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Introduction

Protein damage caused by free radicals makes part of the
etiology of several diseases and the aging process. The most
studied intermediates known to cause this damage are reac-
tive oxygen species (ROS) and in particular, the COH radi-
cals.[1] The reductive radical stress has been considered
much less,[2] although the first report by Stein and co-work-
ers appeared in the sixties on proteins in dilute aqueous sol-
utions.[3] The study examined the action of hydrogen atoms
with bovine pancreatic ribonuclease (RNase A) and con-
cluded that there were specific sites of attack to the sulfur-
containing residues of the sequence. The observation of the
HC attack on methionine residues (Met) came from continu-
ous radiolysis studies on single amino acid or Met-contain-
ing dipeptides, and also evidenced that the prime amino
acid product was a-aminobutyric acid.[4,5] Recently, this re-
activity has been placed in the context of a biological

damage, since it can constitute the molecular basis of
tandem protein–lipid damage.[6,7] Using a biomimetic system
composed of Met-containing proteins, such as RNase A[6] or
an amyloid b-peptide,[7] in the presence of liposomes made
of unsaturated phospholipids, the protein damage caused by
HC to Met residues has been coupled with the formation of
diffusible thiyl radicals. These species are able to migrate
from the aqueous to the membrane compartment and cause
damage to lipids, effecting the geometrical isomerization
from cis to trans of the double bonds.

To our knowledge the role of HC in biology has not yet
been completely assessed. It has been suggested that its in-
volvement is besides the effect of ionizing radiation in water
systems,[8a] because HC can be obtained efficiently by the re-
action of electrons with dihydrogen phosphate anion
(H2PO4

�) present in the biological environment.[6c] There-
fore, the scenario of a peptide or protein damage due to the
hydrogen atom attack needs to be considered in great detail
in order to establish its contribution to the puzzling context
of radical stress to biomolecules.[2] We thought that the se-
lectivity shown by the involvement of Met residues could be
conveniently evaluated in short amino acid sequences, which
also allow gathering further data on the HC reactivity. As a
model peptide we considered Met-enkephalin (1), a neuro-
peptide composed by five amino acid residues discovered in
1975.[8b] We also included its leucine (Leu) analogue (instead
of Met in the pentapeptide sequence) in our investigations.
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Both peptides show analgesic activity by binding to d-opiate
receptors and are therefore also known as endogenous
opioids. The presence of aromatic residues (Tyr or Phe) and
a sulfur-containing amino acid (Met)—with the possibility of
comparing analogous sequences without Met—represents an
ideal case to study any selectivity of reducing species to-
wards the sulfur-containing amino acid and/or the participa-
tion of other reactive sites in the overall molecular reactivi-
ty.

Here we report a detailed chemical radiation study of
Met- and Leu-enkephalins applying reaction conditions
where the HC are the relevant reactive species, which affect
the Met residues and prime a tandem peptide–lipid damage.
In fact, the chemical modification of Met-enkephalin con-
curs with trans lipid formation in model membranes, provid-
ing a molecular basis for proteomic and lipidomic changes
caused by radical stress.

Results and Discussion

Radiolytic production of transients :[9] Radiolysis of neutral
water leads to eaq

�, HOC and HC as shown in Equation (1).
The values in parentheses represent the radiation chemical
yields (G) in units of mmolJ�1.

H2O
g! eaq

� ð0:27Þ, HOC ð0:28Þ, HC ð0:062Þ ð1Þ

In order to scavenge hydrated electrons, three procedures
were employed. In N2O-saturated solutions (~0.02m), eaq

�

are efficiently transformed into HOC radicals [Eq. (2), k2=

9.1I109
m

�1 s�1]. Under these conditions, HC and HOC radi-
cals accounted for 10 and 90%, respectively, of the reactive
species. In O2-free 10 mm H2PO4

� solutions, eaq
� may be

converted into HC [Eq. (3), k3=1.5I107
m

�1 s�1] , depending
on the pH (pKa values of H3PO4 are 2.16, 7.21 and 12.32)
and the reactivity of eaq

� with substrate. On the other hand,
at pH 1.5, eaq

� are efficiently transformed into HC [Eq. (4),
k4=2.3I1010

m
�1 s�1] .

eaq
� þN2O

Hþ
�!N2 þHOC ð2Þ

eaq
� þH2PO4

� ! HC þHPO4
2� ð3Þ

eaq
� þHþ ! HC ð4Þ

In the presence of 0.2–0.5m tBuOH, HOC radicals are scav-
enged efficiently [Eq. (5), k5=6.0I108

m
�1 s�1] , whereas HC

react only slowly [Eq. (6), k6=1.7I105
m

�1 s�1] .

HOC þ tBuOH ! ðCH3Þ2CðOHÞCH2
C þH2O ð5Þ

HC þ tBuOH ! ðCH3Þ2CðOHÞCH2
C þH2 ð6Þ

The reactivity of peptides towards hydrated electrons : The
pseudo first-order rate constants (kobs) for the reaction of
eaq

� with a variety of peptides containing methionine, were
determined by measuring the rate of the optical density de-
crease of eaq

� at 720 nm (e=1.9I104
m

�1 cm�1)[10] at pH ~7.
From the slope of kobs versus the peptide concentration, the
bimolecular rate constants kACHTUNGTRENNUNG(eaq

�) were determined. The
values are reported in Table 1 together with selected data
from the literature.[11] As expected, the presence of aromatic
rings and the accumulation of amide moieties increase the
reactivity of peptides towards hydrated electrons.

The reactivity of enkephalins towards hydrogen atoms : The
optical absorption spectra obtained from the pulse irradia-
tion of a Ar-purged aqueous solutions of Leu- or Met-enke-
phalin (0.1 mm) and tBuOH (0.5m) at pH 1.5 are shown in
Figures 1 and 2, respectively (open circles). Under these
conditions no hydrolysis of the peptide takes place; the HOC

radicals are scavenged by tBuOH and eaq
� are efficiently

converted to HC.
From the available relative rate constants it is expected

that Tyr and Phe together with Met will be the sites for the
HC attack.[4,5,12] For Met-enkephalin it can be roughly calcu-
lated that a 30–40% HC should react with the Met residue.

In order to evaluate the relative reactivity of the two en-
kephalins towards HC and the site of attack, pulse radiolysis
experiments were performed in order to obtain spectra of
the isolated radicals derived from Tyr, Phe and Met. Experi-
ments were performed with a tripeptide Tyr-Gly-Gly, and
two dipeptides, Phe-Leu and Gly-Met under identical condi-
tions as for enkephalins. These peptides were selected in
order to mimic an appropriate fragment of either Leu-enke-
phalin or Met-enkephalin and also the position with respect
to the N- and/or C-terminal functions of the most vulnerable
amino acids (Tyr, Phe, and Met) towards the HC attack. The
last feature seems to be important since, for example, the
transient spectrum obtained from Tyr alone was not enough
for the resolution of transient spectra obtained in both enke-
phalins, although Tyr is about two orders of magnitude more
reactive than Gly. The transient spectra obtained from the
peptides Tyr-Gly-Gly (dashed line in the inset of Figures 1

Table 1. Rate constants for the reaction of hydrated electrons with me-
thionine-containing peptides.

Substrate k ACHTUNGTRENNUNG(eaq
�) [m�1 s�1] Ref.

Met 4.0I107 [9]

Met-Met 2.7I108 [11]

Gly-Met 4.2I108 [11]

Tyr-Met ACHTUNGTRENNUNG(7.7�0.5)I108 this work
Trp-Met ACHTUNGTRENNUNG(8.8�0.3)I108 this work
Met-enkephalin ACHTUNGTRENNUNG(3.8�0.2)I109 this work
Gly-Gly-Phe-Met ACHTUNGTRENNUNG(6.4�0.3)I109 this work
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or 2), Phe-Leu (solid line in the inset of Figures 1 or 2) and
Gly-Met (dotted line in the inset of Figure 2) were then
used as possible components in the analysis of the transient
spectra following reaction of HC with Leu- and Met-enke-
phalins. The spectra thus generated were resolved into com-
ponent transients using a DECOM2003 software[13a] based
on a linear regression technique.[13b] Further details of this
approach have been described elsewhere.[13c]

The transient spectrum of Leu-enkephalin, which resulted
from the HC attack, can be fitted properly as shown in
Figure 1 (filled circles) by combining the transient spectra
obtained for Tyr-Gly-Gly and Phe-Leu with the respective
contribution of (62�3)% and (38�4)%. Similar spectral
resolution has been performed with Met-enkephalin as
shown in Figure 2 (filled circles). It was found that a good
spectral resolution is achieved using the transient spectra re-
corded for Tyr-Gly-Gly, Phe-Leu, and Gly-Met with the fol-
lowing contributions: (26�1), (23�1), and (51�3)%, re-
spectively. The important contribution of the transient spe-
cies derived from Met at the lower wavelength range of the
spectrum should also be noted at this stage.

When comparing the absorption spectra of the two enke-
phalins in Figures 1 and 2, the GIe value measured for
Met-enkephalin is found roughly equal to 62% of the value
measured for Leu-enkephalin. After resolution of the Leu-
enkephalin spectrum (Figure 1), the GIe values for Tyr-
Gly-Gly and Phe-Leu are 4.0I10�4 and 2.5I10�4 J�1 cm�1,
respectively. Analogously, after resolution of the spectrum
for Met-enkephalin (Figure 2), the GIe values for Tyr-Gly-
Gly and Phe-Leu are 1.8I10�4 and 1.5I10�4 J�1 cm�1, re-
spectively. Therefore, substitution of Leu by Met reduced
the amount of HC reaction with the tyrosine and phenylala-
nine residues by 55%.

In summary, the pulse radiolysis experiments indicated
that about 50% of HC react with the methionine moiety in
Met-enkephalin.

Reaction of hydrogen atom with dipeptides containing me-
thionine in POPC-LUVET suspensions : The formation of
diffusible thiyl radicals derived from the reaction of the HC

with the Met moiety was monitored by using trans lipids as
markers.[6,14] The liposomes were prepared by using 1-palmi-
toyl-2-oleoyl phosphatidylcholine (POPC), in the form of
large unilamellar vesicles (LUVET) of a 100 nm diameter
by membrane extrusion with LiposoFast.[15, 16] The appropri-
ate dipeptide (60 mm) was added to this aqueous suspension.
A small amount of tBuOH (0.20m) was also added to the
suspension. An alcohol concentration of less than 2% in
volume is known to be compatible with the vesicle stabili-
ty.[17] The oleate content of POPC was kept at 6.9 mm and
the lipid/peptide ratio at 116:1, where the membrane associ-
ation of peptide can be neglected.[18] The mixtures were dea-
erated (N2 or Ar) or saturated with N2O prior to g irradia-
tion at a dose rate of about 10.8 Gymin�1. 100 mL aliquots
of the suspension were withdrawn at different irradiation
times for lipid isolation and derivatization to the corre-
sponding fatty acid methyl esters.[19] GC analysis was used
for the determination of cis/trans ratio (i.e., oleate/elaidate
ratio).[6,15]

Initially the experiments with Gly-Met were carried out
under a variety of experimental conditions. The results in
Figure 3 show the percentage of trans isomer formed as a
function of irradiation doses. In all cases the formation of
the trans isomer increased nearly linearly with the dose ex-
posure. In N2O-saturated suspensions of natural water (!)
or 10 mm phosphate buffer (pH 7.0) (*) the behaviour is
identical reaching a 27% of trans isomer after a dose of
426 Gy. Under both conditions the radiation chemical yield
of HC, G(HC)=0.062 mmolJ�1, is the same because eaq

� are
scavenged by N2O. On the other hand, 10 mm phosphate
buffer suspensions deaerated by flushing N2 or Ar at pH 7
(*) or pH 6 (&) showed an increase of trans isomer for a
particular dose. Under these conditions, Reaction (3) plays
an important role in converting eaq

� to HC. At pH 6 the per-
centage of trans isomer has doubled compared with a N2O-
saturated 10 mm phosphate buffer at pH 7, which is in agree-
ment with the nearly doubled G(HC). It is also worth noting
that in deaerated phosphate buffer saline (PBS; Na2HPO4

Figure 1. Absorption spectra (*) obtained from the pulse radiolysis of
Ar-purged solution at pH 1.5 containing 0.1 mm Leu-enkephalin and
0.5m tBuOH, taken after 10 ms after the pulse (dose = 22 Gy). The re-
construction of the spectra (*) obtained using the 62% of Tyr-Gly-Gly
spectrum (c) and 38% of Phe-Leu spectrum (a). Inset: Absorption
spectra obtained under identical conditions from Tyr-Gly-Gly (c) and
Phe-Leu (a).

Figure 2. Absorption spectra (*) obtained from the pulse radiolysis of
Ar-purged solution at pH 1.5 containing 0.1 mm Met-enkephalin and
0.5m tBuOH, taken after 10 ms after the pulse (dose = 22 Gy). The re-
construction of the spectra (*) obtained using 26% of the Tyr-Gly-Gly
spectrum (a), 23% of the Phe-Leu spectrum (c) and 51% of the
Gly-Met spectrum (g). Inset: Absorption spectra obtained under iden-
tical conditions from Tyr-Gly-Gly (c) and Phe-Leu (a) and Gly-Met
(g).
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10 mm, NaCl 0.14m, pH 7) (*) the trans isomer percentage
increased further compared with the analogous experiment
without NaCl (*), indicating that the ionic strength of the
reaction medium may also play an important role.

We suggest that the reaction of HC with the methionine
residue of Gly-Met affords the diffusible thiyl radical
CH3SC.[6,7] These thiyl radicals migrate from the aqueous
compartment to the lipid bilayer and transform the double
bond of the PC oleate moiety, according to the catalytic
mechanism shown in Scheme 1.[14,15]

The deareated 10 mm phosphate buffer solution experi-
ments with Gly-Met at pH 7 (&) are further compared with

other dipeptides in Figure 4. Two important features are ob-
served by comparison with Met-Met (&) and with Tyr-Met
(*) or Trp-Met (*). By replacing 60 mm Gly-Met with 60 mm

Met-Met, the dose profile of trans isomer formations dou-
bled, indicating that the concentration of thiyl radicals is
now also nearly doubled. On the other hand, in the cases of
Tyr-Met or Trp-Met the percentage of trans isomer forma-
tion diminished due to the effective competition of primary
water radicals (mainly solvated electrons) with the aromatic
moieties of Tyr and Trp that results in a lower G ACHTUNGTRENNUNG(CH3SC).

Reaction of hydrogen atom with enkephalins in POPC-
LUVET suspensions : The enkephalin (60 mm) was added to
the POPC-LUVET suspension prepared in a 10 mm phos-
phate buffer at pH 7 and in the presence of 0.2m tBuOH.
The mixture was deaerated (N2-flushed) or saturated with
N2O prior to g irradiation at a dose rate of about

10.8 Gymin�1. As before, the cis/trans-lipid ratio was deter-
mined. Figure 5 shows the results with Met-enkephalin
under two experimental conditions, that is, 10 mm phosphate
buffer suspensions either deaerated by N2 (~) or N2O-satu-
rated (~). Comparison of the two experiments indicated
that the presence of a 10 mm phosphate buffer is able to
scavenge part of the electrons in the absence of N2O.
Indeed, from the above mentioned rate constants it can be
calculated that 75% of eaq

� have been trapped by Met-enke-
phalin. Therefore, a higher concentration of HC causes a
higher degree of isomerization. On the other hand, through
replacement of Met-enkephalin (~) by Leu-enkephalin (^),
the isomerization is less than 1% at the highest dose
(Figure 5) whereas no changes were observed (data not
shown) for the replacement of Met-enkephalin by Boc-Met-
enkephalin or Met-enkephalin-amide.

In Figure 5 the results for Gly-Gly-Phe-Met are also re-
ported, which is the peptide analogous to Met-enkephalin
though without the terminal tyrosine moiety. Between the
two experimental conditions, that is, 10 mm phosphate
buffer at pH 7 either deaerated by N2 (*) or N2O-saturated
(*), the results are comparable with Met-enkephalin. How-
ever, the formation of the trans lipid with dose is slower in
Met-enkephalin (~) than in Gly-Gly-Phe-Met (*), indicat-
ing that for a certain dose a smaller concentration of the iso-
merising species is produced from Met-enkephalin. These
findings are in excellent agreement with the pulse radiolysis
results, which indicates that tyrosine in Met-enkephalin is
able to scavenge about 25% of HC ions.

Conclusions

Met-enkephalin suffers from a highly selective HC attack on
the Met residue. About 50% of HC attack the thioether
moiety of methionine (presumably via a sulfuranyl radi-
cal)[6,20] with formation of CH3SH and/or CH3SC radical, that
is, the diffusible isomerising radical species. In this scenario,
the reaction of electrons with phosphate anions at a physio-
logical pH generates HC efficiently and primes the occur-

Figure 3. Dose profile of the appearance of elaidate residues (% trans
isomer) from g irradiation of POPC vesicles containing 60 mm Gly-Met
and 0.2m tBuOH: (!) N2O-saturated natural water; (*) N2O-saturated
10 mm phosphate buffer at pH 7; (*) deareated 10 mm phosphate buffer
at pH 7; (*) deaerated phosphate-buffered saline (PBS); (&) deaerated
10 mm phosphate buffer at pH 6.

Scheme 1. Methanethiyl radical-catalyzed isomerization of cis phospholi-
pids.

Figure 4. Dose profile of the appearance of elaidate residues (% trans
isomer) from g irradiation of POPC vesicles containing 60 mm peptide
and 0.2m tBuOH in 10 mm phosphate buffer at pH 7 and flushed with N2.
Gly-Met (&), Met-Met (&), Tyr-Met (*), Trp-Met (*).
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rence of tandem damage which involves the Met-containing
peptides and unsaturated membrane lipids. The formation of
trans isomers in the lipid domain acts as a biomarker of the
radical damage occurring in molecules dissolved in the aque-
ous compartment. The coupled damage in these two compart-
ments, as well as the functional role of chemical modifications
of the lipid double bond and Met, could inspire a chemical
biology approach and suggest productive correlations be-
tween studies in proteomics and lipidomics of radical stress.

Experimental Section

Materials : All peptides were purchased from Bachem, were of the purest
grade available and were used as supplied. The solutions of peptides
were freshly prepared immediately before each experiment.

Pulse radiolysis : Pulse radiolysis was carried out using 10 ns, 10 MeV
electron pulses from an LAE 10 linear accelerator at the Institute of Nu-
clear Chemistry and Technology (INCT). The pulse radiolysis setup has
been described elsewhere.[21] The irradiation cell was supplied with a
fresh solution by continuous and controlled flow. The dose per pulse,
which was determined by thiocyanate dosimetry, was 22 Gy.[22] Solutions
of enkephalin (10�4

m) were prepared at 10 8C at pH 1.5 in the presence
of 0.5m of tBuOH. Water was distilled three times over permanganate.
Samples were purged with argon for 30 min per 50 mL volume before
the experiment and before the addition of tBuOH.

Continuous radiolysis : LUVET were prepared as previously described[15]

from POPC (1.9 mg, 0.0025 mmol) in water (950 mL) purified with a Mil-
lipore system (Milli-Q). The peptide (0.6 mg in 50 mL of Milli-Q water)
and tBuOH (0.2m) were added to the LUVET suspension. The suspen-
sion was then transferred to a vial, equipped with an open-top screw cap
and a Teflon-covered septum; the reaction mixture was saturated with
N2O or flushed with N2 prior to g irradiation. Workup and analysis of the
irradiated reaction mixture were carried out as previously reported.[15]
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Figure 5. Dose profile of the appearance of elaidate residues (% trans
isomer) from g irradiation of POPC vesicles containing 60 mm peptide
and 0.2m tBuOH in 10 mm phosphate buffer at pH 7. Met-enkephalin in
deaerated (~) and N2O-saturated (~) solutions; Gly-Gly-Phe-Met in dea-
erated (*) and N2O-saturated (*) solutions; Leu-enkephalin in deareated
(^) solutions.

Chem. Eur. J. 2007, 13, 2029 – 2033 D 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 2033

FULL PAPERMet-Enkephalin and Related Peptides

www.chemeurj.org

