbon bond of
the side chain lies either exactly in the tryptophan ring plane
or perpendicular to it. In the first case, the dihedral angleθ
for bothâ protons becomes≈30° and cos2 θ ≈ 0.75, whereas

in the latter case, the dihedral angle becomes≈60° for both
â protons and cos2 θ ≈ 0.25. The large and similar
magnitudes for bothâ-proton hyperfine couplings indicate
that the side chain is oriented approximately parallel to the
tryptophan plane (see below).

Smaller but still partially resolved hyperfine splittings have
been observed in tryptophan radicals in mutants of RNR for
the protons at ring positions 5 and 7 (Chart 1) and for the
nitrogen (31, 46).

Similar subsplittings are also observed in the X-band EPR
spectrum on the three major lines ofB. adustain Figure 4.
The hyperfine-tensor components obtained from the simula-
tion and fit of the spectra shown in Figure 4 are given in
Table 1.

The presence of a tryptophan radical as a catalytically
active center in VP fromB. adustawas already suggested
from room-temperature EPR measurements in a previous
study (13). In this previous work, a chemically modified
system usingN-bromosuccinimide (NBS) was analyzed. The
NBS reagent is specific for tryptophan residues, because it
oxidizes the indole ring to the corresponding oxindole. In
this case, a reduction in the catalytic activity of the enzyme
(∼85%) was observed.

Two types of tryptophan radicals can in principle be
observed. The cation radical, protonated at the nitrogen
position, and the neutral radical, deprotonated at the nitrogen,
which is then expected to be hydrogen-bonded in a protic
environment. Indeed, both forms of radicals were observed
as transient intermediates in photolyase (54). The data
obtained for the tryptophan radical inB. adustaare compared
in Table 1 with those obtained earlier for the tryptophan
neutral radical W111‚ in mutant Y122F of RNR ofEscheri-
chia coli (31, 46). All three g-tensor values as well as the
hyperfine-tensor components of the ring protons H5 and H7

agree very well for both tryptophan radicals. Because of the
different dihedral angles for the side-chainâ protons, their
hyperfine values are different for both radicals. However,
when the hyperfine values for bothâ protons are known,
the spin density at C3 can be calculated from eq 2. ForB.
adusta, the isotropic partAiso ) (Axx + Ayy + Azz)/3 is similar

Table 1: Magnetic Parameters for the Tryptophan Radical in the VP fromB. adustain Comparison with Tryptophan Radical W111‚ in RNR
of E. coli

B. adusta(this work) W111‚ in RNR ofE. coli (46) spin densities

tensors xx yy zz Xx Yy Zz Fexp (this work)a Fcalc (31) neutralb Fcalc (31) cationb

gc 2.0035 2.0025 2.0022 2.0033 2.0024 2.0022 na na na
AHâ1

d 2.15 2.30 2.30 2.70 2.75 2.83 0.52 0.41 0.27
AHâ2

d 1.75 1.95 1.95 1.38 1.38 1.38 0.52 0.41 0.27
AH5

d,e -0.64 e|0.15| -0.49 -0.68 e|0.1| -0.50 0.17 0.14 0.18
AH7

d,e e|0.15| -0.62 -0.46 e|1.0| -0.61 -0.51 0.16 0.11 0.12
AN

f e|0.15| e|0.15| 1.05 e|0.15| e|0.15| 1.05 0.20 0.23 0.14
a π-spin density at the carbon positions C3, C5, and C7, estimated from the experimental hyperfine values, respectively. Hâ1 and Hâ2 were both

used for estimatingF(C3), see the text.b Theoretical spin densities for carbon positions C3 (linesAHâ1 andAHâ2), C5 (AH5), and C7 (AH7) from earlier
DFT calculations (31) for the tryptophan neutral radical, deprotonated at N (Chart 1) and for the cation radical, having a proton at N. The experimental
values, in particular for C3 and N, are in favor of a tryptophan neutral radical, see the text.c Theg values are given with an error of(0.0001. The
gz axis is expected to be out of the tryptophan plane, according to refs46 and50. The gx axis is in the tryptophan plane and forms an angle of
approximately 20° with the line connecting the center of the C6-C7 bond with C2, see Chart 1 and the text.d Hyperfine coupling constants are
given in milliteslas, estimated error(0.1 mT. g and hyperfine-tensor values fit X- and W-band EPR spectra equally well (Figures 4 and 5).
Remaining deviations are small and could be a result of weak coupling to the FeIV ion (S ) 1 ground state) of the heme.g-tensor and ring proton
hyperfine-tensor values (in milliteslas) are similar to those from the tryptophan neutral radical W111‚ observed previously in RNR (46), see columns
on the right side. The differences in the hyperfine values of the side-chain protons Hâ1 and Hâ2 result from different dihedral angles, see the text.
e Negative sign for ring proton hyperfine values expected from theory in case of positive carbon spin density; for the simulations, thex axes of H5

and H7 hyperfine tensors are rotated 30° with respect to theg-tensorx axis, estimated error(0.05 mT. f Axis of Azz(N) is parallel to thegz axis,
as expected for a nitrogen in a planarπ system.

Chart 1: Molecular Structure and Numbering Scheme for a
Tryptophan Radicala

a The outer numbers areπ-spin densities obtained from the experi-
mental hyperfine values (see the text).

Aiso(Hâ) ) Fπ
C (B′ + B′′ cos2 θ) (2)

Trp Radical inB. adustaVersatile Peroxidase Biochemistry, Vol. 44, No. 11, 20054271



for bothâ protons, 2.2 mT for Hâ1 and 1.9 mT for Hâ2. Using
B′′ ) 5.0 to 5.25 mT (42, 55) andθ ≈ 30° (cos2 θ ≈ 0.75)
from eq 2, a spin densityFC

π of 0.52-0.54 is estimated for
C3. This agrees well with the value 0.52 given for W111‚ in
ref 46. Also, the carbonπ-spin densities estimated for the
ring positons C5 and C7 and for the nitrogen agree well with
the values reported for the neutral tryprophan radical W111‚
(see footnote of Table 1). Another orientation where both
â-proton hyperfine couplings are equivalent is when the side
chain is perpendicular to the molecular plane (see above).
In that case, for bothâ protons,θ ≈ 60° and cos2 θ ≈ 0.25,
which leads to a totally unrealistic spin density of 1.56-
1.64 at C3. We therefore exclude this geometry.

Earlier comparative density functional theory (DFT)
calculations for the cation and neutral radical of tryptophan
(31) showed that the spin densities at C3 and the nitrogen
are significantly different for both radical forms (see right
side of Table 1). In particular, the spin density for C3 based
on the clearly resolved largeâ-proton hyperfine values
strongly suggests the neutral form for the tryptophan radical
in B. adusta.

A catalytically active tryptophan radical has been reported
in the literature for several enzymes, e.g., for DNA photo-
lyase, where a coupled tryptophan/flavin radical pair was
proposed (54, 56). Interestingly, in photolyase, a chain of
successive tryptophan radicals was observed during the
electron-transfer reaction. The short-lived intermediate tryp-
tophan radicals inside the protein were reported to be cation
radicals, but the longer-lived radical near the surface was a
deprotonated tryptophan neutral radical, which is more stable
than the cation form (56). Similarly, the radical near the
surface of VP fromB. adustais also a tryptophan neutral
radical. However, we want to point out that the catalytically
active intermediate radical form inB. adustaVP, which
reacts with the substrate, could well be the cation radical
form, which, in the absence of substrate, is deprotonated to
the more stable neutral radical form.

A tryptophan radical center has also been reported for
cytochromec peroxidase, where a coupled tryptophan/iron-

porphyrin system is observed (18), and for ascorbate per-
oxidase (57) and LiP (21).

Finally, a molecular model for the VP fromBjerkandera
sp. B33/3 was constructed. The VP sequence was folded on
the structural templates of LiP, MnP, andA. ramosus
peroxidase. The model shows a solvent-exposed residue,
tryptophan (W170). The proposed amino-acid-centered radi-
cal is connected to the proximal histidine H175 through a
backbone segment (Figure 6), from W170 through L171-
L172-A173-S174 to proximal H175. The distance from the
R carbon of W170 to the proximal histidine H175 is about
10 Å. The distance from the heme edge to W170 is about 8
Å. The W170 of VP fromBjerkanderasp. is analogous to
the W171 of LiP fromP. chrysosporium(19, 20), which is
the catalytic residue for the long-range electron-transfer
pathway. In addition, residue D181 is placed in the model
at 6 Å from the heme propionate and its participation in the
long-range electron transfer should not be ruled out.

CONCLUSIONS

In this paper, we focused on the identification and
characterization of the radical intermediate formed during
the catalytic mechanism of VP fromB. adusta. Special
emphasis is laid on the amino acid residue involved in the
catalytic process. On the basis of the EPR results, the
observed protein-based radical, was identified as a tryptophan
neutral radical. The site is suggested to be W170 in the
structural models of VP fromBjerkanderasp. B33/3, where
this tryptophan residue is both solvent-exposed and placed
in proximity (∼10 Å) to the heme.

The presence of this exposed catalytic site inBjerkandera
VP accounts for the great capability of this enzyme to
degrade bulky and difficult oxidizable substrates also in the
absence of a mediator. Substrate oxidation at these sites
would depend, mainly, on their redox potential, being an
inverse function of the length of the electron-transfer pathway
to the heme.
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