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An Investigation of Angiotensin I1 Agonist and Antagonist Analogues with 
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To probe the receptor-bound conformational requirements of angiotensin I1 (ANG 11) octapeptide agonists and 
antagonists, the synthesia and biological activities of [Sar'IANG 11 agonist and [Sar1,X8]ANG 11 antagonist analogues 
(X8 = ne, DPhe, or Aib) bearing conformational constraints in positions 3,5, and 7 were investigated and compared 
with previous literature efforts. The conformational constraints that were examined include Pro, Dtc (5,5-di- 
methylthiazolidine-4-carboxylic acid), Aib, Cle, (NMe)Ala, (NMe)Ile, and the lactam modification, L,L-lactam-Phe, 
previously described by Freidinger et al. (J. Org. Chem. 1982,47,104-109). Both [Sar',(NMe)AlaS and Proa]ANG 
I1 retained agonist activity, while only [Sar1,(NMe)Ala8,11es]ANG I1 retained antagonist activity. [Sar',Dtc6]ANG 
XI displayed superior agonist activity, while both [Sar1,Dtc6 and Cle6,11e8]ANG 11 displayed superior antagonist activity. 
In contrast to position 5, Dtc7 substitution for Pro7 of either [Sar'IANG I1 or [Sar1,11e8]ANG 11 gave analogues with 
reduced activities. These results are consistent with the hypothesis that conformations of [Sar'IANG I1 and 
[Sar1,11e6]ANG I1 containing a C7 conformation in position 7 are preferred for both ANG 11 agonist and antagonist 
activity. Incorporation of the L,L-lactam-Phe modification into [Sarl]ANG I1 gives a pure ANG 11 antagonist (PA* 
8.3), comparable to saralasin (pA2 8.6). In positions 3,5, and 7 the conformational requirements for the ANG I1 
agonist [Sar'IANG I1 and the ANG I1 antagonist [Sar1,11e6]ANG I1 may be different. Individual substitution of 
(NMe)Ala3, Dt$, D-Phe8 and Aibs [[Sarl,Aibs]ANG I 1  Khosla et al. J. Med. Chem. 1977, 20, 1051-10551 into 
[Sar',Ile*]ANG I1 gives analogues that retain antagonist activity. Multiple substitutions of these types of residues 
into [Sarl,Ilea]ANG I1 gives analogue 45 [Sar1,(NMe)AlaS,Dtc6,Aibs]ANG 11,46 [Sar'(NMe)AlaS,~-Phes]AII, and 
47 [Sarl,Dtcs,~Phes]AII, which display considerably reduced antagonist activity. In ANG I1 antagonists the 
construction of highly constrained analogues may not be poseible by the additive Substitution of 'preferred" constrained 
amino acids into a single analogue. 

Introduction 
Linear peptides such as the pressor peptide hormone 

angiotensin I1 (ANG 11) are capable of adopting a large 
number of conformations.'" As a result, the 'H NMR 
spectrum of ANG 11 is best interpreted as a representation 
of a large set of these conformations.* The interaction of 
ANG I1 with its template of membrane-bound protein 
receptor binding groups, however, selects out a subset of 
these conformations, the size of which is presumed to be 
quite small. Determination of the receptor-bound con- 
formation(s) of ANG I1 could significantly advance the 
rational design of potent ANG I1 antagonists. 

For a number of biologically active peptides the incor- 
poration of conformationally constrained amino acids has 
given rise to analogues with improved biological activities? 
Presumably, a constrained analogue that retains biological 
activity is represented in solution by a set of conformations 
that is smaller than that of the native unconstrained 
peptide, and that set of constrained analogue conforma- 
tions in solution contains a larger fraction of the receptor 
bound conformation(s). With regard to the octapeptide 

'The abbreviations for natural amino acids and nomenclature 
for peptide structures follow the recommendations for peptide 
structures follow the recommendations of the IUPAC-IUB com- 
mission on Biochemical Nomenclature [J. Biol. Chem. 1971,247, 
977). Abbreviations for nonnative amino acids include Aib = 
a-aminoisobutyric acid, or (aMe)Ala; (aMe)Tyr = a-methyl- 
tyrosine; Cle = cycloleucine, or 1-aminocyclopentanecarboxylic 
acid; (dehydro)Phe = 2-amino-3-phenylacrylic acid; Dtc = 5,5- 
dimethylthiazolidine-4-carboxylic acid; L,L-lactam-Phe = 2- 
[(S)-3-amino-2-oxo-l-pyrrolidinyl]-(S)-3-phenylpropionic acid; 
(NMe)Ala = N-methylalanine, (NMe)Ile - N-methylisoleucine; 
(SMeIPen = S-methylpenicillamine; Tpr = thioproline, or thia- 
zolidine-4-carboxylic acid; (0)Tpr = l-oxothiazolidine4-carboxylic 
acid. Other abbreviations in this paper include TEA = tri- 
ethylamine, TFA = trifluoroacetic acid, DCC = N,"-dicyclo- 
hexylcarbodiimide, and u-Br-Z = 2-bromobenzyloxycarbonyl. 
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ANG 11, conformational constraints may well need to be 
incorporated into several positions along the backbone to 
give a highly constrained analogue before the 'H NMR 
spectrum can provide information that will be of use in 
model building. Indeed, in certain cases6 multiple sub- 
stitutions of constrained amino acids have given potent 
analogues with sufficient rigidity to display discrete solu- 
tion conformations that are suggestive of bioactive con- 
formation. Peptides bearing conformational constraints 
have often displayed superior stability to enzymatic deg- 
radation as well? It was the goal of this study, therefore, 
to search for highly constrained ANG 11 analogues bearing 
multiple substitutions of constrained amino acids that 
retain high degrees of biological activity. The discovery 
of such highly constrained ANG I1 analogues could then 
be evaluated for enzymatic stability and spectroscopic 

(1) Nikiforovich, G. V.; Vesterman, B.; Betins, J.; Podins, L. The 
Space Structure of a Conformationally Labile Oligopeptide in 
Solution: Angiotensin. J. Biomolecular Str. Dyn. 1987, 4, 
1119-1135. 

(2) Marchionini, C.; Maigret, B.; Premilat, S. Models for the 
Conformational Behavior of Angiotensin I1 in Acidic Aqueous 
Solutions. Biochem. Biophys. Res. Commun. 1983, 112, 
339-346. 

(3) Premilat, S.; Maigret, B. Statistical Molecular Models for 
Angiotensin I1 and Enkephalin Related to NMR Coupling 
Constants. J. Phys. Chem. 1980,84,293-299. 

(4) DeCoen, J. L.; Bataille, P. Correlation Between Conforma- 
tional Properties and Biological Activities of Angiotensin I1 
Analogues Peptides 1978, Proceedings of the 15th European 
Peptide Symposium; Siemon, 1. A., Kupryezewski, G., Eds.; 
Wroclaw University Press: Poland, 1979; pp 426-428. 

(5 )  De Coen, J. L.; Ralston, E. Theoretical Conformational 
Analysis of Asn', Vale Angiotensin 11. Biopolymers 1977, 16, 

(6) Samanen, J. Biomedical Polypeptides-A Wellspring of 
Pharmaceuticals. Bioactiue Polymeric System, An Ouerview; 
Gebelein, C. G., Carraher, C. E., Jr., Us.; Plenum: New York, 

1929-1943. 

1985; pp 279-382. 
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Constrained Amino Acids in ANG ZI Analogues 

Table I. Activities of [Aspl]ANG I1 Analogues in the Literature 

1 2 3 4 5 6 7 8  
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AapArg-X-Tyr-Y-His-Z-F'he agonist 
in vitro" in vivob 

no. x3 Y6 27 rabbit aorta rat BP 
1 Val Ile Pro 100 100 
2 Ala 30 (RU)' 80.5: 68," 35c 
3 Pro 80 (RU)f 53,8, 40e 
4 Aib - 1.P 
5 Cle - 1-2h 
6 Ala 5.0 (RU)' 4.9' 
7 Nle - 2 l j  
8 Pro - lek 
9 Aib - 1.0: 0.9 

10 Cle - 24k 
11 Ala 0.1 (RU)' 1.5; 7.5e 
12 Val (NMe)Ala 4.3 (GPI)' 22' 
13 Aib 1.P 
14 Cle - 1-1.5h 

- 

"Agonist activity in vitro, expressed as percent activity relative to ANG 11, was measured in the rabbit aorta strip assay unless shown 
otherwise (RU = rat uterus, GPI = guinea pig ileum) according to methods described in the references. *Agonist ANG I1 like activity in 
vivo, expressed as percent activity relative to ANG 11, was measured in the rat blood pressure assay described,in references listed in the 
table. 'Reference 7. dReference 9. eReference 12. fReference 10. #Reference 11. hReference 13. 'Reference 8. 'Reference 14. "Reference 
15. 'Reference 16. 
Table 11. Activities of [Sar'IANG I1 Agonist Analogues Substituted in Position 3 

no. 

Far- Arg-X-Tyr-ne-Hi s-Pm-Phe agonist 
in vitro" in vivob 

X3 rabbit aorta rat BP 
1 2 3 4 6 6 1  8 

14 
15 
16 

Val 
Ala 
(NMe)Ala 

180 i 14 
38 i 4.2 

120 f 15 

126 f 15 - 
- 

"Agonist ANG I1 like activity in vitro, expressed as percent activity relative to ANG 11, pD2 8.5, was measured in the rabbit aorta strip assay (n = 
5) according to the method of Rioux et aLS1 bAgonist ANG I1 like activity in vivo, expressed as percent activity, was measured in the rat blood 
pressure assay (n = 5) according to the method of Regoli et aLS2 

evidence of bioactive conformation(s). shown that the conformational requirements for ANG I1 
Previous studies of ANG I1 analogues bearing confor- agonists may differ from ANG I1 antagonists, e.g. 

mationally constrained amino acids suggested that the [Sar1,Phe8]ANG I1 is a potent agonist whereas [Sar',~- 
presence of proline in either position 3 or 7 was not de- Phe8]ANG I1 is a potent antagonist." Certain confor- 
trimental to agonist activity, whereas incorporation of mationally constrained amino acids have been incorporated 
proline into position 5 gave an analogue with reduced into ANG I1 antagonists, e.g., [Sar1,11e8]ANG II,llJgzo but 
agonist activity, Table Previous studies have also a thorough examination has not been reported. 

Conformational Constraints Employed in This 
(7) Peach, M. J. Physiological Roles of Angiotensin. Chemistry Study- This Paper exten& the Previous S t U d k  to include 

and Biology of Peptides; Meienhofer, J., Ed.; Ann Arbor Sci- a greater variety of constrained amino acids into positions 
ence Publishers: Ann Arbor, MI, 1972; pp 471-493. 3,5, and 7 of both [Sar'IANG I1 and the potent ANG I1 

(8) Park, W. K.; Choi, C.; Rioux, R.; Regoli, D. Synthesis of antagonist [Sar',Ile8]ANG I1 to further examine the re- 
Analogs of Angiotensin 11. Can. J .  Biochem. 1974,52,113-119. 

Peptide Synthesis of [~-Alanine3-~-Iaoleucine"]-Angiote~in 11. 
Biochemistry 1967,6,754-756. 

(10) Khosla, M. C.; Chaturverdi, N. C.; Smeby, R. R.; Bumpus, F. 
M. Synthesis of [ 1-Isoleucine, 3-Proline, and 5-Alanine]- 
Angiotensins. 11. Biochemistry 1968, 7, 3417-3421. 

(11) Khosla, M. C.; Hall, M. M.; Smeby, R. R.; Bumpus, F. M. 
Solid-Phase Synthesis of [3-Proline,&isoleucine]-, [ 1-Sarco- 
sine,3-proline,8-isoleucine]-, and [4-Phenylalanine,8-iso- Med. Chem. 1971,14,489-492. 
leucine]angiotensin I1 as the Antagonists of the Parent Hor- 
mone. J. Med. Chem. 1973,16,1184-1185. 

(12) Marshall, G. R. Angiotensin I 1  A Competitive Inhibitor and 
Analogs with Restricted Conformation. Progess in Peptide 1988,31, 510-516. 
Research, Proceedings of the Second American Peptide Sym- 
posium; Lande, S. ,  Ed.; Gordon and Breach: New York, 1972; 
pp 15-18. 

(13) Park, W. K.; Asselin, J.; Berlinguet, L. Solid-Phase Peptide 
Synthesis of 1-Aminocyclopentanecarboxylic Acid (Acpc) 
Analogs of Angiotensin 11, Using a New Apparatus. Reference 
7, pp 49-58. 

(14) Jorgensen, E. C.; Rapaka, S. R.; Windridge, G. C.; Lee, T. C. 
Angiotensin I1 Analogs. 6. Stereochemical Factors in the 5 
Position Influencing Pressor Activity. 1. J .  Med. Chem. 1971, 

(15) Jorgensen, E. C.; Rapaka, s. R.; Windridge, G. C.; Lee, T. C. 
Angiotensin I1 Analogs. 7. Stereochemical Factors in the 5 
Position Influencing Pressor Activity. 2. J. Med. Chem. 1971, 
14,904-906. 

Peptides with the Solid Phase Method. 11. Octapeptide 

Solid-Phase 
ceptor-bound conformational requirements of both ANG 
I1 agonists and antagonists* These analogues bear three (9) Khala, M. C.; Smeby, R. R.; Bumpus, F. M. 
types of conformationally constrained amino acids that 
constrain conformation in different ways: Na-alkyl amino 
aCids,21#22 i.e. (NMe)Ala, Cu-alkyl amino acids,23 i.e. A&, 

(16) Andreatta, R. H.; Scheraga, H. A. Synthesis of (5-Valine, 7- 
N-methylalaninel-angiotensin 11, A Hypertensive Peptide. J. 

(17) Samanen, J.; Narindray, D.; Adams, W., Jr.; Cash, T.; Yellin, 
T.; Regoli, D. Effects of D-Amino Acid Substitution on An- 
tagonist Activities of Angiotensin I1 Analogues. J. Med. Chem. 

(18) Moore, G. J.; KO, E. M. Antagonists of Angiotensin I1 Con- 
taining N-Methyl-L-alanine and D,L-Nipecotic Acid in Position 
7. Can. J. Physiol. Pharmacol. 1979, 57, 763-766. 

(19) Turk, J.; Needleman, P.; Marshall, G. R. Analogous of An- 
giotensin I1 with Restricted Conformational Freedom, Includ- 
ing a New Antagonist. Mol. Pharmacol. 1976, 12, 217-224. 

(20) Khosla, M. C.; Munoz-Ramierez, H.; Hall, M. M.; Smeby, R. 
R.; Khairallah, P. A.; Bumpus, F. M.; Peach, M. J. Synthesis 
of Angiotensin Antagonists Containing N- and 0-Methylated 
and Other Amino Acid Residues. J. Med. Chem. 1976, 19, 

(21) Manavalan, P.; Momany, F. A. Conformational Energy Stud- 
ies on N-Methylated Analogs of Thyrotropin Releasing Hor- 
mone, Enkephalin, and Luteinizing Hormone-Releasing Hor- 
mone. Biopolymers 1980, 19, 1943-1973. 

14,899-903. 244-250. 
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Table 111. Activities of [Sar1,11e8]ANG I1 Antagonist Analogues Substituted In Position 3 
Sa+Arg-X-Tyr-ll+His-Pm-Ile agonist antagonist 

1 2 3 4 5  6 7 8 in vivo' in vivob in vitro in vivo 
no. XS ANG I1 like6 ANG I1 liked DA, ID" 

I ~~ ~ ~~ .~ 

17 Val 0 10.2 f 0.8 9.1 10.0 f 2.0 
7.5 & 0.8 8.3 25.0 f 3.2 
- 7.17, 

18 Ala 0 
19 Pro 1.d - 
20 Aib 0 3.0 f 0.4 7.0 50 f 4.8 
21 (NMe)Ala 0 18.0 f 2.3 8.9 26.0 i 3.1 

'Agonist 'ANG I1 like" activity and antagonist activity, pAa were measured in the in vitro rabbit aorta strip assay (n = 5) according to the method 
of Rioux et al?] *Residual "ANG I1 like" activity and antagonist activity, IDs, were measured in vivo, in the rat blood pressure m y  (n = 6) 
described by Regoli et al.m CANG I1 like activity in vitro is expressed as percent activity relative to ANG 11, pD2 8.5 (n  = 5). dANG II like activity 
in vivo is expressed by the mmHg of blood pressure increase produced by a one microgram bolus intravenous injection of compound (n = 5). 'IDs 
in ng/rat per min (using 250-g rata). /Reference 9. 

Table IV. Activities of ANG I1 Agonist Analogues Substituted in Position 5 
Sar-Arg-Val-Tyr-Y-Hid"-Phe agonist 

1 2  3 4 6 6  7 8 in vitroa in vivo* 
no. Y5 rabbit aorta rat BP 
14 Ile 180 f 14 125 f 15 
22 Cle 70 f 11 - 
23 Dtc 250 i 18 100 i 13 
24 (SMe)Pen 80f 10 - 
25 (NMe)Ile 20.0 k 1.9 - 

Agonist ANG I1 like activity in vitro, expressed as percent activity relative to ANG 11, pD2 8.5, was measured in the rabbit aorta strip assay (n = 
5) according to the method of Rioux et aLS1 bAgonist ANG I1 like activity in vivo, expressed as percent activity, was measured in the rat blood 
pressure m y  (n = 5)  according to the method of Regoli et al.92 

Cle, and (aMe)Tyr, and Nu to C" cyclic amino acids, i.e. 
Pro, Mcuza and the lactam L,L-lactam-Phe, 
previously described by Freidinger. 

The Importance of the Side Chain. Since the loss or 
retention of biological activity is the measure of importance 
of a conformational constraint, the substitution should 
retain the native side chain or at least mimick some of the 
physical properties of the side chain, e.g. hydrophilicity, 
ionic charge, steric volume. In the present set of analogues, 
the native amino acids in positions 3, (Val), 5 (Ile), and 
7 (Pro) contain lipophilic side chains. The following 
contrained amino acids display comparable lipophilicities: 
Pro' may be compared with (NMe)Ala and Aib (rR 0.653, 
0.618, and 0.618, respectively); while Val3 and Iles should 
be compared with Dtc, (NMe)Ile and Cle are comparable 
( r ~  1.238, 1.766, 1.632, 1.372, and 2.168, respectively).n 
Peptide couplings involving N-alkyl and a-alkyl amino 

acids can be difficult especially when the coupling amino 
acids contain bulky side chains, e.g. Val, ne. In that event 
the shorter constrained amino acid, e.g. (NMe)Ala or Aib, 
may be incorporated more readily, but these analogues 
must be compared to Ala to account for the lack of side 
chain. Where possible we attempted to employ the full 
side chain. 

Positions 4 and 8 have been examined previo~sly'~*~ 
with analogues bearing NMe and CaMe and were not 
reexamined here. In both of these positions, CaMe ana- 
logues were superior. 

Most of the ANG I1 analogues that bear conformational 
constraints in the literature were designed as Phe8 agonists 
(Table I). The present study examines modifications to 
both Phee agonists and Ilea antagonists to search for 
modifications that may differentially affect agonist and 
antagonist activity. 

Results and Discussion 
A number of analogues of [Sar'IANG 11, henceforth 

modifications of the position 3 Val, Table 11, the position 
5 Ile, Table Iv, and the position 7 Pro, Table VI. These 
analogues were evaluated for ANG 11-like agonist activity 
in the in vitro rabbit aorta strip assays' and in vivo for 
pressor activity.32 Similarly, a number of analogues of 

(22) Casani, A.; Palumbo, M.; Terbojevich, J.; Peggion, E. Syn- 
thesis and Characterization of poly(N-methyl-y-methy1-L- 

polymers 1978,17,2519-2521. 
(23) Marshall, G. R.; Bosshard, H. E. Angiotensin 11, Studies on 

the Biologically Active Conformation. Circ. Res. 1972, Supp. 
I1 to 30,31,143-150. 

(24) Samanen, J.; C& T.; Eggelston, D. S.; Saunders, M. Con- 
formational Analvais of 5.&Dimethvlthiazolidine-4-carboxvlic 

glutamate) and poly(N-methyl.y-ethyl.L.glutamate). &o- refered as agonist aM10gUe8, were Prepared that 

Acid (Dtc), A Gadily Available Proline Analog. Peptiies, 
Chemistry and Biology, Proceedings of the Tenth American 
Peptide Sympoeium; Marshall, G., Ed.; ESCOM Inc.: Leiden, 
1987; pp 81-83. 

(25) Samanen, J.; Zuber, G.; Bean, J.; Romoff, T.; Kopple, K.; 
Saundere, M. 5,bDimethylthiezolidina4.carboxylic Acid (Dtc) 
as a Proline Analog with Restricted Conformation. Znt. J.  
Peptide h o t .  Res. 1990,35,501-509. 

(26) Freidinger, R. M.; Perlow, D. S.; Veber, D. F. Protected Lac- 
tam-bridged Dipeptides for Use as Conformational Constraints 
in Peptides. J. Org. Chem. 1982, 47, 104-109. 

(27) Side chain hydrophobic parameter WR = log P, (amino acid) - log P, (glycine) as in: Pliska, L. V.; Schmidt, M.; Fauchere, 
J. L. Values of Hydrophobic Parameters T for Amino Acid 
Side Chains Derived from Partition and Chromatographic 
Data. J.  Chromatog. 1981,216,79-92. log P, calculated from 
CLOGP program, Medicinal chemistry Project, Pomona College, 
Claremont, CA. 

(28) Khcela, M. C.; Stachowiak, K.; Smeby, R. R.; Bumpus, F. M.; 
Piriou, F.; Lintner, K.; Fermandjian, S. Synthesis of [a- 
Methyltyrosine4]angiotensin n: Studies of ita Conformation, 
Pressor Activity, and Mode of Enzymatic Degradation. Proc. 
Natl. Acad. Sci. U.S.A. 1981, 78,757-760. 

(29) Hallinan, E. A,; Mazur, R. H. Angiotensin I1 Analop Con- 
taining Unsaturated Amino Acids. Peptides, Structure and 
Biological Function, Proceedings of the Sixth American P e p  
tide Symposium; Gross, E., Meienhofer, J., Eds,; Pierce 
Chemical Co.: Rockford, IL, 1979; pp 475-477. 

(30) Pena, C.; Stewart, J. M.; Goodfriend, T. C. A New C l m  of 
Anmotensin Inhibitors: N-Methvbhenvlalanine Andom. Life .. - - .  
S C ~  1974,14, 1331-1336. 

(31) Rioux, F.; Park, W. K.; Regoli, D. Application of Drug-Re- 
ceptor Theories to Anaiotensin. Can. J.  Phreiol. Pharmacol. 
1973, 51, 66-72. - 



Constrained Amino Acids in ANG ZZ Analogues 

Table V. Activities of [Sar1,11e8]ANG I1 Antagonist Analogues Substituted in Position 5 
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Sar-Arg-Val-'@-Y-Hid4o-Ile agonist antagonist 
1 2  3 4 6 6  7 8  in viw in vivob in vitro in vivo 

no. Yb ANG 11 like' ANG 11 likd PA2 
17 Ile 0 10.2 i 0.8 9.1 10.0 * 2.0 
26 Ala 0 5.0 i 0.7 7.5 50.0 t 5.4 
27 Aib 0 12.5 f 1.3 7.7 25.0 * 3.7 

Pro 0 7.0 f 1.0 8.7 20.0 * 3.5 
29 (NMe)Ile Or - 7.66 - 28 

30 Cle 0 10.0 i 1.3 8.3 10.0 i 1.2 
31 DtC 0 11.4 f 0.95 9.0 25.0 * 3.2 
32 (SMe)Pen 0 12.5 i 1.1 9.0 20.0 * 0.71 

0 2.5 i 0.42 9.6 50.0 i 6.5 
0 Or 8.25 100 * 14.6 33 Tyr 

34 (aMe)% 
a Agonist "ANG 11 like" activity and antagonist activity, pAz, were measured in the in vitro rabbit aorta strip assay (n = 5) according to the method 

of Ftioux et al.'" bReeidual 'ANG 11 like" activity and antagonist activity, IDm, were measured in vivo, in the rat blood pressure many (n = 5) 
dencribed by Regoli et al.= CANG 11 like activity in vitro is expressed as percent activity relative to ANG 11, pD? 8.5 (n = 5). dANG 11 like activity 
in vivo is e x p r d  by the " H g  of blood pressure increasa produced by a one microgram bolue intravenoue injection of compound (n = 5). *IDm 
in ng/rat per min (ueing 250-g rata). /Reference 20. #Analogue 34 displays residual ANG I1 like activity at higher dosea, e.g. 2.5 mm at 10 pg. 

Table VI. Activities of [Sarl]ANG I1 Agonist Analogues Substituted in Position 7 
sar-Arg-val-mneHibZPhe agonist 

in vitroa in vivob 
no. 27 rabbit aorta rat BP 
14 Pro 180 f 14 126 i 15 

3s Tpr 238 
36 Dtt 4.0 f 0.5 
37 Aib 18.0 f 1.7 

Agonist ANG I1 like activity in vitro, expressed as percent activity relative to ANG 11, pDz 8.5, was measured in the rabbit aorta strip assay (n = 
5) according to the method of Rioux et al.*I bAgonist ANG I1 like activity in vivo, expreeeed as percent activity, was measured in the rat blood 
prwure asmy (n = 5) according to the method of Regoli et ale= Reference 36. 

1 2  3 4 6  6 7 8  

160 (RU)" 

[Sar1,X8]ANG 11, henceforth refered to as antagonist 
analogues, were prepared that contain modificatione of the 
position 3 Val, Table III, the position 5 Ile, Table V, and 
the position 7 Pro, Table Vn. In most of these antagonist 
analogues Xe = ne, but in some analogues X8 = DPhe, Ala, 
or Aib, which give antagonists of comparable activity to 
ne8, Table VIII. These analogues were evaluated for their 
ability to antagonize the effects of ANG I1 in the in vitro 
rabbit aorta strip assay and the in vivo rat pressor assay. 

Position 3 of ANG I1 Agonists. Previous studies with 
ANG I1 agonists evaluated the effects of Pro3, Aib3, and 
Cle3 substitution, Table I. The only modification which 
retained most of the agonist activity of ANG I1 was Pro3 
in analogue 3. The present study extended position 3 
modifications to include (NMe)Ala3 in analogue 16, which 
was superior to the Alaa analogue 15, but lese than the Val3 
analogue 14, Table 11. It appears, therefore, that either 
type of modification, Pro or (NMe)Ala, may be deployed 
in position 3 of ANG I1 agonists. 

Position 3 of ANG I1 Antagonists. Pro3, Aib3, and 
(NMe)Ala3 were examined in the ANG I1 an onist 

logue 19 (previously reported in ref 9) and Aib3 analogue 
20 displayed greater than 1 order of magnitude lower po- 
tency than either the Vala analogue 17 or Alaa analogue 
18. The (NMe)Alas analogue 21, on the other hand, was 
more potent than the Alaa analogue 18 and almost as po- 
tent as the Val3 analogue 17. These results suggest that 
the structural requirements for ANG I1 antagonists may 
be more stringent in position 3 than for ANG I1 agonists. 

Position 5 of ANG I1 Agonists. In previous studies, 
Table I, the Pros agonist analogue 8 retained a level of 
potency comparable to the Alas agonist 6. The Aibs ana- 
logue 9 was somewhat less active than the Alas agonist 6. 
The more lipophilic Cles analogue 10 was identical with 

[Sar1,11e8]ANG 11, analogue 17, Table 111. The Pro 9 ana- 

the Nle6 analogue 7 but less active than the native nes 
analogue 1. In general, ANG I1 agonists that lack a 8- 
branched amino acid in position 5 (e.g. Nles) are lese active 
than thoee that bear substitutions that are &branched (e.g., 
Ile6).14JsJ~ In the present study, Table IV, the compa- 
rable Cles analogue 22 was also less active than the native 
Iles agonist 14. An appropriately &branched version of 
Cle was not available, but Dtc, a &branched version of Pro 
was available. The Dtd analogue 23 was a superagonist 
in vitro but displayed in vivo activity that merely paralleled 
the native nes agonist 14: (SMe)Pen was also examined 
since it is a 8-branched amino acid that contains the same 
number of carbon atoms as Dtc but lacks the five-mem- 
bered ring structure. The (SMe)Pens analogue 24, how- 

Dtc (SMe)Prn 

ever, was less active than the native Ilea agonist, suggeeting 
that structural constraint imposed by the five-membered 
ring in Dtc is important in position 5. In this position we 
were able to incorporate an NMe amino acid with the 
native side chain, i.e. (NMe)Ile, in position 5 of the agonist 
analogue 25. This modification, however, resulted in a loee 
of activity. 

Position 5 of ANG I1 Antagonists. Khosla et almP had 
been able to prepare the (NMe)Iles antagonist 29, Table 
V, but like the (NMe)Iles agonist 25 in Table IV, it was 
less active than the native Iles compound 17. Ae with the 

(32) Regoli, D,; Park, W. K. The Preeeor and Myotropic E f f G i  
and the Antagonistic Properties of Several Analogs of An- 
giotensin 11. Con. J. Physiol. Pharmacal. 1972, 60, 99-112. 

(33) Nadasi, L.; Medziiadeeky, K. The Uoe of a Steric Panmeter 
(Y ) in QSAR Calculations for Peptide Hormones. Peptide8 
19h, 4 ,  137-144. 
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Table VII. Activities of [Sarl,Ile*]ANG I1 Antagonist Analogues Substituted in Position 7 

Samanen et al. 

Sar-Arg-Va1-Qr-n e-His-Y-ne agonist antagonist 

no. v ANG I1 likeC ANG I1 liked PA2 mme 
17 Pro 0 10.2 f 0.94 9.1 10.0 * 0.71 
88 (NMe)Ala 0 10.0 * 1.2 8.4 20.0 f 3.1 
89 Aib 0 20.0 1.9 8.0 60 f 8.6 
40 TPr 0 15.0 * 1.7 9.7 12.5 f 1.9 

- 6.7 41 (0)Tpr 0 - 
42 Dtc 4.0 40 6.3 7.5 
43 L,L-lactam-Phe 0 01 8.3 100 f 18.6 

aAgonist 'ANG I1 like" activity and antagonist activity, pA2, were measured in the in vitro rabbit aorta strip assay (n = 6) according to the method 
of Rioux et al.*' bResidual 'ANG I1 like" activity and antagonist activity, IDm, were measured in vivo, in the rat blood preseure aesay (n 5) 
described by Regoli et al.= 'ANG I1 like activity in vitro is expressed as percent activity relative to ANG 11, pD? 8.6 (n = 6). dANG 11 like activity 
in vivo is expreseed by the mmHg of blood pressure increase produced by a one microgram bolus intravenous injection of compound (n 
in ng/rat per min (using 260-g rate). IRU = rat uterus, ref 36. #Agonist activity was not observed at 1 pglrat, but at higher doses, e.g. 5.0 mmHg at 
5 Pg. 

Table VIII. Compariaon of ANG I1 Analogues Bearing Single and Multiple Conformational Constraints 

1 2  3 4 5  6 7 8  in vitroa in vivob in vitro in vivo 

8.6 (RU), 

7.2 (RUY 

250 * 32 

5). 

SapArg-W-Tyr-X-Hi S - Z -  agonist antagonist 
in vitroa in vivob in vitro in vivo 

21 (NMe)Ala Ile Pro-Ile 0 18.0 2.3 8.9 25.0 f 3.1 
31 Val Dtc Pro-Ile 0 11.4 0.95 9.0 25.0 f 3.2 
44 Val Ile Pro- Aib d 1l.d 8.7, 19.76 (DRY 

- <<6.0 
45 Val 
46 (NMe)Ala Dtc Pro-Aib 0 - 
47 (NMe)Ala Ile Pro-D-Phe 0 10 <6.0 100 
48 Val Dtc Pro-D-Phe 0 5 7.5 lo00 
compared to: 
17 Val Ile Pro-Ile 0 10.2 f 0.8 9.1 10.0 f 2.0 
49 Val Ile Pro-Ala 0 10.0 i 0.7 8.6 15.0 f 3.0 

0.W 15.11' 8.611 7.92 (DRY 

1 2  3 4 5  6 7 8  
no. w3 X5 Y7 28 ANG I1 likec ANG I1 liked PA2 IDwe 

Ile Pro-D-Phe W 7.5 0.g 9.W 12.5 & 2.3 

Agonist 'ANG I1 like" activity and antagonist activity, PA,, were measured in the in vitro rabbit aorta strip assay (n = 5) according to 
the method of Rioux et al?l bResidual "ANG I1 like" activity and antagonist activity, IDw, were measured in vivo, in the rat blood pressure 
assay (n  = 5) described by Regoli et  al?* CANG I1 like activity in vitro is expressed as percent activity relative to ANG 11, pDz 8.5 (n = 5). 
dANG I1 like activity in vivo is expressed by the mmHg of blood pressure increase produced by a one microgram bolus intravenous injection 
of compound (n = 5). e IDw in ng/rat per min (using 250-g rata). /Described by Khosla et alaw DR = dose ratio, in vivo ANG I1 like activity 
with 250 ng/kg per min for 3 min. #Described by Samanen et al.I7 

ANG I1 agonists, the less lipophilic Aib6 and Pro6 antag- 
onists 27 and 28 were less active than the corresponding 
Cle6 and Dtc6 antagonists 30 and 31. It is interesting to 
note that, in contrast to the position 5 agonist analogues, 
the (SMe)Pen6 antagonist is equipotent with the Iles an- 
tagonist 17. This suggests that the five-membered ring 
structure of Dtc may be less important in position 5 of 
ANG I1 antagonists than in position 5 of ANG I1 agonists. 
We had previously shown% that ANG I1 antagonists do 
not require a ,&branched amino acid in position 5 and that 
aromatic amino acids such as Tyr give antagonists with 
enhanced activity in vitro, e.g. the w antagonist 33. In 
this case the a-alkyl amino acid ( a M e ) w  gives an ana- 
logue 34, which is less active than the or-H substituted 
analogue 33. It is important to note that while the Cle6 
antagonist 30 was less potent that the native @-branched 
Ile6 antagonist 17 in vitro, it is equipotent in vivo. 

Position 7 of ANG I1 Agonists.% Previous studies 
had examined (NMe)Ala, Aib, and Cle substitutions into 
position 7 of ANG 11. While the (NMe)Ala7 analogue had 

(34) Samanen, J.; Narindray, D.; Cash, T.; Brandeia, E.; Adams, W., 
Jr.; Yellin, T.; Regoli, D. Potent Angiotensin I1 Antagonista 
with Non-@-Branched Amino Acids in Position 6. J.  Med. 
Chem. 1989,32,466-472. 

(36) This work was initially communicated in Samanen, J.; Cash, 
T.; Narindray, D.; Yellin, T.; Regoli, D. The Substitution of 
Conformationally Constrained Amino Acids into Position 7 of 
Angiotensin I1 (Ang 11) Agonist and Antagonist Analogs. 
Peptides, Chemistry, Structure and Biology; Proceedings of 
the Eleuenth American Peptide Symposium; Rivier, J., Ed.; 
ESCOM Inc.: Leiden, 1990; pp 307-309. 

retained more agonist activity than either the Aib7 or Cle7 
agonist 13 and 14, the native proline was nonetheless su- 
perior, analogue 1. In the present series of analogues, Aib7 
substitution still gives an agonist 37 that is leas active than 
the native Pro7 agonist 14. The Dtc7 agonist 36 is also 
considerably less active than the Pro7 agonist 14. Previ- 
ously published spectroscopic and theoretical data shows 
that Dtc-containing peptide are unable of adopting the C7 
conformation but can adopt a helical and more extended 
conformations. Thus, while ANG I1 may be capable of 
adopting a C7 conformation about Pro7, it may not be able 
to adopt an or helical conformation about position 7 that 
either Dtc or Aib peptides can adopt. As mentioned 
earlier, this conclusion must be tempered by the alternate 
possibility that the @-methyl groups in Dtc or the or-methyl 
group in Aib could be interacting negatively with the re- 
ceptor. A third explanation for the low activity displayed 
by the Dtc7 agonist 36 could implicate the y-sulfur atom 
in Dtc, but the analogous Tpr' agonist 35 was shown 
previouslygB to be more active than the Pro7 agonist 14, 
suggesting a positive receptor interaction with the y-sulfur 
atom. 

In ANG I1 an- 
tagonists (NMe)Ala7 and Aib7 substitutions give analogues 
38 and 39 with reduced antagonist activity over the parent 

Position 7 of ANG I1 

(36) Moore, G. J. Angiotensins I1 and I11 The Functional Role of 
the Penultimate Proline Residue. Peptides, Synthesis, 
Structure, Function; Proceedings of the Seuenth American 
Peptide Symposium; Rich, D. H., Gross, E., Ma.; Pierce 
Chemical Co.: Rockford, IL, 1981; pp 245-248. 
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Pro7 antagonist 17. As with ANG I1 agonists, Dtc7 sub- 
stitution gave an antagonist 42 with reduced antagonist 
activity. In the rat uterus, the previously reported Tpr7 
antagonist 40 was somewhat less active than the native 
Pro7 antagonist 17.% In the rabbit aorta, however, this 
analogue appears to be more potent than 17. Again, while 
ANG I1 may be capable of adopting a C7 conformation 
about Pro7, it may not be able to adopt an a helical con- 
formation that either Dtc or Aib peptides can adopt, since 
the corresponding Dtc7 and Aib7 peptides were less active. 

We also examined37 the lactam modification previously 
described by Freidinger* in position 7. Even though the 
modification was incorporated into a Phe8 analogue, 43, 
the compound was devoid of agonist activity in vitro and 
in vivo but was a pure antagonist, with a level of activity 
(pA2 8.3) comparable in vitro to saralasin (pA2 8.6). The 
partial agonist activity typically seen in ANG II antagonists 
in vivo was also reduced (no increase in blood pressure 
upon bolus injection of 1 pg of peptide). The in vivo 
potency was lower than that of saralasin in vivo (ICm 100 
vs 25 ng/rat per mi11),3~ perhaps due to the lack of a sec- 
ondary amino acid in position 7 that typically blocks 
degradation by converting enzyme.% The known different 

-Pro-Phe 

-L,L-lactam-Phe 

conformational effects of Pro versus the lactam* suggests 
that at least two different types of conformations about 
position 7 are acceptable for high affinity receptor inter- 
action by ANG I1 antagonists. This contrasts the agonist 
data for which one set of constraints was preferred at 
position 7, which is consistent with the hypothesis that 
ANG I1 agonists adopt a single conformation about the 
C-terminus.39 

(37) Samanen, J.; Hempel, J. C.; Narindray, D.; Regoli, D. A Pos- 
ition Seven Analog of Angiotensin I1 with Potent Antagonist 
Activity. Peptides, Chemistry and Biology, Proceedings of the 
Tenth American Peptide Symposium; Marshall, G., Ed.; ES- 
COM Inc.: Leiden, 1988; pp 137-139. 

(38) Trachte, G. J.; Ackerly, J. A.; Peach, M. J. Inotropic Cardiac 
and Vascular Actions of [Ala7]Angiotensin Analogs. J.  Cardio. 
Pharm. 1981,3,838-846. 
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Multiple Substitutions of ”Preferred” Conforma- 
tional Constraints in ANG I1 Antagonists. Individu- 
ally, (NMe)Ala3, Dtd, DPhe8, and Aib8 substitutions into 
[Sar1,11e8]ANG I1 give analogues with retained antagonist 
activity, Table VIII. Cosubstitution of these types of 
residues into [Sar’] ANG I1 gives 46 [Sar’,(NMe)- 
Ala3,Dtc5,Aib8]ANG 11, which is devoid of agonist or an- 
tagonist activity, 47 [Sar1,(NMe)Ala3,o-Phe8]ANG 11, 
which displayed a minor amount of antagonist activity in 
vivo, and 48 [Sar’,Dtc6,0-Phe8]ANG 11, which displayed 
a minor amount of antagonist activity in vitro, Table VIII. 
Since we were searching for potent constrained ANG I1 
antagonists, this excercise was not performed in a 
[Phe8]ANG I1 agonist. While the data from Tables I-VI1 
could be employed in an analpis of bioactive conformation 
of ANG I1 agonist and antagonists, the fact that three 
analogues bearing different combinations of “preferred” 
conformational constrants, 46-48, were d inactive as 
agonists or antagonists, challenges simple interpretations 
of the data for positions 3, 5, and 8. Even though the 
multiple incorporation of ‘preferred” conformational 
constraints has led to highly constrained potent analogues 
of native peptides such as somatostatin4 and LHRHf the 
simple addition of constrained amino acids to ANG 11 may 
be unproductive. Synthesis of all possible combinations 
in ANG II agonists and ANG 11 antagonists have not been 
attempted. Nonetheless, the present results bode ill for 
the identification of a highly constrained ANG I1 agonist 
or antagonist octapeptide. One possible interpretation of 
the inactivity of these analogues may be that the con- 
straints collectively lock the peptide into the final ligand 
conformation that lach sufficient flexibility for a dynamic 
receptor binding process or “zipper” mechanisma that has 
been previously proposed for flexible peptide ligand and 
receptor interaction. If the zipper mechanism applies to 
ANG I1 receptor interaction, then a certain degree of 
flexibility will need to be retained in ANG I1 octapeptide 
antagonists to maintain high receptor affinity. 

Since highly constrained biologically active analogues 
were not discovered, the analogues were not rigorously 
evaluated for stability to enzymatic degradation. Also, a 
thorough spectroscopic evaluation of the ANG 11 analogues 
was not attempted. While some of the data presented may 
relate ultimately to ANG I1 bioactive conformation, it is 
clear that this information may not yet be incorporated 
into detailed models of bioactive conformation. Certain 
critical pieces of the puzzle remain to be identified before 
coherent ANG I1 agonist and antagonist bioactive con- 
formations are discovered. 
Experimental Section 

tert-Butyloxycarbonyl amino acids and peptide reagenta were 
obtained from Bachem Fine Chemicals, Inc., Protein Research 

(39) Marshall, G. R. Determination of the Receptor Bound Con- 
formation of Angiotensin. Dtsch. Apoth.-Ztg. 1986, 85, 
2783-2785. 

(40) Veber, D. F. Design of a Highly Active Cyclic Hexapeptide 
Analog of Somatoetatin. Peptides: Synthesis, Structure, and 
Function; Proceedings of the Seventh American Peptide 
Symposium; Rich, D. H., Gross, E., Eds.; Pierce Chemical Co.: 
Rockford, IL, 1981; pp 685-693. 

(41) Rivier, J.; Varga, J.; Porter, J.; Perrin, M.; Ham, Y.; Corrigau, 
A.; Rivier, C.; Vale, W. Potent Conformationally Constrained 
Analogs of LHRH. Peptides, Structure, and Function, Pro- 
ceedings of the Ninth American Peptide Symposium; Deber, 
C. M., Hruby, V. J., Kopple, K. D., EMS.; Pierce Chemical Co.: 
Rockford, IL, 1985; pp 541-544. 

(42) Burgen, A. 9. V.; Roberta, G. C. K.; Feeney, J. Binding of 
Flexible Ligands to Macromolecules. Nature 1976, 253, 
753-755. 
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Table IX. ANG II Analogue Datao 
HPLC 

solvent I amino acid analysisb TLc 4 
no. 1 2 3 4 5 6 7 8 A B C CHsCN K' %purity 
14 Sar Arg 

(+) 0.98 
15 Sar Arg 

(+) 1.01 
16 Sar Arg 

(+) 1.01 
17 Ser Arg 

(+) 0.99 
18 sar Arg 

(+) 1.01 
20 sar Arg 

(+) 0.96 
21 sar Arg 

(+) 1.01 
22 Sar Arg 

(+) 1.00 
23 Sar Arg 

(+) 1.00 
24 Sar Arg 

(+) 1.04 
25 Sar Arg 

(+) 1.05 
26 Sar Arg 

(+) 1.02 
27 Sar Arg 

(+) 0.98 
28 sar Arg 

(+) 1.04 
30 Sar Arg 

(+) 1.02 
31 Sar Arg 

(+) 1.01 
32 Sar Arg 

(+) 1.02 
33 Sar Arg 

(+) 0.98 
34 sar Arg 

(+) 1.03 
36 Sar Arg 

(+) 1.02 
37 sar Arg 

(+) 1.00 
38 Sar Arg 

(+) 1.01 
39 sar Arg 

(+) 1-01 
40 Sar Arg 

(+) 1.04 
4lC Sar Arg 

(+) 1.04 
42 Sar Arg 

(+) 1.05 
43 sar Arg 

(+) 1.00 
46 Sar Arg 

(+) 1.01 
4Bd Sar Arg 

(+) 0.94 
47O Sar Arg 

(+I 
4af sar Arg 

(+) 1.12 
49 sar Arg 

(+) 1.04 

Val 
1.00 
Ala 
0.97 
(NMe)Ala 
(+) 
Val 
0.97 
Ala 
1.00 
Aib 
(+I 
(NMe)Ala 
(+) 
Val 
1.02 
Val 
1.03 
Val 
1.02 
Val 
1.00 
Val 
1.01 
Val 
0.98 
Val 
1.02 
Val 
0.99 
Val 
1.03 
Val 
1.01 
Val 
0.99 
Val 
0.96 
Val 
1.02 
Val 
1.01 
Val 
1.01 
Val 
1.01 
Val 
1.01 
Val 
1.01 
Val 
1.06 
Val 
0.79 
Val 
1.01 
(NMe)Ala 
(+I 
(NMe) Ala 
(-I* 
Val 
1.12 
Val 
1.00 

His Pro 
1.02 1.01 

Tyr ne 
1.01 0.99 
Tyr 
1.03 
Tyr 
1.02 
Tyr 
0.98 
Tyr 
1.02 
Tyr 
1.03 
Tyr 
1.02 
% 
1.01 
Tyr 
1.00 
Tyr 
1.03 
Tyr 
1.02 
Tyr 
1.02 
Tyr 
0.99 
Tyr 
1.01 
Tyr 
0.98 
Tyr 
0.99 
Tyr 
1.01 
Tyr* 
1.00 
Tyr 
0.97 
Tyr 
1.00 
Tyr 
1.00 
Tyr 
1.02 
Tyr 
1.01 
Tyr 
0.99 
Tyr 
0.99 
Tyr 
1.01 
Tyr 
1.01 
Tyr 
1.02 
Tyr 
1 .oo 
Tyr 
1.04 
Tyr 
0.67 
Tyr 
1.04 

ne 
0.98 
Ile 
0.97 
Ile* 
1.01 
Ile* 
0.98 
Ile* 
0.96 
ne* 
0.97 
Cle 
(+I 
Dtc 
(+) 
(SMe)Pen 
(+I 
(NMe)Ile 
(+I 
Ala 
0.98 
Aib 
(+) 
Pro* 
0.92 
Cle 
(+I 
DtC 
(+I 
(SMe)Pen 
(+) 
Tyr* 
1.00 
(aMe)Tyr 
(+) 
Ile 
0.96 
ne 
0.99 
Ile* 
0.98 
Ile* 
0.97 
Ile* 
0.96 
Ile* 
0.96 
Iie* 
0.91 
Ile 
0.96 
Ile 
0.96 
Dtc 
(+) 
Ile 
0.96 
DtC 
(+I 
Ile 
0.99 

His 
1.01 
His 
0.99 
His 
1.07 
His 
1.01 
His 
1.03 
His 
1.02 
His 
1.01 
His 
0.95 
His 
0.97 
His 
1.01 
His 
1.01 
His 
1.01 
His 
1.01 
His 
1.01 
His 
0.97 
His 
0.96 
His 
1.03 
His 
1.06 
His 
1.00 
His 
1.00 
His 
0.99 
His 
1.02 
His 
1.04 
His 
1.04 
His 
1.04 
His 
1.02 
His 
1.02 
His 
1.01 
His 
1.04 
His 
0.99 
His 
1.01 

Pro 
0.97 
Pro 
1.01 
Pro 
0.99 
Pro 
0.98 
Pro 
1.05 
Pro 
0.99 
Pro 
0.98 
Pro 
1.02 
Pro 
0.90 
Pro 
0.92 
Pro 
0.98 
Pro 
1.02 
Pro* 
0.92 
Pro 
0.98 
Pro 
1.01 
Pro 
0.99 
Pro 
1.03 
Pro 
0.78 
Dtc 
(+) 
Aib 
(+) 
(NMe)Ala 
(+) 
Aib 
(+) 
TPr 
(+) 
(0)Tpr 
(+I 
Dtc 
I+) 

Phe 
0.99 
Phe 
1.03 
Phe 
1.02 
ne* 
1.01 
ne* 
0.98 
ne* 
0.96 
Ile* 
0.97 
Ile 
1.00 
ne 
1.01 
ne 
1.03 
ne 
1.00 
Ile 
0.99 
Ile 
1.02 
Ile 
0.95 
Ile 
1.02 
Ile 
0.99 
ne 
1.01 
Ile 
0.97 
Ile 
1.19 
Phe 
1.00 
Phe 
1.00 
ne* 
0.98 
Ile* 
0.97 
Ile* 
0.96 
Ile* 
0.96 
ne* 

. .  0.91 
lactam-Phe 

(+I 
Pro DPhe 
0.99 1.02 
Pro Aib 
1.00 (+I 
Pro PPhe 
1.03 1.04 
Pro DPhe 
1.11 1.11 
Pro Ala 
0.94 0.97 

0.22 0.58 0.28 

0.18 0.32 0.44 

0.31 0.66 0.67 

0.19 0.67 0.75 

0.18 0.27 0.63 

0.12 0.36 0.57 

0.16 0.36 0.52 

0.18 0.42 0.59 

0.18 0.43 0.50 

0.12 0.31 0.41 

0.17 0.48 0.44 

0.10 0.31 0.40 

0.14 0.35 0.42 

0.04 0.19 0.52 

0.14 0.36 0.58 

0.16 0.44 0.58 

0.20 0.44 0.53 

0.20 0.48 0.73 

0.04 0.32 0.54 

0.21 0.60 0.53 

0.17 0.47 0.58 

0.10 0.25 0.32 

0.20 0.34 0.58 

0.19 0.49 0.54 

0.05 0.27 0.50 

0.28 0.74 0.84 

0.23 0.61 0.45 

0.19 0.55 0.76 

0.01 0.21 0.22 

0.43 0.73 0.89 

0.21 0.61 0.57 

0.06 0.29 

20 

38 

32 

20 

38 

30 

40 

25 

20 

23 

20 

30 

30 

20 

17 

20 

20 

20 

20 

30 

25 

38 

43 

20 

25 

30 

20 

23 

20 

12 

22 

10 

2.60 

8.0 

3.85 

2.80 

3.31 

2.75 

0.72 

3.55 

5.1 

3.9 

7.7 

2.05 

2.71 

2.45 

19.1 

3.6 

3.7 

2.14 

2.93 

2.40 

2.5 

10.2 

1.8 

2.3 

1.6 

1.9 

10.3 

8.6 

3.60 

1.8 

3.8 

6.88 

>98 

95 

>98 

>98 

>98 

>98 

>98 

>98 

>98 

>98 

>98 

98 

>98 

>98 

>98 

>98 

>98 

90 

98 

95 

>98 

>98 

>98 

>98 

>98 

>98 

88 

96 

98 

>98 

>98 

>98 

.&e text for det& of analytical procedures. bAmino acid analysis expressed in molar ratioa of the D,L amino acids in the peptideo. 
eFAB (M + H)+ 1002. dFAB (M + H)+ 957. *Arg-(NMe)Ala abaent, presumably due to lack of hydrolyis. Structure b correct, however, 
via FABMS (M + H)+ 988. fFAB (M + H)+ 1032. (+) = Amino acid present in roughly 1 molar equiv (in ~ ~ K J E  where quantitation b 
difficult). = Amino acid present in two positions; value expressed is half the experimental value. 

Foundation, or Chemical Dynamics Cor ration and were used The enantiomeric Boc-D,t,-lactam-Phe, however, could not be 
obtained by this procedure. 

(NMe)Ile,lO and Boc(2,6-C18Bzl,~Me)W and were prepared by Peptide Synthemir and Purification. All peptidee were 
standard procedures from commercially available amino acids. prepared by the did-phase method on Beckman 990.B Peptide 
Boc-L,L-lactam-Phe was prepared via the literature procedure.% synthesizera.a*u The C-terminal residue was esterified to a 

without further purification. Boc-Dtc, Bpo Boc-(SMe)Pen,u Boc- 
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chloromethylatsd copolymer of polystyrene and 2% divinyl- 
benzene (Bio-Rad) via a cesium salt procedure.a The degree 
of substitution was determined by amino acid analysis of a hy- 
drolysate obtained by treating the amino acid resin with HC1- 
PrOH (1:l) a t  120 OC for 3 h.* Routine deprotection of Boc- 
amino protecting groups was accomplished with 30% TFA in 
CHzClz and neutralization with 10% T E A  in CH2C1p Coupling 
of each amino acid was performed with a 2.5 M excess of tert- 
butyloxycarbonyl amino acid and DCC in CH2Clz with com- 
pleteness of reaction monitored by the ninhydrin test." Side 
chain protecting groups were as follows: Arg, tosyl; Tyr, u-Br-Z 
or 2,6-ClzBzl; His, tosyl. 

In most casea coupling was complete after 2 h. If the Ninhydrin 
test remained positive, a recoupling cycle was performed. After 
the last coupling and deprotection the peptide was cleaved from 
resin by treatment with anhydrous HF  containing 50% (v/v) 
anisole a t  0 "C for 60 min. After vacuum evaporation of HF the 
resin was rinsed with EbO to remove anisole and then rinsed with 
glacial HOAc and filtered. The filtrate was diluted with water 
and lyophilized to a powder of crude peptide material. 

The crude peptide were purified to homogeneity either by (a) 
partitioning through 200 transfers of countercurrent distribution 
in n-BuOH-HOAcH20 (41:5), (b) by partition ChromatugraphP 
on Sephadex G-15 in n-BuOH-HOAc-HzO (41:5), or (c) re- 
versed-phase semipreparative HPLC" on a Whatman ClS column 

(43) Merrifield, R. B. Solid Phase Peptide Synthesis. I. The 
Synthesis of a Tetrapeptide. J. Am. Chem. SOC. 1963, 85, 
2149-2154. 

(44) Stewart, J. M.; Young, J. D. Solid Phase Peptide Synthesis, 
2nd ed.; Pierce Chemical Co.: Rockford, IL, 1984. 

(45) Wang, S. S.; Gisin, B. F.; Winter, D. P.; Makofske, R.; Kalesha, 
I. D.; Tzougraki, C.; Meienhofer, J. Facile Synthesis of Amiio 
Acid and Peptide Esters under Mild Conditions via Cesium 
Salts. J. Org. Chem. 1977,42, 1286-1290. 
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using the appropriate solvent mixture of CH8CN/0.1 N NH40Ac, 
pH 4. The volumes of chromatographic fractions containing pure 
peptide by TLC were reduced by partial rotary evaporation and 
dried to powders by lyophilization to constant weight. 

Homogeneity of each peptide was determined by the following 
methods: (a) Amino acid analysis of 72-h acid hydrolysis (6 N 
HC1,llO "C) performed on a Beckman Model 12OC analyzer. (b) 
Analytical TLC on silica gel plates with solvent systems A = 
n-BuOH-AcOH-HzO (41:5), B = n-BuOH-AcOH-H20-EtOAc 
(l: l: l: l) ,  and C = n-BuOH-AcOH-H &pyridine (153:12:10), 

phase HPLC on a C18 silica gel column using the appropriate 
CH3CN-0.1 N NH40Ac (pH 4) mixture, following elution by UV 
(250-nm detection). (d) FAB mass spectrometry performed on 
a VG ZAJ3-1F-HF maw spectrometer with a standard FAB source 
employing a glycerol matrix, in cases where more than two un- 
natural amino acids are present in the structure. Analytical data 
for all peptides are listed in Table IX. 

[Sar1,(0)Tpr7,11ee]ANG 11,41. Solid NaI04 (28.2 mg, 0.132 
mmol) was added to an aqueous solution (100 pL) of 
[Sar1,Tpr7,11e8]ANG II, 40 (98.5 mg, 0.1 "01). After the mixture 
was stirred for 2 h, TLC indicated the disappearance of 40, and 
the solution was lyophilized. Rotary evaporation and lyophili- 
zation of the fractions analyzed by TLC to contain pure 41 from 
Sephadex G-25 partition chromatography, using an n-BuOH- 
AcOH-H20 (4:1:5) solvent mixture, gave 41 as a fluffy white 
powder (18.3 mg); FAB mass spectrum (MH)+  1002; other 
analytical data displayed in Table IX. 
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