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MONOOXYGENASES CATALYZED ENANTIOSELECTIVE
SULFOXIDATIONS

STEFANO COLONNA AND NICOLETTA GAGGERO
Centro CNR and Istituto di Chimica Organica della Facolta' di Farmacia
Via Venezian 21, 20133 Milano, Italy

A study on the stereochemistry of the oxidation of sulfur by several monooxvgenases
using numerous organic sulfides as substrates is reported. In most cases the
sulfoxidation reaction is highly enantioselective. The various factors that control the
cnantioselectivity have been examined.

Kev Hords enantioselectivity, sulfoxides, horseradish peroxidase, chloroperoxidase.
microperoxidase - 11, cyclohexanone moncoxygenase.

Fnantiomencally pure sulfoxides are important chiral synthons for the stereosclective
is of natural products and arc among the most powerfull stereodirecting groups
in the formation of the carhon-carbon bonds. Current interest in chiral sulfoxides also
reflects the oxistence of products with biological properties determined by the
configuration of sulfinvl group. Some materials such as liquid crvstals are also based on
a chiral sulfoxide structure. For these reasons many studies have been devoted at
chemical methodologies Ieading to this structural unit. Good to excellent
stercosclectivities have been reported by Kagan! and Modena2 in the oxidation of
organic sulfides with t-BuOOH and dicthy] tartrate in the presence of titanium i-
prepoxide. More recently sulfoxides having high enantiomeric excess (e.e.) have been
obtained using N-sulfinvloxazolidinones and nuclf:ophiles3 or N-sulfonyloxaziridines?.

On the other hand the enzymatic oxidation of organic sulfides to sulfoxides is an
important process in the detoxification of xenobiotics, however little is known about the
enzymatic mechanism of the process. It has been shown that with flavin containing
monooxygenases the sulfoxides are further metabolized to an achiral sulfone3. In
general organic sulfides are oxidized both in viiro and in vivo by monooxygenases.
onooxygenases is the general name of a class of enzymes, which incorporate
molecular oxygen into an unactivated organic substrate with high stereo and
regioselectivity.
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Usually dioxvgen is cleaved reductively, one oxygen atom being introduced into
the substrate, while the other is reduced by two clectrons to form water.
Meonooxvaenases utilize various cofactors including flavins, ptering, copper, iron and
iron-containing heme. These biotransformations are of great current interest since reveal
some structural or mechanistic details of the enzvmes involved in the oxidative
processes. The heme monooxygenases are subdivided into two types, those depending
upon cytochrome P-450 or upon a flavin molecule for oxygen activation and transfer.
In this paper we will confine ourselves to chloroperoxidase (CPO), horscradish
peroxidase (HRP), as heme enzymes, and to microperoxidase-11 (MDP-11) as heme
model cnzyme. As a flavin dependent monooxyvgenase we have used cyclohexanone
monooxygenase.

Peroxidases catalyze the oxidation of a wide variety of organic compounds, using
hvdrogen peroxide or other peroxides as oxidants, The peroxidase characteristic activity
is one-clectron oxidation of the substrates. In the catalvtic cvele hydrogen peroxide
binds to the ferric ion and ifs fast reduction to water is coupled 10 two-electron
oxidation of the enzyme. This gencrates the compound 1 intermediate, which is reduced
in two one-clectron steps by substrate molecules, with compound IT as the sccond

intermediate (Scheme 1)6.

H+ [X FemOOH'] H+

H,O
20, H,0
X Fel X' FeV=0
H,O compound I
K + H + 2H + f RH
RH X Fe=0 R +H*
compound I

Scheme 1.
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The substrate radicals produced in the reaction generally evolve nonenzymatically
to nonradical products by pathways which are characteristic of each substrate (coupling,
dismutation, etc.). Of the two electrons required for peroxide reduction, one comes
from Fe(Ill), while the other, in HRP, comes from the porphyrin, producing a
porphyrin radical cation . One electron reduction of compound I gives compound II, in
which the FelY= O species remains intact but the porphyrin has been reduced.
Generally, the reaction of compound II with the substrate is at least 10-20 times slower
than that of compound I, and under most steady-state conditions is rate limiting.

An important feature determining the reactivity of peroxidases is the binding of
the substrate in the active site. In contrast with P-450 enzymes, which appear to
function via the same compound I intermediate, peroxidases are generally unable to
transfer the ferryl oxvegen atom to the substrate. This has led to the view that the
substrate cannot approach the reactive oxo-group in the distal pocket in the
peroxidases”. Furthermore peroxidases are generally considered poor stercoselective
catalysts. This depends on the nature of the reactions promoted by these enzymes, i.c.
free radical formation, and the types of substrates generally used in the peroxidase-
catalyzed oxidations, e.g. phenols and aminecs. However, the active site pocket of HRP
is capable of chiral recognition of some substrates. Indeed we have been the first to
show that HRP catalyzes the enantioselective oxidation of alkyl arvl sulfides to
sulfoxides by hydrogen peroxides. Substituted methyl phenyl sulfides were chosen as
model substrates since the stereocentre of the corresponding sulfoxide is optically stable.
In order to verify the generality of this type of asymmetric synthesis, we also
nvestigated the behaviour of benzyl methyl and methyl-2-pyridyl sulfide.

Asymmetric induction took place only with methyl phenyl and methyl para-
substituted phenyl sulfides (30-68% c.¢.).

No asymmetric synthesis was observed with methyl ortho-substituted phenyl
sulfides, benzyl methyl and 2-pyridyl methy! sulfide. In the cases examined the
prevailing sulfoxide had the (S) absolute configuration. It should be pointed out that in
all cases the HRP catalyzed oxidation of sulfides is in competition with their
spontancous oxidation by HyO5 at a rate dependent on the concentration and nature of
the substrate. When taking into account the contribution of the non enzymatic process,
the stercoselectivity for the HRP catalyzed oxidation alone is higher. In the case of
methyl p-tolyl sulfide the time course of the reaction was monitored; the e.e. of the
sulfoxide did not significantly change for the entire reaction period. HRP did not

appreciably oxidize racemic methyl p-tolyl sulfoxide to the corresponding sulfone. In
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conclusion, we have observed for the first time a substantial enantioselectivity in the
horseradish catalyzed oxidation of some aryl methyl sulfides with HyO+. This, together
with 180-labeling studies? and sulfide binding studies'¥ to HRP can be considered as
an evidence that aryl methyl sulfides bind near the heme active site. The atypical two-
clectron oxidation of thioanisole and its p-methyl, p-methoxy and p-nitro analogues by
HRP has been investigated a year later by Ortiz de Montellano and coworkers!1. It
produces the (S) sulfoxides in 60-70% c.e.. HRP reconstituted with 8-meso-ethylheme
has little peroxidase (guaiaco! oxidizing) activity, but shows increased sulfoxidation
activity. Studies with Ho180 with this reconstituted HRP derivative, show that the
oxveen in the sulfoxide derives, as it does with the native enzyme, primarly from the
peroxide. Kinetic data and differential inhibitorv effects of &-meso-ethylheme
reconstitution and phenylhydrazine preincubation indicate that thioanisole and iodide,
both of which are subjected to a two clectron oxidation, are oxidized at sites distinct
from each other HRP derivative. A third binding site is involved in the one-electron
oxidation of guaiacol. The enentioselectivity in the HRP oxidation of alkyl aryl sulfides
can be considerably increased by molecular eng’mccringu. Sequence alignements of
HRP isozyme C with cytochrome C and lignine peroxidases as structural templates
suggest that Phe-41 1s present in the active site of HRP. The Phe-41 — Leu mutant of
HRP (F411.-HRP) catalyzes the sulfoxidation with higher turnover numbers and higher
enaniioseieciivity with respect to native or recombinant wild-type HRP. Neither enzyme
is active with benzyl methy! sulfide. The e.e. of aryl methyl sulfoxides in all cases is
greater than 94%. Sulfoxidation rates for both native and F411. HRP correlate with the
o constants of the substituents and the p values are very similar, Mutation of Phe-41
to a threoning also increases the rate of thicanisole oxidation but decreases the
enantioselectivity. The results clearly identify Phe-41 as a major factor in determining
the binding and orientation of the substrate. The increased polarity of the cnlarged
pocket in the threonine mutant shifts, according to the aothors, the binding of the alkyl
group to the smaller pocket and disfavours the formation of the S-enantiomer.

Chloroperoxidase (CPQ) is a glvcoprotein secreted by the mold Caldariomyees
fumago and contains heme b as prosthetic group. It is unique among the peroxidases
because it contains a cysteine thiolate as the fifth axial ligand of the heme instead of the
classical imidazole ligand.

For this reason many of the spectroscopic properties of CPQO are similar to those
of P-4506. CPO is also unusual because of its versatility: it can catalvze reactions
typical of peroxidases, catalases and monooxygenases by HorO or alkyl
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hydroperoxides. It is also almost unique in catalizing halogenation reactions (except
fluorination) in the presence of halide ions and HyO». The CPO active site resembles
those of classical peroxidases since it contains a distal histidine (His-38), two
asparagines (Asn-33 and Asn-37) and an arginine close to the heme group. However,
the substrates have access to the heme iron and ferryl oxygen. This is shown, inter alia,
by the binding of substrates in the heme pocket, and by oxygen incorporation into the
product in the epoxidation of styrencl3, the N-oxidation of arylamines!4 and the
sulfoxidation of thioanisoles!S. These reactions are likely to proceed either through a
direct oxvgen transter from the compound I species to the substrate or a P-450 like
mechanism involving an initial electron transfer from the substrate to compound I, with
formation of a substrate radical species which remains tightly coupled to the active site
and compound II, followed by a rapid oxygen transfer from the compound II species.
CPO is a very efficient stercoselective catalyst for the oxidation of organic sulfides to
sulfoxides. The study of a large series of alkyl aryl, dialkyl and heterocyclic sulfides has
shown that various factors, e.g. electronic and particularly steric factors, dramaticaily
affect the outcome of the reaction16-18. Excellent vields and very high ¢.c. (97-100%)
have been obtained in the sulfoxidation of a number of sulfides structurally related to
methyl p-tolyl sulfide. Binding experiments show that these substrates better fit the
active site topology of CPO19,

1t 1s sigmificant that the trend in affinity of the sulfides for CPO parallels the
enantioselectivity pattern observed in the CPO catalyzed oxidation of these substrates.

:;1

1¢ lincar correlation between the binding constants of para-substituted thioanisoles to
CPQO and the Taft oy constants, and the negative slope of the resulting plot, suggest that

s

hese substrates act as donors in donor acceptor complexes, involving some residues of
the active site. The polar residues in the CPO distal region are candidates for acting as
acceptor groups. It is interesting to note that in all cases the prevailing sulfoxide has the
(R) absolute configuration. This stereochemical course is opposite to that observed in
the HRP and soybean hydroperoxide-dependent oxygenase (SHO)L®, thus indicating
that specific effects in the active site control the mode of binding of the substrates and
dictate the stereochemistry of the reactions. In the CPO mediated sulfoxidation1” para-
substituted alkvl phenyl sulfides are oxidized with much higher enantioselectivity than
the ortho-substituted derivatives.

Microperoxidase-11 (MP-11) is an heme peptide obtained bv digestion of cytochrome
¢ with proteolitic enzymes20. It consists of efeven amino acid residues covalently linked
via thioether linkages to an iron-protoporphyrin IX having a histidine as axial ligand.



11: 04 29 January 2011

Downl oaded At:

108 S.COLONNA AND N.GAGGERO

Like other peroxidases, MP-11 reacts with HyO» to give two reactive intermediates.
analogous to compounds I and IT of HRP21. Since MP-11 is a very simple peroxidase
that closely mimics HRP, but does not have a substrate binding site, we have studied its
behaviour in the oxidation of organic sulfides with HyO7 as oxidant?2. We have found
that asymmetric sulfoxidations by MP-11 are possible under appropriate conditions.
The oxidation of methyl p-tolyl sulfide is a true enzymatic process which follows
Michaelis-Menten kinetics (Ky, for sulfide 15 M, Ky, for HyO> 459 1M; Kat 80
min~1), The enantiomeric excess was 24%. Similar enantioselectivities were observed
with the other sulfides tested namely thioanisole, ethvl phenyl, methyl m-tolyl, methyl p-
chlorophenyl sulfide. In all cases the prevailing sulfoxide had the (S) absolute
configuration, i.c. the same stereochemical course as that observed with horseradish
peroxidase.

Hirobe and coworkers23 have shown that methyl phenyl sulfide with Hy180,
and MP-11 gives completely 180 1abeled methyl phenyl sulfoxide. Our finding that
alkyl aryl sulfides oxidation catalyzed by MP-11 is enantioselective, together with the
total 180 incorporation from Hy 1802 is consistent with a direct oxvgen transfer. or an
oxygen rebound mechanism within the solvent cage. as already postulated in the case of
CPO.

The relative low values of the e.e. of the produced alkyl arvi sulfoxides could be a
conscquence of the low degree of substrate immobilisation by the peptide chain in the
active site of this heme enzyme model.

Cyclohexanone monooxygenase from Acinetobacter is a flovoenzyme of about
60000 daltons24. The enzyme is active as a monomer and contains one tighly but
noncovalently bound FAD per monomer. It catalvzes the Bacyer-Villiger oxidation of
ketones. According to the proposed mechanism23, NADPH binds to and reduces the
enzyme bound FAD. Oxidation of the reduced flavin by Oy generates E-FAD-4a-
OOH, which serves as the oxygen donor and acts as nucleophile at the ketone. The
tetrahedral adduct then decomposes by typical Baever-Villiger migration of one of the
carbon-carbon bonds to vield ester.

Walsh and coworkers26 have described the synthesis of (S) cthyvl p-tolvl sulfoxide
(64% c.c.) by the use of cvclohexanone monooxygenase, However, the investigation
was not extended to other sulfides. We have undertaken a svstematic studv of the
stereochemistry of oxidation at sulfur catalyzed by cyclohexanone monooxygenase,
using as the substrate numerous alkyl arvl sulfides, dialkyl sulfides and diatkyl
disulfides27. We have found that the structure of the sulfide dramatically influences not
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onlv the enantioselectivity but even the enantiopreference of the enzvme, which vields
sulfoxide with optical purities ranging from 99% ¢.e. and (R)-configuration to 93% c.c.
and ($)-configuration. '

The investigation has been extended to several alkyl arvl sulfides with the alkyl
chain functionalized with C1, ON, vinvi or hydroxy g}'()upszg. The structure of sullide
also in this caze influcnces enzyme enantioselectivity. The majority of the sulfoxides had
the (8) configuration and the optical purity was in some cases very high. With the cvano
derivatives 1f wag possthle 10 move from (R) to (8) sulfoxide. both with ¢.¢.-90%. by

simphy introducing a methy] group in the para position of the aromatic ring. The sulfides

- containing keto groups preferentiallv underwent Baever-Villiger oxidation.

In conclusion, despite the apparent conservation of the catalytic mechanism, there
are important differences in the catalytic potential of the individual peroxidases. Thus,
the problem of the cffective ferryl accessibility by organic sulfides in HRP is still
unsolved,

Furthermore the ditferent absolute configuration of sulfoxides obtained with
different peroxidases is a clear evidence that specific effects in the active site control the
mode of binding of the substrates and dictate the stereochemistry of the reaction.
Intercstingly the progressive drop in enantioselectivity observed in the oxidation of ethyl
and isopropyl p-tolyl sulfide with CPO and H,O» is accompanied by a parallel increase
of the importance of compound 1T in the reaction10. This reflects increasing HRP- like
behaviour in the oxidation and is probably related to the inability of the above substrates
to fit properly the active site requirements of CPO in the distal heme pocket, in contrast
with the results obtained with all sulfides topographically related to methyl p-tolyl

sulfide.
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