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SUMMARY
A series of residue 3-modified analogs of the cyclic, s-opioid

receptor-selective, dermorphin-like tetrapeptide Tyr-b-Cys-Phe-

Fen and the corresponding residue 4-modified analog of the
related & receptor-selective cyclic pentapeptide [0-Pen?,0-Pen°]
enkephalin were synthesized and evaluated in opioid receptor
binding assays and in the in vitro mouse vas deferens (MVD)
bioassay. In both series, substitutions that would be expected
to alter the orientation of the phenylalanine-substituted aromatic
side chain relative to the rest of the peptide, due to changes in
the conformation of the peptide backbone, had deleterious ef-
fects on binding affinity and MVD potency. In general, these
adverse effects were more pronounced in the pentapeptide
series, owing, most likely, to the greater rigidity and, therefore,

reduced susceptibility to conformational perturbation of the te-
trapeptides. Substitution of phenylalanine by p-fluorophenylalan-
ine enhances binding affinity in the pentapeptide series, consist-
ent with previous observations in the enkephalins, but is without
effect on binding in the tetrapeptide series. Substitution of phen-
ylalanine by homophenylalanine, which alters the relationship of
the aromatic phenyl ring to the remainder of the peptide by
inserting an additional methylene group between the aromatic
moiety and the backbone, greatly reduces binding affinity and
MVD potency in the pentapeptide. The corresponding modifica-
tion in the tetrapeptide series has little effect on & receptor
binding affinity and MVD potency and enhances binding to u
opioid receptors. Several possible interpretations of these results
are discussed.

Several years ago, we described (1-4) a series of conforma-
tionally restricted, cyclic disulfide-containing, enkephalin an-
alogs of structure:

"
Tyr-p-X-Gly-Phe-D(or L)-Y-OH (or -NH,)

where: X and Y = Cys or Pen (8,8-dimethylcysteine). Peptides
within this series, all of which are conformationally restricted
not only by virtue of the cyclization but also as a result of the
increased rigidity attributable to the gem dimethyls of the
penicillamine residue(s), displayed varying selectivity for the 6
type of opioid receptor, with the bis-penicillamine-containing
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analogs DPDPE and [D-Pen® L-Pen®]enkephalin exhibiting ex-
tremely high selectivity for this receptor (3, 4). Since these
reports, DPDPE, in particular, has assumed a role as a standard
é receptor-selective ligand.

In subsequent studies aimed at exploring the effect of ring
size on opioid activity in these cyclic analogs, it was observed
that increasing the ring size by utilizing cyclization via di-
thioether formation rather than via a disulfide, while maintain-
ing the primary sequences of the peptides, had deleterious
effects on both binding affinity and é receptor selectivity (5).
In contrast, more compact cyclic systems prepared by disulfide
or dithioether formation in tetrapeptides lacking the central
glycine residue of the enkephalin pentapeptides, and thus re-
sembling the dermorphin family of opioid peptides (6), dis-
played variable affinity and selectivity (7).! In particular, one
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Opioid receptor affinity and selectivity effects of second residue and carboxyl
terminal residue variation in a cyclic disulfide-containing opioid tetrapeptide.
Submitted for publication.

ABBREVIATIONS: Pen, penicillamine; p-FPhe, p-fluorophenyialanine; Hfe, homophenylalanine; Pgl, phenyliglycine; DPDPE, [p-Pen?,0-Pen®jenkeph-
alin; HPLC, high performance liquid chromatography; MVD, mouse vas deferens.
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analog in this series, Tyr-D-Cys-Phe-D-PenOH, was found to
display similar §-opioid receptor binding selectivity as DPDPE,
while possessing somewhat higher affinity (7). Unlike the cyclic
pentapeptide series, in which various combinations of Cys and
Pen in residues 2 and 5 and differing chirality of the carboxy
terminal residue result in maintenance of high binding affinity
and appreciable § receptor selectivity, the tetrapeptide series
displays a much more stringent dependence upon primary

 —
sequence, with only Tyr-D-Cys-Phe-D-PenOH itself exhibiting
high opioid binding affinity.! This more pronounced depend-
ence on primary sequence can be attributed to the exclusion,
in the tetrapeptides, of a central glycine residue, which has
been suggested to serve as a hinge in the cyclic pentapeptide
series, allowing the appropriate orientations of key structural
elements to be maintained throughout the series (8, 9).
Schiller and co-workers (10-12) have published several re-
ports describing a similar series of cyclic dermorphin tetrapep-

tides of the type Tyr-D-X-Phe-YNH,, in which cyclization is
effected via amide bond formation employing side chain amino
and carboxyl functions in residues 2 and 4. Throughout the
series, in which ring size is varied from 12- to 15-membered
(compared with the 11-membered cyclic structure of Tyr-D-

e
Cys-Phe-D-PenOH), high affinity for the u-opioid receptor is
observed, with maximal u selectivity being demonstrated by

—
Tyr-D-Orn-Phe-AspNH; (13-membered ring). Examination of

—
a series of analogs related to Tyr-D-Orn-Phe-AspNH,, but in
which residue 3 was modified, uncovered differences in the
effects of some of these modifications relative to the same
alteration of Phe' in enkephalin pentapeptides (12). It was
proposed that the Phe® residue of the dermorphin analogs
interacts with a different subsite of the u receptor than does
the Phe* residue of enkephalins, a suggestion consistent with
observations in linear analogs as well (13). Observations that
specific Phe® modifications led to different effects on u versus
6 receptor binding affinity led to the further proposal that the
Phe? residue of these dermorphin analogs interacts in a differ-
ent manner with u compared with & binding sites (12).
Prompted in part by these hypotheses and in part by a desire
to further elucidate the structure-activity relations in our &
receptor-selective cyclic tetrapeptide series, we have under-
taken an evaluation of the effects of modifications of residue 3
———
ii'l, the & receptor-selective tetrapeptide Tyr-D-Cys-Phe-D-
PenOH and a comparison with the effects of the identical
modifications of residue 4 in the é receptor-selective pentapep-
tide DPDPE. Although the results reveal significant differences
between these two series, these differences do not necessarily
indicate that the interactions of the phenylalanine (or substi-

tute) residue in these two series is with different receptor
subsites.

Materials and Methods

Syntheses. Peptides newly reported here were synthesized in a
sequential fashion by solid phase methods, as described earlier for the

parent peptides [D-Pen?,D-Pen®]enkephalin (4) and Tyr-p-Cys-Phe-D-

Em (7). Syntheses of all peptides utilized chloromethylated polystyrene
(Merrifield) resin cross-linked with 1% divinylbenzene as the solid
support. t-Butyloxycarbonyl protection of the a-amino function was
used throughout. The labile sulfur-containing side chains of the cys-
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teine and penicillamine residues were protected with the p-methylben-
zyl function. For all peptides, cleavage of the peptide-resin was accom-
plished by treatment of 1.0 g of peptide-resin with 10 ml of anhydrous
HF in the presence of 0.5 g of thiocresol and 0.5 g of cresol. After
stirring for 45-60 min at 0°, the solvent was removed under vacuum
and the resin was washed several times with dry ether. The peptide
was extracted from the resin with three 5-ml washes with N,N-dimeth-
ylformamide/80% acetic acid (9:1), diluted to 400 ml with 25% acetic
acid solution, and lyophilized. Purification of the resulting free sulfhy-
dryl-containing linear peptides was effected by semipreparative HPLC
on a Vydac 218TP C-18 column (2.2 cm X 25 cm) with the solvent
system 0.1% trifluoroacetic acid in H,0/0.1% trifluoroacetic acid in
CH;CN, using a 10-50% gradient of organic component. In some cases,
lyophilization of the extract was omitted; instead, the N,N-dimethyl-
formamide/80% acetic acid washes containing the peptide were com-
bined, diluted 20-fold with aqueous HPLC component, filtered, and
subjected to semipreparative HPLC directly, using the same conditions
described above. Cyclization to the desired disulfide-containing analogs
was effected by treatment with KsFe(CN)g at pH 8.5, and final purifi-
cation was achieved by HPLC, using the conditions described above.
Purity of all peptides was greater than 97%, as measured by analytical
HPLC monitored at both 280 and 230 nm. Each peptide was subjected
to fast atom bombardment mass spectrometry and in each case the
appropriate expected molecular weight was observed.

Receptor binding assays. The binding assays, based on the dis-
placement by the test compounds of radiolabeled sufentanil (u ligand)
or DPDPE (6 ligand) in cerebral membranes from rat brain, were
performed as previously described (14, 15). Briefly, the assay mixture,
containing membrane suspension in 50 mM Tris buffer (pH 7.4), 150
mM NaCl, the radiolabeled ligand, and the test compound, was incu-
bated to reach binding equilibrium (40 min for assays using 0.5 nM
[*H]sufentanil; 60 min for 1.5 nM [PH]DPDPE) at 25°. Subsequently,
the samples were rapidly filtered and the radioactivity on the filter was
determined by liquid scintillation counting. Inhibition of radiolabeled
ligand binding by the test compound was computed from maximal
specific binding, determined with an appropriate excess of unlabeled
sufentanil or DPDPE. IC,, values were obtained by linear regression
from plots relating inhibition of the specific binding in probit units to
the logarithm of five different ligand concentrations. In every case, the
correlation coefficient, 72, of the log-probit plot was higher than 0.98.

Isolated MVD assay. The MVI) assays were performed as previ-
ously described (16). Briefly, 1.5-cm vas deferens segments from male
albino ICR mice were suspended in organ baths that contained 30 ml
of a modified Krebs’ buffer (118 mM NaCl, 4.75 mm KCl, 2.54 mM
CaCl;, 1.19 mM MgSO,, 1.19 mM KH,PO,, 11 mM glucose, 25 mM
NaHCO;, 0.3 mM pargyline HCl, 0.2 mM tyrosine, 0.1 mM ascorbic
acid, 0.03 mM sodium edetate), saturated with 95% 0,/5% CO, and
kept at 37°. The segments were attached to strain gauge transducers
and suspended between two platinum electrodes. After a 30-min equi-
librium period, the segments were stimulated once every 10 sec with
pairs of pulses of 2-msec duration, 1 msec apart and at supramaximal
voltage. Test compounds were evaluated for their ability to inhibit the
electrically stimulated smooth muscle contractions in this preparation,
and complete concentration-effect relationships were determined. ICq,
values were determined by probit analysis and values reported are the
means of three to nine determinations.

Resulits
Binding affinities of the residue 3-substituted analogs of Tyr-

U— |
D-Cys-Phe-D-PenOH and the corresponding residue 4-substi-
tuted pentapeptide analogs of DPDPE are presented in Table

—
1, along with values observed for Tyr-D-Cys-Phe-D-PenOH and
DPDPE themselves. Binding affinities for u and  receptors
are represented by ICs, values for the displacement of the u-
selective ligand [*H]sufentanil and the 3-selective ligand [*H]
DPDPE, respectively, and the ratio of these ICy, values provides
a measure of selectivity for the § receptor. Also shown in Table
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TABLE 1
Opioid receptor binding profiles and MVD potencies of X® tetra- and X* pentapeptides
Binding ICs* 1Cso (1) MVD Ko
[*H]Sufentani [*H]DPOPE 1Ce0 (8)
nM nM
1
Tyr-o-Cys-Phe-0-PenOH 1,210 1.90 637 4.60
DPDPE 7,720 6.40 1,200 5.50
—
Tyr-0-Cys-Hfe-0-PenOH 62.8 2.7 238.2 2.80
[Hfe*)DPDPE >6,000 666 >9 1,380
——
Tyr-0-Cys-Pgl-0-PenOH 4,520 253 18 723
(Pg*]DPDPE >10,000 5,000 >2 >10,000
]
Tyr-0-Cys-NMePhe-p-PenOH >6,000 80.8 >74 243
[NMePhe*]DPDPE >6,000 395 >15.2 420
Tyr-0-Cys-pFPhe-b-PenOH 1,020 1.27 803 0.97
[pFPhe*]DPDPE 1,354 1.90 713 0.52
Tyr-0-Cys-D-Phe-0-PenOH >6,000 77.0 >78 160
[0-Phe*|DPDPE >10,000 2,620 >3.8 >10,000

* Binding assays performed with rat brain (cerebrum) membrane preparations at 25° in 50 mm Tris buffer, pH 7.4, in the presence of 150 mm Na*. Radioligand

concentrations were 1.5 nm for [*H]DPDPE and 0.5 nm for [*H]sufentanil. Average range

for the u- and é-selective binding assays was +6.5% and +10%, respectively.

®MVD assays performed in a modified Krebs' buffer saturated with 95% O,/5% CO, at 37°. Standard errors for the MVD assays were <20% of the reported mean

values.

1 are ICs, values for the test compounds in the MVD assay, in
which the ability to inhibit electrically stimulated muscle con-
tractions is measured. Opioids that inhibit these muscle con-
tractions are, like the endogenous opioids themselves, agonists,
whereas opioids that block these agonist effects are antagonists.
The results of this assay, thus, provide a means of distinguish-
ing agonists from antagonists, a distinction not readily appar-
ent from the binding assays. All of the new analogs presented
here were found to be full agonists, although some are of very
low potency (Table 1). Although actions at the «-opioid receptor
were not assessed in this study, previous results with the parent

—
compounds DPDPE (5) and Tyr-D-Cys-Phe-D-PenOH (7)
themselves indicate little, if any, interaction with this receptor.

The data presented in Table 1 indicate similarities as well as
differences between the tetrapeptide and pentapeptide series in
the effects of phenylalanine residue substitutions. In the tetra-
peptide series, those residue 3 substitutions that can be ex-
pected to affect the backbone conformation of the peptide are
observed to decrease binding affinity, most notably to é recep-
tors. Thus, substitution of Phe® by Pgl, D-Phe, and NMePhe
leads to reductions in é receptor binding affinity of 133- 41-

and 43-fold, respectively. These modifications also have a del-
eterious effect on potency in the MVD assay, resulting ‘1_n

potency losses of 157-, 35-, and 53-fold relative to Tyr-D-Cys-
—

Phe-D-PenOH itself. The magnitudes of the potency losses
observed in the MVD assays are in excellent agreement with
the reduced binding affinities observed for the é receptor.

In contrast to the effects observed with the three residue 3
modifications likely to alter backbone conformation, the two
Phe® substitutions examined whose effects can be expected to
be localized to the side chain (p-FPhe and Hfe) are accommo-
dated without adverse effects on binding affinity or MVD
potency. Of these substitutions, p-FPhe results in similar bind-
ing affinity as the parent Phe® tetrapeptide at both ux and &
receptors but yields a 5-fold increase in MVD potency. The
other substitution, Hfe, in which the side chain is lengthened
by insertion of a second methylene unit between the backbone
and the aromatic ring, results in similar § receptor affinity and
MVD potency as observed for the Phe® tetrapeptide. Interest-
ingly, Hfe® substitution results in a 19-fold increase in u recep-

—
tor affinity, relative to Tyr-D-Cys-Phe-D-PenOH.

In the series of pentapeptides related to DPDPE, some effects
similar to those seen in the tetrapeptide series are observed.
Again, the three Phe substitutions that can be expected to
affect backbone conformation have deleterious effects on bind-
ing and MVD potency. Thus, the Pgl‘- (17), D-Phe*, (17), and
NMePhe*-modified DPDPE analogs experience 780-, 410-, and
62-fold losses, respectively, in & binding affinity and MVD
potency decreases of >1800-, >1800-, and 76-fold, respectively,
relative to DPDPE. As reported previously (17), the results for
the Pgl- and D-Phe-substituted DPDPE analogs are consistent
with observations made for similarly substituted linear enkeph-
alin analogs (18, 19). The observed decreases in & receptor
binding affinity and MVD potency accompanying NMePhe*
substitution in DPDPE are also consistent with previous re-
ports (20).

The two DPDPE analogs in which the Phe* modification can
be expected to have effects localized to the side chain, [p-
FPhe!]DPDPE and [Hfe‘]DPDPE, display quite different
binding and bioassay profiles. The former of these, [ p-FPhe*]
DPDPE, exhibits enhanced affinity toward both é- and u-opioid
receptors and a 10-fold increase in potency in the MVD bioas-
say. These findings are in agreement with recently reported
results for this analog (21) and are consistent with the effect
of p-FPhe modification in linear enkephalins as well (22).
Substitution of Phe* by Hfe* in DPDPE, however, results in &
receptor binding affinity and MVD potency losses of 100- and
250-fold, respectively, in marked contrast to the effects ob-
served for Hfe® for Phe® substitution in the tetrapeptide series.

It is important to note that, although peptidase inhibitors
were not used in either the binding or MVD assays, the affinity
and potency differences observed are unlikely to be due to
differential sensitivity to peptidase-catalyzed degradation. We
have found that peptidase inhibitors have little or no effect on
the observed ICs, values in either MVD? or binding assays (14)
with examples of several structural classes of opioid peptides,
including cyclic enkephalins such as those studied here.

Discussion

The observed effects on opioid receptor binding affinity and
MVD potency of the residue 4 modifications incorporated into

2C. B. Smith, Unpublished observations.
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the DPDPE analogs listed in Table 1 are consistent with
previously reported results for enkephalin analogs in general.
The rather stringent dependence of é-opioid affinity and po-
tency upon the residue 4 side chain reflects the critical role this
residue plays in receptor recognition (19, 23, 24). It is generally
assumed that the relative orientations of the Tyr' and Phe*
aromatic side chains are a key feature of the binding confor-
mation of the enkephalins and that each of these side chains is
involved in favorable binding interactions at the receptor. Thus,
modifications that render this relative orientation energetically
less favored will result in reduced binding affinity. In this
context then, modifications that alter the backbone conforma-
tion and/or the orientation of the phenylalanine aromatic ring
relative to the peptide backbone generally can be expected to
have deleterious effects, as are observed for Pgl, Hfe, and D-
Phe substitutions at residue 4, both here and in linear enkeph-
alin analogs. In linear enkephalins, NMePhe* substitution is
often well tolerated (25), in contrast to the effect observed here
in DPDPE. Apparently, in the more constrained cyclic analogs
the effect of the N-methyl substitution on backbone geometry
results in an aromatic side chain orientation that is incompat-
ible with the binding requirements.

In contrast to the results observed with modifications that
disturb the orientation of the residue 4 aromatic side chain,
substitution in this position by p-FPhe, which would not be
expected to perturb the side chain conformation relative to Phe
itself, leads to enhanced binding affinity at both u- and é-opioid
receptors and to increased MVD potency. This is presumably
due to the altered electronic and/or lipophilic character of the
p-fluorophenyl ring, which leads to a more favorable binding
interaction at the phenylalanine aromatic binding subsite of
both the u and é receptors. Similar increases in binding affinity
and bioassay potency have been observed for p-FPhe* substi-
tutions in linear (22) and cyclic (21) enkephalin analogs.

Both similarities and differences in the effect of a given
modification in the pentapeptide versus the tetrapeptide series
can be seen. Substitution of Phe® by NMePhe or p-FPhe in the
tetrapeptide leads to effects generally similar to those found
for the analogous residue 4 modification in DPDPE. p-FPhe
substitution in the tetrapeptide series, like p-FPhe* substitution
in the pentapeptides, results in a significant increase in MVD
potency. However, although a concomitant increase in binding
affinity is observed in the pentapeptide series, the binding of

—

Tyr-D-Cys-p-FPhe-D-Pen to both u and  receptors is essen-
tially indistinguishable from that of the corresponding Phe®
tetrapeptide. Thus, although the altered electronic and/or li-
pophilic effects accompanying p-FPhe substitution in the pen-
tapeptide serve to enhance the binding interaction, this substi-
tution in the tetrapeptide does not significantly affect binding.
The similar deleterious effect of NMePhe substitution for Phe®
in the tetrapeptide series as was observed for Phe* substitution
in DPDPE indicates that in this series too the N-methylation
disfavors the side chain geometry required for avid binding.
Although it is tempting to ascribe the observed 40-80-fold
decreases in § binding affinity and MVD potency as reflecting
the expected increase in cis-trans peptide bond isomerism re-
sulting from N-methyl substitution, this explanation is highly
unlikely. The presence of cis and trans forms of both peptides
is evident in their NMR spectra,® in which relatively similar

* H. 1. Mosberg, K. Sobezyk-Kojiro, Unpublished obervations.
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populations cis and trans forms are observed. Accordingly, cis-
trans isomerism alone could not account for the very large
decreases in binding affinity and potency observed.
Substitution of the Phe residue in the tetrapeptide series by
Pgl or D-Phe leads to reduced binding affinity and MVD
potency, as was observed in the DPDPE series; however, in the
tetrapeptides the magnitude of these reductions is about 10-
fold less. More striking is the observation that substitution by
Hfe, which reduces § affinity and MVD potency in the DPDPE
series by 100- and 250-fold, respectively, results in only a 1.5-
fold decrease in é affinity and a 2-fold increase in MVD potency
in the tetrapeptides. In general, these results indicate that
altering the aromatic residue 3/4 side chain length (Pgl, Hfe)
or perturbing its orientation relative to the backbone by mod-
ifying backbone conformation and/or chirality (Pgl, p-Phe,
NMePhe) has a more benign effect on 8-opioid activity in the
tetrapeptides than in the pentapeptide series. Three possible
explanations suggest themselves. First, these results may reflect
a less critical role for this residue in the tetrapeptide series
than in the pentapeptides. Given the high binding affinity of
members of the tetrapeptide series (equal to or greater than the
corresponding pentapeptides) and the important role of the
Phe* residue in the pentapeptide enkephalins, this would re-
quire that different modes of interaction between the two series
and the 4 receptor be invoked. This different mode of interac-
tion would then compensate for the lack of a binding interaction
involving the Phe® residue in the tetrapeptides. A second,
related explanation, which also requires that different modes
of interaction with the receptor occur, is that the Phe® residue
remains important for binding but interacts with a different
receptor subsite with less stringent geometrical requirements
than the subsite with which the Phe* residue of the pentapep-
tides interacts. Thus, conformation-altering substitutions in
the tetrapeptides would lead to less drastic losses in binding
affinity, as is observed. A third possibility, and a more parsi-
monious one because it does not necessarily require different
binding modes between the two series, is that modifications
leading to reduced binding affinity and bioassay potency have
less pronounced effects in the tetrapeptide series because the
modifications perturb the tetrapeptide conformations less than
they do the pentapeptide conformations. In this case, some
greater contribution of the binding interaction involving the
residue 3/4 aromatic moiety (or, alternatively, a lesser contri-
bution of unfavorable interactions at the receptor) can be
maintained in the residue 3-substituted tetrapeptide series. We
have recently reported that Cys for Pen (and Pen for Cys)
substitutions and changes in C-terminal chirality within the

—
Tyr-p-Cys-Phe-D-Pen framework are much less well tolerated
than in the corresponding pentapeptide series.! We have sug-
gested that this reflects the increased rigidity of the tetrapep-
tides, which lack the flexible Gly® residue that in the pentapep-
tide series allows the appropriate binding geometry to be as-
sumed. In much the same manner, but with a different result,
the rigidity of the tetrapeptides might limit the magnitude of
the conformational perturbation resulting from the residue 3
substitutions described here, thereby resulting in a less drastic
effect on binding affinity than observed in the pentapeptides.
The MVD and é receptor binding results observed with the
Hfe?-substituted tetrapeptide are consistent with any of the
three possible explanations discussed above. If, as the first
explanation supposes, the residue 3 aromatic group is unimpor-
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tant for 6 binding, then Hfe, which would not be expected to
alter backbone conformation, should be a neutral substitution
(barring any adverse steric interaction), as is observed. If, as
the second explanation hypothesizes, the aromatic ring does
contribute to the binding interaction but interacts with a struc-
turally less restrictive subsite, the same result would be ex-
pected. If, on the other hand, the tetrapeptides and pentapep-
tides bind to the same complementary regions of the é receptor,
as would be allowed in the third hypothesis, they likely do so
with some differences in orientation of the residue 3/4 aromatic
group relative to other key binding elements, particularly the
tyrosine residue, owing to the absence in the former and pres-
ence in the latter of an intervening glycine residue. Thus,
extension of the residue 3 side chain by one carbon atom in

—

Tyr-p-Cys-Hfe-D-Pen may result in a relative positioning of
tyrosine and homophenylalanine aromatic rings similar to that
in Phe‘-containing pentapeptide analogs, such as DPDPE.
Again, little effect on é receptor affinity or MVD potency would
be expected, as is consistent with observation.

The series of compounds presented here provides fewer in-
sights regarding u receptor binding requirements, because in
almost all cases the analogs examined, in both tetrapeptide and
pentapeptide series, display similar poor x binding affinities.

—

The sole exception, Tyr-D-Cys-Hfe-D-Pen, exhibits an approx-
imately 20-fold improvement in x binding affinity, compared
with the corresponding Phe® tetrapeptide, and is at least 100-
fold higher in u affinity than [Hfe‘)DPDPE. This is consistent
with previous observations in linear di- and tripeptides related
to dermorphin, in which the more extended phenethyl side
chain of homophenylalanine was observed to enhance opioid
potency in the guinea pig ileum assay, a u receptor-sensitive
assay (26). However, Schiller et al. (12) have reported that Hfe
for Phe substitution in the potent u receptor-selective tetrapep-

—
tide Tyr-D-Orn-Phe-AspNH; has little effect on binding affin-
ity to u receptors.

Results from other Phe® modifications in Schiller’s cyclic
series (12) as well as linear dermorphin-related analogs (13)
have led to the suggestion that these generally u-selective
analogs interact with the u receptor in a different fashion than
do corresponding pentapeptides and that, in particular, differ-
ent subsites exist for the Phe® versus Phe* aromatic side chain.
As discussed above, the observations reported here for the &
receptor-selective tetrapeptide series are also consistent with
different aromatic binding subsites, compared with those for
DPDPE and related pentapeptides; however, other interpreta-
tions are not excluded. Synthetic and conformational studies
aimed at addressing this critical question, whose answer will
help identify similarities and differences between u and é re-
ceptor binding sites, are in progress.

References

1. Mosberg, H. 1., R. Hurst, V. J. Hruby, J. J. Galligan, T. F. Burks, K. Gee,
and H. L. Yamamura. [D-Pen?, L-Cys®]Enkephalinamide and [D-Pen?, D- Cys‘]
enkephalinamide, conformatronally constrained cyclic enkephahnamnde an-
alogs with delta receptor specificity. Biochem. Biophys. Res. Commun.
1086:506-512 (1982).

2. Mosberg, H. 1., R. Hurst, V. J. Hruby, J. J. Galligan, T. F. Burks, K. Gee,
andH. L Yamamura. Conformationally constrained cyclic enkephalin analogs
with pronounced delta opioid receptor agonist selectivity. Life Sci. 32:2656-
2659 (1983).

3. Mosberg, H. 1., R. Hurst, V. J. Hruby, K. Gee, K. Akiyama, H. I. Yamamura,
J. J. Galligan, "and T. F. Burks. Cyclic penicillamine containing enkephalin

analogs display profound delta receptor selectivities. Life Sci. 38 (Suppl.
1):447-450(1983).

4. Mosberg, H. L., R. Hurst, V. J. Hruby, K. Gee, H. I. Yamamura, J. J. Galligan,
and T. F. Burks. Bxs-pemcxllamme enkephalins: highly improved specificity
?l)gvgar;i delta opioid receptors. Proc. Natl. Acad. Sci. USA 80:5871-5874

5. Mosberg, H. L., J. R. Omnaas, and A. Goldstein. Structural requirements for
& opioid receptor binding. Mol. Pharmacol. 31:599-602 (1987).

6. Montecucchi, P. C, R. deCastrghone, and V. Erspamer. Identification of
dermoprhin and Hyp -dermorphin in skin extracts of the Brazilian frog
Phyllomedusa rhodei. Int. J. Peptide Protein Res. 17:316-321 (1981).

7. Mosberg, H. I, J. R. Omnaas, C. B. Smith, and F. Medzihradsky. Cyclic
disulfide- and drthxoether-contammg opioid t.etrapeptrdes development of a
ligand with enhanced delta opioid receptor selectivity and potency. Life Sci.
43:1013-1020 (1988).

8. Mosberg, H. I. 'H NMR investigation of conformational features of cyclic,
penicillamine containing enkephalin analogs. Int. J. Peptide Protein Res.
29:282-288 (1987).

9. Mosberg, H. I, K. Sobczyk-Kojiro, P. Subramanian, G. M. Crippen, K.
Ramalingam, and R. W. Woodard. Combined use of stereospecific deutera-
tion, NMR, distance geometry and energy minimization for the conformation
analysis of the delta opioid receptor selective peptide, [D-Pen?, D-Pen®]
enkephalin. J. Am. Chem. Soc. 112:822-829 (1990).

10. Schiller, P. W., T. M.-D. Nguyen, L. A. Maziak, and C. Lemieux. A novel
cyclic opioid peptlde analog showing high preference for u receptors. Biochem.
Biophys. Res. Commun. 127:558-564 (1985).

11. Schiller, P. W, T. M.-D. Nguyen, C. Lemieux, and L. A. Maziak. Synthesis
and activity proﬂles of novel cyclic opioid peptide monomers and dimers. J.
Med. Chem. 28:1766-1771 (1985)

12. Schiller, P. W., T. M.-D. Nguyen, L. A. Maziak, B. C. Wilkes, and C. Lemieux.
Structure-activity relationships of cyclic opioid peptide analogues containing
? phe)nylalanine residue in the 3-position. J. Med. Chem. 80:2094-2099

1987).

13. Schiller, P. W., T. M.-D. Nguyen, J. DiMaio, and C. Lemieux. Comparison
of -, 8, and «-receptor binding sites through pharmacologic evaluation of p-
nitrophenylalanine analogs of opioid peptides. Life Sci. 33:319-322 (1983).

14. Clark, M. J., B. D. Carter, and F. Medzihradsky. Selectivity of ligand binding
to opioid receptors in brain membranes from the rat, monkey, and guinea
pig. Eur. J. Pharmacol. 148:343-351 (1988).

15. Medthradsky F., P. J. Dahlstrom, J. H. Woods, S. V. Fischel, and S. E

Mitsos. R. ion in the receptor binding of putative u and « opiates. L;/e
Sci. 34:2129-2138 (1984).

16. Smith, C. B. New approaches to the evaluatnon of opioid agomsts and
antagonists upon the isolated, electrically vas
preparation. NIDA Res. Monogr. Ser. 76: 288-294 (1987).

17. Haaseth, R. C., K. Sobczyk-Kojiro, F. Medzihradsky, C. B. Smith, and H. I.
Mosberg Smgle residue modifications of the delta opioid receptor selective
peptide, [D-Pen?,D-Pen®lenkephalin (DPDPE): correlation of pharmacologi-
%a: effects with structural and conformational features. Int. J. Peptide Protein

., in press.

18. Beddell C R., R. B. Clark, G. W. Hardy, L. A. Lowe, F. D. Ubatuba, J. R.
Vane,S Wdhnson, K.J. Chang. P. Cuatrecasas, and R. J. Miller. Structural
requirements for opioid activity of analogues of the enkephalins. Proc. R.
Soc. Lond. Biol. Sci. 198:249-265 (1977).

19. Fournie-Zaluski, M.-C., G. Gacel, B. Maigret, S. P ilat, and B. P. Roq
Structural requirements for specific recognition of mu or delta opiate recep-
tors. Mol. Pharmacol. 20:484-491 (1981).

20. Hruby, V. J., L. F. Kao, J. E. Shook, K. Gulya, H. I. Yamamura, and T. F.
Burks. Design and synthesis of receptor selective peptide neurotransmitters,
in Peptides 1986, Proceedings of the 19th European Peptide Symposium (D.
Theodoropoulos, ed.). W. de Gruyter, Berlin, 385-388 (1987).

21. Toth, G., T. H. Kramer, R. Knapp, G. Lui, P. Davis, T. F. Burks, H. L
Yamamura, and V. J. Hruby. [D-Pen?D-Pen®]Enkephalin analogues with
increased affinity and selectivity for & opioid receptors. J. Med. Chem.
33:249-253 (1990).

22. Gesellchen, P. D., R. T. Shuman, R. C. A. Frederickson, and M. D. Hynes.
Opioid receptor binding affinity and efficacy of metkephamid analogs mo-
dofied at the phenylalanine residue, in Peptides: Structure and Function (C.
M. Deber, V. J. Hruby, and K. D. Kopple, eds.). Pierce Chemical Co.,
Rockford, IL, 495-498 (1986).

23. Shimohigashi, Y., T. Costa, T. J. Nitz, H.-C. Chen, and C. H. Stammer.
Importance of the stereo-orientation of aromatic groups in enkephalins to
opiate receptor recognition. Biochem. Biophys. Res. Commun. 121:966-972
(1984).

24. Schiller, P. W. Conformational analysis of enkephalin and conformation-
activity relationships, in The Peptides, Analysis, Synthesis, Biology (S. Uden-
friend) and J. Meienhofer, eds.), Vol. 6. Academic Press, New York, 219-268

1984).

25. Hansen, P. E., and B. A. Morgan. Structure-activity relationships in enkeph-
alin peptides, in The Peptides, Analysis, Synthests, Biology (S. Udenfriend
and J. Meienhofer, eds.), Vol. 6. Academic Press, New York, 269-323 (1984).

26. Casiano, F. M., W. R. Cumiskey, T. D. Gordon, P. E. Hansen, F. C. McKay,
B. A. Morgan, A K. Pierson, J. Smgh, L. Termuuello,S J. Ward, and D. M.
Wescoe. Structure function studies in di- and tripeptides related to des[Gly®]
enkephalin, in Peptides: Structure and Function (V. J. Hruby and D. H. rich,
eds.). Pierce Chemical Co., Rockford, IL, 311-314 (1983).

Send reprint requests to: Henry 1. Mosberg, Ph.D., College of Pharmacy,
University of Michigan, Ann Arbor, MI 48109-1065.

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/



