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Abstract 

Haloperoxidases are enzymes which are able to chlorinate, brominate or 
iodinate organic compounds at the expense of the corresponding halide ion and 
hydrogen peroxide. All haloperoxidases isolated thus far produce hypohalous 
acid (HOX), which is the actual halogenating agent. Therefore, no regio- or 
stereose1ective halogenation reactions have been observed with these enzymes. 
The nonheme haloperoxidases are extreme1y stabie towards hydrogen peroxide, 
HOX, e1evated temperatures and organic solvents. The heme enzymes are much 
more labile, but show significant selectivity in the halide-independent oxidation 
of sulphides to sulphoxides, and alkenes to epoxides. As soon as enzymes are 
isolated or developed which combine the se1ectivity of heme-containing 
peroxidases with the stability of nonheme haloperoxidases, large-scale applica
tions will follow very soon. 

Introduction 

The use of enzymes as catalysts in organic reactions has become common prac
tice in chemicallaboratories nowadays and is also gaining increasing industrial 
interest (Poppe and Novak, 1992; Faber and Franssen, 1993; Faber, 1995). In 
order to be useful to the organic chemist, enzymes have to meet the following 
criteria: 

1. They have to be regio- and/or stereoselective; 
2. They should be sta bIe for a prolonged period under storage conditions and 

under turn over conditions, even at e1evated temperatures or in the presence 
of organic solvents; 

3. They should display high turn over (fast reactions); 

4. They should be easily available, either commercially, or through a 
microorganism th at is easy to cultivate. 

Many hydrolases, like proteases, lipases and esterases fulfi1 these requirements 
and are therefore the enzymes which are applied most frequently at the moment. 
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For example, the kinetic resolution of the C3-isomers of methyl 2-methoxytetra
hydrofuran-3-carboxylate (1, see Scheme I) has been performed on a preparative 
scale using the commercially available lipase of Candida rugosa. The enzyme 
accepts only the 3S-isomers of the mixture and the product is formed with an 
e.e. of more than 98% (Franssen et al., 1996). The reaction was run in octane 
as a solvent. Since a very crude lipase preparation is used, the reaction ra te per 
mg biocatalyst is rather low but this is compensated for by the low price of the 
enzyme. Furthermore, the enzyme can be used repetitively under these condi
tions (Franssen et al., 1992). Compound 2 is a building block for some naturally 
occurring insect antifeedants. 

Enzymes which would be able to incorporate halogen atoms in organic com
pounds, using halide ions as the source of F, Cl, Br and I, would definitely be 
of interest to the organic chemist. The reasons for this are threefold: 

1. Halogen atoms are mostly easy to replace by nuc1eophiles, making 
halogen-containing compounds useful intermediates in synthetic routes; 

2. Halogenated compounds have, in many cases, enhanced physiological 
activity when compared to their parent compounds; 

3. The use of fluoride, chloride, bromide and iodide ions is strongly preferred 
above molecular fluorine, chlorine, bromine and iodine, both from a 
technica I and from an environmental point of view. 

Three kinds of halogenating enzymes have been described thus far: an S
adenosyl methionine: halide methyl transferase (Wuosmaa and Hager, 1990; 
Harper, these proceedings), haloperoxidases (Neidleman and Geigert, 1986; 
Franssen and van der Plas, 1992; Franssen, 1994) and NADH-dependent 
halogenating enzymes (Van Pée, these proceedings). 

The first enzyme catalyses the transfer of a methyl group of SAM to chloride, 
bromide or iodide ions. It has been isolated from fungi and terrestial plants. The 
enzyme reacts according to the equation (I): 

SAM + X - -t SAHC + CH 3X (1) 

This enzyme is only ab Ie to pro duce methyl halides and is therefore of very 
limited preparative value. Since the NADH-dependent halogenating biocatalysts 
will be dealt with elsewhere, the remainder of this paper will be devoted to 
halo peroxidases. 

Candida rugosa lipase 
• 

n-C4HgOH 

octane 

pOOn-C4Hg 

V OCH3 

2 

+ 

Scheme 1. Example of a Iipase-mediated preparation of a chiral building block for natural 
products. 
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Haloperoxidases 

Haloperoxidases are enzymes which are able to halogenate organic compounds 
using halide ions and hydrogen peroxide as substrates. The general reaction 
equation reads as follows: 

AH+H 202+H+ +X- ~AX+2H20 (2) 

In eq. (2), AH stands for an organic substrate and AX for the halogenated 
product. X - can be chloride, bromide or iodide, depending on the enzyme; 
fluoride is never accepted as a substrate. The enzymes are called chloro-, bromo
or iodoperoxidases, depending on the smallest halide ion they are ab Ie to 
oxidise. 

Haloperoxidases are ubiquitous enzymes: they have been found in many dif
ferent classes of organisms, as can be concluded from the brief overview given 
in Table 1 (Franssen, 1994). 

The wide occurrence of haloperoxidases in Nature indicates th at these 
enzymes are very important, if not essential, for life on Earth. However, the 
exact role of many haloperoxidases is unknown. Most probably, these enzymes 
are involved in the defence mechanism of their owners, since a large number of 
living species pro duce halogenated compounds (so-called halometabolites) 
which are more or less toxic. Alternatively, the mammalian chloroperoxidases 
ca lIed myeloperoxidase (MPO) and eosinophil peroxidase (EPO) are involved 
in the production of the antimicrobial agents hypohalous acid (acc. to eq. (3)) 
and singlet oxygen (acc. to eq. (4)): 

Table 1. Some sourees of haloperoxidases. 

name 

chloroperoxidases 
ehlorop~~oxidase 

myeloperoxidase 

bromoperoxidases 
bromoperoxidase 

11 

laetoperoxidase 

iodoperoxidases 
horseradish peroxidase 
thyroid peroxidase 

souree 

Caldariomyces fumago 
Curvularia inaequalis 
Pseudomonas pyrrocinia 
white blood eells 

Streptomyces aureofaciens 
Penicillus capitatus 
Corallina pilulifera 
Ascophyllum nodosum 
Xanthoria parietina 
milk, saliva, te ars 

horseradish roots 
thyroid glands 

(mold) 
(mold) 

(baeterium) 
(vertebrates) 

(baeterium) 
(green alga) 
(red alga) 

(brown alga) 
(liehen) 

(mammaIs) 

(higher plant) 
(vertebrates) 

Iheme = ferriprotoporphyrin IX; 2the enzyme eontains a eatalytie triad 
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prosthetie group 

hemel 
vanadium 

none2 

heme 

none2 

heme 
vanadium 
vanadium 
vanadium 

heme 

heme 
heme 
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(3) 

(4) 

Haloperoxidases mayalso have other physiological roles, e.g. thyroid 
peroxidase is involved in the biosynthesis of the iodinated horrnone thyroxin. 

Of course, the lack of knowledge of the natural function of most haloperoxi
dases does not prec1ude their application in organic synthesis, for many enzymes 
in industrial or university laboratories are being used for the conversion of non
natural compounds. In the following sections, the state of affairs concerning the 
application of haloperoxidases as catalysts in organic synthesis will be presented. 
The examples are c1ustered by the prosthetic group of the enzymes. 

Halogenation reactions 

Heme enzym es 

Halogenation reactions with heme-containing haloperoxidases have mainly been 
carried out using the CPO I from the mould Caldariomyces fumago, although 

3 

CPO C. fumago .. 

aRl,R2,R3=H 
b Rl =CH3, R2 ' R3= H 
C Rl, R2=CH 3, R3=H 
dRl,R2=H,R3=Ph 

4 

1?r ~ 

HN * H CPO C. fumago 
O~ N 0 --H-P-2-' -CI-' -=--.. -

I 

CH3 

3e 

CPO C. fumago .. 
H20 2 , Cl' 

!Er ~ 

!iN Cl 

O~N 0 
I 

CH3 

4e 

5 aRl,RzR3=H 
b Rl =CH3, R2' R3=H 
CR1, R2=CH3, R3=H 

Scheme 2. Conversions of barbituric acid derivatives by the chloroperoxidase fr om C. fumago 
(Franssen and van der Plas, 1987). 

I CPO = chloroperoxidase, BPO = bromoperoxidase, HRP = horseradish peroxidase 
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recently some interesting work using lactoperoxidase, a mammalian bromo
peroxidase, has been published (Ishihara et al., 1995). The C. fumago CPO is 
commercially available, though expensive. However, C. fumago is easy to 
cultivate, it produces the enzyme in copious amounts and a re1iable prescription 
for the isolation of enzyme has been published (van Deurzen et al., 1994). 

A large number of halogenation reactions using the c. fumago CPO have 
been published (see for reviews: Neidleman and Geigert, 1986; Franssen and van 
der Plas, 1992; Franssen, 1994). During the 1980s, we have been working on the 
CPO-mediated chlorination of barbituric acid and its derivatives (3, see 
Scheme 2). These compounds are smoothly converted into their monochloro 
derivatives (4) and, in case of 4a-c, into their dichloro derivatives 5a-c, in high 
yields. In order to investigate the stereochemical course of this reaction, racemic 
3e was subjected to CPO-mediated chlorination. However, the product 4e did 
not show any optical rotation, indicating that the enzymatic reaction was not 
stereoselective (Franssen and van der Plas, 1987). The same conclusion was 
reached by Kollonitsch et al. (1970) for the formation of the chlorohydrin of 
propenylphosphonic acid (6, see Scheme 3) and by Ramakrishnan et al. (1983) 
for the bromolactonisation of the bicyc1ic acid 8. 

H3G. ,H 
,~c. 

H P03H2 

6 

",ct? 
° OH 

8 (racemate) 

C. fumago CPO .. 

C. fumago CPO .. 

H3C- ÇH- çH-P03H2 
OH Cl 

7 (racemate ) 

9 (racemate) 

Scheme 3. Examples of (unselective) halogenation reactions, catalysed by the chloroperoxidase 
from C. fumago . 

The background of this lack of selectivity was unraveled by Libby et al. (1989, 
1992), who showed by careful kinetic studies th at the C. fumago CPO produces 
HOX/X2 as the ultimate product. The complete reaction scheme for the 
halogenation of organic compounds by this enzyme (and other heme-containing 
halo peroxidases ) is shown in Scheme 4. 

Despite the lack of selectivity, heme-containing halo peroxidases can still be 
useful to the organic chemist. These enzymes produce the very reactive species 
HOX in a relatively slow manner, in a homogeneous, diluted solution. There
fore, yie1ds obtained in haloperoxidase-mediated halogenation reactions are 
often higher than halogenation reactions where diluted HOX is added to the 
substrate. Compare, for example, the reaction of C. fumago CPO with pyrazole 
and two derivatives thereof (10) to the chlorination of these compounds by 
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ENZ~ 

d

Tj' ENz-0 
H2~ HP Compound I 

native enzyme 

/ x ..... 
0-ENZ-S C'""","dEOX 

ENZ~ 
native enzyme 

A-X 

Scheme 4. Halogenation mechanism of heme-containing haloperoxidases. The protein part of 
the enzyme is represented by ENZ, the he me group is depicted as Fe x + (x=3 or 4) in the center 
of an ellipse, for reasons of clarity. Compound I contains an Fe4 + species and a radical cation 
which is situated in the heme moiety. A-H = organic substrate, A-X = halogenated product, 
X = Cl, Br or I. 

adding diluted HOCI (Franssen et al., 1987). As can be conc1uded from the data 
in Table 2, the yields of the CPO-mediated reactions are significantly higher. 

It should be stressed here th at the only way to find whether a haloperoxidase
mediated reaction is regio- or stereoselective, is to compare the product outcome 
to the products obtained by very slow addition of 1-2 eq. of HOX to the sub
strate under the same reaction conditions, i.e. in the same buffer, using the same 
concentration of substrates (including H20 2 ) , and at the same temperature. The 
yield of the product( s) might differ from the enzymatic reaction, as shown 
above. However, the structure of the product(s) in the enzymatic reaction should 
be different from that of the HOX-mediated reaction in order to make a claim for 
a selective haloperoxidase-mediated reaction justified. Comparing the enzymatic 
reaction to reactions of HOX or other halogenating agents in pure water, 
organic solvents or mixtures thereof (Coughlin et al., 1993) does not make sense, 

106 Potential application of halo peroxidases in organic chemistry 



Table 2. Yields of the chlorination reaction of pyrazole (IOa) and its 1- and 3-methyl derivatives 
(lOb,c), mediated by C. fumago 

yield (% ) 
CPO or by HOCI". substrate CPO, H20 2 , CI - HOCI 

R2 Cln"' IOa(R l , R 2 =H) 68 20 

Ó _ r ~N 
83 68 N/ N lOb (Rl = CH 3 , R 2 = H) 

I I 
R1 R1 

10 1 1 lOc (Rl = H, R 2 = CH , ) 91 67 

"Taken from Franssen et al. , 1987. 

since the reaction pattern of HOX is strongly dependent on the solvent (M.CR. 
Franssen, unpublished results ). 

A disadvantage of heme-containing halo peroxidases is their limited stability 
towards elevated temperatures, towards their substrate hydrogen peroxide and 
product HOX, and towards organic solvents. Especially the vulnerability 
towards H 20 2 and HOX poses serious problems; e.g., in case of C.fumago CPO 
the concentration of H 20 2 should be kept below ± 2 mM in order to prevent 
inactivation of the enzyme due to bleaching of the he me group (ltoh et al., 1987; 
Liu et al., 1987). Care should be taken th at there is always enough organic sub
strate present to react with the HOX as soon as it is formed. The optimum pH 
for this enzyme is 2.7, which might be a problem for the conversion of acid-Iabile 
substrates. Water-miscible organic cosolvents can be used without problems 
only up to 10% v/v in case of methanol and DMSO (Cooney and Hueter, 
1974), although halide-independent oxidation reactions can be run in 30% 
t-butyl alcohol (van Deurzen et al., 1994). 

In summary, heme-containing halo peroxidases possess the following features: 

1. They catalyse the smooth, yet unselective halogenation of organic com
pounds, producing hypohalous acid (HOX) as the active halogenating 
speCIes; 

2. Their rate of reaction is moderate, except for the CPO from C. fumago , 
which is an extremely active enzyme (kcal = ± 1000 S - I); 

3. They are not stabie against ambient concentrations of their substrate 
(H 20 2 ) and their product (HOX), as weIl against elevated temperatures 
and higher concentrations of organic solvents; 
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4. Several enzymes are commercially available, although they are rather 
expensive. However, C. fumago is easy to cultivate and its CPO is easy to 
isolate. 

Vanadium enzymes 

As pointed out in Table I, many haloperoxidases are known to date which pos
sess vanadium as the prosthetic group. The BPO from the brown alga Asco
phyllum nodosum was the first vanadium-containing haloperoxidase which was 
purified to homogeneity (De Boer et al., 1986). This enzyme has been tested with 
the barbituric acids which were already listed in Scheme 2. Just as with the CPO 
from C. fumago, l-methyl-5-phenylbarbituric acid (3e) was not brominated in a 
stereoselective way (Franssen et al., 1988). From this work and the extensive 
kinetic investigations in the group of Wever (De Boer and Wever, 1988; van 
Schijndel et al., 1994) it became clear that vanadium haloperoxidases also 
produce HOX as the active halogenating agent, which precludes any regio- or 
stereoselective reaction of these enzymes. The simplified reaction sequence is 
depicted in Scheme 5. 

Although the vanadium enzymes are just as unselective in halogenation reac
tions as the heme haloperoxidases, they have one distinct advantage: they are, 
without exception, extraordinary stabIe. E.g., incubation of the CPO from the 
fungus Curvularia inaequalis with 0.5 mM HOCI for 2 min still gave 90% 
residual activity, whereas the C. fumago CPO was completely inactivated in that 
period under the same conditions. The Curv. inaequalis enzyme does not loose 
any activity when treated with 200 mM H 20 2 for 25 h; the C. fumago CPO is 
al ready completely inactive after 2 min. under those conditions (Liu et al., 1987). 
Incubation of this Curv. inaequalis vanadium CPO at 80°C resulted in an initial 
decrease in activity of about 20% after which the enzyme remains stabIe for 
6.5 h. Enzyme activity is not inhibited by guanidine/HCI until 2 M, and the 

ENZ- V,.,. - OOH 
B( 

-("7'"""'),-------. ENZ- v,.,.- OBr 

native enzyme W H20 

ENZ- V"" + HOX ~X 2 ~X3' 

native enzyme ~ 
A-H 

~O 

A-X 

Scheme 5. Halogenation mechanism of vanadium-containing halo peroxidases. The protein part 
of the enzyme is represented by ENZ, for reasons of clarity. A-H = organic substrate, A-
X = halogenated product, X = Cl, Br or I. 
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enzyme activity also remains constant when organic cosolvents like methanol 
are added unti140% v/v (Van Schijndel et al., 1994). The same phenomena were 
observed with the vanadium-containing CPO from the red seaweed Corallina 
officinalis (Sheffield et al., 1992; Rush et al., 1995). The turnover of these 
enzymes is quite acceptable. 

Unfortunately, only one of these interesting enzymes is commercially available 
(for an outrageous price), namely the above-mentioned CPO from Corallina 
officinalis. Vanadium haloperoxidases are not difficult to iso late, but definitely 
not so easy as the C. fumago cpo. 

Summarising, the characteristics of vanadium-containing haloperoxidases are: 

1. They catalyse the smooth, yet unselective halogenation of organic com
pounds, via enzymatically produced HOX; 

2. Their turnover is rather high, kcal ranging from 10-50 s - 1; 
3. They possess excellent stability towards H 20 2 , HOX, organic solvents and 

high temperatures; 
4. Only one vanadium-containing haloperoxidase is commercially available, 

and very expensive; isolation of these enzymes from their natural sources is 
not difficult. 

Nonheme, non vanadium enzymes 

Several bacterial haloperoxidases have been isolated, which do not possess heme 
or vanadium as an essential constituent. Very recently, it was shown that the 
BPOs from Streptomyces aureofaciens strains ATCCI0762 and Tü24, as well the 
CPOs from S. lividans, Pseudomonas pyrrocinia and P. jluorescens possess a 
catalytic triad (Pelletier et al., 1995). For all these enzymes, acetate is essential 
for their halogenating activity, which brought the authors to the tentative reac
tion mechanism as depicted in Scheme 6. The catalytic triad in the enzyme active 

A OH H 0 haloperoxidase .. AcOOH c + 2 2 -

j
x-
spontaneous 

AcOH + HOX 

AX 

Scheme 6. Tentative reaction mechanism for the halogenation of organic compounds as 
catalysed by the nonheme, nonvanadium halo peroxidases. A-H = organic substrate, A-
X = halogenated product, X = Cl or Br. 
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site is responsible for the reaction of acetic acid with hydrogen peroxide, forming 
peracetic acid. This reaction is well known for lipases (Björkling et al., 1990). 
The peracetic acid on its turn reacts with halide ions, presumably in a spon
taneous reaction, outside the enzyme active site. This would, again, yield HOX 
as the active halogenating agent. 

These findings shed new light on the papers which have appeared on the 
chlorination of indole by the CPO from the bacterium Pseudomonas pyrrocinia. 
This bacterium produces pyrrolnitrin (12, see Scheme 7), and it was thought 
that this CPO was involved in its biosynthesis. According to two papers from 
the group of van Pée (Wiesner et al., 1986; van Pée, 1990), the P. pyrrocinia 
CPO converts indo Ie (13) into 7-chloroindole (14) upon incubation with H20 2 

and chloride ions. This would be a regioselective reaction, since the pyrrole ring 
in indo Ie is much more reactive than the benzene ring. However, recent 
investigations have shown that not 7-chloro-, but 3-chloroindole (15) is the 
actual reaction product (K.-H. van Pée, personal communication), which is in 
line with the production of HOCI by this CPO as described above. The actual 
enzyme which is involved in the conversion of tryptophane into 7-chloro-tryp
tophane, the first step in the biosynthesis of pyrrolnitrin (12), appears not to be 
ahaloperoxidase (K.-H. van Pée, these proceedings). 

Nonheme nonvanadium enzymes are just as stabie as their vanadium counter
parts, but their activity is low (1-5 ç I for standard substrates, ± 0.2 s - I for 
indoie). None of these enzymes is yet commercially available, but that will 
change in the near future (K.-H. van Pée, personal communication). 

In summary, the following can be said about the nonheme, nonvanadium 
enzymes: 

1. Most likely, they produce HOX as the active halogenating species, just like 
all the other haloperoxidases. However, the mechanism by which they 
pro duce HOX is most extraordinary; 

2. Their reaction rates are lower than those of other haloperoxidases; 

3. Their stability is excellent, comparable to the vanadium enzymes; 

4. None of these enzymes is commercially available yet. 

~ 
Cl 

Cl ~ IJ 

00 çq cd Cl 

°2N 
'/ ~ .ó N .ó N .ó N 

H Cl H H 
N 
H 

1 2 1 3 14 1 5 

Scheme 7. The chemical structures of pyrrolnitrin (12), indole (13), 7-chloroindole (14) and 3-
chloroindole (15). 
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Oxidation reactions 

One might get the impression that haloperoxidases are completely unselective 
enzymes and therefore of no commercial use. This is not true, as it has been 
pointed out above that they can be beneficial as mild alternatives of molecular 
halogens (X2 ) or HOX. Besides this, there are some very selective oxidative reac
tions known of these enzymes. These reactions are ex am pIes of the so-called 
"classicaI" oxidation reactions (oxidation of X - to X + -species being nonclassi
cal oxidation), which are restricted to the heme-containing halo peroxidases like 
horseradish peroxidase (HRP) and, in particular, the C.fumago CPO. Recently, 
a truncated cytochrome c known as microperoxidase-ll, was also shown to be 
ab Ie to carry out stereoselective oxidation reactions (Colonna et al., 1994). 

These oxidation reactions comprise the direct, stereoselective transfer of the 
ferryl-oxygen atom in Compound I (see Scheme 4) to the organic substrate. Very 
high enantiomeric excesses have been obtained in the conversion of aryl alkyl 
sulphides (16, see Scheme 8) to chiral sulphoxides (17) (Colonna et al., 1992; 
van Deurzen et al., 1994), the epoxidation of alkenes (18-+ 19) (Allain et al., 
1993; Dexter et al., 1995; Lakner and Hager, 1996), the kinetic resolution of 
hydroperoxides (20) (Fu et al. , 1992; Hoeft et al., 1995) and the stereoselective 
hydroxylation of alkylbenzenes (21-+ 22) (Zaks and Dodds, 1995). 

In general, the heme-containing haloperoxidases possess the following features 
wh en used as oxidation catalysts: 

1. They are highly selective catalysts for the preparation of homochiral sul
phoxides, epoxides, hydroperoxides and benzylic alcohols, the CPO from 
C. fumago being the best; 

2. The reactions are catalysed in a rather slow manner (kcal is ±0.5- 1 S- I); 

-
1 6 1 7 

-
20 

-

~ pH 
Ar"C'Alk + 

HO~ "H 

Ar " C'Alk 

- H, pH 
Ph"C'CH3 

22 

y\R2 
R1 R3 

1 9 

Scheme 8. Examples of stereoselective oxidation reactions displayed by heme peroxidases. 
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3. Enzyme stability is low, as pointed out before. This is especially a problem 
in these oxidation reactions, since high substrate concentrations are needed in 
order to achieve acceptable reaction rates. Irreversible inactivation by H 20 2 is 
frequently encountered; 

4. The enzymes are expensive, although the C. fumago CPO is easy to obtain 
from its culture broth, as mentioned earlier. 

General conclusions and outlook 

We have seen in this review that there are two different combinations of proper
ties in haloperoxidase-catalysed reactions: 

1. There are very stabie enzymes (vanadium haloperoxidases ) which carry out 
the smooth, yet unselective halogenation of a large variety of organic sub
strates; 

2. There are relatively unstable enzymes (heme peroxidases) which perform 
the very selective ox idation of organic substrates. 

The question now arises: how can we combine the stability of the nonheme 
enzymes with the selectivity of the heme enzymes, in other words: how can we 
obtain stabIe enzymes which catalyse selective halogenation reactions? 

In my opinion, there are three options to do this. 

1. Increase the selectivity of the stabIe, active, vanadium haloperoxidases; 
2. Increase the stability of heme-containing haloperoxidases; 
3. Continue the screening for novel halogenating enzymes which are both 

stabIe and selective. 

These options are discussed bel ow. 

1. Increase the selectivity 

Increasing the selectivity of haloperoxidases implies, in practice, either com
pletely changing the catalytic mechanism, or preventing the release of free HOX 
into the reaction medium. The goal of both strategies is to keep the active, elec
tron-deficient halogen species inside the active site, preferably bound to an 
amino acid residue, because it is only in this chiral environment that stereoselec
tivity is to be expected. 

There is some evidence for binding of organic substrates to the active site of 
Ascophyllum nodosum BPO (Tschirret-Guth and Butler, 1994). Wh en this bind
ing occurs before or during the formation of the active halogenating agent, some 
selectivity might be expected (Butler, these proceedings). 

Another option is changing the structure of the enzyme. Making HRP more 
selective in sulphoxidation and epoxidation reactions by site-directed muta
genesis has been shown to be fruitful. The phenylalanine residue at position 41 
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blocks the active site in HRP but is not essential for activity. Substitution of 
phe-41 by an alanine makes the heme more accessible. As aresult thereof, the 
mutant F41A is able to epoxidise styrene, which native HRP cannot do (New
myer and Ortiz de Montellano, 1995). F41L increases the enantioselectivity of 
sulphoxidation (Ozaki and Ortiz de Montellano, 1994) and broadens the scope 
of the epoxidation reactions (Ozaki and Ortiz de Montellano, 1995). 

Although these site-directed mutagenesis studies seem to be very useful to 
increase the scope and selectivity of peroxidase-catalysed oxidation reactions, it 
should be stressed that this approach might be less succesful for the halogena
tion reactions. One could consider to decrease the dimensions of the active site 
in order to slow down the release of free HOX, but on the other hand the active 
site should remain accessible to the organic substrate as well. 

2. Increase the stabitity of heme enzymes 

The most vulnerable part of the heme-containing haloperoxidases is the heme 
function itself. Treatment with too high concentrations of hydrogen peroxide or 
HOX causes complete and irreversible inactivation of the enzyme due to bleach
ing of the heme. Protecting the heme edge by site-directed mutagenesis could be 
a solution for this problem, but care should be taken that the ferric ion should 
remain accessible. It has recently been shown that reconstitution of the C. 
fumago apo-CPO, expressed in E. co ti, is feasible at high pressure, albeit with 
low yield (Zong et al., 1995). This might enable the substitution of the proto
porphyrin IX of the native enzyme by a more stabIe heme group. 

Increasing the stability of heme enzymes is absolutely needed for an industrial 
process (Pickard et al., 1991). Maybe the three-dimensional structures of 
haloperoxidases can leam us which factors are involved in the (in)stability of 
these enzymes. The X-ray structure of the very active CPO from C. fumago has 
been solved recently (Sundaramoorthy et al., 1995), as well as the structure of 
the stabIe V-CPO Curvularia inaequatis (Messerschmidt and Wever, 1996; 
Messerschmidt, these proceedings) and the sta bIe nonheme nonvanadium CPO 
from Streptomyces aureofaciens (Hecht et al., 1994). 

3. Further screening 

The option which is maybe the least appealing but which might be the most 
fruitful, is the continued screening for novel halogenating biocatalysts. The back
ground of this option is simpIe: Nature contains many different halometabolites 
which contain chlorine or bromine atoms attached to chiral carbon atoms. For 
some of them, in particular the ones depicted in Scheme 9, it is very difficult to 
envisage a biosynthetic route without the involvement of stereo- and regioselec
tive halogenating enzymes. 

If such enzymes really exist, then the question arises why they have not been 
detected up to now. The reasons may be twofold: 
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1. The wrong organisms have been taken as a source for halogenating 
enzymes. E.g., it is known that the brown alga Ascophyllum nodosum pro duces 
a lot of bromoform (Wever, 1988), which can be easily formed from methyl 
ketones and HOBr. The formation of bromoform, of course, does not preclude 
the presence of regio- and/or stereoselective halogenating enzymes but it is does 
indicate that nonselective enzymes are abundant in this species. Considering the 
compounds shown in Scheme 9, screening for a halogenating enzyme in 
Plocamium might be much more interesting. 

2. The correct organisms have been investigated, but the selective enzymes 
have not been found because the enzymes were not fed with their natural sub
strates. It might be that some haloperoxidases react unselectively with artificial 
substrates like monochlorodimedone and phenol red (De Boer et al., 1987), 
whereas they react in a selective manner with their natural substrate because 
they possess a specific binding site for it. 

It should be stressed that finding out which enzyme is responsible for the intro
duction of halogen into halometabolites is not easy, as was demonstrated by the 
thorough investigations of the group of van Pée on the biosynthesis of chlor
amphenicol (Facey et al., 1996). Maybe, the selective halogenating enzymes 
belong to a new, yet undiscovered class of enzymes which do not need hydrogen 
peroxide as a substrate. An indication for this is presented elsewhere in these 
proceedings by van Pée. 

23 

25 

~
,Br Br 
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, Br 

Cl Cl Cl 
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Scheme 9. Halometabolites which con ta in chlorine or bromine atoms, attached to chiral carbon 
atoms. Compound 23 is from Laurencia implicata (red alga), 24 from Plocamium sp. (red alga), 
25 from Plocamium cartalagineum (red alga) and hapalindo1e A (26) is from the blue-green alga 
Hapalosiphon fontinalis . 
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In my opinion, the key for selectivity in enzymatic halogenation resides in the 
chiral halometabolites. Studies on the biosynthesis of compounds like the ones 
depicted in Scheme 9 will reveal if stereo- and/or regioselective halogenating 
biocatalysts really exist in Nature. 
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