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a b s t r a c t

The peroxidation of C18 unsaturated fatty acids by fungal manganese peroxidase (MnP)/Mn(II) and
by chelated Mn(III) was studied with application of three different methods: by monitoring oxygen
consumption, by measuring conjugated dienes and by thiobarbituric acid-reactive substances (TBARS)
formation. All tested polyunsaturated fatty acids (PUFAs) were oxidized by MnP in the presence of Mn(II)
ions but the rate of their oxidation was not directly related to degree of their unsaturation. As it has been
shown by monitoring oxygen consumption and conjugated dienes formation the linoleic acid was the
most easily oxidizable fatty acid for MnP/Mn(II) and chelated Mn(III). However, when the lipid peroxi-
dation (LPO) activity was monitored by TBARS formation the linolenic acid gave the highest results. High
accumulation of TBARS was also recorded during peroxidation of linoleic acid initiated by MnP/Mn(II).
Action of Mn(III)-tartrate on the PUFAs mimics action of MnP in the presence of Mn(II) indicating that

Mn(III) ions are involved in LPO initiation. Although in our experiments Mn(III) tartrate gave faster than
MnP/Mn(II) initial oxidation of the unsaturated fatty acids with consumption of O2 and formation of
conjugated dienes the process was not productive and did not support further development of LPO. The
higher effectiveness of MnP/Mn(II)-initiated LPO system depends on the turnover of manganese provided
by MnP. It is proposed that the oxygen consumption assay is the best express method for evaluation of
MnP- and Mn(III)-initiated peroxidation of C18 unsaturated fatty acids.
. Introduction

Manganese peroxidase (MnP) is the most common lignin-
odifying enzyme produced by almost all white-rot wood-

ecaying basidiomycetous fungi [1,2]. This enzyme is considered to
lay a crucial role in lignin degradation [3–6]. MnP is an extracellu-

ar heme containing peroxidase that requires Mn(II) as its reducing
ubstrate. The enzyme oxidizes Mn(II) to Mn(III), which is chelated
y organic acids such as oxalate or malonate. Mn(III)-chelator com-
lexes in turn are efficient oxidants and act as low-molecular
eight, diffusible redox-mediators. Thus, MnP oxidizes phenolic

ignin substructures in wood via diffusible Mn(III)-chelator com-
lexes formed during peroxidase cycle of the enzyme. However,

on-phenolic units that predominate in natural lignin are not sus-
eptible to degradation by this mechanism.
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The MnP can also oxidize unsaturated fatty acids possibly
through Mn(III) chelates thereby generating lipid peroxyl and other
lipid radicals, which in turn can be the primary agents of fun-
gal attack on non-phenolic lignin in wood [7–9]. It means that
lipid peroxidation (LPO) may be involved in lignin degradation by
the white-rot wood-decaying fungi. The same chemistry may be
involved in the degradation of recalcitrant xenobiotics by the fungi
[10,11].

The environmental importance of LPO initiated by MnP explains
the interest to the methods that may be applied to follow LPO in
this system. It is generally recognized that the nature and amount
of LPO products may considerably vary depending on the system
studied, the type of pro-oxidants and many other factors [12]. This
problem is complicated by the fact that individual fatty acids may
produce different products of LPO which give different results with
different methods of LPO evaluation [13]. Because of the complexity
of the LPO pathways and because many factors affect the amounts
of the products formed, it is recommended to measure two or more

indexes of LPO simultaneously [14].

Earlier, we have already proposed a rapid method to quantify the
activity of LPO in MnP-initiated systems and in cultures of wood-
decaying fungi that gives total evaluation of the activity of LPO

dx.doi.org/10.1016/j.enzmictec.2011.04.009
http://www.sciencedirect.com/science/journal/01410229
http://www.elsevier.com/locate/emt
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Fig. 1. Oxygen consumption during reactions of MnP- (A) and Mn(III) (B) -initiated
peroxidation of C18 unsaturated fatty acids (18:1, 18:2 and 18:3). Reaction mixtures
contained: (A) 50 mM sodium acetate buffer (pH 4.5); 1 mM unsaturated fatty acid;
0.1% Tween 20; 1 mM MnSO4; 0.015 U of purified MnP P5. (B) 50 mM sodium acetate
6 A.N. Kapich et al. / Enzyme and M

y oxygen consumption rate [15]. The determination of the con-
ugated dienes and substances reacting with thiobarbituric acid
TBARS) gives an option to control primary and secondary prod-
cts of LPO. The goal of this research was to compare the methods
or evaluation of the activity of LPO of C18 unsaturated fatty acids
y MnP/Mn(II) and Mn(III)-chelator complexes as well as to obtain
dditional information regarding mechanisms of MnP- and Mn(III)-
nitiated LPO.

. Materials and methods

.1. Reagents and enzymes

Low carbonyl and peroxide 10% Tween 20 solutions were purchased from
hermo Fisher Scientific Inc., Mn(III) acetate and 2-thiobarbituric acid (TBA) from
igma–Aldrich Co., oleic (18:1), linoleic (18:2) and linolenic (18:3) acids from Nu-
hek-Prep Inc. Mn(III) tartrate solutions were prepared by dissolving Mn(III) acetate

n 100 mM sodium tartrate (pH 4.5) in darkness immediately prior to use [16].
Two MnP preparations were used throughout this study. MnP isoenzyme

5 was purified by Mono-Q- anion-exchange chromatography from the extra-
ellular culture fluids of Phanerochaete chrysosporium ME-446 grown on wheat
traw-containing GPCSL medium as described [17]. Recombinant P. chrysospo-
ium MnP (H4 isoenzyme) was expressed in cultures of Aspergillus oryzae and
as purified by anion-exchange chromatography on DEAE-Biogel A as described

18]. MnP activity was determined spectrophotometrically (Shimadzu PharmaSpec
V-1700 or Shimadzu MultiSpec-1501, Japan) by following the formation of 2,6-
imethoxyphenol (DMP) dimer (diphenoquinone) at 469 nm (molar extinction
oefficient = 49600 M−1 cm−1) [16]. One unit (U) of MnP activity represents 1 �mol
f the diphenoquinone formed in 1 min at room temperature. The MnP isoenzyme
reparations were also tested for oxidation of veratryl alcohol to veratraldehyde at
10 nm to confirm that there is no lignin peroxidase activities present [19].

.2. Oxygen consumption experiments

The oxygen consumption during MnP and Mn(III)-initiated peroxidation of C18
atty acids was monitored at 25 ◦C with the Hansatech Instruments Oxygraph (Eng-
and, UK) [15]. The maximal rates of oxygen consumption were taken from the linear
ortions of Oxygraph recordings and were calculated using the Oxygraph software.
he procedure included consecutive addition of the components to the reaction
hamber containing the oxygen electrode. The reaction mixtures for MnP-initiated
PO (1 ml) contained 50 mM sodium acetate buffer (pH 4.5), 1 mM emulsion of unsat-
rated fatty acid, 0.1% (wt/vol) Tween 20, and 1 mM MnSO4. The fatty acids were
mulsified beforehand in argon saturated Tween 20 (100 mM of the correspond-
ng fatty acid in 10% Tween 20). The reactions were initiated by adding 0.015 U of
urified MnP P5 isoenzyme preparation. The reaction mixtures for Mn(III) tartrate-

nitiated LPO contained the same buffer and fatty acid emulsions but MnP and MnSO4

ere not included. Instead, these reactions were initiated by adding 0,04 mM Mn(III)
artrate. In some experiments 0.2 mM and 0.02 mM of Mn(III) tartrate were used to
nitiate LPO. Every oxygen consumption experiment was repeated at least three
imes with basically identical outcomes.

.3. Conjugated dienes formation

The kinetics of MnP and Mn(III)-initiated formation of conjugated dienes was
ssayed spectrophotometrically by monitoring the increase in absorption at 233 nm.
he reactions were carried out directly in 1-cm quartz cuvette as described [9].
he reaction mixtures for both systems contained the same components as it was
sed in oxygen consumption experiments but MnP H4 isoenzyme was used in these
xperiments.

.4. Determination of thiobarbituric acid-reactive substances (TBARS)

The accumulation of TBARS was followed during peroxidation of C18 unsatu-
ated fatty acids initiated by MnP/Mn(II) or Mn(III) tartrate. The reaction mixtures
or MnP-initiated reactions (1 ml) contained 20 mM sodium acetate buffer (pH 4.5),
mM MnSO4, and 5 mM of the corresponding fatty acid that had been emulsified

n argon-saturated Tween 20 (1% wt/vol final concentration). The reactions were
nitiated by adding 0.3 U of MnP H4 isoenzyme. The reaction mixtures for Mn(III)-
nitiated lipid peroxidation contained the same buffer and fatty acid emulsion as
bove without MnP and MnSO4. Instead, these reactions were initiated by adding
.2 mM Mn(III) tartrate. Controls without MnP and Mn(III) tartrate were set up for
ach variant. The assay mixtures for TBARS contained 150 �l of the reaction mix-

ures, 200 �l of 6% sodium lauryl sulfate, 1.5 ml of 2% phosphoric acid, 0.5 ml of
hiobarbituric acid solution (0.8% wt/vol) and 50 �l of 10 mM butylated hydrox-
toluene in ethanol. The thiobarbituric acid solution was prepared as described
20]. The mixtures were capped to prevent evaporation and incubated at 100 ◦C
or 15 min. The absorbance of the cooled assay mixtures was measured at 532 nm.
buffer (pH 4.5); 1 mM unsaturated fatty acid; 0.1% Tween 20; 0.04 mM Mn(III) tar-
trate. Arrows indicate the addition of MnP P5 and Mn(III) tartrate.

3. Results

3.1. Evaluation of MnP/Mn(II) and Mn(III)-initiated LPO by
oxygen consumption assay

As it was determined by the oxygen consumption assay, the
purified MnP isoenzyme P5 of P. chrysosporium was able to oxidize
all tested C18 unsaturated fatty acids in the presence of Mn(II) ions
(Fig. 1A). The oxidation of polyunsaturated fatty acids (linoleic and
linolenic acids) continued till complete oxygen consumption from
the reaction mixtures. Linoleic acid was oxidized with the high-
est speed of O2 consumption that reached 60.4 nmol ml−1 min−1.
More unsaturated linolenic acid that has three double bonds was
oxidized slower than less unsaturated linoleic acid that has only
two double bonds. Monounsaturated oleic acid that has only one
double bond was also oxidized although very slowly in the system
as seen by O2 consumption test.

Since Mn(III) chelates are considered to be the proximal oxi-

dants in the systems with MnP-initiated lipid peroxidation, we next
assessed the oxygen consumption in the reactions of Mn(III) tar-
trate (0.04 mM) with the C18 unsaturated fatty acids. Fig. 1B shows



A.N. Kapich et al. / Enzyme and Microbial Technology 49 (2011) 25–29 27

Fig. 2. Effect of Mn(III) tartrate concentration on the rate of oxygen consumption
in the reactions of Mn(III)-initiated peroxidation of linoleic acid. Reaction mixtures
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Fig. 3. Time course of conjugated dienes formation during peroxidation of linoleic
acid in the absence of MnP and Mn(II) (control) or in the presence of Mn(II) or MnP or
ontained: 50 mM sodium acetate buffer (pH 4.5); 1 mM linoleic acid; 0.1% Tween
0; 0.02, 0.04 or 0.2 mM Mn(III) tartrate. Arrows indicate the addition of Mn(III)
artrate.

hat Mn(III) tartrate initiated peroxidation of the C18 polyunsat-
rated fatty acids much more actively than MnP/Mn(II) system.
owever, the order of the oxidizability of the fatty acids in this
ase was the same as that shown by MnP in the presence of Mn(II)
the linoleic acid was oxidized by Mn(III) tartrate with the highest

ate of O2 consumption that reached 170 nmol ml−1 min−1 in this
ase. Oleic acid was also oxidized by Mn(III) although with very low
ate of oxygen consumption.

It is noteworthy that oxygen was not consumed completely in all
eactions where LPO was initiated by 0.04 mM of Mn (III) tartrate.
ven in the case of the oxidation of linoleic acid the dissolved O2 was
ot consumed completely (Fig. 1B). After very fast consumption
f O2 in the beginning the reaction stopped after several minutes.
his effect has been even better seen when linolenic acid was oxi-
ized by Mn(III) tartrate. The linolenic acid was oxidized not only
lower than linoleic acid but in addition the consumption of oxygen
topped after 6 min of the reaction when O2 concentration was still
igher than 60 nmol ml−1.

Increase of the concentration of Mn(III) tartrate to 0.2 mM
esulted in complete and much faster consumption of the dis-
olved O2 in the reaction with linoleic acid (Fig. 2). On the
ontrary, decrease of the Mn(III) tartrate concentration to 0.02 mM
educed the O2 consumption and it stopped at the level of about
5 nmol ml−1. Addition of Mn (III) tartrate after 8 min in this case

nitiated peroxidation of the linoleic acid again and all O2 was finally
onsumed. This result shows that not complete oxygen consump-
ion in the Mn(III)-initiated linoleic acid peroxidation was due to
isappearance of Mn(III) from the reaction mixture.

.2. Evaluation of MnP/Mn(II) and Mn(III)-initiated LPO by
onjugated dienes formation

The UV spectral changes observed during the reaction of MnP
ith PUFAs clearly indicated formation of conjugated dienes which

s seen as the increase of the absorption peak at 232–234 nm. Fig. 3
hows the production of the conjugated dienes during oxidation of
inoleic acid in the presence and in the absence of MnP and Mn(II)
ons. It is noteworthy that there is a problem with this test because
olyunsaturated fatty acids can be slowly oxidized themselves by

he spectrophotometer source of UV light during monitoring of the
ncrease of the absorption at the UV area of the spectrum. Moreover,
ddition of Mn(II) or MnP to the emulsion of linoleic acid increased
he rate of the oxidation indicating to their photosensitizing prop-
both. Complete reaction mixture (MnP + Mn(II)) contained: 50 mM sodium acetate
buffer (pH 4.5); 1 mM unsaturated fatty acid; 0.1% Tween 20; 1 mM MnSO4; 0.015 U
of purified MnP H4.

erties. However, complete enzymatic system including both MnP
and Mn(II) provided about 3 times higher rate of conjugated dienes
production than in the cases when they were added separately.

To compare the activity of peroxidation via conjugated dienes
production we reproduced the experiments with the enzymatic
MnP/Mn(II) system using different C18 unsaturated fatty acids
according to [9]. The obtained results confirmed that the dienoic
linoleic acid was oxidized at the highest rate in the system. The rate
of conjugated dienes formation clearly slowed down for linolenic
acid. The conjugated dienes were not formed during the reaction
with monoenoic oleic acid because it contains only one double bond
and therefore is not able to produce conjugated dienes. Forma-
tion of conjugated dienes was also maximal and very fast during
Mn(III)-initiated peroxidation of linoleic acid.

3.3. Evaluation of MnP/Mn(II) and Mn(III)-initiated LPO by
TBARS production

During MnP/Mn(II)-initiated LPO TBARS production was maxi-
mal for linolenic acid (Fig. 4A). It started without any lag phase and
reached maximum concentration of TBARS after 180 min. In case of
the oxidation of linoleic acid TBARS formation had a short lag phase
(about 10 min) and reached its maximum after 120 min. The level
of TBARS in the reaction with linoleic acid was 2 times lower than
in case with linolenic acid. No TBARS formation was found during
oxidation of oleic acid by MnP.

As seen from Fig. 4B, there was also no accumulation of the sec-
ondary aldehyde TBARS products in the Mn(III) tartrate-dependent
system with oleic acid and very low TBARS accumulation in case
of the oxidation of linoleic acid. Relatively higher accumulation of
TBARS was found in case of the oxidation of linolenic acid. How-
ever, in this case TBARS reached its maximum after 10 min of the
reaction and then slowly decreased until 240 min. This shows that
the process of LPO was not further developed in case of initiation by
chelated Mn(III) and it stopped soon after its initiation. In contrast,
the process of linolenic and linoleic acid peroxidation in the sys-
tem with MnP/Mn(II) was productive and resulted to much higher
accumulation of the secondary TBARS products (Fig. 4A).

3.4. Reduction of Mn(III) to Mn(II) during oxidation of C18
unsaturated fatty acids
Formation of conjugated dienes during Mn(III)-initiated perox-
idation of linoleic acid seen as an increase in the absorbance at
233 nm was accompanied by the reduction of Mn(III) tartrate seen
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Fig. 4. Time course of TBARS formation during peroxidation of C18 unsaturated fatty
acids: C18:1 (circles), C18:2 (triangles) and C18:3 (squares) initiated by MnP/Mn(II)
(A) or Mn(III) tartrate (B). Reaction mixtures contained: (A) 20 mM sodium acetate
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Fig. 5. UV absorption spectra changes during Mn(III)-initiated peroxidation of
linoleic acid. Reaction mixtures contained 50 mM sodium acetate buffer (pH 4.5);
0.2 mM linoleic acid; 0.04% (wt/vol) Tween 20; 0.2 mM Mn(III) tartrate. Spectra were
taken at 30 s intervals. Inset: The increase of absorption at 233 nm (solid line) shows
uffer (pH 4.5); 5 mM unsaturated fatty acid; 1% Tween 20; 1 mM MnSO4; 0.015 U
f purified MnP H4. (B) 20 mM sodium acetate buffer (pH 4.5); 5 mM unsaturated
atty acid; 1% Tween 20; 0.2 mM Mn(III) tartrate.

s the decrease of absorption at 290 nm (Fig. 5). These spectral
hanges resulting from incubation of Mn(III) tartrate with emul-
ion of linoleic acid in 10% Tween 20 were well observed when low
oncentration of linoleic acid (0.2 mM) was applied. The linoleic
cid hydroperoxides with conjugated diene structures had a UV
pectrum centered on 233 nm, with no contribution above 250 nm.

e monitored the Mn(III) tartrate reduction at 290 nm as it was
roposed before [16]. The reduction of Mn(III) started immediately
fter its addition to the emulsion of linoleic acid and continued even
fter maximum of the conjugated dienes was reached. Solutions of
n(III) tartrate lost their absorbance at 290 nm and became color-

ess due to reduction of Mn(III) to Mn(II) even in the absence of the
nsaturated fatty acids but addition of the linoleic acid stimulated
he process (data not shown). No precipitates of Mn(IY) oxides were
ormed in these reactions that confirms that the disappearance of

n(III) was due to reduction of Mn(III) to Mn(II).

. Discussion
In this study we show that diene and triene C18 PUFAs may
e oxidized by MnP in the presence of Mn(II) ions and that the
nP-initiated LPO of the PUFAs may be monitored by oxygen

onsumption assay, by detection of conjugated dienes and by
the formation of conjugated dienes. The decrease of absorption at 290 nm (dashed
line) shows the reduction of Mn(III).

determination of TBARS. Oxygen consumption during this pro-
cess results mainly from reactions between carbon-centered lipid
radicals and molecular oxygen and may be overall indication of
the activity of the process [15,20]. The conjugated dienes appear
through the conversion of the PUFAs to PUFA-hydroperoxides
that have UV absorption maximum at 232–234 nm [21,22]. PUFA-
hydroperoxides with conjugated double bonds may be considered
as primary products of LPO and the rate of their formation
shows initial speed of the process. TBARS are secondary oxidation
products of the LPO including malonaldehyde and other related
compounds formed when lipid hydroperoxides break down. In
these terms accumulation of TBARS shows completeness of the
process of LPO [25,26].

It is well-known that susceptibility of unsaturated fatty acids
to oxidation in homogeneous systems increases with the number
of double bounds in their molecules and it is linearly dependent
on the number of bis-allylic methylenes in the fatty acids [23–25].
That is why linolenic acid (18:3) containing three double bounds
is more easily oxidizable fatty acid than containing two double
bounds linoleic acid (18:2). However, the comparison of the activ-
ity of peroxidation of C18 unsaturated fatty acids determined by
O2 assay and by conjugated dienes formation shows that the rate
of MnP- and Mn(III)-initiated peroxidation was maximal for linoleic
acid. These results suggest that the linoleic acid was the best sub-
strate for LPO in the systems. Some other studies with oil in water
emulsions have also found that in aqueous micellar solutions less
unsaturated fatty acids, in particular linoleic acid, are paradoxically
more prone to LPO than more unsaturated fatty acids [13,26,27].
It may be explained by the hypothesis suggesting that peroxyl
radicals of linolenic acid are more polar than linoleic acid per-
oxyl radicals that results in their migration to the periphery of the
micelles, where they cannot participate efficiently in radical chain
propagation developing LPO.

Opposite result was obtained when we monitored activity of
LPO by TBARS formation. Higher level of TBARS accumulation
was found in case of MnP- and Mn(III)-initiated peroxidation of

linolenic acid. It is generally accepted that malondialdehyde (MDA)
appears to be the major aldehyde that reacts with TBA forming
the colored complex [21,22]. MDA mainly results from the oxida-
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ive degradation of polyunsaturated fatty acids with more than
wo methylene-interrupted double bonds. From studied unsatu-
ated C18 acids only linolenic acid could be precursor for MDA that
xplains the highest extent of TBARS accumulation in this case.
owever, this fact does not mean that the rate of linolenic acid
eroxidation was higher than the rate for linoleic acid.

It is generally agreed that oleic and linoleic acids are weak
recursors for MDA [28,29]. Moreover, in many studies the MDA
as not found during peroxidation of oleic acid [21,22]. The

ield of MDA from peroxidation of linoleic acid was found to be
bout 10 times less than from other more unsaturated fatty acids
29]. Instead, some other aldehydes, in particular 2,4-decadienal,
-hydroxy-2-nonenal, hexanal, glyoxal and several others are pro-
uced during peroxidation of linoleic acid [21,30]. The production
f some of the aldehydes has been shown in the MnP-initiated
inoleic acid peroxidation systems [31,32]. However, the extent of
ontribution of these aldehydes to the red pigment formation in
he TBA test is low [33]. That is why the TBA test underestimates
he oxidation products resulting from peroxidation of linoleic acid
21].

Nevertheless, in our experiments with MnP-initiated peroxida-
ion of linoleic acid TBARS accumulation was quite high and only
wo times lower than that with linolenic acid. It indicates that the
ccumulation of the TBA reactive aldehydes derived from linoleic
cid and other than MDA was high so as the rate of peroxidation of
he acid. This assumption is in agreement with our data that have
een received by oxygen consumption assay and by conjugated
iene test showing that linoleic acid is oxidized by MnP and Mn(III)
ith the highest rate in comparison to other C18 unsaturated fatty

cids.
This research gives also additional information regarding mech-

nisms of MnP- and Mn(III)-initiated LPO. It seems that the
essation of the LPO in the system with Mn(III) tartrate is caused
y very fast reduction of the pro-oxidant – Mn(III) to antioxidant –
n(II) as shown by monitoring the absorbance of the Mn(III) tar-

rate complex (Fig. 5). The chain-breaking antioxidant activity of
n(II) is well-documented [34,35]. In the enzymatic MnP/Mn(II)-

riven system the constant recycling of manganese was provided
ith oxidation of Mn(II) to Mn(III) by MnP and reduction of Mn(III)

o Mn(II) in the course of linoleic acid peroxidation. It seems that
he recycling of manganese in the MnP-catalyzed reactions is the
riving force for LPO of C18 unsaturated fatty acids and as a result
or non-phenolic lignin degradation.

In conclusion, evaluating adequacy of the tested methods for
PO measurements of the C18 unsaturated fatty acids in the MnP-
nd Mn(III)-initiated systems we have to stress that each method
as its own drawbacks and advantages but the oxygen consump-
ion assay is the best express method for comparative studies that
ives valuable information about total activity of LPO in the sys-
ems.
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