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Synthesis, in Vitro Opiate Activity, and Intramolecular Tyrosine-Tryptophan 
Distances of [4-Tryptophan]enkephalin Analogues. A Reassessment of 
Conformational Models of Enkephalin in Solution 
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A series of [Trp4]enkephalin analogues designed to prevent the formation of various intramolecular hydrogen bonds 
was synthesized by the Merrifield method. In vitro opiate activities of [Trp(N°Me)4,MetB]enkephalin, 
[Trp4,Leu(NaMe)5]enkephalin, [Trp4,Pro5] enkephalin and [Tyr(OMe)\Trp4,Met6] enkephalin and of their corresponding 
[Phe4] analogues were determined with the rat brain receptor assay and the guinea pig ileum assay. The discrepancies 
between potencies observed in the two assay systems provided further evidence for the existence of several subclasses 
of opiate receptors. The significant activity obtained with the N"-methylated analogues indicates that hydrogen 
bonds involving the backbone amino groups in positions 4 or 5 are not required in the biologically active conformation. 
A conformational study by fluorescence techniques was performed under monomeric conditions in dilute aqueous 
solution (1CT6 M). Average intramolecular Tyr-Trp distances were determined by evaluation of singlet-singlet resonance 
energy transfer on the basis of the Forster equation. Distances ranged from 8.8 to 10.7 A and are thus comparable 
to the Tyr-Trp distance observed in [Trp4,Met5]enkephalin (9.3 A). These findings indicate that folded conformations 
of enkephalin in H20 may be brought about by solvent interactions and need not be stabilized by intramolecular 
4 -* 1 or 5 — 2 hydrogen bonds between amino and carbonyl groups of the peptide backbone or between the tyrosine 
hydroxyl and a backbone carbonyl group. The results are discussed in relation to various proposed solution 
conformations of enkephalin. 

Opiate agonists and the recently discovered opioid 
peptides [Met5] enkephalin (H-Tyr-Gly-Gly-Phe-Met-OH) 
ind [Leu5]enkephalin (H-Tyr-Gly-Gly-Phe-Leu-OH) com-
Dete for identical receptor sites and elicit the same phar
macological response. An explanation for this observation 
nay be found in structural similarities between the two 
:lasses of compounds. It is thus of considerable interest 
,o determine critical chemical functions in the peptide 
vhich might play a role identical with that of corre-
iponding moieties in the rigid framework of morphine and 
ts derivatives. Furthermore, it is relevant to establish the 
patial disposition of these critical chemical functions in 
he peptide by conformational analysis. Early s trueture-
ictivity studies1 revealed that the phenol ring and the 
*-amino group of tyrosine in position 1 of enkephalin may 
correspond to the phenol ring and the tertiary nitrogen of 
norphine, even though it has recently been demonstrated2 

hat the conformation of the tyramine moiety in the re
ceptor-bound conformation of the peptide is different from 
hat present in the rigid morphine molecule. It has also 
ieen shown3 that residues 4 and 5 must be present for 
ignificant activity, and it appears that their correct spatial 
'dentation relative to the tyrosine residue is crucial for 
n optimal interaction with opiate receptors. According 

0 one proposal,4 the aromatic ring of the phenylalanine 
esidue in position 4 would perform the same function as 
he phenylethyl substi tuent on carbon-19 of the potent 
aorphine derivative 7«-[ l -( /?)-hydroxy-l-methyl-3-
ihenylpropyl ] -6 ,14-endo-e thenote t rahydroor ipavine 
PEO). The correct spatial disposition of the two aromatic 
ings in the peptide would be brought about by a 1-4 01 
iend which positions the phenol moiety approximately 10 
1 apart from the phenyl ring, as it is the case in PEO. 
Jternatively, the meta and the para positions of phen-
lalanine in position 4 have been ascribed a role corre-

(1) P. W. Schiller, C. F. Yam, and M. Lis, Biochemistry, 16, 1831 
(1977), and references cited therein. 

(2) J. DiMaio, P. W. Schiller, and B. Belleau, Proc. Am. Pept. 
Symp., 6th, Washington, D.C., June 17-22, 1979, in press. 

(3) N. Ling and R. Guillemin, Proc. Natl. Acad. Sci. U.S.A., 73, 
3308 (1976). 

(4) A. F. Bradbury, D. G. Smyth, and C. R, Snell, Nature (Lon
don), 260. 165 (1976). 

sponding to that of carbon-5 and -6 of morphine.5 A 
unique pharmacophoric conformation of enkephalin sat
isfying the steric requirements of the latter proposal is 
characterized by a very short phenol-phenyl intramolec
ular distance ( ~ 5 A). 

Numerous proposals for the conformation of enkephalin 
in unsolvated form, in the crystalline state, in solution, and 
in the receptor-bound form have been made and reviewed 
in a recent article.6 Proposed hydrogen-bonding schemes 
include the 1-44 and 2-5 01 bend 7 1 0 and the 1-4 011' bend 
stabilized by a hydrogen bond between the phenolic hy
droxyl of Tyr1 and the carbonyl group of Gly3 or Phe4.11 

A 0 bend with two antiparallel hydrogen bonds between 
the amino group of Tyr and the carbonyl oxygen of Phe 
and between the amino nitrogen of Phe and the carbonyl 
group of Tyr was observed in the crystal structure.12 

Experimental evidence for the 2-5 01 bend was mainly 
obtained from NMR experiments carried out in H 2 0 or 
Me2SO at high concentrations (10'1 1CT3 M). However, the 
interpretation of the latter experiments may be compli
cated by the occurrence of self-aggregation9,13 at concen
trat ions above 10 4 M. Fluorescence studies with 
[Trp4 ,Met5]enkephalin in aqueous solution provided no 
evidence for self-aggregation in the concentration range 
from 10"5 to 5 X 10'" M, and singlet-singlet energy-transfer 
experiments carried out at these low concentrations re-

(5) F. A. Gorin and G. R. Marshall, Proc. Natl. Acad. Sci. U.S.A., 
74, 5179 (1977). 

(6) F. A. Gorin, T. M. Balasubramanian, C. D. Barry, and G. R. 
Marshall, J. Supramol. Struct.. 9, 27 (1978). 

(7) B. P. Roques, C. Garbay-Jaureguiberry, R. Oberlin, M. An-
teunis, and A. K. Lala, Nature (London), 262, 778 (1976). 

(8) C. R. Jones, W. A. Gibbons, and V. Garskv, Nature (London), 
262, 779 (1976). 

(9) M. A. Khaled, M. M. Long, W. D. Thompson, R. J. Bradley, 
G. B. Brown, and D. W. Urry, Biochem. Biophys. Res. Com-
mun., 76, 224 (1977). 

(10) E. R. Stimson, Y. C. Meinwald. and H. A. Scheraga, Biochem
istry, 18, 1661 (1979). 

(11) Y. Isogai, G. Nemethy, and H. A. Scheraga, Proc. Natl. Acad. 
Sci. U.S.A., 74. 414 (1977). 

(12) G. D. Smith and J. F. Griffin. Nature (London), 199, 1214 
(1978). 

(13) T. Higashijima, J. Kobayashi, U. Nagai, and T. Miyazawa, Eur. 
•J. Biochem., 97. 43 (1979*. 
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Table I. Opiate Receptor Affinities and in Vitro Activities of Enkephal in Analogues'2 

no. analogue 

rel receptor affinity, % 
( [Met 5 ] enkephal in = 100%) 

X = Phe X = Trp 

100 129 ± 30 
38 ± 6 32 ± 7 
18 ± 4 46 ± 6 
4 4 + 6 31 ± 7 

6 ± 1 5 ± 0 
2 ± 0.4 < 1 

rel act. (guinea pig i leum), % 
( [Met 5 ] enk . 

X = Phe 

100 
24 + 8 
18 ± 1 
70 t 27 

1 ± 0.2 
2 ± 0.4 

sphalin = 100%) 

X = Trp 

27 ± 2 
10 ± 2 
39 ± 18 

4 ± 0.7 
1 ± 0.1 
0.5 ± 0.1 

I HTyr -Gly -Gly-X-MetOH 
II HTyr -Gly -Gly -X-LeuOH 
III H-Tyr-Gly-Gly-X(N aMe)-Met-OH 
IV H-Tyr-Gly-Gly-X-Leu(N aMe)-OH 
V HTyr -Gly -Gly -X-ProOH 
VI HTyr (OMe) ' -G ly -Gly -X-MetOH 

a Mean of three determinat ions plus or minus SEM. 

Table II. Fluorescence Quan tum Yields and Intramolecular Tyr-Trp Distances in [Tryp tophan]enkepha l in Analogues 
analogue" R„, A r, A£ 

I HTyr-Gly-Gly-Trp-Met-OH 0.058 
II H-Tyr-Gly-Gly-Trp-Leu-OH 0.057 
III H-Tyr-Gly-Gly-Trp(N aMe)-Met-OH 0.050 
IV H-Tyr-Gly-Gly-Trp-Leu(N°<Me)-OH 0.054 
V H-Tyr-Gly-Gly-Trp-Pro-OH 0.057 
VI H-Tyr(OMe)-Gly-Gly-Trp-Met-OH 0.058 

0.027 
0.027 
0 .031 
0.029 
0 .031 
0.038 

0.70 ± 0.015 
0.69 
0.57 
0.77 
0.64 
0.73 

0.01 
0.04 
0.01 
0.02 
0.04 

10.7 
10.7 
10.9 
10.8 
10.9 
12.6 

9.3 ± 0.2 
9.4 

10.4 
8.8 
9.9 

10.7 

0.1 
0.3 
0.1 
0.2 
0.4 

a Peptide concent ra t ion = 1.0 X 10 5 M; solvent = H 2 0 . b Exper imental errors reflect uncer ta in ty in E. 

vealed the existence of folded conformations with an av
erage intramolecular Tyr-Trp distance of the order of 10 
A.1,14 This distance is considerably shorter than the 
Tyr-Trp distance to be expected in a fully extended con
formation (~15 A) and it is close to that observed between 
the aromatic rings in PEO and in /3-bend models of 
enkephalin. However, as an alternative to hydrogen bonds, 
folded conformations of enkephalin could also be stabilized 
by solvent interactions. 

In the present paper, we describe a conformational study 
by energy-transfer measurements with [4-tryptophan]-
enkephalin analogues designed to prevent the formation 
of the various proposed hydrogen bonds. These com
pounds include [Trp(NaMe)4 ,Met5]enkephalin, 
[Trp4,Leu(NaMe)5]enkephalin, [Trp4,Pro5]enkephalin, and 
[Tyr(OMe)1,Trp4,Met5]enkephalin. 

Results and Discussion 
Relative opiate receptor affinities of the [4-trypto-

phan]enkephalin analogues were determined at 0 °C in 
order to prevent enzymatic degradation15 and are listed 
in Table I. For reasons of comparison, the corresponding 
[4-phenylalanine] enkephalin analogues are also included. 
N-Methylation in position 4 of [Met5]enkephalin reduces 
the affinity to one-fifth. In contrast to this result, the same 
modification in [D-Ala2,Met(0)5-ol]enkephalin led to an 
increase in affinity under somewhat different assay con
ditions.16 Interestingly, the corresponding tryptophan 
analogue, [Trp(N"Me)4,Met5]enkephalin, retained almost 
half the affinity of [Met5]enkephalin (Table I). N-
Methylation in position 5 of [Leu5] enkephalin and of 
[Trp4,Leu5] enkephalin had no influence on affinity. 
However, low affinity is observed with the analogues 
containing proline in position 5 in accordance with the 
weak binding reported for [D-Ala2,Pro5]enkephalin.17 In 

(14) P. W. Schiller, C. F. Yam, and J. Prosmanne, J. Med. Chem., 
21, 1110 (1978). 

(15) J.-K. Chang, B. T. W. Fong, A. Pert, and C. B. Pert, Life Sci., 
18, 1473 (1976). 

(16) D. Roemer, H. H. Buescher, R. C. Hill, J. Pless, W. Bauer, F. 
Cardinaux, A. Closse, D. Hauser, and R. Hugenin, Nature 
(London), 268, 547 (1977). 

(17) C. R. Beddell, R. B. Clark, C. W. Hardy, L. A. Lowe, F. B. 
Ubatuba, J. R. Vane, S. Wilkinson, K.-J. Chang, P. Cuatreca-
sas, and R. J. Miller, Proc. R. Soc. London, Ser. B, 198, 249 
(1977). 

analogy to the result previously obtained1 with [Tyr-
(OMe)1,Met5]enkephalin, [Tyr(OMe)\Trp4,Met5]enke-
phalin also displayed very low affinity. In general, a good 
correlation is observed between the affinities of [4-
phenylalanine] enkephalin analogues and their corre
sponding [4-tryptophan]enkephalin analogues. 

In the guinea pig ileum bioassay (Table I), the 4-tryp-
tophan analogues of [Met5]enkephalin and [Leu5]enke-
phalin display about one-third the activity of the corre
sponding compounds with phenylalanine in position 4 
(compounds I and II). In analogy to the results of the 
binding studies, [Phe(NaMe)4,Met5]enkephalin shows a 
fivefold decrease in potency relative to [Met5] enkephalin, 
while the activity of [Trp(NaMe)4,Met5]enkephalin is 
comparable to that of its parent compound [Trp4,Met5]-
enkephalin. N-Methylation of the leucine residue in 
position 5 has a divergent effect on the potencies of 
[Leu5]enkephalin (threefold increase) and [Trp4,Leu5]-
enkephalin (2.5-fold decrease). This is in contrast to the 
binding experiments where the same modification had no 
effect on affinity in either case. In agreement with the 
weak affinities obtained in the binding assay, low potencies 
were determined for the analogues containing O-methyl-
tyrosine in position 1 or proline in position 5. 

The results obtained in the guinea pig ileum assay reveal 
significant differences in potency between [Phe4]enke-
phalin analogues and corresponding [Trp4] enkephalin 
analogues (compounds I-IV) in contrast to the parallel 
behavior which is observed in the binding assay. These 
discrepancies may be due to the existence of several dif
ferent subclasses of opiate receptors18 which display dif
ferent affinities for a given analogue and whose distribution 
varies from one assay system to another. The low activity 
of the [Pro5] enkephalin analogues probably indicates that 
the proline side chain interacts poorly with the receptor 
either due to its specific structure or because of misa
lignment. The potency of [Pro5] enkephalin analogues is 
greatly enhanced by introduction of a D-amino acid in 
position 2 and/or of an ethylamide group into the COOH 
terminus of the peptide.19 The latter modification may 

(18) J. A. H. Lord, A. A. Waterfield, J. Hughes, and H. W. Kos-
terlitz, Nature (London), 267, 495 (1977). 

(19) S. Bajusz, A. Z. Ronai, J. I. Szekely, Z. Dunai-Kovacs, I. 
Berzetei, and L. Graf, Acta Biochim. Biophys. Acad. Sci. 
Hung., 11, 305 (1976). 
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possibly involve improved binding to the receptor through 
interaction with a new binding site. The observation that 
analogues with N-methylation in positions 4 and 5 (com
pounds III and IV) retain significant activity suggests that 
4 —•• 1 and 5 —• 2 hydrogen bonds are not required for 
stabilization of the pharmacophoric conformation. 

In order to deal with the peptide analogues in their 
monomeric form, spectroscopic measurements were carried 
out in aqueous solution at a concentration of 10~5 M.14 

Fluorescence quantum yields and the efficiencies of 
transfer of excitation energy from the phenol ring (donor) 
to the indole moiety (acceptor) were determined for the 
calculation of the intramolecular distances between the two 
aromatic side chains in positions 1 and 4 of the enkephalin 
analogues on the basis of the Forster equation.20 The 
average intramolecular Tyr-Trp distance, r, of compounds 
III-VI all lie within the range from 8.8 to 10.7 A (Table 
II) and are thus close to the distance determined for 
[Trp4,Met5]enkephalin (r = 9.3 A). It therefore appears 
that only relatively subtle conformational differences exist 
between the latter peptide and compounds III-VI. Since 
the intramolecular distance constitutes a single confor
mational parameter, the possible existence of structures 
with significantly different backbone conformations but 
with similar Tyr-Trp distances has to be taken into con
sideration. However, the nearly constant values of the 
fluorescence quantum yields of tyrosine (<£D°) and tryp
tophan (0A) observed throughout the series of peptides 
(Table II) provide an argument against the latter possi
bility. The fluorescence of both tyrosine and tryptophan 
residues in peptides is quenched by peptide bonds, and 
this quenching has strict spatial (conformational) re
quirements.2122 Furthermore, tryptophan fluorescence 
intensity is reduced by positively charged amino groups 
in a distance-dependent fashion, and such quenching could 
occur in conformations with the a-amino group in prox
imity of the indole ring. On the other hand, the trypto
phan fluorescence quantum yield could also be enhanced 
in a conformation which positions the indole ring in a less 
polar environment. Thus, a 60% increase in quantum 
yield ($A = 0.088) and a blue shift (2 nm) of the fluores
cence emission maximum have been observed14 with the 
analogue [D-Trp4,Met5]enkephalin as compared to [L-
Trp4,Met5] enkephalin (<j>A = 0.058), which is indicative of 
a slightly hydrophobic environment of the indole ring in 
the former compound. A tryptophan fluorescence quan
tum yield of similar magnitude (0A = 0.086) and the same 
blue shift have recently been described for the C-terminal 
7-peptide of cholecystokinin.23 For these reasons, grossly 
different backbone conformations would most probably 
show considerable variation in tyrosine and tryptophan 
fluorescence quantum yields. Since no such variation is 
observed, the possibility of significantly different backbone 
conformations within this series of peptides is unlikely. 
Finally, the determined constant wavelength of the tryp
tophan fluorescence maximum at 350 nm indicates a 
predominantly aqueous environment of the indole ring in 
all analogues as it is the case with [Trp4,Met5] enkephalin.1 

The average intramolecular distances observed in this 
series of peptides indicate that folded conformations can 

(20) T. Forster, Ann. Phys. {Leipzig), 2, 55 (1948). 
(21) H. Edelhoch, R. S. Bernstein, and M. Wilchek, J. Biol. Chem., 

243, 5985 (1968). 
(22) R. W. Cowgill in "Biochemical Fluorescence: Concepts", Vol. 

2, R. F. Chen and H. Edelhoch, Ed., Marcel Dekker, New 
York, 1976, pp 441-486. 

(23) P. W. Schiller, S. Natarajan, and M. Bodanszky, Int. J. Pept. 
Protein Res., 12, 139 (1978). 

be maintained in aqueous solution without stabilization 
by hydrogen bonds between the amino group of Phe4 and 
the carbonyl oxygen of Tyr1 or between the amino group 
of the residue in position 5 and the carbonyl moiety of Gly2. 
The folded structure observed with [Tyr-
(OMe)1,Trp4,Met5]enkephalin also excludes the necessity 
of a hydrogen bond between the tyrosyl hydroxyl and a 
carbonyl group of the backbone in either position 3 or 4.11 

Previous measurements of the tyrosine fluorescence 
quantum yield of [Met5] enkephalin had also indicated that 
conformations with the phenolic hydroxyl forming a hy
drogen bond to a carbonyl group are not predominant in 
aqueous solution.24 This result was subsequently con
firmed by absorption data.26 In a more recent fluorescence 
study,26 the 10% reduction in the tyrosine fluorescence 
quantum yield of [Met5]enkephalin relative to tyrosin-
amide was taken as evidence for the existence of this type 
of hydrogen bond in aqueous solution. Since formation 
of a hydrogen bond between a tyrosyl hydroxyl and a 
carbonyl group quenches tyrosine fluorescence complete
ly,22 it might be inferred from the above result that 10% 
of the conformers contain such a hydrogen bond. However, 
the same degree of quenching has also been observed27 in 
the shorter peptides H-Tyr-Gly-OH and H-Tyr-Gly-GlyOH 
and is most likely caused by a number of other factors 
rather than by intramolecular hydrogen bonding. In any 
case, intramolecular hydrogen bonds may be unlikely to 
occur in small peptides because of competition of water 
molecules and the folded structures we observed may be 
maintained through other types of intramolecular inter
actions and/or as a result of solvent interaction. Two 
antiparallel hydrogen bonds between Tyr1 and Phe4 were 
detected in the crystal structure of [Leu5] enkephalin.12 

However, it is questionable whether the latter structure 
is of relevance to the solution conformation, since the 
crystals used for X-ray analysis contained only one water 
molecule per enkephalin molecule. Furthermore, it re
mains unclear whether crystal packing forces can signifi
cantly affect the conformation of small peptides. 

Whether a single, preferred conformation of enkephalin 
or an equilibrium of different conformers exists in solution 
remains an unresolved problem. In the latter case, the 
measured intramolecular Tyr-Trp distances would rep
resent an average. Arguments both for a unique preferred 
conformation710 and for an equilibrium situation13,25 have 
been presented in the literature. 

Experimental Section 
Peptide Synthesis. A Beckman Model 990 peptide synthesizer 

was employed for the synthesis of peptide analogues by the 
solid-phase technique.28 The tert-butyloxycarbonyl group was 
used for protection of the a-amino group of all amino acids. 
£ert-Butyloxycarbonyl-iVQ-methylphenylalanine and tert-butyl-
oxycarbonyl-7Va-methylleucine were synthesized according to the 
method of Olsen.29 iVa-Methyltryptophan was prepared by 
following a synthetic route described by Peter et al.,30 and its 
tert-butyloxycarbonyl derivative was obtained using the method 
of Schwyzer et al.31 The preparation of tert-butyloxy-

(24) P. W. Schiller, Biochem. Biophys. Res. Commun., 79, 493 
(1977). 

(25) M. A. Spirtes, R. W. Schwartz, W. L. Mattice, and D. H. Coy, 
Biochem. Biophys. Res. Commun., 81, 602 (1978). 

(26) B. Filippi, P. Giusti, L. Cima, G. Borin, F. Ricchelli, and F. 
Marchiori, Int. J. Pept. Protein Res., 14, 34 (1979). 

(27) H. Edelhoch, R. L. Perlman, and M. Wilchek, Biochemistry, 
7, 3893 (1968). 

(28) R. B. Merrifield, J. Am. Chem. Soc, 85, 2149 (1963). 
(29) R. K. Olsen, J. Org. Chem., 35, 1912 (1970). 
(30) H. Peter, M. Brugger, J. Schreiber, and A. Eschenmoser, Helv. 

Chim. Acta, 46, 577 (1963). 
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carbonyl-O-methyltyrosine has been described elsewhere.1 All 
other tert-butyloxycarbonyl amino acids were obtained from 
Bachem, Inc., Torrance, Calif. The 2,6-dichlorobenzyl group was 
used for the protection of the phenolic hydroxyl of tyrosine. 
Reaction of the cesium salts of the protected C-terminal amino 
acids with chloromethyl resin32 (Bio-Beads S-Xl, 200-400 mesh, 
1.25 mequiv of Cl/g) resulted in yields of 0.5-1.0 mmol of tert-
butyloxycarbonyl amino acid per gram of resin. Peptide chains 
were assembled by coupling of the tert-butyloxycarbonyl amino 
acids according to a protocol described elsewhere.1 Deprotection 
of the a-amino group at each step was achieved by treatment with 
25% F3Ac in CHC13. In the case of tryptophan-containing pep
tides, F3Ac-CHCl3 was replaced by 1 N HC1 in AcOH containing 
2% mercaptoethanol as deprotecting agent in order to exclude 
oxidation of the indole moiety. Cleavage and deprotection of the 
completed peptide chain were achieved by treatment with HF 
for 1 h at 0 °C with 20 mL of HF and in the presence of 1 mL 
of anisole and 1 mL of ethyl methyl sulfide as scavengers per gram 
of resin. An additional 200 mg of skatole per gram of resin was 
added for the protection of tryptophan-containing peptides. After 
removal of the HF and following several washings with ethyl 
acetate, peptides were extracted from the resin with 90% acetic 
acid and lyophilized. 

All peptides were purified by a combination of ion-exchange 
chromatography and partition chromatography. Crude products 
dissolved in 1 N acetic acid containing 0.1 N ammonium acetate 
were deposited on a SP-Sephadex C-25 column which was then 
eluted with a linear gradient of 0.1-0.4 N ammonium acetate in 
1 N AcOH. Further purification was achieved by partition 
chromatography on a Sephadex G-25 column with the system 
1-butanol-acetic acid-H20 (4:1:5). Final products were obtained 
as lyophilisates, and their homogeneity was verified by ascending 
thin-layer chromatography on precoated plates (silica gel G, 250 
^m, Analtech, Inc.) in the following systems: (a) 1-butanol-acetic 
acid-H20 (BAW) (4:1:5, organic phase), (b) butanol-pyridine-
acetic acid-H20 (BPAW) (15:10:3:12), and (c) sec-butyl alco-
hol-3% ammonium hydroxide (SH) (100:44). A single major spot 
was detected for all peptides with the exception of the methio-
nine-containing analogues, which showed a second faint spot with 
a smaller Rf due to the presence of a small amount (<5%) of 
methionine sulfoxide peptide. Peptides were hydrolyzed (110 °C, 
24 h) in 6 N HC1 in the presence of 5% thioglycolic acid,33 and 
amino acid analyses of the hydrolysates were carried out on a 
Beckman Model 121C amino acid analyzer equipped with a system 
AA computing integrator. Runs with standard solutions of the 
N"-methylated amino acids gave low color factors. The elution 
times for iV"-methylphenylalanine, W*-methyltryptophan, and 
iVa-methylleucine were 38.1, 59.7, and 27.8 min, respectively. The 
overlap of the A^-methylphenylalanine peak with the methionine 
peak was circumvented by analysis of an oxidized sample. 
iVa-Methylleucine could not be analyzed because its elution time 
coincided with that of glycine; however, this had a minimal effect 
on the determination of glycine because of the very low color factor 
of N"-methylleucine. 

H-Tyr-Gly-Gly-Phe(N°Me)-Met-OH: Amino acid analysis 
gave Tyr, 1.00; Gly, 2.03; Phe(N"Me), 0.87; Met, 0.94. TLC R, 
0.48 (BAW), 0.64 (BPAW), 0.32 (SH); yield 13%; peptide content 
98%. 

H-Tyr-Gly-Gly-Trp(NaMe)-MetOH: Amino acid analysis 
gave Tyr, 1.00; Gly, 2.03; Trp(N"Me), 0.95; Met, 0.94. TLC R, 
0.52 (BAW), 0.70 (BPAW), 0.29 (SH); yield 6%; peptide content 
97%. 

H-Tyr-Gly-Gly-Phe-Leu(N"Me),OH: Amino acid analysis 
gave Tyr, 0.90; Gly, 2.00; Phe, 0.91. TLC R, 0.49 (BAW), 0.67 
(BPAW), 0.32 (SH); yield 15%, peptide content 91%. 

H-Tyr-Gly-Gly-Trp-Leu(NQMe)-OH: Amino acid analysis 
gave Tyr, 1.02; Gly, 2.00; Trp, 0.96. TLC Rf 0.53 (BAW), 0.69 
(BPAW), 0.33 (SH); yield 7%; peptide content 92%. 

H-Tyr-Gly-Gly-Phe-Pro-OH: Amino acid analysis gave Tyr, 
1.04; Gly, 2.19; Phe, 1.00; Pro, 0.92. TLC R, 0.40 (BAW), 0.61 

(31) R. Schwyzer, P. Sieber, and H. Kappeler, Helv. Chim. Acta, 
42, 2622 (1959). 

(32) B. F. Gisin, Helv. Chim. Acta, 56, 1476 (1973). 
(33) H. Matsubara and R. M. Sasaki, Biochem. Biophys. Res. 

Commun., 35, 175 (1969). 

(BPAW), 0.29 (SH); yield 52%; peptide content 83%. 
H-Tyr-Gly-Gly-Trp-Pro-OH: Amino acid analysis gave Tyr, 

1.04; Gly, 2.00; Trp, 1.01; Pro, 0.87. TLC Rf 0.42 (BAW), 0.61 
(BPAW), 0.28 (SH); yield 30%; peptide content 86%. 

H-Tyr(OMe)-Gly-Gly-Trp-Met-OH: Amino acid analysis 
gave Tyr, 1.08; Gly, 2.00; Trp, 0.96; Met, 0.94. TLC Rf 0.48 (BAW), 
0.62 (BPAW), 0.29 (SH); yield 11%; peptide content 87%. 

The syntheses of [Met5]enkephalin, [Trp4,Met6]enkephalin, 
[Leu5]enkephalin, [Trp\Leu5]enkephalin, and [Tyr-
(OMe)1,Met6]enkephalin have been described elsewhere.1,14 

In Vitro Opiate Activities. Relative opiate receptor affinities 
were obtained by displacement of [3H]naloxone from rat brain 
membrane preparations essentially as described by Pasternak et 
al.34 In order to minimize enzymatic peptide hydrolysis, incu
bations were performed at 0 °C. Details of the binding assay have 
been reported in a previous publication.14 

The determination of narcotic agonist activities was performed 
with an assay based on inhibition of electrically evoked con
tractions of the guinea pig ileum. Single pulses of 4-ms duration 
were delivered with voltages ranging from 3 to 6 V and isometric 
contractions were recorded. Further details of the guinea pig ileum 
assay have been described elsewhere.36 

Spectroscopic Measurements and Energy-Transfer Ex
periments. Optical densities were determined with a Beckman 
Model 25 spectrophotometer. A Hitachi Perkin-Elmer fluores
cence spectrophotometer MPF-3L was employed for recording 
fluorescence emission spectra (uncorrected), whereby a constant 
temperature of 25 °C was maintained through thermostatting of 
the cell block. Dilute solutions of peptides (1 X 10"5 M) in H20 
were made up for the measurement of all fluorescence parameters. 
Literature values36 of 0.14 and 0.13, respectively, were taken as 
fluorescence quantum yields, </>AA, for L-tyrosine and L-tryptophan 
in H20, which served as standards for determining the quantum 
yields of tyrosine and tryptophan fluorescence in the peptide 
analogues at respective excitation wavelengths of 275 and 293 nm. 
Relative fluorescence intensities were obtained through integration 
of the spectral envelope, and the quantum yield of the peptide 
fluorophore, 0PP, was calculated with eq 1, where 7PP and /AA are 

4>pp = 0AA(^PP^AA/JAA^PP) (1) 

the fluorescence intensities and APP and A^j, the absorbances of 
the peptide fluorophore and the standard, respectively. 

According to Forster,20 the efficiency, E, of excitation energy 
transfer from a donor (tyrosine) to an acceptor (tryptophan) is 
related to the intramolecular donor-acceptor distance, r, as shown 
in eq 2, where the Forster critical distance, R0 (cm), is determined 

r = (E-1 - 1 ) ! /% (2) 

experimentally on the basis of eq 3, where K2 = dipole-dipole 

R0 = [(8.79 X lO-^MicYnWJAD]176 (3) 

orientation factor, n = refractive index, 4>o° = donor fluorescence 
quantum yield in the absence of transfer, and JAD = SO°FD' 
(X)eA(X)X4dX = spectral overlap integral between the molar dec-
adic absorption coefficient of the acceptor («A) and the spectral 
distribution of the donor fluorescence normalized to unity, FD, 
modified by the wavelength factor X4. The suitability of ener
gy-transfer experiments for measuring intramolecular distances 
in biopolymers has been demonstrated extensively,37,38 and 
particular aspects of the method related to conformational studies 
of peptides have been discussed.39 

Transfer efficiencies were determined from donor fluorescence 
quenching according to eq 4, where 4>v> ig the donor fluorescence 

E = 1 - (0D/0D°) (4) 

(34) G. W. Pasternak, H. A. Wilson, and S. H. Snyder, Mol. Phar
macol, 11, 340 (1975). 

(35) P. W. Schiller, A. Lipton, D. F. Horrobin, and M. Bodanszky, 
Biochem. Biophys. Res. Commun., 85, 1332 (1978). 

(36) R. F. Chen, Anal. Lett., 1, 35 (1967). 
(37) L. Stryer, Science, 162, 526 (1968). 
(38) L. Stryer, Annu. Rev. Biochem., 47, 819 (1978), and references 

cited therein. 
(39) P. W. Schiller in "Biochemical Fluorescence: Concepts", Vol. 

1, R. F. Chen and H. Edelhoch, Ed., Marcel Dekker, New 
York, 1975, pp 285-303. 
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quantum yield in the presence of transfer. <̂ D° was measured with 
the corresponding [Phe4]enkephalin analogues. In the compu
tation of R0, a value of 2/3 was used for K2 on the basis of arguments 
which have recently been outlined in detail.14 For the Tyr-Trp 
donor-acceptor pair a value of J/& = 4.8 X 10~16 M"1 cm6 was 
adopted from the literature,40 while in the case of the Tyr-

(40) J. Eisinger, B. Feuer, and A. A. Lamola, Biochemistry, 8, 3908 
(1969). 

The involvement of serotonergic systems may play a role 
in the mechanism of action of various hallucinogenic/ 
psychotomimetic agents such as LSD and derivatives of 
tryptamine and phenalkylamine. Suggestions to this effect 
are supported by microiontophoretic studies, brain hom-
ogenate binding assays, and various biochemical investi
gations; much of this evidence has been reviewed by 
Brimblecombe and Pinder1 and, more recently, by 
Freedman.2 Other neurotransmitter systems, e.g., dopa
minergic, might also be involved, to varying degrees, in the 
mechanism of action of these agents;3,4 however, there is 
a need to investigate the serotonergic component of these 
mechanisms in greater detail. Vane initially reported that 
several phenethylamine and phenylisopropylamine ana
logues interact in an agonistic manner with 5-HT receptors 
of the rat stomach fundus preparation and other investi
gators have since examined the agonistic effects of a 
number of such compounds using a variety of isolated 
tissue preparations.5 In a recent publication from this 
laboratory, we reported that the more potent hallucino
genic tryptamine and phenalkylamine analogues possess 
a relatively high affinity for the 5-HT receptors of the 
isolated rat fundus preparation while the less behaviorally 
active derivatives possess a lower affinity.6 In a subse
quent publication, we reported the results of a more ex
tensive SAR investigation of a series of tryptamine ana-

(1) R. W. Brimblecombe and R. M. Pinder, "Hallucinogenic 
Agents", Wright-Scientechnica, 1975. 

(2) D. X. Freedman and A. E. Halaris in " Psychopharmacology: 
A Generation of Progress", M. A. Lipton, A. Dimascio, and K. 
F. Killam, Eds., Raven Press, New York, 1978, pp 347-359. 

(3) P. M. Whitaker and P. Seeman, J. Pharm. Pharmacol, 29, 506 
(1977). 

(4) P. C. Waldmeier and L. Maitre, Psychopharmacology, 52, 137 
(1977). 

(5) J. R. Vane in "Adrenergic Mechanisms", J. R. Vane, G. E. W. 
Wolstenholme, and M. O'Connor, Eds., Little, Brown and Co., 
Boston, 1960, pp 356-372. 

(6) R. A. Glennon, S. M. Liebowitz, and E. C. Mack, J. Med. 
Chem., 21, 822 (1978). 

(OMe)-Trp pair a performed computation based on the corrected 
fluorescence emission spectrum of [Tyr(OMe)1,Met5]enkephalin 
and the absorption spectrum of tryptophan resulted in a value 
of 9.1 X 10"16 M"1 cm6 for the overlap integral. 
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logues.7 We now delineate the results of a detailed ex
amination of the 5-HT receptor affinities of a series of 
phenalkylamine analogues. 

Chemistry. While biological data have been previously 
reported for the 2,4-dimethoxy compound 16, no melting 
point or microanalytical data could be found in the liter
ature. Compound 16 was prepared by the catalytic hy-
drogenation of the 2-aminopropiophenone 43 to a diaste-
reomeric mixture of 2-aminopropanols 43a; continued re
duction of the latter in the presence of HC104 gave the 
desired product. Alternatively, condensation of 2,4-di-
methoxybenzaldehyde (16a) with EtN02 afforded the 
nitropropene 16b, which could be reduced to 16 with 
LiAlH4. 

Elbs persulfate oxidation of 2-hydroxy-3-methoxy-
benzaldehyde, followed by methylation of the resultant 
hydroquinone, gave 2,3,5-trimethoxybenzaldehyde. The 
aldehyde was condensed with EtN02 and the nitropropene 
reduced with LLA1H4 to yield the desired 2,3,5-trimethoxy 
compound 28. 

Compound 33 was prepared in a manner similar to that 
reported by Shulgin,8 i.e., LiAlH4 reduction of l-(3,4,5-
trimethoxyphenyl)-2-nitropropene (33a). However, in an 
initial attempt to prepare 33a, a benzene solution of 
3,4,5-trimethoxybenzaldehyde was allowed to react with 
EtN02 and NH4OAc under refluxing conditions; in ad
dition to 33a, a white crystalline product, 33b, was isolated. 
Compound 33b was assigned the following structure based 
on NMR, 13C NMR, and mass spectra. Additional support 
for the presence of an imino group is derived from the 
acid-catalyzed hydrolysis of 33b to the parent 3,4,5-tri
methoxybenzaldehyde and the corresponding amine 33c. 
It is speculated that the desired nitropropene 33a was 
formed and then underwent Michael attack to yield 33b. 
A survey of the literature reveals that a similar reaction 

(7) R. A. Glennon and P. K. Gessner, J. Med. Chem., 22, 428 
(1979). 

(8) A. T. Shulgin, J. Med. Chem., 9, 445 (1966). 

Serotonin Receptor Affinities of Psychoactive Phenalkylamine Analogues 
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Employing a rat fundus model, the serotonin (5-HT) receptor affinities of 45 phenalkylamine analogues were 
determined. Phenethylamine and phenylisopropylamine possess relatively low receptor affinities; in general, mono-, 
di-, and trimethoxylation enhance affinity. Of the disubstituted compounds, methoxyl groups at the 2 and 5 positions 
are optimal for imparting a high affinity. 4-Methylation, 4-ethylation and 4-bromination also enhance receptor 
affinity, while N,N-dimethylation of the terminal amine decreases affinity. a-Methylation of phenethylamines has 
little effect on affinity when racemates are examined. Introduction of a benzylic keto group can either increase 
or decrease affinity, depending upon the presence of other aromatic substituents. The most behaviorally active 
compounds were found to possess the highest 5-HT receptor affinities, while less active compounds were found to 
possess lower affinities. 
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