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Summary. Horseradish peroxidase (HRP), myeloperoxidase (MPO), and manganese peroxidase

(MnP) have been shown to catalyze the asymmetric sulfoxidation of thioanisole. When H2O2 was

added stepwise to MPO, a maximal yield of 78% was obtained at pH 5 (ee 23%), whereas an

optimum in the enantiomeric excess (32%, (R)-sulfoxide) was found at pH 6 (60% yield). For MnP a

yield of 18% and a high enantiomeric excess of 91% of the (S)-sulfoxide were obtained at pH 5 and a

yield of 36% and an ee of 87% at pH 7.0. Optimization of the conversion catalyzed by horseradish

peroxidase at pH 7.0 by controlled continuous addition of hydrogen peroxide during turnover and

monitoring the presence of native enzyme as well as of intermediates I, II, and III led to the formation

of the sulfoxide in high yield (100%) and moderate enantioselectivity (60%, (S)-sulfoxide).

Keywords. Enantioselective sulfoxidation; Horseradish peroxidase; Myeloperoxidase; Manganese

peroxidase.

Introduction

General

The use of enzymes in oxidative conversions is a potentially attractive method for the
synthesis of optically active compounds. In this way oxidative processes employing
stoichiometric amounts of heavy metal salts can be avoided, whereas the high regio-
and/or enantioselectivity of enzymatic processes is a promising feature which may be
exploited in various ways. Other oxidative bioconversions involve the use of whole
cells, making the whole process rather cumbersome and being therefore often
restricted to conversions leading to compounds with a high added value like
pharmaceuticals [1]. Peroxidases, however, might be potentially attractive biocata-
lysts for ®ne chemicals production since cosubstrate recycling procedures are not
necessary and hydrogen peroxide is used as a clean and cheap oxidant.

Various peroxidases have been shown to catalyze the formation of a number of
alkyl arylsulfoxides or dialkylsulfoxides in an enantioselective manner [2±5]. The
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compounds are useful intermediates in organic synthesis, both as chiral auxiliaries in
catalytic processes and as stoichiometric intermediates. Also epoxidations [6, 7],
benzylic [8] and propargylic [9] hydroxylation, and indole oxidations [10] are
catalyzed by peroxidases. The potential application in organic synthesis is still
hampered by the moderate stability of the peroxidases under turnover conditions, the
limited solubility of organic reactants in water, and the oxidative inactivation of the
heme. The catalytic performance of peroxidases may be improved by continuous
controlled addition of hydrogen peroxide [11, 12], by variation of pH [4], and by the
addition of some organic solvents [11]. We recently have shown that under carefully
choosen conditions also lactoperoxidase (a commercially available enzyme) is
capable of enantioselective sulfoxidation of thioanisole, affording the (R) isomer in a
yield of 85% with an ee of 80% [5]. We have also shown that the opposite antipode,
the (S)-sulfoxide, could be obtained in a yield of 84% with an ee of 73% using the
commercially available fungal peroxidase from Coprinus cinereus. In addition, we
have described a spectroscopic method to monitore the active enzyme intermediates
during turnover. In this way we were able to optimize the conditions for maximum
yield and optimum e.e. [5].

The aim of the present research was twofold. First we investigated if we also
could use our spectroscopic method to further optimize the sulfoxidation of
thioanisole to form the (S)-sulfoxide in high yield and high ee using horseradish
peroxidase. Second, we investigated two other peroxidases (myeloperoxidase and
manganese peroxidase) to see if these enzymes could also be used in enantioselective
sulfoxidation reactions. Myeloperoxidase was expected to give the (R)-sulfoxide due
to its structural ressemblance with lactoperoxidase [13]. Moreover, in analogy to the
heme CPO it is able to oxidize chloride to hypochlorous acid [14]. The manganese
peroxidase is also a fungal enzyme like CiP, and it was expected that with this
enzyme ± the mnp-gene has recently been cloned and expressed [15] ± we would
obtain the (S)-sulfoxide.

Mechanistic considerations

The general mechanism of peroxidases starts by the addition of H2O2 to the
enzyme in its resting state, the native Fe3� state [16]. Upon release of a molecule of
water, an oxoferryl species (Fe(IV)�O P��) called compound I is created
containing two oxidative equivalents, one of which is located in the porphyrin or on
a protein residue as a radical-cation. The substrate is oxidized to a substrate radical
in this step. Addition of an equivalent of a traditional peroxidase substrate, a one-
electron donor, will reduce compound I to a Fe(IV)�O species that is one
oxidative equivalent above the resting state, the so-called compound II, which does
not contain an electron hole an either porphyrin or protein anymore. A second
equivalent of substrate will reduce this species back to the native enzyme upon the
release of a water molecule and a second substrate radical. The enzyme can also
return directly from compound I back to the native enzyme upon reaction with a
second molecule of H2O2, releasing a molecule of oxygen and a molecule of water.
This is called the catalase activity of the enzyme. Another way for the direct
reconversion of compound I to the native enzyme proceeds via oxygen-transfer to a
suitable substrate such as a sul®de or an alkene (Scheme 1). This is called the oxo-
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ferryl or oxene mechanism [17]. Alternatively, oxygen-transfer may take place via
a two-step mechanism: in this so-called oxygen-rebound mechanism [17±22] a
molecule of substrate is ®rst oxidized by compound I to a substrate radical-cation
that forms a complex with compound II (compound II �S�� Scheme 1). Subsequently
the oxygen of compound II is transferred to this substrate radical-cation, a
molecule of oxygenated product is released, and the enzyme returns to its native
state. In the case of an oxygen-rebound mechanism the rate of transition from
compound I to compound II should depend linearly on the sul®de concentration,
whereas in an oxene mechanism the formation of compound II should not be
observed. As we have shown, lactoperoxidase and myeloperoxidase operate via an
oxygen-rebound mechanism [5].

At high H2O2 concentrations a third intermediate of the enzyme, compound III,
can be formed (Scheme 1). In most reactions this intermediate is believed to be a
catalytic inactive, mostly a dead-end species and leading to inactivated enzyme for
most peroxidases [23]. However, compound III is not necessarily irreversible
formed and may return to the native state [23]. Under operational conditions,

Scheme 1. Oxene and oxygen-rebound mechanisms for the oxygen transfer to sul®des; the formation

of compound III under a large excess of H2O2 is indicated as well as the direct racemic reaction

between H2O2 and the sul®de
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involving discontinuous addition of hydrogen peroxide [3], compound III may well
be transiently formed. It is of importance to avoid the presence of compound III,
since it is indicative of a high H2O2 concentration [5]. This will lead to an
enhanced racemic direct reaction between the sul®de and H2O2 and therefore lower
the ee of the sulfoxides formed [5].

Results and Discussion

Several studies have been published on the catalysis of asymmetric sulfoxidation
by horseradish peroxidase [3, 4, 24±28]. Yet there is no agreement on the best
method to perform these incubations, and therefore the yield and the enantiomeric
excess of the sulfoxide formed differ from report to report. This may also be due to
the experimental conditions used in these studies. Differences include amount of
enzyme, concentration of the sul®de, open reaction vessels vs. closed ones, size
headspace to prevent evaporation of the substrate, pH values [3, 4, 24±28], and the
way H2O2 is added (in one step [24] or stepwise [3, 4, 25±28]).

For horseradish peroxidase, we have attempted to optimize the sulfoxidation
with respect to the yield whilst maintaining a high enantioselectivity. Therefore, the
method previously described in detail for CiP and LPO [5] of continuously adding
H2O2 and simultaneously monitoring the enzyme intermediates, in particular
compound III, was applied. This method guarantees that no excessive accumulation
of H2O2 will occur. The rate of addition of H2O2 is to be lowered when a small
amount of compound III is formed, thus minimizing the direct racemic reaction
between H2O2 and the sul®de. The reactions were carried out at pH� 7.0, since at
that pH value the highest ee for this conversion had been reported. Initially it was
found that by incubating 19.2mM HRP with 1.7 mM thioanisole at pH 7.0 at a H2O2

in¯ux of 1mmol/h, after 5 hours a small amount of compound III could be detected
in the mixture of compound I and II. Therefore, the rate of H2O2 addition was
lowered to 0.4mmol/h, and consequently only compound I and II were present. The
presence of a mixture of compounds I and II is indicative of an oxygen-rebound
mechanism which could be con®rmed by stopped-¯ow studies [21, 22]. None-
theless, during the incubations the absorbance of the Soret band decreased. About
20mM enzyme were necessary to fully convert the substrate before the enzyme was
inactivated.

After 48 hours all of the thioanisole was converted into the sulfoxide with an
enantioselectivity of 60% of the (S)-enantiomer. Variation of the substrate or the
enzyme concentration did not lead to an altered ee provided that the reaction was
quenched as soon as compound III started to be formed.

It is intriguing that the enantioselectivity does not change when the substrate
concentration is changed. Kobayashi et al. have shown that 10% of the oxygen
incorporated in the sul®de derives from water [17]. It is believed that the
incorporation of an oxygen atom from water occurs when a sul®de radical-cation
recombines with a second molecule of radical-cation to give a molecule of sul®de
and a sul®de dication; the latter will react with water. The fact that the ee is
independent on the sul®de concentration implies that these processes take place in
the active site. Indeed, the stopped-¯ow experiments of Dunford et al. are indicative
of the presence of two molecules of substrate in or near the active site [22].
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From the decrease in the absorption at 280 nm we determined an initial
turnover frequency of 0.3 minÿ1. This is signi®cantly lower than the turnover
frequency of 3 minÿ1 determined by Savenkova et al. [29, 30]. The turnover
number obtained with our optimization technique is 52, which is signi®cantly
higher than those previously reported [3, 4]. It must be mentioned that we did not
use sul®de concentrations exceeding the solubility limits and that the reaction
vessels were completely ®lled and sealed to prevent evaporation of the sul®de.

Using less favourable conditions resulted in lower yields and/or lower ees.
When the reactions were carried out by stepwise addition of H2O2 and were
quenched after one hour [25±28], the yields did not exceed 11% (results not
shown). After quenching, the enzyme is still active, and higher yields could have
been obtained if the procedure would have been carried out for a longer time. In
Refs. [25±28] higher enantioselectivities were claimed, but the amont of sulfoxides
formed in a parallel reaction without enzyme was subtracted. This is not correct
since the H2O2 concentration in the enzyme catalyzed reaction is much lower than
in the absence of enzyme due to its catalase activity. In a later publications of the
same group the subtraction of the racemic parallel reaction has been omitted,
leading to enantioselectivities of 58% [29, 30].

When the reactions were carried out as described by Morishima et al. [24], i.e.
by a single addition of 1.0 mM H2O2 at the start of the reaction, a yield of only 4%
of the (S)-sulphoxide was obtained in one hour with an ee of only 52%. The low ee
is probably due to a signi®cant contribution of the direct reaction. Figure 1 shows
that using this method the conversion of thioanisole only takes place during the ®rst

Fig. 1. Spectra of the enzyme intermediate of HRP in the sulfoxidation of thioanisole after 10, 130,

250, and 490 s (ÐÐ); hereafter, the enzyme starts to return to its native state, the spectrum of which

is represented after one hour (- - - -); in the insert the conversion of thioanisole is shown by the

decrease in absorption at 280 nm; see experimental procedures for details
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500 seconds as judged from the decrease in absorption at 280 nm (insert). The
following slower increase in absorption is probably due to conversion of compound
I or II into native enzyme: the enzyme is mostly present as compound II and starts
to return to its native state after the ®rst 500 seconds.

In conclusion, ee and yield of the sulfoxidation of thioanisole by HRP depend
strongly on the conditions and the design of the experiment. It was possible to
convert the thioanisole completely into the sulfoxide using a slow continuous
in¯ux of H2O2 (on average 0.46 mmol/h) for 48 h. This in¯ux is considerably
slower than that for the same reaction catalyzed by LPO and CiP [5]. Continuous
addition of H2O2 only is not suf®cient to obtain a high ee it is also imperative to
follow the enzyme intermediates spectroscopically to prevent the accumulation of
H2O2 and the formation of catalytically inactive species as e.g. compound III.

The sulfoxidation of thioanisole by MPO was carried out via the traditional
method of adding H2O2 stepwise. The pH dependence of the enantioselectivity and
the yield are presented in Fig. 2. Although the yield is maximal at pH 5 (78%), the
best enantioselectivity is obtained at pH 6.0 (32%). At higher pH values the
enantiomeric excess remains fairly constant. The yield decreases showly at
increasing pH values. These enantioselectivities are much higher than previously
reported (4±8%) for the sulfoxidation of p-methylthioanisole by MPO [31]. In
these experiments, much lower enzyme and substrate concentrations have been
used. In agreement with Ref. [31] the rate for this reaction is maximal at pH 5.0.
For MPO we have not optimized the yield via our method of controlled addition of
H2O2 and monitoring at the same time the enzyme intermediates present. The high
yields obtained employing the traditional stepwise addition of H2O2 are in contrast
to our ®ndings with other heme peroxidases.

Here we also report for the ®rst time the enantioselective sulfoxidation by MnP.
Due to a limited amount of puri®ed enzyme availablewewere only able to carry out the

Fig. 2. pH dependence of the formation of (R)-methyl phenyl sulfoxide and its ee by MPO (O: ee,

&: yield); see experimental procedures for details
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experiment at pH 5.0 and 7.0. Best results were obtained at pH 5.0. Although the yield
was very low (18%), the enantioselectivity was very high (91% ee of (S)-sulfoxide).
This is the highest value reported for a heme peroxidase producing the (S)-sulfoxide
and signi®cantly higher than reported for structurally related enzymes [32] (CiP: 73%
ee HRP: 60% ee). At pH 7.0 the yield was considerably higher (36%), but the ee
dropped to 87%. CPO also produces the sulfoxide with a high ee of even 99% [11, 12],
but in this case the (R)-enantiomer is formed.

Unfortunately, the very limited amount of MnP available did not permit us to
optimize this reaction with respect to pH value and controlled continuous addition
of H2O2. Small genetic modi®cations for MnP (such as the F41L mutation for HRP
[25]) might enhance the ee and make this enzyme one of its mutants a promising
catalyst for the production of (S)-sulfoxides.

Experimental

MPO was puri®ed from human leukocytes as described (A428nm/280nm� 0.8) [33]. Enzyme

concentrations were determined using a molar extinction coef®cient of 102 mMÿ1 � cmÿ1 at

403 nm for HRP [34], 89 mMÿ1 � cmÿ1 at 428 nm for MPO [33], and 127 mMÿ1 � cmÿ1 at 406 nm for

MnP [35]. Absorption spectra in the UV/Vis range were recorded on a Hewlett Packard 8452 A

spectrophotometer. Figure 3 shows the spectra of native MPO, MPO-I, MPO-II, and MPO-III. The

spectra of native HRP, HRP-1, HRP-II, and HRP-III are shown in Fig. 4.

To determine the pH optimum for the sulfoxidation of thioanisole by MPO, reactions were

carried out in 100 mM buffer at 25�C. Buffers used were sodium acetate ( pH� 4.0 and 5.0),

potassium phosphate ( pH� 6.0±8.0), and sodium carbonate ( pH� 9.0).

The reaction mixture contained 10 mM MPO and 1 mM thioanisole. During one hour, 20�10 mm3

of 10 mM H2O2 were added. The same procedure was applied to the reaction with MnP as a catalyst,

however only at pH� 5.0 and 7.0 due to the very limited amount of enzyme available. Kinetic

experiments following the sulfoxidation of thioanisole by HRP were conducted using a HP 8452 A

spectrophotometer at 280 nm. The difference of the molar extinction coef®cients of methyl phenyl

sul®de and the methyl phenyl sulfoxide was determined to be 0.84 mMÿ1 � cmÿ1 at 280 nm. The

amounts of compound I, II, or III and of native enzyme were followed simultaneously. Hydrogen

Fig. 3. Optical absorption spectra of MPO, native enzyme, compound II, and compound III; ÐÐ:

2mM MPO in 100 mM potassium phosphate ( pH 7.0), - - - -: MPO-II generated by addition of 40 mM

hydrogen peroxide to 2mM MPO, � � � � � �: MPO-III generated by addition of 4 mM hydrogen

peroxide to 2mM MPO
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peroxide was added continuously via a syringe pump (Cole Parmer 74900-10) with a 250 mm3

Hamilton syringe with a te¯on luer lock connected to the reaction cuvet via a PEEK tubing

1/1600OD/0.2000ID that went through a capillary in the te¯on cap that sealed the cuvet.

For HRP, the average rate of hydrogen peroxide addition was 0.46 mmol/h. Typically, reactions

were carried out in a 1.67 cm3 quartz cuvet sealed with a te¯on cap with two capillaries: one to add

the hydrogen peroxide solution and one to dispose of the over¯ow. The cuvets were completely ®lled

with the reaction mixture in order to prevent partitioning of the methyl phenyl sul®de into a gas-

phase headspace. The contents of the cuvet were stirred continuously. General conditions were

10 mM enzyme, 100 mM potassium phosphate buffer, and 0.15±1.7 mM methyl phenyl sul®de.

The reactions were quenched with sodium sul®te [3] to consume the excess of H2O2 after 1 h for

MPO and MnP and for HRP when the sulfoxidation process had ended as judged from a constant

absorbance at 280 nm.

1mmol of acetophenone was added as internal standard, and the reaction mixture was extracted

twice with 3.4 cm3 CH2Cl2. The organic layer was concentrated under a stream of nitrogen to a

volume of about 20 mm3 and diluted with 1 cm3 of 80% hexane/20% isopropyl alcohol. A 20 mm3

sample was loaded onto a chiracel OD HPLC column (Daicel Chemical Industries, 0.46 cm�25 cm)

equipped with a Pharmacia LKB-HPLC pump 2248 and a LKB Bromma 2140 rapid spectral detector

connected to a PC. The BorwinTM program was used to evaluate peak areas. The (R)- and (S)-methyl

phenyl sulfoxides were eluted isocratically with the same solvent mixture at a ¯ow rate of 0.5 ml/min

and detected at 254 nm. Retention times of methyl phenyl sul®de, acetophenone, and the (R)- and

(S)-methyl phenyl sulfoxides were 8.4, 9.4, 15.0, and 17.8 min, respectively [5].

H2O2 solutions were freshly prepared by dilution of a 30% stock solution (Merck). The concentration

was determined spectrophotometrically using an absorption coef®cient of 43.6 Mÿ1 � cmÿ1 at 240 nm

[36]. All other chemicals were of the highest purity. Methyl phenyl sul®de was purchased from Fluka,

methyl phenyl sulfoxide and acetophenone from Aldrich.
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Fig. 4. Optical absorption spectra of native HRP, HRP-I, HRP-II, and HRP-III; ÐÐ: 10 mM HRP in

100 mM potassium phosphate ( pH 6.5), - � - � - � - � - � : HRP-I generated by addition of 10 mM

hydrogen peroxide, - - - - - -: HRP-II generated by addition of 10 mM ferrocyanide to HRP-I, � � � � �:
HRP-III generated by addition of a large excess hydrogen peroxide (2.5 mM)
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