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Abstract-When L-tyrosyl-glycyl-L-phenylalanyl+leucine (Leu-enkephalin) is exposed to the activated 
oxygen species produced by phorbol myristate acetate (PMA)-stimulated polymorphonuclear leukocytes 
(PMNs), hy~o~iation of the phenylalanyl residue in position 4 of the peptide occurs, producing 
hydrox~phenyl~anyl derivatives which are identified by HPLC analysis and mass spectrometry. Attack 
of hydroxyl radicals generated by the Cu (II)/a~rbate system upon Leu-effkeph~n also produces 
isomer& o-, m- and p-hy~oxy-phenyl~anyl derivatives. When PMNs are incubated with a synthetic 
peptide, L-t~osyl-glycyl-gIycyl-L-tyrosyI-L-leuc~ne used as a model of hydroxylated Leu-enkephalin, 
their chemiluminescence response to PMA activation is higher than that of PMNs incubated with Leu- 
enkephalin. 

has been recent evidence [l, 21 that opiate . . . 
receptors are present on both human poly 
morphonuclear leukocytes (PMNst) and monocytes, 
and that severai cellular functions related to 
microbicidal and cytotoxic activity, such as phago- 
cytosis, chemotaxis and antibody-dependent cyto- 
toxicity, could be modulated by exposure to opioid 
peptides. 

When stimulated, such phagocytic cells release 
AOS central to their microbicidal and cytotoxic 
functions and which have been reported to 
hydroxylate salicylate [3] and to decarboxylate 
benzoate 141. Thus, we sought to determine whether 
AOS could modify the structure of opioid peptides, 
by exposure of Leu-enkephalin to stimulated PMNs, 
and focus our attention on the aromatic amino acid 
residues, phenylalanyl and tyrosyl, present in the 
common amino acid sequence of all mornhinomimetic 
peptides: L-t~osyl-~y~l-glycyl-L-phe~ylalanyl. 

Since hvdroxvl radicals seem to be effectivelv 
released by act&ated neutrophils [S], we compared 
our results with those obtained when Leu-enkeph~in 
reacts with hydroxyl radicals generated by the Cu 
(IQfascorbate system [6,7] which was shown in 
many reports to hydroxylate aromatic compounds 
such as benzene, phenol and salicylic acid [8,9]. 

The Cu(II)/ascorbate system was chosen for use 
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t Abbreviations: AOS, activated oxygen species; PMN, 
polymorphonuclear leukocyte; PMA, phorbol myristate 
acetate; CL, chemiluminescence; Leu-enkephalin, L-tyros- 
yi-~y~l-~y~l-L-phenyl~anyl-L-ieucine; GGFL, glycyl- 
~ycyl-~-phenyl~anyl-L-le~ne; YGGYL, L-tyrosyl-glycyl- 
~Y~l-L-~~yl-L-le~e; YGG, L-~rosyl-~y~l-~y~ne; 
GF, ~~yl-L-phenyl~~ine; o-tyrosine, 2-hydro~-phenyl- 
alanine; nt-tyrosine, 3-hy~oxy-phenyl~anine; p-tyrosine, 
4-hydroxy-phenylalanine. 

in this study because neural tissue was found to 
contain ascorbic acid concentrations that rank among 
the highest of all mammalian biological tissues [lo] 
and because copper was implicated by Gkuyama et 
~1, [ll] in the activation mechanism of opiate 
receptors to explain the analgesic activity of copper 
complexes of non-steroidal ~ti-i~~ato~ 
agents. 

MATERIALS AND METHODS 

Reagents. o-Tyrosine, m-tyrosine, p-tyrosine and 
ascorbate were of the highest quality available from 
Fluka AG, cupric sulfate was purchased from 
Prolabo (France) and PMA from the Sigma Chemical 
Co. (St. Louis, MO, U.S.A.). PMA was dissolved 
in dimethyl sulfoxide 1 mg/mL, and stored in aliquots 
at -20”. Leu-enkephalin and other peptides were 
from Bachem Feinchemikalein AG, YGGYL was 
synthesized by Altergen Strasbourg. HPLC grade 
solvents were from Merck (Darmstadt, Germany). 
Distilled deionized water was used ~ou~out all 
experiments. 

Cellpreparation. Blood from the antecubital veins 
of healthy human volunteers was drawn into 
heparinized tubes and centrifuged for 10min at 
400g. The plasma was withdrawn and the PMNs 
were isolated by differential density centrifugation 
on Percoll (density 1.13, Pharmacia Fine Chemicals). 
The cells were subsequently washed twice in Krebs- 
bicarbonate solution (pH 7.4) of the following 
composition (mM): glucose 8.3, KHaPO, l-2, 
NaHCOs 2.5, MgS04 7, Ha0 1.2, CaClz 2.5, KC1 
4.7 and NaCl118.1, and fmally resuspended to yield 
a inundation of 5 X lo6 cells/n& 

Mo~~c~~ of~ep~e~ by ~~ti~~e~ PM%. PMNs 
(5 x lo6 cell&L final ~n~ntration) in Krebs- 
bicarbonate solution were added with opiate peptide 
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Table 1. HPLC retention times of opiate peptides and hydroxylated derivatives 

Compounds 

L-Phenylalanine 

Hydroxylating agents 

None 
Cu (II)/ascorbate 

f E3) 

Retention times’ 

1.6 

p-Tyrosine 
m-Tyrosine 
o-Tyrosine 

GF 

None 
None 
None 

None 
Cu (II)/ascorbate 

::z 
6.9 

10.1 

$6) (Z3) (El) 
10.0 

GGFL None 19.3 
Cu (II)/ascorbate 15.3 16.3 17.9 19.3 

(0.79) (0.85) (0.93) 
PMA-stimulated PMNs 15.3 1616.5 17.9 19.3 

Leu-enkephalin None 23.2 
Cu @f/ascorbate 18.4 19.4 21.5 23.2 . I. 

PMA-stimulated PMNs 
(0.79) 

19(~*~* 
4Y.Y) 

18.4 . - . . 23.2 

YGGYL None 18.7 

Chromatography was performed as described in Materials and Methods; retention times (min) 
were determined spectrofluorometrically at 300 nm (excitation at 280 nm). 

* Values in brackets correspond to ratios of the retention time of the product to the retention 
time of the unmodified starting peptide. 

to yield a final concentration of 10 mM. The tubes 
were capped with rubber stoppers and preincubated 
at 37” with stirring for 7 min before activation with 
PMA (400 ngfml). After 30 min of ~cubation, the 
tubes were chilled and centrifuged at 4” for 20 min 
(27,000 g). Supematant fractions were concentrated 
under vacuum, 1 mL methanol was added and the 
fractions were filtered before analysis by HPLC or 
mass spectrometry. 

Modification of peptides by the Cu (II)/arscorbate 
system, The reaction was conducted at room 
temperature in phosphate buffer (lOmM), pH 5. 
The reaction mixture contained 3 mM ascorbate, 
5 mM peptide and 2 mM cupric sulfate. After 2 hr 
of stirring, the reaction was stopped by the addition 
of EDTA and the solution was concentrated under 
vacuum, methanol was added and the solution was 
filtered and analysed by HPLC or mass spectrometry. 

HPLC an~ys~. HPLC analysis was performed 
with an LKB 2150 dual pump system equipped with 
a Jasco 820 FP spectrofluorimetric detector. 
Separations were carried out on Octadecyl Si 100 
Serva column (25 x 1 cm) from Serva-Fein- 
biochemica GmbH (Heidelberg, Germany). The 
mobile phases were (A) 0,lM NaH2P04 in water 
and (B) 100% acetonitrile. The flow rate was 1 mL/ 
min. The elution program was as follows: a linear 
gradient from 0 to 20% B for 20 min followed by 
isocratic elution with 20% B for 1Omin. Tyrosine 
emission was observed at 3OOnm (excitation at 
28Onm}. 

Di~ros~ne deicer by spec~o~~~rne~. Dityro- 
sine production was characterized by me~~ement 
of the intensity of the fluorescence emission at 400- 

405 nm for an excitation at 222nm and at 410- 
415 nm for an excitation at 315 nm 112) in sodium 
borate buffer, pH 9.5. 

high-r~oi~tion mass spec~ome~. Fast atom 
~mbar~ent mass spectrometry was performed 
with a JBOL, JMS DX 300 mass spectrometer. 

Colorimettic detection of hydroxykzted tyrosine. 
o-Dihydroxy groups were estimated by the method 
of Ravindranath et al. [13]: an aliquot of the solution 
to be tested was evaporated to dryness under vacuum 
and the residue was dissolved in 0.2mL of 5% 
trichloroacetic acid and 0.2 mL of 10% NaWO,, 0.2 
mL of 0.5% NaNOs and 0.1 mL of 0.5 N HCl were 
then added. The yellow complex was converted to 
a cherry-red chromophore by the addition of 0.4 mL 
of 0.5 N NaOH, within 2 min of alkali addition. The 
interim of the red color was measured with a 
recording Cary 118 C spectrometer at 540 nm. 

~~igenin-e~h~ced CL assays. CL was monitored 
in a model 1251 luminometer LKB Wallac (Wallac 
Co., Turku, Finland) connected to an Apple 
computer in the presence of 0.5 mM lucigenin. PMA 
(0.1 pg/mL) was used as a stimulus. PMNs (10” cells) 
were incubated with peptides for 7 min, unless 
otherwise stated at 37” before the addition of PMA. 
Measurements were carried out once a minute until 
a maximal CL value was obtained. Controls were 
performed with cells incubated without stimuli. 

~o~~c~on of ~eu-enkeph~~ by the Cu (II)/ 
~~orbate system 

Table 1 reports the HPLC separation of the three 



Chemical modifications of Leu-enkephalin by PMNs 499 

d 

a 

b 

~ 

C 

a 

15 2; . 25 x, 

IminI 

Fig. 1. HPLC chromatograms of mu-e~ephaiin (d) after 
30-min reaction with the Cu (II}/a~rbate system (A) or 
with PMA-stimulated PMNs (3). The experimental 
conditions are described in Materials and Methods. Peaks 
a, b and c correspond to p-, m-, o-hydroxy-phenylalanyl 

derivatives, respectively. 

tyrosine isomers (p-tyrosine at 5.9 min, m-tyrosine 
at 6.2 min and o-tyrosine at 6.9 min). At the emission 
wavelength used, phenylalanine itself was detected 
as a small peak at 7.5 min as shown by co-elution 
experiments. 

The incubation of millimolar concentrations of 
each of the phenylalanyl-containing peptides, GF, 
GGFL and Leu-enkephalin, with a mixture of Cu 
(II) and ascorbate caused the formation of three 
products (Fig. I) whose retention times are shown 
in Table 1. 

For each experiment, we compared the ratio of 
the retention time of each new product with the 
retention time of the corresponding unmodified 
product. All of the first eluted compounds have a 
constant ratio of 0.78, the second eluted compounds 
a ratio of 0.83 and the third a ratio of 0.92. 

Then, we considered that for each tested peptide 
the isomeric hy~oxylated compounds were eluted 
in the same order as the three authentic standards 

of tyrosine isomers: para, metu and ortho. This was 
confhmed by the relative areas of the peaks whose 
ratios were consistent with those expected from 
random attack of the phenylalanine by hydroxyl 
radicals. Mass spectra of the peptide mixtures 
obtained after treatment with AOS confirm the 
formation of new peptides containing tyrosyl residue 
instead of phenylalanyl residue. 

The mass spectrum presented in the Fig. 2 is 
characterized by two sets of peaks at m/z 594,556, 
279 and 120, on the one hand, and at m/z 610,572, 
295 and 136, on the other hand, with a constant 
m/z difference of 16 units. The first set of peaks 
corresponds to Leu-enkephalin and the second set 
to the monohydroxylated derivative. Moreover, the 
absence of fragment a dihydroxylated phenylalanyl 
residue confirms that phenylalanine in position 4 is 
the only hydroxylated residue. 

Resting PMNs incubated with Leu-enkephalin 
showed no evidence of any Leu-enkephalin modi- 
fication ability, As seen in Table 1, when cells were 
stimulated with PMA in the presence of Leu- 
enkephalin HPLC analysis of the 30-min supernatant 
fraction showed the presence of two new peaks. The 
18.4~min retention time of the main peak obtained 
by incubation of mu-e~eph~in with activated 
PMNs was very close to the 18.7-min retention time 
of the authentic sample of YGGYL. When this 
compound was spiked with the incubated sample, it 
was eluted with the 18.4min peak (Fig. 1). 

A second small broad peak with a retention time 
of 21.5 min could be identified as the corresponding 
o-hydroxy-phenylalanyl peptide, by comparison with 
the relative retention times observed for the HPLC 
analysis of the mixture of o-, m- and p-hydroxy- 
phenyl~anyl peptides obtained by incubation of 
Leu-enkephaiin with the Cu (II)/ascorbate system. 

Similarly, when the fragment of Leu-enkephalin 
devoid of tyrosine, GGFL, was incubated with 
stimulated cells, the 30-min supematant fraction 
showed a pattern with two new peaks having 
retention times of 15.3 and 17.9min which 
corresponded to those observed previously by 
incubation with the Cu (II)/~rbate system and 
were identified as the corresponding o- and p- 
hydroxy-phenylalany1 peptides. 

Detection of dityrosine and o-hydroxy-tyrosine 
Although no other significant peak was observed 

in the short retention time part of the HPLC 
chromatogram of the supematant fraction of Leu- 
enkephahn incubation with either stimulated cells 
or the Cu {II)/ascorbate system, we tested this 
fraction for both ~t~osine and ~hy~o~-t~osine 
formation. 

No dityrosine, or peptide containing di- 
hydroxylated phenylalanyl residue were detected. 
These results were confirmed by fast atom 
bombardment mass analysis: the Leu-enkephalin 
mixtures resultin from exposure to activated PMNs 
or to the Cu (II) B ascorbate system have similar mass 
spectra with molecular ions which correspond to a 
monohyd~~lation (Fig. 2). The phenylal~yl 
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Fig. 2. Mass spectrum of the crude mixture of peptides obtained after incubation of Leu-enkephalm 
with PMA-stimulated PMNs. For details see Results. 
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Fig. 3. Lu~genin-enh~ced CL response of human PMNs 
stimulated by PMA to mu-enkephalin and YGGYL. This 
figure presents results obtained from PMNs isolated from 
one donor but is renresentative of other donors tested. 
The con~ntrations &ed were: lOI*M (x); 1O-11 M (a); 
1O-‘2 MIA): lo-l4 M~=~forLeu-e~keoha~n: and: 10-loM 
(0); ~d’l?lii {O); 16-1~~ (A) f0f ~;GGY~. The black 
solid fine corresponds to the CL response of PMA- 
stim~ated cells previously incubated without any peptide. 

residue was the site of hydroxylation as shown by 
fragments at 295 and 221 m/z and the mass spectra 
of the peptides YGG and YGGYL (results not 
shown) which remained unchanged before and after 
treatment with AOS (under the same experimental 
~nditio~ as mu-e~ephalin). 

These results disagree with those of ~~golis et 
al. 1141 and Grojenski et ~2. QSJ who observed the 
formation of slight mounts of hydrox~tyrosines 
and dit~osine by i~a~ation with a 6oCo y source 
of tyrosine solutions saturated with oxygen-free NzO 
for 30min, but their experimental conditions were 
more drastic than ours and larger amounts of 
hydroxyl radicals were produced. 

Effect of modified Leu-enkephalin on the chemi- 
lurni~~~~~nce of the PEA-sdrn~~&t~d PM% 

As shown in Fig. 3, when ~u~enkeph~in was 
incubated with PMNs 7 min before stimulation by 
PMA in the presence of lucigeniae as CL enhancer, 
a lowering of the CL response was observed, whereas 
when synthetic peptide YGGYL, a model of 
hydroxylated mu-enkeph~in, was used instead of 
mu-enkeph~in a CL enh~cement was observed. 
Both effects were dose-de ndent at ~ncentrations 
ranging from lO-1o to IO-%M. 

Our results demonstrate that the phe~yl~~yl 

residue of ~u~nkeph~in can be hyd~xyiat~ by 
hydroxyl radicals generated by the Cu (II)/~rbate 
system as well as by AOS released by PMA- 
stimulated Ph4Ns; no mod~~tion of the N- 
terminus tyrosyl residue occurred. (The observed 
hydroxylations &early occurred in association with 
respiratory burst activity of Ph@ls triggered by PMA 
and the hydroxyl radicals released by stimulated 
PMNs [5] would seem to be logical promotors of the 
hydroxylation. This assumption was confirmed by 
the inhibition caused by catalase and mannitol.) 

In uivo, the production of hydroxyl radicals might 
occur in the proximity of opiate peptides since these 
peptides bind specific receptors of either the neural 
tissue which contain the elements for the Fenton 
reaction: ascorbic acid (which plays a crucial role in 
the proper ~n~ioning of both nervous and endocrine 
systems [16]) and copper (which is present in the 
opiate receptor and is implicated in its a~ivation 
Ill]), or the phag~~i~ cells which release AOS 
during the respiratory burst. 

Phenylalanine has been shown to be associated 
with the affinity of peptides for a opiate receptors 
[17] and with the inactivation of these peptides by 
peptidases fl8J. Thus the interest, “in Z&X?, of the 
hydroxylated opiate peptides formed by reaction 
with hydroxyf radicals depends on their biolo~~l 
activities. 

To test such activities, we prepared the synthetic 
peptide YGGYL as a model of “hydro~iate~ Leu- 
enkephalin and compared its effect on the respiratory 
burst of PMA-stimulated PMNs with the effect of 
Leu-enkephaIin, by means of Iu~genin-enhan~d 
CL assays. 

As shown previously by Diamant et al. f2], 
Leu-enkephalin dose-dependently inhibited PM& 
induced CL in human PMNs at concentrations 
ranging from 1O-10 to 10mi4M (Fig. 3). However, 
the model peptide YGGYL promoted a dose- 
dependent enhancement of the CL response in 
Pa-stimulated PMNs, in the same ~ncentration 
range. In all cases, the obtained patterns were very 
similar to those of PMA-stimulated PMNs which 
were previously incubated without peptides (black 
solid lines on Fig, 3). In the absence of the soluble 
PMA stim~us, opioid peptides did not signi~~ntIy 
affect the basal CL response of PMNs. 

The converse effects of opioid peptides at low 
concentrations on PMA-induced respiratory burst in 
human PMNs, depending on whether they are 
exposed or not to AOS, point towards complex links 
between oxygen radicals, the neural tissues and the 
immune system, and further studies in this field are 
presented in the next paper. 
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