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Introduction 
Terpinen-4-ol is a cyclic monoterpene and the primary component of essential tea tree oil (Melaleuca alternifolia).

It makes up 30–40% of tea tree oils [1, 2]. Terpinen-4-ol has several important therapeutic properties, including
antiviral [3, 4], anti-inflammatory [5], and analgesic properties [6]. Terpinen-4-ol has antibacterial effects against
Pseudomonas aeruginosa, Escherichia coli, Staphylococcus aureus, and Streptococcus agalactiae [7, 8]. It also has
antifungal effects against Candida spp. [9], dermatophytes and filamentous fungi [10], and Aspergillus ochraceus
[11]. This monoterpene is colorless to slightly yellow and a fragrance ingredient (pepper/woody and earthy/
musty) [12, 13]. Its properties as a fragrance ingredient are suitable for products utilizing fragrance, and terpinen-
4-ol has been used in cosmetics such as perfumes, shampoos, soaps, and cosmetics [14]. Terpinen-4-ol has the
potential for utilization as a pesticide, as it shows an insecticidal effect against flour beetles such as Tribolium
confusum [15]. Because the demand for eco-friendly insecticides has increased to overcome various negative
effects from synthetic insecticides, such as environmental destruction, researchers are attempting to replace
synthetic pesticides, which trigger environmental pollution, with naturally derived compounds [16, 17]. 

The representative reaction of cytochrome P450 (CYP or P450) is the monooxygenation that transfers an
oxygen atom from molecular oxygen to a variety of biological substrates, reducing the second oxygen atom by two

CYP102A1 from Bacillus megaterium is an important enzyme in biotechnology, because engineered
CYP102A1 enzymes can react with diverse substrates and produce human cytochrome P450-like
metabolites. Therefore, CYP102A1 can be applied to drug metabolite production. Terpinen-4-ol is a
cyclic monoterpene and the primary component of essential tea tree oil. Terpinen-4-ol was known
for therapeutic effects, including antibacterial, antifungal, antiviral, and anti-inflammatory. Because
terpenes are natural compounds, examining novel terpenes and investigating the therapeutic effects
of terpenes represent responses to social demands for eco-friendly compounds. In this study, we
investigated the catalytic activity of engineered CYP102A1 on terpinen-4-ol. Among CYP102A1
mutants tested here, the R47L/F81I/F87V/E143G/L188Q/N213S/E267V mutant showed the highest
activity to terpinen-4-ol. Two major metabolites of terpinen-4-ol were generated by engineered
CYP102A1. Characterization of major metabolites was confirmed by liquid chromatography-mass
spectrometry (LC-MS), gas chromatography-MS, and nuclear magnetic resonance spectroscopy
(NMR). Based on the LC-MS results, the difference in mass-to-charge ratio of an ion (m/z) between
terpinen-4-ol and its major metabolites was 16. One major metabolite was defined as 1,4-dihydroxy-
p-menth-2-ene by NMR. Given these results, we speculate that another major metabolite is also a
mono-hydroxylated product. Taken together, we suggest that CYP102A1 can be applied to make
novel terpene derivatives. 
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electrons to a water molecule [18-21]. CYP is necessary for primary defense against xenobiotics, metabolism of
drugs, and the production of cholesterol, steroids, prostacyclins, and thromboxane A2 [22, 23]. CYP102A1 from
Bacillus megaterium is a natural fusion protein that consists of a heme-containing monooxygenase domain and
reductase domain. Thus, CYP102A1 requires only NADPH and oxygen to react with substrates [24]. CYP102A1
produces the same metabolites of human drugs catalyzed by human-CYP [25, 26]. CYP102A1 can be expressed in
recombinant E. coli. Additionally, CYP102A1 is able to produce various regioselective and stereoselective
compounds [27-31]. These properties of CYP102A1 have attracted attention in various industrial areas. Regio-
and enantioselective hydroxylation of terpenoids are difficult reactions to achieve through chemical synthesis
because of the need for expensive catalysts, side reactions, and low yields [32]. However, CYP enzymes are utilized
in bioconversion processes for regio- and stereo-selective oxygen introduction under mild reaction conditions
[33]. In particular, soluble bacterial CYP enzymes are advantageous for production. Bacterial CYPs have been
characterized by high catalytic turnover rates, high expression level in heterologous hosts, low costs of production,
and ease of engineering. Diverse enzyme-engineering methods for improving catalytic activity and the results of
terpenoid conversions using microbial CYP have been suggested [32]. 

CYP102A1 can react with terpenoids such as limonene [34-36], ionones [37-40], and steroids [41-43]. Modifying
terpenoids’ base structure can trigger biological properties [44]. For example, hydroxylating terpenoids affects
properties such as efficacy, toxicity, volatility, and solubility. CYPs can produce various derivatives of limonene
[44]. In particular, various oxidized compounds were detected from reaction products of limonene derivatives
catalyzed by engineered CYP102A1 [35, 36, 45, 46], and terpinen-4-ol has been produced from limonene by
Aspergillus niger [47, 48]. Chemical synthesis of terpinen-4-ol from limonene has also been reported [49, 50].
Interestingly, human CYP1A2, CYP2A6, and CYP3A4 catalyze the oxidation of (+)-terpinen-4-ol. CYP2A6 and
CYP3A4 were determined to be major enzymes involved in the oxidation of (+)-terpinen-4-ol by human liver
microsomes to produce (+)-(1R,2S,4S)-1,2-epoxy-p-menthan-4-ol, (+)-(1S,2R,4S)-1,2-epoxy-p-menthan-4-ol,
and (4S)-p-menth-1-en-4,8-diol [51]. On the other hand, CYP2A6 was the major CYP for oxidation of (-)-
terpinen-4-ol to produce (−) (1S,2R,4R)-1,2-epoxy-p-menthan-4-ol, although CYP1A2, CYP2A6, and CYP3A4
also showed some activity concerning the oxidation of (-)-terpinen-4-ol [52]. However, as far as we know, there
are no reports regarding the oxidation of terpinen-4-ol by CYP102A1.

It should be noted that terpinen-4-ol and its derivatives can be developed as drug candidates for cancer
treatment. Terpinen-4-ol shows significant therapeutic effects on gastrointestinal [53], lung [54], and colorectal
[55] cancers. Therefore, hydroxylated derivatives of terpinen-4-ol such as 1,4-dihydroxy-p-menth-2-ene, which is
developed in this work using CYP as a catalyst, have important potentials for anticancer drug candidates. In
addition, terpinen-4-ol is available in both enantiomeric (−)-R- and (+)-S- forms. Therefore, it and its hydroxylated
derivatives can be used as building blocks for the organic synthesis of related high value-added compounds. Also,
they can be used a chiral auxiliary in asymmetric syntheses like the case of (+)-R-limonene [56]. 

The objective of this study was to make novel terpene derivatives using engineered CYP102A1 and to suggest an
efficient enzymatic strategy for generating terpene derivatives. We found that engineered CYP102A1 produced
1,4-dihydroxy-p-menth-2-ene from terpinen-4-ol (Fig. 1). We expect that engineered CYP102A1 can be a good
catalyst to generate novel terpene derivatives.

 
Materials and Methods
Materials

Terpinen-4-ol (racemic), glucose-6-phosphate, glucose-6-phosphate dehydrogenase, and β-nicotinamide adenine
dinucleotide phosphate (NADP+) were purchased from Sigma-Aldrich. High-performance liquid chromatography
(HPLC) -grade acetonitrile was purchased from Fisher Scientific. HPLC-grade formic acid was purchased from
Duksan Pure Chemicals. All of the other chemicals used were of the highest grade commercially available.

Originally, chromosomal DNA of B. megaterium KCCM 11745 for cloning of CYP102A1 wild type was obtained
from Korean Culture Center of Microorganisms (KCCM, Republic of Korea). The gene of CYP102A1 wild-type
(WT) was cloned and expressed in E. coli as described previously [57].

Screening of CYP102A1 Mutant Activity toward Terpinene-4-ol
Mutants of the CYP102A1 gene were obtained from earlier work [57-60]. In this study, we selected M179

(R47L/F81I/F87V/E143G/L188Q/N213S/E267V) for bioconversion of 1,4-dihydroxy-p-menth-2-ene from

Fig. 1. Scheme for 1,4-dihydroxy-p-menth-2-ene production by CYP102A1 mutants.
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terpinene-4-ol. The reaction mixture (Vt = 250 μl) contained 0.2 μM of CYP102A1 mutants in 100 mM potassium
phosphate buffer (pH 7.4) and 0.5 mM of terpinen-4-ol. The stock of terpinen-4-ol was made in dimethyl
sulfoxide (DMSO) up to 250 mM. The final concentration of DMSO in enzyme reaction was 2% (v/v). The
NADPH generation system (NGS) was composed of 10 mM glucose-6-phosphate, 0.5 mM NADP+, and 1.0 IU
yeast glucose-6-phosphate dehydrogenase per ml (final concentrations). After the reaction mixture was pre-
incubated for 5 min at 37oC, NGS was added to initiate the reaction. The mixture was incubated for 10 min before
the reaction was stopped by adding 25 μl of HCl (2 M). After mixing vigorously, the reaction mixture was
centrifuged at 3500 ×g for 10 min. The mixture was purified using a 0.2 μm polyvinylidene fluoride (PVDF) filter
purchased from Pall (USA) and transferred to vials. The filtrate was analyzed by HPLC (Shimadzu, Japan)
equipped with liquid chromatograph (LC-20AD), auto sampler (SIL-20A), and UV/VIS detector (SPD-20A). All
devices were purchased from Shimadzu. The mobile phase consisted of A (0.1% of formic acid in water) and B
(0.1% of formic acid in acetonitrile), which was programmed as follows: For the isocratic B (40%), the flow rate
was 0.5 ml/min. The detection wavelength was set as 200 nm, and the injection volume was 30 μl. Separation was
achieved using an Agilent C18 column (5 μm, 4.6 × 150 mm). The metabolite quantitation was done by comparing
the peak areas of metabolites and substrates. 

Optimization of Enzyme Reaction to Terpienen-4-ol
Various pH conditions were tested to find an optimal condition. The reaction mixture contained 0.2 μl of

mutant M179 in a range of potassium phosphate buffer (pH 5–9) and terpinen-4-ol. The reaction was initiated by
adding NGS, and the reaction mixture was incubated for 10 min before the reaction was stopped by 25 μl of HCl
(2 M). The mixture was centrifuged for 10 min at 3,500 ×g and purified using a 0.2 μm PVDF filter. 

Various temperature conditions were tested. After adjusting the pH to 7, the reaction mixture was prepared in
the same way as described above. The reaction was carried out for 30 min at 25–45oC before it was stopped by 25 μl
of HCl (2 M). The mixture was centrifuged for 10 min at 3,500 ×g and purified using a 0.2 μm PVDF filter. HPLC
was used to analyze pH and temperature effects on metabolite formation. 

Identification of Terpinen-4-ol Metabolites by Liquid Chromatography-Mass Spectrometry Analysis
Liquid chromatography-mass spectrometry (LC-MS) was used to identify the products of terpinen-4-ol

formed by CYP102A1 mutants. Preparation of samples for analysis was as follows: After the reaction mixture and
NGS were incubated for 5 min, NGS was added to initiate the reaction; 600 μl of cold ethyl acetate was added to the
mixture and vigorously mixed for 30 sec. The mixture was centrifuged at 3,500 ×g for 20 min, and 300 μl of
supernatants were collected. The 300 μl sample was evaporated using N2 gas and dissolved with a mobile phase.

LC-MS analysis was performed on a Thermo Scientific Accela and TSQ Quantum Access MAX system with the
heated electrospray ionization interface and a HESI II probe (Thermo Fisher Scientific, USA). Thermo Xcalibur
Acquisition and Processing Version 2.2 was employed. An aliquot (5 μl) of sample was separated using ZorBax SB-
C18 (4.6 × 250 mm, 5 μm, 80 Å; Agilent Technologies). The heated capillary and vaporizer temperatures of the mass
spectrometer were both tuned to 320°C, whereas the nitrogen sheath gas and auxiliary gas pressures were each
optimized at 40 and 15 psi. The spray voltage and scan speed were 3700 V and 0.8 spectra per second, respectively.
The sample was analyzed using positive mode.

Identification of Terpinen-4-ol Metabolites by Gas-Chromatography-Mass Spectrometry Analysis
Samples for gas chromatography (GC) analysis were constructed as follows: The reaction mixture (Vt = 250 μl)

contained 0.4 μM of M179 in 100 mM potassium phosphate buffer (pH 7.4) and 0.5 mM of terpinen-4-ol. NGS
was added into reaction mixture to initiate the reaction. The mixture was incubated for 1 h and extracted by
adding 600 μl of cold ethyl acetate. The mixture was mixed vigorously and centrifuged at 3,500 ×g for 10 min.
Then, 150 μl of ethyl acetate was collected and analyzed by GC as follows: 

GC-MS analysis of metabolites of terpinen-4-ol was performed using Shimadzu GC system equipped with
GCMS-QP2020 NX (GC-MS), GC-2030 (GC), and AOC-30i (auto injector). The sample (1 μl) was injected into
the DB-5MS UI column (30 m × 0.25 mm, 0.25 μm Agilent). The injector temperature was adjusted to 250oC, and
the initial oven temperature was kept at 50oC for 5 min, then raised to 250oC at a rate of 10oC /min and held for 10
min. The mass spectra were analyzed with a scanning range from 40 to 400 m/z.

Identification of Terpinen-4-ol Metabolites by Nuclear Magnetic Resonance Spectroscopy
NMR analysis was conducted to identify the metabolites of terpinen-4-ol. M1 and M2 were separated by HPLC,

collected, and frozen (–80oC) overnight. The samples were evaporated by freeze-dryer (Operon, Republic of Korea).
1H and 13C nuclear magnetic resonance (NMR) spectra were measured on an Avance NEO-600 instrument

(Bruker, Germany) operated at 600 and 150 MHz, respectively. Chemical shifts are given in δ (ppm) values relative
to those of the solvent CDCl3 (δH 7.26; δC 77.1) on a tetramethylsilane scale. Standard pulse sequences programmed
into the instruments were used for each two-dimensional measurement. The JCH value was set at 8 Hz in
heteronuclear multiple bond connectivity (HMBC) spectra.

Kinetic Parameters of Terpinen-4-ol Hydroxylation
Various concentrations of terpinen-4-ol (0.5–10 mM) and 0.2 μM CYP102A1 in 100 mM potassium phosphate

buffer (pH 7.4) were used to determine the kinetic parameters of CYP102A1 mutants. After the mixture and NGS
were pre-incubated for 5 min, NGS was added in mixture to initiate reaction for 10 min at 30oC. The reaction was
stopped by adding 25 μl of HCl (2 M), and the mixture was centrifuged for 10 min at 3,500 ×g and purified by
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0.2 μm PVDF filter. The filtrate was analyzed by HPLC. GraphPad Prism software (GraphPad Software, USA) was
used to determine the kinetic parameters.

Spectral Binding Titration
Spectral binding titration of terpinen-4-ol to the CYP102A1 enzymes was conducted with a Shimadzu 160PC

spectrometer. To determine M179 binding affinity, various concentrations of terpinen-4-ol were added to 2 μM of
M179 in a 100 mM phosphate buffer at pH 7.4. A shift of absorbance spectrum with every addition of substrate
was observed between 350 and 500 nm. The dissociation constant from spectral results was determined using
GraphPad Prism Software.

Time Course-Dependent Formation of Terpinen-4-ol Metabolites
A time course analysis was conducted to investigate yield and productivity. Two concentrations of substrates

(5 mM and 10 mM of terpinen-4-ol) were used for the experiments. The reaction mixture contained 0.2 μm of
M179 in 100 mM potassium phosphate buffer (pH 7) and terpinen-4-ol. The reaction was initiated by adding NGS
(final concentrations: 10 mM glucose-6-phosphate, 0.5 mM NADP+, and 1.0 IU yeast glucose-6-phosphate
dehydrogenase per ml), and incubated from 30 min to 6 h. After centrifuging for 10 min at 3,500 ×g, the mixture
was purified by a 0.2 μm PVDF filter. The filtrate was analyzed by HPLC, and metabolite quantitation was done by
comparing the peak areas of metabolites and substrates.

Results and Discussion
Screening of CYP102A1 Mutant Activity toward Terpinen-4-ol 

The oxidation activity of CYP102A1 mutants concerning terpinen-4-ol was screened using WT CYP102A1
and its 25 mutants (Fig. 2, Table S1). The mutants used in this study were obtained from previous studies [57-60].

Fig. 2. Screening of CYP102A1 mutants with terpinen-4-ol. The mixture contained 0.2 μM of CYP102A1 mutants
and 5 mM of terpinen-4-ol in 100 mM potassium phosphate buffer (pH 7.4). The mixture with NGS was incubated for 10 min
at 30oC.

Fig. 3. HPLC chromatogram of terpinen-4-ol and its major products generated by CYP102A1 mutant M179.
The mixture contained 0.2 μM of CYP102A1 M179 and 5 mM of terpinen-4-ol in 100 mM potassium phosphate buffer (pH
7.4). The mixture with NGS was incubated for 1 h at 30oC.
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The HPLC chromatogram of metabolites (M1 and M2) and terpinen-4-ol were eluted at retention times 7.2 min,
8 min, and 24.7 min, respectively. Only when terpinen-4-ol, CYP102A1, and NGS were combined, two major
metabolites (M1 and M2) were produced (Fig. 3).

Even though the WT CYP102A1 did not show apparent catalytic activity toward terpinen-4-ol (less than
0.1 min–1), some mutants have catalytic activity with terpinen-4-ol. Except for eight mutants that had no catalytic
activity with terpinen-4-ol, mutants having apparent catalytic activity produced M2 more than M1. Mutants
M179 and M850 produced two products with more than 200 min–1 (Fig. 2), and CYP102A1 M179 was selected for
further study. 

Optimal Conditions for Enzyme Reaction 
Various pH and temperature conditions were investigated to optimize the conditions for enzyme reaction. The

formation of metabolites according to pH change is shown in Fig. S1. We found that pH 7 showed the highest
activity among tested pH values, and pH 7 was used for the activity assay of CYP102A1 mutants.

The effect of temperature on the formation of metabolites of terpinen-4-ol was also investigated. In the range of
25–45oC (Fig. S2). We found that 25–30oC showed the highest activity, and enzyme activity decreased sharply
from 40oC. Therefore, 30oC was used for enzymatic reactions.

Fig. 4. LC-MS/MS analysis of terpinen-4-ol and its metabolites produce by CYP102A1 M179. (A) Analysis of
terpinen-4-ol. (C) Analysis of reaction mixture. (B) The MS spectra showed the base peak of terpinen-4-ol is 137.09 m/z. (D)
The MS spectra showed the base peak of M1 is 153.07 m/z. (E) The MS spectra showed the base peak of M2 is 153.07 m/z. 
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Characterization of Metabolites of Terpinen-4-ol by LC-MS
Terpinen-4-ol and its metabolites were analyzed by LC-MS to characterize metabolites produced by CYP102A1

mutants. The LC-MS chromatogram and fragmentation are shown in Fig. 4. The base peak of terpinen-4-ol is m/z
137.09 (Fig. 4B). Analysis of metabolites of terpinen-4-ol exhibited two products of M1 and M2 with same m/z,
153.07 (Fig. 4D and 4E). These results indicate a 16-dalton difference in the molecular weight between terpinen-4-
ol (m/z 137.09) and metabolites (M1 and M2; m/z 153.07). To sum up, M1 and M2 are assumed to be mono-
hydroxylation products of terpinen-4-ol. 

Characterization of Metabolites of Terpinen-4-ol by GC-MS
A reaction mixture was analyzed by GC-MS to characterize terpinen-4-ol and its products by CYP102A1

mutants (Figs. S3 and S4). GC-MS analysis showed four peaks, M1–M4 (Fig. S3B). The fragmentation patterns
(M1–M4) are shown in Fig. S4. We found that the fragmentation patterns of M3 and M4 were similar to those of
terpinen-4-ol metabolites produced by human P450 [51, 52]—possibly not exactly the same, but it may be a clue
for characterizing chemical structures of M3 and M4. To clarify which peaks were M1 and M2 in the GC
chromatogram, M1 and M2 was separated by HPLC; C and D in Fig. S3 are GC traces of separated M1 and M2,
respectively, proving the retention time of M1 and M2. 

Characterization of Metabolites of Terpinen-4-ol by NMR
Two major metabolites M1 and M2 were purified by HPLC. To ensure that M1 and M2 were purified, further

HPLC analysis was conducted. The purities of M1 and M2 was confirmed as 99.8% and 99.9%, respectively, which
were based on the area percentage (Fig. S5). 

Fig. 5. 1D NMR spectrum of M1. (A) 1H NMR spectrum of M1 in CDCl3 (600 MHz). (B) 13C NMR spectrum of M1 in
CDCl3 (150 MHz).
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M1 was isolated as a colorless oil. 1H and 13C NMR analyses of M1 are summarized in Table S2. The 1H NMR
spectrum of M1 in CDCl3 showed one pair olefinic proton signals at δH 5.71 (1H, dd, J = 9.6, 1.8 Hz, H-3) and 5.55
(1H, dd, J = 9.6, 1.8 Hz, H-2), two methylene protons at δH 1.60–1.68 (4H, m, H-5, 6), one methine at δH 1.54 (1H,
m, H-8), and three methyl groups at δH 1.28 (3H, s, H-7), 0.95 (3H, d, J = 6.0 Hz, H-9), and 0.89 (3H, d, J = 6.0 Hz,
H-8), which suggested the presence of the monoterpene backbone. In addition, the 13C NMR of M1 showed two
quaternary carbons at δC 71.8 (C-4) and 69.6 (C-1). Consistent with these 1H NMR interpretations, 13C NMR and
HSQC analyses of M1 further suggested that M1 comprised 1,4-dihydroxy-p-menth-2-ene three methyl-
substituted p-menth-diol. The linkage points of the methyl residues in M1 were established unambiguously
through the key HMBC correlations. The relative configurations of the pseudo-axial methyl on C-1 and the
pseudo-equatorial isopropyl moiety on C-4 locations in the M1 were characterized by the NOESY spectrum. The
spectrum of M1 showed relationships between H-7, H-9, and H-10, indicating a 1R*,4S* configuration between
methyl and isopropyl residues. Thus, M1 was identified as (1R*,4S*)-1,4-dihydroxy-p-menth-2-ene through
comparison of the physicochemical and spectroscopic data with those of reference data (Figs. 5, S6, and S7) [61-
63]. Although we tried to obtain the NMR analysis of M2 by obtaining samples in the same way as M1, we could
not obtain an NMR result.

Kinetic Parameters of Formation of Terpinen-4-ol Metabolites Catalyzed by CYP102A1 Mutants
Kinetic parameters were analyzed using CYP102A1 M179 with various concentrations of terpinen-4-ol (0.5–

10 mM) and incubation time of 10 min. Kinetic parameters (Km and kcat) of terpinen-4-ol metabolites are shown in
Fig. S8 and Table 1. The activities of WT CYP102A1 and CYP102A1 M179 were not compared to those of
terpinen-4-ol, because WT CYP102A1 had no apparent activity concerning terpinen-4-ol. Km values of M1 and
M2 exhibited 3.4 mM and 3.2 mM, respectively; kcat values of M1 and M2 exhibited 58.7 min–1 and 281 min–1,
respectively. M2 showed a 4.8-fold higher kcat value compared to M1. The catalytic efficiency (kcat/Km) of terpinen-
4-ol metabolite formation by CYP102A1 M179 was 17 min–1∙mM–1 (M1) and 88 min–1∙mM–1 (M2), respectively.

Spectral Binding Titration
Spectral binding titration was performed to exhibit terpinen-4-ol’s binding affinity with CYP102A1 M179. The

binding of terpinen-4-ol to CYP102A1 M179 showed a decreased trend at 390 nm and an increasing trend at 420
nm. As a result, it was defined as a type II shift. The dissociation constant (Kd) of terpinen-4-ol to CYP102A1 M179
was determined as 0.92 ± 0.26 μM (Fig. 6), showing that M179 has a high binding affinity to terpinen-4-ol when
compared to Km values.

Time Course-Dependent Formation of Terpinen-4-ol Metabolites
Incubation times from 30 min to 6 h were tested to find the best reaction time for yield and productivity.

Formation of M1 and M2 by CYP102A1 M179 was conducted under various substrate conditions (5 mM and 10
mM). When the reaction mixture contained 5 mM, the formation of M1 and M2 was saturated at 4 h, and yields
were 22.3% and 38.6%, respectively. When using 10 mM of substrate, formation of M1 and M2 increased slightly
up to 6 h. At 6 h, the yields of M1 and M2 were 19.5% and 33.5% (Fig. 7).

Table 1. Kinetic parameters of hydroxylated metabolite formation from terpinen-4-ol using CYP102A1 M179.
Product kcat (min-1) Km (mM) kcat/Km (min-1· mM-1)

M1 58.7 ± 2.2 3.4 ± 0.3 17 ± 2.0
M2 281 ± 11 3.2 ± 0.3 88 ± 9.0

Fig. 6. Spectral binding affinity of CYP102A1 M179 toward terpinen-4-ol. CYP102A1 M179 (2 μM) in 100 mM
potassium phosphate buffer was titrated with various substrate concentrations. It was defined as a type II shift. The dissociation
constant (Kd) of terpinen-4-ol to CYP102A1 M179 was determined as 0.92 ± 0.26 μM.
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In addition, as a control experiment the stability of terpinen-4-ol during reaction was tested. The mixture
containing 5 mM of terpinen-4-ol in 100 mM potassium phosphate buffer (pH 7.4) was incubated from 30 min to
6 h. Terpinen-4-ol during incubation was slightly diminished depending incubation time (Fig. S9). The remaining
concentrations of terpinen-4-ol at 1 h and 6 h were 91% and 63% when compared to the initial concentrations. At
present the exact reason why the substrate decreased during incubation is not clear. Terpinen-4-ol itself is known
to be volatile, but it is slightly soluble in water (387 mg/l = 2.51 mM) (https://www.thegoodscentscompany.com/
data/rw1021751.html). Therefore, terpinen-4-ol does not seem to be volatile in water/DMSO (v/v, 98/2).
Incubation for more than 1 h may lead to instability of terpinene-4-ol in aqueous solutions.

Conclusion
In conclusion, we found that even though WT CYP102A1 had no apparent activity concerning terpinen-4-ol,

engineered CYP102A1 displayed catalytic activity with terpinen-4-ol. Among tested mutants, M179 (R47L/F81I/
F87V/E143G/L188Q/N213S/E267V) showed the highest activity concerning terpinen-4-ol. Engineered CYP102A1
could produce two major metabolites (M1 and M2). The characterization of metabolites formed by CYP102A1
mutants was confirmed using HPLC, LC-MS, GC-MS, and NMR. M1 was defined as 1,4-dihydroxy-p-menth-2-
ene. Using LC-MS, we found that the fragmentation pattern of M2 showed a 16-dalton increase in molecular
weight compared with terpinen-4-ol. Additionally, the peaks of M2 (135.08, 153.07, 154.07, and 194.07 m/z) were
as those of M1 when comparing fragmentation patterns. In addition, the fragmentation pattern of GC-MS was
similar between M1 and M2. These findings propose that the structures of two metabolites are likely to be similar.
Therefore, M2 seems to be a mono-hydroxylated product. We also found that fragmentation patterns of M3 and
M4 (Fig. S4) were similar to those of previous studies [51, 52]. Taken together, we propose the formation
mechanism of 1,4-dihydroxy-p-menth-2-ene from terpinen-4-ol via epoxide and diol intermediates (Fig. S9) as
described previously [49, 64]. We suggest that the mono-hydroxylated product is produced through intermediate
epoxidation and that engineered CYP102A1 can be applied to biotechnology industries as a biocatalyst for the
production of terpene derivatives.
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