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Abstract-The naturally-occurring opioid peptides methionine-enkephalin (Tyr-Gly-Gly-Phe-Met-OH) 
and leucine-enkephalin (Tyr-Gly-Gly-Phe-Leu-OH), and related peptides with the same N-terminal 
amino acid sequence react with acetaldehyde in water to form the N-terminal ring-closed imidazolidinone 
derivative. Experimental evidence for the proposed structure is based on a comparison of the rates of 
change of the chromatographic, chemical properties and opiate activity of the enkephalins in the 
presence of acetaldehyde; methionine-enkephalin exhibits a half-time for reaction of about 14 min in 
aqueous phosphate buffer, pH 7.0 at 25”. Additional studies indicate that the properties of the 
acetaldehyde-enkephalin reaction are also shared by the larger opioid peptides. In particular, the 
pituitary opioid, pendorphin loses opiate activity on exposure to acetaldehyde at a rate comparable 
to that observed with the enkephalins. 

The chemical union of a carbonyl group and an 
amino group to form a Schiff’s base has held the 
attention of peptide and protein chemists for many 
years [l, 21. In this context, the recently described 
reaction of acetaldehyde with the opioid pentapep- 
tides, methionine-enkephalin ([Met’] enkephalin) 
and leucine-enkephalin ([Leu’] enkephalin) , to give 

stable derivatives with modified opiate activities was 
of considerable interest [3]. Preliminary structural 
studies using proton n.m.r. spectroscopy indicated 
that these acetaldehyde-enkephalin derivatives arise 
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by formation of a 2-methylimidazolidin-4-one as 
shown in Scheme 1 [4]. 

In this report we substantiate previous structural 
work by describing studies which correlate the rates 
of change of chromatographic and opiate activity of 
the enkephalins following exposure to acetaldehyde 
with modification of the a-amino group of the N- 
terminal tyrosine residue. In addition, the reaction 
between acetaldehyde and enkephalin is freely 
reversible; this appears to be a general property 
shared by several other peptides which react with 
carbonyl compounds to form the corresponding 
imidazolidin-Cone derivative [5-g]. 

EXPERIMENTAL MATERIALS 

[Met’] Enkephalin and [Leu’] enkephalin were 
obtained from Miles Laboratories. [3H]-[MetS] 

Schiff base 

enkephalin 

(2R,5S)- 
“‘CH3 

(2S,5S)- .‘.I-! 

acetaldehyde adduct 

methionine-enkept-alin , R= -Gly-L-Phe-L-Met-OH 

leucine-enkophalin, R= -Gly-L-Phe-L-Leu-@I 

Scheme 1 
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Enkephalin (23.5 Wmmole) and [3H]-[D-Ala2, 
D-LeuS]-enkephalin (52 Cilmmole) were from the 
Ra~~herni~ Centre, Amersham. (3H]~ihydro- 
morphine (47.5 Ci~mmole~ was obtained from New 
England Nuclear Go~ration (Boston, MA). Ace- 
t~ldebyde was obtained from BDH Chemicals 
(Poole, U.K.) and purified by standard procedures 
[IO]. Pyridine (BDH Chemicals, Poole, U.K.) was 
dried over CaH2 and distilled from a-naphthyliso- 
cya~ate. UP-sulph~nic acid also from BDH Chem- 
icals was purified as previously described Ill]. All 
other chemicals used were of BDH AnalaR grade 
or the highest purity available. Phosphate buffers 
were prepared from potassium dihydrogen phos- 
phate and disodium hydrogen phosphate. Yeast 
alcohol dehydro8enase (EC 1.1,1.1,), NADH, 
~thiothreitol, bac~tracin and Tar-Gly-Guy-0~ were 
purchased from Sigma Chemical Co. (St, Louis, 
MO). 

supplied by Dr. D. G, Smyth, National Institute of 
Medical Research (Mull Mill, London, U.K.). 

Naloxone hy~~hloride was a gift from Endo 
Laboratories (New York, NY.) /?-Endorphin was 
kindly provided by Dr. C, H. Li of the Hormone 
Research Laboratory, University of California, San 
Francisco, CA. Antibody to & 

METHODS 

Sy~t~~~~ of aceral~~y~-pep~de ~d~ci~. Typi- 
cally, the peptide ~24~oles) and a~taldehyde 
(3~O~oles) were dissolved in 0.05 M phosphate 
buyer (4.0ml), pH 7.0 at room tem~ra~re. The 
reaction was monitored by anal~ical t.1.c. (see below 
and Table 1). When there was no detectable nin- 
hydrin-positive starting peptide the reaction mixture 
was diluted with water (0.6ml) and applied to a 
short column (3 x 1 
resin (Dowex-50; 4 
column was washed 
imately ten bed volumes), followed by elution with 
0.1 M aqueous pyridine. The effluent fractions con- 
taining the modified peptide, detected by the Fol- 
in-Lowry assay [12] were pooled. frees-died and 
stored anhydrous at -20”. Amino acid analysis 
(Chromaspek Amino Acid Analyser, Rank-Hilger, 
Margate, U.K.) of an acid h~drol~sate of acetalde- 
hyde-(Met-“] enkephalin (4 M HC1 at 105” for 12 hr) 
gave the following molar ratios: Tyr, 0.94; Gly, 2.03; 
Phe, 1.02; Met, 1.0. 

nin iayer c~ra~f~graph~. Analytical t.1.c. was 
done on precoated silica gel G a~umjnium-backed 
plates (Merck, ~armstadt, Ge~a~y). Peptide 
samples (about 20~8) were chromato~raphed in 
the following solvent systems: (A) chloroform/ 
methanol/acetic acid (9: 2: 1, by vol.); (B) chloro- 
formlmethanoliacetic acid/water (30: 20: 4 : 6. by 
vol.); (C) ethyl a~tat~p~dine acetic a~d/wate~ 
(120:20:6: II, by vol.); D) ethyl 
a~tate/py~dine~acetic tidewater ( 20:6:11, by 
vol.); (E) buts-~-o~acetic a~~waler (3: 1: 1. by 
vol.); (F) butan-l-o~py~dine~acetic acid/water 

* Abbre~~tjons wed: ~P~u~phoni~ acid, 2,4,6-Win- 
itrobe~ene-1-suipb~~e acid. 

Table 1. Chromatographic properties of L-Tyr-Gly-Gly- 
OH, [MeQ enkephalin and [L&l enkephalin and their 

~~e~~n~g a~t~dehyde adducts 

Solvent system I$ 

Peptide ABCDEE 

L-Tyr-Gly-Gly-OH 0 0.21 0 0.16 0.28 0.15 
Acetaidehyde adduct 0.15 0.42 0.06 0.43 0.37 0.26 
[beg enkephalin 0.10 0.51 0.05 0.61 0.55 0.50 
Acet~dehyde adduct 0.35 0.67 0.13 0.75 0.64 0.55 
[I.&j en~eph~ 0.13 0.52 0.06 0.71 0.66 0.57 
Aeetaldehyde adduct 0.40 0.75 0.21 0.87 0.71 0.61 

(~:20:6:24 by vol.). Peptides were detected by 
spraying the plates with ninhydrin [13] &values are 
shown in Table 1. 

Pep&e CIsscIys. [Mets] Enkephaiin was assayed 
spectrophotometricaily by reaction with TNP*- 
sulphonic acid [14]. The Ew(M-’ cm-‘) of TNP- 
Mets] enkephalin was determined to be 13,000 1 

. Ra~oiodi~atjon and radio~mmunoa~ay of 
endorphin was carried out as described by Snell et 
al. [15]. 

Ace~ldehyde assay. A~taldehyde was routinely 
stores at -20” as an aqueous solution at a concen- 
tration of 2.0-3.OM. Fresh solutions were prepared 
every two weeks and were assayed by dete~ining 
the yeast alcohol dehy~ogena~-cata~ysed oxidation 
of NADH at 380 nm. The assay volume was 2.0 ml 
of 0.1 M phosp~te buffer, pH 7.2 ~nta~~ng yeast 
alcohol dehydrogena~ (100 i.u.), NADH (0.05 ml, 
10 mg/ml) and dithiothreitol (0.8 moles). 

Thermal decomposition of aceraldehy de-[ Met] 
e~ep~~~. A solution of ace~dehyde-Ames] 
enkephalin (5.Omg) in 0.5 M acetic acid (1.0 ml) 
containing 2,4-di~t~phenylh~dr~ne (2.0 mg) was 
heated for 3Omin on a kiting water bath. After 
cooling, the reaction mixture was extracted with 
ether (2 x S.Oml). The ether was dried over anhy- 
drous’ sodium sulphate and subsequently removed 
by rotary eva~ra~on. The residue was purified by 
two consecutive p~parative t.1.c. steps on silica gel: 
developed firstly with chloroform to remove 
unreacted 2,~d~ni~opheny~h~~~~~ reagent, 
followed by ~~ene/ethyl acetate (4: 1, by vol.) 
The major material so obtained co-chromatographed 
with authentic acetaldehyde-2$dinitrophenyl- 
hydrazone on silica gel. 

Solvent system: chloroform (Z$ 0.53); ether (RI 
0.56); petroleum ether (hexane ~a~tion~/ether (I : 1 s 
byvol., ~~0.~)~ ~troleum ether/ethyl acetate (2: 1, 
by vol., R, 0.26) benzene (Rr 0.25); benzene/ethyl 
acetate (4: 1, by vol., Rf 0.50). The s&me material 
also gave a mass spectrum identical to authentic 
a~~dehyde-2, ~~itrophenyihydr~ne. Mass 
spectra were recorded using a Varian CH-5 mass 
spectrometer linked to a variant 62% computer for 
peak no~~i~~on. Mass spectrum m-eq~v 
224[M”, lOO%]; 180 (44); 152 (51); 122 (57); 92 (53); 
91 (49); 90 (35). 

Biological activity, Opiate receptor binding was 
assayed by inhibition of binding of radiola~IIed 
[OHM-[D-Ala’,D-Leu5J enkephalin and 13H]-dihydro- 
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morphine to opiate receptors in a particulate fraction 
from rat brain. Male Spra~~Dawley rats weighing 
about 200 g, were killed by cervical dislocation, each 
brain (minus cerebellum) was rapidly removed and 
placed in 15 vol. {w/v) of an ice cold solution of 
0.32 M sucrose and 0.005 M Tris HCl buffer, pH 7.4 
and homogenised using a motor driven Teflon pestle 
in Potter-Elvehjem tissue grinder. The crude homo- 
genate was centrifuged for 10 min at 4” and 6OOg 
(Beckman Coolspin) and the supernatant retained, 
The pellet was resuspended in five volumes (original 
wet weight of brain) and centrifuged again at 4’ and 
6OOg for 15min. The combined supernatant was 
centrifuged for 30min at 4’ and 45,000g (Sorvall 
t-65 rotor) and the pellet finally suspended in 60 vols 
(original wet weight of brain) of 0.04M Tris HCl 
buffer, pH 7.4. In a final volume of Z.Oml, aliquots 
(1,7ml) of this preparation were incubated with 
either i3H]-[D-AIa”, D-Leu’] enkeph~n (0.8 nm) or 
[3H]-d~hy~omo~hine (1.05 nm) and test substance 
for 2 hr at 0” (ice/water mixture) in the presence of 
bacitracin (lOOpg/ml). The solutions were filtered 
on Whatman GFlB glass fibre discs, under vacuum, 
and washed with ice-cold Tris NC1 buffer, pH 7.4 
(2 X 4.Oml). The discs were transferred to scintil- 
lation phials cont~~g 10ml of Triton-X- 
~~/toluene-based scintiliant (PPCVPOPOP), and 
shaken at room temperature overnight. 

Non-specific binding was determined by carrying 
out parallel incubations in the presence or absence 
of a large excess (1 PM) of u~labelled [Me@] enke- 
phalin or naloxane HCI. 

Field stim~ation of the isolated mouse vas 
deferens was carried out by the procedure of Hughes 
et al. [16]. Each tissue was suspended in a 2.0ml 
organ bath and stimulated by means of two platinum 
electrodes using a Grass 5-44 stimulator. Force- 
~spiacement tr~sduced contractions (Grass Fi’-03 

7.0 

6.0 

50 

02 

Ttme, min 

transducer) were recorded with a Grass model 7C 
pen recorder. 

Bioassay using supramaximal coaxial& stimulated 
lon~tu~n~ muscle-mye~te~c plexus strips from the 
guinea pig ileum was by the procedure described by 
Paton 1171 and Kosterlitz and Watt (181. 

RESULTS AND DISCUSSION 

The u&e~lde~yde-{beak en~eph~lin reaction 
Forma~on of acetaldehyde-[Mew] enkephalin may 

be demonstrated by mixing a~taidehyde and {“HI- 
[Mets] enkephalin in aqueous phosphate buffer at 
room temperature, separating the starting material 
and product at various times after mixing by t.1.c. 
and determin~g the tritium distribution by liquid 
scintillation counting [Fig. l(A)]. These reaction 
conditions also afforded the most convenient method 
of preparing large quantities of aceta~dehyde-enke- 
phalins and related peptides, and the experimental 
details are described in the Methods Section; under 
these reaction conditions the conversion of [Mets] 
enkepha~n to acet~dehyde-[Mets] enkepha~~ 
exhibits a half-time for reaction of about 14 min. The 
time course for the reaction of [“H]-[Met51 enke- 
phafin with acetaldehyde was correlated with a pro- 
gressive loss of N-terminal s-amino group when 
assayed by derivatisation with TNP-sulphonic acid 
[Fig. l(B)]. Means et al. [19] have reported that 
UP-sulphonic acid reacts specifically with primary 
amines and the foregoing result therefore provides 
cogent evidence of a direct role for the a-amino 
group of [Met’] enkephal~n in the modification 
reaction. 

An interesting consequence of acetaldehyde- 
enkephalin adduct formation is the observed loss of 
intrinsic opiate activity of [Met’] enkephalin and 
[Leu’] enkephal~n [3]. As shown in Figs 2(A) and 

Tme, mzn 

Fig. 1. Reaction of [Me@] e~kepha~n with a#taldehyde. Time course For the conversiou of [Met51 
enkephalin (a) to acet~dehyde-[Met ‘] enkephalin (0). (A) Acetaldehyde (8 poles) and [3H]-[Mefl] 
enkephalin (0.4 poles; 2.52 X 106 cpm&mole) were incubated at 25” in 0.11 ml of 0.05 M phosphate 
buffer, pH 7.0. At various times after mixing a 2 ~1 aliquot was removed, transferred to a t.1.c. plate, 
developed (solvent system B) and sprayed with ninhydrin. Ninhydrin-positive spots were scraped off 
and the radioactivity determined. (B) Residual [3H]-[Mep] enkephalin (0) was determined as in (A), 
or by de~~tisation of the *amino group of [Mets] enkephalin @) : ~~ts]-enkeph~~ (8 PmoIes) and 
acetaldehyde (16~01~) were incubated at 25” in 2.2ml of 0.05 M phosphate buffer, pH 7.0, At 

different times, 0.1 ml was removed and assayed using OF-s~phonic acid [14]. 
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Fig. 2. Changes in the opiate activity of [Met’] enkephalin 
(0) and [LexG] enkephaiin (0) on incubation with acetal- 
dehyde. The enkephalins (4 wales each) and acetaldehyde 
(80poles) were incubated at 25” in 1.1 ml of 0.05M 
phosphate, pH 7.0. At the indicated times 0.01 ml was 
removed, diluted into 30ml of water and an aliquot 
(0.01 ml) of the diluted solution was assayed for residual 
opiate activity by deter~~g the inhibjtion of stereo- 
specifically bound [3H]-[D”Alaz-D-~u5] enkephalin (2A) 
and f3H]-dihydromorphine (2s) in a rat brain homogenate 
as described. The points represent the mean of three sep- 

arate binding assays. 

(B), ~cubating either [Met51 enkephalin or [Leu’] 
enkephalin with acetaldehyde leads to a loss of opiate 
activity that is similar in rate to the chromatographic 
and chemical changes already described. These 
results are, therefore, fully complementary and 
further support the view of a specific N-terminal 
m~fi~tion of the enkephalins previously derived 
from structural studies 141. In the present context, 
chemical studies have shown that the shortest N- 
terminal amino acid sequence required for rapid 
adduct formation with acetaldehyde is Tyr-Gly-Gly 
and the change in the chromatographic properties 
of this tripeptide and of [Met”] enkephalin and [Leu’] 
enkephalin are included in Table 1. 

Breakdown of acetaldehyde-[Met] enkephalin in 
aqueous soZution 

Freeze-dried samples of acetaldehyde [Met’] 
enkepha~n can be stored for short periods under 
anhydrous conditions at -20” with no apparent 
decomposition but for biological studies newly- 
synthesised material must be used [3]. Freshly pre- 
pared solutions of acetaldehyde-[Me@] enkephalin 
undergo a temperature dependent decomposition to 
[Met’] enkephalin; this is very slow at low temper- 
atures but becomes extremely rapid at higher tem- 
peratures as shown by an increase of Amon treating 
a heated solution with TNP-sulphonic acid (Fig. 3). 
The reversible nature of the reaction and, in par- 
ticular, the heat-induced decomposition of the ace- 
taldehyde-[Me@enkephalin adduct is shared by sev- 
eral other imidazoiidinone derivatives of peptides 
[.5,9]. This property is perhaps best exemplified by 
the elegant studies of du Vigneaud and co-workers 
16,7] on the reaction of acetone with oxytocin to 
give an acetone-oxytocin adduct (see later) and may 
therefore be used to provide not only additional 
evidence for the proposed structure of acetalde- 
hyde-[Mets] enkephalin but also to distinguish alter- 
native st~ctures that could result from the reaction 
of acetaldehyde with an N-terminal tyrosyl peptide 
[l, 201. Consequently, we have undertaken addi- 
tional experiments to establish the reversible nature 
of the reaction. 

Confirmation that heat-induced decomposition of 
acetaldehyde-[Mew] enkephalin also leads to con- 
comitant release of acet~dehyde was obtained by 
heating an aqueous solution of the former in a sealed 
tube with 2,4_dinitrophenylhydrazine: the chro- 
matographic behaviour and mass spectrum of the 
major 2,4-dinitrophenylhydrazone so obtained was 
identical with an authentic sample of acetaidehyde- 
2,4-~ni~ophenylhydr~one (see Experimental Sec- 
tion for details), In addition, the recovery of bio- 
logical activity after heating dilute solutions of the 

Time, min 

Fig. 3. Breakdown of acetaldehyde-[Meti] enkephalin on 
heating. Acetaldehyde-[Met’] enkephalin in 1.0 ml of 1 per 
cent acetic acid (v/v) was heated on a boiling water bath. 
At the times indicated 0.1 ml was removed and assayed 

using ~-sulphonic acid 1141. 
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Fig. 4. The. inhibiting effect of acetaldehyde-enkephalins 
on the isolated mouse vas deferens and the guinea pig 
ileum. (A) Effect of heating an aqueous solution of ace- 
taldehyde-[Met51 enkephalin at 90” for 30 mitt on the elec- 
trically induced contractions of the guinea pig ileum; (a) 
before heating (6 w final concentration); (a’) after heating 
(1 p, final concentration). (B) Inhibition of electrically 
induced contractions of the isolated mouse vas deferens by 
acetaldehyde-[Mets] enkephahn: before [(b) 300 nm] and 
after [(b’) 30nmj heating an aqueous solution at 90’ for 
30 min. (C) Inhibition of contractions of the isolated mouse 
vas deferens by acetaldehyde-[Leu5] enkephalin [(c) 8 pm] 
and antagonism of the inhibiting effects by pretreatment 
with naloxone (Nai, 500nm). Tissue preparations were 
washed between additions. Test substances were added at 

the points indicated by the arrows. 

acetaldehyde adducts of [Mets] enkephalin and 
[Leu*] enkephalin was established by utilising the 
isolated mouse vas deferens and guinea pig ileum 
opiate assays. As shown in Fig. 4(A), a heated sot- 
ution of acetaidehyde-~Met’] enkephalin causes a 
significant increase in the inhibition of electrically 
induced contractions of the guinea pig ileum (a’) 
compared with the same solution before treatment 
(a). Heating dilute solutions of acet~dehyde-~Met5] 
enkephalin facilitated a quantitative evaluation of 
the recovery of [Me?] enkephalin; the observed 60 
per cent increase in inhibition of contraptions of the 
mouse vas deferens [Fig. 4(B)] compared well with 
the recovery of [Met’] enkephalin using the ‘INP- 
sulphonic acid assay (Fig. 3). Finally it should be 
noted that the depressant effect of a~taldehyde- 
enkephahns on the mouse vas deferens and guinea 
pig ileum, although very low are presumed to occur 
by intera~ion with opiate receptors since these 
effects are antagonised by naloxone. A typical result 
is shown in Fig. 4(C) which shows the effect of 
acetaldehyde-[Leu5] enkephalin on contractions of 
the vas deferens (c), and its antago~sm by naloxone 
W* 

The acetaldehyde-@-endorphin reaction 

As indicated earlier, the shortest N-terminal 
amino acid sequence that leads to rapid adduct for- 
mation with acetaldehyde is Tyr-Gly-Gly, and this 
is maintained with the largest opioid peptide, /3- 
endorphin [21], which contains the [Mets] enkephalin 
N-terminal sequence [Fig. 5(A)]. This result further 
supports the view of a specific N-terminal modifi- 
cation reaction that is largely independent of the 
remaining structural features of the molecule. 
Additional evidence for the specificity of the ace- 
taidehyd~-~endo~~n reaction was obtained by 
radioimmunoassay of acetaldehyde-seated @endor- 
phin; during the course of the modification reaction 
[Fig. 5(B)] there was no observed difference between 
the control and a~etaldehyde-treated samples. 
Cross-reactivity studies have indicated that the 
antigenic determinants are at the C-terminal of the 
~endo~~in molecule [22] (S. L. Lightman personal 
communication) and this may also be taken as 
indirect evidence of the specificity of the modification 
reaction because any non-specific acetaldehyde- 
promoted decomposition of ~endorphin would most 
probably involve the amino group of lysine residues 
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Fig. 5. Loss of the ability of a~t~dehyde-treated [Mets] 
enkephahn (0) and j%endorpbin (0) to inhibit electrically 
induced contractions of the isolated mouse vas deferens. 
(A) [Me@] Enkephalin (Znmoles) and acetaidehyde 
(20 ,omoles) were incubated at 25” in 0.5 ml of 0.05 M 
phosphate buffer, pH 7.0. J+Endorpbin (200ng) and ace- 
taldehyde (10 pmoles) were incubated at 25” in 0.2 ml of 
0.05 M phosphate buffer, pH 7.0, containing 0.02 per cent 
bovine serum albumin (w/v). At the indicated times, 0.02 ml 
ahquots were removed and assayed for residu& opiate 
activity as outlined in the Experimental Section. Experi- 
mental points represent the mean of two separate 
incubations and assayed using two different tissue prep- 
arations. (B) Radioimmunoassay of /+-endorphin following 
incubation with acetaldehyde as described above. The 
points represent the mean of triplmate determinations. The 
standard curves for vendors in the presence and 
absence of acetaldehyde were identical (data not shown), 
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[2], and these are primarily located towards the C- 
terminal [Zl]. Another important point which is 
made clear from this study is the danger of using 
immunoassay data as an indication of the presence 
of biologicahy active opioids. This problem has 
&e&y been emphasised by Li et al. [23] who have 
demonstrated a clear dissociation between immuno- 
activity and biological activity in their studies with 
synthetic analogues of pendorphin. They found that 
deletion of a single amino acid outside the enkepha~n 
segment reduced or abolished immunoreactivity 
without marked effect on biological activity, whilst 
deletion of a single amino acid within the enkeph~in 
segment abolished or reduced opiate activity without 
effecting immunoreactivity. There is already evi- 
dence that naturally-occurring iV*-acetyl derivatives 
of endo~~ns are biolo~cally inactive, but possess 
immunological potency indistinguishable from the 
parent peptides [24, ZS]). To this we must now add 
similar findings for the a~taldehyde-~endo~hin 
adduct. Radioimmunoassay data should therefore 
be interpreted in the light of careful chromatographic 
studies and confirmation of full pharmacological 
potencies. 

Interestingly, Doneen et al. [26] have reported 
~rcu~t~ti~ evidence of an acteone-~endo~hin 
adduct; this adduct was prepared by treating @- 
endorphin with aqueous acetone under conditions 
previously described [5] for the synthesis of aceto- 
ne-oxytocin. This acetone-~endo~hin adduct has 
approximately 1 per cent the potency of /3-endorphin 
in the guinea pig ileum and rat brain opiate receptor 
bind~g assay. Under the same reaction conditions, 
[Met”] enkephalin also form a stable acetone adduct 
with loss of opiate activity, and the proton n.m.r. 
spectrum of this adduct is indicative of the 2,2- 
~methy~mid~~din-4-one derivative [MC. Sum- 
mers, M. J. Gidley and J. K. M. Sanders, personal 
communication]. Heating acetaldehyde-treated sol- 
utions of ~endo~h~n leads to recovery of opiate 
activity [Fig. 5(A)], confirming the reversible nature 
of the reaction with the larger peptide. Thus, the 
results described herein, including preliminary struc- 
tural studies [4] are consistent with the fo~ation of 
a 2-methylimidazolidin-4-one derivative in which the 
initially formed Schiff base experiences nucleophilic 
attack by the nitrogen of the Tyr-Gly peptide bond 
as outlined in Scheme 1. 

A similar ring closure mechanism has previously 
been proposed for the reaction between acetone and 
oxytocin to give an acetone-oxytocin adduct [6,7]. 
In this example, ring closure to give a 2,2-dimethy- 
limidazolidin4-one derivative involves an N-ter- 
minal Cys and the amide nitrogen of an adjacent Tyr 
residue. Curiously, Mean and Feeney [1] have 
referred to this as a highly specific reaction of oxy 
tocin and related peptides, but in view of the present 
investigation the reaction may well be more wide- 
spread than first envisaged (see also ref. 191). The 
loss of biological activity of the enkephalins on 
reaction with carbonyl compounds is also observed 
with acetone-oxytocin which possesses about VlOOb 
the biological activity of the parent peptide. The 
large fall in the intrinsic opiate activity of [Met’] 
enkeph~in and [Leu5] e~eph~in on reaction.with 
acetaldehyde is of considerable interest. Preliminary 

evidence suggests that the additional presence of an 
alkyl substituent on the lu-amino group contributes 
greatly to the reduced receptor affinity, because N*- 
ethyl[Met5] enke halin is also considerably less 

9 active than [Me ] enkephalin in several bioassays 
[3]. There must, however, be additional subtle dif- 
ferences in structure or solution conformation which 
are not immediately apparent from studies described 
thus far and we are currently undertaking, a com- 
parative proton n.m,r, study of [Mets] enkeph~~ 
and acetaldehyde-[Me61 enkephalin in dimethyl- 
sulphoxide to try to detect any differences in con- 
formation that might explain the low biological 
activity of the acetaldehyde adduct of [Met’] 
enkephalin. 
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