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Figure S1. Structures of previously reported Leu-ENK derivatives; N,N-dibenzyl[Phe(p-NCS)]leucine enkephaline[1];
C10FME-1095[2]; DPDPE[3], TPI-1924-13[4] and Guanidyl-Tyr-D-Ala-Gly-Phe-Leu-tetrazole[5].
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Figure S2. Structures of N-acyl-tyrosine intermediates used in this study.
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Figure S3. Stability of Leu-ENK (black) in mouse plasma and release of the two major metabolites Leu-ENK (2-5,
sequence: GGFL, red) and Leu-ENK (4-5, sequence: FL, blue). Samples were separated by UPLC and peptides were
detected by their absorbance at 214 nm. Quantification relied on the peak areas relative to the initial amount of peptide (t
=0 min). Values represent mean + SEM (1 = 3).
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Figure S4. Stability of Leu-ENK analogs after incubation in mouse plasma for 1 h and detected metabolites. Samples
were separated by UPLC and peptides were detected by their absorbance at 214 nm. Quantification relied on the peak
areas relative to the initial amount of peptide (t = 0 min). Values represent mean + SEM (n = 3).

Table S1. Binding energy of Leu-ENK and KK-103 to active and inactive delta opioid receptor
(DOR) conformations using the molecular mechanics, generalized Born model and solvent
accessibility (MM/GBSA) method.

Ligand State of Receptor MM/GBSA Binding Prediction of Ligand
Free Energy (kcal/mol)
active DOR -40.33 £ 0.39
KK-1 Agonist
0 inactive DOR 2539 +3.32 goms
active DOR -48.58 + 0.81 .
Leu-ENK . . Agonist
inactive DOR -24.59 +0.47
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Figure S5. Leu-ENK (A, C) and KK-103 (B, D) complexed with active DOR are equilibrated by molecular dynamics
simulations (see Supporting Method). Panels A and B are prepared by LigPlot, while C and D are detailed 3D
interactions of the active DOR with Leu-ENK and KK-103, respectively.
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Figure S6. 'H-NMR spectrum of KK-14.
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Figure S7. 3C-NMR spectrum of KK-14.



HN

HO.

'@M UUU’M* Mu' L L_;_J*‘

|

A

]

L1}

1.0 ppm

1.5

20

T T T
3.5 3.0 25

4.0

5

4

T
5.0

5.5

—~s2'T

e
| o
.-ird
Figure S8. '"H-NMR spectrum of KK-81.
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Figure S9. °C-NMR spectrum of KK-81.
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Figure S10. 'H-NMR spectrum of KK-82.
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Figure S11. ®*C-NMR spectrum of KK-82.



Pl

M

LM J\ o JuFM' |\__L,,"'.U_/“\xﬁ\_1%n\_ M

o
£
¢o
A
-
o
o
Ce
(o]
b ]
Ir=
(a]
AN 3

1.0 ppm

1.5

Figure S12. '"H-NMR spectrum of KK-93.
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Figure S13. ®*C-NMR spectrum of KK-93.
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Figure S14. '"H-NMR spectrum of KK-102.
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Figure S16. '"H-NMR spectrum of KK-105.
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Figure S17. 3C-NMR spectrum of KK-105.
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Figure S18. 'H-NMR spectrum of KK-108.
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Figure S22. '"H-NMR spectrum of KK-103.
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Figure S23. 3C-NMR spectrum of KK-103.
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Figure S24. UPLC chromatogram (absorbance at 214 nm) of KK-103 (retention time: 5.4 min). The purity was determined
as 95.31%.



1. Supporting Results and Discussion: Molecular Binding of Peptides to DOR

Table S1 shows the binding free energy of the studied compounds (Leu-ENK and
KK-103) to both the active and inactive forms of DOR. With a value of —48.58 kcal/mol,
Leu-ENK displayed an almost 2-fold lower free binding energy for the active receptor
conformation compared to the inactive form (—24.59 kcal/mol), predicting its agonistic
effect for DOR. Similarly, KK-103 displayed a lower free binding energy to the active
conformation (—40.33 kcal/mol) over the inactive conformation (-25.39 kcal/mol),
indicating its agonistic function for DOR.

Figure S5 shows the docking of Leu-ENK and KK-103 into the active form of DOR.
The N-terminus of Leu-ENK interacts with a highly conserved Asp128 at the cytosolic
side of the DOR binding pocket while the C-terminal carboxylic acid interacts with
Arg291 and Arg292. The phenol group of the N-terminal Tyr forms a hydrogen bond
with Ile304’s carbonyl group, and the benezene ring forms hydrophobic interaction with
Val281. The Phe in Leu-ENK interacts with the proximal Phe280 in the DOR binding
pocket and the aliphatic side chain of Arg291.

KK-103 binds DOR in a similar orientation, while the N-terminal tertiary butyl
group turns away from Aspl28 forming a hydrophobic interaction with Phe218 and
Arg291. This re-arrangement turns the Phe group away from Phe280 and Arg291 to
interact with I1e289 on the opposite side of the binding pocket, while the C-terminal
carboxylic acid interacts with the positively charged Lys214. Although the tertiary butyl
group of KK-103 introduces a favorable hydrophobic interaction, a couple of salt bridges
are missing in the DOR-KK103 binding compared to DOR-Leu-ENK. The breakdown of
MM/GBSA calculations over MD snapshots reveals that Arg292 and Asp128, among all
the DOR interacting residues, most strongly interact with Leu-ENK while interactions
with Lys214 and Val281 are strongest with KK-103.

2. Supporting Experimental Methods: Solution-Phase Synthesis of Leu-ENK analogs
and Molecular binding

2.1. General Procedure for Peptide Coupling Reaction (Procedure A)

Amino acid coupling was performed according to a previously reported method.[6]
To a stirring solution of the carboxyl component (1.0 eq) in dry N-N-dimethylformamide
(DMF) at 0 °C, EDC-HCI (1.2 eq) and HOBt (1.2 eq) were subsequentially added. After 10
min, the amine component (1.2 eq) was added to the reaction mixture followed by the
addition of triethylamine (3 eq). The mixture was stirred under N2 atmosphere overnight
at r.t. The end of the reaction was monitored by TLC. Afterward, the reaction was
quenched with saturated NaHCO:s solution and the mixture was extracted with ethyl
acetate (EtOAc). The organic layer was washed with distilled water, 2N HCI solution
and saturated NaCl. The organic layer was then dried over anhydrous Na:504 and the
EtOAc evaporated to give the crude peptide.

2.2. General Procedure for Deprotection of Boc (Procedure B)

The removal of Boc was performed according to a previously reported method.[6]
The Boc intermediate (1 eq) was dissolved in dry DCM (20 mL) and cooled to 0 °C. TFA
(9 eq) was added dropwise and the reaction was stirred under N2 atmosphere for 1 h at
r.t. The TFA was then evaporated and the product precipitated with diethyl ether:n-
hexane (2:1, v/v). The precipitate was washed five times with diethyl ether:n-hexane (2:1,
v/v), and then dried under vacuum.

2.3. General Procedure for Saponification of the Ester (Procedure C)

To a flask containing the ester (1 eq) in THF:H20 (2:1, v/v), LiOH (6 eq) was added.
The mixture was stirred at r.t. for 1 h and the progress of saponification was monitored
by TLC. The pH of the aqueous layer was adjusted to 2-3 using 2N HCI. The aqueous
phase was extracted with EtOAc. Combined organic extracts were dried with Na250s,
filtered and solvents were evaporated under vacuum to give the crude product, which



was purified by silica gel (200 mesh) flash chromatography using methanol/DCM (1:9,
v/v) to yield the desired saponified intermediate.

(tert-Butoxycarbonyl) glycylglycine (2)

Compound 2 was synthesized according to previous reports with
modifications.[7,8] Glycylglycine 1 (3.0 g, 22.5 mmols) was dissolved in 60 mL of
dioxane:water (2:1, v/v), followed by the addition of 20 mL of 1M NaOH. Di-tert-butyl
dicarbonate (5.8 g, 27.0 mmols) was added dropwise and the reaction mixture was
stirred at r.t. for 3 h. The solvent was removed under vacuo to about 30-40 mL. The
resulting residue was dissolved in 60 mL water and the aqueous solution was acidified
using 3M HCI to pH 2-3. The aqueous layer was extracted with EtOAc (3-80 mL). The
organic layer was dried over anhydrous Na2SOs, and the solvent removed under vacuo.
The pure material was obtained as a waxy solid (4.2 g, 80.0%). 'H-NMR (400 MHz,
DMSO-de): d 12.55 (br s, 1H, -COOH), 8.05 (br s, 1H, -CO-NH-), 6.99 (t, ] = 5.9, 1H, CO-
NH), 3.74 (d, ] = 5.7 Hz, 2H), 3.55 (d, ] = 6.0 Hz, 2H), 1.13 (s, 9H). ESI-MS: calculated
exact mass 232.1; found m/z 233.0 [M+H]*.

Methyl (tert-butoxycarbonyl)- L-phenylalanyl-L-leucinate (4)

Compound 4 was synthesized according to a previous report with modifications.[9]
N-tert-Butyloxycarbonyl-L-phenylalanine 3 (4.0 g, 15.0 mmol) was coupled to L-leucine
methyl ester 2 (3.4 g, 18.0 mmol) according to procedure A to give the crude dipeptide
and was purified by flash chromatography using EtOAc/n-hexane (7:3, v:v) to give 4 as a
white solid (5.0 g, 75.7%). 'H-NMR (400 MHz, DMSO-ds): ® 8.27 (d, ] = 7.7 Hz, 1H, -CO-
NH-), 7.32-7.18 (m, 5H), 6.92 (d, ] = 8.7 Hz, 1H, -CO-NH-) 4.35-4.30 (m, 1H), 4.21-4.16 (m,
1H), 3.61 (s, 3H), 2.96-2.92 (m, 1H), 2.75-2.69 (m, 1H), 1.70-149 (m, 4H), 1.29-1-23 (m, 9H),
0.87 (dd, J = 6.4, 23. 3 Hz, 6H). ESI-MS: calculated exact mass 392.5; found m/z 393.6
[M+H]".

Methyl L-phenylalanyl-L-leucinate (5)

Compound 5 was synthesized according to a previous report with modifications.[6]
The Boc-dipeptide 4 (5.0 g, 12.7 mmols) was deprotected using procedure B to yield (3.1
g, 83.3%) of 5 as a white solid. 'H-NMR (400 MHz, DMSO-de): 8.86 (d, ] = 7.7 Hz, 1H, -
CO-NH-), 8.17 (br s, 1H, NH), 7.33-7.20 (m, 5H), 4.34 (q, ] = 8.2, 14.25, 1H), 4.05 (t, ] =7.0
Hz, 1H), 3.13 -3.09 (m, 1H), 2.96-291 (m, 1H), 1.65-1.52 (m, 3H), 0.88 (dd, ] = 6.5, 17.1 Hz,
6H). ESI-MS: calculated exact mass 292.4; found m/z 293.4 [M+H]*.

Methyl (tert-butoxycarbonyl)glycylglycyl-L-phenylalanyl-L-leucinate (6)

Compound 6 was synthesized according to a previous report with
modifications.[10] Boc-glycylglycine 2 (3.5 g, 15.02 mmols) was coupled to methyl L-
phenylalanyl-L-leucinate 5 (4.40 g, 15.02 mmols) according to procedure A to give the
crude tetrapeptide and was purified by flash chromatography using EtOAc:n-hexane
(7:3 vw) to afford 6 as a white solid (4.9 g, 81.1%). '"H-NMR (400 MHz, DMSO-ds): d
8.37(d, ] =7.5Hz, 1H, -CO-NH-), 8.08 (d, ] = 8.0 Hz, 1H, -CO-NH-) 7.91 (t, ] = 5.1 Hz, 1H,
-CO-NH-), 7.26-7.19 (m, 5H), 6.99 (t, ] = 5.6 Hz, 1H, -CO-NH-), 4.58-4.52 (m, 1H), 4.31-
425 (m, 1H), 3.72 (dd, J = 5.7, 16.85 H, 1H), 3.62 (s, 3H), 3.52-3.53 (m,2H), 1.62-1.52
(m,3H), 1.38 (s, 9H), 0.87 (dd, ] = 6.1, 22.1 Hz, 6H). ESI-MS: calculated exact mass 506.3;
found m/z 507.6 [M+H]*.

Methyl glycylglycyl-L-phenylalanyl-L-leucinate (7)

Compound 7 was synthesized according to a previous report with
modifications.[11] The Boc-tetrapeptide 6 (4.0 g, 7.9 mmols) was deprotected with TFA
(5.4 mL, 71.1 mmols) using procedure B to yield 7 as a white solid (2.9 g, 90.6%). 'H-
NMR (400 MHz, DMSO-ds): 0 8.48 (d, ] = 6.7 Hz, 1H, -CO-NH-), 8.27 (d, ] = 8.4 Hz, 1H, -
CO-NH-), 8.00 (s, 2H -NH), 7.27-7.18 (m, 5H), 4.61-4.56 (m, 1H), 4.31-4.26 (m, 1H), 3.84



(dd, ] = 5.4, 16.8 Hz, 1H), 3.62 (s, 3H), 2.76-2.70 (m, 1H), 1.63-1.48 (m, 3H), 0.88 (dd, | =
6.2, 22.1Hz, 6H). ESI-MS: calculated exact mass 406.2; found m/z 407.2 [M+H]*.

Pivaloyl-L-tyrosine (8)

Pivalic acid (0.4 g, 3.91 mmol) was reacted with methyl L-tyrosinate (0.76, 3.91
mmol) according to procedure A to crude oil. The reaction progress was monitored by
TLC (EtOAc/n-hexane, 6:4, v/v) and mass spectrometry was performed to confirm the
methyl pivaloyl-L-tyrosinate. Without further purifications, the crude oil (0.7 g, 2.4
mmol) was suspended in THF (7 mL) and added to a solution of LiOH (0.32 g, 14.4
mmol) in H20 (3 mL) according to procedure C to give the crude product, which was
purified by flash chromatography using methanol/DCM (1:9, v/v) to yield compound 8
as a colorless oil (0.45 g, 68.1%). 'TH-NMR (400 MHz, deuterated dimethyl sulfoxide,
DMSO-ds) & 12.41 (br s, 1H, -COOH), 9.17 (br s, 1H, -OH), 7.42 (d, ] = 8.0 Hz, 1H, -CO-
NH-), 7.00 (d, ] = 8.2 Hz, 2H), 6.62 (d, | = 8.1 Hz, 2H), 4.33-4.28 (m, 1H), 2.94 (dd, ] =5.1,
13.9 Hz, 1H), 2.86-2.80 (m 1H), 1.01 (s, 9H). ESI-MS: calculated exact mass 265.1; found
m/z 266.1 [M+H]* and 288.1 [M+Na]*.

(2-Phenylacetyl)-L-tyrosine (9)

Compound 9 was synthesized according to a previous report with
modifications.[12] Phenyl acetic acid (0.4 g, 1.5 mmols) was reacted with methyl L-
tyrosinate (0.29 g, 1.5 mmols) according to procedure A to yield a crude solid. Without
further purification, the crude intermediate (0.69 g, 2.1 mmol) was reacted with LiOH
(0.27 g, 13.1 mmol) according to procedure C to yield compound 9 as a white solid (0.44
g 61.1%). %). 'H-NMR (400 MHz, DMSO-ds) 6 12.40 (br s, 1H, -COOH), 9.12 (br s, 1H, -
OH), 7.39 (d, ] = 8.1 Hz, 1H, -CO-NH-), 7.24 -7.02 (m, 5H), 6.90 (d, ] = 8.1 Hz, 2H), 6.73 (d,
] =8.2 Hz, 2H), 4.34-4.27 (m, 1H), 3.57-3.45 (m, 2H) 3.16-2.94 (m, 2H). ESI-MS: calculated
exact mass 299.1; found m/z 300.4 [M+H]* and 322.1 [M+Na]+.

2-(p-Tolyl)acetyl)-L-tyrosine (10)

2-(p-tolyl)acetic acid (0.4 g, 2.64 mmols) was reacted with methyl L-tyrosinate (0.51
g, 2.64 mmols) according to procedure A to yield a crude solid. Without further
purification, the crude intermediate (0.7 g, 2.12 mmol) was reacted with LiOH according
to procedure C to yield compound 10 as a white solid (0.42 g, 58.3%). 'H-NMR (400
MHz, DMSO-ds) 6 12.45 (br s, 1H, -COOH), 9.06 (br s, 1H, -OH), 8.33 (br s, 1H, -CO-NH),
7.38-7.33 (m, 4H), 7.08-6.95 (m, 4H), 4,35 (m, 1H), 3.54-3.45 (m, 2H), 3.14-2.91 (m, 2H),
2.25 (s, 3H). ESI-MS: calculated exact mass 313.1; found m/z 314.1 [M+H]*.

Hexanoyl-L-tyrosine (11)

Compound 11 was synthesized according to a previous report with
modifications.[13] Hexanoic acid (0.4 g, 3.44 mmols) was reacted with methyl L-
tyrosinate (0.67, 3.44 mmols) according to procedure A to yield a light yellow solid.
Without further purification, the crude intermediate (0.67 g, 2.16 mmol) was reacted
with LiOH (0.27 g, 12.96 mmol) according to procedure C to yield compound 11 as a
white solid (0.42 g, 70.0%). 'H-NMR (400 MHz, DMSO-ds) 6 12.45 (br s, 1H, -COOH),
9.17 (br s, 1H, -OH), 8.05 (d, ] = 8.1 Hz, 1H, -CO-NH-), 6.99 (d, ] =8.2 Hz, 2H), 6.63 (d, ] =
8.2 Hz, 2H), 4.35-4.29 (m, 1H), 2.91 (dd, J = 4.6, 13.9 Hz, 1H), 2.73-2.67 (m, 1H), 2.08-1.98
(m, 2H), 1.43-1.35 (m, 2H), 1.26-1.08(m, 4H), 0.82 (t, ] = 7.0 Hz, 3H) ESI-MS: m/z [M + HJ*.
ESI-MS: calculated exact mass 279.1; found m/z 280.2 [M+H]*.

Octanoyl- L-tyrosine (12)

Compound 12 was synthesized according to a previous report with
modifications.[13] Octanoic acid (0.4 g 1.29 mmols) was reacted with methyl L-
tyrosinate (0.25 g, 1.29 mmols) according to procedure A to yield a colorless solid.
Without further purification, the crude intermediate (0.72 g, 2.22 mmol) was reacted
with LiOH (0.16 g, 7.78 mmol) according to procedure C to yield compound 12 as a



white solid (0.41 g, 61.7%). "H-NMR (400 MHz, DMSO-ds) d 12.44 (br s, 1H, -COOH),
9.16 (br s, 1H, -OH), 8.03 (d, J = 8.1 Hz. 1H, -CO-NH-), 6.97 (d, ] = 8.1 Hz, 2H), 6.62 (d, ] =
8.1 Hz, 2H), 4.35-4.27 (m, 1H), 2.93 (m, 1H), 2.70-2.65 (m,1H), 2.15 (t, ] = 7.4 Hz, 2H),
2.06-1.97 (m, 2H),1.50-1.46 (m, 2H), 1.30-1.27 (m, 6H), 0.86-0.88 (m, 3H). ESI-MS:
calculated exact mass 307.2; found m/z 308.2 [M+H]*.

Penta-4-enoyl-L-tyrosine (13)

Compound 13 was synthesized according to a previous report with
modifications.[14] Pentenoic acid (0.4 g, 2.77 mmols) was reacted with methyl L-
tyrosinate (0.51 g, 2.77 mmols) according to procedure A to yield a white solid. Without
further purification, the crude residue (0.66 g, 2.35 mmol) was reacted with LiOH (0.29 g,
14.14 mmol) according to procedure C to yield compound 13 as a white solid (0.41 g,
66.1%). 'H-NMR (400 MHz, DMSO-de) 0 12.42 (br s, 1H, -COOH), 9.15 (br s, 1H, -OH),
7.55 (br s, 1H, -CO-NH-), 7.15 (d, ] = 8.4 Hz, 2H), 6.30, (d, ] = 8.4 Hz, 2H), 5.80-5.70 (m,
1H), 5.15-4.89 (m, 2H), 4.40 (q, ] = 5.1, 8.15 Hz, 1H), 3.20-3.15 (m, 2H), 2.95 (dd, ] = 5.1,
13.94 Hz, 1H) 2.85-2.79 (m, 1H), 2.31-2.40 (m, 2H). ESI-MS: calculated exact mass 263.1;
found m/z 264.7 [M+H]".

(Cyclohexane carbonyl)- L-tyrosine (14)

Compound 14 was synthesized according to a previous report with
modifications.[15] Cyclohexonic acid (0.4 g, 3.12 mmols) was reacted with methyl L-
tyrosinate (0.60 g, 3.12 mmols) according to procedure A to yield a white solid. Without
further purification, the crude residue (0.75 g, 2.45 mmol) was reacted with LiOH
according to procedure C to yield compound 14 as a white solid (0.41 g, 58.5%). 'H-NMR
(400 MHz, DMSO-ds) 8 12.09 (br s, 1H -COOH), 9.14 (br s, 1H, -OH), 8.00 (br s, 1H, -CO-
NH-), 6.99 (d, ] = 8.5, Hz, 2H), 6.76 (d, ] = 8.3 Hz, 2H), 4.30-4.24 (m, 1H), 2.92 (m, 1H),
2.80-2.72 (m 1H) 2.38-2.36 (m, 1H), 1.73-1.75 (m, 2H) 1.70-1.43 (m, 8H). ESI-MS:
calculated exact mass 291.1; found m/z 292.2 [M+H]*.

Methyl acetyl-L-tyrosylglycylglycyl-L-phenylalanyl-L-leucinate (KK-14)

Commercially available acetyl-L-tyrosine (0.2 g, 0.89 mmol) was reacted with
methyl glycylglycyl-L-phenylalanyl-L-leucinate 7 (0.36 g, 0.89 mmol) according to
procedure A to yield the crude residue and was purified by silica gel flash
chromatography eluting with methanol/DCM (1:9, v/v) to yield KK-14 as white solid
(0.40 g, 74.0%). "H-NMR (400 MHz, 8:2 DMSO-ds:H20): 0 7.25-7.16 (m, 5H), 6.98 (d, ] =7.9
Hz, 2H), 6.62 (d, ] = 8.0 Hz, 2H), 4.47 (q, ] =3.3,9.5 Hz, 1H), 4.31 (q, J=4.4, 9.5, 1H), 4.23-
4.20 (m, 1H) 3.67-3.56 (m, 3H), 3.56 (s, 3H), 3.00 (dd, | = 4.0, 13.8, 1H), 2.89 (dd, ] = 4.4,
14.0 m, 1H), 2.77-2.70 (m, 1H), 2.65-02.59 (m, H), 1.75 (s, 3H), 1.56-1.44 (m, 3H), 0.81 (dd,
J=5.8,22.8 Hz, 6H). *C NMR (200 MHz, 8:2 DMSO-ds:H20) 6 173.4, 172.9, 171.9, 171.17,
170.10, 169.3, 156.0, 137.9, 130.6, 129.7, 128.8, 128.5, 127.1, 115.3, 55.3, 54.3, 52.6, 51.0, 42.7,
42.3,37.9, 36.9, 24.8, 23.2, 22.8, 21.8. UPLC: retention time = 7.43 min. ESI-MS: calculated
exact mass 611.3; found m/z 612.6 [M+H]*.

Methyl (2-phenylacetyl)-L-tyrosylglycylglycyl-L-phenylalanyl-L-leucinate (KK-81)

Phenylacetyl-L-tyrosine 9 (0.3 g, 1.0 mmol) was reacted with methyl glycylglycyl-L-
phenylalanyl-L-leucinate 7 (0.40 g, 1.0 mmol) according to procedure A to yield crude
residue and was purified by flash chromatography eluting with methanol/DCM (1:9,
v/v) to yield KK-81 as a white solid (0.41 g, 60.0%). '"H-NMR (400 MHz, 8:2 DMSO-
ds:H20) 6 7.23-7.16 (m, 8H), 7.00-6.94 (m, 4H), 6.59 (d, ] = 8.7 Hz, 2H), 4.48 (q, ] = 4.1, 9.09
Hz,1H), 4.35 ( q, ] = 4.3, 9.4, Hz, 1H), 4.23-4.20 (m, 1H), 3.72-3.55 (m, 4H), 3.63 (s, 3H),
3.44-3.30 (m, 2H), 3.02-2.91 (m, 2H), 2.78-2.62 (m, 2H), 1.67-1.54-1.45 (m, 3H) 0.80 (dd, ] =
5.6, 23.2 Hz, 9H). BC-NMR (200 MHz, 8:2 DMSO-ds:H20) ¢ 173.3, 172.4, 171.8, 170.7,
169.6, 169.0, 156.3, 138.2, 136.7, 130.6, 129.7, 129.5, 128.66, 128.63, 128.4, 126.9, 126.7, 115.4,
55.0, 54.1, 52.4, 50.9, 42.6, 42.3, 38.1, 37.2, 24.7, 23.2, 21.9. UPLC: retention time = 7.80 min.
ESI-MS: calculated exact mass 687.3; found m/z 688.3 [M+H]-.



Methyl (2-(p-tolyl)acetyl)-L-tyrosylglycylglycyl-L-phenylalanyl-L-leucinate (KK-82)

2-(p-Tolyl)acetyl)-L-tyrosine 10 (0.3 g, 0.95 mmol) was reacted with methyl
glycylglycyl-L-phenylalanyl-L-leucinate 7 (0.38 g, 0.95 mmol) according to procedure A
to yield the crude residue and was purified by flash chromatography eluting with
methanol/DCM (1:9, v/v) to yield KK-82 as a white solid (0.4 g, 59.7%). "H-NMR (400
MHz, 8:2 DMSO-ds:H20) 6 7.25-7.16 (m, 5H) 7.03-6.87 (m, 6H), 6.59-6.57 (m, 2H), 4.47.(q,
J=4.3,9.43 Hz, 1H), 431 (q, ] =4.3, 9.3 Hz, 1H) 4.23-4.19 (m, 1H), 3.67-3.57 (m, 4H), 3.55
(s, 3H), 3.38-3.24 (m, 2H), 3.02-2.89 (m, 2H), 2.78-2.72 (m, 1H), 2.67-2.61 (m,1H) 2.22 (s,
3H) 1.66-1.54 (m, 3H) 0.88 (dd, | = 5.6, 23.3 Hz,6H); *C-NMR (200 MHz, 8:2 DMSO-
de:H20) 6 173.9, 173.3, 172.6, 172.4, 170.7, 169.9, 156.1, 137.9, 136.7, 133.1, 131.0, 130.0,
129.78, 129.73, 129.2, 128.6, 127.5, 115.8, 55.6, 54.7, 53.0, 51.45, 43.11, 42.5, 38.1, 25.0, 23.4,
22.1, 21.4. UPLC: retention time = 8.08 min. ESI-MS: calculated exact mass 701.3; found
m/fz 702.3 [M+H]*.

Methyl hexanoyl-L-tyrosylglycylglycyl-L-phenylalanyl-L-leucinate (KK-93)

Hexanoyl-L-tyrosine 11 (0.3 g, 1.0 mmol) was reacted with methyl glycylglycyl-L-
phenylalanyl-L-leucinate 7 (0.43 g, 1.0 mmol) according to procedure A to yield crude
residue and was purified by flash chromatography eluting with methanol/DCM (1:9,
v/v) to yield KK-93 as a white solid (0.41 g, 57.3%). "H-NMR (400 MHz, 8:2 DMSO-
de:H20) 6 7.23-7.16 (m, 5H), 6.98 (d, ] = 8.2 Hz, 2H), 6.60, (d, ] =8.2 Hz, 2H), 4.47 (q, ] = 4.0,
8.9 Hz, 1H), 4.50-4.41 (q, ] = 4.3, 9.8 1H), 4.22-4.20 ( m, 2H), 3.72-3.60 (m, 4H), 3.65 (s, 3H),
3.02-2.89 (m, 2H), 2.77-2.72 ( m, 1H), 2.64-2.58 (m, 1H) 2.00 (t, ] = 7.2 Hz, 2H), 1.56-1.45
(m, 3H), 1.32-1.27 (m, 2H), 1.15-1.08 (m, 2H), 1.02-0.97 (m, 2H), 0.85-0.72 (m, 9H); 3C-
NMR (200 MHz, 8:2 DMSO-de:H20) 6 174.1, 173.5, 173.1, 172.0, 170.2, 169.4, 156.0, 137.9,
130.7, 129.8, 128.8, 128.6, 127.2, 115.5, 55.1, 54.4, 52.7, 51.1, 42.8, 42.4, 37.9, 36.9, 35.8, 31.2,
25.4,24.8,23.2,22.4,21.9, 14.4. UPLC: retention time = 8.01 min. ESI-MS: calculated exact
mass 667.4; found m/z 668.4 [M+H]*.

Methyl pivaloyl-L-tyrosylglycylglycyl-L-phenylalanyl-L-leucinate (KK-102)

Pivaloyl-L-tyrosine 8 (0.2 g, 0.75 mmol) was reacted with methyl glycylglycyl-L-
phenylalanyl-L-leucinate 7 (0.3 g, 0.75 mmol) according to procedure A to yield
compound the crude residue and was purified by flash chromatography eluting with
methanol/DCM (1:9, v/v) to yield KK-102 as a white solid (0.38 g, 77.5%). "H-NMR (400
MHz, 8:2 DMSO-de:H20) 6 7.22-7.16 (m, 5H), 6.94 (d, | = 6.4 Hz, 2H), 6.90 (d, ] = 8.1 Hz
2H), 4.48-4.45 (m, 1H), 4.38 (q, ] = 4.6, 9.5 Hz, 1H), 4.23-4.20 (m, 1H), 3.75-3.61 (m, 4H),
3.55 (s, 3H), 3.01-2.94 (2H, m), 2.77-2.71 (2H, m), 1.54-1.45 (m, 3H), 0.94 (s, 9H), .088 (dd,
J=5.7,229 Hz, 6H). 3C-NMR (200 MHz, 8:2 DMSO-ds:H20) 6 178.9, 173.3, 172.8, 171.8,
170.0, 169.2, 155.7, 137.5, 130.6, 129.5, 128.2, 126.9,115.2, 54.7, 54.2, 50.8, 42.5, 42.1, 37.6,
36.3,27.3,24.5,22.9,21.9. UPLC: retention time = 7.69 min. ESI-MS: calculated exact mass
653.3; found m/z 654.8 [M+H]".

Methyl pent-4-enoyl-L-tyrosylglycylglycyl-L-phenylalanyl-L-leucinate (KK-105)

Pent-4-enoyl-L-tyrosine 13 (0.3 g, 1.13 mmol) was reacted with methyl glycylglycyl-
L-phenylalanyl-L-leucinate 7 (0.46 g, 1.13 mmol) according to procedure A to yield the
crude residue and was purified by flash chromatography eluting with methanol/DCM
(1:9, v/v) to yield KK-102 as a colorless solid (0.45 g, 61.6%). 'H-NMR (400 MHz, 8:2
DMSO-ds:H20) 6 7.23-7.16 (m, 5H), 6.99 (d, | = 8.1 Hz, 2H), 6.61, (d, | = 7.9 Hz, 2H), 5.64-
5.54 (m, 1H), 4.90-4.82 (m, 2H), 4.49-4.46 (m, 1H), 4.36-4.34 (m, 1H), 4.23-4.20 (m, 1H),
3.67-3.60 (m, 4H), 3.56 (s, 3H), 3.02-2.80 (m, 2H), 2.78-2.72 (m, 1H), 2.65-2.55 (m, 1H),
2.13-2.08 (m, 4H), 1.56-1.44 (m, 3H), 0.81 (dd, ] =5.8, 22.88, Hz, 6H); *C-NMR (200 MHz,
8:2 DMSO-de:H20) 6 173.4, 173.3, 173.2, 172.6, 171.6, 169.6, 168.9, 155.9, 137.8, 130.4, 129.6,
128.5, 126.8, 115.2, 115.5, 54.7, 54.0, 52.3, 50.8, 42.4, 42.1, 37.8, 36.8, 35.6, 31.5, 28.8, 25.5,
24.6,23.0,22.4, 21.7, 14.3. UPLC: retention time = 8.72 min. ESI-MS: calculated exact mass
651.3; found m/z 652.8 [M+H] and 673.8 [M+Na]".



Methyl octanoyl-L-tyrosylglycylglycyl-L-phenylalanyl-L-leucinate (KK-108)

Octanoyl-L-tyrosine 12 (0.25 g, 0.81 mmol) was reacted with methyl glycylglycyl-L-
phenylalanyl- L-leucinate 7 (0.32 g, 0.81 mmol) according to procedure A to yield crude
residue and was purified by flash chromatography eluting with methanol/DCM (1:9,
v/v) to yield KK-102 as a white solid (0.35 g, 64.8%). 'TH-NMR (400 MHz, 8:2 DMSO-
de:H20) 6 7.25-7.17 (m, 5H), 6.99 (d, | =8.2 Hz, 2H), 6.61, (d, ] =8.0 Hz, 2H), 4.48 (q, ] = 4.5,
9.5 Hz, 1H), 4.35 (q, | = 4.5, 9.7 Hz, 1H) 4.24-4.20 (m, 1H), 3.69-3.60 (m, 4H), 3.56 (s, 3H),
3.03-2.90 (m, 2H), 2.79-2.73 (m, 1H), 2.66-2.60 (m, 1H), 2.02 (t, ] = 7.33 Hz), 1.57-1.45 (m,
3H), 1.32-1.29 (m, 2H), 1.18-1.11 (m, 6H), 1.01 (m, 2H), 0.85-0.78 (m, 9H); *C-NMR (200
MHz, 8:2 DMSO-de:H20) 6 173.5, 173.4, 173.1, 172.1, 170.2, 169.5, 156.0, 137.9, 130.7, 129.8,
128.8, 128.5, 127.1, 115.8, 115.5, 55.3, 54.4, 52.6, 51.2, 42.9, 42.5, 38.0, 36.9, 34.9, 29.6, 24.8,
23.2, 21.9, 14.1. UPLC: retention time = 7.57 min. ESI-MS: calculated exact mass 695.4;
found m/z 696.4 [M+H]".

Methyl (cyclohexanecarbonyl)-L-tyrosylglycylglycyl-L-phenylalanyl-L-leucinate (KK-112)
Cyclohexanecarbonyl)-L-tyrosine 14 (0.3 g, 1.0 mmol) was reacted with methyl
glycylglycyl-L-phenylalanyl-L-leucinate 7 (0.41 g, 1.0 mmol) according to procedure A to
yield the crude residue and was purified by flash chromatography eluting with
methanol/DCM (1:9, v/v) to yield KK-102 as a white solid (2.5 g, 76.0%). 'H-NMR (400
MHz, 8:2 DMSO-ds:H20) 6 7.21-7.17 (m, 5H), 6.98 (d, ] = 7.9 Hz, 2H), 6.62 (d, | = 8.0 Hz,
2H), 447 (q, ] =4.3,9.1, 1H), 437 (q, ] = 4.5, 9.5, 1H), 4.24-4.21 (m, 1H) 3.73-3.61 (m, 4H),
3.57 (s, 3H), 3.02-2.90 (m, 2H), 2.79-2.62 (m, 2H) 2.08 (m, 1H), 1.55-1.42 (m, 8H), 1.19-1.08
(m, 5H), 0.82 (dd, ] =5.6, 22.7, 6H); 3C-NMR (200 MHz, 8:2 DMSO-ds:H20) 6 175.9, 173.4,
172.7, 1719, 169.7, 169.0, 156.3, 138.4, 130.7, 129.9, 128.8, 128.7, 126.9, 115.4, 54.7, 53.3,
52.5, 51.1, 44.3, 42.8, 42.5, 38.3, 37.2, 29.9, 29.4, 26.1, 26.0, 25.8, 24.9, 23.4, 22.0. UPLC:
retention time = 8.01 min. ESI-MS: calculated exact mass 679.4; found m/z 680.4 [M+H]*.

Pivaloyl-L-tyrosylglycylglycyl-L-phenylalanyl-L-leucine (KK-103)

To a solution of KK-102 (0.35 g, 0.58 mmol) in THF (10 mL) a solution of LiOH (0.21
g, 3.48 mmol) in H20 (5 mL) added dropwise according to procedure C. The resultant
crude residue was purified by flash chromatography using methanol/DCM (1:9, v/v) to
yield KK-103 as a white solid (0.25 g, 65.7%). Optical rotation: [a]p 2 = -17.8° (¢ 1.0,
CHs0H); tH-NMR (400 MHz, 8:2 DMSO-de:H20) 6 7.24-7.15 (m, 5H), 6.96 (d, | = 8.2 Hz,
2H), 6.60 (d, ] = 8.0 Hz, 2H), 4.47 (q, | =4.1, 9.5 Hz, 1H), 4.37 (q, ] = 4.3, 9.2 Hz, 1H), 4.18-
414 (m, 1H), 3.71-3.50 (m, 4H), 3.02-2.93 (m, 2H), 2.76-2.71 (m, 2H), 1.56-1.46 (m, 3H),
0.93 (m, 9H), 0.81 (dd, ] = 5.9, 23.9 Hz, 6H). 3C-NMR (200 MHz, 8:2 DMSO-de:H20) 0
179.2,174.7, 173.2, 173.1, 172.0, 170.3, 169.6, 156.0, 138.0, 130.9, 129.8, 128.9, 128.5, 127.2,
115.5, 55.0, 54.4, 51.1, 42.8, 42.4, 38.0, 36.6, 27.6, 24.9, 23.4, 21.9. UPLC: retention time =
5.42 min. ESI-MS: calculated exact mass 639.3; found m/z 640.4 [M+H]* and 662.1
[M+Na]*. UPLC purity: >95%.

2.4. Binding Poses and Energetics of Leu-ENK and KK103 Suggested by Molecular Dynamics
(MD) Simulations Following Molecular Docking

The ligands Leu-ENK and KK-103 were docked individually into the binding site of
both active (PDBID: 6PT2) and inactive (PDBID: 4EJ4) DOR structures by AutoDock
Vina software (Molecular Graphics Lab, La Jolla, CA, USA).[16] using an exhaustiveness
of 200. The pose with the lowest energy (i.e. the highest affinity) obtained from the
docking results were selected for creating a water box of 62.3 x 62.3 x 96.0 A.[3] It
contains TIP3P (transferable intermolecular potential with 3 points) explicit solvent
molecules (i.e. water), neutralizing ions and a liganded DOR that is embedded in the
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine) lipid membrane, facilitated by
CHARMM-GUI Bilayer Membrane Builder software (Lehigh Universiy, Bethlehem,
PA).[17] OpenMM software[18] (SimTK, National Institute of Health, MD) running with
CHARMMB36 forcefield[19] was used for all simulations at a temperature of 25.15 °C and
a pressure of 1 bar, where the ligand forcefield was generated by CGenFF.[20] X-Y



isotropic Monte-Carlo barostat was set for the membrane system. The restrained
simulations were first performed to relax the environment and prevent the distortion of
the ligand-DOR complex. Production runs without any restraints were carried out for at
least 100 ns to equilibrate the system. Snapshots of the DOR-ligand complex were taken
from the last 20 ns of the €100 ns equilibrated trajectories for binding free energy
evaluation using the MM/GBSA method?, implemented in the MMPBSA.py script of
AmberTool20 (AMBER Software, San Francisco, CA, USA).[21] For each ligand, the
binding free energies with active and inactive DOR were compared to predict the ligand
type (agonist/antagonist); for the same ligand type, their GBSA (generalized Born
surface-area solvation) energies were used to infer binding affinity (the lower, the
stronger). The MM/GBSA (molecular mechanics with generalized Born surface-area
solvation) energy can further be broken down to infer peptide-DOR interaction at the
residue level, pointing out which residues in DOR contribute the most binding affinity
to interact with Leu-ENK or KK-103.
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