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ABSTRACT: Previously, our laboratory reported that cyclic peptide prodrugs of the opi-
oid peptide H-Tyr–D-Ala–Gly–Phe–D-Leu–OH (DADLE) are metabolized by cytochrome P450
(CYP450) enzymes, which limits their systemic exposure after oral dosing to animals. In
an attempt to design more metabolically stable cyclic prodrugs of DADLE, we synthesized
analogs of DADLE cyclized with a coumarinic acid linker (CA; CA–DADLE), which con-
tained modifications in the amino acid residues known to be susceptible to CYP450 oxidation.
Metabolic stability and metabolite identification studies of CA–DADLE and its analogs were
then compared using rat liver microsomes (RLM), guinea pig liver microsomes (GPLM), and
human liver microsomes (HLM), as well as recombinant human recombinant cytochrome P450
3A4 (hCYP3A4). Similar to the results observed for CA–DADLE, incubation of its analogs
with RLM, GPLM, and HLM resulted in monohydroxylation of an amino acid side chain
on these cyclic prodrugs. When CA–DADLE was incubated with hCYP3A4, similar oxidative
metabolism of the peptide was observed. In contrast, incubation of the CA–DADLE analogs with
hCYP3A4 showed that these amino-acid-modified analogs are not substrates for this CYP450
isozyme. These results suggest that the amino-acid-modified analogs of CA–DADLE prepared
in this study could be stable to metabolic oxidation by CYP3A4 expressed in human intesti-
nal mucosal cells. © 2012 Wiley Periodicals, Inc. and the American Pharmacists Association
J Pharm Sci
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INTRODUCTION

Peptides and peptidomimetics have long been of in-
terest to medicinal chemists and pharmacologists
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because of their intrinsic receptor specificity and
promising pharmacological properties.1–5 The preclin-
ical and clinical development of these peptides and
peptidomimetics has been limited by their undesir-
able biopharmaceutical properties, including poor in-
testinal mucosa permeation and enzymatic instabil-
ity, which limits the blood levels observed after oral
dosing.6–9 A major challenge in making these chemo-
types orally bioavailable lies in improving the bio-
pharmaceutical properties of the peptides and pep-
tidomimetics while maintaining their high affinity
for their pharmacological receptors. For example, H-
Tyr–D-Ala–Gly–Phe–D-Leu—OH (DADLE) was de-
veloped as a biologically active opioid peptide that is
resistant to peptidase.10,11 However, this opioid pep-
tide exhibits poor permeation across biological bar-
riers such as the blood–brain barrier and intestinal
mucosa.9,12–16

In an attempt to improve the membrane per-
meability of opioid peptides, we have developed a
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Figure 1. DADLE, CA–DADLE, and modified prodrugs of the cyclic opioid peptide CA–DA-
DLE.

cyclic prodrug [CA–DADLE (1)] of the opioid pep-
tide DADLE in which the N- and C-termini of
the peptide are joined via chemical linkers, specifi-
cally the coumarinic acid linker (CA; Fig. 1).17 Un-
like the zwitterionic DADLE, the resultant cyclic
prodrug is uncharged at physiological pH and it
is lipophilic rather than hydroplilic.17–19 However,
this cyclic DADLE prodrug did not show the ex-
pected increased cell permeation.13,15,20,21 Using cell
culture models, it was shown that the cyclic pro-
drug is a substrate for apically polarized efflux
transporters [e.g., P-glycoprotein (P-gp)] in the in-
testinal mucosa.13,17,22–25 Considering the fact that
many P-gp substrates are also substrates for cy-
tochrome P450 (CYP450) enzymes,26–29 it was not
unexpected to find that CA–DADLE undergoes rapid
oxidative metabolism in the presence of liver micro-
somes and human recombinant cytochrome P450 3A4
(hCYP3A4).21

In this paper, we describe the main sites of ox-
idative metabolism on CA–DADLE (e.g., Tyr1 and
Phe4). Using this knowledge and our general un-
derstanding of the structure–activity relationship of
opioid peptides,30–35 two new CA–DADLE analogs
were designed and synthesized (Fig. 1). Specifically,
chemical modifications of the amino acid sequence
of DADLE were made creating the new cyclic pro-
drugs, CA–[Cha4,D-Leu5]–Enk (2) and CA–[Cha4,D-
Ala5]–Enk (3). Ultimately, synthesis of these new
cyclic prodrug analogs will allow us to probe the ef-

fect modification of Phe4 has on oxidative metabolism
and cell permeation. In the studies described in this
paper, the site of oxidative metabolism on CA–DA-
DLE was elucidated, and the design and synthesis of
two new CA–DADLE analogs are reported, as well as
their metabolism by animal and human microsomes
and a cloned human CYP450.

MATERIALS AND METHODS

The cyclic prodrug CA–DADLE (1) was synthesized
in our laboratory following described procedures.8,12

Pooled male Sprague–Dawley rat liver microsomes
(RLM); pooled, male Hartley albino guinea pig liver
microsomes (GPLM); pooled, mixed-gender human
liver microsomes (HLM); and hCYP3A4 expressed
in bactosomes with reductase +b5 were purchased
from Xenotech, LLC (Lenexa, Kansas). DADLE,
diethyl p-nitrophenyl phosphate (paraoxon), keto-
conazole, $-nicotinamide adenine dinucleotide phos-
phate ($-NADPH; reduced form), sodium phosphate
monobasic (NaH2PO4), and sodium phosphate diba-
sic (Na2HPO4) were obtained from Sigma–Aldrich
(St. Louis, Missouri). Lindlar’s catalysis was pur-
chased from Fluka Chemical Corporation (Milwau-
kee, Wisconsin). Amino acids were purchased from
Novabiochem (La Jolla, California), and the fi-
nal coupling reagent, N-N-bis(2-oxo-3-oxozolidinyl)-
phosphinic chloride was purchased from TCI-America
(Portland, Oregon). Silica gel (Selecto Scientific;
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Suwanee, Georgia)) and solvents [high-performance
liquid chromatography (HPLC) grade] were pur-
chased from Fisher Scientific (Pittsburgh, Pennsyl-
vania). All other chemicals were purchased from
Sigma–Aldrich. Tetrahydrofuran (THF) was distilled
over sodium metal in the presence of benzophenone.
Dichloromethane (CH2Cl2) was distilled over calcium
hydride. All other chemicals and solvents were used
as received. During the synthesis process, nuclear
magnetic resonance (NMR) spectra were taken on
a 400-MHz instrument. The identity of the final
cyclic prodrug products were confirmed with a Quat-
tro Micro triple quadrupole mass spectrometer using
positive-mode electrospray ionization (ESI+)(Waters;
Milford, Massachusetts).

In Vitro Microsomal Stability

The in vitro stability studies were preformed as pre-
viously described in our laboratory, with only mi-
nor modifications.36 Briefly, the metabolic stability
studies of the cyclic prodrugs 1–3 were preformed in
500 :L of phosphate buffer solution (100 mM, pH 7.4)
containing 2.5 :M of cyclic peptide prodrug, 1 mM
NADPH, and 300 nM CYP450 enzyme from RLM,
GPLM, or HLM, or 20 nM hCYP3A4. The solution
was incubated for 15 min at 37◦C with and without
inhibitors (100 :M paraoxon and/or 5 :M ketocona-
zole). The mixture was quenched with a stop solu-
tion [100 :L of methanol and 750 :L of acetonitrile
(ACN)] and then vortexed to thoroughly mix, followed
by centrifugation at 13,000g for 15 min. The super-
natant (500 :L) was removed and evaporated to dry-
ness (CentriVap concentrator; Labconco, Kansas City,
Missouri). The sample was reconstituted in 100 :L
of 25% ACN and analyzed using liquid chromatog-
raphy–tandem mass spectrometry (LC –MS/MS).
Side-by-side control experiments were performed to
monitor non-enzyme-mediated degradation. For the
control experiments, methanol (100 :L) was added to
the buffer–NAPDH–prodrug solution before the ad-
dition of hCYP3A4 or microsomes. After the addition
of hCYP3A4 or microsomes, the reaction was quickly
stopped with 750 :L of ACN and processed as stated
above. The amount of substrate remaining was calcu-
lated by dividing the average substrate peak area by
the average substrate peak area in the control sample.
Statistics were performed with SigmaStat 3.5 (Sys-
tat Software, Inc; Chicago, Illinois) using a one-way
ANOVA with a Hohn–Sidik multiple comparison.

Metabolite Identification

Oxidative metabolites of the cyclic prodrugs 1–3 were
determined in 500 :L of phosphate buffer (100 mM,
pH 7.4) containing 50 :M cyclic peptide prodrug, 5
mM NADPH, and 300 nM P450 enzyme from RLM,
GPLM, or HLM; or 20 nM hCYP3A4 bactosomes. The
solution was incubated for 60 min at 37◦C and then

quenched with a stop solution (100 :L of methanol
and 750 :L of ACN). The mixture was vortexed and
then centrifuged at 13,000g for 15 min. The super-
natant (500 :L) was removed and evaporated to dry-
ness (CentriVap concentrator; Labconco). The sample
was reconstituted in 100 :L of 25% ACN for analysis.

Analytical Methods

The metabolic stability and metabolite identifica-
tion samples were assayed using HPLC in tandem
with LC–MS/MS. Separation was preformed on a Wa-
ters 2690 HPLC system and a Quattro Micro triple
quadrupole mass spectrometer was employed using
ESI+ (Waters; Milford, Massachusetts). The com-
pounds were eluted on a Vydac C18 column (50 ×
1.0 mm2 internal diameter, 300 Å) (Alltech; Deefield,
Illinois) employing a binary gradient [solvent A, wa-
ter with 0.1% formic acid (v/v); solvent B, acetronitrile
with 0.1% formic acid (v/v)]. The total run time was
20 min, with a flow rate of 0.2 mL/min (3 min gra-
dient from 5% to 40% B; 3 min gradient from 40%
to 95% B; 2 min hold at 95%; 2 min return to 5% B;
10 min equilibration at 5% B). For metabolic stability
studies, multiple reaction monitoring (MRM) scans
were used to determine the presence of the cyclic pro-
drug parent and the linear peptide using the following
m/z transitions: parent > 136.1 (Tyr) with parent m/z
set at 698.4 {CA–DADLE (1)}, 704.2 {CA–[Cha4,D-
Leu5]–Enk (2)}, and 662.6 {CA–[Cha4,D-Ala5]–Enk
(3)}. The oxidative metabolites for CA–DADLE were
identified using MRM scans with the following m/z
transitions: parent > 102.6, 136.1, 152.2, and 223.0,
with parent m/z set at 714.4 (CA–DADLE + OH). The
oxidative metabolites of the CA–DADLE analogs were
identified with the following m/z transitions: parent
> 102.6, 142.0, 152.2, and 223.0 with parent m/z set
at 720.3 (CA–[Cha4,D-Leu5]–Enk + OH) and 678.6
(CA–[Cha4,D-Ala5]–Enk + OH).

Synthesis

Standard Solution-Phase Peptide Synthesis Using
t-Butoxy Carbonyl–Amino Acid Chemistry.

Coupling. The t-butoxy carbonyl (Boc)-protected
amino acid (26 mmol) was dissolved in dry
THF (300 mL) and put on ice. To this solu-
tion, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC-HCl; 7 g, 37 mmol) and 1-
hydroxybenzotriazole (HOBt; 5.7 g, 42 mmol) were
added. The solution was stirred for 5 min, and then to
this solution, triethyl amine (TEA; 5.6 g, 55 mmol), 4-
dimethylamino pyridine (DMAP; 353 mg, 3 mmol),
and C-terminal-protected peptide (30 mmol) were
added. The reaction was stirred at room temperature
for 5 h. The THF was evaporated under vacuum. Pu-
rification was preformed via extraction, where 500 mL
of ethyl acetate was used to dissolve the residue. The
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ethyl acetate solution was extracted with an acid so-
lution [10% citric acid (3 × 200 mL)] followed by a
base solution [5% sodium bicarbonate (NHCO3) so-
lution (3 × 200 mL)]. A final wash with saturated
brine (1 × 200 mL) was preformed before magnesium
sulfate (MgSO4) was used to dry the organic layer.
The MgSO4 was filtered off and the collected ethyl
acetate was evaporated, resulting in the desired pep-
tide. Further purification (unless noted) was not pre-
formed until final protected peptide chain had been
synthesized.

Boc Deprotection. The Boc-protected peptide (34.3
mmol) was dissolved in ethyl acetate (50 mL) and
cooled to 0◦C. HCl gas was bubbled through the solu-
tion for 15 min. The gas was removed, and the reac-
tion was stirred for an additional 15 min at 0◦C. The
solvent was evaporated under vacuum. Further pu-
rification (unless noted) was not preformed until final
protected peptide chain had been synthesized

Peptide Arm

Boc–D-Ala–Gly–OAll (4). Yield: 100%. Rf = 0.51 (chlo-
roform/methanol, 3:1). 1H NMR (400 MHz, CDCl3) δ

1.28 (d, 3H, J = 7.0), 1.34 (s, 9H), 3.96 (m, 2H), 4.21
(s, 1H), 4.53 (d, 2H, J = 5.6), 5.13 (d, 1H, J = 10.4),
5.21 (d, 1H, J = 17.2), 5.54 (s, 1H), 5.79 (m, 1H). 13C
NMR (400 MHz, CDCl3) δ 28.22, 41.08, 49.85, 79.67,
118.63, 124.85, 128.73, 131.48, 143.25, 155.49, 169.4,
173.6.

H–D-Ala–Gly–OAll (5). Yield: 100%. Rf = 0.12
(CH2Cl2/methanol/acetic acid, 20:3:0.1). 1H NMR (400
MHz, MeOD) δ 1.56 (d, 3H, J = 5.8), 3.99 (m, 2H), 4.59
(d, 2H, J = 4.8), 5.18 (d, 1H, J = 10.3), 5.27 (d, 1H, J
= 17.1), 5.89 (m, 1H). 13C NMR (400 MHz, CDCl3) δ

40.74, 49.03, 65.55, 117.58, 131.9, 169.29, 170.39.
Boc–Tyr–D-Ala–Gly–OAll (6). Yield: 100%. Rf =

0.23 (chloroform/ACN, 3:1). 1H NMR (400 MHz,
CDCl3) δ 1.20 (d, 3H, J = 6.5), 1.37 (s, 9H), 2.91
(m, 2H), 4.05 (dd, 2H, J1 = 17.4, J2 = 52.3), 4.16
(m, 1H), 4.33 (d, 1H, J = 7.2), 4.61 (d, 2H, J = 5.6),
5.21 (dd, 1H, J1 = 1.2, J2 = 10.5), 5.31 (dd, 1H, J1 =
1.5, J2 = 17.2), 5.93 (m, 1H), 6.72 (d, 2H, J = 8.5),
7.04 (d, 2H, J = 8.3). 13C NMR (400 MHz, MeOD) δ

17.58, 28.28, 41.27, 48.62, 56.64, 66.05, 80.32, 115.63,
118.94, 127.39, 130.32, 131.43, 155.55, 155.85, 169.67,
172.06, 172.87.

Boc–Tyr–D-Ala–Gly–OH (7). To remove the C-
terminal Allyl group, peptide 6 (8.7 g, 20 mmol) was
dissolved in 50 mL dry THF. To this solution, tetrakis
(triphenylphosphine) Palladium [Pd(PPh3)4] (2.3 g,
2 mmol) and morpholine (17 mL, 200 mmol) were
added. The reaction was then stirred at room tem-
perature for 90 min. The THF was evaporated un-
der vacuum, and the residual oil was purified by
silica gel column chromatography with chloroform/
methanol (3:1). Rf = 0.11 (chloroform/methanol, 3:1).

Yield: 46%. 1H NMR (400 MHz, MeOD) δ 1.21 (t, 3H
J1 = 7.0, J2 = 14.1) 1.10 (s, 9H), 2.92 (m, 2H), 3.69
(dd, 2H, J1 = 17.1, J2 = 76.0), 4.21 (s, 1H), 4.31 (m,
1H), 6.72 (d, 2H, J = 7.7), 7.05 (d, 2H, J = 7.7). 13C
NMR (400 MHz, MeOD) δ17.01, 27.37, 36.88, 42.55,
56.95, 79.46, 114.86, 127.44, 130.02, 155.99, 156.42,
173.21, 173.45.

Boc–Tyr–D-Ala–Gly–Cha–OAll (8). Yield: 100%. Rf
= 0.78 (chloroform/methanol, 3:1). 1H NMR (400
MHz, MeOD) 0.91 (m, 2H), 1.25 (m, 6H), 1.41 (s,
9H), 1.71 (m, 7H), 2.90 (m, 2H). 3.90 (m 2H), 4.14
(m, 1H), 4.52 (m, 1H0, 4.61(m, 2H), 5.31 (dd, 2H, J1
= 1.4, J2 = 17.2), 5.91 (m, 1H), 6.72 (d, 2H J = 8.3),
7.03 (d, 2H, J = 8.2). 13C NMR (400 MHz, MeOD)
δ15.72, 25.72, 25.97, 26.17, 27.42, 31.86, 33.35, 33.79,
38.62, 42.02, 49.48, 50.20, 56.91, 65.28, 79.45, 114.83,
117.29, 127.37, 130.02, 131.96, 156.01, 156.54, 170.22,
172.27, 173.27, 173.94.

H-Tyr–D-Ala–Gly–Cha–OAll (9). Yield: 100%. Rf =
0.68 (chloroform/methanol, 3:1). 1H NMR (400 MHz,
MeOD) δ 0.95 (m, 2H), 1.25 (d, 3H, J = 7.2), 1.40 (m,
1H), 1.70 (m, 7H), 3.07 (m, 2H), 3.91 (s, 2H), 4.10 (t,
1H, J1 = 7.5, J2 = 15.0), 4.25 (d, 1H, J = 7.2), 4.55
(dd, 1H, J1 = 6.5, J2 = 8.4), 4.62 (s, 2H), 5.23 (d,
1H J = 10.5), 5.31 (d, 1H, J = 17.2), 5.92 (m, 1H),
6.80 (d, 2H J = 8.3), 7.11 (d, 2H J = 8.3). 13C NMR
(400 MHz, MeOD) δ16.04, 25.72, 25.93, 26.13, 31.89,
33.29, 33.88, 36.28, 38.74, 41.81, 49.58, 50.10, 54.80,
65.47, 115.38, 117.43, 124.69, 130.22, 131.86, 156.88,
168.73, 170.07, 170.15, 172.67, 173.56.

CA Linker. Phenacyl 3-(2-hydroxyphenyl)-propyno-
ate (10): Compound 10 was synthesized using a
method previously described.17 1H NMR (400 MHz,
CDCl3) δ 5.52 (s,2H), 6.93 (t, 1H, J1 = 7.5, J2 = 16.1),
7.00 (d, 1H, J = 8.4), 7.39 (t, 1H, J1 = 8.3, J2 = 17.4),
7.49 (m, 3H), 7.64 (t, 1H, J1 = 7.4, J2 = 13.7), 7.94
(d, 2H, J = 9.5). 13C NMR (400 MHz, CDCl3) δ 67.18,
83.69, 83.33, 105.84, 115.96, 120.69, 127.87, 128.99,
133.38, 133.75, 133.83, 134.22, 153.14, 159.07, 191.02.

Phenacyl 3-(2′-Boc-alacylocyl hydroxyphenyl)-
propynoate (11): Phenacyl 3-(2-hydroxylphenyl)-
propynoate (10; 1 g, 3.7 mmol) was dissolved in
40 mL of dry CH2Cl2. In another flask containing
10 mL of dry CH2Cl2, Boc–D-Ala–OH (840 mg,
4.4 mmol), EDC-HCl (707 mg, 3.7 mmol), and DMAP
(452 mg, 3.7 mmol) were dissolved. The mixture
was stirred at 0◦C for 5 min. The solution with
compound 10 was transferred to the flask containing
the activated amino acid via cannula and stirred at
0◦C for 5 h. CH2Cl2 was removed under vacuum.
Initial purification was preformed via extraction,
where 200 mL of ethyl acetate was used to dissolve
the residue. The ethyl acetate solution was extracted
with an acid solution [10% citric acid (3 × 100 mL)]
followed by a base solution [5% NHCO3 solution
(3 × 100 mL)]. A final wash with saturated brine
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(1 × 100 mL) was preformed before MgSO4 was used
to dry the organic layer. The MgSO4 was filtered
off and the organic layer was evaporated to foam
(1.05 g, 66%). The foam was further purified by silica
gel column chromatography with chloroform/ethyl
acetate (20:1) to give a yellowish oil (750 mg, 47%).
Rf = 0.37 (chloroform/ ethyl acetate, 20:1). 1H NMR
(400 MHz, CDCl3) δ 1.46 (s, 9H), 1.68 (d, 3H, J =
7.28), 4.64 (m, 1H), 5.31 (m, 1H), 5.48 (s, 2H), 13C
NMR (400 MHz, CDCl3) δ 17.99, 28.29, 49.56, 67.15,
79.82, 82.52, 84.48, 85.20, 113.51, 122.75, 126.32,
127.77, 128.92, 132.41, 133.77, 134.26, 152.78,
155.36, 171.29, 190.76.

Phenacyl 3-(2′-Boc-alacylocyl hydroxyphenyl)-
propenoate (12): Phenacyl 3-(2′-Boc-alacylocyl
hydroxyphenyl)-propynoate (11; 750 mg, 1.72 mmol)
was dissolved in absolute ethanol (60 mL). To this,
Lindlar catalyst [5 wt% of palladium on calcium
carbonate, poisoned with lead; 10% (w/w), 75 mg]
and quinoline [2% (w/w), 15 mg] were added. The
reaction was stirred at 0◦C. Hydrogen gas was
bubbled through the solution for 30 min. The HCl
gas was removed, and the reaction, which was
monitored by 1H NMR, was stirred under a hydrogen
atmosphere until complete. Upon completion, the
catalyst was removed and the solvent was evaporated
under vacuum to give a yellowish foam (680 mg,
82%). The foam was purified by silica gel column
chromatography with hexanes/ethyl acetate (4:1) to
give a light yellow solid (670 mg, 80%). Rf = 0.65
(ethyl acetate/hexanes/methanol, 2:4:1). 1H NMR
(400 MHz, CDCl3) δ 1.46 (s, 9H), 1.56 (d, 3H, J
= 7.3), 4.53 (t, 1H, J1 = 7.2, J2 = 14.5), 5.37 (d,
2H, J = 16.4), 6.22 (d, 1H, J = 12.2), 7.08 (m, 2H),
7.21 (t, 1H, J1 = 7.6, J2 = 15.2), 7.32 (m, 1H), 7.46
(m, 2H), 7.59 (m, 2H), 7.87 (d, 2H, J = 7.2). 13C
NMR (400 MHz, CDCl3) δ 18.35, 28.34, 49.56, 66.09,
79.96, 121.21, 121.74, 125.73, 127.80, 128.83, 129.93,
130.30, 133.92, 134.09, 139.60, 147.86, 155.38,
164.52, 171.62, 192.09.

3-(2′-Boc-alacylocyl hydroxyphenyl)-propenoic
(13): A mixture of phenacyl 3-(2′-Boc-alacylocyl
hydroxyphenyl)-propenoate (12; 100 mg, 0.21 mmol)
and zinc powder (271 mg, 4.14 mmol) was cooled to
10◦C. Acetic acid (22 mL) was slowly added to the
reaction. The mixture was stirred at 10◦C for 30 min.
The supernant was filtered and concentrated under
vacuum. The residual oil was purified by silica gel
column chromatography with ethyl acetate/hexanes/
methanol (2:4:1) to give a colorless oil (90 mg, 75%).
Rf = 0.43 (ethyl acetate/hexanes/methanol (2:4:1). 1H
NMR (400 MHz, MeOD) δ 1.48 (s, 9H), 1.52 (d, 3H, J
= 7.3), 4.38 (m, 1H), 6.10 (d, 1H, J = 12.4), 6.87 (d,
1H, J = 12.4), 7.11 (d, 1H, J = 8.0), 7.22 (t, 1H, J1 =
7.4, J2 = 14.6), 7.35 (t, 1H, J1 = 7.6, J2 = 15.2), 7.64
(d, 1H, J = 7.3). 13C NMR (400 MHz, CDCl3) δ 18.07,

28.30, 49.43, 80.25, 121.72, 122.81, 125.78, 128.16,
129.80, 130.47, 137.88.

Compound 14: A mixture of compound 13 (112 mg,
0.31 mmol), EDC-HCl (82 mg, 0.43 mmol), and HOBt
(66 mg, 0.49 mmol) was dissolved in dry THF (6 mL)
and stirred at 0◦C for 5 min. To this solution, DMAP
(4 mg, 0.03 mmol) and TEA (66 mg, 0.64 mmol) were
added. In another flask, H-Tyr–D-Ala–Gly–Cha–OAll
(9; 170 mg, 0.33 mmol) was dissolved in 4 mL dry
THF and transferred via cannula to the reaction flask
containing compound 13. The mixture was stirred at
room temperature for 6 h. THF was removed under
vacuum. Initial purification was preformed via extrac-
tion, where 100 mL of ethyl acetate was used to dis-
solve the residue. The ethyl acetate solution was ex-
tracted with an acid solution [10% citric acid (2 × 50
mL)] followed by a base solution [5% NHCO3 solution
(2 × 50 mL)]. A final wash with saturated brine (1
× 200 mL) was preformed before MgSO4 was used to
dry the organic layer. The MgSO4 was filtered off and
the organic layer was evaporated to a yellowish white
solid (200 mg, 80%). The solid was further purified by
silica gel column chromatography with chloroform/
methanol (20:1) to give a white solid (110 mg, 44%).
Rf = 0.26 (chloroform/methanol, 20:1). 1H NMR (400
MHz, CDCl3) δ 0.87 (m, 2H), 1.16 (m, 6H), 1.40 (s,
9H), 1.53 (d, 3H, J = 7.2), 1.63 (m, 7H), 2.55 (m, 1H),
2.74 (m, 1H), 3.90 (m, 2H), 4.35 (m, 2H), 4.59 (m, 3H),
5.24 (d, 2H, J = 10.4), 5.33 (d, 2H, J = 17.3), 5.85 (m,
1H), 6.10 (d, 1H J = 12.1), 6.67 (m, 3H), 6.84 (d, 2H,
J = 7.3), 7.00 (m, 2H), 7.20 (m, 1H), 7.32 (m, 1H). 13C
NMR (400 MHz, CDCl3) δ 18.11, 25.91, 26.10, 26.36,
28.37, 32.32, 33.40,33.92, 39.40,49.33, 50.35, 65.85,
80.33, 115.65, 118.70, 121.88, 126.52, 127.15, 129.01,
130.28, 131.61, 147.80, 155.51, 166.84, 169.65, 172.59,
173.01.

Compound 15. Removal of Allyl group: Compound
14 (110 mg, 0.13 mmol) was dissolved in 10 mL dry
THF. To this solution, Pd(PPh3)4 (15.5 mg, 1.0 mmol)
and morpholine (117 mg, 1.34 mmol) were added.
The reaction was then stirred at room temperature
for 90 min. The THF was evaporated under vacuum
and the residual oil was purified by silica gel column
chromatography with chloroform/methanol (3:1).
Rf = 0.43 (chloroform/methanol, 3:1).

Removal of Boc-group: The OAll deprotected prod-
uct from above was dissolved in ethyl acetate (60 mL)
and cooled to 0◦C. HCl (gas) was bubbled through
the solution for 10 min. The HCl gas was removed,
and the solution was stirred for another 10 min at
0◦C. Vacuum was used to evaporate the solvent, yield-
ing a white solid (15) to which no further purification
was preformed. Total yield for these two deprotection
steps was 49%. Rf = 0.47 (chloroform/methanol, 20:1).
1H NMR (400 MHz, MeOD) δ 0.94 (m, 2H), 1.17 (d, 3H,
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J = 7.3), 1.43 (m, 1H), 1.57 (m, 1H), 1.72 (d, 3H, J =
7.1), 1.76 (m, 7H), 2.87 (d, 2H, J = 7.5), 3.66 (dd, 2H, J1
= 16.8, J2 = 50.6), 3.86 (m, 1H), 4.30 (m, 1H), 4.40 (m,
2H), 6.25 (d, 1H, J = 12.1), 6.72 (d, 2H, J = 8.3), 6.83
(d, 1H, J = 12.2), 7.01 (d, 2H, J = 8.1), 7.17 (d, 1H, J =
8.5), 7.23 (t, 1H, J1 = 7.3, J2 = 14.7), 7.38 (d, 2H, J =
7.4). 13C NMR (400 MHz, MeOD) δ 19.38, 25.70, 25.97,
26.18, 31.83, 33.43, 33.81, 36.17, 38.92, 42.06, 48.66,
56.10, 60.15, 114.87, 121.33, 125.53, 126.13, 126.85,
129.05, 129.15, 129.91, 130.13, 133.25, 147.13, 156.12,
166.79, 168.31, 170.40, 172.70.

CA–[Cha4,D-Ala5]–Enk (2). Compound 15 was
initially dissolved in 1 mL anhydrous N,N-
dimethylformamide, and then 50 mL of CH2Cl2 was
slowly added. To this solution, TEA (30 mg, 0.3 mmol)
and bis(2-oxo-3-oxazolidinyl) phosphinic chloride (53
mg, 0.21 mmol) were added. A cloudy mixture re-
sulted, and the reaction was stirred at room temper-
ature for 18 h. The resultant clear yellow solution
was evaporated under vacuum to give a yellow solid.
The solid was dissolved in ethyl acetate (10 mL) and
washed with another 10 mL of water. The ethyl ac-
etate layer was collected and washed with 10% cit-
ric acid (1 × 10 mL) and 5% NaHCO3 solution (1 ×
10 mL). The organic layer was collected, dried with
MgSO4, filtered, and evaporated to a clear oil. The oil
was purified by semi-preparative HPLC with ultravi-
olet detection. The eluate was analyzed by ESI–MS,
and fractions containing peptide prodrug were pooled.
The pooled fractions were lyophilized, resulting in a
white solid (6.7 mg, 34%). Semi-preparative HPLC
was carried out using a C18 Dynamax column (300
Å)(Agilent; Santa Clara, California). The cyclic pep-
tide prodrug was isolated using a gradient from 10%
to 100% B (solvent A, 90% water with 0.01% formic
acid; solvent B, 90% ACN with 0.01% formic acid). The
gradient was applied stepwise for a total run time of
121 min, with a flow rate of 5 mL/min (16 min gra-
dient from 10% to 30% B; 10 min gradient from 30%
to 40% B; 40% B for 10 min; 15 min gradient from
40% to 45% B; 10 min gradient from 45% to 100% B;
15 min at 100% B; 15 min return to 10% B; 30 min
equilibration at 10% B). The peptide prodrug had a

retention time of about 45 min. Rf = 0.22 (chloroform/
methanol, 20:1) 1H NMR (400 MHz, MeOD) δ 0.99 (m,
4H), 1.20 (d, 3H, J = 7.3), 1.25 (m, 9H), 1.56 (d, 3H, J
= 7.4), 1.74 (m, 7H), 2.85 (m, 2H), 3.88 (m, 2H), 4.03
(m, 1H), 4.28 (m, 1H), 4.46 (m, 1H), 4.65 (m, 1H), 6.20
(d, 1H, J = 12.1), 6.70 (d, 2H, J = 8.5), 6.78 (d, 1H, J
= 12.0), 6.97 (d, 2H, J = 8.3), 7.07 (m, 1H), 7.23 (m,
1H), 7.36 (m, 2H). ESI–MS m/z 662.6 (M + 1).

CA–[Cha4,D-Leu5]–Enk (1). 1H NMR (500 MHz,
MeOD-d4) δ 1.37 (dd, 6H, J1 = 6.0, J2 = 17.3), 1.57 (d,
3H, J = 7.3), 1.65 (m, 3H), 1.82 (m, 2H), 2.11 (m, 9H),
3.10 (dd, 1H, J1 = 7.3, J2 = 13.7), 3.21 (m, 1H), 4.18
(d, 1H, J = 17.1), 4.31 (dd, 1H, J1 = 7.3, J2 = 14.6)
4.68 (t, 1H, J1 = 7.7, J2 = 15.1), 4.86 (dd, 1H, J1 =
5.5, J2 = 10.0), 5.05 (m, 1H), 6.55 (d, 1H, J = 12.1),
7.06 (d, 2H, 8.5), 7.14 (d, 1H, J = 12.1), 7.28 (d, 2H,
J = 8.4), 7.42 (d, 1H, J = 8.0), 7.60 (m, 2H), 7.73 (m,
1H). ESI–MS m/z 704.5 (M + 1).

RESULTS

Synthesis

The synthesis and characterization of the new CA–
DADLE analogs (Fig. 1) was undertaken using the
methodology developed previously in our laboratory.17

The synthetic design for the new cyclic prodrugs
was based on retrosynthetic analysis leading back
to two fundamental pieces, the peptide arm and a
CA moiety (Fig. 2). The peptide arm was synthesized
utilizing standard solution-phase Boc–amino acid
chemistry, an example of which is described in Figure
3. L-amino acids were used unless otherwise desig-
nated. The general synthesis of the CA base (10) is re-
ported elsewhere.17 Using standard peptide-coupling
chemistry, the CA base was further modified to incor-
porate the fifth amino acid of the peptide sequence
forming the linker moiety (Fig. 4). After protection
and deprotection steps, the linker moiety was cou-
pled with the peptide arm to form the linear precursor
(Fig. 4). The final step in the synthesis of the cyclic
prodrugs was cyclization of the linear precursor. This
step forms the final peptide bond between the fourth

Figure 2. Retrosynthetic analysis leading to the peptide arm and coumarinic acid linker
fragments. aa, amino acid.
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Figure 3. Synthesis of one of the peptide arms, a funda-
mental building block for the synthesis of cyclic prodrugs.

and fifth amino acids in the peptide sequence and
yields a cyclic final product (Fig. 4). The synthetic
intermediates were confirmed by 1H and 13C NMR.
The structural identities of the cyclic prodrugs were
verified by 1H NMR and ESI–MS.

In Vitro Microsomal Stability

The metabolic characteristics of DADLE and cyclic
prodrugs of DADLE were investigated using RLM,
GPLM, HLM, or hCYP3A4 in the presence or ab-
sence of specific enzyme inhibitors (e.g., paraoxon,
an esterase B inhibitor; or ketoconazole, a CYP450
inhibitor). As shown in Figure 5, DADLE is metabol-
ically stable when incubated with RLM in the ab-
sence or presence of paraoxon and/or ketoconazole.
In contrast, the DADLE cyclic prodrugs 1–3 show
significant metabolic instability when incubated with
RLM (i.e., CA–DADLE, CA–[Cha4,D-Leu5]–Enk, and
CA–[Cha4,D- Ala5]–Enk show only 20%, 48%, and 17%
of cyclic prodrug remaining, respectively, after a 15
min incubation). Inclusion of paraoxon in the incu-
bation mixture did little to improve the metabolic

stability of the cyclic prodrugs (i.e., CA–DADLE,
CA–[Cha4,D-Leu5]–Enk, and CA–[Cha4,D- Ala5]–Enk
show only 27%, 60%, and 27% of cyclic prodrug re-
maining, respectively, after a 15 min incubation). The
addition of ketoconazole alone or ketoconazole and
paraoxon to the incubation mixture significantly de-
creased the metabolism of the three cyclic prodrugs.
As shown in Figure 5, more than 90% of the cyclic pro-
drugs 1–3 were detected after a 15 min incubation.

When incubated in the presence of GPLM, more
than 90% of the DADLE was detected after a 15
min incubation with or without paraoxon and/or ke-
toconazole (Fig. 6). However, the cyclic prodrugs 1–3
were very unstable when incubated with GPLM (i.e.,
6% of CA–DADLE, 34% of CA–[Cha4,D-Leu5]–Enk,
and 8% CA–[Cha4,D-Ala5]–Enk were detected after
a 15 min incubation). Inclusion of paraoxon did lit-
tle to enhance the metabolic stability of CA–DADLE,
CA–[Cha4,D-Leu5]–Enk, and CA–[Cha4,D-Ala5]–Enk,
with only 11%, 42%, and 11%, respectively, of cyclic
prodrug remaining after a 15 min incubation. How-
ever, inclusion of ketoconazole in the incubation mix-
ture dramatically increased the stability of the cyclic
prodrugs (i.e., >70% of prodrugs 2 and 3, and 44%
of prodrug 1 were present after incubation with
GPLM). The results from inclusion of ketoconazole
and paraoxon to the incubation mixture were similar
to the results observed with ketoconazole alone (i.e.,
>65% of the cyclic prodrugs 1–3 remained after the
15 min incubation with GPLM).

The metabolic stability of cyclic prodrugs 1 and 2
when incubated with HLM were similar to the results
observed with RLM and GPLM. DADLE is stable un-
der all conditions, showing a significant amount of the
opioid peptide remaining after a 15 min incubation
with HLM (Fig. 7). Contrary to DADLE, the cyclic pro-
drugs 1–3 were unstable in the presence of HLM, with
only 15%, 50%, and 20% remaining of CA–DADLE,
CA–[Cha4,D-Leu5]–Enk, and CA–[Cha4,D-Ala5]–Enk,
respectively (Fig. 7). The metabolic stability of the
cyclic prodrugs 1–3 is increased significantly with the
addition of ketoconazole (>80% remaining after a 15
min incubation), but remains low with the addition of
paraoxon (<20% remaining after a 15 min incubation;
Fig. 7). Inclusion of ketoconazole and paraoxon to the
HLM incubation mixture resulted in more than 90%
recovery of the cyclic prodrugs 1–3.

The cyclic prodrugs showed significantly differ-
ent metabolic stability profiles when incubated with
hCYP3A4 (Fig. 8). CA–DADLE did not exhibit high
stability in the presence of hCYP3A4 in the ab-
sence of inhibitors, with only 9% of the parent
drug remaining under this condition. The CA–DA-
DLE analogs 2 and 3, however, displayed relatively
high metabolic stability in the presence of hCYP3A4.
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Figure 4. Final synthetic route to CA–[Cha4,D-Ala5]–Enk (2), including the addition of
the fifth amino acid to the basic linker moiety and formation of the linear precursor
Tyr-D-Ala-Gly-Cha.

The data show 78% of the cyclic parent remain-
ing for CA–[Cha4,D-Leu5]–Enk and 87% remaining
for CA–[Cha4,D-Ala5]–Enk. The addition of ketocona-
zole did improve the metabolic stability of CA–DA-
DLE fivefold, but had relatively little effect on the
metabolic stability of the CA–DADLE analogs 2 and
3. DADLE shows high stability in the presence of
hCYP3A4, with more than 98% of the parent remain-
ing with and without inhibitors.

Metabolite Identification

DADLE, the cyclic prodrugs 1–3, and their metabo-
lites have been analyzed by LC–MS/MS. For all
compounds, similar common immonium product ions
resulted (Fig. 9). The m/z ratio of these common prod-
uct ions correlate with portions of the peptide that
contain various amino acid fragments. The fragmen-
tation shows peaks at m/z of 86.6, 120.1 (or 126.0),

Figure 5. Stability of DADLE and the cyclic prodrugs CA–DADLE (1), CA–[Cha4,D-Leu5]–Enk
(2), and CA–[Cha4,D-Ala5]–Enk (3) in the presence of rat liver microsomes with and without
inhibitors after 15 min incubation (∗p < 0.001). KTZ, ketoconazole.
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Figure 6. Stability of DADLE and the cyclic prodrugs CA–DADLE (1), CA–[Cha4,D-Leu5]–Enk
(2), and CA–[Cha4,D-Ala5]–Enk (3) in the presence of guinea pig liver microsomes with and
without inhibitors after 15 min incubation (∗p < 0.001 and #p < 0.003). KTZ, ketoconazole.

136.2, and 207.0 (Fig. 9). These fragments are re-
lated to the peptide portion of these prodrugs and
have been identified as Leu, Phe (or Cha), Tyr, and
a dipeptide fragment, Tyr–Ala, respectively. In the
cyclic prodrug spectra, there was an additional prod-
uct ion peak identified at m/z 147.0, which corre-
sponds to the coumarin linker of the cyclic prodrugs.
The metabolic stability of the CA in the presence of
animal and human microsomes or hCYP3A4 has been
confirmed [i.e., hydroxylated coumarins have not been
observed, and only m/z 147 has been detected (data
not shown)]. With the common product ions identified
for both the linear and cyclic prodrugs, the MRM tran-
sitions of oxidative metabolites of the cyclic prodrugs
could be predicted.

After incubation of the cyclic prodrugs with RLM,
GPLM, HLM, or hCYP3A4, the oxidative product ions

were identified using MRM. The oxidized product ions
being investigated had m/z ratios of 102.6, 136.1 (or
142.0), 152.2, and 223.0 corresponding to the previ-
ously determined product ions with the addition of
a hydroxyl group. It should be noted that with this
method, only the amino acid undergoing oxidation
can be identified. The exact location of the hydroxyl
group on the amino acid was not determined. Oxida-
tion leading to the addition of two or three hydroxyl
groups was not seen under any of the experimental
conditions studied. Also, when no oxidative metabo-
lites were detected, the original unoxidized molecule
was observed, confirming the metabolic stability of
either DADLE or the cyclic prodrugs.

The metabolite identification studies correlate well
with the metabolic stability studies. DADLE was
shown to be metabolically stable under the four

Figure 7. Stability of DADLE and the cyclic prodrugs CA–DADLE (1), CA–[Cha4,D-Leu5]–Enk
(2), and CA–[Cha4,D-Ala5]–Enk (3) in the presence of human liver microsomes (HLM) with and
without inhibitors after 15 min incubation (∗p = 0.022 and #p < 0.001). KTZ, ketoconazole.

Figure 8. Stability of DADLE and the cyclic prodrugs CA–DADLE (1), CA–[Cha4,D-Leu5]–Enk
(2), and CA–[Cha4,D-Ala5]–Enk (3) in the presence of hCYP3A4 with and without ketoconazole
after 15 min incubation (∗p < 0.001).
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Figure 9. Structures of the common ion products of DA-
DLE and CA–DADLE.

oxidative conditions studied (e.g., incubation with
RLM, GPLM, HLM, or hCYP3A4). The metabolism
of the cyclic prodrugs 1–3 was studied under the
same experimental conditions, but yielded very dif-
ferent results. The metabolites arising from the ox-
idation of CA–DADLE, CA–[Cha4,D-Leu5]–Enk, and
CA–[Cha4,D-Ala5]–Enk are shown in Table 1. These
data showed that CA–DADLE is hydroxylated on
Tyr1 or Phe4 in the presence RLM, but CA–DA-
DLE analogs 2 and 3 showed oxidation on only Tyr1.
Incubations with GPLM yielded similar results for
CA–DADLE (e.g., hydroxylation at Tyr1 or Phe4).
CA–[Cha4,D-Leu5]–Enk when incubated with GPLM
showed an identical metabolic profile (e.g., hydroxy-
lation at Tyr1 or Cha4). However, when CA–[Cha4,D-
Ala5]–Enk was incubated with GPLM, only the Tyr1

metabolite was formed. Incubation with HLM yielded
the same metabolites as incubation with GPLM for
the cyclic prodrug analogs 2 and 3 (e.g., hydroxylation
at Tyr1 or Cha4 for CA–[Cha4,D-Leu5]–Enk (2), and
Tyr1 for CA–[Cha4,D-Ala5]–Enk). In contrast, CA—
DADLE when incubated with HLM generated only
one metabolite (e.g., hydroxylation at Tyr1), not the
metabolite arising from hydroxylation of Phe4. Inter-
estingly, in the presence of hCYP3A4, CA–DADLE
yields the metabolite arising from the oxidation at
Phe4 position, whereas cyclic prodrug analogs 2 and

3 showed no significant metabolite formation under
the same experimental conditions.

DISCUSSION

Synthetic Strategy

Previously, our laboratory has reported that in spite
of optimal physicochemical properties, cyclic prodrugs
of DADLE, formed using different chemical link-
ers, do not exhibit increased cell membrane perme-
ation when compared with the linear opioid pep-
tide permeation.12,13,20–22,25 The poor cell permeation
characteristics of these cyclic prodrugs appear to arise
from their substrate activity for efflux transporters
and/or their potential to be metabolized by CYP450
enzymes.

In an attempt to improve the permeation prop-
erties of one of these cyclic DADLE prodrugs, two
structural analogs of CA–DADLE were designed and
synthesized. The main goal in designing and syn-
thesizing these CA–DADLE analogs was to stabilize
the cyclic prodrug toward oxidative metabolism while
still maintaining high affinity for the opioid receptor.
Metabolite identification studies described in this pa-
per showed that CA–DADLE was oxidized at the Tyr1

and/or Phe4 residues when incubated with animal or
human microsomes or a recombinant CYP450 (e.g.,
hCYP3A4). Because it has been well established that
modification of the Tyr1 residue on opioid peptides
dramatically decreases their affinities for the opioid
receptor,31,37,34,35 structural changes to this critical
amino acid residue were not attempted in our studies.
Instead, a modification at the Phe4 residue of CA–DA-
DLE was made, which should have had minimal effect
on the peptides’ affinity for the opioid receptors.30,33

One prodrug analog was designed to differ from
CA–DADLE by modification of the fourth amino acid
residue from Phe4 to Cha4, creating CA–[Cha4,D-
Leu5]–Enk (2; Fig. 1). Enkephalin analogs having this
type of structural change (e.g., Phe4 to Cha4) have
been shown to retain opioid-like activity in vivo,30

with only slight modification of the potency and bind-
ing affinity for the opioid receptor.33 Small opioid
peptides have also been shown to maintain modest
binding affinity to the opioid receptors when Phe4

to Cha4 modifications are made in the amino acid
sequence.38–40

The design of the second analog of CA–DADLE in-
cludes the aforementioned Phe4-to-Cha4 structural

Table 1. Metabolites Arising from Phase I Oxidation of CA–DADLE, CA–[Cha4,D-Leu5]–Enk, and CA–[Cha4,D-Ala5]–Enk

Compound RLM Oxidation GPLM Oxidation HLM Oxidation hCYP3A4 Oxidation

CA–DADLE Tyr1, Phe4 Tyr1, Phe4 Tyr1 Phe4

CA–[Cha4,D-Leu5]–Enk Tyr1 Tyr1, Cha4 Tyr1, Cha4 No significant metabolites
CA–[Cha4,D-Ala5]–Enk Tyr1 Tyr1 Tyr1 No significant metabolites
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Figure 10. Scheme for the bioconversion of the ester-based cyclic prodrugs.

change as well as an additional modification at the
fifth amino acid residue (e.g., Leu5 to Ala5), creating
CA–[Cha4,D-Ala5]–Enk (3; Fig. 1). The rationale for
this change in the fifth amino acid from D-Leu5 to D-
Ala5 was to hopefully increase the rate of bioconver-
sion of the prodrug by esterases (Fig. 10). Cleavage
of the ester bond formed between the carboxylic acid
of the fifth amino acid and the phenolic group of the
coumarin linker results in the formation of a linear
intermediate (Fig. 10). This intermediate then under-
goes intramolecular lactonization, resulting in the for-
mation of coumarin and the linear peptide. Because
hydrolysis of the ester bond is the rate-determining
step in the bioconversion, a rapid rate of hydrolysis
of this bond would be preferred. The presences of D-
Ala as the fifth amino acid in CA–[Cha4,D-Ala5]–Enk
provides reduced steric bulk around the ester bond,
leaving it more exposed to esterases and potentially
aiding in the bioconversion of the cyclic prodrug. In
support of this idea, it has been shown that a de-
crease in steric bulk around the ester bond increases
the lactonization rate in similar cyclic prodrugs.41 The
D-enantiomer of Ala instead of the L-enantiomer was
used in this analog because in the enkephalin class
of opioid peptides, the chirality of this amino acid has
been shown to greatly affect the opioid peptide’s sta-
bility toward peptidases.10,11

The strategy for the synthesis of the two CA–DA-
DLE analogs was taken from a retrosynthetic anal-
ysis of the structures of the desired molecules. Ret-
rosynthetically, the bond between the fourth and fifth
amino acid was broken, leading to a linear precur-
sor (Fig. 2). The molecule was then further broken
down into two parts: (i) a tetrapeptide arm and (ii) a
linker moiety containing the fifth amino acid. These
two parts were the building blocks for the conver-
gent synthesis of the cyclic peptide prodrug analogs.
The advantage of using this method is that all the
cyclic prodrugs can be constructed from these build-
ing blocks. Thus, this strategy provides a reduction in
the amount of synthetic work required to make the
desired cyclic prodrugs.

In Vitro Microsomal Stability

The metabolic stability and metabolite identification
studies of CA–DADLE, CA–[Cha4,D-Leu5]–Enk, and
CA–[Cha4,D-Ala5]–Enk were performed in the pres-
ence of animal and HLM (e.g., RLM, GPLM, and
HLM). All of the cyclic prodrugs were found to be
very unstable in the presence of animal and hu-
man microsomes (Figs. 5–7). In contrast, DADLE was
found to be metabolically stable in these microsomal
preparations.

The instabilities of cyclic prodrugs 1–3 in these
microsomal preparations were shown to arise from
oxidative metabolism mediated by CYP450 en-
zymes. For example, the stability of CA–DADLE
and CA–[Cha4,D-Ala5]–Enk could be increased four-
fold when ketoconazole, a CYP450 inhibitor, was in-
cluded in the incubation media. For CA–[Cha4,D-
Leu5]–Enk, the results are less dramatic, showing
only a twofold increase. Overall, these results suggest
that CA–[Cha4,D-Leu5]–Enk is slightly more stable
toward CYP450-mediated oxidative metabolism than
cyclic prodrugs 1 and 3. Also, although the addition
of ketoconazole results in a significant increase in the
amount of cyclic prodrugs recovered, the addition of
paraoxon, an esterase B inhibitor, only marginally in-
creased the amount of cyclic prodrugs recovered from
the incubation media (Figs. 5–7). This suggests that
the metabolic instability of cyclic prodrugs 1–3 does
not arise from premature bioconversion of the ester
prodrugs.

Interestingly, when metabolic stability assays are
performed in the presence of hCYP3A4, very dif-
ferent results were observed. Although CA–DADLE
was found to be metabolically unstable in the pres-
ence of hCYP3A4, the CA–DADLE analogs 2 and 3
were found to be quite stable under the same exper-
imental conditions (Fig. 8). CA–[Cha4,D-Leu5]–Enk
and CA–[Cha4,D-Ala5]–Enk both showed more than
75% cyclic prodrug recovered in the presence of
hCYP3A4 without inhibitors as compared with 9% re-
covered for CA–DADLE (Fig. 8). With the addition of
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ketoconazole, the recovery of cyclic prodrugs 2 and
3 increased to more than 95%. These results indi-
cate that CA–[Cha4,D-Leu5]–Enk and CA–[Cha4,D-
Ala5]–Enk are not metabolized by hCYP3A4 to the
same extent as CA–DADLE. However, when these re-
sults using recombinant hCYP3A4 are compared with
the animal and human microsomal stability data de-
scribed above, one must conclude that CA–[Cha4,D-
Leu5]–Enk and CA–[Cha4,D-Ala5]–Enk are good sub-
strates for other CYP450 isozymes.

The stability of the CA moiety to oxidative
metabolism reveals that the addition of this chemical
moiety is not directly responsible for the metabolic
instability of the cyclic prodrugs 1–3. Also having
shown separately that DADLE is stable to oxidative
metabolism leads to the conclusion that the physio-
chemical properties (e.g., increased lipophilicity) and/
or the increased rigidity of the cyclic produgs is re-
sponsible for the metabolic instability of the cyclic
prodrugs 1–3. By restricting the solution conforma-
tion of the peptide portion of these prodrugs, amino
acid side chains (e.g., Phe4) must assume conforma-
tions that facilitate their binding to CYP450 isozymes
and their subsequent conversion to oxidative metabo-
lites. In addition, it is not unexpected to observe what
appear to be differences in substrate activity of these
cyclic prodrugs for different CYP450 isozymes. It is
interesting to note that opioid peptides themselves
have been shown to have a diminished binding affin-
ity to their receptor upon cyclization, which is hy-
pothesized to arise from the decreased flexibility of
the cyclic compounds.26–28

Metabolite Identification

Metabolite identification studies were performed
in order to identify the specific sites of oxidative
metabolism on the cyclic prodrugs 1–3. The primary
sites of oxidation were at Phe/Cha4 and Tyr1. Because
the opioid activity of peptides and peptidomimetics
has been shown to be highly dependent on an un-
modified Tyr1 on the peptide chain,31,37,34,35 it was
decided not to modify this amino acid in an attempt
to improve its metabolic stability. This decision was
made in spite of the fact that the oxidation on Tyr1

gives rise to the majority of the metabolites for all
three cyclic prodrugs (Table 1). In the presence of
microsomes, cyclic prodrug 3 shows fewer oxidative
metabolites than CA–DADLE. However, analog 3 did
not show better metabolic stability in the microsomal
assays as compared with CA–DADLE (Figs. 5–7). The
reason for the similarities in the extent of oxidative
metabolism of cyclic prodrugs 1 and 3 could arise from
the change of Phe4 to Cha4 in 3, making Tyr1 more
susceptible to hydroxylation in the presence of liver
microsomes.

The metabolite identification results are very dif-
ferent in the presence of hCYP3A4 than in the

liver microsomal assays. After a 60 min incuba-
tion with hCYP3A4, CA–DADLE showed hydroxy-
lation at Tyr1, whereas the cyclic prodrugs 2 and 3
showed no significant metabolite formation (Table 1).
This is consistent with the metabolic stability re-
sults, which showed cyclic prodrugs 2 and 3 to have
greatly enhanced metabolic stability in the presence
of hCYP3A4 (Fig. 8). Because CYP3A4 is an impor-
tant barrier to intestinal absorption, proving that
CA–[Cha4,D-Leu5]–Enk and CA–[Cha4,D-Ala5]–Enk
are metabolically stable, showing no metabolite for-
mation in the presence of hCYP3A4, is a significant
result. The increased metabolic stability of the chem-
ically modified prodrugs 2 and 3 in the presence of
hCYP3A4 makes them good candidates for evaluation
of their absorption after oral administration.

The potential oxidative metabolism of the CA in
cyclic prodrugs 1–3 was carefully monitored in our
metabolic stability studies. Oxidation at the site of
the CA is considered a high probability because of
the known metabolic susceptibility of coumarin.42–44

Metabolite identification studies of the cyclic pro-
drugs 1–3, however, provided no evidence for the for-
mation of hydroxy-coumarin. In fact, the detection
of unhydroxylated coumarin from the cyclic prodrugs
1–3 after incubation with animal and human micro-
somes confirmed the metabolic stability of the CA moi-
ety in these molecules.

It should be noted that in-depth investigations
into the exact structures of the oxidative metabolites
formed from cyclic prodrugs 1–3 were not undertaken
in these studies. Instead, the focus of this research
was to identify the amino acids that are the sites of
oxidative metabolism in these cyclic prodrugs and to
use this information to design cyclic prodrug analogs
that are more metabolically stable to CYP450.

CONCLUSION

The primary objective of the research described in
this paper was to improve the biopharmaceutical
properties, particularly metabolic stability, of a cyclic
prodrug (CA–DADLE) of the opioid peptide DA-
DLE, which had been previously synthesized in our
laboratory.17 To this end, we have designed and syn-
thesized two new analogs of CA–DADLE and char-
acterized their stability to oxidative metabolism me-
diated by CYP450 enzymes. The synthesis of these
analogs involved a convergent method where a linker
moiety was combined with a peptide arm and then
cyclized in a final step, yielding the cyclic prodrugs
2 and 3. The design of these analogs of CA–DADLE
was based on literature knowledge about the struc-
tural requirements for the binding of opioid peptides
to their pharmacological receptor and knowledge gen-
erated in studies about the oxidative metabolism of
CA–DADLE. On the basis of the knowledge that Phe4
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on CA–DADLE was one of two major sites of ox-
idative metabolism, CA–[Cha4,D-Leu5]–Enk (2) and
CA–[Cha4,D-Ala5]–Enk (3) were designed and synthe-
sized. When incubated with animal and human micro-
somes, cyclic prodrug analogs 2 and 3 did not show in-
creases in metabolic stability as compared with CA—
DADLE. This finding was not totally unexpected be-
cause the second major site of oxidative metabolism
(Tyr1) on CA–DADLE was still present in analogs 2
and 3. In the design of prodrug analogs 2 and 3, we de-
cided not to alter the structure of Tyr1 because of its
critical nature for pharmacological activity.31,37,34,35

However, surprisingly, it was found that cyclic pro-
drug analogs 2 and 3 were significantly more sta-
ble than CA–DADLE when incubated with hCYP3A4.
These results suggest that other CYP450 isozymes
may be responsible for the oxidative metabolism of
cyclic prodrugs analogs 2 and 3, which was observed
when the compounds were incubated with animal and
HLM. The improved metabolic stability of analogs 2
and 3 toward hCYP3A4 may, however, be very im-
portant from an oral absorption perspective because
this CYP450 isozyme is highly expressed in intestinal
mucosal cells and is known to limit the oral bioavail-
ability of some drugs.45–50
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