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Phenylalanine at position 4 of the peptide dynorphin A (Dyn A) is an important residue for
opioid receptor affinity and activity, but there is very little information available on the
structure-activity relationships or conformational preference of this residue for interaction
with κ-opioid receptors. Based on the hypothesis that the spatial orientation of the aromatic
ring at position 4 of Dyn A is important for opioid receptor affinity and selectivity, a series of
Dyn A analogues with various Phe derivatives substituted at position 4 were synthesized and
evaluated for their opioid receptor affinity and activity. The L- and D-Homophe4 (homopheny-
lalanine) analogues of [D-Ala8]Dyn A-(1-11)NH2 were compared to the (R)- and (S)-Atc4 (2-
aminotetralin-2-carboxylic acid) derivatives (Aldrich et al. Chirality 2001, 13, 125-129).
[L-Homophe4,D-Ala8]Dyn A-(1-11)NH2 exhibited higher κ-opioid receptor affinity than the
D-Homophe4 isomer, while [(R)-Atc4,D-Ala8]Dyn A-(1-11)NH2 exhibited higher κ-opioid receptor
affinity than the (S)-Atc4 isomer. Comparing the structure of Atc to those of Phe and Homophe,
these results suggest that the Atc isomers are functioning more as constrained Homophe rather
than Phe analogues in these Dyn A derivatives. The higher κ-opioid receptor affinity of the
(R)-Atc4 analogue suggests that Phe4 of Dyn A most likely adopts a gauche (-) or trans
conformation in the κ-opioid receptor binding site. Comparison of [D-Ala8]Dyn A-(1-11)NH2
derivatives containing Aic4 (2-aminoindan-2-carboxylic acid) and Tic4 (1,2,3,4-tetrahydroiso-
quinoline-3-carboxylic acid) with the peptides containing their acyclic counterparts R-MePhe4

and N-MePhe4, respectively, suggest that the loss in opioid receptor affinity seen for the Aic4

and Tic4 analogues is probably due to an improper orientation of the aromatic ring in these
residues. Most of the analogues in this series showed much lower affinity for δ-opioid receptors
than the parent peptide, suggesting that κ- and δ-opioid receptors have distinct binding pockets
for the residue at position 4 of Dyn A. All of the analogues with high affinity for κ-opioid
receptors exhibited full agonist activity in the adenylyl cyclase assay using cloned κ-opioid
receptors, indicating that changes in the position or orientation of the phenyl ring in this residue
did not alter the ability of the peptides to activate the receptor.

The focus of research on opioids and opioid receptors
for several decades has mainly been on the development
of strong analgesics free of the abuse potential and side
effects of narcotics such as morphine. Compared to
µ-opioid agonists, κ-opioid agonists lack respiratory
depression, physical dependence, and strong addictive
properties.1 Lately there has been considerable interest
in agonists for κ-opioid receptors as peripheral anal-
gesics.2-7 Further, κ-opioid receptor agonists have been
shown to decrease the self-administration of cocaine;8-10

this could lead to new approaches for the treatment of
cocaine addiction for which there is no suitable therapy
available. Kappa agonists can also potentially be used
as neuroprotective and anticonvulsant agents11 and for
the treatment of HIV-1 and HIV-1 related encephal-

opathy.12,13 A better understanding of how κ-opioid
receptors function at the molecular level is important
in the development of new therapeutic agents for these
receptors.

The heptadecapeptide dynorphin A (Dyn A14) is
thought to be an endogenous ligand for κ-opioid recep-
tors15,16 and is involved in a variety of biological func-
tions.17 The synthesis of κ-opioid receptor selective Dyn
A analogues and evaluation of their structure-activity
relationships (SAR) will aid in the understanding of
receptor-peptide ligand interactions with κ-opioid re-
ceptors. Compared to other opioid peptides the SAR
studies on Dyn A have been limited.18 Chavkin and
Goldstein in their early studies of Dyn A proposed a
“message-address” concept for this peptide (Figure 1).19

According to this hypothesis the N-terminal sequence
Tyr-Gly-Gly-Phe, which is common among most mam-
malian opioid peptides, acts as the “message” sequence
and is responsible for the opioid receptor activity of Dyn
A. The C-terminal “address” sequence that is unique to
Dyn A is proposed to be the potency-enhancing domain
and directs the peptide to κ-opioid receptors.

Stepwise substitution of alanine indicated that Tyr1
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and Phe4 are key residues in the “message” sequence
of Dyn A for opioid receptor affinity and activity.20

Although the importance of Phe at position 4 of Dyn A
is well established, little information is available about
the preferred spatial orientation for the aromatic ring
of this residue for interaction with κ-opioid receptors.
To date the only reported modifications of the aromatic
ring of Phe4 in Dyn A are substitution by Trp21,22 and
D-Trp,23 and incorporation of substituents (NO2, NH2)
on the para position of the aromatic ring.21,24,25 Yoshino
et al. also reported substitution of R-MePhe and D-Phe
at position 4 of [D-Leu8]Dyn A-(1-8)NH2,

24 but both
analogues, especially the D-Phe4 derivative, showed a
loss in affinity for all opioid receptors compared to the
parent peptide. Replacement of the peptide bond be-
tween Gly3-Phe4 of Dyn A-(1-11)NH2 by the reduced
amide ψ(CH2NH) resulted in loss in affinity for all opioid
receptors,26 but the analogue of [D-Leu8]Dyn A-(1-8)-
NH2 with this modification retained comparable κ-opioid
receptor affinity and showed much higher selectivity for
κ- over µ- and δ-opioid receptors than the corresponding
parent peptide.27 Replacement of the peptide bond
between Phe4-Leu5 by the reduced amide ψ(CH2NH) in
both Dyn A-(1-11)NH2 and [D-Leu8]Dyn A-(1-8)NH2
resulted in analogues which retained affinity for opioid
receptors comparable to the parent peptides.26,27 Al-
though a variety of conformationally constrained Phe
analogues have been incorporated in other opioid
peptides,28-33 when we began our research cyclo5,11[Tic4,-
Cys5,Cys11]Dyn A-(1-11)NH2 was the only reported Dyn
A analogue with a conformationally constrained Phe
derivative at position 4.34 This peptide showed large
decreases in affinity (180-fold and 392-fold for κ- and
µ-opioid receptors, respectively) compared to the parent
cyclic peptide.

Since Phe4 is a critical residue in Dyn A, the aromatic
ring of this residue is expected to make key interactions
with opioid receptors. In a computational model of Dyn
A-(1-10) bound to the κ-opioid receptor35 Phe4 of Dyn
A was postulated to be in a hydrophobic binding pocket
consisting of receptor residues near the extracellular-
transmembrane interface from transmembrane seg-
ments V-VII and from extracellular loop 2, including
residues I294 and V201. Therefore the spatial orienta-
tion of this group was expected to be important for the
κ-opioid receptor affinity of the peptide; the orientation
of this side chain might also affect receptor activation
and therefore the efficacy of the peptide. On the basis
of this hypothesis, we evaluated the effects on opioid
receptor affinity after substituting the optically pure
constrained Phe analogues (R)- and (S)-Atc (2-aminote-
tralin-2-carboxylic acid) (Figure 2) in position 4 of
[D-Ala8]Dyn A-(1-11)NH2.36 Both Dyn A analogues
containing Atc at position 4 showed nanomolar affinity
for κ- and µ-opioid receptors. Unexpectedly the peptide
containing (R)-Atc, which corresponds to a D-Phe de-
rivative (Figures 2 and 3b), showed much higher
κ-opioid receptor affinity than the (S)-Atc4 analogue.
This reversal of the preferred stereochemistry has been
demonstrated for only one other opioid peptide contain-
ing Atc, [(R)-Atc3,Ile5,6]deltorphin II37 (the reversal of

the preferred stereochemistry for δ-opioid receptor
interaction for this deltorphin II analogue was demon-
strated only when [3H][Ile5,6]deltorphin II was used as
the radioligand). In contrast, [D-Phe4,D-Ala8]Dyn A-(1-
11)NH2 exhibits significantly lower affinity for κ- and
µ-opioid receptors than the parent peptide.36

Atc can be considered as a conformationally con-
strained analogue of either Phe or homophenylalanine
(Homophe), the amino acid with an extra methylene
group in the side chain (Figures 2 and 3). As an
analogue of Phe, (S)-Atc corresponds to L-Phe and (R)-
Atc corresponds to D-Phe. The reverse is true for Atc as
an analogue of Homophe, where (S)-Atc is an analogue
of D-Homophe and (R)-Atc is a constrained derivative
of L-Homophe (Figures 2 and 3). To assess how Atc
analogues might be binding to κ-opioid receptors, both
isomers of Homophe were incorporated in position 4 of
[D-Ala8]Dyn A-(1-11)NH2. To further investigate the
conformational preferences of κ-opioid receptors for the
aromatic residue at position 4 of Dyn A, we also
incorporated the symmetric conformationally con-
strained analogue of Phe, Aic (2-aminoindan-2-carboxy-
lic acid), at this position. This analogue has been
incorporated previously in µ- and δ-opioid receptor
selective opioid peptides.38,39 As compared to Atc, Aic is
a conformationally constrained analogue of Phe only and
lacks a chiral center (Figure 2). Atc and Aic influence
both the orientation of the aromatic ring and the
backbone conformation of the peptide. Therefore, the
acyclic counterpart of Atc/Aic, R-MePhe, was also in-
corporated in position 4 to assess separately the influ-
ence of substitution at CR of Phe4 in Dyn A analogues
on opioid receptor affinity, selectivity, and efficacy.

Compared to Atc and Aic, in which cyclization is
through the CR-carbon, the conformationally constrained
Phe derivative Tic (1,2,3,4-tetrahydroisoquinoline-3-
carboxylic acid) involves cyclization through the NR-
amino group, resulting in the formation of a tertiary
amide and constraint of the Φ dihedral angle when
incorporated in the middle of the peptide. The effect of

Figure 1. Dynorphin A-(1-11)NH2.

Figure 2. Comparison of phenylalanine derivatives incorpo-
rated into position 4 of [D-Ala8]Dyn A-(1-11)NH2.
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Tic substitution was therefore compared to that of Atc
and Aic. Since Tic influences both the orientation of the
aromatic ring and backbone conformation, the acyclic
counterpart of Tic, N-MePhe, was also incorporated in
position 4 to assess separately the influence of substitu-
tion on the NR-amine on opioid receptor affinity and
selectivity of the Dyn A analogues.

Here we report the effects of substitution of these Phe
analogues in position 4 of [D-Ala8]Dyn A-(1-11)NH2 on
opioid receptor affinity, selectivity, and efficacy, and the
resulting conclusions concerning the possible conforma-
tions of this important residue.

Results and Discussion

Synthesis. All peptides were synthesized by solid-
phase peptide synthesis using Fmoc-protected amino
acids according to standard procedures.40 The synthesis
was performed on the Tentagel-S AM (5-(4-amino-
methyl-3,5-dimethoxyphenoxy)valeric acid) resin using
N,N′-diisopropylcarbodiimide (DIC) and 1-hydroxyben-
zotriazole (HOBt) as the coupling reagents. Following
synthesis and purification, the identity and purity of the
final compounds was verified using mass spectrometry,
analytical HPLC, and capillary electrophoresis (CE).
The final purity of all peptides was >98%.

Pharmacological Evaluation. The purified pep-
tides were examined for their affinity for κ-, µ-, and
δ-opioid receptors in radioligand binding assays using
cloned receptors stably expressed in CHO (Chinese
hamster ovary) cells.41 The affinities for κ-, µ-, and
δ-opioid receptors, determined by competitive inhibition
of the radioligands [3H]diprenorphine, [3H]DAMGO ([D-

Ala2,N-MePhe4,glyol]enkephalin), and [3H]DPDPE (cy-
clo[D-Pen2,D-Pen5]enkephalin), respectively, are given in
Table 1.

Both peptides containing the Homophe isomers ex-
hibited high affinity for κ-opioid receptors. The peptide
containing L-Homophe at position 4 showed subnano-
molar affinity for κ-opioid receptors and retained selec-
tivity for κ- over µ-opioid receptors similar to that of the
parent peptide [D-Ala8]Dyn A-(1-11)NH2. [D-Homophe4,D-
Ala8]Dyn A-(1-11)NH2 showed 3-fold lower affinity than
[Homophe4,D-Ala8]Dyn A-(1-11)NH2 and 16-fold lower
affinity than the parent peptide for κ-opioid receptors.
However, this loss in affinity for κ-opioid receptors for
the peptide with D-Homophe at position 4 was much less
than for the analogue with D-Phe at this position (81-
fold decrease compared to [D-Ala8]Dyn A-(1-11)NH2).
This may be due to the ability of D-Homophe (with a
longer, more conformationally flexible side chain than
D-Phe) to orient the aromatic group in a more favorable
position in the receptor binding pocket than D-Phe. The
Homophe4 analogue exhibited similar κ-opioid receptor
affinity as the (R)-Atc4 analogue (Ki (κ) ) 0.66 and 0.89
nM, respectively). The D-Homophe4 peptide exhibited
lower affinity for all opioid receptors, but still signifi-
cantly higher (5.5-fold) affinity for κ-opioid receptors
than the (S)-Atc4 analogue. The lower affinity of the (S)-
Atc4 peptide is most likely due to the restriction of the
aromatic ring orientation by this residue, whereas the
flexibility of the D-Homophe4 side chain permits this
ring to adopt a more favorable orientation for interaction
with κ-opioid receptors. These results suggest that in
these Dyn A derivatives the Atc isomers might be
behaving as Homophe rather than as Phe analogues

Figure 3. Comparison of the conformations of (R)-Atc (ø1 ) 71° (gauche (+)), ø2 ) 20° is in magenta and ø1 ) 168° (trans),
ø2 ) -20° is in red) to (a) L-Phe (ø1 ) -57° (gauche (-)) in white, ø1 ) 57° (gauche (+)) in orange, and ø1 ) 180° (trans) in yellow),
(b) D-Phe (the same colors are used as given for L-Phe), (c) L-Homophe (only the two conformations (ø1 ) -58° (gauche (-)), ø2 )
-60° in cyan and ø1 ) 178° (trans), ø2 ) 53° in blue) that are closest to the Atc conformations are shown), and (d) (S)-Atc (ø1 )
-71° (gauche (-)), ø2 ) -20° in green and ø1 ) -168° (trans), ø2 ) 20° in cyan) and Aic (ø1 ) -97° (gauche (-)), ø2 ) -13° in
white and ø1 ) -134° (trans), ø2 ) 9° in yellow). The conformations of (R)-Atc, (S)-Atc, and Aic are those reported for the
corresponding hydroxylated methylamide derivatives by Mosberg et al.31 Backbone atoms were used for superposition; NR is on
the lower left in each structure.

Table 1. Opioid Receptor Affinities of [D-Ala8]Dyn A-(1-11)NH2 Analogues

Ki (nM ( SEM)substitution at position 4 of
[D-Ala8]Dyn A-(1-11) NH2 analogues κ µ δ

Ki ratio
κ/µ/δ

1 Homophe 0.66 ( 0.03 13.7 ( 0.3 190 ( 58 1/21/288
2 D-Homophe 1.73 ( 0.51 47.0 ( 3.0 5570 ( 1620 1/27/3220
3 (R)-Atca 0.89 ( 0.14 32.9 ( 4.7 >10 000 1/37/>10 000
4 (S)-Atca 9.54 ( 2.77 88.3 ( 5.9 >10 000 1/9.3/>1050
5 Aic 26.5 ( 12.7 364 ( 52 >10 000 1/14/>377
6 R-MePhe 3.20 ( 0.79 3.24 ( 0.87 157 ( 46 1/1/49
7 Tic 4.69 ( 0.75 206 ( 36 3590 ( 580 1/44/765
8 N-MePhe 0.62 ( 0.19 1.03 ( 0.40 56.1 ( 7.1 1/1.7/90
9 D-Phea 8.91 ( 0.07 123 ( 37 >10 000 1/14/>1120
[D-Ala8]Dyn A (1-11) NH2

a 0.11 ( 0.05 4.20 ( 1.9 6.57 ( 0.23 1/38/60
a From ref.36

4004 Journal of Medicinal Chemistry, 2003, Vol. 46, No. 19 Vig et al.



(Figure 3). Further, the orientations adopted by the
aromatic ring in the (R)-Atc4 peptide and its linear
counterpart the Homophe4 analogue are more favorable
for interactions with κ-opioid receptors than orientations
adopted by the (S)-Atc4 derivative and its linear coun-
terpart the D-Homophe4 analogue.

Compared to Atc, Aic is a symmetric achiral confor-
mationally constrained analogue of Phe only. Incorpora-
tion of Aic at position 4 of [D-Ala8]Dyn A-(1-11)NH2
resulted in much larger decreases in binding affinity for
κ- and µ-opioid receptors as compared to the Atc4

analogues. These results suggest that the orientation
adopted by the aromatic ring of Aic in [Aic4,D-Ala8]Dyn
A-(1-11)NH2 is not complimentary with κ- and µ-opioid
receptor interaction. The slight decrease in the selectiv-
ity for κ- over µ-opioid receptors for the Aic4 and (S)-
Atc4 analogues may be due to the substitution at the
CR, which causes a smaller decrease in µ- than κ-opioid
receptor affinity.

Substitution of R-MePhe, an acyclic analogue of Aic
and Atc, in position 4 of [D-Ala8]Dyn A-(1-11)NH2
resulted in a decrease in affinity for κ-opioid receptors
while maintaining affinity for µ-opioid receptors, result-
ing in a complete loss of selectivity for κ- over µ-opioid
receptors. These results are in agreement with those
reported by Yoshino et al., where substitution of R-Me-
Phe at position 4 of [D-Leu8]Dyn A-(1-8)NH2 resulted
in a loss in affinity for κ-opioid receptors.24 The smaller
decrease in affinity for κ-opioid receptors for [R-MePhe4,D-
Ala8]Dyn A-(1-11)NH2 compared to the Aic- and (S)-
Atc-containing peptides suggested that the large de-
crease in affinity for κ-opioid receptors seen for the
constrained analogues is due to improper orientation
of the aromatic ring. On the basis of these results, it
appears that among these conformationally constrained
analogues of Phe, the orientation adopted by the aro-
matic ring in the (R)-Atc4-containing peptide is most
favorable for binding to κ- and µ-opioid receptors, while
the orientation adopted by the aromatic ring in the Aic-
containing peptide is least favorable for binding to these
receptors. The differences in µ-opioid receptor affinities
were smaller for the four analogues (<7-fold), suggesting
that µ-opioid receptor is less sensitive to the orientation
of this residue.

Mosberg and co-workers performed a detailed confor-
mational analysis on the hydroxylated derivatives of (R)-
Atc, (S)-Atc and Aic methylamides.31 They reported that
these analogues have two low energy conformers. In one
case the ø1 dihedral angle was close to (60° (gauche)
and in the other ø1 was close to 180° (trans) (Figure 3).
The phenyl rings in the trans conformations of (R)- and
(S)-Atc occupy approximately the same plane, as do the
phenyl rings in the gauche conformations of these two
isomers (Figure 3d). In contrast the phenyl ring in both
conformations of Aic is in a completely different plane
(Figure 3d) which may account for the low κ receptor
affinity of [Aic4,D-Ala8]Dyn A-(1-11)NH2. Comparing
the conformations of (R)-Atc to L-Phe (Figure 3a) sug-
gests that the gauche (+) conformation (ø1 approxi-
mately 60°) of Phe4 is not the bioactive conformation.
However, neither the gauche (-) (ø1 approximately
-60°) nor trans conformations could be ruled out based
on comparison of the structures of the possible confor-
mations of Atc, Phe, or Homophe.

Compared to Atc and Aic that involve cyclization
through the CR-carbon, Tic involves cyclization through
the NR-amino group constraining the Φ dihedral angle;
when incorporated in the middle of the peptide, Tic also
results in a tertiary amide. Tic influences both the
orientation of the aromatic ring (ø1 and ø2) and the
backbone conformation (Φ dihedral angle). Conforma-
tional analysis studies on the hydroxylated derivative
of Tic methylamide by Mosberg and co-workers31 indi-
cated that this analogue also has two low energy
conformers (gauche (+) and gauche (-)) with ø1 close
to (30° and ø2 close to (40°. Incorporation of Tic in
position 4 of [D-Ala8]Dyn A-(1-11)NH2 resulted in a
peptide with similar decreases (40-50-fold) in affinity
for κ- and µ-opioid receptors compared to the parent
peptide. The acyclic analogue of Tic, N-MePhe, was also
incorporated at this position to investigate the influence
of the backbone conformation on opioid receptor affinity
and activity. [N-MePhe4,D-Ala8]Dyn A-(1-11)NH2 showed
7.5-fold higher affinity (Ki (κ) ) 0.62 nM) than the Tic4

analogue, but 5-fold lower affinity than the parent
peptide, for κ-opioid receptors. This indicates that the
loss in κ-opioid receptor affinity of the Tic4 analogue is
probably due to a combination of both the spatial
orientation of the aromatic group and the effect of Tic
on the peptide backbone conformation. [N-MePhe4,D-
Ala8]Dyn A-(1-11)NH2 exhibited a 3-fold increase in
affinity for µ-opioid receptors compared to the parent
peptide, resulting in a complete loss of selectivity for κ-
over µ-opioid receptors. In contrast, the Tic4 analogue
showed similar selectivity for κ- over µ-opioid receptors
as the parent peptide, indicating that the spatial
orientation of the aromatic group in this residue can
compensate for the loss in selectivity due to substitution
at the R-nitrogen. These results for the R-MePhe4 and
N-MePhe4 analogues suggest that modifications at Phe4

of Dyn A that mainly influence the backbone conforma-
tion either increase or maintain the affinity for µ-opioid
receptors, resulting in decreased selectivity for κ- over
µ-opioid receptors.

The peptides containing D-amino acids (D-Phe and
D-Homophe) and peptides containing constrained amino
acids (Atc, Aic, and Tic) exhibited exceptionally large
losses (600-1500-fold) in affinity for δ-opioid receptors,
whereas the remaining substitutions (Homophe, N-
MePhe or R-MePhe) resulted in only moderate decreases
(8-30-fold) in affinity for δ-opioid receptors compared
to the parent peptide. These results indicate that
modifications in the stereochemistry and/or conforma-
tion of the residue at this position can influence the
affinity of the peptides for δ-opioid receptors to a great
extent. This suggests that there are distinct differences
in the binding pocket for the residue at position 4 in κ-
and δ-opioid receptors.

The functional consequences of these modifications to
the peptides were investigated by measuring their
ability to inhibit forskolin-stimulated adenylyl cyclase
activity in CHO cells expressing κ-opioid receptors by
the procedure described previously.42 Results from this
assay are summarized in Table 2. The EC50 values
ranged between 3 to >500 nM, with some of the
analogues exhibiting weak agonist activity. Except for
the three compounds that exhibited low affinity for
κ-opioid receptors, the analogues produced similar
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maximum inhibition at the highest concentration (10
µM) as the reference peptide (Dyn A-(1-13)NH2, 100%
inhibition at 100 nM), indicating that these analogues
are full agonists. In this assay, the rank order of potency
for adenylyl cyclase inhibition (Phe4 (parent) >N-
MePhe4 ≈ Homophe4 > Tic4 ≈ R-MePhe4 > D-Homophe4

> (R)-Atc4 > D-Phe4 ≈ (S)-Atc4 > Aic4) was similar to
that observed for the affinity for κ-opioid receptors (Phe4

(parent) > N-MePhe4 ≈ Homophe4 > (R)-Atc4 > D-
Homophe4 > R-MePhe4 > Tic4 > D-Phe4 ≈ (S)-Atc4 >
Aic4), with the parent peptide and the N-MePhe4 and
Homophe4 analogues demonstrating the highest poten-
cies in the adenylyl cyclase assay and κ-opioid receptor
binding affinities, while the (S)-Atc4 and Aic4 analogues
exhibited the lowest potencies and κ-opioid receptor
affinities.

The rank order of potency of pairs of isomers in the
adenylyl cyclase assay was similar to that found in the
binding assays. Thus, the parent peptide showed much
higher potency in the functional assay than the D-Phe4

analogue, while the (R)-Atc4 analogue showed higher
potency than the (S)-Atc4 isomer. This trend was
repeated in the Homophe analogues with the Homophe4

peptide exhibiting both higher affinity and potency at
κ-opioid receptors than its D-Homophe4 isomer. The
acyclic counterpart of Atc and Aic, R-MePhe, showed
moderately potent full agonist activity. The N-MePhe4

analogue showed higher potency than the other ana-
logues tested. The adenylyl cyclase assay results indi-
cate that although substitutions at position 4 of [D-Ala8]-
Dyn A-(1-11)NH2 influence the potency of the peptides
they did not appear to affect their efficacy, with all of
the analogues exhibiting agonist activity.

Conclusions

We hypothesized that Phe at position 4 of Dyn A
makes key interactions with opioid receptors and that
therefore the spatial orientation of the aromatic ring of
Phe4 in Dyn A is important for κ-opioid receptor affinity,
selectivity, and possibly efficacy. By incorporating vari-
ous Phe derivatives at position 4 of [D-Ala8]Dyn A-(1-
11)NH2 we demonstrated that the affinity, selectivity,
and potency, but not efficacy, of the peptide was
influenced by the spatial orientation of the aromatic
group, the stereochemistry of the residue at this posi-
tion, and the backbone conformation. Substitution of
conformationally constrained (R)-Atc at position 4 of
[D-Ala8]Dyn A-(1-11)NH2 resulted in a peptide with

much higher affinity and selectivity for κ-opioid recep-
tors than the analogues containing (S)-Atc and Aic at
this position, suggesting that the spatial orientation of
the aromatic ring of (R)-Atc4 analogue is the most
compatible with interaction with κ-opioid receptors. The
results obtained in this study compared to the confor-
mations of the various conformationally restricted Tyr
analogues determined by Mosberg and co-workers31

suggest that the preferred conformation for the Phe4

side chain of Dyn A is most likely either gauche (-),
with ø1 of approximately -60°, or trans. The importance
of the orientation of the Phe4 side chain of Dyn A for
κ-opioid receptor affinity is consistent with the compu-
tational model of Dyn A interacting with κ-opioid
receptors proposed by Paterlini et al.35 In this model
the Phe4 side chain was in the gauche (-) conformation
(G. Paterlini, personal communication).

The stereochemistry of the residue at position 4 of
[D-Ala8]Dyn A-(1-11)NH2 influenced the opioid receptor
affinity and selectivity of this peptide. The (R)-Atc-,
Homophe-, and Phe-containing analogues exhibited
higher κ-opioid receptor affinity and selectivity than the
(S)-Atc-, D-Homophe-, and D-Phe-containing analogues,
respectively. These results also suggest that the Atc
isomers incorporated at position 4 of Dyn A behave more
like Homophe than Phe analogues (Figure 3). Modifica-
tions at Phe4 of Dyn A that mainly influenced the
backbone conformation resulted in peptides that either
maintained or exhibited increased affinity for µ-opioid
receptors, resulting in reduced selectivity for κ- over
µ-opioid receptors for these analogues. Although modi-
fications at Phe4 of [D-Ala8]Dyn A-(1-11)NH2 resulted
in peptides with only moderate selectivity for κ- over
µ-opioid receptors, these modifications had maximal
effect on the affinity for δ-opioid receptors, with most
of the analogues exhibiting large decreases in affinity
for these receptors. Thus while κ- and µ-opioid receptors
can tolerate various modifications at position 4, δ-opioid
receptors were very sensitive to these modifications.
These results suggest that there are distinct differences
in the binding pockets of κ- and δ-opioid receptors for
this residue, with the δ-opioid receptor binding pocket
having stricter structural requirements for the residue
at position 4 of Dyn A than either κ- or µ-opioid
receptors. Although the modifications at position 4 of
[D-Ala8]Dyn A-(1-11)NH2 had considerable influence on
opioid receptor affinity and selectivity, these modifica-
tions had minimal influence on the κ-opioid receptor
efficacy of the resulting peptides; all of the peptides
exhibited agonist activity with their potencies parallel-
ing their binding affinities for κ-opioid receptors.

Based on these results selected Phe derivatives have
been chosen for incorporation into cyclic Dyn A ana-
logues. These conformationally restricted peptides con-
tain both a long range (backbone) as well as a local
constraint (constrained amino acid side chain), which
will help to better delineate the structure-activity
relationships and conformational preferences for this
important residue in Dyn A. These cyclic analogues are
currently under investigation in our laboratory.

Experimental Section
Materials. All Fmoc-protected amino acids were purchased

from Applied Biosystems (Foster City, CA), Anaspec (San Jose,
CA), Bachem (King of Prussia, PA), or Novabiochem (La Jolla,

Table 2. Inhibition of Forskolin-Stimulated Adenylyl Cyclase
Activity by [D-Ala8]Dyn A-(1-11)NH2 Analogues in the CHO
Cells Expressing κ-Opioid Receptors

substitution at position 4 of
[D-Ala8] Dyn A (1-11) NH2 analogues

EC50
(nM ( SEM)

% max.
responsea

1 Homophe 5.20 ( 1.99 95 ( 5
2 D-Homophe 46.9 ( 7.1 100
3 R-Atc 72.4 ( 28.1 96 ( 3
4 S-Atc 573 ( 220 74 ( 1
5 Aic - 39 ( 8
6 R-MePhe 36.5 ( 6.4 100
7 Tic 29.4 ( 10.3 91 ( 5
8 N-MePhe 3.56 ( 0.64 99 ( 1
9 D-Phe 515 ( 330 73 ( 10
[D-Ala8]Dyn A-(1-11)NH2 1.24 ( 0.43 100

a Maximum percent inhibition of adenylyl cyclase at a concen-
tration of 10 µM relative to 100 nM Dyn A-(1-13)NH2.
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CA). Tentagel-S AM resin was purchased from Peptides
International (Lexington, KY). Acetic acid, DIC, diethyl ether,
monobasic sodium phosphate, piperidine, and TFA (trifluoro-
acetic acid) were purchased from Aldrich Chemical Co. (Mil-
waukee, WI). HOBt was purchased from Novabiochem. HPLC-
grade solvents (dichloromethane (DCM), N,N-dimethylacetamide
(DMA), MeCN, and MeOH for synthesis and HPLC analysis
were purchased from Burdick and Jackson, Inc. (Muskegon,
MI) or EM Sciences (Gibbstown, NJ).

Synthesis. All peptides were synthesized on the Tentagel-S
AM resin (0.25 mmol/g) using a Milligen Biosearch 9500
automated peptide synthesizer. The resin was first swollen
with 20 mL of DCM/DMA (1:1, 2 × 20 min). A solution of the
desired Fmoc-protected amino acid (0.4 M in DMA, 4-fold
excess) with 1 equiv of HOBt was mixed with an equal amount
of 0.4 M DIC in DCM and reacted with the resin for 2 h; the
resin was then washed with DCM/DMA (1:1, 12×). The
completion of the coupling reactions was determined by the
ninhydrin43 and/or the chloranil tests.44 The side chains of Lys,
Tyr, and Arg were protected by Boc (tert-butyloxycarbonyl),
t-Bu, and Pbf (2,2,4,6,7-pentamethyldihydrobenzofuran-5-sul-
fonyl) groups, respectively. Following the coupling reaction,
the Fmoc group was removed by 20% piperidine in DMA (2 ×
10 min), the resin washed with DMA/DCM (1:1, 5 × 2 min),
and the next amino acid then coupled to the resin. After
completion of the peptide assembly and removal of the Fmoc
group from the N-terminal residue, the resin was washed
successively with DCM/DMA (1:1), DCM, and finally with
methanol to shrink the resin.

Cleavage of the Peptides from the Resin. The protected
peptide resins were reacted with 10 mL of Reagent B (88%
TFA, 5% phenol, 5% water, and 2% triisopropylsilane)45 for 2
h. The solutions were then filtered from the resin and washed
with TFA (1 mL). The solutions were diluted with 10% acetic
acid (30 mL) and extracted with ether (3 × 30 mL), and the
ether extracts were then back extracted with acetic acid (2 ×
10 mL). The combined aqueous layers were lyophilized to give
the crude peptides.

Purification and Analysis of the Peptides. The crude
peptides were purified by preparative reversed phase HPLC
(Rainin HPXL HPLC system equipped with a Shimadzu SPD-
10A detector) on a Vydac C18 column (10 µ, 300 Å, 21 × 250
mm) equipped with a Vydac guard cartridge. For purification
a linear gradient of 15-50% aqueous MeCN containing 0.1%
TFA over 35 min, at a flow rate of 20 mL/min, was used. The
purification was monitored at 214 nm.

The purity of the final peptides was verified by analytical
HPLC and CE. For analytical HPLC, a Beckman HPLC
System Gold, consisting of a programmable solvent module
126 and a diode array detector module 168, employing a Vydac
218-TP column (5 µm, 300 Å, 4.6 × 250 mm) equipped with a
Vydac guard cartridge, was used. A linear gradient of 5-80%
solvent B (solvent A, aqueous 0.1% TFA, and solvent B, MeCN
containing 0.1% TFA) over 50 min, at a flow rate of 1 mL/
min, was used for the analysis. The CE analysis of the peptides
was carried out on a Beckman P/ACE 2100 using the following
conditions: 50 µm × 57 cm capillary (50 cm to the detector);
50 mM monobasic sodium phosphate buffer, pH 2.5; applied
potential, 20 kV; 20 s pressure injection; detection at 214 nm.
The final purity of all peptides by both analytical systems was
>98%. Molecular weights of the compounds were determined
by fast atom bombardment mass spectrometry (FAB-MS) on
a Kratos MS50RF mass spectrometer (Environmental Health
Sciences Center, Oregon State University, Corvallis, OR).

Molecular Modeling. Molecular modeling was performed
with SYBYL 6.9 (Tripos, Inc.). The conformations for the
hydroxylated methylamides of (R)-Atc, (S)-Atc, and Aic were
taken from Mosberg et al.31 For L- and D-Phe, three different
side chain conformations (with ø1 ) -60°, 60°, and 180°) of
the acetylated methylamides were constructed, minimized
using the Tripos force field and Gasteiger-Marsili charges (all
other parameters were set at default values), and compared
to (R)- and (S)-Atc. For D- and L-Homophe, nine side chain
conformations (with all possible combinations of -60°, 60°, and

180° for ø1 and ø2) were constructed, minimized, and compared
to (R)- and (S)-Atc; the ø1 ) -58°, ø2 ) -60° and ø1 ) 178°, ø2

) 53° conformations are shown in Figure 3c. To simplify the
structures, the acetyl and methylamides groups are not shown
in Figure 3.

Radioligand Binding Assays. Radioligand binding assays
were performed as previously described41 using cloned rat κ-
and µ- and mouse δ-opioid receptors stably expressed in CHO
cells. [3H]Diprenorphine, [3H]DAMGO, and [3H]DPDPE were
used as radioligands in the assays for κ-, µ-, and δ-opioid
receptors, respectively. Nonspecific binding was determined
in the presence of 10 µM unlabeled Dyn A-(1-13)NH2,
DAMGO, and DPDPE for κ-, µ-, and δ-opioid receptors,
respectively. Binding assays were carried out in the presence
of peptidase inhibitors (10 µM bestatin, 30 µM captopril, and
50 µM L-leucyl-L-leucine) and 3 mM Mg2+. IC50 values were
determined by nonlinear regression analysis to fit a logistic
equation to the competition data using GraphPad Prism
software. Ki values were calculated from the IC50 values by
the Cheng and Prusoff equation,46 using KD values of 0.45,
0.49, and 1.76 nM for [3H]diprenorphine, [3H]DAMGO, and
[3H]DPDPE, respectively. The results presented are the mean
( SEM from at least three separate assays.

Adenylyl Cyclase Assays. Adenylyl cyclase assays were
performed as previously described42 using cloned rat κ-opioid
receptors stably expressed in CHO cells. Adenylyl cyclase
assays were carried out in the presence of a phosphodiesterase
inhibitor (50 µM RO20-1724) and peptidase inhibitors (10 µM
bestatin, 30 µM captopril, and 50 µM L-leucyl-L-leucine). The
cultures were incubated at 37° for 40 min in the presence of
50 µM forskolin and various concentrations of peptides. [14C]-
Cyclic AMP (5000 cpm in 50 µL) was added to each plate to
correct for recovery. Concentrations of [3H]- and [14C]cyclic
AMP were determined simultaneously using a Beckman LS
6000SC scintillation counter, and counts were corrected for
crossover and recovery. The results presented are the mean
( SEM from at least three separate assays (except for the
D-Homophe4 and N-MePhe4 analogues where n ) 2).

Acknowledgment. The authors would like to thank
Jennif Chandler and B. Marinda Thomas for performing
the pharmacological assays. This research was sup-
ported by grant DA05195 from the National Institute
on Drug Abuse.

Supporting Information Available: HPLC, CE, and
mass spectrometry data for the [D-Ala8]Dyn A-(1-11)NH2

analogues. This material is available free of charge via the
Internet at http://pubs.acs.org.

References
(1) Millan, M. J. Kappa-Opioid Receptors and Analgesia. Trends

Pharmacol. Sci. 1990, 11, 70-76.
(2) Machelska, H.; Pfluger, M.; Weber, W.; Piranvisseh-Volk, M.;

Daubert, J. D.; Dehaven, R.; Stein, C. Peripheral Effects of the
Kappa-Opioid Agonist EMD 61753 on Pain and Inflammation
in Rats and Humans. J. Pharmacol. Exp. Ther. 1999, 290, 354-
361.

(3) Giardina, G.; Clarke, G. D.; Grugni, M.; Sbacchi, M.; Vecchietti,
V. Central and Peripheral Analgesic Agents: Chemical Strate-
gies for Limiting Brain Penetration in Kappa-Opioid Agonists
Belonging to Different Chemical Classes. Farmaco 1995, 50,
405-418.

(4) Binder, W.; Walker, J. S. Effect of the Peripherally Selective
κ-Opioid Agonist, Asimadoline, on Adjuvant Arthritis. Br. J.
Pharmacol. 1998, 124, 647-654.

(5) Ko, M. C.; Butelman, E. R.; Woods, J. H. Activation of Peripheral
Kappa Opioid Receptors Inhibits Capsaicin-Induced Thermal
Nociception in Rhesus Monkeys. J. Pharmacol. Exp. Ther. 1999,
289, 378-385.

(6) Ko, M. C.; Willmont, K. J.; Burritt, A.; Hruby, V. J.; Woods, J.
H. Local Inhibitory Effects of Dynorphin A-(1-17) on Capsaicin-
Induced Thermal Allodynia in Rhesus Monkeys. Eur. J. Phar-
macol. 2000, 402, 69-76.

(7) Aldrich, J. V.; Vigil-Cruz, S. C. Narcotic Analgesics. Burger’s
Medicinal Chemistry and Drug Discovery; Abraham, D. J., Ed.;
John Wiley & Sons: New York, 2003; pp 329-481.

Substitution of Phe4 in [D-Ala8]Dynorphin A-(1-11)NH2 Journal of Medicinal Chemistry, 2003, Vol. 46, No. 19 4007



(8) Negus, S. S.; Mello, N. K.; Portoghese, P. S.; Lin, C. E. Effects
of Kappa Opioids on Cocaine Self-Administration by Rhesus
Monkeys. J. Pharmacol. Exp. Ther. 1997, 282, 44-55.

(9) Schenk, S.; Partridge, B.; Shippenberg, T. S. U69593, a Kappa-
Opioid Agonist, Decreases Cocaine Self-Administration and
Decreases Cocaine-Produced Drug-Seeking. Psychopharmacol.
(Berl.) 1999, 144, 339-346.

(10) Mello, N. K.; Negus, S. S. Interactions between Kappa Opioid
Agonists and Cocaine. Preclinical Studies. Ann. N. Y. Acad. Sci
2000, 909, 104-132.

(11) Tortella, F. C.; Decoster, M. A. Kappa Opioids: Therapeutic
Considerations in Epilepsy and CNS Injury. Clin. Neurophar-
macol. 1994, 17, 403-416.

(12) Peterson, P. K.; Gekker, G.; Lokensgard, J. R.; Bidlack, J. M.;
Chang, A. C.; Fang, X.; Portoghese, P. S. Kappa-Opioid Receptor
Agonist Suppression of HIV-1 Expression in CD4+ Lymphocytes.
Biochem. Pharmacol. 2001, 61, 1145-1151.

(13) Chao, C. C.; Gekker, G.; Hu, S.; Sheng, W. S.; Shark, K. B.; Bu,
D.-F.; Archer, S.; Bidlack, J. M.; Peterson, P. K. Kappa Opioid
Receptors in Human Microglia Downregulate Human Immuno-
deficiency Virus 1 Expression. Proc. Natl. Acad. Sci. U.S.A. 1996,
93, 8051-8056.

(14) Abbreviations used for amino acids follow the rules of the
IUPAC-IUB Joint Commission of Biochemical Nomenclature
in Eur. J. Biochem. 1984, 138, 9-37. Amino acids are in the
L-configuration except where indicated otherwise. Additional
abbreviations used are as follows: Aic, 2-aminoindan-2-carboxy-
lic acid; Atc, 2-aminotetralin-2-carboxylic acid; Boc, tert-buty-
loxycarbonyl; CE, capillary electrophoresis; CHO, Chinese ham-
ster ovary; [3H]DAMGO, ([D-Ala2,N-MePhe4,glyol]enkephalin);
[3H]DPDPE, (cyclo[D-Pen2, D-Pen5]enkephalin); DCM, dichlo-
romethane; DIC, N,N′-diisopropylcarbodiimide; DMA, N,N-di-
methylacetamide; DMF, N,N-dimethylformamide; Dyn A, dynor-
phin A; FAB-MS, fast atom bombardment mass spectrometry;
Fmoc, 9-fluorenylmethoxycarbonyl; HOBt, 1-hydroxybenzotri-
azole; Homophe, homophenylalanine; HPLC, high performance
liquid chromatography; Pbf, 2,2,4,6,7-pentamethyldihydroben-
zofuran-5-sulfonyl; SAR, structure-activity relationships; TFA,
trifluoroacetic acid; Tic, 1,2,3,4-tetrahydroisoquinoline-3-car-
boxylic acid.

(15) Goldstein, A.; Tachibana, S.; Lowney, L. I.; Hunkapiller, M.;
Hood, L. Dynorphin-(1-13), an Extraordinarily Potent Opioid
Peptide. Proc. Natl. Acad. Sci. U.S.A. 1979, 76, 6666-6670.

(16) Chavkin, C.; James, I. F.; Goldstein, A. Dynorphin is a Specific
Endogenous Ligand of the κ Opioid Receptor. Science 1982, 215,
413-415.

(17) Vaccarino, A. L.; Kastin, A. J. Endogenous opiates: 2000.
Peptides 2001, 22, 2257-2328.

(18) Naqvi, T.; Haq, W.; Mathur, K. B. Structure-Activity Relation-
ship Studies of Dynorphin A and Related Peptides. Peptides
1998, 19, 1277-1292.

(19) Chavkin, C.; Goldstein, A. Specific Receptor for the Opioid
Peptide Dynorphin: Structure-Activity Relationships. Proc.
Natl. Acad. Sci. U.S.A. 1981, 78, 6543-6547.

(20) Turcotte, A.; Lalonde, J.-M.; St.-Pierre, S.; Lemaire, S. Dynor-
phin-(1-13). I. Structure-Function Relationships of Ala-
Containing Analogues. Int. J. Pept. Protein Res. 1984, 23, 361-
367.

(21) Schiller, P. W.; Eggimann, B.; Nguyen, T. M.-D. Comparative
Structure-Function Studies with Analogues of Dynorphin-(1-
13) and [Leu5]enkephalin. Life Sci. 1982, 31, 1777-1780.

(22) Lemaire, S.; Turcotte, A. Synthesis and Biological Activity of
Analogues of Dynorphin-A(1-13) Substituted in Positions 2 and
4: Design of [Ala2,Trp4]-Dyn-A(1-13) as a Putative Selective
Opioid Antagonist. Can. J. Physiol. Pharmacol. 1986, 64, 673-
678.

(23) Gairin, J. E.; Mazarguil, H.; Alvinerie, P.; St.-Pierre, S.; Meunier,
J.-C.; Cros, J. Synthesis and Biological Activity of Dynorphin A
Analogues with Opioid Antagonist Properties. J. Med. Chem.
1986, 29, 1913-1917.

(24) Yoshino, H.; Nakazawa, T.; Arakawa, Y.; Kaneko, T.; Tsuchiya,
Y.; Matsunaga, M.; Araki, S.; Ikeda, M.; Yamatsu, K.; Tachibana,
S. Synthesis and Structure-Activity Relationships of Dynorphin
A-(1-8) Amide Analogues. J. Med. Chem. 1990, 33, 206-212.

(25) Leelasvatanakij, L.; Aldrich, J. V. A Solid-Phase Synthetic
Strategy for the Preparation of Peptide-Based Affinity Labels:
Synthesis of Dynorphin A Analogues. J. Pept. Res. 2000, 56, 80-
87.

(26) Meyer, J. P.; Davis, P.; Lee, K. B.; Porreca, F.; Yamamura, H.
I.; Hruby, V. J. Synthesis Using a Fmoc-Based Strategy and
Biological Activities of Some Reduced Peptide Bond Pseudopep-
tide Analogues of Dynorphin A. J. Med. Chem. 1995, 38, 3462-
3468.

(27) Ambo, A.; Sasaki, Y.; Suzuki, K. Synthesis and Opioid Activities
of [D-Leu8]Dynorphin (1-8) Analogues Containing a Reduced
Peptide Bond, ψ(CH2NH). Chem. Pharm. Bull. 1995, 43, 1547-
1550.

(28) Schiller, P. W.; Weltrowska, G.; Nguyen, T. M.-D.; Lemieux, C.;
Chung, N. N.; Marsden, B. J.; Wilkes, B. C. Conformational
Restriction of the Phenylalanine Residue in a Cyclic Opioid
Peptide Analogue: Effects on Receptor Selectivity and Ste-
reospecificity. J. Med. Chem. 1991, 34, 3125-3132.

(29) Salvadori, S.; Bryant, S. D.; Bianchi, C.; Balboni, G.; Scaranari,
V.; Attila, M.; Lazarus, L. H. Phe3-Substituted Analogues of
Deltorphin C. Spatial Conformation and Topography of the
Aromatic Ring in Peptide Recognition by δ Opioid Receptors. J.
Med. Chem. 1993, 36, 3748-3756.

(30) Toth, G.; Russell, K. C.; Landis, G.; Kramer, T. H.; Fang, L.;
Knapp, R.; Davis, P.; Burks, T. F.; Yamamura, H. I.; Hruby, V.
J. Ring Substituted and Other Conformationally Constrained
Tyrosine Analogues of [D-Pen2, D-Pen5]enkephalin with δ Opioid
Receptor Selectivity. J. Med. Chem. 1992, 35, 2384-2391.

(31) Mosberg, H. I.; Lomize, A. L.; Wang, C.; Kroona, H.; Heyl, D.
L.; Sobcyzk-Kojiro, K.; Ma, W.; Mousigian, C.; Porreca, F.
Development of a Model for the δ Opioid Receptor Pharma-
cophore. 1. Conformationally Restricted Tyr1 Replacements in
the Cyclic δ Receptor Selective Tetrapeptide Tyr-c[D-Cys-Phe-
Pen]OH (JOM-13). J. Med. Chem. 1994, 37, 4371-4383.

(32) Kazmierski, W.; Hruby, V. J. A New Approach to Receptor
Ligand Design: Synthesis and Conformation of a New Class of
Potent and Highly Selective µ Opioid Antagonists Utilizing
Tetrahydroisoquinoline Carboxylic Acid. Tetrahedron 1988, 44,
697-710.

(33) Hruby, V. J.; Li, G. G.; Haskell-Luevano, C.; Shenderovich, M.
Design of Peptides, Proteins, and Peptidomimetics in Chi Space.
Biopolymers 1997, 43, 219-266.

(34) Kawasaki, A. M.; Knapp, R. J.; Kramer, T. H.; Walton, A.; Wire,
W. S.; Hashimoto, S.; Yamamura, H. I.; Porreca, F.; Burks, T.
F.; Hruby, V. J. Design and Synthesis of Highly Potent and
Selective Cyclic Dynorphin A Analogues. 2. New Analogues. J.
Med. Chem. 1993, 36, 750-757.

(35) Paterlini, G.; Portoghese, P. S.; Ferguson, D. M. Molecular
Simulation of Dynorphin A-(1-10) Binding to Extracellular Loop
2 of the κ-Opioid Receptor. A Model for Activation. J. Med. Chem.
1997, 40, 3254-3262.

(36) Aldrich, J. V.; Zheng, Q.; Murray, T. F. Dynorphin A Analogues
Containing a Conformationally Constrained Phenylalanine De-
rivative in Position 4: Reversal of Preferred Stereochemistry
for Opioid Receptor Affinity and Discrimination of κ vs δ
Receptors. Chirality 2001, 13, 125-129.

(37) Toth, G.; Darula, Z.; Peter, A.; Fulop, F.; Tourwe, D.; Jaspers,
H.; Verheyden, P.; Bocskey, Z.; Toth, Z.; Borsodi, A. Conforma-
tionally Constrained Deltorphin Analogues with 2-Aminotetra-
lin-2-carboxylic Acid in Position 3. J. Med. Chem. 1997, 40, 990-
995.

(38) Salvadori, S.; Bryant, S. D.; Bianchi, C.; Balboni, G.; Scaranari,
V.; Attila, M.; Lazarus, L. H. Phe3-Substituted Analogues of
Deltorphin-C - Spatial Conformation and Topography of the
Aromatic Ring in Peptide Recognition By Delta-Opioid Recep-
tors. J. Med. Chem. 1993, 36, 3748-3756.

(39) Wilkes, B. C.; Schiller, P. W. Molecular-Dynamics Simulations
of Opioid Peptide Analogues Containing Multiple Conforma-
tional Restrictions. Int. J. Pept. Protein Res. 1992, 40, 249-
254.

(40) Snyder, K. R.; Story, S. C.; Heidt, M. E.; Murray, T. F.;
DeLander, G. E.; Aldrich, J. V. Effect of Modification of the Basic
Residues of Dynorphin A-(1-13) Amide on κ Opioid Receptor
Selectivity and Opioid Activity. J. Med. Chem. 1992, 35, 4330-
4333.

(41) Arttamangkul, S.; Ishmael, J. E.; Murray, T. F.; Grandy, D. K.;
DeLander, G. E.; Kieffer, B. L.; Aldrich, J. V. Synthesis and
Opioid Activity of Conformationally Constrained Dynorphin A
Analogues. 2. Conformational Constraint in the “Address”
Sequence. J. Med. Chem. 1997, 40, 1211-1218.

(42) Soderstrom, K.; Choi, H.; Aldrich, J. V.; Murray, T. F. N-Alkyl-
ated Derivatives of [D-Pro10]Dynorphin A-(1-11) are High Af-
finity Partial Agonists at the Cloned Rat κ-Opioid Receptor. Eur.
J. Pharmacol. 1997, 338, 191-197.

(43) Kaiser, E.; Colescott, R. L.; Bossinger, C. D.; Cook, P. L. Color
Test for Detection of Free Terminal Amino Groups in the Solid-
Phase Synthesis of Peptides. Anal. Biochem. 1970, 34, 595-598.

(44) Vojkovsky, T. Detection of Secondary Amines on Solid Phase.
Pept. Res. 1995, 8, 236-237.

(45) Solé, N. A.; Barany, G. Optimization of Solid-Phase Synthesis
of [Ala8]-Dynorphin A. J. Org. Chem. 1992, 57, 5399-5403.

(46) Cheng, Y.; Prusoff, W. H. Relationship Between the Inhibition
Constant (Ki) and the Concentration of Inhibitor which Causes
50 Percent Inhibition (I50) of an Enzymatic Reaction. Biochem.
Pharmacol. 1973, 22, 3099-3108.

JM030075O

4008 Journal of Medicinal Chemistry, 2003, Vol. 46, No. 19 Vig et al.


