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COUMARIN-BASED PRODRUGS 2.1 SYNTHESIS AND BIOREVERSIBILITY
STUDIES OF AN ESTERASE-SENSITIVE CYCLIC PRODRUG OF DADLE, AN
OPIOID PEPTIDE>
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Abstract. A coumarin-based esterase-sensitive cyclic prodrug of an opioid peptide, DADLE, was
prepared. The cyclic prodrug quickly released (t;,» = 761 min) its original peptide, DADLE, upon esterase
catalyzed hydrolysis. Such a system can be used for the preparation of cyclic prodrugs of other biologically active
peptides aimed at improving their bioavailability. Copyright © 1996 Elsevier Science Ltd

Introduction

One of the major obstacles to the development of biologically active peptides as clinically useful therapeutic
agents has been their low permeability through biological barriers (e.g., intestinal mucosa and blood brain barrier)
and their metabolic lability.* Recently, Borchardt and coworkers have demonstrated that masking the C-terminal
and N-terminal polar functional groups of a peptide through cyclization with an esterase-sensitive "trimethyl lock"
or an acyloxyalkoxy linker can greatly enhance the membrane permeability and metabolic stability of the linear
peptide.> In this paper, we wish to report a new and generally applicable approach to synthesizing esterase-
sensitive, coumarin-based cyclic prodrugs of peptides using an opioid peptide, DADLE,%® as a model peptide.
The design takes advantage of the facile lactonization of coumarinic acid and its derivatives.>~'2 Such systems
have been used for the development of esterase-sensitive prodrugs of amines.! One important advantage of this
coumarin-based prodrug system is that the final product of the promoiety is coumarin, which is known to be
relatively nontoxic, making this approach very attractive for practical applications.’?
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Scheme 1. The design of an esterase sensitive, bioreversible system for
the cyclic derivatization of peptides.

The concept of the design is shown in Scheme 1. In this approach, the C- and N-terminal ends of a linear
peptide can be masked by forming an ester and an amide bond with the phenol hydroxyl and side chain carboxyl
groups, respectively, of the linker. To demonstrate the feasibility of this approach, we synthesized the cyclic
prodrug of DADLE, an opioid peptide, by linking the N-terminal amino group to the C-terminal carboxyl group
via this coumarinic acid linker. As it was designed, the parent peptide was released by esterase-catalyzed cleavage
of the phenol ester linkage (t)7 = 761 min).
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Results and Discussion

Synthesis. The synthesis requires an ester bond formation between D-Boc-Leu and the phenol hydroxyl
group of the promoiety. However, due to the facile lactonization of 2, direct acylation of the phenol hydroxyl
group of coumarinic acid and its derivatives is not feasible. Therefore the synthesis started from commercially
available coumarin 3, which was reduced to a diol. The allylic hydroxyl group was then protected as a
t-butyldimethyl silyl (TBDMS) ether following established procedures.!

The free phenol hydroxyl group of 5§ was coupled with N-Boc-D-Leu-OH in the presence of
dicyclohexylcarbodiimide (DCC), hydroxybenzotriazole (HOBt), and 4-dimethylaminopyridine (DMAP) to afford
6 in about 98% yield (Scheme 2). The free allylic hydroxyl group of 7 after deprotection of the silyl group using
acetic acid was converted to the carboxyl group in two steps. The oxidation to the aldehyde 8 was accomplished
using manganese dioxide in about 83% yield. Conversion of the aldehyde 8 to the carboxylic acid 9 was
accomplished in about 93% yield by oxidation with hydrogen peroxide in the presence of sodium chlorite under
acidic conditions.
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(a) D Boc-Leu- OH/DCC/HOBt, 98%; (b) H;_O -THF-HOAc (1:1:3), 100%, (c) MnO,, 83%;
(d) Hy0,, NaClO;, 10 °C, 93%.

Scheme 2. Synthetic approach to the intermediate with D-Boc-Leu attached the linker.

The free acid 9 was coupled with the tetrapeptide (H,N-Tyr-D-Ala-Gly-PheOBu-¢) 10, synthesized using
the standard Fmoc chemistry method and standard activation method (DCC/HOBtY/DMAP),'* to give compound
11 (Scheme 3). After deprotection of Boc- and -BuO- groups with 25% trifluoroacetic acid (TFA) in
dichloromethane (DCM), the peptide was cyclized in the presence of N,N-bis[2-oxo0-3-oxazolidinyl]
phosphorodiamidic chloride (Bop-Cl)!3 to afford the cyclic prodrug 12. All new compounds were fully
characterized with 'H NMR, MS, and elemental analysis except the cyclic peptide 12, which was characterized
with 'H NMR and HRMS.16

Esterase Kinetics. The prodrug 12 was designed to release its original peptide upon an esterase-
catalyzed hydrolysis of the phenol ester bond. To demonstrate this basic concept, the stability of the cyclic
prodrug was evaluated by using porcine liver esterase (Sigma, E.C. 3.1.1.1)'7-1% and was compared to its
chemical degradation in a phosphate buffer (pH 7.4, 0.05 M, 37 ©C). The kinetic studies were performed using
HPLC following the appearance of coumarin using procedures reported earlier.! When incubated in a phosphate
buffer in the presence of porcine liver esterase, the cyclic prodrug 12 quickly released (t1/2 = 761 min, kobs =
9.10 x 10-4 min-1)20 its original peptide, DADLE, with concomitant formation of coumarin 3. Figures 1 and 2
show typical HPLC chromatograms during the esterase-catalyzed release of the original peptide from the cyclic
prodrug.2! In contrast, the chemical degradation of the cyclic prodrug under identical conditions in the absence of
porcine liver esterase was much slower with a half-life of 1206 min (kobs = 5.74 x 104 min'1),20
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Scheme 3. Synthetic approach to the cyclic prodrug 12 of DADLE.

It should be noted that the presumed reaction intermediate 2 was not observed, indicating that the rate
limiting step in this case was the esterase-catalyzed hydrolysis. This is in direct contrast to our earlier studies with
model amides, where the lactonization was the rate limiting step for most of the compounds studied.! Apparently,
hydrolysis of the ester bond by porcine liver esterase in cyclic prodrug 12 of DADLE was more difficult than a
simple acetyl ester. This could be due to either the steric hindrance imposed by the peptide, DADLE, or the polar
nature of the peptide relative to an acetyl group. Therefore. further work is under way to study the structural
effects on the rate of esterase-catalyzed hydrolysis and the correlation of these rates with that obtained in plasma
studies. It is understood that there are different esterases in the blood, some of them may have more affinity

toward cyclic peptides such as 12 than porcine liver esterase.
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Figure 1. Typical HPLC chromatograms. Panel A: Figure 2. Typical HPLC chromatograms. Panel A:
| min after the addition of esterase; panel B: 5 h after standard DADLE; panel B: 52 h after the addition of
the addition of esterase: panel C: 47 h after the addiuon esterase: panet C: co-injection of DADLE with the

of esterase. reaction mixture (52 h).
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Conclusion

This study demonstrated the general feasibility of the concept of using a coumarin-based prodrug system

to make cyclic prodrugs of peptides with free C- and N-terminal functional groups. Because low bioavailability is

a general problem with most biologically active peptides, this strategy can be used for the preparation of cyclic

prodrugs of other biologically active peptides aimed at improving their bioavailability. Further work is underway

to study the membrane permeability of this cyclic prodrug in comparison with the parent peptide.

Acknowledgment: Financial support from the Presbyterian Health Foundation is gratefully acknowledged. We

also acknowledge the technical assistance of Thao Pham and Bau Tran. Mass spectra were obtained at the Mass

Spectrometry Laboratory for Biotechnology, North Carolina State University. Partial funding for the facility was

obtained from the North Carolina Biotechnology Center and the National Science Foundation grant 9111391.

References:

1. Wang. B.: Zhang, H.; Wang, W. Bioorg. Med. Chem. Lett. 1996, 6, 945.

2. Part of this work was performed at the College of Pharmacy, University of Oklahoma Health Sciences
Center.

3. Visiting professor from Department of Chemistry, University of Central Oklahoma, Edmond, OK.

4.  Oliyai, R.; Stella, V. J. Annu. Rev. Pharmacol. Toxical. 1993, 32, 521.

5. (a) Wang, B.: Gangwar, S.; Pauletti, G. M.; Siahaan, T. J.; Borchardt, R. T. J. Org. Chem. 1996,
manuscript submitted. (b) Pauletti, G. M.; Gangwar, S.; Wang, B.; Siahaan, T. J.; Borchardt, R. T.
Pharm. Res. 1997, in press (c) Pauletti, G. M.; Gangwar, S.; Okumu, F. W.; Siahaan, T. J.; Stella, V.
J.; Borchardt, R. T. Pharm. Res. 1996, in press. (d) Gangwar, S.; Pauletti, G. M.; Siahaan, T. J.; Stella,
V. I.; Borchardt, R. T. J. Org. Chem. 1996, manuscript submitted.

6. Hughes, J.: Smith, T. W.; Kosterlitz, H. W.; Fothergill, L. A.: Morgan, B. A.; Morris, H. R. Nature
(London) 1975, 258. 577.

7. Bedded, C. R.; Clark, R. B.; Hardy, G. W.; Lowe, L. A.; Ubatuba, F. B.; Vane, J. R.; Wilkinson, S.;
Chang, K. J.; Cuatrecasas. P.; Miller, R. J. Proc. Roy. Soc. London 1977, 198, 149.

8.  Schiller, P. W.; Nguyen, T. M.-D.; Maziak, L.; Lemieux, C. Biochem. Biophys. Res. Commun. 1988,
127. 558.

9.  Hershfield, R.; Schmir, G. L. J. Am. Chem. Soc. 1973, 95, 7359.

10. Hershfield, R.; Schmir, G. L. J. Am. Chem. Soc. 1973, 95, 8032.

11. Garrett, E. R.: Lippold, B. C.; Mielck, J. B. J. Pharm. Sci. 1971, 60, 396.

12. Lippold, B. C.; Garrett, E. R. J. Pharm. Sci. 1971, 60, 1019.

13. National Toxicology Program “Toxicology and Carcinogenesis Studies of Coumarin”, U.S. Department of
Health and Human Services: Public Health Service and National Institutes of Health, 1993.

14. Bodanszky, M.: Bodanszky, A. The Practice of Peptide Synthesis; Springer-Velag: New York, 1984.

15. Diago-Meseguer, J.; Palomo-Coll, A. L.; Fernandez-Lizarbe, J. R.; Zugaza-Bilbao, A. Synthesis 1980,
547.

16. For 12: 'H NMR (CD;0D) 8 7.35-7.19 (8 H, m, Ar-H), 7.05 (1 H, d, 7 = 7.8 Hz, Ar-H), 6.93 2 H, d,
J =8.7Hz, Ar-H), 6.78 (1 H, d, s = 12.0 Hz, CH=), 6.69 ( 2 H, d. J = 8.7 Hz, Ar-H), 6.20 (1 H, d, J
= 12.0 Hz, CH=), 4.63 (2 H, m. 2 «-H), 435 (1 H, t,y =72 Hz, «-H), 395 (1 H, q, /=7.2 Hz, -
H), 3.71 (1 H, d. s = 17.1 Hz, o-H), 3.33 (1 H, d, v = 17.1 Hz, o-H), 3.29 (1 H, dd, 7 = 13.8 Hz, 6.6
Hz, CH), 3.05 (1 H, dd, v = 13.8 Hz, 8.7 Hz, CH), 2.80 (2 H, m, 2 CH), 1.73 (3 H, m, CH, CHy),
1.17 (3 H, d.J = 7.2 Hz, CH3), 0.93 (6 H, dd. 7 = 13.8 Hz. 6.3 Hz, 2 CH3). HRMS [M+H] calcd for
CagHg4N50g: 698.3190:; Found: 698.3209.

17. Bundgaard, H. Design of Prodrugs; Elsevier: Amsterdam, 1985.

18. Amsberry, K. L.. Gerstenberger, A. L.; Borchardt, R. T. Pharm. Res. 1991, &, 455.

19. Bundgaard, H.; Klixbull, U.; Falch, E. Int. J. Pharmaceut. 1986, 29, 19.

20. Results were average of triplicates.

21. HPLC analysis conditions for Figure 1. Solvent: A = methanol, B = water; gradient: 50% to 90% A over

15 min, then 90% to 100% A over 3 min. HPLC analysis conditions for Figure 2. Solvent: A = 0.1%
TFA in acetonitrile/water (3:1), B = 0.1% TFA in water; gradient: 30% to 50% A over 15 min.

(Received in USA 18 September 1996; accepted 28 October 1996)



