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Abstract—Conformation of bicyclic guanidines with kappa-opioid receptor activity derived in our laboratory from a positional
scanning synthetic combinatorial library is presented in this work. We propose a common bioactive conformation and putative
pharmacophoric features by means of 3D similarity methods. Our ‘Y’ shape molecular binding model explains structure–activity
relationships and suggests that the guanidine functionality and a 4-methoxybenzyl group may be involved in key interactions with
the receptor. Comparison of our model with known opiates suggest a similar binding mode showing that the bicyclic guanidines
presented in this work are suitable scaffolds for further development of new opioid receptors ligands.
� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Opioid receptors are membrane proteins that belong to
the G-protein coupled receptors (GPCR) superfamily.
The three opioid receptors in the central nervous system
and periphery are mu (l), kappa (j) and delta (d).1,2 X-
ray crystal structures of the prototype GPCR rhodopsin
in its inactive form (dark state) were the first available.3,4

They have been extensively employed in experimental5

and computational studies.6,7 Moreover, their use has
been expanded to other GPCR’s, such as in cases of opi-
oid receptors where the corresponding coordinates de-
rived from homology modeling have been published.8

Key contacts for molecular recognition in opioids are
known based on experimental techniques, namely site-
directed mutagenesis, chimeric, and affinity labeling
studies.9 Mutagenesis has revealed that binding occurs
within conserved regions of the transmembrane helices,
specifically the interactions between an amine and phe-
nolic group of the ligand with residues Asp138 and
His291, respectively. These interactions form a region
called ‘message’ and this region is common to both
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selective and non-selective opioid ligands (see Kane
et al.9 for an explanation of the ‘message–address’ con-
cept). On j and d opioids the ‘address’ region has been
shown to confer selectivity. An extra positively charged
guanidinyl group on the ligand is thought to form a salt
bridge with Glu297, an interaction that is considered as
the basis of j selectivity. A hydrophobic group (indole
for instance) in the address moiety confers selectivity
to the d opioid receptor. The prototypical l-opiate mor-
phine, however, lacks an address moiety. A model de-
rived to explain the basis for its selectivity suggested
the interaction of the amine, phenolic ring and 6a-hy-
droxyl group with Asp147, Tyr299, and Cys321, respec-
tively, as the key features.10 The interactions that confer
selectivity to nonopiate ligands are not well understood.
One of the issues is the high flexibility that they show,
which in some cases cause speculation on the binding
site.9

Positional scanning-synthetic combinatorial libraries
(PS-SCL) have been used to successfully identify active
molecules for a variety of biological targets.11–13 In the
case of opioid receptors highly active peptides14,15 and
peptidomimetics have been identified.15 Based on this
strategy a set of bicyclic guanidines (BCG) were found
with a range of activity at the j-opioid receptor (from
IC50 = 37 nM to >10,000 nM).11,13 The binding modes
of these BCGs and comparison with binding modes of
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known opiates may help in the design of new opioid
ligands.

Ligand-based computational methods have been shown
to be useful tools for exploring binding modes.16 Rapid
overlay of chemical structures (ROCS) is a 3D shape-
based method used to superimpose conformers of a candi-
date molecule with a query molecule. ROCS maximizes
the shared volume between each conformer in a database
against the query.17 Taking into account the chemical nat-
ure of the molecule (position of heteroatoms) enhances
the results. When the conformation of a compound in
the binding site is known, obtained by X-ray crystallogra-
phy or NMR for instance, it may be used as the reference
conformation.18 In certain cases a low energy conforma-
tion is considered as a starting point.17 However, there
are several examples, as in the case of this study, where
the bioactive conformation is unknown. Here, we em-
ployed ROCS of BCGs to derive a molecular binding
model. Structural modifications based on the 3D shape
comparison with known opiates are also suggested.
2. Results and discussion

2.1. 3D similarity analysis

Chemical structures and the corresponding IC50 values
for the BCGs used to develop the binding model are
summarized in Table 1. These molecules were identified
from a PS-SCL.11 A short description of the combinato-
rial and synthetic methodology as well as the biological
assay employed is described in Section 4.2. Generation
of the conformer distribution was performed using
OMEGA.19 For 3D shape comparisons the most active
molecules (1, 2 in Table 1) were selected as queries, and
will be called q1 and q2, respectively. The first step con-
sisted in selecting the conformations of the queries. In-
stead of choosing conformations at random or the
ones with lowest energy, the conformation of the query
that showed the best correlation between similarity
(combo score: shape + chemical nature score similarity)
and activity was chosen. The selected conformations are
depicted in Figure 1. The conformation of molecule 2
obtained when molecule 1 was the query was the same
as the one obtained when molecule 2 was the query,
and vice versa. In other words, the ‘Y’ shape conforma-
tion shown in Figure 1 was mutually obtained for 1 and
2.

Once the optimal conformation of the queries was se-
lected from the two most active molecules in the data
set, the similarity of the remaining molecules in the data-
base to q1 and q2 was analyzed. Results are summarized
in Table 1. Figure 2 shows the corresponding multi-fu-
sion similarity map. In this plot, the X-axis represents
the mean combo score similarity of a given molecule
to q1 and q2 while the Y-axis represents the maximum
combo score similarity of a given molecule to either q1
or q2. A detailed description of the multi-fusion similar-
ity maps is described elsewhere.20 Data points at the top
right of the plot (high average and high maximum simi-
larity) indicate molecules that are more structurally sim-
ilar to the query set (q1 and q2 in this case) than
molecules represented by data points at the lower left
of the diagram (low average and low maximum combo
score similarity). Closed squares represent molecules
with IC50 values 6502 nM. The corresponding com-
pound number is indicated in the plot. Open squares de-
note molecules with IC50 > 502 nM (circles represent a
second set of BCGs discussed below). As discussed
above, molecules at the top right of the plot, for exam-
ple, 6, 3, and 13 are the most structurally similar to the
queries. The relative high combo score values suggest that
these molecules could adopt a similar binding mode as the
active molecules 1 and/or 2. Finding active molecules (for
example molecules 9 and 11) in the region between 1.1 and
1.3 of combo score is more challenging but could be of
interest because compounds with different binding modes
may potentially be identified. Finally, a region that can be
called ‘inactive’ for this particular analysis, is located at
low average and low maximum combo score, apparently
molecules in this region of the multi-fusion similarity
map do not have the pharmacophoric features that drive
activity of the reference compounds. It is important to
note that nine out of the 12 most active molecules (com-
pounds 1–7, 10, and 12–14) have maximum combo score
greater than 1.4. Thus 75% of the active molecules in the
BGCs data set in Table 1 are similar (maximum combo
score greater than 1.4) to the shape and chemistry of mol-
ecules 1 or 2 depicted in Figure 1. However, active mole-
cules 8, 9, and 11 showed a lower 3D similarity to q1
and q2 (combo score less than 1.3 on maximum and aver-
age Figure 2).

Recently, a new set of BCGs have been published.13

These molecules were selected based on a computational
deconvolution method. The method involved the calcu-
lation of a predicted inhibitory capacity for all 102,459
compounds in the library. Out of this large collection
of compounds the computational deconvolution method
retrieved five new BCGs with IC50 values below 500 nM,
as well as correctly predicting several inactive
(IC50 > 10,000 nM) BCGs. To test the model proposed
in this work we computed the conformation and 3D
similarity analysis of those molecules with respect to
q1 and q2. Table 2 summarizes the second set of mole-
cules evaluated here. Mean and maximum similarity of
this second set of BCGs to the queries q1 and q2 are also
included in Table 2 and are represented as circles in Fig-
ure 2, closed circles denote molecules with
IC50 < 500 nM and open circles denote molecules with
IC50 > 10,000 nM. It is of interest that all the active mol-
ecules from the second set of BCGs have combo score
values above 1.3. This shows that these active molecules
from an external set can be predicted to bind in a similar
manner than the reference queries.

2.2. Structural requirements for activity

Most of the active molecules with IC50 6 500 nM have a
4-methoxybenzyl group at R2 position, and the orienta-
tion of this group seems to be important for binding.
One example is molecule 14 which is the enantiomer of
the most active BCG of the series (1). Molecule 14 is
able to adopt the ‘Y’ shape conformation, however the



Table 1. Bicyclic guanidines identified for the j-opioid Receptor obtained from PS-SCL and the corresponding 3D similarity values

N

NN

R2

R3

R1

H

R1 R2 R3 IC50 (nM) 3D similarity (combo score)

q1 q2 Max Mean

1 S-Methyl S-4-Methoxybenzyl 3-Cyclohexylpropyl 37 2.00 1.32 2.00 1.66

2 S-Methyl R-4-Methoxybenzyl 2-Norbornylethyl 85 1.41 2.00 2.00 1.70

3 S-Methyl S-4-Methoxybenzyl 2-Norbornylethyl 185 1.68 1.44 1.68 1.56

4 R-Cyclohexyl S-4-Methoxybenzyl 2-Norbornylethyl 219 1.55 1.33 1.55 1.44

5 S-Methyl R-4-Methoxybenzyl 1-Adamantylethyl 238 1.41 1.22 1.41 1.32

6 R-Cyclohexyl R-4-Methoxybenzyl 2-Norbornylethyl 276 1.41 1.82 1.82 1.62

7 S-Cyclohexyl S-4-Methoxybenzyl 4-(Me)-cyclohexylmethyl 336 1.48 1.26 1.48 1.37

8 R-Cyclohexyl R-4-Methoxybenzyl 1-Adamantylethyl 341 1.29 1.24 1.29 1.27

9 R-Cyclohexyl R-Isobutyl 2-Norbornylethyl 359 1.05 1.19 1.19 1.12

10 R-Cyclohexyl R-4-Methoxybenzyl 4-(Me)-cyclohexylmethyl 362 1.43 1.59 1.59 1.51

11 R-Cyclohexyl S-Cyclohexyl 4-(Me)-cyclohexylmethyl 365 1.11 1.18 1.18 1.15

12 S-Cyclohexyl R-4-Methoxybenzyl 4-(Me)-cyclohexylmethyl 369 1.20 1.62 1.62 1.41

13 S-Methyl R-4-Methoxybenzyl 4-(Me)-cyclohexylmethyl 425 1.24 1.71 1.71 1.48

14 S-Methyl R-4-Methoxybenzyl 3-Cyclohexylpropyl 502 1.38 1.43 1.43 1.41

15 R-Cyclohexyl S-Cyclohexyl 2-Norbornylethyl 524 1.07 1.20 1.20 1.13

16 R-Cyclohexyl R-4-Methoxybenzyl 3-Cyclohexylpropyl 547 1.33 1.59 1.59 1.46

17 S-Cyclohexyl S-Cyclohexyl 2-Norbornylethyl 560 1.16 1.14 1.16 1.15

18 S-Cyclohexyl S-4-Methoxybenzyl 2-Norbornylethyl 715 1.59 1.35 1.59 1.47

19 R-Cyclohexyl R-Isobutyl 4-(Me)-cyclohexylmethyl 738 1.05 1.23 1.23 1.14

20 R-Cyclohexyl S-4-Methoxybenzyl 4-(Me)-cyclohexylmethyl 804 1.44 1.31 1.44 1.38

21 S-Cyclohexyl R-Isobutyl 2-Norbornylethyl 827 1.06 1.46 1.46 1.26

22 S-Cyclohexyl R-4-Methoxybenzyl 2-Norbornylethyl 924 1.18 1.46 1.46 1.32

23 S-Cyclohexyl R-Isobutyl 4-(Me)-cyclohexylmethyl 999 0.94 1.30 1.30 1.12

24 R-Cyclohexyl S-Cyclohexyl 4-(Me)-cyclohexylmethyl 1140 1.06 1.23 1.23 1.14

25 S-Cyclohexyl R-Isobutyl 1-Adamantylethyl 1206 0.94 1.07 1.07 1.00

26 S-Cyclohexyl S-Cyclohexyl 1-Adamantylethyl 1492 0.99 1.13 1.13 1.06

27 S-Methyl S-4-Methoxybenzyl 1-Adamantylethyl 1532 1.48 1.20 1.48 1.34

28 S-Methyl S-4-Methoxybenzyl 4-(Me)-cyclohexylmethyl 1568 1.56 1.39 1.56 1.47

29 R-Cyclohexyl R-Isobutyl 1-Adamantylethyl 1747 0.97 1.05 1.05 1.01

30 R-Cyclohexyl R-Isobutyl 3-Cyclohexylpropyl 1767 1.14 1.23 1.23 1.18

31 S-Methyl S-Cyclohexyl 1-Adamantylethyl 1941 1.14 1.10 1.14 1.12

32 S-Methyl R-Isobutyl 2-Norbornylethyl 2309 1.12 1.11 1.12 1.11

33 S-Methyl S-Cyclohexyl 3-Cyclohexylpropyl 2497 1.31 1.15 1.31 1.23

34 R-Cyclohexyl S-4-Methoxybenzyl 3-Cyclohexylpropyl 3456 1.25 1.26 1.26 1.25

35 S-Methyl R-Isobutyl 1-Adamantylethyl 3641 0.99 0.93 0.99 0.96

36 S-Cyclohexyl R-Isobutyl 3-Cyclohexylpropyl 3744 1.08 1.21 1.21 1.14

37 S-Cyclohexyl S-4-Methoxybenzyl 3-Cyclohexylpropyl 3872 1.45 1.24 1.45 1.34

38 S-Methyl S-Cyclohexyl 2-Norbornylethyl 4424 1.23 1.21 1.23 1.22

39 S-Cyclohexyl S-Cyclohexyl 3-Cyclohexylpropyl 4482 1.24 1.14 1.24 1.19

40 S-Cyclohexyl S-4-Methoxybenzyl 1-Adamantylethyl 4923 1.41 1.13 1.41 1.27

41 S-Cyclohexyl R-4-Methoxybenzyl 3-Cyclohexylpropyl 5026 1.31 1.35 1.35 1.33

42 S-Methyl S-Cyclohexyl 4-(Me)-cyclohexylmethyl 5061 1.18 1.26 1.26 1.22

43 S-Methyl R-Isobutyl 3-Cyclohexylpropyl 5436 1.15 1.06 1.15 1.10

44 S-Methyl R-Isobutyl 4-(Me)-cyclohexylmethyl 6477 1.10 1.32 1.32 1.21

45 R-Cyclohexyl S-Cyclohexyl 3-Cyclohexylpropyl >10,000 1.21 1.20 1.21 1.21

46 S-Cyclohexyl R-4-Methoxybenzyl 1-Adamantylethyl >10,000 1.10 1.10 1.10 1.10

47 R-Cyclohexyl R-4-Methoxybenzyl 1-Adamantylethyl >10,000 0.99 1.12 1.12 1.05

48 R-Cyclohexyl S-Cyclohexyl 1-Adamantylethyl >10,000 1.03 1.06 1.06 1.04
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difference in orientation of the methoxy group seems to
be responsible for the drop in activity from
IC50 = 37 nM (for molecule 1) to 502 nM (for molecule
14). It should be noted that the combo score value for
molecule 14 is 1.3 when q1 is used as query. This ranks
molecule 14 at the 15th position of similarity to q1 when
the data are sorted by q1 value. This is remarkable be-
cause it shows that the 3D-shape similarity method em-
ployed here is able to distinguish (assign different combo
score value) between enantiomers, a feature that is com-
monly neglected in similarity analysis. Interestingly mol-
ecule 9, which lacks the 4-methoxybenzyl group, is more
active than molecules 10, 12, 13, and 14, all of which
have the 4-methoxybenzyl group in the R configuration.
For the particular combination of substituents in mole-
cules 12, 13, and 14, it seems that the position of the



Figure 1. Molecular binding model of bicyclic guanidines: (a) 1, and

(b) 2.
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Figure 2. Multi-fusion similarity map. Data from Table 1 are

represented as squares, and from Table 2 as circles. Closed shapes

denote molecules with IC50 6 500 nM.

Figure 3. Overlap of BCGs from Table 2 with (a) IC50 < 500 nM, and

(b) IC50 > 1 lM. q2 is shown as a reference as thick stick and

molecular surface.
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methoxybenzyl group is very important for activity,
whereas lack of this group gives better binding affinity
than having the 4-methoxybenzyl group in a misplaced
orientation. Similar observations can be made for mole-
Table 2. Bicyclic guanidines identified for j-opioid receptor, selected f

corresponding 3D similarity values

N

NN

R

R1

H

R1 R2 R3

1 S-Methyl S-4-Methoxybenzyl 3-Cyclohexy

49 S-Methyl R-4-Ethoxybenzyl 1-Adamanty

50 S-Methyl R-4-Ethoxybenzyl 2-Norbornyl

51 S-Ethyl R-4-Ethoxybenzyl 2-Norbornyl

52 R-Butyl R-4-Methoxybenzyl 2-Norbornyl

53 R-Cyclohexylmethyl R-4-Methoxybenzyl 1-Adamanty

54 S-Propyl S-4-Methoxybenzyl Cyclobutylm

55 R-Cyclohexylmethyl S-4-Methoxybenzyl Cyclopentylm

56 S-Isopropyl S-4-Methoxybenzyl Cyclopentylm

57 S-Methyl S-Isobutyl 3-Cyclohexy

58 S-Methyl R-isopropyl Cyclohexylb

59 S-Methyl S-Methyl 1-Adamanty

60 S-Propyl R-4-Methoxybenzyl Cyclobutylm
cule 11. Actually, molecules 9 and 11 are those that have
a low 3D similarity to molecules 1 and 2 (maximum and
average combo score below 1.3; cf. Fig. 2). Two main
features can be identified as significant for the activity
of these BCGs, namely the ‘Y’ shape conformation,
and the presence and orientation of the 4-methoxyben-
zyl group, which is influenced by the substituents at
the R1 and R3 positions.

To illustrate the overlay of active and inactive mole-
cules, Figure 3 depicts the best match of representative
molecules from Table 2 (q2 is shown with thick lines).
Figure 3a portrays the overlay of active molecules, (thin
lines; IC50 < 500 nM). It is important to note that all
these molecules have the same general alignment. Figure
3b depicts the overlay of inactive molecules, with IC50 >
10,000 nM. As can be seen, except for one molecule the
best match found from the 3D overlay of the inactives
with the query orients the 4-methoxybenzyl group in a
different position than the reference. Additionally, all
rom PS-SCL and computational deconvolution methods, and the

R2

3

IC50 (nM) 3D similarity (combo score)

q1 q2 Max Mean

lpropyl 37 2.00 1.40 2.00 1.70

lethyl 151 1.39 1.70 1.70 1.55

ethyl 185 1.23 1.51 1.51 1.37

ethyl 321 1.22 1.49 1.49 1.35

ethyl 430 1.23 1.58 1.58 1.41

lethyl 457 1.25 1.52 1.52 1.39

ethyl >10,000 1.58 1.21 1.58 1.39

ethyl >10,000 1.46 1.09 1.46 1.28

ethyl >10,000 1.60 1.19 1.60 1.40

lpropyl >10,000 1.38 1.20 1.38 1.29

utyl >10,000 1.07 1.18 1.18 1.12

lethyl >10,000 1.10 1.27 1.27 1.18

ethyl >10,000 1.28 1.31 1.31 1.29



Table 3. Binding affinities of the two most active BCGs in the l, j and

d-opioid receptor

IC50 (nM)

Mu Kappa Delta

1 421 37 5458

2 20286 85 2066
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the inactive compounds have an overall low combo
score value.

2.3. Comparison with known opiates and suggested
structural modifications

The knowledge obtained from these BCGs leads us to
compare our ‘Y’ shape conformation (Fig. 1) with
known opiates. The rigid structure of opiates results in
a limited number of binding conformations. The mini-
mum energy conformation of morphine, naltrindole
and 5-guanidylnaltrindole (see Section 4.1) are shown
in light gray in Figure 4. This minimum energy confor-
mation was overlapped using ROCS with the ‘Y’ shape
structure found for q1. It is important to point out that
in this case the best match between these structures were
investigated without changing the conformation of any
of the molecules. Overlap of q1 with morphine, naltrin-
dole and 5-guanidylnaltrindole is shown in Figure 4.
Several structural details are remarkable. First, the ori-
entation of the 4-methoxybenzyl group of BCG 1 lies
right in the position of the hydroxyl group of the opi-
ates. Second, the guanidine group roughly overlaps with
the nitrogen atom of opiates. Third, among all the con-
formations that the 3-cyclohexylpropyl group (R3 posi-
tion) may adopt, it orients precisely in the same site as
the remaining available group in the opiates (this can
be better seen in the top view shown in Figure 4d). Fi-
nally, the methyl group at the R1 position for the most
active molecules is comparable in size to the cyclopropyl
group in naltrindole and 5-guanidinylnaltrindole.

As we described in the introduction, the ‘message’ re-
gion in opiates consists of key interactions between a hy-
droxyl group and His291 as well as an anionic region
(nitrogen) and Asp138. The same interactions can
potentially be occurring for the BCGs. The effect of
the substitution of the 4-methoxybenzyl group for the
4-hydroxybenzyl group is currently under investigation.
On the other hand, it has been shown that the selectivity
of the opiates is due mainly to the group in the ‘address’
region. Because of the smaller size and higher flexibility
of these BCGs, compared with opiates and other pep-
tides21 which are known to bind to these GPCR’s, alter-
Figure 4. Overlap of BCG 1 shown in dark gray with (a) morphine, (b) naltrin

view of (c).
native binding modes can potentially take place. For
instance the guanindine functionality may be oriented
toward Glu297 (hallmark for j selectivity,2 vide supra).
However, the excellent match (as shown in Fig. 4) of
the methoxy group, the nitrogen and the potential sub-
stitution at the ‘address’ region suggest the incorpora-
tion of an indole functionality at R3 position to induce
selectivity to the d-opioid receptor and a guanidinylin-
dole to further enhance j selectivity.

The binding affinity of the two most active molecules of
Table 1 was tested in the l and d receptors (Table 3).
This illustrates how the BCGs studied here are selective
to j-opioid receptor and more interestingly they show
certain affinity toward l (molecule 1) and d (molecule
2) receptor, with IC50 = 421, and 2066 nM, respectively.
Molecule 1 binds with �11 times more affinity to the j
than to the l receptor, whereas for molecule 2 IC50(d)/
IC50(j) �24. It is possible that the stereochemistry at
the R2 position is playing a role on the difference in
selectivity. This is a promising scenario for the develop-
ment of opioid ligands with different selectivity from the
same scaffold. Additionally, the data shown in Table 3
reinforces the idea that these BCGs might bind with
more than one orientation. Synthesis of new BCGs
based on this study is in progress. Increased binding
affinities will support our ‘Y’ shape model, give more
structural–activity relationships insights and will
encourage more refined studies for the determination
of the agonist—antagonist nature of these compounds.
3. Conclusions

3D similarity analysis and multi-fusion similarity maps
lead to a ‘Y’ shape conformational model that describes
dole (d antagonist) and (c) 5-guanidylnaltrindole (j antagonist), (d) top
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the most active bicyclic guanidines studied here. Com-
parison with known opiates suggests pharmacophoric
features involved in the binding recognition. Based on
the model proposed here, structural changes are sug-
gested to potentially increase binding affinity and selec-
tivity of these bicyclic guanidines. Combination of
ligand-based similarity methods with the structure–
activity relationships accessed from combinatorial li-
braries is especially valuable for drug development, par-
ticularly for systems where the high resolution 3D
structure of the receptor is unknown, which is the case
for the vast majority of G-protein coupled receptors.
R1 N

R2

R3

HN
N

N

R1

R2

R3

d

Scheme 1. Solid-phase synthesis of bicyclic guanidines from N-

acylated dipeptides. Resin is methylbenzydrylamine derivatized poly-

styrene resin. Reagents and conditions: (a) BH3–THF, B(OCH3)3,

65 �C, 72 h; (b) piperidine, 65 �C, 24 h; (c) CSIm2 in CH2Cl2, 16 h; (d)

HF, anisole, 0 �C, 9 h.
4. Methods

4.1. Computational details

Molecules shown in Tables 1 and 2 were built and opti-
mized using Spartan 0622 with MMFF force field. Gener-
ation of the conformers was done using OMEGA19 and
employed in the 3D similarity analysis performed with
ROCS.23 The default parameters were employed
throughout. VIDA was used for visualization. Data anal-
ysis was performed with Spotfire 9.124 and Origin Lab 7.25

4.2. PS-SCL, synthesis, and biological assay

The conceptual and experimental framework of PS-SCL
is described in detail elsewhere.11–13 However, this sec-
tion summarizes the combinatorial chemistry strategy,
solid-phase synthesis and biological assay used for the
BCGs studied here.

A positional scanning-synthetic combinatorial library
(PS-SCL) having three positions of diversity and com-
posed of 102,459 bicyclic guanidines was prepared using
the synthetic pathway described below. The first diversity
position (R1) is comprised of 49 different amino acids, the
second (R2) 51 amino acids and the third (R3) 41 carbox-
ylic acids. In this manner 141 samples are used to assess
the bioactivity of 102,459 bicyclic guanidines.11 Scheme
1 shows the general synthetic pathway for the solid-phase
synthesis of BCGs, described elsewhere.26 The first step
requires the exhaustive reduction of a resin bound N-acyl-
ated dipeptide using borane in THF. Following treatment
with thiocarbonyldiimidazole, the presence of three sec-
ondary amines allows the reaction to proceed via highly
reactive intermediates to the positively charged resin-
bound bicyclic guanidine. HF cleavage yields protonated
trisubstituted bicyclic guanidines in good yields and high
purity. The bicyclic guanidine PS-SCL was screened in a
radioreceptor binding assay specific for the j-opioid
receptor. The entire library was screened at 4 lg/mL; each
of the 141 samples was incubated for 2.5 h at 25 �C, with
3 nM [3H]U69,593 in a total volume of 0.65 mL of guinea
pig brain homogenate.27 Any sample that showed >80%
inhibition was screened in a dose–response manner.

The resulting IC50 values were then used to choose indi-
vidual bicyclic guanidines for synthesis. The selected 48
individual bicyclic guanidines had IC50 values ranging
from 37 nM to >10,000 nM (Table 1). See Houghten
et al.11 for an extensive review of the results obtained from
the screening of the bicyclic guanidine PS-SCL in the j-
opioid binding assay.11 The second set of bicyclic guani-
dines (Table 2) were prepared and biologically tested in
a similar manner. The selection of the second set of mole-
cules was based on PS-SCL and computational deconvo-
lution methods as described in Houghten et al.13 (vide
supra). The range of activities obtained, from highly ac-
tive to inactive, is typical for individual compounds syn-
thesized based on data from the screening of a PS-SCL.
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