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Reaction of melatonin with the hypervalent iron centre 
of oxoferryl hemoglobin, produced in aqueous 
solution from methemoglobin and H202, has been 
investigated at 37°C and pH 7.4, by absorption 
spectroscopy. The reaction results in reduction of the 
oxoferryl moiety with formation of a heine-ferric 
containing hemoprotein. Stopped-flow spectrophoto- 
metric measurements provide evidence that the 
reduction of oxoferryl-Hb by melatonin is first-order 
in oxoferryl-Hb and first-order in melatonin. The 
bimolecular reaction constant at pH 7.4 and 37°C is 
112 --- 1.0M -1 s -1. 

Two major oxidation products from melatonin 
have been found by gas chromatography-mass 
spectroscopy: the cyclic compound 1,2,3,3a,8,8a- 
hexahydro-l-acetyl-5-methoxy-3a-hydroxypyrro- 
lo[2,3-b]indole (cyclic 3-hydroxy-melatonin), and 
N-acetyl-/~-formyl 5-methoxykynuramine (AFMK). 
The percentage yield of the two major products 
appears dependent on the ratio [oxoferryl-Hb]: 
[melatoninl--the higher the ratio the higher the yield 
of AFMK. The observed stoichiometry oxoferryl- 
Hbreauced:melatonincon~umed is 2, when the ratio 
[oxoferryl-Hb]:[melatonin] is 1:1, but appears >2 at 

higher molar ratios. The reduction of the hypervalent 
iron of the oxoferryl moiety may be consistent with an 
oxidation of melatonin by two one-electron steps. 

Keywords: Gas chromatography-mass spectroscopy; Hemo- 
~HlObin; Melatonin; Oxoferryl-Hb; Melatonin oxidation; 

-NMR; AFMK; Cyclic 3-hydroxymelatonin 

Abbreviations: AFMK, N-acetyl-N'-formyl-5-methoxykynura- 
mine; CI, chemical ionisation; EI, electronic ionisation; 
GC/MS, gas chromatography-mass spectrometry; Hb, 
hemoglobin; met-Hb, methemoglobin; PBS, phosphate- 
buffered saline; TLC, thin layer chromatography 

I N T R O D U C T I O N  

Similar ly  to indole  [1-41 and  t r y p t o p h a n  Is'6] 

derivatives, melatonin (N-acetyl-5-methoxytryp- 
tamine)  has redox propert ies .  Its reduct ion  
po ten t ia l  (E ° = 0.95 + 0.02V), ITJ a l lows the 
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634 L. TESORIERE et al. 

molecule to react with and neutralise a number 
of free radicals, including hydroxyl- ,  [8] 
alkoxyl-, [91 peroxyl-, [1°1 and to a lesser extent 
lipoperoxyl -tll'lal radicals. Literature data from 
experiments in pure chemical solution, provide 
evidence that nonenzymatic oxidation of mela- 
tonin can occur through more than one path- 
way.Ia.13-161 Strong oxidants favour the release of 
one electron from melatonin, with formation of 
an indolyl-type cation radical, t7'14'16-191 Direct 
reaction of the cation radical with O2 to pro- 
duce N-acetyl Nt-formyl-5-methoxykynuramine 
(AFMK) may account for the quenching of 
the melatoninyl radical to an inactive pro- 
duct. [~7'~°] However, the radical from melato- 
nin can undergo other pathways, resulting in 
various metabolites. [14'161 Finally, it has been 
shown that "OH radicals, Dzl peroxynitrite, t~4'161 
and hypochlorous acid [2°1 can hydroxylate the 
indolamine. 

The oxoferryl moieties from heine-proteins are 
strong oxidants ta1'22] We have recently observed 
that melatonin can reduce the oxoferryl species 
formed after oxidation of methemoglobin with 
H202, which eventually prevents the oxidative 
denaturat ion of the protein and results in 
formation of methemoglobin, ta31 Here, we report 
kinetic studies of the reaction of melatonin with the 
oxoferryl iron centre [FelV=o] from hemoglobin, 
and identify the products from the indoleamine. 

MATERIAL AND METHODS 

Materials 

Melatonin, 6-hydroxymelatonin, bovine heart 
methemoglobin, catalase, hydrogen peroxide, 
were from Sigma (St. Louis, MO). Alugram ® Sil 
G/UV254 sheets for thin layer chromatography 
(TLC) were from Macherey-Nage l ,  Dfiren, 
Germany. All other chemicals were of research 
highest purity grade. Ion-free water and buffers 
used throughout this study were filtered through 
Chelex-100 (Sigma), and suitable plastic labware 
was used to avoid the effect of adventitious metals. 

Optical Spectroscopy and Rapid Kinetic 
Measurements 

Oxoferryl hemoglobin (oxoferryl-Hb) was pre- 
pared under spectral control using a Beckman 
DU 640 UV/vis  spectrometer, equipped with a 
temperature controller. Bovine methemoglobin 
(met-Hb) in PBS was oxidised by a 10-fold excess 
H202 for I min, at 37°C, followed by addition of 
250 IU catalase to remove excess H202 .[24| 
Spectrophotometric scans (400- 700 nm) were 
carried out, and concentration of met-Hb was 
calculated at 630nm (e630 = 3.63mM cm -1 per 
heme groupI2Sl), while the formation/disappear- 
ance of oxoferryl-Hb was monitored by record- 
ing the absorbance changes at 556nm, the 
point at which the two forms differ most 
(A~=3 .6mM cm-1). [26] Under all conditions 
used through the study, the concentration of 
oxoferryl-Hb measured 5 min after the addition 
of catalase, was one half of the starting met-Hb. 

Kinetics of the oxoferryl reduction were 
evaluated by stopped-flow spectrophotometric 
measurements, with a temperature-controlled 
apparatus (High Tech Stopped Flow SF61, dead 
time 1ms). Measurements were carried out by 
adding melatonin to the oxoferryl-Hb solution, 
5 min after the addition of catalase. The reaction 
was monitored at 556 nm. To ensure first-order 
kinetics, the final concentrations of melatonin 
were 3-10 times that of oxoferryl-Hb. Determi- 
nation of kobs, the pseudo-first-order rate con- 
stant, were performed in triplicate for each 
substrate concentration. Second-order rate con- 
stants were calculated from the slope of the plot 
of the mean kobs values versus concentration of 
substrate. Pseudo-first-order and the second- 
order rate constants for the reaction melatonin/ 
oxoferryl-Hb were also determined by measur- 
ing melatonin consumption under pseudo-first- 
order conditions, and by plotting kobs versus the 
oxoferryl-Hb concentrations. 

Consumption of melatonin was determined by 
extracting 100 I~1 of the reaction mixture in a total 
water volume of 300 ~1, with 2 ml of ethyl acetate. 
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OXOFERRYL-DEPENDENT MELATONIN OXIDATION 635 

After vortexing, the organic phase was gathered 
and 50 ~tl of the organic extract were analysed by 
a normal phase Supelco Nucleosil-100 HPLC 
column, eluted with ethyl acetate. [271 Fluoro- 
metric detection was with excitation at 285 nm 
and emission at 345nm. Quantitation was by 
reference to a curve constructed with 0.5-5 nmol 
of melatonin. 

GC-MS andlH-NMR Analysis 

GC-MS analysis was carried out by a Varian 3400 
analyser (column DB5-MS, 30m; 0 .25mm ID; 
0.25 p.m), interfaced with a Saturn 3 (Varian) ion 
trap detector (electron beam energy 100eV; 
emission current 20mA; trap temperature 
180°C). Thermal chromatographic program was 
as follows: initial temperature 120°C (1rain 
hold), first ramp 10°Cmin -1 to 210°C (30min 
hold), second ramp 15°Cmin -1 to 280°C (5min 
hold). Carrier gas (He) pressure was fixed at 
20 psi on the head of column (injector tempera- 
ture 290°C; transfer line temperature 180°C). 
Mass spectra of positive ions were obtained by 
both electronic ionisation (EI), and chemical 

ionisation (CI) using methane as reagent gas. Full 
scan spectra were acquired from m/z 40-350 at 1 

- 1  
s c a n  s 

Melatonin metabolites were separated by 
preparative TLC on silica gel with a fluorescent 
indicator. The mobile phase was ethyl acetate/ 
methanol (90:10v/v). Spectrophotometric anal- 
ysis of the isolated compounds was carried out, 
and the 1H-NMR spectra were recorded on a 
Bruker AC-250F (250MHz) spectrometer in 
CDC13 solution, using tetramethylsilane as 
internal standard. 

RESULTS 

Reduction of Oxoferryl-Hb by Melatonin 

The spectrum of met-Hb exhibits a characteristic 
absorption peak at 630 um (Fig. 1A, dashed line). 
When 100 p~M met-Hb is oxidised by a 10-fold 
excess H202, followed by addition of catalase, 
the marked spectral variations monitored in the 
520-650 nm region after 5 min (Fig. 1A, trace a), 
may be ascribed to the formation of the oxoferryl 
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FIGURE 1 Reduction of oxoferryl-Hb by melatol~n, at 37°C and pH 7.4. A. Met-Hb (100 ~M, dashed line) was treated with a 
10-fold excess of H202, followed by addition of catalase, and 50 p~M oxoferryl-Hb (solid line, trace a) were generated after 5 min. 
Melatonin at 100 ~M was added and repetitive scans were taken at I rain intervals. The downward and upward arrows indicate 
decrease or increase in absorbance in the trace a spectrum. B. Dependence of the rate of oxoferryl-Hb reduction by melatonin 
concentrations. The rate of the oxoferryl reduction is calculated from the spectral variations monitored at 556 nm after i rain from 
the addition of melatonin, and is corrected for the rate of spontaneous reduction. The points are the means -+SD of five separate 
experiments. 
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636 L. TESORIERE et al. 

iron centre. The latter spontaneously reverts to its 
ferric state, according to a slow autoreduction 
process involving the oxidation of the protein 
moiety. Under our conditions the rate of the 
spontaneous reduction was 0.057 ~M s -1. Sup- 
plementation of an oxoferryl-Hb solution with 
melatonin results in a rapid reduction of the 
hypervalent  hemoglobin to the ferric-heme 
hemoprotein (Fig. 1A), at a rate which increases 
with the melatonin concentrations 2.5-100 ~M 
(Fig. 1B). 

Stopped-flow spectrophotometric measure- 
ments at 556nm were carried out to monitor 
the reduction of oxoferryl-Hb by melatonin. The 
kinetic traces displayed a single exponential 
character, and were fitted according to the single 
exponential equation (Y= Ale-kt). A typical 
trace for the reduction of oxoferryl-Hb is shown 
in the inset of Fig. 2. The observed rate constants, 
kobs, from the slopes of these traces increase 
linearly (r 2=  0.997) with melatonin concen- 
trations (Fig. 2), indicating that the reaction is 
also first-order in melatonin. The second-order 
constant calculated from the slope was 112 +_ 
1.0M-Is-1. 

The time course of the melatonin consumption 
during the reaction with oxoferryl-Hb, under 

0.03 

.--, 0.02 

.I 
0.01 

i i J 

0 80 160 240 

Melatonin (I~M) 

FIGURE 2 Secondary plot of the pseudo-first-order rate 
constants for the reduction of oxoferryl-Hb by melatonin 
(kobs) versus the concentrations of melatonin. Each point is the 
mean +SD of three separate experiments The inset shows a 
typical stopped-flow kinetic trace of the reduction of 
oxoferryl-Hb at 37~C, pH 7.4. The reaction was followed at 
556 nm. After the mixing, but before the reaction, the mixture 
contained 25 ~M oxoferryl-Hb and 160 ~M melatonin. 

~ 1 . 5  
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FIGURE 3 Semilogarithmic plot of consumption of 5 ~M 
melatonin during the reaction with 50 ~M oxoferryl-Hb, at 
37°C, pH 7.4. Each point is the mean +SD of three separate 
experiments. 

pseudo-first-order conditions, confirmed that 
melatonin oxidation proceeds through first- 
order kinetics (Fig. 3). The observed rate constant 
kobs from the slope of the curve ln[melatonin] 
versus time was 0.0058s -1. The second-order 
rate constant was calculated as 116 + 3.5 M-is  -1, 
in a good agreement with that calculated by the 
experiments described above. 

O x i d a t i o n  P r o d u c t s  

The products from melatonin, after a 5m in 
incubation with a 25-fold molar excess of 
oxoferryl-Hb, were investigated. Under these 
conditions, a total consumption of melatonin was 
observed after organic extraction of the sample 
and HPLC analysis. Extraction of the sample and 
GC/MS analysis revealed the formation of two 
major products (metabolites 2 and 3, Fig. 4a). 

The EI mass spectrum of the metabolite 2 (Fig. 
4b) is quite comparable with that of an oxidation 
product previously identified as the cyclic 
3-hydroxymelatonin (1,2,3,3a,8,8a-hexahydro- 
1-acetyl-5-methoxy-3a-hydroxypyrrolo [2,3-b]in- 
dole, according to the IUPAC nomenclature). [181 
Analysis by CI(CH4) mass spectrometry pro- 
duced a pattern with fragments at m/z 231 and 
190, indicating loss of water and acetamide, 
respectively, from the protonated molecule, in 
addition to the [M+H] ÷ ion at m/z 249. The 
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OXOFERRYL-DEPENDENT MELATONIN OXIDATION 637 

0 10 ~1 30 40 min 

b ~8 metabol i te  2 

~ c metabol i te  3 

FIGURE 4 GC/MS chromatogram (a), and EI fragmentation patterns (b, c) of metabolites from melatonin after reaction with 
oxoferryl-Hb. The arrow indicates the elution time of melatonin. Incubation conditions, and GC/MS analysis were as reported in 
the Methods. 

metabolite 3 (Fig. 4c) was identified as N-acetyl- 
NI-formyl-5-methoxykynuramine. The EI mass 
spectrum shows a molecular ion at m/z 264, 32 
mass units in excess of the melatonin mass, 
which suggests the incorporation of two oxygen 
atoms. The low intensities of the high-mass ion 
fragments strongly indicate the opening of the 
indole ring. The fragments at m/z 192, 150, and 
43 arise from a direct cleavage of the molecular 
ion, whereas the ion at m/z 176 possibly results 

from a rearrangement process of the m/z 247 
[M-OH] + ion. 

The structure of AFMK was also in accordance 
with the presence in the CI(CH4) mass spectrum 
of ions at m/z 114 and rn/z 178 (Fig. 5), which 
may result from protonation at different sites. 
Protonation of the phenyl ring may produce the 
m/z 114 ion, while protonation of the acetamide 
nitrogen, followed by acetamide loss (rn/z 206) 
and ethylene removal gives the ion at m/z 
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CI mass spectrum of AFMK, 

178. Finally, the 1H-NMR analysis agrees with 
the N-acetyl N'-formyl-5-methoxykynuramine 
structure.* 

Traces of a third compound (metabolite 1, Fig. 
4a) were also present in the GS/MS chromato- 
gram. The EI mass spectra of the metabolite 1 
show a molecular ion at m/z 248, which suggests 
the incorporation of an oxygen atom into the 
melatonin structure. Comparison with the reten- 
tion time and fragmentation pattern of the 
commercially available compound, rules out 
that this metabolite is 6-hydroxymelatonin. 
Although the retention time relative to melatonin 
is comparable to that reported for 2-hydroxy 
melatonin, I141 our data do not allow to unequi- 
vocally identify this metabolite. 

The absorption spectra of the two major 
melatonin metabolites are shown in Fig. 6. The 
absorption maxima are 305 nm, and 355 nm, for 
the cyclic 3-hydroxymelatonin and AFMK, 
respectively. 

Stoichiometry of the Reaction and Yield of 
Products 

Samples containing 50 ~M oxoferryl-Hb and 1-  
50 ~M melatonin were incubated for 2min to 
monitor the consumption of melatonin and 
reduction of the oxoferryl heine. The experimen- 
tal stoichiometric factor oxoferryl-Hbreduced: 
me la ton in~o~ea  was about 2, in the range of 
the melatonin concentrations 5-50p, M. How- 
ever, factors>2 were measured for concen- 
trations of melatonin below 5 ~M (Table I). 

The melatonin consumption and percentage 
yield of the two major products vary with the 
oxoferryl-Hb:melatonin molar ratio. At a molar 
ratio of 1.0, the consumption of the indoleamine 
is 25-30% of the initial amount, and the cyclic 
3-hydroxymelatonin represents the main pro- 
duct (Table I). The formation of a substantial 
amount  of AFMK appears related to the 
availability of a large oxidant excess (Table I). 
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OXOFERRYL-DEPENDENT MELATONIN OXIDATION 639 
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FIGURE 6 Absorpt ion spectra in ethyl acetate of the two 
major metabolites after reaction wi th  oxoferryl-Hb. (A) Cyclic 
3 - h y d r o x y m e l a t o n i n  (1,2,3,3a,8,8a-hexahydro- 1-acetyl-5- 
methoxy-3a-hydroxypyrrolo[2,3-b]indole). (B) N-acetyl N ~- 
formyl 5-methoxykynuramine.  The products  were isolated by  
TLC chromatography and identified by G C / M S  as reported 
in the Methods.  

DISCUSSION 

Since the discovery that melatonin could sca- 
venge hydroxyl radicals, [8] numerous exper- 
imental models have been used to evaluate the 
interaction of the indoleamine with a variety of 

radical species or strong oxidants. [z'°-la'14'16,ls] 
We have performed a kinetic analysis by 
stopped-flow absorption spectroscopy to study 
the reaction of melatonin with oxoferryl-Hb, a 
hypervalent iron species formed after reaction of 
met-Hb with H 2 0 2 .  The reaction products from 
melatonin have also been investigated. 

Reaction of methemoglobin with H202 leads to 
the so-called perferryl-Hb, two-equivalents oxi- 
dation above the ferric form, which comprises a 
transient radical localised on the globin, possibly 
an aromatic amino acid radical, [28'2°1 and a 
Fe TM = O oxoferryl-heme group [28'3°'311 in which 
the oxygen maintains "its singlet state atomic 
character'. [32'aal Once all peroxide is consumed, 
the radical spontaneously decays to the oxoferryl 
form, one equivalent oxidation above the native 
methemoglobin, with concomitant oxidation of 
the protein moiety. Melatonin is a two-electrons 
reducing molecule. Previous work from this 
laboratory has provided evidence that, under an 
experimental condition similar to that of the 
present study, i.e. 37~C and pH 7.4, melatonin can 
reduce both the perferryl radical from the 
H202-activated hemoglobin, and the oxoferryl 
moiety, aa However, only the kinetic constant for 
the reduction of oxoferryl-Hb can be reliably 
measured. The measurement of the one-electron 
reduction kinetics of perferryl-Hb cannot be 
done because perferryl-Hb and oxoferryl-Hb are 
indistinguishable spectrophotometrically. On the 
other hand, the stopped-flow spectrophotometry 

TABLE I Melatonin oxidation products  from the reaction wi th  oxoferryl-Hb, under  different conditions 

Oxoferryl-Hb:melatonin* Melatonin 
(~M) consumed¢ (~M) 

Stoichiometric ratio 
oxoferryl-Hbreduced:melatonir~ . . . . .  ea 

Products  (percentage yields)~ 

Cyclic 3-OH 
melatonin AFMK 

50:50 12.5 + 1 (3) 2.1 -+ 0.5 (3) 93 -+ 1 (3) 6.8 -+ 2 (3) 
50:2 2 {3} 3.0 ± 0.6 (3) 58 ± 2.5 (3) 41 ± 2 (3) 

* Oxoferryl-Hb was prepared from 100 ~M met-Hb and H 2 0 2  a s  reported in Methods, and the reaction melatonin/oxoferryl-Hb was carried out for 
2 min at the indicated concentrations. 
t Consumption of melatonin was evaluated by extraction of the reaction mixture and HPLC analysis; reduction of oxoferryl-Hb was evaluated 
spectrophotometrically. 
:~Suitable amounts of the reaction mixture were gathered, extracted and analyzed by GC/MS. The integrated peak area of each metabolite is 
expressed as percent of the peak areas. 
The values are the mean -+ SD of (n) seperate experiments. 
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H ~I 

MELATONIN Hb - [FeW=O] Hb - |F©IV=o] 
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0 

bib - [Fe III ] ~ k , . . ~  tl+ 

V ~ . .  4 o  

AFMK 

OH 

cyclic 3-OH melatonin 

FIGURE 7 Proposed oxidation of melatonin by oxoferryl-Hb. 

was not helpful to reveal the intermediate 
melatoninyl radical, the one-electron melatonin 
oxidation product, because of the strong inter- 
ference, both in the UV and in the visible region, 
of the hemoglobin spectrum over that of the 
melatoninyl radical. [7'°] Experiments carried out 
by varying the standard conditions of the assay 
in order to minimise the interference were 
unsuccessful. 

The bimolecular rate constant we have 
measured for the reduction of oxoferryl-Hb by  
melatonin is 112 + 1.0M-is -1. This value is 
similar to that reported for uric acid (153 M -  1 s -  1 ) 
and quite higher than that measured for ascorbic 
acid (15 M -  1 s-  1 ).[,34] The experimental reduction 
potential E ° for the Fe3+/Fe4+=O couple has been 
calculated 0.99V. [Ss] Perferryl-Hb is a much 
stronger oxidant than the oxoferryl-Hb with an 
experimental redox potential of 1.4V. [36] It is 
reasonable to hypothesise that electron transfer 
reactions may occur more easily be tween  
melatonin and perferryl-Hb. 

On oxidation with oxoferryl-Hb, two major 
products from melatonin have been identified, 
the cyclic 3-hydroxymelatonin (1,2,3,3a,8,8a- 
hexahydro-l-acetyl-5-methoxy-3a-hydroxypyr- 
rolo[2,3-b]indole), and N-acetyl-N~-formyl 5- 
methoxykynuramine. In addition, traces of 
another monoxygenated metabolite, the struc- 
ture of which has not been further investigated 
were found. Comparative analysis with the 

commercial compound rules out that it is 
6-hydroxymelatonin. 

Melatonin is metabolised to 6-hydroxymela- 
tonin by  a liver enzyme. I371 Other oxidation 
pathways, which lead to the cyclic 3-hydroxy- 
melatonin, have been described. The cyclic 
3-hydroxymelatonin has been found after oxi- 
dation by hydroxyl radical [131 or peroxynitrite.I16] 
Our results would further suggest that this 
compound is a major product of non-enzymatic 
oxidation of melatonin. 

The formation of AFMK under the conditions 
of our assay appears peculiar. Production of 
this dioxygenated metabolite has been related 
to the reaction of superoxide anion with 
melatonin, either through an iron-porphyrin- 
mediated reaction during the catalytic mechan- 
ism of the brain indoleamine 2,3 dioxygenase, [as1 
or nonenzymatically, in a system generating 
this radical species by means of xanthine 
oxidase, in which hemin was an efficient 
catalyst. I3°l AFMK can also be formed by 
treating melatonin with a very large excess of 
H202. [40] In contrast to the reported reactions, 
however, neither superoxide anions, [2s'41] nor 
H202 are present in our system. In our hands 
the cyclic 3-hydroxymelatonin is the major 
metabolite,  while very  low amounts  of 
AFMK are found when the oxidant oxoferryl- 
Hb is in a 1:1 molar ratio with melatonin. 
Large excess of oxoferryl-Hb generate the cyclic 
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3-hydroxymelatonin with substantial amounts 
of AFMK. These findings, and the observation 
that the stoichiometry oxoferryl-Hbreaucea: 
melatoninco~umed raises up with the increasing 
of the oxoferryl-Hb:melatonin molar ratio, 
could imply that the cyclic product 3-hydro- 
xymelatonin is oxidised by oxoferryl-Hb, thus 
forming AFMK. The reducing activity of the 
cyclic 3-hydroxymelatonin in this system 
requires further studies. 

The formation of hydroxy derivatives of the 
indoleamine and of AFMK, after reaction of 
melatonin with strong oxidants, has been shown 
to proceed through a transient melatoninyl 
radical. [14'16'171 Such a species can be involved 
in the reaction of melatonin with oxoferryl-Hb. 
Taking into account the experimental evidence, a 
pathway for the oxidation of melatonin can be 
described. One-electron transfer reaction of 
melatonin with oxoferryl-Hb would generate 
met-Hb and a melatoninyl cation radical (Fig. 7). 
The formation of the cyclic 3-hydroxymelatonin 
can be consistent with a radical addition of the 
heme oxygen of oxoferryl-Hb to the C3 position 
of the melatoninyl cation radical with reduction 
of the oxoferryl moiety, followed by intra- 
molecular nucleofilic attack by amidic nitrogen. 
This allows release of met-Hb and of the cyclic 
3-hydroxymelatonin. Dehydration of the cyclic 
3-hydroxymelatonin and attack by excess oxo- 
ferryl-Hb may start a sequence in which an 
indolyl-type cation radical reduces the oxoferryl 
moiety, releasing met-Hb. Rearrangement of the 
structure after nucleophilic attack by a water 
molecule would lead to AFMK. 

The activity of heine-proteins such as myoglo- 
bin and hemoglobin versus hydrogen peroxide 
has been reported to as a pseudoperoxidase 
activity, in the mechanism of which the transient 
protein radical is considered as a compound 
I-like intermediate, and the oxoferryl form is 
comparable to the compound II intermediate, of 
human and animal peroxidases.[42] The presently 
observed reduction of oxoferryl hemoglobin 
may be considered to investigate the activity of 

melatonin with other oxoferryl moieties, such as 
those concerned with the activity of the catalytic 
heme-proteins involved in human pathology. [221 
Investigation with myeloperoxidase is currently 
in progress. 
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