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Background: The heme enzyme lactoperoxidase is found in body secretions where it significantly con-
tributes to the humoral immune response against pathogens. After activation the peroxidase oxidizes
thiocyanate to hypothiocyanite which is known for its microbicidal properties. Yet several pathologies
are accompanied by a disturbed hypothiocyanite production which results in a reduced immune defense.
Methods: The results were obtained by measuring enzyme-kinetic parameters using UV–vis spectro-
scopy and a standardized enzyme-kinetic test system as well as by the determination of second order
rate constants using stopped-flow spectroscopy.
Results: In this study we systematically tested thirty aromatic substrates for their efficiency to promote
the lactoperoxidase-mediated hypothiocyanite production by restoring the native ferric enzyme state.
Thereby hydrophobic compounds with a 3,4-dihydroxyphenyl partial structure such as hydroxytyrosol
and selected flavonoids emerged as highly efficient promotors of the (pseudo-)halogenating lactoper-
oxidase activity.
Conclusions: This study discusses important structure-function relationships of efficient aromatic LPO
substrates and may contribute to the development of new agents to promote lactoperoxidase activity in
secretory fluids of patients.
Significance: This study may contribute to a better understanding of the (patho-)physiological im-
portance of the (pseudo-)halogenating lactoperoxidase activity. The presented results may in future lead
to the development of new therapeutic strategies which, by reactivating lactoperoxidase-derived hy-
pothiocyanite production, promote the immunological activity of this enzyme.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Lactoperoxidase (LPO) belongs to the immunological relevant
chordata peroxidases [1]. While the related enzymes myeloperox-
idase (MPO) and eosinophil peroxidase (EPO) are expressed in im-
mune cells, LPO is secreted by mucosal glands to body fluids like
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milk, saliva, tears and airway secretions [2–4]. The immunological
function of all three enzymes is mainly attributed to their (pseudo-)
halogenating activity [3,5,6]. While all three peroxidases easily
oxidize iodide and thiocyanate, bromide is only oxidized by EPO
and MPO and at neutral pH and the oxidation of chloride is only
known for MPO [7–9]. Considering low iodide (2 mM or less) and
much higher thiocyanate concentrations (up to 6 mM in saliva) [10],
in secretions the two-electron oxidation of SCN� by LPO clearly
dominates. Thereby hypothiocyanite (�OSCN) is formed, which is
well known for its microbicidal properties [10]. In fact, due to its
lower reactivity as compared to e.g. hypochlorous acid (HOCl), hy-
pothiocyanite is more efficient in entering bacterial biofilms [6].
Yet the −OSCN-production by LPO is known to be impaired under
pathological conditions like cystic fibrosis or at neonatal patholo-
gies, which results in a disturbed immune defense against patho-
gens [3,11].

Chordata peroxidases are known to catalyze two- and one-
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electron oxidation reactions [2]. Both reaction cycles are initiated
by hydrogen peroxide-mediated oxidation of the ferric enzyme to
Compound I (i.e. oxoiron(IV)porphyryl radical, þ�Por-FeIV¼O). In
the halogenation cycle Compound I is directly reduced by halides
or thiocyanate to the Fe(III) resting state, whereas in the perox-
idase cycle Compound I is reduced in two one-electron reduction
steps. Here, Compound II (i.e. oxoiron(IV), Por-FeIV-OH) is formed
as an intermediate state which does not participate in the (pseu-
do-)halogenating activity [2,5,12]. Since the rate-limiting step
within the peroxidase cycle is Compound II reduction to the ferric
state, typically Compound II accumulates during reaction [3,5,13].
In addition to peroxidase substrate-mediated Compound I reduc-
tion to Compound II, in the absence of exogenous electron donors
or at very low concentration of the substrates, the protein moiety
of LPO can donate electrons thereby forming an alternative Com-
pound I* (with remote radical site and Compound II-like UV–vis
spectral signature) [10]. As a consequence, at pathological low
SCN� concentrations (e.g. at cystic fibrosis) Compound II and
Compound I* will accumulate, with the latter leading to oxidative
damage of LPO and, finally, to enzyme inactivation [11,14]. For-
mation of Compound I* and accumulation of Compound II of LPO
(or MPO) can be overcome in the presence of good one-electron
donors that efficiently react with both Compound I and Compound
II [15,16]. This restores the ferric enzyme form and, thus, promotes
the (pseudo-)halogenating enzyme activity. For LPO, we could
recently show that substrates from olive tree (Olea europaea L.)
leaves having a 3,4-dihydroxyphenyl partial structure are good re-
activators of the �OSCN production by LPO [12]. The same holds
for a subsequent study on motherwort (Leonurus cardiaca L) [17].
Both plants were used in traditional medicine as a remedy against
e.g. inflammatory diseases [18,19]. However, so far a systematic
and detailed mechanistic investigation of kinetic parameters in-
cluding the direct interaction of these molecules with all relevant
catalytic redox intermediates of LPO was not performed.

This study describes the mechanism of re-activation of the
(pseudo-)halogenating activity of LPO by benzoic acid derivatives
carrying hydroxyl and methoxy groups at different positions of the
aromatic ring as well as by selected phenylethanoids, cinnamic
acid derivatives and flavonoids. Steady-state kinetic parameters
for the peroxidase activity are presented and discussed with re-
spect to chemical properties (e.g. hydrophobicity) of these mole-
cules. Finally, second order rate constants for the interaction of
selected aromatic substrates with LPO Compound I and II were
determined by multi-mixing stopped-flow spectroscopy. Both,
high degree of hydrophobicity and the presence of a 3,4-dihy-
droxyphenyl partial structure are important for efficient reduction
of LPO Compound II and thus for promotion of its (pseudo-)halo-
genating activity of LPO.
2. Materials and methods

2.1. Materials

Lactoperoxidase from bovine milk was obtained as a lyophi-
lized powder (Z 200 U/mg) from Sigma-Aldrich, Steinheim, Ger-
many. Aliquots of the enzyme (5 mM) were prepared in phosphate
buffered saline pH 7.4 (PBS, Sigma-Aldrich) and stored at �25 °C.
If not otherwise stated final enzyme concentrations of 5 nM
(0.08 U/mg) were used.

Lactoperoxidase-mediated �OSCN-formation was quantified by
following the oxidation of 5-thio-2-nitrobenzoic acid (TNB) at
412 nm using a Varian Cary 50 UV/vis–spectrophotometer (Mul-
grave, Australia). The final TNB concentration in the reaction
mixture was 50 mM. Thiocyanate and hydrogen peroxide were
used at final concentrations of 2 mM and 20 mM or 80 mM,
respectively. Hydrogen peroxide working solution was freshly
prepared each day from a 30% stock solution by dilution in Milli-
pore water and stored at 4 °C until use. The concentration of H2O2

was determined at 230 and 240 nm (ε230¼74 M�1 cm�1
, ε240

¼43.6 M�1 cm�1) [20]. Dibasic sodium phosphate, sodium citrate
and sodium chloride (citrate phosphate buffer preparation), 5,5′-
dithiobis-(2-nitrobenzoic acid) (DTNB,Z98%) for TNB preparation,
KSCN (Z99%), H2O2 and tryptophan (Z 99%) were obtained from
Sigma-Aldrich.

Benzoic acid (Z99.5%), 2-hydroxybenzoic acid (Z99%), 3-hy-
droxybenzoic acid (Z99%), 4-hydroxybenzoic acid (Z99%), 2,3-
dihydroxybenzoic acid (Z99%), 2,4-dihydroxybenzoic acid
(Z97%), 2,5-dihydroxybenzoic acid (Z99.5%), 2,6-dihydrox-
ybenzoic acid (Z97.5%), 3,4-dihydroxybenzoic acid (Z97%), 3,5-
dihydroxybenzoic acid (Z97%), 3-hydroxy-4-methoxybenzoic
acid (Z97%), 4-hydroxy-3-methoxybenzoic acid (Z97%), 3,4-di-
methoxybenzoic acid (Z99%), 2,3,4-trihydroxybenzoic acid
(Z97%), 2,4,6-trihydroxybenzoic acid monohydrate (Z90%) 2,4,5-
trihydroxybenzoic acid, 3,4,5-trihydroxybenzoic acid (Z98.5%),
cinnamic acid (Z99%), o-coumaric acid (Z97%), m-coumaric acid,
(Z99%), p-coumaric acid (Z98%), caffeic acid (Z8%), ferulic acid
(Z99%), isoferulic acid (Z97%), sinapic acid (Z98%), 3,4-di-
methoxycinnamic acid (Z99%) m-tyrosol (Z99%), apigenin (Z
98%), eriodictyol (Z95%), naringenin (Z98%), luteolin (Z98%),
(�)-epicatechin (Z90%), taxifolin (Z85%), chrysin (Z98%) and
quercetin (Z95%) were purchased from Sigma-Aldrich. Hydro-
xytyrosol (Z98%) was obtained by Tokyo Chemical Industries Co.,
Ltd., Tokyo, Japan, and tyrosol (Z98%) from Biopurify Phyto-
chemicals Ltd.

Apigenin, naringenin were dissolved in DMSO (Sigma-Aldrich).
The final DMSO concentration in the test system did not exceed 1%
(v/v). Control measurements showed no effect of such a solvent
concentration on the enzyme activity. All other test substances
were dissolved in cold or hot PBS (pH 7.4), depending on their
solubility. Stock solutions of 1–20 mM were prepared. Final con-
centrations up to 5 mM were tested.

2.2. Hypothiocyanite-dependent TNB degradation

All enzyme-kinetic measurements were performed in PBS pH
7.4 at 37 °C using a microplate reader Tecan Infinite 200 PRO
(Männedorf, Switzerland). Control measurements in the absence
of SCN� or in the sole presence of H2O2 were performed to de-
termine the contribution of the direct LPO-mediated TNB de-
gradation and the H2O2-mediated oxidation of TNB, respectively.
From these data the initial LPO-mediated �OSCN formation rate
was calculated by considering the molar absorption coefficient of
TNB (ε412¼14.100 M�1 cm�1) [21], the length of the optical
pathway (0.73 cm) and the stoichiometry of the �OSCN-mediated
TNB oxidation [12]. For all tested substances a clear dependence
between substrate concentrations and �OSCN formation rate was
found, often showing a Michaelis-Menten-like correlation. Thus,
Lineweaver-Burk plots were used to determine enzyme kinetic
parameters (Vmax, Km, kcat, specificity constant).

All measurements were performed at least in triplicate. Before
calculating the LPO-mediated �OSCN formation rate the initial
TNB degradation in the absence of thiocyanate (only LPO and
H2O2) was subtracted from the TNB degradation rate determined
for the whole LPO–H2O2–SCN� system. This was necessary to
consider the degradation of TNB by the LPO–H2O2 system in the
absence of SCN� [12]. Thereby while the mean values were sub-
tracted the corresponding standard deviations were calculated
according to the law of error propagation. Significance was tested
using two tailed t-test. The indicated stars correspond to p values
below 0.05 (*), 0.01 (**) and 0.001 (***), respectively. As the Km and
Vmax values of the tested substances were determined via a
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Fig. 1. Lactoperoxidase-mediated TNB degradation. The effect of low and high H2O2

concentrations on the (pseudo-)halogenating enzyme activity was tested at 37 °C
and pH 7.4. Thereby (pseudo-) physiological conditions in the oral cavity were
imitated by using 5 nM LPO and 2 mM SCN� . The columns correspond to the sole
presence of H2O2 (white), the additionally presence of LPO (gray) and the whole
LPO–H2O2–SCN� system (black), respectively. The fourth column (light gray) shows
the corresponding net effect of the �OSCN mediated TNB degradation. At higher
H2O2 concentrations a significant lower net LPO activity was found. Mean and
standard deviation of n¼3–6 experiments are given.
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Lineweaver-Burk plot the given standard deviations correspond to
the R2 value obtained during the linear fit of the experimental
data.

2.3. Stopped-flow kinetic measurements

For selected aromatic compounds second order rate constants
for their reaction with LPO Compound I and II were determined by
performing stopped-flow kinetic measurements. Thereby an SX-
18 MV apparatus from Applied Photophysics (Leatherhead, United
Kingdom) was used. Briefly, LPO was premixed with a two-fold
excess of H2O2 in the aging loop for 150 ms [9]. Afterwards the
substrate was added and spectral changes were followed for 10–
40 s. All measurements were performed in 15 mM phosphate
buffer, pH 7.4 at 25 °C. An overview over the spectral changes
between 200 and 740 nm was obtained by using a diode array
detector. Thereby the first spectrum was obtained after 5 ms and
subsequent spectra were recorded for 10 s at logarithmic time
intervals. Final concentrations were 2 mM LPO, 4 mM H2O2 and 2–
40 mM substrate.

In order to determine the second order rate constants for the
one-electronic oxidation of the substrates by LPO Compound I and
II measurements were performed with 1 mM LPO and 2 mM H2O2

(final concentrations) under pseudo-first order conditions (at least
5-fold substrate excess over LPO). Changes in the absorbance were
followed at the Soret maximum of LPO Compound II (431 nm) by
monitoring 2000 data points at logarithmic time intervals for 2–
40 s (total measuring time). For each substrate concentration data
from at least three independent measurements were averaged.
Both the initial increase in absorbance at 431 nm (Compound II
formation) as well as its subsequent decrease (Compound II re-
duction) were fitted to single or double exponential functions,
respectively, to obtain kobs values. After plotting kobs values against
the substrate concentration the apparent second-order rate con-
stant could be calculated from the slope of the linear plot. Again
the given standard deviation corresponds to the R2 value obtained
during the linear fit of the experimental data. For selected mea-
surements LPO Compound II was pre-formed by pre-incubating
LPO with H2O2 in the presence of tryptophan (5-fold excess over
the enzyme) for 3 s before the addition of substrate [22].
3. Results

3.1. Setup of the test system

First, we investigated the formation of �OSCN by the LPO–H2O2

system in PBS at 37 °C in the presence of 2 mM SCN� . This con-
centration corresponds to typical values found in saliva. Two
concentrations of H2O2 were applied: 20 mM and 80 mM. The first
value is close to the estimated range for hydrogen peroxide in
saliva (8–14 mM) [23]. The value of 80 mM was used to simulate
pro-inflammatory conditions. Formation of �OSCN was followed
using the TNB assay monitoring the absorbance decrease at
412 nm. The thiolate form of TNB interacts efficiently with �OSCN,
the second order rate constant of this reaction is
4.37�105 M�1 s�1 at pH 7.4 [24]. Previous investigations revealed
also a degradation of TNB by H2O2 alone or H2O2 and LPO in the
absence of SCN� , whereby both systems exhibited nearly the same
effect [12]. Fig. 1 depicts the impact of these side reactions
showing the TNB degradation rates explored for 20 mM and for
80 mM H2O2 for the full LPO–H2O2–SCN� system (black columns)
as well as for the control systems LPOþH2O2 without SCN� (gray
columns) and H2O2 alone (white columns). As shown in Supple-
mentary Fig. 1 the impact of 200 mM H2O2 on the (pseudo-) ha-
logenating was comparable to that of 80 mM. Only at un-
physiologically high concentrations a further decrease of the
�OSCN production by the enzyme was observed.

At each hydrogen peroxide concentration the obtained values
were nearly identical for both control systems. Thus, a contribu-
tion of activated heme states of LPO to the TNB degradation can be
excluded. The net �OSCN-mediated TNB degradation (light gray
columns) was calculated by subtracting the initial rate observed in
the LPO–H2O2 control from the full system and always accounted
for most of the effects observed in the full system (93.7% at 20 mM
and 77.1% at 80 mM). Yet with increasing H2O2, the value for the
latter declined while the values for both control systems increased.
Thus, the calculated net �OSCN-mediated TNB degradation rate
significantly decreases (0.03670.004 mM/s at 80 mM H2O2 com-
pared to 0.06270.009 mM/s at 20 mM H2O2), thereby reflecting
accumulation of enzyme states of LPO such as Compound I* or
Compound II, which are unable to oxidize SCN� . These findings
are in line with our previous studies on LPO, where only 100 mM
SCN� were used [12].

In the next series of experiments we tried to restore the
(pseudo-)halogenating activity of LPO by applying aromatic sub-
strates. In these enzyme-kinetic studies, 5 nM LPO, 2 mM SCN� ,
80 mM H2O2 and varying concentrations of substrates were used.
The single steps conducted to evaluate the effect of aromatic
substrates on the �OSCN-producing LPO activity are shown in
Fig. 2 using the example of eriodictyol. The time traces depicted in
Fig. 2A correspond to 0 mM (light gray), 0.1 mM (gray) and 5 mM
(black) of the flavonoid. The addition of H2O2 to start the reaction
is indicated by the arrow. Thereby in the full LPO–H2O2–SCN�

system (continuous lines) a clear concentration-dependent accel-
eration of the TNB degradation by the flavonoid was observed
while in the absence of SCN� (dashed lines) no effect was found.
This proves that the increased TNB degradation really emerges
from �OSCN produced by LPO. Furthermore it rules out any direct
contribution of eriodictyol to the TNB oxidation.

From the linear drop in absorbance the initial LPO-mediated
�OSCN formation rate was calculated and plotted against the
eriodictyol concentration (Fig. 2B). While in the absence of this
flavonoid a rate of only 0.01670.002 mM/s was observed, in the
presence of 50 nM eriodictyol the initial �OSCN formation was
already significantly higher (0.03270.004 mM/s). With increasing
flavonoid concentrations continuously raising values for the
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Fig. 2. Example for the modulation of the LPO-mediated TNB degradation. The
effect of eriodictyol was tested at 37 °C and pH 7.4 using 5 nM LPO, and 2 mM SCN�

(continuous lines). The reaction was started by adding 80 mM H2O2 (arrow). As
shown in (A) while in the absence of the flavonoid (light gray) only a slow drop in
the absorbance was observed, 0.1 mM (gray) and 5 mM (black) eriodictyol con-
siderably accelerated the TNB degradation. This effect was not observed in the
absence of SCN� (dashed lines). The plot of the initial �OSCN formation rate versus
the eriodictyol concentration (B) revealed an optimum flavonoid concentration of
about 1 mM. At higher concentration the (pseudo-) halogenating LPO activity
slightly decreased. A reciprocal re-plot of the data according to Lineweaver-Burk
(C) yielded a linear dependence. From the intersection of the curve with the x- and
y-axis Km and Vmax values of 0.35870.005 mM and 0.26270.003 mM/s, respec-
tively, were obtained. Mean and standard deviation of n¼3 experiments are given.
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(pseudo-)halogenating LPO activity were found up to about 1 mM
eriodictyol where a 16-fold higher rate was observed
(0.25370.019 mM/s) as compared to the control. At very high
flavonoid concentrations (5–20 mM) the rate slightly (but not sig-
nificantly) diminished. As shown in Fig. 2C the reciprocal re-plot of
these data according to Lineweaver-Burk yielded a nearly linear
dependence. The enzymatic parameters were obtained from the
intercept of this curve with the x-axis (�1/Km) and the y-axis
(1/Vmax), respectively. Thereby for Km and Vmax values of
0.470.0 mM and 0.2670.00 mM/s, respectively, were determined.
The standard deviation was calculated by taking into account the
R2 value of the linear curve fit. Considering the used enzyme
concentration (5 nM), a kcat value (Vmax/[E]) of 52.4 s�1 and a
specificity constant (kcat/Km) of 146.41 mM�1 s�1 were calculated
for eriodictyol.

We also tested the concentration-dependent promotion of the
(pseudo-)halogenating LPO activity by eriodictyol in the presence
of only 20 mM H2O2 (Supplementary Fig. 2). Thereby the obtained
Km value (E 0.3 mM) roughly meets the data obtained in the
presence of 80 mM H2O2, proving that the Km value is a suitable
parameter for the affinity of the substrates to the enzyme. In
contrast the Vmax value (E 1.3 mM/s) is only about half as high. At
0.5 mM eriodictyol the �OSCN production rate (0.1370.02 mM/s)
was about four to five times higher as compared to the value ob-
tained in the absence of the flavonoid (0.0370.00 mM/s). In con-
trast at 80 mM H2O2 the same amount of eriodictyol accelerated
the �OSCN production from 0.0270.00 mM to 0.2270.04 mM (11
times).

3.2. Evaluation of the optimal ligand structure

Based on preliminary results for the testing of possible LPO
activity-regenerating substrates in medical plants [12], we now
focused on substances with a mono- or polyhydroxylated phenyl
moiety and varied both the hydroxylation pattern and the residue
at the C1 position. The results shown in Fig. 3 always correspond
to the Km values (black circles) and the Vmax values (white squares)
obtained from enzyme-kinetic measurements with the aromatic
substrates. Efficient promoters of the (pseudo-)halogenating LPO
activity are expected to exhibit a low Km and a high Vmax value.
While in Fig. 3A, C and E the results of the enzyme-kinetic mea-
surements are shown, in Fig. 3B, D and F the corresponding basic
chemical structure of the tested substance class is displayed.

The most extensive studies were performed using benzoic acid
derivatives (carboxyl group at the C1 position) by testing nearly all
possible hydroxylation patterns of the phenyl ring (Fig. 3A). Re-
garding the monohydroxylated derivatives, 3-hydroxybenzoic acid
(Km: 144.2728.9 mM, Vmax: 0.1870.04 mM/s) emerged as the most
promising candidate. In this series the highest Vmax was measured
for 3,4-dihydroxybenzoic acid (0.3070.00 mM/s). Introduction of a
third hydroxyl group did not further improve the rate of hy-
pothiocyanite production by LPO (Table 1).

Finally, the importance of the 3,4-dihydroxylation pattern for
binding of the aromatic molecule to the oxidation site in LPO was
confirmed by introduction of methoxy groups at the respective
positions, which resulted in significant increase of the corre-
sponding Km values. Interestingly, the monomethoxylated electron
donors still exhibited Vmax values similar to 3,4-dihydrohybenzoic
acid (Table 1).

We also tested phenylethanoids (ethanol moiety at the C1 po-
sition) (Fig. 3C). Thereby we focused on those with a 3-hydro-
xylation (m-tyrosol), a 4-hydroxylation (tyrosol) or a 3,4-dihy-
droxylation (hydroxytyrosol) pattern. All substances showed con-
siderably lower Km values (1.6–4.5 mM) as compared to their
benzoic acid equivalents, indicating a better binding of these
substances in the substrate channel of LPO. For the 3-hydroxyla-
tion and for the 3,4-dihydroxylation the obtained Vmax values
(0.1470.00 mM/s and 0.3470.01 mM/s, respectively) were roughly
comparable to the data obtained for their benzoic acid equivalents.



Fig. 3. Km and Vmax values of aromatic compounds. The shown enzymatic parameters correspond to benzoic acid derivatives (A), phenylethanoids (C) and cinnamic acid
derivatives (E), respectively while in (B), (D) and (F) the corresponding basic chemical structures are shown. Regarding the enzyme-kinetic data the black circles represent
the Km values while the Vmax values are shown as white squares. For all substance classes compounds with a 3,4-dihydroxyphenyl moiety emerged as the most efficient LPO
activity regenerators. The given standard deviations correspondent to the R2 value observed during the linear fit of the experimental data according to Lineweaver-Burk.
Mean and standard deviation of n¼3–9 experiments are given.
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This nicely illustrates that while the substitution pattern at the C1
position affects the binding of the substrates, there oxidizability by
LPO only depends on the hydroxylation pattern of the phenyl
moiety.

The data shown in Fig. 3E correspond to the testing of cinnamic
acid derivatives (acrylic acid at the C1 position). Again the lowest
Km values were found for the 3-hydroxylated (m-coumaric acid),
4-hydroxylated (p-coumaric acid) and 3,4-dihydroxylated (caffeic
acid) compounds, while for the other test substances a much
weaker affinity to the enzyme was obtained. For caffeic acid the
relatively low Km value (as compared to the other cinnamic acid
derivatives) coincided with a relatively high Vmax value
(0.1970.01 mM/s), again confirming the important role of the 3,4-
dihydroxylation for the reactivation of LPO activity.

As the last class of chemical compounds we tested flavonoids
(Fig. 4). Thereby we focused on compounds with an 3′,4′-dihy-
droxylation at the B ring but also included substances with a 4’-
monohydroxylated B ring. While in Fig. 4A the obtained enzyme-
kinetic data are summarized, Fig. 4B shows the basic chemical
structure shared by all tested flavonoids and Fig. 4C points out the
chemical differences between the compounds. All tested flavo-
noids showed quite low Km values (0.1–1.7 mM). This implies a
quite good binding of all tested flavonoids. Compounds with a
3′,4′-dihydroxylated B ring (eriodictyol, luteolin, taxifolin,
(–)-epicatechin, quercetin) also showed high Vmax values (0.21
-0.51 mM/s), indicating an excellent reactivity with the active
center of LPO. In contrast, for the monohydroxylated compounds
naringenin and apigenin lower Vmax values were found
(0.170.00 mM/s and 0.0770.00 mM, respectively). Considering
both the Km and the Vmax value the flavanon eriodyctiol and the
flavon luteolin emerged as the best substances for the regenera-
tion of the (pseudo-)halogenating LPO activity throughout the
whole study.



Table 1
Enzymatic and chemical properties of the aromatic compounds tested for their
reactivating effect on the �OSCN production by LPO.

Substance class/
compound

Km, Vmax, kcat, kcat/Km, logD
mM mM/s 1/s 1/mM s Value

Benzoic acid derivatives
2-OH 1638.47439.3 0.0970.02 17.8 0.11 �1.09
3-OH 144.2728.9 0.1870.04 36.5 0.25 �1.47
4-OH 119.678.1 0.0870.01 16.7 0.14 �1.33
2,3-OH 71.371.3 0.0970.00 17.9 0.25 �1.35
2,4-OH 119.678.3 0.0470.00 7.0 0.06 �1.56
2,5-OH 304.270.1 0.1170.00 22.4 0.07 �1.58
2,6-OH 149.1751.4 0.0770.03 14.8 0.10 �0.91
3,4-OH 63.9751.4 0.3070.00 59.2 0.93 �1.73
3,5-OH 118.077.9 0.1170.01 22.7 0.19 �1.92
2,3,4-OH 84.870.0 0.1270.00 24.5 0.29 �1.69
3,4,5-OH 176.870.0 0.1670.00 30.9 0.18 �2.08
3-OH, 4-OCH3 803.57147.2 0.3470.06 67.7 0.08 �1.51
4-OH, 3-OCH3 948.470.2 0.4070.00 78.5 0.08 �1.49
3,4-OCH3 980.8769.8 0.0470.00 7.2 0.01 �0.80

Phenylethanoids
3-OH 2.770.0 0.1470.00 28.4 10.56 0.62
4-OH 4.570.0 0.2070.00 39.0 8.73 0.62
3,4-OH 1.670.1 0.3470.01 67.0 42.10 0.02

Cinnamic acid derivatives
2-OH 861.3730.8 0.1470.01 27.7 0.03 �1.35
3-OH 37.878.9 0.1270.03 24.0 0.63 �1.16
4-OH 35.170.1 0.0670.00 11.0 0.31 �1.13
3,4-OH 6.970.3 0.1970.01 37.2 5.40 �1.67
3,4-OCH3 281.179.4 0.0970.00 17.2 0.06 �0.58
4-OH, 3,5-OCH3 3201.37763.2 0.2770.07 54.8 0.02 �1.82

Flavonoids
Naringenin 0.270.0 0.1070.00 19.0 102.52 2.22
Eriodictyol 0.470.0 0.2670.00 52.4 146.41 2.17
Apigenin 0.170.0 0.0770.00 13.1 122.32 1.26
Luteolin 0.270.0 0.4670.04 91.6 472.14 1.17
Taxifolin 0.870.0 0.2470.01 48.2 62.99 1.31
Quercetin 1.770.2 0.5170.06 102.0 60.67 0.71
Epicatechin 0.670.0 0.2170.01 41.4 68.41 0.48

Fig. 4. Km and Vmax values of selected flavonoids. The enzymatic parameters shown
in (A) again correspond to the Km value (black circles) and the Vmax value (white
squares) of the flavonoids. In (B) the basic chemical structure of flavonoids is given
and in (C) the chemical differences between the tested flavonoids are shown.
Thereby the connection between C2 and C3 of the C ring is indicated as single bond
(SB) or double bond (DB). All flavonoids showed a quite high affinity to LPO (low Km

value). Regarding the Vmax value those compounds with a monohydroxylation at
the B ring (naringenin and apigenin) exhibited a quite weak regenerating effect on
the LPO activity. In contrast the flavonoids with a 3,4-dihydroxylated B ring
emerged as excellent LPO substrates. Mean and standard deviation of n¼3–5 ex-
periments are given.
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3.3. Chemical properties of efficient ligands

Table 1 presents the catalytic specificities (kcat/Km) of all tested
compounds along with their respective logD values (obtained from
ACD/ChemSketch; version 12.01) that reflect the hydrophobicity of
the molecules.

In Fig. 5 those values are plotted versus the catalytic specificity.
Data are shown only for 3,4-dihydroxylated (black), 3-hydro-
xylated (gray) or 4-hydroxylated (white) compounds since those
emerged as the most promising candidates for promotion of hy-
pothiocyanite production. For all hydroxylation patterns a positive
correlation between the catalytic efficiency and logD was
found. The more hydrophobic (more positive logD values) a mo-
lecule is the higher is the catalytic specificity of the correspo-
nding hydroxylated derivatives (phenylethanoids4cinnamic acid
derivatives4benzoic acid derivative). Molecules with hydroxyla-
tion at position 3 showed higher kcat/Km values compared to those
having the position 4 hydroxylated. Similarly, for most of the
tested flavonoids the catalytic specificity increased with increa-
sing logD values, although the exact structure of the electron do-
nor is important too [compare luteolin (kcat/Km¼472.14 1/(mM s),
logD¼1.17) with eriodictyol (kcat/Km¼146.41 1/(mM s), logD: 2.17)].

On the other hand, within one substance class (underlined in
gray) the highest catalytic specificity was always found for the 3,4-
dihydroxylated compound, although those molecules were less
hydrophobic than the monohydroxylated counterparts. This was
also seen for the flavonoids apigenin and naringenin that showed
lower kcat/Km values than luteolin and eriodictyol.

3.4. Determination of second order rate constants for selected
ligands

The re-activation of the (pseuo)-halogenating activity of LPO by
selected aromatic compounds is assumed to be caused by con-
verting Compound II (or Compound I* that has identical UV–vis
spectral signatures) to the ferric enzyme. To prove this assump-
tion, we performed comprehensive multi-mixing stopped-flow
kinetic measurements to directly study the interaction of selected
substrates with the redox intermediates of LPO.

Fig. 6 depicts representative spectral changes of Compound I



Fig. 5. Dependence of the enzymatic specificity constant from the distribution
coefficient. Compounds with an 3,4-dihydroxy- (black), 3-hydroxy- (gray) or
4-hydroxy- (white) phenyl moiety were plotted against their logD value. Their af-
filiation to the different substance classes is also indicated. Among one hydro-
xylation pattern hydrophobic compounds (e.g. phenylethanoids) always showed
stronger LPO activity-regenerating effects than hydrophilic ones (e.g. benzoic acid
derivatives). Within one substance class the compounds with 3-4-dihydroxyphenyl
moiety always had the strongest impact on the LPO-mediated �OSCN production.
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reduction to Compound II as well as Compound II reduction to
ferric LPO (Fig. 6B) mediated by 3,4-dihydroxybenzoic acid. In the
absence of a substrate (Fig. 6A) the Soret maximum slowly shifted
from 412 to 431 nm. This transition was accompanied by char-
acteristic spectral changes in the red spectral region (new maxima
at 536 and 568 nm) and reflects the spontaneous decay of Com-
pound I to Compound I* with Compound II-like spectral signatures
[9,10,25]. In the presence of 20 mM 3,4-dihydroxybenzoic acid
Compound I (bold black line) was rapidly converted to Compound
II (bold gray line) within the first second with isosbestic points at
406, 465, 515 and 586 nm (Fig. 6B). Additionally, within the next
9 s (light gray bold line) a second transition took place, re-
presenting Compound II reduction to the native enzyme. The latter
reaction is clearly visible from the increase of the absorbance at
412 nm as well as from characteristic isosbestic points at 423, 469
and 517 nm [9,22,25]. In the absence of the substrate (Fig. 6A) no
regeneration of native LPO was observed within 10 s. Thus, 3,4-
dihydroxybenzoic acid promotes both the transition of LPO Com-
pound I to Compound II as well as the subsequent regeneration of
native enzyme.

In order to determine the reaction rates for both transitions the
time-dependent increase (Compound II formation, Fig. 6C) and
decrease (Compound II resolution, Fig.6E) in the absorbance at
431 nm was followed. By applying double exponential (Fig. 6C)
and single exponential (Fig. 6E) fitting functions to these time
traces kobs values were determined and re-plotted versus the used
substrate concentrations (Fig. 6D and F). From the slope of the
obtained linear correlation curve second order rate constants of
(8.0970.12)�105 M�1 s�1 and (2.9070.01)�104 M�1 s�1 were
determined for the reaction of 3,4-dihydroxybenzoic acid with LPO
Compound I and II, respectively. Thereby the given errors corre-
spond to the R2 value obtained during the linear fit. A double-
exponential equation [obtaining pseudo-first-order rate constants
kobs(1) and kobs(2)] was applied for fitting the transition from
Compound I to Compound II (Fig. 6C). Yet the obtained values
revealed that kobs(1) is responsible for more than 85% of the in-
crease in the absorbance at 431 nm, whereas kobs(2) was sig-
nificantly smaller and did not depend on the substrate
concentration.

Similar experiments were performed with 3- and 4-hydro-
xylated and 3,4-dihydroxylated derivatives of benzoic acids, phe-
nylethanoids and cinnamic acids (Table 2). For the determination
of the reaction rate of hydroxytyrosol with LPO Compound II it was
necessary to pre-form the latter by using tryptophan (donates
electrons to Compound I but very slowly to Compound II) before
adding the substrate [22]. For all substance classes the highest
rates (both for the Compound II formation and for its subsequent
reduction to native LPO) were always found for the 3,4-dihy-
droxylated compound while the corresponding rates of the
monohydroxylated compounds were about 10- to 100-fold lower.
Generally, the hierarchy of reactivity at Compounds I and II was
phenylethanoid4cinnamic acid4benzoic acid derivatives (re-
flecting the hierarchy in hydrophobicity, compare with Table 1).

Note that the reaction of hydroxytyrosol with LPO Compound I
was too fast to be determined properly (4 7.5�107 M�1 s�1). Yet
both for 3,4-dihydroxybenzoic acid and for caffeic acid the reac-
tion with Compound I was always about 30 times faster as com-
pared to the reaction with Compound II (see ratios given in Ta-
ble 2). Thus, it can be guessed that the second order rate constant
for the reaction of hydroxytyrosol with LPO Compound I may be in
the range of 107–108 M�1 s�1. Table 2 in addition presents the
ratio of rates at Compounds I and II which are smallest for the
dihydroxylated derivatives, since the latter show high reactivity
also with Compound II. The monohydroxylated compounds always
reacted considerably slower with Compound II than with Com-
pound I. Thereby for the benzoic acid derivatives the ratio was
much lower for the 3-monohydroxylated compound (97) as
compared to the 4-monohydroxylated compound (448). For the
corresponding cinnamic acid derivatives the ratio was always
above 500. In contrast the monohydroxylated phenylethanoids
always reacted only about 100 times slower with Compound II
than with Compound I.
4. Discussion

4.1. Detection of the (pseudo-)halogenating LPO activity

In this study thirty compounds from four different substance
classes were tested for their capacity to enhance thiocyanate oxi-
dation mediated by bovine lactoperoxidase. Formation of hy-
pothiocyanite was followed using the TNB assay [12]. Thereby
control measurements were included to correct for the
H2O2-dependent TNB degradation and the direct TNB oxidation by
activated LPO. There was no impact of activated heme forms of
LPO on the TNB degradation. Comparable investigations on LPO
activity often use ABTS, which, however, does not allow dis-
crimination between (pseudo-) halogenating and peroxidase ac-
tivity [26,27]. In fact, many of these studies are performed in the
absence of SCN� , and address, thus, only the peroxidase cycle
[26,27]. Moreover, this method is based on the detection of ac-
cumulated ABTS�þ radicals and, therefore, not applicable for ki-
netic measurements [28]. In summary, the application of TNB, by
including proper controls, is suitable to specifically detect the
�OSCN production by LPO, and to study alterations in this activity.

In contrast to our previous studies [12], we now used higher SCN�

concentrations (2 mM) to reflect better the physiological conditions of
the oral system [10,29]. These conditions also resulted in higher
�OSCN formation rates as compared to the old system (100 mM
SCN�). All measurements were performed in the presence of 140 mM
chloride. Although Cl� concentrations may be considerably lower in
the oral cavity (10–60 mM) [10] control measurements in the absence
of Cl� did not lead to changes in the �OSCN production (not shown),
as LPO is unable to oxidize chloride [2,9]. Under the chosen condi-
tions the application of patho-physiological relevant H2O2 con-
centrations (80 mM) inhibited the rate of TNB degradation by 42% as
compared to measurements with 20 mM H2O2. These conditions are
quite sufficient to visualize the restoration of the (pseudo-)



Fig. 6. Reaction rates of 3,4-dihydroxybenzoic acid with LPO. Compound I of the enzyme was pre-formed by incubating native LPO with a two-fold excess of H2O2 for
150 ms. Afterwards substrate was added and spectral changes were followed. While in (A) spectra were recorded after the pre-incubation of 2 mM LPO with 4 mM H2O2 in the
absence of substrate in (B) 20 mM 3,4-dihydroxybenzoic acid were added. Spectra recorded 5 (black, bold), 66, 947 (bold), 1280, 1560, 1720, 2088, 2530, 4069, 6507 and
10,000 ms (gray, bold) after mixing are shown. In the presence of substrate (B) within the first second a quick transition from Compound I (bold black line, Soret band at
412 nm) to Compound II (bold gray line, Soret band to 431 nm, characteristic spectral changes around 550 nm) was observed which was considerably faster than in its
absence (A). This reaction was followed by a slower backformation of native LPO (increase in the absorbance at 412 nm, isosbestic points at 423, 469 and 517 nm) within the
next 9 s (bold light gray line) which was not observed in the negative control. For both transitions kobs values were determined by following the increase (C) and decrease
(E) of the absorbance at 431 nm. The data shown in (C and E) correspond to 1 mM LPO, 2 mM H2O2 and 20 mM 3,4-dihydroxybenzoic acid. By plotting the kobs values against
the substrate concentration (D and F) second order rate constants for the reaction of 3,4-dihydroxybenzoic acid with LPO Compound I (C, 8.09�105 M�1 s�1) and Compound
II (E, 2.90 �104 M�1 s�1) were determined. Mean and standard deviation of n¼3 experiments are given.
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halogenating activity by eriodictyol (as shown in detail) and a num-
ber of other aromatic substrates. The amount of LPO used in the study
(5 nM) may be significantly lower as compared to physiological
conditions (about 100 nM) but was necessary to obtain measurable
�OSCN formation rates [30].

4.2. Hydrogen peroxide-mediated inhibition of lactoperoxidase

There are several aspects that contribute to the reduced ability
of the LPO–H2O2–SCN� system to generate �OSCN in the absence
of suitable substrates. Kinetic properties for the (pseudo-) halo-
genating activity of LPO are well described (see scheme 1). Hy-
drogen peroxide converts ferric LPO into Compound I with a rate
of 1.1�107 M�1 s�1 at pH 7.0 and 15 °C [31]. Compound I is re-
duced back to the ferric LPO by SCN� . The rate of this reactivation
is 2�108 M�1 s�1 at pH 7.0 and 15 °C [2,9]. In the absence of an
exogenous electron donor Compound I undergoes a spontaneous
transition into Compound I* with a rate of 2 s�1 at pH 7.0 and
15 °C [9,10]. Compound I* is still two oxidizing equivalents above
the ferric state but contains a protein radical site instead of the
porphyryl radical and thus at the heme center resembles Com-
pound II. If not repaired (e.g. by suitable one-electron donors) this
reaction leads to oxidative damage of the protein and, finally, to
irreversible inhibition, as already demonstrated for several per-
oxidases [32]. It is yet unknown by which mechanism an excess of
hydrogen peroxide affects this latter transition and contributes,
thus, to an accumulation of enzyme species other than ferric LPO
and Compound I.

In addition, as shown in Scheme 1 there exists a catalytic cycle
between Compound II, Compound III and ferrous LPO, where H2O2



Table 2
Second order rate constants for the reaction of selected aromatic compounds with LPO Compound I and II at pH 7.4 and 22 °C.

Substance class/compound Reaction rate with LPO Compound I (M�1 s�1) Reaction rate with LPO Compound II (M�1 s�1) Ratio

Benzoic acid derivatives
3-OH (1.9470.10)�104 (2.0070.10)�102 97
4-OH (8.9570.13)�104 (2.0070.12)�102 448
3,4-OH (8.0970.12)�105 (2.9070.01)�104 28

Phenylethanoids
3-OH (1.0670.18)�107 (1.2470.01)�105 85
4-OH (1.3470.09)�107 (1.1970.02)�105 113
3,4-OH – (3.2070.03)�106 –

Cinnamic acid derivatives
3-OH (1.8870.13)�106 (3.7070.18)�103 508
4-OH (3.5270.07)�106 (5.6070.03)�103 629
3,4-OH (8.3670.28)�106 (2.7570.08)�105 30

Scheme 1. Perturbation of the (pseudo-)halogenating LPO activity. After the acti-
vation of native (ferric) LPO to Compound I by H2O2, the enzyme quickly oxidizes
SCN� to �OSCN under the regeneration of native LPO. Yet especially in the pre-
sence of excess H2O2 this (pseudo-)halogenating activity is disturbed due to the
formation of enzymatic redox intermediates which are not involved in �OSCN
production. This includes the spontaneous transition to Compound I* whose
electronic structure at the heme center resembles Compound II. While Compound
I* can lead to irreversible enzyme inhibition Compound II can further react with
H2O2 to Compound III. The resolution of the latter by oxygen release yields the
ferrous form of native LPO which is again quickly transformed to Compound II in
the presence of H2O2. Spontaneous transitions are shown as thin arrows while
standard arrows indicate reactions of LPO redox intermediates with H2O2 or SCN� .
The reaction of LPO Compound I and II with aromatic compounds is shown as bold
arrows. First and second order rate constants were taken from the literature
[2,9,31].
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reacts with Compound II and ferrous LPO with rates of
2.2�102 M�1 s�1 and 7.2�104 M�1 s�1, respectively, at pH
7.0 and 25 °C [2,31]. Efficient Compound II-resolving substances
also avoid the formation of Compound III in the presence of excess
H2O2 [2]. Taken together, with increasing H2O2 LPO is converted to
enzyme forms, which are not involved in SCN� oxidation. The
addition of aromatic substrates that react well with Compound II
efficiently restore the (pseudo-)halogenating activity of LPO [33].
As many aromatic substrates which emerged as good re-activators
of the �OSCN production by LPO did not only compensate for the
about 42% lower �OSCN production by LPO in the presence of
80 mM H2O2 as compared to 20 mM H2O2 it can be guessed, that
even at lower hydrogen peroxide concentrations a considerable
amount of LPO already exists in enzymatic redox states which are
not involved in �OSCN production [33,34].

In fact as illustrated by Supplementary Fig. 2 even at 20 mM
H2O2 eriodictyol considerably accelerated the (pseudo-)halogen-
ating LPO activity: At the optimal flavonoid concentration (0.5 mM)
about five times higher �OSCN production rates were found, while
at 80 mM H2O2 and the same amount of eriodictyol the effect was
about twice as strong. Moreover, while at high hydrogen peroxide
concentrations at even higher eriodictyol concentrations (see
Fig. 2B) the �OSCN production by LPO did not change significantly
at low H2O2 (see Supplementary Fig. 2) higher amounts of the
flavonoid increasingly disturbed the (pseudo-)halogenating LPO
activity. Most likely the prevalence of this enzymatic cycle at
20 mM H2O2 is more and more disturbed by the substrate.

4.3. Properties of efficient LPO activity regenerators

In each substance class tested for promotion of hypothiocyanite
production, dihydroxylation at positions 3 and 4 had the highest
impact on hypothiocyanite production by LPO. This applies also to
benzoic acid derivatives (kcat/Km of 3,4-dihydroxy benzoic acid is
0.93 mM�1 s�1) although representatives from this class showed
the lowest effect on thiocyanate oxidation. Among cinnamic acid
derivatives and phenylethanoids, caffeic acid and hydroxytyrosol
are characterized by the highest specificity constants
(5.40 mM�1 s�1 and 42.10 mM�1 s�1, respectively). Both the im-
portance of the 3,4-dihydroxyphenyl partial structure and the role
of the substrate hydrophobicity (as already observed by applying
phenylethanoids) were confirmed by testing selected flavonoids.
All compounds, showed a high affinity for LPO (Km values between
0.1 and 1.7 mM) and those compounds with an 3′,4′-dihy-
droxylated B ring emerged as excellent reactivator of the
�OSCN-producing LPO activity. The highest specificity constant
was found for luteolin (472.14 mM�1 s�1).

Besides hydrophobicity the overall structure as well as physico-
chemical properties have to be taken into account [35]. Although
the flavanon eriodyctiol is even more hydrophobic than luteolin, it
showed a lower specificity constant (146.41 mM�1 s�1), maybe
due to its non-planar structure. Moreover, while the presence of a
hydroxyl group at the C3 position of the C ring always con-
siderably diminished the substrate affinity to LPO (see for example
quercetin), this effect was stronger for planar flavonoids as com-
pared to the non-planar equivalents. In summary, while the 3,4-
dihydroxyphenyl partial structure turned out to be essential for an
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efficient regeneration of native LPO, the hydrophobicity of the
electron donor (strongly influenced by the residue at the C1 po-
sition of the phenyl ring (Fig. 3) and the molecular architecture
considerably influence the efficiency to enhance hypothiocyanite
production.

In fact, the good binding of phenylethanoids and flavonoids
observed in our study can be easily explained by the hydrophobic
nature of the LPO substrate channel [3] and is in line with crys-
tallographic docking studies on the binding of aromatic com-
pounds to the enzyme [3,35,36]. Yet it has to be stated that these
studies only evaluate the binding of the substrates to native LPO
and are not directly transferable to our data where the substrates
interact with oxoiron(IV) states (e.g. Compound I* or Compound II)
of the enzyme. The results obtained from kinetic studies with LPO
and phenolic compounds are also not always comparable to our
data as they often use non-physiological conditions (e.g. 500 mM
H2O2) [37,38]. Still the general structural properties of efficient
LPO activity regenerators evaluated in this work are reflected in
the literature. Especially phenolic compounds with easily oxidiz-
able hydroxyl groups at the C3 and C4 position were reported to be
efficient substrates for activated LPO [37–39].

Moreover, several known LPO inhibitors (e.g. resorcinol)
strongly resemble compounds which showed low LPO reactivating
properties in our study (e.g. 2,6-dihydroxybenzoic acid). Although
not included in Table 1 we also tested 2,4,6-trihydroxybenzoic
acid, which turned out as an inhibitor for the �OSCN production
by LPO (IC50: 36.779.6 mM) under our experimental conditions.
The same holds for non-hydroxylated aromatic compounds. For
example the flavonoid chrysin (no hydroxylation at the B ring)
exhibits an IC50 value of 0.2370.15 mM. Thus it has excellent
binding properties but cannot be oxidized by the catalytically ac-
tive redox intermediates of LPO.

4.4. Reactivity with LPO Compound I and II

The apparent bimolecular rate constants of the reaction be-
tween the selected electron donors and Compounds I and II ob-
tained by the stopped-flow measurements are fully in line with
the steady-state measurements (compare Tables 1 and 2). From
the three investigated substance classes (i.e. benzoic acid, pheny-
lethanoid and cinnamic acid derivatives) the highest rates for re-
action with both Compound I and Compound II were obtained for
phenylethanoids. Calculated rate constants for Compound II re-
duction by the corresponding cinnamic acid and benzoic acid
derivatives were significantly smaller (factors �12–30 and �100–
600, respectively). Beyond the substance classes the 3,4-dihy-
droxylated compounds were the best electron donors for Com-
pound II [40,41], which was also reflected by high Vmax values in
the TNB assays.

4.5. Physiological importance

While the chosen concentrations of SCN� and H2O2 meet
(patho-)physiological relevant conditions the used amount of en-
zyme was significantly lower in our in vitro-test system as com-
pared to the conditions in the oral cavity. This deviation from the
physiological situation was necessary to be able to perform en-
zyme-kinetic measurements at a sec to min time scale (see Section
4.1.). A further significant difference to the physiological conditions
comes from the fact that we did not include further saliva com-
ponents, which are known to interact with LPO and to influence its
enzymatic activity. One important example for such substances is
urate. This compound can be found in concentrations of about
100–200 mM in saliva and is a well-known LPO substrate [42,43]. It
was shown that urate efficiently reacts with Compound I of the
enzyme (1.1�107 M�1 s�1 at pH 7.0 and 25 °C) while its reactivity
with Compound II is considerably lower (8.5�103 M�1 s�1 at pH
7.0 and 25 °C) [42]. Thus, some Compound II accumulation can be
induced by urate, contributing to the disturbance of the (pseudo-)
halogenating activity of LPO in the oral cavity. Still as the sub-
strates tested in this study promote the �OSCN-producing activity
of LPO by bringing the enzyme from Compound II back to its ferric
form it is likely that the results are transferable to the physiolo-
gical conditions where urate is present. Most interestingly there
are reports that under inflammatory conditions the amount of
urate in saliva is even reduced as compared to the healthy situa-
tion [44].

While this work was performed on the bovine enzyme the high
similarities of this enzyme between species make the results well
transferable to human LPO [3]. Moreover the presented results
may be comparable to other chordata peroxidases, including MPO.
In fact, the flavonoid (�)-epicatechin, which emerged as a good
LPO activity regenerator, was shown to be an excellent MPO sub-
strate due to its high reactivity with Compound II of this enzyme
[15,16]. However, the mechanisms for the H2O2-mediated inhibi-
tion of the (pseudo-)halogenating activity of LPO and MPO are
slightly different [12]. In any case, the present comprehensive
study provides an excellent basis for rational intervention in dis-
eases that are known to be accompanied by impaired oxidation of
thiocyanate, including dental pathologies and cystic fibrosis [3,11].
The best here identified promotors of hypothiocyanite production
could provide the basis as lead compounds for the development of
new medications for the stimulation of the humoral defense of the
innate immune system under pathological conditions.
5. Conclusion

In body secretions like saliva, tears, milk or airway secretions
the heme-containing enzyme lactoperoxidase significantly con-
tributes to the destruction of pathogens by producing hypothio-
cyanite from thiocyanate. Yet this (pseudo-)halogenating enzyme
activity is likely to be impaired under inflammatory conditions. As
revealed in this study aromatic compounds with a 3,4-dihydrox-
yphenyl partial structure are suitable substrates to re-generate the
�OSCN production by direct interaction with and reduction of
redox intermediates like Compound II. Due to the nature of the
substrate binding pocket at the heme cavity, hydrophobic com-
pounds (e.g. phenylethanoids, flavonoids) emerged as better ac-
tivity promotors of thiocyanate oxidation by LPO. The enzyme-
kinetic measurements were performed under simulated condi-
tions of the oral cavity, making the results well transferable to the
in vivo situation. Selected stopped-flow kinetic measurements
confirmed the obtained data. The presented results provide a basis
for the development of new medications for the reactivation of
lactoperoxidase activity, which is known to be impaired at differ-
ent pathological conditions including cystic fibrosis.
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