Biotechnol Lett (2017) 39:105-112
DOI 10.1007/s10529-016-2211-3

@ CrossMark

ORIGINAL RESEARCH PAPER

Regioselective C-H hydroxylation of omeprazole sulfide
by Bacillus megaterium CYP102A1 to produce a human

metabolite

Hyun-Hee Jang - Sang-Hoon Ryu * Thien-Kim Le -

Tiep Thi My Doan * Thi Huong Ha Nguyen - Ki Deok Park -
Da-Eun Yim - Dong-Hyun Kim - Choong-Kyung Kang -

Taeho Ahn - Hyung-Sik Kang + Chul-Ho Yun

Received: 16 July 2016/ Accepted: 8 September 2016/ Published online: 17 September 2016

© Springer Science+Business Media Dordrecht 2016

Abstract

Objectives To find a simple enzymatic strategy for
the efficient synthesis of the expensive 5'-hydroxy-
omeprazole sulfide, a recently identified minor human
metabolite, from omeprazole sulfide, which is an
inexpensive substrate.

Results The practical synthetic strategy for the 5'-
OH omeprazole sulfide was accomplished with a set of
highly active CYPI102A1 mutants, which were
obtained by blue colony screening from CYP102A1
libraries with a high conversion yield. The mutant and
even the wild-type enzyme of CYP102A1 catalyzed
the high regioselective (98 %) C-H hydroxylation of
omeprazole sulfide to 5'-OH omeprazole sulfide with a
high conversion yield (85-90 %).

Electronic supplementary material The online version of
this article (doi:10.1007/s10529-016-2211-3) contains supple-
mentary material, which is available to authorized users.

H.-H. Jang - S.-H. Ryu - T.-K. Le - T. T. M. Doan -

T. H. H. Nguyen - H.-S. Kang - C.-H. Yun (X))

School of Biological Sciences and Technology, Chonnam
National University, 77 Yongbongro, Gwangju 61186,
Republic of Korea

e-mail: chyun@jnu.ac.kr

K. D. Park
Gwangju Center, Korea Basic Science Institute,
Gwangju 61186, Republic of Korea

Conclusions A highly efficient synthesis of 5’-OH
omeprazole sulfide was developed using CYP102A1
from Bacillus megaterium as a biocatalyst.
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Introduction

During the process of drug development, all signifi-
cant metabolites should be characterized to evaluate
drug efficacy and toxicity (Obach 2013). Although
some drug metabolites of concern are prepared by
chemical methods, other metabolites can be prepared
using cytochrome P450 enzymes, including human
P450s (Yun et al. 2006). Some bacterial P450s,
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particularly CYP102A1 from Bacillus megaterium,
are competitive biocatalysts for metabolite production
due to their high activities and stabilities (Yun et al.
2007; Whitehouse et al. 2012).

Omeprazole, a proton pump inhibitor, has been
widely used as an acid inhibitor to treat gastric acid
hypersecretion disorders (Wedemeyer and Blume
2014; Saccar 2009). Omeprazole is primarily metabo-
lized in human livers by CYP2C19 and CYP3A4.
While CYP2C19 favors the C-5' hydroxylation of R-
omeprazole, CYP3 A4 mainly mediates sulfoxidation of
the S-form (Li et al. 2005). Some other minor
metabolites have also been identified (Supplementary
Fig. 1). A set of CYP102A1 mutants can catalyze the
regioselective C-5' hydroxylation of the S- and R-
omeprazole (Ryu et al. 2014; Butler et al. 2013, 2014).
Omeprazole sulfide is a major human metabolite of
omeprazole (Rezk et al. 2006) but its metabolic fate has
not yet been reported. A minor metabolite of omepra-
zole (5'-OH omeprazole sulfide) was identified in
human urine (Nevado et al. 2014). However, a system-
atic approach has not been performed to study the drug
efficacy and toxicity of omeprazole metabolites, such as
5'-OH omeprazole and 5'-OH omeprazole sulfide.

The aim of this study was to find a simple
enzymatic strategy for the efficient synthesis of the
expensive 5'-OH omeprazole sulfide from omeprazole
sulfide, which is an inexpensive substrate. Here we
found that CYP102A1 can catalyze the regioselective
C-H hydroxylation of omeprazole sulfide to 5'-OH
omeprazole sulfide with a high yield (Fig. 1).

Materials and methods
Materials

Omeprazole (racemic mixture), 5’-hydroxyomepra-
zole (5-OH omeprazole), 5'-hydroxyomeprazole sul-
fide (5’-OH omeprazole sulfide) and NADPH were
purchased from Sigma-Aldrich. Omeprazole sulfide
was obtained from Santa Cruz Biotechnology (Dallas,
Texas). All other chemicals and supplies used were
from standard sources.

Hydroxylation of omeprazole sulfide

The initial investigations to determine the catalytic
activity of the CYP102A1 mutants in the
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Fig. 1 The chemical structures of omeprazole sulfide and its
human metabolite, 5’-hydroxyomeprazole sulfide. WT and
mutants of CYP102A1 from B. megaterium produced 5'-OH
omeprazole sulfide by regioselective hydroxylation

hydroxylation of omeprazole sulfide were performed
using HPLC (see Ryu et al. 2014). The reconstituted
enzyme system contained 0.20 uM CYP102A1, an
NADPH regeneration system (10 mM glucose 6-phos-
phate, 0.50 mM NADP?, and 1 IU yeast glucose-6-
phosphate dehydrogenase/ml), and 1 mM omeprazole
sulfide in 0.25 ml of potassium phosphate buffer
(0.1 M, pH 7.4). Reaction mixtures were incubated for
10 min at 37 °C. Mutated amino acid residues of the
CYP102A1 mutants used in this study are shown at the
Supplementary Table 1.

The steady-state kinetics (k. and Kyy) of the WT
and mutant enzymes were determined in 0.25 ml
potassium phosphate buffer (0.1 M, pH 7.4). The
reaction mixtures contained 0.04 uM CYP102A1, an
NADPH regeneration system, and omeprazole sulfide
(5-1000 uM). The samples were incubated at 37 °C
for 5 min. A stock solution of omeprazole sulfide
(100 mM) was prepared in dimethyl sulfoxide and
diluted in the enzymatic reactions to a final organic
solvent concentration of <1 % (v/v). Product forma-
tion was analyzed by HPLC and quantified by com-
paring their concentrations to those of standard
compounds. The samples (20 pl) were injected
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onto a Gemini C;g column (4.6 x 150 mm, 5 pm;
Phenomenex, Torrance, CA) with an acetonitrile/
5 mM potassium phosphate buffer (pH 7.3) (40:60,
v/v) as mobile phase. Eluates were detected at 302 nm.
The kinetic parameters (k.. and Ky;) were calculated
using Michaelis—Menten nonlinear regression analysis
with GraphPad Prism (GraphPad Software, San
Diego, CA).

To determine the total turnover numbers (TTNs)
(mol product/mol catalyst) of each CYP102Al
mutant, the reaction mixture contained 0.20 pM
mutant enzyme, an NADPH-generating system, and
10 mM omeprazole sulfide in 0.25 ml potassium
phosphate buffer (0.10 M, pH 7.4). The reaction was
initiated by the addition of the NADPH-generating
system and incubated at 37 °C for 3 h. The formation
rate of the 5'-OH omeprazole sulfide was determined
by HPLC as described above.

NADPH oxidation

The reaction was performed in a spectrophotometric
cuvette maintained at 25 °C. The reaction mixture
contained 0.1 uM CYP102A1 and 1 mM omeprazole
sulfide in 1 ml of potassium phosphate buffer (0.1 M,
pH 7.4). The reactions were initiated by the addition of
10 pul 10 mM NADPH (final concentration, 100 pM),
and the decrease in As4o was monitored for 1 min. The
rates of NADPH oxidation were calculated using
€340 = 6.22 M~ 'c em™! for NADPH.

Thermal stabilities of the CYP102A1 mutants

To estimate the enzyme thermal stabilities of the
CYP102A1 mutants, WT CYP102A1 and its mutants
(#10, #375, #387, and #389) were incubated between
30 and 70 °C for 5 min followed by cooling to 4 °C.
After centrifugation, the protein solutions were mixed
with sodium hydrosulfite in a microtiter plate and
incubated for 2 min with carbon monoxide in a sealed
chamber. The enzyme solution contained 1 pM puri-
fied CYP102A1 in 100 mM potassium phosphate (pH
7.4). The temperature for 50 % inactivation (T5o) of
the entire enzyme was determined from the differ-
ences in the CO-binding difference spectra before and
after heat treatment. The thermal stability (7’5o, °C)
was estimated using GraphPad Prism software
(GraphPad Software, San Diego, CA).
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Fig. 2 Formation rate of the omeprazole sulfide metabolite
catalyzed by the CYP102A1 mutants. The formation rates of the
products were determined by HPLC. The values are presented as
the mean £ S.E. of duplicate measurements. The reactions
contained P450 (0.2 uM), an NADPH regeneration system
(10 mM glucose 6-phosphate, 0.5 mM NADP™, and 1 IU yeast
glucose-6-phosphate dehydrogenase/ml) and omeprazole sul-
fide (1 mM) in 0.25 ml potassium phosphate buffer (0.1 M, pH
7.4). The reaction mixtures were incubated at 37 °C for 10 min

Results and discussion

Hydroxylation of omeprazole sulfide
by CYP102A1

To determine whether CYP102A1 can hydroxylate
omeprazole sulfide, the rates at which the wild-type
(WT) CYP102A1, chimera M16V2, and its 50 mutants
formed the omeprazole sulfide metabolites were
examined in a preliminary test. The WT enzyme,
M16V2, and the mutants produced one major metabo-
lite (5’-OH omeprazole sulfide) (Fig. 2). Only eleven
of the mutants showed higher activity than M16V2,
which was used as a template to produce the
CYP102A1 libraries. Mutants #328, #375, #387, and
#389 exhibited 2.9- to 4.7-fold increases in omepra-
zole sulfide C-5" hydroxylation activity compared with
M16V2. The omeprazole sulfide C-5' hydroxylation
activity of mutant #387 was 13-fold higher than that of
WT. Interestingly, mutant #10 also showed high
catalytic activity that was comparable to that of
#387. Although the activity of mutant #10 was
comparable to that of #387, these two mutants have
quite different mutations. Mutant #10 has mutations in
the substrate channel and active site (van Vugt-
Lussenburg et al. 2006). However, mutant #387
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Fig. 3 HPLC chromatograms of the omeprazole sulfide sulfide (g = 8.87 min). The reactions contained P450

metabolites produced by WT CYP102A1 (b) and mutants (c).
The peaks were identified by comparing their retention times
with those of the following standards (a): authentic 5'-OH
omeprazole (fg = 2.23 min), 5-OH omeprazole sulfide
(tg = 3.33 min), omeprazole (tg = 3.79 min) and omeprazole

(0.2 uM), an NADPH regeneration system and omeprazole
sulfide (1 mM) in a final volume of 0.25 ml of potassium
phosphate buffer (0.1 M, pH 7.4). The reaction mixtures were
incubated at 37 °C for 10 min
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Fig. 4 LC-MS analyses of the product derived from the
hydroxylation of omeprazole sulfide by the CYP102A1 mutant.
Extracted ion chromatograms were contracted from the
incubation of omeprazole sulfide with CYP102A1 mutant #10
in the absence (a) and presence (b) of NADPH and the peaks of
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omeprazole sulfide and 5'-OH omeprazole sulfide are shown at
7.3 and 6.1 min, respectively. The MS spectra demonstrate that
the protonated molecular ions of for omeprazole sulfide (¢) and
5'-OH omeprazole sulfide (d) were 346 and 330, respectively
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Fig. 5 NMR analysis of the
product derived from the
hydroxylation of
omeprazole sulfide by the
CYP102A1 mutant. The
chemical structure (a), key
ROE results (b), and 'H
NMR spectrum (c¢) of 5'-OH
omeprazole sulfide are
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shown. In the inset of (c), the (o
expanded spectrum at

3.81 ppm is shown. Two

singlet peaks from 4’-OCHj;

and 5-OCHj; protons can be

clearly observed

.81 3.80 ppm

includes three mutations (F11L/Q110P/R190Q) out-
side the active site and substrate channel and an
additional 20 mutations in the reductase domain. It
showed a 4.7-fold increase in omeprazole sulfide C-5'
hydroxylation activity compared with MI16V2.
Finally, mutant #387 has activity comparable to that
of mutant #10. The identities of the major metabolites
and substrate were confirmed by comparing the HPLC
(Fig. 3), LC-MS (Fig. 4), and NMR results (Fig. 5;
Supplementary Fig. 3; Supplementary Table 2) to
those of standard compounds. Although two minor
metabolites were observed from the HPLC trace and
their retention times matched 5'-OH omeprazole and
omeprazole, their chemical structures were not iden-
tified because of their low abundance (Fig. 3c).

Catalytic properties of omeprazole sulfide C-5'
hydroxylation by CYP102A1

Mutants #10, #375, #387, and #389, that exhibited
high product formation rates, were selected for

additional kinetic analyses and a binding titration
study. Table 1 shows the steady-state kinetics, rates of
NADPH oxidation and product formation, and cou-
pling efficiency during omeprazole sulfide hydroxy-
lation by the WT enzyme and the selected mutants.
The three selected mutants exhibited 4- to 61-fold
increases in catalytic efficiency (k../Ky) compared
with WT, which was primarily due to the significantly
increased k., values (21- to 104-fold), with little
change in Ky; (Table 1). Mutant #375 showed the
highest catalytic efficiency among the tested enzymes.
Compared with the WT enzyme, all three mutants
exhibited increases (3.2- to 14-fold) in NADPH
oxidation and product formation (12- to 39-fold) in
the presence of the substrate. All mutants exhibited an
improved coupling efficiency ranging from 39 to 82 %
in the presence of omeprazole sulfide compared with
that of the WT enzyme (16 %). The mutants also
exhibited significantly higher (7130-17,500) TTNs for
the formation of the 5'-OH product from omeprazole
sulfide than that of the WT (890) enzyme (Table 1).

@ Springer
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mutant #10, respectively (Ryu et al. 2014). However, a
simple change from a sulfoxide to a sulfide in
omeprazole caused a significant increase in the kcy
value for the 5'-hydroxylation activity to 7.7 min~"'
(Table 1).

According to the S-omeprazole-bound crystal
structure of the heme domain of the CYP102Al
mutant (F87V/A82F), omeprazole sulfide was bound
to the active site instead of omeprazole (Butler et al.
2014). Based on the structure of the heme domain
bound to omeprazole sulfide, we gained insights into
the possible binding features, along with the distance
41 1&) between the C-5' of the substrate and the heme
iron (Butler et al. 2014). This result suggests that C-5'
hydroxylation is more likely to occur rather than sulfur
oxygenation. Mutant #10 is a well-known, highly
active mutant toward several human substrates and has
mutations in the substrate channel and active site (van
Vugt-Lussenburg et al. 2006). However, the other
highly active mutants #375, #387, and #389 have
mutations outside of the active site and substrate
channel. The mutations appear to have different
effects on the conformation of the active site upon
binding to the substrates (Supplementary Fig. 4).

Thermal stabilities of CYP102A1 mutants

To estimate the stabilities of the mutants, we deter-
mined the thermal stabilities (7’5o, °C) of the mutants
and compared them to that of WT (Table 3). Tso
values of the mutants varied from 46.5 to 52.2 °C. All
mutants showed a decrease of the T5, value by
3.9-9.6 °C when compared to that of WT (56.1 £
1.9 °C). Although the four mutants selected among the
tested mutants had very high k., values and TTNs
toward omeprazole sulfide, they showed apparently
decreased thermal stabilities. The mutations appear to
increase the catalytic activities and productivities but
reduce the thermal stabilities of the mutant. Further
experiments are required to increase the thermal
stabilities of highly active mutants for biotechnolog-
ical applications.

Conclusion
Omeprazole sulfide is an efficient and inexpensive

substrate for preparing 5-OH omeprazole sulfide,
which is a human metabolite of omeprazole but is very

expensive to purchase. Here we report an efficient one-
step synthesis of 5-OH omeprazole sulfide from
omeprazole sulfide using CYP102A1. The proposed
catalytic mechanism proceeds via a single step of
regioselective 5'-hydroxylation of omeprazole sulfide
by CYP102A1 mutants. The CYP102A1 mutants can
catalyze the highly regioselective hydroxylation of
omeprazole sulfide to produce 5-OH omeprazole
sulfide with a high conversion yield. This strategy,
which uses regioselective C-H hydroxylation, should
be applicable to the production of metabolites for other
proton pump inhibitor drugs with similar chemical
structures. In addition, the hydroxylated metabolites
can be used as “drug leads” to avoid interindividual
variations in drug metabolizing enzymes and drug—
drug interactions with or without further modification
of the hydroxylated group.
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