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ABSTRACT: Manganese peroxidase generally mediates the oxidation of Mn*" to Mn*" with H,O, as an
oxidant. Several manganese peroxidases purified from different lignin-degrading fungi were found to mediate
a fluoride-dependent conversion of organic substrates such as monochlorodimedone or 2,6-dimethoxyphenol
in the absence of manganese ions. Using the manganese peroxidase MnP-1 from Bjerkandera adusta strain
Udl, these fluoride-dependent reactions were studied with respect to different substrates converted, reaction
products, and kinetic properties to shed some light on the reaction mechanism of manganese peroxidase. The
analysis of the reaction products formed from monochlorodimedone and 2,6-dimethoxyphenol showed that
the substrates were oxidized rather than fluorinated. The addition of fluoride to MnP-1 resulted in altered
absorption spectra, indicating a coordinative binding of fluoride or HF to the heme iron; the fluoride:heme
stoichiometry was determined to be 1:1 and the Kp value to be ~2.5 mM at pH 3.4. The high Kp value
indicates weak binding of fluoride to the heme. Fluoride appeared to act as a partially competitive inhibitor
with respect to hydrogen peroxide for binding to the heme as the sixth ligand. From the findings, a putative
model for the fluoride-dependent reaction was developed. The data were interpreted to indicate that changes
of the reaction center of manganese peroxidase as, for example, caused by fluoride binding may lead to the
oxidation of organic compounds in the absence of manganese by opening a long-range electron transfer
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pathway.

MnPs' are excreted by many white rot basidiomycetes such as
Bjerkandera adusta and, together with other heme peroxidases
such as lignin peroxidases and versatile peroxidases, are respon-
sible for the decomposition of lignin. The manganese peroxidase
mediates the oxidation of Mn*" to Mn*" with H,0, as an
oxidant. During the catalytic cycle, H,O, reacts with the resting
enzyme. After release of H,O, compound I is formed as an
oxidation product. Compound I is reduced in two steps of a one-
electron transfer reaction via compound II to the resting enzyme;
the electron donor for the reduction steps is Mn>" (Figure 1) ().
The reaction product Mn™" oxidizes organic compounds such as
lignin or phenols in a protein-independent abiotic reaction (2, 3).
A manganese-independent oxidation of organic compounds by
MnPs was not observed, except for an unusual manganese
peroxidase that in fact exhibited characteristics of a versatile
peroxidase (VP) with respect to the substrates oxidized in
the absence of manganese ions. This enzyme mainly differs from the
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VP in its inability to catalyze the Mn-independent oxidation of
veratryl alcohol (4). In addition, transient-state studies on MnPs
have shown that compound I can oxidize Mn>" as well as some
phenolic compounds; however, only Mn*" was able to efficiently
reduce compound II and to close the catalytic cycle (5). These
results point out the crucial role Mn*" plays in the catalytic cycle
of MnPs. A manganese-independent oxidation of veratryl alco-
hol mediated by manganese peroxidase was earlier only observed
for a MnP mutant (6). This modified MnP was found to adopt
characteristics of the versatile peroxidases; the modification
enabled the enzyme to oxidize veratryl alcohol in the absence
of Mn?" ions via a long-range electron transfer pathway. Long-
range electron transfer pathways have been described for lignin
peroxidase and versatile peroxidase (7, 8) and were also reported
to be involved in other important biological processes,
e.g., photosynthesis and respiration (9). Here, we describe for
the first time a Mn*"-independent oxidation of organic substrates
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FIGURE 1: Simplified scheme of the Mn”"-dependent catalytic cycle
of manganese peroxidase.
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catalyzed by heme-containing MnPs exclusively in the presence of
fluoride. Fluoride is known to be an inactivator or inhibitor for
numerous enzymes (/0—12). In heme-containing peroxidases,
fluoride binds to the heme iron as a distal ligand and may cause
conformational changes in the protein structure by forming
hydrogen bonds to amino acid side chains (/3). For cytochrome
¢ peroxidase, structural perturbations were caused by fluoride
binding to the heme iron (/4). The impact of binding of fluoride to
MnP on the oxidation of organic substrates and the possible
involvement of a conformational change of the protein is
discussed.

MATERIALS AND METHODS

Materials. The fungal strains Phlebia spp. (formerly Nema-
toloma frowardi) b19 (DSM 11237) and Clitocybula dusenii b11
(DSM 11238) were isolated from decaying wood in Bariloche,
Argentina (/5). B. adusta strain Ud1 (DSM 23426) was isolated
from the fruiting body on a Beech stump (Fagus sylvatica) in
Hainich National Park (Germany). Pleurotus eryngii (DSM
9619) was obtained from the German Collection of Microorgan-
isms and Cell Cultures (DSMZ, Braunschweig, Germany). All
chemicals used were of the highest available purity and were
purchased from Sigma-Aldrich (Steinheim, Germany), Merck
(Darmstadt, Germany), Roche (Mannheim, Germany), or Roth
(Karlsruhe, Germany).

Purification of MnP-1 from B. adusta Strain Udl. The
manganese peroxidase (MnP-1) of B. adusta strain Udl was
purified in 10 mM acetate buffer (pH 5.6) using fast performance
liquid chromatography (FPLC) essentially according to the work
of Ullrich et al. (/6) with a few modifications. After anion
exchange chromatography performed on a Q-Sepharose column
(1.6 cm x 10 cm) and a subsequent Mono Q column (0.5 cm x 5
cm), an additional Mono Q column was used to separate the two
MnP isoenzymes. These isoenzymes were designated MnP-1 and
MnP-2 according to their order of elution. MnP-1, which was
used for the studies, was eluted with an isocratic step of 0.1 M
NaCl in acetate buffer. For further purification, the active
fractions were pooled and applied to a Phenyl-Superose HR
column (0.5 cm x 5 cm), and the enzyme was eluted at a
(NH4),SO,4 concentration of approximately 0.3 M with a
>99% apparent homogeneity as indicated by the SDS—PAGE
gel. The MnPs from other fungal species were purified in a similar
way. Chromatography media and instruments were from Phar-
macia Biotech (Uppsala, Sweden).

The protein concentration was determined according to the
method of Bradford (/7) using Roti-Nanoquant (Roth) as a
reagent according to the manufacturer’s instructions.

Enzyme Assays. Manganese peroxidase activity was assayed
photometrically at pH 4.5 by assessing the formation of the
Mn** —malonate complex (Mn*"—malonate ey, = 11.59 mM ™
em™ ") (18). MnP-1-mediated conversion of 0.1 mM monochlor-
odimedone (monochlorodimedone &5 = 122 mM ™' cm™),
1 mM 2,6-dimethoxyphenol (3,3',5,5-tetramethoxy-4,4’-dipheno-
quinone e = 27.5 mM ' ecm™'), 1 mM guaiacol (guaiacol
tetramer &7 = 26.6 mM ' cm™'), 0.3 mM ABTS (ABTS'
€0 = 36 mM ™' em™"), or 4 mM veratryl alcohol (veratral-
dehyde 3,0 = 9.3 mM ! cm™") was followed photometrically in
100 mM citrate/phosphate buffer (pH 2.8) in the presence of 20 mM
NaF and 1 mM H,0.,.

If not otherwise stated, the MnP-1-mediated fluoride-depen-
dent reactions were performed in 100 mM citrate/phosphate
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buffer (pH 2.8) in the presence of 20 mM NaF and I mM H,0,,
whereas Mn”" oxidation was assessed in 50 mM malonate buffer
(pH 4.5) containing 0.5 mM Mn*" and 0.2 mM H,0.

Using the spectrophotometric assays described above, the pH
optima for the fluoride-dependent reactions with monochloro-
dimedone (0.1 mM) or 2,6-dimethoxyphenol (1.0 mM) as sub-
strates were determined in the absence of Mn*" in 100 mM
tartrate buffer at pH values from 2.0 to 8.0 in the presence of
10 mM NaF. H,0, (2.0 mM) was used to start the reaction. The
pH optimum for Mn>" (0.5 mM) oxidation was determined in
the same buffer using 0.2 mM H,O to start the reactions.

Enzyme kinetic constants (apparent K;;,) were determined for
fluoride, monochlorodimedone, and 2,6-dimethoxyphenol in
fluoride-dependent reactions as well as for Mn®" in Mn*"
oxidation using the spectrophotometric assays described above.
The initial rate of the absorption decrease or increase was used
for the calculation of the activity. The data for the enzyme
kinetics were fitted to Michaelis—Menten kinetics, and the
apparent Ky, values were calculated using GraphPad (San Diego,
CA) Prism.

Fluoride Binding to MnP-I. Fluoride or Mn>" binding
studies were performed as described previously (/9) by recording
the difference absorption spectra of MnP-1 in the presence and
absence of fluoride or manganese. Both the reference and sample
cuvettes contained 1 uM MnP-1 in 100 mM citrate/phosphate
buffer at pH 3.4, 4.0, or 4.4. The spectra were recorded from
350 to 550 nm after stepwise addition of F~ or Mn®" to the
sample cuvette. The apparent dissociation constants (Kp) were
calculated from plots of A4~ (the difference between maximum
and minimum absorptions) versus [F ]~ or [Mn*"]~".

The apparent dissociation constants (Kp) were calculated
according to the following equation:

1/AA = Kp/AA. x 1/[S] + 1/AA., (1)

where AA., is the absorbance change for the complete formation
of the MnP-1—fluoride or MnP-1—manganese adduct and [S] is
the free F~ or Mn*" concentration, which is assumed to be equal
to the initial concentration because of the low enzyme concen-
tration used.

The stoichiometry of F~ or Mn®" binding to MnP-1 in the
vicinity of the heme was calculated from the logarithmic form of
the Hill equation shown below:

log[AA/(AA. — AA)] = hlog[S] + log Kp (2)

where AA.. and Kp were calculated from eq 1.

For competitive inhibition of fluoride with respect to forma-
tion of the Mn*"—malonate complex, tests were conducted as
described previously (20) with minor modifications. Reactions
were performed with 0.6 ug of MnP-1 from B. adusta strain Ud1
in 50 mM malonate buffer (pH 4.0) with Mn*", hydrogen
peroxide, and fluoride concentrations given in the Results.

Identification of Products from MnP-1-Catalyzed
Fluoride-Dependent Reactions. After precipitation of the
MnP-1 enzyme by acidification and addition of CH,Cl,, the
samples were centrifuged. Both the organic layer and the aqueous
layer were subjected to LC—MS/MS analysis. Prior to LC—MS
analysis of the CH,Cl, layers, these samples were dried in an
argon stream and redissolved in methanol.

The samples of the MCD and 2,6-dimethoxyphenol assays
were analyzed using a Dionex 3000 HPLC system (Dionex,
Idstein, Germany) equipped with a Phenomenex (Torrance,
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Table 1: Fluoride-Dependent Monochlorodimedone (MCD) Consump-
tion Activity of Manganese Peroxidases (MnPs) Purified from Different
Fungal Species”

MnP MCD consumption
species enzyme (units/mL) rate” (units/mL)
B. adusta Udl MnP-1 183.2 7.4
C. dusenii bl1 MnP 4.2 0.3
Phlebia spp. b19 MnP 14.3 1.4
P. eryngii DSM 9619 MnP-2 59.2 2.7

“One unit of MnP activity is defined as 1 umol of Mn**—malonate
complex formed per minute. One unit of F~-dependent MCD consumption
is defined as 1 ymol of MCD consumed per minute. For experimental
details for the enzyme assay, see Materials and Methods. ®No significant
conversion of MCD was observed in the absence of fluoride.

CA) Gemini HPLC column (250 mm X 2 mm, 5 um) coupled
with a Finnigan LTQ ESI-MS (Thermo Fisher Scientific, Egelbach,
Germany) (mass range of 100—2000 Da). The compounds of the
enzyme assays were separated by HPLC using gradient elution of
solvent A (H,O with 0.5% AcOH) and solvent B (MeCN with
0.5% AcOH) at a flow rate of 200 uL/min. After 100% A for 3
min, a linear gradient from 100% A to 100% B over 27 min was
applied, followed by 100% B for 10 min. Identified reaction
products were also analyzed by high-resolution mass spectro-
metry using an LTQ-Orbitrap (Thermo Fisher) at a resolution of
77000 or compared to an authentic standard.

RESULTS

Fluoride-Dependent Conversion of Organic Substrates
Mediated by MnPs. During a screening for fungal haloperox-
idases that might use fluoride as a halogen substrate, we observed
a fluoride-dependent, Mn**-independent consumption of mono-
chlorodimedone (MCD) mediated by a manganese peroxidase
(designated MnP-1) that was purified from B. adusta strain Ud1.
MCD consumption was monitored by the absorption decrease at
278 nm and by HPLC. The studies were extended to other MnPs
and were found to occur only in the presence of fluoride (Table 1).
This fluoride-dependent reaction was further investigated with
respect to its substrates and kinetics.

We restricted our further studies on this reaction to MnP-1 of
B. adusta strain Ud1. The substrate conversion and pH optimum
were tested using different organic compounds (Table 2) in the
absence of Mn”" ions. An assay with Mn>" ions as a reductant
was used for comparison (Table 2). Except veratryl alcohol,
which, under the conditions applied, has a high redox potential of
1.4V (21), all other substrates tested were converted by MnP-1 in
the presence of F~ and H,O, (Table 2). These Mn*"-independent
activities indicated that in the presence of fluoride MnP-1 was
able to convert different organic substrates. No significant
substrate conversion was observed in the absence of either
fluoride [shown in Figure 2 for MCD consumption (A) and
2,6-dimethoxyphenol oxidation (B)] or the enzyme. The apparent
K., values for 2,6-dimethoxyphenol (DMP) and MCD were
between 0.1 and 1 mM for MnP-1 in the presence of 20 mM
fluoride and 1 mM H,0,.

The pH optimum of the MnP-1-mediated fluoride-dependent
consumption of organic substrates including MCD was deter-
mined to be ~3 (Table 2), whereas Mn(II) oxidation exhibited
a pH optimum around 5.0 (Table 2; see also ref 22).
High concentrations of fluoride were required to support the
reaction.

Table 2: Substrates Converted by and pH Optima of MnP-1 Purified from
B. adusta Strain Ud1*

[H,0,] specific activity pH

substrate ion present  (mM) (units/mg) optimum
ABTS (0.3 mM) 20 mM F~ 1.0 29.7 35
2,6-DMP (1.0 mM) 20 mM F~ 1.0 21.1 3.0
MCD (0.1 mM) 20 mM F~ 1.0 19.9 3.0-3.5
guaiacol (1.0 mM) 20 mM F~ 1.0 2.0 3.5
VA (4.0 mM) 20 mM F~ 1.0 0 -
Mn?* (0.5 mM) 0.5mM Mn>* 0.2 259.2 45-55
2,6-DMP (1.0 mM) 0.5mM Mn>" 0.2 101.5 5.0
“For experimental details, see Materials and Methods.
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F1GURE 2: (A) Consumption of monochlorodimedone (MCD) and
(B) oxidation of 2,6-dimethoxyphenol (DMP) in the presence and
absence of fluoride. The reaction was conducted in 100 mM citrate/
phosphate buffer (pH 2.8), with 0.1 mM MCD or 0.2 mM DMP, | mM
H,0,, and 3 ug of MnP-1, in the presence or absence of 20 mM NaF.
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FIGURE 3: LC—MS analysis of the monochlorodimedone (MCD)
conversion product in the presence of fluoride. (A) LC elution profile
of an enzyme-free control assay. (B) LC elution profile of the reaction
products of the fluoride-dependent MCD conversion. (C) LC elution
profile of the standard compound 3,3-dimethylglutaric acid. The m/z
values are shown for the [M + H]" ions. The reaction was conducted
in 100 mM citrate/phosphate buffer (pH 2.8), with 0.1 mM MCD,
1 mM H,0,, and 20 mM NaF, in the presence or absence of 3 ug of
MnP-1.

Oxidation of Monochlorodimedone and 2,6-Dimethoxy-
phenol by MnP-1 in the Presence of Fluoride. Under the
experimental conditions applied, MCD and hydrogen peroxide
were consumed in a stoichiometry of near 1:1 in the presence of 20
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FIGURE 4: LC—MS analysis of 2,6-dimethoxyphenol (DMP) conversion products in the presence of F~ or Mn?

T ions. (A) LC elution profile in

the presence of fluoride. (B) LC elution profile in the presence of Mn?* ions. (C) ESI-MS/MS spectrum after fragmentation of the [M + H] " ion at
m/z 305 of product-1 of the fluoride-dependent reaction. (D) ESI-MS/MS spectrum after fragmentation of the [M + H]" ion at m/z 291 of
product-2 of the fluoride-dependent reaction. (E) Reaction equations of DMP oxidation. Arrows in panels C and D indicate the mass peak of
product-1 and product-2, respectively. The assays were conducted in 100 mM citrate/phosphate buffer (pH 4.0), with 0.2 mM DMP, 0.1 mM
H>0,, and 3 ug of MnP-1, in the presence of 20 mM NaF or 150 uM MnCl,.

mM NaF (data not shown). MCD was not converted in the
presence of Mn*" ions (150 M) or in the absence of F~ ions.

The product of the fluoride-dependent MCD conversion was
identified by ESI-MS to be 3,3-dimethylglutaric acid. Its ESI-MS
[M + H]" was 161; its ESI-MS/MS of 161 was 143 (100), and its
ESI-MS?® of 161 of 143 was 115 (100), 97 (4), and 73 (4). The
retention time of the product was 15.1 min as determined by
LC—MS, which was identical with that of an authentic standard
of 3,3-dimethylglutaric acid (Figure 3).

To gain additional information about the fluoride-dependent
catalysis, we used 2,6-dimethoxyphenol as a substrate in further
studies. Formation of 3,3',5,5'-tetramethoxy-4,4'-diphenoquinone
is known to occur in the Mn>*-dependent oxidation of DMP (18).

The reaction products of 2,6-dimethoxyphenol (DMP) con-
version in the presence of fluoride were subjected to LC—MS

analysis and compared to those formed in the presence of Mn*"
ions. The elution profile obtained by LC—MS analysis indicated
that the same reaction products were formed from DMP by
MnP-1 in the fluoride-dependent (Figure 4A) and manganese-
dependent (Figure 4B) reactions.

The mass spectra of the reaction products (shown for the
reaction with fluoride in Figure 4C,D) exhibited [M + H]" ions at
m/z 291 and 305. The molecular masses of the two reaction
products were accordingly calculated as 290 and 304, respec-
tively. High-resolution mass spectrometry analysis of these
reaction products suggested molecular formulas of C;sH;4O¢
and C,¢H;¢0, respectively, supporting the assumption that the
major product (product-2 in Figure 4; tg = 17.53 min) was a
dimer of 2,6-dimethoxyphenol, whereas the minor product
(product-1 in Figure 4; trg = 17.26 min) with a molecular mass
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FIGURE 5: Fluoride binding to MnP-1 at pH 4.0. (A) Difference
spectra of MnP-1 upon fluoride addition at the concentrations
indicated. (B) Double-reciprocal plot of A4 vs[S] for the calculation
of the apparent dissociation constant (Kp) and AA., from the slope
and y intercept. (C) Hill plot for quantifying the stoichiometry of
fluoride bound per MnP-1 heme.

Table 3: Kp Values of F~ and Mn?* for Binding to MnP-1 at Different
pH Values

Kp (mM)
ligand pH 3.4 pH 4.0 pH 4.4
F~ 25 13.0 565.00
Mn** >30 0.5 0.03

of 290 was a dimer from which a methyl group was eliminated.
The [M + H]" ion of product-1 measured with ESI-HR-MS was
291.08633 [caled 291.08631 (CysHi5O¢)]. ESI-HR-MS/MS of
291.09: 263.09161 (100), 245.08058 (2), 231.06534 (2), 213.05476
(27), 185.05948 (5), 157.06482 (2), 129.06979 (1). The [M + H]"
ion of product-2 measured with ESI-HR-MS was 305.10199 [calcd
305.10196 (Cy6H170¢)]. ESI-HR-MS/MS of 305.10: 287.09149
(51), 277.10696 (39), 262.08365 (21), 245.08086 (100), 213.05469
(53), 185.05968 (75), 157.06493 (17), 129.07008 (1).

On the basis of the high-resolution mass spectra and in
accordance with the literature (/8), the reaction products were
identified as 3,3',5,5'-tetramethoxy-4,4'-diphenoquinone and its
demethylated product. The formation of DMP dimers as major
reaction products and the absence of any fluorinated compound
signals in the "’F NMR spectrum (data not shown) clearly showed
that fluoride was not incorporated into the substrate. Quantifica-
tion of the reaction substrate and products by absorption spec-
troscopy indicated a DMP:product stoichiometry of 2:1, which is in
accordance with a dimerization of the substrate (data not shown).

Binding of Fluoride to MnP-1. Earlier experiments with
MnPs of Phanerochaete chrysosporium indicated a binding of
fluoride to the heme enzyme, which caused a spectral change of
the heme (/2). Therefore, the differential absorption spectra of
MnP-1 were recorded in the absence and presence of varying
concentrations of F~ or Mn*" (shown for fluoride at pH 4 in
Figure 5A). Upon addition of fluoride, the absorption difference
at 405 nm increased and at 425 nm decreased, indicating a
binding of fluoride or HF close to the heme.

The apparent dissociation constants (Kp) and the maximal
absorption difference (AA4..) obtained upon titration of MnP-1
with the ions could be calculated from slope and intercept of the

Yeet al.
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FIGURE 6: Reaction kinetics of monochlorodimedone (MCD) (A) or
2,6-dimethoxyphenol (DMP) (B) consumption at varying fluoride
concentrations. The Lineweaver—Burk plots are shown as insets. The
reactions were conducted in 100 mM citrate/phosphate buffer
(pH 2.8) containing 0.6 ug of MnP-1 in the presence of 0.1 mM
MCD or | mM DMP.

double-reciprocal plot of A4 versus [S] (Figure 5B). The Hill plot
of log[AA/(AA.. — AA)] versus log[S] exhibited a straight line
with slopes (/) of 0.98 (Figure 5C) and 0.97 (data not shown) for
F~ and Mn*", respectively, indicating the binding of a single
atom of F~ or Mn®" to or close to the heme of the native enzyme.

The dissociation constant (Kp) for F~ was lower at lower pH
(Table 3). At pH 3.4, no spectral change was observed at 30 mM
Mn”", indicating a very high Kp value. The Kp values listed in
Table 3 also indicate an affinity of Mn>" higher than that of
fluoride for the enzyme.

The rate of monochlorodimedone or 2,6-dimethoxyphenol
conversion increased with an increase in fluoride concentration
(Figure 6A,B). High fluoride concentrations (5.6 or 9.6 mM)
were required to obtain half-maximal reaction velocity. This type
of kinetics may be interpreted to indicate that fluoride binding to
the enzyme is essential for catalysis.

The Lineweaver—Burk plots of formation of the Mn’'—
malonate complex with varying concentrations of Mn*" and
fluoride were linear and parallel, indicating that fluoride is an
uncompetitive inhibitor of Mn>* (data not shown); a K; value of
32.5 mM was calculated from this experiment. The uncompetitive
inhibition type indicates that fluoride and Mn>* bind to different
sites.

When formation of Mn*" from Mn”>" was assessed with
different concentrations of fluoride and H,0,, the Lineweaver—
Burk plots were linear with a common ordinate intercept
(Figure 7A), showing that fluoride was a competitive inhibitor
for hydrogen peroxide in MnP-1-catalyzed Mn>* oxidation; a K;
of 6.3 mM for fluoride was calculated from the replot of the slope
(apparent K,,/Via) versus [F] (Figure 7A, inset). Upon addi-
tion of increasing fluoride concentrations, the MnP activity
decreased, until a constant Mn>* oxidation rate was reached.
Beyond a fluoride concentration of ~20 mM, no further decrease
in the activity was observed, indicating a partially competitive
inhibition type (Figure 7B). The result points to a concomitant
binding of fluoride (or HF) and H,0, to the enzyme (23).

To investigate the effect of Mn>" on the fluoride-dependent
reaction, monochlorodimedone (0.1 mM) was used as a sub-
strate, because its conversion is strictly fluoride-dependent and
manganese-independent. Mn*" was found to severely inhibit the
fluoride-dependent MCD conversion; with as little as 30 uM
Mn?", the reaction rate decreased by 60% (data not shown). The
inhibitory effect of Mn*" on the fluoride-dependent MCD
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FIGURE 7: Reaction kinetics of Mn*" oxidation at varying concen-
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plot vs [F]. Reaction mixtures contained 0.6 ug/mL MnP-1 of B.
adusta strain Ud1 with varying H,O, concentrations as indicated.
NaF concentrations of 0 (@), 5 (a), 10 (O), 15 (W), and 20 mM (<)
were used. (B) Effect of [F7] on the Mn>" oxidation rate. H,O,
concentrations of 6.25 (O), 12.5 (v), 25 (<), 50 (O), and 100 uM (A).

conversion might be explained by the competition of Mn>" and
MCD as electron donors for H,O, reduction.

DISCUSSION

In screening for fungal halogenating peroxidases, we used the
monochlorodimedone (MCD) assay. The MCD assay is gener-
ally applied for haloperoxidases (24). Using this assay, we found
a fluoride-dependent MCD conversion which was not associated
with fluorination. This finding leads to a critical view of the
application of the MCD assay for haloperoxidases. As suggested
previously (25), a negative control without halide ion should
always be applied to minimize the false positive reactions caused
by unspecific oxidation of MCD by the peroxidase. However, our
study shows that this control might not provide unambiguous
proof for a halogenation reaction. A monochlorodimedone
conversion by a heme protein of the cytochrome ¢ family was
reported previously (25); however, no reaction products were
identified. The molecular mass of the MCD conversion product
of the cytochrome c-type protein (25) was the same as that
determined in our study; hence, it is likely that the reaction
products were the same for both enzymes. The oxidation
catalyzed by MnP-1 leads to the breakdown of MCD that
undergoes ring opening, followed by oxidative loss of one C
atom to finally yield 3,3-dimethylglutaric acid.

Fluoride was found to support oxidation of organic substrates
catalyzed by manganese peroxidases (MnPs) in the absence of
Mn*" at acidic pH values. Because the fluoride-dependent,
manganese-independent oxidation of organic compounds was
observed for different fungal MnPs, it may be a common feature
of these enzymes. This finding is in contrast to the previously
assumed strict manganese dependence of manganese peroxidase
activities, including the oxidation of organic compounds.

The formerly reported oxidation of phenolic compounds by
compound I of MnP in the absence of Mn>* ions (5, 26) is a dead-
end reaction leading to the formation of compound II (see
Figure 1), the reduction of which strictly requires Mn*" ions.
The fluoride-dependent reaction described in this communica-
tion is mediated in a complete reaction cycle with catalytic rather
than stoichiometric amounts of enzyme. The low pH optimum of
the MnP-mediated oxidation of phenolic compounds or mono-
chlorodimedone in the presence of fluoride is in accordance with
earlier findings that lignin peroxidases (LiPs) and versatile
peroxidases (VPs) generally exhibit a low pH optimum for the
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FIGURE 8: Proposed mechanism of the fluoride-dependent 2,6-di-
methoxyphenol (DMP) oxidation mediated by manganese peroxi-
dase in the absence of Mn>*. HF represents either the fluoride anion
or the corresponding acid.

oxidation of organic compounds (27, 28); the pH optimum of
MnPs for the oxidation of Mn>* ions is higher (22). This indicates
that the reaction mechanism of the MnP-catalyzed fluoride-
dependent oxidation reaction may be similar to that of LiP and
VP. MnP-mediated fluorination could be excluded by LC—MS
and '°F NMR analysis of the reaction products (data not shown).
2,6-dimethoxyphenol was converted to 3,3',5,5-tetramethoxy-
4 4'-diphenoquinone and the monodemethylated 3-hydroxy-
3',5,5'-trimethoxy-4,4'-diphenoquinone. The formation of
3,3,5,5 -tetramethoxy-4,4'-diphenoquinone has been observed
previously for Mn®"-dependent DMP conversion (/8). O-De-
methylation was described for 1,2,4,5-tetramethoxybenzene oxi-
dation by lignin peroxidase (29) and by P450 enzymes (30, 31). To
the best of our knowledge, O-demethylation has not been
reported so far to be mediated by manganese peroxidases, even
in the presence of Mn>" ions.

Although fluoride was not a substrate for the enzyme, the
presence of fluoride was obligatory and the velocity of the
fluoride-dependent reactions increased with an increase in fluo-
ride concentration. The difference spectroscopy showed that
fluoride binds to MnP-1 of B. adusta strain Udl in the heme
pocket with a stoichiometric ratio of 1:1 at acidic pH values. As
reported previously, fluoride or HF can coordinate to the heme
iron of heme-containing peroxidases, e.g., horseradish peroxi-
dase and cytochrome ¢ peroxidase, as a sixth ligand to form a
high-spin ferric hexacoordinate species if the sixth coordination
position of the heme iron is vacant or occupied by a weak field
ligand such as water (32).

The oxidation of organic substrates in the presence of fluoride
and in the absence of manganese is depicted in a simplified
scheme (Figure 8). This proposed reaction mechanism is a
modification of the normal reaction cycle of manganese perox-
idase for Mn*" oxidation (see Figure 1). According to this
scheme, HF or fluoride binds as a distal ligand to the heme ferric
iron. The finding that fluoride was found to be a partially
competitive inhibitor for hydrogen peroxide binding in Mn>"
oxidation indicates that fluoride and H,O, bind to the same site,
i.e., the heme iron. It is not feasible that both fluoride and
hydrogen peroxide bind simultaneously to the iron. Because for
the oxidation of organic compounds binding of H,O, to the heme
is required, fluoride has to move elsewhere to exert its effect
(reaction 1 in Figure 8). An alternative fluoride binding site has
also been proposed to be present in the lignin peroxidase of Ph.
chrysosporium (19) and in haloperoxidases (33). Under these
conditions, the organic substrates are oxidized. In the further
reaction cycle (reactions 2 and 3 in Figure 8), the heme is reduced
in two one-electron transfer steps that have been identifed for all
heme peroxidases. The conversion of organic substrates by the
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fluoride-binding manganese peroxidase can therefore only be
explained by a conformational change of the peptide chain.

Two alternative mechanisms for the transfer of electrons from
the substrate to the heme as a result of fluoride binding can be
proposed. Either a distal long-range electron transfer pathway
(LRET) for the oxidation of organic compounds is opened, or the
conformation of the protein is changed so that aromatic com-
pounds have access to the heme pocket and can directly be
oxidized. In addition to the common proximal LRET, the
presence of a putative distal LRET in different versatile perox-
idases has been proposed (7, 8). In the versatile peroxidase PS1 of
P. eryngii, amino acids H82, A83, and N84 have been suggested
to be part of this LRET. Similar amino acids are also present at
the same position in some manganese peroxidases [e.g., those of
Trametes versicolor, Ceriporiopsis rivulosa, and Pleurotus ostreatus
(GenBank accession numbers AAT90348.1, BAB03464.1,
ABBS83813.1, and ACM47219.1)]. Therefore, the involvement
of a distal LRET opened by fluoride binding to MnP is feasible.
According to the alternative hypothesis, the heme pocket might
by extended by fluoride binding to allow access of the substrates
via the main heme access channel. For the horseradish perox-
idase, this is the general reaction mechanism (34—36). For
versatile peroxidases, this option has been indirectly shown by
site-directed mutagenesis (8). In the absence of fluoride, organic
substrates cannot reach the active site of manganese peroxidase.
In the case of LiP, it has been shown that the main heme access
channel is too small to allow access even for small organic
substrates (37). It is, however, feasible that the heme access
channel is extended by fluoride binding to the protein. In
principle, fluoride binding to heme peroxidases can cause
conformational changes of the peptide chain (38, 39). However,
this has only been reported so far for fluoride binding to the
heme iron.

Once the conformational change is achieved by fluoride
binding, organic compounds such as DMP may be oxidized
either in the heme pocket or externally via the distal LRET
(Figure 8, reactions 2 and 3). The radicals formed from the
organic substrates may then form dimers as observed for DMP or
undergo further nonenzymatic reactions, which could be the case
for MCD.

Because fluoride binding occurs at the distal site of the heme, it
is believed that the alternative fluoride binding site is also distal.
Otherwise, the fluoride would have to move from the distal to the
proximal site of the heme. Therefore, if the hypothesis of the
distal LRET activation by fluoride proves to be valid, the transfer
of electrons from the aromatic compounds should also occur at
the distal site. Proximal long-range electron transfer pathways
are known to occur in other peroxidases such as LiPs or VPs and
were suggested to play a major role in the oxidation of organic
substrates (7, §). For MnPs, a proximal LRET for the oxidation
of organic substrates appears unlikely, since the proximal LRET
involves a tryptophan residue that is not present in manganese
peroxidases (6). Further experiments are required to elucidate the
reaction mechanism of this unusual oxidation of organic com-
pounds mediated by manganese peroxidase in the presence of
fluoride and in the absence of manganese.

The reason for and the physiological impact of the fluoride-
dependent electron transfer from organic substrates to the heme
are so far not clear. In natural environments such as soil, the
fluoride concentration is low (e.g., <0.2 ppm soluble fluoride in
agricultural soil) (40). However, the possibility that the binding of
compounds other than fluoride, which are more abundant and
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more readily available in nature, might exert an influence
similar to that of fluoride under laboratory conditions cannot
be excluded.
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