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Abstract
Biocatalysts are increasingly applied in the pharmaceutical and chemical indus-
try. Cytochrome P450 enzymes (P450s) are valuable biocatalysts due to their abil-
ity to hydroxylate unactivated carbon atoms using molecular oxygen. P450s cat-
alyze reactions using nicotinamide adenine dinucleotide phosphate (NAD(P)H)
cofactor and electron transfer proteins. Alternatively, P450s can utilize hydrogen
peroxide (H2O2) as an oxidant, but this pathway is inefficient. P450s that show
higher efficiencywith peroxides are sought after in industrial applications. P450s
from thermophilic organisms have more potential applications as they are stable
toward high temperature, high and low pH, and organic solvents. CYP119 is an
acidothermophilic P450 from Sulfolobus acidocaldarius. In our previous study,
a novel T213R/T214I (double mutant [DM]) variant of CYP119 was obtained by
screening a mutant library for higher peroxidation activity utilizing H2O2. Here,
we characterized the substrate scope; stability toward peroxides; and tempera-
ture and organic solvent tolerance of DM CYP119 to identify its potential as an
industrial biocatalyst. DMCYP119 displayed higher stability thanwild-type (WT)
CYP119 toward organic peroxides. It shows higher peroxidation activity for non-
natural substrates and higher affinity for progesterone and other bioactive poten-
tial substrates compared toWTCYP119. DMCYP119 emerges as a new biocatalyst
with a wide range of potential applications in the pharmaceutical and chemical
industry.
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1742 SAKALLI and SURMELI

1 INTRODUCTION

CytochromeP450 enzymes (P450s) belong to a superfamily
of heme-containing monooxygenases that are involved in
the realization of a wide range of biochemical reactions,
such as carbon assimilation, biosynthesis of endogenous
compounds, as well as xenobiotic detoxification, ter-
penoids, biodegradation, and drug metabolism.1–3 Diver-
sity of biochemical reactions catalyzed by P450s makes
them valuable biocatalysts for industrial applications.4,5
Especially, the catalysis of regioselective and stereoselec-
tive hydroxylation of unactivated carbon atoms by P450s
is very important for the chemical and pharmaceutical
industry. In this reaction, catalyzed bymost P450s, a single
oxygen atom of molecular oxygen (O2) is inserted into
an organic substrate using nicotinamide adenine dinu-
cleotide phosphate (NAD(P)H) cofactor as an electron
donor. P450s are important biocatalysts for the synthesis
of pharmaceuticals due to their roles in many biosynthetic
pathways for natural compounds in a wide range of
organisms.6–8 Indeed, P450s are currently used in the
chemical and pharmaceutical industry in the production
of drugs and high-value compounds. Some examples of
P450 applications are in the production of antibacterial
agent erythromycin, statin medication pravastatin (used
for lowering blood cholesterol), and steroids like pro-
gesterone (used in the treatment of uterine and cervical
cancer) and cortisone (used in treatment of allergy and
inflammation).9 While P450 enzymes have tremendous
potentials for industrial applications, there are some
limitations in technical implementations of P450s because
of the narrow substrate scope of some P450s, low stability,
low catalytic efficiency and high cost of cofactors, redox
partner and cofactor dependency in industry.6,9,10
Most eukaryotic P450s are membrane bound, unstable,

and insoluble in water. P450s act on substrates with low
solubility in water, but P450 enzymes show low organic
solvent tolerance. Although some eukaryotic P450s shows
high substrate promiscuity, these enzymes are not suit-
able due to membrane-bound for industrial applications.
In addition to all these factors, substrate or product toxic-
ity limits P450s’ extensive utilization in the industry.10
Most P450 enzymes require redox partners to transfer

electron from theNAD(P)H cofactor for substrate oxygena-
tion. However, electron transfer system is the rate-limiting
step of the P450 catalytic cycle in the oxidation reac-
tions. Additionally, expression or isolation of redox partner
proteins and the expensive NAD(P)H cofactor increases
cost. Uncoupling between NAD(P)H oxidation and prod-
uct formation results in loss of yield.11 As an alternative
to NAD(P)H and molecular oxygen, P450s can also uti-
lize hydrogen peroxide (H2O2), through the H2O2-shunt
pathway. However, this pathway is very inefficient formost

P450s, except for the P450s in the CYP152 subfamily.12,13 In
addition, recent studies have shown that the P450 domain
of some self-sufficient monooxygenases can also utilize
peroxides for generation of drug metabolites.14,15 Obtain-
ing soluble and stable P450s that can utilize H2O2 has
been an appealing target for engineering these enzymes for
industrial utilization.16,17
To date, several approaches have been used to increase

peroxide-dependent activity of P450s: decoy molecules,
dual-functional small molecule (DFSM) co-catalysis, and
protein engineering.18 Decoy molecules can be used to
increase substrate promiscuity of CYP152A1 (P450BSβ) to
oxidize nonnative substrates using H2O2.19 DFSMs can act
as co-catalysts with an anchoring group for binding to
the enzyme, and a basic group to activate H2O2 in reac-
tions catalyzed by CYP102A1 (P450BM3).20 Among these
strategies, protein engineering acts directly on the cata-
lyst; therefore, it is the most efficient and general way
to increase activity with peroxides. Rational design of
P450s to increase activity with peroxidases is an ongoing
endeavor.21–23 However, limited understanding of struc-
tural basis for peroxide-supported activity complicates
rational design efforts. Joo et al. tried directed evolution
of CYP101A1 (P450CAM) to increase its activity of H2O2-
driven naphthalene hydroxylation.24 However, characteri-
zation of the improved mutant has shown that only trace
amounts of hydroxylated naphthalene can be obtained.25
CYP119 is one of the most studied soluble and ther-

mostable P450s; in addition, the crystal structure of CYP119
has been determined by X-ray crystallography.26 CYP119
is obtained from an acidothermophilic bacteria, Sul-
folobus acidocaldarius, that is known as sulfur-oxidizing
organism.2,27 S. acidocaldarius lives in extreme conditions
such as pH 2–4 and at temperatures 78–86◦C. Therefore,
CYP119 is thermally stable at temperatures of ≤85◦C. Its
high stability enables room-temperature experiments in
contrast to most P450s.28,29 Although redox partners and
natural substrates of CYP119 are currently unknown, it has
been revealed that CYP119 can oxidize lauric acid using the
auxiliary redox partner proteins putidaredoxin and puti-
daredoxin reductase with NADH as an electron donor.30
CYP119 can also utilize H2O2 as an oxidant via the per-
oxide shunt pathway with low efficiency. Previous stud-
ies have demonstrated that CYP119 can catalyze chemi-
cal dehalogenation, epoxidation of styrene, hydroxylation
of lauric acid, and electrochemical reduction of nitrite,
nitric oxide, and nitrous oxide.31 Additionally, CYP119 can
catalyze the peroxidation of Amplex Red (N-acetyl-3,7-
dihydroxyphenoxazine) inefficiently in the presence of
H2O2.23,31,32
In our previous study, a mutant library of CYP119

was generated by using the combinatorial active-site sat-
uration test (CAST). In the CAST methodology, amino
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SAKALLI and SURMELI 1743

acid pairs within identified proximity to the active site
are randomized pairwise using degenerate codons.33 This
CYP119 mutant library was screened for increased Amplex
Red peroxidation activity using a high-throughput assay34
The novel variant T213R/T214I (double mutant [DM])
CYP119was obtained from this screen. IsolatedDMCYP119
showed five-fold increase in Amplex Red peroxidation
activity and two-fold increase in styrene epoxidation activ-
ity compared to wild-type (WT) CYP119. The increased
peroxidation activity of DM CYP119 utilizing H2O2 as
an oxidant warrants further biochemical characteriza-
tion to understand its true potential as an industrial bio-
catalyst. To this end, here we characterized the activity
of DM CYP119 with unnatural substrates like 2,2’-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid)-diammonium
salt (ABTS), guaiacol, and investigated its substrate scope
using computational analysis. In addition, the stability of
DMCYP119 toward peroxides, temperature, and its organic
solvent tolerancewas investigated and compared to theWT
enzyme.

2 MATERIALS ANDMETHODS

DM (T213R/T214I) CYP119 was obtained through activity
screening of CYP119 mutant library. Expression vector of
CYP119 containing the T213R/T214I mutation (pet11a vec-
tor + DM CYP119) was obtained from the same library.
Expression, isolation, and purification of WT and DM
CYP119were performed as described by previous studies.34
SDS PAGE analysis was performed to assess isolation steps
and the purity of the enzymes obtained (Figure S1).

2.1 UV–visible spectra of WT and DM
CYP119

UV–visible spectra of WT and DM CYP119 were analyzed
in 50mMpotassiumphosphate at pH7.4 and room temper-
ature. Analysis was performed by 1600PC Scanning Spec-
trophotometer for the DM CYP119. Deconvoluted peaks
and fit components were obtained by Fityk 1.3.1 soft-
ware by fitting to Gaussian functions with Levenberg–
Marquardt method after baseline subtraction.35,36

2.2 Reactions of andWT and DM
CYP119 with cumene hydroperoxide (CHP)
and tert-butyl-hydroperoxide (TBHP)

CHP and TBHP reactions of WT and DM CYP119 were
followed by UV–visible spectra. Soret absorbance of WT
and DM CYP119 were followed at 414 and 415 nm, respec-
tively. Reaction mixtures included 1.5 mM CHP or TBHP

and 1.5 μM enzyme (WT or DM CYP119) in 50 mM potas-
sium phosphate at pH 7.4. Reaction volume was 700 μl.
Potassium phosphate buffer (50mM) at pH 7.4 was used as
blank. The Soret absorbance of WT and DM CYP119 were
monitored by following the changes in UV–visible spectra
between 350 and 650 nm during the reaction. UV–visible
spectra were taken at 0, 2, 5, 10, 20, 30, 45 min after the
addition of peroxide. Observed rate constants (kobs) was
determined by fitting the data to one-phase exponential
decay equation shown in Equation (1), where k is the kobs
obtained:

𝑦 = (𝑦0 − Plateu) × e−𝑘𝑥 + Plateu (1)

2.3 Oxidation activity of DM CYP119

2.3.1 Guaiacol oxidation reaction with WT
and DM CYP119

Guaiacol oxidation reaction was followed in the presence
ofWT andDMCYP119 at room temperature. Reactionmix-
tures contained 5 mM guaiacol, 1 mM H2O2 and 3 μM
enzyme (WT or DM CYP119) in 50 mM potassium phos-
phate buffer at pH 7.4. Reaction volume was 700 μl. Reac-
tion was initiated by addition of H2O2. UV–visible spec-
tra were taken from 350 to 650 nm at 1-min intervals for
20 min. The yield of tetraguaiacol formation is followed by
absorbance at 470 nm (Ɛ470nm = 2.66 × 104 M−1 cm–1).37

2.3.2 ABTS oxidation reaction with DM
CYP119

The ABTS oxidation catalyzed byWT and DMCYP119 was
monitored at room temperature in 50mMpotassium phos-
phate buffer at pH 7.4. Reaction volume was 700 μl con-
taining 3 μM enzyme (WT or DM CYP119), 1 mM H2O2,
and 1 mM ABTS in 50 mM potassium phosphate buffer
at pH 7.4. Potassium phosphate buffer (50 mM) was used
as blank. Reactions were initiated with addition of 1 mM
H2O2. The reactions were followed at 1-min intervals from
950 to 350 nm for 45 min. The yield of the ABTS+• radi-
cal cation formation by WT and DM CYP119 was assessed
by using the extinction coefficient of ABTS+• at 734 nm
(Ɛ734nm = 1.5 × 104 M−1 cm−1).30,38

2.4 Peroxidase activity of WT and DM
CYP119 in presence of organic solvents

Organic solvents effects on Amplex Red peroxidation of
WT and DM CYP119 were analyzed using 96-well plates.
Each well has a total of 100 μl reaction volume containing
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1744 SAKALLI and SURMELI

H2O2 (1 mM), Amplex Red (10 μM), WT CYP119 (1.5 μM),
or DM CYP119 (1.5 μM) with different concentrations of
organic solvents (0% [positive control] v/v, 2.5% v/v, 5% v/v,
7.5% v/v) in 50 mM potassium phosphate buffer at pH 7.4.
Blank used in the assay was 50 mM potassium phos-

phate buffer. To control assay whether run or not, posi-
tive control was 1 μU horseradish peroxidase (HRP) with
H2O2 (1 mM) and Amplex Red (10 μM) in 50 mM potas-
sium phosphate buffer at pH 7.4. All components were
mixed before adding H2O2. After addition of H2O2, sam-
ples were incubated about 20 min. Fluorescence excited
(545 nm) and emitted (595 nm) by resorufin was measured
by using FLUOstar Omega (BMG LABTECH).34

2.5 Peroxidation activity of WT and DM
CYP119 based on variable pH

Amplex Red peroxidation reaction of WT and DM CYP119
was analyzed at various pH values. Reactionmixtures con-
tained 1.5 μM enzyme (WT or DMCYP119), 10 μMAmplex
Red, 1.5 μMH2O2 in a 50 mM potassium phosphate buffer.
Each potassium phosphate buffer was prepared at differ-
ent pH values (5.8, 6.8, 7.4, and 8.0). The resorufin forma-
tion was observed at 570 nm during 45 min, with 2-min
intervals. The initial rate was calculated for each pH and
for 10 min by linear fitting.

2.6 Thermostability measurements of
WT and DM CYP119

Thermostability of WT and DM CYP119 was analyzed by
following Soret absorbance with increasing temperature.
Enzyme was incubated for 5 min at each temperature
(25◦C, 40◦C, 60◦C, 70◦C, 75◦C, 80◦C, 85◦C, 90◦C, 95◦C,
respectively) in 50 mM potassium phosphate buffer at
pH 7.4. UV–visible spectra for enzyme solutions were
monitored for each temperature between 350 and 650 nm.
Difference spectra were obtained by subtracting UV–
visible spectrum of the enzyme solution at room temper-
ature from the spectra of enzyme at higher temperatures.
To make the changes clearer, background subtraction
was applied by Fityk 1.3.1. The shift in maximum Soret
absorbance was monitored. ΔAbs is defined by the differ-
ence of absorbance at the specified wavelength at higher
temperature from the absorbance at room temperature.36

2.7 Docking studies of WT and DM
CYP119 with different substrates

Crystal structure of imidazole-bounded WT CYP119 was
used for docking studies (protein data bank identity [PDB

ID]: 1F4T).26 First, 1F4T.pdb file was obtained from the
Research Collaboratory for Structural Bioinformatics Pro-
tein Data Bank (RCSB PDB) database. PyRosetta program
was used for docking process. PDB files must be prepared
before starting the design process of the PyRosetta pro-
gram. CleanATOM protocol of PyRosetta was used for
removing all heteroatoms and water molecules from .pdb
file.39 Then, energy minimization of ligand was done with
UCSF Chimera.40 Since PyRosetta requires initial coordi-
nates for ligand for docking process, we first perfomed a
dock simulation with UCSF Chimera program. 1F4T.pdb
file andminimized ligandwere opened onUCSF Chimera.
GridBox (10× 10× 5)was formed andplaced into the active
site of enzyme (1F4T.pdb). Docking of ligand to the enzyme
was performed by AutoDock vina. Initial coordinates were
obtained for each ligand for using on Pyrosetta.
Mutation on the structure of CYP119 was created by the

Pyrosetta program. The Task Factory module of Pyrosetta
is used for creation of mutations. Optimization of confor-
mation of mutant residues was performed by the Pack-
RotamersMover function based on the “REF2015” score
function. Fast relax method was realized for energy min-
imization of WT and DM CYP119 structures. “REF2015”
score function was used for energy minimization steps.
After that ligands were docked with the DockMCMPro-
tocol of the PyRosetta.40 One hundred rounds of docking
were performed for each ligand for the WT and DM
CYP119. Docking protocol that applied on WT and DM
CYP119 with various ligands was improved and optimized
in our previous work.34 Docking scores of WT and DM
CYP119 were calculated for different ligands (guaiacol,
Amplex Red, progesterone, phenoxazine, testosterone,
indole, indoxylacetate, caffeine, and SDS) with PyRosetta
program according to “ligand” score function. The docking
results with the lowest Rosetta energy unit (REU) scores
were chosen for analysis of ligand–protein interactions.
The docking results were visualized by UCSF Chimera
software.41

2.8 Progesterone binding assay and
conversion

Binding constants of WT and DM CYP119 were analyzed
at room temperature by difference spectroscopy, utilizing
VWR UV/1600PC scanning spectrophotometer. Enzyme
solutions were kept for 10 min at room temperature and
divided into two glass cuvettes. Progesterone (10, 20, 40,
60, 80, 100, 120, 140, 160 μM) in a dimethyl sulfoxide
(DMSO) stock was titrated into the cuvette containing
1.5 μM enzyme (WT or DM CYP119) in 50 mM potassium
phosphate buffer at pH 7.4. At the same time, equal
volume of DMSO was added into the control cuvette,

 14708744, 2022, 4, D
ow

nloaded from
 https://iubm

b.onlinelibrary.w
iley.com

/doi/10.1002/bab.2243 by Izm
ir Y

uksek T
eknoloji E

nstit, W
iley O

nline L
ibrary on [02/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



SAKALLI and SURMELI 1745

respectively. The concentration of DMSO in the cuvette
did not exceed 2% of the initial volume. Equal amounts
of DMSO were added to the reference cuvette. The
absorbance shift between 420 and 388 nm was followed.
The shift was plotted against substrate concentration by
nonlinear fitting. Value of Kd was calculated by plotting
the shift against substrate concentration to quadratic.
After incubation for 5 min with substrate, UV spectra were
collected between 350 and 650 nm with 1-nm interval for
each concentration. The absorbance subtraction between
420 and 388 nm versus concentrations of progesterone
were drawn by nonlinear fitting-specific binding analysis
in Graphpad. The shift in maximum Soret absorbance was
monitored byΔΔAbs (420− 388), whereΔAbs is defined by
the difference of absorbance at the specified wavelength at
higher progesterone concentrations from the absorbance
at zero progesterone concentration. ΔΔAbs (420 − 388) is
obtained by subtraction of ΔAbs388 nm fromΔAbs420 nm.
The shift was plotted against substrate concentration. The
dissociation constant (Kd) was then determined by fitting
plots of ΔΔ(420 − 388) against substrate concentration to
the quadratic equation in Equation (2):

Δ𝐴 =
𝐴max

[𝐸]

⎛⎜⎜⎜⎝
𝐾S + [𝐸] + [𝐿] −

√
(𝐾S + [𝐸] + [𝐿])

2
− 4 [𝐸] [𝐿]

2

⎞⎟⎟⎟⎠
(2)

To investigate progesterone conversion by DM and WT
CYP119, progesterone oxidation reactions were carried out
in 500 μl total volume. The reactions contained 10 μM
enzyme and 150 μMprogesterone and 1mMCHP in 50mM
potassium phosphate buffer at pH 7.4. The reactions were
initiated by addition of CHP and continued for 30 min.
They were stopped by addition of 500 μl ethyl acetate.
The products were extracted thrice with 1:1 ethyl acetate.
The ethyl acetate was evaporated by nitrogen gas. The
residues were dissolved in 1 ml methanol and analyzed
with high-performance liquid chromatography (HPLC).
The HPLC analysis was performed on Agilent 1200 Series
by DAD detector. Teknokroma Mediterrana Sea18 RP-C18
(15 × 0.46, 5 μM) column was used for experiments. The
HPLC run startedwith 40:60 acetonitrile:ddH2O for 4min,
increasing 100:0 acetonitrile:ddH2O for 11 min, and 40:60
acetonitrile:ddH2O for 5 min at flow rate of 1 ml/min.
Detection of substrate, oxidant, and products was accom-
plished by following absorbance at 254 nm.

3 RESULTS

T213R/T214I (DM) CYP119 is novel mutant of CYP119,
which was obtained from a high-throughput screen
utilizing Amplex Red peroxidation by a previous study

in our laboratory.34 Initial spectral characterization of
DM CYP119 did not display any significant changes in
the heme pocket of the enzyme. However, DM showed
five-fold higher Amplex Red peroxidation, and two-fold
higher styrene epoxidation activity compared to WT
CYP119. The increased activity of DM with peroxides and
its native thermostability makes it an ideal candidate
for industrial biocatalysis. Here, we characterized the
substrate scope; stability toward peroxides; temperature
and organic solvent tolerance of DM CYP119 to identify its
true potential as an industrial biocatalyst.

3.1 Spectral analysis of WT and DM
CYP119

Optical spectra of WT and DM CYP119 were briefly com-
pared in the previous study, and similar spectra were
observed for both proteins.34 In this study, background
subtraction and Gaussian fit analysis were applied to Soret
and α/β bands of WT and DM CYP119 using Fityk soft-
ware, and amore accurate comparisonwas obtained.36 The
Soret and α/β bands were deconvoluted, and maximum
absorbances were obtained from the deconvoluted spectra.
The fit of deconvoluted peaks are shown in Figure S2. After
analysis, WTCYP119 showsmaximum Soret absorbance at
414 nm and the twominor alpha and beta bands at 533 and
568 nm, respectively, similar to previously reported spec-
tra (Figure S2).36 DM CYP119 protein shows a small shift
in the Soret maximum to 416 nm, and the α/β bands were
observed at 540 and 573 nm (Figure S2).

3.2 Guaiacol oxidation activity of WT
and DM CYP119

Oxidation activity of WT and DMCYP119 was investigated
by following the oxidation of guaiacol by H2O2 in the pres-
ence of enzymes with UV–visible spectroscopy. Reactions
contained WT (3 μΜ) or DM CYP119 (3 μM), guaiacol
(5 mΜ), H2O2 (1 mΜ) in 50 mΜ potassium phosphate
buffer at pH 7.4 and 25◦C. During the reaction, an increase
at 470 nm can be observed (Figure 1). This band can be
attributed to tetraguaicol formation.38 For WT CYP119, no
significant increase in 470 nm was observed (Figure 1);
therefore,WTCYP119 does not catalyze guaiacol oxidation.
The only change observed in the WT CYP119 reaction is a
decrease in the Soret absorbance at 414 nm. Although WT
CYP119 does not perform the oxidation reaction for guaia-
col substrate, DM CYP119 can catalyze guaiacol oxidation
by H2O2. At the end of the reaction, 0.13% of guaiacol was
oxidized by the DM CYP119, based on the final concen-
tration of tetraguaiacol using the extinction coefficient at
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F IGURE 1 Oxidation of guaiacol catalyzed by WT (A) and DM CYP119 (B) in the presence of H2O2. H2O2 (1 mM) was added to DM
(3 μM) or WT (3 μM) CYP119 and guaiacol (5 mM) in 50 mM potassium phosphate buffer at pH 7.4 and 25◦C. The spectra were taken at 1-min
intervals for 15 min. Inset: Difference spectra. The product for the reaction, tetraguaiacol shows absorbance at 470 nm during the reaction.
Time course of guaiacol oxidation in the presence of WT (O) and DM (ˆ) CYP119 (C)

470 nm. While the yield of guaiacol oxidation is low under
these conditions, it is a significant improvement compared
to WT, which does not catalyze the reaction.

3.3 ABTS oxidation activity of WT and
DM CYP119

One electron oxidation of ABTS by WT and DM CYP119 in
the presence of H2O2 was investigated. The reaction mix-
tures containedABTS (1mM), H2O2 (1mM),WT (1 μM), or
DM CYP119 (1 μM) in 50 mM potassium phosphate buffer
at pH 7.4. Reaction was monitored at 25◦C by UV–visible
spectra. ABTS•+ radical cation formation can be observed
by a broad band at 734 nm.
We observe that DM CYP119 can catalyze ABTS oxida-

tion by H2O2 to generate ABTS•+ radical cation (Figure 2).
Absorbance at 734 nm reached maximum after 5 min from
the initiation of the reaction with DM CYP119. A decrease
in 734 nmwas observed after this time; this is thought to be
due to oxidation of the ABTS•+ radical by another electron
and production of azodication (ABTS2+). This reaction is
shown in Equation (3):38

𝐴𝐵𝑇𝑆 → 𝐴𝐵𝑇𝑆+ + 𝑒− → 𝐴𝐵𝑇𝑆2+ + 𝑒− (3)

For DM CYP119, maximum ABTS•+ formation was
observed at minute 5, at this time 7% of ABTS was oxi-
dized, based on the final concentration of ABTS•+ using
the extinction coefficient at 734 nm. On the other hand,
WT CYP119 did not catalyze the reaction.

3.4 Reaction of DM andWT CYP119
with peroxides

H2O2 is an important oxidant that is used in peroxygena-
tion reactions. However, most P450s do not utilize H2O2
efficiently.31 Previous studies demonstrated that WT and
DM CYP119 show peroxidation activity in the presence of
H2O2. In the absence of substrates, DM CYP119 was more
stable toward H2O2 degradation compared to WT.34 Here,
the effect of other peroxides like CHP and TBHP on WT
and DM CYP119 was investigated in the absence of sub-
strates.
WT (1.5 μM) or DM CYP119 (1.5 μM) reacted with CHP

or TBHP (1.5 mM) in 50 mM potassium phosphate buffer
at 25◦C, and changes in the heme Soret absorbance were
observed for 45 min by UV–visible spectroscopy during
the reaction. Reaction of WT CYP119 with CHP showed a
rapid decrease in the Soret absorbance at 414 nm (Figure 3).
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F IGURE 2 Oxidation of ABTS catalyzed by WT and DM CYP119 in the presence of H2O2. Reaction contained WT (1 μM, A) or DM
CYP119 (1 μM, B), H2O2 (1 mM), ABTS (1 mM) in 50 mM potassium phosphate buffer at 25◦C and pH 7.4. The spectra were taken between 350
and 950 nm at 0, 0.5, 2, 5, 10, 20, 30, and 45 min. Inset: Difference spectra. Production of ABTS•+ was monitored by absorbance at 734 nm
during the reaction (C). Time course of ABTS oxidation in the presence of WT (O) and DM CYP119 (ˆ)
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F IGURE 3 Reaction of CHP with WT (A) and DM CYP119 (B) observed by UV–visible spectra. Spectra were taken at 0 (dashed line), 2, 5,
10, 20, 30, and 45 min (dotted line). Inset shows difference spectra. Reactions involved 1.5 mM H2O2 and 1.5 μM enzyme in 50 mM potassium
phosphate buffer at pH 7.4. (C) Decrease in 414 nm for WT (O) and DM (ˆ) CYP119
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F IGURE 4 Resorufin formation in the presence of WT CYP119 (A) and DM CYP119 (B) at various pH values are illustrated. Initial rate of
Amplex Red peroxidation at different pHs are shown. The initial rate of Amplex Red (10 μM) oxidation catalyzed by WT (1.5 μM) and DM
CYP119 (1.5 μM) in the presence of H2O2 (1.5 mM) in 50 mM potassium phosphate buffer with variable pHs (C). Relative activity normalized
for the maximum activity observed for that enzyme for WT and DM CYP119 are shown (D)

At the end of the reaction, the Soret absorbance of WT
CYP119 decreased by 42% for CHP and 66% for TBHP (Fig-
ures S3 and S4). In addition, an increase in the absorbance
at lower wavelengths was observed for WT CYP119 due to
aggregation of apoenzyme during the reaction with CHP
(Figure 3A). The decrease in Soret absorbance at the end
of the reaction (414 nm for WT and 415 nm for DM) in
the presence of peroxides (CHP, TBHP, and H2O2) are
displayed in Figure S4. While TBHP shows the strongest
effect on destruction of the heme of both enzymes, CHP
and H2O2 show intermediate- and low-level effect (Fig-
ure S4). The observed rate constant for the decrease
in Soret absorbance of WT CYP119 for the decrease
in Soret absorbance was 1.2 s−1 for CHP, 0.46 s−1 for
TBHP.
The reactions of DM CYP119 with CHP and TBHP were

also monitored by UV–visible spectra (Figure 3 and Fig-
ure S3). The Soret absorbance of DM CYP119 at 415 nm
decreases by 37% for CHP and by 19% for TBHP. The
observed rate constant for the decrease in Soret absorbance
of DMCYP119 during the reactionwas 3× 10−3 s−1 for CHP
and 0.7 s−1 for TBHP.

3.5 pH profile of Amplex Red
peroxidation for DM andWT CYP119

Amplex Red peroxidation activity of WT and DM CYP119
at variable pHs (5.8, 6.8, 7.4, 8) in the presence of H2O2 was
investigated. The amount of resorufin product formation
was measured by using its extinction coefficient at 570 nm.
Resorufin formations of WT and DM CYP119 at various
pH values are shown in Figure 4. Initial rate of resorufin
formation was calculated by linear fitting of resorufin
formation with time for the first 10 min of the reaction.
Relative activity of WT and DM CYP119 was based on
the initial rate. The lowest peroxidation activity for both
WT and DM CYP119 was observed at pH 5.8. Peroxidation
activity of WT CYP119 increases with increasing pH in
the pH range tested. The highest peroxidation activity of
WT CYP119 was observed at pH 8. On the other hand,
peroxidation activity of DM CYP119 does not change sig-
nificantly between pH 6.8 and pH 8.0 (Figure 4). In acidic
pH, DM shows significantly higher peroxidation activity
than WT CYP119 (Figure 4). The highest peroxidation
activity for DM CYP119 was observed at pH 6.8.
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F IGURE 5 Screening of organic solvent effects on peroxidation activity of WT CYP119 (WT; gray) and DM CYP119 (DM; black) were
analyzed. Reactions contained variable concentrations of (2.5% v/v, 5% v/v, 7.5% v/v) methanol (A), isopropanol (B), and acetonitrile (C),
1.5 μMWT CYP119 and DM CYP119, 1.5 mM H2O2, and 10 μMAmplex Red in 50 mM buffer at pH 7.4. Positive control (PC; reaction without
organic solvent). *p < 0.05 and **p < 0.01 by a two-tailed unpaired Student’s t-test

3.6 Solvent tolerance of WT and DM
CYP119

In this study, the effects of methanol, isopropanol and ace-
tonitrile on peroxidation activity of WT and DM CYP119
were investigated. Organic solvents were applied to WT
and DM CYP119 at 2.5% v/v, 5% v/v and 7.5% v/v concen-
trations. Inhibitory effect of organic solvents on WT and
DM CYP119 were analyzed.
Peroxidation activity of WT and DM CYP119 were only

weakly inhibited (∼10% inhibition) at 2.5% v/v methanol.
In the presence of 7.5% v/v methanol, inhibition of per-
oxidation activity of WT (35%) is higher than DM CYP119
(22%) (Figure 5A).
Peroxidation activity was also investigated in the

presence of isopropanol. In the presence of 2.5% v/v
isopropanol, 13% and 40% inhibition were observed for
WT and DM CYP119, respectively. Isopropanol inhibited
peroxidation activity at lower concentrations for DM
CYP119 compared to WT CYP119. Approximately 50%
inhibition of peroxidation activity of WT and DM CYP119
was observed at 7.5% v/v (Figure 5B).

Peroxidation activity was also investigated in the pres-
ence of acetonitrile. Approximately 10% inhibition of per-
oxidation activity was observed in the presence of 2.5% v/v
acetonitrile forWTandDMCYP119. In the presence of 7.5%
v/v acetonitrile, 26% and 32% inhibition were observed for
WT and DM CYP119, respectively (Figure 5C).

3.7 Temperature stability of WT and
DM CYP119

Temperature stability of WT and DM CYP119 was inves-
tigated by following Soret absorbance with temperature.
WT (3.5 μM) or DM CYP119 (3.5 μM) were incubated in
50 mM potassium phosphate buffer for 5 min at each tem-
perature in a dry bath. The changes in Soret absorbance
of the enzymes at different temperatures are shown in
Figure 6. In addition to the loss of heme cofactor, which
leads to decrease in Soret absorbance, at higher tem-
peratures unfolding of the enzymes causes aggregation
of apoprotein (Figure 6), which can be observed by the
increase in absorbance at lower wavelengths.
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F IGURE 6 UV–visible spectra of thermostability analysis of raw data of 3.5 μMWT CYP119 (A) and subtract data of WT CYP119 (C) are
shown. UV–visible spectra of thermostability analysis of raw data of 3.5 μMDM CYP119 (B) and subtract data (D) of DM CYP119 are shown
(25◦C [dotted line], 95◦C [dashed line]). Insets: Difference absorption spectra of thermostability analysis of WT (C) and DM CYP119 (D) (40◦C
[dotted line], 95◦C [dashed line]). Relative Soret absorbance at recorded temperature compared to absorbance at room temperature of WT
(3.5 μM) and DM CYP119 (3.5 μM) are illustrated at selected temperatures (25◦C, 40◦C, 60◦C, 70◦C, 75◦C, 80◦C, 85◦C, 90◦C, and 95◦C) (E)

Decrease of maximum Soret absorbance (27%) of WT
CYP119 was observed due to denaturation and loss of heme
from the protein. Difference spectra demonstrate a sig-
nificant decrease at 416 nm (Figure 6C inset). When the
effects of increased temperature on DM CYP119 were ana-
lyzed based on difference spectrum, a shiftmaximumSoret
absorbance was observed from 433 to 395 nm. The Soret
absorbance of DM CYP119 was decreased by 9% at 95◦C
(Figure 6D and inset). As seen in Figure 6A, aggregation
of apoprotein resulted in significant changes in the UV–
visible spectra, especially for WT CYP119. To correct for
scattering at lowerwavelengths due to protein aggregation,
background subtraction by Fityk1.3.1 was applied to all

spectra (Figure 6).35 After background subtraction, relative
decrease in Soret absorbance of WT CYP119 with increas-
ing of temperature was more clearly observed, as seen in
Figure 6E.

3.8 Substrate scope of WT versus DM

To elucidate the differences in substrate specificity among
the WT and DM CYP119 and to provide a consensus on
which of the enzymes show preference for ligand binding,
molecular docking of substrates was performed on the
active sites of WT and DM CYP119. The substrates tested
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SAKALLI and SURMELI 1751

TABLE 1 Docking energy scores of substrates are illustrated
for WT (1F4T) and DM CYP119

Docking score (REU)
Substrate WT CYP119 DM CYP119
Caffeine −418 −1195
Testesterone −516 −1176
Progesterone −412 −1119
Amplex Red −517 −1185
Guaiacol −441 −1205
Phenoxazine −528 −1209
Indole −409 −1207
Indoxyl acetate −446 −1149
SDS −441 −1178

were Amplex Red, guaiacol, progesterone, testosterone,
caffeine, SDS, indole, and indoxyl acetate and phenoxazine
(Figure S5). One hundred rounds of ligand docking were
performed for bothWT CYP119 and the DMCYP119. Score
distribution histograms for docking results are shown
in Figures S6–S8. Scoring function of Pyrosetta occurs
in a composition of physics-based and knowledge-based
information about the structure, thus the energy scores
were calculated as a generic unit (REU).41 When the
docking models were examined, the most negative REU
scores were approved as more native-like.41 The lowest
REU scores were chosen to determine ligand–protein
interactions (Table 1). To understand differences of sub-
strate diversity of WT and DMCYP119, the volume surface
of binding pocket of enzymes were also calculated as
331 Å3 and 267 Å3, respectively, by Castp analysis.42 The
surface of binding pocket of WT (PDB: 1F4T) and DM
CYP119 are displayed in Figure S9.
Docking scores and the distance of the ligands from the

heme group were investigated to predict binding affinity
and oxidation of the enzymes, respectively. Ligand docking
of guaiacol molecule into the WT (PDB ID: 1F4T) and DM
CYP119 was performed by using the PyRosetta program
(Figure S10). For WT CYP119, the guaiacol demonstrates
low binding affinity with selected lowest score from dock-
ing results (−441 REU). The distance between the heme
iron atom and the targeted carbon atom of guaiacol was
measured as 4.5 Å for WT CYP119. For DM CYP119, the
guaiacol displayed a relatively high binding ability with
the lowest score (−1205 REU, Table 1), and the distance
between the heme iron atom and the targeted carbon atom
of guaiacol was measured as 3.78 Å.
Ligand docking of progesterone molecule into the WT

(PDB ID: 1F4T) and DM CYP119 was performed by using
the PyRosetta program (Figure S11). For WT CYP119, pro-
gesterone demonstrated low binding ability with the low-
est score from docking results being −412 REU (Table 1).

The distance between the heme iron atom and the targeted
carbon atom of progesteronewasmeasured as 2.5 Å forWT
CYP119. For DM CYP119, the progesterone displayed a rel-
atively high binding ability with a more negative lowest
score (−1119 REU, Table 1), and the distance between the
heme iron atom and the targeted carbon atom of guaiacol
was measured as 2.4 Å.

3.9 Progesterone binding and
conversion withWT and DM CYP119

As docking studies indicated that DM CYP119 has higher
affinity for progesterone, its affinity for WT and DM
CYP119 was studied. Upon binding of progesterone to WT
orDMCYP119, a shift in spin state equilibrium toward high
spin to low spin is observed, which results in a decrease
in absorbance at 388 nm and increase in absorbance at
420 nm (Figure 7). The Kd values for both of enzymes were
obtained from analysis of the shift in Soret absorbance
using Equation 2.WTCYP119 showed 250-fold lower affin-
ity for progesterone (Kd = 18,000 ± 7300 μM) compared to
DM CYP119 (Kd = 71 ± 17 μM).
Conversion of progesterone by WT and DM CYP119

using CHP as an oxidant was investigated (Figure S12).
Reactions contained WT (10 μΜ) or DM CYP119 (10 μM),
progesterone (150 μM), CHP (1 mΜ) in 50 mΜ potassium
phosphate buffer at pH 7.4 and 25◦C. Products of reac-
tion were extracted and analyzed by HPLC. Figure S12
shows representative chromatograms of the progesterone
metabolites formed by WT and DM CYP119. HPLC chro-
matogramwas followed at 254 nm for detection of products
(Figure S12). Retention time of progesterone was detected
at 14.7 min and retention times of CHP only products were
detected at 7.1, 8.3, and 9.2 min. A new product peak at
10.5 min was observed in presence of DM CYP119. This
peak was not observed in control reaction and in the reac-
tion by WT CYP119 (Figure S12).

4 DISCUSSION

P450s has tremendous potential for biotechnological use,
no other enzyme family has such a vast variety of sub-
strates and the types of reactions they catalyze. However,
compared to widely applied commercial enzymes, their
practical applications are limited due to the disadvan-
tages of the P450 systems. Low stability, low solubility,
narrow substrate scope, expensive cofactors, dependence
on redox partners, and low substrate solubility of P450s
severely limit broader application of these enzymes.9 Here,
we characterize a novel CYP119 variant (T213R/T214I, DM)
that addresses most of these limitations observed in P450s.
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F IGURE 7 UV–visible and difference spectra of WT (A) DM CYP119 (B) titrated with saturated progesterone. Overlay of UV–visible
spectra of 1.5 μMWT CYP119 or DM CYP119 with different concentrations of progesterone (0.01–160 μM). The insets show difference spectra
with increasing progesterone concentrations. (C) The absorbance shifts observed in 420 and 388 nm for progesterone binding titration of WT
(O) and DM CYP119 (ˆ). The absorbance difference between 420 and 388 nm (ΔΔAbs [420 − 388 nm]) versus concentrations of progesterone
plotted by nonlinear fitting

We show that DM CYP119 is a soluble thermophilic P450,
with a broad substrate specificity that does not require
expensive cofactors and redox partners in its reactions.
DM CYP119 was obtained through a high-throughput

screen of CYP119 mutants for Amplex Red oxidation
activity using H2O2 as an oxidant.34 Therefore, it showed
five-fold increased activity and higher affinity for Amplex
Red. In addition, DM CYP119 catalyzed styrene epoxida-
tion with two-fold increased activity compared to WT.
However, its activity toward other substrates has not
been tested. Here, we show that DM CYP119 can also
oxidize guaiacol and ABTS, while WT CYP119 shows no
detectible activity with these substrates (Figures 1 and 2).
Increased activity of DM CYP119 toward these unnatural
substrates led us to investigate the catalytic promiscuity
of this enzyme by docking potential substrates to the
modeled DM CYP119 active site. Nine potential substrates
including bioactive compounds such as caffeine, indole,
testosterone, and progesterone were screened by docking
simulations; all these compounds showed increased
affinity for DM CYP119 compared to WT based on Rosetta
score function (Table 1).
Based on PyRosetta docking results, DM CYP119, which

has lower REUs (Table 1), is predicted to have higher
affinity to the molecules tested. However, it is not possible
to obtain binding energies directly for these ligands by
using PyRosetta. PyRosetta has a class of scoring func-

tions, which contains a combination of physics-based
and knowledge-based information about structure, and
also statistical parameters.43 Because some parameters
of Rosetta score function (van der Waals energy scores,
attraction and repulsion values, hydrogen and covalent
bonds, etc.) has the kcal/mol as unit, a correlation between
REU scores and kcal/mol scores might be expected, but
so far there is no experimental validation done to confirm
that.44 To obtain an estimate of binding energies, docking
of ligands into WT and DM CYP119 was also performed
by Chimera with AutoDock vina, which outputs energy
scores in kcal/mol (Figure S13). Docking results obtained
by PyRosetta and Chimera were consistent (Figure S13).
Based on Chimera results, binding energies were in the
−7.4 to−4.5 kcal/mol range forDMCYP119 and in the−0.6
to +3.9 kcal/mol range for WT (Figure S13). PyRosetta and
Chimera have different assumptions for binding energy
calculations, so docking scores of some molecules (indole
and guaiacol) could not be obtained by Chimera.
Among the compounds that were predicted to have

a higher affinity for DM CYP119, progesterone is of
particular interest by the pharmaceutical industry, as
hydroxylated progesterone derivatives can play physio-
logical roles and can be intermediates in the synthesis
of other steroid-based drugs. Therefore, affinity of DM
and WT CYP119 for progesterone was also determined
experimentally. DM CYP119 showed 250-fold increased
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SAKALLI and SURMELI 1753

F IGURE 8 Substrate binding cavity and mutated residues of WT (PDB code 1F4T, A [12]) and DM CYP119 (B) after docking various
substrates is shown. The side chain conformation of T213R depends on the docking. Different conformations of Arg213 with: (1) Amplex Red,
caffeine, and SDS; (2) phenoxazine; (3) indole and guaiacol; (4) progesterone, testosterone, and indoxyl acetate. No significant conformational
change was observed in WT CYP119 Thr213 residue after docking with different substrates

affinity for progesterone confirming the computational
analysis. In addition, DM CYP119 catalyzed formation of a
new product in oxidation progesterone with CHP (Figure
S12). Future studies are necessary to optimize the product
formation and identify the new product.
To understand the broad substrate specificity of DM

CYP119, the substrate binding pockets of WT and DM
CYP119 were investigated. The molecular size of Arg
(173.4 Å3) is larger than that of Thr (116.1 Å3)45; therefore,
as expected the substrate binding pocket of DM CYP119
(267Å3) was smaller than that ofWT (331 Å3), as calculated
byCastp (Figure S9).42 On the other hand, larger substrates
like Amplex Red and progesterone still showed higher
affinity for DM CYP119. This can be explained by the dif-
ferent conformations of the side chains in the mutated
residues especially Arg213 in the enzyme–substrate com-
plex. The side chain of Arg213 in DM CYP119 shows
increased flexibility and interacts with a variety of sub-
strates at different positions as seen in the docking results
(Figure 8). The active sites of DM andWTCYP119 are com-
pared in Figure 8, which shows the flexibility of the argi-
nine residue.
Most P450s utilize the reductive oxygen activation path-

way for their reactions. On the other hand, H2O2-shunt
pathway does not require any expensive cofactors or
electron transfer proteins. In addition, the low cost of
H2O2 makes peroxide utilizing P450s attractive targets
for industrial-scale synthesis. DM CYP119 was developed
for increased efficiency with H2O2 and showed increased
activity with reactions using H2O2 as oxidant. Peroxide-
shunt pathway can also be supported by CHP and TBHP.
However, reactions with peroxides also lead to “suicide
inactivation”where the participating P450 is sacrificed due
to destruction of the essential prosthetic heme group.46

Stability of the heme group against degradation by perox-
ides will lead to increased enzyme activity and increased
yield in the presence of peroxides. Previously, we showed
that DM CYP119 was more resistant to heme degrada-
tion by H2O2. Here, we tested the stability of DM CYP119
against other commonly used peroxides like CHP and
TBHP. DM CYP119 showed increased stability against all
peroxides tested (Figure 3 and Figures S3 and S4). Heme
degradation occurred slower and to a lower extent in DM
CYP119 compared to WT.
The reason for the stability of DM CYP119 against

peroxide-dependent degradation can be due to less accessi-
ble heme pocket with larger arginine residue blocking the
heme cofactor. However, this is not consistent with higher
H2O2-supported activity by DM CYP119. X-ray crystal
structure analyses of heme-containing enzymes indicate
that the presence of residues that can support acid–base
catalysis at the distal heme pocket can enhance the genera-
tion of the reactive intermediate compound I and stabilize
it.23 Indeed, distal arginine residues play important roles
in the reactions of HRP and P450bsβ with peroxidases.
However, in both cases the arginine cooperates with
another basic group (histidine residue in HRP and car-
boxylate group of the substrate in P450bsβ).47 Analysis of
the structure of DM CYP119 did not reveal such a basic
group near the distal pocket. As the distal pocket of DM
CYP119 is significantly more hydrophilic than WT (Figure
S9), a distal water molecule may assist Arg213 in catalysis.
The effect of pH on the initial rate of Amplex Red

peroxidation of WT and DM CYP119 was also investigated.
In accordance with previous results for WT CYP119
activity increased with pH and reached maximum at
pH 8.0 (Figure 4).1 In addition, there was approximately
50% decrease in activity at pH 6.8 compared to pH 8.0.
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On the other hand, for DM CYP119 the initial rate did
not change significantly between pH 6.8 to pH 8.0.
DM CYP119 shows high activity in a relatively large
range of pH values, which will increase its industrial
applications.
AsCYP119 is obtained froman acidothermophilic organ-

ism, it is a thermostable protein. Previous studies have
determined the melting temperature (Tm) of WT CYP119
as 91◦C using differential scanning calorimetry.2 Here, the
Soret absorbancewas followed to determine heme loss and
aggregation with increasing temperature. There was no
significant decrease in Soret absorbance for WT CYP119
between 20◦C and 80◦C (Figure 6). This is consistent with
previous observations, which did not observe a signifi-
cant change in heme chromophore or styrene epoxidation
activity of WT CYP119 between these temperatures.28 DM
CYP119 showed even higher relative Soret absorbancewith
increasing temperature (Figure 6); therefore, it has at least
similar thermostability to WT CYP119. We note that previ-
ous results forWTCYP119 have shown a significant drop in
heme chromophore at 90◦C, which is not observed under
our experimental conditions.28 The difference observed at
this temperature likely arises from incubation time, which
was shorter in our assay.
The stability of enzymes in organic solvents is an impor-

tant problem in biocatalysis, especially in the synthesis of
fine chemicals and pharmaceuticals. Increasing enzyme
tolerance to organic solvents will allow for an increase in
concentration of insoluble substrates andproducts that can
be employed, which will lead to a wider range of operating
conditions.48 Previous studies indicate that proteins stable
at higher temperatures also show stability in the presence
of organic solvents.27,49 BecauseWT andDMCYP119 show
increased thermostability, we tested their peroxidase activ-
ity in the presence of commonly used organic solvents,
such as methanol, acetonitrile, and isopropanol (Figure 5).
As expected, WT CYP119 does not show significant inacti-
vation in the presence of organic solvents, it retains ∼70%
of its activity in the presence of 7.5% v/v acetonitrile. In
comparison, WT P450-BM3 (CYP102) only retains 20% of
its activity under the same conditions.50 DMCYP119 shows
similar inactivation levels with lower concentrations of
acetonitrile and methanol (Figure 5). On the other hand,
at the highest concentrations (7.5% v/v) tested of acetoni-
trile and methanol, DM shows lower inhibition for these
solvents compared to WT. Therefore, T213R/T214I muta-
tion might confer slightly higher stability in the presence
of these solvents. Among the solvents tested, methanol
demonstrates the lowest inhibitory effect for peroxidation
activity of both WT and DM CYP119. On the other hand,
DMCYP119 seems to be sensitive to isopropanol, especially
at low concentrations. At 2.5% and 5% v/v isopropanol,
DM is significantly more inhibited than WT CYP119

(Figure 5B). The reason for this sensitivity is currently
unclear; isopropanol may have specific interactions with
the active site.
In conclusion, T213R/T214I (DM) CYP119 can serve

as a useful biocatalyst for industrial applications: it is a
soluble enzyme that has a broad substrate scope, shows
relatively high activity with peroxidases, it is thermostable
and stable against degradation by peroxidases, and shows
tolerance of the catalytic activity to organic solvents.
The peroxidase activity of DM CYP119 shows broad pH
tolerance compared toWT CYP119, this could prove useful
not only in industrial applications but also in mechanistic
studies. The high tolerance of DM CYP119 to cosolvents is
a particularly useful feature for pharmaceutical industry,
as selective oxidation of hydrophobic molecules with
poor water solubility is a necessity. DM CYP119 can also
be a good starting point for further directed evolution
studies to increase substrate selectivity or further increase
peroxidase-dependent activity. Combining further protein
engineering approaches to the already attractive features
of DM CYP119—peroxidase activity, broad substrate
scope, thermostability, and solvent tolerance—will lead to
extending the application of this protein in several fields
of biotechnology.
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