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ABSTRACT: Recently we reported the synthesis and
structure—activity study of endomorphin-1 (EM-1) analogues
containing novel, unnatural a@-methylene-$-aminopropanoic
acids (Map). In the present study, we describe new EM-1
analogues containing Dmt', (R/S)-fPro% and (ph)Map*/(2-
furyl)Map®. All of the analogues showed a high affinity for the
p-opioid receptor (MOR) and increased stability in mouse
brain homogenates. Of the new compounds, Dmt'-(R)-APro*

Trp*-(2-furyl)Map* (analogue 12) displayed the highest affinity

toward MOR, in the picomolar range (K/ = 3.72 pM).
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Forskolin-induced cAMP accumulation assays indicated that this analogue displayed an extremely high agonistic potency, in the
subpicomolar range (ECsy = 0.0421 pM, E,,,, = 99.5%). This compound also displayed stronger in vivo antinociceptive activity
after iv administration when compared to morphine in the tail-flick test, which indicates that this analogue was able to cross the

blood—brain barrier.

B INTRODUCTION

Pain remains a major clinical problem and is the subject of
intense medicinal research. The ubiquitous loss of quality of life
experienced by patients with either acute or chronic pain has
led to the development of various drugs to treat pain. The
opioid system is one of the most studied pharmacological
systems involved in pain systems modulation and consists of
three subtypes of receptors: the u-opioid receptor (MOR), the
S-opioid receptor (DOR), and the k-opioid receptor (KOR)."
Opioid agonists have long been employed as therapeutic agents
for the treatment of moderate-to-severe pain. However, long-
term use of the opioids carries the risk of numerous side effects,
including acute tolerance, physical dependence, respiratory
depression, constipation, nausea, and diverse gastrointestinal
effects.® Therefore, the development of new therapeutics with
useful analgesic properties and attenuated or eliminated side
effects is a major goal in the clinical treatment of pain.

Many peptides are potential neuropharmaceuticals, and the
study of naturally occurring opioid peptides provides a rational
and potentially powerful approach to the design of novel
analgesic therapeutics.* Endomorphin-1 (EM-1, H-Tyr'-Pro*
Trp>-Phe*NH,) and endomorphin-2 (EM-2, H-Tyr'-Pro*
Phe®-Phe*-NH,) are endogenous opioid peptides isolated
from the bovine brain and exhibit the highest selectivity and
affinity for the MOR of all the endogenous peptides identified
to date.”~” Notably, EMs are thought to inhibit pain signals
without some of the undesirable side effects produced by
morphine. In particular, the rewarding effect of EMs can be
separated from the analgesic effect,® and they are less likely to
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induce respiratory depression and cardiovascular effects at
effective antinociceptive doses.” Hence, EMs have attracted
considerable interest since their discovery.'”'' However, the
pharmacological utility of these peptides faces many challenges
in the drug development process, including their short duration
of action, poor metabolic stability, and relative inability to cross
the blood—brain barrier (BBB).">™'* One of the major
limitations to the use of EMs as analgesic drugs is their
susceptibility to proteolysis. Because the opioid receptors are
membrane—bound proteins, their ligands have to reach the
target tissue and compete for binding within the extracellular
space to exert their action." However, many proteases are
membrane—bound and have active sites facing the extracellular
side. As a result, the opioid peptides undergo rapid degradation
leading to the loss of physiological activity. A further challenge
in the clinical development of EMs is their inability to
effectively penetrate the BBB and gain access to the central
nervous system (CNS). Many chemical modifications to EMs
have been made in attempts to overcome the problems of
enzymatic degradation and inability to cross the BBB, such as
incorporation of unnatural amino acids, structural constraints,
N-methylation of amino acids, quaternization of basic nitro-
gens, and alteration of lipophilicity.'®' ¢

Structurally, EMs consist of both a “message” and an
“address” domain. It is considered that Tyr-Pro-Trp/Phe and
Phe-NH, correspond to the message and address fragments,
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respectively.'”'® It is generally thought that the aromatic amino

acids of opioid peptides are essential structural elements for
receptor binding and activation. The message domain is
considered important for ligand recognition: Tyr' is regarded
as the most conserved residue for opioid activity, the aromatic
amino acid residue in position 3 is the defining structural
determinant between EM-1 and EM-2, and Pro? is thought to
be a spacer residue that (}'oins the two pharmacophore residues
Tyr! and Trp®/ Phe3*?° The address domain, which contains
the C-terminal residue, is responsible for biological response
and receptor selectivity.”"**

Many EM-based compounds have been designed and
synthesized to explore the importance of specific residues and
to gain an insight into the structural requirements for
bioavailability.”> ™ A particularly successful modification that
results in the enhancement of MOR affinity is the incorporation
of substituents in the aromatic ring of Tyr' to obtain more
hydrophobic amino acids, such as 2'6’-dimethyltyrosine (Dmt),
which was shown to dramatically increase receptor affinity in
numerous peptides and to enhance their antinociceptive
effect.”®*° f-Amino acids are an interesting class of residues
for studying the structure—activity relationship (SAR) of EMs,
and in some cases, the replacement of @-amino acids with f-
amino acids results in improved activity.>' "> It has been
reported that the replacement of Pro® with alicyclic f-amino
acids, such as p-proline,**** piperidine-3-carboxylic acid
(Nip),*® and azetidine-3-carboxylic acid (3Aze),*” leads to
compounds with increased affinity for the MOR. Furthermore,
the introduction of f-amino acids usually improves the
metabolic stability of the peptide.**™*° Recently, we reported
a new series of unnatural f-amino acids known as a-methylene-
p-amino acids (Map).*' SAR studies have demonstrated that
when incorporated at position 4 of EM-1, residue (ph)Map and
(2-furyl)Map increase the biological activity of the peptide.

In the present study, in an effort to improve bioactivity and
stability, a series of EM-1 analogues were synthesized by
employing a combination of chemical modifications. Dmt, (R/
S)-pPro, (ph)Map, and (2-furyl)Map were used to replace the
corresponding natural amino acids of EM-1. The structures of
the unnatural amino acids that were incorporated into EM-1 are
shown in Figure 1. The opioid receptor affinity and selectivity
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Dmt (S)-BPro (R)-BPro
NH; O NH; O
©/\H)‘\OH WOH
(ph)Map (2-furyl)Map

Figure 1. Structures of unnatural amino acids incorporated into
endomorphin-1.

of these analogues was determined by radioligand binding
experiments and by GPI/MVD bioassays. The biological
functionality of the analogues was then assessed in cyclic
AMP accumulation and ERK1/2 phosphorylation assays.
Molecular modeling approaches were employed to gain more
insight into the structure—activity relationship between the
ligands and the MOR. The degradation rates of the analogues
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were then evaluated in the presence of mouse brain
homogenate. We further characterized their in vivo activity
using the tail-flick test after both intracerebroventricular (icv)
and intravenous (iv) administration in mice.

B RESULTS

Chemistry. All standard amino acids, Dmt, and (R/S)-fPro
were commercially available, while the chiral 2-methylene-3-
amino propanoic acids (Maf) were prepared in the manner
previously reported by us.*"** All of the analogues were
obtained using solution-phase methods with a segment-
coupling peptide synthesis strategy. Synthesis of the analogues
was conducted by performing an active ester reaction, and EDC
and HOBt were used as coupling agents. The established
peptides were then purified using semipreparative RP-HPLC
and characterized by RP-HPLC, TLC, ESI-TOF MS, and mp.
Purities were determined to be 95—99% as characterized by
analytical RP-HPLC. The detailed analytical properties of the
synthetic analogues are provided in Table 1.

Receptor Binding Affinity. The affinity and selectivity of
the EM-1 analogues were evaluated by radioligand binding
assays using whole-cell preparations from HEK293 cells
expressing either MOR, DOR, or KOR. Analogues 1 and 2,
which we have described previously, were also characterized for
comparative purpose.* As shown in Table 2, compared with
analogue 1, replacement of the Pro* with (S)-fPro® gave
analogue 3 a 10-fold increased DOR afhinity, but it retained a
similar MOR affinity to analogue 1. The introduction of (S)-
pPro” into analogue 4 resulted in a decreased affinity for both
MOR and DOR. For analogues 5 and 6, in which (R)-SPro®
was incorporated, improved MOR affinities were observed
when compared with their (S)-stereoisomer correlate (1.9-fold
and 4.6-fold, respectively). The replacement of Tyr' with Dmt'
greatly increased MOR affinity but also decreased the MOR
selectivity of the analogues. Analogues 7 and 8 exhibited high
MOR affinities, but their DOR affinities increased dramatically;
as a result, they were the least MOR selective analogues among
of all the synthesized peptides described here. The subsequent
modification, performed at position 2 with (S)-SPro, afforded
analogues 9 and 10 with 2.4-fold and 3.2-fold increased MOR
affinities, respectively. Coapplication of Dmt', (R)-APro’, and
(ph)Map*/(2-furyl)Map* resulted in analogues 11 and 12
having the highest MOR affinities, in the picomolar range (K
=9.86 pM and 3.72 pM, respectively), with their DOR affinities
being comparable to those of analogues 9 and 10. The
analogues containing Dmt' were also assayed for their affinity
for KOR. As shown in Table 2, the tested analogues (7—12)
showed relatively low affinities for KOR, in the submicromolar
range (from 174 to 240 nM).

In Vitro Pharmacological Activity. The in vitro activities
of the analogues were examined by assessing their ability to
inhibit electrically evoked neurotransmitter release and the
subsequent muscle contractions in guinea pig ileum (GPI) and
mouse vas deferens (MVD) preparations (Table 2). The GPI
assay is generally considered representative of MOR
interactions, but the preparation also contains KOR, whereas
the predominant receptor subtype in the MVD tissue is DOR,
with MOR and KOR also being present at low levels. In the
GPI assays, all analogues exhibited increased potencies over
EM-1. In agreement with the radioligand binding results,
analogues with Tyr' showed low nanomolar GPI activity, while
Dmt' substitution afforded the analogues with subnanomolar
potencies. It is noteworthy that, in radioligand binding assays,
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Table 1. Analytical Data for EM-1 Analogues

11
12

sequence
Tyr-(S)-fPro-Trp-(ph)Map-NH,
Tyr-(S)-fPro-Trp-(2-furyl) Map-NH,
Tyr-(R)-pPro-Trp-(ph)Map-NH,
Tyr-(R)-BPro-Trp-(2-furyl)Map-NH,
Dmt-Pro-Trp-(ph)Map-NH,
Dmt-Pro-Trp-(2-furyl)Map-NH,
Dmt-(S)-fPro-Trp-(ph)Map-NH,
Dmt-(S)-fpPro-Trp-(2-furyl)Map-NH,
Dmt-(R)-fPro-Trp-(ph)Map-NH,
Dmt-(R)-fPro-Trp-(2-furyl)Map-NH,

TOF MS [M + HJ*

caled

623
613
623
613
651
641
651
641
651
641

found

623.3019
613.2803
623.3008
613.2804
651.3324
641.3090
651.3325
641.3106
651.3319
641.3120

RP HPLC® (min)

14.116
14.332
14.380
14.328
14.479
14.433
14.313
14.659
14.185
13.903

mp (°C)
139—-141
137-139
132-135
133-135
142—145
147149
142—145
151-153
151-153
150—153

purity” (%)
98
99
98
98
97
98
96
96
97
99

“tg with Delta-Park C18 column (4.6 mm X250 mm, S gm), A:B = 10:90 to A:B = 90:10 for 30 min, A:B = 90:10 to A:B = 10:90 for 5 min. bPurity
determination based on analytical RP-HPLC.

Table 2. Opioid Receptor Binding Affinities and in Vitro Pharmacological Activity of EM-1 and Analogues

12

peptide
Tyr-Pro-Trp-Phe-NH,
Tyr-Pro-Trp-(ph)Map-NH,
Tyr-Pro-Trp-(2-furyl) Map-NH,
Tyr-(S)-fPro-Trp-(ph)Map-NH,
Tyr-(S)-pPro-Trp-(2-furyl)Map-NH,
Tyr-(R)-fPro-Trp-(ph)Map-NH,
Tyr-(R)-fPro-Trp-(2-furyl) Map-NH,
Dmt-Pro-Trp-(ph)Map-NH,
Dmt-Pro-Trp-(2-furyl)Map-NH,
Dmt-(S)-pPro-Trp-(ph)Map-NH,
Dmt-(S)-pPro-Trp-(2-furyl) Map-NH,
Dmt-(R)-fPro-Trp-(ph)Map-NH,
Dmt-(R)-fPro-Trp-(2-furyl) Map-NH,

K* (nM)*
2.60 + 0.21
0.535 + 0.076
0221 + 0.014
0.574 + 0.072
0.758 + 0.047
0.296 + 0.028
0.165 + 0.017
0.0322 + 0.0052
0.0405 + 0.0180
0.0137 + 0.0002
0.0128 + 0.0019
0.00986 + 0.0010
0.00372 + 0.00063

K (nM)?4
6080 + 640
56010 + 5180
50010 + 2880
5580 + 350
6950 + 810
2810 + 130
2780 + 150
25.6 + 3.5
222 +33
189 + 1.9
304 + 32
273 + 12
19.8 + 22

.KjK (nM)c,d

192 + 9
200 + 17
240 + 18
180 + 17
174 + 17
205 = 10

K, ratio u/6/x
1/2338/—
1/104692/—
1/226290/—
1/9721/—
1/9169/—
1/9493/—
1/16848/—
1/795/5963
1/548/4938
1/1380/17518
1/2375/14063
1/2769/17647
1/5323/55108

ICy, (nM)*

GPI MVD
141 + 1.7 304 + 2.6
6.81 + 0.80 7.53 £1.22
2.92 + 0.31 15.8 + 0.9
321 £0.77 4.89 £ 0.97
8.12 + 1.51 4.90 + 0.88
1.82 + 0.71 2.28 + 0.52
1.67 + 0.67 291 + 1.16
0467 + 0.124 0.556 + 0.118
0.767 + 0.201 0.533 + 0.083
0.539 + 0.143 1.53 + 0.49
0.834 + 0.223 0.962 + 0.271
0.226 + 0.089 0.406 + 0.071
0.167 + 0.059 0.548 + 0.092

“Displacement of [PH]DAMGO (K = 0.6 nM, y-selective). “Displacement [’H]DPDPE (K; = 2.8 nM, &-selective). “Displacement [*H]U69,593
(K4 = 2.9 nM, k-selective). dDisplacement was done using whole cell preparations from transfected HEK293 cells expressing u-opioid receptor, -
opioid receptor, and k-opioid receptor, respectively. K; values were calculated according to the Cheng—Prusoff equation: K, = ECyo/(1 + [ligand]/
K;), where the shown K; values were taken from isotope saturation experiments. Data are expressed as the mean + SEM, n > 3, each performed in
triplicate. “Values represent the average of 10—15 measurements. HValues were cited from our previous report.*!

Table 3. Functional Activity of EM-1 and Analogues®

4-OR 5-0R
no. sequence ECyo(nM) Epex (%) ECyo(nM) Eopox (%)
o° Tyr-Pro-Trp-Phe-NH, 14.4 + 0.6 83.1 + 4 - -
1® Tyr-Pro-Trp-(ph)Map-NH, 0.160 + 0.090 979 £3 - -
2b Tyr-Pro-Trp-(2-furyl) Map-NH, 0.0334 + 0.0012 971+ 5 - -
3 Tyr-(S)-fPro-Trp-(ph)Map-NH, 0.0570 + 0.0036 955 +3 - -
4 Tyr-(S)-pPro-Trp-(2-furyl)Map-NH, 0.0933 + 0.0051 949 + 4 - -
S Tyr-(R)-fPro-Trp-(ph)Map-NH, 0.0397 + 0.0029 96.8 + 4 - -
6 Tyr-(R)-fPro-Trp-(2-furyl)Map-NH, 0.00853 + 0.00092 962 + 6 - -
7 Dmt-Pro-Trp-(ph)Map-NH, 0.000130 =+ 0.000003 972 +3 51.6 + 1.8 775 5
8 Dmt-Pro-Trp-(2-furyl)Map-NH, 0.000516 + 0.000045 96.5 + 4 489 + 1.9 763 +3
9 Dimt-(S)-APro-Trp-(ph)Map-NH, 0.000107 + 0.000001 97.1 + 6 404 + 2.8 776 + 6
10 Dmt-(8)-BPro-Trp-(2-furyl) Map-NH, 0.000109 + 0.000007 98.6 + 2 473 + 21 722 +3
11 Dmt-(R)-BPro-Trp-(ph)Map-NH, 0.0000912 + 0.0000092 989 + § 479 + 2.9 721 + 3
12 Dmt-(R)-#Pro-Trp-(2-furyl) Map-NH, 0.0000420 + 0.0000056 99.5 + 3 89.3 + 3.3 738 + 5
DAMGO Tyr-p-Ala-Gly-NMe-Phe-Gly-ol 3.04 +0.32 981+ 6
DPDPE Tyr-c(p-Pen-Gly-Phe-p-Pen)-OH 0.557 + 0.043 874+ 3

“Effects of peptides on forskolin stimulated cyclic AMP accumulation by pu-/d-opioid receptor. HEK293 cells expressing MOR or DOR were
stimulated with increasing concentrations of the indicated peptides as described in Experimental Section. ECy, and E,,, values were calculated by
using the GraphPad Prism software. Data are expressed as the mean + SEM, n > 3, each performed in triplicate. “Values were cited from our
previous report.41
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Figure 2. Stimulation of ERK1/2 phosphorylation in HEK293 cells expressing human p-opioid receptor. HEK293 cells stably expressing p-opioid
receptor were treated with analogues. Whole cell lysates were prepared and analyzed for pERK and ERK content by Western blot. Results are

representative of at least three independent experiments.

analogues 9 and 10 displayed similar MOR affinities, but in the
GPI assay, analogue 9 displayed the higher potency. In the
MVD assays, all analogues showed good MVD activity.
Analogue 9 exhibited a relative lower potency than predicted
by its DOR binding affinity. To clarify the receptor subtype
specificity of the analogues, a specific DOR antagonist,
naltrindole, was used in the MVD assay. We found that the
inhibitory effect induced by the analogues in the MVD assay
could only be partly antagonized by naltrindole, suggesting that
the unexpectedly high MVD activities of the analogues were
mainly mediated by the MORs that coexist in the MVD tissue.
A similar discrepancy between MVD potency and DOR
binflj% 4a;fﬁnity has also been observed in previous stud-
ies.

Cyclic-Adenosine Monophosphate (cAMP) Accumu-
lation. To confirm the functional behavior of the peptide
analogues, forskolin-stimulated [*H]cAMP accumulation was
evaluated in HEK293 cells expressing each of the three opioid
receptors individually.***” Each of the analogues inhibited
forskolin (10 uM)-stimulated cAMP production in a
concentration-dependent manner. Potency (ECs,) and efficacy
(Epmay) values were compared with those of DAMGO. As shown
in Table 3, all of the analogues displayed potencies much higher
than that of DAMGO. Analogues 1—5 exhibited potencies in
the picomolar to subnanomolar range (ECgy = 39.7 pM to
0.160 nM). Combined substitution with both (R)-#Pro® and
(2-furyl)Map* (analogue 6) resulted in a low picomolar
potency (ECgy = 8.53 pM). No detectable DOR potency was
observed in any of the analogues with the Tyr' residue
(analogues 1—6). The additional modification of replacing Tyr'
with Dmt' produced a significant enhancement of MOR
potency. Analogues 7—10 displayed subpicomolar potencies at
MOR, ranging from 0.107 to 0.516 pM. Analogues 11 and 12
were the two most potent y-agonists, with functional potencies
in the two-digit femtomolar range (ECg, = 0.0912 pM and
0.0420 pM, respectively). It is notable that the incorporation of
Dmt' also provided the analogues with nanomolar potencies at
DOR (analogues 7—12). It is well-known that DAMGO and
DPDPE act as full agonists toward MOR and DOR,
respectively.**™° All analogues exhibited high efficacies,
comparable to that of DAMGO, confirming that these
compounds are full agonists at MOR. Additionally, compared
to DPDPE, analogues 7—12 showed lower efficacies and acted
as partial agonists at DOR. None of the tested analogues
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showed any detectable activity toward KOR at a concentration
of 10 uM.

ERK1/2 Phosphorylation. The ERK phosphorylation
cascade is essential to MOR intracellular signaling.’"*
Therefore, we next assessed the effects of the analogues on
the activation of ERK1/2 in HEK293 cells expressing MOR.
Analogues 9—12 were selected for this assay, taking into
consideration of their high bioactivity. The cells were treated
with analogues at a concentration of 1 M, and incubated at 37
°C for 10 min. ERK1/2 activation was determined by the level
of phosphorylation of the molecules. As shown in Figure 2
analogues 9—12 clearly stimulated ERK1/2 phosphorylation in
a time-dependent manner. The four analogues were able to
phosphorylate ERK1/2 via MOR within 2 min. This indicates
that the analogues are capable of inducing ERK1/2 activation.
The level of phosphorylation stimulated by analogues 9—12
was much stronger than that caused by EM-1,*" indicating that
these four analogues have higher potencies for ERK1/2
phosphorylation.

Metabolic Stability. To examine the resistance of the
analogues to enzymatic hydrolysis, the selected analogues were
treated in mouse brain membrane homogenate. RP-HPCL
analysis was then used to determine the stability of the
peptides. Table 4 summarizes the half-lives determined for EM-
1 and some of its potent analogues. EM-1 experienced a rapid
degradation with a half-life of 16.9 min. The analogues
examined in this assay displayed a significantly enhanced
resistance to enzymatic degradation, with half-lives exceeding
600 min.

Table 4. Half-Lives of EM-1 and Its Potent Analogues in
Mouse-Brain Membrane Homogenate“

half-ife® (min)

no.

1° 169 + 12
9 >600

10 >600

11 >600

12 >600

“Values are arithmetic mean of at least three individual experiments +
SEM. The protein content of the brain homogenate was 2.1 mg/mL.
“Half-lives were calculated on the basis of pseudo-first-order kinetics
of the disappearance of the peptides. “Values were cited from our
previous report.41
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Figure 3. Tailflick test versus time curves of the antinociceptive effect of analogues 9 (A), 10 (B), 11 (C), 12 (D), and EM-1 (E) after icv
administration. The doses used are shown in the figure (nmol/kg). Each value represents the mean + SEM for 10—15 mice. The icv injection
vehicles versus each dose of the above drugs are significantly different (p < 0.05) (Student’s ¢ test). The antinociceptive effects induced by EM-1
analogues 9—12 at 20 nmol/kg are significantly antagonized by naloxone (2 mg/kg) (p < 0.05) (F). Naloxone was administered ip 10 min before icv
administration of drugs. The error bar indicates the SEM of the mean, and the asterisk indicates that the response is significantly different from

control.

Antinociception. The antinociceptive activities of ana-
logues 9—12, which displayed the highest binding affinities and
functional activities, were assessed in the mouse tail-flick test
after both icv and iv administration. As shown in Figure 3A—D,
all of the analogues exhibited time- and dose-dependent
inhibition and significant latency of tail-flick during the time
course measured. Analogue 12 was the most potent with an
EDj, value of 0.532 (0.421—0.678) nmol/kg. Analogues 9, 10,
and 11 showed similar activities, with EDy, values of 0.779
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(0.536—0.922) nmol/kg, 0.950 (0.715—1.080) nmol/kg, and
0.822 (0.589—1.147) nmol/kg, respectively. The analogues also
produced much larger AUCs (area under the curve) than that
produced by EM-1, as shown in Figure S2, Supporting
Information. The icv activity of EM-1 was also included as a
reference. Furthermore, the analgesic effects of the analogues
were reliably reversed by naloxone (2 mg/kg, ip), indicating
that their analgesic effect was mediated by opioid receptor
(Figure 3F).
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Figure 4. (A) Tailflick test versus time curves of the antinociceptive effect of analogues 9, 10, 11, 12, EM-1, and morphine after iv administration.
The dose used is 2 mg/kg. Each value represents the mean + SEM for 8—10 mice. (B) Antagonism of antinociception elicited by 2 mg/kg iv
analogues 9—12 in the tailflick assay by naloxone (10 mg/kg ip, administered 10 min before drugs) and by naloxone methiodide (10 mg/kg ip,
administered 10 min before drugs). The error bar indicates the SEM of the mean, and the asterisk indicates that the response is significantly different
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Figure S. The binding poses of analogue 10 (A) and analogue 12 (B) after MD simulations optimization. The carbon atoms of the analogues and
the receptor are colored in green and gray, respectively. Receptor residues making close interactions with the peptides are labled. Nitrogen, oxygen,
and hydrogen atoms are colored in blue, red, and gray, respectively. Hydrogen bonds are represented as black dashed lines with measurement.

The antinociceptive effect of the four analogues after iv
administration was studied. Morphine and EMs were used as
positive control. The analgesia time response curves induced by
morphine and the analogues are shown in Figure 4. Fifteen to
twenty minutes after iv administration, the analogues tested
reached their peak of activity, with the analgesic effect induced
by these analogues, at a dose of 2 mg/kg being significantly
stronger than that induced by morphine at the same dose. The
duration of the analgesic effect was approximately 30 min for
morphine and over 60 min for the analogues. The most potent
analogue of the test compounds was analogue 12, which
induced a maximal antinociceptive effect of 84.4%. We then
determined whether the opioid antagonists were able to inhibit
the antinociceptive action of the analogues. As shown in Figure
4, the antinociceptive effects of the analogues were effectively
reversed by ip injected naloxone (10 mg/kg). In contrast,
naloxone methiodide (10 mg/kg, ip) did not alter the analgesic
effect of iv administrated analogues. The AUCs produced by
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the analogues are shown in the Supporting Information (Figure
S3).

Molecular Modeling. In view of their biological activities
and structural diversity, analogues 10 and 12 were subjected to
molecular docking and molecular dynamics (MD) simulations,
in the hope of elucidating their specific binding features. In the
established binding pose of analogue 12 (Figure SB), the
protonated moiety of Dmt" interacted with the carboxyl group
of Aspl47 to form a salt bridge. The side chain of Dmt' was
also stabilized by several stacking interactions with Tyr148,
Phel52, Phe237, and Trp293. The aromatic group of Trp® was
inserted into the hydrophobic pocket between Phe221, Phe313,
and Trp318. This analogue formed three hydrogen bonds with
His223, Glu229, and Lys233, respectively. For analogue 10
(Figure SA), Dmt' was involved in the same ligand—receptor
interactions as those described for analogue 12, and the
hydrogen bonds with Glu229 and Lys233 were maintained.
However, different binding modes of the two analogues were
observed for the residues at positions 3 and 4. In analogue 12,
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the Trp® moiety oriented toward the upper part of the binding
pocket, and the furyl ring of (2-furyl)Map* formed a hydrogen
bond with His233. For analogue 10, the aromatic group of Trp®
was moved toward the transmembrane 7 (TM?7) domain,
showing a buried orientation of the side chain in the TM
region; as a result, the interaction between (2-furyl)Map* and
His223 was weakened, and the corresponding hydrogen bond
was broken.

B DISCUSSION

Several unnatural amino acids, such as Dmt, (R/S)-SPro,
(ph)Map, and (2-furyl)Map, were incorporated into EM-1 at
appropriate positions. The bioactivity and stability of these
analogues was then determined. In our previous report, we
developed a new series of unnatural amino acids, 2-methylene-
3-aminopropanoic acids (Map), and introduced these into the
sequence of EM-1. We found that the peptides (ph)Map*-EM-
1 and (2-furyl)Map*EM-1 were the two most potent
analogues, displaying 4-fold and 12-fold increased MOR affinity
over EM-1, respectively; (2-furyl)Map*EM-1 was 431 times
more potent than EM-1 in the functional assays.*' In the
present study, the (2-furyl)Map*-containing analogues pro-
duced similar or better activities at the MOR compared with
their (ph)Map* cognates. This finding is in agreement with our
previous finding that (2-furyl)Map* substitution appeared to be
more effective than (ph)Map* substitution for improving the
opioid activity of EM-1. Our data also suggested that a
heterocyclic ring, such as the furan ring, probably had an
important application in opioid peptide engineering. Another
biological feature of the (ph)Map*/(2-furyl)Map* modifications
was that they significantly enhanced the MOR selectivity of the
peptide. The DOR/MOR selectivity values of analogues 1—6
were all above 9000, indicating a strong MOR binding
preference. Further modification of analogues 1—6, employing
Dmt!, resulted in the expected increase of the MOR affinities
for analogues 7—12 but at the same time decreased the MOR
selectivity of these peptides. Dmt' substitution enhanced
affinity for all three opioid receptor subtypes relative to the
Tyr'-containing peptides, which resulted in the decreased
selectivity of analogue containing Dmt'**** However, it is
notable that analogues 7 and 8, the two least MOR-selective
compounds, still displayed a robust binding preference for the
MOR with selectivity values of 795 and 548, respectively. This
result indicates that the effect of Dmt' replacement in
decreasing the peptide’s MOR selectivity was partially
compensated by the introduction of (ph)Map* or (2-furyl)-
Map®.

The Pro residue at position 2 of EM-1 is regarded as a
stereochemical spacer that fixes the aromatic side chain groups
in their proper spatial orientation.''" It has been demon-
strated that the chiral configuration of Pro® is a key factor in
determining the activity and selectivity of EMs. In our analysis
of the binding and functional activities of the analogues, we
found that the (R)-pPro’-containing derivatives exhibited
increased bioactivities at the MOR compared to those
containing the corresponding (S)-fPro® residue. This finding
correlates well with those of previous studies that employed
PPro or its cyclic mimetics at position 2.>*7>" Our data
confirms that the (R)-stereoisomer of fPro appears to be a
favorable configuration for MOR activity. In addition to its
influence on binding activity, fPro’* also exerted a varied
influence on receptor subtype selectivity. The replacement of
Pro” with iPro* afforded analogues 3—6 with a marked increase
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in their binding affinity for DOR, which consequently led to a
dramatic loss of MOR selectivity. Consistent with previous
findings, the introduction of fPro mimetics resulted in decrease
selectivity.'"' However, in contrast to previous findings, the
incorporation of fPro in analogues 9—12 led to an increase in
MOR selectivity. Comparing the binding affinities of analogues
7 and 8 with those of analogues 9—12, it appeared that these
compounds exhibited similar binding potencies at DOR with
varying potencies at MOR. In other words, when Dmt' and
(ph)Map*/(2-furyl)Map* were incorporated into EM-1, the
additional replacement of Pro® with R/S-BPro* had only a
minor impact on DOR affinity, but this modification induced
an increase in MOR affinity. As a result, analogues 9—12
became more selective for the MOR. Such a tendency was also
observed when we examined the KOR/MOR selectivity of our
analogues. These results indicate that, compared with single
point substitutions, fPro” exhibits a different impact on ligand
selectivity in a multiple-site modification.

To further investigate and compare the functional activities
of our analogues at the opioid receptors, we examined
forskolin-induced intracellular ¢cAMP accumulation, and
phosphorylation of ERK1/2 in HEK293 cells. The results of
our functional assays paralleled those of the binding assays. All
of the analogues acted as full agonists, and displayed very high
potencies at the MOR. Notably, analogue 6 with Tyr' displayed
a high potency for the MOR, in the picomolar range. Replacing
the Tyr' of analogue 6 with Dmt' resulted in the extremely
potent analogue 12, with MOR potency in the subpicomolar
range (ECg, = 0.042 pM). Because the Dmt'-containing
analogues also displayed DOR affinities in the low nanomolar
range, their functional activities at DOR were also measured by
the cAMP accumulation assay. These analogues exhibited
moderate potencies at DOR as partial agonists; however,
considering their low DOR selectivities, we propose that the
analogues containing Dmt' mainly exert their bioactivity
through activation of the MOR. It has been reported that
activation of the MOR enhances the signaling of ERK1/2,
which might contribute to pain regulation.54’55 Our ERK1/2
phosphorylation assay showed that all of the analogues tested
elicited a significant increase in ERK1/2 phosphorylation at a
concentration of 1 yM, which further confirms the agonistic
properties of the analogues for the MOR.

Given that the majority of opioid peptides undergo rapid
degradation, and thus limited delivery to the CNS, it is unlikely
that these peptides would be clinically useful. Because our
synthesized analogues displayed highly improved opioid
activities and metabolic stabilities, the in vivo activity was
next examined using the tail-flick test following both central and
systemic administration. The icv activities of the tested
analogues were in good agreement with the results of our
radioligand binding and cAMP accumulation assays. The
subsequent peripheral (iv) administration demonstrated that
after iv injection, the tested analogues (2 mg/kg) produced an
analgesic effect stronger than that of morphine. The most
potent compound, analogue 12, induced a strong and
consistent analgesic effect during the experiment. The
metabolic stability of the analogues appears to be an important
factor in their high in vivo analgesic potencies. Their enhanced
resistance to peptidase degradation improves the distribution of
the analogues within the blood and the CNS, so that the
peptides are able to reach their target receptor on the
membrane and produce their analgesic effect. It has been
reported that the introduction of f-amino acids enhances
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peptide stability;***°™*® therefore, we believed that the Pro

and Map substitutions are the main factors underlying the
increased metabolic stability.

The potent antinociceptive effect of the investigated
analogues following peripheral administration indicates the
ability of the analogues to cross the highly selective BBB. To
further evaluate the action site, a peripheral-restricted opioid
receptor antagonist, naloxone methiodide, was injected intra-
peritoneally. The antagonist failed to produce any obvious
inhibitory effect on the iv injected analogues. Collectively, these
results confirm that the tested analogues were able to cross the
BBB and that their antinociceptive effects were exerted
primarily in the CNS. The incorporation of the unnatural
amino acids Dmt' and pAPro* resulted in an increase of
bioactivity; however, such modifications only provided the
peptide with limited access to the CNS.'® We propose that
introduction of the highly constrained residue, Map, was mainly
responsible for the enhanced BBB penetration of the peptides.
Limitation of the conformational flexibility was regarded as an
efficient strategy for BBB permeability.>

The interaction characteristics between the analogues and
MOR were further investigated by computational modeling
methods. The two modeled analogues occupied the pocket
formed by Aspl47, Tyrl48, Glu229, His223, and Trp318,
which have been identified as key residues for ligand binding in
site-directed mutagenesis studies.””"* This finding indicates
that the established binding modes of the two analogues were
in line with previous experimental data. Although analogues 10
and 12 showed similar overall orientation in the binding
pocket, different binding modes were observed in the local area,
particularly in position 4. The furan ring of (2-furyl)Map* is
believed to be an important group that would form a hydrogen
bond with the receptor and thus stabilizes the peptide
conformation in the binding pocket.*' This hydrogen bond
was preserved in analogue 12 with His223. However, the
introduction of (S)-APro” into analogue 10 resulted a spatial
shift of (2-furyl)Map®, and the peptide lost its H-bond with
His223. As a consequence, analogue 10 did not interact with
the receptor as robustly as analogue 12. These results explain
the higher affinity of analogue 12 for the MOR and the similar
affinity between analogues 9 and 10. The molecular modeling
data further confirm that the stereochemical feature of fPro is
crucial in determining the binding conformation of the peptide.

B CONCLUSION

In the current study, a new series of EM-1 analogues, carrying
multiple structural modifications, were synthesized to enhance
pharmacological activity and stability. The analogues exhibited
high MOR activities at the MOR and significantly improved
metabolic stability. The chirality and the aromatic properties of
the incorporated f-amino acids play important roles in
determining both the activity and selectivity of the peptides.
The combined incorporation of Dmt!, (R)-fPro?% and (ph)-
Map/(2-furyl)Map* into EM-1 resulted in the two most potent
analogues with picomolar affinity and subpicomolar potency for
MOR, which were far more potent than their parent peptide. In
vivo assays also showed that these two analogues possessed
enhanced antinociceptive activities and an improved ability to
cross the BBB. Additionally, because both (R/S)-fPro and Map
could be considered as f-amino acids, our work further
emphasizes the application of A-amino acids in EM
modification. These novel EM-1 analogues may serve as
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valuable compounds in pharmacological research for novel,
clinically useful analgesic drugs.

B EXPERIMENTAL SECTION

Materials and Methods. All standard amino acids and (R/S)-S-
proline were commercially available, whereas the chiral 2-methylene-3-
amino propanoic acids (Map) were prepared as in our previous
reports.*" Mass spectra were measured with a Maxis 4G ESI-TOF
analyzer (Bruker, Fremont, CA). Melting points were determined on a
micromelting point apparatus (AII-E, China). Purities were
determined by ascending TLC performed on precoated plates and
by analytical RP-HPLC. The purity of the analogues was confirmed by
ascending TLC performed on precoated plates (silica gel 60 F254,
Yinlong, China) in the following solvent systems (all v:v): (I) ethyl
acetate—methanol—ammonia water (30:10:1), (II) acetone—glacial
acetic acid—water (10:1:1). UV light and I, vapor were applied to
visualize the TLC spots. Analytical RP-HPLC was carried out with a
Waters Delta 600 instrument equipped with a Waters Deltapak C18
column (4.6 mm X 250 mm, S yim); absorbance was monitored at 4 =
220 nm. The solvents for analytical RP-HPLC were as follows: A, 0.1%
TFA in acetonitrile; B, 0.1% TFA in water. The column was eluted at a
flow rate of 1 mL/min with a linear gradient of A:B = 10:90 to A:B =
90:10 for 30 min, and a gradient of A:B = 90:10 to A:B = 10:90 for §
min. The retention time was reported as t; (min). The final purity of
the analogues was >95%. The detailed analytical properties of the
synthetic analogues were provided in Table 1.

[*H]JDAMGO (50 Ci/mmol), [*H]DPDPE (43 Ci/mmol), [*H]-
U69,593 (43.6 Ci/mmol), and [*H] cAMP (50 Ci/mmol) were
purchased from Perkin-Elmer (Boston, MA). Antiphospho-ERK1/2
(Thr202/Tyr204) antibodies, anti-ERK1/2 antibodies, and HRP-
conjugated secondary antibody were purchased from Cell Signaling
Technology Inc. Protein kinase A, forskolin, and IBMX were the
products of Sigma-Aldrich (St. Louis, MO). The radioactivities were
measured by a Perkin-Elmer Precisely 2460 Microplate Counter. The
scintillation cocktail was obtained from Perkin-Elmer.

Animals. Guinea pigs (300—350 g, National Institute of the
Biological Products, Gansu, People’s Republic of China) were used for
the guinea pig ileum (GPI) assay, male Kunming mice (30-3S g,
Animal Center of Medical College of Lanzhou University, Gansu,
People’s Republic of China) were used for the mouse vas deferens
(MVD) assay, and male Kunming mice (18—22 g, Animal Center of
Medical College of Lanzhou University, Gansu, People’s Republic of
China) were employed for analgesia studies.

Animal were housed in a temperature-controlled environment (22
+ 2 °C) under standard 12 h light/dark conditions and received food
and water ad libitum. All animals received care, and experiments were
carried out in accordance with the principles and guidelines of the
American Council on Animal Care. All protocols were approved by the
Ethics Committee of Lanzhou Medical College, China.

Peptide Synthesis. Endomorphins and their analogues were
obtained by solution-phase methods with se$ment—c0upling peptide
synthesis strategy as described previously.”’ Synthesis of all the
peptides has been accomplished by performing an active ester reaction
with the EDC/HOBt coupling method as described below.

The synthesis of the peptides begins with the coupling between
Boc-Trp-OH and H-Map-NH, to obtain C-terminal dipeptides. The
amide of Map was easily achieved by EDC/HOBt coupling with
ammonia. The dipeptides were deprotected in HCI/EA (1:4). Using
the same methods, Boc-Tyr/Dmt-OH and H-Pro/(R/S)APro-ONa
were coupled to obtain N-terminal dipeptides. After the synthesis of
fragments, the active ester method using EDC/HOBt as the coupling
agents resulted in the N- and C-terminal fragment coupling. The Boc
group was removed by HCI in EA to give the final products. All the
intermediates were characterized by TLC, '"H NMR, and ESI-TOF
MS. Final products were purified by semipreparative RP-HPLC and
were 95—99% pure as determined by analytical RP-HPLC.

Cell Culture. HEK293 cells stably expressing either the FLAG-
tagged-p-opioid receptor or the Myc-tagged-d-opioid receptor were
grown in Dulbecco’s modified Eagle’s medium (DMEM) supple-
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mented with 10% fetal calf serum, 100 units/mL penicillin, and 0.1
mg/mL streptomycin, at 37 °C in a humidified atmosphere containing
5% CO, as described.”” Establishment of HEK293 cells stably
expressing pi- or J-opioid receptors is shown in Supporting
Information (Figure S1).

Radioligand Binding Assay. The detailed description of
competition binding experiments was described previously.*" In the
experiments designed to define peptide specificity for p-, 6-, and k-
opioid receptors, whole cells expressing either MOR, DOR, or KOR
(2.5—3.5 x 10° cells/tube) were incubated with 1.7 nM [*H]DAMGO,
1.0 nM [*H]DPDPE, or 2.0 nM [*H]U69,593 and 107'° to 107™* M
unlabeled ligands for each experiment. Nonspecific binding was
measured in the presence of 10 #M naloxone, 10 4M naltrexone, or 10
UM nor-BNIL The reaction was performed in 25 °C for 60 min in
freshly prepared binding buffer (25 mM HEPES, S mM MgCl,, 1 mM
CaCl,, 2.5 mM ethylenediaminetetraacetic acid [EDTA], and 0.4%
bovine serum albumin [BSA], pH 7.4).%%° The reaction was stopped
by rapid vacuum filtration through GF/C filters (Whatman, Maid-
stone, UK.) using a cell harvester. The filters were washed twice with
6 mL of ice-cold buffer and then dried for 1 h at 80 °C. The
radioactivity was measured by liquid scintillation counting (liquid
scintillation counter, PerkinElmer). The affinity constants (K;) were
calculated according to Cheng and Prusoff with GraphPad Prism 5.0
software (GraphPad Software Inc., San Diego, CA). The dissociation
constant (K4 = 0.6 nM, K,° = 2.8 nM, K;* = 2.9 nM) and the number
of binding sites (B,,,,) were calculated by Scatchard analysis using at
least seven concentrations of [PH]DAMGO, [*H]DPDPE, or
[*H]U69,593 in a range of 0.085—8.5 nM, 0.10—5.05 nM, or 0.10—
5.00 nM. Nonspecific binding was assessed in the presence of 10 uM
naloxone, 10 uM naltrexone, and 10 yM nor-BNL

Measurements of cAMP Accumulation. The assay was
performed according to the procedure described elsewhere.”""
Briefly, the day before the assay, HEK293 cells stably expressing the -
opioid receptor were seeded at 80% confluency in 24-well microtiter
plates. Before beginning the assay, the culture medium was aspirated
and each well was washed twice with serum-free medium warmed to
37 °C. Prewarmed serum-free medium (400 yL) containing 1 mM
IBMX was added to each well and incubated 10 min at 37 °C. A 100
puL amount of serum-free medium containing various concentrations
of the appropriate ligand (5 X 107" M to § X 107> M) using SO uM
forskolin was added to the cells and incubated at 37 °C for 30 min.
The medium was removed, and then 0.2 N HCI was added to the cells
at room temperature for 30 min. The clarified lysates were neutralized
with 10 N NaOH. Lysates were transferred to microcentrifuge tubes
and microcentrifuged 2 min at top speed at room temperature. Then
50 uL of neutralized lysates, 100 uL of PKA (60 ug/mL), and 50 uL of
[*H] cAMP were mixed briefly and incubated >2 h at 4 °C. The
chilled charcoal suspension was added to adsorb free cAMP from
solutions. A 200 yL amount of the supernatant was transferred to a
scintillation vial. Scintillation fluid was added, and radioactivity was
quantified in a scintillation counter (liquid scintillation counter,
PerkinElmer). Analysis of the data was performed using the Graph-Pad
Prism software (version 5.0, San Diego, CA).

Detection of MAPK Phosphorylation. The detailed descri};tion
of detection of MAPK phosphorylation was described previously. 476
HEK293 cells stably expressing the FLAG-tagged-u-opioid receptor
were seeded in 12-well plates. Sixteen hours before the addition of the
ligands, the culture medium was removed and replaced by fresh serum-
free medium. For a rapid ERK1/2 phosphorylation assay, the cells
were treated with analogues and incubated at 37 °C for 10 min. Cell
monolayers were rinsed with ice-cold PBS, and whole lysates were
prepared by the addition of RIPA lysis buffer containing 10 M PMSF
and phosphatase inhibitor cocktails (P5726, Sigma-Aldrich) for S min.
Soluble proteins were separated by centrifugation at 15 000 rpm for 10
min. Protein concentration was determined by using a BCA protein
assay kit (Pierce, Thermo Scientific, Rockford, IL). A 20 yg amount of
protein from each sample was prepared for 10% SDS-polyacrylamide
gel electrophoresis and electroblotted onto polyvinylidene difluoride
membranes. Membranes were probed with primary antibody against
phosphor-ERK1/2 or ERK1/2 (1:1000 dilution in blocking solution,
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Cell Signaling Technology Inc.). Immunoreactive proteins were
visualized using a horseradish peroxidase-sensitive ECL chemilumi-
nescent Western blotting kit (Pierce, Thermo Scientific).

In Vitro Assays on Isolated Tissue Preparation. In vitro opioid
activities of peptides were tested in the guinea pig ileum (GPI) and
mouse vas deferens (MVD) bioassays. 7 For the GPI assay, the
myenteric plexus longitudinal muscle was obtained from guinea pig
(300—350 g, National Institute of the Biological Products, Gansu,
People’s Republic of China) as reported elsewhere.”® For the MVD
assay, the vas deferens of male Kunming strain mice (30—3S g, Animal
Center of Medical College of Lanzhou University, Gansu, People’s
Republic of China) was prepared as described previously.” The GPI
tissue and MVD tissues were mounted in a 10 mL bath containing
aerated (95% O,, 5% CO,) Krebs—Henseleit solution at 37 °C and 36
°C, respectively. Both tissues were used for field stimulation with
bipolar rectangular pulses of supramaximal voltage. Dose—response
curves were constructed, and IC, values (concentration causing a 50%
decrease in electrically induced twitches) were calculated graphically.
Moreover, in both assays, three to four washings were performed with
intervals of 15 min between each dose. The values were arithmetic
means of 10—15 measurements. To measure whether J-opioid
receptor-mediated antagonism occurred in the MVD, naltrindole, a
selective -receptor antagonist, was added to the tissue preparation,
and after S min incubation, the test analogue was added at the ICs,
dose value. The percentage recovery (reversal rate) of electrically
evoked contraction was then calculated.

Metabolic Stability. The degradation studies of the endomorphin
analogues were performed as described in detail previously.*® The
protein content of the suspension was confirmed with a BCA protein
assay kit (Thermo, Rockford, IL). A final protein concentration of 2.1
mg/mL in 50 mM Tris buffer, pH 7.4, was used for all incubations.
RP-HPLC analysis determined the stability of the peptides.
Approximately 10 uL of peptide stock solution was digested with
190 pL of rat brain homogenate at 37 °C at a final volume of 200 yL
for incubation. A 20 uL aliquot was withdrawn from the mixture at 0,
10, 30, 60, 120, 240, 480 min, and 90 uL of acetonitrile was added
immediately to precipitate proteins.The tube was placed on ice for S
min, and 90 uL of 0.5% acetic acid was added at the required time to
prevent further enzymatic breakdown. The aliquots were centrifuged
at 13 000g for 15 min at 4 °C. The obtained supernatants were filtered,
and 50 uL of the filtrate was analyzed by RP-HPLC on a Waters Delta
Pak C18 column (4.6 mm X 250 mm, Milford, MA). Using the solvent
system of 0.1% TFA in acetonitrile (A) and 0.1% TFA in water (B)
with a linear gradient of A:B = 10:90 to A:B = 90:10 for 30 min and
A:B =90:10 to A:B = 10:90 for S min, the column was eluted at a flow
rate of 0.8 mL/min. The degradation rate constants (k) were
determined by least-squares linear regression analysis of the
logarithmic tetrapeptide peak area [(In(A,/Ay)] vs time courses, with
at least seven time points. The rate constants obtained were used to
establish the degradation half-lives (t,,,) as In 2/k.

Antinociception Test. The nociceptive response was assessed by
the warm water tail-flick test as reported previously.** For the analgesia
studies, male Kunming mice weighing 18—22 g were employed, and
they were obtained from the Animal Center of Medical College of
Lanzhou University. Various doses of drugs were injected icv
according to the procedure adopted by Haley and McCormick, and
the warm water tail-flick responses were measured at different times
after the injection.*" For iv injections, the analogues were injected at
the same doses. For the study involving the opioid antagonist, animals
were pretreated with naloxone both centrally and peripherally before iv
challenge with peptides. We also evaluated the antagonist effect of
naloxone methiodide, which does not readily cross the BBB.

Nociception was evoked by immersing the mouse tail in hot water
(50 + 0.2 °C) and measuring the latency to withdrawal. Before
treatment, each mouse was tested, the latency to tail-flick [control
latency (CL)] was recorded, and those with a latency of approximately
3-S5 s were selected. The latency to tail-flick was defined as the test
latency (TL), the corresponding cutoff time TL was set at 10 s, and
0.9% saline was used as control. The antinociceptive response was
expressed as the percentage of maximal possible effect (%MPE),
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calculated by the following equation: %MPE = 100 x (TL — CL)/(10
— CL). The data from each animal were converted to the area under
the curve (AUC). We calculated the AUC data over a period of 0—60
min. The area under the curves depicting total %MPE versus time was
computed by trapezoidal approximation over a period of 0—60 min.

Molecular Modeling. The MOR model built by Mosberg was
used because this model represented the “active” state of the MOR
and was proved to be suitable for peptide agonist binding.m’82 The
model was then refined using a 15-ns MD simulation in the
phospholipid bilayer. MD simulations were performed with the
GROMACS 3.3.3 package employing NPT and periodic boundary
conditions.*® A modification of GROMOS87 force field was applied
for protein and the lipid.84 The Particle Mesh Ewald algorithm was
used for the calculation of electrostatic contributions to energies and
forces.*® Bond length was constrained using the LINCS algorithm.®
The systems were coupled to a temperature bath at 300 K, with a
coupling constant of 0.1 ps. Semiisotropic coupling with a time
constant of 1 ps was applied to keep the pressure at 1.0 bar.*” The
system was first energy minimized using the steepest descent
integrator for 5000 steps. Then a progression of position restraint
was performed for 300 ps. Finally, a 15-ns simulation was performed
with a time step of 2 fs. The average structure of the last 1 ns trajectory
was considered as the typical structure of the MD simulations.

The molecular dockings were performed with the AUTODOCK4.%®
The initial conformations of the three analogues were built based on
the NMR structure of endomorphins which we solved previously,””
and the amide group of Tyr' was protonated. The docking process was
performed in two steps.**”° First, a box of 42 X 42 X 42 A, centered
on one of the oxygen atoms of the Aspl47, was used with a grid
resolution of 5.5 A. The population size was 100, the maximum
number of generations was 27000, and the maximum number of
energy evaluations was 2 500000. The lowest docking energy
conformations or the lowest docking energy conformations included
in the largest cluster were considered to be the most stable
orientations. In the second step, a box of 40 X 30 X 50 A, centered
on the best conformations obtained in the first step, was used with a
resolution of 0.3 A. The number of energy evaluations was changed to
25000 000, and the population size was raised to 500. The resulting
orientations were scored based on the docking and binding energies
and on the distance of Aspl47 to the protonated nitrogen of the
ligand. This residue was believed to be the primary binding site.%* The
docked energies were calculated using a modified scoring function.”*
In the next stage of the study, MD simulations of the all the docking
models were performed using the GROMACS program to get more
reasonable ligand—receptor binding modes. Each ligand—receptor
complex was subjected to a S ns MD simulation in the previously
described membrane bilayer. The RMSD value of each system is
shown in Supporting Information (Figures $4 and SS). The topologies
of the ligands were §enerated by PRODRG.”” Figures were drawn by
means of PyMOL.”

Data Analysis. The data are expressed as mean + SEM. Responses
were analyzed with a one-way ANOVA followed by Dunnett’s test for
comparison of multiple groups with one saline control group, and
Student’s ¢ test for comparisons between two groups (p < 0.05 was
used as the statistical significance level).
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B ABBREVIATIONS USED

AUC, area under the curve; BBB, blood—brain barrier; Boc,
tert-butyloxycarbonyl; cAMP, cyclic adenosine monophosphate;
CNS, central nervous system; DAMGO, H-Tyr-p-Ala-Gly-
NMePhe-Gly-ol; DCM, dichloromethane; DIEA, N,N’-diiso-
propylethylamine; DMF, dimethylformamide; Dmt, 2’,6'-
dimethyltyrosine; DMSO, dimethyl sulfoxide; DOR, d-opioid
receptor; DPDPE, Tyr-c(p-Pen-Gly-Phe-p-Pen); EDs,, median
effective dose; EDC, N-ethyl-N'-(3-(dimethylamino)propyl)-
carbodiimide; EM-1, endomorphin-1; EM-2, endomorphin-2;
ERK, extracellular regulated kinases; ESI-TOF MS, electrospray
ionization time-of-flight mass spectrometry; GPI, guinea pig
ileum; HEK293, human embryonic kidney; HOBt, 1-hydrox-
ybenzotriazole; ICs;, 50% inhibitory concentration; icv, intra-
cerebroventricular; ip, intraperitoneally; iv, intravenous; KOR,
k-opioid receptor; Map, a-methylene-f-aminopropanoic acids;
MOR, p-opioid receptor; MVD, mouse vas deferens; RP-
HPLC, reversed-phase high performance liquid chromatog-
raphy; SAR, structure—activity relationship; THF, tetrahydro-
furan; TLC, thin-layer chromatography
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