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Abstract

The roleof eachof the four amidebonds inLeu5-enkepha-
lin was investigated by systematically and sequentially
replacing each with its corresponding trans-alkene. Six
Leu5-enkephalin analogs based on six dipeptide surro-
gates and two Met5-enkephalin analogs were synthesized
and thoroughly tested using a δ-opioid receptor interna-
lization assay, an ERK1/2 activation assay, and a compe-
tition binding assay to evaluate their biological properties.
We observed that an E-alkene can efficiently replace the
first amide bond of Leu5- and Met5-enkephalin without
significantly affecting biological activity. By contrast, the
second amide bondwas found to be highly sensitive to the
same modification, suggesting that it is involved in biolo-
gically essential intra- or intermolecular interactions. Fi-
nally, we observed that the affinity and activity of analogs
containing an E-alkene at either the third or fourth posi-
tion were partially reduced, indicating that these amide
bonds are less important for these intra- or intermolecular
interactions. Overall, our study demonstrates that the sys-
tematic and sequential replacement of amide bonds by
E-alkene represents an efficient way to explore peptide
backbones.

Keywords:Enkephalin, δ-opioid receptor, trans-olefin,
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D
espite the development of numerous new an-
algesics, alkaloids are still among the most
effective agents for the treatment of both

chronic and acute pain. Morphine (Figure 1) and its
derivatives bind to and activate at least three types of

G-protein coupled receptors (GPCRs), namely, the μ
(MOPR),δ (DOPR), and κ (KOPR) opioid receptors (1).
To date, most clinically used analgesics targetMOPR (2).
However, this receptor is also responsible for themajority
of undesirable side effects associated with narcotics.
Several recent data indicate that the selective activation
of DOPR does not lead to these side effects (3-6). It is
thus generally accepted that, under certain circumstances,
a selective DOPR agonist would induce analgesia in the
absence of unwanted side effects (7). The enkephalins are
endogenous pentapeptides [Met5-enkephalin (Tyr-Gly-
Gly-Phe-Met) and Leu5-enkephalin (Tyr-Gly-Gly-Phe-
Leu)] that exhibit selectivity for theDOPR(1-5� toward
MOPR and >1000� toward KOPR). However, the
enkephalins and other related peptide agonists are limited
in their therapeutic potential by poor pharmacokinetic
profiles. In addition to being quicklymetabolized by pep-
tidases (mainly the enkephalinase EC 3.4.24.11 and the
aminopeptidase M EC 3.4.11.2) (8), these compounds
are unable to cross the blood-brain barrier (BBB) to
reach opioid receptors located in the central nervous sys-
tem (9, 10). Consequently, a great deal of current research
is devoted to the identification of novel nonpeptide
DOPRagonists.For example, compounds suchasSIOM,
SB213698, TAN67, BW373U86, and SNC80 are useful
pharmacological tools for the study of DOPR (Figure 1).
However, these types of synthetic molecules generally
exhibit deleterious side effects (e.g., convulsions), which
prevent their use in the clinic (11-13).

Interestingly, some novel synthetic chemically related
small molecules seem to produce fewer unwanted side
effects (14-16). Aside from small molecules, it has also
been shown that several linear peptides similar to the
enkephalins (i.e., DADLE (Tyr-D-Ala-Gly-Phe-D-Leu)
and deltorphin II (Tyr-Ala-Phe-Glu-Val-Val-Gly-NH2))
and that some cyclic peptides topologically similar to
enkephalins (DPDPE, JOM13) exhibit excellent affinity
and selectivity for DOPR (Figure 2) (17-20).

It is likely that the structures of these potent cyclic
compounds closely resemble the bioactive conformation
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of enkephalins. However, the active conformation of
enkephalins remains unresolved. Indeed, four different
enkephalin crystals have been isolated (21-24). The
present study aimed to address this challenging problem
through the systematic investigation of the roles of the
amide bonds in enkephalins. In medicinal chemistry, a
simple and effective strategy to identify the peptide resi-
dues important for biological activity consists of system-
atically replacing each residue in a given peptide chain
with an alanine, a process knownas alanine scanning (25).

Similarly, backbone amides can be scanned by system-
atically replacing them with topologically equivalent
trans-olefins. Amides can stabilize active conformations
bymeans of intramolecular hydrogen bonds or be directly
involved inbinding to receptors via either hydrogenbonds
or electrostatic interactions. It is also possible that the
amide bonds in enkephalins act simply to hold the peptide
chain in a certain conformation without directly interact-
ing with the receptor. The exchange of amide bonds that
are not involved in these crucial weak interactions with
trans-alkenes will likely not result in significant loss in the
affinity of enkephalins for DOPRs (26). We hypothesized
that this method would prove effective in the elucidation
of the importance of each enkephalin amide bond.

Being pentapeptides, enkephalins contain four amide
bonds. One analysis of crystallographic data has shown
the presence of a β-turn with amides 1 and 3 (Figure 3)
for Leu5-enkephalin (23). However, there is no evidence
indicating that this crystal conformation corresponds to
the active geometry of enkephalins. Indeed, induced fit
requirements can dictate shapes that are quite distinct
from crystal conformations (27). In light of this fact, it
is possible that there is no β-turn in the active conforma-
tion of enkephalins or that a β-turn between amides 2
and 4 might have been selected by DOPR (28).

Results and Discussion

We have synthesized and thoroughly tested six Leu5-
enkephalin analogs (1-6) and two Met5-enkephalin
analogs (7 and 8; Figure 4).

These analogs (1-6) are based on six dipeptide surro-
gates that have been named Tyr//Gly, Gly//Gly, Gly//
Phe,Gly//D-Phe, Phe//Leu, andPhe//D-Leu for reasons of
simplicity (29-32). Each isostere Xxx//Yyy corresponds
to the dipeptide Xxx-Yyy in which the amide has been
replaced by a trans-alkene moiety (33, 34). These six iso-
steres cover the entire range of potentialmolecules formed
by substitutions at positions R and δ. Thus Gly//Gly is
substituted at neither of these positions, Gly//Phe (and its
enantiomer Gly//D-Phe) and Tyr//Gly are monosubsti-
tuted at positions R and δ, respectively. In contrast, Phe//
Leu and its diastereomer Phe//D-Leu are substituted at
both of these positions. As shown in Figure 5, each of
these four situations required different routes of synthesis.

Synthesis
The first dipeptide surrogate 14 (Tyr//Gly) was

synthesized from tyrosine in seven steps with an overall
yield of 17% (Scheme 1).

Tyrosine was first esterified as its methyl ester (35),
then its aminewas protected as a t-butyl carbamate (36).
Finally, its phenol was transformed into its correspond-
ing PMB ether, 9 (36). The ester was reduced to the
aldehyde10withdibutyl aluminumhydride;10wasdirectly
used without additional purification in the subsequent

Figure 1. Structures of some nonpeptide opioid receptor agonists.
Chemical structures of morphine and various DOPR selective,
nonpeptide agonists.

Figure 2. Structures of selected peptide DOPR agonists. Chemical
structures of Leu5-enkephalin and three commonly usedDOPR-selective
peptide agonists.
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Wittig reaction to yield the alkene 11. Both alkenes 11
and 12were coupled inametathesis reaction togive fully
protected Tyr//Gly, 13 (37). Hydrolysis of the benzyl

ester of 13 produced 14 in a ready-to-use form as a
normal protected amino acid in solid-phase peptide
synthesis (SPPS).

The simplest dipeptide alkene equivalent, Gly//Gly,
16, was prepared in a single stepby simply protecting the
amino acid 15 (38) as its corresponding fluorenylmethyl
carbamate. This synthesis reaction resulted in a yield of
90% (Scheme 2).

Figure 3. β-turn possibilities for Leu5-enkephalin. Leu5-enkephalin could potentially be stabilized by adopting two different β-turns. β-turns
created by a hydrogen bond between amides 1 and 3 (left) and between amides 2 and 4 (right) are illustrated. Note that the orientations of the
side chains are not meaningful.

Figure 4. Structures of compounds 1-8.

Figure 5. Strategies to synthesize 1-6.
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TheGly//Phe dipeptide surrogate 20was obtained in
three steps (Scheme 3) from amino alcohol 17 (overall
yield 8%). The amine of 17 was protected as its t-butyl
carbamate; the alcohol was oxidized to the aldehyde,
which was immediately allowed to react with the proper
ylide to afford conjugated δ amino acid methyl ester 18.
Treatment of 18 with LDA produced the kinetic con-
jugated enolate to which benzyl bromide was added to
give the desired Gly//Phe dipeptide methyl ester 19 as a
racemate. This Gly//Phe dipeptide methyl ester 19 was
transformed into 20 by first cleaving all protecting
groups with HCl and subsequently introducing an
Fmoc group as protection for the amine site.

The last dipeptide surrogate, Phe//Leu, 26, was syn-
thesized in six steps from Boc phenylalanine with an
overall yield of 6% (Scheme 4). Diazomethane was
added to the mixed anhydride that resulted from the
addition of isobutyl chloroformate to Boc-Phe to yield
the diazoketone 21 (39). Wolf rearrangement of 21 gave
the ester 22, which was then reduced to the aldehyde 23.
Addition of the appropriate ylide produced the conju-
gated δ amino acid methyl ester 24. Formation of the
kinetic enolate followed by addition of isobutyl iodide
afforded 25 as an inseparable mixture of diastereomers.
Both the methyl ester and the t-butyl carbamate were
cleaved with HCl to give the amino acid 26.

With all the dipeptide equivalents (14, 16, 20, and 26)
in hand, the SPPS of the desired enkephalins could be
carried out (Scheme 5). Fmoc-Leu and Fmoc-Met were
coupled to Wang resin. From then on, standard proce-
dures were used with Fmoc-Phe, Fmoc-Gly, Fmoc-Tyr-
(tBu), 14, and 16 to yield pure Leu5-enkephalin analogs 1
and 2 and oxidized Met5-enkephalin analogs 7 and 8.
Dipeptide equivalent 20 was similarly coupled with Leu-
Wang resin followed by Fmoc-Gly then Fmoc-Tyr(tBu).
Cleavage of the resin with TFA yielded both diastereo-
mers 3 and 5 as a separable mixture (both compounds
were actually separated by HPLC and all fractions over
95%inpuritywere combined).The identityof thesemole-
culeswas indirectly inferred from their respective affinities
(cf. Table 1) forDOPR(Figures 7 and8).Diastereomer5,
being virtually inactive, was assigned the Tyr-Gly-Gly//D-
Phe-Leu stereochemistry like its inactive parent (Tyr-Gly-
Gly-D-Phe-Leu). In contrast, diastereomer 3 retains some
affinity or activity for DOPR (17, 18). Compounds 4 and
6 were prepared by a slightly different procedure because
the first coupling to the resin would require too much of
the dipeptide surrogate Phe//Leu. Instead, Fmoc-Gly,
and Boc-Tyr(tBu) were successively coupled to a chloro-
trityl resin. Cleavage of the resin with 1% TFA afforded
the tripeptide 27, which was activated as its Pfp ester 28

Scheme 2. Synthesis of Dipeptide Surrogate 16

Scheme 1. Synthesis of Dipeptide Surrogate 14a

aAbbreviations: PMB, p-methoxybenzyl; TBAI, tetrabutyl ammo-

nium iodide; DIBAL, diisobutyl aluminum hydride.

Scheme 3. Synthesis of Dipeptide Surrogate 20a

aAbbreviations: TEMPO, 2,2,6,6-tetramethyl-1-piperidinyloxy;

TClCA, trichloroisocyanuric acid; LDA, lithium diisopropylamide.

Scheme 4. Synthesis of Dipeptide Surrogate 26
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prior to coupling with 26 in solution. Finally, all tBu
protecting groups were cleaved with 50% TFA to give 4
and6 from28 in yields of 15%and39%, respectively. The
Tyr-Gly-Gly-Phe//D-Leu stereochemistry was attributed
to6because it is slightlymoreactive than4, similar toTyr-
Gly-Gly-Phe-D-Leu, which is more active toward DOPR
than Leu5-enkephalin (cf. Table 1) (17, 18). Admittedly,
this assumption is only basedon comparative binding and
activitywithprevious studies and remains tobe confirmed
by X-ray analysis.

Agonist-Induced Internalization of DOPR
Following agonist stimulation,DOPRundergoes rapid

internalization (40, 41). We used this property of DOPR
to rapidly screen the putative agonist activity of each
compound. Using DRGF11 cells stably expressing the

carboxy-terminal GFP-tagged mouse DOPR (DRGF11/
DOPR-GFP), we first confirmed that deltorphin II,
a potent selective DOPR agonist, was able to induce
DOPR internalization. As shown in Figure 6, treatment
of DRGF11/DOPR-GFP cells with deltorphin II (100
nM) induced a robust internalization of DOPR in vesicle-
like structures. This effect was apparent as soon as 5 min
after deltorphin II application (not shown) and almost
complete after 35min, a time point at whichminimal fluo-
rescence signal remains at the plasmamembrane. Interest-
ingly, at 100 nM, compound 1 produced levels of DOPR
internalization comparable to deltorphin II (Figure 6). By
contrast, equimolar concentrations of compounds 2-6

failed to induce any detectable internalization of DOPR.
We therefore tested the effect of a higher concentration
(10 μM) of compounds 2-6 on DOPR internalization
(Figure 7). At this high dose, compound 6 did produce
robust internalization ofDOPR.Compounds 3 and 4 also
triggered DOPR internalization, but this effect was less
pronounced than that observed with compound 1 or del-
torphin II. The partial efficacy of compounds 3 and 4was
demonstrated by subsequent incubation of compound
3- or 4-pretreated DRGF11/DOPR-GFP cells with 100
nM deltorphin II, which induced a more robust interna-
lization of DOPR. Even at 10 μM, compounds 2 and 5

were ineffective at producing DOPR internalization. Our
observations therefore suggest thatmost of our newly syn-
thesized compounds can activate DOPR, with the excep-
tion of compounds 2 and 5. Thus, enkephalin derivatives
containing an E-alkene in lieu of an amide bond can pro-
mote DOPR internalization. Admittedly, internalization

Scheme 5. Solid-Phase Synthesis of Enkephalin Analogs 1-8

Table 1. InVitroBinding Properties of Leu5-Enkepha-
lin (LE) and Compounds 1-6

compound no. name Ki
a (nM)

LE 6.3( 0.9

1 Tyr//Gly 13.1( 6.2

2 Gly//Gly 761( 32

3 Gly//Phe 587( 19

4 Phe//Leu 196( 29

5 Gly//D-Phe >5000

6 Phe//D-Leu 116( 31

aBinding affinities (Ki) of the compounds were determined by their
ability to inhibit the binding of [3H]deltorphin II, a selective DOPR
agonist (Kd = 1 nM), to GH3 cell membrane extracts expressing the
cloned mouse DOPR. Ki values are the means ( SEM of three to four
separate experiments each performed in triplicate.
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assaysdonot allow for thedifferentiationbetweena ligand
that binds to the receptor without inducing its internaliza-
tion and a ligand that does not bind the receptor. More-
over, this technique is not sufficient todeterminewhether a
given compound is an agonist or an antagonist for a recep-
tor. In some cases, opioid agonists fail to induce receptor
internalization (42). Indeed,morphineonlypoorly induces
MOPRinternalizationunlessGRK2isoverexpressed (43),
and AR-M100390, a close relative of SNC-80 with potent
δ agonist properties, does not induce significant DOPR
internalization (44, 45). Therefore, internalization assays
are not sufficient to conclude that compounds 2 and 5 are
not DOPR agonists. However, the fact that incubation of
DRGF11/DOPR-GFP cells with 10 μM of either com-
pound 2or 5 for 35min did not interferewith the ability of

deltorphin II (100 nM) to promote DOPR internalization
suggests these enkephalin analogs have a very low affinity
for DOPR.

DOPR-Mediated ERK1/2 Activation
Recent research has established that different ligands

can promote diverse receptor-mediated signaling path-
ways, a phenomenon referred to as “ligand-biased signal-
ing” (46). Therefore, a ligand that fails to induce receptor
internalization might very well be able to stimulate other
signaling cascades. Indeed, some DOPR agonists have
been shown to promote extracellular signal-regulated
kinase (ERK1/2) activation through internalization-
independent mechanisms (47, 48). For this reason, we
decided to evaluate the ability of each compound to acti-
vate ERK1/2. The classical DOPR-mediated signaling

Figure 6. Deltorphin II and compound 1 induced internalization of GFP-tagged DOPR. Following agonist stimulation, DOPR is known
to undergo rapid internalization. Confocal microscopy images taken before (control) and 35 min after treatment of DRGF11/DOPR-GFP
cells with 100 nM deltorphin II or compound 1 are shown. Deltorphin II and compound 1 both induced robust internalization of DOPR.
Indeed, while membrane labeling is decreased, fluorescent vesicle-like structures are clearly visible inside the cells following incubation with
either deltorphin II or compound 1.
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cascade is well described (49). δ-Opioid receptor is
coupled to a heterotrimeric G protein having the sub-
unitG�i2, which induces a decrease in intracellular cyclic
AMP levels via inhibition of adenylyl cyclase. Stimula-
tion ofDOPR also induces, via the βγ subunits of theG

protein, the rapid and transient activation of ERK1/2.
In order to determine whether the enkephalin deriva-
tives synthesized here can lead to ERK1/2 activation,
the Western blot technique was used to determine the
ability of each compound to induce phosphorylation of

Figure 7. Compounds 2-6 differentially affected internalization of GFP-tagged DOPR. The ability of compounds 2-6 to promote DOPR
internalization in DRGF11/DOPR-GFP cells was studied. Confocal microscopy images taken before (control) and 35 min after treatment
of cells with compounds 2-6 (100 nM and 10 μM) are shown. At 100 nM, compounds 2-6 were unable to induce significant internalization
of GFP-tagged DOPR. By contrast, compounds 3, 4, and 6 at 10 μM induced different levels of internalization of GFP-tagged DOPR, while
compounds 2 and 5 at 10 μM were still unable to produce internalization. Thirty-five minutes following application of compounds 2-6,
deltorphin II (100 nM) was added, and images were acquired 35 min later. These images reveal that internalization of GFP-tagged DOPR
induced by compounds 3 and 4was notmaximal. Results further suggest that compounds 2 and 5 did not bindDOPR, since they did not reduce
deltorphin II-induced internalization of GFP-tagged DOPR.
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residues Thr202 and Tyr204 of ERK1/2 (50-52). As
shown in Figure 8a, application of deltorphin II to the
DRGF11 cell line induced a dose- and time-dependent
increase of ERK1/2 phosphorylation (maximal at
5 min). Five minutes after their application toDRGF11
cells at concentrations up to 1 μM, only compound 1

significantly induced phosphorylation of ERK1/2
(Figures 8a,b). This effect wasmediated byDOPR since
a 15-min preincubation of DRGF11 cells with 1 μM
naltrindole (NTI), a DOPR selective antagonist, abol-
ished both deltorphin II and compound 1 induced
ERK1/2 phosphorylation (Figure 8c). At a higher con-
centration (10 μM), compounds 3, 4, and 6 produced

small but significant increases in ERK1/2 phosphoryla-
tionwithmaximal effects ranging between 5 and 10min.
By contrast, compounds 2 and 5 were unable to stimu-
late ERK1/2. These results therefore suggest that com-
pound 1 and, to a lesser extent, compounds 3, 4, and 6

display agonist properties atDOPR,while compounds2
and 5 are inactive. Observations made with these com-
pounds revealed that the first amide bond in Leu5-
enkephalin can be replaced by an E-alkene without
significantly affecting its biological activity, but the
replacement of the second amide bond abolishes any
interactions with DOPR and, consequently, inhibits the
biological activity of enkephalins.As a proof of concept,

Figure 8. DOPR agonists induced ERK1/2 phosphorylation. Stimulation of DOPR with an agonist induces rapid and transient phosphor-
ylation (activation) of ERK1/2 proteins. (a)Western blot analysis of phosphorylatedERK1/2 (pERK1/2) protein after dose-dependent stimulations
(5min stimulation) ofDRGF11/DOPR-GFPcellswithdeltorphin II and compounds 1-6.Westernblot analysis ofERK1/2 phosphorylation after
time-dependent stimulation with deltorphin II (100 nM) is also shown, demonstrating transient activation of ERK1/2 with a maximum at 5 min.
(b) Densitometric analyses of Western blot results (pERK/ERK ratio compared with control) for dose-dependent responses of deltorphin II and
compounds 1-6 (top) and for time-dependent responses of compounds 2-6 at 10 μM(bottom) are shown.At 100 nMand 1 μM,only deltorphin II
and compound 1 induced significant ERK1/2 phosphorylation. Compounds 3, 4, and 6 were found to produce significant time-dependent
ERK1/2 phosphorylation at a concentration of 10 μM, while compounds 2 and 5 had no effect. Data are the means ( SEM as compared with
nontreated cells (0) (one-wayANOVAfollowedbyDunnett’s test) of three to six independent experiments:/,p<0.05;//,p<0.01;///,p<0.001; .
(c) Effects of preincubation with naltrindole (15 min; 1 μM), a selective DOPR antagonist, on ERK1/2 phosphorylation are shown.
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we also synthesized compounds 7 and 8, the Met5-
enkephalin derivatives equivalent to compounds 1 and
2, respectively, and measured DOPR-induced ERK1/2
activation. Like compound 1, compound 7was found to
strongly activateERK1/2 in a time- anddose-dependent
manner (Figure 9). By contrast, compound 8 was
inactive, a result that highlights the importance of the
second amide bond for the biological activity of enke-
phalins (Figure 9).

Binding Properties of Enkephalin Derivatives
To further characterize our compounds, we mea-

sured their affinity at DOPR. As shown in Table 1,
compound 1 has a Ki of 13.1 ( 6.2 nM for DOPR. By
comparison, we found a Ki of 6.3 ( 0.9 nM for the
unmodified Leu5-enkephalin. Compounds 2-6 dis-
played lower affinity than Leu5-enkephalin and com-
pound1. Interestingly, theKi values for compounds 1-6

are in accordance with the observations previously
made with the receptor internalization and ERK1/2
assays. Indeed, compounds 2 and 5 have poor affinity
for DOPR. Compounds 3, 4, and 6 were found to bind
DOPR with modest affinity, a finding consistent with
our observation that these compoundswere less efficient
than Leu5-enkephalin and compound 1 at promoting
DOPR internalization (Figures 6 and 7) and ERK1/2
phosphorylation (Figure 8). Compound 5, the epimer of
compound 3 at the Phe4 position, was unable to bind
DOPR. This result is consistent with previous research
showing that the replacement of L-Phe4 with D-Phe4 in
Leu5-enkephalin strongly reduces its affinity and activ-
ity for DOPR (17, 18). In fact, it is known that the
phenyl side chain of the L-Phe4 residue of Leu5-enke-
phalin is critical for its biological activity (17) and that
Leu5-enkephalin containing the hindered amino acid

dibenzylglycine (Dbg) at position 4 is a potent DOPR
agonist (53). Based on this information, we concluded
that compound 3 contains L-Phe4 while compound 5

contains D-Phe4. Compound 6 is an epimer of com-
pound 4 at the Leu5 position. In this case, both L-Leu5-
and D-Leu5-enkephalinwere shown to bind and activate
DOPR similarly (17, 18). Still, the slightly better affinity
of compound6 ledus tohypothesize that this compound
contains a D-Leu at position 5 while compound 4

contains an L-Leu at the same position.

Conclusions

Recently, multiple strategies have been used to gen-
erate enkephalin analogs containing modified amide
bonds. For example, Leu5-enkephalin analogs contain-
ing an R-amino squaric acid (54) or a cyclopropane (55)
have been synthesized. In addition, cyclic analogs have
been prepared to evaluate Leu5-enkephalin turn mi-
metics (56). Although these analogs remained active
on MOPR, DOPR, or both, such modifications signifi-
cantly affected their affinity. In the present study, we
demonstrated that E-alkene can efficiently replace the
first amide bond of Leu5- and Met5-enkephalin. By
contrast, the second amide bond was found to be highly
sensitive to the same modification. These results are in
accordancewithwork fromother groups that introduced
trans-olefinic dipeptides into enkephalins (57-59). Our
observations with enkephalin analogs containing a mod-
ified third or fourth amide bond are of particular interest.
Indeed, although the affinity and the activity of these
analogs were decreased following the introduction of an
E-alkene at either of these positions, our results suggest
that these amide bonds are involved in weaker and less
important intramolecular (such as those necessary for
enkephalin to adopt a biologically active conformation)
or intermolecular interactions (i.e., withDOPR). Further
studies and modifications are required to identify the
precise nature of these interactions. Nonetheless, the
systematic and sequential replacement of amide bonds
by E-alkene represents an efficient way to explore the
backbone of peptides and to further understand the role
and nature of interactions involving these amide bonds.

Methods

Chemicals
The following reagents were used for this study:

horseradish peroxidase (HRP)-conjugated anti-rabbit
antibody from Amersham Pharmacia Biotech (Oakville,
ON, Canada); bovine serum albumin from BioShop
(Burlington, ON, Canada); naltrindole hydrochloride
(NTI) from Cedarlane (Burlington, ON, Canada);
DMEM, fetal bovine serum, and Geneticin from Gibco
BRL (Burlington, ON, Canada); anti-phosphorylated

Figure 9. Met5-enkephalin derivatives induced similar DOPR-
mediated ERK1/2 phosphorylation. Western Blot analysis of
phosphorylated ERK1/2 (pERK1/2) protein after dose-dependent
(5 min stimulation) and time-dependent stimulations
(concentration of 100 nM) in DRGF11/DOPR-GFP cells with
compounds 7 and 8 (Met5-enkephalin derivatives equivalent to
Leu5-enkephalin compounds 1 and 2, respectively) are shown.
Compound 7 was found to induce phosphorylation of ERK1/2 in
a dose- and time-dependent manner, whereas compound 8 was
ineffective. Illustrations are representative of three independent
experiments.
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p42/p44mapk andanti-p42/p44mapk rabbit antibodies from
New England Biolab (Beverly, MA); [3H]deltorphin II
from PerkinElmer (Boston, MA); hygromycin, complete
protease inhibitor, polyvinylidene difluoride (PVDF)
membranes, and enhanced chemiluminescence (ECL)
system fromRoche (Montr�eal, QC, Canada); gentamicin
from Sandoz (Boucherville, QC, Canada); deltorphin
II, Leu5-enkephalin, and poly(L-lysine) from Sigma
(St. Louis, MO). Note that experimental procedures
and spectral characterization data are available as
Supporting Information.

Cell Culture
GH3 cells expressing the mouse DOPR (60) were

kindly provided by Dr. Paul L. Prather (University of
Arkansas forMedical Sciences, LittleRock,AR).GH3/
DOPR cells were cultured in DMEM supplemented
with 10% FBS and 50 mg/L gentamicin at 37 �C in
poly(L-lysine) (25 mg/mL) coated Petri dishes in a
humidified atmosphere of 95% air and 5% CO2.

DRGF11 cells were transfected with a DOPR-GFP
construct kindly provided by Dr. R€udiger Schulz
(University of Munich, Germany) (61). DRGF11/
DOPR-GFP cells were cultured in DMEM supple-
mentedwith 10%FBS and 50mg/L gentamicin at 37 �C
in Petri dishes, in a humidified atmosphere of 95% air
and 5% CO2.

Receptor Internalization Assay
DRGF11/DOPR-GFP cells were grown on 35-mm

glass bottom dishes (MatTek Corporation) for 2-3 days.
For internalization assays,mediumwas first replacedwith
Earle’s buffer (140mMNaCl, 5mMKCl, 1.8mMCaCl2,
0.9 mM MgCl2, 25 mM 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (HEPES), 0.2% BSA, and 0.09%
glucose). For each assay, three different sites of each dish
were observed with a IX81 Olympus microscope fitted
with aProScan IImotorized stage system (Prior scientific)
and a CSU-X1 confocal scanner unit (Yokogawa).
Images were acquired (at interval of 30 s) at room tem-
perature using a 60� objective and a QuantEM:
512SC camera (Photometrics) and processed with Meta-
Morph software (Molecular Devices). Approximately
3 min of baseline recording was performed prior to the
addition of tested compounds. Each compound was
first tested at a concentration of 100 nM. For com-
pounds that induced no observable internalization
within 35 min, an additional set of experiments was
performed using a concentration of 10 μM for 35 min,
followed by stimulation with deltorphin II (100 nM)
for another 35 min.

MAPK Activity Measurements
DRGF11/DOPR-GFP cells were grown for 3 days

in DMEM medium containing 10% FBS and then
stimulated for various time intervals (5-60 min) with

deltorphin II (100 nM) or other compounds of interest
(100 nM). The reaction was stopped by aspiration of the
medium and the addition of ice-cold Hanks’ balanced
salt solution containing 0.1 μM staurosporine and 1 mM
sodium orthovanadate. Cells were then left on ice for
30 min and lysed in 50 mM HEPES, pH 7.8, containing
1% Triton X-100, 0.1 μM staurosporine, 1 mM sodium
orthovanadate, and Complete protease inhibitor. The cell
lysateswere centrifugedat 8000g for15minat 4 �C,and the
supernatants were stored at -20 �C until use. For each
lysate, equal amounts of protein (25 μg) were separated on
10% SDS-polyacrylamide gels and transferred to PVDF
membranes. PVDF membranes containing proteins
were incubated for 2 h at room temperature with anti-
phosphorylated p42/p44mapk (1:1000) or anti-p42/p44mapk

(1:1000) rabbit antibodies, followed by three washes with
Tris-buffered saline/Tween 20. Detection of immunoreac-
tive proteins was accomplished using horseradish perox-
idase-conjugated anti-rabbit secondary antibodies (1:2000)
and an enhanced chemiluminescence detection system.

Competitive Binding Assay
Binding assays used to establish affinities for DOPR

were performed using membranes of GH3/DOPR
cells. Cells were harvested in phosphate-buffered saline
and collected by centrifugation. Cell pellets were then
washed by resuspension in 10 mM potassium phosphate
buffer, pH 7.2 (buffer A), followed by centrifugation at
40000g for 10min. The resulting pelletwas resuspended in
buffer A, incubated on ice for 20 min, and centrifuged at
800g for 5 min, saving the supernatant. The low-speed
pellet was resuspended in buffer A again, and the last step
was repeated twomore times. The low-speed supernatants
were pooled and centrifuged at high speed (40000g, 10
min). The resulting pellets were resuspended in buffer A
containing 0.32 M sucrose and 5 mM EDTA (buffer B)
and stored at -80 �C. Protein concentrations were deter-
mined using the protein assay kit from Sigma Aldrich.
[3H]Deltorphin II was used to selectively label DOPR
expressed at high levels in the cell membrane preparations.
Bindingexperimentswereperformed in50mMTrisbuffer,
pH 7.4, in 5-mL polypropylene tubes (final volume of 0.5
mL). Incubations were carried out for 60 min at 37 �C.
Nonspecific bindingwas determined using deltorphin II at
10-5 M. The reactions were terminated by filtration using
cold assay buffer (3� 2mL) on aGF/C.The radioactivity
present on the disks was determined by liquid scintillation
counting using a Beckman LS6500 beta counter. Experi-
mentswere performedusing amembrane concentration of
100μgprotein/mLand radioligandconcentrations close to
the experimental Kd value (2.2 ( 0.2 nM) obtained from
saturation studies. The data obtained from competition
binding experiments were analyzed with nonlinear fitting
analysis. The Ki values were determined from IC50 deter-
minations using the Cheng-Prusoff equation (62).
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