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VOORWOORD

Het is een goed gebruik om een proefschrift te beginnen met een woord van
dank aan allen die, op wat voor wijze dan ook, een bijdrage hebben geleverd aan
de totstandkoming ervan. Een aantal mensen wil ik hierbij in het bijzonder
noemen.

Allereerst mijn ouders, die hun beide Kinderen in staat stelden de studie
van hun voorkeur te volgen.

Anne-Marie, jij was steeds een goed klankbord; jouw begrip en interesse
waren een onmisbare steun voor mij.

Prof. dr. H.C. van der Plas was niet alleen initfator van het hier
heschreven onderzoek maar was tijdens de hele promotiepericde een enthousiaste
coach.

Colja Laane maakte mij vertrouwd met bio-elektrochemie en omgekeerde
micellen. Zijn optimisme en nuttige suggesties waren zeer stimulerend.

Het onderzoek werd uitgevoerd in samenwerking met prof. dr. E.M. Meijer,
dr. H.E. Schoemaker en W. Boesten {DSM) en dr. R. Wever, drs. E. de Boer en
drs. B.E. Krenn (vakgroep Biochemie, Universiteit van Amsterdam). Emmo, Hans,
Willy, Ron, Eize en Bea, ik dank jullie hartelijk voor de vele vruchtbare
discussies die wij samen hadden. Ron en Eize ben ik zeer erkentelijk voor het
ter beschikking stellen van broomperoxidase en kweekmedium van C¢. fumagoe. 1k
dank de Naamloze Venncotschap DSM, Heerlen, voor financiéle ondersteuning van
het onderzoek.
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Kilsdonk, Jan-Dirk Jansma, Jean-Paul Vincken, Joop Stoots, Henry Kamphuis, Ward
Mosmuller, John Weijnen en Axel Berg, bedankt voor jullie inzet. Een groot deel
van de experimenten in Hoofdstuk 3 werden uitgevoerd door Wouter Pronk en Ab
Weijland tijdens hun doktoraalstage Biochemie.

In het kader van een WVM-projekt verrichtte Guus van Boven gedurende 1
jaar onderzoek aan chloorperoxidase. Een deel van zijn resultaten is verwerkt
in deze dissertatie.

Mijn naaste collega's Han Naeff, Johan De Meester en Steven Angelino dank
ik voor de leerzame discussies die we hadden, en voor hun vriendschap.

Ik dank Riet Hilhorst {vakgroep Biochemie, LUW) en Adriaan Fuchs (vakgroep
Fytopathologie, LUW) wvoor het kritisch doornemen van gedeelten van het
manuscript.
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STELLINGEN

1 In tegenstelling tot wat vazk beweerd wordt, is het mechanisme van de
halogenering door het chloorperoxidase uit Caldariomyces fumago nog steeds
niet met zekerheid bekend.

Dit proefechrift, hoofdstuk 2 en heofdstuk 9

2 De beschouwingen van Itoh e al. over de produktvorming bij de halegenering
van purines en pyrimidines door chloor- en broomperoxidase zijn ernstig aan
bedenkingen onderhavig.

N. Itoh, Y. Tzumi en H. Yamada, Biochemistry 26 (1987), 282

3 Holloway et al. geven geen overtuigend bewijs voor de onbruikbaarheid van
4-methylmorfoline-4-oxide ten behpeve van de niet-destruktieve extraktie
van arabinoxylanen uit plantecelwanden.

W.D. Holloway, J. Lelievre en E.L. Richards, Carbohydrate Res. 143 {1985},
271

A.G.J. Voragen, H.A. Schols, J. Marijs, F.M. Rombouts en 5.A.G.F. Angelino,
J. Inst. Brew. 93 {1987), 202

4 De veelal onjuiste interpretatie der GC/MS-gegevens van enkele aromastoffen
in muskaatdruiven toont aan dat het werk van Lamikanra nog onvoldoende
gerijpt is.

0. Lamikanra, Food Chem. 19 (1986), 299

5 Cambou en Klibanov verklaren onvoldoende waarom het lipase uit candida
eylindracea geen stereoselektiviteit vertoont bij de hydrolyse van de
methylester van 2-chloorpropionzuur en wel bij die van de octylester.

B. Cambou en A.M. Klibanov, Appl. Biochem. and Biotechnol. 9 {1984}, 255
6 Het is zeer merkwaardig dat Bednarski et al. in hun publikatie over

immobilisatie van enzymen in ¢en dialysezakje geheel voorbijgaan aan het
vele werk dat aan holle vezel membraanreaktoren is verricht.

M.D. Bednarski, H.K. Chenauylt, E.S. Simon en G.M. Whitesides,
g« Am. Chem. Soe. 109 (1987), 1283

7 Uit de experimentele gegevens van Matsudomi et ail. is niet duidelijk op te
maken dat er bij de deamidering van gluten met chymotrypsine bjj pH 10.0
weinig splitsing van eiwitketens optreedt.

N. Matsudomi, A. Tanaka, A. Katc en K. Kobayashi, 4dgrie. Biol. Chem. 50
(1986), 1989 -
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Het valt te betreuren dat Schultz en Messmer bij het beantwoorden van de
vraag “Are There w-Bonds in Benzene?", de in de samenvatting van hun
artikel verwoorde beperking niet veel duidelijker laten doorklinken in de
feitelijke tekst.

P.A. Schultz en R.P. Messmer, Phys. Rev. Leti. 58 (1987), 2416

9 De veronderstelling van Nishitani et al. dat de chinonprotaonen van hun
P4Q4Q’ -systeem boven de porphyrinering 1iggen is niet gerechtvaardigd.
S. Nishitani, N. Kurata, Y. Sakata en S. Misumi, J. Am. Chem. Soe. 105
{1983), 7771

10 Vermoedelijk heeft de in 1976 in Midden-Limburg waargenomen Syngrapha
interrogationis L. (Lepidoptera, Noctuidae) een andere herkomst dan de
overige in Nederland gesignaleerde exemplaren van deze soort.

M. Franssen, Ent. Ber. (Amst.) 40 {1980}, 161

11 De agrarische sektor wordt in de fiscale wet- en regelgeving op
onmiskenbare wijze bevoordeeld ten opzichte van de rest van het
bedrijfslieven.

12 Vooral gezien het feit dat steeds meer wetenschappelijke tijdschriften
eisen dat ingediende manuscripten "camera ready" moeten zijn, is het
dringend gewenst dat de voorschriften voor auteurs bij deze tijdschriften
gelijkluidend worden.

M.C.R. Franssen Wageningen, 9 oktober 1987

Studies on the use of haloperoxidases in organic synthesis.




Biotechnologische studies gaan vaak samen met lastige analyses. Daarom ben
ik veel dank verschuldigd aan Pim Melger en Gerrit Lelyveld {chromatografie},
Cees Landheer en Kees Teunis (massaspectrometrie), Bep van Veldhuizen en Herman
Holterman (NMR} en Hugo Jongejan (element analyse). Verder stelde dr. Maarten
A. Posthumus zijn kostbare GC/MS apparatuur genereus ter beschikking voor
talrijke analyses.

Het strenge schoonmaakregime wvan Hanny BShmer zorgde voor orde in de
werkruimtes.

Almost 1last, but definitely not least, dank aan de mensen die direkt
betrokken waren bij tekst en lay-out van het proefschift. Chris Rasmussen
bracht als "linguistic adviser" de nodige correcties aan. Marieke Bosman wees
mij de weg op het glibberige pad van de tekstverwerking en Fieke Wien verzorgde
een deel van.het typewerk en de uitdraai van het manuscript. Jurrie Menkman
vervaardigde op snelle en vakkundige wijze de tekeningen.

Voorts dank ik iedereen van de vakgroepen Organische Chemie en Biochemie
voor hun hulpvaardigheid, belangstelling en bijdrage aan de prettige sfeer
(A! SDIMWADT, THKKKNLW).
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1 INTRODUCTION

1.1 ENZYMES IN ORGANIC SYNTHESIS

Enzymes are the universally occurring catalysts responsible for many
chemical reactions in 1living systems. Their remarkable specificity has
intrigued mankind for a Tong time: enzymes are able to react at only one site
of a molecule (regiospecific) and are able to distinguish between molecules
that differ in their threedimensional structure (stereospecific) giving pure
products in very high yield. These properties make them unique compared to
chemical catalysts, which sometimes have a high specificity but in general do
not give 100% of one isomer but a mixture of wanted and unwanted products. Due
to these properties there is a growing interest in the use of enzymes in
arganic synthesis [see refs. 1-4 for reviewsl. In our labaoratory this subject
is under study since 1975. Free and immobilized xanthine oxidase and xanthine
dehydrogenase have been used for the regiospecific hydroxylation of alkyl- and
arylipteridinones [5-9] and free and immobilized aldehyde oxidase for the regio-
specific hydroxylation of alkyl- and arylpyridinium halides [10,11], alkyl- and
arylguinolinium chlorides [12] and N-alkylpyrimidinones [13]. Another subject
in our group is the inhibition of milk xanthine oxidase by substituted hypoxan-
thines and pteridinones [14].

Besides the incorporation of hydroxyl groups, which 1is accomplished by
above-mentioned oxidases, the introduction of halogen atoms into organic
compounds is an interesting topic as well, because i)} introduction of halogen
atoms 1in organic compounds frequently vresults in enhanced physiological
activity [15] and ii) halogen atoms can easily be replaced by nucleophilic
substitution which makes halcgenated compounds useful intermediates in organic
synthesis. The subject of this thesis is the enzymatic halogenation of organic
molecules; the enzymes used are called haloperoxidases.

1.2 IMMOBILIZED ENZYMES

Although enzymes can be very useful in organic synthesis, they also have
some disadvantages: i) most of them are expensive, so recovery of the biocata-
lysts 1is needed for an economic processl; if) soluble enzymes are rather
labile, Tlesing their activity due to autooxidation, self-digestion and



denaturation by the solvent or sclutes; water-miscible organic solvents in
particular are harmful to enzymes. Some of these problems can be overcome by
immobilization of the enzyme. This technique involves the confinement of the
enzyme to a restricted area from which it cannot leave hut where it remains
catalytically active [see for some recent reviews refs. 17-21].
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Figure 1.1 Modee of immobilization and sehematic representation of immobilized

enaymes [adapted from 22].

Four different immobilization techniques can be distinguished [20, modified]

(see Fig. 1.1):

a) covalent attachment: an amino, thiol, hydroxyl or carboxyl group of the
enzyme is covalently linked to active groups present on the surface of the
solid support. This method leads to tightly bound enzymes, but some inactiv-
ation generally occurs.

b) adsorption: the enzyme is bound non-covalently to the support using Van der
Waals forces, dipolar interactions, hydrophobic forces, hydrogen bonds or
jonic {Coulomb) forces. In general, this is a mild procedure but the bonding
is much weaker than in case a).

c) crosslinking: the enzyme molecules are crosslinked to form an insoluble
polymer. The reaction is carried out under rather harsh conditions and the
method is not often used.

d) entrapment {or encapsulation): the enzyme is physically or chemically locked

l However, in some cases$ the costs of the biocatalyst are so
low that reuse is not strictly needed [16].



in a structure from which it cannot leave; interactions of the enzyme with
the matrix are of minor importance. Substrates and products can diffuse in
and out the wmatrix more or less freely, but the enzyme can not. Well-knawn
methods are entrapment of whole cells and enzymes in a polymer (a very mild
procedure} and polymerization of monomers in the presence of the enzyme.
Dther systems in which the enzyme is confined to a restricted area are
reversed micelles (see 1.3 and fig. 1.2), vesicles and hollow fibers;
incorporation of enzymes in these is called entrapment as well.

Thus, various methods are available to the organic chemist wishing to work
with immobilized enzymes. However, no general guidelines can be given as to
which method is best for a particular enzyme or reaction: this remains a matter
of trial and error. Furthermore, the demands set by the system under study will
always dictate the choice of the approach [18].

1.3 REVERSED MICELLES

It has been known for a long time that water/oil/detergent mixtures of
certain compositions give transparent sclutions in which the oil is the
continuous phase. A model for this system was proposed for the first time in
1943 [23]. The model consists of "oleopathic hydro-micelles", nowadays called
reversed micelles: tiny water droplets (their diameter is 6-40 nm {24])
embedded 1in an water-immiscible organic solvent ({e.g. octane, toluene},
stabilized by a surfactant and, when necessary, a cosurfactant (see Fig. 1.2).
The water entrapped in these micelles has several chemical and physical
properties that deviate from "normal" water, such as restricted molecular
motion, decreased hydrogen bonding, increased viscosity and depressed freezing
point [25,26]. The effect is most pronounced at low water content; on adding
more water to the system the values return to normal. The transfer of material
from one micelle to another occurs by means of collisions and is an extremely
fast process [27].

It was found in 1974 that it 1s possible to entrap enzymes in the water
pools of these micelles [25], and a Tot of enzymes were proved to be active
under these conditions [see refs. 28 and 29 for reviews]. Remarkably, enzyme
activity 1is usually enhanced [30-32]. In some cases their specificity is
changed [33,34], or their temperature stability {s enhanced [35]. Most
important however is the fact that in these systems compounds which are




sparingly soluble in water, such as steroids [36,37], can be converted in much
higher rates than would have been possible in aqueous media. Thus, reversed
micelles are a useful extension of the methodelogy currently used by the
aorganic chemists and biochemists.
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Figure 1.2 Model for an enayme in a reversed micella.

1.4 HALOPEROXIDASES

Haloperoxidases are enzymes which are capable of halogenating a variety of
organic compounds using hydrogen peroxide and halide jons as substrates. The
general overall reaction is given below:

AH + Hplp + HY + X7 —————3 AX + 2Hy0

AH
AX

18

organic substrate; X = chloride, bromide or iodide ion;
halogenated product.

The enzymes are called chloro-, bromo-, or iodoperoxidases, dependent on the
smallest halide ion they can oxidize. For excellent reviews see Hewsaon and
Hager [38], or, more recently, Neidleman and Geigert [15].

Some thirty years ago haloperoxidases were thought to be unique enzymes:
their halogenating capacities were unusual and they were considered to be rare.
Nowadays, haloperoxidases are known from almost 100 sources, including mammals,



birds, plants, algae, molds and bacteria, clearly showing that these enzymes
are widely occurring. The best known enzymes are mentioned in Table l.1.

Table 1.1 Liet of some well-characterised halopevoxidases. See for reviews
[55] and [15].

name source reference
chloroperoxidases
chloroperoxidase Caldariomyces fumago (mold) 39
myeloperoxidase white blood cells (neutrophils) 40-42
eosinophil peroxidase white blood cells (eosinophils) 42-44
bromoperoxidases
lactoperoxidase milk, saliva, tears 45
ovoperoxidase sea urchin egqgs 45
bromoperoxidase red, green, brown algae 15,47
bromoperoxidase bacteria: Pseudomonas aureofaciens 48
Pseudomonas pyrrocinia 49
Streptomyces phaeochromogenes 50

iodoperoxidases

thyroid peroxidase thyroid gland (mammals and birds) 51,52
horseradish peroxidase horseradish root 53,54
iodoperoxidase brown algae 48

Haloperoxidases are, however, still unique in the reaction they carry out
and not much is known about the reaction mechanism. The enzymes can be divided
into the heme- and non-heme haloperoxidases. The heme enzymes contain protopor-
phyrin IX as prosthetic group. Scheme 1.1 shows the reaction sequence in
simptified ferm. 1In the first step hydrogen peroxide is bound by means of
Tigation to the iron ion and hydrogen bonding to certain amino acid residues of
the protein backbone [56]; the iron fon and the heme group are oxidized with
sTmultaneous cleavage of the hydrogen peroxide molecule. Then a halide ion
binds with subsequent reduction of the iron ion and the heme group, after which
the arganic substrate is halogenated. This topic is discussed in more detafl in
chapter 2. Examples of non-heme haloperoxidases are a lactoperoxidase [57], an



algal bromoperoxidase [47] and a bacterial chloroperoxidase [58]; their
prosthetic group is not yet known. Vanadium ion has been shown to be the
prosthetic group of the bromoperoxidases from the brown alga Ascophyllum
nodoswum [59,60], and six other brown algae [61]. It was suggested that the
occurrence of vanadium is a common feature of the bromoperoxidases of brown
algae. Unfortunately, nothing is known about the reaction mechanism of these
enzymes up to now. In the native enzyme vanadium is in the vo+ state, so
oxidation by hydrogen peroxide,as in the heme-enzymes is impossible. Hydrogen
peroxide may be bound to the vanadium as a Tigand [60,61] but the subsequent
steps in catalysis remain unclear.

029

zzj’ Fa =) poun:

: Hz0
native enzyme

l H® x©, A—H

Enz + A=X + H.D

native enzyme

Sehemz 1.1 The reaction mechanism of heme-containing haloperoxidases. The
protein part of the enayme is represented as ENZ, the heme group is
depicted as Fe®" (2 = 3 on 4) in the center of anm ellipse, for
reagons of clarity. In Compound I, the iron atom has a 4+ oxidation
state and the porphyrin ring is cxidized to a radical eationmic
species. X = Cl, Br or I; A-H = organic subsirate; A-X = halogena-
ted product.

The natural function of these enzymes is not yet known, but they seem to
be involved in the defence mechanism of their hosts; it is known that a lot of
halogen-cantaining compounds are physioclogically more active than their non-
halogenated counterparts [15]. Halometabolites have the same broad occurrence
as the haloperoxidases [15,62-641 but are especially abundant in sea organisms
[65,66] in which they sometimes make up 20% of the dry weight [15]. Some algae
produce halometabolites which make them uneatable to predators. However, some
sea hares (4plysia) prefer these algae as their food and become unedible




themselves [66]. The only halometabelites that have been found in mammalian

tissues are iodotyrosine and derivatives thereof which are formed by the action
of thyroid peroxidase [67]. The other mammalian haloperoxidases act in a
different way. It has been found that the white blood cell enzymes myeloperoxi-
dase and eosinophil peroxidase produce HOC1 and 102 [68,69], both reactive
compounds poisonous to micreorganisms. Lactoperoxidase produces HOBr and
oxidizes thiocyanate (SCN™) to the antimicrobial agent hypothiocyanate (OSCN™)
[70]. In short, haloperoxidases play a more important role in nature than
thought in the past.

It is not surprising that industrial interest in these remarkable enzymes
has developed. Four patents have appeared thus far, submitted by Cetus Corpor-
ation and Standard 0i1 Company of California. In these patents several free and
immobilized haloperoxidases were used for the production of diodine [71] or
epoxides [72-74], namely chloroperoxidase (Caldariomyces fumago), ‘"seaweed
peroxidase" (Corallina ep. and Laurencia pacifica), bovine Tlactoperoxidase,
thyroid peroxidase, myeloperoxidase and horseradish peroxidase. The hydrogen
peroxide necessary as second substrate was produced by glucose oxidase,
methanol oxidase or, preferably, glucose-2-oxidase. The process with the latter
enzyme is depicted in Scheme 1.2. The haloperoxidases convert alkenes to
halohydrins, which are in turn converted to epoxides by a halchydrin epoxidase
from Flavobacterium sp. The final products are fructose and epoxides. Although
it has been reported that the process was economically feasible [75] it has up
to now not reached pilot plant scale which is in part due to the decreased
price of fructose on the world market [76].

FRUCTOSE

P

O-GLUCOSE » 0, Jdlurese ZOrldase p g icacoNe + H,0,

U

ALKENE + Hy0, « 0 holoperoxidase ~ ,icene chLDROHYORIN
halchydrin
epoy idese

EPOXIDE

Scheme 1.2 The Cetus process in which glucose and alkenes fe.g.

ethene or propene) are comverted to fructogse and alkene

epoxides, respectively.



The haloperoxidases which are studied in this thesis will now be discussed
in more detail.

1.4.1 Chloroperoxidase (Caldariomyces fumago)

In 1940 Clutterbuck and coworkers [77] studied the halogenating capacities
of 139 mold species or strains. Five of these converted more than 25% of the
chloride ions in the growth medium into organic chloro compounds. An organic
metabolite named caldariomycin (1, see Scheme 1.3} was isolated and character-
ized from one of the wmolds, Caldariomyees fumago Woronichin. The biosynthesis
of 1 was thought to occur [78] via B-keto adipic acid (2)2, and the search
started for the enzyme responsible for the chlorination of this compound. In
1959 an dimpure "g-keto adipate chlorinase" was isolated from acetone-dried
mycelium [80) and in the same year it was recognized that hydrogen peroxide
could replace certain cell components in the enzyme assay [81]. Thus, the
enzyme is peroxidative in nature and the name chloroperoxidase was proposed
[81]. The enzyme was purified [39,82,83] and finally crystallized [84].
Chloroperoxidase appears to be a complex mixture of isoenzymes due to
differences in charge [85,86] and microheterogeneity in the carbohydrate part
of the enzyme [87]. The enzyme is now commercially available ($igma Chem. Co.)
and techniques have been developed for large-scale production using ¢. fumago
mycelium immobilized in k-carrageenan [88]. The fsolation is facilitated by the
fact that the mold excretes the enzyme into the medium during its final stages
of growth [84].

a HG H
I postulated provad
HOUC-—CHZCH;_—C—CHIEOOH —_— E A —— — Ja} 0
biosynthesis ﬁ*‘ "'-DH biosynthesis

2 chioroperoxidase Cl

1

0
|
HOOC—CH, cHz—é—cnzcl

Seheme 1.3 Biosynthesis of ealdariomycin (1) and reaction of g-keto adipic
actid (3} with chloroperoxidase.

Zproved to be incorrect, [79].



Chloroperoxidase has a molecular weight of 42,000. The amino acid composi-
tion shows relatively large amounts of serine and proline. In particular a Tot
of aspartic and glutamic acid residues are present [B4], which is reflected by
the Tow isoelectric point of the enzyme {+ 3.7) [85]. Chloroperoxidase contains
one mol of ferriprotoporphyrin IX per mol of enzyme in which the iron {(III} ion
is hexacoordinated. The porphyrin moiety stands for four ligands and there is
growing evidence that the fifth l1igand is a cysteine residue from the protein
[89-96]. The sixth iron ligand is most probably a carboxyl group of the protein
backbone, as was concluded from pH- [97,98] and NMR studies [99] and oxidation-
reduction potential measurements [100]. The enzyme is only active when this
carboxyl group is protonated, allowing the approach of hydrogen peroxide and
other ligands [97,101]. Halide icns can bind to the iron instead of hydrogen
peroxide, leading to reversible inactivation of the enzyme. At pH > 7.2 chloro-
peroxidase is irreversibly inactivated [100] because a histidine residue is
deprotonated and binds to the ifron ion [102,103]. Unfortunately, the three-
dimensional structure of the enzyme is still not known, although some prelimin-
ary data concerning the X-ray structure have been published [104].

Chloroperoxidase is able to carry out three different reactions:

a) The chlorination, bromination or iodination of electron-rich organic com-
pounds as mentioned earlfer. The reaction occurs between pH 1.5 and 4.2,
being optimal at pH 2.7. The Kys for hydrogen peroxide, chloride and bromide
ion at pH 2.7 are respectively 350 yM, 2.0 mM and 0.1 mM [105]. The enzyme
does not oxidize fluoride ions because its oxidation potential is not high
enough to do so; in fact, fluoride is an inhibitor of the enzyme.

b) The oxidation of electron-rich compounds according to the equation

BHy + HoQp ——— B + 2 H,0
2 2vz 2

The reaction occurs between pH 4 and 7 and is optimal at pH 4.5.
¢) The decomposition of hydrogen peroxide (catalase-reaction):

2 Hy0p —— 2 Hy0 + 0
This reaction occurs in a very broad pH range.
Chloroperoxidase is an enzyme with a very broad substrate specificity;

some of its reactions are depicted in Scheme 1.4. The reader is referred to
Neidleman [15] for a more complete list.
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Scheme 1.4 Some reactions catalyzed by the chlovoperoxidase from Caldariomyces
fumago. Reaction yields are only given when clearly stated in the

reference cited.
1.4.2 Bromoperoxidase (Ascophyllum nodosum)

The bromoperoxidase from Ascophyllum nodosum was detected and purified
recently by a German [59] and a Dutch group [119]. This glycoenzyme has a
dimeric structure consisting of two subunits with molecular weights of 45,000.
Maximal brominating activity is achieved between pH 4.5 and 6.5, dependent on
the concentration of hydrogen peroxide and bromide ions present [119]. The K,
for hydragen peroxide is 0.03-3.0 mM, dependent on pH and Towest at high pH.
The Ky for bromide is 12.7 mM, independent of pH [119]. This bromoperoxidase is
not inhibited by hydrogen peroxide or cyanide, in contrast to chloroperoxidase.
Its prosthetic group is one vanadium (V} ion per enzyme molecule [6G]. A
remarkable feature of the enzyme is 1its great stability towards elevated
temperatures and organic solvents on storage [120] as well as under turnaver
conditions [119]. Bromoperoxidase has been used for the bromination of mono-
chlorodimedon [119] and phenol red [120] {see Scheme 1.5).
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Seheme 1.5 Reactions catalysed by the bromoperoxidase from Ascophyllum
nodosum.

1.5 OUTLINE OF THIS THESIS

The enzymatic halogenation of heterocyclic compounds has hardly been
documented so far. The aim of this study is to extend the applicability of
haloperoxidases in the field of synthetic heterocyclic chemistry.

Chapters 2 deals with the synthesis of chlorinated barbituric acids by
soluble chloroperoxidase from C. fumage, the kinetics of the reactions and
their implications for the reaction mechanism of the enzyme.

The electro-enzymatic -synthesis of 5-chlorobarbituric acid by means of
electricity and chloroperoxidase entrapped in a hollow fiber reactor is
described in Chapter 3.

In Chapter 4 the reaction of chloroperoxidase with other heterocyclic
compounds like pyrazoles and pyridine derivatives is discussed,

The bromination of barbituric acid and some of its derivatives by the
bromoperoxidase from Ascophylium nodosum is presented in Chapter 5.

A study on the activity of chloroperoxidase when confined to a restricted
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area is described in Chapter 6 and 7. In Chapter 6 the enzyme is entrapped in
an organic solvent by means of reversed micelles, and in Chapter 7 the enzyme
is immobilized on various solid supports.

The natural function of chloroperoxidase is the subject of Chapter 8, in
which some new halometabolites from Caldariomyces fumzgo are presented.

A general discussion on the contents of this thesis and some miscellaneous
results are given in Chapter 9.
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2 THE CHLORINATION OF BARBITURIC ACID AND SOME OF ITS DERIVATIVES BY
CHLOROPEROXIDASE*

2.1 INTRODUCTION

Chloroperoxidase from Caldariomyces fumage (EC 1.11.1.10, chloride:
hydrogen-peroxide oxidoreductase) is a widely studied enzyme capable of
halogenating a variety of organic compounds by means of hydrogen peroxide and
chloride, bromide, or ijodide ions. Examples are p-dicarbonyl species such as
monochlorodimedon [1,2], alkenes [3-5] cyclopropanes [6] and the heterocycles
thiazole [7], antipyrine [8] and NADH [9].

The reaction mechanism of the enzyme is still a matter of controversy.
There is some evidence that a complex is formed involving an oxidized form of
the enzyme, a halide ion, and the organic substrate [10,111. Other results
imply that the bhalogenation is performed by an enzyme-made hypohalous acid
[12,13]. A third mechanism was published recently involving hypohalous acid or
elemental halogens and radical intermediates [14].

Due to our continuing interest into the chemistry of heterocycles and the
use of (immcbilized) enzymes in organic syntheses [15] we investigated the
potential application of chloroperoxidase {CPO) in heterocyclic chemistry. In
this paper, we wish to present the results on the CPD-mediated halogenation of
barbituric acid and some of its derivatives. Moreover, we want to report on our
studies concerning the kinetics of these halogenation reactions and on their
implications for the enzymatic reaction mechanism. Part of this work has
already been published as a preliminary communication [16].

2.2 MATERIALS AND METHODS

General

Chloroperoxidase (the crude type) from Caldariomyces fumzgo was obtained
from Sigma Chemicel Company or was a gift from E. de Boer and Dr. R. Wever from
the Laboratory of Biochemistry, University of Amsterdam, The Netherlands. The
specific activity of the enzyme was 400-600 1mol monochlorodimedon(MCD)}.mg

* Adapted from: M.C.R. Franssen and H.C. van der Plas, Bioorg. Chem. 15
(1987), 59-70.
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1 1

protein t.min *, depending on the batch used. Protein concentrations were
determined by the Lowry method [17] using bovine serum albumin as standard.
Menochlorodimedon was also purchased from Sigma. 1,3-Dimethylbarbituric acid
was obtained from Fluka and the other substituted barbituric aclds were syn—
thesized from the corresponding malonic ester and urea derivatives according to
the procedure of Dickey and Gray {[18}. 5-Chlorobarbituric acid and 5,5-di-
chlorobarbituric acld were obtalned by means of Bock's method [19]. Sodium
hypochlorite solution was purchased from Jamssen Chimica and was assayed by
Injecting an approprlate amount im 0.1 mM MCD pH 2.7. The difference in Ay;g is
proportional to the hypochlorite concentration, using Ae=12,200 M leal. ALl
chemicals were of the highest commercial grade.

UV-spectra and kinetic measurements were performed on an Aminco—Chance DW-
2 split-beam spectrophotometer. Mass spectra were recorded on an AELI MS 902
instrument or a VG-Micromass 7070 F apparatus (direct probe mode}. Circular
dichroism spectra were run on a Jobin-Yvon Auto-Dichrograph Mark V. HPLC-
analysis was carried out on a Varian 5000 instrument (see below for experimen—
tal details).

HPLC-measurements

The reaction of CPO with barbituric acid and its derivatives could be
monitored by HPLC using reversed phase - 1lon pair-chromatography. The sta-
tionary phase was a Spherisorb-S 10 0DS column. The mobile phase was a mixture
of 20% methanol and 80% water containing 10 oM potasslium phosphate and 5 mM
nonyltrimethylammonium bromide pH 7.3 (28% methanol for le). The eluent flow
was 1.0 ml/min. An aliquot of the enzymatic reaction was taken and directly
injected into the chromatograph. The barbituric aclds were detected by means of
their UV-absorption at 2653 nm {245 nm for Ic).

Rinetie measurements

Specific activities of the enzyme were determined under the standard assay
conditions [2]: 100 mM H3PO,/KOH pH 2.7, 20 M KC1, 0.24 mf Hy05, 0.1 M MCD,
25°C. To 2.5 ml of this solution was added 100-150 ng CPO and the absorption at
278 um was followed, using A4e=12,200 M l.cn™l. These conditions were also
applied in all other kinetic measurements and in the experiments where there
was no need for isolation of the product; for the compounds la-¢ 0.48 mf Hy0,
was used. All determinations were carried out in triplicate. The following
~1

molar absorption coefficients (ag, M -cm_l) were used at pH 2.7: 5-chloro-

barbituric acid (13,800 at 268 am), S5-phenylbarbituric acid (15,800 at 267 nm).
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Cireular dichroism (CD)

2,44 ml of a solution of 50 uM l-methyl-5-phenylbarbituric acid in 0.1 M
H3E0&/KOH pi 2.7 containing 20 mM KCL was mixed with 60 ul freshly prepared
10 mM H,0, in doubly distilled water. To this was added 440 ng CPO and the
reaction was monitored with a UV-spectrophotometer at 268 nm. When the reaction
was complete, a CD-spectrum was recorded between 210 and 330 nm. A reference
spectrum was made of the same solution by replacing the hydrogen peroxide
solution with 60 wl 0.1 M HqPO,/KOH pH 2.7. This spectrum was subtracted from

the first one, yielding the final CD-spectrum of the enzymatic conversion.

Isolaticn of enaymatic products

Since the barbituric acids are much too soluble in water, isolation of the
products by direct extraction with organic solvents is not very effective;
therefore the halogenation reaction was performed in the following way. The
standard reaction medium was replaced by dilute HCl pH 2.7 containing 5 wM KC1
and 0.24 mM H,04. When needed some extra HyO, was added. A suitable amount of
CPO was injected into the solution, typically 0.5 ug per ml reaction nedium
containing 1.0 mM barbituric acld derivative. When UV-spectroscopy indicated
that the reaction was complete the reaction mixture was lyophilized .and the
product was extracted from the solid material with distilled methanol. In this
way, a mote or less salt-free product was obtalined, which was analyzed by mass
spectroscopy. The mass spectra of all compounds were identical to those of

authentic specimen.

Reactione with HOCL

To 1 mmol substrate in water/HCl pH 2.7 or buffer were added 2 mmoles (la—
¢} or 1 mmol (2d,e) of HOCl in four portions with stirring. The pH of the
soluticn was maintained at 2.7 by adding dilute HC1l when needed. After 15 min
incubation the reaction mixture was either lyophilized and extracted with

distilled methanol or analyzed by HPLC (see above).

2.3 RESULTS
2.3.1 BReaction of PO with bavbituric acid and its derivatives

When barbituric acid (la) is incubated with CP0Q under standard conditions,
a rapid change in the UV-spectrum is visible (see Fig. 2.1}. During the first
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two minutes of the reaction the original absorption peak of la at 258 nm shifts
to a higher wavelength {268 nm) with a concomitant increase of the absorption
intensity. After this period the peak at 268 nm slowly disappears, indicating
the consecutive formation of & second product {peak at 210 nm, not shown in the
Figure). The same abservation is made when monitoring the reaction by reversed-
phase ion-pair HPLC (see Fig. 2.2). At t=0 min, only a peak of la appears
(t.=4.3 min). After 0.5 min reaction time, the peak of the first product
becomes visible (t,.=5.2 min) and at t=2 min, the second product starts to form
{t,=13.6 min). After 8 min reaction time no further changes in the chromatogram
are observed, and only a Targe peak of the second product together with a small
one of the primary compound are visible [20].
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Pigure 2.1 UV-absorpiion specira, as recorded during the reaction of
barbituric acid (la) with chloroperoxidase. The quarta cuvette uas
filled with 2.5 ml of a solution eontaining 0.1 mM la, 0.48 mM
Hy0g, 20 mM KCL and 0.1 M HzPO4/KOH pH 2.7. To this, 114 ng of CPO
was added and UV-spectra were recorded with appropriate time
intervals. Trace 1: t=0 min (pure la); trace 2: t=0.5 min; trace 3:

t=5.0 min; trace 4: t=5.0 min; trace 5: t=8.0 min (recction is&

complete).
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Figure 2.2 HPLC-chromatograms, as recorded during the veastion of 1a with (PO.
See Figure 2.1 for experimental details. 10 ul of the enzymatic
reaction medium was injected directly into the chromatograph (see
Materials and Methode Ffor chromatographic conditions). Eight
minutes after each ingjection, the absorption scale wae changed from
0.055 to 0.005 AUFS (indieated by arrow). Explanatiom of the
shromategrams: 1: t=0 min (pure le); 2: t=0.5 min; 3: t=2.0 min; 4:
t=5.0 min; 5! t=8.0 min (reaction is complete); &: authentie 2a; 7:

authentic 3a.

The UV-spectra and the retention times of the products coincide perfectly
with authentic 5-chloroharbituric acid (2a) and 5,5-dichlorobarbituric acid
{3a), indicating that la undergoes chlorination at C-5. That these compounds
are indeed formed is confirmed by the mass spectra of 2a and 3a, isolated from
the enzyme-mediated chlorination of 1la, which were fully identical to those
obtained from authentic samples. The reaction sequence fis depicted in Scheme
2.1. Additional eyidence for the suggested reaction path is given by the fact
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that authentic 2a is converted by the enzyme into 3a at a high rate, showing
that the first chlorination takes'p1ace at C-5 and a subsequent chlorination at
the same position. The yield of 3a is 99%, based on the HPLC-measurements. No
N-halogenated product is detectable; this is supported by our observation that
cyanuric acid (4} shows no reactivity towards the enzyme.
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Seheme 2.1 Reaction pattern of the halogenation of barbiturie aeid (la) and
soime of its derivatives by CPO/HZOZ/cl'. Cyanurie acid (4) and 5-

hydroxybarbiturie acid (5) were not chlorinated by the enayme.

Compariscn of the enzyme-mediated chlorination with the standard chemical
procedures for chlorination of la [19,21,22] show that the yield is higher in
the enzymatic reaction [23]. However, pure 5-monochlorobarbituric acids Tlike
2a-c cannot be prepared directly by the enzymatic procedure: if the reaction is
stopped halfway or if only one equivalent of Hy0, is used a mixture of starting
material, monochloro and dichloro product is obtained. It has been reported
that by combining the enzymatic conversion with an electrochemical reduction,
the initially produced 3a can be reduced quantitatively into 2a in one step,
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allowing the isolation of pure 2a [24,25:;Chapter 3 of this thesis].

The enzymatic chlorination reaction was also investigated with substituted
barbituric acids as substrates. 1-Methylbarbituric acid {1b) and 1,3-dimethyl-
barbituric acid {lc) are converted via their 5-chloro derivatives 2b and 2c
into the 5,5-dichloro compounds 3b and 3¢ {see Scheme 2.1) in yields comparahle
to those obtained with 1la (see Table 2.1). The S-phenylbarbituric acids 1d and
le are also found to be very good substrates for the enzyme, giving the corres-
ponding 5-chloro derivatives 2d and 2e respectively, in very good yields.
Remarkably, 5-hydroxybarbituric acid (5) seems to resist the enzymatic chlorin-
ation reaction, since the UV-spectrum of 5 did not show any change.

Table 2.1 Yields of the enzymatic and chemical chlorination of la and some of

ite derivatives.®

Yield (%)
Starting material Product CPO/H, 0, /€17 HOC1
1a Ja 99 90
1b 3b 98 85
1c 3¢ 94 67
1d 2d 98 50P
le 2e 98 94

4 The yields are determined by HPLC.
b could be increased to 72% by adding extra 0.4 equiv. HOC1.

8.3.2 Kinetice of the CPO-mediated chlorination of barbituric acide

To gain further insight into the mechanism of the enzyme-mediated reac-
tion, we studied the kinetics of the chlorination of barbituric acid {la)} and
some of its derivatives (lb-e}.

Comparison of the enzymatic chlorination rate of MCD with those determined
with 1d and 2a shows that the velocities of the three reactions differ only to
a very small extent (see Table 2.2). The presence of methy! groups on the
barbituric acid nitrogen atoms also has no effect on the rate of chlorination
{Table 2.3). Since we deal with two competing reactions {1 ~ 2 and 2 + 3) we
determined the total time in which the reaction 1 +~ 3 is completed. The results
thus obtained indicate that the barbituric acids show considerable flexibility
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in their structure regarding their reactivity towards CPO. It appears that they
do not influence the reaction rate, suggesting that the active site of the
enzyme can accommodate compounds with rather different electronic and steric
influences. This result is further supported by the fact that the concentration
of neither MCD, nor of 1ld and 2a in the range of 2 to 100 uM has any effect on
the enzymatic reaction rate, so no K, value could be obtained for these
substrates.

Table 2.2 Relative reaction rates of the ensymatic chlorination of various

substrates.
Compound rel. reaction rated

MCD 100+3¢

1d 98+6

2a 11045
2 petermined under standard assay conditions (see Materials and Methods)
b Arbitrary units; the value for MCD was set at 100; n=2; each value is

the mean of three determinations.

C

Corresponds to 400 umol MCD.mg protein‘l.min‘l.

Table 2.3 Time needed for complete comversion (1 + 3) of eome barbiturie

acids.?
compound conversion timeh
la 100+3¢
1b 101+4
1¢ 111+4
3 petermined under standard assay conditions by monitoring the
Uv-absorption at 268 nm, except that [H;0,]=0.48 mM.
b Arbitrary units; the value for 1a was set at 100; n=2; each value is
the mean of three determinations.
c

Corresponds to 150 sec.
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Additional information 1is obtained from inhibition experiments. As
mentioned previously, cyanuric acid (4} and 5-hydroxybarbituric acid {5) are
not reactive towards the enzyme. Since both compounds contain the s-dicarbonyl
function common to all good substrates for CPO, there is the possibility of a
non-productive binding. However, we find that 4 and 5 in concentrations up to
200 M are not able to inhibit the enzymatic chlorination of MCD.

2.3.3 Stereochemietry of the ehlorination reaction

To determine whether the enzyme-mediated halogenation shows some stereo-
selectivity, we investigated the halogenation of l-methyl-5-phenyibarbituric
acid (le}. Compound le has a chiral Ch-atom. Resolution of the two enantiomers
in le is not possible, however, because of the rapid enolization at C5 in
protic solvents. When the hydrogen at C5 in le is replaced by a halogen atom,
the configuration is fixed and possibly one isomer is formed preferentially in
a stereoselective reaction. To examine whether CPD is capable of stereoselect-
ive halogenation, the enzymatic chlorination of le is monitored by means of
circular dichroism. However, the CD spectrum shows no absorption, clearly
indicating that a racemic mixture is obtained and thus no stereoselective
reaction has occurred. This result is in agreement with investigations
perfarmed by other authors [3,4,26].

2.3.4 Reactiome with HOCL

When the barbituric acids are incubated with HOC1, we find that the
products are the same as tn the enzymatical reactions, but yield and purity are
generally much lower: la-c give mixtures of 2a-c and 3a-c. The results are
summarized in Table 2.1. The yields of the 5,5-dichlorobarbituric acids are not
improved by adding more than 2 equivalents HOC1, because this results in
partial degradation of the heterocyclic compounds.

2.4 DISCUSSION
The chloroperoxidase from C. fumago is, as shown here, capable of smoothly
converting barbituric acid and some of its derivatives into the corresponding

5-chloro or 5,5-dichlorc compounds. The very high yields in which the products
are obtained make the enzymatic reaction competitive with chemical syntheses.
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Scheme 2.2 The reaction mechaniem of Caldariomyces fumago chlorcperoxidage.
The protein part of the enayme is represented by ENZ, the heme
group is depicted as Fo™' (x=3 or ¢) in the centre of an ellipse,
for reasons of clarity. In Compound I, the irvon atom has the 4+
oxidation state and the porphyrin ring is oxidized to a radieal
cationie species. Covalent bonds which are gemerally acecepted in
literature are indicated by solid lines betwean the atoms; if there
ie any doubt dashed linee are used. A-H = organic substrate, A-Cl =
ehlorinated product.

The reaction mechanism of the enzyme is depicted in Scheme 2.2. Native CPO
is transformed by H,0, to an enzyme form named Compound I. This highly oxidized
species contains an iron {IV) ion and a radical cation located in the porphyrin
ring of the heme group [27]. Compound I is reduced by C1~ to a species called
Compound EOX, containing an oxygen atom which is attached to the iron and a
chlorine atom which is located in the proximity of the heme, but is not an iron
ligand [28]. Two alternative pathways are advanced concerning the following
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steps: route I, suggesting that the orgamic substrate (AH) hinds to the enzyme
to form a complex which splits into the native enzyme, the organic product and
a molecule of water, and/or route II, in which Compound I decomposes to native
CPO and a molecule of hypochlorous acid, being the active halogenating species
in this reaction.

Evidence for the occurrence of route I was based on kinetic measurements:
i} the ratio of the reaction velocities of thiourea and MCD was different for
CPO/H20,/C1~ and HOC1 [111; ii) the reaction constant for the enzymatic
conversion of MCD was 200 times higher than the reaction constant for MCD and
HoCl [10]; i11) a Ky value was found for MCD and 2-methyl-4-propylcyclopentane-
dione [4], indicating some kind of dinteraction hetween the organic substrate
and the enzyme active site [29].

Support for Route II comes from the fact that the products obtained from
both enzymatic and HOC1 reactions [2,5,6] as well as their ratios in case of
mixture [13], are identical. No stereoselectivity was found with the enzymatic
reactions [3,4,26]. Without addition of an organic substrate, the enzyme prod-
uces HOC1 [11] and studies on the catalase reaction of the enzyme also pointed
to HOCl-involvement [12]. Recently, a combination of free radicals and molecu-
lar halogens was suggested to play a role in the halogenation reaction [14].

The results, presented in this publication, show that CPO is an enzyme
with a broad substrate specifity. Barbituric acid {1a) and a number of its
derivatives are chlorinated by the enzyme in very good yields. HOC1 has the
same regioselectivity as CPO, since with HOC) the same chloro compounds are
obtained, although both yield and purity of the products are usually far lower
than in the enzymatic reaction. In contrast to what is reported in the literat-
ure [4] the concentration of MCD (or any barbituric acid derivative, not shown)
has no influence on the enzymatic reaction rate in the range 2-100 uM. More-
over, even the nature of the organic substrate is not important to the enzyme,
as can be concluded from the results mentioned in Tables 2.2 and 2.3 [30].
Potential inhibitors such as 4 and 5 have no effect, and the enzyme-mediated
chlorination of le is not stereoselective.

Although it is tempting to conclude from our work that CPO from Cazlda-
riomyces fumage reacts via route II, generating free HOC1, caution should be
exercised. The fact that both CPO and HOC1 show the same regioselectivity and
complete lack of stereoseiectivity cannot be considered as a definite proof for
enzymatically generated free HOC1, since it remains possible that the enzyme
has a HOC1-like reactivity, for instance via heme-bound hypochlorite. In addi-
tion, most studies mentioned in the literature deal with substrates which are
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far less reactive than MCD and which use much more enzyme and longer reaction
times than is necessary for standard assay conditions. It is possible that
under reaction conditions in which the enzyme cannot find a suitable substrate,
HOC1 is produced, as if there were no substrate at all.

The fact that le is not chlorinated stereoselectively cannct be considered
as evidence for route I, because the difference between the enantiotopic faces
of the substrate is possibly too small to exert influence. Moreover, it is
questionable whether stereoselectivity is an intrinsic property of the enzyme,
as shown in the conversion of cyclopentanedione {its natural substrate [311) to
caldariomycin, in which there is no need for stereoselective control.

The kinetic measurements, presented in this study, do not allow a decision
whether route 1 or II s most favoured either. The fact that the concentration
of the organic substrate has no influence on the rate-determining step does not
excliude route II. The reaction between MCD or barbiturates and HOC1 is possibly
so fast that the first two steps in the enzymatic reaction sequence, which are
independent of the organic substrate concentration, determine the overall
reaction velocity. The same reasoning is val o for route I: if step 1 or 2 is
much slower than the subsequent steps, the concentration of the organic
substrate will not affect the overall reaction velocity. The fact that the rate
constant for the enzymatic chlorination step could only be determined under
non-standard assay conditions with stopped-flow techniques is evidence far this
view [10]. A K, value for MCD is reported [4], but our results indicate that it
cannot have been determined at pH 2.7 using 20 mM KC1 and 0.24 oM 505,

We conclude that mopst of the literature data concerning the reaction
mechanism of CPO, including our own, do not permit a choice between route I or
route II. However, even if route II is proven to be correct, the steady-state
concentration of HOC1 1in the reaction medium is so low that CPO is still a
smooth halogenating agent allowing the synthesis of wvarious chlorinated
barbituric acids in very high yields. Therefore the use of chloroperoxidase as
a synthetic tool 1in organic chemistry will remain a subject of current
investigation.
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3 BIOELECTROSYNTHESIS OF 5-CHLOROBARBITURIC ACID USING CHLOROPEROXIDASE*

3.1 INTRODUCTION

To date, the main objective of bicelectrochemical devices is either the
generation of electricity from relatively cheap organic compounds [1], the
development of sensitive detectors for {biolchemicals [2] or the synthesis of
{bio)chemicals. With respect to the last application two types of bioelectro-
chemical systems can be distinguished: the bioelectrochemical fuel cell and the
bicelectrolytical cell (Fig. 3.1}. In both cell systems an enzymatic reaction
in one of the half cells is coupled to redox reactions in the other half cell
via an electron mediator.

ai

['\/W‘] .
FUEL Mox Agy 0421 Mox - PRODUCT
lENZYME ENZYME
PRODUCT Mned Aggp H;0 Prep SUBSTRATE

MEMBRANE MEMBRANE

Fig. 3.1 Types of bioelectrochemical cells. a). Bioelectrochemical fuel
eell; b) Bioelectrolytical cell. M, elactron mediator; A, electron

aeceptor; ox, cxidized; ved, reduced.

Basically, a fuel cell consists of two compartments, each with an elec-
trode and separated by an ion-conducting medium. In an electrochemical fuel
cell compounds such as Hp, CH30H, NHZ-NHZ, NH3 or CO are oxidized at the anode;
the electrons thus generated are used for the reduction of 0, or Hy0, at the
cathode [1,3]. These cells have mostly been used for the generation of elec-

* Adapted from:
C. Laane, W. Pronk, M.C.R. Franssen and C. Veeger,
Enzyme Microb. Technol. 6 (1984), 165 - 168, and
C. Laane, A. Weijland and M.C.R. Franssen,
Enzyme Microb. Technel. 8 (1986), 345 - 348
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tricity [1,4]. In a biocelectrochemical fuel cell biochemicals such as glucose
are oxidized by means of free or immobilized biocatalysts, yielding not only
electricity but also useful chemical products such as gluconic acid.

The main difference between a biocelectrochemical fuel cell and a bioelec-
trolytical cell is that in the former the electric energy is generated in situ,
whereas in the latter electricity is supplied externally by a potentiostat,
which makes the system more versatile.

In this study we demonstrate the electro-enzymatic conversion of barbit-
uric acid (1, see Scheme 3.1) to 5-chlorobarbituric acid (2) in a bioelectro-
chemical fuel cell and a bioelectrolytical cell using the chloroperoxidase from
the mold Caldariomyces fumago.

0 0

CPQ, HyQ,, CU° 0
HN H PO N U -~ —a cl
LA = AL L

Hz0, , CL°

07 ™y 0 =2 0 N 0 07 ™ 0

H H ‘>< H
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Scheme 3.1 Barbiturie acid (1) is chlorinated by chlovoperozidase to 5-chloro-
barbituric acid (2) which is subsequently converted by the same
enayme into 5, S-dichlorobarbituric acid (3). The enayme needs
hydrogen peroxide and chlowide ions as cosubstrates. The final
product is 2 because 3 is reduced at the electrode. CFPO,

ehloroperoxidase.

3.2 MATERIALS AND METHODS

Materials.

Agpergillue niger D-glucose oxidase (a—-D glucose:oxygen l-oxidereductase,
EC 1.1.3.4) and all enzymes required for analytical purposes were purchased
from Boehringer. Caldariomyces fumago chloroperoxidase {chloride:hydrogen
peroxide oxidoreductase, EC 1.11.1.10) was obtained from Sigma. S-chloro- and
5,5-dichlorcbarbituric acid were synthesized according to Bock [5]. All other
(bio)chemicals were analytical grade and obtained from commercial sources. The

gold electrode (99.99%, 50x30x2 mm)} and the platinum-gauze electrode (50 wmesh,
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