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A B S T R A C T

Dye-decolorizing peroxidase (DyP) from Auricularia auricula-judae and versatile peroxidase (VP) from Pleurotus
eryngii oxidize the three mononitrophenol isomers. Both enzymes have been overexpressed in Escherichia coli and
in vitro activated. Despite their very different three-dimensional structures, the nitrophenol oxidation site is
located at a solvent-exposed aromatic residue in both DyP (Trp377) and VP (Trp164), as revealed by liquid
chromatography coupled to mass spectrometry and kinetic analyses of nitrophenol oxidation by the native
enzymes and their tryptophan-less variants (the latter showing 10–60 fold lower catalytic efficiencies).

1. Introduction

Nitrated phenol derivatives (nitrophenols) are versatile building
blocks for the industrial synthesis of dyes, plastics and fungicides,
among other chemicals. Nitrophenol exists as three (ortho, meta and
para) isomers with different acidities and water solubilities. Although
there are no known natural sources of nitrophenols, these compounds
are found in air, water and soil as a consequence of the industrial ac-
tivity [1]. Additional nitration of mononitrophenols gives six dini-
trophenol isomers (2,3-, 2,4-, 2,5-, 2,6-, 3,4- and 3,5-dinitrophenol).
Among them, 2,4-dinitrophenol has the highest industrial interest,
being used for the production of picric acid, sulfur black dye, and 2,4-
diaminophenol (amidol developer in photography).

In former studies, no oxidation of para-nitrophenol was detected by
lignin peroxidase (LiP), manganese peroxidase (MnP), and laccase from
Phanerochaete chrysosporium and Trametes versicolor, although this
compound was converted to 4-nitroanisole and 1,2-dimethoxy-4-ni-
trobenzene by the former fungus through a combination of hydro-
xylation and methylation reactions [2]. More recently para-nitrophenol
oxidation by several dye-decolorizing peroxidases (DyPs) was com-
pared with oxidation by P. chrysosporium LiP, Coprinopsis cinerea per-
oxidase, and soybean peroxidase [3]. Differences in turnover numbers
were observed between the analyzed DyPs, the highest values being
comparable to those of LiP and C. cinerea peroxidase, with soybean
peroxidase as the only enzyme unable to oxidize this substrate. In

Auricularia auricula-judae DyP studies, an overall scheme for ni-
trophenol oxidation was proposed, initiated by the formation of its
phenoxy radical, which adopts different mesomeric forms. This radical
would undergo spontaneous reactions, including the release of the nitro
group yielding para-benzoquinone, and its reaction with a second ni-
trophenol molecule forming dinitrophenol. Due to the short life-span of
the nitrating radicals, it was suggested that the latter reaction will take
place in a confined space within or near the heme channel [4,5].

Related with this, when the crystallographic structure of
Bjerkandera adusta DyP was solved in complex with 2,6-dimethox-
yphenol (PDB 3VXJ), a binding site at the entrance of the heme cavity
was described with a network of water molecules, two amino-acid re-
sidues and the heme 6-propionate involved in electron and proton
transfer from substrate to DyP [6]. In contrast, oxidation of phenols by
the A. auricula-judae DyP was proposed to take place at a solvent-ex-
posed tyrosine (Tyr337), via a long-range electron transfer (LRET)
pathway, although a solvent-exposed tryptophan was also found in the
first crystal structure of this enzyme [4,7]. Finally, the major catalytic
role of the latter tryptophan residue of A. auricula-judae DyP (Fig. 1A) in
LRET oxidation of 2,6-dimethoxyphenol and other model substrates (as
a high turnover oxidation site) was demonstrated by activity loss of the
W377S variant, although the main heme access channel would also act
as a low turnover substrate oxidation site, as shown by the loss of this
activity when the heme channel was occluded by directed mutagenesis
[8].
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In a similar way, versatile peroxidase (VP), the third family of lig-
ninolytic peroxidases together with LiP and MnP, is able to oxidize
phenols (and low redox-potential dyes) at two catalytic sites: i) a high
catalytic-efficiency site (Trp164 in Pleurotus eryngii VPL2, Fig. 1B)
where high redox-potential substrates (like veratryl alcohol and lignin)
are also oxidized; and ii) a low catalytic-efficiency site located at the
main heme access channel, as shown by the activity detected in the
W164S variant [10,11].

In the present paper, oxidation of nitrophenols by DyP (from A.
auricula-judae), VP (from P. eryngii), one DyP mutated variant at the
heme access channel and other at the surface exposed tyrosine, and two
variants at the catalytic tryptophan of both enzymes was investigated,
with high activity loss for the two tryptophan-less variants.
Simultaneously, we showed that the chromatographied oxidation pro-
ducts from the three nitrophenol isomers were the same for both en-
zymes.

2. Material and methods

2.1. Chemicals

Ortho-nitrophenol (2-nitrophenol), meta-nitrophenol (3-ni-
trophenol), para-nitrophenol (4-nitrophenol), 2,4-dinitrophenol and
sodium nitrite were obtained from Merck.

2.2. Enzyme production, activation and purification

Non-mutated recombinant (hereinafter native) A. auricula-judae
DyP and its G169L, W377S and Y337S variants were expressed as in-
clusion bodies in E. coli BL21(DE3)pLysS cells with the pET23a-DyP
vector containing the mature protein sequences, in vitro activated, and
purified as described elsewhere [12]. Native P. eryngii VP and its W164S
variant were expressed as inclusion bodies in E. coli W310 cells with the
pFLAG-VP vector containing the mature protein sequences, in vitro ac-
tivated, and purified as described elsewhere [13]. The correct folding
and heme cofactor incorporation to native enzymes and variants was
confirmed by electronic absorption spectra with the characteristic Soret
band at 405 (DyP) and 410 (VP) nm, and the two small bands around
500 and 650 nm (Fig. S1).

2.3. Chromatographic analysis of nitrophenol reactions

Reactions were performed at 25 °C in 3-ml final volume, mixing
native or mutated DyP and VP (0.44 μM) with 1mM substrate (ortho,
meta or para nitrophenol) and 0.1M acetate, pH 4.3. Reactions were
started by adding H2O2 at final concentration of 1mM. At 0, 10, 30, 60
and 120min of reaction, 0.5 ml aliquots were collected and the

reactions were stopped by adding 10 μl of 4.4 mM sodium azide.
The substrate consumption and chromatographied reaction pro-

ducts (in 25 μl samples) were analyzed using an Agilent HPLC equip-
ment fitted with a ACE3 C18 column (150×2.1mm, and 3 μM particle
size) and isocratic acetonitrile (15% v/v for meta-nitrophenol reactions
and 20% v/v for the rest) in ammonium formate (0.1% v/v) as mobile
phase, at a flow rate of 0.2 mlmin−1, at 25 °C. Elution was monitored
by absorbance in the range of 200–500 nm (PDA), and mass detection
in the range of 100–200 Da.

The retention times of ortho-nitrophenol (22.8 min), meta-ni-
trophenol (24.4min), para-nitrophenol (14.9min) and 2,4-dini-
trophenol (16.5min) were obtained from authentic standards, while the
retention time of 2,6-dinitrophenol (12.0min) was taken from the lit-
erature [4]. Molecular ions at m/z 137 [M−H]- and 183 [M−H]-

were found for the mono- and di-nitrated phenols, respectively. Cali-
bration curves were obtained for quantification of products and re-
maining substrates in the different reactions (Fig. S2).

2.4. Kinetics of nitrophenol oxidation

Steady-state kinetic constants were determined in triplicate reac-
tions by spectrophotometric measurement of the initial oxidation rates
of nitrophenol isomers (0.2–15mM concentration), followed at 405 nm,
in 0.1M acetate, pH 4.3, using 1mMH2O2 and 0.44 μM enzyme, at
25 °C. Previously, molar extinction coefficients for the oxidation of
ortho- (ε405 2660M−1 cm−1), meta- (ε405 3060M−1 cm−1) and para-
nitrophenol (ε405 2230M−1 cm−1) were calculated from 0.1 mM sub-
strate reactions with 3.5 μM DyP, under the conditions described above
(Fig. S3). After spectra stabilization the amount of remaining substrate
was quantified by liquid chromatography (LC) coupled to photodiode
array (PDA) and mass spectrometry (MS) detectors, and the molar ex-
tinction coefficients were calculated from the variation of absorbance
using the Lambert Beer equation [1]:

Abs= ε L c [1]

where Abs is the absorbance, ε is the molar extinction coefficient, L is
the light path length, and c is the molar concentration.

Plotting and analysis of kinetic curves were carried out with
SigmaPlot (version 11.0). Apparent affinity constant (Km), turnover
number (kcat) and their standard errors were estimated by non-linear
least-squares fitting to the Michaelis-Menten model. Catalytic efficiency
and its standard error was estimated by fitting to the Michaelis-Menten
normalized equation [2].

v= (kcat/Km)[S] / (1+[S]/Km) [2]

Finally, para-nitrophenol (25mM) oxidation by A. auricula-judae

Fig. 1. Ribbon type representations of the crystal structures
of the Escherichia coli-expressed DyP of A. auricula-judae (A)
and VP of P. eryngii (B) compared in the present study,
showing (as CPK-colored sticks) the solvent-exposed trypto-
phan of both enzymes (Trp377 and Trp164, respectively) and
the solvent-exposed tyrosine (Tyr337) of DyP, together with
the heme cofactors. From PDB entries 4W7J and 2BOQ, re-
spectively [8,9].
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DyP and P. eryngii VP (0.44 μM) was measured in the presence of
0–100 μM NaNO2 to investigate a possible stimulatory or inhibitory
effect.

2.5. Comparison of DyP and VP standard reduction potentials

The reduction potentials (E°′) of the compound I/resting state (CI/
RS) pairs of A. auricula-judae DyP and P. eryngii VP were calculated from
equilibrium concentrations estimated by stopped-flow rapid spectro-
photometry [14]. RS conversion into CI was followed in a stopped-flow
equipment (Bio-Logic) synchronized with a diode-array detector (J&M),
and the BioKine software. The experiments were made in 100mM
tartrate, pH 3, at 25 °C, by mixing enzyme (8 μMDyP and 4 μM VP) with
different concentrations of H2O2 (1–12 molar equivalents till equili-
brium) for 3 s. All experiments were at least triplicates. The E°'(CI/RS)
was determined using the Nernst equation at equilibrium [3]:

ΔE°' = (RT / nF) lnK’ [3]

that correlates the difference of reduction potentials between enzyme
and substrate with the equilibrium constant K’. R is equal to
8.31 J K−1 mol−1, T is set to 298 K, n represents the number of elec-
trons transferred in a single reaction step of the redox couple, and F (the
Faraday constant) is 96,485 J V−1 mol−1. K′ represents the CI/RS pair
equilibrium constant, which is calculated as follows [4]:

K’ = ([H2O2][RS]) / [CI] [4]

The amounts of CI and RS were quantified using their extinction
coefficients at the equilibrium (i.e. when the spectral changes ended,
during H2O2 addition; see Fig. S4) and the reduction potential of the
pair H2O2/H2O at pH 3 (E°' = 1.56 V) [15]. The RS extinction coeffi-
cients values were ε405nm=117000M−1 cm−1 for DyP and
ε410nm= 150000M−1 cm−1 for VP. CI extinction coefficients values
were calculated after converting all the RS enzyme into CI using 10
H2O2 equivalents, ensuring there is no auto-reduction to CII. The values
obtained were ε405nm=65750M−1 cm−1 for DyP, and
ε410nm= 53300M−1 cm−1 for VP.

At a specific wavelength (405 nm for DyP and 410 nm for VP), the

absorbance is an additive measurement of those of the individual
components of a mixture. Therefore, using the 410 nm (Soret band)
extinction coefficients for RS and CI the quantification of the CI/RS
redox pair at equilibrium is possible using the following equation [5]:

A410= ε410-RS [RS] l + ε410-CI [CI] l [5]

where l is the path length of the stopped-flow cuvette.

2.6. Molecular docking

AutoDock 4.2 [16] was used for docking ortho-, meta- and para-ni-
trophenol on the crystal structures of the recombinant DyP and VP used
in the present study (PDB entries 4W7J and 2BOQ, respectively).
During simulation, the structure of the protein was kept rigid while that
of the ligands was allowed to be flexible, and multiple Lamarckian
Genetic Algorithm runs occurred, each one providing one predicted
binding mode, followed by cluster analysis at the end of the simulation.
Grids of probe atom interaction energies and electrostatic potential
were generated by the AutoGrid program present in AutoDock 4.2 (a
grid spacing of 0.375 Å was used). For each calculation, one job of 100
docking runs was performed using a population of 150 individuals and
an evaluation number of 2.5× 107.

3. Results and discussion

3.1. Chromatographic analyses with native and tryptophan-less enzymes

For chromatographic and spectrophotometric (kinetic) analyses,
oxidation of the three nitrophenol isomers by the recombinant DyP and
VP was performed at optimal pH 4.3 [4]. The results from chromato-
graphic analyses of the reaction mixtures (using LC-PDA/MS) reveal
that DyP and VP oxidize the three mononitrophenol isomers (ortho,
meta and para), with significant decreases of substrate concentration by
both enzymes. However, only minor peaks of reaction products (dini-
trophenols) were detected, revealing that mononitrophenol oxidation
mainly results in non-chromatographied products.

In this way, the chromatographic analyses of ortho-nitrophenol

Fig. 2. Time course of ortho- (A), meta- (B) and para-ni-
trophenol (C) oxidation by native A. auricula-judae DyP
(squares) and P. eryngii VP (circles), and DyP W377S (dia-
monds) and VP W164S (triangles) variants. Decrease of the
nitrophenol substrate is shown by continuous lines, while the
2,4-dinitrophenol produced from the ortho and para sub-
strates is shown by dashed lines.
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oxidation show that 52% of substrate was converted by DyP and 37%
by VP, within 30min, although only 1.5% and 1.2% of 2,4-dini-
trophenol were obtained, respectively (Fig. 2A). 2,4-Dinitrophenol was
the main product observed, but 2,6-dinitrophenol and two minor peaks
with retention time of 4.9 and 9.6min and molecular ion of m/z 183
[M−H]- (corresponding to the mass of dinitrophenols) were also de-
tected (Fig. S5). Although no oxidation products were detected from
meta-nitrophenol (neither by PDA nor MS detection) similar transfor-
mation rates after 30min reaction (52% and 20% by DyP and VP, re-
spectively) were estimated from peak decrease in the LC-PDA/MS
analyses (Fig. 2B and Fig. S6). Finally, after 30 min of reaction with
para-nitrophenol, 26% and 35% substrate was transformed by DyP and
VP, with 2,4-dinitrophenol as the only chromatographied product
(corresponding to 2.5% and 3.7% of substrate, respectively) (Fig. 2C
and Fig. S7).

As already mentioned, the previously solved crystal structures of the
E. coli-expressed native DyP (PDB 4W7J) and VP (PDB 2BOQ) include
two solvent-exposed tryptophan residues involved in substrate oxida-
tion [9,17] (Fig. 1), which were here substituted with serine residues by
site-directed mutagenesis. As for native enzymes, the eventual products
and remaining ortho, meta and para substrates were quantified after
different reaction times with the two tryptophan-less variants (Fig. 2
and Figs. S5–S7). The results obtained reveal that substitution of the
Trp377 in DyP (diamonds in Fig. 2) or the Trp164 in VP (triangles in
Fig. 2) strongly reduced oxidation of nitrophenols in 2-h incubation
experiments, preventing 2,4-dinitrophenol formation.

3.2. Steady-state kinetics with native and mutated enzymes

Steady-state kinetic analyses provide additional information to that
obtained from the chromatographic analyses of 2-h reactions. The latter
revealed that the 2,4-isomer, and other minor dinitrophenol products,
only represent 2–9% of the substrate conversion (estimated from peak
decrease) due to formation of non-chromatographied condensation
products in agreement with previous studies [4]. Therefore, extinction
coefficients of the whole reaction products were obtained, and used in

kinetic analyses (Fig. 3).
The constants obtained (Table 1) show slightly higher kcat values for

DyP than for VP, whereas VP exhibits higher affinity (lower km values)
than DyP for the three nitrophenol isomers. The two peroxidases also
showed differences in the preferred isomer used as substrate: meta for
DyP (16.9 s−1) (in contrast, the meta isomer is the worst substrate of VP
with a maximal turnover of only 1.4 s−1) and ortho for VP (4.7 s−1).
The differences in kinetic constants and substrate preferences could be
related with the presence of different amino-acid residues surrounding
the catalytic tryptophan in both enzymes (Fig. 4). This hypothesis is
supported by previous studies that have demonstrated that the VP
catalytic tryptophan environment contributes to the oxidation rate of
high-redox-potential substrates and enzyme-product complex dissocia-
tion [18]. To further analyze substrate interactions at the catalytic
tryptophan environment, docking simulations were performed as de-
scribed in the next section.

On the other hand, the initial rates of DyP and VP oxidation of para-
nitrophenol in the presence of inorganic nitrite revealed a progressive
inactivation as nitrite concentration increases, in agreement with pre-
vious studies [4]. DyP was more affected by nitrite with only 16% of
initial activity in the presence of 1 μMNaNO2 while VP maintained 38%
activity under the same conditions (Fig. S8).

More importantly, the catalytic efficiency of the W377S and W164S
variants is reduced to less than 5% of those of the respective native
enzymes. No significant changes of the catalytic constants are observed
for the surface-Tyr variant (Y337S) and the occluded-channel variant
(G169L) (Fig. 3 and Table 1). In summary, although some remaining
activity is detected in the DyP and VP tryptophan-less variants, the
results strongly supports that these tryptophan residues are playing a
major role in the oxidation of nitrophenols by DyP and VP.

3.3. Comparison of DyP and VP reduction potentials

To investigate if the above kcat differences were due to differences in
the oxidation power of DyP and VP, the standard reduction potentials
(E°′) of both enzymes were estimated here. Most of the information

Fig. 3. Kinetics of nitrophenol oxidation (ortho, meta and para isomers in triangles, squares and circles, respectively) by native A. auricula judae DyP (A), its W377S
variant (C), native P. eryngii VP (B) and its W164S variant (D). Means and standard errors are shown.
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available concerns the Fe3+/Fe2+ pair [19], which is not part of the
catalytic cycle of ligninolytic and other fungal peroxidases. However,
the reduction potentials of the reactive CI and CII states of LiP (and its
evolutionary ancestors) have been recently measured [14] with the
stopped-flow method also used to measure the reduction potentials of
some animal peroxidases and fungal heme-thiolate peroxidases [20,21].
This method, which is based on rapid spectrophometry estimation (Fig.
S4) of the equilibrium concentrations of both enzyme and substrate,
provided a slightly lower E°′(CI/RS) value for A. auricula-judae DyP
(1.368 ± 0.004 V) than for P. eryngii VP (1.383 ± 0.004 V) (Tables S1
and S2), being in both cases higher than the redox potentials of ni-
trophenols (e.g. para-nitrophenol 1.23 V [3]. Therefore, other factors,
such as better substrate positioning facilitating electron transfer, should
be responsible for the higher activity of the latter enzyme on the dif-
ferent nitrophenols (Table 1).

3.4. Substrate docking on crystal structures and in silico variants

Trying to further rationalize the above differences in kinetic con-
stants, the three nitrophenol isomers were docked on the DyP and VP
crystal structures using the AutoDock software. The 100 poses of ortho,
meta and para isomers calculated in independent docking runs for DyP
and VP are shown in Fig. S9. Those poses with the best (lowest) binding
energy are shown in Fig. S10.

The higher VP affinity for nitrophenols (as shown by lower Km va-
lues) could be related to a stronger enzyme-substrate interaction
mediated by several H-bonds involving the guanidinium group of
Arg257 and the amino group of Lys253. By contrast, the existence of
only hydrophobic contacts with residues of the catalytic tryptophan
environment, and/or single H-bonding interactions with the amide side
chain of Asn328 or Asn380, would be responsible for the lower DyP
affinity. Concerning activity, the different kcat values observed are no
easily explained by the docking results. The substrate positioning - a
combination of distance to catalytic tryptophan (always remaining in
the 3.3–3.8 Å range for the best poses) and orientation - limits the
electron transfer and the turnover and establish the differences

observed.

3.5. Concluding remarks

DyP-type peroxidases are unrelated at the sequence level to classical
ligninolytic peroxidases (VP, LiP or MnP). They also lack the typical
heme-pocket residues of plant and fungal peroxidases, which comprise
proximal histidine and distal histidine and arginine [17]. Moreover, in
base to their tertiary structure, DyPs and classical ligninolytic perox-
idases belong to unrelated superfamilies: the DyP-chlorite dismutase
superfamily and the peroxidase-catalase superfamily, respectively [22].
However, as VPs and LiPs [9,23], DyPs are able to oxidize phenolic and
non-phenolic aromatic compounds through a LRET pathway that in-
volves a surface exposed catalytic tryptophan [8]. Such easily accessible
oxidation site is consistent with the proposed nitration mechanism by
peroxidases involving reactive nitrophenoxy and nitro free radicals or
nitryl ion [5]. These are short-lived nitrating agents, whose interaction
with the target substrates (nitrophenols) would be much easier if gen-
erated at the protein surface than in the buried heme pocket. In the
present study, we demonstrate how these two unrelated enzyme types
oxidize nitrophenols at a surface tryptophan residue, pointing to a
functional convergent evolution for oxidation of aromatics, even in
absence of a specific selection pressure for nitrophenols, given that
nitrated phenols appear in nature recently as a result of industrial ac-
tivity.
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Table 1
Steady-state kinetic constants - Km (mM), kcat (s−1) and kcat/Km (s−1·mM−1) - of native DyP and its G169L, W377S and Y337S variants, and native VP and its W164S
variant on the three nitrophenol isomers. Reactions were performed at 25 °C in 0.1M acetate, pH 4,3, using 1mMH2O2 and 0.44 μM enzyme. Means and standard
errors are shown.

ortho-Nitrophenol meta-Nitrophenol para-Nitrophenol

Km kcat kcat/Km Km kcat kcat/Km Km kcat kcat/Km

DyP 2.4 ± 0.4 8.7 ± 0.5 3.7 ± 0.4 2.8 ± 0.9 16.9 ± 1.9 6.1 ± 1.4 8.9 ± 0.9 13.5 ± 0.7 1.5 ± 0.1
W377S 3.3 ± 0.9 0.6 ± 0.1 0.2 ± 0.0 12.1 ± 2.0 0.9 ± 0.1 0.1 ± 0.0 18.6 ± 5.5 2.2 ± 0.3 0.1 ± 0.0
Y337S 3.5 ± 0.8 15.9 ± 1.5 4.6 ± 0.7 2.8 ± 0.5 15.8 ± 0.9 5.6 ± 0.7 15.9 ± 5.3 16.2 ± 2.9 1.0 ± 0.2
G169L 5.9 ± 2.1 13.1 ± 2.6 2.2 ± 0.3 3.2 ± 0.6 13.5 ± 0.9 4.2 ± 0.6 9.9 ± 1.6 13.7 ± 1.1 1.4 ± 0.1
VP 0.5 ± 0.1 4.7 ± 0.1 9.2 ± 0.5 0.7 ± 0.1 1.4 ± 0.0 1.9 ± 0.3 1.9 ± 0.1 3.8 ± 0.1 1.9 ± 0.1
W164S 2.0 ± 0.5 0.7 ± 0.1 0.3 ± 0.0 9.6 ± 3.1 0.3 ± 0.0 0.1 ± 0.0 9.0 ± 1.5 1.5 ± 0.1 0.2 ± 0.0

Fig. 4. Catalytic tryptophan environment in the crystal
structures of A. auricula-judae DyP (A) and P. eryngii VP (B)
expressed in E. coli. DyP Trp377 and VP Trp164, and sur-
rounding exposed residues are shown as CPK-colored sticks.
The semitransparent solvent-access surfaces are colored by
electrostatic potential: blue (positive charge), red (negative
charge). From PDB entries 4W7J and 2BOQ, respectively.
(For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this ar-
ticle.)
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