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Melatonin (N-acetyl-5-methoxytryptamine), one of
t
m
w
a
i
u
i
m
a
a
v
a
m
i
R
a
p
p
k
d
t

n
i
f
D
p
c
d
e
h
(
p
p
s

Recently, it was suggested that melatonin (N-acetyl-
-methoxytryptamine) is oxidized by activated neutro-
hils in a reaction most probably involving myeloper-
xidase (Biochem. Biophys. Res. Commun. (2000) 279,
57–662). Myeloperoxidase (MPO) is the most abun-
ant protein of neutrophils and is involved in killing

nvading pathogens. To clarify if melatonin is a sub-
trate of MPO, we investigated the oxidation of mela-
onin by its redox intermediates compounds I and II
sing transient-state spectral and kinetic measure-
ents at 25°C. Spectral and kinetic analysis revealed

hat both compound I and compound II oxidize mela-
onin via one-electron processes. The second-order
ate constant measured for compound I reduction at
H 7 and pH 5 are (6.1 6 0.2) 3 106 M21 s21 and (1.0 6
.08) 3 107 M21 s21, respectively. The rates for the one-
lectron reduction of compound II back to the ferric
nzyme are (9.6 6 0.3) 3 102 M21 s21 (pH 7) and (2.2 6
.1) 3 103 M21 s21 (pH 5). Thus, melatonin is a much
etter electron donor for compound I than for com-
ound II. Steady-state experiments showed that the
ate of oxidation of melatonin is dependent on the

2O2 concentration, is not affected by superoxide dis-
utase, and is quickly terminated by sodium cyanide.
elatonin can markedly inhibit the chlorinating ac-

ivity of MPO at both pH 7 and pH 5. The implication of
hese findings in the activated neutrophil is discussed.
2001 Academic Press
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he biologically relevant indole compounds, is a hor-
one secreted by the pineal gland of vertebrates,
hich controls several physiological functions associ-
ted with circadian and seasonal rhythms (1). Since it
s an evolutionary highly conserved molecule and is
biquitously present in organisms whose metabolism

s based on oxygen, it has been speculated that a pri-
ary function of melatonin is the detoxification of re-

ctive oxygen intermediates (2, 3). Besides blood, mel-
tonin was reported to be found and synthesized in a
ariety of tissues including bone marrow (4, 5) in rel-
tively high concentrations. There is also evidence that
elatonin participates in the immune response effect-

ng leukocyte activation and cytokine production (6, 7).
ecently, it was shown that melatonin is oxidized by
ctivated neutrophils most probably involving myelo-
eroxidase (8). That myeloperoxidase (MPO) partici-
ates in the formation of N1-acetyl-N2-formyl-5-methoxy-
ynuramine (an oxidation product of melatonin) was
educed from the strong inhibitory effect of azide on
he oxidation reaction (8).

Myeloperoxidase is the most abundant protein of
eutrophils, which are our primary defenders against

nvading pathogens and also are among the major ef-
ector cells in numerous inflammatory pathologies (9).
uring its catalytic cycle, the ferric or native myelo-
eroxidase reacts with hydrogen peroxide forming
ompound I (MPO-I) (reaction [1]). This redox interme-
iate is known to oxidize halides via a single two-
lectron reaction to produce the respective cytotoxic
ypohalous acids and regenerate the native enzyme
reaction [2]). Alternatively, stepwise reduction of com-
ound I by two donor-derived electrons produces com-
ound II (MPO-II) and subsequently the resting ferric
tate (reactions [3] and [4]).



MPO 1 H O 7MPO-I 1 H O [1]
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MPO-I 1 X27MPO 1 HOX [2]

MPO-I 1 AH23MPO-II 1 AH• [3]

MPO-II 1 AH23MPO 1 AH• [4]

Since recent evidence has shown that melatonin can
educe hypervalent iron species similar to those in-
olved in the catalytic cycle of MPO (10), in the present
aper we have investigated the reaction of melatonin
ith both redox intermediates of MPO by using multi-
ixing stopped-flow spectroscopy, in order to clarify if
yeloperoxidase-mediated melatonin oxidation could

e of physiological relevance.
We show that melatonin is an excellent substrate for
PO-I, but reacts slowly with MPO-II. Melatonin oxi-

ation occurs during the peroxidatic cycle of MPO in
wo one-electron oxidation steps (reactions [3] and [4]).

e report actual bimolecular rate constants for reac-
ions of compounds I and II with melatonin at pH 5 and
, as well as the influence of melatonin on the in vitro
hlorination activity of MPO at pH 5 and 7. The bio-
ogical implication of this reaction is discussed.

ATERIALS AND METHODS

aterials

Highly purified myeloperoxidase of a purity index (A430/A280) of
t least 0.85 was purchased from Planta Naturstoffe Vetriebs GmbH.
etermination of its concentration and that of hydrogen peroxide
as performed as reported previously (13). Hydrogen peroxide was
repared shortly before use. Melatonin was dissolved in dimethyl-
ormamide (DMF) and finally diluted with phosphate buffer (pH 7) or
hosphate/citrate buffer (pH 5). The final DMF concentration was
% (v/v) in all assays. All chemicals were purchased from Sigma
hemical Co. at the highest grade available.

ethods
Stopped-flow spectroscopy. The sequential stopped-flow appara-

us (Model SX-18MV) and the associated computer system were from
pplied Photophysics (UK). For a total of 100 ml/shot into a flow cell
ith 1 cm light path, the fastest time for mixing two solutions and

ecording the first data point was ca. 1.5 ms. Because of the inherent
nstability of MPO compound I (11), sequential stopped-flow (multi-

ixing) analysis was used for determination of rates of the reaction
f compound I with melatonin. The reactions were followed at the
oret maximum of compound II (456 nm). In a typical experiment
PO (4 mM heme) in 5 mM buffer (pH 7) was premixed with 40 mM
2O2 in distilled water. After a delay time of 20 ms, compound I was

llowed to react with varying concentrations of melatonin in 200 mM
hosphate buffer (pH 7) or phosphate/citrate buffer (pH 5). The final
MF concentration was 2% (v/v). The pH after mixing was measured
t the outlet.
Reduction of compound II by melatonin was performed as de-

cribed recently (12). In a typical experiment MPO (4 mM heme) in 5
M buffer (pH 7) was premixed with 40 mM H2O2 and 1.8 mM
381
omovanillic acid in distilled water. After a delay time of 40 s,
ompound II was allowed to react with varying concentrations of
elatonin in 200 mM phosphate buffer or 200 mM phosphate/citrate

uffer (pH 5). The reactions were followed at 456 nm (disappearance
f compound II) and 430 nm (formation of ferric MPO). At least three
eterminations (2000 data points) of kobs were performed for each
ubstrate concentration and the mean value was used in a plot of kobs

ersus substrate concentration. The final melatonin concentrations
ere at least 10 times in excess of the enzyme to assure first-order
inetics. All reactions were performed at 25°C.
Reduction of both compound I and compound II was also studied
ith the diode-array detector. Typically, the final heme concentra-

ion used in these experiments was 2 mM.

Melatonin assay. Oxidation of melatonin (100 mM) was followed
t 340 nm and 25°C using the Zeiss Specord S-10 diode-array spec-
rophotometer. Assays contained 10-200 nM MPO and 10-100 mM

2O2 in 100 mM phosphate/citrate (pH 5) or phosphate buffer (pH 7).
he kinetics of oxidation was followed at 340 nm since at this
avelength the absorbance was significantly increased as a function
f the incubation time. An increase at 340 nm is consistent with the
ormation of N1-acetyl-N2-formyl-5-methoxykynuramine (8, 13). Re-
ctions were started by addition of hydrogen peroxide and were
erformed in the absence and presence of CuZn-superoxide dis-
utase (30 mg/ml).

FIG. 1. Reaction of compound I with melatonin. (A) Spectral
hanges observed when 25 mM melatonin reacted with MPO com-
ound I (2 mM heme). The first scan was taken 1.3 ms after mixing,
ubsequent scans at 3.8, 6.4, 8.9, 16.6, 40, and 1000 ms. Compound
was formed as described under Materials and Methods. The reac-

ion was carried out in 100 mM phosphate buffer, pH 7. (B) Typical
ime trace of the reaction followed at 456 nm (10 mM melatonin).
inal enzyme concentrations were 1 mM heme in 100 mM phosphate
uffer, pH 7. Additionally, the single-exponential fit used for calcu-
ation of the pseudo-first-order rate constant is shown. The inset
hows pseudo-first-order rate constants for compound II formation
lotted against melatonin concentration.



M
c
r
d
b
p
o
a
c

R

k
t
g
d
m
h
p
p

c
n
v

s
s
m
c
T
m
d
w
n
c
m
e
p
d
1
s

TABLE 1

M

S

T

T

Vol. 282, No. 2, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
Myeloperoxidase-catalyzed chlorination of monochlorodimedon.
onochlorodimedon (MCD) is a substrate often used to study MPO-

atalyzed chlorination (14). Chlorination of MCD to dichlorodimedon
esults in a decrease in absorbance at 290 nm. MCD (100 mM) was
issolved in 100 mM phosphate/citrate buffer (pH 5) or phosphate
uffer (pH 7) containing 100 mM H2O2 and 100 mM chloride in the
resence or absence of melatonin. Reactions were started by addition
f MPO (20 nM at pH 5.0, and 200 nM at pH 7.0) and performed in
Beckman DU 640 spectrophotometer equipped with a temperature

ontroller at 25°C.

ESULTS AND DISCUSSION

The mechanism of action of melatonin is poorly
nown. Systematic studies have provided evidence
hat melatonin can act as an effective radical scaven-
er, thus protecting organisms from oxygen radical
amage (3). Recent evidence has been provided that
elatonin is a good electron donor in the reduction of
emoglobin oxoferryl species (10). This led us to hy-
othesize that it may also function as a substrate for
eroxidases. This work was also motivated by the re-

Summary of Bimolecular Rate Constants for Reactions o
with Indole Derivatives an

k 3

(M21 s21)
k 4

(M21 s21)

elatonin 6.1 3 106 9.6 3 102

erotonin 1.7 3 107 2.2 3 106

ryptophan 2.1 3 106 7

yrosine 7.7 3 105 1.6 3 104
382
ent finding that melatonin is oxidized in activated
eutrophils, and that myeloperoxidase could be in-
olved in this reaction (8).
Reduction of compound I by melatonin. Using the

equential stopped-flow technique we monitored the
pectral changes upon reaction of compound I with
elatonin. MPO and H2O2 were premixed, resulting in

ompound I formation as described recently (11, 12).
he newly formed compound I was then mixed with
elatonin. Figure 1A unequivocally demonstrates the

irect conversion of compound I into compound II,
hich exhibits maxima at 456 nm (Soret peak) and 625
m. These data suggest a one-electron reduction of
ompound I to compound II. The absorbance change
onitored at 456 nm can be fitted to a single-

xponential function (Fig. 1B) and the observed
seudo-first-order rate constants are linearly depen-
ent on the concentration of melatonin (inset to Fig.
B). The second-order rate constant calculated from
uch a plot is (6.1 6 0.2) 3 106 M21 s21 at pH 7.0 and

yeloperoxidase Compound I (k 3) and Compound II (k 4)
yrosine at pH 7 and 25°C

Structure Reference

This paper

(17)

(18)

(16)
f M
d T
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s a similar value as determined for the reactions of
ompound I with other peroxidase substrates (12). It
ncludes the rate of reduction of compound I to com-
ound II by excess hydrogen peroxide (11). The rate
onstant of compound I reduction by melatonin is com-
arable to that by tyrosine (17), benzoic acid hydra-
ides (12) and nitrite (16), which suggests that mela-
onin could be an important electron donor for
ompound I even in vivo.

Recently, the reaction of two other indole derivatives
ith MPO has been investigated. It was shown that

he rate constant between compound I and serotonin
5-hydroxytryptamine) or the amino acid tryptophan is
1.7 6 0.1) 3 107 M21 s21 (17) and 2.1 3 106 M21 s21

18), respectively, demonstrating some effect of sub-
tituents on the indole ring oxidation by compound I
Table 1). Compared to chloride (11, 19), which is
hought to be the physiological substrate of MPO, the
eaction of compound I with melatonin is even about 2
rders of magnitude faster.
Since the pH inside phagocytizing cells is reported to

e within the pH range 4.0–6.5 (20), the reaction be-
ween compound I and melatonin was also tested at pH
. The apparent bimolecular rate constant was calcu-
ated to be (1.0 6 0.08) 3 107 M21 s21 at pH 5.0 and
5°C (intercept 14.8 6 8.3 s21). Thus, compared with
H 7 the rate is slightly increased, which is in contrast
o serotonin oxidation which was shown to be about 2.5
imes slower at pH 5 compared with pH 7 (17). Com-
ared with chloride oxidation by compound I at pH 5
11), the rate constant of melatonin oxidation is about
wice as high.

Reduction of compound II by melatonin. Melatonin
lso acts as one-electron donor for compound II. Figure
A shows the direct conversion of compound II by 250
M melatonin to the resting enzyme at pH 7. An isos-
estic point at 442 nm is observed. At both 456 and 430
m and high melatonin concentrations the time course
as monophasic and exhibited a typical single-
xponential behavior. At lower melatonin concentra-
ions the reaction was too slow to guarantee pre-
teady-state conditions and the enzyme cycled. An
xample is shown in Fig. 2B. A small steady-state
hase is seen which, after depletion of hydrogen per-
xide, is followed by an exponential decrease which
trongly depended on melatonin concentration. But
ven in this concentration range (,750 mM melatonin)
he observed pseudo-first-order rate constants are pro-
ortional to the concentration of melatonin (inset to
ig. 2B). The bimolecular rate constant determined at
H 7 is (9.6 6 0.3) 3 102 M21 s21 at 25°C. The small
ntercept (koff) of (0.1 6 0.02) s21 demonstrates that
here were no side reactions present.

Nevertheless, compound II reduction was also fol-
owed by conventional spectrophotometry as described
383
y Kettle and Candaeis (18). Compound II was formed
y adding an excess of hydrogen peroxide to ferric
PO. After addition of catalase to get rid of excess
2O2, melatonin was added and the resulting time

race was fitted to a single-exponential curve. Similar
esults as with the stopped-flow method were obtained
ithin experimental error. The bimolecular rate at pH
is slightly enhanced [(2.2 6 0.1) 3 103 M21 s21 (in-

ercept (0.2 6 0.03) s21)].
Comparing these data with the published rates of

erotonin (17) and tryptophan (18) with compound II
ives an important insight into the differences in reac-
ivity of MPO compounds I and II. Table 1 clearly
emonstrates that serotonin reacts with compound I
bout 10 times faster than tryptophan whereas the
ate of serotonin with compound II is about 105 times
igher than that of tryptophan. This unequivocally
emonstrates that a pure thermodynamic consider-
tion of this reaction is insufficient. Moreover, the one-
lectron redox potentials of the aromatic free radicals
erived from the four compounds listed in Table 1 are

FIG. 2. Reaction of compound II with melatonin. (A) Spectral
hanges observed when 250 mM melatonin reacted with MPO com-
ound II (2 mM heme). The first scan was taken 0.1 s after mixing,
ubsequent scans at 1.1, 2.1, 3.0, 3.5, 4.4, 6.2, and 8.3 s. Compound
I was formed as described under Materials and Methods. The reac-
ion was carried out in 100 mM phosphate buffer, pH 7. (B) Typical
ime trace of the reaction followed at 456 nm (750 mM melatonin).
inal enzyme concentrations were 1 mM heme in 100 mM phospate
uffer, pH 7. The single-exponential fit used for calculation of the
seudo-first-order rate constant is shown. Additionally, the inset
hows pseudo-first-order rate constants for compound II reduction
lotted against melatonin concentration.
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ery similar (21–23). In contrast to compound I reduc-
ion, above all kinetic parameters (e.g., the rate of
ubstrate binding) seem to determine the turnover of
ompound II. The structural requirements are much
ore restricted for the reaction of substrates with com-

ound II than with compound I. Therefore, we suppose
hat there have to be important structural changes at
he substrate binding site when MPO compound I is
onverted to compound II.

Melatonin oxidation by MPO. From the above re-
ults it is apparent that, although melatonin is a good
ubstrate for compound I, it slowly reacts with com-
ound II. To confirm this we also measured the ability
f myeloperoxidase to catalyze the oxidation of mela-
onin. To monitor changes in the absorption spectrum
f melatonin mediated by the MPO/H2O2 system, the
pectral properties of both melatonin and the resulting
etabolite were investigated. The spectrum of the re-

ulting metabolite was similar to that of N1-acetyl-N2-
ormyl-5-methoxykynuramine (AFMK) as described re-
ently (8, 10, 15). In contrast to melatonin, AFMK

FIG. 3. The effect of hydrogen peroxide on melatonin (100 mM)
xidation mediated by myeloperoxidase (200 nM). The reactions
ere carried out in 100 mM phosphate buffer, pH 7, and followed at
40 nm. Reactions were started by addition of 10 (a), 20 (b), 50 (c),
nd 100 mM (d) H2O2. (e) The same setup as d with the exception that
0 mM NaCN was added during the reaction (arrow).

FIG. 4. Kinetics of monochlorodimedon (100 mM) chlorination by
he presence of melatonin (b–g) at pH 7 and 5. Melatonin in the ass
oints at the time of the enzyme addition. Assay conditions are repo
384
m (not shown), which was the reason to follow the
inetics of melatonin oxidation at 340 nm.
Myeloperoxidase or hydrogen peroxide alone did not

nduce spectral changes of melatonin (not shown). This
eems to be in contrast to the recently published paper
f Tan et al. (13) who described that melatonin can
cavenge hydrogen peroxide directly. However, in the

2O2 concentration range used in this paper (10–100
M) no H2O2 mediated melatonin oxidation could be
bserved. On the contrary, with MPO in the presence of

2O2, melatonin was oxidized, albeit slowly. Inhibition
f MPO by sodium cyanide (10 mM) quickly terminated
elatonin oxidation (Fig. 3, curve e). Figure 3 demon-

trates that the extent of melatonin oxidation was
trongly dependent on the H2O2 concentration. Moni-
oring the spectral changes of the Soret band of MPO
uring melatonin oxidation showed unequivocally that
he enzyme lingers at compound II (not shown). We
ave also tested the influence of superoxide dismutase
n the rate and the extent of melatonin oxidation but
o differences to the measurements without superox-

de dismutase could be detected within experimental
rror. This underlines the transient-state results that
elatonin is oxidized within the conventional peroxi-

ase cycle and that reduction of compound II deter-
ines the overall reaction rate.

Influence of melatonin on monochlorodimedon chlo-
ination. The chlorinating activity of MPO was inhib-
ted dose-dependently by melatonin, at both pH 7 and
H 5 (Fig. 4A). Melatonin inhibited monochlorodime-
one chlorination by 50% (IC50 value) at a concentra-
ion of 10 mM at pH 7 and 150 mM at pH 5 (Fig. 4B).
hese findings indicate that melatonin is a good inhib-

tor of the chlorination activity of MPO at pH 7. By
irtue of its high rate of reduction of compound I,
elatonin can compete with chloride and reversibly

nhibit hypochlorous acid production. Since at pH 5 the
imolecular rate of chloride oxidation by compound I is

PO (200 nM at pH 7.0 or 20 nM at pH 5.0), in the absence (a) or in
was 10 (b), 50 (c), 100 (d), 150 (e), 200 (f), or 300 mM (g). The arrow
d under Materials and Methods.
M
ay
rte
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bout 2 orders of magnitude higher than at pH 7, at pH
and in the presence of chloride melatonin is less

ffective in formation of compound II, which is unable
o oxidize chloride (Fig. 5).

ONCLUSIONS

Melatonin has been shown to have anti-
nflammatory properties in a number of experimental
et-ups (24–26). Most of its action has been reported as
elated to the scavenging of peroxynitrite. This is the
rst report showing that melatonin is an excellent
educing substrate for MPO compound I, at both pH 7
nd 5. In accordance, it also effectively inhibits the
hlorinating activity of the enzyme at pH 7, and, to a
esser extent, at pH 5. The fast rate of MPO compound
reaction with melatonin, as evaluated by the bimo-

ecular rate constant we have measured, supports the
onjecture that such a reaction could occur in vivo. On
he other hand, melatonin is not such a good electron
onor for MPO compound II, which would prevent a
uick turnover of the enzyme, at least at the nanomo-
ar physiological melatonin concentrations. However at
ites of inflammation and infections, where the oxida-
ive burst sustains high fluxes of reactive oxygen spe-
ies, a local accumulation of melatonin may occur (27).
oreover, in the neutrophil several other electron do-

ors like superoxide, tyrosine or ascorbate could act by
educing compound II back to the ferric enzyme and
nsure that MPO is continuously turned over (18). So,
n activated neutrophils MPO-mediated melatonin ox-
dation is likely to occur. This is supported by recent
ndings that neutrophils and monocytes possess recep-
ors for melatonin (28, 29), that inflammatory cells can
ynthesize melatonin (30), and that it is involved in the
egulation of the respiratory burst of human neutro-
hils (31).
The dramatic decrease of the rate constant of the

eaction between compound II and melatonin may be

FIG. 5. Percentage of inhibition of the chlorinating activity by
elatonin at pH 7.0 and pH 5.0. Data were obtained from the kinetic

races in Fig. 4.
385
t the substrate binding site when MPO compound I is
onverted to compound II. This could be suggestive for
urther research about structural features of the MPO
inding site, as well as for the design of substrate
nalogues and inhibitors for myeloperoxidase.
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