Asymmetric sulfoxidation of thioether catalyzed by soybean pod peroxidase

: kinetic model
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ABSTRACT

The asymmetric sulfoxidation catalyzed by soybean pod peroxidase (SPP) in
water-in-oil microemulsions were carried out with the yield of 91.56% and e.e of
96.08% at the activity of SPP of 3200 U ml" and 50°C for 5 h. The mechanism with a
two-electron reduction of SPP-I is accompanied with a single-electron transfer to
SPP-I and nonenzymatic reactions, indicating that three concomitant sub-mechanisms
contribute to the asymmetric oxidation involving five enzymatic and two
nonenzymatic reactions, which can represent the asymmetric sulfoxidation of organic
sulfides to form enantiopure sulfoxides. With 5.44% of the average relative deviation,
a kinetic model fitting experimental data very well was developed. The enzymatic
reactions may follow ping-pong mechanism with substrate inhibition of H,O, and
product inhibition of esomeprazole, while nonenzymatic reactions, a power law.

Those results indicate that SPP with a lower cost and higher thermal stability may be
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used as an effective substitute for Horseradish Peroxidase.

Keywords: Kinetic model, soybean pod peroxidase, asymmetric sulfoxidation,

chiral sulfoxides, substrate inhibition
1.Introduction

Peroxidases are oxidoreductases containing heme which can catalyze the
oxidizing various organic compounds including thioamidines, thioanisoles, and
phenols in the presence of hydrogen peroxide'”’. Soybean pod peroxidase (SPP) is a
peroxidase extracted from soybean pods which are one of the most abundant natural
resources in the world with higher production than soybean shells from which the
soybean hull peroxidase (SHP) can be extracted. Over the years, there have been
many reports on the mechanism of oxidation catalyzed by peroxidase. There are two
main modes of oxygen transfer from the intermediary complex, which is yielded by
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the heterolytic cleavage of the hydroperoxide bond to the sulfide® ', as follows: (1) a
one-step oxygen transfer mechanism involving a two-electron reaction and (2) a two-
step oxygen transfer mechanism including a radical cation intermediate'"*. However,
it is important for further insight into the mechanism of oxidation catalyzed by
peroxidase for the process development. Chiral sulfoxides have been widely used as
chiral intermediates, ligands, and pharmaceuticals such as proton pump inhibitors
(PPI)'*". Esomeprazole with chiral sulfoxides structure, S-enantiomer of omeprazole,
is an important member of the PPI family which is used to treat gastric ulcer disease.
It has been reported that the active S-enantiomer has obvious therapeutic advantages
over the racemate because of its stereoselective pharmacokinetics'*". So far, chiral
sulfoxides are mainly produced using chemical asymmetric oxidizing of sulfides with
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many drawbacks, especially environmental damage *'’. Monooxygenase has been

used for asymmetric sulfoxidation'®'"”, however, it has a disadvantage of requiring a
cofactor cycling system. On the contrary, peroxidase can catalyze oxidation without
using cofactor. Xu et.al. has carried out extensive and in-depth research for bio
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asymmetric sulfoxidation using cell® and enzyme*'**. Enantioselective oxidation of



sulfides catalyzed by engineering Acinetobacter calcoaceticus cyclohexanone
monooxygenases was successfully conducted with a glucose dehydrogenase for
recycling cofactor NADPH*. Asymmetric sulfoxidation catalyzed by peroxidases is
thus very important biotransformation to produce chiral sulfoxides etc**°. Up to now,
according to our best knowledge, it has not been reported that chiral sulfoxide
esomeprazole is produced using asymmetric sulfoxidation catalyzed by peroxidases
including SPP.

Microemulsions are thermodynamically stable, isotropic, and transparent
dispersions of oil and water with a droplet size of 10-100 nm, which were formed by
interfacial films of surfactant and cosurfactant”’**. Microemulsion is an excellent
reaction medium for enzyme catalysis in which enzymes exist in the water phase
while hydrophobic substrates and products in the oil phase®”. Remarkable effects of
the interfacial film on the enzymatic activity were observed in microemulsions®*?!. In
the present work, water-in-oil microemulsions were thus employed as reaction
mediums because of hydrophobic substrates and products.

Kinetic modeling provides insight into the mechanism for the oxidation of
sulfides catalyzed by peroxidase to enantiopure sulfoxides, which can be applied to
the analysis of the reaction process and the mathematical model scale-up of reactors
producing enantiopure sulfoxides. A few works of establishing the kinetic model for
the oxidation of thioether catalyzed by peroxidases have been reported. Based on one-
step and two-step oxygen-transfer reaction mechanisms, two initial velocity equations
were established'?, however, the ability of the initial velocity equation to represent the
kinetic behavior is significantly weak. In the early years, the initial velocity equation
was often used, because it required very simple data processing, whereas the
differential kinetics experiment with great difficulty and poor experimental accuracy
must be conducted to obtain initial velocity data. A simple kinetic equation based on
pseudo-first-order was developed using transient-state kinetic data®*. The oxidation of
guaiacol catalyzed by HRP was carried out in a water-miscible ionic liquid, and a

Michaelis—Menten equation of single substrate with non-competitive inhibition was



adopted, in which the ionic liquid was a weak inhibitor****. However, hydrogen
peroxide was not considered as a substrate in the kinetic equation. A comprehensive
study for rice peroxidase (RP) was performed in order to confirm the feasibility of RP
as a substitute for HRP, and their kinetic studies based on the oxidation of both
guaiacol and dopamine with H,O, catalyzed by RP in organic solvents indicate that
RP obeyed Michaelis—Menten kinetics'.

Obviously, the research in kinetic modeling for the oxidation of sulfides
catalyzed by peroxidase to enantiopure sulfoxides is insufficient in extent and
intensity, and more research should be carried out. To develop the enzymatic process
and deeper insight into the mechanism for the oxidation of sulfides catalyzed by
peroxidase, it is necessary to establish a kinetic model under this complex reaction
system with multiple reactions where the product of one reaction may be the substrate
of another one*. King-Altman method must be employed to establish the kinetic
model.

In the present work, SPP-catalyzed asymmetric sulfoxidation of omeprazole
thioether in water-in-oil microemulsions was carried out for the synthesis of
enantiopure sulfoxide esomeprazole This may be a potential green technology
considering no cofactor needed and commercially availability of SPP at low cost.
Herein, a reaction mechanism was explored and a kinetic model of the asymmetric
sulfoxidation involving seven reactions was developed, in which the numerical
solution of ordinary differential equations is coupled with an optimization algorithm
to identify the model parameters.
2.Materials and Methods
2. IMaterials

PEG4000, anhydrous ethanol, Cetyltrimethylammonium bromide (CTAB),
hydrogen peroxide (30%) (A), n-butanol, isooctane, and methanol were purchased
from Sinopharm Group Chemical Reagent Co., Ltd., China, respectively. All the
above reagents were of analytical purity and were used directly without further

purification.  5-methoxy-2-(((4-methoxy-3,5-dimethylpyridin-2-yl)methyl)thio)-1H-



benzoimidazole (Omeprazole thioether, B) was purchased from Jinan Ward Chemical
Co., Ltd., China, (S)- 5-Methoxy-2-[(4-methoxy-3,5-dimethylpyridin-2-
yl)methylsulfinyl]-3H-benzoimidazole ((S)-omeprazole, PS) from Suzhou Vita
Chemical Co., Ltd., China, 5-Methoxy-2-[(4-methoxy-3,5-dimethylpyridin-2-
yl)methylsulfinyl]-1H-benzoimidazole (omeprazole) from Shandong Shouguang
Fukang Pharmaceutical Co., Ltd and fresh soybean pods were purchased from an
urban supermarket.

2.2 Separation and purification of soybean pod peroxidase

Fresh soybean pods were soaked by 1.3-fold volume phosphate buffer (pH6.8) at

4°C and then smashed using a high-speed food mixer at 15000 rpm. The obtained

soybean pods smashed were extracted 2 h in phosphate buffer (pH6.8), and filtered
with a 500-mesh filter cloth. The filtrate was then separated and purified as follows:
impurities removal by zinc ion, extraction with an aqueous two-phase system (PEG
4000, 12%, w/w /K2HPO4, 13%, w/w), ultrafiltration, gel filtration chromatography
with Sephadex G-75 and DEAE ion-exchange chromatography, respectively. Finally,
the resulted concentrated extract was lyophilized and the soybean pod peroxidase
powder was obtained with 160 U mg”'. The purified SPP powder was used for

catalysis of the sulfoxidation for the first time.

2.3 Peroxidase -catalyzed sulfoxidation of omeprazole sulfide in reverse micelles to
prepare chiral sulfoxide

A peroxidase-catalyzed sulfoxidation of omeprazole sulfide in water-in-oil
microemulsions was carried out in a volumetric flask of 20 ml. A typical
CTAB/isooctane/n-butanol/water microemulsion with WO of 16 was prepared by
weighing and adding the amounts of CTAB (1.265g), isooctane (7.8ml), n-butanol
(1.2ml), totaling 1ml of phosphate buffer solution (pH 6.0) and a certain amount of
SPP powder to yield a final concentration of peroxidase from 240 to 3200Uml™" and

omeprazole sulfide, 20 mM, respectively. The sulfoxidation was initiated by adding



hydrogen peroxide to the water-in-oil microemulsion which was incubated at 50°C in
a water bath shaker with 150 rpm for 5 h. The reaction was stopped by adding 3-fold
distilled water into the reaction solution, and then the mixture was separated by
centrifugation to organic phase and aqueous phase. The latter was extracted with ethyl
acetate and the combined organic phase was taken for HPLC analysis of the e.e and
conversion, while the former was used to assay the SPP activity.
2.4 Assay of SPP activity

Assay of SPP activity was conducted based on a colouring reaction of 4-
aminoantipyrine and phenol with H,O, in phosphate buffer (pH 7.0), monitored by a

spectrophotometer at 510nm'. One unit of SPP activity (U) represents the change of

absorbance value for 5 min at 510 nm and 25 °C in a quartz cuvette (1cm), in which

the increase in absorbance was collected with a UV-2550 spectrophotometer
(Shimadzu, Japan).
2.5 HPLC analysis

For HPLC analysis of e.e and conversion, samples were taken from the reaction
solution at specific time intervals and phase separation was performed by adding
three-fold distilled water into the sample. The resulted organic phase was used for
HPLC analysis and the aqueous phase was used to determine the residual activity of
SPP. For HPLC analysis of hydrogen peroxide, samples were taken from the reaction
solution and directly used for HPLC analysis. The conversion of omeprazole
thioether, enantiomeric excess (e.e), the yields of (S)-omeprazole and (R)-omeprazole
were analyzed by a chiral HPLC system with Agilent 1200 LC (Agilent Technologies,
Inc., and Santa Clara USA) with a diode array detector. The column equipped with a
chiral column Amylose-SA (250% 4.6mm, Sum, YMC, Japan) was maintained at 30
°C and the detection wavelength was 302 nm. The sample volume was 20 pL and the
mobile phase was a 15:85 (v/v) acetonitrile: phosphate buffer (pH6.0) mixture at a
flow rate of 0.6 mLmin™'. The retention times for (S)-omeprazole and (R)-omeprazole

were 5.8 and 6.9 min, respectively. Hydrogen peroxide was determined by HPLC with



an Inertsil ODS-SP column (150x4.6mm, Sum). The mobile phase for hydrogen
peroxide analysis was a mixture of methanol and water with a ratio of 2:8 and the
detection wavelength was 220 nm at a flow rate of 0.5 ml min™', and other conditions
were the same as described above. The retention time for hydrogen peroxide was 3.7
min.

3.Model development

3.1 Peroxidase- catalyzed reaction mechanism and modeling
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Scheme 1. Asymmetric sulfoxidations of omeprazole thioether catalyzed by soybean pod
peroxidase for the production of enantiopure esomeprazole Ps. (A) Enzymatic reactions; (B) Chemical

reactions.
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Scheme 2. The proposed sequence of reactions for the peroxidase-catalyzed asymmetric
sulfoxidation of thioether to form chiral sulfoxide.

Scheme 1 shows the proposed reaction pathway for asymmetric oxidation of the
thioamidine (omeprazole thioether) catalyzed by soybean pod peroxidase for the
production of the chiral sulfoxide (enantiopure esomeprazole), and there are five
enzymatic reactions and two nonenzymatic reactions included in the chemoenzymatic
reaction system. Furthermore, the reaction mechanism proposed of peroxidase-
catalyzed asymmetric oxidation of thioether is shown in Scheme 2. Reactions 1 and 2
form a reaction group 1 in which the thioamidine is asymmetric oxidized to the chiral
sulfoxide catalyzed by SPP (E), while reactions 1, 3 and 4 form a reaction group 2 in
which SPP is converted to SPP-I(E,), then SPP-II (E,), the thioamidine is converted to
thioamidine cation radicals which are converted to the enantiopure sulfoxide by SPP-
II. The reaction group 3 is composed of reactions 1, 3 and 5, in which the thioamidine
cation radical is generated in the peroxidase-catalyzed reaction. In reactions 6 and 7,
two thioamidine cation radicals react to yield thioamidine dication radicals which
react with water to generate racemic sulfoxides in a nonenzymatic fashion.

In reaction 1 H,O, binds to E, resulting in quickly generating water and
converting E into E,. Therefore, it is reasonable to consider this reaction is

irreversible. Reactions 2 and 4 are oxidation reactions which generally speaking are



irreversible. In reactions 3 and 5, cation radicals are generated and the reactions
should be irreversible. In reaction 6, two thioamidine cation radicals react to form
thioamidine dication radicals which react to form sulfoxides in reaction 7, and
reactions 6 and 7 are also considered as irreversible.

In the chemoenzymatic system, there are four substrates (A, B, C, and Q) and
five products (B, C, H", Q, Pg, and Ps), and among them, B, C, and Q are not only
substrates of reactions 2-6 but also products of reactions 1, 3, 5 and 6, respectively.

Loss of the SPP activity can’t be neglected in the oxidation because there was a
large loss of the activity after one run in our preliminary experiments. In the present
study, the residual activity was correlated with time as follows: E= E, exp (-0.127t).
Details for the correlation can be found in the section of results and discussion.

There are many studies on the mechanism of the lipase-catalyzed reaction, but a
few on peroxidase. It is generally believed that many reactions catalyzed by enzymes
obey one of the following two mechanisms: (1) Ping-pong mechanism?*=* and (2)

342 The oxidation of sulfides catalyzed by peroxidase to

Sequential mechanism
enantiopure sulfoxides involves two intermediate forms of peroxidase: compounds |
and II, which can actually be thought of as changing patterns of the peroxidase. We
may thus presume that the reaction may be subject to the ping-pong mechanism. The

mechanism of the peroxidase-catalyzed asymmetric sulfoxidation is discussed as

follows.
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Scheme 3. The schemata of the ping-pong bi-bi mechanism proposed for the peroxidase-
catalyzed asymmetric sulfoxidation of thioether to form chiral sulfoxide.

As shown in scheme 3 (A), for reactions 1 and 2 a ping-pong mechanism of the
peroxidase-catalyzed oxidation of the thioether to the chiral sulfoxide is discussed as
follows. For reaction 1, first, substrate A catches with peroxidase E to form EA, EA
then transforms to E,Q in which Q is a leaving group. The leaving group Q is released
from E,Q and E, then catches with B to yield peroxidase complex E;B, indicating one
of the characteristics of ping-pong mechanism. For reaction 2 the asymmetric
sulfoxidation occurs: E; binds to substrate B to yield peroxidase complex E,B, and
most of the products are EPs, and a small amount is EPr because the
enantioselectivity of SPP prefers S configuration in water. Finally, the products Pr and
Ps are released from the peroxidase complexes and E; regenerates into its original
form E.

For reactions 1, 3 and 4 as shown in scheme 3 (B), then, the reactions may obey
the ping—pong mechanism because there is a leaving group Q in reaction 1. The
asymmetric oxidation takes place, E; binds B to yield the peroxidase complex E;B in

which E; changes to E,. The prochiral molecule B is converted to C, omeprazole



sulfide cation, which is then oxidized to a large amount of Ps and a small amount of
Pr, respectively, and E, restores to E when both Ps and Pr are released from the
enzyme complex E,Ps or E,Px.

Finally, for reactions 1, 3 and 5 C is formed in both reactions 3 and 5. For
reaction 3 the interaction of peroxidase with B makes E;B become E>C, then C leaves
from E,C, and E, is released and binds to B to yield peroxidase complex E;B, E,
interacting with B makes E,B become EC in reaction 5, C is released from EC and E,
restores to original E as shown scheme 3(C). Omeprazole sulfide cation C formed
here will participate in the following reactions 6 and 7.

E, Ei and E, are referred to as protoenzyme, compound I and compound II, and
the last two are changed patterns of the protoenzyme®*** or R-PorFe", R-"PorFe™
=0, and R-PorFe!Y = O* and SPP, SPP-I and SPP-II, similar to HRP, HRP-I, and
HRP-II° , respectively. A variety of spectroscopic methods have been employed to
characterize both HRP-I and II¥~°. Compound I and II have also been confirmed by
the experimental results of transient-state kinetics* .

Reaction 6 and 7 are nonenzymatic reactions and a power law was adopted as
their kinetic equations in which products are racemic, i.e. Ps is equal to Px.

Moreover, substrate and product inhibition on enzyme often occur in enzymatic
catalyzed reactions, which may significantly influence the kinetic behavior of the
reactions, resulting in that the kinetic model of the reactions will change
accordingly”'*?. Therefore, substrate and product inhibition will be considered in the
establishment of the peroxidase-catalyzed reaction kinetic model. In the
chemoenzymatic reaction system, peracetic acid, hydrogen peroxide, and omeprazole
thioether might have substrate inhibition on peroxidase, while (S)-omeprazole may
have product inhibition on peroxidase, but the inhibition of (R)-enantiomer is ignored
because its concentration is much lower than (S)-enantiomer. Thus hydrogen peroxide
and omeprazole thioether were considered as substrate inhibitors and (S)-omeprazole

as a product inhibitor in the kinetic model development. For the kinetic equations,



substrate inhibition is indicated as K;i*S;*S; and product inhibition is expressed as
Ki*P;.

Furthermore, both substrate inhibition and product inhibition are elaborated.
With substrate A as an example, the mechanism of substrate inhibition is discussed as
follows. The binding of substrate inhibitor A to peroxidase complexes, such as EA,
E\B, E,C, results in the formation of inactive dead-end complexes, such as AEA,
AE;B, and AE,C. The inhibitor binds to the unbound enzyme as well as the enzyme-
substrate complex, resulting in the substrate inhibition. Consequently, the resulting
dead-end complex cannot further react to produce the desired target product although
the substrate can still bind to the enzyme or enzyme complex. Similar to substrate
inhibition, product inhibitor Ps catches with EB, EPs, and EQ to form inactive dead-
end enzyme complexes PsEB, PsEPs and PsEQ, respectively, which hinder product

forming and substrate converting.
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Scheme 4. The King-Altman schemata of the ping-pong Bi-Bi mechanism proposed for the
peroxidase-catalyzed sulfoxidation of thioether to form chiral sulfoxide. For simplicity, schemes of
substrate and product inhibition are not given.

Based on the above basic discusses of the reaction mechanism of the asymmetric
oxidation of the thioether catalyzed by SPP for the production of enantiopure
sulfoxide and the model of the asymmetric oxidation was developed. In this work, the
kinetic model was established using the King-Altman approach. Scheme 4 shows the
King-Altman schemata of the kinetic mechanism of the asymmetric oxidation. As

mentioned earlier, the last step of several reactions is irreversible. However, the King-



Altman schemata are still drawn according to the reversible reaction. The reversible
terms are removed from the kinetic rate equations when the equations are derived,
thus, only the terms of forwarding steps still remain in the rate equations established.
The details of both substrate and product inhibition were not given in the scheme for
simplicity, and after a lot of deduction, merging and simplification, the kinetic rate
equations (8-23) for substrates and products in reactions 1-7 were derived, which are

the differential equations expressed as follows:

KK 1=K +Kox Y (1)* AgtKax Y (2)xBeHKax Y (1) x AOXY (2)x Byt Ksx Y (1)x Agx Y (1) x Ag+Kex Y (3)%

BotKoxY(2)xBoxY(2)xBy (8)
KK2=KKI1+ KsxY(1)*AoxY(2)*BoxY(2)%By ©)]
E=Eoxexp(-0.127xt) 10)
EK1=E/KK1 (11)
EK2=E/KK2 (12)
dY(1)/dt=-K1xY(1)xY (2)xBOxY(2)xBoxEK1 (13)

dY(2)/dt=-K 2} Y (1)xAexY(2)XEK1-K 3xY (1) A0XY(2)xBoxY(2)<EK2-
KXY (1)*xApxY (2)XEK 1+ K;s%(Y(6) xBo)Ks/Bo (14)

dY(3)/dt=K4xY (1)xAoxY (2)*EK1+K;sxY (1)xAexY (2)*Box Y (5)XEK2+Ksx(Y(6)*Bo)"Kis/Bo

15)
dY(4)/dt=K6xY (1)xA¢x Y (2)<EK1+K7xY (1)xAoxY (2)xBox Y (5)XEK2+K 15X (Y (6)*Bo)"K1s/Bo
(16)

dY(5)/dt=K;xY (1)xAox Y (2)<EK1+K 13X Y (1) Aex Y (2)xBox Y (2)XEK2-KsX Y (1) Agx Y (2) X Box

Y (5)XEK2-2xKox(Y(5)xBo)(2xK 10)/Bo 17

dY(6)/ dt= -Klsx(Y(6) XBO)AKlg/B0+ KgX(Y(S)XBo)A(ZXKlo)/Bo (18)

dY(7)/ di= KixY(1)xAgxY (2)xEK 1 (19)
dY(8)/dt= Kisx Y (1)xAgxY (2)xBoxY(5)xEK2 (20)
dY(9)/dt= Kox(Y(5)*Bo) (2xK10)/Bo 1)
dY(10)/dt= K;exY(1)xAoxY(2)xEK 1 (22)
dY(11)/dt= Ki7x Y (1)xAgxY (2)xBoxY (5)xEK2 (23)

where Ao, Bo, and E, were initial concentrations of hydrogen peroxide, (S)-
omeprazole and peroxidase, respectively; Y(1)-Y(6) are relative residual or yield of A,

B, C, Ps, Pr, and R, respectively. Eqs 19-23 are for the convenience and intuitive



analysis of the simulation results of the reaction kinetics model which are not
necessary for solving the reaction kinetics model. Egs 19, 20 and 21 show the rate at
which Ps is generated by reactions 1, 3 and 4, respectively and eqs 22 and 23 show Pk,
by reactions 1 and 3, respectively. KsxXY(1)xAoxY(1)xA, and K;xY(2)xBoxY(2)xB,
represent the substrate inhibition terms of A and B, respectively, while KsxY(3)xB,,
the product inhibition term of Ps.

In addition to the above basic considerations regarding the reaction mechanisms
for the chemoenzymatic dynamic covalent kinetic resolution, there are other factors
including substrate inhibition, competitive inhibition and non-competitive inhibition,
which may significantly influence the kinetic behavior of reactions, resulting in that
the kinetic model of reactions will change accordingly. Thus, these factors will be
taken into account in subsequently establishing and identifying the kinetic model.

3.2 Estimation of kinetic Model Parameters

With the experimental data of asymmetric sulfoxidation of the thioether to form
the enantiopure sulfoxide, in order to identify the kinetic model, the kinetic model
parameters of equations (8)-(23) were estimated using coupling ordinary differential
equations solver with an optimization method, and the kinetic model was used to fit
the kinetic experimental data by the minimum of the equation 24°:

F=)"Y abs((Y*"™"-YPy)/ Yo m™ly) (24)

As shown in equation (24), the absolute deviation between the model simulated
data and the experimental data were used although the square of deviation is often
used to calculate the deviation between two values, resulting in avoiding the increase
of nonlinearity caused by the sum of squares of deviations. Using the software Matlab
2019b, the model parameters were estimated in which the kinetic rate equations (8)-
(23) were solved using function ode45, while function fmincon was used to solve
equation (24).
4.Results and discussion

4.1 Residual activity of soybean pod peroxidase after one run
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Fig. 1 Residual activity of soybean pod peroxidase vs. run

Temperature, 48°C, stirring speed,150 rpm, E;=480 U ml™.

Figure 1 gives the residual activity of soybean pod peroxidase after one run and
the average was about 53%. Thus, loss of activity of soybean pod peroxidase must be
taken into account in developing the kinetic model. Hydrogen peroxide in the
chemoenzymatic asymmetric oxidation system may deactivate soybean pod
peroxidase to some extent.

Hydrogen peroxide has a disadvantageous effect on enzyme stability which can
inactivate the peroxidase™. The deactivation process of peroxidase in the enzyme-
catalyzed oxidation consists of two stages: the formation of compound III which is
followed by the accumulation of irreversibly deactivated peroxidase®. Slow enzyme
inactivation would occur if the enzyme is exposed to a high concentration of
hydrogen peroxide®. Enzyme inactivation is a gradual process with time, and
eventually, the oxidation process leads to disruption of the enzyme disulfide bond and
loss of protein primary structure®”>’.

The exponential correlation between the soybean pod peroxidase activity and
time was adopted as follows:

E=E¢*exp(-0.127t) (25)

where 0.127 is the rate constant of the soybean pod peroxidase inactivation, i.e.
the slope of the enzyme inactivation curve vs. time. Eq. (25) was applied to the kinetic
model for the enzyme activity, which fitted the experimental data very well,

demonstrating that the simple exponential connection is reasonable. In this study, the



reaction temperature of SPP was 50 °C, while the usual temperature range of HRP is

20-30 °C, so the thermal stability of SPP is much higher than HRP.

4.2 Asymmetric sulfoxidation and reaction mechanism
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Fig. 2 Residual of A and B in simulated and experimental data vs. time

Temperature, 50°C, stirring speed,150 rpm, E;=480 U ml™.
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Fig. 3 Comparison of the simulated and experimental yield of Ps and Pg



Temperature, 50°C, stirring speed,150 rpm, Ec=480 U ml" , the corresponding concentration

of peroxidase, 20 mg U ml™.

50 PS2 PS4 ——PST

Timeh

Fig. 4 The contribution of reactions 2, 4 and 7 to Ps, Ps= Ps, +Pgss +Pg;

Temperature, 50°C, stirring speed,150 rpm, E=480 U ml"'.

Fig. 5 Effect of initial activity of peroxidase E, on the yield of Ps
Temperature, 50°C, stirring speed,150 rpm , ee (5 h), 96.08%, Ps(5 h), 91.56%. For E~=3200

U ml”, the corresponding concentration of peroxidase was 20 mg U ml™.



The experiment of asymmetric sulfoxidation of thioether catalyzed by SPP for
the production of the enantiopure sulfoxide in the water-in-oil microemulsion was
carried out successfully. Fig. 2 shows the comparisons of simulated results and
experimental data for substrates A and B, while Fig. 3, for products Ps and Pr with the
initial concentration of peroxidase E, of 480 U ml™.

Ps is the result of three concomitant reactions, and computer simulations based
on the model established which enables us to distinguish the contribution of reactions
2,4 and 7 to the yield. As shown in Fig. 4, reaction 2 contributes the most, reaction 4
the second, and reaction 7 the least which is very small in fact. Considering that both
reactions 2 and 4 are enzymatic reactions, we speculated that the yield may be further
improved if the initial concentration of peroxidase is increased. As expected, the yield
Ps increased from 59.1% to 91.56% and e.e decreased slightly from 96.23% to
96.08%, respectively, with the increase of the initial concentration of peroxidase from
480 U ml" to 3200 U ml" (the corresponding concentration of peroxidase was 20 mg
U ml"), while the yield of Ps increased with the increase of the initial concentration of
peroxidase as shown in Fig. 5. Apparently, a higher yield can be obtained if the initial
concentration of peroxidase is further increased. Corresponding to this work, the
sulfoxidation catalyzed by SPP in the CTAB/isooctane/n-butyl alcohol/water
microemulsion is better than in water or organic solvents in which the substrate and
product are well dissolved while SPP is in water core. For each enzyme, there is an
optimal Wo which makes the enzyme catalytic reaction rate reach the maximum. The
enzyme catalytic reaction rate in some microemulsion system is even far higher than
that in water, which is called super activity®*®'. An excellent substrate solubility may
help to improve the enzyme catalytic activation dramatically®®. The relationship
between the enzyme activity and Wo generally conforms to the bell-curve in the
microemulsion. The optimal Wo means that the water core size of the water-in-oil
microemulsions is compatible with the size of the enzyme molecules. When Wo is
very small, most of the enzyme molecules cannot be solubilized in the water core of

the water-in-oil microemulsion, but are inactivated directly in organic solvents. When



Wo is larger, the enzyme activity decreases with the increase of Wo, as may be due to
the increase of water content in the microemulsion®-*.

As shown in Figs. 2 and 3, the kinetic model established fits the experimental
data satisfactorily, the average relative deviation between simulated values and
experimental data was 5.44%, and the maximum, 57.68%, respectively. The
maximum relative deviation appeared at the lowest yield of product Ps, where the
simulated value was 4.4%, and the experimental, 1.86%, thus the deviation was
57.72%. The large relative deviation, therefore, does not mean that the kinetic model
does not fit the experimental data well. Furthermore, the distribution of the deviation
data was about zero-axis symmetry (data not shown), confirming further that the
fitting of the model to test data very well, demonstrating that the mechanism proposed
may be reasonable and acceptable. The reaction mechanism proposed involves seven
concomitant reactions as mentioned above Reactions 1, 2 and 4 were proven by the
labeling experiments in which most 'O, up to 93% incorporation of oxygen into

sulfoxides, comes from H,!*Q,!3¢36

and reactions 6 and 7 were confirmed by the
experiments in which the small amount of '®O transfers from water to thioanisoles®’.
Reactions 1, and 3-7 were also demonstrated by the experimental results of transient-
state kinetics*>. The occurrence of all seven reactions was probed by a variety of
spectroscopic methods*’ .

Due to the complexity of the oxidation catalyzed by peroxidase, the reaction
mechanism has been studied by many researchers over the years. Two reaction
mechanisms for oxygen transfer to the sulfide were proposed as follows: (1) there are
two reactions which are the same as reactions 1 and 2 in Scheme 2, which is a two-
electron oxidation mode and (2) there are three reactions which are the same as
reactions 1,3 and 4 in Scheme 2°. Elizabeth et al’. preferred mechanism 2 after the
mechanism of S-oxidation to produce (S)-sulfoxide catalyzed by soybean hull
sulfoxidase was probed, and the occurrence of mechanism 1, however, could not be

excluded from their results. Ubaldo et al*. considered three possible mechanisms for

the oxidation of sulfides to form sulfoxides mediated by peroxidase as follows: (1) a



mechanism involves two reactions which are same as reactions 1 and 2 in Scheme 2,
belonging to an oxene mechanism where a two-electron reduction of HRP-I occurs
through a single-step oxygen atom transfer to the sulfides. (2) a reaction system is
composed of three reactions which are same as reactions 1, 3 and 4 in Scheme 2,
which involves two-step reaction: (i) a single-electron transfer to HRP-I with
accompanied by forming of a sulfur cation radical, and (ii) then oxygen anion or
hydroxyl radical transfer from HRP-II, which is put forward for S-oxidation catalyzed
by cytochrome P-450 first®. (3) a mechanism involves reactions 1,3 and 5 in Scheme
2, where cation radicals are produced via the reaction of thioanisole with both HRP-I
and HRP-II". The cation radicals produced are followed by disproportionation to
form 1 molecule of sulfide and a dication in reaction 6 in Scheme 2, and the dication
then reacts with water to form the sulfoxide in reaction 7 in Scheme 2. The transfer of
oxygen atom from water to HRP-II has been confirmed by labeling experiments for
0 transfer from water®”. Ubaldo et al** preferred the mechanism involves reactions
1,3 and 5 because the labeling experiments show that most '*O comes from hydrogen
peroxide®.

Samuni et al*® suggested that the oxidation of HXs mediated by HRP normally
proceeds via three concomitant reactions similar to the reactions 1, 3 and 5 in Scheme
2, where HRP reduces peroxide to form HRP-I which is further reduced to HRP-II.
Danni et al*’ and Li et al* thought that the catalysis by HRP occurs concomitantly via
three reactions similar to reactions 1, 2 and 4 in Scheme 2.

Combined research results in the present study with other researchers mentioned
above, it can safely draw a conclusion that the mechanism with a two-electron
reduction of SPP-I is accompanied by that with a single-electron transfer to SPP-I and
nonenzymatic reactions. In other words, the three concomitant submechanisms work
to contribute to the asymmetric oxidation, involving five enzymatic and two
nonenzymatic reactions, and SPP-I and SPP-II, which is reasonable and can represent
the asymmetric oxidation of organic sulfides (thioethers) catalyzed by SPP in the

water-in-oil microemulsion. The sub-mechanism with a two-electron reduction is
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composed of reactions 1 and 2 in Scheme 2, while the sub-mechanism with a single-
electron transfer, reactions 1, 3, 4 and 5, and nonenzymatic reactions involves
reactions 6 and 7.

This work has also confirmed the feasibility of SPP as a lower cost and higher
thermal stability substitute for HRP in enzymatic catalyzed reactions for the
production of various polymers and chemicals including enantiopure sulfoxides.

4.3 Enantioselectivity of SPP in the water-in-oil microemulsion

The e.e was 96.08%, indicating that the asymmetric oxidation of the thioether
catalyzed by SPP is highly enantioselective, thus, SPP exhibits excellent
enantioselectivity with favor S configuration in the microemulsion. As shown in
Scheme 2, thioethers are asymmetrically oxidized catalyzed by SPP to form chiral
sulfoxides in reactions 2 and 4 with a preference for S configuration, but racemic
products are formed in reaction 7 because the reaction is a nonenzymatic reaction and
no enantioselective. As shown in Fig. 4, among reactions 2, 4 and 7, reaction 2
contributed the most to the output of Ps, followed by reaction 4, while reaction 7 was

very small, Thus the e.e of the sulfoxide are the result of three concomitant reactions.

The enzymatic oxidation of sulfides catalyzed by soybean hull sulfoxidase in
buffer was conducted to yield (S)-sulfoxides with about 90% e.e’, which is different
from earlier studies with no chirality***, the oxidation of thioethers catalyzed by HRP
has significant enantioselectivity, and (S)-sulfoxide is about 5 times more than (R) -
sulfoxide catalyzed by HRP at both pH 7.0 and 4.5 with the (S)-sulfoxides in 60-70%
of e.e®.

Solvent has a great influence on the configuration preference of peroxidase. The
asymmetric oxidation of thioamidines catalyzed by SHP favors S configuration in
water, whereas R configuration in organic solvents®®. The enantioselective favor of
SPP was S configuration in the present study in water-in-oil microemulsions in which
SPP is in an aqueous environment, not organic solvent, so its enantioselective favor

should be the same as in water. The performance of SPP may be different from only
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water or organic solvents due to the microemulsion including both water and organic
solvents.

When thioamidines were oxidized to sulfoxides by chloroperoxidase, the e.e of
sulfoxides depends on the properties of oxidant and substrate. When different oxidant
and substrate were employed, the e.e changed from 0 to 92% with R absolute
configuration®, which is different from SPP.

4.4 Analysis of the kinetic model

Table 1

Kinetic Paramenters Estimated.

Notation Paramete Dimension
r
Ky K 0 dimensionless
K K, 34.48 mM!
K Ks 0.225 mM!
K4 K4 0.051 mM~
Ks Ks 5.767 mM?
Ks Ks 436.61 mM!
K5 K, 0.03 mM?
Ks Ks 0.86 mM-
ko h' U'ml mM"
Ko 213.09
K10
n Kio 1.78 dimensionless
ki K 0.015 h'!' U'ml mM?
k> Kz 0.028 h'! U'ml mM™*
ks Kis 0.0043 h' U'ml mM?
ks Kis 0.13 h' U'ml mM!
ks Kis 0.91 h' U'ml mM*
ke Kis 2.70E-03 h'! U'ml mM™*
ks K7 1.50E-02 h'!' U'ml mM?
ks h' U'ml mM"

Kis 7.05E-06

K19
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n; Ko 0.20 dimensionless

Table 2

Performances of four kinetic model'?.

No Model Performance

Fitting experimental data very
1 Model prototype, Eqs 8 and 9
well

A non-competitive was added to Eqs

2 Fitting experimental data poor
8 and 9: Y KX (1+KixY(1)xAy)

A non-competitive was added to Eqs

3 Fitting experimental data poor
8 and 9: Y KX (1+KixY(2)xAo)

A non-competitive was added to Eqs

4 Fitting experimental data poor
8 and 9: Y KX (1+KixY (3)xAo)

1 The model equations only have different denominators, but the molecules are the same.

2 The standard to judge whether the model fits well is classified into 4 levels according to average relative deviations between

simulated and experimental data as follows, 1: very well(<10%), 2: well(<15%) , 3 some poor(<20%), 4: poor(>20%).

Reaction kinetic constants, revealing the characteristic of reaction mechanisms,
are extremely important to understand enzymatic reactions. Table 1 shows the kinetic
model parameters of equations (8)-(23). As shown in equation (8) that is actually the
denominator of the kinetic equations, independent constant K, is zero as displayed in
Table 1, which is a typical characteristic of ping-pong mechanism, implying that the
kinetic mechanism of the SPP-catalyzed sulfoxidation in water-in-oil microemulsions
may follow ping-pong mechanism, but not a sequential mechanism in which K,
should not be zero. Considering the following two characteristics: K, is zero and there
is a leaving group, it can be concluded with certainty that the SPP-catalyzed
sulfoxidation follows the ping-pong mechanism.

Enzymatic reactions suffer often from the substrate and product
inhibition*®**'"2, In this study, the substrate and product inhibition appeared.
KsXY(1)xAexY(1)xAo and K7xY(2)xBoxY(2)xB, represent the substrate inhibition

items for H,O, and omeprazole thioether, respectively. As shown in Table 1, Ks is
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large, indicating that H,O, has significant substrate inhibition on the enzymatic
sulfoxidation, and in fact, H,O, is unfavorable for peroxidases®~°. On the contrary, K,
is very small, meaning that the substrate inhibition of omeprazole thioether can be
ignored. K¢xY(3)x By expresses the product inhibition item for Ps that is larger,
implying that Ps have significant product inhibition on the sulfoxidation.

The kinetic model can provide analysis and details of the reaction process, such
as enantioselectivity. K4 and K¢ are the kinetic rate constants for the formation of Ps
and Pr in equation 2, respectively. As seen from Table 1, K4 is far greater than K,
which means that the rate of Ps formation is far greater than Py in reaction 2.
Similarly, for K;s and K;; which are the kinetic rate constants for the formation of Pg
and Pr in equation 4, respectively, it can be concluded that the rate of Ps formation is
far greater than Pr in reaction 4. Thus SPP exhibits excellent enantioselectivity,
resulting in a high e.e of 96.08%.

When establishing the kinetic model, other situations, such as non-competitive
inhibition were considered. Table 2 displays the performances of four kinetic models
in which only the model prototype, i.e. equations 8 and 9 fitted experimental data very
well. Equations 8 and 9 are denominators of kinetic equations 13-23, and the
molecules of the kinetic equations were the same. Other models with a non-
competitive inhibition term fitted experimental data poor, indicating that the non-
competitive inhibition was not suitable for the SPP-catalyzed sulfoxidation.
5.Conclusions

The asymmetric sulfoxidation catalyzed by SPP were carried out with the
esomeprazole yield of 91.56% and e.e of 96.08% The mechanism with a two-electron
reduction of SPP-I is accompanied by that with a single-electron transfer to SPP-I and
nonenzymatic reactions. With 5.44% of the average relative deviation, a kinetic model
fitting experimental data very well was developed, and the enzymatic reactions may
follow ping-pong mechanism. This work has also confirmed the feasibility of SPP as

a substitute with lower cost and higher thermal stability for HRP in enzymatic
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catalyzed reactions for the production of various polymers and chemicals including
enantiopure sulfoxides with excellent enantioselectivity.
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Nomenclature

A hydrogen peroxide

Ay Initial concentration of hydrogen peroxide, mM

B 5-methoxy-2-(((4-methoxy-3,5-dimethylpyridin-2-yl)methyl)thio)-1H-
benzoimidazole, Omeprazole thioether,

5-methoxy-2-(((4-methoxy-3,5-dimethylpyridin-2-yl)methyl)thio)-1H-
benzo[d]imidazole

By Initial concentration of B, mM

C Cation radical of B, Omeprazole sulfide cation

E, Initial concentration of peroxidase, U ml™!

e.e Enantiomeric excess, %
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K, Ky, K9 Kinetic parameter, dimensionless

K, K3, K6 Kinetic parameter, mM™

K4, Ks, K5 Kinetic parameter, mM™

Ks Kinetic parameter, mM”

Ky Kinetic parameter, h”' U'ml mM'2¢1°

K2, Ki4, Ki6 Kinetic parameter, h”' U'ml mM™!

K1, Ki3, Kis, K7 Kinetic parameter, h”' U'ml mM?

Kis Kinetic parameter, h”' U'ml mM'*"

KK1, KK2 K, sum of Kappa constant, dimensionless

Pr (R)-enantiomer of P

Ps (S)-enantiomer of P, esomeprazole

P 5-Methoxy-2-[(4-methoxy-3,5-dimethylpyridin-2-yl)methylsulfinyl]-1H-
benzoimidazole, Omeprazole

Q HO

R dication radical of B

Y(i) Relative residual or yield of A, B, Ps, P, C and R, for i=1-6, respectively,
dimensionless

Y™l Simulated residual or yield of A, B, Ps and Pg, for i=1-4, j=1-12,
dimensionless

Y% Experimental residual or yield of A, B, Ps and Pg, for i=1-4, j=1-12,
dimensionless

t Time, hour
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