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An efficient heterologous expression system for Auricularia auricula-judae dye-decolorizing peroxidase
(DyP) has been constructed. DNA coding for the mature protein sequence was cloned into the pET23a vec-
tor and expressed in Escherichia coli BL21(DE3)pLysS. Recombinant DyP was obtained in high yield as
inclusion bodies, and different parameters for its in vitro activation were optimized with a refolding yield
of �8.5% of the E. coli-expressed DyP. Then, a single chromatographic step allowed the recovery of 17% of
the refolded DyP as pure enzyme (1.5 mg per liter of culture). The thermal stabilities of wild DyP from A.
auricula-judae and recombinant DyP from E. coli expression were similar up to 60 �C, but the former was
more stable in the 62–70 �C range. Stabilities against pH and H2O2 were also measured, and a remarkably
high stability at extreme pH values (from pH 2 to 12) was observed. The kinetic constants of recombinant
DyP for the oxidation of different substrates were determined and, when compared with those of wild DyP,
no important differences were ascertained. Both enzymes showed high affinity for Reactive Blue 19
(anthraquinone dye), Reactive Black 5 (azo dye), 2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
and 2,6-dimethoxyphenol, with similar acidic pH optima and oxidative stabilities. Oxidation of veratryl
alcohol and a nonphenolic lignin model dimer were confirmed, although as minor enzymatic activities.
Interestingly, two sets of kinetic constants could be obtained for the oxidation of Reactive Blue 19 and
other substrates, suggesting the existence of more than one oxidation site in this new peroxidase family.

� 2014 Elsevier Inc. All rights reserved.
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superfamily together with the microbial chlorite dismutase and EfeB
heme families [4].

The first time that peroxidase and specific dye-decolorizing
activities were related was in crude extracellular enzyme prepara-
tions from liquid cultures of a strain of the fungus Bjerkandera adu-
sta [5] (it appears in the literature first described as Geotrichum
candidum and then misidentified by molecular methods as
Thanathephorus cucumeris as explained by Ruiz-Dueñas et al. [6]).
This DyP was purified and characterized as a heme protein (Soret
band at 406 nm) of high molecular weight (60 kDa) with a sub-
strate specificity that differs from that of the members of the
well-known superfamily of plant–fungal–bacterial peroxidases,
including recalcitrant anthraquinone dyes among the compounds
it is able to efficiently oxidize [7]. Then several DyP isoenzymes
were described in this fungus and the coding gene for one of them
was cloned, sequenced [8] and heterologously expressed as an
active and soluble enzyme in both Aspergillus oryzae [9] and Esch-
erichia coli [10], although with low yields after laborious purifica-
tion processes requiring several chromatographic steps.

Until June 2014, the Peroxibase database (http://peroxi-
base.toulouse.inra.fr) had registered 233 DyP sequences, mainly
inferred from bioinformatic analysis of sequenced genomes, which
have been classified into four types. Type A includes 26 sequences
of bacterial DyPs; type B gathers 45 sequences from bacteria, asco-
mycota and the only DyP sequence from a non-fungal eukaryote
(the mycetozoon Dictyostelium discoideum); type C groups 24
sequences from bacteria, and two sequences from B. adusta; and
type D includes 138 fungal sequences from ascomycota (26) and
basidiomycota (112). The fact that DyP-type peroxidases have been
found in bacteria and eukaryota is of great relevance because this
means that the ancient root of these enzymes appeared before
the branching of the two organism superkingdoms (domains). In
contrast, the ancestor of ligninolytic peroxidases (in class II
of the plant–fungal–bacterial peroxidase superfamily) would have
appeared around the end of the Carboniferous period as part of the
lignin-degrading machinery of the Agaricomycetes ancestor [11].
Although DyP genes also expanded in the genomes of lignin-
degrading basidiomycetes [12] and lignin model compounds can
be oxidized by DyPs [13], the appearance and evolutionary
history of DyPs is very different from that of class II ligninolytic
peroxidases. Therefore, and as mentioned above, DyPs have
been classified in a heme peroxidase superfamily apart from the
animal and plant–fungal–bacterial peroxidase superfamilies
[2,3,14,15].

Despite the high number of putative DyP sequences deposited
at protein databases, only a modest number of bacterial DyPs from
Bacteroides thetaiotaomicron, Shewanella oneidensis [16], Anabaena
sp. [17], E. coli [18], Thermobifida fusca [19], Rhodococcus jostii
[20], Amycolatopsis sp. [21], Pseudomona aeruginosa [22], Bacillus
subtilis and Pseudomonas putida [23], and fungal DyPs from B. adu-
sta [5], Termitomyces albuminosus [24], Marasmius scorodonius [25],
A. auricula-judae [26], Irpex lacteus [27], Exidia glandulosa and Myc-
ena epipterygia [13] have been purified and characterized to date,
some of them as several isoenzymes. One of the most attractive
characteristics of DyPs is their resistance to elevated temperatures,
pressures [28] and acidic conditions [26]. Moreover, DyPs oxidize
dyes that are not good substrates for other peroxidases [13,26], dif-
fer from them in their molecular structure [16,29,30] and their cat-
alytic mechanisms are still largely unknown. For the systematic
investigation of these peroxidases, the development of appropriate
over-expression methods that allow their production as recombi-
nant proteins will be essential. An optimized expression system
is required to obtain protein variants by site-directed mutagenesis
that allow both evaluation of structure–function relationships in
this enzyme family and the catalytic and stability improvement
for their future biotechnological application.
In the present study, a system for A. auricula-judae DyP (isoform
I) heterologous expression in E. coli has been developed. Since
recombinant DyP (DyP⁄) was produced in high quantity as inclu-
sion bodies, in vitro folding and purification conditions were opti-
mized, and the catalytic and stability properties of the purified
enzyme were determined and compared with those of the wild
enzyme isolated from fungal cultures.
Materials and methods

Materials

Yeast extract and bactopeptone were from Difco. Ampicillin,
chloramphenicol, dithiotreitol (DTT), lysozyme and hemin were
from Sigma–Aldrich. 2,20-Azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS) and DNaseI were from Boehringer Mannhein.
NdeI and BamHI restriction enzymes were from New England Bio-
labs. All other chemicals were from Merck.

The mature protein-coding DNA sequence (CDS) (GenBank
accession No. JQ650250) of A. auricula-judae DyP (isoform I)
(described as AjPI) [13,26] with additional NdeI and BamHI restric-
tion sites at the 50 and 30 ends, respectively, was synthesized by
ATG:biosynthetics (Merzhausen, Germany) after codon optimiza-
tion for E. coli expression.

Fungal DyP production and purification

Wild (non recombinant) isoform I of A. auricula-judae DyP was
produced in complex liquid media based on tomato juice [26]. After
concentration and ultrafiltration (10-kDa cutoff) of the enzyme
containing culture liquid, the crude DyP preparation was purified
by three steps of fast protein liquid chromatography (FPLC, Äkta
Explorer, GE HealthCare Europe GmbH, Freiburg, Germany) using
anion exchange (Q Sepharose and Mono Q) and chromatofocusing
techniques as described previously [26]. The purified DyP was dia-
lyzed against 10 mM sodium tartrate (pH 5) and stored at �80 �C.

Vector construction and DyP heterologous production in E. coli

DyP CDS was excised from the pGH vector (provided by
ATG:biosynthetics, Merzhausen, Germany) at the NdeI and BamHI
sites, and cloned into the expression vector pET23a (Novagen)
encoding ampicillin resistance to yield the pET23a-DyPI plasmid.
Then it was transformed into E. coli DH5a for amplification, con-
firmed by DNA sequencing (using an ABI 3730 DNA Analyzer of
Applied Biosystems) and introduced into E. coli BL21(DE3)pLysS,
carrying a chloramphenicol resistance maker, for subsequence het-
erologous expression.

For DyP⁄ production, E. coli BL21(DE3)pLysS cells containing the
pET23a-DyPI vector were grown overnight at 37 �C and 170 rpm in
500 mL flasks containing 200 mL of Luria Bertani broth (LB) supple-
mented with 100 lg/mL of ampicillin and 34 lg/mL of chloram-
phenicol. The precultured cells were used to inoculate 2 L flasks
containing 1 L of Terrific Broth (TB) supplemented with ampicillin
and chloramphenicol, that were grown for 3 h at 37 �C and
200 rpm (OD600nm �0.6). The cultures were induced with 1 mM
IPTG, grown for a further 4 h and then harvested by centrifugation.
Protein expression was monitored by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS–PAGE). For that, the cells
from 1 mL E. coli cultures were harvested, resuspended in 50 lL of
loading buffer and boiled. SDS–PAGE was performed in 12% poly-
acrylamide gels using dual color precision plus protein (Bio-Rad)
as standard and Coomassie R-250 staining.

The bacterial pellet corresponding to 5 L of culture was
resuspended in 50 mM Tris–HCl (pH 8.0) containing 10 mM
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ethylenediaminetetraacetic acid (EDTA) and 5 mM DTT (lysis buf-
fer), and the mixture was incubated with 2 mg/mL lysozyme for
1 h on ice. Then 0.1 mg/mL of DNaseI was added and incubated
for another 30 min. The solution was sonicated (1 min for three
times with intervals on ice) and centrifuged 1 h at 15,000 rpm.
The pellet containing the DyP polypeptide inclusion bodies was
washed with 20 mM Tris–HCl (pH 8.0) containing 1 mM EDTA
and 5 mM DTT. The protein was solubilized in 10 mL of 50 mM
Tris–HCl (pH 8.0) containing 8 M urea, 1 mM EDTA and 5 mM
DTT, gently stirred for 1 h at 4 �C to complete solubilization of
the DyP polypeptide, and centrifuged for 15 min at 15,000 rpm to
eliminate insoluble debris. Protein concentration was determined
by the Bradford method using the Protein Assay (Bio-Rad), and
bovine serum albumin as standard.

In vitro activation of DyP⁄

To investigate the optimal activation conditions for DyP protein,
initial folding assays were performed in 200 lL volume using 96-
well plates. The parameters varied included pH (5–9.5), GSSG (oxi-
dized glutathione) (0–1.5 mM), hemin (0–30 lM) and urea (0.1–
0.8 M). The protein (0.1 mg/mL), DTT (0.02 mM) and EDTA
(0.1 mM) concentrations remained constant in these assays. Fold-
ing was assayed both at 4 and 25 �C. Once these parameters were
fixed, the optimal folding time was investigated for 7 days.

After in vitro activation, incorrectly folded protein was elimi-
nated by centrifugation (45 min at 2000 rpm) and folding efficiency
was estimated by the ABTS oxidation assay described below. Ali-
quots from the different folding assays were transferred to a new
96-well plate, and carried to a final volume of 200 lL with
0.5 mM ABTS in 50 mM sodium tartrate prepared at the same pH
(4.5) previously used to determine the wild DyP activity on this
substrate [26]. Reaction was initiated with 0.1 mM H2O2, and mon-
itored at 436 nm in a microplate reader (Spectra max plus 384,
Molecular Devices) using the molar absorption coefficient provided
below.

Larger scale folding was performed using the optimized condi-
tions found in the small-scale experiments. These conditions
included: 50 mM phosphate (pH 6), 0.1 mM EDTA, 0.02 mM DTT,
10 lM hemin, 0.1 mg/mL protein, 0.2 M urea, and 4 �C incubation.
After 144 h, the mixture was concentrated (Pellicon and Amicon,
using 10 kDa cut-off membranes). The concentrated sample was
dialyzed against 20 mM sodium acetate (pH 4.3) to promote the
precipitation of free hemin and aggregates of misfolded protein.
The insoluble material was eliminated by centrifugation at
13,000 rpm for 30 min. The supernatant including active DyP⁄

was dialyzed against 10 mM Tris–HCl (pH 7) for subsequent
purification.

DyP⁄ purification and characterization

DyP⁄ was purified by ion-exchange chromatography in a
Resource Q column (GE Healthcare) coupled to an ÄKTA fast pro-
tein liquid chromatography system. The activated enzyme
obtained as described above was loaded onto the column in
10 mM Tris–HCl (pH 7) (1 mL/min). The correctly folded protein
and the misfolded forms retained at pH 7 were eluted with a NaCl
gradient from 0 to 0.3 M. Those fractions containing the correctly
folded DyP⁄ were pooled, concentrated, dialyzed against storage
buffer (10 mM sodium tartrate, pH 5) and stored at �80 �C.

DyP⁄ was analyzed by SDS–PAGE, as described above, to con-
firm the purity of the protein. Absorption spectra were recorded
in 10 mM sodium tartrate (pH 5) at 25 �C (conditions in which
the enzyme is stable and catalytically active) in a Thermo Spec-
tronic UV–visible spectrophotometer. The molar absorption coeffi-
cient of DyP⁄ (e405 nm 117,000 M�1 cm�1) was calculated from a
triplicate Bradford determination of pure protein concentration,
and used to estimate enzyme concentrations. Enzyme reduction
was achieved by adding 5 mM sodium dithionite to 5 lM enzyme
in 10 mM sodium tartrate (pH 5).

The isoelectric point (pI) of the desalted protein was deter-
mined by isoelectrofocusing (IEF) in gels with 5% polyacrylamide
and a mixture of Ampholines to obtain a pH range of 2.5–5 (mixing
85% from pH 2.5 to 5 and 15% from pH 3 to 10 (GE Healthcare)),
with 1 M H3PO4 and 1 M NaOH in anode and cathode, respectively.
Proteins were stained for peroxidase activity with 2.5 mM ABTS
and 0.1 mM H2O2 in 100 mM sodium tartrate, pH 4.5.

Effect of peroxide on DyP activity

The effect of peroxide on DyP half-life, defined as the time (in
min) at which 50% of activity is lost, was calculated by incubating
1 lM DyP⁄ in 10 mM sodium tartrate (pH 5) containing 1 or 3 mM
H2O2 (representing 1000 and 3000 equivalents, respectively). The
remaining activity at several incubation times was measured with
2.5 mM ABTS in 100 mM sodium tartrate (pH 3) (optimum pH), as
described below. The inactivation constants were calculated as
described by Hernández-Ruiz et al. [31].

The time course of 1 lM (wild or recombinant) enzyme inactiva-
tion in 10 mM sodium tartrate (pH 5) in the presence of 0–30,000 M
equivalents of peroxide at 4 �C was followed (in triplicate reac-
tions). The enzyme incubated under the same experimental condi-
tions in absence of H2O2 was used as a reference, and its activity at
the beginning of the experiment was considered to be 100%.

The data of residual activity vs time at each H2O2 concentration
were fitted to an exponential decay model and a pseudo first-order
inactivation rate constant (kobs, s�1) was obtained. The kobs values
were fitted to a hyperbolic function by a non-linear least-squares
fitting. From this function a first-order inactivation rate constant
(ki) and the H2O2 concentration that results in the half maximum
inactivation rate of the enzyme (KI), were obtained. Fitting of ki

and KI to the normalized equation kobs = ((ki/KI) [H2O2])/
(1 + [H2O2])/KI) yielded the apparent second order inactivation rate
constant (kapp = ki/KI) with its corresponding standard error. The
fitting was calculated with SigmaPlot (version 11.0).

Effect of pH and temperature on DyP activity

The optimum pH of the wild and recombinant DyPs oxidizing
Reactive Blue 19 (50 lM), ABTS (500 lM), 2,6-dimethoxyphenol
(DMP, 500 lM), Reactive Black 5 (25 lM) and veratryl alcohol
(VA, 10 mM) was measured in 50 mM Britton–Robinson (B&R) buf-
fer of pH 2–12 (in triplicate reactions), as described below. The
activity at the optimum pH was considered to be 100%.

The pH stability was determined by incubating the two
enzymes for 24 h in 50 mM KCl–HCl (pH 1) or B&R buffer (pH 2–
12) at 25 or 4 �C. The remaining activity at several incubation times
was measured with 2.5 mM ABTS in 100 mM sodium tartrate (pH
3) (in triplicate reactions), as described below. The activity imme-
diately after adding the enzyme to the buffer was taken as 100%.

To evaluate their temperature stability, the two enzymes in
sodium tartrate 10 mM (pH 5) were incubated in the range from
25 to 80 �C. After 10 min, they were allowed to rest for 2 min at
4 �C, and the remaining activities measured with 2.5 mM ABTS in
100 mM sodium tartrate (pH 3) in triplicate reactions. The T50 val-
ues, defined as the temperature at which 50% of activity is lost in a
10-min incubation, were calculated.

Enzymatic activities: kinetic analyses

Steady-state kinetic constants of the wild and recombinant
DyPs were determined spectrophotometrically using a Thermo
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Spectronic UV–visible spectrophotometer at 25 �C. For DMP, ABTS
and VA oxidation, absorbance increases at 469 nm (dimeric
coerulignone; e469 = 55,000 M�1 cm�1), 436 nm (ABTS cation
radical; e436 = 29,300 M�1 cm�1) and 310 nm (veratraldehyde;
e310 = 9300 M�1 cm�1) were followed, respectively. Absorbance
decreases were followed in the case of Reactive Black 5
(e598 = 30,000 M�1 cm�1) and Reactive Blue 19 (e595 = 10,000 M�1

cm�1) oxidation resulting in dye decolorization. All the substrates
were tested using the enzymes at a final concentration of 10 nM
(except VA whose oxidation was assayed with 100 nM enzyme)
and a 0.1 mM concentration of H2O2.

The plotting and analysis of the curves was carried out using
SigmaPlot (version 11.0). Apparent affinity constant (Michaelis–
Menten constant, Km), turnover number (catalytic constant, kcat)
and their standard errors were obtained by non-linear least-
squares fitting of the experimental measurements to the Michae-
lis–Menten model. The catalytic efficiency (kcat/Km) values with
their standard errors were calculated fitting the experimental data
to the normalized Michaelis–Menten equation: v = (kcat/Km)[S]/
(1 + [S]/Km). When no-saturation kinetics was observed (i.e. VA
oxidation), the catalytic efficiency value was calculated as the
slope of the straight line obtained from the representation of the
initial velocities (s�1) vs substrate concentration. Two sets of
steady-state kinetic constants were calculated for the oxidation
of some of the substrates assayed: (i) DMP in the 4–60 and 200–
8000 lM ranges; and (ii) Reactive Blue 19 in the 0.2–10 and 50–
270 lM ranges.
Oxidation of lignin model dimer

Enzymatic oxidation of the racemic (erythro plus threo) non-
phenolic lignin model dimer 4-O-methylsyringylglycerol b-guaia-
cyl ether (provided by J. Sipilä and P. Nousiainen from Helsinki
University) was followed by high-performance liquid chromatog-
raphy (HPLC). The reaction mixture (0.3 mL) contained 1 mM
dimer, 0.3 mM H2O2, 17 lM of enzyme in pH 2.5 B&R buffer, and
was stirred at 700 rpm and 25 �C for 16 h.

The reaction products were analyzed using an Agilent HPLC
equipment fitted with a Zorbax Eclipse XDB-C18 column (of
4.6 � 150 mm) and methanol:water containing 0.1% formic acid
(v/v) as mobile phase (35:65 for 15 min, followed by 50:50 for
30 min) at a flow rate of 1 mL min�1 at room temperature. Elution
was monitored at 255 nm. 3,4,5-Trimethoxybenzaldehyde (1 mM)
was used as standard for retention time and response factor
calculation.
Results and discussion

High-yield E. coli production of A. auricula-judae DyP

The pET23a-DyPI vector containing the CDS for the mature DyP
(isoform I) of A. auricula-judae, optimized for expression in E. coli,
was introduced into the BL21(DE3)pLysS strain. Its expression at
small-scale (15 mL cultures) was checked in time course experi-
ments using two different media (LB and TB) and temperatures
(16 and 37 �C), and the recombinant protein mainly accumulated
as inclusion bodies. The highest protein production, estimated by
SDS–PAGE, was attained 4 h after 1 mM IPTG induction in TB med-
ium at 37 �C.

Larger-scale production of DyP⁄ was performed in 5 L of TB
medium (distributed in 2-L flasks containing 1 L/flask). After 4 h
induction with IPTG, cell harvesting and lysing, it was determined
that large quantities of protein (about 100 mg/L) accumulated in
insoluble inclusion bodies as previously observed in the small-
scale experiments. Then, conditions for DyP⁄ in vitro activation
were optimized, as described for other peroxidases [32–37].

In vitro activation of DyP⁄

The DyP⁄ inclusion bodies were solubilized in 8 M urea, and
used as starting point of folding optimization experiments. The fol-
lowing parameters were simultaneously varied in 96-well micro-
plates: hemin and urea concentration, GSSG/GSH ratio, and pH.
The folding efficiency was followed by DyP activity measured as
ABTS oxidation. In the subsequent experiments the above folding
parameters were adjusted and the influence of the time and tem-
perature folding investigated.

The effect of pH on DyP folding was explored between pH 5 and
9.5 (Fig. 1A) and the optimum was found at pH 6, a value far from
the pH 9.5 reported for the M. scorodonius DyP [33]. No GSSG addi-
tion was required for DyP folding, most probably because its
sequence includes a single cysteine residue and no disulfide bond
formation is needed. Optimal activity was achieved for hemin 5–
10 lM (assayed range was from 0 to 30 lM) (Fig. 1B) correspond-
ing to �2–5-fold molar excess respect to the protein (2.1 lM). The
urea concentration for an optimum folding was found at 0.2 M
(Fig. 1C). It is important to mention that between the initial 8 M
urea concentration, in which the inclusion bodies were solubilized,
and the final 0.2 M of the folding mixture, an intermediate step
was performed in which the protein was dissolved in 1.5 M urea.
The folding mixture was maintained at 4 or 25 �C, and the opti-
mum was found at 4 �C (Fig. 1D) as previously described for the
recombinant DyP from M. scorodonius [33]. The experiment was
performed at both temperatures for 7 days, attaining the maximal
recovery of folded active DyP⁄ after 6 days (Fig. 1D).

Purification of DyP⁄

For enzyme purification, large-scale (5 L culture) activation of
the E. coli-expressed DyP⁄ protein was carried out under the previ-
ously optimized conditions, i.e. folding in 50 mM phosphate (pH 6),
containing 10 lM hemin, 0.2 M urea and 1 mg/mL protein, for
6 days at 4 �C. The mixture was concentrated, dialyzed and centrif-
ugated, allowing the elimination of folding additives and unfolded
protein, yielding a supernatant with 10-fold purification factor.
Then, DyP⁄ was purified by a single anion exchange-chromato-
graphic step, using a Resource Q column (Fig. 2A), in a process that
significantly differed from that optimized for the wild enzyme
from A. auricula-judae cultures consisting in three different chro-
matographic steps (Table 1). The SDS–PAGE analysis of the purified
DyP⁄ shows a single band of protein (Fig. 2A, inset) that, due to the
lack of glycosylation machinery in E. coli, has a molecular weight
slightly lower than that of the wild DyP purified from the fungal
cultures (51 kDa) [26], but in agreement with that calculated from
the amino-acid sequence (47 kDa). On the other hand, the experi-
mentally determined DyP⁄ isoelectric point (pI = 4.4) was near that
of the fungal DyP (pI = 4.3). The spectra of the resting ferric states
of recombinant and wild enzymes were also obtained (Fig. 2B).
Their analysis revealed that both enzymes exhibit a typical perox-
idase spectrum [38] with no significant differences between them.
The Soret band was observed at 406 nm together with two small
maxima at 506 and 532 nm corresponding to the charge transfer
bands CT2 and CT1, respectively. The subsequent addition of an
excess of dithionite resulted in a shift of the Soret band to
420 nm and appearance of prominent bands at 540 and 570 nm
(Fig. 2B) as a consequence of the ferric heme reduction to the fer-
rous form in both DyP⁄ and wild DyP.

Optimization of the in vitro folding and purification of DyP⁄

allowed recovering 1.5% of the DyP expressed in E. coli, resulting
from 8.5% to 17% folding and purification yields, respectively



Fig. 1. Optimization of in vitro folding parameters. (A) Effect of pH (24 h of incubation at 4 �C, 10 lM hemin, and 0.15 M urea). (B) Effect of hemin concentration (24 h of
incubation at 4 �C, pH 6, and 0.15 M urea). (C) Effect of urea concentration (24 h of incubation at 4 �C, pH 6, and 10 lM hemin). (D) Effect of temperature (white circles, 4 �C;
and black circles, 25 �C) and time (pH 6, 10 lM hemin, and 0.15 M urea). No GSSG was added. The extent of folding is shown as percentage of the maximal activity obtained
using ABTS as substrate.

Fig. 2. Purification of refolded DyP⁄ and spectral analysis compared with the wild enzyme. (A) Resource Q chromatogram showing the DyP⁄ elution profile at 280 and 410 nm,
and the NaCl gradient. The inset shows SDS–PAGE of the purified DyP⁄ (lane 1) and molecular-mass markers (lane M). (B) Electronic absorption spectra of DyP⁄ (continuos
line) and wild DyP from fungal cultures (dashed line). The enzyme spectra at 5 lM concentration in 10 mM sodium tartrate, pH 5, correspond to the resting state (ferric)
(black) and the reduced (ferrous) form obtained by addition of 5 mM dithionite (grey).
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(Table 1), which corresponds to 1.5 mg protein per liter of culture.
These values are similar to those obtained for E. coli-expressed and
in vitro folded versatile peroxidase (VP) of Pleurotus eryngii
(5.50 mg/L) [34], lignin peroxidase (LiP) of Trametes cervina
(0.38 mg/L) [32] or manganese peroxidase (MnP) of Phanerochaete
chrysosporium (0.28 mg/L) [37]. The prokaryotic DyPs of Anabaena
sp. [17] and T. fusca [19] and the fungal DyP of B. adusta [10] were
successfully expressed in E. coli as soluble proteins. In these stud-
ies, three chromatographic steps were needed to obtain 0.11 mg of
B. adusta DyP and 10 mg of Anabaena DyP per liter of culture, while
one step (using Ni2+-NTA agarose) allowed purification of 3 mg of
His-tagged T. fusca DyP per liter of culture. The His-tagged DyP of
M. scorodonius was also expressed with high yield in E. coli as inclu-
sion bodies and in vitro folded obtaining 0.4 mg of purified enzyme



Table 1
Purification of E. coli expressed A. auricula-judae DyP (isoform I) after in vitro activation (from a 1-L culture), and wild DyP (AjPI) isolated from A. auricula-judae (from a 1-L culture)
[26].

Protein (mg) Total activity (U) Specific activity (U/mg) Yield (%) Purification (folds)

DyP⁄ Folding mixture 100,0 2,130 21 100 1
Dialysis 3.0 540 180 25 8
Resource Q 1.5 370 247 17 12

Wild DyP (AjPI) Culture liquid 78.0 2,220 28.4 100 1
Ultrafiltration 58.0 2,060 35.5 93 1
Q Sepharose 12.8 2,030 158.0 92 6
Mono Q 2.1 978 465.0 44 16
Mono P 2.0 938 469.0 42 17

Fig. 3. H2O2 inactivation kinetics. Plots of pseudo first-order inactivation rate
constants (kobs) vs H2O2 concentrations of DyP⁄ from E. coli (white circles) and wild
DyP from A. auricula-judae (black circles).

Fig. 4. pH stability of the purified DyP⁄. (A, B) Residual activities after 24 h
incubation at different pH values measured at 4 �C and room temperature,
respectively. (C) Time course of DyP⁄ inactivation at pH 2.5 during incubation at
4 �C (black circles) and room temperature (white circles) and wild DyP from A.
auricula-judae at room temperature (triangles). Error bars represent the standard
deviations of the means of three measurements.
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per liter of culture [33]. The A. auricula-judae enzyme is the only
DyP overexpressed in E. coli (as inclusion bodies) and successfully
activated and purified without any fusion peptide.

Oxidative inactivation by peroxide

The loss of DyP (fungal and E. coli expressed) catalytic activity in
the presence of H2O2 (and absence of reducing substrate) was
determined by measuring the residual activity with ABTS, and
inactivation constants were calculated. The time course of residual
activity, expressed as percentage of the initial activity in presence
of 0–30,000 peroxide equivalents, fits to an exponential decay
equation: f = y0 + ae(�bx), where b is the kobs or pseudo first-order
inactivation rate constant calculated for each H2O2 concentration.
The hyperbolic nature of the plot obtained for kobs vs H2O2 concen-
tration (Fig. 3) demonstrates the saturation kinetic of the enzyme
inactivation by peroxide.

All heme peroxidases are inactivated by H2O2 in absence of
reducing substrates. The effect of peroxide on different molecular
events such as loss of iron coordination, heme destruction or pro-
tein multimerization has been previously reported for these
enzymes [39]. For fungal and E. coli-expressed DyP the first-order
inactivation rate constant, ki (0.019 ± 0.004 s�1 and 0.016 ±
0.003 s�1, respectively), the H2O2 concentration that results in the
half maximal inactivation rate to 1 lM enzyme, KI (12.9 ± 5.0 and
10.5 ± 3.7 mM, respectively), and the apparent second-order inacti-
vation rate constant, kapp (1.5 ± 0.4 and 1.5 ± 0.3 M�1 s�1, respec-
tively) were calculated. No oxidative stability differences were
found among them. Considering the above kapp values, DyP would
be more stable than horseradish peroxidase, an enzyme well char-
acterized from the point of view of oxidative stability, whose differ-
ent isoenzymes show higher kapp values (3.1–5.0 M�1 s�1), even at
lower ki values (0.005–0.010 s�1) [40].

The half-life of A. auricula-judae DyP⁄ was 38 min in the pres-
ence of 1000 peroxide equivalents (1 mM) and 3.8 min in presence
of 3000 equivalents (3 mM). The half-life in the presence of 1 mM
peroxide has been reported for other fungal peroxidases, and varies
from 1.3 min for VP, 6.2 min for LiP, 8.5 min for MnP, and 115 min
for chloroperoxidase, but comparison is difficult because the
enzyme concentration is not reported in these studies [39].



Fig. 5. Temperature stability of DyP⁄ from E. coli (black) and wild DyP from fungal
cultures (white). Residual activity after 10 min incubation at different temperatures
is shown as percentage of the maximal activity obtained. Error bars represent the
standard deviations of the means of three measurements.

Table 2
Kinetic constants (Km (lM), kcat (s�1), and kcat/Km (s�1 mM�1)) of E. coli expressed
DyP⁄ and wild DyP from fungal cultures oxidizing different dyes and aromatic
substrates.a

DyP⁄ Wild DyP

Reactive Blue 19 (low turnover) Km 14 ± 2 6.5 ± 0.9
kcat 32 ± 3 32 ± 2
kcat/Km 2200 ± 200 4800 ± 900

Reactive Blue 19 (high turnover) Km 90 ± 10 120 ± 20
kcat 224 ± 10 422 ± 40
kcat/Km 2400 ± 180 3600 ± 340

ABTS Km 123 ± 7 283 ± 39
kcat 225 ± 3 654 ± 35
kcat/Km 1800 ± 90 2300 ± 200

DMP (low turnover) Km 6 ± 0.5 6 ± 0.9
kcat 8 ± 0.2 11 ± 0.4
kcat/Km 1350 ± 100 2000 ± 200

DMP (high turnover) Km 703 ± 60 1320 ± 130
kcat 120 ± 3 420 ± 20
kcat/Km 200 ± 18 320 ± 30

Reactive Black 5 Km 16 ± 2 30 ± 5
kcat 4.8 ± 0.2 10.6 ± 1.1
kcat/Km 310 ± 20 400 ± 20

VA Km – –
kcat – –
kcat/Km 0.10 ± 0 0.11 ± 0

a Kinetic constants obtained at optimal pH 3 (Reactive Black 5, ABTS and DMP),
pH 3.5 (Reactive Blue 19) and suboptimal pH 2.5 (VA), including two sets of con-
stants (corresponding to low and high turnover sites) for some substrates (see
Fig. 7). Means and 95% confidence limits.

Fig. 6. Lignin model dimer degradation by DyP (HPLC analyses). (A) Control sample
at initial reaction time (B). Partial degradation of racemic 4-O-methylsyringylglyc-
erol b-guaiacyl ether (double peak 1 corresponding to the erythro and threo forms at
18.1 and 18.5 min, respectively) and a contaminant most probably corresponding to
the ketone dimer (peak 2), and release of 3,4,5-trimethoxybenzaldehyde (peak 3 at
11.0 min) and other degradation products (4) during oxidation by DyP⁄ (16 h) under
H2O2 limiting conditions. The insets show amplifications (�60-fold) of the 7–
21 min region. (C) 3,4,5-Trimethoxybenzaldehyde standard. The HPLC profiles were
obtained at 255 nm.
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pH optimum and stability

The optimum pH was calculated for the fungal and the E. coli
expressed enzymes with five different substrates, including the
azo dye Reactive Black 5, the anthraquinone dye Reactive Blue
19, the low redox-potential dye ABTS, and the simple phenolic
and non-phenolic aromatic compounds DMP and VA (data not
shown). The pH profiles were very similar for both enzymes, show-
ing an optimum pH of 3–4 for the phenolic and dye substrates but
a lower pH (1.8) for VA. No activity was detected over pH 5 in the
case of VA, and over pH 6 for the rest of the substrates.

For fungal class II peroxidases as for DyPs, acidic conditions are
required for the optimum oxidative activity of the enzyme, with
even more acidic pH optima (lower than 3) in the case of nonphen-
olic aromatic substrates as VA. In the same way, the optimum of VP
for VA oxidation was found to be pH 3, decreased by more than 95%
when the pH increased from 3 to 4.5, and no activity was detect-
able at pH 5 [41]. Even some plant (class III) peroxidases showed
slow VA oxidation activity when the pH was lowered, as reported
for the acidic-pH-stable soybean peroxidase at pH 2.4 [42].

The study of the pH stability of DyP⁄ was conducted incubating
the enzyme for 24 h (at 4 and 25 �C) in a pH range from 1 to 12
(Fig. 4A and B). The enzyme turned out to be very stable towards
high and low pH, although the stability decreased with increasing
temperature. At 4 �C, DyP⁄ maintained 72% and 80% of its initial
activity after 24 h of incubation at pH 2 and 3, respectively. Some-
thing similar happened for high pH where the enzyme maintained
21% of its activity at pH 12 and 91% at pH 10. When the incubation
was carried out at 25 �C, the residual activity of DyP⁄ decreased to
70% at pH 3 and to 46% at pH 10, and no activity was detected at
lower and higher pH values. To compare the pH stability of the
E. coli DyP⁄ with that of the wild DyP from the fungus, an assay
at pH 2.5 was performed at 4 �C and room temperature (Fig. 4C).
While the fungal DyP did not lose any activity within 4 h, the
recombinant one (DyP⁄) lost 40% of its initial activity at room
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temperature, highlighting the importance of the post-translational
processing (glycosylation) of the fungal protein on its pH stability.

Temperature stability

The thermostability of DyP was examined by testing the reac-
tivity towards ABTS after heat treatment of the enzyme at different
temperatures. The stability to temperature was estimated for the
recombinant and fungal enzymes. The maximum activities, taken
as 100%, were detected at 55 �C for the A. auricula-judae-expressed
DyP and at 50 �C for the recombinant E. coli-enzyme. Both enzymes
were rather stable with T50 values of 62.5 and 65.5 �C, respectively
(Fig. 5). These values are very similar to that reported for the I. lac-
teus DyP, whose T50 is 63 �C [27], but higher than those found for
most basidiomycete peroxidases. For example (under similar con-
ditions including 10 min incubation), the T50 values of Pleurotus
ostreatus VPs and MnPs ranged from 53 to 63 �C and from 43 to
57 �C, respectively [43].

Catalytic properties

Wild and recombinant DyPs were tested on the five substrates
described above and the obtained kinetic constants are shown in
Table 2. Mn2+ oxidation was also assayed but no activity was
detected. When both enzymes were compared, it was observed
that there were no differences concerning the range of substrates
they are able to oxidize, although DyP⁄ showed lower catalytic effi-
Fig. 7. Biphasic kinetics for Reactive Blue 19 (A, B) and DMP (C, D) oxidation by DyP⁄ from
shown with the x axis in logarithmic scale. The upper left insets illustrate the presence of
show the hyperbolic fits used to calculate the steady-state kinetic constants (their value
ciency than wild DyP for some of them due to slightly lower kcat

values. Some differences could be also observed between the cata-
lytic constants here calculated and those previously published for
the wild DyP purified from fungal cultures [26] probably due to:
(i) differences in the pH used in the enzymatic assays; and (ii)
the use of an erroneous molar extinction coefficient reported by
Heinfling et al. for Reactive Black 5 [44] instead of that used here
and in other studies [45,46].

As observed for other fungal DyPs, the highest activity of DyP⁄

and wild DyP from A. auricula-judae was found for the anthraqui-
none dye (kcat 224 and 422 s�1, respectively) and ABTS (kcat 225
and 654 s�1) [7,27], followed by DMP (kcat 120 and 420 s�1) and
the azo dye (kcat 4.8 and 10 s�1). Both enzymes exhibited a high
apparent affinity (in the lM range) for Reactive Blue 19, Reactive
Black 5, ABTS and DMP. By contrast, VA was oxidized with such
low affinity that saturation was not observed and only the catalytic
efficiency value (a second-order rate constant) for this substrate
could be calculated. This value was always lower than those
reported for well characterized ligninolytic class II peroxidases,
being 2.7-fold lower than that described for VPs, isoenzymes 2
and 3, from P. ostreatus [43], 23-fold lower than that of VP1 from
P. ostreatus and LiP1 from Ceriporiopsis subvermispora [47], and sig-
nificantly lower (1200-fold) than that of LiP (isoenzyme H8) from
P. chrysosporium [48]. Unlike VA, the DyP catalytic efficiency for
ABTS oxidation was similar or even higher than that of fungal lig-
ninolytic peroxides, including LiPs from P. chrysosporium and C.
subvermispora, VPs from P. eryngii and P. ostreatus, and short MnPs
E. coli (A, C) and wild DyP from fungal cultures (B, D). Double hyperbolic curves are
high and low turnover sites as Lineweaver–Burk representations, and the right insets
s also shown) for both oxidation sites.
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from P. ostreatus. However, it was 2.8–6.8-fold lower for Reactive
Black 5 oxidation than that of LiPs from C. subvermispora and VPs
from P. eryngii and P. ostreatus [43,47,49].

Oxidation of adlerol (veratrylglycerol b-guaiacyl ether), a non-
phenolic b-O-4 lignin model dimer, by wild DyP from A. auricula-
judae was previously described by Liers et al. [26]. DyP⁄ oxidation
of a related lignin model dimer (4-O-methylsyringylglycerol b-gua-
iacyl ether) was investigated in presence of limiting H2O2 at pH 2.5,
and analyzed by HPLC after 16 h of incubation (Fig. 6). The dimer
was partially degraded, as shown by the decrease of the erythro
(13%) and threo (18%) forms (double peak 1), and the release of
3,4,5-trimethoxybenzaldehyde (peak 3) resulting from CaACb bond
cleavage, with 34 lM final concentration representing 6% of the
maximal yield according to the H2O2 concentration applied. Some
small peaks (peak 4) appeared after the enzymatic treatment prob-
ably corresponding to other dimer degradation products [47], and
peak 2 (a contamination of the model dimer) also decreased after
the enzymatic treatment. The higher transformation of the threo
isomer (compared with the erythro isomer) was in agreement with
the preferential oxidation properties reported for both ligninolytic
fungi [50] and their oxidative enzymes [51].

Interestingly, Reactive Blue 19 oxidation by wild and recombi-
nant DyPs showed a biphasic (sigmoidal) kinetics enabling calcula-
tion of two sets of kinetic constants, and similar results were
obtained for DMP oxidation (Table 2 and Fig. 7). This behavior
can be related to the existence of more than one oxidation site with
different turnover numbers and substrate affinities. In this respect,
two Km values were obtained for Reactive Blue 19 (14 and 90 lM)
and DMP (6 and 700 lM) oxidation by DyP⁄, corresponding to dif-
ferent Reactive Blue 19 (32 and 224 s�1, respectively) and DMP (8
and 120 s�1, respectively) turnover numbers. A similar behavior
has been reported for P. eryngii VP that can oxidize some phenols
and dyes (such as DMP and ABTS) at a high and a low affinity site
[52], which were localized at an exposed catalytic tryptophan [46]
and at the main heme access channel [49], respectively. Future
directed mutagenesis experiments and crystallographic studies
using the DyP heterologous expression system developed here will
help to clarify the presence of more than one oxidation site in this
enzyme.
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