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ABSTRACT: Peroxide-activated Auricularia auricula-judae dye-decolorizing peroxidase (DyP)
forms a mixed Trp377 and Tyr337 radical, the former being responsible for oxidation of the
typical DyP substrates (Linde et al. Biochem. J., 2015, 466, 253−262); however, a pure
tryptophanyl radical EPR signal is detected at pH 7 (where the enzyme is inactive), in contrast
with the mixed signal observed at pH for optimum activity, pH 3. On the contrary, the presence of
a second tyrosine radical (at Tyr147) is deduced by a multifrequency EPR study of a variety of
simple and double-directed variants (including substitution of the above and other tryptophan and
tyrosine residues) at different freezing times after their activation by H2O2 (at pH 3). This points
out that subsidiary long-range electron-transfer pathways enter into operation when the main
pathway(s) is removed by directed mutagenesis, with catalytic efficiencies progressively decreasing.
Finally, self-reduction of the Trp377 neutral radical is observed when reaction time (before
freezing) is increased in the absence of reducing substrates (from 10 to 60 s). Interestingly, the tryptophanyl radical is stable in
the Y147S/Y337S variant, indicating that these two tyrosine residues are involved in the self-reduction reaction.

■ INTRODUCTION

Dye-decolorizing peroxidases (DyPs) are a large and widely
distributed heme peroxidase family found in fungi, bacteria, and
archea. DyPs share common structural characteristics with
chlorite dismutases and other DyP-type related proteins, such
as Escherichia coli EfeB, forming the CDE superfamily.1−5 The
term “dye-decolorizing” derives from the ability of these
enzymes to decolorize and degrade xenobiotic anthraquinone
and azo dyes.6,7 The natural substrates of DyPs remain to be
clarified even if an environmental role in lignin (and lignin
products) biodegradation is suggested.8,9

The fungal DyPs from Bjerkandera adusta and Auricularia
auricula judae (AauDyP) were crystallized and biochemically
characterized as representative for DyPs of two phylogenetically
different basidiomycetes.1,10−15 The AauDyP, at first isolated
and characterized from a fungal culture,16 has been recently
overexpressed in Escherichia coli as inclusion bodies, and a
refolding protocol has been optimized to obtain a recombinant
protein with the same properties of wild DyP.17

The catalytic cycle of DyPs is similar to that of classical
peroxidases, where the resting enzyme (with ferric heme)
undergoes a two-electron oxidization by H2O2 to Compound I
(oxo-ferryl heme with a porphyrin π-cation radical). The
activated enzyme is then reduced back by two substrate
molecules to the resting state via the so-called Compound II.18

Different than other fungal peroxidases, in the distal side of the
heme plane of DyPs, arginine and aspartic residues (AauDyP
Asp168 and Arg332) contribute to the heterolytic cleavage of

H2O2 to form Compound I in place of distal histidine and
arginine residues commonly present in peroxidase-catalases.
Both residues are required for H2O2 activation of AauDyP, as
was demonstrated by the loss of enzyme activity after D168N
and R332L single mutations.15

Long-range electron-transfer (LRET) routes from redox-
active amino acids at the enzyme surface were reported in
Phanerochaete chrysosporium lignin peroxidase (LiP) and
Pleurotus eryngii versatile peroxidase (VP) and subsequently
identified in the sequences of many putative LiPs and VPs from
genomes of lignin-degrading white-rot basidiomycetes.19−21 To
oxidize bulky substrates, a LRET pathway from radical forming
amino acids was also suggested for the AauDyP.13,22

AauDyP possesses seven Tyr and four Trp residues as
potential sites to activate different LRET pathways (Figure 1).
This high number of Tyr residues in all basidiomycete

DyPs23 distinguishes them from ligninolytic peroxidases, like
LiPs or VPs, in that they have none or only few tyrosines in
their amino acidic sequence.24 Ligninolytic peroxidases oxidize
lignin polymer and xenobiotic dyes at an exposed protein
radical, mainly a Trp residue.25−28 An exception is represented
by Trametopsis cervina LiP that uses an exposed Tyr as the
catalytic site, but it requires the formation of a reactive adduct
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with veratryl alcohol.29 This latter is the only case, to our
knowledge, where a Tyr is involved in peroxidase catalysis.
Usually the formation of Tyr radicals in peroxidases is indicative
of enzyme oxidative inactivation.24,30

In a recent paper, Protein Energy Landscape Exploration
(PELE) simulations were performed to identify the possible
substrate binding site(s) on the surface of the AauDyP,
followed by EPR and directed mutagenesis studies.15 Three
solvent-exposed residues (Trp377, Tyr337, and Tyr147) were
selected as possible substrate oxidation sites. At pH 3, a mixed
Trp377/Tyr337 radical was identified by the EPR technique,
and kinetic measurements showed that the high turnover
catalytic site is represented by the Trp377 residue. The catalytic
activity on a typical substrate as Reactive Blue 19 is practically
unaffected after substitution of Tyr337 by serine (kcat 220−240
s−1), while a strong decrease was observed after substituting
Trp377 by serine (kcat ≈ 9 s−1).
In the present paper, starting from the recently published

results, the recombinant AauDyP (and several single and
double site-directed variants at the previously mentioned
tryptophan and tyrosine residues) have been analyzed to
identify the secondary tyrosyl radical(s). The study was
performed by combining multifrequency electron paramagnetic
resonance (EPR) spectroscopy and quantum mechanics/
molecular mechanics (QM/MM) computational approach at
different pHs and sample freezing times (in the absence of
added reducing substrates), the latter resulting in different
radical self-reduction rates.

■ EXPERIMENTAL AND THEORETICAL METHODS
DyP and Site-Directed Variants Production. The

mature A. auricula-judae DyP (isoform I) (GenBank accession
no. JQ650250)16 coding sequence was synthesized by
ATG:biosynthetics (Merzhausen, Germany). Native enzyme
and site-directed variants were expressed in E. coli, activated in
vitro and purified as previously described.17 DyP simple
variants (W377S, Y147S, and Y337S) were produced by PCR
using the pET23a-DyPI vector as template and primers
containing the desired mutation.15 For double mutations

(Y147F/Y337F, W377S/Y147S, and W377S/Y337S), the
mutated vector for the first mutation was used as template.

EPR Spectroscopy. Continuous-wave CW-EPR X-band
(9.39 GHz) measurements were performed with a Bruker E500
Elexsys Series using the Bruker ER 4122SHQE cavity, equipped
with an Oxford Instruments helium continuous flow cryostat
(ESR900). W-band (94.17 GHz) experiments were recorded
on a Bruker Elexsys E600 spectrometer, operating in
continuous wave equipped with a 6T split-coils superconduct-
ing magnet (Oxford Instruments), using a continuous flow
helium cryostat (CF935, Oxford Instruments). The enzymatic
reaction was carried out by adding H2O2 in a AauDyP/peroxide
molar ratio 1:10, with a final concentration of 0.1 μM enzyme
in tartrate buffer at pH 3 or in Tris buffer at pH 7. For the X-
band measurements, the addition of H2O2 was done directly in
a 3.5 mm EPR tube, and the reaction time before freezing was
∼10 or 60 s. For the W-band measurements, the reaction time
before sample freezing was ∼60 s. EPR spectra simulations
were performed by the Easyspin 4.5.5 software package using
the “pepper” function.31

Computational Methods. Protein Setup. Initial structure
for Compound I of DyP (pdb code: 4W7J; resolution 1.79 Å)
was obtained from the Protein Data Bank. Results of
PROPKA3.132 runs were used, in combination with visual
inspection, to assign the protonation states of all titratable
residues (aspartic acid, glutamic acid, and histidine) at the
experimental pH. Missing hydrogen atoms were added by the
psfgen module of VMD, version 1.9.1.33 The protonated
system, with crystallographic water molecules, was neutralized
with sodium and chlorine ions (0.15 M ionic strength) and fully
solvated in a rectangular box (82 × 86 × 104 Å3) of TIP3P
water molecules using the autoionize and solvate modules of
VMD. Solvent boxes were created with a layer of at least 10 Å
of water molecules around each protein atom (∼14 000 water
molecules).

Preparatory Force-Field Calculations. AMBER force
field34−36 and TIP3P37 water model were used for both pure
MM and hybrid QM/MM calculations. All available force-field
parameters and charges were taken from the parm99.dat
library.35 For the treatment of the heme cofactor, the published
parameters for the six-coordinate heme (heme_all.db3)
available from the Amber parameter database38 were used.
Partial atomic charges for the oxyferryl heme and the iron-
coordinated His175 residue were determined at the B3LYP/6-
31G* (LANL2DZ on Fe) level with Gaussian03 software
package39 using a restrained electrostatic potential (RESP)
procedure (as shown in table S1 and scheme S1 of ref 40). The
solvated systems were relaxed by performing classical energy
minimization and molecular dynamics (MD) simulations with
NAMD 2.9 code.41 The positions of the hydrogen atoms and
solvent water molecules were first energy-minimized and
equilibrated at 298 K and 1 atm for 1 ns with a time step of
1 fs. Electrostatic interactions were taken into account using the
Particle Mesh Ewald (PME) method,42 and periodic boundary
conditions (PBC) were applied. Then, further 10 ns
equilibration was carried out in which even the protein side
chains were left free to equilibrate. During the MD simulations,
the coordinates of the heme cofactor and protein backbone
atoms were kept fixed to the crystal structure. A snapshot at the
end of the MD equilibration run was taken and energy
minimized to be used as starting structure for the following
QM/MM computations.

Figure 1. Heme prosthetic group (gray), Trp (green), and Tyr (red)
residues in AauDyP (4W7J pdb code).
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QM/MM Calculations. All QM/MM calculations were
performed with the MOLCAS 7.4 package43 coupled with a
modified version of the MM package Tinker 4.2.44 An
electronic embedding (EE) scheme was applied, using
hydrogen link atoms (HLA) with a scaled-charge model to
treat the QM/MM boundary region. The present QM/MM
protocol has already been successfully applied in previous
works.40,45−47 Trp377, Tyr337, and Tyr147 radicals were
simulated in the deprotonated/neutral forms. QM/MM
geometry optimizations were performed at the B3LYP/
AMBER level using the 6-31G* basis set. The Morokuma’s
scheme as implemented in MOLCAS 7.443 was applied to
constraint the LA position on the line connecting the QM and
the MM atoms.

EPR Computations. EPR magnetic parameters (g tensors,
hfcc’s, and Mulliken spin densities) have been computed via
single-point calculations on the B3LYP/AMBER-optimized
structures using the ORCA2.9 program package48 with an EE
scheme, in which fixed MM point charges are included in the
one-electron QM Hamiltonian and the QM/MM electrostatic
interactions are evaluated from the QM electrostatic potential
and the MM charges. In these calculations, the B3LYP49−51

functional was used in combination with the Barone’s EPRII
basis set.52

■ RESULTS AND DISCUSSION

X-Band EPR Spectra of AauDyP and Its Tryptophan
and Tyrosine Variants. Previous EPR characterization
showed that the ferric species in the recombinant AauDyP

Figure 2. 40 K narrow scan X-band EPR spectra of radical species formed in AauDyP at pH 3 after the addition of 10 equiv H2O2 and rapid (10 s)
freezing (black line) and after a reaction time of 60 s (red line). Experimental conditions: ν = 9.39 GHz, 0.2 mT modulation amplitude, 0.2 mW
microwave power.

Figure 3. 40 K narrow scan X-band EPR spectra of protein radical species at pH 3 in (a) AauDyP and in (b) W377S/Y147S variant paired with its
simulation. Inset: 40 K narrow scan X-band EPR spectra of the radical intermediate in the W377S/Y147S double variant (black line) and the W377S
variant (gray line). Experimental conditions: ν = 9.39 GHz, 0.2 mT modulation amplitude, 0.5 mW microwave power.
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resting state is predominately in its axial spin state, g⊥ ≈ 6 and
g∥ = 2.0, while in the H2O2-activated enzyme the iron signal
disappears and an intense protein radical signal is evident.15 In
Figure 2, the narrow scan of the EPR spectrum obtained after
H2O2 activation with freezing time less than 10 s is compared
with that recorded after 60 s freezing time. As already reported,
the EPR signal at the shorter reaction time (black trace)
showed the presence of a mixed Trp377/Tyr337 radical. The
spectrum recorded at longer reaction time (red trace) is greatly
decreased in intensity as the Trp radical signal quickly decays
while the Tyr contribution becomes more evident.

Previous EPR and directed-mutagenesis studies of the
W377S variant confirmed the assignment of the tryptophanyl
radical species to Trp377 and its role as the high turnover
catalytic site in AauDyP.15 The EPR spectrum of the double
variant W377S/Y147S has been recorded and is reported here
for the first time to rule out the involvement of Tyr147 residue
as secondary radical species in native AauDyP (Figure 3). The
spectrum of this variant has been simulated with the magnetic
parameters reported in Table 1, and the experimental spectrum
is superposed in the inset of Figure 3 to the one recorded for
the W377S variant. The similarity of the W377S and W377S/

Table 1. Experimental (pH 3) and B3LYP/EPR-II g Tensors (gi) and hfcc Values (Ai, in MHz) Computed at the B3LYP/
AMBER-Optimized Geometries for Tyr337• and Tyr147•

gi
a Ai(Hβ1) Ai(Hβ2) Ai(H2) Ai(H6) Ai(H3) Ai(H5)

sim. x 2.0075 16.6 15.4 2.0 2.7 26.0 24.0
W377S/Y147S y 2.0043 17.3 16.0 4.5 5.2 21.0 19.0

z 2.0020 22.4 21.0 8.1 9.0 7.0 7.0
iso 2.0046 18.8 17.5 4.9 5.6 18.0 16.6

comp. Tyr-337• x 2.0066 16.6 15.4 2.0 2.7 −6.6 −5.7
y 2.0043 17.3 16.1 4.5 5.2 −20.3 −18.7
z 2.0022 22.4 21.5 8.1 9.0 −26.3 −24.2
iso 2.0044 18.8 17.7 4.9 5.6 −17.8 −16.2

comp. Tyr-147• x 2.0093 42.7 −0.5 4.4 4.3 −8.5 −7.6
y 2.0047 43.7 −0.9 6.6 6.3 −23.2 −21.3
z 2.0023 48.7 4.7 11.2 10.9 −30.4 −27.9
iso 2.0054 45.0 2.0 7.4 7.2 −20.7 −18.9

agx value has been measured from the 94 GHz EPR spectrum. The errors on the g values are ±0.0001 for gx and ±0.0002 for gy and gz. Although the
agreement with the experimental gx value is not satisfactory, the computed g tensor values clearly indicate that the two Tyr radicals (Tyr337• and
Tyr147•) are embedded in a contrasting hydrogen-bonding status and protein electrostatic environment and that only in the case of Tyr337• the
parameters are compatible with a residue present in a strongly H-bonded environment that is in accord with the experiments.

Figure 4. 40 K narrow scan X-band EPR spectra of radical species at pH 3 in the Y147S (a), Y337S (b), and Y147F/Y337F (c) variants after H2O2-
activation and 60 s reaction time before freezing. Experimental conditions: ν = 9.39 GHz, 0.2 mT modulation amplitude, 0.5 mW microwave power.
The EPR spectra are normalized in intensity.
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Y147S EPR spectra permits us to assign the secondary radical
species to Tyr337 at pH 3 and to confirm that the Tyr147 is
not contributing to the spectrum of AauDyP.
The principal LRET pathway starting from Trp377 in

AauDyP is equivalent to that found in VPs25,26 and LiP,19

where a Trp catalytic site is involved. Trp377 is the candidate of
choice for the oxidation of bulky substrates because it is very
close to the heme moiety (7 Å from the cofactor), the nitrogen
atom of the indole ring is solvent-exposed, and the pathway for
the LRET to the heme is the shortest one. Interestingly, not
only Trp377 but also the residues Pro310 and Arg306 in the
electron-transfer pathway are conserved in sequences of many
basidiomycete DyPs.15,23 Among the other tryptophans,
Trp105 and Trp256 are solvent-exposed; however, the indole
ring is not accessible for the oxidation of reducing substrates.
Trp207 is solvent-exposed and can be oxidized, but as the
electron coupling exponentially decays with the distance from
the heme, Trp207 can be ruled out for its large distance from
the heme moiety.
At longer reaction time the tyrosyl secondary radical

contribution is more evident, as shown in Figure 4, where
the EPR spectra of Y147S (a), Y337S (b) and Y147F/Y337F
(c) at X-band, recorded after 60 s of reaction time, are reported.
For Y147S and Y337S variants (Figure 4a,b) the EPR spectra
show the superposition of a tyrosyl radical and the main
contribution of the thryptophanyl radical species. The tyrosyl
radical species can be assigned to Tyr337 and to Tyr147,
respectively. Both of them are absent in the EPR spectrum of
Y147F/Y337F double variant (Figure 4c). The latter is greatly
reduced in intensity and shifted to lower g values compared
with the EPR spectrum of native DyP. We point out that the
EPR spectrum of the Y147S variant is identical to that recorded
for native AauDyP at longer reaction time (Figure 2, red line),
confirming the involvement of the only Tyr337 as the
secondary radical species at the pH for optimum activity.
Interestingly, the self-reduction of the Trp377 neutral radical

observed during (60 s) reaction of AauDyP with H2O2, which
resulted in an EPR signal dominated by the tyrosyl component
(Figure 2), was not observed for the Y147F/Y337F variant,

which maintained the tryptophanyl radical line shape at the end
of the reaction period (Figure 4c). This result together with
those obtained for the single Y147S and Y337S variants, the
former self-reducing as the wild-type enzyme (Figure 4a) while
the second one seems to proceed with a lower reduction rate
(Figure 4b), indicates that these two surface tyrosines are
involved in Trp377 radical self-reduction. The mechanism of
reduction of the catalytic tryptophanyl radical of AauDyP, in
the absence of reducing substrates, remains to be established,
but both enzyme intra- and intermolecular reactions could be
produced.

W-Band EPR Spectra and QM calculations of AauDyP
and Its Directed Variants. Radicals immobilized in proteins
can be identified by their g-tensor values that are not affected by
different geometries such as side chain orientations. The g
tensor is a fingerprint of the particular type of radical, and it
may be used to identify protein radical species when protein
environments induce changes of the hyperfine structure.53−56

Tyrosine and tryptophan radicals are difficult to be
distinguished at the X-band (9 GHz) EPR, whereas at W-
band (94 GHz) they are clearly identified on the basis of the
different anisotropy of the two species: much larger gx and gy
tensor values are observed for tyrosyl radical exhibiting large
spin density on oxygen compared with tryptophan radicals with
spin densities on nitrogen or carbon atoms.57 In this context,
W-band EPR spectra of both native AauDyP and Y147F/
Y337F variants have been recorded to unequivocally identify
the protein radical species (Figure 5).
The spectra are recorded under the same experimental

conditions (pH and reaction time) of the X-band spectra
reported in Figure 4. The spectrum of the native DyP in Figure
5a shows the presence of contributions from two radical species
with different g-tensor anisotropy, which were attributed to
mixed Trp377/Tyr337 protein radical in ref 15. The possibility
to compare the experimental results with the calculated g values
(see later) for the different radicals allows us to confirm the
assignment. Furthermore, the comparison with the W-band
EPR spectrum of the double variant Y147F/Y337F points out
the absence of the tyrosyl protein radical contribution. The

Figure 5. Narrow-scan W-band EPR spectra (ν = 94.2992 GHz) recorded at 100 K of AauDyP (a) and of Y147F/Y337F variant (b) after H2O2-
activation and 60 s reaction time before freezing. The solid and dashed vertical lines evidence the position of the resonances of tyrosine and
tryptophan radicals expected on the basis of theoretical calculations. (See Table 1.) Experimental conditions: modulation amplitude 0.1 mT;
microwave power: 0.05 mW. The asterisks mark two unavoidable spurious signals originating from Mn(II) on cavity walls.
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absence of any detectable signal from tyrosine residues in the
double variant evidence that Tyr337 and Tyr147 are the only
tyrosines (among the seven) forming a protein radical
potentially involved in a LRET process. For a tryptophanyl
radical, the field corresponding to 94 GHz EPR (3.3 T) still
does not represent the so-called high-field limit, where the g-
tensor shifts exceed the hyperfine splitting and the three g-
tensor components are separated in the spectrum. Typical g-
tensor values for tryptophan radicals are gx ≈ 2.0033 to 2.0035,
gy ≈ 2.0024 to 2.0025, and gz ≈ 2.0021.56 Only recently, the
small g-tensor anisotropy for tryptophan radicals has been
solved using an EPR spectrometer operating at 700 GHz.58 The
case is the opposite for tyrosine radicals for which the g-tensor
components are well-separated at 94 GHz. It is well known,
both from experimental57 and theoretical studies,40,46,59,60 that
the hydrogen-bonding status and protein electrostatic environ-
ment of tyrosine radicals can be evaluated from their g-tensor
values. In particular, the gx value is sensitive to even relatively
weak electrostatic perturbations and especially to hydrogen
bonds between the carbonyl group of tyrosine and the protein
environment. The gx values for tyrosine radicals range from
2.0065, due to a strong hydrogen bond, to 2.0094,57 in a non-
polar and non-hydrogen-bonding environment (gy ≈ 2.0040 to
2.0043 and gz to 2.0021).
In AauDyP (Figure 5a), the gx value of 2.0075 experimentally

determined can be connected to an electropositive electrostatic
effect of the environment. Indeed, such a low value of gx can be

correlated with Tyr337, as it can arise from the strong hydrogen
bond interaction between the phenoxyl oxygen and the
phenoxyl proton transferred to the carboxylic oxygen of the
nearby Glu354 residue (Figure 6b and Table 1).
The role of such hydrogen bonds in lowering the gx value is

in agreement with previous works on tyrosine radicals: in
particular, this effect has been evidenced also in the catalytic
cycle of the P. eryngii VP variant following the Tyr164 protein
radical formation.46,60 On the contrary, Tyr147 in AauDyP is
involved in a weaker hydrogen bond with solvent water
molecules (1.890 Å) (Figure 6c) that causes an increase in the
gx value (Figure 6c and Table 1). At the same time, the hf-
tensor values of the side-chain β-protons of tyrosine radicals as
well as those of tryptophan radicals dominate the EPR protein
radical spectra.53 The magnitude of the isotropic part (Aiso) of
the hf-tensor of β-protons is a function of the spatial orientation
of the side chain and is given by the McConnell relations25

β ρ θ‐ = ′ + ″A B B(H ) ( cos )iso 1 C3
2

1 (1)

β ρ θ‐ = ′ + ″A B B(H ) ( cos )iso 2 C3
2

2 (2)

where B′ and B″ are empirical constants (B′ = 0, B″ = 5
mT)25,53,54 and θ1, θ2 are the dihedral angles between the pz
axis (i.e., pz orbital of C3) and the projected Cβ-Hβ1,2 bonds.
Because the crystal structure of the enzyme is present, a site-
specific radical assignment can be made on the basis of the
comparison of the experimental and crystallographic dihedral

Figure 6. QM part of the B3LYP/AMBER optimized geometries for Trp377 (a), Tyr337 (b), and Tyr147 (c) radicals.

Figure 7. 40 K narrow scan X-band EPR spectrum of radical species at pH 7 in AauDyP (black line) after the addition of H2O2 and rapid freezing,
compared with its simulation (dotted line). Inset: 40 K X-band EPR spectrum of the same radical (black line) and W377S variant (red line) at pH 7.
Experimental conditions: ν = 9.39 GHz, 0.2 mT modulation amplitude, 0.5 mW microwave power.
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angle values.25 In Table 1, the computed magnetic parameters
for Tyr337 and Tyr147 are reported and compared with the
parameters obtained from the simulated spectrum of W377S/
Y147S variant. The two Tyr residues have a different spatial
orientation in the crystal structure, giving rise to different values
of the hyperfine coupling constants for the two β-protons of the
side chain (Table 1). The experimental and computed
hyperfine coupling constants are consistent with the assignment
to Tyr337 as the secondary radical species formed in AauDyP
at pH 3; however, once the Tyr337 is removed, a potential
LRET pathway originating from Tyr147 is activated. When
both the Tyr residues are removed, no trace of tyrosyl radical
contribution is present, as it is clear by the inspection of both
the X-band (Figure 4c) and W-band (Figure 5b) EPR spectra
of the Y147F/Y337F variant.
EPR Spectra of AauDyP at Neutral pH. Because AauDyP

is catalytically inactive at pH 7, the EPR spectrum has been
recorded to check the presence of protein radicals. The narrow
scan of the EPR spectrum of the H2O2-activated enzyme paired
with its simulation is reported in Figure 7. The EPR spectrum
of the W377S variant (red line) was recorded at the same pH
and compared with the one of AauDyP to assign this
tryptophanyl spectrum (Figure 7, inset). The Trp377 EPR
signal disappears, leaving only a residual signal of another
paramagnetic species almost undetectable, confirming the
assignment of the radical species at pH 7 only to Trp377.
The indole ring rotation angle, ϕ, defined by Cα−Cβ−C3−C2,
is ϕ ≈ −15° for Trp337 (4W7J pdb code). The crystallographic
dihedral angles for the β-protons are θ1 ≈ |30°| for H-β1 and θ2
≈ |40°| for H-β2. The calculated values, considering ρC3 =
0.55(1) and B″ = 5, are θ1 ≈ |28°| for H-β1 and θ2 ≈ |47°| for
H-β2, which are in fair agreement with the experimental and
computed values reported in Tables 2 and 3.
It is interesting to note that at this pH the enzyme is

catalytically inactive.23 This can be due to a decrease in
tryptophan redox potential in aqueous solution when the pH is
increased.61

LRET Pathway/s in AauDyP. The first LRET pathway in
ligninolytic peroxidases was identified in P. chrysosporium LiP.19

This pathway starts from the exposed Trp171 to the heme. The
Trp radical, in its cationic form, was indirectly determined and
represents the catalytic site for the oxidation of veratryl alcohol,
which in turn oxidizes bulky substrates like the lignin
polymer.19 A Trp cation radical was reported after engineering
the Trp171 site in LiP and Coprinus cinereus peroxidase,62 but it
was subsequently demonstrated that the detected Trp171
radical was in its neutral form.47 Until now, the only case of a
Trp cation radical (Trp191•+) as a catalytic site is that detected
in cytochrome c peroxidase (CcP) by Hoffmann et al.63−65 and
recently confirmed by a computational study.40

Table 2. Experimental (AauDyP pH 7) and B3LYP/EPR-II g Tensors (gi) and hfcc Values (Ai, in MHz) Computed at the
B3LYP/AMBER-Optimized Geometries for Trp377•

gi
a Ai(Hβ1)

b Ai(Hβ2) Ai(H2) Ai(H5) Ai(H6) Ai(H7) Ai(N1) Ai(H1)

sim. x 2.0037 65.4 48.9 19.7 15.8 0.3
Trp377• y 2.0027 47.3 42.5 25.6 5.3 18.5

z 2.0022 84.6 45.7 12.1 7.0 17.5
iso 2.0028 65.7 45.7 19.1 9.4 12.1

comp. x 2.0037 77.4 37.2 −2.7 −13.1 0.7 −9.8 −2.1 −2.2
Trp377• y 2.0028 74.9 35.8 0.0 −5.0 −0.3 −2.8 −1.9 −1.9

z 2.0023 84.5 44.8 5.5 −15.9 3.3 −14.5 34.1 5.0
iso 2.0029 78.9 39.2 0.96 −11.3 −1.2 −9.0 10.0 0.3

aErrors on the simulated gi values are ± 0.0001. bhfcc values ±6 MHz

Table 3. B3LYP/EPR-II-Computed Mulliken Spin Densities
for Trp377•a,b

Trp377•

N1 0.28
C2 −0.10
C3 0.57
C5 0.18
C7 0.13

aComputed spin density distributions of the radical species visualized
with the program package VMD33 is shown above the table. bTotal
Mulliken spin density is equal to one adding the small contributions
from the remaining QM atoms.
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In P. eryngii VP, the catalytic site is the tryptophanyl neutral
radical (Trp164•) H-bonded to N1 with the carboxylic group of
the nearby Glu243 as the hydrogen bond donor.25 The
formation of the neutral tryptophan radical with the electron
transfer followed by a proton transfer (ETPT) is consistent
with the formation of a short-lived transient radical cation with
a lifetime of few picoseconds.46

The Trp377 radical in AauDyP is in its neutral form, with the
indole ring solvent-exposed and water molecules as hydrogen
bond donors (2.011 Å, Figure 6a). The AauDyP indole ring
rotation angle ϕ, ϕ ≈ −15°, is close to the same crystallo-
graphic angle for Trp164 in P. eryngii VP (ϕ ≈ −22°).25
Considering also a small reorientation, followed by protein
radical formation, these two residues have very similar β-
protons coupling constants and the same catalytic role in both
proteins.
It is worth noting that a different line shape is observed in the

EPR spectrum (pH 7) assigned to the “pure” neutral Trp377
radical (Figure 7) compared with that obtained (pH 3) for the
Y147F/Y337F double variant (Figure 4c), where the secondary
tyrosyl radical species are absent. The spectrum of the double
variant, and consequently the tryptophanyl contribution in the
EPR spectrum of native AauDyP, might be originated by the
overlay of another Trp secondary radical species with the
activation of the LRET pathway starting from Trp377. It has
been shown that methionine residues play a role in the
electrostatic stabilization of Trp protein radicals.47,25,62,66−68

Comparison of the crystal structures of P.eryngii VP20 and
AauDyP13 shows that a methionine residue (Met247) close to
the Trp164• in the P.eryngii VP enzyme is replaced by two
phenylalanine residues (Phe383 and Phe372) in Trp377• in
AauDyP. The Met residues were proposed to contribute to the
electrostatic stabilization of Trp191 cation radical also in CcP.
Changing even two of the three Met residues in CcP to the
corresponding residues in ascorbate peroxidase eliminates the
Trp191 EPR signal and generates a Tyr-like EPR signal.67,68 It
is also interesting that in AauDyP when the main LRET
pathway is removed, the principal radical signal is that of a Tyr
residue. The presence of the two Phe residues in AauDyP can
play a role in the destabilization of the Trp377•, delocalizing
electron equivalents on other redox-active sites. The other two
Trp residues of possible secondary tryptophanyl radical sites are
Trp256 and Trp105. Trp256 is connected to the heme
propionate group, while Trp105 is linked to Trp377 through
a pathway starting from Trp105 → Arg217 → Phe370 →
Phe372 → Trp377 and it is hydrogen bonded to Glu100.
Studies are in progress to also address the involvement of an
eventual secondary tryptophan radical contribution to the
spectrum of AauDyP at pH 3.

■ CONCLUSIONS

In conclusion, in AauDyP at pH for optimum activity, the
solvent-exposed catalytic site for the oxidation of bulky
substrates is the Trp377 residue, which appears in its neutral
form with the water molecules as hydrogen bond acceptors. A
secondary radical is simultaneously formed: this is localized on
Tyr337 that is hydrogen-bonded with Glu354. When the main
LRET is removed in the W377S variant, the Tyr337 residue
provides the main radical site. If the Tyr337 residue is removed
in the Y337S variant, the Tyr147 radical, hydrogen-bonded to
water molecules, becomes the secondary radical species. At pH
7, only the Trp377 radical is present.

The AauDyP can represent a nice example to study the
mechanism that underlines the activation or deactivation of
different LRET pathways in enzymatic systems. The possibility
to tune the redox-active sites can be relevant for the use of this
class of enzymes in biotechnological applications.
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J.; Martínez, M. J.; Basosi, R.; Romero, A.; Martínez, A. T.
Crystallographic, Kinetic and Spectroscopic Study of the First
Ligninolytic Peroxidase Presenting a Catalytic Tyrosine. J. Biol.
Chem. 2011, 286, 15525−15534.
(30) Lardinois, O. M.; Medzihradszky, K. F.; de Montellano, P. R. O.
Spin Trapping and Protein Cross-linking of the Lactoperoxidase
Protein Radical. J. Biol. Chem. 1999, 274, 35441−35448.
(31) Stoll, S.; Schweiger, A. EasySpin, A Comprehensive Software
Package for Spectral Simulation and Analysis in EPR. J. Magn. Reson.
2006, 178, 42−55.
(32) Li, H.; Robertson, A. D.; Jensen, J. H. Very Fast Empirical
Prediction and Rationalization of Protein pKa Values. Proteins.
Proteins: Struct., Funct., Genet. 2005, 61, 704−721.
(33) Humphrey, W.; Dalke, A.; Schulten, K. VMD - Visual Molecular
Dynamics. J. Mol. Graphics 1996, 14, 33−38.
(34) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K.
M.; Ferguson, D. M.; Spellmeyer, D. C. A Second Generation Force
Field For the Simulation of Proteins, Nucleic Acids, and Organic
Molecules. J. Am. Chem. Soc. 1995, 117, 5179−5197.
(35) Wang, J.; Cieplak, P.; Kollman, P. A. How Well Does a
Restrained Electrostatic Potential (RESP) Model Perform in
Calculating Conformational Energies of Organic and Biological
Molecules? J. Comput. Chem. 2000, 21, 1049−1074.
(36) Ponder, J. W.; Case, D. A. Force Fields For Protein Simulations.
Adv. Protein Chem. 2003, 66, 27−85.
(37) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R.
W.; Klein, M. L. Comparison of Simple Potential Functions for
Simulating Liquid Water. J. Chem. Phys. 1983, 79, 926−935.
(38) AMBER parameter database. http://www.pharmacy.
manchester.ac.uk/bryce/amber/.
(39) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.;
Kudin, K. N.; Burant, J. C.; et al. Gaussian 03, Revision B.04; Gaussian,
Inc.: Wallingford, CT, 2004.
(40) Bernini, C.; Arezzini, E.; Basosi, R.; Sinicropi, A. In Silico
Spectroscopy of Tryptophan and Tyrosine Radicals Involved in the
Long-Range Electron Transfer of Cytochrome c Peroxidase. J. Phys.
Chem. B 2014, 118, 9525−9537.
(41) Phillips, J. C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid,
E.; Villa, E.; Chipot, C.; Skeel, R. D.; Kale, L.; Schulten, K. Scalable
Molecular Dynamics with NAMD. J. Comput. Chem. 2005, 26, 1781−
1802.
(42) Darden, T.; York, D.; Pederson, L. Particle Mesh Ewald: An N
log(N) Method for Ewald Sums in Large Systems. J. Chem. Phys. 1993,
98, 10089−10092.
(43) Aquilante, F.; De Vico, L.; Ferre,́ N.; Ghigo, G.; Malmqvist, P.-
Å.; Neogrady, P.; Pedersen, T. B.; Pitonak, M.; Reiher, M.; Roos, B.
O.; et al. MOLCAS 7: The Next Generation. J. Comput. Chem. 2010,
31, 224−247.
(44) Ponder, J. W. Tinker 4.2, software tools for molecular design;
2004. http://dasher.wustl.edu/tinker.
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