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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.

Tijdens hun doktoraalstage Organische Chemie Tleverden een negental
studenten een bijdrage aan dit proefschrift. Hans Cardinaals, Liesbeth
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

- 2e”
1 2 3

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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50x15 mm) were supplied by Drijfhout & Zoon's, Amsterdam, The Netherlands, and
graphite felt (RVG 2000) was from Le Carbone-Lorraine. The Nafion perfluorin-
ated membrane and the hollow fibre unit (TAF 100 from Terumo, number 823104)
were generous gifts of Dupont and dr. P. Kerkhof of the Department of Process
Engineering, respectively. The membrane surface of the hollow fibre was 0.8 m2,

the total volume + 80 ml.

Bioelectrochemical fuel cell.

The cell consisted of two 7 ml gastight compartments made of glass and
interconnected by a 3 cm long salt bridge (3 M KC1 in 1.5% agar-agar). The
electrodes were rolled into cylinders and thoroughly cleaned with acetone prior
to use. The anaerobic anode compartment contained a solution {4 ml) of 0.1 M
potassium phosphate, 0.1 mM dichlorophenol indophenol (DCIP) and 0.4 mg D-
glucose oxidase, final pH 8.0. The aerobic cathode compartment contained 0.1 M
potassium phosphate and 20 mM KC1, final pH 2.7. Various amounts of barbituric
acid and 1 ug chloropercxidase were added when indicated. Both compartments
were stirred rapidly with a magnetic stirrer and kept at 25°C. Reactlions were

started by adding the appropriate substrate to the anode compariment.

Biozlectrolytical cell.

The electrolytic cell comnsisted of two 22x1.5x1.5 cm perspex, flow—-through
compartments filled with graphite felt and separated by a Nafion cation-per-
meable membrane. Te prevent leakage, rubber seals were installed between the
compartments and the membrane. The graphite electrodes were soaked for 1 week
in a solution of EDTA in doubly distilled water prior to use to remove traces
of metal ions. The electrodes were rinsed thoroughly with doubly distilled
water afterwards and further cleaned by switching the potential difference + 40
times from -2.0 V to +2.0 V ending with -2.0 V. The anodic compartment con~—
tained 20 oM HqPO,/KOH pH 2.75 and the cathodic compartment a solution of
barbituric acid which was brought to pH 2.75 by HCl. The cathodic potential was
set at =0.5 V unless stated otherwise with a Bank MP 81 potentiostat versus a
standard saturated calomel electrode conmected to the cathodic compartment via
a salt bridge (3 M KC1 in 1.5% agar-agar). Under these circumstances the

potential difference between the cathode and the ancde was -1.65 V.

Analytical methods.
Hydrogen peroxide measurements were performed at pH 5.0 by recording the

oxygen concentrations with a Clark oxygen electrode or in a Rank Brothers
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Oxygraph, before and after the addition of catalytic amounts of catalase. The
concentration of glucose and gluconic acid were determined enzymatically as
described earlier [6,7]. The activity of chloroperoxidase was measured using
monochlorodimedon as a substrate [8] and the concentrations of barbituric acid
and its chloro derivatives were determined spectroscopically or by HPLC [9,10}.
The current produced by the fuel cell was measured as described in [2]. The
current through the electrolytic cell was measurgd by a recorder attached to

the current output of the potentiostat.

3.3 RESULTS AND DISCUSSION
3.3.1 Bioelectrochemical fuel cell

Our enzyme-containing fuel cell was constructed as follows. In the anode
compartment D-glucose oxidase oxidizes D~-glucose to D-glucono-1,5-lactone which
is non-enzymatically hydrolyzed to gluconic acid, a valuable industrial
chemical currently produced by fermentation [11]. The reduced enzyme in turn
donates its reducing equivalents to the electron carrier DCIP, which is
oxidized at the anode. The electrons thus generated flow through the external
circuit to the cathode, where oxygen is reduced to water. Other electron
mediators 1ike methylene blue [12] and phenazine ethosulphate [2] can be used
instead of DCIP.

Fig. 3.2a shows the time course for current output of the cell under
operational conditions. Routinely, currents of + 350 pA were drawn from the
¢ell but under optimum conditions currents greater than 1 mA can be reached.
Factors that influence the current flow are the ohmic resistance of the cell,
the electrode surface, the mediator concentration and the stirring rate. The
open circuit potential of the cell is 0.6 V. Fig. 3.2b shows the time course
for D-glucose conversion. These results demonstrate that D-glucose is converted
excTusively and completely into gluconic acid and that the total amount of
current passing through the circuit is directly proportional to the amount of
D-glucose added.

When we used a gold instead of a platinum electrode, hydrogen peroxide was
generated at the cathode instead of water at a rate of 0.1 umol Hy0; h=1.mi-1,
This gave the opportunity to add another enzymatic reaction to the system
hecause hydrogen peroxide is a substrate for some oxidoreductases. We chose the
enzyme chloroperoxidase and barbituric acid (1, see Scheme 3.1) was taken as a
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Fig. 3.2 Performance of a D-glucose oxidase containing biocelectrochemical

eell. Experimente were performed as deseribed in the Materials and
Methods section. D-glucose was added to the anods compartment at
the time indicated by the arrow. a). Time course of current output.
b) Time course of: e, D-glucose consumption; b4, D-gluconic acid
Formation; o, control, D-glucose eoncentration in the absence of

DCIP.

model substrate for our purpose, because it is known that chloroperoxidase
chtorinates this compound and some of its derivatives very rapidly and
efficiently [9,10]. Fig. 3.3 shows the reactions taking place in such a
combined enzymatic fuel cell. With D-glucose as fuel, three products are
formed: gluconic acid, b-chlorobarbituric acid (2) and electricity. Other
(bio)chemicals can also be prepared simply by using a different oxidase and
peroxidase, together with their respective substrates. Other, cheaper, fuels
like sucrose and cellulose can also be used when additional enzymes are added
to the anodic compartment, e.g. invertase resp. cellulase [13]. The fact that
the chemicals are produced in different compartments facilitates their
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isolation although separation of products and enzymes remains necessary.
Summarizing, in a biocelectrochemical cell optimum use of a fuel can be made due
to a combination of chemical, biochemical and electrochemical reactions.

_JNVF\/NVﬁL_

Pt Au

r 2e g

B-o-Glucose DCIP..\K.QH‘ Gy 2H* 5- Chiorobarbitr i acid + 2H,0
o-Glucose Oxidase Cricro -peroxidase

o -Glucono -1.5 - lactone DCiPH, \'Hzoz Barbituric acid+ HC|

o-Glucoric acid —

Fig. 3.3 Reactions taking place in a bioelectrochemical cell containing D-
glucose oxidase in the ancde compartment and chloroperoxidase in

the cathode compartment. For explanation see text.

Normally the product of chloroperoxidase action is dichlorobarbituric acid
{(3)[9,10]. Surprisingly, in our cell only the monohalogenated compound could be
detected by various techniques such as UY¥-spectroscopy, TLC and HPLC (Fig.
3.4}. A reasonable explanation for this phenomenon is that the enzyme does
produce 5,5-dichlorobarbituric acid (3) which undergoes a reductive electro-
chemical dehalogenation. This hypothesis is substantiated by the following
observations: i) 3 is rapidly converted in the cathode compartment to 2 in the
absence of enzyme; ii) when all 1 has been converted the current is maintained
and no hydrogen peroxide is accumulated in the cathodic compartment.

After three days of reaction our small model system had produced 10 mg of
gluconic acid and 8 mg of 2. During this period the current of 60 pA slowly
decreased to + 50% of the original level. Determination of turnover numbers
(moles of product formed per mole of enzyme) after three days reaction time
gave values of 1.8x10% and 1x107 for D-glucose oxidase and chloroperoxidase,
respectively. These results demonstrate that the enzymes in the redox cycle in
Fig. 3.3 operate catalytically.

The great operational stability of our bicelectrochemical c¢ell is in part
due to the fact that in the anode compartment no oxygen is present and an
artificial electron acceptor is used. The natural acceptor for oxidases is
namely oxygen, which 1is reduced to hydrogen peroxide. Glucose oxidase is
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inactivated by the hydrogen peroxide [14] and by a reactive species not yet
identified [15]. In our system hydrogen peroxide is formed in the cathode
compartment resulting in an increased operational 1ifetime of the glucose
oxidase. The same observations were made by others with glucose oxidase [16]
and glucose dehydrogenase [17] wusing benzoguinone resp. Meldola Blue as
artificial electron acceptor.
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Pig. 3.4 Performance of a bioelectrochemical cell containing D-glucose

oxidase and chloroperoxidase. Experiments werve performed as
deseribed in the Materials and Methods section. o, Time course of

D-glucontie acid production; e, time course of 2 formation.

In 1980 the Cetus Corporation together with the Standard Qi1 Company
described a multi-enzyme process that produces propylene oxide and B-fructose
or furfural as coproducts [18,19] (see Ch. 1 Scheme 1.2). D-glucese is used to
generate hydrogen peroxide, which in turn is consumed by haloperoxidase for the
production of propene resp. ethene halohydrin. In a second step D-glucoscne and
the halohydrins are converted to O-fructose and propene oxide or ethene oxide,
respectively. Although details of this process are not available, some
potential disadvantages are: i) limited stability of the oxidase due to the
formation of hydrogen peroxide in the presence of the enzyme; i) a difficult
isolation procedure in cases where neither product is gaseous; Ti{} enzyme
mixtures will not operate with maximum activity due to differences in pH
optima. These problems could be overcome in our bioelectrochemical cell since
the enzymatic reactions accur in different compartments and hydrogen peroxide
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is not produced in the vicinity of the hydrogen peroxide-sensitive oxidases.
3.3.2 The bicelectrolytical system

A disadvantage of the bicelectrochemical fuel cell 1is the Tow current
density that can be obtained, leading to relatively slow conversion rates. A
second disadvantage, as already noted above, is the need for separation of the
chlorinating enzyme and the fdrmed product in the final reaction mixture. As
organic solvents are involved, this process will certainly lead to inactivation
of the enzyme. Therefore, another approach was studied, in which the current
was applied externally by means of a potentiostat and the enzyme and the
electrode processes are separated. The complete, so-called bioelectrolytical
system is depicted in Fig. 3.5. The system consists aof three interconnected
units: a) an electralytical cell that oxidizes water to oxygen at the anode and
reduces oxygen to hydrogen peroxide and 3 to 2 at the cathode using electricity
as energy source; b) a hollow-fibre membrane reactor in which the electroly-
tically produced hydrogen peroxide is used by chloroperoxidase for the chlorin-
ation of 1 giving a mixture of 2 and 3; and c} an anion exchanger that
scavenges the 2 produced in the membrane reactor and the anode compartment.

Electrolytic cell =]+
i

Hollow fibre|:
membrane
reactor

lan exchanger

@

Chloroperoxidase stock Barbituric acid stock

Fig. 3.5 Sehematic represcentation of the complete chloroperoxidase

containing bicelectrolytical system producing 2.

The rate of hydrogen peroxide production by the electrolytical cell was
optimized by varying the cathode potential and the flow rate of the medium
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through the cell (Fig. 3.6). It was found that the amount of hydrogen peroxide
produced per mA is optimal at a cathode potential of -0.5 V and increases with
increasing flow rate up to + 6-8 ml. min~l. Under these circumstances the
current efficiency of the cell is betweenr 90 and 95% and the concentration of

hydrogen peroxide in the medium is + 0.07 mM.
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Fig. 3.8 Pig. 3.7
Dependence of the rate of hydrogen Time course of the formation of 2, 3
percoxide produstion in the electro- and hydrogen peroxide. a) After the
lytical cell on the eathodie poten- hollow fibre reactor; b) After passage
tial and the flow rate through the through the electrolytical cell. The
cell. Flow rate: o, 1.5 ml.min™L; complete system was used without an
A, 4.3 ml. min'l; e, 5.6 ml omin=l . anion exchanger. o, 3; e, 3; w, hydro-

gen peroxride.

The enzyme-containing hollow fibre membrane reactor was then connected to
the electrolytical cell. Within the fibres chlorpperoxidase first converts 1
into 2 and subsequently into 3 (Fig. 3.7a). The ratio of 3 to 2 appeared to
depend strongly on the concentration of hydrogen peroxide in the system as well
as on the residence time of the medium in the reactor and increased with rising
hydrogen peroxide concentration and residence time. In practice a residence
time of 25 min was taken which corresponds exactly to the time needed to con-
sume all hydrogen peroxide entering the hollow fibre unit. Under these circum-
stances the concentration of hydrogen peroxide in the system was relatively Tow
{+ 0.07 mM) and the flux of reactants through the system was relatively high
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(4 ml .min'l). Hence chloroperoxidase catalysis was least hindered by hydrogen
peroxide inactivatfon [20].

Fig. 3.7b shows the time course of the formation of 2, 3 and hydrogen
peroxide after passage of the solution leaving the reactor through the electro-
1ytic cell. As expected the rate of hydrogen peroxide production returned to
the original level of 0.27 umo\.min'l. After one passage through the cell the
concentration of 3 had dropped 10-fold whereas the concentration of 2 had
increased by the same magnitude. Thus, it appeared that the electrochemical
reduction of 3 to 2, which was p‘revious‘ly observed when using a gold electrode,
also occurred at the surface of a carbon felt electrode. All reactions occur-
ring in the system are summarized in Scheme 3.2. The net result is that one mol
of 1 is converted to one mol of 2 using half a mot of oxygen and ane mol of
hydrogen chloride; besides 2 one mol of water is produced.

CATHODIC REACTIONS
be” + HHY + 20; —=2H,0;
1 s H0, » B+ "% 54 21,0
2+ H0, + H* s+ - % 5. 21,0

32 + 28"+ H* —w 2 + C°

overall

1+ 203+ TH' + (17 + 68" —= 2 + &4H,0

ANODIC - REACTIONS
3H20—P11/2 02 + GHY + 6e~

OVERALL

1 +'%0,+ HY 4 a- PO, 2+ H,0

Seheme 3.2 FReaetions taking place in the complete bioelectrolytical system.

CP0, chloroperoxidase.
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In the complete system an anion exchanger was introduced to scavenge the
produced 2, thereby facilitating the isolation procedure and preventing the
product from entering in the wasteful halogenation-dehalogenation cycle.
Specific binding of 2 was achieved at the operational pH of 2.75, since its pK,
value is 0.00 [21], while the pK, values of 1 and 3 are 4.05 [21] and 5.55
[22], respectively. This enables us to synthesize pure 2 in high yield using
chloroperoxidase. Since running the reaction of the enzyme with 1 in water only
gives 3 without the ability to stop the reaction at the intermediate stage, we
consider the electrochemical procedure to be a useful addition to the methodol-

ogy of enzymatic organic synthesis.

I I I i

%—Chlorabarbituric acid {mg)

Fig. 3.8 Time course of 2 production in the complete bioelectrolytical
system. The ensyme load was 40 U (1 U represents the amount of
enayme that chlorinates 1 umol of monochlorodimedon in 1 min at

259C.).

Fig. 3.8 shows the time course of the production of 2 in the complete
system. The conversion was completed after 24 h and more than 96% of the
product could be recovered from the column by applying a salt gradient. During
these 24 h the medium circulated through the system 19 times. Based on the
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amount of product per mel enzyme, the turnover of chloroperoxidase was about
5x10° times. However, the actual turnover of the enzyme must have been higher,
when the turnover of the halogenation-dehalogenation cycle 1is taken into
account. It was estimated from the amount of current passing through the system
that approximately half of the electrical energy was spent on the halogenation-
dehalogenation process. Hence the actual turnover number of this relatively
Jabile enzyme is + 108 times.

3.3.3. Conelusion

The results obtained with the biochemical fuel cell and the bioelectro-
lytical system, although preliminary, are encouraging and indicate that
combinations of enzymatic and electrochemical reactions can be a useful
extension of organic synthetic methodology. Future work will show the scope of
the system presented here.
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4 ENIYMATIC HALOGENATION OF PYRAZOLES AND PYRIDINE DERIVATIVES*

4.1 [INTRODUCTION

Chloroperoxidase from Caldariomyces fumage (CPO; EC 1.11.1.10; chloride:
hydrogen peroxide oxidoreductase) is a well-known enzyme, capable of halogenat-
ing a great variety of organic compounds by means of hydrogen peroxide and
chloride, bromide or iodide ions [1]. However, until recently only a few hete-
rocyclic substrates have been studied: thiazole [2], antipyrine [3], NADH [4]
and barbituric acid and some of its derivatives [5]. Since we have an ongoing
interest in the use of enzymes in heterccyclic organic synthesis [5,6] we
studied the enzymatic chlorination of pyrazole (la), l-methylpyrazole (1b}, 3-
methylpyrazale (lc) and 2-aming-pyridine (4) and the bromination of 8-hydroxy-
quinoline (6) [7]. The publication of our results was induced by the appearance
of a study on the CPO-mediated halogenation of nucleic bases, in which also
pyrazole was mentioned as one of the substrates used {8].

4.2 MATERIALS AND METHODS

General

Chloroperoxidase from Caldariomyeces fumago (the crude type) was obtained
from Sigma Chemical Company or from the Laboratory of Biochemistry, University
of Amsterdam, the Netherlands (Dr. Wever). Monochlorodimedon was also purchased
from Sigma. 1-Methylpyrazole and the chlorinated pyrazoles were synthesized
according to Hiittel [9,10]. Sodium hypochlorite was purchased from Janssen
Chimica and was assayed by Injecting an appropriate amount of the solution in
(.1 mM monochlorodimedon pH 2.7. The difference in A278 is proportional to the
hypochlorite concentration, using Ac=12,200 M-l.cm_ « All chemicals were of the
highest commercial grade, but 2-aminopyridine and 8-hydroxyquinoline were pur-
ified, by sublimation and recrystallization from ethanol/water, respectively.

UV-spectra and kinetic measurements were performed on an Aminco-Chance DW-
2 split-beam spectrophotometer. Mass spectta were recordaed on an AEI MS 902

instrument or a VG-Micromass 7070 F apparatus ({(direct probe mode). GC/MS

* Adapted from: M.C.R. Franssen, H.G. van Boven and H.C. van der Plas,
J. Heterocyclic Chem., in press.
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spectra were obtained wusing the VG-Micromass 7070 F gaschromatograph—mass
spectrometer. The reaction of pyrazele with CPO was monlitored with a Bruker
CXP-300 lH-NMR spectrometer operating at 300.066 MHz, with suppression of the
HOD signal. Gaschromatography was performed on a Varian 3000 apparatus, equip-
ped with a fused silica capillary column (L = 30 m); the stationary phase was
DB17, film thickness 0.25 pym.

Enzymatie halogenation

For UV-monitoring of the enzymatic halegenation the reaction was performed
as follows. 2.44 ml of a solution containing 0.1 mM {(0.05 mM for”6) of organic
gsubstrate and 20 wM of potassium halide in 0.1 M H3P0a/K0H pH 2.7 was placed in
a 3.0 ml quartz cuvette. 60 pl 10 mM H202 in doubly distilled water (final
concentration 0.24 mM) and 280 ng CPO [11] were added and the UV-spectra were
recorded at 25°C. It was necessary in the reaction of la to add extra 840 ng of
CPO after 2.5 h.
For GLC-analysis the procedure was as follows: 2.5 ml of a solution containing
0.5 oM of organic substrate and 20 mM of potassium halide in 0.1 M H3P04/KDH pH
2.7 was placed in a 10 ml test tube. 300 pl 10 mM H202 in doubly distilled
water {(final concentration 1.07 wM) and 1.5 pg of CPO were added. After 20 min
incubation at 25°C a 0.5 ul sample was taken and directly injected into the
gaschromatograph. It was necessary in the reaction of la to add extra 1.5 g of
CPO after 60 min and again after 120 min; after 135 min a sample was taken for
analysis. The GLC oven temperature was 120°C for la—c¢ and 160°C for 4. The
adjusted retention times were: la: 1.0 min; 1b: 0.6 min; le: 2.6 min; 2a: 4.4
min; 2b: 2.1 min; 2e: 6.5 min; & 1.2 miny S: 1.9 min. Analysis of 7 with GLC
or HPLC was not possible due to its strong interactions with all tested column

materials.

Isolation of enazymatic products

The reaction with the relatively apolar compounds like the pyrazocles and
8—~hydroxyquinoline were carried out as follows. To a solution of the substrate
(0.5 mM) in 0.1 M potassium phosphate buffer {(pH 2.7) which contained 20 mM of
potassium halide and 1.07 oM of hydrogen peroxide was added 0.6 pg CPO per ml
reaction medium. The conversion of the substrate was monitored by means of UV-
spectroscopy or GLC. In the case of la—e the reaction mixture was worked up by
adjusting the pH of the solutfon to 6.0 by adding a dilute sclution of potas-
sium hydroxide. The reaction medium was extracted continuously overnight with

distilled diethyl ether and after drying and evaporation of the ether, the pure
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product was isolated and characterized. In the case of 6 the product separates
ag a greyish precipitate during the reaction which can be easily filtered off,
dried and analyzed.

Since 5 is too water-soluble for direct extraction with organic solvents
at low pH and unstable at neutral pH the halogenation reaction was performed in
the following way. The standard reaction medium described above was replaced by
dilute HC1 (pH 2.7) containing 5 mM of potassium chloride and 1.07 mM of hydro-
gen peroxide. 0,6 yg CPO per ml reaction medium was injected into the solution.
During the reaction some extra hydrogen peroxide and CPO were added. After 3
hours of incubation the reaction mixture was lyophilized and the product was
extracted from the solid material with distilled methanol. A more or less salt-
free product was obtained which could be analyzed.

Analysis data of %: MS m/e 128-130 (100%), 101-103 (27), 93 (43), 66 (19). lH—
NMR (in CDCl3): 5§ 4.8 (br s, NHZ)’ & 6.62 (dd, Hey Jye = 8.1 Hz, Jeg = 5.2 Hz),

5 7.48 (dd, H, J o= 1.5 Hz), & 7.97 (dd, Hy).

GC/MS study on the enaymatic chlorination of pyrazole

The enzymatic reaction was performed as described in the previous section.
The ethereal solution of the extracted product was injected into the gaschrom—
atograph. Column dimensions: 2 mm ID x 1.5 m, filling 3% 0V-17 on Chromosorb
WHP 100/120. The initial temperature (100°C) was maintained for 1 win, and then
ralsed to 250° with a rate of 8°C/mln. The adjusted retention times were:

pyrazole: 1.5 min, 4-chloropyrazole: 2.1 min, 4-bromopyrazole: 4.0 min.

1y study on the enaymatic chlorination of pyrazolbe

To 5 wl of DZO was added 5 1 1 M H2504 (in DZO)’ 100 ul 10 mM pyrazole
{in D40) and 7,4 mg of potassium chloride (Solution A). The apparent pH of this
solution was 2.53, corresponding to a pD of 2.93 [12], well within the optimal
activity reglon of the enzyme [1]. 302 of hydrogen peroxide was diluted with
D20 to a final concentration of 10 mM (Sclution B).

2.44 wl of Solution A was mixed with 60 pl of Solution B and 330 ng of CPO
was added. Part of this mixture was placed in an NMR-tube and spectra were rec-
orded using 30 min.-pulse perliods. When the reaction was complete the apparent

pH of the solution was checked and proved to be 2.67.

Reactions with hypochlorous aeid
To 2.5 ml of a 0.5 oM solution of substrate in buffer pH 2.7 was added 1

equivalent of hypochlorous acid in 4 portions with stirring. After 15 min.
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incubation the reaction mixture was analyzed as described above.

4.3 RESULTS AND DISCUSSION

When pyrazole (la, see Scheme 4.1} was incubated with CP0O under conditions
which are optimal for the enzyme {0.1 M H3P0O4/KOH pH 2.7, 20 mM KC1, 0.24 mM
Hy05) and the reaction was monitored by UV-spectroscopy we observed that the
maximum in the UV-spectrum shifted rapidly from 214 to 218 nm ({see Fig. 4.1).

cl
7N _cre 7Y DN Z\ >\N
|\ia/ H,0,, C1° rlq/ N 0
R, Ry H H
1 2 1d 3
Ri=Rz=H

b. Ry =CHy, Ry=H
R1 =H B R2=CH3

(al

Seheme 4.1 Conversion of pyrazole (la) and two derivatives therzof by CPO/
Hy0y/C1™. ¢-Methylpyrazole (1d) is not a substrate for the enzyme.
The 4H-pyrasole 3 ig postulated as an intermediate in the reaction
{see text).

This UV-absorption slowly decreased but readdition of fresh enzyme caused a
rapid shift of the Amax to 224 nm; this peak did not change on further addition
of enzyme. After isolation the product appeared to be 4-chloropyrazole (2a).
The structure of the intermediate withx . = 218 nm is possibly the positively
charged 4-chloro-44-pyrazole 3, since 4fH-pyrazolium salts are known to have
maximal UV-absorption around 220 nm [13]. 4F-pyrazoles have been observed as
intermediates during reactions of pyrazoles with chlorine or t-butylhypochlor-
ite, but isomerize to 3#-pyrazoles or form trimers when they contain hydrogen
atoms attached to the ring carbon atoms [14]). Attempts to detect 3 by GC/MS
inspection of the enzymatic reaction mixture faiTed; only 2a was found [15].
Monitoring the enzymatic reaction by Yonmr spectroscopy in D,0 was also not
successful, since only signals of starting material la and product 2a were
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observed. Probably the concentration of intermediate 3 is too low for detec-
tion; the fact that la and 2a only became visible after a 30 min. pulse period
indicates that this method is unfavourable for this particular study. Although
it is reasonable to assume that 4#-pyrazoles are short living intermediates in
hatogenation reactions of 1#-pyrazoles, more concrete evidence is needed.

200 20 220 230 240 750 260

Ainm] ——

Fig. 4.1 UV=-abeorption speetra, as recorded during the reaction of pyrasole
(1a) with CPO. The quarta cuvette was filled with 2.5 ml of a
solution containing 0.1 m{ 1@, 0.24 mi Hy0,, 20 mf KCL and 0.1 M
HSP04/K0H o 2.7. 280 ng of CPO was added to this and UV-spectra
were recorded with appropriate time intervals. Trace 1! t=0 (pure
i1a); trace 2: t=0.5 min; trace 3: t=2.5 h. &0 ng additional CPO
was subsequently added. Trace 4: t=3.0 h (reaction is complete);
Trace 5: authentiec 2a (offset + 0,4 Abs).

CPO reacts with the substituted pyrazoles l-methylpyrazole (1b) and 3-
methylpyrazole (1lc) in a comparable manner as with la, giving the 4-chloro-
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derivatives 2b resp. 2¢ in very good yields (see Table 4.1}, It is interesting
that the regiochemistry of this reaction is the same as in the CPO-mediated
halogenation of 1,2-dihydro-1,5-dimethyl-2-phenyl-3H-pyrazol-3-one (antipyrine)
[3]. As expected, 4-methylpyrazole (1d) is not a suitable substrate for chloro-
peroxidase, because position 4 is blocked.

Table 4.1  Yields of the CPO-mediated chlorination of several heterceyclic
substrates, compared to those obtainad with Hocl.d

Yield (%)
Compound e em———— -

CPD/HZOE/X' HOC1
4-chloropyrazole {(2a’ 68 20
4-chloro-1-methylpyrazole {2b)} 83 68
d4-chloro-3-metnylpyrazolie {2c) 91 67
2-amino=-3-chloropyridine (5) 18 11
5,7-dibromo-8-hydroxyquinoline (7} 79" -

-------------------------------------------------------------------------------

8 See Materials and Methods for details; yields were determined by GLC unless
indicated otherwise.

b Yield of isolated product.

Because there is some evidence that CPD generates free hypochlorous acid,
which could act as the active chlorinating species in solution [16], we also
studied the chlorination of pyrazoles with this reagent. We found that hypo-
chlorous acid, when slowly added to solutions of 1 at pH 2.7, indeed reacts
with la-c giving 2a-c, but only in moderate yields (see Table 4.1).

The non-enzymatic chlorination of pyrazoles as published in the literature
usually takes place by bubbling an appropriate amount of dry chlorine gas into
a solution of the compound in tetrachloromethane or by treatment with sulfu-
rylchloride [10]. In the first case 2a was synthesized with a yield of 55%. The
yield of 2c was not given and 2b was prepared by a different route. Itoh et al.
[8] converted la by means of CPO giving 2a and its bromo analogue in yields of
resp. 7 and 14%. Their Tow yields are most probably due to their unconventional
workup procedure and the high concentration of hydrogen peroxide they use,
which s known to inactivate CPO [17]. This 1is further illustrated by the
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turnover number of the reaction, which is 32,000 in our case while a figure of
about 7,700 can be calculated from the studies cited above.

We believe that our enzymatic procedure is competitive with the non-
enzymatical synthesis, since the yields are higher and the products obtained
are more pure.

i
CPO
O ———» O
H,0;, T
N NH N NH,
4 5
Br
CPO
(::> H,0 Br~ <::>
N 2z N Br
OH OH

Seheme 4.2 Reactione of (IPO/HZUZ/X_ (X = ¢l or Br} with two pyridine
derivatives, e.g. 2-aminopyridine (4) and &hydroxyquinoline (8).

2-Aminopyridine (&, see Scheme 4.2) was converted by CPO into 2-amino-3-
chloropyridine ({(8). No b6-chloro- or 3,8-dichloro-2-aminopyridine could be
detected in the reaction mixture. This regiospecific chlorination was slow and
inactivation of the enzyme occurred during incubation. It was not possible to
obtain complete conversion by repeatedly adding fresh enzyme to the reaction
mixture. This is in part due to the very low stability of 5 under the condit-
jons used; the reaction mixture immediately turns brown upon neutralization.
The structure of the product was proved by mass spectroscopy and 1H-’NMR. When
the hypochlorous acid method was applied 5 was obtained in very low yield
together with starting material (see Table 4.1). 5 Is described in the
literature [18] and was synthesized by aminolysis of 2,3-dichloropyridine or
from 2-amino-4-bromo-3-chloropyridine by reduction with hydrogen; yields are
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not given. The regiospecific enzymatic chlorination at C-3 described here
contrasts interestingly with the different regiospecificity observed in the
chlorination of & in 20% sulfuric acid using chlorine, 2-aminc-5-chloropyridine
being obtained in 54% yield [191}. The same product was also obtained when using
hydrogen peroxide or potassium chlorate in concentrated hydrochloric acid [20].

8-Hydroxyquinoline (6, see Scheme 4.2) was found to be 2 more suitable
substrate for the enzyme than 4. When reacting with CPO, hydrogen peroxide and
potassium bromide, §,7-dibromo-8-hydroxyquinoline {7) was formed in a yield of
79%. 7 was already synthesized previously 1in high yields by reacting 6§ with-
bromine [21]. However, our enzymatic synthesis can be performed much more
smoothly, without the need of melecular halogens and/or hypohalous acid. For
this reason, the scope of enzymatic halogenations will be intensively studied
at our laborataory.
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5 ENZYMATIC BROMINATION OF BARBITURIC ACID AND SOME OF ITS DERIVATIVES*

5.1 INTRODUCTION

Haloperoxidases are enzymes capable of halogenating several organic sub-
strates using hydrogen peroxide and halide anions {1]. Three different types of
haloperoxidases are recognized, depending on the halide ion they are able to
oxidize: chloroperoxidases, bromoperoxidases and iodoperoxidases. Thus, a
chloroperoxidase oxidizes (17, Br~ and I"-ions, a bromoperoxidase oxidizes
bromide and iodide ions and an iodoperoxidase can only act on the iedide ijon.
The chloroperoxidase from Caldariomyces fumago is one of the best studied
enzymes in this field; its biochemistry is well explored [1,2] as well as its
application to synthetic organic chemistry [1,3-5]. Several bromoperoxidases
have been isolated: e.g., from the eggs of the sea-urchin (ovoperoxidase; [6]),
from green algae [7-9], red algae [9-12] and bacteria [13-16] and, thus, are
much more common than thought in the past. Most of these enzymes feature a
heme-protein structure. Recently a novel non-heme-containing bromoperoxidase
was detected in the brown alga dscophyllum nodosum [17,18]. It was found that
the isolated enzyme contained vanadium a&s a prosthetic group and exhibited an
unusual stability for an oxido-reductase [19,20]. The enzyme was found to
brominate monochlorodimedon (MCD} anrd the dye phenolred. We wish to report in
this paper the results of our study on the bromination of barbituric acid (la}
and some of its derivatives {1lb-f) by this enzyme and on the kinetics of the
enzymatic conversions.

5.2 MATERIALS AND METHODS

General
Bromopercxidase (BPO) from Ascophyllum nodosum was isolated as described
previously [18,19] and had a specific activity of 8-10 pmol MCD.mg

prt.)l‘:eiﬂ_l.|:|1:ln_l

depending on the batch used. Protein concentrations were
determined by the Lowry method [21] using bovine serum albumin as standard.

Monochlorodimedon was purchased from Sigma. 1,3-Dimethylbarbituric acid (le)

* Adapted from: M.C.R. Franssen, J.D. Jansma, H.C. van der Plas,
E. de Boer and R. Wever, Bioorg. Chem., submitted
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was obtained from Fluka and the other alkyl- and arylbarbituric acids (1b,1d—e)
were synthesized from the corresponding malonic ester and urea derivatives
according to the procedure of Dickey [22]. 1f was prepared by chlorination of
barbituric acid [23]. An autheatic sgample of 5,5-dibromobarbituric acid (3a)
was obtained using Bock's method [241. All chemicals were of the highest com-—
mercial grade.

UV spectra and kinetic measurements were performed on an Aminco~-Chance DW-
2 split—-beam spectrophotometer ©or on a Varlan DMS-100 spectrophotometer equip-
ped with a DS8-15 data statlon, using the Varian programs Kinetics Storage DMS-
100/D5-15 (85-100541-00) and Enhanced Kinetics Caleculatlions (85-100542-00). In-
itial velocities were determined by the Direct Linear Plot Method, and apparent
affinity values by means of Hanes-Woolf plots [25]. Mass spectra were recorded
on an AEI 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 amalysis was carried out on a Varlan 5000 instrument {see bhelow

for experimental details).

HPLC-measurements

The reactions of BP0 with barbituric acid and its derivatives were
monltored by HPLC as described earlier for chloroperoxidase [4]. However, the
eluent was slightly modified for the bromobarbituric acids: 13% methanol and
85% water containing 10 mM potassium phosphate and 5 oM nonyltrimethylammonium
bromide pH 7.3. The eluent flow was 1.5 ml/min. The compounds were detected by
means of their UV absorption at 254 nm.

Synthests of S-bromobarbituric acid (2a)

This reference compound was prepared from the phenyl iodonium betaine of
barbituric acid [26], in a modified procedure. 0.8 g of this betaine was dis—
solved in a mixture of 3 ml of ethanol, 1 ml of concentrated HBr and 6 ml of
hexane. This two-phase system was stirred vigorously for 30 min at 50°C. The
mixture was cocled and stored overnight at 5°C. The white precipitate formed
was dried in vacuo over phosphorous pentoxide. The yield of 2a was 0.43 g (2.07
mmol, 86%), m.p. 210-215"C (dec.), litt. 212-215°C [24], 205-207 [26]. Element-—
al analysis: caled. for C4H;N,0-Br: C 23.21%, H 1.46%Z;found: C 22.94%, H 1.60%.

Kinetie measurements

Specific activities of the enzyme were determined under the standard assay
conditions [18]: 100 mM KH2P04/K2HP04 pH 6.5, 100 mM KBr, 2.0 mM 0,0y, 50 uM
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MCD, 25°C. The reaction was started by the addition of 8.4 nM of BPO and the
absorption at 293 nm was followed, using Ae= 21,150 M l.cm™l. These conditions
were also used In all other kinetic measurements and in the experiments, where
igsolation of the product was not required. All determinations were carried out
in triplicate. The following molar extinctlom coefficients (Ag, M_l-cm_l) wvere
used at pH 6.5: S-phenylbarbituric acid (2d; 15,300 at 268 nm), l-methyl-5-
phenylbarbituric acid {le; 15,500 at 268 nm), and 5~chlorobarbituric acid (1f;
11,60C at 269 nm).

Civeular dichroism (CD,

The possible stereochemical conversion of l-methyl-5-phenylbarbituric acid
by BPO was studied in the following way. To 100y M l-methyl-5-phenylbarbituric
acid (le) in 100 mM KHZPO&/Kszoa p 6.5 containing 100 mM KBr was added 2 mM
3202. The reaction was monitored with a UV-spectrophotometer at 268 nm after
addition of 68 nM BPO to this solutfion. When the reaction was complete, a CD-
spectrum was recorded between 230 and 350 nm. A reference spectrum was made of
the same solution to which buffer was added instead of H,0,. This spectrum was
subtracted from the first one, ylelding the final CD-spectrum of the enzymatic-

ally synthesized product.

Isolation of enzymatic products

To prove the structure of the enzymatic products they were isolated and
analysed by wmass spectroscopy. Since 5-bromobarbituric acids are too much
water—soluble,\their isolation by direct extraction with organic solvents is
not very effective; therefore the bromination reactlion was performed in the
following way. The standard reaction medium was replaced by 0.1 M acetate
buffer pH 4.5 containing 1 mM 1, 20 mM KBr and 2.4 mf Hy0, and a suitable
amount of BPO (0.17 yM) was added to the solution. Upon reaching waximal UV-ab-
gorption at 268 nm, the reaction mixture was quickly frozen im liquid nitrogen
and lyophilized. The 5-monobromobarbituric acids were extracted from the solid
material with distilled methanol.

5,5-Dibromobarbituric acids could be easily isolated from the standard
enzymatic medium by extraction with distilled ethyl acetate.

The mass spectra of all compounds were i1dentical to those of authentic
specimen. 5-Bromo~5-chlorobarbituric acid (2f) has not been synthesized before;
its mass spectrum shows peaks at mfe 244 (3%), 242 (12), 240 (8), 201 (8;
-HNCO), 199 (30), 197 (23), 158 (30; -HNCO), 156 (100), 154 (74), 130 (2; -co),

128 (8), 126 (6). Caled. for 04H2N20379Br35c1: 239.8938, found 239.8938.
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5.3 RESULTS

5.3.1 PReaction of Ascophyllum nodosum bromoperoxidase (BPO) with barbituric
aeid and 1te derivatives

230 260 290 320
A (nm} —=

Figure 5.1 UV-absorption epectra, as recorded during the reaction of barbitur-
ie aeid (1a) with the bromoperoxidase from Ascophyllum nodosum. The
quarts cuvette was filled with 50 uM Ia, 2 mM HyD,, 100 nt KBr and
100 mM KH PO /K HPG, pH 6.5. To this, 2.8 rM of bromoperoxidase was
added and UV-epectra were recorded at appropriate time intervale.
Trace 1: t=0 min (pure 1a); trace 2: t=1.0 min; trace 3: t=2.6 min;

trace ¢: t=4.2 min; trace 5: t=6.6 min (reaction is complete)

When barbituric acid (la) was incubated with BPO under standard condit-
ions, a rapid change in the UV spectrum occurred (see Figure 5.1). During the
first 2% minutes the original absorption peak of la at 258 nm shifted to a
higher wavelength (268 nm} with an isosbestic point at 266 nm. After this
period the peak at 268 nm disappeared indicating the consecutive formation of a
second product (peak at 232 nm, isosbestic point at 285 nm}. The UV spectra of
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the products perfectly match those from authentic samples of 5-bromobarbituric
acid {(2a) and 5,5-dibromobarbituric acid (3a), indicating that 1a underwent
bromination at C5. That these compounds are indeed formed was confirmed by the
mass spectra of 2a and 3a, isolated from the enzyme-mediated bromination of 1la,
which were fully identical to those obtained from authentic samples. When
monitoring the reaction with reversed phase- ion pair HPLC it became clear that
these reactions were consecutive: the peak of 3a only appeared when la has
quantitatively been converted into 2a. A possible explanation for the accumul-
ation of 2a, namely that the rate of the reaction la - 2a is much higher than
that of 2a - 3a is not very likely since the rate of bromination of 2a is about
equal to that of MCD. It was published recently that 3a is a brominating agent
[27] and this must be taken into account when studying the kinetics of this
reaction. When equal amounts of la and 3a were mixed only 2a was found on
analysis of the reaction mixture by means of UV-spectroscopy and HPLC. So 2a is
formed enzymatically as well as non-enzymatically;
exclusively enzyme-mediated. This was proved by the fact that authentic 2a was
converted by the enzyme

the conversion 2a - 3a is

into 3a under standard conditions. The reaction

sequence is depicted in Scheme 5.1.

0 0 0
H Br Br
j\ y Dbramoperoxidase HN bromoperoxidase 1N a
—_— e e e r

a0y . o — L
0 N Q zYp . Bl 0 N 0 HJDZ , Br 0 N 0

H H H

10 2a 3a

non-enzymatical
Scheme 5.1 Reaction pattern of the bromination of barbituric aeid (la) by the

bromoperoxidase from Ascophyllum nodosum, Holg and bromide ions.
The meaction between la and 3a proseeds non-enaymatieally.
reaction has also been

The enzymatic bromination investigated with

l-Methylbarbituric acid (1b} and
1,3-dimethylbarbituric acid (1c) were converted via their 5-brome derivatives

substituted barbituric acids as substrates.
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2b and 2c into the 5,5-dibromo compounds 3b and 3¢ (see Scheme 5.2). The &-
phenylbarbituric acids 1d and le were also very good substrates for the enzyme
and gave the corresponding 5-bromc derivatives 2d and 2e respectively.
Interestingly, 5-chlorobarbituric acid {(1f} was converted to 5-bromo-5-chloro-
barbituric acid (2f), showing the potentiality of this procedure to synthesijze
compounds with two different halogen atoms attached to the same carbon atom. As
can be concluded from UY spectroscopy the yields of all the brominated com-
pounds are high.

v 0 0
R3 R3 Br

i;i\\ y bromoperoxidase i:ji\\ g. bremoperoxidose i;i\\ .
0 N C HaC2 . Br7 N o HpOp . Br™ g2y 0

R & R,

1 2 3

a. Ry, Ry Ry=H o Ry, R,=H

b. Ry=CH; . Rz, Rz =H b. Ry=CHy Ry=H

€. Ry.Ry=CH;, Ry =H t. Ry ,R;=CH,

d. Ry, Ry =H, Ry=TgHg

e. Ry=CHy, Rz=H, R3=C5H5

f.Ry.,Ry=H,6 Ry=Cl

Scheme 5.2 (General reaction scheme for the bromination of barbituric acid (1a}
and some of ite derivatives by bromoperozidase, H202 and bromide

10N8.

5.3.2 Kineties of the BPO-mediated bromination of barbiturie acide and mono-
chlorodimedon

In contrast to the chloroperoxidase from caldariomyces fumago, the
mechanism of the reaction between appropriate substrates and the Asaophylium
nodosum bromoperoxidase has hardly been studied. As a first step in the
elucidation of this mechanism we present some kinetic data on the bromination
of MCD, barbituric acid (1a) and its derivatives 1b-1f.
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Table 5.1 Relative reaction rates of the enzymatic bromination of various

substrates?
Relative reaction rated
Compound pH 4.5 pH 6.5
MCD 100¢ 1004
1d 102 107
1f 103 102
2a 99 N.O.

4 The following conditions were uséd: 100 mM KH,PO4 buffer pH 4.5 containing 20
™ KBr, 2.4 mM H202 and 50 uM organic substrate; or, 100 mM KH2P04/K2HPO4
buffer pH 6.5 containing 100 mM KBr, 2 nM H,0, and 50 uM organic substrate.
See Materials and Methods for further details. n = 3.

b Arbitrary units, the value for MCD was sei at 1?0. N.D. = not determined.

.min" .

d Corresponds to 8.2 ymoles MCD.mg protein’l.min'l.

€ Corresponds to B.0 pmoles MCD.mg protein”

Comparison of the enzymatic bromination rate of MCD with those determined
with 1d, 1f and 2a at pH 4.5 or 6.5 show that the rates of the four reactions
only differ to a very small extent {see Table 5.1). Also the presence of methyl
groups on the nitrogen atoms of barbituric acid has no effect on the rate of
bromination (see Table 5.2) as determined by the total time in which the
reaction 1 + 3 is completed. However, the differences in reaction rates may in
this case be masked by the non-enzymatic side-reaction {vide supra).

These results are in full agreement with those found for chloroperoxidase:
both enzymes seem to have Jittle specificity regarding the structure of their
organic substrates. Contrastingly, however, the concentration of the organic
substrate has a marked influence on the bromination rate with BPO. In the range
2-50 yM the reaction rate increases in a hyperbolic fashion with increasing
concentration of the organic substrate, as is shown in Figure 5.2a for 5-
phenylbarbituric acid (1d). The obtained data show linear relationship when put
in a Hanes-Woolf plot (see Figure 5.2b). In this way, apparent affinity
constants and maximal rates were obtained for MCD and ld-f (Table 5.3). The
maximal rates of bromination of the various substrates at high substrate
concentration are practically identical. However, the apparent affinity
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constants varied somewhat, although they are quite independent of the structure
of the rest of the molecule being carbocyclic or heterocyclic. Also the nature
of the substituent between the two carbonyl groups is of minor importance,
although the presence of a 5-phenyl substituent seems to lower the interaction
somewhat. However, the magnitude of the apparent affinity constants increased
when more Hy0, was present (see Table 5.3).

Table 5.2 Time needed for complete conversion (1 + 3) of some barbituric

azided
Compound Conversion timeb
la 100¢
1b 95
1c 98

. T W R W W W W W W W W o e e o oo e

2 Determined under standard assay conditions by monitoring the UV-absorption at
270 nm. n = 3.

b Arbitrary units; the value for la was set at 100.

¢ Corresponds to 145 sec.

5.3.3 Sterecchemistry of the bromination reaction

To determine whether the enzyme-mediated bromination reaction shows any
stereoselectivity, we investigated the bromination of l-methyl-5-phenylbarbit-
uric acid (le). Monitoring the reaction by circular dichroism clearly showed
that a racemic mixture was obtained.

5.4 DISCUSSION

The non-enzymatic synthesis of the compounds 2a,3a and 3¢ have been
reported. 2a was prepared by the reaction of bromine with la in water [24] or
in dimethylformamide [28]. The latter authors reported a yield of 78%, but in
our hands only undefined products were obtained. The method described by
Neiland [26] involving the reaction of the phenyliodonium betaine of barbituric
acid with hydrobromic acid gave good results in preparing 2a, although we found
that the addition of some hexane to the reaction medium in this conversion is
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Figure 5.2
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8.1
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Fig. 2b
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a) The effeet of the coneentration of 1d on the reaction rate of
bromoperoxidace. Each dot represents the mean of average valus
obtained from three experiments.

b) The same data used in Pigure 5.2a, depicted in o Hanes-Woolf
plot. The intercept on the [3]-axis gives the apparent affinity
eonatant, the slope equals the reciproke of the muximal bromination

rate.
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Table 5.3 Appavent affinity constants and maxrimal bromination ratee for gome

bromoperoxidase substrates at three different 9l concentrationsg?

L L e o o o o o e L L L ol ke e e e e o L e S e s L o o e D L S e ke ke e e e o o

[H202], mi
Compound eeeeecccccecceccsccoccccanaanasen
0.8 2.0 3.0
MCD 1.8 4.0 4.7
1d 1.9 1.9 2.9
le 0.6 1.6 2.3
1f 1.6 2.0 3.5
3b Maximal bromination rates
[H202], M
COMpPOUNd ===cccem et e mm
0.8 2.0 3.0
MCD 10.9 12.7 11.5
1d 13.7 13.1 12.9
le 12.6 12.7 12.4
1f 12.1 11.6 12.4

L Ty ——

4 See text for experimental details. Apparent affinity constants are expressed
inuM and maximal bromination rates in ymoles.mg protein'l.min'l.

essential. The reason for this is not clear; perhaps the reaction is facilitat-
ed by the fact that iodobenzene, one of the products, 1is removed from the
reaction equilibrium by the organic solvent. Another possibility is that the
presence of hexane increases the solubility of one of the starting materials.
3a and 3c were synthesized from the corresponding vicluric acids and molecular
bromine in yields of about 85% [29]. When these compounds were treated with
ammenia, the 5-monabromo compounds were obtained in yields of 50%. Later syn-
theses of 3a all used nb1ecu1ar bromine as reagent ([24], yield not given;
[27], yield 92%).
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The bromoperoxidase from the brown alga Ascophyllum nodosum converts

barbituric acid and some of its derivatives smoothly into their 5-bromo- or
5,5-dibromo compounds. The yields and the reaction rates were high, so0 we
consider our enzymatic procedure to be competitive with the chemical syntheses
described above. The occurrence of a non-enzymatic side-reaction poses no
problem in this respect and affords the isolation of the intermediate products
2a-c when the reaction is stopped halfway. 3a is a smooth brominating agent for
saturated and o, g-unsaturated carbonyl compounds [27], which further supports
the reaction pattern as shown in Scheme 5.1.

There is a lot of literature on the reaction mechanism of haloperoxidases,
but as yet not everything 1is fully understood. There is agreement in the
literature about lactoperoxidase and the chloride-metabolizing enzyme myelo-
peroxidase: both enzymes most probably form hypohalous acids (HOCY, HOBr),
which are the active halogenating species in their reactions [1]. The data
concerning the chloroperoxidase from Caldariomyces funago are still confusing
(see [4] for a discussion on this topic), and virtually nothing is known about
the other haloperoxidases. The Ascophyllum nodosim bromoperoxidase is unique in
the sense that it is not a heme-protein, but contains a vanadium {V} ion in its
active centre. In addition, unlike heme-containing peroxidases, this enzyme
does not oxidize electron-rich organic compounds in the presence of hydrogen
peroxide [30]. Thus, the reaction mechanism of this enzyme must be different
from that of the other haloperoxidases. In the work presented here it is shown
that the enzyme closely resembles chloroperoxidase with respect to substrate
specificity and stereachemical behaviour [4]): i) in case of cyclic p-dicarbonyl
compounds the enzymatic activity is not affected by the structure of the ring
being carbocyclic or heterocyclic; ii) the enzymatic reaction rate is not
affected by the presence of methyl or phenyl substituents attached to the
substrate barbituric acid; iii) l-methyl-5-phenylbarbituric acid (le) is not
halogenated in a stereospecifical manner. However, for chloroperoxidase no
hyperbolic relation between the rate of chlorination and the concentration of
the organic substrate could be found, whereas for the bromoperoxidase studied
here the concentration of the organic substrate has a marked influence on the
bromination rate, yielding apparent affinity constants in the range of 0.6-5 uM
{see Table 5.3). That the nature of the various organic substrates does not
largely affect the rate of bromination suggests that under our experimental
conditions, formation of a rate-limiting ternary complex between a halogenating
enzyme intermediate and an organic substrate does not occur. However, it is
noteworthy that at Tow substrate concentrations the bromination rate is a
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function of the substrate concentration. Although the Tlatter may indicate the
existence of such a ternary complex, it is more 1ikely that we deal with a
reaction in which the enzyme produces free HOBr. The hypcbromous acid formed
may then react with the organic substrate or in a competitive reaction with
Hy0> to give singlet oxygen [31]. Thus, at increased concentration of Hy0;
there is less HOBr available for the organic substrate. This suggestion
explains why at higher Hy0p concentrations the apparent affinity constants
increase {Table 5.3) and why, at higher concentrations of the organic sub-
strates, the maximal bromination rate is not affected by Hy0,. This phenomenon
is nat observed in chloroperaxidase-catalyzed reactions, probably because of
differences in experimental conditions. The experiments reported here are done
at pH 6.5 whereas the studies on chloroperoxidase were performed at pH 2.7, the
pH optimum of this enzyme. As shown by Kanofski [32] the rate of the reaction
between HOBr and Hy0; at neutral pH is very high whereas it is low at acid pH
[33]. This is substantiated by our observation that at pH 4.5 the apparent
affinity constants for the BPD-mediated bromination of MCD decreased markedly.

P E

l H,0,

[E M H202]

[

[E+ HaD2-Br71]

Ve

— E + HOBr + H,0

ABr + H,0 '0, + Hy0 + H* + Br~

Scheme 3. Tentative reaction mechaniem of the bromoperoxidasgse-induced bromin-
atton of organic compounds. E=bromoperoridase from Ascophyllum
nodosum; AR=organic substrate; ABr=ovganic product.

We have to conclude therefore that at pH 6.5 the rate of the reaction of
HOBr with H202 is of the same magnitude as that between our organic substrates
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and HOBr. The small differences in the apparent affinity constants of the
various substrates may reflect differences in rate constants of the reaction
between HOBr and the various organic substrates. Thus our experimental data
favour & mechanism (see Scheme 5.3} in which bromoperoxidase generates free
hypobromous acid, although we cannot rule @t a short-lived enzyme-bound
halogenating intermediate.

That le is in fact not brominated stereoselectively 1is due to the
brominating properties of compounds like 3 and 2d,e themselves which in fact
non-stereoselectively irtroduce bromo atoms into the organic substrates in
solution, giving a racemic mixture.

Itoh et al. [34] very recently reported on the bromination of nucleocbases
by a non-heme bromoperoxidase from Corallina piluliferz. Some of the hetero-
cyciics were brominated by the enzyme but not by molecular bromine. The authors
therefore concluded that these substrates were brominated at the active site of
the enzyme, which indicates that the reaction mechanism of the Corallina bromo-
peroxidase may differ from that of our enzyme.

The bromoperoxidase from Ascophyllum nodoswn is an interesting enzyme,
because of its unique structure, its selectivity for bromide and its remarkable
stability towards organic solvents [18,20]. In this study we showed that the
enzyme is a smooth brominating agent because it produces HOBr in a very low
concentration. Therefore it will be studied more extensively in the near
future.
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6 CHLOROPEROXIDASE-CATALYSED HALOGENATION OF APOLAR COMPOUNDS USING REVERSED
MICELLES*

6.1 INTRODUCTION

Haloperoxidases are enzymes which are capable of halogenating a large var-
iety of organic compounds using hydrogen peroxide and either chloride, bromide
or jodide ions, depending on the enzyme under study [1]. We have reported the
use of the chloroperoxidase from the mold Caldariomyces fumago for the halogen-
ation of barbituric acid {2,3] and some pyridine and pyrazole derivatives [4].
These compounds are rather soluble in water and good conversion rates were ob-
tained. However, apolar, water-insoluble compounds are difficult to halcogenate
in this way; increasing the solubility by the addition of a water-miscible
grganic solvent leads to inactivation of chloroperoxidase [5].

Enzymes can be very active in some organic solvents, at least when these
solvents are water-immiscible, for instance in the case of reversed micelles.
These transparent systems consist of tiny water droplets embedded in water-
immiscible organic solvents and stabilized by surfactants (see [6,7] for
reviews). Enzymes have been entrapped inte reversed micelles for the synthesis
of apolar compounds. Examples are the hydroperoxidation of linoleic acid by
Tipoxygenase [8], the synthesis of 2% _cholestenone by cholesterol oxidase [9],
and the reduction of ketosteroids by 20p-hydroxysteroid dehydrogenase [10]. In
the latter case the micellar system was composed of cetyltrimethylammonfum
bromide (CTAB), hexanol and octane. The hexanol was added as cosurfactant to
stabilize the micelle and to regulate the polarity of the micellar interphase;
it was recognized that enzyme activity is maximal when the solubility of the
substrate in the interphase is maximal [11,12].

The only haToperoxidase which has been studied in reversed micelles (with
A0T as surfactant) so far is horseradish peroxidase [13]. The reactions studied
were the tetramerisation of pyrogallol to purpurogallin [13,14] and the di-
merisation of o-phenylene diamine giving 2,2'-diaminoazobenzene [15]. The
enzymatic activity in reversed micelles increased by a hundredfold compared to
aquecus media [14]; one of the reasons is the absence of substrate inhibition
in reversed micelles [13]. However, halogenation reactions, which are the most

* Adapted from: M.C.R. Franssen, J.G.J. Weijnen,
J.P. Vincken, C. Laane and H.C. van der Plas,
Biocatalysis, submitted
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interesting feature of haloperoxidases, have not been studied up to now.

Studying halogenation reactions in reversed micelles as a model system is
interesting, because i} the substrates required, halide and hydrogen peroxide,
are available in large quantities in the proximity of the enzyme; ii) the
enzymatic activity can be regulated by adjusting the polarity of the micellar
interphase. We here present the halogenation of two relatively apolar compounds
i.e. monochlorodimedon (1) and 1,3-dihydroxybenzene (3) in reversed micelles
using the chloroperoxidase from Caldariomyces fumago. The system is optimised
with respect to enzyme activity. The micellar medium consists of phosphate
buffer, cetyltrimethylammonium bromide or chloride (CTAB resp. CTAC), pentanal
and octane. A novel aspect of this system is that the surfactant serves a dual
function: i) it stabilizes the reversed micelle, and ii) the counter ion
(chloride, bromide) is used as a substrate by the enzyme.

6.2 MATERIALS AND METHODS

Theory[11]
log P is the logarithm of the partition coefficient bhetween water and
octanol for a certain compound. It was assumed that log P values remain

unchanged when using 0.1 M potassium phosphate buffer pH 3.0 instead of water.

[water] [cosurfactant]interphase
wg = 1) ap = (2)
[surfactant] [surfactant]interphase
] 1
Log Py, orohase = x log P_ . irfactant x log Poyrfactant
3-0 + 1 80 + 1

3N

ap can only be measured at the phase boundary, that means at those compositions
of the reversed micellar system that just give transparent solutions. The

reason Is that only there the composition of the interphase is known.
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General

Chloroperoxidase (the crude type) was obtained from Sigma or was a gift
from Mr. E. de Boer and Dr. R. Wever (Lab. of Biochemistry, Univ. of Amsterdam,
The Netherlands). Cetyltrimethylammonium hromide (CTAB) was obtained from
Merck, cetyltrimethylammonium chloride (CTAC) was from Kodak, l-pentanol and n-
octane were from BDH, monochlorodimedon (MCD) was from Sigma and l,3-dihydroxy-
benzene (DHB) was from Baker. DHB was recrystallized before use. The UV-ahsor-
bance was measured with a Varian DMS-100 spectrophotometer equipped with a DS-
15 data station using the Varian Kinetics Storage DMS-100/DS-15 program.

Preparation of the reversed micelles

To a 0.2 M suspension of CTAX (X=Cl or Br) in octane containing 0.1 mM of
the organic substrate were successively added sultable amounts of pentanol,
0.1 M potassium phesphate buffer pH 3.0 and Hy0, dissolved in the same buffer.
The suspension was mixed on a Vortex; only compositions which gave clear solut-
fons within 5 sec. were used. A sultable amount of enzyme was then injected
into the solution and the UV-absorbance was monitored to feollow the enzymatie
conversion, at 279 nm (Ae=10,100 l.mol_l. mel) for MCD and at 292 nm (4e=2680
l.mol‘l-cm_l) for DHB. For a system with wy=25 and 117 pentanol (w/w) the
medlun was composed as follows: 2064 pl 0.1 uM organic substratef0.2 M CTAX/
octane; 2530 pl pentanol; 123 pl buffer; 60 ul 10 oM H202 in buffer and 3 ul
(150 ng) chloropercoxidase. The specific activity of the enzyme was 400-450 pumol
MCD.mg protein_l.min_l- It should be noted that the concentration of the sub-
strate used was only 0.1 mM to facilitate the monitoring of the reaction. The
maximal solubility of MCD in the reversed micellar system {s more than 30 mM.

Determination of log P-values

The log P-values of octane, pentanol and DHB were calculated using hydro—
phabic fragmentation constants [16] and for CTAB the log P value given by
Hilhorst [11] was used. log P (CTAC) was assumed to be equal to that of its
bromo analogue {(-0.66) and log P (MCD) was determined as follows. 3 ml 0.1 M
H3PO4/K0H pH 3.0 containing 20 mM KBr was shaken with 3 ml of n-octanol
containing 5, 25 or 100 yM MCD. After shaking for 16 hours the concentration of
MCD in the aqueous layer was determined by means of HPLC (Varian 5000 Liquid
Chromatograph equipped with a 25 cm x 4.6 mm Chrompack Standard Columm with a
Nucleosil 10 CN-filling). MCD was detected with a Kratos Spectroflow 773

Absorbance Detector operating at 278 nm. A log P value of 1.1 was obtained.
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Isolation of emaymatic products

The enzymatic reaction was run in 100 ml reversed micellar medium. After
termination of the reaction the organic solvent was removed by means of a
rotary evaporator and the thick remaining cake of CTAK was extracted with three
50 ml portions of distilled ether. The surfactant is completely insoluble in
ether in contrast to the reaction products. The CTAX is filtered off and the
ether is evaporated giving the pure product. This procedure is an improvement

on the one described earlier for the isolation of steroids [10]-

6.3 RESULTS AND DISCUSSICN

6.3.1 Bromination reactions

pentancl pentanol

buffer CTAB/ octane buffer LTAC/ octane

a b

Pig. 6.1 Paeudo-ternary vhage diagrams for the system CTAX/cctane/pentanol/
0.1 M HzPO, pH 2.7. The black area reflecte those compositions
which gave clear solutions within § see mixing tims.

a: X=Br; b: X=Cl
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When buffer, cetyltrimethylammonium bromide (CTAB), pentanol and octane
are mixed in suitable concentraticns a transparent solution is obtained. This
selution can be regarded as a dispersion of tiny water droplets in a water-
immiscible organic liquid, stabilized by surfactants, in short reversed micel-
les. This reversed micellar system is only obtained within a small area of the
pseudo-ternary phase diagram that can be constructed by varying the concentrat-
jon of buffer and pentanol with respect to a fixed ratio of octane/CTAB [11]
(see Fig. 6.1a). When the chloroperoxidase from Caldariomyces fumago was added
to the micellar system supplied with hydrogen peroxide and monochlorodimedon
(MCD), the organic substrate was completely converted inte its brominated
analogon (see Scheme 6.1). It should be noted that it is not necessary to add
bromide ions to the agueous phase; the enzyme uses the bromide counter ijon of
the surfactant as a substrate. Thus the surfactant serves a dual function: i)
it stabilizes the reversed micelles, and ii) the browmide counter ion is used
for the enzymatic reaction.

6.3.2 Optimisation of the brominating system

Some parameters were varied and the effect on the enzyme activity recorded
to determine the optimal conditions for catalysis. With 11% pentanol and 0.2 M
CTAB in octane the wy can be varied between 5 and 25. Outside this region phase
separation occurs. The enzyme activity increases with increasing water content,
as shown in Figure 6.2a (trace 1l). Typically for apalar substrates enzyme ac-
tivity is maximal at Tow Wy when the concentration of these substrates is rate-
determining. For instance, horseradish peroxidase is most active at w0=10-13
[14,15]. The unusual behaviour of chloroperoxidase might be explained by consi-
dering the fact that bromide ions are inhibitory to the enzyme at low pH-values
[17] and the bromide concentration in the water pool decreases with increasing
water content of the micelles. This phenomenon was not found earlier with hor-
seradish peroxidase because the authors did not study halogenation reactions.

It was recognized that optimal enzyme activity in reversed micelles can be
achieved by adjusting the polarity of the micellar interphase and the contin-
uous phase with respect to the polarity of the substrate [11,18). This was
formulated in the following equations: | lag Pinterphase'1°g Psubstrate | should

be minimal and |log P -log P | should be maximal for

continuous phase substrate
optimal enzyme activity. The polarity of the interphase can be calculated using

equation (3) and the log P values can be calculated by Rekker's method [16].
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However, one of the parameters in eq. (3) is ap (eq. (2)) and the concentration
of cosurfactant in the interphase can only be determined at the boundary of the
area in the phase diagram where stable reversed micelles are formed. Thus, only
empirical considerations are allowed in our case. When we varied the concen-
tration of pentanol in our system we found that the enzymatic bromination rate
decreased strongly upon addition of more than 10% pentanol (see Fig. 6.2b,
trace 1). Unfortunately it was not possible to study systems with less than 10%
pentanol because no stable reversed micellar solutions were obtained. The
results obtained are in accordance with those obtained for 20B-hydroxysteroid
dehydrogenase [11]. Increasing the pentanol content of the medium makes the
interphase more apolar relative to the continuous phase, causing an extraction
of the substrate into the bulk continuous phase. This makes the substrate less
accessible to the enzyme and decreased activity is observed.

The enzymatic activity in reversed micelles as a function of the pH of the
buffer used is plotted in Fig. 6.2c. The shape of the curve is steeper, more
bell-shaped than in water, although the position of the optimum is about the
same. It is not uncommon that the pH-dependence of enzymes 1is altered upon
entrapment in reversed micelles: for a-chymotrypsin and lysozyme the optimum is
shifted 1.5-2.0 pH-units towards basic media, caused by a change in the pK, of
the active site due to the charge of an anionic surfactant {19,20). However,
caution should be exercised in interpreting these results because it is very
difficult to measure the pH inside the micelle exactly [21].

The initial rate of the bromination of 1 by CPO in reversed micelles under
optimised conditions {(11% pentanol, wy=25, pH=3.0) is abeut 80% higher than in
water {see Table 6.1), clearly showing the advantages of this system.

Fig. 8.2a {p. 73, upper diagram)
The effect of w, on the enayme activity. The reversed micelles
eontain 0.2 M CTAX and 11% (w/w) pentanol. Trace 1: X=Br; Trace 2:
X=Cl

Pig. 6.2b (p. 73, lower diagram}

The effect of the pentanol concentration on the enayme activity.
The reversed micelles eontain 0.2 M CTAX. Trace 1: X=Br, Wy=10;
Trace §: X=Cl, wy=17.5
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aquecus mediun (b} ae a funetion of the original pH of the buffer.
The reversed micellee were composed of 0.2 M CTAB and 11% pentancl;
Wp=25.

6.3.3 Other substrates

We were also interested in the conversion of other apolar substrates by
chioroperoxidase in reversed micelles. It appeared that 1,3-dihydroxybenzene
{resorcinol, 3, see Scheme 6.1) was smoothly converted into its 4-bromo deriv-
ative 4a., The reaction rate in reversed micelles is approximately 2.5 times
higher than in aquecus buffer (see Table 6.1). Methoxybenzene, 4-methoxyphenol
and 1,4-dimethoxybenzene were not brominated in micellar media although they
are (slTowly) converted in water. Adjustment of the micellar interphase by using
various amounts of n-heptanol or n-octanol had no effect on the results. The
reason for this resistance towards reaction in reversed micelles is unknown.
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hetopercoxidase

0 0 X~, H,0, 0 0
L H X
1 2 a. X=Br
b. X=Cl
OH OH

heloperoxidase

X", Hy0y

OH CoH

3 fa. =8¢
b. X=Cl

Scheme 6.1 PReactions catalyzed by chlorcperoxidase in reversed micelles.

Table 6.1  Rates for the chloroperoxidase-mediated conversion of monechloro-

dimedon (1) and resorcinol (3) in aqueous and micellar media.

bufferd reversed micelles
chlorination of 1 408+6 885+6D
bromination of 1 489+4 872+9¢
chlorination of 3 19613 4781-18b
bromination of 3 199410 508+5¢

4 Reaction conditions: 0.1 M potassium phosphate buffer pH 3.0, 20 mM KX (X=Br
or C1).

b Reaction conditions: 11% pentanol, wy=17.5.
C Reaction conditions: 11% pentanol, wy=25.
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8.3.4 Chlorination reactions

The natural function of the chloreperoxidase of Caldariomyces fumago is
the chlorination of organic substrates [22]. Hence, we were interested in
chlorination reactions using chloroperoxidase in reversed micelles composed of
buffer, cetyitrimethylammonium chloride (CTAC)}, pentanol and octane. The new
pseudo-ternary phase diagram is depicted in Fig. 6.1b. The shape of the area
where stable reversed micelles are obtained deviates from that obtained with
CTAB (Fig. 6.la), indicating that the physical properties of the surfactants
become different upon changing salely the counter ion. The degree of hydration
of the counter don has a strong influence on the shape and the size of the
reversed micelle [23]. As chloride ions are more hydrated than bromide ions,
this fact could explain the differences between Fig. 6.1a and 6.1b. MCD (1) and
resorcinol {3) were smoothly chloripnated with this system giving 2b and 4b
respectively {see Scheme 6.1). Methoxybenzene, p-methoxyphenol and p-dimethoxy-
benzene were not converted by this system, as was found earlier for CTAB.

£.3.5 Optimisation of the chlorinating system

Fig. 6.2a (trace 2} shows that the enzymatic activity increases with
increasing wg. However, in contrast to the case of CTAB there seems to be an
optimum 1in the curve. This can be explained by considering the fact that
chloride dions are inhibitors of the enzyme, Jjust 1ike bromide ions. Their
concentration decreases at increasing wp causing enhanced enzymatic activity.
However, the concentration of hydrogen peroxide inside the reversed micelles
decreases too, so these effects will compensate each other at a certain wy. For
chloride this {s around w0=19 and for bromide it is apparently above w0=25
because bromide is a stronger inhibitor for chloroperoxidase than chloride.

The effect of the concentration of pentanol on the enzymatic activity is
shown in Fig. 6.2b (trace 2). Remarkably, an optimum was observed, at 11%
pantanol, whereas the optimal concentration of pentanol in the case of CTAB was
below 10%. According to the theory of Hilhorst and Laane [11,18] this means
that in the case of CTAC there is more pentanol needed to make log Pinterphase
equal to log Pycp then when CTAB is the surfactant. In other words, log Pprrap
is more negative than log PeTAC? probably because the chloride ion is more
hydrated.

The rates of chlorination of 1 and 3 in reversed micelles at optimised
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conditions (11% pentanol, wp=17.5) were approximately 2.2 times higher than in
aqueous buffer {see Table 6.1).

6.3.86 Stability of chlovoperoxidase in reversed micelles

Chloroperoxidase is known to be a labile enzyme, Tosing its activity
rather rapidly during catalysis [5]. When the enzyme was entrapped into rever-
sed micelles activity was lost at a comparative rate when the surfactant was
CTAC (see Figure 6.3a) but about two times faster than in water when CTAB was
used. This observation is hard to explain; perhaps some bromide ions are oxid-
ized by oxygen dissolved in the octane giving bromine, which could inactivate
the enzyme.

Chloroperoxidase fs inactivated irreversibly by large amounts of hydrogen
peroxide [24]. This effect is even more pronounced in the micellar system
because hydrogen peroxide is almost completely confined to the water pool, in
the immediate vicinity of the enzyme. The initial enzymatic activity increases
with a higher hydrogen peroxide concentration (not shown), but the activity
decreases more rapidly on standing. This is shown in Fig. 6.3b where the
percentage of the initial enzyme activity is plotted against time for different
concentrations of hydrogen peroxide. The same phenomencon was observed under
turnover conditions: the turnover number of the enzyme is about 90,000 in
reversed micelles (0.5 mM 1, 0.2 M CTAC, 11% pentanol, wp=17.5) and about
550,000 in buffered water (2.0 mM 1, 0.1 M phosphate buffer pH 2.7). This is
not caused by a shortage of bromide ions, since their concentration is 0.2 M,
compared to maximally 2 mM of substrate.

Summarizing, the enzyme chloroperoxidase from the mold Caldariomyces
fumage s able to work efficiently in reversed micelles composed of aqueous
buffer, CTAX {X=C1 or Br), pentanol and octane. The initial enzymatic activity
is about twice as high as in water, improving the enzymatic conversion of
apolar compounds like 1 and 3. However, enzyme stability is not enhanced by
entrapment, especially when hydrogen peroxide is present. It should be noted
that recently a bromoperoxidase from a brown alga (dscophylium nodosum} was
isolated which is wvery stable in mixtures of water and water-miscible organic
solvents and which is not inactivated by high concentrations of hydrogen
peroxide [25,26].

77



800;
600

2
~F
-—————

[,-utw; Bw gIW 1own) 4o "ads

200

time (h) —

10

{(min) ——

1004

-
“Jov ads

U
[aad

LIRTIN]

=
i

40 3boyuzssad

[¥al
o

time

78




Fig.

Pig.

6.4

8.3a (p. 78, upper diagram)
Stability of ehlorvoperoxidase in reversed micelles, without
hydrogen peroxide. The systems were composed as follows: trace 1:
0.2 M CTAC, 11% pentanol, ub=1?.5; trace Z: 0.2 M OTAB, 11%
pentanol, w,=25.

§.3b  (p.78, lower diagram)
Stability of chloroperoxidase in reversed micelles with added
hydrogen peroxide. The overall concentration of hydrogen peroxide
ig: trace 1: 0.04 mM; trace 2: 0.20 md; trace 3: 0.40 mi. The
vertical coordinate reflects the activity at t=t compared to £=0.
The medium ig¢ composed of 0.2 M CTAB and 11% pentanol; wy=25.
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7 THE IMMOBILIZATION OF CHLOROPEROXIDASE

7.1 INTRODUCTION

The use of enzymes as catalysts in organic synthesis is a growing field of
interest because of the unique properties that enzymes possess: they are
specific, react fast and under mild conditions. Drawbacks are however their
cost which makes it necessary to re-isolate them from the reaction mixture, and
their limited stability. A way to overcome these problems is immobil{ization:
the confinement of the enzyme to a restricted area (see for recent reviews [1-
511,

We are interested in the use of haloperoxidases in organic synthesis.
Haloperoxidases are enzymes that are capable of halogenating a large variety of
electron-rich organic compounds, for example barbituric acid [6,7] and pyrazole
derivatives [8]. Large scale conversions of these compounds necessitate immobi-
lization of the enzyme. In this study we present our results on the immobiliz-
ation of the chloroperoxidase (CPO) from the mold Caldariomyees fumago. This is
an extracellular, polar glycoprotein, with an isoelectric peint of about 3.7
£9] and an optimal pH of 2.7. Taking these facts into account possible immobi-
lization methods are adsorption to hydrophilic neutral or charged supports. The
latter may be positively or negatively charged; at pH 2.7 the net charge of the
enzyme will be positive but the charge may be unequally distributed over the
surface of the enzyme. Another possible immobilization method is covalent bin-
ding via amide linkages because CPO has a large amount of acidic residues in
its protein backbone [10]. An alternative is the binding via Schiff bases using
the sugar part of the enzyme [11]. Since entrapment is also known as a mild
method resulting in high yields [12], the following five methods were inves-
tigated with CPO:

1) adsorption to & polar neutral support

2) ionic binding to charged supports

3} covalent binding to supports, containing an alkylamino group
4} entrapment in calcium alginate

5} entrapment/covalent binding in an acrylic polymer.
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7.2 MATERIALS AND METHODS

General

Crude grade Caldariomyces fumugo chloroperoxidase with a specific activity
of 400-500 ymol of moncochlorodimedon (MED).mg'}'.min"l was obtained from Sigma,
as was MCD. The coupling reagent l-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC), azoblsisobutyronitril (AIBN), 3-aminopropyltriethoxysilane
and triethylamine were all purchased from Merck; ¥N-hydroxysuccinimide, acryl-
oylchloride and triethylenetetramine (TET) were from Janssen Chimica; acryl-
anide and ¥-2-hydroxyethylpiperazine-N-2-ethanesulphonic acid (HEPES) were from
BDH. N-acryloxysuccinimide was synthetized according to Pollak [13]. Hydroxy-
apatite (HAP) was obtained from Bio-Rad, DE-32 DEAE-Cellulose from Whatman,
Controlled—-Pore Glass (CPG) from Corning Glassworks and sodium alginate from
Fluka. Silicaspheres § 970h 1.6 and S 970b 1.5 were generous gifts fram Shell,
UK. Bio-Rad Standard Econo-Columns, dimensions 1.0 em ID x 10 cm and the
Pharmacia peristaltic pump P-1 were used unless indicated otherwise. The
dialysis tube was from Spectrapor, type 3787012, 6 mm ID; it was boiled in
0.01 M EDTA before use. UV-spectroscopy was performed on an Aminco-Chance DW-2
split-beam spectrophotometer, a Beckman DU-7, a Varian DMS-90 or on a Varlan
DMS~100 apparatus equipped with a DS-15 data station. Fast Protein Liquid
Chromatography (FPLC) was conducted with a Pharmacia apparatus consisting of
two P-500 pumps and a GP-250 Gradient Programmer.

Aminopropylation of CPG and Silicaspheres

CPG was cleaned by refluxing with concentrated nitric acid during 8 h at
140°C. After thorough washing with doubly distilled water the support was
treated with 3-aminopropyltriethoxysilane in water according to Weetall [14].

Two methods were used for the aminopropylation of the Shell Silicaspheres:

a) [15]; 2.5 g of Silicaspheres were washed with 2x20 ml of distilled
diethyl ether and dried for 1 h at 100°C. 2.5 ml of 3-aminopropyltriethoxy-
silane was dissolved in doubly distilled water; the pH of this solution was
adjusted to 5 with some acetiec acid and the volume was lncreased to 25 ml with
water. 12 ml of this solution was added to 2.5 g of washed Sllicaspheres; the
mixture was degassed at a water pump, gently swirled at 80°C for 1 h and
incubated overnight at room temperature. After decanting the 1fquid the spheres
were washed 5 times with doubly distilled water.

b) 5 ml of 3-aminopropyltriethoxysilane dissolved in 25 ml of distilled

toluene was added to 5 g of washed Silicaspheres. The mixture was gently
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swirled for 1 h at 90°C and for an additional hout at room temperature. The
toluene was decanted, the spheres were washed with 2x40 ml of distilled toluene
and dried for 1 h at 110°C.

The aminopropyl content of the spheres was determined by elemental
analysis. Prior to analysis the spheres were dried for 2 h at 110°C, stored in
vacuo if necessary, and crushed in an agate mortar prior to analysis. The
results are expressed in mmol carbon per gram of support (referred to as "K")
or as the number of aminopropylgroups per nm? (M), which are calculated by

means of the following formulas [16]:

K (mmol/g) = %0 + e—0— . 10
12 . 2

M (propylaminogroups/nmz) - — . N . 1072

(1000-K . MW) .SA

#C = percentage carbon as found by elemental analysis

Z = number of carbom atoms per group (3)

MW = molecular weight of the C3H8-NH-Si-O group (102}

S3A = speclfic surface area (87 m2/g for the Shell Silicaspheres type
S 970n 1.6; 350 m°/g for type S 970b 1.5)

N = Avogadro's number (6.02 . 1023)

The results for the 5 970h 1.6 spheres were:

blank 0.6 %IC
method a) 1.2 ¢ = 0.3 mmol carbonf/g = 2.4 aminopropylgroups/nm2
method b) 2.8 %2C = 0.8 mmol carbonfg = 5.8 aminopropylgroups/nm2

Comparable results were obtained with the S5 970b 1.5 spheres. Conducting the
reaction in an organic solvent 1ike toluene is a significant dImprovement
compared to the first method, as was already found by Weetall [l4]. 5.8
aminopropylgroups per nm2 is about the highest attainable wvalue ([l17]. Only

spheres modified in this way were used in the immobilizat{ion procedures.
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Determination of enayme activity

The activity of free CPO was determined as described before [18] using MCD
as a substrate. For immobilized enzyme the procedure was as follows. An appro-
priate amount of immobilized enzyme was added to 25 ml of 0.1 M phosphate
buffer pH 2.7 containing 20 mM of KCl1 in a 250 ml erlenmeyer. The reaction was
started by the addition of 60 ul of 100 mM hydregen peroxide. 2.7 ml aliquots
were taken with suitable time intervals and added to 300 ;11 of 1.0 M trichloro-
acetic acld to stop the reaction. The absorption at 270 nm was recorded and the

enzyme activity was calculated using Ae= 12,200 lomol™L.cn™!

. Generally, the
efficiency of the immobilization process is preferably determined by the enzyme
activity than by determining the protein content of the immobilized materlal,
because the former method is mich more sensitive (down to 0.4 ug enzyme/ml).
The yield of the immobilization procedure is defined as the ratio of the total
activity of the immobilized enzyme (expressed in Units, U) to the totzal
activity of the 1initfally added enzyme. One Unit 1s the amount of enzyme that
catalyses the conversfon of 1 ymol of MCD in 1 min. The recovery is defined as
the sum of the enzyme activities in the washing liquids and the immobilized
material, divided by the total activity of the initially added enzyme. The

recovery indicates how mild the immobilization conditions are.

1} Adsorption to a neutral support

Hydroxyapatite (HAP) was taken for these d{mmobilization studies. The
support was pretreated according to [19]: 0.5 g of HAP was mixed with + 5 ml of
10 mM potassium phosphate buffer pH 6.0 and gently swirled avoiding mechanical
stirring. The slurry was allowed to settle for 10 min and then decanted. These
steps were repeated twice. The swollen materlal was transferred to a small
column and the bed was allowed to settle overnight. 0.5 ml of CPO (93 pg/ml)
was diluted to 10 ml with 9.5 ml of 1 wM phosphate buffer pH 6.0 and pumped
through the columm at a rate of 25 ml/h at 4°C.

2) Adsorption to charged supports

a) Adsorption to DEAE-Cellulose. 100 mg of DEAE-Cellulose was dissolved in
1 oM potassium phosphate buffer pH 6.0 and placed inside a small column (0.5 cm
ID). After removal of the fines 0.4-0.8 mg of CPO dissolved in 5 ml of potas-

sium phosphate buffer pH 6.0 was pumped through the column at a flow rate of 25
ml/h. The immobilization was performed at room temperature.

b) Adsorption to 3-aminopropyl-CPG [20]. 4.5 ml of doubly distilled water
and 0.5 ml of GPO (93 pg/ml) were added to 100 mg of 3-aminopropyl-CPG {n a 10
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ml round-bottomed flask. The pH of this solution was 5.2. The mixture was
gently swirled overnight after which the glass beads were decaated.

¢) Adsorption to a negatively charged support by means of FPLC. Fast

Protein Liquid Chromatography (FPLC) consists of the binding of an enzyme to a
column filled with a well-defined adsotbent'at elevated pressure. The enzyme
nolecules are eluted by applying gradients of salts, substrates, inhibltors,
etc. This method is very well suited for the rapid determination of the
strength of binding between the enzyme and the adsorbent under wvarious
conditions.

40 ug of CPO was diluted with 5> mM phosphate buffer pH 2.7 containing 1 mM
KCl and injected into a Meno-5 FPLC column. Mono=$ 1s an ion exchanger contain-
ing sulphonic acid groups and is therefore negatively charged, even at pH 2.7.
The initial eluent was 1 mM KC1/5 mM potassium phosphate pH 2.7 and the flow
rate was 1.5 ml/h. After 3 min a linear salt gradient was started: 1-1000 mM
KC1/5 aM potassium phosphate pH 2.7 or 1 oM KC1/5-100 oM potassium phosphate

pH 2.7. Protein was detected by its UV-absorbance at 280 nm.

3) Covalent binding to supports, containing an alkylamine group

a) Covalent binding to 3-aminopropyl-CPG by means of amide links ([21],
modified), To 100 mg of support in a 10 ml round-bottomed flask was added 4.5

ml of doubly distilled water and 50 mg of coupling agent (EDC). The pH was
adjusted to 4.0-4.5 with dilute hydrochloric acid. 0.5 ml of CPO (923 ug/ml) was
added and the mixture was gently swirled overnight after which the glass beads
were decanted. The pH of the solution decreased somwewhat during the reaction
and was read justed with dilute sodium hydroxide.

b) Covalent binding to 3-aminopropyl-silicaspheres by means of Schiff base

formation ([22,23], modified). 300 pul of 100 mM potassium phosphate buffer pH
2.7 containing 20 mM KC1, 100 vl of G.7 uwM sodium periodate (70 nmol) dissolved

in the same buffer, and 274 ug of CPO (6.5 nmol) were placed in a 10 ml flask
and incubated for 6 h at 4°C in the dark. 0.5 ml of this oxidized enzyme solut-
ion was introduced to 100 mg of aminopropyl-silicaspheres; the pH was adjusted
to 4.3 with 100 mM potassium phosphate buffer pH 6.0. The mixture was gently
swirled overnight at 4°C in the dark after which the glass beads were decanted.

The stability of the Schiff base. This experiment was performed with two

different concentrations of periodate. A. 430 ul of potassium phosphate buffer
pH 2.7 containing 20 md KCI, 20 ;1 of 0.7 oM sodilum periodate dissolved in the
same buffer, and 203 ug of CPO were placed in a 10 ml flask. B. 350 ul of
potassium phosphate buffer pH 2.7 containing 20 wM KC1, 100 ul of 0.7 mM sodium
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periodate dissolved in the same muffer, and 203 ug of CPQO were placed in a 10
ml flask. These solutions were incubated avernight at 4°C in the dark. The pH
of the solution was adjusted to 4.3 with 1 ml of 100 mM potassium phosphate
buffer pH 6.0. 306 mg of 3-aminopropyl-silicaspheres was added to solution A
and 298 mg to B. After stirring for 24 h at 4°C in the dark the supernatants
were decanted and thelr enzyme activities determined. The immobilized material
was divided into three portions and to each was added 1 ml of one of the fol-
lowing solutions: doubly distilled water; 100 wm{ potassium phosphate buffer
pH 4.5; 100 wM potassium phosphate buffer pH 2.7 containing 20 mM KCl. After
1 h incubation the enzyme activity in the supernatants was determined. Another
1 ml of the same liquid was added to the immobilized CPO and the enzyme activ-

ity of the supernatant was measured agaln after 4 days of incubation.

4) Entrapment in caleium alginate

To a cooled and deaerated solution of 0.10 g of sodium alginate (2% w/v)
in 5.0 m! of 200 uwM potassium phosphate buffer pH 6.0 was added 20 U of CPO in
1.0 ml of the same buffer. The mixture was injected dropwise into 0.1 M potas-
slum phosphate buffer pH 2.7 containing 20 wM KC1 and 50 mM CaCl,, giving off-
white calecium alginate spheres. The spheres were allowed to harden for 3h after
which they were isolated by filtration on a Biichner funnel and washed with a
little buffer pH 2.7.

5) Entrapment/covalent binding in an aerylic polymer

Synthesis of poly(acrylamide-co-N-acryloxysuccinimide) (PAN) [13]. 0.13 g
(0.8 mmol) of AIBN, 2.57 g (13 mmol) of N-acryloxysuccinimide and 22.91 g (322
mmol) of acrylamide were dissolved in 250 ml of CaH,-dried THF, in a 1 1 three-

necked round-bottomed flask. The solution was stirred for 1 h at 20°C under an
atmosphere of dry nitrogen. The stirring was stopped, the temperature was rais-
ed to 50°C and a white precipitate formed slowly. After 24 h the precipitate
was resuspended in 125 ml of dry THF, filtered under a nitrogen atmosphere,
washed with 3x100 ml of dry THF and dried in a vacuum exslccator, first at room
temperature, later at 50°C. The yield was 26.7 g (105%), 1indicating that not
all the THF could be removed. The adsorbed THF did not influence the immobiliz-—
ation procedure.

Active ester content of the PAN. One of the lmportant parameters in this

immobilization procedure is the N-hydroxysuccinimide ester content, in the
following referred to as the active ester content. This N-hydroxysuceinimide

group is replaced by nucleophilic groups of the enzyme, leading to covalently
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bound enzyme, or it is replaced by the amino groups of the cross~linking agent,
giving a cross-linked polymer. The actlive ester coutent was determined as fol-
lows. 50 mg of PAN was dissolved in 5.00 ml of doubly distilled water; a 50 pul
aliquot of this solution was added to 2900 1 of 0.1 M HEPES buffer pH 7.5 and
the UV-absorption at 259 om was recorded. 50 yl of 1 M ethylamine was added and
after 2 h Aygg was recorded again. The active ester content was determined from
the obtained data using Ae(¥-hydroxysuccinimide) = 8600 Ml.col. Zach deter-
mination was carried out in duplicate. The actlive ester content Is expressed in
umol ¥-hydroxysuccinimide released per gram of dry PAN and Is rounded to the
nearest 50; thus, PAN-500 has an active ester content of 500425,

CPO immobilization in cross—linked PAN. Several parameters were studied in

the 1mmobilization process, such as the percentage of PAN in solution, the
amount of cross-linking agent {triethylenetetramine, TET), the gelation time
and the nature of the gel. A typical experiment was conducted as follows. 225
mg of PAN-500 is dissolved in 1 ml of 0.3 M HEPES buffer pH 6.0 and placed in a
small flat-bottomed tube to enable magnetic stirring; a small graduated cylin-—
der proved to be very convenlent. When the polymer had dissolved completely
113 ug of CPO (0.5 mg/g PAN) were added and the mixture was stirred for 30 min.
3.3 mg (22.5 pmol) of TET were added and after & min the stirring bar started
to "jump" because of the increased viscosity of the gelating solution. The gel
was allowed to harden for 30 min at room temperature and subsequently for 24 h
at 4°C. The hardened gel was pressed through a plece of copper gauze to obtain
small particles and washed with 10 ml of 20 mM NH,C1l in O.1 M HEPES pH 6.0 to
hydrolyze the remaining active esters. The particles were filtered and suspen-—
ded in 10 ml of 0.3 M HEPES pH 6.0. The enzymatic activity of the washing
liquids and the immobilized material was recorded.

The following experiment was executed to determine if the enzyme could
leak out of the c¢ross—linked polymer. 15 ml of potassium phosphate buffer pH
2.7 was added to 0.75 g of immobilized material suspended in 12.25 ml of 0.3 M
HEPES buffer pH 6.0, in a 30 ml erlenmeyer. The suspension was stirred magne-
tically for 6 h. Stirring was stopped every 90 min, an aliquot of the super-

natant was taken and examined for enzyme activity.
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7.3 RESULTS AND DISCUSSION

7.3.1 Adsorption to a neutral support

Hydroxyapatite (HAP) is a well-known support widely used for the binding
and purification of proteins and nucleic acids. When chloroperoxidase diTuted
in 1 mM phosphate buffer pH 6.0 was pumped through a column of HAP all the
enzyme molecules were bound (ﬁigh yield). They also proved to be very active
{high recovery, see Table 7.1), indicating that HAP is a very attractive sup-
port for this enzyme. However, HAP has only a limited stability at pH 2.7, the
cptimal pH for the enzyme. 50% of the support material dissolves within 72 h on
equitibration with 10 mM H3P04/K0H pH 2.7/20 mM KC1 at room temperature and
within 24 h if the concentration of the buffer is increased by a factor ten.
HAP is much more stable at 4-6°C and it proved possible to convert barbituric
acid to 5-chloro- and 5,5-dichlorobarbituric acid with this system during 70 h

Table 7.1  Stability of CPO immobilized on HAP, with respect to low pH and
high ionic strength.a

enzyme activity

washing liquid in washing ligquid b yield ¢ recovery d
10 mM H3P04/KOH pH 2.7 1 73 74
10 mM H3P0,/KOH pH 2.7 + 10 mM KC1 1 88 89
100 mM H3P0,/KOH pH 2.7 + 20 mM KCI 31 ND € ND

Different batches of immobilized enzyme were washed with the dindicated
liquids and the enzyme activities in the immobilized material and in the
washing liquids were subsequently determined.

As percentage of the total activity of the initially added enzyme.

€ The yield is defined as the ratio of the total activity of the immobilized
enzyme to the total activity of the initially added enzyme.

The recovery is defined as the sum of the enzyme activities in the washing
liquids and the immobilized material, devided by the total activity of the
initially added enzyme. In other words, the figures in the third column are
the sum of those in the first and the second column.

€ ND = not determined
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atic halogenation. Minimizing the ionic strength by using 1 mM phosphate buffer
pH 3.0/2 mM KC1 resulted in partial denaturation of the enzyme.

b} Adsorption to 3-Aminopropyl-Controlled-Pore Glass (Amino-CPG).

CPG is a very attractive and widely used support for enzymes since it has
a number of advantages [25]:

1) great mechanical strength

2} resistance towards organic solvents, low pH and microbial attack
3) possibility to recycle

4) easy use

5) excellent flow properties

The surface of CPG 1is composed of silanol groups which can be easily
modified by trialkoxysilanes. This s usually accomplished by reacting the
support with the silane derivative in an aqueous medium. However, conducting
the reaction in toluene increases the degree of silanization considerably,
presumably because the hydrolysis of the silane reagent by water is minimized.
CPG modified with 3-aminopropyltriethoxysilane by this procedure was used for
the immobilization of CPO. A test experiment with bovine serum albumin showed
that 7 mg of protein could be bound to 100 mg of medified CPG. When CPO was
mixed with the support overnight all enzyme activity was bound to the CPG, but
the enzyme readily detached on washing with buffers of pH 2.7 (see Table 7.3).
An explanation for these results may be that positively charged supports at-
tract chloride ions from the solution leading to high local chloride concen-
trations. CPO is known to be inhibited by high concentraticns of halide ions at
low pH [26]. Another reason may be that at pH 2.7 the enzyme is repelled by the
support. Binding of the enzyme to the negatively charged support (the Mono-S
FPLC column of Pharmacia, which contains sulphonic acid groups) at low pH
neither gave good results, as the enzyme already eluted with the void volume
when 5 mM H3P04/KOH pH 2.7 containing 1 mM KC1 was used as eluent. Thus, jonic
binding is not a favorable method for the immobilization of CPO. In two US
patents however CPO immobilized on DEAE-Cellulose is applied to the synthesis
of halohydrins [27,28]. The immobilization procedure seems to be efficient and
was carried out at pH 4.4. The reactions were also carried out at pH 4.4 using
0.42 M potassium bromide. High concentrations of halide are known to shift the
optimal pH for haloperoxidases towards higher values, so the enzyme might be
rather active under these conditions. However, since we are interested in the

89



CPO-mediated conversions of heterocyclic compounds which are very water-soluble
low ionic strength is needed for a good isolation process (see Ch. 2 and 4).
For this reason we continued to search for immobilization procedures which lead
to systems that are more stable at Tow pH.

Table 7.3  Stability of (PO adsorbed on F-aminopropyl-CPG, with respect fo low
pH and high ionic strength.?

enzyme activity

washing 1iquid in washing 1iquid ©  yield P  recovery b
doubly distilled water 0 100 100
10 mi H4PO,/KOH pH 2.7 + 10 mM KCI 20 ND © ND
100 i HyPO,/KOH pH 2.7 + 20 md KC1 50 3 59

& Different batches of immobilized enzyme were washed with the indicated
ligquids and the enzyme activities in the immobilized material and in the
washing liquids were subsequently determined.

b See Table 7.1 for explanation.

€ ND = not determined.

7.3.3 Covalent binding to supporte, containing an alkylamino group

a) Covalent binding to aminopropyl-Controlled-Pore Glass (CPG) by means of

amide bond formation.

Enzymes can be covalently bound to amino-supports via their carboxylic
acid residues using a carbodiimide such as EDC as coupling agent [21,29]. The
results of this approach are shown in Table 7.4. CPO was bound to 3-aming-
propy1-CPG in rather low yield {7-13%) but the linkage was stable in buffers of
high ionic strength and Tow pH. Further adjustment of the concentration of the
enzyme or the coupling reagent did not improve the yield. It should be noted
that the recoveries are not 100%, so part of the enzyme is inactivated. Whether
this denaturated enzyme is free or immobilized could not be determined because
enzyme concentrations were too low for determination. The fact that a higher
concentration of coupling reagent leads to decreased enzyme activity (see Table
7.4) indicates that the coupling reagent is involved in the inactivation pro-
cedure, presumably by reacting at the active site of the enzyme.
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on a semi-preparative scale without decrease in bed volume. The fact however
that the enzyme only reacted very slowly at this temperature {64 ymol barbitur-
jc acid/h = 128 umol MCD/h = 0.4% of the activity of free enzyme at 25°C) made
this procedure unfavorable for large-scale conversions. This method is very at-
tractive for the application of the halide-independent oxidation reaction {the
"classical" peroxidase reaction) of CPC, which is carried out at pH 4.5, as was
shown by Neidleman for the production of iodine on an industrial scale [24].

7.3.2 Ionie binding to charged supports

a) Adsorption to DEAE-Cellulose.
The bonding between oppositely charged molecules is usually stronger than
between neutral molecules, so immobilization of CPO on an ion exchange resin

could be useful.. DEAE-Cellulose was chosen because it has been found previously

Table 7.2  Stability of CPO immobilized on DEAE-Cellulose, with respect to low
pH and high ionic strangth.?

e e e e e T e e oy o R L L e e o e Lk Ak Lk g R T A P Y = T R R A

enzyme activity protein content
washing liquid in washing liquid b of washing Tliquid ©
10 mM H,PO,/KOH pH 6.0 0 0
10 mM H3PO,/KOH pH 2.7 34 41
10 mM HqaPO4/KOH pH 2.7 + 20 mM XKC1 85 84
1 mM HaPO,/KOH pH 3.0 + 2 mM KC1 28 66

3 Different batches of immobilized enzyme were washed with the indicated
Tiquids and the enzyme activities and the protein content of the washing
1iquids were subsequently determined.

b as percentage of the total activity of the initially added enzyme.

€ As percentage of the total initially added amount of protein.

that CPQ binds strongly to this support [18]. When CPO in phosphate buffer
pH 6.0 was pumped through a small column of DEAE-~Cellulose all the enzyme was
bound to the column material but on washing with phosphate buffer of low pH the
enzyme was readily released from the ion exchanger {see Table 7.2). This effect
was increased by the addition of chloride ion, a substrate necessary for enzym-
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Table 7.4  Characteristics of the immobilization of CPO on 3-aminopropyl-CPG

by amide linkages.®

immobilization added amount enzyme activity
temperature (°C) of EDC {mg) in supernatant b yield © recovery ©
4-6 50 19 7 26
21-23 20 22 13 35
21-23 50 38 9 47

8 The formation of the covalent bond was achieved by means of the carbodiimide
coupling reagent EDC.

b As percentage of the total activity of the initially added enzyme.

¢ see Table 7.1 for explanation

b} Covalent binding of CPO to aminopropyl-silicaspheres by means of Schiff
base formation.

The reaction of periodic acid with glycoproteins giving free sugars and
aldehydes is well established [30]. These aldehyde moieties have successfully
been used for the covalent binding of glycoenzymes to aminated supports giving
Schiff bases [11,22,31,32]. Since CP0 is a glycoprotein containing 25-30 wt.%
of arabinose and glucosamine this method seemed useful for the immobilization
of this enzyme. The effect of periodate on the enzyme activity was investigated
prior to the experiments. It appeared that perjodate inhibits the CPO-mediated
chlorination of MCD. When CP0 was oxidized by periodate at pH 2.7 and the ex-
cess of periodate was removed the activity of the recovered enzyme had increas-
ed by 47%. An explanation may be that the enzyme becomes more flexible when
large parts of its sugar chains are oxidatively removed, facilitating the
approach of substrates. The same phenomenon was cbserved in the case of inver-
tase [22]. The origin of the periodate-mediated inhibition of the chlorination
reaction cannot be explained in this way; possibly the oxidizing agent inter-
venes with an enzymatic intermediate during catalysis [33].

We chose 3-aminopropylated Shell Silicaspheres as solid support for the
experiments, because they have the same advantages as CPG but their properties
are better characterized. The procedure described above gave a 9% yield of
immobilized enzyme. However, 76% of the added oxidized enzyme remained in the
supernatant, so the immobilization efficiency is rather Tow. Enzyme recovery
was B5%, indicating that the immobilization conditions are mild.
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Table 7.6  Stability of CPO immobilized om 3-aminopropylsilica by means of
Sehiff bases, with respect to low pH and high ionic strength.a

- 28 T R T . A T R R A P P IR R W T R R T R A R R R R N T TR I W W T E W N W T .

enzyme activity in washing Tiquid ©

immobilization washing Tiquid incubation time:
method D 1h 44
A doubly distiiled water 1] 0
100 m1 KH,POy pH 4.5 mod 8.7

100 mM H3P04/K0H pH 2.7 + 20 mM KCI 6.8 10.8

B doubly distilled water 0.3 0
100 mM KH,PO, pH 4.5 7.7 g.1
100 mM H3PO,/KOH pH 2.7 + 20 mM KC1 4.7 11.7
2 Different batches of immobilized enzyme were incubated with the indicated
liquids for the indicated time intervals, and the enzyme activities in the
washing 1iquids were subsequently determined.
b See Materials and Methods.
C as percentage of the total activity of the initially added enzyme.
dyp = not determined.

The stability of the enzyme-support bond was investigated by incubating
the jmmobilized material with various 1iquids at 4°C; the enzymatic activity in
the supernatant was determined after 1 h and after 4 days. The results are
depicted in Table 7.5 and show that the enzyme remains bound at neutral pH but
slowly goes into solution at lower pH values because the formation of Schiff
bases is reversible. Although the method has some disadvantages it can be
useful, especially when studying the "classical" peroxidase reaction, at pH
4.5, or in cases where some loss of enzyme is acceptable.

7.3.4 Entrapment in ealeium alginate
The entrapment of biocatalysts in polysaccharides such as calcium alginate
or K ~carrageenan is a widely employed immobiTization procedure. Although usual-

1y whole cells are immobilized in this way [12], the method is also applicable
to enzymes [34]. The process occurs under very mitd conditions and can be
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easily scaled up [35]. In contrast to Sepharose and HAP, calcium alginate is
resistant towards low pH [36]. Although phosphate ions destabilize the gel this
effect is much smaller at low pH because alginate farms gels without calcium
ions below pH 3 [36].

Entrapment in calcium alginate consists of dripping a solution of the
biocatalyst in buffer containing sodium alginate into a buffered solution of
calcium chloride. When the enzyme/alginate drops make contact with the calcium
ions a spherical gel is formed. The hardening of the spheres is accomplished in
a few hours. Immobilization of CPO in this way, using 2% sodium alginate and 50
mM calcium chloride, gave a mere 1-3% yield: 75-85% of the enzyme had diffused
out of the spheres into the calcium chloride solution during the initial stage
of the hardening process. Increasing the concentration of alginate or calcium
fons led to a faster gelatien process but did not not affect significantly the
immobilization yield. Apparently the enzyme leaks through the gel into the sol-
ution, because the pores are too large [37]. When completely hardened spheres
were incubated in 0.1 M potassium phosphate buffer pH 2.7 for 1 h, 40% of the
enzyme molecules diffused out of the matrix. This figure did not increase on
prolonged incubation, indicating that the rate of leakage is maximal when the
gel is freshly formed. An elegant modification to prevent this early leakage
seemed to be the immobilization of the enzyme in a dialysis tube. The enzyme
and the alginate dissolved in buffer were placed inside the tube and this was
immersed in the calcium chloride solution. Calcium ions diffused freely into
the tube and effected the gelation of the alginate/enzyme mixture while neither
alginate nor enzyme Teaked out. After complete gelation the stiff gel was cut
into thin slices and the enzyme activity was recorded. This procedure definite-
ly seemed an improvement as the immobilization yield was approximately L14%.
This figure may be higher when diffusional limitation of the substrates inside
the gel slices is taken into account. However, the enzyme rapidly leaked out of
the sliced gel. In 1 h 40% of the enzyme had already gone into solutfon and
after 3-4 h only 45-50% is left, giving a final yield of 7-8%. Several proce-
dures have been advanced for the stabilization of calcium alginate gels, usual-
1y by the formation of a branched polymer on the surface of the gel [38-40],
These procedures are conducted at neutral or basic pH or require relatively
Tong reaction times and are therefore unsuitable in the case of CPO.
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7.3.5 Entrapment/covalent binding in an aerylic polymer: crose-linked poly-co-

acrylozysuceinimide-asrylamide (PAN)

N
e <L
+
0 AIBN
0\ THF | 50°
)
0
0% NH 1)H2NCH2CH2NHCH2
0% TX—CPO
HoNCH ,CH, NHEHZ
Oz, -NH

2} CPO—XH X=0,S, NH
pH= 6.0 1h 20° 24h 4°

07" "NH,

Scheme 7.1 Formation of crogs-linked PAN-gele eontaining itmmobilizad chlovo-

peroxidase [13].

An interesting approach to the immobilization of enzymes was published
some years ago by Whitesides et al. [13]. Their method is based on a synthetic
polymer of acrylamide and ¥-acryloxysuccinimide, abbreviated as PAN. The ¥-oxy-
succinimide is a good leaving group and serves a dual function: i) it can be
replaced by o,w-diamines allowing the cross-linking of individual polymer
chains; i1} it can be replaced by by nucleophilic groups of the enzyme (see
Scheme 7.1}. In this way enzymes are immobilized by a combination of entrapment
and covalent binding. An advantage above other polymerization reacticns is that
only a limited amount of heat is produced and the gelation time is short. The
method has been applied to a large number of enzymes, including the haloperoxi-
dases lactoperoxidase and horseradish peroxidase, giving iwmobilization yields
of 27 and 14%, respectively [13].
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Table 7.6  Deperdence of the concentration of poly{asrylamide-eo-N-acryloxy-
succinimide) {PAN) and the amount of ceross-linking agent (TET) on
the gelation time and the quality of the formed gel.d

. WP W R R A A M W R R R A R R W TE T = m

SPAN equivalents gelation time gel quality
of TET (min)P
15 spongy, very sticky
20 0.40 15 firm, somewhat elastic
0.45 13 firm
0.50 7 firm
.75 5 moderately firm, brittle
0.90 3 moderately firm, sticky
22.5 0.40 6 firm, brittle
0.45 3.3 firm, brittle
0.50 1.3 firm, brittle
0.75 (3.7} € Firm, sticky
0.90 (2) © firm, somewhat sticky
1.10 {(5) © unstable, sticky
25 0.40 3.3 firm
0.5 1 firm, brittle
0.75 (3.2) ¢ firm, sticky
0.90 (1.3) © firm, elastic, sticky

& see Text for details.

The gelation time was taken as the time between the addition of the TET and
the moment the stirring bar started to “jump" because of the increasing
viscosity of the gelating solution.

These experiments were carried out on a larger scale {5-10 m1 PAN solution};
therefore mixing of the PAN and the TET was less effective resulting in
increased galation times.

Some investigations were made into the effect of the concentration of PAN

and the cross-linking agent. on the gelation time and the gel quality prior to
the immobilization of CPO by this method. Pollak et al. [13] studied a 1ot of
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a,u-diamines and triethylenetetramine (TET) was proved to be the most effective
cross-1inking agent, so this compound was used for all our experiments. The
results are summarized in Table 7.6; 30% PAN gave very viscous solutions and
was not studied further. 22.5% PAN and 0.40 equivalents of TET were chosen for
the immobilization experiments with regard to the gel quality, the viscosity of
the solutions and the gelation time. The relatively low TET content increases
the possibility of covalent attachment of the enzyme to the polymer and thus
decreases the leakage of the enzyme from the gel. Sometimes the gel coloured
brownish during the hardening step. The origin of the colouration is unknown
but no attention was paid to it since it does not affect the gelation time, the
gel quality or the enzymatic activity. The gelation was carried out in 0.3 M
HEPES buffer pH 6.0 at room temperature because CP0 is inactivated above pH 7
and gelation time increased strongly with decreasing pH and lowered tempera-
ture.

Table 7.7 Immobilization of CPO in PAN. Effeet of the time at which the
ercgs~linking agent (TET) and the enzyme were added. 2

A R R T T o o e o e e ke e o

added at added at enzyme activity
t=0: t=t: in washing liquid b yield ¢ recovery ¢
TET 2 min CPO 28 36 64
CPG 2 min TET 17 17 34
cPO 5 min TET 15 26 4 41
cPo 30 min TET 21 a0 @ 61
CPO 5 h 30 min TET 39 35 4 74
CPO 24 h TET 41 32 73

8 See Materials and Methods for experimental details.

b ps percentage of the total activity of the initially added enzyme.
€ See Table 1 for explanation.

d These preparations were examined for enzyme leakage.

The immobilization of CPO in PAN was performed by the addition of CPO and
subsequently TET to the PAN. The moment of addition of TET is an important
parameter. A large interval between the additions of CPO and TET gives the
enzyme more oppartunity to bind covalently to the polymer, because the amine
competes with the enzyme for the active ester groups. The results are shown in
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Table 7.7. Adding TET after about 30 min gave the best yields; longer time
intervals seemed to give some enzyme inactivation. To our surprise the yield of
this procedure 1is 30-40%, which is considerably higher than with the methods
discussed before, and is alsoc higher than found for lactoperoxidase and horse-
radish peroxidase [13]. Ancther advantage s that almost no enzyme leaked out
of the PAN gel. This result, together with the observation of Pollak [13] that
the gel was permeable for dextranes (MW 10%-107) led us to the conclusion that
CPD was covalently bound to the polymer rather than entrapped by the c¢ross-lin-
king procedure.

7.3.6 Summary

Several techniques have been applied for the immobilization of the chloro-
peroxidase from cCaldariomyces fumago. The five indicated methods were not as
applicable to this enzyme as expected from its physical constants and chemical
structure. The major problem is not the inability of the enzyme to bind but the
low pH at which it is active. Work at low pH combined with the fact that the
enzyme needs an fonic substrate {chloride) results in a relatively high ionic
strength. This disfavors binding methods which consist of hydrogen bonds or
dipolar or fjonic interactions. Covalent bonding is possible in principle, if
the bond is able to withstand acidic media for some time. For some unknown
reason CP0 does not couple readily under these conditions. There are few amino
groups available in the protein backbone, but there are a lot of aspartic and
glutamic acid residues. However, these seem to be quite unreactive. Increasing
the amount of coupling reagent leads to imactivation. It should be noticed that
only enzyme activities were determined and not enzyme concentrations in all our
studies. So the immobilization yields may therefore be rather low because the
specific activity of the immobilized enzyme is lowered due to diffusional Timi-
tation; the given yields should be regarded as a Tower limit.

Another problem is the low molecular weight of the enzyme, preventing its
entrapment in gels like calcium alginate. The best procedure appeared to be the
method of Whitesides [13], probably because the enzyme comes into close contact
with a large amount of reactive ester groups resulting in stable covalent lin-
kages without deterioration of the active site. This method is therefore
preferable when performing large-scale halogenation reactions using chloro-
peroxidase.

Hydroxyapatite is also an attractive support for the enzyme. Barbituric
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acid was converted to a mixture of 5-chlorobarbituric acid and 5,5-dichloro-

barbituric acid by CPO immobilized on HAP. At this low temperature the support
did not dissoTve, but the enzyme activity was only 0.4% of the activity at
25°C. Hydroxyapatite has proved to he very convenient for the classical perox-
idase reaction, which can be conducted at pH 4.5.
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8 NEW HALOMETABOLITES FROM CALDARTOMYCES FUMAGO*

8.1 [INTRODUCTION

The occurrence of haloorganic compounds in Tiving matter is a rapidly
growing field of interest in natural product chemistry. Over 700 halometabol-
ites are known to date. The subject has been reyiewed in general {1] as well as
for individual classes of organisms [2-7]. Some of the authors concerned also
briefly discuss the biosynthesis of these compounds [2,4-7]. The role of the
enzymes being responsible for the actual halogenation step has, until recently
[8], only been mentioned without further comment. This is remarkable, since the
discovery of the chloro-antibiotic caldariomycin (2,2-dichloro-15,35-dihydroxy-
cyctopentane) in the culture medium of the mold Caldariomyces Ffumage [9]
directly induced the search for and the detection of the halogenating enzyme
chloroperoxidase [10,11], now one of the most studied halogenating biccata-
1ysts. This very versatile enzyme has been used in several laboratories for the
synthesis of chlorinated or brominated steroids [12], atkenes [13,14], cyclo-
propanes [15] as well as chlorinated or brominated derivatives of the hetero-
cycles thiazole [16], antipyrine [17] and barbituric acid [18-21]. In these
investigations as well as in those from other laboratories [22,23] opposite
results were presented regarding the reaction mechanism of the enzyme; 1in
particular the specificity of the halogenation reaction was a matter of debate.
Some of the controversy may have been caused by the fact that only a minority
of the researchers used cyclopentanedione, the only known natural substrate of
the enzyme. It would be interesting to know whether there are other natural
substrates for chloroperoxidase, and whether this enzyme could halogenate them
in a stereo- or regiospecific manner. Therefore we wanted to have a more
detailed picture of the natural products, being formed in the culture medium of
Caldariomycas fumago.

When Clutterbuck and coworkers [9] extracted the culture medium of Calda-
riomyces fumage with EtOAc, they not only disclated white crystals of calda-
riomycin, but also noted that: "An oil remained finally from which nothing
crystalline has been separated, but which contains considerable amounts of C1
in organic combination”. This induced us to reexamine the culture medium using

* Adapted from: M.C.R. Franssen, M.A. Posthumus and H.C. van der Plas,
Phytochemistry, in press
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GC/MS. Halogen-containing compounds are readily recognized by this technique
because of the characteristic 35C1/37C1 and 7gBr/818r isotope patterns.

In this paper we report on the extraction and characterization by GC/MS of
six new chloro-containing metabolites from the culture medium of Caldariomyces
fumago. The biosyntheses of these compounds and their implications for the
reaction mechanism and possible stereospecificity of chloreperoxidase are
discussed.

8.2 MATERIALS AND METHODS

General

Chloroperoxidase (CPQ) was 1isolated as described previously [24]. The

extraction liquids were distilled prior to use.

Growth of the mold and isolation of the metabolites

Caldariomyees [fumago Woron. strain CBS 123.26 was obtained from the
Centraalbureau voor Schimmelcultures, 3Baarn, The Netherlands. The wmold was
grown on Czapek-Dox medium, consisting of 50 g of glucose, 2.0 g of NaNOy, 1.0
g of KHyPO,, 0.5 g of KC1, 0.5 g of MgSO4.7H20, 0.02 g of FeSOA.7H20 and 3.3 g
of yeast extract per liter of deionized water. The mold was grown for 7 days in
a 1 liter culture flask and then transferred to a 20 liter culture flask where
it was grown for 9-10 days. Subsequently the cells were centrifugated and the
cell-free supernatant was concentrated in an Amicon hollow-fiber apparatus with
an H;,P15-20 cartridge (molecular welght cutoff: 10,000). The 4.5 liter of
clear culture medium thus obtained was divided into two equal portions and each
portion was extracted with 3x500 ml of petroleum ether 60-80, CH2C12 and EtOAc,
successively. The residue was then extracted continuously with EtOAe for 24
hours. The extracts were dried with MgS0,, concentrated with a rotary evapo—

rator using a 30" water bath and analysed.

GC/MS analysis

2.0 pl extract was Injected Into a gas chromatograph equipped with a
SIL1%CB WCOT capillary column, 26 m x ¢.22 pm ID, film thickness 0.2 yum. The
compounds were detected with a VG 7070F mass spectrometer using electron lmpact
ionization (70 eV, ion source temp. 200°). The initial columm temperature (50%)

was maintained for 2 min and then raised to 260" at a rate of 6°/min.
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Blanks

Two blank experiments were carried out to correct for rthe preseace of
contaminating halogenated compounds in the chemicals used.

i) 3 liter of Ci,Cly and 3 liter of EtOAc were evaporated to a small
volume on a rotary evaporator using a 30° water bath and analysed by GC/MS. A
small amount of tetrachlorcethene was detected in the CHyCl, concentrate; the
EtOAc concentrate was free of contamlinants.

11i) 4.5 liter of freshly prepared growth medium was extracted and analysed
as described above. The petroleum ether fraction only showed solvent peaks. The
CH5Cl, fraction contained the following additional compounds:
spectrum no. 325 5-{1-hydroxyethyl)dihydro—-2{31)}{uranone

802 C10H16N202 (structure unknown)

839 composition and structure unknown

851 Ci1H 8120, (structure unknown)

363 composition and structure unknown

1071 Cl4Hl6N202 (structure unknown)
The spectra numbers refer to the abscissa of Figure 8.1 and to Table 8.1 {(GC/MS
analysis of the CHyCl,-extract of the culture medium of Caldaviomyees fumago).
The last four compounds seem to be clesely related to the compound with spec-
trum no. 802, but their structures could not be elucidated. Samples of the
EtCAc extract and the EtOAc-continucus extract only contained the compound with
spectrum no. 5325, which was also found in the CH2012—extract. The compounds
described here most probably originate from the yeast extract In the growth

mediume.

Mass spectra

The mass spectra of the six new halometabolites from Caldariomyces fumago
{2-7) are tabulated below; only peaks with Intensities higher than 5% are
given:
2,2-Dichloroethanol (2): m/z (rel imt.): 31 (100); other important peaks: 29
(3), 43 (4), 48 (3), 49 (&), 79 (3), 83 (2).
1,3-Dichlorapropanol-2 (3): m/z (rel int.): 27 (6), 43 (42), 49 (7), 37 (9, 79
(100), 81 (32).
1,1,3-Trichleropropanol-2 (4): m/z {rel int.): 27 (10}, 29 (6), 43 (30), 49
(19), 5L (6), 77 (7}, 79 (100; ecalcd. for c2H435c10 m/z = 78.9951, found
78.9954), 81 (31), 113 (17; caled. for C,H;°°Cl0 m/z = 112.9560, found
112.9559), 115 (10; caled. for C;H337c1%7C10 m/z = 114.9530, found 114.9525).

1,1,3,3~Tetrachloropropanol-2 (5): m/z (rel int.): 49 (32), 51 (12), 61 (&),
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77 (38), 78 (6), 79 (12), 83 (18; caled. for CH>’Cl,0 m/z = 82.9455, found
82,9457), 85 (13), 113 (100; célcd- for CZH3350120 wfz = 112.9560, found
112.9560), 115 (65), 117 (10).

2-(3-Chloro~4~hydroxyphenyl)ethanol (6): m/z {rel int.): 5%t (l4), 77 (22), 105
{5), 107 (7), 14l (L00; caled. for C7H635CIO mfz = 141.0106, found 141.0092),
142 (10), 143 (30), 172 (23; caled. for CSH9350102 mfz = 172.0291, found
172.0272), 174 (9).

2-(3,5-Dichloro-4-hydroxyphenyl)ethanol (7): m/z (rel. int.): 31 (7), 51 (7),
75 (17), 111 (11), 141 (10}, 175 (100; calecd. for 07H5350120 nfz = 174.9716,
found 174.9705), 176 (12), 177 (63), 178 (8), 179 (11), 206 (25; caled. for
CSH83501202 m/z = 205.9900, found 205.9910), 208 (15).

Chlorination of 2-(4-hydroxyphenyl)ethanol (9)

A. By chloroperoxidase (CP0): to a solution of 138 mg (1 mmol) of 2-(4-
hydroxyphenyl)ethanol in 0.1 M H3P04/KOH pH 2.7 containing 20 oM of KC1l was
added H,0, in eight portions with 45 min-intervals, and 300 ug of chloro-
peroxidase in three portions with 135 min-~intervals. The mixture was stirred
for 1 day; the small amount of orange precipltate that formed was discarded.
The mixture was extracted with three portions of CHpCly; the extract was dried
on magnesium sulphate and the solvent was evaporated using a rotary evaporator.
The reslidue consisted of 2-(3-chloro—4-hydroxyphenyl)ethanol together with some
of the 3,5-dichlorc compound, as was proved by NMR (90 MHz, CDCl3/d6—DMSO).

B. By HOCl: to a similar solution as under 4 was very slowly added 186 ug
(2.5 mmol) of NaOCl. The reactlion mixture was stirred for 6 h at room temperat-—
ure and extracted with CH2012' The extract was dried with MgSOA, evaporated and
analysed. The product proved to be 2-(3-chloro-4-hydroxyphenyl)ethanol together

with a small amount of the 3,5-dichloro compound, as was evidenced by NMR.

8.3 RESULTS AND DISCUSSION

Caldariomyces fumagc Woron. was grown as described in the Materials and
Methods section and the filtered culture medium was extracted successively with
petroleum ether 60-80, CH2C12 and EtOAc, in order to separate the polar from
the less polar compounds. The extracts were analysed by GC/MS. The petroleum
ether fraction was practically devoid of any mold compounds and was not anal-
ysed further. Gas chromatography of the CH2C12 extract showed a multitude of
peaks (see below), whereas the Et0Ac fraction and the EtDAc continucus extract
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showed 2,3-butanediol, caldariomycin (1, see Scheme 8.1}, 2-{4-hydroxyphenyl)-
ethanol {9, see Scheme 8.2) and an unhalogenated compound of unknown structure
{261 as major constituents. We concentrated ourselves on the CHyCly extract
because of the large number of compounds present therein {see chromatogram in
Figure 8.1}. Usable mass spectra were obtained from about 80 individual com-
pounds, and the most abundant ones are tabulated in Table 8.1. The CHoCl,
extract appeared to contain a considerable number of small, relatively simple
unhalogenated molecules as well as twelve chlorinated organic compounds, among
which caldariomycin (1}, Five of the eleven new chlorometabolites of caldario-
myces fumago were only present in very small amounts and could not be analysed
further. Six compounds, however, gave clean mass spectra and comparison with
literature data and authentic samples allowed complete identification of these
motecules.
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Figure 8.1 Gas chromatogram {(rel. total ion current vs. spectrum number) of
the Cﬁgclz-emtract of the eulture medium of Caldariomyces fumago.
Trace reconstructed from the spectra aceumulated during GC/MS

analysis. See Experimental for GC-conditiona.
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Takle 8.1

the mold Caldariomyces fumago.?

Mzjor constituents of the CHpClg-eatract of the culture mediwn of

Spectrum no. total don

62

65

94

96
101
149
151
160
166
228
261
279
343
3
381
az6

442
466

469

488
512
525

531
61%
623
633
706
72z
737

802
839
851
29564
863
ERX]
1071

current {arbi-
trary units}

1187

6374

o 376
9730

3610

1326

x 539
5197

3797

13 1226
1578

1265

x 2827
9695

702

1314

1645

X Josl
2606

X 1313

836
i
X 1386

X 296
x 1285
1094
X 511
3004
x 469¢

2550
2783
5543
1342

528
1194
1870

@ X & MM o © O

compound no.

compound name or molecular formula
or most intense peak fn mass spectrum
lrel. int.]

diethaxyethane

{sebutanol

tetrachloroethene
3-methyl-1-butanol
3-hydroxy~2-butanone
3-ethoxy~1-prepane!
2,2-dichloroethanc!

2,3-butanediol
4-hydroxy-4-methylpentan-2-one
1,3-dichloropropanci-2
butyretacton

2-pentanong
1,1,3-tri¢chloropropanol-2
phenyiethancl

urknown, 44 (100), 59 (12)
unknown, 30 {100), 73 (29)
urknown, 43 (100}, 87 (5)
1,1,3,3-tetrachoropropanal -2
unknown, 101 (100}, 43 ($9)
caldarfomycin (2,2-dichloro-15-35-
dihydrexycyclepentans)

unknown, isomer of 456
phenylacetic acid
5-(l-hydroxyethylldihydro-2(34)-
furanane

unk ngwn

unknown
2-{3-chlaro-4-hydroxyphenylJethanol
2-14-hydroxypheny1)ethano?

unknown

CIUH1003- structure unknown
2-(3,5-dichlero-4-hydroxyphenyl)
ethanp]

CIDHISNZGZ- structure urknown
structurally related to 802
C11Highz0z, Structure unknown
unknown, contains one chlorine atom
structurally related to 802
unknown, contains two chlorine atoms
EI4H16N202. structure unknown

In the second column the totat ien current of the spectrum of the cempound
is mentioned as an Tndication of the relative cerncentration of the compound
in the extract. Elemental compesitions are obtained by means of accurate
mass measurement; ldent{fications are based on mass spectra, unless noted

atherwise in the text.

x = chlorine-containing compound;
o = compound derived from solvent or growth medium 1tself (see Secticen

Blanks, Experimental).
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The six new halometabolites can be divided into two groups: c¢hloro-
ethanols/propanols and chlorohydroxyphenylethanols. The first group consists of
2,2-dichloroethanol (2, see Scheme 8.1; designated under spectrum no. 151 1in
Table 8.1}, 1,3-dichloropropancl-2 (3; spectrum no. 228), 1,1,3-trichloro-
propanol-2 (&; spectrum no. 343) and 1,1,3,3-tetrachlorapropanol-2 (5; spectrum
no. 442). The structure of 2 was assigned by comparison of its mass spectrum
with literature data [26]. The structure of 3 was established by comparison of
its mass spectrum with authentic material; further support was obtained hy the
fact that 3 in the CH2C12 extract coeluted with authentic 3 on GLC-analysis.
The fragmentation patterns of 3, 4 and 5 are very similar: the molecular fon
peak is not visible, but the spectra show characteristic peaks at m/e 79 and
113, corresponding to the a-cleavage products. These fragments subsequently
lose an HC1 molecule (signals at m/e 43 and 77, respectively}. The compounds 3,
4 and 5 also showed a good correlation between their retention times and their
molecular weights, as was found earlier for a series of halogenated isopropa-
nols [27]. The mass spectrum of 5 is in good agreement with that pubtished
before [27].

€l CH—CH,0H
2
1
OH [l)H 0K
|
€1 CHy — CH~—CH, Cl Cl; CH-~—CR— CH,CI Cl, CH—CH~——CHCI,
3 4 5
o
HO CH,CH,OH HO CH,CHo OH
a a
6 7

Scheme 8.1 Halometabolites of Caldariomyces fumago.
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The second group consists of 2-{3-chloro-d4-hydroxyphenyl}ethanol (86;
spectrum no. 623) and 2-(3,5-dichloro-4-hydroxyphenyl)ethanol (7; spectrum
no. 737). Their structures were confirmed by comparing their retention times
and mass spectra with those of authentic samples prepared by reaction of 2-(4-
hydroxyphenyllethanol with HOC1. These chlorometabolites have not been des-
cribed previously 1in the literature. However, some analogues are known. 2-
phenyletnancl (spectrum no. 370, phenetol, B, see Scheme 8.2) and 2-(4-hydroxy-
phenyl}ethanol (spectrum no. 633, tyroscl, 9) are well-known compounds occur-
ring in many molds, and Marasmius palmivorus produces 3-chloro-4-hydroxyphenyl-
acetic acid (10) [5]. These metabolites are derived from the shikimic acid
route, as is caldariomycin [28] (see Scheme 8.3}. 6 and 7 are probably synthe-
sized via the shikimic acid pathway, but another route can certainly not be
ruled out. For instance, Candidz sp. and various pathogenic fungi produce
tyrosol (9) as the decomposition product of tyrosine [5] (see Scheme 8.3). We
found large amounts of tyrosol in the culture medium of Caldariomyees fumago,
sa this may well be a precursor for the chlorinated tyrosols 6 and 7. To test
this hypothesis we incubated tyresol with the pure Caldariomyces halogenating
enzyme, chloroperoxidase, and found that it was readily converted to 2-(3-
c¢hloro-fd-hydroxyphenyl}ethanol (6). Remarkably, 2-{3,5-dichloro-4-hydroxy-
phenyllethanol {7) was formed in only small amounts, even after prolonged
incubation.

@CHthZDH HO@CHZCHZDH HO CH,COOH

Ci

Scheme 8.2 Compounds, related to the chlorohydrozyphenylethanols 6 and 7.
8 and 2 are found in several microorganism as well as in the
culture medium of Caldariomyces fumago; 10 is a metabolite of the
mold Marasmius palmivorus.

Since it is well-known that tyrosine is a substrate for chloroperoxidase

{291, four possibilities fof the formation of the chlorine-carbon bonds ultim-
ately leading to 6 and 7 can be advanced: i) chlorination of tyrosine residues
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in proteins [30]; ii) chlorination of free tyrosine, related or not to protein
synthesis or degradation; iii) chlorination of tyresol; iv) chlorination of
intermediates in the shikimic acid route, as found for caldariomycin {1). Since
6 can be formed from tyrosol by chioroperoxidase, as already noted above, all
four possible biosynthesis routes may be valid for 6. However in the case of 7
route iii)} is not likely to occur because & proved to be a poor substrate for
the enzyme. More information is needed before the biosynthesis of 6 and 7 is
known with certainty.

fM-keto adipic acig

j0ef €0z oo
G R R e
4
/

COH
glucose —m —m
3 H
HO hd . |
o/ — (Hz—h—CDDH [Hz—(‘—CDOH
OH 0 MK,
shikimic acid pra—
oH OH
’ tyrosing
¥
CHy— 00K

OH

Scheme 8.3 The biosynthetic pathway leading from ehikimic aeid to caldario-
myein (1} [28], tyrosine and tyrosol (9) [5].

The origin of the dichloroethanol and chloropropanols (2-5) is even more
intriguing. Compounds of this kind are, up to now, only known from marine
organisms. 1,3-Dichloropropanol-2 (3} has been found in antartic krill [313,
and Woolard et al. [27] detected a large number of haloacetones and haloiso~
propanols in the CH,Clp extract of vacuum-dried 4dsparagopsis tamiformis
(Rhodophyta, Bonnemaisoniaceae), including our compound 5. The halometabolites
2 and 4 have not been found before. The authors did not study the biosynthesis
of these compounds, but since neither ethanol nor acetaldehyde, propanol-2 or
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acetone are substrates for chloroperoxidase, we feel that the metabolites 2-5

must be derived from larger molecules. Perhaps these larger precursors are
molecules 1ike compound 11 (see Scheme 8.4}, from Periconia maerospinosa, and
cryptosporiopsin (12, from Phialophora asteris, Octospora carbonigena and many
Cryptosporiopsis species). These mold metabolites contain the 1,3-dichloro-
propanol-2 and 1,3-dichloroacetone moiety respectively, and possibly these
compounds are the precursors of the compounds 2-5 or the corresponding chloro-
acetone derivatives [32]. The hypothesis described above is speculative espec-
ially since it dees not explain the occurrence of tri- and tetrachleroisopro-
panols.

wCl

o

mnu[OZCH3
— 0OH

11 12

Scheme 8.4 Mold metabolites, possibly related fo the chlorinated isopropanols
JFound in Caldariomyces fumago. 11 is a metabolite from Periconia
macrospinosa; cryptosporiopsin (12) is found in Phialophora asteris
(the -~ isomer), Octospora carbonigena and many Cryptosporiopsis
species (the + isomer).

The biological function of the halometabolites is unclear so far, but
there is some evidence that these compounds play a role in the defence mechan-
ism of the organisms [8]. It is interesting to mention that chloroisopropanols
are bactericides [33] and that 2-phenylethancl (8), the major constituent of
the CHZCIZ-extract of Caldariomyces fumage, shows antimicrobial activity
[34,35].

One or more halogenation steps are invoived somewhere in the biosynthesis
route for the formation of 1-7. The enzyme responsible for these conversions is
chloroperoxidase, an extracellular enzyme produced in relatively large amounts
by caldariomyces fumagce. Whether this enzyme can act in a stereospecific manner
is still not established {19,36-38]. Studying the stereochemistry of the nat-
ural substrates and products of the enzyme possibly can throw light on this
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matter. Five of the halometabolites found here are achiral; 4 has a chiral
central C-atom, but since it was not possible to isolate this compound its
stereochemistry could not be studied. The key step in the biosynthesis of
caldariomycin is the conversion of cyclopentane-1,3-dione into its 2,2-dichloro
derivative, again a reaction with no need for stereochemical control. We
conclude from the structures of the compounds found in this study that chloro-
peroxidase has no need to be a steregspecific chlorinating agent. One should,
however, bear in mind that the growth medium of caldariomyces probably contains
besides the small and volatile halometabolites larger non-volatile halogenated
compounds which cannot be detected by GC/MS. Until these molecules are fully
characterized we have to refrain from a statement indicating that chloro-
peroxidase can catalyze halogenation reactions in a stereospecifical manner.
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9 GENERAL DISCUSSION

Studies on two halogenating enzymes are presented in this thesis: the
chloroperoxidase from the mold Caldariomyees fumage (CP0O) and the bromoperoxid-
ase from the brown alga Ascophyllum nodosum (BPQ).

CP0 is capable of halegenating barbituric acid and some of its derivatives
exclusively at the b5-position. In this way, 5-chloro- or 5,5-dichloro-barbit-
uric acid (Chapter 2,3) are obtained in high yields. CP0 also catalyzes the
smooth halogenation of pyrazoles, 2-aminopyridine and 8-hydroxyquinoline (Chap-
ter 4). However, the mechanism of the halogenation reaction is not c¢lear. Thus
far, all observed reaction products and their stereochemistry can be explained
by the enzymatic production of hypohalous acid (HOX, X=Ci or Br). This is in
contrast to studies on the kinetics of the chlorination reactions with CPO
which indicate that a ternary enzyme-hydrogen peroxide-organic substrate com-
plex may be the active halogenating species [1]. Our own kinetic studies do not
give a decisive answer: variation in the structure of the organic substrates
does not influence the overall reaction rate because the actual halogenation
step is not the rate-determining one. It is very difficult to study this step
under non-standard assay conditions in the presence of chloride ions because it
is extremely fast [2], as is the reaction of HOX with barbituric acid and its
derivatives [3]. Therefore, a more detailed picture of the reaction mechanism
of CPC must await further investigations. Perhaps the regio- and stereochemis-
try of the natural products of the enzyme can throw some Tight on this matter.
The halometabolites of ¢. fumage (Chapter 8) do not point in the direction of -
enzyme-organic substrate interaction.

BP0 converts barbituric acid and some of its derivatives smoothly into the
carresponding S-bromo or 5,5-dibromo derivatives. The reaction mechanism of the
enzyme is obscure. In contrast to CPQ the enzyme contains no heme group, but an
essential vanadium (V) in its active centre [4]. This fact alone means that BPO
reacts according to a mechanism different from that of CP0. However, meticulous
studies on the kinetics of the bromination of monochlorodimedon and various
barbituric acids (Chapter 5) showed that BPO produces hypobromous acid (HOBr)
as the active halogenating agent. The HOBr is produced in a very low concen-
tration, homogeneously distributed throughout the solution, allowing the
bromination reaction to proceed with high yields.

The bromoperoxidase from A. nodosum has some advantages compared to the
chlorgperoxidase from ¢. fumago. CPO is rapidly fnactivated by water-miscible

113



organic solvents [5], although it can convert apolar compounds efficiently when
entrapped into reversed micelles (Chapter 6). Enzymatic conversions in reversed
micelles are very useful extensions of synthetic organic methodology, but the
isolation of the product and especially the removal of the surfactant and the
cosurfactant may be a problem. BP0 is activated by the addition of ethanol and
n-propanol to its reaction medium [6] or its storage medium [7]; so with this
enzyme relatively apolar substrates can be halogenated in a much simpler sys-
tem. There are indications in recent publications that the stability of nonheme
haloperoxidases in general is higher than that of the heme-containing ones. De
Boer et al. not only found that the BPD from A. nodoswn 1s very stable towards
organic solvents [8] but is also very resistant towards higher temperatures [6]
and higher concentrations of HOBr [8]. The latter fact was also found for the
nonheme chloroperoxidase from the mold curvularia inaequalis [9). Apparently
the heme group is a rather vulnerable part of haloperoxidases, leading to an
increased interest in the nonheme enzymes [8,10]. Therefore the regio- and
stereochemical nature of these enzymes should be studied in more detail. The
substituted barbituric acids used in this thesis are very well suited for
studies on the kinetics of these halogenation reactions but Tless suited for
stereochemical 1investigations because the bromine atom at C5 is easily
exchanged.

As haloperoxidases are still quite expensive, immobilization of the enzyme
is required for the large-scale production of halogenated compounds. Prelimin-
ary results on the immobilizatien of the BPO from 4. nodosum showed that it can
be bound in high yield to CNBr-activated Sepharose and Sepharose substituted
with n-octylamine groups [11]. The chloroperoxidase from ¢. fumage posed some
problems because of the Jow pH at which the enzyme is optimally active.
However, this problem was solved (Chapter 7} with the use of an acrylamide-¥-
acryloxysuccinimide copolymer. The yield of enzymatic activity after immobiliz-
ation was about 40%, the support was very stable at low pH and no leakage of
enzyme occurred on storage. The stability of this system under turnover condit-
ions has not yet been tested. Promising results have already been obtained for
CPO physically immobilized in a hollow fiber reactor composed of cellulose
acetate (Chapter 3): the turnover number of the enzyme is at least 1,000,000,
compared to 550,000 in water and 90,000 in reversed micelles (Chapter 6). The
combination of a bioreactor with an electrochemical cell further enlarges its
applications as is shown in Chapter 3 for the production of 5-chlorobarbituric
acid.

In summary: the chloroperoxidase from C. fimagoe (CPC) and the bromo-
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peroxidase from 4. nodosum {BPO} are useful enzymes for the synthesis of halog-
enated compounds because they operate under mild conditions resulting in high
yields of product. However, there are some differences between the enzymes. CPO
has a higher specific activity and is able to chlorinate, while BP0 is more
stable, in water and in organic solvents, but is only able to brominate. So
far, neither of these enzymes has been shown to react in a regio- or stereo-
specific wanner. Whether there are haloperoxidases that can act in this manner
is unknown, but it can certainly not be ruled out. There are lots of known
halometabolites that possess one or more chiral carbon atoms with a halogen
atom attached to it [10]; this chirality must have been introduced somewhere in
their biosynthesis.

cl H H

Scheme 9.1 Reactions of indole (1) with the chloroperoxidase from Pseudomonas
pyrrocinia (route a) [12] or from Caldariomyces fumago (route b)
[13,14].

VYery recently a regiospecific chloroperoxidase was isolated from
Pseudomonas pyrrocinia [12]. The enzyme was unable to chlorinate monochloro-
dimedon but converted indole {1, see Scheme 9.1} exclusively into 7-chloro-
indole (2) at pH 4.0, whereas the CPO from C. fumago gave oxindole (3) at pH
2.5-6.0, possibly via 3-chloroindole [13,14]. Thus, the interactions between

115


http://ehlovopevoxida.se

the enzymes and 1 must be different. Extensive screening of (micro)organisms

for haloperoxidase activity is being carried out at the moment at the Universi-
ties of Amsterdam (dr. Wever), Stuttgart (dr. van Pée) and Kyoto {dr. Yamada)

and previously at the Cetus Corporation (Emeryville, USA). This work will most

probably result in the detection and isolation of (more) regio- or stereospe-

cific halogenating enzymes. Haloperoxidases may therefore become increasingly

important in the forthcoming years.
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SUMMARY

The subject of this thesis is the use of haloperoxidases in synthetic
organic chemistry. Haloperoxidases are enzymes capable of halogenating a
variety of organic compounds. They reguire hydrogen peroxide and halide ions as
cosubstrates. The enzymes operate under mild conditions, compared to conven-
tional halogenating agents, resulting in increased yields and purity of
products. This thesis presents some new substrates for a chloroperoxidase from
the mold Caldariomyces fumago (CPO) and a bromoperoxidase from the brown alga
Aseophyllum nodosum {BPCG). The reaction mechanisms of both enzymes and their
natural function are discussed. The immobilization of CPO is studied.

LP0 catalyzes the smooth halogenation of various heterocyclic compounds.
Barbituric acid and some of jts derivatives give the corresponding 5-chloro or
5,5=-dichloro compounds in very high yields (Ch. 2}. 5-Monochlorobarbituric acid
is obtained in high yield when the CPO-mediated chlorination reaction is com-
bined with an electrochemical process. The 5,6-dichloro compound is reduced to
its S-monochloro analogue at an electrode, which is simultaneously used for the
production of the cosubstrate hydrogen peroxide. The system is very efficient,
as shown by the high turnover obtained for CPO [106-107} {Ch.3). Pyrazoles are
also good substrates for the enzyme, giving their 4-chloro derivatives in high
yields. CPQ further converts 2-aminopyridine into 2-amino-3-chloropyridine and
8-hydroxyquineline into the correspoending 5,7-dibromo compound (Ch. 4). Kinetic
studies indicate that there are two possible reaction routes for LPO: 1) the
organic substrate binds to an oxidized enzyme intermediate and direct transfer
of halogen takes place; II) the enzyme produces hypohalous acid as the active
halogenating agent. The available data do not as yet permit a definitive choice
of reaction mechanism. {Ch. 2}.

BPO smoothly brominates barbituric acid and some of its derivatives giving
the corresponding 5-bromo or 5,5-dibromo compounds in good yields. Kinetic
measurements show that BPO produces free hypobromous acid which either bromin-
ates the oarganic halogen acceptor or reacts with hydrogen peroxide giving
singlet oxygen (Ch. 5}.

Relatively apolar substrates 1ike monochlorodimedon and resorcinol are
efficiently halogenated by CPO entrapped in reversed micelles. The system is
composed of cetyltrimethylammonium halide (CTAX, X=Br or C1), pentanol, octane
and a small amount of aqueous buffer containing the enzyme and hydrogen perox-
ide. The CTAX serves a dual function: i)} as a surfactant, it stabilizes the
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reversed micelle, and i1} as a supplier of the halide substrate. The reaction
rates obtained are twice as high as in water {(Ch. 6).

CPO can be Tmmobilized on various solid supports, but the Tow stability of
the enzyme-support bond and the support itseif at the optimal pH of the enzyme
is a serious problem. The best way to immobilize CPO seems to be the cross-
linking of a mixture of the enzyme and a water-spoluble acrylamide-¥-acryloxy-
succinimide copolymer with an o ,w~diamine. In this way CPO is bound by means of
both entrapment and covalent bonds, in 40% yield (Ch.7).

Six new halometabolites have been detected by GC/MS analysis of the di-
chloromethane extract of the culture medium of caldariomyces fumago. The
compounds are chlorinated derivatives of ethangl, propanol-2 and 2-{4-hydroxy-
phenyl)ethanol. Their possible biosynthetic routes and the implications for the
reaction mechanism of CP0O are discussed (Ch.8}.

In short, the two haloperoxidases studied here are biocatalysts which are
potentially useful in synthetic organic methodology, because they perform their
halogenaticn reactions in a very smooth and mild way. However, haloperoxidases
with greater specificity in their reactions would certainly be of more advan-
tage to the organic chemist.
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SAMENVATTING

Het onderwerp van dit proefschrift is het gebruik van haloperoxidasen in
de synthetisch-organische chemie. Haloperoxidasen zijn enzymen die in staat
zijn een breed scala aan organische verbindingen te halogeneren. Hiervoor
hebben ze waterstofperoxide en halide ionen nodig als cosubstraten. In teqen-
stelling tot chemische halogenerende agentia werken deze enzymen onder zeer
milde omstandigheden, hetgeen hoge opbrengsten tot gevolg heeft. In dit proef-
schrift zijn enkele nieuwe substraten beschreven voor een chloorperoxidase uit
de schimmel Caldariomyces fumage (CP0) en een broomperoxidase uit dscophyllum
nodosum (knotswier) {BP0O). De werkingsmechanismen van de enzymen en hun natuur-
1ijke funktie zijn bestudeerd, evenals de immobilisatie van CPO.

Verscheidene heterocyclische verbindingen worden op milde wijze gehalo-
genegerd door CPO. Barbituurzuur en enkele derivaten daarvan worden in gqoede
opbrengst omgezet in de overeenkomstige 5-chloor of b5,5-dichloorverbindingen
(H. 2). Als de CPO-gekatalyseerde chlorering gecombineerd wordt met een
elektrochemisch proces wordt uitsluitend 5-monochloorbarbituurzuur verkregen.
De 5,5-dichloorverbinding wordt dan aan een elektrode gereduceerd tot het 5-
monochloor analogon; de elektrode wordt tevens gebruikt voor de produktie van
het cosubstraat waterstofperoxide. Het systeem werkt zeer efficient zoals
blijkt uit de hoge turngver getallen die voor PO verkregen worden (105-107)
(H. 3). Pyrazolen zijn ook goede substraten voor het enzym en leveren de 4-
chloorderivaten. Voorts zet CPO 2-aminopyridine om in 2-amino-3-chloorpyridine
en 8-hydroxychinoline in de overeenkomstige 5,7-dibroomverbinding (H. 4).
Kinetische studies wijzen op twee mogeTijke reaktiemechanismen voor CPO: 1) het
organisch substraat bindt aan een geoxideerde vorm van het enzym en recht-
streekse overdracht van het chlooratoom vindt plaats; II) het enzym produceert
HOX, dat als aktief halogenerend agens optreedt. De tot nu toe verkregen
gegevens laten niet toe een keuze te maken uit deze twee mechanismen (H. 2).

De bromering van barbituurzuur door BPO verloopt zeer goed. Hierbij ont-
staan de overeenkomstige 5-broom of 5,5-dibroomverbindingen in goede opbrengst.
Uit kinetische metingen blijkt dat BPO vrij hypobromiet (HOBr) produceert dat
het organisch substraat kan bromeren ofwel kan reageren met waterstofperoxide
onder vorming van singlet zuurstof {H. 5).

Het insluiten van CPO in omgekeerde micellen biedt de mogelijkheid om
relatief apelaire verbindingen als monochloordimedon en resorcinol zeer effi-
cient om te zetten. Het systeem bestaat uit cetyltrimethyTammonium halide

119



(CTAX, ¥=Br of C1), pentanol, octaan en een kleine hoeveelheid buffer waarin
zich het enzym en waterstofperoxide bevinden. De CTAX heeft een dubbele funk-
tie: 1) het stabiliseert de omgekeerde micel vanwege zijn zeepwerking, en ii}
het levert het halide substraat. De verkregen reaktiesnelheden zijn ongeveer
tweemaal zo hoog als in water {H. 6).

CPO 1is ook geimmobiliseerd op vaste dragers, maar de labiliteit van de
enzym-drager interaktie en de drager zelf bij de optimale pH van het enzym is
een groot probleem. Een goede immobilisatiemethode is het cross-linken van een
mengsel van het enzym en een wateroplosbaar acrylamfde-¥-acryloxysuccinimide
copolymeer met behulp van een agw-diamine. Qp deze wijze wordt CPO zowel door
middel van insluiting als door middel van covalente bindingen gebonden, in 40%
opbrengst {H. 7).

GC/MS-analyse van het dichloormethaanextrakt van het Xweekmedium van
Catdariomyees fumago resulteerde in de detektie van zes nieuwe halometabolie-
ten. De verbindingen zijn chloorhoudende derivaten van ethanol, propanol-2 en
2-{4-hydroxyfenyl)ethanal. Hun mogelijke biosyntheseroutes en de implicaties
daarvan voor het reaktiemechanisme van CPO worden besproken {H. 8).

Samenvattend, de twee hier bestudeerde haloperoxidasen zijn biokatalysato-
ren die potentieel nuttig zijn in de synthetisch-organische chemie omdat zij
Zeer milde en goed werkende halogenerende agentia zijn. Echter, haloperoxidasen
die meer specifiek reageren zouden zeker nog van groter nut kunnen zijn voor de
organisch chemicus (H. 9).
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