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To inculcate biocatalytic activity in the oxygen-storage protein myoglobin (Mb), a genetic-
ally engineered myoglobin mutant H64DOPA (DOPA = L-3,4-dihydroxyphenylalanine) has
been created. Incorporation of unnatural amino acids has already demonstrated their
ability to accomplish many non-natural functions in proteins efficiently. Herein, the pres-
ence of redox-active DOPA residue in the active site of mutant Mb presumably stabilizes
the compound I in the catalytic oxidation process by participating in an additional hydro-
gen bonding (H-bonding) as compared to the WT Mb. Specifically, a general acid-base
catalytic pathway was achieved due to the availability of the hydroxyl moieties of DOPA.
The reduction potential values of WT (E° =−260 mV) and mutant Mb (E° =−300 mV), w.r.t.
Ag/AgCl reference electrode, in the presence of hydrogen peroxide, indicated an add-
itional H-bonding in the mutant protein, which is responsible for the peroxidase activity of
the mutant Mb. We observed that in the presence of 5 mM H2O2, H64DOPA Mb oxidizes
thioanisole and benzaldehyde with a 10 and 54 folds higher rate, respectively, as
opposed to WT Mb. Based on spectroscopic, kinetic, and electrochemical studies, we
deduce that DOPA residue, when present within the distal pocket of mutant Mb, alone
serves the role of His/Arg-pair of peroxidases.

Introduction
With the aim to mimic the catalytic activity of metalloenzymes in important organic transformations,
their rational design and ‘repurposing’ activities are extremely useful in order to gain a better perspec-
tive of these proteins [1–9]. Myoglobin (Mb) is a stable heme-protein that can tolerate multiple muta-
tions near its active site [10–12]. Previously we have genetically modified Mb by incorporating
non-canonical amino acid at several positions to attain varied functions [13–15]. At the distal site of
Mb, oxygen can directly bind to the heme-iron, while at the axial position, a histidine residue links
the heme center to the protein moiety [16]. Various residues present in the vicinity of the active site
are critical in determining the catalytic activity and electronic nature of the heme center [13,17,18].
A variety of metalloenzymes (peroxidases, catalases, cytochrome P450s, etc.) oxidize substrates and
reduce H2O2 while inserting oxygen atom(s) into the substrates [17,19]. Because of its ability to
prepare mixed ligand complexes with Fe (ferric, ferrous, and ferryl species) [20], Mb has frequently
been used to mimic metalloenzymes [21–26]. Recent studies have implied Mb in various functions
such as oxidases, peroxidases, and scavengers [27–31].
The iron-based peroxidases carry out substrate oxidation with H2O2 reduction (Scheme 1 Reaction 1)

effectively, [9,32] while cytochrome P450s facilitate insertion of a single oxygen atom into different
compounds (Scheme 1 Reaction 2) [33,34].
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Thus, utilizing H2O2, peroxidases oxidize the substrates in three consecutive redox steps. First, H2O2 oxidizes
enzyme, whereby two high-valent Fe (IV) intermediates, namely compound I and compound II, are formed.
They oxidize the substrate while reducing back to the native ferric state [35]. As shown in Figure 1A compound
I formation in horseradish peroxidase (HRP) occurs by heterolytic cleavage of O-O bond facilitated by His 42.
Presence of surrounding residues like Arg 38 and His 42 assists compound I formation and stabilization at the
active site of peroxidases (Figure 1B). In wild type Mb, most of the O-O bond cleavage occurs by homolysis,
which leads to the formation of compound II (Figure 1C,D). Although heterolytic cleavage has been proposed
in Mb for peroxidases activity, the absence of compound I stabilizing residues at its distal pocket leads to the
rapid decay of compound I to compound II [17,27,29,36]. To incorporate biocatalytic activity by facilitating
compound I formation and its stabilization, we have designed an H64DOPA Mb mutant by genetically incorp-
orating an unnatural amino acid, L-3,4-dihydroxyphenylalanine (DOPA), at His 64 position. Being a redox-
active amino acid, DOPA is expected to assist in the formation and stabilization of the active intermediate in
the catalytic mechanism.

Figure 1. Schematic representation of compound I and compound II formation in HRP and Mb.

(A) compound I formation in HRP by heterolytic cleavage; (B) Active site of horseradish peroxidase (HRP) (PDB 1HCH);

(C) Formation of compound II by homolytic cleavage of O-O bond in Mb; (D) Binding site of Mb (PDB 1MBO).

Scheme 1. Reactions of peroxidases and monooxygenase.

© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society1796

Biochemical Journal (2021) 478 1795–1808
https://doi.org/10.1042/BCJ20210091

D
ow

nloaded from
 http://portlandpress.com

/biochem
j/article-pdf/478/9/1795/911169/bcj-2021-0091.pdf by U

niversity of Alabam
a at Tuscaloosa user on 15 June 2021



Materials and methods
Chemicals
Sodium dithionite, thioanisole, benzaldehyde, 30% hydrogen peroxide, 2,20-azino-bis (3-ethylbenzothiazoline-
6-sulphonic acid) (ABTS), and L-3,4-dihydroxyphenylalanine were purchased from Sigma-Aldrich and used
without further purification. All chemicals were of analytical grade or better. The O2 and N2 gases were
purchased from Air Liquide.

Wild-type Mb and H64DOPA Mb mutant constructs preparation
The WT Mb and H64DOPA Mb constructs were prepared following the previously described method [13–15].
In brief, the WT Mb expression construct and its H64TAG gene were cloned into an ampicillin resistance
pBAD expression vector. The aminoacyl tRNA synthetase (aa-tRNA S) plasmid was a generous gift from Prof.
Peter Schultz. The H64DOPA Mb expression vector and chloramphenicol resistant tRNA synthetase plasmids
were co-transformed in DH10B E. coli bacterial cells. The double antibiotic (chloramphenicol and ampicillin)
resistant colonies were picked and grown. The glycerol cell stocks were stored at −80°C and used for protein
expression.

WT Mb and H64DOPA Mb protein purification
WT Mb and H64DOPA Mb protein were expressed and purified from E. coli following the previous protocol
[14,15,37]. Briefly, the bacteria were grown in glycerol minimal media with suitable antibiotics, and protein
expression was induced by adding arabinose (0.02% w/v) to the bacterial cultures at O.D600 0.5. The proteins
were purified by His-Trap Ni-NTA beads and were stored at −80°C until further use.

Protein analysis
The purified proteins were analyzed by SDS-PAGE and matrix-assisted laser desorption/ionization -
time-of-flight (MALDI-TOF). The SDS-PAGE analysis showed clean bands for WT and H64DOPA mutant
Mb (Supplementary Figure S1). The MALDI-TOF mass spectrometer analysis revealed the mass of 18 397 Da
for H64DOPA proteins (Supplementary Figure S2), which is within the accepted margin of error range (±1 Da)
of the theoretically-calculated mass (18 398 Da). No wild-type protein (predicted mass, 18 356 ± 1 Da) was
observed in the mutant sample, which further accentuates the purity of the protein.

Figure 2. High-valent heme complexes of WT and H64DOPA Mb.

Electronic absorption spectra of the H64DOPA Mb in the presence (solid black line), in the absence (red dashed line) and WT

Mb in the presence (green dotted line), and in the absence (blue dashed-dot line) of 5 mM H2O2.
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Spectroscopy
Varian Cary 50 Bio UV-visible spectrophotometer was used to acquire UV-visible electronic absorption spectra
of WT and H64DOPA Mb. WT Mb and mutant H64DOPA Mb protein concentrations were calculated from
the absorption spectrum, using the molar extinction coefficient value of 170 mM−1 cm−1 at 409 nm and
411 nm, respectively [13–15]. The effect of hydrogen peroxide on ferric proteins UV-visible electronic absorp-
tion spectra was observed in the presence of 5 mM H2O2 on 5 mM protein concentration at 20°C (Figure 2).
X-band (9 GHz) EPR spectra were recorded on a Bruker EMX Plus spectrometer equipped with a bimodal res-
onator (Bruker model 4116DM). Low-temperature measurements were made using an Oxford ESR900 cryostat
and an Oxford ITC 503 temperature controller. A modulation frequency of 100 kHz was used for all EPR
spectra. All data EPR data was collected under non-saturating conditions and simulated as described previ-
soulsy [13].

ABTS peroxidase assay
In 50 mM potassium phosphate buffer (pH 7.0) 20 mg/ml ABTS stock solution was prepared. Varying concen-
trations of ABTS (0.02 mM to 2 mM) were used to monitor the reaction. Varian Cary 50 Bio UV-visible spec-
trophotometer was used to observe the formation of ABTS cation radical in a reaction mixture (containing
1 mM protein, 5 mM H2O2, and varied concentrations of ABTS) at 730 nm (є730 = 3.6 × 104 M−1 cm−1).

Oxyferrous complex preparation
The oxyferrous complexes were prepared in a chest freezer, as described previously [13]. At −35 to −45°C, the
protein sample containing 65% glycerol (v/v) was taken in 100 mM potassium phosphate buffer (pH 7.0) and
degassed with N2. Under N2 atmosphere, pre-cooled O2 gas was bubbled into deoxyferrous protein species for
60 s, and the UV-visible spectra were recorded (Figure 3).

Thioanisole sulfoxidation and benzaldehyde oxidation
The oxidation reactions were done following the previously reported procedures [13]. In brief, 1 mM substrate
(either thioanisole or benzaldehyde) was added to a 2 ml glass bottle containing 5 mM protein (WT or
H64DOPA Mb) in 100 mM potassium phosphate buffer (pH 7.0). 5 mM H2O2 was added to a final volume of
500 ml to initiate the reaction. After 1 h of incubation, the organic products were extracted in dichloromethane
and were analyzed by GC-MS (Supplementary Figures S4, S5).

Electrochemical instrumentation
Electrochemical instrumentation was done following a previously reported procedure [13,14]. At 22°C, differen-
tial pulse voltammetry (DPV) was carried out on a CHI720C electrochemical analyzer. A polycrystalline gold
electrode was used as a working electrode, a platinum wire as the counter electrode, and Ag/AgCl/3.5 M KCl as
a reference electrode. All values were reported concerning the reference electrode (Supplementary Figure S6).

Computational analysis
Quantum mechanical calculations were performed to obtain the optimized structure using the Gaussian 09
program, and visualization was done using the Gaussview 5 program.[1] The initial structure of myoglobin was
obtained from the protein data bank, which was solved at a resolution of 1.60 Å (PDB code: 1MBO; URL:
https://www.rcsb.org/structure/1mbo). Considering the size of the systems, the structures were optimized using
the Hartree Fock theory and STO-3G basis set. Quantum mechanical calculations were performed on three
systems with variations in mutations and substrates on myoglobin: (i) DOPA64 and HIS93 without any sub-
strates, (ii) DOPA64 and HIS93 with H2O2, and (iii) HIS64 and HIS 93 with O2 [38].

Results and discussion
DOPA myoglobin mutant as a biocatalyst
The inherent property of Mb is to store and transport oxygen. Hence, WT Mb forms a stable and catalytically
inert oxy-complex instead of the catalytically active Compound I. In addition, His 64 is known to stabilize the
sixth ligand water molecule through hydrogen bonding [17,20,39]. In this study, His 64 has been replaced by
DOPA to incorporate the peroxygenase activity in Mb. The presence of the two hydroxyl groups of DOPA can
stabilize the Mb mutant by forming an extra hydrogen bond at its active site. Thus, heterolytic cleavage in the
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Fe-hydroperoxo intermediate would be possible, and the catalytic pathway would be facilitated. The genetic
incorporation of unnatural amino acids into proteins was done using orthogonal tRNACUA/aminoacyl-tRNA
synthetase pairs, as described previously [40]. The mass spectral analysis (MALDI-TOF) revealed a 18 597 Da
mass of parent ion as expected for the H64DOPA Mb mutant (18 398 ± 1 Da) (Supplementary Figure S2). In
contrast to WT Mb, the H64DOPA Mb mutant showed remarkable tolerance to H2O2. Even at 25 mM concen-
tration of H2O2, the mutant Mb was tolerant and did not show a significant change in absorbance at 410 nm.
When 25 mM H2O2 was added to the WT Mb under similar conditions, it showed a substantial difference in
absorbance at 418 nm and was converted to inactive compound II (Supplementary Figure S3).

Characterization of WT and H64DOPA mutant Mb
The mutant and WT Mb exhibited slightly different electronic spectra, as observed for the ferric heme species.
The aquo-ferric complex of H64DOPA mutant protein exhibited maximum absorbance Soret at 410 nm and
other peaks in the visible region at 603 nm and 663 nm. Aquo-ferric-species of WT Mb showed absorbance
Soret at 409 nm and two other peaks (Figure 2). Heme active-site modification with DOPA could account for
the slight variation of the mutant spectra. Although the addition of 5 mM H2O2 did not show a significant
change in spectra (λmax = 410 and visible peaks at 598 nm and 669 nm) of H64DOPA Mb, there was a definite
isosbestic point which indicates the formation of different species. The only slight decrease in the Soret at
410 nm implies that the presence of UAA in the heme pocket had made mutant Mb more tolerant of oxidative
degradation, which is more beneficial considering its observed catalytic superiority over WT Mb. In the pres-
ence of 5 mM H2O2, WT Mb showed similar behavior as previously reported with 409 nm to 418 nm shift in
λmax and no other peak in the visible region [13].

Figure 3. EPR spectroscopic characterization of WT and H64DOPA FeIII-Mb at pH 7.0 A.

X-band EPR spectra (solid lines) for wild-type Mb (A) and DOPA Mb (B) in the resting ferric state at pH 7.0. For clarity, spectra

B is scaled by 5× for comparison to A. Analytical EPR simulations (dashed lines) for each are shown below data to determine

spectroscopic parameters and determination of spin-concentration. For each (A and B), the observed EPR spectrum can be fit

to a transition within the ground | ±1/2> doublet within an S = 5/2 high spin ferric heme. The observed g-values for Mb and

DOPA-Mb are differentiated only by their rhombicity parameter (E/D) [(A), 0.004 and (B) 0.029]. The feature at g∼ 4.3 (●) is

attributed to hexaquaFe(III) impurity and accounts for <10 mM. Simulation parameters: D = 13 ± 3 cm−1; E/D, 0.004 (A), 0.0029 (B).

The intrinsic line width for both A and B were simulated, assuming a fixed strain in E/D (σE/D∼ 0.005) and a field distribution

(σB) matching the instrumental modulation amplitude (0.9 mT). Instrumental parameters: microwave frequency, 9.64 GHz;

microwave power, 399 mW; modulation amplitude, 0.9 mT; temperature, 10 K.
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EPR spectroscopy was utilized to evaluate perturbations within the DOPA-Mb active site pocket relative to
the wild-type Mb protein. As shown in Figure 3, trace A, the WT Mb exhibited an axial EPR spectrum with
effective g-values of 6, 6, and 2. This signal arises from the lowest lying Kramers doublet |ms = ±1/2> within
the S = 5/2 spin system in axial symmetry (E/D∼ 0). Inter-doublet transitions are not observed as the axial zero
field splitting (D) is much larger than the incident microwave energy (D >> hv). The magnitude of the axial-
zero field splitting term was determined by fitting the normalized temperature dependent signal intensity to a
Boltzmann population distribution for a three-level system. From this analysis, the value of D was determined
to be +13 ± 3 cm−1. Both g-values and zero field splitting terms (D and E/D) were consistent with those published
previously for high spin WT Mb [13,41,42]. High spin d5 ions exhibit negligible spin-orbit coupling, therefore
all simulations utilize an isotropic g-tensor (gx = gy = gz = 2.00). Quantitative EPR simulations of spectrum A
accurately account for 92 ± 5% [413 mM] of iron in the sample assuming near axial symmetry (E/D = 0.004).
By contrast, the EPR spectrum observed for the DOPA-Mb variant (Figure 3B) exhibits observed g-values of

6.7, 5.3, and 2.0. As with WT Mb, this transition originates from the ground |ms = ±1/2> doublet of a high spin
(S = 5/2) ferric heme. However, the effective g-values were shifted due to a significant rhombic perturbation (E/
D = 0.029). Within error, the temperature dependent signal intensity of DOPA-Mb is equivalent to wild-type
Mb indicating that these two species have an equivalent axial zero field splitting term (D-value). The sharp
transition at g∼ 4.3 (●) is attributed to a trace (<5%) impurity from hexaquaFe(III). Since neither of these
species contributed significantly to the total iron content, they will not be considered further. A detailed discus-
sion of the structural and electronic factors influencing the zero field splitting rhombicity (E/D) term is pre-
sented elsewhere [13]. Distilled down, the increased rhombicity of DOPA-Mb relative to the wild-type suggests
that insertion of the non-coordinating DOPA-residue within the outer-sphere distorts the axial solvent ligand
away from octahedral symmetry.

Characterization of deoxyferrous and oxyferrous species of WT Mb and
H64DOPA Mb
To prepare the oxyferrous complex, the substrate-free low spin ferric form of WT Mb and H64DOPA Mb with
65% (v/v) glycerol were first reduced to ferrous (high spin) form by adding Na2S2O4 under N2 at 4°C.
Subsequently, under a nitrogenic atmosphere, pre-cooled O2 was passed in deoxy-ferrous protein at −35 to
−45°C. Deoxyferrous protein showed a shift in the Soret from 409 to 430 nm in WT Mb and from 410 to
432 nm in mutant Mb (Figures 2 and 4). The formation of 430 and 432 Soret bands in WT and H64DOPA
Mb is attributed to FeII -Mb [28,43]. In the visible region, WT Mb deoxyferrous species showed a peak at

Figure 4. Deoxyferrous and oxyferrous spectra of WT and H64DOPA mutant Mb.

The absorption spectra of WT Mb deoxyferrous (dashed-dot blue line), H64DOPA Mb deoxyferrous (dashed red line), WT Mb

oxyferrous (dotted green line), and H64DOPA Mb oxyferrous (solid black line) species. The spectra were taken at −35 to −45°C,
and the samples were examined in 65% glycerol, 100 mM phosphate buffer at pH 7.0.
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558 nm, while H64DOPA Mb showed peaks at 560 nm and 515 nm [44], plausibly because DOPA can provide
electrons to the heme center and can participate in additional hydrogen bonding. The mutant Mb showed
sharper Soret (λmax = 432) compared to WT Mb (Figures 2 and 4). UV-Vis spectra of the oxy-ferrous complex
of WT Mb (λmax = 416 nm and two visible peaks at 540 nm and 581 nm) were similar to H64DOPA Mb
spectra (λmax = 418 nm and two peaks at 536 nm and 580 nm in the visible region) (Table 1). The subtle differ-
ences between WT and mutant Mb spectra could be attributed to the presence of bulkier residue (DOPA) com-
pared to histidine within hydrogen-bonding distance of the heme center.

Electrochemical characterization of WT and mutant H64DOPA Mb
To understand electron and proton transfer mechanism through hydroxyl groups of DOPA in the catalytically
active species formation, we probed the mutant and WT Mb protein solutions for their reduction potential (E)
using DPV in the presence and absence of H2O2 (Supplementary Figure S6). The E values of these proteins
indicate that hydroxyl groups of DOPA residue in mutant protein dictate the electronic nature of the iron
heme center. In the presence of H2O2, the E values were lower both in WT and mutant Mb as H2O2 was
bonded to the heme center [45]. Binding of H2O2 to the heme center replaced the H2O molecule, the sixth
ligand, and a high spin ferric state was formed. The reduction in E value also reduced the energy barrier for
electron transfer to the heme center [33,45]. Although in the absence of H2O2, both WT and mutant proteins
showed the same E value (−232 mV) while in the presence of H2O2, the mutant (−300 mV) exhibited a 40 mV
shift from WT Mb (−260 mV) (Supplementary Figure S6 and Table 2). The difference in E value of WT and
mutant Mb is most likely due to deprotonation of the hydroxyl (-OH) groups of DOPA residue, which also
affect the electronic nature of the heme iron center similar to what we have reported earlier [13]. This change
of 40 mV is consistent with the fact that the presence of an extra hydrogen bond in H64DOPA (one hydrogen
bond changes reduction potential 30–40 mV) would favorably facilitate and stabilize the formation of com-
pound I in the mutant Mb compare to WT Mb [34,46,47] (see Table 2). Hence, electrochemical studies
provide substantial evidence that incorporating the DOPA residue in place of His 64 helps attain a similar elec-
trochemical environment at the active site of the modified protein as provided by the His/Arg residue pair in
the peroxidase enzymes.

Thioanisole sulfoxidation and benzaldehyde oxidation
Furthermore, to prove the catalytic property of the modified enzyme, two different abiological reactions were
identified. Thioanisole sulfoxidation and benzaldehyde oxidation were carried out and compared with WT Mb.
In the presence of 5 mM H2O2, mutant Mb showed turnover rates of 2.5 ± 0.18 min−1 and 2.67 ± 0.24 min−1

Table 1 Comparison of the UV-visible absorption spectra of WT Mb and H64DOPA Mb derivatives

Mb
species

Absorption maxima (nm) in WT
Mb

Absorption maxima (nm) in H64DOPA
Mb References

FeIII-Mb 409, 579, 630 410, 603, 663 [1,2], this study

FeII-Mb 430, 558, 660 432, 505, 560, 663 [1,2], this study

FeII-O2-Mb 416, 540, 581 418, 536, 580, 663 [1,2], this study

Table 2 Reduction potential of WT Mb and H64DOPA
Mb mutant at pH 7.0 in the presence and absence of
H2O2 as obtained from DPV

Protein

Reduction Potential, E (V) at pH 7

Without H2O2 With 5 mM H2O2

WT Mb −0.232 −0.260

H64DOPA Mb −0.232 −0.300

All protein concentrations were 5 mM, and the potentials were
recorded vs. Ag/AgCl (3.5 M KCl).
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for thioanisole sulfoxidation (Scheme 2, Reaction 3) and benzaldehyde oxidation (Scheme 2, Reaction 4),
respectively. While turnover rates of WT Mb were 0.25 ± 0.02 min−1 for sulfoxidation and 0.05 ± 0.004 min−1

for benzaldehyde oxidation. Overall, mutant Mb showed 10 and ∼54-folds higher catalytic activity of thioani-
sole sulfoxidation and benzaldehyde oxidation, respectively, than WT Mb (Table 3).
As shown in Scheme 3, on WT Mb reaction with H2O2, the majority of O-O bond goes through homolytic

cleavage and forms compound II. Only a trace amount of it follows heterolytic cleavage to form compound I [36].
Compound I is a rather unstable species and immediately decays to compound II, making WT Mb catalytically
less active and compound I characterization more challenging [48]. Recently, Rittle and Green could spectro-
scopically characterize compound I in CYP 119 [49]. In our observations, the mutant H64DOPA Mb was more
tolerant to oxidative degradation of H2O2 and did not show a significant variation in the absorbance spectrum
after the addition of H2O2 (Supplementary Figure S3). Presumably, in the mutant Mb, the majority of com-
pound I formed from heterolysis convert back to its ferric state instead of decaying to compound II as in WT
Mb (Scheme 3), making mutant Mb catalytically efficient (Table 3) as well as hydrogen peroxide tolerant
(Supplementary Figure S3).
Previously Watanabe group had used thioanisole as a substrate for catalytic oxidation. They compared the

catalytic activity of F43H/H64L Mb and L29H/H64L (double mutants) with WT Mb [26,50]. In contrast to the
WT Mb, both mutants were a superior catalyst; notably, the F43H/H64L mutant Mb showed 200-fold higher
thioanisole oxidation. A robust hydrogen-bonding network in F43H/H64L mutant Mb was accredited for the
superior catalytic activity of F43H/H64L as compared to both WT Mb and L29H/H64L mutant Mb. A similar
character is exhibited by our previously studied H64NH2Tyr mutant Mb and the present mutant H64DOPA
Mb [13]. Under marginally different reaction conditions (50 mM sodium acetate buffer, pH 5.3, at 5.0°C),
thioanisole oxidation by H64A Mb and H64S Mb mutants have also been reported with rate constants 1.5 ×
106 M−1 s−1 [36,51]. Recently, Yin et al. [8] reported that in F43Y/H64D Mb mutant, the distal Asp 64

Table 3 Rate of thioanisole sulfoxidation
(Reaction 3) and benzaldehyde oxidation
(Reaction 4) by WT and H64DOPA mutant Mb

Protein

Rates (min−1)

Rxn 3 Rxn 4

WT Mb 0.25 ± 0.02 0.05 ± 0.004

H64DOPA Mb 2.5 ± 0.18 2.67 ± 0.24

Scheme 2. Oxidation reactions of thioanisole and benzaldehyde.
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stabilized enzyme-substrate complex by H-bonding, and mutant Mb was 1000-fold more efficient than native
dehaloperoxidase.

ABTS peroxidase assay
2,20-Azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) has often been used to estimate the reaction
kinetics of enzymes like peroxidases [52]. In the presence of H2O2 and peroxidase, ABTS gets converted to its
radical cation. This blue colored cation radical has been utilized indirectly to identify the formation of the
ferryl radical species in peroxidases [36,53]. Hence, the ABTS peroxidase assay was performed in the presence
of 5 mM H2O2, 1 mM protein, and varying concentrations (0.02 mM to 2 mM) of ABTS to detect the forma-
tion of active species both in the WT and mutant H64DOPA Mb at pH 7.0 and 4°C. Formation of ABTS
cation radical was monitored at 730 nm, and based on obtained data KM and kcat (Vmax/[E]) were calculated
using Lineweaver–Burk plots [54]. kcat of WT and mutant H64DOPA Mb were observed to be 24.7 and
15.2 mM min−1, respectively (Table 4).
H64DOPA mutant Mb displayed a KM of 6.7 × 102 mM, which was ∼35 times greater than KM value of WT Mb.

In comparison to WT Mb, the increase in KM of mutant Mb further indicate that the substrate-binding ability at the
active site has been significantly increased due to the incorporation of the non-canonical amino acid in the
H64DOPA Mb. Although kcat values of WT and mutant Mb were not reflective of catalytic efficiency, never the less,
ABTS peroxidase assay implied the formation of active compound both in WT Mb and in mutant H64DOPA Mb.

Table 4 Peroxidase assay of WT and H64DOPA mutant Mb with ABTS in the
presence of H2O2

1

Protein KM (mM) kcat = v0/[E] (min−1) Vmax (mMmin−1)

WT Mb 20.4 ± 1.572 24.7 ± 2.232

H64DOPA Mb 6.7 ± 0.34 × 102 15.2 ± 0.91

1ABTS oxidation reaction with WT Mb and its H64DOPA mutant Mb carried out in the
presence of 5 mM H2O2. Kinetic values are based on the average of at least three
determinations, and the unit for the rate is turnover per min. The reactions were carried out at
pH 7.0 and 4°C;
2These values agree with previous reports [1,3].

Scheme 3. Plausible reaction scheme of mutant and wild type ferric Mb with hydrogen peroxide.
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Computational analysis of Mb mutant’s active site
To verify the structural position of DOPA residue within the active site of the mutant H64DOPA Mb, compu-
tational analysis of the active site with and without H2O2 was carried out (Figure 5). The structural analysis

Figure 5. Computational analysis of the active sites of WT Mb and H64DOPA mutant Mb.

(A) Structural analysis of active site of mutant H64DOPA Mb: Distance between HIS93 and Fe is 2.75 Å; Distance between

DOPA and Fe is 2.16 Å. (B) Structural analysis of the WT Mb: Distance between HIS93 and Fe is 2.91 Å; Distance between

HIS64 and Fe is 2.16 Å (The structure includes an Oxygen molecule.). (C) Structural analysis of active site of mutant H64DOPA

Mb: Distance between HIS93 and Fe is 2.84 Å; Distance between DOPA and Fe is 3.39 Å (The structure includes a hydrogen

peroxide molecule.); Distance between O of DOPA and H of H2O2 1.59 Å.

Scheme 4. Formation of compound I in peroxidase shunt pathway.

1: ferric low-spin (S = 1/2); 2: ferrous high-spin (S = 5/2); 3: Fe+3 (H2O2) intermediate; 4: ferric-hydroperoxo intermediate

(Compound 0); 5: highly reactive porphyrin π radical cation (compound I); 6: Compound II and substrate radical.

© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society1804

Biochemical Journal (2021) 478 1795–1808
https://doi.org/10.1042/BCJ20210091

D
ow

nloaded from
 http://portlandpress.com

/biochem
j/article-pdf/478/9/1795/911169/bcj-2021-0091.pdf by U

niversity of Alabam
a at Tuscaloosa user on 15 June 2021



revealed that in the absence of H2O2, the distance between the DOPA residue and the Fe center (2.16 Å) was
comparable with the His64 and Fe center (2.16 Å). But in the presence of H2O2, the active site of the mutant
was altered considerably. Due to the interaction of H2O2 molecule and the DOPA residue, the distance between
DOPA and the Fe center is increased to 3.39 Å. This would easily enable the entry and oxidation of various
organic substrates in the mutant H64DOPA Mb, which was not observed in WT Mb. In addition, the distance
between the oxygen atom in DOPA and one of the H-atom of H2O2 is 1.59 Å, which is within the range of
hydrogen bonding between oxygen and hydrogen atoms.

Mechanistic insinuations of Mb mutant’s activity
Although a detailed investigation of the catalytic mechanism was not feasible within the extent of this study,
some insight could be drawn and utilized for future studies. To explain the observed catalytic reactions, the for-
mation of compound I like species would be essential, which enabled the catalytic oxidation of the substrate.
General acid-base catalysis proposed earlier [13] can enable this catalytic reaction. Peroxidase shunt pathway
begins with the binding of substrate to water-coordinated low-spin (S = 1/2) ferric enzyme (resting-state 1)
(Scheme 4). Substrate binding displaces water as the sixth ligand and forms pentacoordinate high spin (S = 5/2)
enzyme-substrate adduct 2. Following this, there is a shift in the heme’s redox potential from −330 to
−173 mV [45]. Addition of H2O2 changes it to a Fe+3 (H2O2) intermediate 3. Deprotonation of this intermedi-
ate leads to the ferric-hydroperoxo intermediate, known as compound 0 4. Protonation of compound 0 leads to
heterolytic cleavage of O-O bond forming compound I 5, a porphyrin π radical cation ferryl complex.

Scheme 5. Plausible role of the redox-active DOPA in compound I formation and substrate oxidation.
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Compound I abstracts an H atom from the substrate, leading to ferryl hydroxyl intermediate (also known as
Compound II) and a substrate radical 6. The hydroxyl moiety on heme iron binds with the substrate radical to
form the oxidative product, and the enzyme returns to its resting state 1 [34,47].
The hydroxyl groups of the DOPA facilitate the mechanism (Scheme 5) as they can interact and form a

hydrogen bond with H2O2. This was also confirmed through the computational analysis of the active site in the
presence of H2O2. Consequently, a Fe-O-OH moiety (Compound 0) can form and heterolytic cleavage of the
O-O bond produces the active ferryl radical cation (Compound I). Thus, the extra hydrogen bond appears to
be instrumental in the formation and stabilization of the compound I species in the mutant H64DOPA Mb,
thereby enhancing the catalytic oxidation of both thioanisole and benzaldehyde.

Conclusion
In this study, we report incorporating an unnatural amino acid (L-DOPA) in a specific position within the
binding site of Mb. Mutant H64DOPA Mb is an active and stable protein which in the presence of hydrogen
peroxide, can catalyze abiological reactions, such as thioanisole sulfoxidation and benzaldehyde oxidation with
10 to 54 folds higher catalytic rate than WT Mb. Our findings indicate that the redox properties of DOPA can
be exploited to ‘repurpose’ a metalloprotein and incorporate catalytic activity in mutant H64DOPA Mb.
Additionally, our observations support that the distal residues at the heme active site are critical for com-

pound I formation and stability. To exhibit peroxygenase activity in Mb, the mutation of the distal His with
the unnatural amino acid, L-DOPA, assisted in substrate binding at the active site and enhanced its ability to
oxidize small organic molecules. Such abiological transformations carried out by modified metalloproteins can
be utilized by the pharmaceutical industries for various biocatalytic applications. Avoiding chemical catalysts
can help us achieve the different green principles of chemical reactions, like ‘less hazardous chemical synthesis’
or ‘use of enzymatic catalysts, instead of stoichiometric reagents.’ In our study, the mutant H64DOPA Mb effi-
ciently exhibited that abiological substrates can be used, and the mutant Mb can achieve the peroxidase-type
activity. Such ‘repurposed metalloproteins’ can be utilized in similar abiological reactions instead of chemical
catalysts. In this regard, it is noteworthy that myoglobin’s robustness is essential to modify it for efficient
‘repurposing’ activities. We observed that mutant H64DOPA Mb is tolerant towards a higher concentration of
H2O2, which considerably proves its robustness and its abiological catalytic applicability. Thus, our aim to
modify the active site of Mb through rational design and ‘repurpose’ the metalloprotein was successful as
mutant H64DOPA Mb catalyzed the monoxidation of thioanisole and benzaldehyde.
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