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Stereospecificity of Amino Acid Side Chains in Deltorphin Defines Binding to 
Opioid Receptors 
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A series of individual D-amino acid replacement analogues of deltorphin A, several of which were in combination 
with a His4 deletion, were used to probe alterations of side-chain orientation on peptide binding parameters with 
rat brain opioid receptors. Peptides with D-amino acids in residues 1,3, and 5 exhibited diminished affinities primarily 
for 8 receptors (88-1200-fold) with selectivity decreasing by factors of 13-64-fold relative to deltorphin A (Kfi = 
0.45 nM; Kp/Kfi = 764): the aromatic side chains Tyr1 and Phe3, which lie in the N-terminal "message" domain 
and the aryl side chain of Leu6 in the C-terminal "address" domain, appear to play essential roles in conferring high 
8 affinity and selectivity. Although D-His4 only decreased 8 affinity by 6-fold and selectivity by a factor of 4, His 
appears to be involved as an integral component of both domains: [des-His4]deltorphin A and [des-His4] analogues 
containing consecutive D-amino acid replacements in the remaining residues exhibited weak binding to 8 receptors 
and poor 8 selectivity. Substitution of D-Met2 in deltorphin A by D-Ala or D-Nle decreased 8 selectivities 3-6-fold 
through an elevation in M affinities; however, the converse replacement, D-Met for D-Ala2 in deltorphin B, diminished 
/3 selectivity by an order of magnitude only through the loss in 8 affinity. The data show that the high 8 affinity 
and selectivity of deltorphins correlate with and require a strict stereospecificity of the amino acid residue side chains. 

Introduction1 

Attempts to obtain analogues of opioid peptides with 
high affinity and selectivity for a specific class of receptor 
sites were a major goal in the investigations on morphi-
nomimetic peptides for well over a decade.2 The recent 
discovery of the dermorphin and deltorphin families of 
opioid heptapeptides from frog skin3"5 set the stage for 
renewed interest in opioid peptides. The deltorphins, for 
example, possess very high affinity for 8 receptors and 
unparalleled 5 selectivity using both brain membrane 
binding assays4"13 and pharmacological preparations from 
guinea pig ileum and mouse vas deferens.3'49,13 

Structure-activity studies were undertaken in order to 
probe selected molecular features which contribute to the 
avidity of the deltorphins for 8 receptors.6"8,13 Those results 
suggested that the deltorphins, like other peptide hor­
mones, contain "sychnologic organization";14 i.e., two dis­
tinct, proximal regions15 which confer specific attributes 
to the peptide, a N-terminal "message" domain that defines 
biological responsiveness and a C-terminal "address" do­
main that influences binding affinities11,15 for a specific 
receptor type. Recent data suggested that a negative 
charge, embedded within the latter region of the deltor­
phins was primarily responsible for 8 selectivity,7,12,13 as 
postulated by Schwyzer on studies with enkephalins.16 

However, the combination of high 8 affinity and selectivity 
appeared dependent not only upon the presence of an 
anionic group, but also residues with hydrophobic side 
chains within a defined sequence in the "address" domain,7 

in addition to a C-terminal amide group.5'713,17,18 

This communication presents an extension of our re­
connaissance into the dissection of the structure of del­
torphins7,8 in order to examine the relative orientation of 
the side chains of the residues which contribute to their 
interaction with opioid receptors. Toward that goal, each 
amino acid residue in deltorphin A (H-Tyr-D-Met-Phe-
His-Leu-Met-A8p-NH2) and deltorphin A [des-His4] -
hexapeptide analogues was replaced with its D-enantiomer; 
this modification induces further alterations in the spatial 
orientation of side chains and presumably the conforma­
tion of the peptide backbone.19 The importance of His4 

in deltorphin was previously recognized and considered to 
be involved in maintaining a solution conformation,18 high 
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Table I. Binding Parameters of D-Amino Acid-Substituted 
Deltorphin Analogues'1 

no. 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

peptide 
deltorphin A 
[D-Tyr1] 
[D-Ala2] 
[D-Nle2] 
[D-Phe3] 
[D-His4] 
[D-Leu5] 
[D-Met6] 
[D-Asp7] 
[des-His4] 
[D-Tyr1 ,des-His4] 
[D-Ala2,des-His4] 
[D-Phe3,des-His4] 
[des-His4,D-Leu5] 
[des-His4,D-Met6] 
[des-His4,D-Asp7] 
deltorphin B 
[D-Met2] 

Kt8, nM 

0.45 ± 0.04 
544.0 ± 56.9 
0.36 ± 0.12 
0.12 ± 0.02 
39.6 ± 3.1 
2.77 ± 0.32 
58.5 ± 0.41 
0.96 ± 0.07 
0.54 ± 0.08 
12.6 ± 0.57 
476.5 ± 68.6 
13.9 ± 1.8 
741.5 ± 79.9 
120.4 ± 24.1 
25.8 ± 1.18 
9.46 ± 1.84 
0.41 ± 0.09 
3.30 ± 0.51 

KiM,nM 

343.8 ± 12.8 
7,410 ± 809 
43.7 ± 8.1 
32.6 ± 0.34 
2,351 ± 209 
492.0 ± 90.7 
690.6 ± 32.6 
146.2 ± 13.0 
124.5 ± 33.7 
351.7 ± 40.8 
7,410 ± 296 
567.1 ± 70.5 
2,253 ± 59.3 
330.0 ± 10.4 
407.1 ± 58.5 
266.7 ± 36.0 
1,280 ± 192 
1,047 ± 71 

Ktn/K-t 

764 
14 

121 
272 
59 

178 
12 

152 
230 
28 
16 
41 
3 
3 

16 
28 

3,122 
317 

"The sequences of deltorphins A and B are H-Tyr-D-Met-Phe-
His-Leu-Met-Asp-NH2 and H-Tyr-D-Ala-Phe-Glu-Val-Val-Gly-
NH2, respectively. The inhibition constant Kt (mean, nM, ±SEM; 
n = 3-8) was determined using the formulation of Cheng and 
Prusoff:61 K[ = ICso/U + L/Kd), where L is the concentration of 
radioactive ligand and K& represents the dissociation constants for 
either [3H]DPDPE or [3H]DAGO. Km/K-,8 is defined as 8 selec­
tivity. 

affinity binding to the 8 receptor,12,13 and a constituent 
component of the "message" domain.8 The preparation 

(1) Symbols and abbrevations used in this paper conform to the 
recommendations of the IUPAC-IUB Joint Commission on 
Nomenclature (</. Biol. Chem. 1972,247,977-983). The amino 
acids are the optically active L-isomers unless stated in the 
Experimental Section. Other abbreviations are as follows: Ate, 
2 aminotetralin-2-carboxylic acid; Boc, tert-butyloxycarbonyl; 
Bum, iV-(5r)-ter£-butoxymethyl; DAGO, [D-
Ala2,NMePhe4,Gly-ol6]enkephalin; DIC, diisopropylcarbodi-
imide; DMAP, 4-(dimethylamino)pyridine; DPDPE, cyclic [D-
Pen2,6]enkephalin; Fmoc, [(9-fluorenylmethyl)oxy]carbonyl; 
OSu, iV-succinimidoyl; TFA, trifluoroacetic acid; Trt, tri-
phenylmethyl. Deltorphin A7,8 is also referred to as 
"dermorphin gene-associated peptide",6 "deltorphin",4,12 and 
"dermenkephalin",5,10,11,17 while [D-Ala2]deltorphin I and I4 

were redefined as deltorphin B and deltorphin C, respectively, 
for the sake of clarity.7 

(2) Hruby, V. J.; Gehrig, C. A. Recent developments in the design 
of receptor specific opioid peptides. Med. Res. Rev. 1989, 9, 
343-401. 
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of [des-His4]deltorphin A analogues provided an oppor­
tunity to assess the contribution of the C-terminal tri-

(3) (a) Richter, K.; Egger, R.; Kreil, G. D-Alanine in the frog skin 
peptide dermorphin is derived from L-alanine in the precursor. 
Science 1987,238, 200-202. (b) Richter, K.; Egger, R.; Negri, 
L.; Corsi, R.; Severini, C.j Kreil, G. cDNAs encoding (r>Ala2)-
deltorphin precursors from skin of Phyllomedusa bicolor also 
contain genetic information for three dermorphin-related 
opioid peptides. Proc. Natl. Acad. Sci. U.S.A. 1990, 87, 
4836-4839. 

(4) Erspamer, V.; Melchiorri, P.; Falconieri Erspamer, G.; Negri, 
L.; Corsi, R.; Severini, C; Barra, D.; Simmaco, M.; Kreil, G. 
Deltorphins: a family of naturally occurring peptides with high 
affinity and selectivity for & opioid binding sites. Proc. Natl. 
Acad. Sci. U.S.A. 1989, 86, 5188-5192. 

(5) Mor, A.; Delfour, A.; Sagan, S.; Amiche, M.; Pradelles, J.; 
Rossier, J.; Nicolas, P. Isolation of dermenkephalin from am­
phibian skin, a high-affinity ^-selective opioid heptapeptide 
containing a D-amino acid residue. FEBS Lett. 1989, 255, 
269-274. 

(6) Lazarus, L. H.; Guglietta, A.; Wilson, W. E.; Irons, B. J.; de 
Castiglione, R. Dimeric dermorphin analogues as M-receptor 
probes on rat brain membranes: Correlation between central 
M-receptor potency and suppression of gastric acid secretion. 
J. Biol. Chem. 1989, 264, 354-362. 

(7) Lazarus, L. H.; Salvadori, S.; Santagada, V.; Tomatis, R.; 
Wilson, W. E. Function of negative charge in the "address 
domain" of deltorphins. J. Med. Chem. 1991, 34,1350-1355. 

(8) Lazarus, L. H.; Salvadori, S.; Tomatis, R.; Wilson, W. E. 
Opioid receptor selectivity reversal in deltorphin tetrapeptide 
analogues. Biochem. Biophys. Res. Commun. 1991, 178, 
110-115. 

(9) Kreil, G.; Barra, D.; Simmaco, M.; Erspamer, V.; Falconieri 
Erspamer, G.; Negri, L.; Severini, C.; Corsi, R.; Melchiorri, P. 
Deltorphin, a novel amphibian skin peptide with high selec­
tivity and affinity for & opioid receptors. Eur. J. Pharmacol. 
1989,162, 123-128. 

(10) Amiche, M.; Sagan, S.; Mor, A.; Delfour, A.; Nicolas, P. Der­
menkephalin (TyT-r>Met-Phe-His-Leu-Met-Asp-NH2): A po­
tent and fully specific agonist for the S opioid receptor. Mol. 
Pharmacol. 1989, 35, 774-779. 

(11) (a) Sagan, S.; Amiche, M.; Delfour, A.; Camus, A.; Mor, A.; 
Nicolas, P. Differential contribution of C-terminal regions of 
dermorphin and dermenkephalin to opioid-sites selection and 
binding potency. Biochem. Biophys. Res. Commun. 1989,163, 
726-732. (b) Sagan, S.; Amiche, M.; Delfour, A.; Mor, A.; 
Camus, A.; Nicolas, P. Molecular determinants of receptor 
affinity and selectivity of the natural ^-opioid agonist, der­
menkephalin. J. Biol. Chem. 1989, 264, 17100-17106. 

(12) Melchiorri, P.; Negri, L.; Falconieri Erspamer, G.; Severini, C; 
Corsi, R.; Soaje, M.; Erspamer, V.; Barra, D. Structure-activity 
relationships of the 5-opioid-selective agonists, deltorphins. 
Eur. J. Pharmacol. 1991,195, 201-207. 

(13) Salvadori, S.; Marastoni, M.; Balboni, G.; Borea, P. A.; Morari, 
M.; Tomatis, R. Synthesis and structure-activity relationships 
of deltorphin analogues. J. Med. Chem. 1991, 34,1656-1661. 

(14) Schwyzer, R. ACTH: A short introductory review. Ann. N. 
Y. Acad. Sci. 1977, 297, 3-26. 

(15) Portoghese, P. S. Bivalent ligands and the message-address 
concept in the design of selective opioid receptor antagonists. 
Trends Pharmacol. Sci. 1989,10, 230-235. 

(16) Schwyzer, R. Molecular mechanism of opioid receptor selec­
tion. Biochemistry 1986, 25, 6335-6342. 

(17) Nikiforovich, G. V.; Hruby, V. J. Examination of the confor­
mational meaning of "5-address" in the dermenkephalin se­
quence. Biochem. Biophys. Res. Commun. 1990,173, 521-527. 

(18) (a) Tancredi, T.; Temussi, P. A.; Picone, D.; Amodeo, P.; To­
matis, R.; Salvadori, S.; Marastoni, M.; Santagada, V.; Balboni, 
G. New insights on n/i selectivity of opioid peptides: Con­
formational analysis of deltorphin analogues. Biopolymers 
1991, 31, 751-760. (b) Amodeo, P.; Motta, A.; Tancredi, T.; 
Salvadori, S.; Tomatis, R.; Picone, D.; Saviano, G.; Temussi, 
P. A. Solution structure of deltorphin I and 265 K: A quan­
titative NMR study. Peptide Res., in press. 
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Table II. Analytical Properties of Synthetic Deltorphin 
Analogues" 

peptide 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

TLC: 

I 
0.45 
0.65 
0.51 
0.59 
0.61 
0.59 
0.62 
0.63 
0.61 
0.74 
0.72 
0.69 
0.75 
0.75 
0.75 
0.74 
0.62 
0.81 

>R, 

II 
0.38 
0.52 
0.45 
0.56 
0.54 
0.55 
0.51 
0.48 
0.47 
0.66 
0.58 
0.58 
0.66 
0.69 
0.71 
0.66 
0.45 
0.60 

HPLC: 
K'c 

8.75 
8.06 
7.11 
7.47 
8.33 
8.12 
8.95 
9.54 
8.53 
8.38 
7.72 
7.42 
7.72 
9.80 
8.96 
8.29 
5.37 
6.85 

melting 
point, °Cd 

162-164 
148-150 
141-143 
186-188 
136-138 
138-140 
145-147 
143-145 
140-142 
143-150 
171-173 
118-120 
153-155 
178-180 
160-162 
145-147 
185-187 
222-224 

[a]2V 
-9.2 
-7.5 
-5.7 
-6.3 
-4.1 

-28.7 
-9.1 
-5.7 
-4.3 

-17.9 
-5.7 
-3.8 
-6.9 
-1.7 
-1.3 
-2.2 

-14.7 
-2.3 

'Synthetic deltorphin analogues were analyzed as follows: 
b Merck precoated 0.25-mm analytical silica gel plates 60F264. Sol­
vent systems are I, butanol/HOAc/H20 (3:1:1); II, butanol/ 
HOAc/pyridine/HjO (12:4:2.2:1.2). c Capacity factor (if) was de­
termined using Spherisorb 5-ODS2 (HPLC-technology) C-18 re-
versed-phase column (46 X 250 mm) with a gradient consisting of 
two mobile phases: A, 10% (v/v) acetonitrile in 0.1% TFA, and B, 
60% (v/v) acetonitrile in 0.1% TFA. A 30-min linear gradient was 
run from 20% to 80% B at a flow rate of 1 mL/min. ''Melting 
points were determined on a Kofler apparatus and are uncorrect­
ed. 'Optical rotations were conducted in methanol (peptides 1-17) 
or dimethylforamide (peptide 18) using a 10-cm pathlength cell in 
a Perkin-Elmer 241 polarimeter. 

peptide "address" domain, Leu5-Met6-Asp-NH2
7, on the 

interaction with opioid receptors as a consequence of being 
repositioned adjacent to the common message sequence, 
H-Tyr1-D-Xaa2-Phe3. The significance of the side chain 
of the D-amino acid residue at position 2 of deltorphin A 
and deltorphin B (H-Tyr-D-Ala-Phe-Glu-Val-Val-Gly-NHa) 
was also evaluated. These studies afford important in­
sights into the stereospecificity of selective amino acid side 
chains in the "message" and "address" domains which 
confer high 8 affinity and selectivity properties to the 
deltorphins. 

Results 
Modulation of 5 and u Affinities. The systematic 

substitution of D- for L-amino acid isomers in deltorphin 
A differentially modified both 8 and u K{ values (Table 
I). Peptides containing D-enantiomers substituted at 
positions 1, 3, and 5 exhibited greatly diminished 8 affin­
ities; in particular, the transposition of L- to D-Tyr1 had 
a major effect on both 8 and n affinities which fell over 
1200- and 21-fold, respectively. Replacement analogues 
with D-His4 (6) and D-Met6 (8) exhibited moderately cur­
tailed 8 affinities, while that with D-Asp7 (9) was compa­
rable to deltorphin A (1). On the other hand, u affinities 
primarily declined for peptides with D-amino acids at 
residues 1, 3, and 5, and to a lesser degree at position 4, 
and increased in those analogues substituted at residues 
2, 6, and 7. The exchange of D-Met2 by D-Ala2 (3) failed 
to affect 5 affinity, while replacement with D-Nle2 (4) in­
creased 8 affinity 4-fold; both substitutions enhanced u 
affinities 8-10-fold. In contrast, replacement of D-Ala2 with 

(19) Sugg, E. E.; Cody, W. L.; Abdel-Malek, Z.; Hadley, M. E.; 
Hruby, V. J. D-Isomeric replacements within the 6-9 core se­
quence of Ac-[Nle4]-a-MSH4-n-NH2: A topological model for 
the solution conformation of a-melanotropin. Biopolymers 
1986, 25, 2029-2042. 
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D-Met2 in deltorphin B (18) only decreased 5 affinity 
(Table I). 

Deltorphin A His4 Deletion Analogues. Deletion of 
His4 in analogues containing L- or D-amino acid substitu­
tions (10-16) uniformly diminished high affinity 5 binding 
by 1 to over 3 orders of magnitude; in contrast, n affinities 
varied considerably and frequently in a nonparallel manner 
(Table I). A comparison of the D-enantiomers of Tyr1 (11) 
and Phe3 (13) revealed that they both reduced 8 and M 
affinities: the effect of D-Tyr1 was essential similar in the 
des-His4 analogue 11 as in the heptapeptide 2, whereas 8 
affinity in the [D-Phe3,des-His4] analogue 13 decreased over 
3 orders of magnitude compared to an 88-fold decline in 
8 affinity in [D-Phe3]deltorphin A (5). On the other hand, 
D-Leu5 primarily affected 8 affinity regardless of the 
presence (7) or absence of His4 (14). It is interesting that 
the u affinities in several analogues (10 and 14-16) were 
comparable to that of deltorphin A (1). In spite of the 
apparent modification of the lipophilicity of these peptides, 
estimated by reversed-phase HPLC (Table II), linear re­
gression analyses proved that the K{ values for 8 and M 
binding sites (Table I) for the D-amino acid-containing 
heptapeptides and for the des-His4 analogues versus K' 
(Table II) were statistically nonsignificant. 

Selectivity Effects. The D-amino acid analogues of 
deltorphin A exhibited distinctive combinations of 8 and 
n affinities; the result of which was an ablation of high 8 
selectivity (Table I). Although the 8 affinities of peptides 
3, 8, and 9 were similar to that of deltorphin A (1), while 
that of peptide 4 was higher, their elevated n affinities 
mitigated the potential for higher 8 selectivities. As a class 
of peptides, the analogues containing a His4 deletion ex­
hibited considerably lower 8 selectivity than the individual 
D-amino acid replacement analogues, except those con­
taining D-Tyr2 and D-Leu5 (2 and 7). 
Discussion 

Our data unambiguously demonstrate that inversions 
of amino acid side-chain configuration result in spatial 
alterations which affect the abilities of deltorphin ana­
logues to interact with opioid receptors. D-Amino acid 
substitution analogues of opioid peptides, such as mor-
phiceptin,20 0-casomorphin,21 enkephalin,2,22"24 and ^-en­
dorphin,25 as well as other peptide hormones [e.g., LHRH,26 

(20) Chang, K.-J.; Wei, E. T.; Killian, A.; Chang, J.-K. Potent 
morphiceptin analogs: Structure-activity relationships and 
morphine-like activities. J. Pharmacol. Exp. Ther. 1983,227, 
403-408. 

(21) Liebermann, C; Szucs, M.; Neubert, K.; Hartrodt, B.; Arnold, 
H.; Barth, A. Opiate receptor binding affinities of some D-
amino acid substituted 0-casomorphin analogs. Peptides 1986, 
7, 195-199. 

(22) Mosberg, H. J.; Hurst, R.; Hruby, V. J.; Gee, K.; Yamamura, 
H. I.; Galligan, J. J.; Burks, T. F. Bis-penicillamine enkephalins 
possess highly improved specificity toward S opioid receptors. 
Proc. Natl. Acad. Sci. U.S.A. 1983, 80, 5871-5874. 

(23) Chang, K.-J. Opioid receptors: Multiplicity and sequelae of 
ligand receptor interactions. In The Receptors; Conn, P. M, 
Ed.; Academic Press: New York, 1984; Vol. 1, pp 1-81. 

(24) Jacobson, A. R.; Gintzler, A. R.; Sayre, L. M. Minimum-
structure enkephalin analogues incorporating L-tyrosine, D (or 
L)-phenylalanine, and a diamine spacer. J. Med. Chem. 1989, 
32, 1708-1717. 

(25) Blanc, J. P.; Kaiser, E. T. Biological and physical properties 
of a ^-endorphin analog containing only D-amino acids in the 
amphophilic helical segment 12-31. J. Biol. Chem. 1984, 269, 
9549-9556. 

(26) Folkers, K.; Bowers, C. Y.; Momany, F.; Friebel, K. J.; Kubiak, 
T.; Maher, J. Antiovulatory potency and conformation of an 
antagonist of the luteinizing hormone-releasing hormone hav­
ing six D-amino acids. Z. Naturforsch: Anorg. Chem. Org. 
Chem. 1982, 37, 872-876. 

a-melanotropin,19,27 neuropeptide Y,28 neurotensin,29 so­
matostatin,30 substance P,31 and tuftsin32] led to the rec­
ognition of peptides with altered characteristics that 
conferred enhanced stabilities,23 higher affinities,2,20""22 

greater potencies,19,21,27 or antagonist properties.26,31,33 

However, the D-amino acid isomers in deltorphin analogues 
conferred lower 8 selectivities due to modification in 8 or 
n affinities; none of these analogues exhibited a 8 selectivity 
approaching those of deltorphins A or B. These results 
contrast with data obtained with D-isomer analogues of 
other opioid peptides, which were occasionally more se­
lective than the parent peptide.2,20'22,34 

The reduction in 8 affinity of D-Tyr1 and D-Phe3 sub­
stitution analogues may reflect a disruption of the N-
terminal type II 0-turn,36"37 which appears to be involved 

(27) Beckwith, B. E.; Tinius, T. P.; Hruby, V. J.; Al-Obeidi, F.; 
Sawyer, T.; Affholter, J. A. The effects of structure-confor­
mation modifications of melanotropin analogs on learning and 
memory: D-amino acid substituted linear and cyclic analogs. 
Peptides 1989,10, 361-368. 

(28) Beck-Sickinger, A. G.; Gaida, W.; Schnorrenberg, G.; Land, R.; 
Jung, G. Neuropeptide Y: Identification of the binding site. 
Int. J. Peptide Protein Res. 1990, 36, 522-530. 

(29) (a) Lazarus, L. H.; Perrin, M. H.; Brown, M. R.; Rivier, J. E. 
Mast cell binding of neurotensin. II. Molecular conformation 
of neurotensin involved in the stereospecific binding to mast 
cell receptor sites. J. Biol. Chem. 1977, 252, 7180-7183. (b) 
Rivier, J. E.; Lazarus, L. H.; Perrin, M. H.; Brown, M. R. 
Neurotensin analogs: Structure-activity relationships. J. Med. 
Chem. 1977, 20, 1409-1414. 

(30) Michel, A.; Scarso, A.; Loffet, A. Conformational studies in 
some somatostatin analogs with a D-amino acid in position 8. 
In Peptides, 18th Proceedings of the European Peptide Sym­
posium; Ragnarsson, U., Ed.; Almqvist & Wiksell: Stockholm, 
1984; pp 585-589. 

(31) (a) Engberg, G.; Svensson, T. H.; Rosell, S.; Folkers, K. A 
synthetic peptide as an antagonist of substance P. Nature 
1989,293, 222-223. (b) Caranikas, S.; Mizrahi, J.; D'Orleans-
Juste, P.; Regoli, D. Antagonists of substance P. Eur. J. 
Pharmacol. 1982, 77, 205-206. (c) Zhang, L.; Mantey, S.; 
Jensen, R. T.; Gardner, J. D. An analogue of substance P with 
broad receptor antagonistic activity. Biochim. Biophys. Acta 
1988, 972, 37-44. 

(32) (a) Nawrocka, E.; Siemion, I. Z.; Slopek, S.; Szymaniec, S. 
Tuftsin and its analogs. PartX. Tuftsin analogs with D-amino 
acid residues. Int. J. Pept. Protein Res. 1980,16,200-297. (b) 
Sucharda-Sobczyk, A.; Siemion, I. Z.; Nawrocka, E. Influence 
of configuration changes in tuftsin peptide chain on its folding 
properties. Acta Biochim. Pol. 1980, 27, 353-364. 

(33) Fournie-Zalusky, M.-C; Gacel, G.; Maigret, B.; Premilat, S.; 
Roques, B. P. Structural requirements for specific recognition 
of n or i opiate receptors. Mol. Pharmacol. 1981,20,484-491. 

(34) Delay-Goyet, P.; Zajac, J.-M.; Rigaudy, P.; Foucaud, B.; Ro­
ques, B. P. Comparative binding properties of linear and cyclic 
5-enkephalin analogues: [3H][D-Thr2,Leu6]enkephalyl-Thr6 

and [3H]-[D-Pen2,D-Pen6]enkephalin. FEBS Lett. 1985,183, 
439-443. 

(35) Pattabiraman, N.; Sorensen, K. R.; Langridge, R.; Bhatnagar, 
R. S.; Renugopalakrishnan, V.; Rapaka, R. S. Molecular me­
chanics studies of dermorphin. Biochem. Biophys. Res. Com-
mun. 1986, 140, 342-349. 

(36) Castiglione-Morelli, M. A.; Lelj, F.; Pastore, A.; Salvadori, S.; 
Tancredi, T.; Tomatis, R.; Trivellone, E.; Temussi, P. A. A 
500-MHz proton nuclear magnetic resonance study of n opioid 
peptides in a simulated receptor environment. J. Med. Chem. 
1987, 30, 2067-2073. 

(37) (a) Temussi, P. A.; Picone, D.; Tanredi, T.; Tomatis, R.; Sal­
vadori, S.; Marastoni, M.; Balboni, G. Conformational prop­
erties of deltorphin: New features of the 5-opioid receptors. 
FEBS Lett. 1989, 247, 283-288. (b) Balboni, G.; Marastoni, 
M.; Picone, D.; Salvadori, S.; Tancredi, T.; Temussi, P. A.; 
Tomatis, R. New features of the 6 opioid receptor: Confor­
mational properties of deltorphin I analogues. Biochem. Bio­
phys. Res. Commun. 1990, 169, 617-622. 
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in binding to n receptors,38 and leads to a suboptimal 
spatial alignment of the hydroxyl group of Tyr1. The 
orientation of the plane of the aromatic ring of D-Phe3 

could possibly lead to a modification of the conformation 
in the N-terminal sequence:17'18,36,37 the consequence of 
which could disrupt internal H-bonding of Tyr^NHs to 
Asp7,18 or the interaction of the tyramine side chain with 
a possible receptor site. However, conformational re­
striction imposed by substitution of Ate3 in deltorphin C 
led to an increase of nearly 3-fold higher bioactivity.39 

Thus, the spatial alignment of the residue at position 3 is 
essential for receptor recognition. 

Data with des-His4 analogues suggest a potential role for 
His4 in maintaining the spatial orientation of the C-ter-
minal sequence of deltorphin A in solution. The absence 
of His4 could diminish the extent of H-bonding between 
Tyr1 C=0 and His4 N—H (which, by analogy to der-
morphin,36 permits formation of a 10-membered ring) and 
disrupt the H-bond that could form between the His4 im­
idazole ring and Asp7.18 The absence of the His imidazole 
also alters the overall spatial orientation of the peptides 
(10-16), while its replacement by Gly, Phe, or Tyr, which 
caused minor changes in S affinities, substantially increased 
n binding.13,42 It can be postulated then that the conse­
quences of His4 deletion might include: (i) a repositioning 
of the hydrophobic core (Leu5-Met6) relative to a corre­
sponding area in the receptor or (ii) modifying the dy­
namics of maintaining an optimally folded conformer.1837'38 

However, regardless of the presence or absence of His4, the 
spatial orientation of Tyr1, Phe3, and Leu5 exert a major 
role in receptor binding. On the other hand, the remaining 
substitutions exhibited differential effects on 5 and M af­
finities and suggest that His4 appears to function as an 
integral component in the preservation of the optimal 
spatial orientation required for binding of the peptide in 
the receptor. 

Replacement of D-Met2 in deltorphin A with D-Ala or 
D-Nle enhanced n affinities; however, since NMR data 
indicate that the conformation of the side chain of Met 
does not differ from that of Nle,40 the K{ values for binding 
are presumed to reflect differences in amino acid side-chain 
hydrophobicity which are reflected in the changes in K' 
values of peptides 3 and 4 relative to that of deltorphin 
A (1) (Table II). Similarly, the substitution of Met by Nle 
in a-MSH19 and cholecystokinin-841 enhanced bioactivity. 
The substitution of D-Ala2 in deltorphin A may introduce 
greater stability due to the interaction between the D-Ala2 

methyl group and the Phe3 aryl ring18,38,37 and modified 
the apparent lipophilicity of the peptide. That the side 

(38) Keys, C.j Payne, P.; Amsterdam, L. T.; Loew, G. Conforma­
tional determinants of high affinity S receptor binding of 
opioid peptides. Mol. Pharmacol. 1988, 33, 528-536. 

(39) Schiller, P. W.; Nguyen, T. M.-D.; Weltrowska, G.; Lemieux, 
C; Chung, N. N. Development of [D-Ala2] deltorphin I analogs 
with extraordinary delta receptor selectivity. In New Leads 
in Opioid Research; van Ree, J. M., Molder, A. H., Wiegant, 
V. M, van Wimersma Greidannus, T. B., Eds.; Excerpta Me-
dica: Amsterdam, 1990; pp 288-290. 

(40) Picur, B.; Siemion, I. Z. Rotational isomerism about the C-a-
C-0 bonds in sulphur-containing amino acids and their non-
sulphur-containing isoesters. Org. Magn. Reson. 1983, 21, 
271-274. 

(41) Ruiz-Gayo, M.; Dauge, V.; Menant, I.; Beque, D.; Gacel, G.; 
Roques, B. P. Synthesis and biological activity of the Boc 
[Nle^.Nle^lCCKj,^, a highly potent CCK8 analogue. Pep­
tides 1985, 6, 415-420. 

(42) Lazarus, L. H.; Salvadori, S.; Bundy, D. M.; Greico, P.; Wilson, 
W. E.; Tomatis, T. Deltorphin-opioid receptor interactions: 
Structural determinants for S receptor selectivity. Submitted 
for publication. 

chain of residue 2 affects opioid affinity and selectivity was 
indicated by substitution of L-Met2 in deltorphin A, which 
greatly reduced bioactivity and receptor binding (~ 
1000-10000-fold).6,6,9-11 Additional evidence on the ori­
entation of residue 2 was also provided by data with a 
series of synthetic enkephalin analogues: optimal bioac­
tivity occurred in which gem-dimethylethanediamine was 
incorporated in lieu of the second amino acid.24 

A requirement for C-terminal hydrophobic residues in 
determining 5 selectivity could possibly be correlated with 
XH NMR data which indicated the involvement of C-ter­
minal residues in a proper conformation.18,37 The detri­
mental effect of the D-Leu8 substitution (7) may then be 
attributable to the misalignment of the hydrophobic side 
chain and the proposed peptide conformation:18,37 the 
evidence of disruption in peptide conformation, or a change 
in the handedness of the peptide backbone,19 is supported 
by the loss of 6 binding by over 2 orders of magnitude 
(Table I). Retention of 5 selectivity by a deltorphin A 
N-terminal pentapeptide,13 in contrast to deltorphin A 
tetrapeptides which are 11 selective,8,8,11-13 indicates that 
5 selectivity requires the existence of a hydrophobic residue 
at position 5 and the presumed H-bond interactions in­
volving C-terminal residues at positions 6 and 7, and the 
N-terminal sequence within the peptide.18,37 

The marginal effect of D-Met6 (8) on 5 affinity, accom­
panied by a comparable increase in M affinity, differs 
markedly from published observations,11 and complements 
studies on analogues with substitutions at position 6;42 

however, the change in the side-chain orientation affected 
peptide lipophilicity (Table II). The /3-carboxyl function 
of Asp7 was proposed to stabilize the peptide by hydrogen 
bonding,18,37 and by analogy with enkephalin,39 through 
"head to tail pseudo-cyclization" by forming a salt bridge 
with the amino group of Tyr1;37 replacement with D-Asp7 

(peptide 9) had no effect on K{b, but increased n affinity 
3-fold, which suggests that 8 and n receptor sites might 
select or require different peptide conformers.38 

Modification in the spatial orientation by amino acid 
side chains apparently influences the amphiphilic moment 
of the peptide.16 In addition to a characterization of 
deltorphin on the basis of the sequence determinants of 
"messenger" and "address" domains, a comprehensive 
description of their properties should incorporate lipo­
philicity,16 side-chain orientation, solution conformers,38 

and internal hydrogen bonding.18,37 The results with D-
enantiomer-containing analogues of deltorphin further 
suggest that the proposed charge effects of the membrane 
and ligand for the 6 selectivity may only be valid for the 
enkephalins.16 The 5 receptor site appears able to dis­
criminate among the various conformers of deltorphin A: 
the orientation of the side chains assists in the mainte­
nance of a preferred solution conformation through an 
interaction with distinct hydrophilic and hydrophobic 
regions.16 

Conclusions 
The sequential substitution of D-amino acid isomers in 

deltorphin provided evidence that the side chains of at 
least three residues are important and appear to be re­
quired for high 5 affinity and selectivity, namely Tyr1, Phe3, 
and Leu6. However, the application of a His4 deletion and 
des-His4 analogues with the systematic replacement with 
D-amino acids provided information on the involvement 
of His4 on receptor selectivity and a necessity for the 
proper alignment of the remaining side chains of the 
residues and a specific amino acid sequence in the C-ter­
minal region. The proposal that the C-terminal tripeptide 
of deltorphin "strongly influences the three-dimensional 
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structure of the entire molecule' '17 may be essentially 
correct while it may also understate the spectrum of in­
teraction capabilities of C-terminal substituents. It ap­
pears therefore that the deltorphins, with their high 6 
affinities and S selectivities are a useful group of peptides 
which can be applied in the design of new compounds to 
probe opioid receptors. 

Experimental Sect ion 
General Methods for Peptide Synthesis. Deltorphins A and 

B and most analogues used in this study were synthesized by 
solid-phase methods.7,13 The solid support, 4-(2',4'-dimethoxy-
phenyl)Fmoc-aminomethylphenoxy resin (0.43 mmol/g; 0.2 
mmol), was obtained from Bachem (Torrance, CA), and the 
protected amino acids were from Bachem or Novabiochem AG 
(Germany). With the exception of Na-terminal iV-Boc-Tyr, 
W-Fmoc amino acid derivatives were used in the coupling re­
actions; the reactive side chain of Asp was protected with tert-
butyl ester, while His was protected with tert-butoxymethyl or 
Trt groups. Amino acids were double coupled to the growing 
peptide chain using preformed symmetrical anhydrides, except 
iVa-Fmoc-His(Bum)-OH and N<"-Fmoc-D-His(Trt)-OH, which were 
coupled by the DIC-DMAP procedure;43 the W-Boc-Tyr-OH was 
coupled as the preformed OSu ester. Coupling was monitored 
with ninhydrin and by amino acid analysis of acid hydrolysates. 
Nascent protected peptides were cleaved from the resin by 
treatment with 95% TFA (10 mL/g of resin) for 3 h at 20 °C. 
Crude peptides were initially purified by gel filtration on Sephadex 
LH-20 (2.5 X 100 cm) columns eluted with methanol/HOAc/H20 
(18:2:80) or preparative HPLC; HPLC used a Waters Delta Prep 
3000 with a Delta Pak C-18 300-A, 15-^m spherical particle column 
(30 X 300 mm), eluted with a 30-min linear gradient from 20% 
mobile phase A [10% (v/v) acetonitrile in 0.1% TFA] to 80% 
mobile phase B [60% (v/v) acetonitrile in 0.1% TFA] at a flow 
rate of 30 mL/min and the effluent monitored at 220 run. Purity 
was assessed by analytical HPLC7,13 and TLC in two solvent 
systems; peptide homogeneity was >99%. Amino acid compo­
sitions were quantitated using a Carlo Erba 3A-29 amino acid 
analyzer. XK NMR spectra agreed with the amino acid sequence 
and composition of each analogue. 

Coupling Procedures. The analytical properties of the 
synthetic deltorphin analogues are listed in Table II. 

Deltorphin A (1). This peptide was synthesized and purified 
by published methods713 using a solid support, 4-(2',4'-dimeth-
oxyphenyl)Fmoc-aminomethylphenoxy resin44 (0.43 mmol/g; 0.2 
mmol) obtained from Bachem (Torrance, CA). Coupling was 
monitored with ninhydrin.46 

[Des-His4]deltorphin A (10). [Des-His4]deltorphin A was 
prepared as follows: to a solution maintained at -10 °C, containing 
H-Leu-Met-Asp(OtBu)-NH2 (0.108 g, 0.25 mmol), l-ethyl-3-
(dimethylamino)propylcarbodiimide7 (50 mg, 0.26 mmol) in dry 
DMF (10 mL) was added JV-hydroxybenzotriazole46 (0.1 g, 0.75 
mmol) and the tripeptide, A^-Boc-Tyr-D-Met-Phe-OH (0.125 g, 
0.25 mmol). The mixture was initially stirred at -10 °C for 2 h 
and then at room temperature overnight and poured into a so­
lution of ethyl acetate/aqueous NaHC03/citric acid (13). Ex­
traction and purification by gel filtration gave a protected hex-

(43) Fields, C. G.; Fields, G. B. New approaches to prevention of 
side reactions in FMoc solid phase peptide synthesis. In 
Peptides. Chemistry, Structure and Biology; Rivier, J. E., 
Marshall, G. R., Eds.; ESCOM: Leiden, 1990; pp 928-929. 

(44) (a) Rink, H. Solid-phase synthesis of protected peptide frag­
ments using a trialoxydiphenyl-methylester resin. Tetrahe­
dron Lett. 1987,28,3787-3790. (b) Sieber, P. A new acid-labile 
anchor group for the solid-phase synthesis of C-terminal pep­
tide amides by the FMoc method. Tetrahedron Lett. 1987,28, 
2107-2110. 

(45) Kaiser, E.; Colescott, R. L.; Bossinger, L. D.; Cook, P. I. Color 
test for detection of free terminal amino groups in the solid-
phase synthesis of peptides. Anal. Biochem. 1970,34,595-598. 

(46) Konig, W.; Geiger, R. A new method for synthesis of peptides: 
Activation of the carboxyl group with dicyclohexylcarbodi-
imide using 1-hydroxybenzotriazoles. Chem. Ber. 1970,103, 
788-798. 

apeptide (0.195 g) in 80% yield; deblocking occurred by exposure 
to TFA/CH2C12 (1:1, v/v) for 60 min at 0 °C. Amino acid analysis 
gave the following molar ratios: Tyr, 0.91; Met 1.94; Phe, 0.95; 
Leu, 1.0; Asp, 0.97. 

[D-Tyr1]- and [D-Tyr1,des-His4]deltorphin A (2 and 11, 
Respectively). Solid-phase synthesis was accomplished by 
stepwise addition of the following protected amino acids to 0.5 
g of resin (0.2 mmol): AP-Fmoc-Phe, W-Fmoc-Met, W-Fmoc-Leu, 
iY"a-Fmoc-His(Bum), Af°-Fmoc-Asp(OtBu), W-Fmoc-D-Met, and 
ATa-Boc-r>Tyr. 7Va-Fmoc-His(Bum) (0.4 mmol) was introduced 
by coupling with DIC (0.4 mmol) in the presence of a catalytic 
amount of DMAP.47 Yields of the protected peptides were 85 % 
as quantitated by spectrophotometry analyses of the fulvene-
piperidine adduct at 300 nm. The protected heptapeptide resin 
was treated for 3 h at 20 °C with 5 mL of 95% TFA containing 
0.5 mL of thioanisole, filtered, and then washed with TFA. After 
evaporation of the combined filtrate and washings, the free peptide 
was precipitated with diethyl ether. The solid material was 
dissolved in methanol/HO Ac/H20 (1.2:0.2:8) and passed through 
Sephadex LH 20; the major peaks were pooled and lyophilized. 
The powder was dissolved in 2 mL of 20% acetonitrile in 0.1% 
TFA and subjected to preparative HPLC (supra vide) using a 
30-min gradient from 20 to 80% acetonitrile in 0.1% TFA. Two 
peaks were isolated as white powders with yields of 50 mg for 2 
and 10 mg for 11. Amino acid analyses gave the following molar 
ratios. 2: Tyr, 0.94; Met, 1.96; Phe, 1.0; His, 0.96; Leu, 1.02; Asp, 
0.94. 11: Tyr, 0.95; Met, 2.1; Phe, 0.95; Leu, 1.0; Asp, 0.98. 

[D-Phe3]- and [D-Phe3,des-His4]deltorphin A (5 and 13, 
Respectively). The peptides were prepared using a modification 
of the above-described procedure for the synthesis of peptide 2 
in which 7Va-Fmoc-D-Phe and AT'-Boc-Tyr were substituted for 
JV-Fmoc-Phe and W-Boc-D-Tyr. The protected peptide was 
removed from the resin with TFA-anisole and purified according 
to the procedure for peptide 2; 65 mg of peptide 5 and 18 mg of 
peptide 13 were recovered. Amino acid analyses resulted in the 
following molar ratios. 5: Tyr, 0.89; Met, 2.01; Phe, 0.97; His, 
0.94; Leu, 1.0; Asp 0.95. 13: Tyr, 0.85; Met, 1.97; Phe, 1.01; Leu, 
1.0; Asp, 0.95. 

[D-His4]deltorphin A (6). As in the solid-phase synthesis for 
peptide 2, W-Boc-Tyr and 2V"'"-Fmoc-D-His(Trt) were substituted 
for Af-Boc-D-Tyr and Na-Fmoc-His(Bum). iV-Fmoc-D-His-
(Trt)-OH (0.8 mmol) was introduced by coupling with DIC (0.8 
mmol) in the presence of a catalytic quantity of DMAP.43 The 
protected peptide was removed from the resin with TFA-thio-
anisole; 67 mg of white powder was recovered. Amino acid 
analyses gave the following composition: Tyr, 0.98; Met, 1.92; 
Phe, 1.02; His, 0.89; Leu, 1.0; Asp, 0.99. 

[D-Leu5]- and [D-Leu5,des-His4]deltorphin A (7 and 14, 
Respectively). The analogues were prepared by substituting 
N°-Fmoc-D-Leu and W-Boc-Tyr instead of W-Fmoc-Leu and 
Afa-Boc-D-Tyr using the method for the synthesis of peptide 2. 
The yields of purified peptides were 47 mg of peptide 7 and 14 
mg of peptide 14. Results of amino acid analyses were as follows. 
7: Tyr, 0.95; Met, 1.94; Phe, 0.98; His, 0.96; Leu, 1.0; Asp, 0.97. 
14: Tyr, 0.95; Met, 1.96; Phe, 0.99; Leu, 0.98; Asp, 0.97. 

[D-Met6]- and [Des-His",D-Met6]deltorphin A (8 and 15, 
Respectively). The peptides were prepared by substituting 
JV-Fmoc-D-Met and W-Boc-Tyr in lieu of W-Fmoc-Met and 
W-Boc-D-Tyr in the synthesis of compound 2. Yields of purified 
peptides were 55 mg of peptide 8 and 12 mg of peptide 15. Results 
of amino acid analyses were as follows. 8: Tyr, 0.91; Met, 2.02; 
Phe, 0.99; His, 0.95; Leu, 1.0; Asp, 0.94. 15: Tyr, 0.96; Met, 1.94; 
Phe, 0.97; Leu, 1.0; Asp, 0.89. 

[D-Asp7]- and [Des-His4,D-Asp7]deltorphin A (9 and 16, 
Respectively). 2Va-Fmoc-D-Asp(OtBu) and AKBoc-Tyr were 
substituted for JV"-Fmoc-Asp(OtBu) and Na-Boc-D-Tyr as de-

(47) (a) Barany, G.; Albericio, F. A three-dimensional orthogonal 
protection scheme for solid-phase peptide synthesis under mild 
conditions. J. Am. Chem. Soc. 1985,107, 4936-4942. (b) van 
Nispen, J. W.; Polderdijk, J. P.; Greven, H. M. Suppression of 
side-reactions during the attachment of FMoc-amino acids to 
hydroxylmethyl polymers. Reel. Trav. Chim. Pays-Bas 1985, 
104, 99-100. (c) Barany, G.; Kneib-Cordonier, N.; Mullen, D. 
G. Solid-phase peptide synthesis: A silver anniversary report. 
Int. J. Peptide Protein Res. 1987, 30, 705-739. 
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scribed for peptide 2. The yields of purified peptides were 48 
mg of peptide 9 and 10 mg of peptide 16. Amino acid compositions 
were as follows. 9: Tyr, 0.86; Met, 2.01; Phe, 0.98; His, 0.88; Leu, 
1.0; Asp, 0.97. 16: Tyr, 0.95; Met, 1.89; Phe, 0.98; Leu, 1.0; Asp, 
0.95. 

[D-Ala2]- and [D-Ala2,des-His4]deltorphin A (3 and 12, 
Respectively). W-Fmoc-D-Ala was substituted for N"-Fmoc-
D-Met in the method for the synthesis of peptide l.7,13 The yields 
were 63 mg for peptide 3 and 11 mg for peptide 12. Amino acid 
compositions gave the following. 3: Tyr, 0.91; Ala, 1.01; Phe, 0.99; 
His, 0.94; Leu, 1.0; Met, 0.96; Asp, 0.95. 12: Tyr, 0.94; Ala, 0.97; 
Phe, 0.98; Leu, 1.0; Met, 0.91; Asp 1.02. 

[D-Nle2]deltorphin A (4). W*-Fmoc-D-Nle was substituted 
for iV-Fmoc-D-Met during synthesis.7'13 The deprotected peptide 
was purified by two additional chromatographic steps to yield 
21 mg of product. Final amino acid composition was Tyr, 0.87; 
Nle, 1.02; Phe, 0.97; His, 0.89; Leu, 1.0; Met, 0.95; Asp, 0.97. 

[D-Met2]- and Deltorphin B (18 and 17, Respectively). 
Deltorphin B was synthesized as described.7 W-Fmoc-D-Met 
replaced Afa-Fmoc-D-Ala in the synthesis of [D-Met2]deltorphin 
B (18). The amino acid composition, normalized after a 72-h 
hydrolysis, was Tyr, 0.91; Met, 0.95; Phe, 0.99; Glu, 0.91; Gly, 1.0; 
Val, 1.67. 

Receptor Assays. Rat brain synaptosomes were obtained from 
Sprague-Dawley male rats, based on the method of Chang and 
Cuatrecasas,48 as previously described.6"8,49,50 The binding assays 

(48) Chang, K.-J.; Cuatrecasas, P. Multiple opiate receptors: 
Enkephalins and morphine bind to receptors of different spe­
cificity. J. Biol. Chem. 1979, 254, 2610-2618. 

(49) Lazarus, L. H.; de Castiglione, R.; Guglietta, A.; Wilson, W. E. 
Dermorphin gene sequence peptide with high affinity for 5-
opioid receptors. J. Biol. Chem. 1989, 264, 3047-3050. 

Folic acid coenzymes play an important role in amino 
acid metabolism and are essential for the biosynthesis of 
nucleic acids.1 They exist in the cell as tetrahydrofolyl 
poly-y-glutamate conjugates, which are the preferred 
substrates (cofactors) for most folate-requiring enzymes.2'3 

Conversion to polyglutamates, which is catalyzed by fo-
lylpolyglutamate synthetase (FPGS), contributes signifi­
cantly to the intracellular retention of tetrahydrofolate 
cofactors.2 A variety of structural analogues of folic acid, 
exemplified by methotrexate, is capable of undergoing 
intracellular polyglutamylation, which may play an im­
portant role in the antitumor activity of these antifolates.4 
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for h receptors utilized 0.62 pmol [3H]DPDPE (DuPont/NEN) 
in a reaction mixture containing 50 mM HEPES (pH 7.5), 5 mM 
MgCl2,1 tM bestatin, 4 Mg of bacitracin, 8% glycerol, 32 ng/mL 
soybean trypsin inhibitor, and 100 nM (phenyhnethyl)sulfonyl 
fluoride; M receptor assays used 1.28 nM [3H]DAGO (Amersham) 
with 1 M MgCl2 in addition to the above buffer and protease 
inhibitors. After a 2-h incubation at 22 °C, the duplicate samples 
were rapidly filtered through wetted Whatman GF/C glass mi-
crofilters and washed with 3 X 2 mL 50 mM Tris-HCl, pH 7.5, 
containing 1 mg/mL BSA; the filters were dried at 75 °C and 
counted in a /3 counter using CytoScint (ICN) fluorophore. 
Peptides were assayed at 4-9 concentrations covering 2-3 orders 
of magnitude with n = 3-8; 3-5 synaptosomal preparations were 
used to ensure the statistical reliability of SEM. The equation 
of Cheng and Prusoff51 was employed to calculate K{ values. 
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Since FPGS is essential for cellular viability,5,6 it represents 
a potential target for chemotherapy.7,8 
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The synthesis of a novel series of 7-substituted folic acid analogues, pteroyl-S-alkyl-DL-homocysteine (/iS)-sulfoximines, 
and the corresponding S-methylhomocysteine sulfone is described. Side reactions of the sulfoximine groups of the 
amino acid ester reactants were considered. The correct structures of the isolated target compounds were confirmed 
by NMR and FAB/MS excluding other alternatives. The replacement of the 7-COOH of the glutamate moiety 
of folic acid with S-alkylsulfoximine groups or S-methylsulfone did not affect the substrate activity of the vitamin 
for dihydrofolate reductase. The resulting tetrahydrofolate analogues could serve as cofactors for the thymidylate 
synthase cycle of murine leukemia L1210 cells in situ. The analogues inhibited the growth of these cells in culture 
with 2 orders of magnitude lower ICsn values [(2-4) X 10"4 M] than the parent folic acid. 
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