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Abstract: The treatment of environmental pollutants such as synthetic dyes and lignin has received
much attention, especially for biotechnological treatments using both native and artificial metal-
loenzymes. In this study, we designed and engineered an efficient peroxidase using the O2 carrier
myoglobin (Mb) as a protein scaffold by four mutations (F43Y/T67R/P88W/F138W), which combines
the key structural features of natural peroxidases such as the presence of a conserved His-Arg pair
and Tyr/Trp residues close to the heme active center. Kinetic studies revealed that the quadruple
mutant exhibits considerably enhanced peroxidase activity, with the catalytic efficiency (kcat/Km)
comparable to that of the most efficient natural enzyme, horseradish peroxidase (HRP). Moreover,
the designed enzyme can effectively decolorize a variety of synthetic organic dyes and catalyze the
bioconversion of lignin, such as Kraft lignin and a model compound, guaiacylglycerol-β-guaiacyl
ether (GGE). As analyzed by HPLC and ESI-MS, we identified several bioconversion products of
GGE, as produced via bond cleavage followed by dimerization or trimerization, which illustrates
the mechanism for lignin bioconversion. This study indicates that the designed enzyme could be
exploited for the decolorization of textile wastewater contaminated with various dyes, as well as for
the bioconversion of lignin to produce more value-added products.

Keywords: heme enzymes; protein design; dye-decolorizing peroxidase; kraft lignin bioconversion

1. Introduction

In the last decade, the environmental pollution caused by organic chemicals has
received much attention. The main sources of organic matter in wastewater are synthetic
dyes from the textile industry [1] and lignin from the paper industry [2]. For example,
various dyes such as anthraquinones, azo, and triphenylmethane compounds in wastewater
threaten aquatic organisms and human health [3]. Meanwhile, lignocellulosic biomass has
great potential as raw material to produce more value-added products such as glucose,
fuel, and furfural through biologically refining [4]. Therefore, it is important to effectively
degrade organic dyes and utilize lignin in wastewater for environmental treatment.

At present, chemical methods are most used to purify or degrade synthetic dyes and
lignin in polluted water. The main degradation methods include physical processes such as
membrane filtration, precipitation, flotation, adsorption, and ion exchange, and chemical
processes such as electrolysis and chemical reduction/oxidation [5]. However, due to its
complex structure, amorphous and non-uniform nature, the degradation of lignin generally
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occurs at a high temperature (200–500 ◦C) [6]. On the other hand, the addition of catalysts
may reduce the temperature required for the reaction. For example, the conversion of lignin
may occur at 200 ◦C via a fragmentation−hydrogenolysis process with Ni/C catalyst [7].

In addition to chemical and physical methods, biotechnological treatments use both
native and artificial metalloenzymes such as heme enzymes and others [8–13]. Compara-
tively, the biologically catalytic process often occurs under mild reaction conditions. Both
organic dyes and lignin in wastewater could be degraded by bacteria and fungi. The
main functional enzymes include dye-decolorizing peroxidase (DyPs), lignin peroxidase,
manganese peroxidase, and versatile peroxidases in these organisms [14–16]. Recently,
the use of enzymes in organisms to catalyze degradation is the focus of the research. As
found in eukaryotes and prokaryotes, the heme-containing peroxidases use H2O2 as an
electron acceptor to catalyze the oxidation of a large number of substrates [17,18]. More-
over, other metalloenzymes such as laccase and β-esterase can also play a catalytic role in
biodegradation [19].

Notably, recent studies have shown that DyPs show great potential for degrading
lignin and a variety of synthetic dyes, making them potentially useful in wastewater biore-
mediation [20]. DyPs are classified into four subfamilies (A-D) according to their sequence
characteristics. Generally, different types of DyPs have different catalytic properties toward
lignin model compounds [21,22]. There are also reports suggesting the mechanism of
how A-type DyPs oxidize bulky dye molecules such as reactive blue 19 (RB19) and lignin
polymers [23]. These achievements highlight the potential of DyPs as biocatalysts while
they work at relatively low pH values (pH 3–4) [24].

To design efficient heme peroxidases, we used the O2 carrier myoglobin (Mb) as a
model protein by modification of the heme center (Figure 1A). For example, by introducing
a distal Tyr residue (F43Y mutation), we discovered a new post-translational modification
in F43Y Mb that forms a novel Tyr-heme cross-link [25]. To mimic the heme active site of
natural peroxidases containing a conserved His-Arg pair more closely, we constructed a
double mutant F43Y/T67R Mb by further introducing a distal Arg67 in F43Y Mb (Figure 1B),
which improves the protein stability and significantly enhances the peroxidase activity [26].
Recently, we applied the double mutant F43Y/T67R Mb for the bioconversion of lignin
with satisfying results [27]. Moreover, natural DyPs contain multiple Tyr and Trp residues
responsible for electron transfer in dye decolorization [28,29]. Inspired by this structural
feature, in previous studies, we constructed two triple mutants F43Y/T67R/F138W Mb
(termed YRW Mb) and F43Y/F138W/P88W Mb (termed YW2 Mb) by introducing single or
double Trp residues close to the heme active site [30–32]. Specifically, the triple mutant YW2
Mb exhibited considerably enhanced DyP activity, with the catalytic efficiency (kcat/Km)
~7-fold higher than that of VcDyP, which is close to that of TfuDyP [33,34].
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Figure 1. (A) X-ray crystal structure of wild-type (WT) Mb (PDB code 1JP6[35]) showing the heme
active site; (B) X-ray crystal structure of F43Y/T67R Mb double mutant showing the double Tyr-
heme cross-links (PDB code 6JP1[26]); (C) The modeling structure of F43Y/T67R/P88W/F138W Mb
quadruple mutant showing the location of Trp88 and Trp138.

With these achievements, we envisaged that the combination of not only the conserved
His-Arg pair but also the electron-transfer Trp residues in Mb will confer a functional peroxidase.



Int. J. Mol. Sci. 2022, 23, 413 3 of 15

To test this hypothesis, we constructed a quadruple mutant F43Y/T67R/P88W/F138W Mb
(termed YRW2 Mb, Figure 1C). As shown in this study, the quadruple mutant exhibits
considerable peroxidase activity such as DyP activities toward a variety of synthetic dyes.
Moreover, it is capable of lignin bioconversion, such as depolymerization of Kraft lignin
and the dimer lignin model compound, guaiacylglycerol-β-guaiacyl ether (GGE).

2. Results and Discussion
2.1. Peroxidase Activity

The quadruple mutant YRW2 Mb was expressed and purified using the same proce-
dure as that for WT Mb [35], which was further confirmed by ESI-MS analysis (Figure S1).
We first investigated the H2O2-dependent peroxidase activity of YRW2 Mb in the oxidation
of ABTS (Figure S2). The results showed that the enzyme exhibited a turnover number
(kcat) of 40.6 ± 0.9 s−1 and a Km of 5.5 ± 0.4 mM for H2O2. No obvious inhibition effect was
observed for H2O2 at a concentration >20 mM, suggesting the tolerance of H2O2, which is
similar to that of YW2 Mb, as reported in the previous study [31].

We then evaluated the peroxidase activity of the quadruple mutant YRW2 Mb and the
triple mutant YW2 Mb, using both guaiacol and ABTS as the typical substrates under the
steady-state conditions at a concentration of 20 mM H2O2. The obtained parameters are
listed in Table 1, which are compared with those of WT Mb and mutants, as well as HRP.
As shown in Figure 2 and Table 1 for the oxidation of guaiacol and ABTS at pH 7.0, 25 ◦C,
although the quadruple mutant YRW2 Mb exhibited similar catalytic rates (kcat) to those of
YW2 Mb under the same conditions, it showed largely decreased Km values compared with
the triple mutant. As a consequence, the catalytic efficiency of YRW2 Mb in oxidizing these
two substrates is ~2.3 fold higher than those of YW2 Mb. It should be noted that although
the contribution of R67 in kcat could hardly be deduced between the quadruple and triple
mutant, its role was indicated by the comparison of F43Y Mb and F43Y/T67R Mb (Table 1).
Moreover, a distal Arg was demonstrated to be essential for regulating the structure and
reactivity of artificial heme enzymes [36,37].

As further compared in Table 1 for guaiacol oxidation, YRW2 Mb showed an overall
catalytic efficiency (kcat/Km = 103,400 M−1s−1) ~4-fold, ~11.5-fold, ~26-fold, and ~940-fold
higher than that of F43Y/T67R/F138W Mb (termed YRW Mb), F43Y/T67R Mb, F43Y Mb,
and WT Mb, respectively, under the same conditions [32,38]. Moreover, the catalytic effi-
ciency is much higher than that of natural lignin peroxidase (kcat/Km = 72,000 M−1s−1) [39],
as well as the most efficient HRP (Table 1) [40]. These results indicate that the combination
of the quadruple mutations in Mb dramatically enhances the peroxidase activity, even
exceeding that of the natural peroxidases.

For the oxidation of ABTS, the catalytic efficiency of the quadruple mutant is ~14-fold,
~37-fold, and ~287.5-fold higher than that of F43Y/T67R Mb, F43Y Mb, and WT Mb, re-
spectively [32,38], which could be attributed to both the enhanced kcat value and decreased
Km value. When compared to the triple mutant YRW Mb, YRW2 Mb exhibits both higher
kcat and Km values, resulting in slightly lower catalytic efficiency. Moreover, although the
quadruple mutant exhibits a slightly lower kcat value compared to that of the triple mutant
YW2 Mb, it shows a lower Km value, resulting in ~2.3-fold higher catalytic efficiency. These
observations suggest that the presence of the distal Arg67 and Trp88 close to the heme
group may fine-tune both the protein reactivity and the binding of substrate. It is worth
noting that due to the significant decrease in Km value compared to that of the natural
enzyme, the catalytic efficiency of the quadruple mutant is similar to those of HRP, as
previously determined under the optimized conditions (pH 4.6–5.0) (Table 1) [40,41].
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Table 1. Kinetic parameters for H2O2-dependent oxidation of guaiacol and ABTS catalyzed by Mb
and its mutants. Measurements were performed in 50 mM potassium phosphate buffer at pH 7.0,
25 ◦C. The parameters of natural lignin peroxidase and HRP are shown for comparison.

Enzyme kcat (s−1) Km (mM/µM) kcat /Km (M−1s−1)

Guaiacol (Km, mM)
WT Mb [38] 0.4 ± 0.1 3.53 ± 0.05 110

F43Y Mb [38] 10.7 ± 0.4 2.67 ± 0.21 4000
F43Y/T67R Mb [32] 23.5 ± 0.3 2.61 ± 0.06 9000

F43Y/T67R/F138W Mb [32] 27.7 ± 0.8 0.79 ± 0.07 35,000
F43Y/F138W/P88W Mb 11.3 ± 0.2 0.25 ± 0.01 44,380

F43Y/T67R/P88W/F138W Mb 11.0 ± 0.2 0.11 ± 0.01 103,400
Lignin peroxidase [39] 7.7 ± 0.0 0.16 ± 0.00 48,000

HPR [40] 420 ± 40.0 5.8 ± 0.70 72,000
ABTS (Km, µM)

WT Mb [38] 0.55 ± 0.02 124 ± 15 4440
F43Y Mb [38] 12.0 ± 0.68 351 ± 40 34,190

F43Y/T67R Mb [32] 50.8 ± 3.6 567 ± 68 89,600
F43Y/T67R/F138W Mb [32] 31.5 ± 0.6 16 ± 2 1,970,000

F43Y/F138W/P88W Mb 88.5 ± 6.64 162 ± 21 545,050
F43Y/T67R/P88W/F138W Mb 76.8 ± 1.89 60 ± 4 1,276,570

HRP [40] 340 ± 60 430 ± 20 800,000
HRP [41] 332 ± 18 233 ± 21 1,420,000
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Figure 2. Steady-state rates of H2O2-dependent oxidation of guaiacol (A) and ABTS (B) catalyzed by
F43Y/F138W/P88W Mb and F43Y/T67R/P88W/F138W Mb, with increasing the substrate concentra-
tions. Reaction conditions: 2 µM protein, 20 mM H2O2, 50 mM potassium phosphate buffer at pH 7.0,
25 ◦C. The data were fitted to the Michaelis–Menten equation.

2.2. Dye-Decolorizing Peroxidase Activity

We then evaluated the dye-decolorizing peroxidase activity of the quadruple mutant
YRW2 Mb toward different organic dyes, including malachite green (MG), brilliant blue
R (BBR), reactive blue 19 (RB19), reactive black 5 (RB5), amaranth (Ama), and reactive
orange 16 (RO16). The experiments were performed on UV-vis spectrophotometer under
optimal operational conditions (i.e., 50 mM potassium phosphate buffer, pH 7.0, with an
addition of 5 mM H2O2) and the spectral changes were monitored after incubation for
0.5–1 h. As shown in Figure 3 and Table S1, the enzyme was able to decolorize all tested
dyes. A remarkable dye-decolorizing effect was observed for the triphenylmethane dye,
MG, after incubation for 1 h (~94%, Figure 3A) albeit with ~54% for BBR (Figure 3B). This
decolorization effect is similar to that observed for the natural enzyme laccase in the decol-
orization of MG for 24 h (~90%) [42]. Moreover, for the decolorization of anthraquinone
dyes such as RB19, the catalytic efficiency achieved ~85% after incubation for less than
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10 s (Figure 3C), which suggests that YRW2 Mb is more reactive toward the decolorization
of RB19.
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Further study on the decolorization of double azo dyes, we found that the decol-
orization effect of YRW2 Mb on RB5 after incubation for 30 min (~54%, Figure 3D) was
similar to BBR (Figure 3B). Meanwhile, a much higher decolorization effect was observed
for the decolorization of single azo dyes, such as Ama (~82%, Figure 3E) and RO16 (~70%,
Figure 3F), after incubation for 30 min under the same conditions. These observations agree
with a previous report for a white rot bacterium, CBR43, which achieved the maximum de-
colorization effect for single azo dyes (i.e., 51–80% decolorization in 9 days) [18]. Therefore,
these results suggest that the quadruple mutant YRW2 Mb has potential applications in the
decolorization of various types of synthetic dyes.

It should be noted that some of the dyes show different protonation states at pH 7.0,
which might affect the decolorization efficiency. It is different from that natural DyPs work
at considerably low pH values (pH 3–4) [24], the enzymes designed in Mb work well at
pH 6–7, which is thus more environmentally friendly [30,31]. Moreover, these organic dyes
have different redox potentials, which may also affect the decolorization activity of the
designed heme enzymes [17]. Therefore, further investigation of the relationship should be
a future direction.

2.3. Bioconversion of Kraft Lignin

Given the complex structure of lignin, there are different options to evaluate the
enzyme activity in reaction with lignin. We carried out the experiments on kraft lignin
and studied the kinetics of kraft lignin oxidation by monitoring the change of absorbance
at 465 nm. As shown in Figure 4A, the oxidation rate catalyzed by YRW2 Mb increased
at first ~20 s and reached a plateau after ~60 s, with an obvious rate constant (kobs) of
0.451 ± 0.013 s−1. Control study using YW2 Mb showed that the reaction rate was consid-
erably slower (kobs = 0.162 ± 0.003 s−1, Figure 4B), reaching a plateau after ~100 s. The
visual appearances upon the oxidation of Kraft lignin were shown in Figure 4A,B (right
column), which showed red for the solutions after the treatment of Kraft lignin.



Int. J. Mol. Sci. 2022, 23, 413 6 of 15

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 6 of 16 
 

 

at 465 nm. As shown in Figure 4A, the oxidation rate catalyzed by YRW2 Mb increased at 
first ∼20 s and reached a plateau after ∼60 s, with an obvious rate constant (kobs) of 0.451 ± 
0.013 s−1. Control study using YW2 Mb showed that the reaction rate was considerably 
slower (kobs = 0.162 ± 0.003 s−1, Figure 4B), reaching a plateau after ∼100 s. The visual ap-
pearances upon the oxidation of Kraft lignin were shown in Figures 4A,B (right column), 
which showed red for the solutions after the treatment of Kraft lignin. 

 
Figure 4. Kinetic studies of Kraft lignin (14 μM) oxidation in the presence of H2O2 (2.0 mM) cata-
lyzed by (A) F43Y/T67R/P88W/F138W Mb (2 μM) and (B) F43Y/F138W/P88W Mb (2 μM), respec-
tively. Time-dependent changes of the absorbance at 465 nm were shown as insets and were fitted 
to the double-exponential decay function. The color changes upon reaction were shown in the right 
column. (C) The changes of absorbance at 465 nm after reacting for 1–10 min. (D) steady-state rates 
of oxidation with different concentrations of Kraft lignin, as catalyzed by F43Y/T67R/P88W/F138W 
Mb, F43Y/F138W/P88W Mb, F43Y/T67R Mb, and WT Mb, respectively. The plots were fitted to the 
Hill and Michaelis-Menten equations, respectively. The error bars in C and D were generated from 
triplicate experiments. 

We also studied the dependence of Kraft lignin concentration on enzymatic activity. 
As shown in Figure 4C, the absorbance at 465 nm increased with the increase of lignin 
concentration for the reaction catalyzed by YRW2 Mb. Similar results were observed for 
the double and triple mutants, F43Y/T67R Mb and YW2 Mb. Further analysis showed 
that, although the change in absorbance of Kraft lignin catalyzed by YRW2 Mb was not as 
high as that of YW2 Mb, the catalytic rate of the quadruple mutant (0.3596 a.u/min) was 

Figure 4. Kinetic studies of Kraft lignin (14 µM) oxidation in the presence of H2O2 (2.0 mM) catalyzed
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Hill and Michaelis-Menten equations, respectively. The error bars in C and D were generated from
triplicate experiments.

We also studied the dependence of Kraft lignin concentration on enzymatic activity.
As shown in Figure 4C, the absorbance at 465 nm increased with the increase of lignin
concentration for the reaction catalyzed by YRW2 Mb. Similar results were observed for
the double and triple mutants, F43Y/T67R Mb and YW2 Mb. Further analysis showed
that, although the change in absorbance of Kraft lignin catalyzed by YRW2 Mb was not as
high as that of YW2 Mb, the catalytic rate of the quadruple mutant (0.3596 a.u/min) was
~2-fold higher compared to that of YW2 Mb (0.1691 a.u./min) (Figure 4D). As compared in
Figure 5, the activity is ~8-fold and ~28-fold higher than F43Y/T67R Mb (0.0429 a.u./min)
and WT Mb (0.0129 a.u./min), respectively [27]. Moreover, the enzymatic activity with
20 µM Kraft lignin was ~9–17-fold higher than those reported recently for the natural
peroxidase Dyp1B (0.0248 a.u./min) or its mutants S223N (0.0397 a.u./min) and H127R
(0.0207 a.u./min) (Figure 5) [43]. These results suggest that YRW2 Mb was efficient in
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catalyzing the bioconversion of Kraft lignin, although it was difficult to analyze the products
due to the complexity.
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2.4. Bioconversion of Model Compound GGE

To identify possible products of lignin bioconversion and provide information for the
reaction mechanism, we chose to evaluate the oxidation of the lignin model compound,
guaiacylglycerol-β-guaiacyl ether (GGE), a phenolic type model compound containing the
β-O-4 bond that constitutes 50–70% of intersubunit bonds in Kraft lignin. At first, we moni-
tored the visual appearance during the oxidation of GGE catalyzed by the quadruple mutant
(Figure 6A). The results of an addition-elimination reaction with 2,4-dinitropenylhydrazine
(2,4-DNP) indicated that an alcoholic group in GGE was oxidized to a ketone or aldehyde.
As shown in Figure 6B, when GGE was oxidized to produce a carbonyl group, it sponta-
neously reacted with 2,4-DNP in acidic conditions, producing a dinitrophenylhydrazone
derivative, which appeared red after reacting with NaOH [44].
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Figure 6. (A) Visual appearance of GGE (2.0 mM) oxidation in the absence (1) and presence (2–3) of
F43Y/T67R/P88W/F138W Mb (5 µM) and H2O2 (2.0 mM) (3) for 10 min. After the reactions (1), (2),
and (3) mixed with 2,4-dinitropenylhydrazine (2,4-DNP, 0.3 mM) for 15 min, the visual appearance of
reactions in the presence (4–6) of NaOH (0.5 mM). (B) Reaction overview of 2,4-DNP with carbonyl
groups [44].
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After the assays, the resulting solutions appeared yellow in the treatment of GGE by
YRW2 Mb in the presence of H2O2 (Figure 6, entry 3), which was not observed for buffer
solution containing GGE in the absence or presence of the enzyme (Figure 6, entries 1–2).
After the addition of 2,4-DNP and NaOH to the buffer containing GGE in the absence
or presence of H2O2 and the enzyme, the results showed that in the presence of H2O2,
the product of GGE catalyzed by enzyme reacted with 2,4-DNP and showed red for
the solution (Figure 6, entry 6). Therefore, this colorimetric assay suggests that GGE
oxidation was coupled to its depolymerization, and the products were further analyzed in
the following sections.

2.5. HPLC and ESI-MS Analysis of the Products

To analyze the oxidation products of the dimeric lignin model GGE, we performed
both HPLC and mass spectrometry analysis. As shown in Figure 7A for HPLC analysis,
the oxidation of GGE catalyzed by YRW2 Mb resulted in a ~65% conversion after reacting
for 0.5 h at pH 7.0, and the yield remained similar up to 5 h. Previous studies showed that
other natural or artificially modified enzymes can also only oxidize GGE to 60–70%, such as
lignin peroxidase from P. eryngii and the PpDyP 6E10 variant from P. putida MET94 [21,45].
Note that the signal of the remaining GGE was observed at 6.607 min in the HPLC trace
(Figure 7B).
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The corresponding ESI-MS results revealed the product peaks in a range of m/z 260–700,
which were higher than the molecular weight of the starting GGE (320 Da, observed, 343 Da,
[M + Na]+) (Figure 8A). After reacting for 15 min, we detected the formation of two products
by HPLC with retention times (RT) of 2.919 min and 14.554 min, respectively (Figure 7B).
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Moreover, ESI-MS analysis showed that the molecular weights of the two products were m/z
359 and 677 Da (Figure 8B), which are consistent with the molecular formulas of C20H22O6
and C34H38O12, respectively. Note that the product with a retention time of 14.554 min was
a dimer of GGE, which is similar to the HPLC-MS result of the oxidized GGE product as
catalyzed by PpDyP 6E10 variant [21].
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Moreover, despite only two major product peaks in the HPLC trace after 0.25 h
(Figure 7B), ESI-MS analysis showed that four product peaks appeared in the D and E
regions after reacting for 1 h (Figure 8C). This might be due to the low content of the
product that was below the detection limit of HPLC. As shown in Figure 8D,E for these
two regions, these mass signals showed m/z 277 [M+H]+, 290 [M]+, 321 [M+H]+, and
453 [M+H]+, which are consistent with the molecular formulas of C15H16O5, C16H18O5,
C17H20O6, and C25H24O8, respectively. These results indicate that as catalyzed by YRW2
Mb, the main GGE degradation patterns were caused by the oxidative cleavage of the
C-C or C-O bond, which produced small molecules such as those detected with molecular
weights of 277, 290, 321, and 453 Da. These products may further undergo polymerization,
as proposed in the following section.
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2.6. Proposed Mechanism for GGE Bioconversion

Based on the above HPLC and ESI-MS results, we proposed a generation route of the
reaction products, which may involve the generation of reactive radical species upon the
activation of H2O2 by the heme enzymes [13,19,30,46,47], resulting in various types of bond
cleavages. As shown in Figure 9, for the oxidative cleavage, the monomers can hardly exist
alone, and they might be recombined into new species. For example, by Cα-Cβ cleavage of
GGE, product 1 (4-(hydroxymethyl)-2-methoxyphenol) will be generated, which further
forms a dimer, matching the expected molecular formulas of C16H18O5, with a molecular
weight of 290 [M]+. The reaction will also produce product 2 (guaiacol) by the cleavage of
aryl-O-Cβ bond in GGE. Note that products 1 and 2 may be coupled to form a heterodimer,
with an expected molecular formula of C15H16O5 and m/z 277 [M+H]+. A previous study
showed that the degradation of GGE by TcDyP also produced the product of guaiacol,
whereas it ultimately formed guaiacol pentamer [24].
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Figure 9. Depolymerization and polymerization of the GGE catalyzed by F43Y/F138W/P88W/T67R
Mb. Product 1 is 4-(hydroxymethyl)-2-methoxyphenol, product 2 is guaiacol, product 3 is vanillin,
product 4 is 1-(4-hydroxy-3-methoxyphenyl)propane-1,3-diol, product 5 is 4-(1-hydroxyethyl)- 2-
methoxyphenol, product 6 is 1-(4-hydroxy-3-methoxyphenyl)propane-1,2,3-triol, and product 7 is
1-hydroxy-1-(4-hydroxy-3-methoxyphenyl)propan-2-one, respectively.
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Moreover, after the Cα-Cβ or aryl-Cα cleavage of GGE, the reaction may continue
to generate product 3 (vanillin) by oxidation of Cα. Then products 2 and 3 may form a
heterotrimer linked by C-O-C bonds, generating the observed molecule of C25H24O8 with
m/z 453 [M+H]+. It should be noted that the detection of vanillin from a lignin dimer was
reported previously for R. jostii DypB, which revealed that the oxidative cleavage of Cα-Cβ
occurred, although dimerization via the coupling of phenoxy radicals also occurred [48].

As shown in Figure 9, upon the aryl-O-Cβ cleavage of GGE, in addition to prod-
uct 2, the depolymerization product 4, (1-(4-hydroxy-3-methoxyphenyl)propane-1,3-diol),
may also be generated. It will be further cleaved by Cβ-Cγ to produce product 5, (4-(1-
hydroxyethyl)-2-methoxyphenol). Product 5 may undergo dimerization to form a dimer,
with the molecular formula of C17H20O6. Alternatively, GGE may be cleaved by the aryl-O
bond, producing product 6, (1-(4-hydroxy-3-methoxyphenyl)propane- 1,2,3-triol). Further-
more, it will produce product 7, (1-hydroxy-1-(4-hydroxy-3- methoxyphenyl)propan-2-one),
by both Cγ-O cleavage and Cβ oxidation of product 6, which will also form a dimer, with a
molecular weight corresponding to the molecular formula of C20H22O6 (m/z 359) that has an
RT of 2.919 min. Based on these proposed degradation pathways for the model compound
GGE, we can infer the possibility that YRW2 Mb could attack at the corresponding catalytic
cracking sites of Kraft lignin in bioconversion.

3. Materials and Methods
3.1. Materials

Malachite green (MG), Brilliant blue R (BBR), Reactive blue 19 (RB19), Reactive black 5
(RB5), amaranth (Ama), and Reactive orange 16 (RO16) were bought from Adamas-beta (Shang-
hai, China). The peroxidase substrates, guaiacol, and 2,2′-azino-bis (3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt (ABTS) were bought from Aladdin Industrial Corporation
(Shanghai, China). Guaiacylglycerol-β-guaiacyl ether (GGE) was purchased from Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China). 2,4-dinitrophenylhydrazine (2,4-DNP)
were bought from Adamas-beta. Lignin and alkali (Lignin, Kraft) were bought from
Sigma-Aldrich (Saint Louis, MO, USA). All other reagents were of analytical grade.

3.2. Protein Expression and Purification

WT sperm whale Mb was expressed in the host E. coli BL21(DE3) cells transformed
with the pMbt7–7-Mb plasmid [49]. The gene of F43Y/T67R/P88W/F138W Mb (YRW2 Mb)
was constructed by the QuikChange Site-Directed Mutagenesis Kit (Stratagene, Inc. Santa
Clara, CA, USA) using the WT Mb gene as a template, and the mutations were identified
by DNA sequencing. The quadruple mutant YRW2 Mb was expressed and purified using
the same procedure as previously reported [31], which was further confirmed by ESI-MS
analysis (Figure S1). The H2O2-dependent of the peroxidase activities were performed
under similar conditions by varying the concentrations of H2O2 (0~25 mM) (Figure S2).

3.3. Peroxidase Activity Assay

The kinetic parameters for the peroxidase activity of YRW2 Mb were investigated
on a dual mixing stopped-flow spectrophotometer (SF-61DX2 Hi-Tech KinetAsystTM)
(Hi-Tech Scientific, Bradford-on-Avon, UK) using guaiacol (0–1.0 mM, ε470nm = 26.6 mM−1

cm−1) or ABTS (0–0.2 mM, ε660nm = 14 mM−1 cm−1) as the substrate, in 50 mM potassium
phosphate buffer, pH 7.0, 25 ◦C, to which H2O2 (20 mM) was added. Control experiments
were performed with the triple mutant F43Y/F138W/P88W Mb (YW2 Mb) under the
same conditions.

3.4. Dye-Decolorizing Peroxidase Activity Assay

The synthetic dyes MG, BBR, RB19, RB5, Ama, and RO16 were used to evaluate
the decolorization capability of YRW2 Mb. The reaction mixture contained 5–60 µM dye
and 5 µM YRW2 Mb, to which 5 mM H2O2 was added (final volume, 2 mL), in 50 mM
potassium phosphate buffer, pH 7.0. After incubation for 0.5–1 h at room temperature on
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a rotary wheel, the absorbance spectra were recorded from 250 to 750 nm on a Lambda
365 spectrophotometer (PerkinElmer, Inc., Waltham, MA, USA). The control experiments
were performed under the same conditions without the addition of the enzyme. The dye
decolorization was expressed in percentage as follows [18,50]:

Dec-l = [(Abst0 − Abst1)]/Abst0 × 100, where Dec-l is the decolorization level (%),
and Abst0 and Abst1 are the absorbance values before and after treatment, recorded at 617,
555, 595, 595, 520, and 490 nm for MG, BBR, RB19, RB5, Ama, and RO16 dyes, respectively.

3.5. Kinetic Analysis of Alkali Kraft Lignin

Kraft lignin (10 mg) was dissolved in DMSO (1 mL). 14 µM of the sample, 2 µM YW2
Mb or YRW2 Mb, and 2 mM H2O2 were mixed in potassium phosphate buffer (pH 7.0,
50 mM) containing DMSO (5%, v/v), with a final volume of 2 mL. The spectrum was
monitored for 1–10 min at 465 nm on an Agilent 8453 diode array spectrometer (Agilent
Technologies, Inc., Santa Clara, CA, USA) or a stopped-flow spectrophotometer. Substrate
concentrations were then varied for Kraft lignin (final concentration, 2–20 µM), with the
total volume kept at 2 mL. The concentration was calculated using an average molecular
mass of 10,000 Da.

3.6. Assay for Ketone Products

Upon oxidation of GGE catalyzed by YRW2 Mb, for detecting any released aldehy-
des or ketones molecules, an assay was used based on the reaction of aldehydes with
2,4-DNP, which forms a colored hydrazone product [44]. Briefly, 2.0 mM GGE dissolved
in 1/1 ethanol/H2O was added to the potassium phosphate buffer (2 mL, 50 mM, pH
7.0), followed by the addition of YRW2 Mb and H2O2 (2 mM). The resulting solution was
incubated at 25 ◦C for 1 h. Then, 200 µL of the solution was mixed with 300 µL HCl
(100 mM) followed by the addition of 500 µL of 2,4-DNP (1 mM dissolved in 100 mM HCl).
The mixture was incubated at 25 ◦C for 5 min and then 1000 µL NaOH (100 mM) was
added, as described previously [51].

3.7. HPLC and Mass Spectrometry

A 20 mM GGE solution was prepared by dissolving 25 mg of the substrate in 1 mL
ethanol and diluted to a final volume of 2 mL with water. The assay mixture containing
50 mM potassium phosphate buffer, pH 7.0, 2.5 mM GGE, 2 mM H2O2, and 5 µM YRW2
Mb was incubated at 25 ◦C (final volume, 2.0 mL). At fixed times, 300 µL of the reaction
solution was added with 100 µL of acetonitrile, followed by passing the 0.22 mm filter
membrane. 20 µL of the filtrate was analyzed by HPLC analysis using a Shim-pack GIST
5 µm C18 column (150/4.6 mm), detection set at 280 nm. Elution gradient: 0–20 min, 30%
acetonitrile/70% H2O. The retention times (RT) of GGE were 6.607 min. The remaining
filtrate was carried out on G2-XS QTOF mass spectrometry (Waters, Milford, MA, USA),
and the samples were transferred into the mass spectrometer chamber for measurement
under a positive mode.

4. Conclusions

Inspired by the key structural feature of natural heme enzymes, in this study we
rationally designed an efficient peroxidase using Mb as a protein model, by introduc-
ing both the conserved His-Arg pair for catalysis and the Tyr/Trp for electron transfer
in the heme active site. Kinetic studies showed that the designed quadruple mutant
F43Y/T67R/P88W/F138W Mb exhibits remarkable peroxidase activity, with the catalytic
efficiency similar to that of the most efficient natural enzyme HRP. The quadruple mutant is
also able to decolorize multiple types of synthetic textile dyes, including triphenylmethane-
type dyes, azo-type dyes, and anthraquinone-type dyes. Moreover, this enzyme exhibits a
potential for bioconversion of lignin, such as Kraft lignin and the model lignin dimer GGE,
representative of the main-chain linkages in lignin. By analysis using HPLC and ESI-MS,
we identified several bioconversion products of GGE, as produced via Cα-Cβ, aryl-Cα,
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aryl-O-Cβ, Cβ-Cγ, or Cβ-O cleavage, followed by dimerization or trimerization, which
illustrates the mechanism for the bioconversion of lignin. This study indicates that the ratio-
nally designed F43Y/T67R/P88W/F138W Mb is an efficient multi-functional peroxidase,
which could thus be exploited for the decolorization of textile wastewater contaminated
with various dyes, as well as for the bioconversion of lignin from the industry to produce
more value-added products.
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