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N-Oxidation of arylamines to nitrosobenzenes using chloroperoxidase
purified from Musa paradisiaca stem juice
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Abstract

N-Oxidation of arylamines to their corresponding nitrosobenzenes using a new chloroperoxidase purified from Musa
paradisiaca stem juice has been examined. The enzymatic characteristics of the stem chloroperoxidase using 4-chloroaniline
as substrate were determined. The K values for 4-chloroaniline and H,O, were 770 UM and 154 uM respectively, while
the pH and temperature optima were 4.4 and 30°C respectively. The substrate specificities of the enzyme for the arylamines
3,4-dichloroamine, p-aminobenzoic acid, p-toluidine, p-anisidine, m-anisidine, p-aminophenol, o-aminophenol and m-ami-
nophenol have been characterized. The feasibility of using concentrated M. paradisiaca stem juice for the specific conver-
sion of 4-chloroaniline to 4-chloronitrosobenzene has been demonstrated. This enzyme can be used for the N-oxidation

of other arylamines.
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Introduction

Chloroperoxidase (EC 1.11.1.10) (Morris & Hager
1966; Kuhnel et al. 2006) is a versatile biocatalyst for
organic synthetic reactions (Spreti et al. 2004). In addi-
tion to halogenation (Hager et al. 1966) and classical
peroxidation reactions (Thomas 1970), it catalyzes
typical reactions of catalases and monooxygenases and
is the most promising enzyme for synthetic applica-
tions (Hofrichter & Ullrich 2006). Chloroperoxidase
is the catalyst of choice in oxygen transfer reactions
of a variety of organic compounds, e.g. N-oxidation
(Corbett et al. 1980), S-oxidation (Colonna et al. 1992;
Allenmark & Andersson 1996), epoxidation (Hager et
al. 1998; Zhu & Wang 2005), hydroxylation (Hu &
Hager 1999; Ullrich & Hofrichter 2007), oxidation
of alcohols (Kiljiunen & Kanerva 2000) and indole
(Van Deurzen et al. 1996). In all of these reactions,
chloroperoxidase from Caldariomyces fumago, a marine
fungus, has been used (Sanfilippo et al. 2004; La Rotta
Hernandez et al. 2005). Recently, a heme-containing
chloroperoxidase from Agrocybe aegerita has been puri-
fied and studies on its potential as a biocatalyst in syn-
thetic organic chemistry have been initiated (Ullrich

et al. 2004; Ullrich & Hofrichter 2005). Although
chloroperoxidase has been detected in plants (Spe-
icher et al. 2003), the enzyme has not been purified
until recently. We have purified a chloroperoxidase
from Musa paradisiaca (plantain) stem juice (Yadav et
al. 2009) and have initiated studies on its potential as a
biocatalyst in organic synthetic reactions. The present
communication reports the N-oxidation of arylamines
to their corresponding nitrosobenzenes using the stem
juice chloroperoxidase.

Materials and methods

Dimedone (1,1-dimethyl-3,5-cyclohexane) was from
Acros Organics (Geel, Belgium). All other chemicals
were either from Merck Ltd (Mumbai, India) or S.D.
Fine Chemicals Ltd (Mumbai, India) and were used
without further purification. The activity of the chlo-
roperoxidase was assayed spectrophotometrically
(Corbett et al 1978) using 4-chloroaniline as
the substrate and monitoring the formation of
4-chloronitrosobenzene by the absorbance change
at A=320 nm, using a molar extinction coefficient
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value of 10 300 M~! cm™!. The assay solution con-
sisted of 4 mM 4-chloroaniline, 0.6 mM H,O, and
a suitable aliquot of the enzyme in 20 mM potas-
sium phosphate buffer pH 4.4 at 30°C. The reaction
was initiated by the addition of H,0,. One enzyme
unit is the amount of the enzyme which converts
1 uM of the substrate per minute into the product
under the specified assay conditions.

A Hitachi (Tokyo, Japan) U-2000 UV/VIS
spectrophotometer fitted with electronic tempera-
ture control was used for spectrophotometric mea-
surements. The lowest absorbance measurement
was 0.001 absorbance unit.

The chloroperoxidase from M. paradisiaca stem
juice was purified by a method developed in our lab-
oratory (Yadav et al. 2009). This consisted of washing
the M. paradisiaca stem with MilliQ water, cutting it
into small pieces, crushing the pieces in a mortar with
a pestle, extracting the juice by placing the pieces in
four layers of cheese cloth and squeezing it. The juice
was centrifuged using a Sigma (Osterode, Germany)
refrigerated centrifuge model 3K30 at 4000g for
20 min at 4°C to remove the cloudiness of the juice.
The clear juice was concentrated using an Amicon
(Amicon Division, W.R. Grace & Co-Conn, Beverly,
MA, USA) model 8200 concentration cell and a PM
10 ultrafiltration membrane (molecular weight cut-off
of 10 kDa). The concentrated crude enzyme solution
was dialyzed against a 1000 times excess of 10 mM
sodium acetate buffer pH 6.0 for 24 h with three
changes of buffer. The dialyzed crude enzyme solution
was loaded on a DEAE cellulose column, size 1 cm
X 33 cm, equilibrated with 10 mM sodium acetate
buffer pH 6.0 at the flow rate of 16 mL hl. The
bound protein was washed with the same buffer and
the protein eluted with a linear gradient of 0-1 M
NaCl in the same buffer (100 mL + 100 mL with 1
M NaCl). Fractions of 4.0 mL were collected and
analyzed for protein concentration (Lowry et al. 1951)
and chloroperoxidase activity. The active fractions
were combined, concentrated using an Amicon (Ami-
con Division, W.R. Grace & Co-Conn, Danvers, MA,
USA) model 8200 concentration cell and then a
model 3 concentration cell with PM 10 ultrafiltration
membranes. The concentrated enzyme sample was
stored at 4°C until required.

The homogeneity of the purified enzyme was
tested by SDS-PAGE analysis (Weber & Osborn
1969). The separating gel was 12% acrylamide in
0.375 M Tris—HCI buffer pH 8.8 and stacking gel
was 5% acrylamide in 0.063 M Tris—HCI buffer pH
6.8. The enzyme was visualized by staining with
Coomassie Blue R-250. The molecular weight mark-
ers were phosphorylase (97.4 kDa), bovine serum
albumin (66 kDa), ovalbumin (43 kDa), carbonic
anhydrase (29 kDa), soybean trypsin inhibitor (20.1

kDa) and lysozyme (14.3 kDa). The gel was run at
constant current of 20 mA.

The pH optimum for N-oxidation activity of the
chloroperoxidase was determined by measuring the
steady-state velocity of the enzyme-catalyzed reac-
tion using 4-chloroaniline as substrate in solutions
ranging from pH 3.0 to 6.5 in 20 mM potassium
phosphate buffer at 30°C. The temperature optimum
was determined by measuring the steady-state veloc-
ity as above at temperatures in the range 20—45°C.

The substrate specificities of the purified enzyme
for the substituted arylamines were determined by
measuring the steady-state velocities of the enzyme-
catalyzed reactions using substituted arylamines as
the variable substrates and monitoring the formation
of the corresponding nitroso compounds spectro-
photometrically by absorbance measurement at
A=320 nm. The K_ values for various substituted
arylamines were determined from double-reciprocal
plots (Engel 1977).

In order to test the feasibility of larger-scale
enzymatic conversion of 4-chloroaniline to 4-chlo-
ronitrosobenzene, 200 mL of 2 mM 4-chloroaniline
in 0.1 M potassium phosphate buffer pH 4.4 at
25°C was treated with 200 pL of the concentrated
M. paradisiaca stem juice containing 4.7 U enzyme
mL™ and H,0, was added in four steps, 0.5 mM
in each step at intervals of 10 min. The reaction
solution was left for 1 h and then extracted twice
with 200 mL of diethyl ether. Diethyl ether was
removed by evaporation at room temperature and
the residual solid was recrystallized from methanol.
The purity of the product was confirmed by the
appearance of a single peak in HPLC (model M-600E
chromatograph and Spherisorb C18 column, 5 um
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Figure 1. Results of SDS-PAGE analysis of the purified chloro-
peroxidase: lane 1, molecular weight markers; lane 2, purified
enzyme.



224 P Yadav et al.

film, 4.6 mm X 250 mm (Waters, Milford, MA,
USA); methanol-water solvent (7:3, v/v) at a flow
rate of 1 mL min™). The product was identified as
4-chloronitrosobenzene by IR (3100 FT-IR spec-
trometer; Varian Inc Corporate, Palo Alto, CA,
USA) and 'H and *C NMR (AL300 FT NMR
spectrometer; JEOL Ltd, Tokyo, Japan).

Results and discussion

SDS-PAGE analysis of the purified enzyme is shown
in Figure 1. The appearance of a single polypeptide
band in lane 2 in which the purified chloroperoxi-
dase had been applied indicated that the enzyme was
pure. The Michaelis—Menten and double-reciprocal
plots for the purified chloroperoxidase using 4-
chloroaniline as the variable substrate at a fixed,
enzyme-saturating concentration of H,O, are shown
in Figure 2. The equivalent plots using H,O, as the
variable substrate at a fixed enzyme-saturating con-
centration of 4-chloroaniline are given in Figure 3.
The calculated K values for 4-chloroaniline and
H,O, were 770 uM and 154 uM respectively. The
reported (Corbett et al. 1978) K value for 4-chlo-
roaniline using C. fumago chloroperoxidase is 810
WM, which is similar to that calculated for the chlo-
roperoxidase from the M. paradisiaca stem juice.

In order to assess the potential of M. paradisiaca
stem juice chloroperoxidase in the transformation of
arylamines to their corresponding nitroso com-
pounds, the specificity towards 3,4-dichloroaniline,
p-aminobenzoic acid, p-toluidine, p-anisidine, m-ani-
sidine, p-aminophenol, o- aminophenol and m-amin-
ophenol was tested. Double-reciprocal plots were
drawn in all these cases and the K and k_,, values

8} e * o
v
[
o
6_
= o
; S 06
o
g 4] 5 04
E ¢ L
= L
= 02
E | p E 4
= =
Zz 21 T4 7 3 & s
1/[S] (mm)™
0 T T T T T |
0 1 2 3 4 5 6
[S] (mM)

Figure 2. Michaelis—Menten and double-reciprocal plot (insert)
for the chloroperoxidase of Musa paradisiaca stem juice using
4-chloroaniline as the variable substrate.
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Figure 3. Michaelis—Menten and double-reciprocal plot (insert)
for the chloroperoxidase of Musa paradisiaca stem juice using
H,0, as the variable substrate.

calculated. The results are summarized in Table I. All
of the substituted arylamines tested were converted
into their corresponding nitroso compounds, which
were monitored spectrophotometrically by measur-
ing the absorbance change at A=320 nm.

In order to find the optimum conditions for the
enzymatic transformations, the pH and temperature
optima of the M. paradisiaca stem chloroperoxidase
were determined using 4-chloroaniline as substrate
(Figures 4 and 5 respectively). This showed that the
pH and temperature optima for this transformation
were 4.4 and 30°C respectively. The pH optimum of
the chloroperoxidase from C. fumago also is also 4.4
(Corbett et al. 1978).

The feasibility of enzymatic transformation of
4-chloroaniline to 4-chloronitrosobenzene using the
crude preparation of chloroperoxidase of M. paradi-
staca stem juice has been demonstrated. The product
extracted using diethyl ether gave a single peak
by HPLC analysis and IR (KBr, v _ . (cm™): 1622,
2924 cm (C-H aromatic), 1622 (C=C), 1492 (N=0),
1437 (C=C), 1279 (C-N), 910 (C-N), 822 (1,4

Table I. K and %, values of the purified enzyme for different
substrates.

Substrate K_ (uM) ke, (571
H,0, 154 0.36
4-Chloroaniline 770 0.35
3,4-Dichloroaniline 1000 0.56
p-Aminobenzoic acid 44 0.57
p-Toluidine 50 0.59
p-Anisidine 133 0.48
p-Aminophenol 132 0.4
o-Aminophenol 36 0.54
m-Aminophenol 125 0.29
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Figure 4. Variation of the activity of the chloroperoxidase of Musa
paradisiaca stem juice with reaction pH.

disubstition in benzene). 'H NMR (300 MHz,
DMSO, é (ppm): 6.48 (2H, d, ¥=8.4 Hz), 6.99 (2H,
d, ¥=8.4 Hz)) and 3C NMR (75 MHz, DMSO, §
(ppm): 115.2, 118.7, 128.5, 147.7 (phenyl ring))
confirmed the identity of 4-chloronitrosobenzene.
No other products were detected and 53 mg of
4-chloronitrosobenzene was obtained from 87 mg of
4-chloroaniline using 0.94 U enzyme, which was
equivalent to 0.16 mg of the pure enzyme.
Elucidating the detailed kinetics and mechanism
of the transformation of 4-chloroaniline to 4-chlo-
ronitrosobenzene catalyzed by chloroperoxidase from
M. paradisiaca stem juice requires extensive studies.
However, the mechanism suggested for the transfor-
mation of 4-chloroaniline to 4-chloronitrosobenzene
catalyzed by chloroperoxidase from C. fumago (Cor-
bett et al. 1978, 1980) may be considered operative.
According to this mechanism, the enzyme-bound
oxygen of chloroperoxidase (compound I) is directly
incorporated into the arylamine substrate as shown in
Scheme 1. A further two-electron abstraction from
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Figure 5. Variation of the activity of the chloroperoxidase of Musa
paradisiaca stem juice with reaction temperature.

hydroxylamine leads to the arylnitroso compound.
This proposal is based on the peroxidation mecha-
nism for chloroperoxidase-catalyzed N-oxidation of
arylamines (Doerge & Corbett 1991) and is sup-
ported by the accepted mechanism for cytochrome
P450-catalyzed oxygenation of numerous substrates
(Urlacher & Eiben 2006; Urlacher & Schmid 2006).

In conclusion, this communication reports the
transformation of arylamines into their correspond-
ing nitroso compounds using a new chloroperoxi-
dase from M. paradisiaca stem juice. A single product
is formed using even the crude enzyme preparation,
which indicates the synthetic significance of the
chloroperoxidase isolated from a convenient source
using a simple procedure.
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to chloroperoxidase compound I. (d) arylhydroxyamine ligand of compound I. P represents the sixth axial ligand of chloroperoxidase.
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