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Interaction of enkephalins with oxyradicals
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Abstract

The interaction of enkephalins (leu-enkephalin and met-enkephalin) and other tyrosine amino-terminal peptides with reactive oxyge
species has been investigated. All the peptides tested exhibited hydroxyl radical and superoxide anion scavenging ability and the capa
to reduce the rate of lipid peroxidation induced by’ 2320bis(2-amidinopropane). The scavenging activity was observed in the 0.1-1 mM
concentration range. It has been observed that enkephalins underwent an oxidative modification by Fenton systems. The tyros
amino-terminal residue was attacked by hydroxyl radical, being converted to dopa. The overall transformation produced opiomelan
pigments. This oxidative process provides evidence of a possible route for opiomelanin synthesis without any enzyme intervention. © 20(
Elsevier Science Inc. All rights reserved.
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1. Introduction documenting that besides peptidases also oxidative enzymes
can act upon enkephalins [7]. In particular, enkephalins and
ROS and other free radicals are broadly recognized asalso the tyrosine amino-terminal peptides, Tyr-Gly and Tyr-
main contributors to aging, neurodegenerative diseases andsly-Gly, producedin vivo by the action of peptidases [8]
atherosclerosis [1]. Major sources of ROS are encompassedunction as substrates for tyrosinase giving rise to peptide-
by aerobic metabolism, specialized physiological functions linked pigments [9,10]. All these melanin-like pigments
and xenobiotic metabolism [2]. Under oxidative insult, cel- belong to a new class of melanins, collectively named opi-
lular components, including DNA, proteins and phospho- omelanins [10].
lipids are gradually damaged. Protein molecules are sub- Melanins are efficient photoprotective agents against so-
jected to substantial modifications through oxidative lar radiation and they have also the capacity to scavenge
reactions. The aromatic amino acid residues are especiallyoxyradicals [11,12]. Melanins are found in the skin, in
susceptible to oxidation by various form of ROS, and in sensory organs and in some specific regions of the mam-
particular tyrosine can be converted to dopa that can un-malian brain such asubstantia nigraandlocus coeruleus
dergo redox cycling further triggering the production of (as neuromelanin) [13]. Tyrosinase is considered responsi-
additional ROS [3,4]. ble for melanin synthesis in the skin, whereas this enzyme
Opioid peptides belong to a class of bioactive com- has not been found in brain [14], hence, other mechanisms
pounds of great interest because of their opiate-like activity have to be involved to explain neuromelanin synthesis.
[5,6]. In the last years, we have published a series of papers Phenylalanine and tyrosine hydroxylation by the Fenton
regarding the enzymatic transformation of opioid peptides, reaction has been documented and the conversion of the
hydroxylated products to melanin was observed at physio-
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evidence that the above mentioned peptides can scavengeonjugated dienes formation. The inhibition of lipid peroxi-
oxyradicals and that the hydroxyl radical, generated by a dation by test compounds was measured according to the
Fenton system, causes the oxidation of enkephalins into themethod of Pryor et al. [22]. Linoleic acid (2.6 mM) was

corresponding melanin pigments.

2. Materials and methods

2.1. Materials

Leu-enk, met-enk, Tyr-Gly-Gly, Tyr-Gly, NBT, and li-
noleic acid were from Sigma Chemical Co. ABAP was
purchased by Polysciences IneTyrosine, PMS, NADH,
deoxyribose, thiobarbituric acid, butylated hydroxytoluene
and all other reagents were from Fluka. All the solutions
were prepared using deionized water of very high purity
(resistance> 18 MQ/cnP) and treated with a Chelex 100
resin, Na form (Sigma Chemical Co.). LOOH was synthe
sized enzymatically by soybean lipoxidase according to
Schilstra et al. [19]. LOOH concentration was checked prior
to the experiment using a molar extinction coefficient of
27000 M *cm™* at 234 nm.

2.2. Activity against hydroxyl radical

Hydroxyl radical was generated by the Fenton reaction in
the presence of deoxyribose [20]. Incubation mixture con-
tained: 1 mM HO,, 0.4 mM FeCl}, 0.4 mM EDTA, 2 mM
deoxyribose in 50 mM K-phosphate saline buffer, pH 7.4.
The reaction mixture was incubated for 1 hr at 37°. De-
oxyribose degradation by hydroxyl radical at various pep-

tide concentrations was measured at 532 nm as TBARS. A

the end of incubation, 0.5 mL of 1% (w/v) thiobarbituric

acid in 0.05 M NaOH was added to each tube with 0.5 mL
of 2.8% (w/v) trichloroacetic acid. The tubes were heated
for 10 min at 100° in the presence of 0.02% butylated

hydroxytoluene. The tubes were cooled on ice and centri-

dispersed in micelles of 0.1 M SDS in 50 mM Na-phosphate
buffer, pH 7.4 as described by Longoni et al. [23]. In a
typical assay, 2.4 mL of linoleic acid suspension was added
to the sample cuvette and thermostated at 37°. In the refer-
ence cuvette was added the same solution without linoleic
acid. The conjugated dienes formation was monitored at
236 nm. Then, L of 0.5 M ABAP was added both in the
sample and in the reference cuvette and incubation was
carried out until the autoxidation rate became constant.
Finally, the test compound was added to both cuvettes and
the decrease in the rate of linoleic acid peroxidation pro-
duced by enkephalins and tyrosine amino-terminal peptides
was measured.

2.5. Melanin detection

Leu-enk and Tyr-Gly-Gly oxidation into the correspond-
ing melanin pigments was carried out in the presence of
iron(l)-EDTA and H,0,. 1 mM peptide was incubated at
room temperature in the presence of 0.2 mM ammonium
iron(ll) sulfate, 0.2 mM EDTA and 0.5 mM 5D, in 50 mM
K-phosphate buffer saline solution, pH 7.4. Blanks without
iron(l)-EDTA or H,O, were simultaneously run. After 24
hours, the reaction was stopped by additiér2 dN HCI to
reach pH 2. The incubation mixture was centrifuged at
12000g; then, the pellet was collected and dissolved in 0.1
M K-phosphate buffer, pH 7.4. Absorbance was measured

twithin the range 220-600 nm to verify the melanin gener-

ation.
2.6. Amino acid analysis

Aliquots (500 L) of the above reaction mixture at the

fuged:; the resulting absorbance was read at 532 nm againsthdicated times were hydrolyzed in 0.6 N HCI under vac-

appropriate blanks.

2.3. Superoxide anion generation

The effect of enkephalins and tyrosine amino-terminal

uum at 110° overnight to assess the amino acid residues
modification. The amino acid content of the sample was
determined by HPLC analysis [24] after precolumn deriva-
tization with o-phthaldialdehyde according to Jarret et al.
[25]. HPLC was a Waters-Millipore apparatus with a re-

peptides as superoxide anion scavengers was assayed by théerse phase column (150 mm4 mm Hypersil ODS, Qqu).

inhibition of NBT reduction by NADH in the presence of
PMS [21]. Incubation mixture contained: 734 NADH, 15
uM phenazine methosulfate, 50M NBT in 20 mM K-

Eluates were monitored by a Perkin-Elmer Model LS-1 LC
fluorescence detector using a 340 nm filter for excitation
with an emission wavelength of 450 nm. The amino acid

phosphate buffer, pH 7.4 and the test compounds at variousamount was calculated by computer-assisted peak area in-
concentrations. Absorbance variations were determined attegration from calibration curves obtained with standard

560 nm, measuring the initial rate of superoxide-induced
NBT reduction. The inhibition of the NBT reduction rate by
20 ng SOD was taken as 100%.

2.4. Inhibition of lipid peroxidation

Linoleic acid peroxidation was induced by a water-sol-
uble initiator, ABAP. Lipid peroxidation was detected by

solutions of tyrosine, dopa, glycine, phenylalanine and
leucine.

2.7. Statistical treatment of data
All the experiments were repeated at least three times

with similar results. The figures show either single repre-
sentative results or means (SE).
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Fig. 1. Effect of enkephalins and tyrosine amino-terminal peptides on Fig. 2. Superoxide scavenging activity of leu-enk as a function of peptide
deoxyribose degradation induced by the Fenton reagent. The mixture concentration. Incubation mixture contained 8 NADH, 15 uM PMS,

contained 2 mM deoxyribose, 0.4 mM Fe(ll)JEDTA, 1 mM®, in 50 50 uM NBT, and the indicated amount of leu-enk in 1 mL 20 mM
mM K-phosphate saline buffer, pH 7.4 and was incubated for 1 hr at 37° K-phosphate buffer, pH 7.4. Inset: Superoxide scavenging activity exerted
in the presence of the indicated amount of test compougth Andicates by 1 mM enkephalins and tyrosine amino-terminal peptides. Reaction rate
the relative extent of deoxyribose degradation in the absengea#d in has been measured Asbsorbance/min at 560 nm. Data are meanSE.

the presence (4 of the test compound as determined by TBARS assay.
Data are means SE.

lipid peroxidation is 52.7% and 50.5% for leu-enk and
met-enk, respectively.

In order to determine the products obtained by reaction
. . . . of the peptides with hydroxyl radical, Tyr-Gly-Gly and
The aim of.Fh|s artlc_:lg was .to study thg fre(_a .rgdlcal leu-enk oxidation in the presence of iron(ll)-EDTA and
scavenging ability of opioid peptides and their inhibition of H,O, were investigated spectrophotometrically. In both
lipid peroxidationin vitro. Furtherly, the oxidative modifi-  .oses an increase in the absorbance around 310 nm. indic-
cations of these peptides throughout the Fenton reactiongjye of opiochrome formation, is observed (Fig. 4) [26].
have been determined. After prolonged incubation (24 hr) and upon acidification,

Experiments have been carried out in order to test the gpjomelanins from these bioactive peptides are easily re-
scavenging activity of opioid peptides both on hydroxyl covered by centrifugation. The UV-vis spectrum of oxi-
radicals and on superoxide anion. The effect of varying dized Tyr-Gly-Gly by the Fenton system is compared with
concentrations of enkephalins, Tyr-Gly-Gly, Tyr-Gly and the spectrum obtained by the tyrosinase action on Tyr-Gly-
tyrosine on the hydroxyl radical-induced degradation of
deoxyribose is shown in Fig. 1. All the peptides show a

3. Results

dose-dependent inhibitory effect. Leu-enk and met-enk ap- 100 ™ metenk
pear to be more active than tyrosine and tyrosine amino- A leu-enk
terminal peptides as determined by the TBARS assay. The v tyr-gly-gly
superoxide anion scavenging ability of leu-enk, as a func- : zrr'g'y

tion of the peptide concentration is exhibited in Fig. 2. The
comparison of enkephalins with tyrosine amino-terminal
peptides at 1 mM concentration is reported in the inset of
Fig. 2. All the peptides exhibit a dose-dependent activity:
the percentage inhibition of the NBT reduction rate by 1
mM leu-enk and met-enk is 48.9% and 46.3%, respectively,
whereas the other peptides are less effective inhibitors. A Un . v e
very similar dose-dependent inhibitory effect was exhibited 0.01 01 1
by enkephalins, Tyr-Gly-Gly, Tyr-Gly and tyrosine on lipid Scavenger, mM

peroxidation. The increase in the absorption at 236 nm, duerig_ 3. nhibition of lipid peroxidation by enkephalins and tyrosine amino-
to the formation of conjugated dienes hydroperoxide of terminal peptides. Incubation mixture contained 2.4 mL of 2.6 mM linoleic
linoleic acid induced by ABAP, was measured, to reveal acid dispersed in micellgs of O.l'M SDS in 50 mM Na-phosphate buffer,
tha all the tyrosine amino-erminal peprices reduce the rate? 4 e it of crbigtad lne fomaron ves essres 30
of linoleic acid peroxidation. The response curve is shown 109 — [(rate with inhibitor/rate without inhibitor)x 100]. Data are

in Fig. 3: at 100uM enkephalin, the reduction of the rate of means* SE.

501

% inhibition
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Fig. 4. Tyr-Gly-Gly oxidation by Fenton reagent. 1 mM Tyr-Gly-Gly was
incubated in the presence of 0.2 mM EDTA/Fe(ll) and 0.5 mpOkiin 50

mM K-phosphate buffer saline solution, pH 7.4 at room temperature. The
spectra were recorded every 10 mipt, o). Inset: The spectra of Tyr-
Gly-Gly melanin (a) recovered after 24-hr incubation in the same system
compared to that obtained by tyrosinase (b).

Gly in the inset of Fig. 4; the typical spectra of opiomelanins
can be observed in both conditions [10,27]. Hence, hydroxyl
radical and tyrosinase give rise to an identical pigment.
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hibit identical spectral changes around 310 nm, a difference can be
found in the yield of dopa, much smaller in the latter system.

4. Discussion

The results presented in this paper provide evidence that
opioid peptides can interact with oxyradicals. Furthermore,
the data support the hypothesis of hydroxyl radical mediated
synthesis of opiomelanins from enkephalins.

All the opioid peptides tested have hydroxyl radical and
superoxide anion scavenging properties, and the capacity to
reduce the rate of lipid peroxidation. The scavenging activ-
ity towards hydroxyl radical and the protection of lipid
peroxidation is higher than superoxide anion scavenging
ability at the effective concentrations of the various com-
pounds examined. In our experimental conditions the effect
is dose-dependent and the peptides exhibit the same rank
order of activity. Regarding the differences among the var-
ious tyrosine amino-terminal peptides studied, leu-enk and
met-enk are more effective as scavengers than the other
peptides and free tyrosine, these latter compounds showing
a three-fold lower antioxidant activity than enkephalins.
Met-enk is slightly more effective than leu-enk as a radical

In order to assess the modification of amino acid residues Scavenger probably because of the known antioxidant role of

during oxidation by iron(ll) chelate andj@,, leu-enk hy

the thioether moiety [28]. After the reaction with oxyradicals,

drolysis at various times was carried out and the amino acid €"kephalins undergo an oxidative modification. The main
content analyzed by HPLC. The results demonstrate that thet@rget of oxyradicals is the tyrosine amino-terminal residue

amino-terminal tyrosine residue is the main target of the
hydroxyl radical attack (Fig. 5). The analysis provides ev-

which is attacked by hydroxyl radical and converted into
dopa. The oxidation further proceeds producing a brownish

idence of the immediate production of dopa, whose amount pigm_ent that is easi_ly collected by acidifi(_:ation and centrif-
reaches a maximum within 15 min, disappearing after 60 Ugation. The UV-vis spectrum of the pigment shows an
min, because of further oxidation and then conversion into absorption pattern indicative of opiomelanin formation [10].

the melanin pigment. Comparing enkephalin oxidation per-
formed by iron(ll) chelate and }D, with that obtained by
iron(I1)-EDTA/LOOH system, although both reactions ex-

Amino acid remaining, %
™ "edop jo piaIA

60min

Time

Previous works demonstrated that ROS attack on pro-
teins converts intramolecular tyrosine residues into dopa
which can be involved in redox reactions [3,4], whereas free
tyrosine could scavenge oxyradicals forming tyrosyl radi-
cals which can dimerize to dityrosine [29]. We demonstrate
the occurrence of further oxidative modifications of dopa
residues in peptides which are converted into melanin pig-
ments when the oxidized tyrosine is amino-terminal.

Our results indicate that enkephalins, bearing an amino-
terminal tyrosine, effectively counteract free radical species
and that this action is higher than that exerted by free
tyrosine. Enkephalins oxidation by hydroxyl radical gener-
ates melanin pigments that are known to actively counteract
ROS and thus further contribute to the antioxidant effect [11].
Enkephalins can reach high levels at synaptic vesicles and at
inflammation sites, where the concentration of these bioactive
peptides may be close to that found in our experiments.

Up to now, opiomelanins have been synthesized by ty-

Fig. 5. Leu-enk amino acid residues decay and modification by Fenton rosinase oxidation of opioid peptides [10]. Melanin pigments
system as a function of time. 1 mM leu-enk was incubated in the presence formation from enkephalins by a Fenton-like system is indic-

of 0.2 mM EDTA/Fe(ll), 2 mM HO, in 50 mM K-phosphate buffer saline
solution, pH 7.4. At the indicated times, aliquots were hydrolyzed in 6.0 N
HCI under vacuum at 110° overnight. Amino acids were determined by
HPLC as reported in experimental procedures.

ative of a possible role of hydroxyl radicals in key transfor-
mation of enkephalins, which, under special conditions, can
lead to opiomelanins without any enzyme intervention.
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The mammalian brain seems to be lacking in tyrosinase,
hence the eventual biosynthesis of neuromelanin from do-
pamine as well as that of opiomelanins from enkephalins
rema'ns_an Open_queSt'c_m [14]_' As a matt_er of fact, mono- thesis of melanin pigments and study of their antioxidant properties.
aminergic synaptic terminals, like nigrostriatal dopaminer- Free Radic Biol Med 1999:26:446-53.
gic pathways, are important districts of free radical sources, [13] d’Ischia M, Prota G. Biosynthesis, structure, and function of neu-
thereby significantly exposed to oxidative stress [30]. Some romelanin and its relation to Parkinson’s disease: a critical update.
authors suggested a possible role for free radicals in dopa-__ Pigment Cell Res 1997;10:370-6.

. . : . . . . [14] Carstam R, Brinck C, Hindemith-Augustsson A, Rorsman H, Rosen-
mine oxidation in the brain leading to neuromelanin syn-

. . . . gren E. The neuromelanin of the human substantia nigra. Biochim
thesis [31,32]. Indeed, it has been established that melaniza-  gjophys Acta 1991:1097:152-60.

tion in these regions occurs as a consequence of cell[15] Maskos Z, Rush JD, Koppenol WH. The hydroxylation of phenylal-
oxidative stress actually envisaged as responsible for the  anine and tyrosine: a comparison with salicylate and tryptophan. Arch
onset of Parkinson’s disease and of related nigrostriatal  Biochem Biophys 1992;296:521-9. _ _
disorders [33]. In this scenario, considering the co-localiza- [16] fisham MB, Perez VJ, Everse J. Neuromelanogenic and cytotoxic
. . . . . . properties of canine braistem peroxidase. J Neurochem 1987;48:876—82.
tion of dopamine and enkephalins at the synaptic terminal in

. . - [17] Foppoli C, Coccia R, Cini C, Rosei MA. Catecholamines oxidation
the same neural cell [34], enkephalins exposargivo to by xanthine oxidase. Biochim Biophys Acta 1997;1334:200—6.

ROS cannot be ruled out. Our results are in keeping with [18] Rosei MA, Blarzino C, Coccia R, Foppoli C, Mosca L, Cini C.
previously published papers on ROS involvement in neu- Production of melanin pigments by cytochrome &7 system. Int
romelanin generation and provide insight into the possible __J Biochem Cell Biol 1998;30:457-63.

. . . . [19] Schilstra MJ, Veldink GA, Verhagen J, Vligenthart JF. Effect of lipid
g_gtn((:rr]a(t)lfog Olfarg_ilaaigm pigments from enkephalins by the hydroperoxide on lipoxygenase kinetics. Biochemistry 1992;31:7692-9.
i xyradi .

[20] Gutteridge JMC. Reactivity of hydroxyl and hydroxyl-like radicals
discriminated by release of thiobarbituric acid-reactive material from
deoxy sugars, nucleotides and benzoate. Biochem J 1984;224:761-7.

[21] Yuting C, Rongliang Z, Zhongjian J, Jong J. Flavonoids as superox-
ide scavengers and antioxidants. Free Radic Biol Med 1990;9:19-21.

[22] Pryor WA, Cornicelli JA, Devall LJ, Tait B, Trivedi BK, Witiak DT,

Wu MA. A rapid screening test to determine the antioxidant potencies
of natural and synthetic antioxidants. J Org Chem 1993;58:3521-32.

[23] Longoni B, Pryor WA, Marchiafava P. Inhibition of lipid peroxida-
tion by N-acetylserotonin and its role in the retinal physiology.
Biochem Biophys Res Commun 1997;233:778-80.

[24] Costa M, Pecci L, Pensa B, Fontana M, Cavallini D. High-perfor-
mance liquid chromatography of cystathionine, lanthionine and ami-
noethylcysteine using-phthaldialdehyde precolumn derivatization.

J Chromat B 1989;490:404-10.

[25] Jarret HW, Cooksy KD, Ellis B, Anderson JM. The separation of
Evans CA, Burton RH, editors. Free Radical Damage and its Control. o-phthalaldehyde deri_v_atives of amino acigls by reversed-phase chro-
Amsterdam: Elsevier Science B.V., 1994. p. 217—38. matography on octylsilica columns. Anal Blochem 1986;153:189—.98.

[3] Gieseg SP, Simpson JA, Charlton TS, Duncan MW, Dean RT. Protein- [26] Rosei MA, Mosc_al L De_ Marc‘o C: Spgctroscoplc feature of native
bound 3,4-dihydroxyphenylalanine is a major reductant formed during and bleached opiomelanins. Biochim Biophys Acta 1995;1243:71~7.
hydroxyl radical damage to proteins. Biochemistry 1993;32:4780—6. [27] quca L. De Mgrco C, Font.a.na M, Rosel MA. quorescencg prop-

[4] Waite JH. Precursors of quinone tanning: dopa-containing com- erties of melanins from opioid peptides. Arch Biochem Biophys
pounds. Methods Enzymol 1995;258:1-20. 1999;371:63-9. o _

[5] Hughes J, Smith TW, Kosterlitz HW, Fothergill LA, Morris HR. [28] Levine RL, Mosoni L Bgrlett BS, Stadt.man ER. Methionine res!dues
Identification of two related pentapeptides from the brain with potent as endogenous antioxidants in proteins. Proc Natl Acad Sci USA
opiate agonist activity. Nature 1975;258:577-9. 1996;93:15036-40.

[6] Frederickson RCA. Enkephalin pentapeptides. A review of current [29] Eiserich JP, van der Vliet A, Cross CE, Halliwell B. Nitric oxide
evidence for a physiological role in vertebrate neurotransmission. rapidly scavenges tyrosine and tryptophan radicals. Biochem J 1995;

models with reducing and oxidising radicals. Free Radic Biol Med
1999;26:518-25.

[12] Blarzino C, Mosca L, Foppoli C, Coccia R, De Marco C, Rosei MA.
Lipoxygenase/HO,-catalyzed oxidation of dihydroxyindoles: syn
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