Oxidative N-demethylation of N,N-dimethylanilines catalysed by lignin
peroxidase: a mechanistic insight by a kinetic deuterium isotope effect study
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Lignin peroxidase can catalyse the N-demethylation of N,N-
dimethylanilines by an electron transfer mechanism, where
the deprotonation of the intermediate radical cation is also
an enzymatic process.

Lignin peroxidase (LiP), a heme-containing glycoprotein
isolated from the ligninolytic cultures of the white-rot fungus
Phanerochaete chrysosporium, is a very important enzyme
capable of performing the oxidative depolymerization of lignin
with hydrogen peroxide. For thisreason, studies of thisenzyme
have been focused so far on the oxidation of non-phenolic
electron rich aromatic lignin model compounds,ic.d.2 while less
information is available about the catalytic activity of LiPinthe
H,0,-promoted oxidation of other substrates.3

Here we report on the ability of LiP to catalyse the oxidative
N-demethylation of N,N-dimethylanilines, a process of great
biological importance. We also provide someinformation about
the mechanism of this reaction via a kinetic deuterium isotope
effect (KDIE) study.

4-X-Substituted N,N-dimethylanilines were reacted with an
equimolar amount of hydrogen peroxide in the presence of LiP
(purified from the Phanerochaete chrysosporium culture me-
dium according to the literature method?) in an argon-degassed
50 mM sodium tartrate buffered solution at pH 4. A clean N-
demethylation reaction was observed, but only when X is an
electron withdrawing group (X = Br, CF3, CN and NO,). The
yieldsarereported in Table 1. N,N-Dimethylaniline and anilines
with electron donating substituents exhibited no reactivity,
probably due to the fact that they were almost completely
protonated at the low pH value necessary for the enzyme
catalysis. In al cases, beside the demethylated products,
formal dehyde was also formed, which was detected by GC-MS
after conversion into the dimedone adduct.

The capacity of LiP to catalyse the oxidation of electron rich
aromatics (E° < 1.25V vs. SCE inwater) by an electron transfer
(ET) mechanism is well documented.2¢.3d Therefore, it is
reasonable to suggest that an ET mechanism also occurs in the
N-demethylation reaction, as avalue aslow as 1.1 V vs. SCE>
has been estimated for the redox potential of N,N-dimethyl-
4-nitroaniline, the least oxidizable aniline in Table 1. This
mechanism is also consistent with the absence of reactivity
observed when the anilineis in the protonated form. Moreover,
an ET mechanism has been proposed for the N-demethyl ation of
N,N-dimethylaniline by other peroxidases.”

According to this mechanism (Scheme 1), an ET occurs
between the substrate and the porphyrinato iron—oxo complex
(Compound 1), which isthe active oxidant formed by reaction of
the native form of LiP with H>O,. An anilinium radical cation
and the reduced form of Compound | (Compound I1) are
obtained. The anilinium radical cation then undergoes deproto-
nation to give an a-amino carbon radica and it has been
suggested by Guengerich and his associates that this process can
either involve the enzyme or take place by a non-enzymatic
pathway, depending on the nature of the peroxidase.”? In the
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former case [path (b) in Scheme 1], Compound Il is suggested
to be the proton abstracting base. The «-amino carbon radical
then undergoes oxygen rebound to form a carbinolamine that is
eventually converted to the N-demethylated product. In the
second case, the deprotonation is promoted [path (8)] by the
medium (H»0). The «-amino carbon radical (a very easily
oxidizable species) is oxidized to a carbocation which is then
converted into a carbinolamine by reaction with H,O.

Guengerich also suggested, on the basis of intramolecular
KDIE values, that chloroperoxidase followed the enzymatic
path, while horseradish peroxidase followed the non-enzymatic
one, probably due to the difficult accessibility of the ferryl
oxygen in the latter enzyme.”

In the case of LiP, the size of the substrate-access channel to

the hemeisstill smaller than in HRP so that the substrate should

have access only to the heme edge, where the electron transfer

Table 1 Products and yields in the reaction of 4-substituted N,N-

dimethylanilines with hydrogen peroxide catalyzed by LiPa

Substrate Product yield Material balance®
(4-substituent) ArNHMe (%) (%)

Br 16 >99

CF3 28¢ 75

CN 62 86

NO, 20 87

a Experimental procedures are as follows: the oxidant (10 umol) was
added, over a period of 1 h by an infusion pump, to a stirred degassed
solution of the substrate (10 umol), LiP (0.96 units, 1.16 nmol) and MeCN
(50 ul) as the co-solvent, in 3 ml of Na—tartrate buffer (50 mM, pH 4) at
25 °C. Products analysis were performed by GC and GC-MS. b The sum of

the moles of unreacted substrate and reaction product relative to the initial

moles of substrate. ©In this case 4-trifluoromethylaniline (5%) was aso
observed.
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process can still take place, but not the deprotonation of the
radical cation by the ferryl oxygen.8 One would therefore
predict a non-enzymatic pathway for the deprotonation of the
radical cation in the LiP-catalysed N-demethylation reactions.
However, strong evidence in favour of a deprotonation
promoted by the enzyme has been provided by the complete
masking [ka/kp = 1.04 (= 0.06)] of the intramolecular KDIE
observed for the N-demethylation of N-methyl-N-trideutero-
methyl-2,4,6-trichloroaniline 1 cataysed by LiP (25%
yield)..10

HD,C. | ~CD:H

@ﬁj

In this system, due to the steric effect of the two ortho-
chlorine atoms, the two N-methy! groups are forced to stay one
above and the other below the plane of aromatic ring as
confirmed by theoretical calculations based on the Density
Functional approach (DFT), carried out on the radical cation of
N,N-dimethyl-2,6-dichloroaniline, a model compound for 1.11
These calculations moreover show that there is a quite large
barrier (33.5 kJ mol—1) to the rotation around the C(aromatic)—
N bond.12 Thus, the absence of a deuterium isotope effect for
this substrate strongly suggests that deprotonation has to take
place in the enzyme pocket, being significantly faster than
rotation of CHsz and CD3z groups around the C(aromatic)-N
bond.23 Under these conditions, the loss of hydrogen or
deuterium will only depend on which one of the two methyl
groups in the radical cation is oriented towards the proton
abstracting center and reasonably there is the same probability
that this group is CHz or CDs. Thus, the intramolecular KDIE
with this substrate should be completely masked, asis actually
observed. This interpretation is confirmed by the significant
value of intramolecular KDIE (3.36 + 0.07) found instead in the
oxidation of N,N-bis(dideuteromethyl)-2,4,6-trichloroaniline 2
(27 % yield), where deuterium and hydrogen are bonded to the
same carbon.24 In 2, the KDIE is no longer influenced by the
hindered rotation mentioned before. Further support also comes
from the high intramolecular KDIE value (7.0 + 0.8) measured
in the oxidation of N-methyl-N-trideuteromethyl-3,4,5-tri-
chloroaniline, where the absence of ortho-substituents allows
the two methyl groups to freely interchange within the enzyme
pocket.

In conclusion, our data clearly show that LiP can catalyse the
oxidative N-demethylation of aromatic tertiary amines with
fairly good efficiency. Moreover, the intramolecular KDIES
measured with 1 and 2 indicate that the aminium radical cation
is deprotonated by the enzyme. Concerning the basic center,
Compound Il seems unlikely, in the light of the aready
mentioned current views about the accessibility of the hemein
this enzyme.8 Another hypothesis is that the deprotonation of
the radical cation is promoted by some specific amino acid
residue located in or very close to the active site. Histidine 82
might be a suitable candidate in this respect. An additiona
possibility might be a medium induced deprotonation of an
enzyme complexed radical cation.15
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