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Vanadium haloperoxidases catalyze the oxidation of halides by hydrogen peroxide to produce hypohalous acid.
We demonstrate that these enzymes also slowly mediate the enantioselective oxidation of organic sulfides (methyl

phenyl sulfide, methyp-tolyl sulfide, and 1-methoxy-4 (methylthio)benzene) to the corresponding sulfoxides
(turnover frequency 1 mirt). The vanadium bromoperoxidase from the brown seawesdphyllum nodosum
converts methyl phenyl sulfide to th&)¢tenantiomer of the sulfoxide (55% yield and 85% enantiomeric excess

(ee)). At low peroxide concentrations a selectivity of 91% can be attained. The enzyme catalyzes the selective

sulfoxidation reaction over a broad pH range with an optimum around-p&iahd remains completely functional
during the reaction. When the vanadium bromoperoxidase from the red se@weslina pilulifera is used the
(S-enantiomer (18% yield and 55% ee) is formed. In contrast, the vanadium chloroperoxidase from the fungus
Curpularia inaequaliscatalyzes the production of a racemic mixture (54% yield), which seems to be an intrinsic
characteristic of this enzyme.

Introduction The enzymes are capable of withstanding temperatures up to
70°C, remain completely functional in the presence of several

organic solvents and are not susceptible toward oxidative

inactivation?10

Vanadium haloperoxidases are enzymes, which are thought
to be responsible for the production of a variety of halogenated

compounds, ranging from simple volatile halohydrocarboos During the two-electron oxidation of halides catalyzed by

relatively complicated chiral structurésin the presence of vanadium peroxidases an active enzymeroxo-intermediate
hydrogen peroxide and halides these enzymes produce hypo-.S formed! followed by nucleophilic attack of the halide on

halous acid as a reactive intermediate, which may subsequentl)) ; . . )
react with organic compoundsin the absence of suitable the side-on coordinated peroxide and subsequently halide

organic acceptors oxygen evolution can be observed due to theOX|dat|on. Prior to the discovery of vanadium peroxidases it

catalyzed halide-assisted disproportionation of hydrogen per-WaS esftabll.shgd that dioxovanadium (V(Dyvas capable of
oxide? During catalysis the vanadium metal resides in the producing odine in the presence of iodide and hydrogen

highest oxidation state as vanadium(V). peroxide in acidic solutiof? FL_thher investigations showed that
The vanadium-containing bromoperoxidases (VBPO's) were both+the MONOPEroxo- and diperoxovanadium(V) species (VO-
originally discovered in marine algdeand vanadium chloro- (©)" and VO(Q)Z are f_ormed_a_nd that both species are
peroxidases (VCPO’s) are found in a number of dematiaceousn€eded for halide OXIdatIOI’l. acnwf-y?.Sevgral vangdlum(V)
hyphomycete$§. In particular the enzyme from the fungus monoperoxocomplexes of tr|d§ntate .Schlff-'base IlgapFis were
Curpularia inaequalishas been studied in detdignd its X-ray reported to exhibit brpmope_romd_ase-l_lke activibin add|t|or_1,
structure has been determinfettigh stability is one of the & N-(2-hydroxyethyljiminodiacetic acid oxoperoxovanadium-

characteristic features shared by all the vanadium peroxidases.(v) gomple>.< was algp observed to oxidize bromide .under
relatively acidic conditiond® In this compound the vanadium-

(V) is the center of a pentagonal bipyramidal geometry, a single
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terminal oxygen is coordinated in the axial position, peroxide moperoxidase from the seawe@dpilulifera, and, in particular,
resides in the equatorial plane side-on bound and the additionalthe bromoperoxidase from the seaweéextophyllum nodosum
four positions are occupied by a tetradentate ligand. in the sulfoxidation of methyl phenyl sulfide were investigated.

Inorganic vanadium(V) peroxo-compounds have also been
reported to mediate oxygen-transfer reactions including the
oxidation of sulfides to sulfoxides and sulfones and the  The oxygen-transfer activity of three different vanadium haloper-
epoxidation of alkenes and allylic alcohdfsThe oxidation oxidases was studied using methyl phenyl sulfide as a substrate. The
reactions of a variety of organic sulfides in the presence of VBPO's originate from the seaweefs nodosurhandC. pilulifera.®®
hydrogen peroxide otert-butyl hydroperoxide catalyzed by  The recombinant VCPO was obtained from a develdpgctharomyces
vanadium(V) species to sulfoxides and sulfones in organic Cerevisiae expression systef,as the recombinant VCPO (r-VCPO)
solvents have been studi8ddnly Schiff-base ligated vanadium- can be obt.alned in large quantities and bghaves K|n7et|cally very similar
(V) complexes could convert methyl phenyl sulfide in a to the native enzyme from the fung@ inaequali$’ The enzyme

¢ lecti ieldi he " f th was activated by the addition of vanadate as descfibed.
stereoselective. manner yieiding ){nantiomer o e Methyl phenyl sulfide (1 mM) was incubated in the presence H

sulfoxide in small enantiomeric excess—(B4%)® These (5 mm) and enzyme (LM) in 100 mM sodium acetate (pH 5.0) and
particular complexes were also shown to be suitable catalystssodium citrate/NaOH (pH 6.2) buffers at 26 in 1 mL sealed glass

to perform stereoselective epoxidation reactions of alkéhes. vials. These reaction conditions were used for all experiments unless
Significant enantiomeric excesses (up to 50%) were found for stated otherwise. As controls experiments were carried out in the
vanadium(V)-catalyzed epoxidation reactions of allylic alcohols absence of enzyme or in the presence of vanadat@NI)0 After 20
using chiral hydroxamic acids as ligaris. h the peroxide in the reaction mixture was quenched with sulfite and

Heme peroxidases are capable of promoting enantioselective?cetophenone (0.5 mM) was added as an |nte.rnal standard. The
. . enantiomeric excess was determined as follows; the mixture was
oxygen-transfer reactiofisand the heme chloroperoxidase from

. - . . extracted with CHCl,, evaporated to 2@L, and dissolved in 1 mL of
Caldariomyces fumagpromotes the enantioselective sulfoxi- hexane/2-propanol (4:1). A 26 sample was used for HPLC analysis

dation of methyl phenyl sulfide, a frequently studied substrate o 5 Diacel chiral OD column (0.46 cm 25 cm) equipped with a

for selective oxidation reactions, yielding thB){enantiomer Pharmacia LKB-HPLC pump 2248 and a LKB Bromma 2140 rapid
with 99% ee. However, it is well-known that the prosthetic spectral detector connected to a personal computer. The Borwin program
group of the heme peroxidases degrades due to the presence ofas used to evaluate peak areas. The column was eluted with hexane/
hydrogen peroxide and therefore inactivation of the heme 2-propanol (4:1) at a flow rate of 0.5 mL/min. The retention times for
peroxidases during catalysis occ@tén contrast with the heme ~ the R and S isomers were 14 and 17 min, respectively. The HPLC
peroxidases, which are capable of catalyzing the one-electroneffluent was monitored at 254 nm. A squQX|de standard curve was
oxidation of organic compounds and of monooxygenase-lie (RRIEAS SO 8 ORST EEER T 2 VIS EEEOR AN B e
enant!oselectlve oxygen-transfer reactions, the Va”ad'“”? ha_lo'determined separately on a Waters RPLC column using a mixture of
peroxidases have been reported to catalyze only peroxidative,

. . o “Y*methanol/water (3:2) as eluent.
halogenation reactions and are unable to oxidize the classical The halide-free buffer was prepared by preincubating a 100 mM

heme peroxidase substratés. sodium acetate buffer (pH 5.0) with a low concentration of recombinant
In view of this and the fact that vanadium(V) complexes VCPO (5 nM), HO, (2 mM), and phenol red (100M) as a scavenger
catalyze sulfoxidation reactions, we investigated whether the for HOBr and HOCI. After 2 days the buffer was filtered through active
vanadium enzymes also catalyze selective oxygen-transfercarbon, which was washed with,@ purified by a Millipore system,
reactions. Recently, it was discovered that a vanadium bromo-© "émove the dye. _ _
peroxidase from the alg&orallina officinalis oxidizes some The formation of the methyl phenyl sulfoxide was monitored
aromatic bicyclic sulfides stereoselectively to the corresponding continuously on a HP diode array spectrophotometer from the absor-

. . . . . . bance decrease at 290 nm in a cuvette (4 mL) containing 100 mM
(9-sulfoxides with high enantiomeric excedsHowever, this sodium acetate buffer (pH 5.0), methyl phenyl sulfide (1 mM)OH

Experimental Section

enzyme did not seem to be capable of converting methglyl (2 mm), and enzyme (&M) with a capillary opening and no headspace
sulfide, which is a commonly used substrate in asymmetric to prevent evaporation of substrate and productédof 0.44 mM-?
sulfoxidation studies. cmt at 290 nm was determined from the difference in absorbance

We now present evidence for the involvement of vanadium between 1 mm methylphenylsulfide and 1 mM of the corresponding
haloperoxidases as biocatalysts in enantioselective sulfoxidationsulfoxide. This extinction coefficient was used to determine the
reactions. The activities of three different vanadium peroxidases,Concentrat'on of sulfoxide produced. The enantioselectivity and the

- : . ) consumption of HO, were determined independently in a series of 1
the chioroperoxidase from the fung@s inaequalis the bro mL glass vials with sealed caps at 26 containing 100 mM sodium

acetate buffer (pH 5.0), methyl phenyl sulfide (1 mM}C4 (2 mM),

(16) Butler, A.; Clague, M. J.; Meister, G. Ehem. Re. 1994 94, 625 and enzyme (LM). After 1, 3, 6, 12, 22, 24, and 29.5 h the incubations
6g. were quenched, extracted with g, and treated as described, and
an ggrtohm, O.; Di Furia, F.; Modena, Gl Mol. Catal 1982 16, 61~ the enantioselectivity (ee) was determined. Before addition of sulfite,
(18) Nakajima, K.: Kojima, M.; Toriumi, K.: Saito, K.: Fujita, Bull. Chem. 100uL samples_were taken to dete_:rmlne thg(]z{concentratlo_n._ The
Soc. Jpnl1989 62, 760-767. H.O, concentration was measured in an assay system containing ABTS
(19) Mimoun, H.; Mignard, M.; Brechot, P.; SaussifieAm. Chem. Soc. [2,2-azinobis(3-ethylbenzthiazoline-6-sulfonic aéid(l mM) and
1986 108 3711-3718. lactoperoxidase (100 nM) in 100 mM sodium acetate buffer (pH 5.0)
(20) Michaelson, R. C.; Palermo, R. E.; Sharpless, KJBAmM. Chem. 4t 414 nm on a Varian Cary 17 spectrophotometer. The reaction was

S0c.1977, 99, 1990-1992. " . .
(21) Van Deurzen, M. P. J.; Van Rantwijk, F.; Sheldon, RTAtrahedron started by addition of 1@L of sample. Haloperoxidase activity was

1997, 53, 13183-13220.

(22) Colonna, S.; Gaggero, N.; Casella, L.; Carrea, G.; PasfegtPahe- (25) Krenn, B. E.; Izumi, Y.; Yamada, H.; Wever, Biochim. Biophys.
dron: Asymmetry1992 3, 95-106. Acta 1989 998 63—68.

(23) Wever R.; Barnett, P., Hemrika, W. Transition Metals in Microbial (26) Hemrika, W.; Renirie, R.; Dekker: H. L.; Barnett, P.; WeverPRoc.
Metabolism Winkelmann, G., Carrano, C. T., Eds.; Harwood Aca- Natl. Acad. Sci. U.S.AL997, 94, 2145-2149.
demic Publishers: Amsterdam, The Netherlands, 1997; pp-438. (27) Van Schijndel, J. W. P. M.; Vollenbroek, E. G. M.; WeverBchim.

(24) Andersson, M.; Willets, A.; Allenmark, S. Org. Chem1997, 62, Biophys. Actal993 1161, 249-256.

8455-8458. (28) Childs, R. E.; Bardsley, W. @iochem. J1975 145 93-103.
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Table 1. Yield and Enantioselectivity (ee) of the Sulfoxidation of Methyl Phenyl Sulfide by Vanadium Haloperoxidases

pH 5.0 pH 6.2
haloperoxidase sulfide yield (%) ee (%) yield (%) ee (%)

VBPOA. nodosum methyl phenyl 52 83R) 55 85 R

methylp-tolyl 18 82 R) 33 62 R)

methyl 4-methoxy benzene n.d. ) ( n.d. 60 R
VBPOC. pilulifera methyl phenyl 45 309 18 550
rvCPO methyl phenyl 56 racemic 54 racemic
no enzyme methyl phenyl 7 racemic 7 racemic

2Yield is defined as mole of sulfoxide/mole of methyl phenyl sulfide; n.d., not determined.

-
(=]
o

monitored in an assay containing &0 of sample, monochlorodime-
done (50uM), and KBr (100 mM) in 100 mM sodium citrate buffer
(pH 6.0) at 290 nm on a Zeiss spectrophotometer. The reaction was
started by addition of kD, (2 mM).

-
(3]

Results

Experiments on the enzyme-mediated asymmetric oxidation
of organic sulfides were carried out using methyl phenyl sulfide
as a substrate, hydrogen peroxide and three different vanadium

N
]

yield, ee & peroxide conc. (%)
4,
o

haloperoxidases; a VBPO originating from the brown seaweed 0 _
A. nodosum a VBPO isolated from the red seaweéi 0 1_° 20 30
pilulifera, and the r-VCPO from the fung®. inaequalis The Time (hours)

results are presented in Table 1. VBPO frodn nodosum Figure 1. Methyl phenyl sulfide sulfoxidation by VBPO from.
converts the organic sulfide to theR)¢enantiomer of the  nodosumat pH 5. The formation of sulfoxide®) was monitored
sulfoxide under slightly acidic conditions with 52% yield and continuously on an HP diode array spectrophotometer at 290 nm, the
an enantiomeric excess (ee) of 85% after 20 h. In contrast, theS0'Sumption of KO, (a) was determined with the ABTS assay, and

) f th lfoxi the enantioselectivityl) of the sulfoxidation was analyzed with chiral
(S-enantiomer of the sulfoxide was observed to be produced yp ¢ as described in the Experimental Section.
when VBPO fromC. pilulifera was used to oxidize methyl

phenyl sulfide. In this case at more neutral pH the yield gycess. Probably the brown component is responsible for the

decreases, but there is a significant increase in the ee.  (gatively low stereoselectivity of the sulfoxidation catalyzed
When recombinant VCPO was used in the catalyzed oxidation p, some preparations.

of the organic sulfide a racemic mixture resulted. As the affinity

5 _ g - To establish this assumption, we examined the enantioselec-
of VCPO for halides is very high (thK;, value for bromide

; - tivity of three separate sulfoxidation reactions using the fol-
equals 10uM, and that for chloride 0.3 mM,respectively),  |gying enzyme preparations: a highly colored vanadium BPO
this may be explained by formation of HOBr or HOCI, which  renaration obtained after the DEAE column purificafithe
may aspecifically form the racemic sulfoxide. Therefore a game preparation after an additional purification on a Mono Q
halide-free buffer was prepared (Experimental Section) and ¢olumn using a FPLC system (essentially colorless), and an
while using this buffer we still found a racemic mixture (yield g,y me preparation consisting of an equimolar mixture of these
55% at pH 5.0). It is likely that the formation of a racemic o enzyme batches. In each experiment the same amount of
product is an intrinsic characteristic of this enzyme. vanadium BPO was used for the experiments. The colored and
In the absence of enzyme approximately 7% of the methyl ¢o|orless vanadium BPO converted methyl phenyl sulfide in to
phenyl sulfide is converted into a racemic mixture. Vanadate, ipe R)-enantiomer with 32% and 65% ee, respectively, after
which is the prosthetic group of these enzymes, is known to g h."The combined enzyme preparation produced Be (

dissociate from the active site under acidic conditi&h$o enantiomer with an enantiomeric excess of only 33%. Conse-
check whether traces of vanadate are responsible for some ofyyently the sulfoxidation activity of the uncolored vanadium

the observations, the effect of 14M of vanadate on the  BpQ s influenced strongly by the presence of the brown
sulfoxidation reaction was studied. The yield of the sulfoxide component. Colorless enzyme preparations were used for further
was similar to that of the uncatalyzed reaction. studies.

vanadium BPO fronA..nodosumaIthough pure apcording 10 sulfide to the R)-sulfoxide by VBPO fromA. nodosunat pH
SDS gel electrophoresis, showed a much lower yield (40%) and5 o was determined. Three independent experiments were

ee (45%). In particular, highly colored enzyme preparations were simytaneously conducted: the formation of the sulfoxide was
catalytically less efficient. When an additional purification step  mgnitored at 290 nm, the yield and ee were determined by
was incorporated in the isolation procedure of the vanadium yp| c analysis, and the consumption of®4 during the

BPO fromA. nodosur#f following the final DEAE ion-exchange  jncubation was followed by taking samples and measuring the
step using a Mono Q column (a strong anion-exchanger) on a|actoperoxidase-catalyzed oxidation of ABTS at 414 nm. From
FPLC system, the brown component could be removed. This Figyre 1 it can be deduced that the reaction is not completed in
resulted in an uncolored vanadium bromoperoxidase preparationzg h: however, this is not due to substrate depletion or enzyme
which produces the sulfoxides with an increased enantiomeric jnactivation, as the enzyme was found to remain completely

active during the reaction. At the start of the conversion the
(29) De Boer, E.; Van Kooyk, Y.; Tromp, M. G. M.; Plat, H.; Wever, R.  enantioselectivity of the reaction was 56% ee but gradually
Biochim. Biophys. Actd986 869, 48—53. . .
(30) Wever, R.; Plat, H.; De Boer, Biochim. Biophys. Actd985 830, started to increase as the reaction proceeded to 78% ee after 30
181-186. h. We assume that the low ee at the beginning of the reaction
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100 concentration of methyl phenyl sulfide in these experiments
g (data not shown) was increased to 1.5 mM in order to increase
e & the rate of conversion and consequently enlarge the production
T 50 b of the sulfoxide. The yield was determined on a spectropho-
< tometer at 290 nmAe = 0.44 mM1 cm™Y). As the initial
22 hydrogen peroxide concentration was lowered from 2 to 0.25
B 0 mM at pH 5 the selectivity of the enzymatic sulfoxide formation

increased from 75% ee to 91% ee (not shown). The yield was

4 5 6 7 8 . "
observed to decrease under these reaction conditions.

pH

Figure 2. The pH-dependence of the VBPO sulfoxidation activity. Discussion

The yield @) was determined by RPLC analysis, and the selectivity . .
(m) was analyzed with chiral HPLC as described in the Experimental ~ We have demonstrated that vanadium haloperoxidases are

Section. capable of catalyzing the conversion of an organic sulfide to
an organic sulfoxide in the presence of hydrogen peroxide. We
have shown that the vanadium BPO from the red seavzed
pilulifera selectively oxidizes methyl phenyl sulfide to tHg-(
enantiomer which is consistent with the recently reported
selective conversion of aromatic sulfides to ti$-gulfoxides

by the vanadium BPO from the seawe@ officinalis?*
However, the latter did not seem capable of accepting methyl
p-tolyl sulfide, a methyl phenyl sulfide derivative, as a substrate
for the sulfoxidation reaction. In addition, we have established
that the vanadium BPO from the brown seawéedodosum
produces theR)-enantiomer of the sulfoxide and the recom-
binant vanadium CPO originally from the fungGsinaequalis
mediates the formation of a racemic mixture. No sulfones were

were formed with 82% and 78% ee, respectively, at pH 5, produced by the enzymes, which is consistent with previous

24
whereas 64% and 60% ee were found when reactions Weredata_' o
carried out at pH 6 (Table 1). It is not yet clear why VBPO fronC. pilulifera catalyzes

An attempt to determine thén of vanadium BPO for methy/ the formation of the §-enantiomer of the sulfoxide whereas
phenyl sulfide failed as the solubility of this hydrophobic the VBPO fromA. nodosurpromotes the production of the
substrate in water is quite low (1.7 mM). It was established (R-énantiomer and VCPO mediates the synthesis of a racemic
that the initial rate of the sulfoxidation reaction is @8l/h when mixture. The crystal structure of the vanadium CPO has been

0.5 mM sulfide was present at an enzyme concentration of 1 S0lved? but a structure of a vanadium BPO is not yet known;
uM. When 1 mM methyl phenyl sulfide was used the rate of therefore it is not possible to compare the active site of the
reaction increased to 4BVi/h, whereas a conversion rate of 60 €NZYyMes on a structural basis. We expect to be able to compare
#M/hour was found when the sulfide concentration was raised (e structures of the enzymes soon as the vanadium BPO from
to 1.5 mM. From this it can be concluded that #gfor methyl the brown seaweed has been crystallized, and its structure is
phenyl sulfide exceeds 1.5 mM and it is therefore not possible P€ing analyzed at the momett. _

to perform the sulfoxidation reactions under optimal kinetic ~ Previously, it was observed that some vanadium BPO
conditions. preparations fromA. nodosumwere brown after purification,

To increase the solubility of methyl phenyl sulfide the although these preparations were egta}bllshed by gel eleqtro-
addition of cosolvents seemed useful. Therefore the influence Phoresis to be pure. The color was difficult to remove but its
of various organic solvents on the yield and selectivity of the Présence did not interfere with kinetic studies. An additional
catalyzed sulfoxidation reaction was studied. However, the Purification step including a Mono Q column on a FPLC system
addition oftert-butyl alcohol (25%) decreased the selectivity ©€nabled us to separate the unknown brown component from
of the reaction from 83% to 52% ee and the yield dropped to the_enzyme_. We have found that t_he specificity of the sulfo>_<|-
18% after incubation for 20 h at pH 5 (not shown). When 109 dation reaction depends on the purity of the enzyme preparation.
of this cosolvent was added the selectivity was found to be 51% Highly colored preparations give rise to products with relatively
without appreciable effect on the yield as compared to the low enantioselectivity (45% ee), whereas colorless preparations
catalyzed reaction in aqueous buffer. A similar, more dramatic mediate the sulfoxidation reaction yielding the sulfoxide with
negative effect on both yield and selectivity was observed in high selectivity (85% ee). . o
the presence of 25% methanol, ethanol or 2-propanol, where N the studies using colored enzyme preparations an initial
approximately 20% of the sulfoxide was obtained with only rapid decrease in the3, concentration was observed at the
34% ee. The addition of DMF, THF, and DMSO (25%) also beginning of the sulfoxidation reactions, which was not ac-
decreased the yield and selectivity of the reaction. We also c0mpanied by a corresponding decrease in sulfide concentration.
explored the effect of glycerol (25%) on enzymatic sulfoxida- The formation of oxygen bubbles was observed, when the
tion. However the yield (28%) and selectivity (34% ee) were '€action was starte®.Because no halides were present, several
again negatively influenced by the addition of a cosolvent. Only vanadium bromoperoxidase and chloroperoxidase preparations
the presence of high salt concentration (0.1 M${@,) did not were tested for catalase activity activity using a 100 mM sodium

influence the yield and selectivity of the enzymatic production -
(31) Weyand, M.; Hecht, H.-J.; Vilter, H.; Schomburg, Acta Crystallogr

of the sulfoxide. 1096 D2 64865
The selectivity of the catalytic sulfide conversion could be (32 arber, J. M.; de Boer, E.; Garner, C. D.; Hasnain, S. S.; Wever, R.

increased when the 4, concentration was lowered. The Biochemistry1989 28, 7968-7973.

is due to the contribution of the uncatalyzed reaction between
methyl phenyl sulfide and #D,. This reaction is only significant
when both substrates are present in relatively high concentration.

The influence of the pH and the addition of several organic
solvents on the oxidation reaction were studied. Figure 2 shows
that the catalyzed sulfoxidation of methyl phenyl sulfide does
not exhibit a pronounced pH optimum. The highest enantiomeric
excess (80%) is obtained at slightly acidic pH-@ and the
yield is hardly affected by pH.

The pH had a more distinct influence on stereoselectivity
when the conversion of methplttolyl sulfide and 1-methoxy-
4-(methylthio)benzene by vanadium BPO to the corresponding
(R)-sulfoxides at pH 5 and 6 was studied. TIR-Enantiomers
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citrate buffer (pH 5.0), enzyme (@M), H,O, (2 mM), and a under these conditions. The presence of an organic solvent
dioxygen electrode. We found however that the catalase activity increases the solubility of organic compounds in water, conse-
seemed to depend on the enzyme preparation used (data noquently the effect of several solvents, including methanol,
shown). There seems to be a connection between the purity ofethanol, 2-propanotert-butyl alcohol, DMSO, DMF, and THF

the preparation and the catalase activity of the enzyme prepara-on the enzymatic sulfoxide formation was investigated. Previ-
tion, because colored preparations exhibit catalase activity ously, it was established that the presence of 40% methanol,
whereas colorless preparations do not mediate the decompositiorethanol, or 2-propanol does not affect the halogenation activity
of hydrogen peroxide. Vanadium CPO preparations also did not of the vanadium haloperoxidases. Surprisingly, the presence of
show catalase activity. Therefore we conclude that the dispro- 25% of these and other cosolvents was observed to reduce both
portionation of hydrogen peroxide is not an intrinsic charac- the yield and enantioselectivity of the enzymatic sulfoxidation
teristic of these enzymes, which is in line with studies conducted reaction considerably.

by Everett and Butle?? Attempts are now being made toisolate  Recently three Schiff-base vanadium(V) peroxocomplexes
the brown component and identify it by mass spectroscopy. We pave been synthesized which are capable of mediating selective
believe that, since the bromoperoxidases are isolated fromgyifoxidation reactions with relatively high selectivity (78%
seaweed, the component presents a polyphenolic structure. Age)3s Earlier investigations already reported selective conver-
of yet we do not know where this compound binds or how it sions of methyl phenyl sulfide with 70% ee catalyzed by similar
affects the sulfoxidation and/or catalase activity of the enzyme, gchiff-hase ligated vanadium(V) peroxocomple®3he va-
but it may bind near the active site and obstruct the selective nagiym haloperoxidases are more versatile since ee values of
conversion of organic sulfides. _ 91% can be reached. That bromoperoxidases catalyze sulfoxi-
In contrast to the steep pH optimum at pH 6.5 for the gation reactions in an enantioselective manner confirms the work
enzymatic bromide oxujano??,the sulfoxidation activity of the. _ of Tschirret-Guth and Butléithat the bromoperoxidases have
vanadium bromoperoxidase from the brown seaweed exhibits 5 gpecific binding site for organic substrates at or near the active
a rather broad pH-profile over the range of pH 4 to 8, which i gjie \we assume, however, that this selective sulfoxidation
consistent with the results of recent investigations by Allenmark  reaction does not proceed via the formation of the highly reactive
et al?* There is no distinct pH optimum for the conversion of  ,y,0halous acid, which stays bound to the vanadium and then
methyl phenyl sulfide although the selectivity of the reaction igizes the organic sulfide in a selective manner induced by
was found to have an optimum with an ee of approximately he environment of the active site. First, halides are not present
80% between pH 5 and 6. Similar specificity was found for the y,ing the incubation and, second, the presence of bromide
catalyzt:eoll iylf%mdatlon of methptk)tolyl Z“'f'de and 1-met.kfl.o?<y- completely canceled the selectivity of the reaction. We believe
4-(methylt '0)0 enzene at pH 5, but a decrease in SpecifiCity Was i, 4 the reaction proceeds via a direct oxygen-transfer step from
observed (60% ee) at pH 6. Further studies were therefore o peroxo-coordinated enzyme intermediate the organic

conqlucted atpH 5. . . o _ sulfide present in the active site of the vanadium enzyme. This
Itis clear that the enantioselective sulfoxidation is arelatively ;s gimilar to what has been proposed for the vanadium

's:l_ow p;ocess requmngl sefv erﬁl h_gu;s f;)r (;omplet|on. fF7r§(r)n peroxocomplexes, which catalyze the oxidation of sulfides to
igure 1 a turnover (mole of sulfoxide/mole of enzyme) o sulfoxides via a two-electron direct oxygen transfer pathtfay.

can be calculated. Turnovers of 57 and 29 were found for At th t att i bei de to furth timi

lactoperoxidase and horseradish peroxidase, respectively, whereat% Ie Tomenlfa _3th S are t(_emg mate] 0 c;"b erop |g}|ze

a turnover of 6.3x 10* was determined for heme chloroper- € selectve sulloxidation reactions catalyzed by vanadium
haloperoxidases. We now examine the possibility of creating

oxidase fromC. fumago?23+ 36 For heme peroxidases it is also ; ; _ e .
well documented that the oxygen-transfer reactions are slow enantioselective vanadium enzymes by site-directed mutagenesis
of the VCPO.

processe&t3¢ However, these enzymes are inactivated b@H
during catalysig2 whereas the activity of VBPO is not affected
as we have found also in this study. It is therefore possible to h
calculate a lower-limit of a turnover frequency from our data. b
A value of 1 mirr! is found for the vanadium BPO fromA.
nodosumThis is slow compared to the brominating activity of
this enzyme (1667¢).37

Attempts have been made to establish Keof vanadium
BPO for methyl phenyl sulfide at pH 5, however the solubility
of organic sulfides in aqueous buffers is low and it was therefore
impossible to use higher concentrations than 1.5 mM of sulfide

Acknowledgment. The authors thank Hester van Lingen for
er help in the experimental work. This work was supported
y the BioCentrum and the Innovation Oriented Research
Programs Catalysis (IOP Catalysis). We also received financial
support from The Netherlands Organization for Scientific
Research (NWO), The Netherlands Organization for Chemical
Research (SON), and The Netherlands Technology Foundation
(STW). This work has been performed under the auspices of
NIOK, The Netherlands Institute for Catalysis Research,
Laboratory Report No. 98-1-01.

(33) Everett R. R.; Butler Alnorg. Chem.1989 28, 393—-395. 1C9806075

(34) Colonna, S.; Gaggero, N.; Richelmi, C.; Carrea, G.; Past&aR.
Chim. Ital. 1995 125 479-482.

(35) Colonna, S.; Gaggero, N.; Carrea, G.; Pastd, Bhem. Soc., Chem. (38) Vetter, A. H.; Berkessel, ATetrahedron Lett1998 39, 1741-1744.

Communl1992 357—358. (39) Bolm, C.; Bienewald, FAngew. Chem., Int. Ed. Endl995 34, 2640~
(36) Colonna, S.; Gaggero, N.; Manfredi, Biochemistry199Q 29, 2642.
10465-10468. (40) Ballistreri, F. P.; Tomaselli, G. A.; Toscano, R. M.; Conte, V.; Di

(37) De Boer, E.; Wever, Rl. Biol. Chem.1988 263 12326-12332. Furia, F.J. Am. Chem. S0d.99], 113 6209-6212.





