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Conformational parameters of the potent cyclic enkephalin analogs
[D~Cys?,D~Cys>]enkephalinamide and [D-Cys®,Trp*,D- Cys®]enkephalinamide were de-
termined by steady-state fluorescence measurements The very low tyrosine fluor-
escence quantum yield observed with [D- Cys »D- Cys“]enkephalinamide reflects a
close intramolecular interaction between the phenol ring of Tyr! and the di-
sulfide bridge. Evaluation of resonance energy transfer between Tyr!l (donor)
and Trp* (acceptor) of [D-Cys?,Trp",D-Cys®Jlenkephalinamide on the basis of
Flrster's equation resulted in an average intramolecular distance of 9.7 + 0.2

between the two aromatic rings. This mean distance is nearly idemtical with
the average Tyr1 - Trp“ distance (9.5 = 0.3 X) previously determined with the
linear analog [D-Ala?,Trp“,Met5lenkephalin.

The conformation of the opioid peptides Met~ and Leu-enkephalin (Tyr-Gly-
Gly-Phe-Met (or Leu)) in varilous states has been the subject of numerous in-
vestigations. While no consensus has been reached with regard to the solution
conformation(s) of the ’enkephalins, increasing evidence for the existence of a
conformational equilibrium in aqueous solution has been obtained in recent
years (cf. ref. 1). Furthermore, the notion of conformational heterogeneity
and flexibility of these peptides is quite compatible with the lack of speci-
ficity observed in their interaction with various opiate receptor subclasses.
Recently, highly potent cyclic enkephalin analogs with either u- or S-receptor
selectivity have been synthesized (2-6). Obviously, the number of conformaticnal
possibilities is greatly reduced in these semi-rigid cyclic analogs. Therefore,
it is of interest to study their solution conformation to obtain insight into
the receptor-bound conformation, since these compounds are unlikely to undergo
drastic conformational changes during the process of binding to the receptor.

For the purpose of a conformational study by fluorescence techniques the

4-tryptophan analog of a potent cystine-containing enkephalin analog,
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[D-Cys? ,D~Cys®Jenkephalinamide (H—Tyr—D—%ys—Gly—Phe—D-CyF—Nﬂz) (4), was syn—

thesized. Like its parent compound the resulting cyclic analog,

[D-Cys?,Trp*,D-Cys®]enkephalinamide (H—Tyr—D—st—Gly—Trp—D—Cyf—NHz) (Fig. 1),

shows about 300-times higher potency than [Leu5]enkephalin in the guinea pig
ileum assay and is about as potent as the latter peptide in the mouse vas
deferens assay (7). The tryptophan-containing cyclic analog permits the de-~
termination of the average intramolecular distance between the phenol ring

of Tyr1 (donor) and the indole moiety of Trp” (acceptor) by evaluation of
singlet-singlet energy transfer between donor and acceptor on the basis of the
Flrster equation (8). 1In order to assess the effect of the conformational
restriction on the separation between the two aromatic rings in positions 1
and 4, it is of interest to compare the average Tyrl—Trp“ intramolecular
distance resulting for the cyclic peptide with the corresponding distance pre-
viously determined with the open-chain analog [D-AlaZ?,Trp",Met’lenkephalin (9).
Finally, determination of the tyrosine and tryptophan fluorescence quantum
yields of the cyclic analogs [D—Cysz,D—Cyss]enkephalinamide and
[D—Cysz,Trp“,D—CysS]enkephalinamide and their interpretation in relation to
the quantum yields obtained for the corresponding open-chain analogs can be
expected to provide some insight into the side-chain orientation in positions

1 and 4.
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Figure 1. Structural formula of the cyclic enkephalin analog H-Tyr-D-Cys-Gly-
Trp-D-Cys-NHj. |
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MATERTALS AND METHODS

The preparation and pharmacological characterization of [D—Cysz,Trp“,D-Cyss]
enkephalinamide will be described elsewhere (7). The syntheses and biological
activities of [D-Cys?,D-Cys®]enkephalinamide and of [D-Ala? ,Met®lenkephalin and
[D—Alaz,Trp”,Mets]enkephalin have been reported (4,9).

The extinction coefficients of the disulfide chromophore in the wavelength
region from 260 to 330 nm were determined by subtracting the absorption spectrum
of two phenylalanine residues from that of the analog [Phel,D-Cys?,D-Cys®]enke-
phalinamide (7). The contribution of the disulfide moiety to the absorption
spectrum was taken into account in all fluorescence determinations with the
eyelic analogs. For fluorescence studies 3 x 10~5M solutions of peptides were
made up in tridistilled HP0 and fluorescence spectra were recorded on a Hitachi-
Perkin Elmer fluorometer MPF-2L. Fluorescence quantum yields were measured by
comparison of the emission spectra of the peptides with those of L-tyrosine and
L-tryptophan (9), whose quantum yields in H20 were taken as 0.14 and 0.13,
respectively (10).

Tyr-Trp distances, r, were determined based on Flrster's equation (8)
using the relation

-1 /g

r=( =-1) R ),

o

whereby the transfer efficiency, E, was calculated from the mgasured donor
(tyrosine) guantum vields in the presence (¢p) and absence (¢p) of transfer

(E = 1-¢p/¢p). ¢p was obtained as described (11), and ¢8 was determined with
the corresponding analogs containing phenylalanine in place of tryptophan in
position 4. The FBrster critical distance, Rp (em), is determined experiment-~
ally according to eq. 2

R, = [(8.79 x 1072%) («?/a")43 Tppl /8 ),

where 2 = dipole—diEole orientation factor, n = refractive index and

JAD = é“ Fp(M)ea(M)A*dA = spectral overlap integral between the molar decadic
absorption coefficient of the acceptor, ep, and the spectral distribution of
the donor fluorescence normalized to unity, Fp, modified by the wavelength
factor A*. A value of 2/3 was used for k2 on the basis of arguments presented
elsewhere (9) and a value of Jap = 4.8 x 1016 M-lemb was adopted from the
literature (12).

RESULTS AND DISCUSSION

The tyrosine fluorescence quantum yield determined with [D-Cysz,D—Cyss]—en—
kephalinamide (¢Tyr = 0.009) is nearly 2.5 times lower than that of the linear
analog [D—Alaz,Mets]enkephalin (Table 1) and, in fact, represents the lowest
quantum yield in absence of energy transfer which has been reported for a
tyrosyl peptide to date (cf. ref. 13). The comparison with the linear peptide
indicates that the drastic quenching of the tyrosine fluorescence observed
with the cyclic analog is caused by the adjacent disulfide group. The me-
chanism by which disulfide moieties quench tyrosine or tryptophan fluorescence
has not yet been clearly established; however, studies with model compounds

(14) showed that close proximity (< 6 X) between the aromatic ring of the
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Table 1. Tyrosine and Tryptophan Fluorescence Quantum Yields, ¢, of Enkephalin Analogsa
Analog ¢Tyr ¢Trp
H-Tyr-D-Cys-Gly-Phe-D~Cys-NH2 0.009 + O -
H-Tyr—D—Ala-Gly-—Phe—Met—OHb 0.022 + 0.001 -
H-Tyr—D—Cys—Gly—Trp-D-Cys—NH2 0.006 + 0.001 0.036 + 0.001
H-Tyr—D—Ala—Gly-Trp—Met—OHb 0.008 * 0.001 0.059 + 0.001

2 Mean of three determinations * S.E.M. b Results taken from ref. 9.

fluorescent residue and the disulfide group, permitting a sulfur-9 bond
interaction, is required. Therefore, we can exclude extended conformations
of the tyrosyl side-chain pointing away from the disulfide bridge which could
result in an intramolecular distance between the centers of the phenol ring
and the S-S moiety of up to 9 2. In fact,it is quite possible that the
phenol ring and the disulfide group form an energetically favorable intra-
molecular complex. The heat of formation for this type of complex has
recently been shown to be of the order of 1 kcal/mol (15,16) at an optimal
distance of about 3.5 & between the plane of the aromatic ring and one of the
sulfur atoms. Based on these findings and arguments a close interaction
between the tyrosyl side-chain and the disulfide bridge in [D—CysZ,D—Cyss]en—
kephalinamide is proposed.

The tryptophan fluorescence quantum yield of the cyclic analog [D—Cysz,—
Trp*,D-Cys®]enkephalinamide is reduced by 40% as compared to that of the
corresponding linear analog [D-Ala2,Trp”,MetS]enkephalin (Table 1). Even
though this reduction is not as drastic as in the case of the tyrosyl residue
of [D—Cys2,D—CysS]enkephalinamide, some quenching of the tryptophan fluorescence
by the disulfide group in the cyclic peptide is indicated by this result. The

emission maximum at 350 nm observed with [D—Cysz,Trp”,D—Cyss]enkephalinamide
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Table 2. FBrster Parameters and Average Intramolecular
Tyrl—Trp“ Distances, r, of Enkephalin Analogsa

Analog ¢; E R, [4] r [])
H-Tyr-D—Cys—Gly-Trp—D-Cys—NH2 0.009 0.37 (0.35-0.40) 8.9 9.7 + 0.2
|
H-Tyr-D-Ala-Gly-Trp-Met-OH® 0.022 0.62 + 0.05 10.3 9.5 + 0.3

2 Values shown are the mean of three determinations *+ S.E.M. Numbers in parentheses
represent upper and lower limit. Data taken from ref. 9.

indicates that the tryptophyl residue is located in a predominantly aqueous en-
vironment, as is the case with [D-Alaz,Trp”,Mets]—enkephalin.

The efficiency of energy transfer between Tyr1 and TrpL+ in [D—Cysz,—
Trp",D-Cys® Jenkephalinamide is considerably lower (E = 0.37) than that observed
between the corresponding residues in [D-Ala?,Trp",Met>]enkephalin (E = 0.62)
(Table 2). However the Ry-value of the cystine-containing analog is also
smaller because of the low tyrosine fluorescence quantum yield and, therefore,
a similar average intramolecular distance (9.7 * 0.2 X) between the phenol
ring of Tyr1 and the indole moiety of Trp“ results for the cyclic analog as
for the linear peptide (9.5 % 0.3 X).

A theoretical conformational analysis performed with [D-Alaz,Trp“,MetS]en—
kephalin indicated the existence of an equilibrium of conformers with Tyr!-Trp*
intramolecular distances ranging from 5 to 15 R (17). The average transfer
efficiency computed for this ensemble of conformers was found to be in good
agreement with the experimentally determined value. The predominant Tyrl—Trpq
distance of 9 ] resulting from this analysis is comparable to the intramolecular
distance between the two aromatic rings contained in the potent morphine
derivative 7a-(1-(R)-hydroxy-l-methyl-3-phenylpropyl)-6,l4-endo-ethenotetra~-
hydrooripavine (PEO). This observation is noteworthy in view of the proposal
that the aromatic side-chain in position 4 of enkephalin might play the same

role as the phenylethyl substitutent on carbon-19 of PEO in the interaction
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with opiate receptors (18). It would be of considerable interest to perform
a theoretical conformational analysis with the cyclic analog and to compare
the resulting distance distribution with that of the linear peptide. Hetero-
geneity in the overall conformation of the cyclic peptide is of course reduced
because of the introduced conformational constraint. Nevertheless, inspection
of a CPK-model of [D—Cy52,Trp“,D—Cyss]enkephalinamide reveals that depending
on the orientations of the exocyclic tyrosyl residue and the tryptophyl side-
chain intramolecular distances between the two aromatic rings ranging from
6 to 16 & can be obtained. However, the energetically favorable interaction
between the phenol ring and the disulfide group mentioned above might reduce
the conformational heterogeneity of the tyrosyl side-chain and thereby narrow
the range of intramolecular Tyrl—Trp“ distances.

It has been proposed (19) that the binding sites for the aromatic rings
in positions 1 and 4 of enkephalin may lie closer together in p-receptors than
in d-receptors. 1In the present study no difference in the average phenol-indole
intramolecular distance is observed between the 8-receptor-selective linear
analog (7) and the cyclic analog which shows a slight preference for u-receptors
4. However, it is possible that the predominant conformer(s) of the cyclic
analog might show a shorter distance between the two aromatic rings. Of course,
it has also to be kept in mind that the side-chain topography might change in

the process of binding to the receptor.
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