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Abstract—A potent, selective series of MMP-13 inhibitors has been derived from a weak (3.2 lM) inhibitor that did not bear a zinc
chelator. Structure-based drug design strategies were employed to append a Zn-chelating group to one end of the molecule and func-
tionality to enhance selectivity to the other. A compound from this series demonstrated rat oral bioavailability and efficacy in a
bovine articular cartilage explant model.
� 2005 Elsevier Ltd. All rights reserved.

MMP-13 (collagenase 3), a member of the matrix
metalloproteinase family of zinc dependent enzymes,
has been identified as an important target for the treat-
ment of osteoarthritis (OA).1,2 This enzyme is known to
efficiently degrade type II collagen, the enzyme�s pre-
ferred substrate and the main structural component in
cartilage. Its expression has been shown to be upregulat-
ed in OA.3,4 In addition, small molecule inhibitors of
MMP-13 have been found to inhibit the degradation
of type II collagen in articular cartilage explants.5 The
potential for orally bioavailable MMP-13 inhibitors to
slow the progression of OA, for which there are at pres-
ent only agents that provide symptomatic relief, has led
to several clinical trials. Unfortunately, many broad
spectrum MMP inhibitors have been found to have
dose-limiting toxicity in the form of musculoskeletal side
effects including joint stiffness and inflammation.6,7


While the inhibition of specific MMPs such as MMP-
18–10 or MMP-1411,12 has been postulated to be respon-
sible for musculoskeletal syndrome (MSS) the exact
cause of this pathology is not yet clear.13,14 Therefore,
in an effort to reduce the likelihood of MSS in an effec-
tive therapeutic for OA, we sought a potent inhibitor of
MMP-13 with a high degree of selectivity over other
MMPs.
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Our design of a selective, orally bioavailable MMP-13
inhibitor began with CL-82198, a high-throughput
screening (HTS) hit that had an IC50 of 3.2 lM against
MMP-13 and was selective over MMP-1 and MMP-9.
We demonstrated earlier that a potent, selective,
hydroxamate-containing inhibitor could be realized by
using structure-based methods to hybridize the benzofu-
ran carboxamide portion of CL-82198 directly to a
hydroxamate head piece (see Scheme 1).15 We now dis-
close the design, synthesis, and biological activity of a
series of carboxylic acid inhibitors with a rigid linker
to the benzofuran carboxamide P1 0 terminus along with
additional functionalities that impart selectivity over a
broader range of MMPs.


The design of these rigid P1 0 analogs was the result of a
detailed, structure-based computational analysis,16


where the replacement of the ubiquitous hydroxamic
acid group as the chelator of the MMP-13 active site
zinc with a carboxylate group was specifically explored.
Since the carboxylate group is a less effective Zn-chela-
tor17 than the hydroxamate (note that the carboxylate
analog of WAY-170523 is not active at 10 lM18), sever-
al features of the scaffold of WAY-170523 that were be-
lieved to contribute negatively to its free energy of
binding needed to be optimized. These included entropic
penalties resulting from the conformationally mobile
–O–CH2–CH2– linker, the positioning of the amide
group, and minimal enthalpic interactions beyond
the hydroxamate moiety. This analysis led us to utilize
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Scheme 1. Evolution of potent, selective inhibitor WAY-170523 from HTS hit CL-82198.


4106 J. Wu et al. / Bioorg. Med. Chem. Lett. 15 (2005) 4105–4109

a scaffold exemplified by compound 1, with a carboxyl-
ate zinc chelator and a sulfonamide group to H-bond to
LEU185 and ALA186. To correctly position the benzo-
furan moiety of the P1 0 group, a biphenyl P1 0 linker was
installed to rigidify the molecule, fill the hydrophobic
S1 0 tunnel, and to p-stack with HIS222. Most impor-
tantly, it places the terminal benzofuran carboxamide
in a manner that retains the selectivity and binding fea-
tures of CL-82198. An overlay illustrating these features
is shown in Figure 1.


Following the chemistry outlined in Scheme 219 the
compounds in Table 120 were prepared, wherein the car-
boxylic acid was connected to the benzofuran via a
biphenyl sulfonamide spacer, resulting in a series of rigid
and potent inhibitors of MMP-13. These analogs were
evaluated for selectivity for MMP-13 over MMP-14
and MMP-2. As MMP-2 is highly homologous to

Figure 1. Overlay of CL-82198 and compound 1.


Scheme 2. Reagents: (i) 4 0-nitrobiphenyl-4-sulfonyl chloride, iPr2NEt, CH2C

MMP-13 in and around the S1 0 pocket, it was hoped
that compounds that demonstrated selectivity over
MMP-2 would also possess enhanced levels of selectivity
over a wide variety of other MMPs.


While the glycine-based compound 1 was reasonably
potent, a 17-fold improvement in activity was obtained
for compound 2, with the isopropyl group derived
from valine. The increased potency of compound 2 is
attributed to both the restricted conformational flexi-
bility of the amino acid portion of the molecule due
to its bulky isopropyl group, and the increased burial,
or shielding of the sulfonamide H-bond with ALA186.
The rigidity and length of the P1 0 moiety also provide
selectivity for MMP-13 over MMP-1 (IC50 > 16 lM),
MMP-9 (IC50 = 1.1 lM), and MMP-14 (IC50 = 2.2 lM)
(Table 4). As can be seen in Table 1, MMP-13 activity
is retained for both hydrophobic (compounds 2 and 4)
and hydrophilic (compounds 3, 5, and 6) a-substitu-
ents. This is not surprising given the solvent exposed
nature of this region.21 Having identified compound 2
with excellent MMP-13 potency and promising selectiv-
ity, the activity of this analog in a bovine articular car-
tilage explant model,22 and its pharmacokinetic
properties were assessed. We were gratified to find that
compound 2 demonstrated low clearance in rats (2 mL/
min/kg at 2 mg/kg iv), reasonable half-life on both iv
(3.7 h) and oral dosing (3 h at 5 mg/kg po), as well as
bioavailability of 24%. It was also a potent inhibitor
of cartilage degradation in the explant assay with an
EC50 of 4 nM.


With compound 2 as a promising lead, the role of the
benzofuran and the amide linker in providing potency
and selectivity was examined. Following the chemistry
shown in Scheme 3 the compounds in Table 2 were

l2; (ii) SnCl2, DMF; (iii) R 0COCl, iPr2NEt, CH2Cl2; (iv) TFA.







Figure 2. Overlay of protein crystal structure of compound 2-MMP-13


(green) and MMP-2 (blue).


Table 1. Structure–activity relationships of different amino acid side


chains


Compound R MMP-13a MMP-2a MMP-14a


1 H 22 47 13,900


2 Isopropyl 1.3 5.0 2,200


3 CH2CONH2 2.53 10


4 Isobutyl 2.19 8.4


5 CH2OH 4.5 27.8


6 8.1 37


a IC50 (nM).


Scheme 3. Reagents and conditions: (i) ClSO3H, CHCl3, 60 �C; (ii) SOCl2, reflux; (iii) LL-valine tert-butyl ester hydrochloride, CH2Cl2, NaHCO3;


(iv) SnCl2, DMF; (v) RCOCl, Hunigs base, CH2Cl2; (vi) TFA.
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prepared. Both the amide linker and the benzofuran
were found to be optimal. Thus, replacement of the
amide linker with a methylene (compound 7) resulted
in a 3.8-fold loss of activity. Replacing the benzofuran
with an indole resulted in a 37-fold loss of potency,
and replacement of the benzofuran with monocyclic aryl

Table 2. Structure–activity relationships of different benzofuran


mimetics


Compound R MMP-13a MMP-2a MMP-14a


2 1.3 5.0 2200


7 4.9 23.3 6600


8 35.4 19 5600


9 10.9 2.14 —


10 13.7 14 —


a IC50 (nM).

or heterocyclic moieties resulted in compounds with a
loss in potency of approximately 10-fold.


To improve the selectivity of compound 2 against
MMP-2, the exact size, shape, and chemical environ-
ment of the S1 0 pocket of MMP-2 compared with those
of MMP-13 were studied23 utilizing the protein crystal
structure of compound 2 and MMP-13 (1ZTQ) and
MMP-2 (1QIB24,25). As seen in Figure 2, the most strik-
ing difference between MMP-13 and MMP-2 is the size
and conformation of the loop that give rise to the S1 0


pocket. This difference is primarily due to the fact that
the MMP-2 S1 0 loop is two amino acids shorter in this
vicinity; it is missing residues analogous to GLY248
and SER250 in MMP-13. This causes the loop to be dis-
placed by 4 Å in the area around SER250 of MMP-13.
This constriction of the MMP-2 S1 0 loop results in the
placement of THR229 in a manner that would clash
with substituents at the benzofuran 4-position. Thus
substitution at the 4-position of the benzofuran should
be more easily accommodated by MMP-13, resulting
in selectivity over MMP-2.


Having identified an approach to attain selectivity
against MMP-2, and potentially other MMPs, the com-
pounds shown in Table 3 were prepared utilizing the
chemistry outlined in Scheme 3. As expected, substitu-
tion of the benzofuran with the 7-methoxy group did
not provide selectivity for MMP-13 and in fact resulted
in a reversal of selectivity. Substitution at the 5-position,
with a variety of electron donating and withdrawing
moieties, generally resulted in slightly increased potency,







Table 4. Selectivity profiles for compounds 2 and 21


Compound R MMP-13a MMP-1a MMP-2a MMP-3a MMP-7a MMP-9a MMP-14a


2 H 1.3 >16,000 5.0 50.5 19 1100 2,200


21 OCH(CH3)CO2H 14.9 — 1590 843 2500 5600 20,000


a IC50 (nM).


Table 3. Structure–activity relationships of different substituents on the benzofuran


Compound R MMP-13a MMP-2a Selectivity 2/13 MMP-14a


2 H 1.3 5.0 3.8 2,200


11 7-OMe 20.2 12.1 0.6 10,900


12 5-Cl 0.6 3.2 5.3 —


13 5-OMe 0.66 1.9 2.8 1.5


14 5-NO2 0.7 2 2.8 —


15 5-NH2 1.5 — — —


16 5-NHCOCH3 0.98 4 4.1 —


17 5-NHSO2CH3 0.43 3.9 9.1 —


18 5-NHSO2Ph 3.4 19 5.6 —


19 4-OMe 2.33 16 6.9 —


20 4-OBn 3.45 62 18 —


21 4-OCH(CH3)CO2H 14.9 1590 106.7 20,000


a IC50 (nM).
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but did not affect selectivity significantly, again as
expected from structural analysis of the enzymes. How-
ever, we were gratified that, as predicted, substitution at
the benzofuran 4-position resulted in substantially great-
er selectivity. The 4-methoxy compound 19 was 6.9-fold
selective over MMP-2, while the 4-benzyloxy compound
20 was 18-fold selective. Even more dramatic selectivity
for MMP-13 over MMP-2, greater than 100-fold, could
be obtained by the replacement of the 4-benzyloxy
group with –OCH(CH3)CO2H (compound 21). As
shown in Table 4, compound 21 also had increased
selectivity for MMP-13 over MMP-3 and MMP-7, and
MMP-14, as compared to 2.


Herein, we have reported the identification of a potent
and selective series of MMP-13 inhibitors based on the
integration of key components of the HTS hit CL-
82198 and further analysis and design to obtain selectiv-
ity against the highly homologous MMP-2. While others
have reported a-amino acid derived biphenyl sulfona-
mides as MMP-13 inhibitors,20–23 this series attains
excellent selectivity against MMP-2 as well as MMP-7,
MMP-9, and MMP-14. Further investigation of this ap-
proach to selectivity will be reported in subsequent
publications.
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Abstract—15-Deoxy-D12,14-prostaglandin J2 (15d-PGJ2), a dehydration product of prostaglandin D2, is an important pharmacolog-
ical molecule, which with the virtue of its electrophilicity, has been reported to covalently modify some cellular proteins (such as
nuclear factor-kappa B (NF-jB), AP-1, p53, and thioredoxin) and elicit its physiological effects. The aim of the present computa-
tional study is to understand the role molecular recognition plays in the association of 15d-PGJ2 with NF-jB and other proteins.
Another aim is to characterize whether p53 is a direct target for covalent modification by 15d-PGJ2. A docking strategy is applied
along with calculation of ab initio electrostatic potential maps to analyze the mode of binding of prostaglandin molecule with critical
cysteine-containing sites in each protein. The results provide identification of important sites in the target proteins, which provide
recognition and stability to the prostaglandin molecule. Fit of shape and complementarity of electrostatic interactions are derived as
significant determinants of molecular recognition of 15d-PGJ2. Further, comparative results indicate that p53 protein may also be a
target for direct modification by 15d-PGJ2. The molecular models obtained should allow the rational design of more specific analogs
of 15d-PGJ2.
� 2005 Elsevier Ltd. All rights reserved.

Figure 1. A 15-deoxy-D12,14-prostaglandin J2 molecule depicting the


electrophilic carbon (C-9) with an asterisk, and C-13 with double


asterisk.

1. Introduction


This study focuses on the understanding of the structur-
al basis of the association of 15-deoxy-D12,14-prostaglan-
din J2 (15d-PGJ2) with some of its target proteins, using
docking simulations and ab initio electrostatic potential
calculations. Prostaglandin D2 (PGD2), a major cyclo-
oxygenase product, readily undergoes dehydration in a
variety of tissues and cells to yield electrophilic PGs,
such as15d-PGJ2 (Fig. 1).


1


Members of the J series of the PGs, including 15d-PGJ2,
characterized by the presence of a reactive a,b-unsatu-
rated ketone in the cyclopentenone ring (C-9 in Fig. 1,
being the biologically active electrophilic carbon), have
their own unique spectrum of biological effects, includ-
ing antitumor activity, the inhibition of cell cycle pro-
gression, the suppression of viral replication, the
induction of heat shock protein expression, and the
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stimulation of osteogenesis.2 Many of these biological
effects of 15d-PGJ2 have been recently attributed to its
intervention with some of the cellular proteins. Nuclear
factor-kappa B (NF-jB) was described to be one of the
first targets of 15d-PGJ2.


3 NF-jB is a transcription
factor that plays a key role in the activation of several
inflammatory response genes and its inactivation (espe-
cially the p50 subunit) has immense therapeutic implica-
tions.4–6 15d-PGJ2 was reported to inhibit multiple steps
in the NF-jB signaling pathway3,7,8 along with specifi-
cally inhibiting the NF-jB subunits (p50 and p65),
directly by a covalent modification of the subunits.3,9,10


These studies indicated that 15d-PGJ2 forms a covalent
adduct with the aid of its electrophilic carbon (Fig. 1)
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with single critical cysteine residues in the DNA-binding
domain of the NF-jB subunits. These critical, redox-
regulated cysteine residues are Cys62 in the p50 subunit
and Cys38 in the p65 subunit.11 Further, a reduced state
(–SH) of these cysteines has been reported to be essential
for DNA recognition and binding, while an oxidized
(–S–SR) or alkylated state has been found to diminish
DNA-binding of NF-jB.11–13 Consequently, 15d-PGJ2
alkylates these nucleophilic cysteine residues.


Recently, the transcription factor AP-1 was reported to
be a target of covalent modification of its c-Jun sub-
unit.14 Similar to NF-jB, AP-1 is a proinflammatory
transcription factor and consists of subunits like c-Jun
and c-Fos.15 The redox-regulated critical cysteine resi-
due of AP-1 that modulates its DNA-binding ability is
Cys269 in the c-Jun subunit,16 which is alkylated by
15d-PGJ2. The role of PGs (especially the A and the J
series) in pathological conditions like inflammation
and cancer has been described as manifold, as it was
reported that 15d-PGJ2 can inactivate the wildtype p53
tumor-suppressor protein.17,18 Despite this contrary
role, overall activity of 15d-PGJ2 remains antiprolifera-
tive as compared to A-series PGs.19 The molecular
mechanism responsible for p53 inactivation by 15d-
PGJ2 has been proposed to be indirect, unlike NF-jB
and AP-1 inhibition. In certain cell types like RKO cells
or human neuroblastoma cells, it has been recently pro-
posed that 15d-PGJ2 inactivates upstream molecules like
thioredoxin reductase (TrxR), thioredoxin (Trx),17 and
the proteasome.18,20 A direct mechanism of action has
not been proposed in these cell types, and it has been
generalized that 15d-PGJ2 may interfere with p53 inacti-
vation only indirectly.17,18,21 However, due to the studies
on limited cell types, it has been argued, at the same
time, that the indirect mechanism of the action of 15d-
PGJ2 on p53 may be due to specificity issues owing to
either the cell type or the p53 protein itself,14,17 although
no structural evidences (like analysis of the mode of
binding of the PG to the p53 protein) have been present-
ed in this regard. Further, Trx, upstream of p53 path-
way, has been proposed to be a target of direct
covalent modification at its active-site cysteine (Cys35),
by 15d-PGJ2.


20


In general, since 15d-PGJ2 is a weak electrophile, its
selectivity for the target proteins, and for instance not
with DNA, and other susceptible proteins like PPAR-c
(DNA-binding domain) has been experimentally de-
scribed as being possibly controlled by molecular recog-
nition;3,14,22 however, no molecular models of the
complexes have yet been presented. The purpose of the
present computational study is to use the available
experimental information on the inhibition of cellular
proteins by 15d-PGJ2 to model its molecular recognition
and structural association with them. In addition, in
case of NF-jB (p50), and AP-1 (c-jun), covalent modifi-
cation of the critical cysteine residues mentioned above
by glutathione has been described to be well correlated
with molecular recognition.16,23 Further, molecular rec-
ognition has been recently exploited to achieve specific
covalent modification of p50-Cys62 by a NF-jB decoy
hairpin oligonucleotide.24

With the availability of biochemical knowledge of the
present system, an understanding of the docking sites
in the target proteins, providing stabilization to the
PG molecule, and physiochemical nature of such stabil-
ization should be an additional advantage for further
studies. Such an understanding, which is the purpose
of this study, would aid in initiating rational design of
analogs having NF-jB-specific recognition. This is sig-
nificant in terms of pharmacological interventions using
15d-PGJ2, as the concentrations of 15d-PGJ2 used to
achieve NF-jB inhibition in inflammatory models are
relatively quite high.25 The protein targets used in this
study, including NF-jB (p50 and p65 subunits), AP-1
(c-Jun subunit), and Trx, all have experimentally studied
cysteine residues, targeted for covalent modification by
15d-PGJ2. It is well known that p53 also has a redox-
regulated cysteine (Cys277) in its DNA-binding domain,
which is quite identical to NF-jB and AP-1, in terms of
its pKa value and control of DNA recognition and bind-
ing.26–28 Hence, we hypothesized that under identical
conditions this cysteine may also be a target of direct
modification by 15d-PGJ2, and used it to model the
molecular recognition.

2. Results and discussion


2.1. Docking studies


The 15d-PGJ2 molecule was subject to docking with
the proteins p50, p65, c-Jun, Trx, and p53 to predict
the possible structural interactions in the process of
the molecular recognition and stabilization of the mole-
cule by the proteins. The docking approach employed
here is justified in certain ways to produce realistic bind-
ing modes of 15d-PGJ2 with its target proteins. First, the
ChemScore function used here includes a lipophilic term
that is very useful in docking ligands (like 15d-PGJ2)
with hydrophobic character. Further, in the initial
ChemScore training set, some of the protein–ligand
complexes were very similar to the present system, for
example, the flexible palmitic acid–FABP complex.41


In addition, in a recent study of some tea polyphenols,
covalently modifying a target threonine residue in the
proteasome, a distance constraint approach, like the
one used in this work, was employed using the Auto-
Dock docking program to understand the nature of pre-
covalent complexes.29 With such a distance constraint
approach, the conformational search space around a
predefined binding site for a small ligand is much re-
duced due to partial knowledge of the binding mode,
resulting in more reliable models.29,39 Figures. 2a–e
depicts the best scored results given by GOLD. Non-
covalent interactions are discussed below.


2.1.1. Hydrogen-bonding interactions. All the five pro-
teins used in this study were found to make strong
hydrogen-bonding interactions with the carboxyl group
of 15d-PGJ2. Proteins p50, p65, and c-Jun make strong
hydrogen bonds (<2 Å) through lysine residues (Figs.
2a, b, e) and p53 through an arginine residue (Fig. 2c).
Further, Trx was observed to make a hydrogen bond
through the backbone (ANH) hydrogen atom of







Figure 2. 15d-PGJ2 is shown docked to the target proteins: (a) p50, (b) p65, (c) p53, (d) Trx, and (e) c-Jun. Nitrogen atoms are depicted in


blue, oxygen atoms in red, hydrogens in white, and sulfur atoms in yellow. Hydrogen-bonding interactions (in angstroms) are depicted in green


lines.
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Thr74 residue. It is important to note here that a
specific hydrogen-bonding interaction with the carboxy-
terminal part of the a-chain has been experimentally
described as an important determinant of specific molec-
ular recognition of PG-like fatty acids with their natural
receptors.30,31 Analogously, 15d-PGJ2 may be recogniz-
ing its target proteins through the predicted hydrogen-
bonding interactions.


2.1.2. Hydrophobic and van der Waals interactions. The
remaining nonpolar part of the a-chain and the com-
pletely nonpolar x-chain of 15d-PGJ2 were also found
to recognize the target proteins and stabilize the mole-
cule through hydrophobic and van der Waals interac-

tions (Fig. 2). Specifically, p50 has residues around
Cys62 like Val145, Leu143, and Leu210, which were
found to stabilize the PG molecule (Fig. 2a) with hydro-
phobic interactions, besides residues like His144 and
Lys147, making van der Waals interactions. Similarly,
p65 also has Val121 and Ala129 residues providing
hydrophobic interactions mainly with the x-chain. The
a-chain in the case of p65 can be seen as bent in order
to interact through a hydrogen bond with Lys122 (Fig.
2b) to avoid opposite interactions with negatively
charged Asp125, which lies in the vicinity. Further, in
the case of p53, the probable target cysteine, Cys277
(which lies in the solvent accessible surface), is also sur-
rounded by hydrophobic residues like Ile496, Ala276,
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and Leu137 (Fig. 2c), providing stabilization to the
nonpolar parts of the PG molecule.


Next, in the case of c-Jun, an excellent correlation with
the recent experimental results14 was observed. The non-
polar parts of 15d-PGJ2 are stabilized by van der Waals
and hydrophobic interactions with Arg270, Leu280, and
Ile277 residues of c-Jun (Fig. 2d). However, the C-13
containing part of the x-chain (Fig. 1), remains not
much incorporated into the protein (Fig. 2d). This
may be true due to some reasons. First, c-Jun is an elon-
gated, linear protein, so that the ligands binding to its
residues, for instance Cys269, might eventually have a
significant part unembedded. Secondly, in the case of
15d-PGJ2, there is another electrophilic carbon, C-13,
other than the more significant one in the ring, which
was experimentally observed to cross-link two c-Jun
molecules, in the process of the inhibition of c-Jun–
DNA binding.14 Hence, the net orientation of 15d-
PGJ2 molecule in the present docking, resulting in a
relatively free C-13, should be available for another
nucleophilic attack by a c-Jun monomer. Finally, in
the case of Trx, the nonpolar part of a-chain is stabilized
by interactions with Ala29 and Pro34, and the x-chain
by interactions with Ala92, Pro75, and Ile38 (Fig. 2e).


2.2. Molecular electrostatic potentials


Besides hydrogen-bonding and van der Waals interac-
tions, the net electrostatic potential that is created in
the space around a molecule by its nuclei and electrons
has been proven to be very useful in explaining both
long-range molecular recognition and short-range inter-
molecular stabilization.32 Theoretically calculated MEPs
using QM-derived electron density have been described
to be very predictive of the mode of molecular recogni-
tion.33 The electron density calculation approach used
in the present study has been recently reported by us
for different biological systems including NF-jB34–37


and has given results in good agreement with the exper-
iment. In the present case, the QM calculations were used
to obtain the precise electron density around the PGmol-
ecule and each target protein part representing sufficient
size in terms of docked molecule. The MEPs mapped on
the solvent-accessible surfaces of 15d-PGJ2 and the
inhibitor-interacting parts of the five target proteins are
shown in Figures 3a–f. In Figures 3b–f, the PG molecule
is aligned onto the solvent-accessible surface of each pro-
tein in the same orientation as given by the highest scored
docking result. These color-coded surfaces represent a
positive potential in blue and a negative potential in
red color. The electronic properties of 15d-PGJ2 mole-
cule are revealed in its MEP surface (Fig. 3a), as its a-
chain, containing the nonconjugated double bond and
the carboxylate end render itself in electronegative po-
tential, while its x-chain having a cross-conjugation with
the cyclopentenone moiety is rendered in a net electro-
positive potential. Further, it is observed that the orien-
tation and association of the prostaglandin molecule
obtained by docking with each protein is quite in agree-
ment with the electrostatic profile of interactions (Figs.
3b–f). Specifically, with p50, 15d-PGJ2 fits itself in com-
plementary pockets (Fig. 3b), and with p65, the trends

discussed in docking are again revealed, as the a-chain
recognizes the electropositive part and bends upward
to avoid interaction with electronegative part in the bot-
tom vicinity (Fig. 3c). Next, in the case of Trx and c-Jun,
the a-chain resides in complementary surfaces, although
the x-chain lies in more neutral surfaces (Figs. 3d–f).
This is justified for c-Jun, as the x-chain is not so well sta-
bilized by the protein electrostatics, to cross-link with
another c-Jun molecule. Further, in the case of p53, the
x-chain stabilizes in a neutral-hydrophobic pocket, hav-
ing an orientation toward electronegative parts, as also
in the case of Trx (Figs. 3d and e).

3. Conclusions


The docking studies in combination with comparative
electrostatic potentials reveal that 15d-PGJ2 has comple-
mentary interactions with its target proteins, governed
mainly by fit of shape (hydrophobic and van der Waals
interactions) in all the cases and also complementarity of
electrostatics. These results thus support the experimen-
tal assertion of the possible role of molecular recogni-
tion of 15d-PGJ2 by cellular proteins3,14,22 Especially,
in the case of NF-jB p50, important binding pockets
are revealed and provide specific recognition and stabil-
ization to the prostaglandin molecule. The protein envi-
ronment in terms of hydrophobic pockets or
electrostatic and hydrogen-bonding interactions, not
known previously and revealed in the present study,
should be an important determinant of the molecular
recognition of 15d-PGJ2. An important implication of
this study is that the incorporation of 15d-PGJ2 with
its cellular targets is not a random process. Further,
the knowledge of the complementary binding sites
should provide a guideline for the design of specific
and efficient inhibitors of transcription,4,6 structurally
based on 15d-PGJ2.


Another indication of this comparative study is the fact
that the association of 15d-PGJ2 with p53 is also com-
plementary under identical conditions, just as with the
other target proteins, and hence the possibility of p53
being a target for direct modification cannot be exclud-
ed. It is quite clear with the present results that the
experimentally observed indirect activity of 15d-PGJ2
for p53 might concern specificity issues pertaining to cell
type rather than protein itself, as discussed in recent
studies.14,17 Hence, further experimental studies in dif-
ferent cell types are required; also important will be
the exploration of possible cell-surface receptors of
15d-PGJ2, as they might be controlling its intracellular
concentrations in in vitro models.

4. Materials and methods


4.1. Models


All the protein structures were obtained from Protein
Data Bank (PDB IDs for p50 and p65: 1vkx, p53:
1ycs, c-Jun: 1a02, and Trx: 3trx), and individual sub-
units were further managed with Insight II molecular







lipo 3 lipo rot 4 rot


Figure 3. Molecular electrostatic potentials (MEPs) are shown mapped onto the solvent-accessible surfaces of each structure, with maximum


potential (blue) being /+ = 0.5102 au, and the minimum (red) being /� = �0.3188 au. (a) Structure of 15d-PGJ2 is shown along with its MEP. (b)–(f)


represent the prostaglandin molecule docked onto the electrostatic potential surfaces of p50, p65, p53, Trx, and c-Jun, respectively.
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modeling system (Accelrys Inc., San Diego, CA, USA).
The target cysteine in each protein molecule was mod-
eled as a nucleophilic thiolate, as the reaction with
15d-PGJ2 has been proposed to occur when first the cys-
teine has a free sulfur atom for attack.1 Further, 15d-
PGJ2 was energy minimized using density functional
theory with the B3LYP functional and 6-31+G(d) basis
set in Gaussian 98 package.38


4.2. Docking studies


Docking studies were performed using the GOLD 2.0
package (CCDC Software Ltd, Cambridge, UK).39,40


To simulate the formation of the precovalent complexes
and to interpret the possible sites in the proteins which
might stabilize and accommodate the PG molecule, the
following strategy was used. An initial distance con-
straint of 2 Å was imposed between the C-9 atom of
15d-PGJ2 molecule and the target thiolate group of each
protein, and the PG was allowed to freely dock in an
energetically and conformationally best orientation.
Docking simulations were performed in the default

settings for the best possible predictive accuracy, with
10 docking runs for each protein. Hydrogen bonds were
considered up to 2.5 Å. GOLD uses a genetic algorithm
in the evolution of a population of possible solutions via
genetic operators (mutations, crossovers, and migra-
tions) to a final population, optimizing a predefined fit-
ness function. The predefined function used in this study
is implemented in GOLD in the form of ChemScore.41,42


Briefly, ChemScore estimates the total free-energy
change that occurs on ligand binding as


DGbinding ¼ DG0 þ DGhbond þ DGmetal þ DGlipo þ DGrot:

Each component of this equation is the product of a
term dependent on the magnitude of a particular physi-
cal contribution to free energy (hbond = hydrogen
bond, lipo = lipophilic atoms, and rot = rotable bonds)
and a scale factor determined by regression,


DG0 ¼ m0; DGhbond ¼ m1P hbond; DGmetal ¼ m2Pmetal;


DG ¼ m P ; DG ¼ m P :
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Here, m is the regression coefficient and P the various
types of physical contributions to binding. The final
ChemScore value is obtained by adding in a clash pen-
alty and internal torsion terms, which militate against
close contacts in docking and poor internal conforma-
tions. In the present study, as mentioned before, a con-
straint score was also included:


ChemScoreðthis studyÞ ¼DGbindingþP clashþP internalþP constraint:

The best scored solution in each case was considered
and analyzed in DS ViewerPro 5.0 modeling package
(Accelrys Inc.).


4.3. Molecular electrostatic potentials


To analyze the extent of agreement between the fit ob-
tained by docking and complementarity in the electro-
statics of binding, ab initio electrostatic potential maps
were generated for the PG molecule and the interactive
part of each target protein. Each protein was cut at 6 Å
radii around the PG molecule obtained from the highest
scored docking solution, representing enough amino
acids in the protein site contributing to electrostatic
interactions. Ab initio quantum-mechanical (QM) cal-
culations were performed with the B3LYP functional
and 6-31+G(d) basis set in Gaussian 98 program.38


The electron density thus obtained for each protein cut
and the PG molecule was further used to generate
molecular electrostatic potential (MEP) maps, repre-
senting the relative population of charges, graphically.
MOLEKEL 4.243 was used to generate solvent-accessi-
ble Connolly surfaces, with a probe radius of 1.4 Å,44


and the calculated electrostatic potential was mapped
onto these surfaces. The maximum potential represented
is /+ = 0.5102 au and the minimum is /� = �0.3188 au
for each surface depicted. Other ranges of potentials
gave virtually the same results.
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Abstract—The structure–activity relationships for the �B-region� of N-(4-t-butylbenzyl)-N 0-[4-(methylsulfonylamino)benzyl]thiourea
analogues have been investigated as TRPV1 receptor antagonists. A docking model of potent antagonist 2 with the sensor region of
TRPV1 is proposed.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


TRPV1, which is regulated by endogenous substances
and signaling pathways in concert with low pH and ele-
vated temperature, is a key nociceptor for the central
perception of pain and is expressed with enhanced den-
sity during inflammation. TRPV1 antagonists, to block
endovanilloid signaling, have thus emerged as novel
and promising analgesic and antiinflammatory agents,
particularly for chronic pain and inflammatory hyperal-
gesia. Following the identification of capsazepine as the
first competitive TRPV1 antagonist1 and of ruthenium
red2 as a noncompetitive antagonist, a growing number
of antagonists have been reported such as capsazo-
caine,3 trialkyglycines,4 hexapeptides,5 5-iodo-RTX,6,7


halogenated capsaicinoids,8 SB-366791/452533,9,10


naphthylureas,11–13 BCTC,14 and thioureas.15–23 The
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discovery and development of these antagonists have
been reviewed in detail.24,25


We previously demonstrated that a series of N-4-(meth-
ylsulfonylamino)benzyl thiourea analogues showed
potent TRPV1 antagonism with high affinity in the
rTRPV1/CHO system and, in the preceding paper, we
investigated the structure–activity relationships (SAR)
in the A-region of N-(4-t-butylbenzyl)-N 0-[4-(meth-
ylsulfonylamino)benzyl]thiourea analogues. We describe
here the SAR analysis for the B-region of the high-affin-
ity prototype antagonists (1–3) (see Fig. 1).

2. Chemistry


The syntheses of the two types of N-hydroxy thiourea
analogues (NA and NC refer to the nitrogens next to
the A- and C-regions, respectively) are outlined in
Schemes 1 and 2. 4-tert-Butylbenzyl bromide was con-
verted to the corresponding hydroxylamine by N-alkyl-
ation of N,O-diBoc hydroxylamine followed by acid
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Figure 1.
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hydrolysis; the hydroxylamine was then condensed with
isothiocyanates to afford the NC-hydroxy thioureas 4–9.
The NA-hydroxy thiourea analogue (10) was obtained
by the coupling between N-[4-(methylsulfonylami-
no)benzyl]hydroxylamine26 and 4-t-butylbenzyl isothio-
cyanate. The urea (11) and NA-hydroxy urea (12)
congeners were prepared by the same protocol employed
for the syntheses of the thioureas except that the corre-
sponding isocyanates were used.

Scheme 1. Synthesis of NC-OH thiourea analogues. Reagents: (a) BocON


(c) ArCH2NCS, DMF, 60–80% for two steps.


Scheme 2. Synthesis of NA-OH thiourea, NA-OH urea and urea analogues.

The syntheses of the two types of thiocarbamate ana-
logues (OA and OC refer to the oxygens next to the A-
and C-regions, respectively) are shown in Schemes 3
and 4. The OA-thiocarbamate analogues 13–15 were
synthesized by the O-alkylation of 4-(butoxycarbonyl-
amino)benzyl alcohols26 with the 4-t-butylbenzyl isothi-
ocyanate followed by acid hydrolysis and mesylation,
respectively. The syntheses of OC-thiocarbamate ana-
logues (16, 17) were accomplished employing the above
method, starting from the 4-(butoxycarbonylamino)ben-
zyl isothiocyanates, which were prepared from 4-amin-
obenzyl amine and 3-methoxy-4-nitrobenzyl alcohol,
respectively, by straightforward functional group
interconversion.


The amide, N-hydroxyamide, and its reverse analogues
(18–21) were obtained by the coupling of (4-t-butylphe-
nyl)acetic acid or 4-(methylsulfonylamino)phenylacetic
acid with the corresponding amines/hydroxylamines as
outlined in Scheme 5. The hydrazinecarbothioamide
analogues, NA-type (22) and NC-type (23), were readily
obtained by the coupling between the corresponding
isothiocyanates and hydrazines, respectively, as shown

HBoc, NaH, DMF, 95%; (b) CF3CO2H, CH2Cl2; then NaHCO3;


Reagents: (a) (4-t-Bu)PhCH2NCO (or NCS), DMF, 70–95%.







Scheme 3. Synthesis of OA-thiocarbamate analogues. Reagents: (a) NaH, (4-t-Bu)PhCH2NCS, DMF, 60–75%; (b) CF3CO2H, CH2Cl2; (c) MsCl,


pyridine, 85–94% for two steps.


Scheme 4. Synthesis of OC-thiocarbamate analogues. Reagents: (a) CbzCl, NEt3, 92%; (b) Boc2O, THF, 95%; (c) H2, Pd–C, MeOH, 95–98%;


(d) TDI, CH2Cl2, 80–90%; (e) TBSCl, imidazole, DMF, 94%; (f) H2, Pd–C, MeOH, 98%; (g) Boc2O, THF, 92%; (h) Bu4NF, THF, 92%; (i) DPPA,


PPh3, DEAD, 86%; (l) 4-t�BuPhOH, NaH, DMF, 80–90%; (m) CF3CO2H, CH2Cl2; (n) MsCl, pyridine, 85–92% for two steps.
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in Scheme 6. The reverse amide analogues (24–27) were
prepared by the same method employed for the synthe-
sis of 20.

3. Results and discussion


The binding affinities and agonistic/antagonistic poten-
cies of the synthesized VR1 ligands were assessed in vi-
tro by a competition binding assay with [3H]RTX and a
functional 45Ca2+ uptake assay using rat TRPV1 heter-
ologously expressed in Chinese hamster ovary (CHO)
cells (rTRPV1/CHO), as previously described.21–23 The
results are summarized in Tables 1 and 2.


The NC-hydroxy thiourea analogues (3-hydrogen: 4, 3-
fluoro:5, and 3-methoxy:6) were compared with the cor-
responding lead thioureas (1–3), respectively. Their
binding affinities were attenuated by 15- to 20-fold. Fur-
thermore, 5 and 6 were shifted in their pattern of activity
to be weak agonists although 4 remained an antagonist
with weak agonism. Other substituents (3-chloro: 7, 3-
nitro: 8, and 2-chloro: 9) did not change the weak
potencies of the NC-hydroxy thiourea analogues. The

NA-hydroxy thiourea analogue 10 was also examined.
It likewise exhibited reduced potency in binding affinity
and antagonism comparable to the NC-hydroxy
thiourea.


A series of compounds with urea as the B-region have
been reported as potent TRPV1 antagonists.11–14 How-
ever, the urea analogue 11 was a weak congener of the
corresponding thiourea (1) with 40- and 4-fold less
potency in binding affinity and antagonism. The NA-hy-
droxy urea 12 showed a greater reduction in binding
affinity compared to the urea, but it was a weakly po-
tent, full agonist.


The thiocarbamate analogues were also examined as
thiourea congeners and compared with the correspond-
ing thioureas. Whereas the OA-thiocarbamate analogues
13–15 were moderately weaker surrogates of the corre-
sponding thioureas with 4- to 30-fold reduced binding
affinity and antagonism, the OC-thiocarbamate ana-
logues 16 and 17 showed a dramatic decrease in binding
affinity and antagonism. The result indicated that the
NC-hydrogen of thiourea would be more significant than
the NA-hydrogen for the interaction with the receptor.







Scheme 6. Synthesis of hydrazinecarbothioamide analogues. Reagents and conditions: (a) H2, Pd–C, MeOH, 98%; (b) MsCl, pyridine, 0 �C, 80%;


(c) 4-t-BuPhCH2NCS, DMF, 52%; (d) 4-t-BuPhNHNH2, CH2Cl2, 82%.


Scheme 5. Synthesis of amide and N-hydroxyamide analogues. Reagents: (a) NaCN, DMF, 94%; (b) NaOH, THF, 92%; (c) EDC, R-NH2 or


R-NHOH, 85–95%.
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Substitutions of the thiourea in 1 with the amide (18), N-
hydroxyamide (19), reverse amide (20), and reverse
N-hydroxyamide (21) as its isosteres also led to much
reduced potencies in binding affinity and antagonism
except for the N-hydroxy amide (19). This compound
was a weakly potent full agonist as was the NA-hydroxy
urea (12), which contains an N-hydroxy amide moiety.
We examined hydrazinecarbothioamide isosteres
containing a nitrogen next to the thiourea. Both
NA-type (22) and NC-type (23) analogues exhibited a
large decrease in binding affinity and antagonism.


Since a 3-fluoro substituent on the A-region enhanced
receptor antagonism, we explored the effect of a 3-fluoro
substituent in the reverse amide surrogates as shown in
Table 2. Although 4-methylsulfonamide analogues 20
and 25 were weak antagonists with low affinities, incor-
poration of the 3-fluoro group (24, 26) improved both
binding affinity and antagonism as they did in the thio-
urea series. The increased potency was consistently 3- to
4-fold. The oleyl amide analogue (27), like the corre-
sponding thiourea analogue,27 was a poor ligand for
the receptor.

4. Molecular modeling


The structural identification of the binding motif of the
TRPV1 receptor is essential to determine in detail the
mechanism of action of the TRPV1 ligands. In recent
publications, molecular determinants and models for
the vanilloid binding site were proposed based on spe-
cies-specific differences in TRPV1 sequence, site-directed
mutagenesis, homology modeling of the transmembrane
domain of TRPV1, and docking studies of capsaicin or
RTX bound to the putative binding site.28–30 The exper-
imental results indicated that Tyr511,28 Ser512,28


Met547 (only present in rTRPV1),29,30 and Thr55029


within the transmembrane domain (S1–S4) were critical
for vanilloid sensitivity. Based on these experimental
findings, several hypothetical models of RTX or capsa-
icin binding to TRPV1 were suggested. In the model
of Jordt and Julius, an aromatic residue, Tyr511, on
the intracellular S2/S3 loop interacts with the vanillyl-
moiety of capsaicin. Additional polar residues, such as
S512 or R491, could interact with capsaicin via hydro-
gen bonds, whereas lipophilic residues in TM3 might
contribute to hydrophobic interactions with the aliphat-







Table 1. Potencies of TRPV1 ligands for binding to rat VR1 and for inducing calcium influx in CHO/VR1 cells


B R1 R2 Ki (nM)c binding affinity EC50 (nM)c agonism Ki (nM)c antagonism


Capsazepine 1300 (±150) NE 520 (±12)


1 H H 63 (±10) NE 54 (±8.7)


2 F H 53.5 (±6.5) NE 9.16 (±1.6)


3 OCH3 H 50.4 (±16.5) WEa 3.4 (±0.5)b


4 H H 1090 (±150) WEa 470 (±200)b


5 F H 800 (±190) >7060 NE


6 OCH3 H 926 (±74) 2000 (±200)a NE


7 Cl H 1310 (±210) NE 579 (±43)


8 NO2 H 1330 (±310) NE 635 (±52)


9 H Cl 2270 (±730) NE NE


10 H H 4260 (±370) NE 470 (±100)b


11 H H 2560 (±370) NE 225 (±65)


12 H H 3500 (±620) 1055 (±36) NE


13 H H 772 (±21) NE 222 (±71)


14 F H 450 (±170) WEa 120 (±21)


15 OCH3 H 461 (±41) NE 110 (±9.6)


16 H H 4600 (±1400) WEa 6250 (±2300)


17 OCH3 H 2170 (±150) NE 8400 (±2700)


18 H H 5220 (±1500) WEa 6760 (±760)


19 H H 5300 (±730) 1960 (±400) NE


20 H H 2100 (±440) NE 398 (±78)


(continued on next page)
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Table 1 (continued)


B R1 R2 Ki (nM)c binding affinity EC50 (nM)c agonism Ki (nM)c antagonism


21 H H 6400 (±3100) WEa 6600 (±2000)b


22 H H 12100 (±4100) NE 1460 (±420)


23 H H 6400 (±3200) NE 2010 (±580)


NE: not effective, WE: weakly effective.
a Only fractional calcium uptake compared with that induced by 300 nM capsaicin (4, 16%; 6, 72%; 14, 7%; 16, 13%; 18, 20%; 21, 32%).
b Fractional antagonism at 10 lM capsaicin (4, 61%; 10, 78%; 21, 87%).
c Values represent the means ± SEM of three or more experiments. Values for extent of partial agonism or partial antagonism are from one to three


experiments. The extent of agonism was compared to the effect of a maximal concentration of capsaicin (300 nM) determined in the same assay.


Antagonist values were determined from inhibition of the response evoked by 50 nM capsaicin. WE and NE values were determined at ligand


concentrations of 10–30 lM.


Table 2. Potencies of TRPV1 ligands for binding to rat VR1 and for inducing calcium influx in CHO/VR1 cells


R1 R2 Ki (nM) binding affinity EC50 (nM) agonism Ki (nM) antagonism


20 H 4-t-BuPhCH2 2100 (±440) NE 398 (±78)


24 F 4-t-BuPhCH2 472 (±134) NE 118 (±35)


25 H 3,4-Me2Ph(CH2)3 7180 (±770) NE 13,555 (±6905)


26 F 3,4-Me2Ph(CH2)3 2710 (±700) NE 4656 (±1638)


27 H Oleyl >25,000 NE NE
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ic moiety of capsaicin within the plane of the mem-
brane.28 In the model of Gavva and co-workers,
Tyr511, Met547, and Thr550 are suggested to be present
in the binding pocket, since all three residues are impor-
tant molecular determinants for vanilloid sensitivity.
This model has the interactions of the vanillyl-moiety
with Thr550 and the �tail end� hydrophobic group of
capsaicin or RTX interacting with Tyr511.29 In the
model of Middleton and co-workers, Met547 and
Tyr555 interact with the vanillyl-moiety and Tyr511
contacts the orthophenyl group of RTX. The model also
shows the additional interactions of the C3-carbonyl and
the C2-methyl of RTX with Asn551 and Leu515, respec-
tively.30 The most distinctive difference among the three
models is that whereas Tyr 511 interacts with the vanillyl
group (A-region) in the model of Jordt and Julius, it
contacts the hydrophobic ends of RTX or capsaicin
(C-region) in the models of Gavva or Middleton and
co-workers.


To investigate the binding mode of the thiourea TRPV1
antagonists, the potent antagonist 2 was docked into the
transmembrane helices TM3/4 of TRPV1, which was

constructed through homology modeling by Gavva
and colleagues.31 Two alternative binding modes are
possible in the molecular docking simulations. However,
the molecular surface mapping of ligand 2 and of the
receptor is able to distinguish their regions of hydropho-
bic and hydrophilic surface. The calculations indicated
that, in ligand 2, the 4-tert-butylbenzyl group represents
the area of highest lipophilicity (brown), and the sulf-
onylaminobenzyl segment represents the area of highest
hydrophilicity (blue), as shown in Fig. 2a. In the recep-
tor, the hydrophobic binding pocket is surrounded by
Trp549, Met552, and Leu553, and the hydrophilic pock-
et is formed by Ser510, Try511, and Ser512. On the basis
of this mapping, the docking study was conducted such
that the nonpolar part of the ligand was fitted to the
hydrophobic region of the pocket, and the polar subunit
was bound to the hydrophilic region. The resulting bind-
ing model is shown in Fig. 2b. In this model, the NH of
the sulfonamide acts as a hydrogen bond donor for the
phenolic hydroxyl group of Tyr511 (2.01 Å) and the 3-
fluoro atom engages in a hydrogen bond to the amide
proton of Gly563 (1.77 Å). The sulfur atom of the thio-
urea group makes a hydrogen bond to the side chain of







Figure 2. (a) Surface maps color-coded by lipophilic potential (LP) of antagonist 2 and TRPV1. The color for LP ranges from brown (highest


lipophilic area of the molecule) to blue (highest hydrophilic area); (b) proposed model of 2 bound to TRPV1 binding site.
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Gln560 (2.26 Å). The hydrophobic 4-tert-butylbenzyl
group contacts closely the hydrophobic parts of
Phe517, Trp549, Leu553, and Arg557. The 4-(meth-
ylsulfonylamino)phenyl ring (A-region) forms a parallel
stack with the 4-hydroxyphenyl ring of Tyr511 with an
interplanar stacking distance of 3.2 Å.


In summary, we have modified the B-region thiourea
group of potent and high-affinity TRPV1 ligands (1–3)
by substitutions with N-hydroxythiourea, urea, N-hy-
droxyurea, thiocarbamate, amide, N-hydroxy amide,
and hydrazine carbothioamide groups to investigate
their SARs. Although the modifications generally con-
ferred modest to dramatic decreases in binding affinities
and agonistic/antagonistic potencies, their SAR analysis
indicated that both hydrogens, which act as H-bonding
donors, and the sulfur atom in the thiourea, which func-
tions as a H-bonding acceptor, are crucial for high-
binding affinity and potent antagonism in this series
of N-(4-t-butylbenzyl)-N 0-[4-(methylsulfonylamino)ben-
zyl]thioureas. In addition, we found that a 3-fluoro sub-
stituent enhanced antagonism in the various B-region
analogues. Finally, the docking study of the potent
antagonist 2 with the homology model of TRPV1 sug-
gested a binding model for thiourea antagonists with
the receptor, which may aid in optimizing the antagonis-
tic activity of drug candidate and in understanding the
gating mechanism of TRPV1 channels.
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J.-M. Fang, Taipei


A. R. Fersht, Cambridge


D. M. Floyd, Princeton, NJ


A. K. Ganguly, Bloomfield, NJ


B. Giese, Basel


H. B. Gray, Pasadena, CA


G. L. Grunewald, Lawrence, KS


P. Herrling, Basel


D. Hilvert, Zürich
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Abstract—A new class of cannabimimetic indoles, with 3-phenylacetyl or substituted 3-phenylacetyl substituents, has been prepared
and their affinities for the cannabinoid CB1 and CB2 receptors have been determined. In general those compounds with a 2-substi-
tuted phenylacetyl group have good affinity for both receptors. The 4-substituted analogs have little affinity for either receptor, while
the 3-substituted compounds are intermediate in their affinities. Two of these compounds, 1-pentyl-3-(2-methylphenylacetyl)indole
(JWH-251) and 1-pentyl-3-(3-methoxyphenylacetyl)indole (JWH-302), have 5-fold selectivity for the CB1 receptor with modest affin-
ity for the CB2 receptor. GTPcS determinations indicate that both compounds are highly efficacious agonists at the CB1 receptor
and partial agonists at the CB2 receptor.
� 2005 Elsevier Ltd. All rights reserved.

In the classical investigation of the structure–activity
relationships (SAR) of cannabimimetic aminoalkyl-
indoles, such as WIN-55,212-2 (1), it was found that a
3-(1-naphthoyl) substituent appended to the indole
nucleus provided greater affinity for the cannabinoid
CB1 receptor than a substituted benzoyl group.1 Nearly
simultaneously, we demonstrated that the N-aminoalkyl
group could be replaced by an alkyl group without loss
of cannabinoid activity. An n-pentyl group on the indole
nitrogen, as in JWH-018 (2), provided maximum affinity
for the CB1 receptor, and in vivo potency typical of tra-
ditional cannabinoids, such as D9-tetrahydrocannabinol
(3, D9-THC).2,3 Subsequently, we prepared a number of
N-alkyl 3-(1-naphthoyl)indole derivatives to develop
SAR for cannabimimetic indoles at both the CB1 and
CB2 receptors.


4–7


Among the compounds included in the study by
the Winthrop group were aminoalkylindoles with
3-(1,2,3,4-tetrahydro-1-naphthoyl) and 3-(5,6,7,8-tetra-
hydro-1-naphthoyl) substituents.1 The 3-(1,2,3,4-tetra-

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2005.06.008
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hydro-1-naphthoyl) compound had moderate affinity
for the CB1 receptor and was quite potent in inhibiting
the electrically induced contractions of the isolated
mouse vas deferens. The compound with a 3-(5,6,7,8-tet-
rahydro-1-naphthoyl) substituent had considerably less
affinity for the receptor, but was slightly more potent
than the 1,2,3,4-tetrahydro-1-naphthoyl analog in the
mouse vas deferens protocol. It was suggested that the
potency of these compounds is due to the presence of
a bicyclic substituent at C-3 of the indole, rather than
to specific aromatic interactions. However, there now
exists convincing evidence that cannabimimetic indoles,
including aminoalkylindoles, interact with the CB1


receptor primarily by aromatic stacking.8,9


There appeared to be two plausible explanations for
the greatly enhanced CB1 receptor affinities of the 3-
(1-naphthoyl)indoles. Either the presence of a second
aromatic ring increased the magnitude of stacking inter-
actions with the CB1 receptor or the geometry of the
naphthoyl indoles is such that the second aromatic ring
(carbons 5–8) is proximate to aromatic amino acids in
the receptor, which would increase the stacking interac-
tions. To gain evidence regarding this question, we pre-
pared a series of 1-pentyl-3-phenylacetylindoles (4,
Scheme 1). These indole derivatives include compounds
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both with and without a C-2 methyl substituent (4,
R = CH3 or H). A variety of compounds were synthe-
sized, including those with methyl-, methoxy-, fluoro-,
chloro-, and bromophenyl substituents as well as the
unsubstituted analogs.


Cannabimimetic indoles were synthesized from 1-
pentylindole (5, R = H) or 2-methyl-1-pentylindole (5,
R = CH3) and the appropriate phenylacetyl chloride
by the Okauchi modification of the Friedel–Crafts reac-
tion (Scheme 1).7,10 In this procedure the substrate in-
dole is stirred in dichloromethane with 1.5 equiv of
dimethylaluminum chloride at 0 �C for up to 1 h. To this
intermediate organoaluminum compound is added
1.5 equiv of the acyl halide.11 Evidence for the forma-
tion of an organoaluminum intermediate follows from
the observation that reaction of 1-pentylindole with
dimethylaluminum chloride and quenching with D2O
provided 3-deuterio-1-pentylindole.


The affinities of the phenylacetylindoles for theCB1 recep-
tor were determined bymeasuring their ability to displace
[3H]CP-55,940 from its binding site in a membrane prep-
aration from rat brain,12 and CB2 receptor affinities were
determined by measuring the ability of the compounds to
displace [3H]CP-55,940 from a cloned human receptor
preparation.13 The results of these determinations are
summarized in Table 1. The receptor affinities for WIN-
55,212-2 (1) and D9-THC (3) are also included in Table 1.


The receptor affinities summarized in Table 1 indicate
that in general the 2-methylindoles have lower affinity
for the CB1 receptor than the 2-unsubstituted analogs.
This is a general trend in the cannabimimetic indole ser-
ies.1,3–5,7 The compounds with an unsubstituted pheny-
lacetyl group (JWH-167 and JWH-205) have modest
affinities (Ki = 90 ± 17 nM and 124 ± 23 nM, respective-
ly) for the CB1 receptor. The 4-substituted analogs
(JWH-208, JWH-209, JWH-201, JWH-202, JWH-313,
JWH-316, JWH-206, JWH-207, JWH-248, and

Scheme 1.

JWH-304) have uniformly low CB1 receptor affinity
(Ki = 179–3363 nM).


The 3-(2-substituted phenylacetyl)indoles have good to
high affinity for the CB1 receptor. The highest affinity
compounds are 1-pentyl-3-(2-chlorophenylacetyl)indole
(JWH-203), with Ki = 8.0 ± 0.9 nM and 1-pentyl-3-
(2-bromophenylacetyl)indole (JWH-249) Ki = 8.4 ±
1.8 nM. 1-Pentyl-2-methyl-3-(2-methoxyphenylace-
tyl)indole (JWH-306), the 1-pentyl-3-(2-fluoropheny-
lacetyl)indoles (JWH-311 and JWH-314), and the
1-pentyl-3-(2-methylphenylacetyl)indoles (JWH-251 and
JWH-252) have the lowest affinities of this group of
compounds with Ki = 23–39 nM. The other 3-(2-substi-
tuted phenylacetyl)indoles, JWH-204, JWH-305, and
JWH-250 have Ki = 11–15 nM.


Those compounds with a 3-substituted phenylacetyl
group have CB1 receptor affinities intermediate between
those of the 2- and 4-substituted analogs. In particular,
1-pentyl-3-(3-methoxyphenylacetyl)indole (JWH-302,
Ki = 17 ± 2 nM) and 1-pentyl-3-(3-chlorophenylace-
tyl)indole (JWH-237, Ki = 38 ± 10 nM) have quite high
affinity for the CB1 receptor. The corresponding 2-
methylindoles (JWH-253 and JWH-303) have significant-
ly lower affinities than JWH-237 and JWH-302. Both
1-pentyl-3-(3-fluorophenylacetyl)indole (JWH-312) and
the corresponding 2-methylindole (JWH-315) have mod-
est and little affinity, respectively, for the CB1 receptor.


In general the CB2 receptor affinities of this class of in-
doles follow the same trend as their CB1 affinities (Table
1). That is, the 2-substituted phenylacetyl compounds
have the greatest affinity, followed by the 3-substituted
analogs. The 3-(4-substituted phenylacetyl)indoles have
negligible affinity for the CB2 receptor, and most of
the 2-methylindoles have lower CB2 receptor affinities
than the unsubstituted analogs. However, in the 1-pen-
tyl-3-(2-methylphenylacetyl)indoles the 2-methylindole
analog (JWH-252, Ki = 19 ± 1 nM) has more than







Table 1. Receptor affinities (mean ± SEM) of 1-pentyl-3-phenylacetylindoles


3-Substituent R Ki (nM)


CB1 CB2 Ratio CB1/CB2


WIN-55,212-2 (1) 1.9 ± 0.1a 0.28 ± 0.16a 6.8


D9-THC (3) 41 ± 2b 36 ± 10a 1.1


Phenylacetyl, JWH-167 H 90 ± 17 159 ± 14 0.57


Phenylacetyl, JWH-205 CH3 124 ± 23 180 ± 9 0.69


2-Methylphenylacetyl, JWH-251 H 29 ± 3 146 ± 36 0.20


2-Methylphenylacetyl, JWH-252 CH3 23 ± 3 19 ± 1 1.2


4-Methylphenylacetyl, JWH-208 H 179 ± 7 570 ± 127 0.31


4-Methylphenylacetyl, JWH-209 CH3 746 ± 49 1353 ± 270 0.55


2-Methoxyphenylacetyl, JWH-250 H 11 ± 2 33 ± 2 0.33


2-Methoxyphenylacetyl, JWH-306 CH3 25 ± 1 82 ± 11 0.30


3-Methoxyphenylacetyl, JWH-302 H 17 ± 2 89 ± 15 0.19


3-Methoxyphenylacetyl, JWH-253 CH3 62 ± 10 84 ± 12 0.74


4-Methoxyphenylacetyl, JWH-201 H 1064 ± 21 444 ± 14 2.4


4-Methoxyphenylacetyl, JWH-202 CH3 1678 ± 63 645 ± 6 2.6


2-Fluorophenylacetyl, JWH-311 H 23 ± 2 39 ± 3 0.60


2-Fluorophenylacetyl, JWH-314 CH3 39 ± 2 76 ± 4 0.51


3-Fluorophenylacetyl, JWH-312 H 72 ± 7 91 ± 20 0.79


3-Fluorophenylacetyl, JWH-315 CH3 430 ± 24 182 ± 23 2.4


4-Fluorophenylacetyl, JWH-313 H 422 ± 19 365 ± 92 1.2


4-Fluorophenylacetyl, JWH-316 CH3 2862 ± 670 781 ± 105 3.7


2-Chlorophenylacetyl, JWH-203 H 8.0 ± 0.9 7.0 ± 1.3 1.1


2-Chlorophenylacetyl, JWH-204 CH3 13 ± 1 25 ± 1 0.52


3-Chlorophenylacetyl, JWH-237 H 38 ± 10 106 ± 2 0.36


3-Chlorophenylacetyl, JWH-303 CH3 117 ± 10 138 ± 12 0.85


4-Chlorophenylacetyl, JWH-206 H 389 ± 25 498 ± 37 0.78


4-Chlorophenylacetyl, JWH-207 CH3 1598 ± 134 3723 ± 10 0.43


2-Bromophenylacetyl, JWH-249 H 8.4 ± 1.8 20 ± 2 0.42


2-Bromophenylacetyl, JWH-305 CH3 15 ± 1.8 29 ± 5 0.52


4-Bromophenylacetyl, JWH-248 H 1028 ± 39 657 ± 19 1.6


4-Bromophenylacetyl, JWH-304 CH3 3363 ± 332 2679 ± 688 1.2


a Ref. 13.
b Ref. 12.
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7-fold greater affinity for the CB2 receptor than the
unsubstituted compound (JWH-251, Ki = 146 ± 36 nM).


In contrast to most cannabimimetic indoles, which tend
to show selectivity for the CB2 receptor,4,6,7,13 two of
these phenylacetylindoles show 5-fold selectivity for
the CB1 receptor. One of them, 1-pentyl-3-(2-methylph-
enylacetyl)indole, JWH-251, has good affinity for the
CB1 receptor (Ki = 29 ± 3 nM) with modest affinity for
the CB2 receptor (Ki = 146 ± 36 nM). The other, 1-pen-
tyl-3-(3-methoxyphenylacetyl)indole, JWH-302, also has
good affinity (Ki = 17 ± 2 nM) for the CB1 receptor, and
fair affinity for the CB2 receptor (Ki = 89 ± 15 nM). To
evaluate the efficacy of these compounds, their ability
to stimulate [35S]GTPcS binding at CB1 and CB2 was
determined.7,14 The results of these determinations
are summarized in Table 2, where the stimulation
produced at each receptor is normalized to a standard

Table 2. EC50 and Emax values (mean ± SEM) for stimulation by GTPcS bi


Compound


EC50 (nM


1-Pentyl-3-(2-methylphenylacetyl)indole (JWH-251) 29.0 ± 5.


1-Pentyl-3-(3-methoxyphenylacetyl)indole (JWH-302) 29.3 ± 0.


a Stimulation values are from data normalized to stimulation produced by


WIN-55,212-2 for CB1 and 3 lM CP-55,940 for CB2 receptors.

cannabinoid full agonist. JWH-251 and JWH-302 both
stimulate GTPcS binding at CB1, with approximately
equal values of EC50 (29 nM) and are high efficacy ago-
nists with Emax of greater than 90% (Table 2). Although
the affinities of these compounds at CB2 are approxi-
mately one-fifth that of their affinities for the CB1 recep-
tor, both significantly stimulate GTPcS binding at the
CB2 receptor. Surprisingly, their potencies for CB2


receptor activation were similar to those seen with
CB1: for JWH-251, EC50 = 8.3 ± 0.8 nM and for JWH-
302, EC50 = 24.4 ± 6.9 nM. At the CB2 receptor, howev-
er, both compounds are partial agonists with Emax val-
ues of less than 50%.


The 1-pentyl-3-phenylacetylindoles constitute a new
class of cannabimimetic indoles, which in contrast to
most compounds of this general type show little selectiv-
ity for the CB2 receptor. Two of these indole derivatives,

nding of CB1 and CB2 for JWH-251 and JWH-302


CB1
a CB2


a


) Emax (%) EC50 (nM) Emax (%)


5 97.6 ± 1.5 8.3 ± 0.8 47.0 ± 2.4


8 91.5 ± 2.9 24.4 ± 6.9 33.5 ± 2.9


a maximally effective concentration of a standard full agonist: 10 lM
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JWH-251 and JWH-302, are moderately selective for the
CB1 receptor and are full agonists at this receptor. Selec-
tive agonists for the CB1 receptor are relatively rare and
although these compounds are also partial agonists at
the CB2 receptor, they may serve as the prototypes for
additional CB1 receptor selective agonists. In addition,
the high CB1 receptor affinities of several of these com-
pounds combined with the efficacies of JWH-251 and
JWH-302 suggest that the increased potency of cannab-
imimetic 3-(1-naphthoyl)indoles relative to their benzoyl
congeners is caused by their molecular geometry rather
than the presence of a second aromatic ring.
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Abstract—Enamine-containing analogues of heteroarylquinones were prepared based on initial screening data observed against
Mycobacterium tuberculosis H37Rv (Mtb). Several analogues showed moderate to good inhibitory activity, with one analogue (7)
also demonstrating acceptable toxic selectivity (MIC 0.39 lg/mL, SI 15). Activity towards a range of single-drug-resistant strains
of Mtb was suggestive of a novel mechanism of action for 7.
� 2005 Elsevier Ltd. All rights reserved.

Table 1. Antimycobacterial activity against M. tuberculosis and


cytotoxicity of compounds 1–10


Compound MICa M. tuberculosis


H37Rv


IC50
b VERO


cells


Selectivity


index, SIc


1 0.1 <0.04 <0.4


2 3.13 <0.26 <0.08


3 6.25 d d


4 3.13 1.4 0.45


5 1.56 9.1 5.8


6 21.0e n.d.f n.d.


7 0.39 5.9 15.1


8 0.78 3.5 4.5


9 0.2 d d


10 1.56 d d


Rifampin 0.125–0.25 100 400


aMIC in lg/mL.
b IC50 in lg/mL.
c SI = VERO IC50/MIC.
d Poor solubility prevented determination of IC50 and SI values.
eMIC against M. tuberculosis H37Rv pFPCA1 in a green fluorescent


protein microplate assay (GFPMA).13


f Not determined.

Current epidemiological evidence indicates that one-
third of the world�s population are infected with Myco-
bacterium tuberculosis, that 8 million new cases emerge
annually and that 3 million deaths per year are directly
attributable to infection with the bacillus.1 Active dis-
ease following new infection, as well as reactivation of
latent tuberculosis, is particularly prevalent in individu-
als with compromised immune systems, such as those
that are HIV positive. In addition, the emergence of
drug-resistant strains of M. tuberculosis has led to in-
creased pressure on current chemotherapy regimes.2


As part of a program to discover new classes of anti-
mycobacterial agents, the UoA Group has screened
libraries of purified marine natural products and syn-
thetically derived compounds for growth inhibitory
activity towards M. tuberculosis H37Rv (Mtb) through
the Tuberculosis Antimicrobial Acquisition and Coordi-
nation Facility (TAACF).3 Two compounds identified
as exhibiting activity (Table 1) were the marine alkaloid
ascididemin (1)4–6 and the synthetic precursor enamine
27 (Fig. 1). In an effort to assess the potential of enamine
2 to act as a template for the development of new anti-
tuberculosis agents, a number of analogues of 2 were
prepared and evaluated in a range of Mtb assays, both
in vitro and in vivo.
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The aim of the present study was to prepare a number of
analogues of 2 in order to explore preliminary aspects of
the structure–antituberculosis activity relationship.
Analogues 3,8 4,7 5,7 and 69 were prepared by literature
procedures to assess the influence of the enamine moie-
ty, steric size, and quinone functionality on biological
activity (Chart 1). The preparations of 7, 8, and 9, to ex-
plore requirements for nitrogen and sidechain function-
ality, are presented in Scheme 1.10 Reaction of dione
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Figure 1. Structures of hit compounds resulting from library screening.


Chart 1.


Scheme 1. Reagents and conditions: (a) DMF–DEA, DMF, N2,


120 �C, 30 min; (b) Eschenmoser�s salt, DMF, N2, 115 �C, 25 min; (c)


Eschenmoser�s salt, DMF, N2, 105 �C, 10 min.
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1011 with DMF–DEA in DMF at 120 �C for 30 min
yielded enamine 7. Dimethylaminoethyl analogue 8
was prepared by reaction of dione 10 with Eschenmo-
ser�s salt in DMF at 115 �C (98%), while reaction of en-
amine 7 with Eschenmoser�s salt afforded enal 9 (83%).

All compounds were initially evaluated for MIC against
M. tuberculosis H37Rv in BACTEC 12B media using
the microplate alamar blue assay (MABA).12 The results,
summarized in Table 1, indicate that the antimycobacte-
rial activity of enamine 2 varies only slightly with the ab-
sence of the enamine moiety (vs 3) or with sidechain
saturation (vs 4) but that these changes modify in vitro
cytotoxicity and aqueous solubility. Preparation of the
corresponding benzene analogues (7, 8, and 10) highlight-
ed a similar antimycobacterial trend, with 7 exhibiting
less pronounced in vitro cytotoxicity towards the VERO
cell line. Sidechain modification, removal of ring-D, or
complete removal of quinone functionality resulted in
either poor solubility (9) or lowered potency (5, 6).


Enamine 7 was the only compound in the series to
satisfy the criterion of selectivity index P10, where SI
is defined as VERO IC50/MIC, so its in vitro spectrum
of activity was further investigated. Evaluation against
a panel of single-drug-resistant strains of M. tuberculo-
sis indicated no cross-resistance to any of the antituber-
cular agents ethambutol (EMB), isoniazid (INH),
rifampin (RMP), kanamycin (KM), and ciprofloxacin
(CIP) (all MIC <0.2 lg/mL), suggestive of a novel
mechanism of action. Activity was also observed
towards a number of clinical isolates of the nontubercu-
lar mycobacterium Mycobacterium avium (MIC 1–2
lg/mL), an organism which is responsible for frequent
lethal infections in terminal AIDS patients.


It is now widely accepted that a physiological state of
nonreplicating persistence of the tubercle bacillus
(NRP-TB) is responsible for the long treatment duration
for tuberculosis and that the key to shorten the 6-month
regimen lies in targeting this subpopulation. In an in vi-
tro low oxygen recovery assay that models NRP-TB,14 7
exhibited an MIC of 3.7 lg/mL (MIC RMP 7.9 lg/mL).
The structurally simpler acridine enamine 6 exhibited an
MIC of 54 lg/mL in the same assay, suggesting that
enamines could be useful in targeting NRP-TB. Further
evaluation of 7 against M. tuberculosis Erdman in mon-
olayers of mouse bone marrow macrophages16 indicated
that the concentration effecting 90% reduction in the
viable cell count after 7 days, compared to untreated
controls (EC90), was 2.1 lg/mL suggestive of reduced
macrophage penetration.


As a prelude to animal testing, the maximum tolerated
dose (MTD) of 7 was determined by using an escalat-
ing dose of drug (100, 300, and 500 mg/kg) given to
mice by oral gavage. No adverse effects or reactions
were observed, though solubility limited the 500
mg/kg dose. Subsequent in vivo evaluation of 7 was
made at a dose of 300 mg/kg in infected C57BL/6
interferon-c gene-depleted mice.17 Although control
treatment with INH (25 mg/kg/day) afforded reduc-
tions of 2.6 and 4.0 log CFU in lung and spleen tis-
sues, respectively, enamine 7 reduced bacterial load
in the spleen by 0.5 log CFU, which was not consid-
ered significant.18,19 Poor bioavailability or rapid
hydrolysis of the enamine under acidic conditions in
the stomach may account for the lack of observed effi-
cacy of 7 in animals.20
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In conclusion, we have shown that the potency and
activity towards a range of drug-resistant strains of M.
tuberculosis, M. avium, and nonreplicating persistent
forms of M. tuberculosis exhibited by these compounds
make them valuable leads for synthesizing new
analogues in the search of improved treatments for
tuberculosis.
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Abstract—A novel C–C-coupled dimer derivative of bergenin was produced by the biotransformation of cultured mycelia of white
rot fungus Pleurotus ostreatus. Its structure was elucidated by detailed spectroscopic analysis.
� 2005 Elsevier Ltd. All rights reserved.

Bergenin (1), a hydrolyzable tannin derivative, was iso-
lated from several medicinal plants and exhibited vari-
ous biological activities,1–6 such as antihepatotoxic and
antiulcerogenic effects.7,8 It contains five hydroxyl
groups, which are considered to be potentially active.
Using lipase and protease, Mozhaev et al. successfully
produced a solution-phase combinatorial library of
167 acylated derivatives of bergenin. In that study, a
three-step enzymatic acylation/hydrolysis strategy was
applied.9 By coupling with a variety of fatty acids on
hydroxyl groups through chemical catalysis, Takahashi
et al. synthesized a series of esterified derivatives of
bergenin with greatly enhanced antioxidant activity.10


Some other chemical modifications of bergenin deriva-
tives were also reported.11,12


Compared with chemical catalysis, biocatalysis has
shown more potentiality in higher selectivity and higher
reactivity over a broad range of operating conditions.
Biotransformation, which is at the interface between
biology and chemistry, is increasingly important for
establishing a diverse library of chemical structure. It
is well known that white rot fungi have the ability to de-
grade lignin. Since lignin, due to its molecular weight,
cannot be absorbed by fungal hyphae, the degradation
is initiated by the action of extracellular enzymes, such
as lignin peroxidase, manganese-dependent peroxidase,
manganese-independent peroxidase, and laccase. These
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enzymes are nonspecific and therefore able to degrade
aromatic xenobiotics, such as pesticides, polychlorinated
biphenyls, polycyclic aromatic hydrocarbons, dyes,
polymers, and wood preservatives.13 Pleurotus ostreatus,
as an edible fungus belonging to white rot basidiomy-
cete, is widely cultivated. Recently, its ability to degrade
nonylphenol in aqueous phase and soil was tested
together with other three white rot fungi.14 Our study
on the biotransformation of bergenin (1) with white
rot fungus P. ostreatus led to the isolation of a novel
C–C-coupled dimeric bergenin derivative (2). This arti-
cle describes the isolation of 2 and its structural elucida-
tion by detailed spectroscopic analysis.

Fresh fruiting bodies of P. ostreatus (Jacq. ex Fr.) Kum
were purchased from a local market. The fruiting bodies
were initially cultivated on a 2% agar slant15 and incu-
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Table 2. 13C NMR data (d in ppm) for compounds 1 and 2


Position 1 Position 2


2 81.7 2, 20 81.5


3 70.7 3, 30 70.6


4 73.7 4, 40 73.7


4a 79.8 4a, 4a0 79.1


6 163.3 6, 60 161.9


6a 118.0 6a, 6a0 116.3


7 109.5 7, 70 121.4


8 150.9 8, 80 149.5


9 140.6 9, 90 139.6


10 148.0 10, 100 146.3


10a 116.0 10a, 10a 0 115.3


10b 72.2 10b, 10b0 72.6


11 61.1 11, 110 61.2


12 59.8 12, 120 60.0


Recorded at 125 MHz in DMSO-d6 with TMS as internal standard.


Table 1. 1H NMR data for compounds 1 and 2 (d in ppm, J in Hz)


Position 1 Position 2


2 3.56 (t, 7.6) 2, 20 3.58 (t, 7.7)


3 3.21 (m) 3, 30 3.17 (m)


4 3.65 (m) 4, 40 3.72 (t, 9.7)


4a 3.98 (t, 9.9) 4a, 4a0 3.87 (br s)


7 6.98 (s)


10b 4.95 (d, 10.4) 10b, 10b0 4.92 (d, 10.2)


11 3.44 (m) 11, 110 3.42 (m)


12 3.77 (s) 12, 120 3.79 (s)


OH-3 5.35 (br s) OH-3, OH-3 0 5.44 (br s)


OH-4 5.56 (br s) OH-4, OH-4 0 5.55 (br s)


OH-11 3.84 (br s) OH11, OH-110 3.83 (br s)


OH-arom 8.41 (br s) OH-arom 8.59 (br s)


9.66 (br s)


Recorded at 500 MHz in DMSO-d6 with TMS as internal standard.
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bated for 14 days in darkness at 28 �C. The mycelia was
reinoculated and maintained in the same medium at
4 �C.


For small-scale transformation experiments, the mycelia
were reinoculated in the same 2% agar slants for 7 days.
The activated mycelia (1 cm2) was inoculated into a
100 mL flask containing 30 mL PDA medium (the same
as 2% agar slant but without agar) and agitated at
80 rpm with a rotary shaker in darkness at 28 �C. After
14 days of incubation, 30 mg bergenin16 (dissolved in
1 mL DMSO, filter-sterilized with 0.22 lm filter) was
added. The culture liquid was sampled at the intervals
of 3 days and analyzed by HPLC17 (Fig. 1). It was no-
ticed that a new peak for the product appeared and it
reached the highest level at the 15th day (Fig. 2).


To obtain the product, biotransformation was scaled up
by adding 1 g bergenin (dissolved in 15 mL DMSO) into
a 1000 mL flask, in which mycelia of P. ostreatus had
been incubated for 14 days in 500 mL PDA medium.
Fifteen days after the addition of 1, the culture medium
was harvested, and through a repeated separating proce-
dure,18 the purified product (compound 2) was obtained
in 1% yield.


Compound 2 was a brown amorphous solid.
½a�27D ¼ 26.19 (0.003, H2O). The NMR data were found
to be in highly agreement with those of 1 (Tables 1
and 2). The 1H spectral data of 2 were very similar to
those of 1 except for the absence of the proton signal
at 6.98 (s, H-7). In 13C NMR spectra, the signal of C-
7 in 1 (d 109.5) was significantly shifted to lower field
of d 121.4 in 2. The DEPT spectra indicated that C-7

Figure 1. HPLC analysis of P. ostreatus–bergenin biotransformed


culture.


Figure 2. The yield curve of compound 2 in P. ostreatus–bergenin


culture, analyzed by HPLC.

was converted to a quaternary carbon in 2 from a tertia-
ry carbon in 1, suggesting that C-7 position of 2 was
substituted. The negative FABMS of 2 exhibited a
molecular ion peak at m/z 654 [M]�, and the HRESIMS
(m/z 653.1353 [M�H]� for C28H30O18-H, calcd
653.1353) assigned its molecular formula as
C28H30O18. These observations indicated that 2 was a
dimer of 1 coupled between C-7 of two bergenin units.
The absolute configuration of 2 was determined as R
according to a strong negative Cotton effect at 239 nm
and a strong positive Cotton effect at 272 nm in the cir-
cular dichroism (CD) spectra (c 0.76 mM, H2O, D239


�2.94, D272 +2.30), similar to the CD spectroscopic data
of ellagitannins.19


Compounds 1 and 2 were tested for their in vitro antiox-
idant activity as described,20 and it can be found easily
that SC50 of 2 (2.13 mmol/mL) doubled that of 1
(1.07 mmol/mL). This can be made plain with 2 being
the dimer of 1.


In the parallel contrast tests, the culture without sub-
strate and the medium containing substrate but without
fungus were incubated in the same condition as de-
scribed for the biotransformation of 1. The HPLC anal-
ysis showed that both incubations had not resulted in
the generation of 2. It was concluded that compound 2
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is a new metabolite derived from the fungal biotransfor-
mation of 1.


When starting this work, we had anticipated that some
changes would have occurred on the hydroxyl groups or
methoxy group in bergenin. However, the result indicated
that all these functional groups were not modified, but
dimerization took place between the aromatic carbons
from twobergenin units to formabiphenyl structure. This
kind of dimerization reaction usually happens under
more hasher operating conditions by traditional chemical
catalysis. In most of the biotransformation experiments,
the formation of C–O bonds is much more common than
direct C–C linkage when one phenyl ring coupled with
other groups. It was reported that some C–C-linked
biarylic compounds were formed by another white rot
fungus Pycnoporus cinnabarinus.21 To the best of our
knowledge, compound 2 was the first C–C-coupled
hydrolyzable tannin derivative biotransformed by white
rot fungus. In this study, dehydro-oxidation reaction
catalyzed by oxidase may be used to explain the possible
mechanism. Further studies on themechanismof selectiv-
ity and associated enzymes in this biocatalysis are under
investigation. And to acquire a higher yield of product,
the improvement of culture conditions is in progress.
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Abstract—The two anomers of O-methyl gluco-2,3-digalloyl esters were synthesized and their antimycotic activity toward yeasts of
biomedical importance was evaluated. When used at subinhibitory concentration and regardless of stereochemistry at the anomeric
carbon, these compounds enhance the antimycotic activity of Amphotericin B.
� 2005 Elsevier Ltd. All rights reserved.

Figure 1. EGCG and O-methyl gluco-2,3-galloyl ester skeletons.

Gallic acid (GA) and its derivatives are widespread nat-
ural molecules having an important role in food and
pharmaceutical industry.


Previous studies evaluated the biological activities of
some n-alkyl esters of gallic acid (propyl, octyl, etc.).
These non-natural molecules, currently used as antioxi-
dant additives, exhibited an antimycotic activity toward
some yeasts,1 and were noticed to be able to increase the
antimycotic activity of some antibiotics, such as
Amphotericin B (AmB),2 a polyenic molecule that, in
spite of its low stability, is currently used for the treat-
ment of human mycoses.3


Although the protecting actionof glucogalloyl derivatives
against cardiovascular diseases4,5 is a well-known phe-
nomenon, their antimycotic activity toward yeasts of bio-
medical relevance has never been critically evaluated.


With this background, a chemical and biological pro-
gram was undertaken to synthesize and evaluate the
antimycotic activity of new glucogalloyl esters. The ini-
tial targets chosen were the O-methylgluco-2,3-digalloyl
esters for their relative low molecular weight, their lead-

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2005.06.037


Keywords: Glucogalloyl esters; Antimycotic activity; Amphotericin B.
* Corresponding author. Tel.: +39 055 4573535; fax: +39 055


4573531; e-mail: stefano.menichetti@unifi.it

form to more complex glucogalloyl and ellagitannins
derivatives and steric similarity with epigallocatechin
gallate (EGCG) (Fig. 1) that is known to exhibit a bio-
logical activity towards living yeast cell systems.6


The synthetic strategy started with the preparation of
suitable protected gallic acid 1. Commercially available
methyl gallate (MG) was reacted with dichlorodiphenyl
methane to give the expected cyclic dioxolane 2 that was
hydrolyzed to the corresponding acid 3 with LiOH in
MeOH/H2O followed by silylation with an excess of
TBDMSCl and DIPEA at both the acid and the residual
phenolic position.7 The silyl ester 4 was selectively
deprotected to 1 by acid hydrolysis with AcOH in
THF/H2O (Scheme 1).8


As far as the sugar moiety is concerned, a 2:1 mixture of
a- and b-O-methylglucosides 5, protected on the posi-
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Scheme 1. Synthesis of galloyl acid derivative 1. Reagents and


conditions: (a) Ph2CCl2 180 �C, 83%; (b) LiOH, MeOH/H2O reflux,


97%; (c) TBDMSCl, DIPEA, DMF, 98%; (d) AcOH, THF/H2O, 80%.


Scheme 2. Synthesis of a- and b-O-methylgluco-2,3-digalloyl esters 7.


Reagents and conditions: (a) DCC, DMAP, DMAPÆHCl, CH2Cl2, rt,


24 h, flash chromatography, [a-6 (26%), b-6 (16%), a/b-6 (13%)]; (b)


TBAF/AcOH, THF, rt, 5 h, 85%; (c) H2, Pd/C, THF, rt, 17 h (three


cycles), 27%.
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tions 4 and 6 as benzylidene derivatives, were used. The
esterification reaction of 1 with 5 was initially carried
out by activating the acid �via� the formation of the cor-
responding acyl chloride, but low yields (22%) of esters 6
were isolated. The poor result obtained prompted us to
carry on a modified Steglich esterification reaction.9


This procedure allowed the isolation of reasonable
yields of a mixture of galloyl esters 6 which were also
isolated as single anomers by skilled flash chromatogra-
phy10 (Scheme 2).


The deprotection of the hydroxyl groups was achieved
in two steps by desilylation, with TBAF/AcOH to pre-
vent ester hydrolysis, followed by catalytic hydrogena-
tion of the dioxolane ring of both the aromatic and
the sugar moieties.11 Reverse phase preparative thin-
layer chromatography (TLC) allowed the purification
of a- and b-O-methylgluco-2,3-galloyl derivatives 7,
from a very small amount of partially protected interme-
diates, as reported in Scheme 2 where, for simplicity,
only the major a-anomer has been depicted.10


The identification of the two anomers was performed by
NMR, UV–vis, and MS techniques.10


The HPLC-DAD analysis of galloyl derivatives 7, in
Figure 2, shows the different retention times, the high
purity (>98%), and the eventual separation of the two
anomers 6, performed by flash chromatography during
the synthetic pathway (Scheme 2, Fig. 2).


In preliminary tests aimed at evaluating the biological
properties of the glucogalloyl esters, a mixture of a-
and b-anomers 7 exhibited only a slight and temporary
antimycotic activity toward Candida glabrata DBVPG
3828.


When AmB13 was used in association with a subinhibi-
tory concentration of glucogalloyl compounds 7 (Table
1), an increased antimycotic activity of the above poly-
enic antibiotic was observed, under form of a clear de-
crease of its minimal inhibitory concentration (MIC).14


This effect was particularly relevant when Issatchenkia

orientalis (teleomorphic state of Candida kruseii)
DBVPG 6782, a well-known yeast pathogen,15 was used
as target strain (Table 1). In addition, our studies indi-
cated that either mixture or pure a-7 or b-7 anomers
did not exhibit significantly different effects on the activ-
ity of AmB (Fig. 3).


Concerning the possible mechanism(s) of such behavior,
some hypotheses can be proposed. Apparently, the more
significant may concern the well-known interaction be-
tween antioxidant molecules (such as galloyl derivatives)
and AmB.2,16


It is generally accepted that the damaging action of
AmB toward yeast cells originates from its binding to
sterols incorporated in cell membranes,3 even though
no clear relationship has been so far found between this
first step and the expression of biological activity.
Although some evidence suggests that yeast cell lethality
does not originate exclusively from changes in mem-
brane permeability, the binding of AmB to sterols re-
sults in a disorganization of cell membranes, through
the formation of specific pores constituted of small
aggregates of AmB and sterols, which causes a loss of
protons and monovalent cations.3


Several reports indicate that oxidation-dependent events
may be involved in AmB antimycotic activity.2,16







Figure 2. HPLC-DAD chromatograms of a mixture of a-7and b-7 and the isolated pure compounds.


Figure 3. MICs (lg/mL) of AmB in association with increasing


concentrations of: mixture a/b-7 (A) or pure a-7 (B) or b-7 (C). Target


strain: C. glabrata DBVPG 3828.


Table 1. MICs (lg/mL) of mixture a-7/b-7 alone, AmB alone, or AmB


in association with mixture a-7/b-7 (49.8 lg/mL), gallic acid (GA)


(34.0 lg/mL), and methyl gallate (MG) (36.8 lg/mL)


MICs


a-7/b-7 AmB AmB in association with


a-7/b-7 GA MG


C. albicans12 1940 1.06 0.05 0.09 0.09


C. glabrata12 >4670 1.06 0.05 1.00 0.09


I. orientalis12 >4670 >100 2.05 8.00 45.0
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Because AmB injury to yeast cells could be modulated
by the extracellular presence of compounds exhibiting
antioxidant action, it has been postulated that these
molecules could act as simple protective agents toward
polyene oxidation, thus resulting in an increased AmB
stability.2,16 Therefore, a possible explanation of the ob-
served synergistic (or additive) effect of glucogalloyl
molecules on AmB may be related to the presence of
tri-hydroxy, substituted aromatic rings in the structure
of glucogalloyl derivatives 7 which clearly can exert an
antioxidant action.


To verify the above hypothesis, MICs of AmB in asso-
ciation with either the mixture a-7/b-7 or with gallic acid
(GA) or methyl gallate (MG) (both at double molar
concentration, to have the same amount of antioxidant
moiety) were compared. Because both GA and MG re-
vealed an apparently lesser effect on AmB activity (un-
der form of higher MICs) (Table 1), the existence of
additional effect(s) (other than the antioxidant action)

of glucogalloyl derivatives 7 on AmB molecule may be
hypothesized.


In conclusion, the present study shows that glucogalloyl
derivatives 7 could be used for enhancing the antimycot-
ic activity of AmB toward yeasts of biomedical rele-
vance. Accordingly, the use of reduced concentrations
of known antibiotics in association with subinhibitory
concentrations of glucogalloyl derivatives could be pro-
posed for the treatment of yeast infections, thereby
potentially reducing the effects of high dosage of antibi-
otic exposure. This finding is of interest for its potential
exploitation in pharmaceutical sciences.
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Abstract—8-Aryl-1,3a,8-triaza-cyclopenta[a]indenes represent a novel series of high binding affinity corticotropin-releasing factor 1
receptor antagonists. Here, we report their synthesis, SAR, and pharmacokinetic properties of compound 8e (Ki = 23 nM).
� 2005 Elsevier Ltd. All rights reserved.

Figure 1. Small molecule CRF1R antagonists.

Corticotropin-releasing factor (CRF) is a 41-amino-acid
neuropeptide secreted in the hippocampus. It imposes
its physiological effects on depression and other
neuropsychiatric disorders via the hypothalamic–pitui-
tary–adrenal (HPA) axis.1 The CRF receptor, a G-pro-
tein-coupled receptor, has two well-characterized
subtypes (CRF1 and CRF2).2 Compelling clinical evi-
dence supports the hypothesis that overproduction of
CRF may underlie the pathology of depression, anxiety,
and stress-related disorders, and suggests that antago-
nists of CRF1R could be useful for the treatment of
these conditions.1


As described in our preceding article,3 we have synthe-
sized 1-aryl-2,3-dihydro-imidazoimidazoles (I) (Fig. 1)
as CRF1R antagonists. An exemplary compound
(X,Y,Z = Me, R1 = Et, R2 = nPr and R3 = cPrCH2)
had relatively good binding affinity (Ki = 42 nM) and
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reasonable pharmacokinetic properties, and it demon-
strated anxiolytic activity in a mouse canopy model. In
the search for more potent compounds, we elaborated
the core structure I with a phenyl ring as shown in Fig-
ure 1. In this article, we report our efforts on the design,
synthesis, and SAR studies of a novel series of imi-
dazo[1,2-a]benzimidazole CRF1R antagonists.


The synthesis of these compounds is outlined in Schemes
1 and 2. The reaction of substituted anilines 1 with o-flu-
oronitrobenzene 2 afforded o-nitroanilines 3.4 Reduc-
tion to the corresponding diamines 4 was effected by
hydrogenation for 2,4,6-trimethyl-substituted anilines,
and with Na2S2O4/NH4OH for chloro- and bromo-
substituted anilines to avoid reduction of the halides.5


2-Aminobenzimidazoles 5 were formed by the reaction
of 4 with cyanogen bromide in ethanol at 150 �C,6 fol-
lowed by alkylation with ethyl bromoacetate in acetone
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Scheme 2. Reagents and conditions: (a) 5 equiv i-Bu2AlH, PhMe,


0 �C, 1 h, 80–100%. (b) 2 equiv SOCl2, CH2Cl2, 0 �C, 1 h; (c) 5 equiv


R2NHR3.HCl, 7 equiv i-Pr2NEt (or 5 equiv R2NHR3, 2 equiv


i-Pr2NEt, MeCN, rt, 1 h, then chlorides 9, rt, 24 h, 50–70% for two


steps.


Scheme 1. Reagents and conditions: (a) KF, 180 �C, 48–72 h,


20–100%. (b) i—1 atm H2, Pd/C (10%), EtOAc, rt, 4 h, 80–85%; or


ii—Na2S2O4, THF/H2O/concd NH4OH (1:1:1), rt, 16 h, 60–80%. (c)


i—BrCN, EtOH, 150 �C, 40 min; ii—1.2 equiv BrCH2CO2Et, acetone,


65 �C, 16 h. 70–95%. (d) 2.5 equiv R1CO2Na, (R1CO)2O, 150–180 �C,
20 h, 40–76%; (e) R2NHR3, AlMe3, PhMe, 80 �C, 14 h, 60–90%;


(f) Red-Al, PhMe, rt, 24 h, 50–70%.


Table 1. hCRF1R-binding affinities of amides 7a–e and amines 8a–e


Compound R1 W Q Ki (nM)


7a Me O H 360


7b Me O F 1180


7c Et O H 570


7d Et O F 930


7e CF3 O H 3560


8a Me H2 H 20


8b Me H2 F 59


8c Et H2 H 21


8d Et H2 F 150


8e CF3 H2 H 23


4030 X. Han et al. / Bioorg. Med. Chem. Lett. 15 (2005) 4029–4032

at reflux. Condensation with acetic, propionic, or triflu-
oroacetic anhydride along with the respective sodium
salt at 160 �C afforded esters 6.7 Because of the volatility
of trifluoroacetic anhydride (bp = 40 �C), esters 6 where
R1 = CF3 were prepared in a sealed bomb. Weinreb ami-
dation8 of esters 6 formed amides 7, and the Red-Al
reduction of amides 7 afforded amines 8.9


Amines 8 could also be efficiently synthesized in a paral-
lel fashion (Scheme 2) using a variety of secondary (and
primary) amines. This was especially convenient, since
the CRF1R is tolerant of diversity in this area. The
DIBAL-H reduction of esters 6 cleanly afforded the
corresponding alcohol with minimal workup.10 These
alcohols were treated with SOCl2 briefly to form chlo-
rides 9 that, after concentration in vacuo, were treated
with a variety of secondary amines in acetonitrile to give
amines 8 in good yields.


Initial SAR studies focused on amide (Fig. 1, II,
W = O) versus amine (Fig. 1, II, W = H2) functionality,
preferences for the small alkyl group on the A ring
(R1), and fluoro substitution on the C ring. CRF1R-
binding affinities were determined as described previ-
ously,11 and the results are summarized in Table 1.

In the related dihydroimidazoimidazole series,3 amides
displayed better potency than corresponding amines.
However, in this series, amines showed a >10-fold
potency advantage (8a–e vs. 7a–e). This is similar to
what was seen with a previous series of arylaminothiaz-
oles.13 For amines (W = H2), there was a little differ-
ence when R1 was Me, Et, or CF3 (8a, 8c, and 8e).
However, long-term hydrolytic stability was only en-
sured when at least one electron withdrawing group
(R1 = CF3) was present on the core.13 Therefore, it
was hoped that, instead of the rather lipophilic CF3


at R1, a single fluorine on the C ring would permit
methyl or ethyl substitution at R1. Although 8b and
8d were sufficiently stable (data not shown), fluorina-
tion resulted in a 3- to 8-fold loss of potency for
amines and amides (8b,d vs. 8a,c).


A series of aminomethyltrifluoromethylimidazoles using
a small set of amine substituents was prepared next to
probe the requirement for 2,4- versus 2,4,6-aryl substitu-
tion on the pendant aryl ring. In some fused bicyclic aro-
matic CRF antagonist chemotypes, 2,4,-disubstitution
resulted in high affinity binding, while in others activity
was greatly diminished.14 This appeared to depend on
the presence of a substituent on the B ring that projected
into the �ortho-space� of the pendant aryl ring, presum-
ably helping to enforce an orthogonal conformation.
As given in Table 2, 2,4,6-trisubstitution (8e–g) is clearly
preferred for this core structure, with the bulkier substit-
uents on 8h–j provided some advantage over the smaller
chlorines in 8k–m.


Lastly, we explored some SAR of the aminomethyl side
chains. Additional polar atoms were avoided since their
presence abolished the activity in related series.3,13 The
results are summarized in Table 3. Interestingly, while
�benzyl-like� cyclopropylmethyl-containing compounds
showed better binding potency than cyclopropylethyl
compounds (8f vs. 8aa, 8o vs. 8cc, and 8n vs. 8ff), phen-
ylethyl derivatives were clearly superior to benzyl-con-
taining compounds (8g vs. 8ll and 8x vs. 8jj). Clearly,







Table 2. The effects of aryl substitutions on hCRF1R-binding affinities


Compound X Y Z R2 R3 Ki (nM)


8f Me Me Me cPrCH2 cPrCH2 11


8e Me Me Me cPrCH2 nPr 23


8g Me Me Me PhCH2CH2 nPr 250


8h Br i-Pr H cPrCH2 cPrCH2 54


8i Br i-Pr H cPrCH2 Pr 150


8j Br i-Pr H PhCH2CH2 nPr 410


8k Cl Cl H cPrCH2 cPrCH2 240


8l Cl Cl H cPrCH2 nPr 370


8m Cl Cl H PhCH2CH2 nPr 1600


Table 3. The effects of amine substitutions on hCRF1R-binding


affinities


Compound R2 R3 Ki (nM)


8n cPrCH2 CF3CH2 7.1


8o cPrCH2 CF3CH2CH2 13


8p cBuCH2 nPr 26


8q cPrCH2 Et 28


8r cPrCH2 CF3CF2CH2 34


8s cBuCH2 CF3CH2 53


8t CF3CH2CH2 nPr 68


8u CF3CF2CH2 nPr 75


8v CF3CH2 nPr 75


8w Allyl Allyl 138


8x PhCH2CH2 Et 249


8y CF3CH2CH2 CF3CH2 291


8z PhCH2CH2 PhCH2CH2 333


8aa cPrCH2CH2 nPr 362


8bb PhCH2 CF3CH2CH2 428


8cc cPrCH2CH2 CF3CH2CH2 457


8dd PhCH2 Me 573


8ee PhCH2CH2 CF3CH2CH2 618


8ff cPrCH2CH2 CF3CH2 653


8gg Et nBu 704


8hh PhCH2CH2 CF3CH2 744


8ii cPrCH2CH2 Et 1412


8jj PhCH2 Et 2774


8kk PhCH2CH2 Et 3388


8ll PhCH2 nPr 4049


8mm PhCH2 nBu 7708


Table 4. Rat PK parameters for 8e (10 mg/kg, p.o.; 2 mg/kg, i.v.)a


Cl 5.1 mL/min/kg


Vd 0.6 L/kg


t1/2 4.1 h


Fp.o. 35%


AUC (plasma, p.o.) 11438 ng h/mL


Cmax 2380 ng/mL


B/P (2 h) 0.03


a Dosing vehicle was 10/10/80 Cremphor/DMSO/water. Dosing vol-


umes were 1 and 3 mL/kg for i.v. and p.o., respectively. Brain-to-


plasma concentration ratio (B/P) was determined after i.v.


administration.
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and as seen in our other studies,3,13 the binding pocket
available for these residues is comparatively small and
favors aromatic character. Trifluorination of the other
side chain (R3) was preferred to a greater (8n vs. 8q)
or lesser extent (8e vs. 8o).

Compound 8e was chosen for in vivo pharmacokinetic
profiling (Table 4). In rats, 8e had a low plasma clear-
ance, low volume of distribution, moderate terminal
half-life, acceptable oral bioavailability, but essentially
no brain penetration.


In summary, imidazo[1,2-a]benzimidazoles represent a
new series of CRF1R antagonists with good receptor-
binding affinities. Efforts to improve the physiochemical
properties of this series to improve brain penetration
will be reported shortly.
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bBioAlliance Pharma SA, 59 bd du Général Martial Valin, 75015 Paris, France
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Abstract—Novel variants of HIV-1 replication inhibitors of the styrylquinoline class harboring aroyl/acyl group at the C-7 position
have been synthesized. In sharp contrast with styrylquinolines bearing a carboxylic acid group at C-7, these compounds proved to be
inactive toward HIV-1 integrase in in vitro assays.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


The substantial incidence of resistance observed in ther-
apy-experienced patients and newly acquired HIV-1
infections underscores the need for new antiretroviral
agents. All oral agents licensed to treat HIV-1 diseases
target two of the three essential, virally encoded enzymes,
reverse transcriptase and protease.1 The third enzyme,
integrase, inserts the viral DNA into the cellular genome
through a multi-step process that includes two catalytic
reactions, 3 0-endonucleolytic processing of the viral
DNA ends, and joining of the viral and cellular DNAs
(strand transfer).2 Although numerous classes of HIV-1
integrase inhibitors have been identified, only a few of
them proved to be active against HIV-1 replication.3


We have reported that polyhydroxylated styrylquino-
lines (SQLs), exemplified by 1, are potent HIV-1 inte-
grase inhibitors in in vitro experiments, block the
replication of HIV-1 in cell culture, and are devoid of
cytotoxicity.4
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Although the exact mechanism by which drug 1 and
analogs exert their inhibitory potency remains un-
known, it has been recently proposed that such drugs
might act prior to integration by preventing viral
DNA integrase binding.5 Thus, SQLs constitute a un-
ique class of integrase inhibitors, distinct from diketo
acids (illustrated by L 731,988, 2), which affect viral
DNA integration.3a Within the framework of SQLs,
we have identified the salicylic acid moiety at C-7 and
C-8 of the quinoline ring, and the 4 0-OH of the ancillary
aromatic nucleus as critical pharmacophores for antivi-
ral activity.4b Here, we report the preliminary results of
our expanded SAR investigation of SQLs directed to-
ward the replacement of the carboxylic group at C-7
by a variety of aroyl/acyl moieties as in 3. The new de-
signed SQLs were found to be inactive against HIV-1 in-
tegrase but some of them inhibited the HIV-1 replication
in cell culture. Note that naphthyridine ketones 4, a re-
cent class of HIV-1 replication inhibitors and SQLs of
type 3, belong to the same chemical family (Fig. 1).6

2. Chemistry


It appeared that a sequence directed to the synthesis of
SQLs substituted at C-7 by aroyl/acyl moieties should
require at the outset the elaboration of 7-bromo-8-



mailto:didier.desmaele@cep.u-psud.fr

mailto:jean.dangelo@cep.u-psud.fr

mailto:jean.dangelo@cep.u-psud.fr





Figure 1.
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hydroxyquinaldine 6, starting from readily available
8-hydroxyquinaldine 5.


However, bromination of 5 under standard conditions
proved to be non-regioselective, giving mixtures of 5-
bromo-, 7-bromo-, and 5,7-dibromo-8-hydroxyquinal-
dines. In contrast, when the experimental protocol
developed by Pearson (Br2, t-BuNH2, �78 �C)7 was ap-
plied, the desired 7-bromo derivative 6 was obtained as a
single product in 74% yield. Perkin-type condensation of
6 with 3,4-dihydroxybenzaldehyde 7 (refluxing Ac2O,
then H2O, pyridine, 100 �C) next furnished styrylquino-
line 8 (66% yield) that was converted into trimethoxy
derivative 9 (K2CO3, MeI, DMF, 40 �C, 62% yield).
At this juncture, we stood ready to proceed to the intro-
duction of the desired aroyl/acyl group at C-7. For that
purpose, 9 was submitted to Br/Li exchange according
to the Quéguiner procedure (PhLi, Et2O, �78 �C),8
and the resulting lithio derivative was condensed with
electrophiles 10a–q9 giving either alcohols 11a–n (45–
80% yield) or ketones 12o–q (20–25% yield). Alcohols
11a–n were further oxidized (MnO2) into corresponding
ketones 12a–n with a 50–90% yield. Finally, treatment of
12a–n with BBr3 in CH2Cl2 at 20 �C or 12o–q with 48%
aqueous HBr at reflux delivered our goals 3a–q (35–60%
yield) (Scheme 1).10

Scheme 1. Synthesis of compounds 3a–q, reagents and conditions: (a) Br2, t-


(c) H2O, pyridine, 100 �C, 2 h, 66%; (d) K2CO3, 10 equiv CH3I, acetone, DM


ii—1.25 equiv 10a–n, THF, HMPA, �78 to 20 �C; (f) i—2.5 equiv PhLi, cy


20 �C; (g) 10 equiv MnO2, ClCH2CH2Cl, 70 �C, 8 h; (h) 48% aqueous HBr,

3. Biological activity of the target molecules


Cellular antiviral IC50 was determined as the drug con-
centration that inhibits 50% of viral particles infectivity
in standard MAGI assay.5b TC50 was the drug concen-
tration that corresponds to 50% of cell survival as deter-
mined by a standard MTT assay.4b The results are
illustrated in Table 1. At first glance, the present mole-
cules can be categorized as inactive, cytotoxic, and ac-
tive. Within the active compound series, five of them
exhibit IC50 values ranging from 2 to 6 lM, with TC val-
ues in the range of 60–100 lM: 3,4-difluorophenyl, para-
hydroxyphenyl, ortho-nitrophenyl, para-nitrophenyl,
and 3-pyridyl derivatives 3b, 3d, 3e, 3g, and 3j, respec-
tively. Although the great structural diversity of the
above molecules rules out the identification of a com-
mon definitive pharmacophore, some comments can be
made, based on the present SAR investigation.


In this respect, there existed a striking geometrical fit
requirement for antiviral activity versus cytotoxicity.
By way of illustration, replacement of the para-hydroxy-
phenyl moiety of 3d by an ortho-substituted counterpart
(3c) results in dramatic cytotoxicity. Likewise, meta-
nitrophenyl derivative 3f proved to be much more cyto-
toxic than the ortho- and para- substituted analogs 3e
and 3g. In addition, while 3-pyridyl derivative 3j exhibits
no significant cytotoxicity, the corresponding ortho and
para isomers (3i and 3k, respectively) were found to be
moderately to highly cytotoxic. A last remark can be
made, regarding the three isomeric compounds 3o–q,
in which a carboxylic acid is directly linked to the phenyl
moiety: in contrast with the ‘‘unsubstituted’’ derivatives
3a and 3l, they proved to be almost non-cytotoxic. How-
ever, no significant antiviral activity was observed with
these compounds.


To precise the nature of ex vivo interacting target(s) of
the above �active� molecules, their in vitro anti-HIV-1 in-
tegrase potency was evaluated next. Surprisingly, in

BuNH2, toluene, �78 to 20 �C, 74%; (b) 2 equiv 7, Ac2O, 140 �C, 18 h;


F, 70 �C, 12 h, 62%; (e) i—2.5 equiv PhLi, cyclohexane, Et2O, �78 �C,
clohexane, Et2O, �78 �C, ii—1.25 equiv 10o–q, THF, HMPA, �78 to


120 �C, 12 h for 12o–q or BBr3, CH2Cl2, �78 to 20 �C, 8 h for 12a–n.







Table 1. Antiviral activity and toxicity of C-7-modified styrylquino-


lines (lM)


Compound R IC50 TC50


1 1 >100


3a NRa 3


3b 4 63


3c NR 1


3d 6 87


3e 4 70


3f 0,5 1,5


3g 2 60


3h 60 90


3i NR 15


3j 2 >100


3k NR 4


3l NR 1


3m 2 7


3n n-C8H17- 5 10


3o 35 >100


3p 63 >100


3q 40 80


aNR, IC50 not reached.


Table 2. In vitro activity of C-7-modified styrylquinolines (lM)a


Compound Biological activity IC50


3 0-processing Strand transfer


1 2 1


3b >100 >100


3d >100 >100


3e >100 70


3g 100 >100


3j >100 >100


aDrug concentration that inhibits 50% of the recombinant integrase


activity in standard 3 0-processing and strand transfer assays.
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sharp contrast with SQLs of type 1 harboring a carbox-
ylic acid group at C-7, compounds 3b, 3d, 3e, 3g, and 3j
proved to be inactive in both 3 0-processing and strand
transfer assays, ruling out integration as the step target

in ex vivo experiments (Table 2). The mode of action of
this new class of antiretroviral agents is currently under
investigation.
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Abstract—The solid-phase synthesis of a library based on the natural product anisomycin is described. The resulting library was
tested against a panel of bacterial and fungal targets, and active compounds were identified in a Staphylococcus aureus whole-cell
assay and an efflux-deficient fungal whole-cell assay.
� 2005 Elsevier Ltd. All rights reserved.

Antibiotic resistance is increasing at an alarming rate
and the discovery of antibiotics to treat new resistant
strains has not kept pace. There are both scientific and
market reasons for this decline in new antibiotics. Most
traditional antibiotic discovery efforts have targeted
only a subset of the potential targets available and—
due largely to limitations in screening throughput—have
not explored the wider chemical and biological space.
However, the advent of whole genome analysis can be
expected to provide a plethora of new antibiotic targets.
Another factor affecting the discovery of novel antibiot-
ics has been the general decline in natural products re-
search and screening1 even though roughly 60% of the
currently marketed antitumor and antibiotic agents are
of natural products origin.2 In part, this decline can be
attributed to concerns over intellectual property (owner-
ship of naturally occurring samples can be difficult to
establish) and hit deconvolution (isolating and identify-
ing the active component of a natural product mixture is
a time-consuming and high-risk venture). The synthesis
of high-purity combinatorial libraries based on a natural
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product template provides a unique opportunity to gen-
erate new �natural product-like� samples while avoiding
the aforementioned limitations. Herein we report the
identification of novel antibiotic and antifungal com-
pounds from libraries based on the natural product
(�)-anisomycin (1).

A number of natural products based on the polyhydr-
oxylated pyrrolidine nucleus have been identified as
therapeutic agents for the treatment of protozoan and
fungal infections, as well as diabetes and AIDS.3 Of
these, anisomycin (1) is an antibiotic that was first isolat-
ed from two Streptomyces species in 1950s.4 It is clinical-
ly useful for the treatment of both amoebic dysentery5


and trichomonas vaginitis,6 and as a fungicide to eradi-
cate bean mildew.7 Recently, anisomycin has received
attention as a potent in vitro antitumor agent with
IC50 values in the nanomolar range.8 Similarly, the
combination of anisomycin and a cyclin-dependent pro-
tein kinase inhibitor has been shown to kill carcinoma
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cells.9 In eukaryotes, anisomycin exerts its cytotoxic ef-
fects through the inhibition of peptidyl transferase in
the 60S ribosomal subunit10 and the activation of JNK
and p38 kinases.11 In addition to these interesting bio-
logical activities, the methylene-linked five-six ring sys-
tem of anisomycin is a common molecular framework
for known drugs.12 These pharmacological properties
prompted us to investigate methods for generating a
large and diverse set of anisomycin derivatives by sol-
id-phase combinatorial chemistry. The resulting aniso-
mycin library was expected to contain novel natural
product-like samples with antibiotic activity.13


Our approach to generate an anisomycin library via sol-
id-phase synthesis is shown in Scheme 1. We selected to
link the C(4) alcohol of a suitably protected anisomycin
derivative to the solid support using Merrifield resin
equipped with a dihydropyran linker (DHP HM resin).
Thus, anisomycin was treated with Fmoc-OSu and tri-
ethylamine in acetonitrile to give Fmoc-anisomycin (2)
which was subsequently loaded onto DHP HM resin
via Ellman�s method14 to provide 3. Some modifications
were necessary for this reaction. To conserve our limited
supply of Fmoc-anisomycin, the ratio of 2 to resin load-
ing was reduced to two equivalents and reaction time was
extended to 48 h. The Fmoc group of resin 3 was re-
moved by treatment with 20% piperidine in DMF and
the first element of diversity (R1) was introduced at the
pyrrolidine nitrogen via reaction with acylating agents,
sulfonyl chlorides, isocyanates, chloroformates, and
isothiocyanates to provide the corresponding amide, sul-
fonamide, urea, carbamate, and thiourea derivatives (4).
The acetyl group of resin 4 was then hydrolyzed using
sodium methoxide in THF. The liberated C(3) hydroxyl
group was treated with 4-nitrophenyl chloroformate and
triethylamine in DCM to form the corresponding 4-
nitrophenyl carbonate which, upon treatment with pri-
mary or secondary amines, afforded carbamate 5 with
a second element of diversity (NR2R3). The resulting
anisomycin derivatives were cleaved from the resin by
the treatment of TFA/DCM/MeOH (2:2:1) at RT for
1 h, then the resin was filtered off and solution was col-
lected in 96-well plates. After the solution was removed
by speedvap, products 6 were obtained without further
purification. Purity of products was identified by HPLC

Scheme 1. Reagents and conditions: (a) 2 (2 equiv, 0.2 M)/PPTS (2 equiv)/1,2


chloride (10 equiv), or sulfonyl chloride (10 equiv), or carbamoyl chloride


isothiocyanate (10 equiv)/Et3N (20 equiv)/DCM, rt, 18 h; (d) NaOMe (20 eq


Et3N (20 equiv)/DMC, rt, 20 h; (f) 1� or 2� amine (10 equiv)/DMC, rt, 18 h

at 254 nm and mass spectroscopy, quantity of products
was determined by Bohdan weight automation.


Prior to embarking on the synthesis of a large library,
Scheme 1 was validated with a wide variety of building
blocks. For the introduction of the first element of diver-
sity (step c), acid chlorides, chloroformates, isocyanates,
and carbamoyl chlorides were well tolerated under stan-
dard conditions. Aromatic sulfonyl chlorides worked
very well, but aliphatic sulfonyl chlorides failed to afford
the desired product under standard conditions—no reac-
tion was observed. Isothiocyanates provided the desired
product by mass spectroscopy, but only a low percentage
of reagents provided acceptable purities (>70% byHPLC
at 254 nm) due to poor conversion. For the introduction
of the second element of diversity (NR2R3, step f) both
primary and secondary amines worked very well, but
anilines did not provide desired products under standard
conditions—no reaction was observed. Based on the
wide commercial availability of building blocks, we
selected to synthesize a library comprising 10,000 mem-
bers with dimensions of 100 R1 · 100 NR2R3.


In contrast to the ready availability of the aforemen-
tioned R1 and NR2R3 reagents, commercial supplies of
anisomycin were severely limited (and expensive, on the
order of $1000/g). Fortunately, we were able to access
large quantities of anisomycin via fermentation with an
in-house isolated Streptomyces strain. Two tank fermen-
tations of this strain, each with 3000 L of the production
medium, were carried out in batch mode at 28 �C and
155 rpm for 4 days with an aeration rate of 1 vvm (vol-
ume of air added relative to liquid volume per minute).
The pH of the fermentation broth was controlled to be
not higher than 8.0 with 30% sulfuric acid. The resulting
culture broths were processed by extraction with n-butyl
acetate, aqueous back-extraction (acid–base transfer),
solvent partition and crystallization. A total of 360 g
anisomycin with purity >90% were isolated. This materi-
al was converted to Fmoc-anisomycin (2) as described
previously. With an ample supply of 2 on hand, we were
able to rapidly synthesize ten thousand anisomycin ana-
logs as described in Scheme 1. Samples which did not
meet our purity criteria (product peak P70% by HPLC
at 254 nm) were discarded. Over 8000 anisomycin deriv-

-dichloroethane, 80 �C, 48 h; (b) 20% piperidine/DMF, rt, 1 h; (c) acyl


(10 equiv), or chloroformate (10 equiv), or isocyanate (10 equiv) or


uiv)/MeOH/THF, rt, 6.5 h; (e) 4-nitrophenyl chloroformate (10 equiv)/


; (g) TFA/DMC/MeOH (2/2/1), rt, 1 h.
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atives were ultimately submitted for screening, and thus
the submission rate for the library exceeded 80%.


The completed library was tested against a panel of bac-
terial and fungal targets. The panel included whole-cell
assays (both bacterial and fungal) as well as biochemical
assays using purified components. The bacterial screens
were directed against S. aureus and measured the growth
inhibition of liquid cultures via optical densitometry. A
number of anisomycin derivatives were active against S.
aureus as shown in Table 1, and 6a, 6b,15 and 6c16 are
representative examples with minimum inhibitory con-
centrations (MICs) between 16 and 32 lg/mL. In con-
trast to anisomycin itself (1), these samples exhibited
dramatically reduced cytotoxicity against HEK293
mammalian cells. A basic amine appears to be required
for S. aureus activity: samples 6d and e are close analogs
of 6a and b, respectively, which lack a basic amine and
do not inhibit S. aureus growth. The fungal targets were
limited to growth inhibition screens of Candida albicans
(C. albicans, both efflux-deficient and ERG1 strains).

Table 1. Active samples identified in S. aureus assay


S. aureus MurPath


MIC (lg/mL) Percentage inhibition at 25 lM


1 >32 Not tested


6a 32 <5


6b 16 <5


6c 16 <5


Table 2. Active samples identified in efflux-deficient C. albicans assay


Efflux-deficient C. albicans RG


Percentage inhibition at 15.5 lM Perc


1 >99 Not


6f 83 14


6g 96 10


6h 82 <5


6I 87 8


6j 87 <5


6k 87 <5

Growth inhibition was measured by fluorescence of
the growth indicator alamarBlueTM for the efflux-defi-
cient strain, and optical densitometry for the ERG1 mu-
tant strain. As shown in Table 2, structures 6f–k were
active in the efflux-deficient fungal whole-cell assay
affording percent inhibitions between 80% and 95% at
a concentration of 16 lM again with no significant cyto-
toxicity in HEK293 cells. The high degree of homology
observed with 6f–h and 6i–k is quite impressive, consid-
ering that these samples were identified from a set con-
taining over 8000 closely related analogs. The
biochemical screens were directed against the enzymes
of the cell wall biosynthesis pathway (MurPath and
MraY/MurG). Details of the MraY/MurG screen can
be found elsewhere17—no active samples were identified
from the anisomycin library. The mechanisms of action
for these bacterial and fungal growth inhibitors have not
yet been determined, but all nine samples (6a–c, 6f–k)
were selective for their respective targets (and not cyto-
toxic against mammalian cells) which suggests that a
cell-specific interaction is responsible for the activity.

MraY/MurG HEK293 cytotoxicity


Percentage inhibition at 25 lM IC50 (lM)


Not tested 0.02


10 10


<5 8


20 2


-1 C. albicans HEK293 cytotoxicity


entage inhibition at 15.5 lM IC50 (lM)


tested 0.02


22


9


11


16


10


8
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In summary, we have developed an efficient solid-phase


method for the synthesis of anisomycin derivatives.
Samples from the library were active in a S. aureus
bacterial whole-cell assay and a C. albicans fungal
whole-cell assay, supporting our hypothesis that a com-
binatorial library based on a known antibiotic template
would afford novel antibiotics.
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(m, 3H), 3.30–3.39 (m, 1H), 3.5–3.65 (m, 1H), 3.43 (s, 3H),
3.81–3.95 (q, 2H), 3.95–4.01 (m, 1H), 4.06–4.16 (m, 1H),
4.41–4.52 (m, 1H), 4.63–4.71 (m, 1H), 6.67–6.69 (d,
J = 8.5, 2H), 7.02 (s, 1H), 7.09 (d, J = 8.5, 2H), 7.18–
7.23 (m, 1H), 7.24–7.41 (m, 5H) 7.43–7.48 (m, 2H), 7.48–
7.53 (m, 2H). Exact mass for C37H40N4O5: 620.2999
(calculated), 620.3008 (found).


17. Zawadzke, L. E.; Wu, P.; Cook, L.; Fan, L.; Casperson,
M.; Kishnani, M.; Calambur, D.; Hofstead, S. J.;
Padmanabha, R. Anal. Biochem. 2003, 314, 243.
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Abstract—In order to determine Km values of substrates for CYP3A4-mediated metabolism, an in silico model has been developed
in the present work. Using electrotopological state (E-state) indices, together with Bayesian-regularized neural network (BRNN), we
have described an in silico method to model log (1/Km) values of various substrates. The relative importance of the E-state indices is
analyzed by principal component analysis. By using an additional external test set, which is independent of the training set, the
robustness and predictivity of the model are also validated.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


It is well known that clinical failures of about 30% of the
investigational new drug filings are attributed to their
inadequate absorption, distribution, metabolism, excre-
tion (ADME), and toxicology attributes. In ADME, the
metabolism is known to be a major contributing factor
for drug clearance, decreasing free drug concentration
and influencing drug pharmacokinetics. Therefore, new
chemical entities (NCEs) are often tested early for the
metabolism property, to gain details regarding the met-
abolic fate of xenobiotics in hepatocytes. The cyto-
chrome P450 (CYP450) superfamily is a group of
versatile catalysts that play a pivotal role in metabolism
of xenobiotic and endogenous compounds. Of major
importance is the involvement in drug metabolism and
toxicant biotransformation1. Thus, intense efforts have
been focused on the study of CYP isoform(s)-mediated
metabolism, and hence prediction of degrees likely to al-
ter elimination of drugs in vivo2. Accordingly, obtaining
information (e.g., Km and Vmax) of an NCE for CYP iso-
form(s)-mediated metabolism is of significance.

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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As a major isozyme of P450, CYP3A4 constitutes 40–
60% of the human hepatic P450 complement3, metabo-
lizing 40–50% drugs in clinical use4,5. Therefore,
CYP3A4 has become an important subject of study on
drug metabolism. At the present time the majority of
metabolism investigations are carried out in vitro by
using hepatic cells or recombinant CYP3A4 enzymes.
The data derived from in vitro models are valuable
because they can be extrapolated to humans in vivo,
although it is still a complex process. Moreover, infor-
mative parameters such as Km, are also useful as they re-
late to optimizing the drug-like properties of promising
drug leads. However, extensive experimental studies to
obtain this information are expensive and require col-
laborations between different groups4.


As a facile and economic alternative to in vitro methods,
in silico modeling techniques are now emerging. In this
paper, we propose a computational model for the en-
zyme kinetics of CYP3A4. Molecular electrotopological
state (E-state) descriptors serve as the basis for structure
representation of molecules in the present case. E-state
indices have been applied in building various QSAR
models.5,6 Our experience clearly indicates their useful-
ness in QSAR modeling. Moreover, the newly developed
hydrogen E-state indices7 have facilitated the capability
of the E-state descriptors. Bayesian-regularized neural
network (BRNN)8,9 was employed as a regression tool
to generate the QSAR models for Km, with a data set
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of 59 various CYP3A4 substrates 10. The validity of the
computational model was also demonstrated by use of
an additional test that is independent of the training
one.

2. Results and discussion


2.1. Molecular descriptors


The original 50 components have been compressed and
analyzed by the principal component analysis (PCA),
resulting in 14 principal components (PCs). Table 1 de-
picts the statistical results of the PCA. In the present pa-
per, the number of PCs was determined by the standard
error of prediction of the test set rather than by the max-
imum variance described by the PCs. The 14 PCs ob-
tained were sufficient to explain 95.03% of variance
and were sufficient in the network-modeling cases
reported here. The coefficients for these 14 PCs are
shown in Table 1. The first PC (PC1) explains 38.15%
of the total variance, and each component is expected
to contribute in an equal manner to PC1. The second
PC, accounting for about 13.97% of the total variance,
consists mainly of the nwHBa [the number of weak
hydrogen-bond (H-bond) acceptors]. The third PC,
explaining about 8.14% of the total physical properties
of descriptors, is dominated by the number of atom type
�C� descriptor. PC4, answering for 7.25% of the total
variance, can be attributed to E-state values in descend-
ing order as follows: methylenes, N atom group, the
largest hydrogen E-state value, and the descriptors of
molecular internal hydrogen bonds. PC5, which is
responsible for 5.57% of the total variance, is dominated
by the factors describing extreme atom level E-state val-
ues in the molecule, which is mainly contributed from
the largest hydrogen E-state value. The remaining nine
PCs, accounting for 21.95% of the variance, have strong
contributions from 7 to 25 different E-state descriptors.


Though cytochrome P450 3A4 metabolizes a wide vari-
ety of compounds, the protein exhibits certain substrate
specificity.11 Recent studies have indicated that steric
constraints exerted by the enzyme as well as the inherent
chemical reactivity of the substrate are important deter-
minants of regioselectivity of hydroxylations catalyzed
by P450 3A4.12 Clearly, the specific interaction deter-
mines the selectivity of an enzyme to its ligand, which
is often caused by noncovalent binding. Therefore, for
a successful topologically based QSAR model, the struc-
tural descriptors should be responsible for the noncova-
lent interactions between the ligand and the receptor.
Interestingly, essential features of noncovalent interac-
tions have been encoded in E-state indices.13 In E-state
representation, the intrinsic state term, Ii, encodes in
an integrated manner both topological (also called steric
attributes) and electronic attributes. The intrinsic state is
derived from the ratio of valence state electronegativity
of an atom to a measure of its local topological charac-
ter. The E-state indices describe the electron accessibility
at each atom, whose attributes are very significant in
noncovalent interactions crucial to the development of
QSAR models. Thus, in E-state representation, the attri-

butes of structure, essential in describing the molecular
interactions and proving the basis for relationships,
are integrated in QSAR models based on the E-state.13


2.2. QSAR modeling


The QSAR modeling results based on the BRNN for
log (1/Km) are summarized in Table 2 (training) and Ta-
ble 3 (test). The calculated (calcd) log (1/Km) values and
residuals (res) are also given in Tables 2 and 3. Figure 1
shows the performance of the BRNN model for the
training and test data, which indicated that the samples
are well distributed around the line. For the training set
the standard error of estimation (SEE) is 0.11 ± 0.02
(data scaled from 0 to 1) and for the testing set the stan-
dard error of prediction (SEP) is 0.15 ± 0.02 (two outli-
ers omitted). Both SEP of the test data and SEE of the
training data are of the same order of the magnitude,
indicating that the model is not overfitted. In addition,
the E-state indices correlated well with the log (1/Km)
values (R2 = 0.66 ± 0.03 and R2 = 0.40 ± 0.04 for the
training and test data, respectively). A study of the res-
idues of training and testing data (Tables 2 and 3) re-
vealed some compounds whose difference between
calculated and actual log (1/Km) values was larger than
one logarithmic unit. The most obvious outliers were fel-
odipine and zileuton, for both of which the prediction
error was greater than one logarithmic unit in the train-
ing models. However, the two compounds were still
included in training the model. In test models, two com-
pounds, namely senecionine and venlafaxine, seem to be
outliers, as the residues are considerably large (shown in
Table 3). The structures of the two compounds are
shown in Figure 2. The exclusion of the outliers in the
test set improved the correlations significantly. The pos-
sible reason for the two compounds being outliers is that
the original observed data might not be very accurate.
Sun has addressed quality of data for ADMET model-
ing in his recent review.14 Biological data often generate
uncertainty and tend to have large variation. Accuracy
refers not only to experimental errors, but also to uni-
formity of experimental conditions, especially when data
must be collected from different sources.14 From the re-
sults, it can be concluded that the present method, that
is, the BRNN, is predictive from both the internal (train-
ing) and external point of views with respect to the pre-
dictions of the test sets.


2.3. Model interpretation


In order to validate the robustness of the BRNN model,
different numbers of hidden neurons from 10 to 25 were
tried and no significant deviation of SEP was found for
each prediction (the standard deviation <0.05; data not
shown). The results illustrate one of the important
advantages of the Bayesian neural nets. The models ob-
tained were relatively independent of the architecture of
the nets, provided that a minimum number of hidden
layer nodes were used. The resulting optimum BRNN
model for the present data has a 14–13–1 architecture.


From the examination of the plot (Fig. 1), we can find
that the calculated errors of the test sets are of the same







Table 1. Descriptive statistics for the 14 principal componentsa


Descriptor PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 PC 9 PC 10 PC 11 PC 12 PC 13 PC 14


nHBd 0.044 0.030 0.058 �0.047 0.020 0.113 �0.008 �0.120 �0.065 0.148 �0.055 0.021 �0.028 �0.037


nHBa 0.047 0.038 0.002 �0.028 �0.058 �0.019 0.067 0.070 �0.004 �0.025 0.061 0.051 0.101 0.151


nwHBa 0.002 0.121 0.043 0.038 0.088 �0.110 0.099 0.085 0.012 �0.009 �0.009 0.117 0.050 0.082


SHBd 0.046 0.020 0.074 �0.030 0.015 0.088 �0.018 �0.111 �0.061 0.116 �0.050 0.064 �0.031 0.005


SHBa 0.050 0.025 0.016 �0.020 �0.029 �0.039 0.018 0.059 �0.036 �0.064 0.050 �0.013 0.055 0.025


SwHBa �0.023 0.089 0.056 0.093 0.088 �0.093 �0.010 0.009 0.144 0.208 �0.001 0.206 �0.030 �0.063


Hmax 0.039 �0.011 0.061 �0.005 0.120 0.144 0.018 �0.033 0.201 �0.064 �0.003 0.080 �0.019 �0.035


Gmax 0.034 0.005 0.038 �0.033 0.079 0.088 0.096 0.172 0.000 �0.219 0.073 �0.419 �0.018 �0.187


Hmin �0.004 �0.011 0.066 �0.130 0.062 �0.031 �0.094 0.469 0.254 0.179 0.130 0.305 0.167 �0.191


Gmin �0.036 �0.008 �0.057 0.030 �0.065 0.009 �0.037 �0.165 0.180 0.095 �0.296 0.189 0.051 0.567


Hmaxpos 0.039 �0.011 0.061 �0.005 0.120 0.144 0.018 �0.033 0.201 �0.064 �0.003 0.080 �0.019 �0.035


SHBint2 0.005 0.054 0.066 �0.126 0.115 0.049 �0.047 0.073 0.077 0.181 0.123 �0.137 0.258 0.588


nHaaCH �0.019 0.115 0.084 0.042 0.012 �0.091 �0.053 �0.089 0.010 0.023 0.045 �0.108 �0.037 �0.075


nHCsats 0.045 �0.007 �0.033 0.099 �0.076 0.026 �0.064 �0.007 0.039 0.110 0.029 �0.155 0.012 0.036


nHCsatu 0.040 0.021 �0.066 0.015 0.039 �0.102 0.046 �0.153 0.182 �0.121 �0.073 0.212 0.119 �0.332


nsCH3 0.043 0.010 �0.060 0.015 �0.137 �0.025 �0.026 0.044 0.037 0.061 �0.170 0.029 �0.187 �0.031


nssCH2 0.025 0.005 �0.037 0.191 0.092 0.081 �0.027 �0.059 0.018 �0.022 0.125 �0.163 0.330 �0.144


ndsCH 0.029 �0.024 �0.094 0.042 0.193 �0.116 0.078 0.044 �0.129 0.180 0.058 0.025 �0.194 0.115


naaCH �0.019 0.115 0.084 0.042 0.012 �0.091 �0.053 �0.089 0.010 0.023 0.045 �0.108 �0.037 �0.075


nsssCH 0.048 �0.014 �0.019 0.024 �0.066 �0.058 �0.048 �0.105 0.124 0.091 0.071 �0.038 0.015 �0.006


ndssC 0.041 0.025 �0.051 �0.021 0.067 �0.086 0.058 0.002 �0.028 �0.241 �0.194 0.150 0.237 0.178


naasC �0.015 0.057 0.033 0.035 �0.060 0.088 0.340 0.222 �0.186 �0.070 �0.092 0.073 0.074 �0.072


nssssC 0.023 �0.020 0.131 0.035 0.058 0.139 �0.134 0.222 �0.138 0.058 �0.189 0.183 0.034 �0.041


nssNH 0.018 0.093 �0.078 �0.109 �0.005 0.141 0.065 �0.123 �0.051 0.149 �0.080 �0.032 0.071 �0.010


naaN �0.008 0.020 �0.027 0.007 �0.022 0.160 0.144 �0.184 0.155 �0.196 0.663 0.342 �0.352 0.168


nsssN 0.015 0.068 �0.106 0.107 �0.083 0.064 �0.154 0.238 0.022 �0.067 0.047 0.174 0.005 0.155


nsOH 0.042 �0.034 0.114 0.037 0.016 0.030 �0.044 �0.111 �0.013 0.039 �0.037 0.125 �0.079 �0.021


ndO 0.042 0.049 �0.068 �0.063 0.024 �0.047 �0.061 0.099 0.001 �0.147 0.026 �0.076 0.018 �0.156


nssO 0.028 �0.036 0.067 0.040 �0.145 �0.079 0.234 0.066 0.095 0.236 0.168 �0.124 0.157 0.049


SHsOH 0.042 �0.031 0.118 0.032 0.012 0.024 �0.041 �0.099 �0.019 0.032 �0.030 0.131 �0.073 0.009


SHssNH 0.019 0.094 �0.078 �0.106 �0.004 0.132 0.054 �0.108 �0.056 0.142 �0.079 �0.024 0.072 �0.003


SHdsCH 0.029 �0.021 �0.089 0.039 0.194 �0.114 0.092 0.058 �0.154 0.194 0.056 0.019 �0.181 0.133


SHaaCH �0.018 0.116 0.090 0.039 0.011 �0.085 �0.038 �0.069 �0.002 �0.002 0.059 �0.103 �0.017 �0.066


SHCHnX �0.007 �0.031 �0.031 �0.060 �0.066 �0.053 �0.136 �0.160 �0.444 0.129 0.358 0.334 0.479 �0.243


SHCsats 0.047 �0.004 �0.003 0.080 �0.088 0.003 �0.041 0.020 0.015 0.118 0.045 �0.087 0.019 0.061


SHCsatu 0.043 0.030 �0.053 �0.004 0.009 �0.109 0.022 �0.123 0.174 �0.135 �0.031 0.181 0.140 �0.253


SsCH3 0.042 0.008 �0.067 0.031 �0.133 �0.013 �0.029 0.019 0.045 0.083 �0.207 0.015 �0.189 �0.065


SssCH2 �0.001 �0.007 �0.048 0.212 0.079 0.147 �0.049 �0.060 0.037 �0.031 0.083 �0.232 0.333 0.007


SdsCH 0.029 �0.026 �0.096 0.058 0.187 �0.114 0.070 0.030 �0.117 0.174 0.053 0.057 �0.177 0.097


SaaCH �0.021 0.111 0.074 0.063 0.007 �0.092 �0.062 �0.107 0.019 0.069 0.005 �0.052 �0.064 �0.054


SsssCH �0.044 �0.015 �0.036 0.033 0.129 0.101 0.044 0.021 �0.041 �0.013 �0.025 �0.073 0.050 �0.037


SdssC �0.025 �0.054 0.019 0.083 0.085 0.022 0.148 �0.122 0.075 0.051 �0.254 0.212 0.310 �0.064


SaasC �0.025 0.056 0.004 0.098 �0.067 0.092 0.220 0.104 �0.100 �0.001 �0.144 0.262 �0.078 �0.249


SssssC �0.032 �0.010 �0.117 �0.054 0.007 �0.008 0.028 �0.003 0.388 0.155 0.040 �0.032 0.196 �0.135


SssNH 0.017 0.093 �0.074 �0.101 0.000 0.152 0.076 �0.113 �0.074 0.169 �0.059 �0.022 0.067 0.036


SsssN 0.007 0.068 �0.069 0.157 �0.070 0.095 �0.129 0.237 �0.042 �0.051 0.093 0.173 0.047 0.300


SsOH 0.043 �0.028 0.116 0.041 0.008 0.028 �0.043 �0.103 �0.040 0.034 �0.033 0.127 �0.075 �0.004


SdO 0.043 0.050 �0.070 �0.054 0.012 �0.049 �0.066 0.099 0.001 �0.135 0.031 �0.053 0.017 �0.145


SssO 0.029 �0.036 0.070 0.043 �0.149 �0.074 0.220 0.063 0.088 0.239 0.150 �0.118 0.156 0.048


SaOm 0.027 �0.004 0.079 �0.029 �0.012 �0.150 0.095 �0.057 �0.069 �0.398 �0.033 0.045 0.236 0.500


Eigenvalue 19.08 6.99 4.07 3.63 2.79 2.38 1.95 1.21 1.19 1.07 0.92 0.84 0.80 0.60


%VEb 38.15 13.97 8.14 7.25 5.57 4.77 3.91 2.42 2.40 2.13 1.85 1.67 1.60 1.20


TVEc 38.15 52.12 60.25 67.51 73.08 77.85 81.76 84.18 86.58 88.71 90.55 92.23 93.83 95.03


a The most important descriptors in each PC are shown in bold.
b % of Variance explained.
c Total % variance explained.
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order of magnitude as experimentally observed, ranging
from 0.1 to 32.5. Although some errors are relatively
large, these values could be expected to relate to the rea-
sonable experimental values for those compounds. Fur-
ther, the SEP for the test set and the SEE for the training
set are of the same order of magnitude. These results
indicate another advantage of the BRNN. The
BRNN-based model shows robustness in its predictions,

as the network allows evaluation of the likely uncertain-
ty of a prediction.15 The Bayesian framework deals with
uncertainty by applying probabilities to each possible
event. Therefore the objective function parameters of
the net can be estimated using statistical techniques.15


Moreover, BRNN applies a posterior distribution over
network weights that will give rise to a distribution over
the outputs of the network for some new case, so that a







Table 2. CYP3A4 substrates and their log (1/Km) values of the training seta


No. Name Pathway Observedb Calculatedc Residuald References


1 Clarithromycin 14-(R)-Hydroxylation �1.6875 �1.239 0.4485 10a


2 Adinazolam Hydroxylation �1.9628 �2.029 �0.0662 10b


3 Carbamazepine 10,11-Epoxidation �2.6532 �2.0185 0.6347 10c


4 Colchicine 3-Demethylations �3.7482 �2.7903 0.9579 10d


5 Dexamethasone 6b-Hydroxylation �1.3655 �1.5889 �0.2234 10e


6 Felodipine Ring oxidation �0.8388 �1.889 �1.0502e 10f


7 Indinavir All metabolites �0.1139 �0.5216 �0.4076 10g


8 Mifepristone Oxidation �1.0212 �0.9257 0.0955 10h


9 Onapristone N-Demethylation �1.2923 �0.6936 0.5986 10i


10 Rapamycin 41-O-Demethylation �0.9069 �1.2256 �0.3187 10j


11 Saquinavir M2+M7 0.4559 �0.3118 �0.7677 10k


12 Tamoxifen N-Demethylation �1.9912 �2.0561 �0.0648 10l


13 Tazofelone Oxidation �0.9955 �1.5751 �0.5797 10m


14 Flunitrazepam N-Demethylation �2.1892 �1.5864 0.6028 10n


15 Zileuton Sulfoxidation �2.9138 �1.86 1.0538e 10o


16 Bromodichloromethane — �1.4472 �1.5719 �0.1247 10p


17 Amitriptyline Hydroxylation �1.8407 �2.1605 �0.3198 10q


18 Citalopram Demethylation �2.4548 �2.3039 0.151 10r


19 Cyclosporine All metabolites �0.6021 �0.3834 0.2187 10s


20 Ethoxycoumarin O-Deethylation �3.4771 �2.8261 0.651 10t


21 Haloperidol All metabolites �1.3874 �1.3812 0.0062 10u


22 K 02 Hydroxylation �1.4843 �1.3782 0.1061 10v


23 1-Nitropyrene Tatal metabolism �0.5185 �1.2443 �0.7258 10w


24 Pimozide N-Dealkylation �0.7559 �1.5804 �0.8245 10x


25 Ritonavir M1+M2+M3 �1.301 �1.0659 0.2351 10y


26 Simvastatin Hydroxylation �1.3201 �1.7046 �0.3845 10z


27 Taxol 6a-Hydroxylation �1.2553 �0.8004 0.4548 10aa


28 Tirilazad mesylate Hydroxylation �0.2601 �1.0799 �0.8199 10ab


29 Vindesine Tatal metabolism �1.3927 �1.274 0.1187 10ac


30 Etoposide — �1.5366 �1.5056 0.0309 10ad


31 Amiodarone N-Demethylation �2.4914 �2.1744 0.3169 10ae


32 Bupivacaine N-Dealkylated �2.0967 �1.5058 0.5909 10af


33 Clozapine N-Oxidation �1.7853 �1.9663 �0.181 10ag1,10ag2


34 Dapsone N-Hydroxylation �2.2304 �2.1476 0.0829 10ah


35 Ezlopitant alkene Oxidation �1.3424 �1.5056 �0.1632 10ai


36 Imipramine N-Demethylation �2.0398 �1.7652 0.2746 10aj


37 Lilopristone N-Demethylation �0.9445 �1.1345 �0.1901 10i


38 Omeprazole Hydroxylation �1.6902 �2.4943 �0.8041 10ak


39 Quinine 3-Hydroxylation �2.0257 �1.7071 0.3186 10al


40 S-Berapamil Norverapamil+D-617 �1.6902 �2.3982 �0.708 10am


41 Tacrolimus 31-O-Demethylation �0.7924 �0.88 �0.0876 10an


42 Taxotere All metabolites �0.0414 �0.7103 �0.6689 10ao


43 Troglitazone1 — �2.7918 �1.8457 0.9461 10ap


44 Zatosetron Oxidation �2.3901 �1.8413 0.5487 10aq


aMean of multiple measurements from the same or different data. — Not given in the literature.
b Observed log (1/Km) value.
c log (1/Km) value calculated by QSAR model.
d log (1/Km)�calculated.
e Outliers are shown in bold.
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local minimum is likely to be avoided. Therefore, com-
pared with traditional statistics (e.g., standard least
squares), the Bayesian neural networks are able to find
the more general relationships between structural and
activity data.


Several studies have demonstrated that in BRNN mod-
eling the SEE is sufficient to estimate the performance of
the network�s generalization.16,17 One more advantage
of BRNN is that although no validation or test is in-
volved the models are still robust and make optimal pre-
dictions.18–20 However, for a small data set, we believe
an additional test set may be helpful to validate the net-
work behavior. For the present data, we used an exter-

nal test set containing one-fourth of the whole data to
evaluate the model. As can be seen from Figure 1, the
model shows a reasonable prediction for the external
data set (Table 2), although no validation set was in-
volved in model building. The indications are that
BRNN-based model appears reasonable and is likely
to give useful estimation of log (1/Km) values for new
data.

3. Conclusion


For CYP3A4 mediated-metabolism of substrates, a suc-
cessful BRNN-based QSAR model was developed with
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Figure 1. Plot of calculated log (1/Km) values (QSAR model) versus observed log (1/Km) for the substrates for CYP3A4-mediated metabolism. (�)


training data; (h) testing data; (j) outlier in training set; (·) outlier in test set.


Table 3. CYP3A4 substrates and their log (1/Km) values of the test seta


No. Name Pathway Observedb Calculatedc Residualsd References


1 Erythromycin N-Demethylation �1.7853 �1.0079 �0.7774 24a


2 Alprazolam 4- Hydroxylation �2.4232 �2.1431 �0.2801 24b


3 Carteolol Oxidation �1.8432 �1.4867 �0.3565 24c


4 Cortisol 6b- Hydroxylation �1.1818 �0.8282 �0.3536 24d


5 Diltiazem N-Demethylation �1.3617 �1.1168 �0.2449 24e


6 Fentanyl Norfentanyl formation �2.0682 �1.5403 �0.5279 24f


7 Irinotecan Hydroxylation �1.2648 �1.0585 �0.2063 24g


8 Vinblastine Metabolite M formation �0.8338 �1.4946 0.6608 10ac


9 Pimobendan O-Demethylation �2.4024 �1.9873 �0.4151 24h


10 Rifabutin All metabolites �1.0373 �1.8754 0.8381 24i


11 Senecionine N-Oxidation �2.4472 �1.4166 �1.0306 24j


12 Taurochenodeoxycholic acid Hydroxylation �1.9542 �2.0561 0.1019 24k


13 Terfenadine Parent consumption �0.9823 �1.1716 0.1893 24l


14 Venlafaxine N-Demethylation 0.0899 �1.458 1.5479 24m


15 Chlorzoxazone 6-Hydroxylation �2.2040 �2.1766 �0.0274 10t


a Outliers are shown in bold.
b Observed log (1/Km) value.
c log (1/Km) value calculated by QSAR model.
d log (1/Km)�calculated.
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E-state structure descriptors. These descriptors include
50 theoretical parameters, encoding important structur-
al characteristics that are useful for analyzing the en-
zyme–ligand interaction. By this QSAR model, the
numerical E-state descriptors can be converted to
log (1/Km) values of new compounds, and thus the bind-
ing affinity of a ligand to enzyme can be easily obtained.
Since the robust model employs large diversity of mole-
cules for the training set and can avoid the difficulty of
measuring the ADME properties, it should be of use
in further drug evaluation and design.

4. Methods


4.1. Data set


Data of compounds involved in CYP3A4-mediated
metabolism have been measured experimentally by sev-
eral investigators. For the present investigation, we lim-
ited the data to in vitro measurements with human liver
microsome or cDNA-expressed human CYP3A410 (Ta-
ble 1). Although the experimental conditions are not
identical, we consider them sufficiently similar to be







Figure 2. The chemical structures of venlafaxine and senecionine.
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included in the same data set. If a successful model is ob-
tained, the inclusion of all the data appears justified. The
resulting data set consists of 59 observations on neutral
compounds with their corresponding CYP3A4 enzyme
kinetic parameters (Km), which cover a wide variety of
CYP3A4 substrates. These Km values were converted
to logarithm basis for analysis. See Tables 2 and 3 for
the experimentally derived kinetic parameters. The
log (1/Km) values cover a very large range, with over 4
orders of magnitude from �3.75 to +0.46.


In the present work, using a K-means clustering algo-
rithm on the X (indices) and Y (log (1/Km)) values, the
data set was divided into two sets, one for training
and one for testing. The maximum and the minimum
log (1/Km) values were put in the training set, consider-
ing that the training set should cover the whole range
of log (1/Km) values to avoid extrapolation during the fi-
nal prediction. One-fourth of the total number of com-
pounds were arranged in the test set, which were not
used in training the regression models. The remaining
compounds were used as the training set.


4.2. E-state indices generation


For the present case, molecular structure descriptors
known as electrotopological state (E-state) indices were
employed. These indices have been applied in many
QSAR studies where the E-state formalism has been de-
scribed.5–7 The nature of the E-state indices is such that
they encode not only the information about the topolog-
ical environment of an atom, but also the electronic
interactions from other atoms in the molecule. Thus,
E-state is able to provide useful information on struc-
ture features that mostly relate to the property to be
modeled5–7. The E-state indices have been used in both
their atom-level and atom-type forms. In the present
work, the above forms of E-state indices were applied
to represent the molecules (Table 4), which also include
hydrogen E-state indices, HESi, a more recent extension
of the E-state. Two-dimensional structures of all sub-
strates under study were obtained from a commercial
available MDL-ISIS database. The E-state indices were

calculated using the Molconn-Z program in SYBYL
soft package (Tripos Associates. St. Louis, MO).


4.3. Feature reduction


To eliminate noise (uninformative descriptors) and pre-
vent overfitting or chance correlations in building mod-
els, we reduce the number of descriptors by the
following procedures: (i) Descriptors with constant val-
ues as well as descriptors containing 95% zero values
were removed, because they offered little information
for the construction of the models. Following this step,
50 descriptors were obtained as shown in Table 1. (ii) To
further reduce the chance of correlation among descrip-
tors and the descriptor space, a principal component
analysis was performed on the 50 components (descrip-
tors). Before the PCA process, the given data set (includ-
ing structural feature data and activity data) was
normalized so that the input and output variables would
have means of zero and standard deviations of one.
After this data matrix reduction procedure, 14 principal
component vectors were constructed and used further
for statistical analysis in model development. The main
calculations of PCA were done by a free software Tana-
gra 1.1 offered by Rakotomalala (http://eric.univ-
lyon2.fr/~ricco/tanagra/en/tanagra.html).


4.4. Bayesian regularized neural network


The data matrix was submitted for QSAR modeling
using the BRNN, a robust SAR mapping method.
Although the Bayesian concept and methodology have
existed for many years, they have gained popularity as
a tool for facilitating drug development only in recent
years.8,9 Since the Bayesian method has been reported
in papers by Mackay18,19,21 and Buntine and Weigend,20


only a brief summary of the method is presented here.
BRNNs are multiplayer feed-forward neural networks
trained with Bayesian algorithm.


Such a net uses a set of network weights and considers a
probability distribution of net weights.18,19,21 In contrast
to conventional networks (e.g., classical back-propaga-
tion neural networks, BPNN) using a single set of
weights to make predictions of new input data, the
Bayesian training produces a posterior distribution over
network weights. By Bayesian inference the most plausi-
ble set of weights that match the data well occurs in the
maximum posterior distribution.18,19,21


To make it clearer, we present a brief process of the net-
work. Firstly, before the data are observed, the true rela-
tionship is expressed in a prior probability distribution
over the network weights that define this relationship.
After observation of the data, a posterior distribution
P(WjD,Hi) over network weights is determined by
Bayesian inference, and the related properties from the
prior probability distribution P(WjHi) provided by the
training set D using the model H are also determined.
The probability distribution is made by a Gaussian
approximation. If a Gaussian prior distribution that
penalizes net weights is applied, and the data are as-
sumed by a smooth function with additive Gaussian
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Table 4. Electrotopological state indices used in this work


Variable Definition Variable Definition


NHBd, nHBa, nwHBa nHBa, nHBd, nwHBa Hydrogen bond


donor and acceptor counts (nwHBa are


the weak hydrogen bonds)


ShsOH, SHssNH, SHdsCH


SHaaCH SHCHnX, SdsCH


SaaCH, SsssCH


Atom type electrotopological state


index values for atom types


Hmax, Gmax Extreme atom level E-state values in


molecule:


SHCsats E-state of Csp3 bonded to other


Hmin, Gmin Hmax—Largest hydrogen E-state value SHCsatu Saturated C atoms. E-state of Csp3


Hmaxpos Gmax—Largest E-state value Bonded to unsaturated C atoms


Hmin—Smallest hydrogen E-state value


Gmin—Smallest E-state value


SHBint2 Descriptors of potential internal


hydrogen bonds. Internal hydrogen bond


descriptor is the product of hydrogen E-


state value and E-state value.


SHBa Acceptor descriptor for molecule


(sum of E-state values for all


hydrogen bond acceptors in the


molecule). The following groups


are classified as acceptors: –OH,


@NH, –NH2, –NH–, �N–, –O–,


@O, –S– along with –F, and –Cl.


SHBd Donor descriptor for molecule (sum of


hydrogen E-state values for all hydrogen


bond donors in the molecule). The


following groups are classified as donors:


–OH, @NH, –NH2, –NH–, –SH, and


#CH.


SwHBa Descriptor for weak hydrogen


bond acceptor (sum of E-state


values for all weak hydrogen bond


acceptors).


SsOH, SdO, SssO, SaOm Atom type electrotopological state index


values for atom types


SdssC, SaasC, SssssC, SssNH,


SsssN


Atom type electrotopological state


index values for atom types


nsCH3 Number of group atom –CH3 nHCsats CHn (saturated)


nHCsatu CHn (unsaturated)


nssCH2 –CH2– nssNH –NH–


ndsCH @CH– naaN :N:


naaCH :CH: nsssN �N–


nsssCH �CH– nsOH –OH


ndssC @C� ndO @O


naasC :C:– nssO –O–


nssssC �C� nHaaCH Number of :CH:


SsCH3 Methyls SssCH2 Methylenes
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noise, maximizing the posterior distribution is equal to
minimizing the standard sum-of-squares error together
with a weight decay regularizer22. An input vector com-
bined with the posterior weight distribution generates a
distribution of network outputs. The mean l and the
variance r2 of a Gaussian approximation to this predic-
tive distribution can then be calculated to provide ±l on
the mean prediction l.


In this work, this Bayesian regularization takes place
within the Levenberg–Marquardt algorithm (LMBR).
The combination of the two methods can accelerate con-
vergence of targets and determine the optimum weights
for the network.19,20,23 A brief introduction of the
LMBR is also presented here. For a feed-forward neural
network with Bayesian regularization, the performance
function, which is commonly used is


F ¼ bF e þ aF w;


where Fw is the mean sum of squares of the network
weights, a and b are objective function parameters,23


and Fe can be expressed as


F e ¼
1


n


Xn


i¼1


ðti � aiÞ2;

where ti and ai are the targets and the networks outputs,
and n is the number of observations. As different from
the conventional feed-forward networks, an additional
term Fw is added in the performance function to im-
prove the network generalization. The Bayesian regular-
ization proposed by Mackay18 automatically sets
optimum values for objective function parameters. The
Levenberg–Marquardt optimization algorithm, as a
Newton step-based method, exhibits quadratical speed
of convergence. When training networks with the
LMBR algorithm, the combination of squared errors
and weights, F, was minimized; therefore, the network
weight and bias can be updated. In this case, the Bayes-
ian regularization can ensure correct combination to
produce a network that generalizes well.


In the present work, we adopted a three-layer fully con-
nected BRNN with 13 neurons in the hidden layer and
one in the output layer. A tan-sigmoid function and a
linear transfer function were used for the hidden and
output neurons, respectively. The training is stopped
at the maximum of the evidence maximum for the
hyperparameters a and b (a represents the weight decay
regularization, while b governs the variance of the
noise).17 Using BRNN, with an optimal number of
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PCs and architecture, the neural network models were
trained independently 25 times to eliminate spurious ef-
fects caused by the random set of initial weights. We
used an internally developed C language program based
on the paper by Foresee and Hagan.23
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Abstract—Metabotropic glutamate receptor 2 (mGluR2) has been implicated in a variety of CNS disorders, including schizophre-
nia. Disclosed herein is the development of a new series of allosteric potentiators of mGluR2. Structure–activity relationship stud-
ies in conjunction with pharmacokinetic data led to the discovery of indole 5, which is active in an animal model for
schizophrenia.
� 2005 Elsevier Ltd. All rights reserved.

Glutamate is the primary excitatory neurotransmitter
in the central nervous system. It activates two distinct
classes of receptors: the ionotropic glutamate receptors
and the metabotropic glutamate receptors. The iono-
tropic glutamate receptors, which mediate fast synaptic
transmission, are ligand-gated ion channels, including
the NMDA, AMPA, and Kainate receptors. The
metabotropic glutamate receptors (mGluRs) are G-
protein-coupled receptors that modulate glutamatergic
activity. To date, eight mGlu receptor subtypes have
been identified and categorized into three groups based
on primary structure, second messenger coupling, and
pharmacology: group I (mGluRs 1 and 5); group II
(mGluRs 2 and 3); and group III (mGluRs 4, 6, 7,
and 8).1


The group II metabotropic glutamate receptors have
been implicated in a variety of disease states, including
anxiety and schizophrenia.2 Moreover, non-selective
group II mGluR agonists3 have shown efficacy in animal
models for schizophrenia4 and in human clinical trials
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for anxiety.5 It is believed that this functional activity
comes from activation of mGluR2 because of this recep-
tor�s role in regulating glutamate release into the
synapse.6,7


Unfortunately, agonists that are selective for mGluR2
versus mGluR3 have not been reported. This is most
likely a result of the high degree of sequence homology
at the glutamate-binding site among group II mGlu
receptors. The development of positive modulators that
do not bind at the glutamate-binding site is an alternate
strategy for selectively activating mGluR2. An alloste-
ric-binding site involved in the positive modulation of
metabotropic glutamate receptor 2 has been discov-
ered.8 Compounds that bind at this site potentiate the
activation of mGluR2 in the presence of glutamate,
but these potentiators show no activity in the absence
of glutamate.9,10
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Compound 1 was identified from a screening cam-


paign as an allosteric potentiator of mGluR2. This
compound is moderately potent (EC50 = 348 nM) with
a low level of potentiation (31%),11 displays no activ-
ity at mGluR3,12 has a poor pharmacokinetic profile
in rats (t1/2 = 0.2 h; Clp = 33 mL/min/kg; %F = 63),13


and is not significantly brain penetrant (B/P =
<0.01).14 The data obtained for compound 1 directly
translated into our goals for identifying new potenti-
ators: (i) increase potency and potentiation, (ii) main-
tain selectivity versus mGluR3, (iii) increase brain
penetration, and (iv) improve the pharmacokinetic
profile. In this paper, we describe the elaboration of
compound 1 into a new series of mGluR2-selective
potentiators, and subsequent evaluation of the most-
promising compound in an in vivo model for
schizophrenia.


Our structure–activity relationship studies15 began by
replacing the hydroxyketone motif of compound 1.
We reasoned that the hydroxyketone is constrained
by an internal hydrogen bond and therefore could

Table 1. Benzazoles as acetophenone replacements


Compound Ring


2


3


4


5


6


7


8


9


a Values are means of two or more experiments (na, not active at 10 lM).
b Percent of maximal glutamate response (1 mM).

be replaced with a variety of heterocycles (Table
1). These heterocycles were initially substituted with
a neo-pentyl group because prior work related to
compound 1 indicated that higher levels of potentia-
tion can be achieved with bulkier ketone substitu-
ents.16 Of all the heterocycles incorporated into
compound 1, the indole and benzotriazole ring sys-
tems stand out above the rest. Indole 5 (559 nM,
98% pot.), although slightly less potent than com-
pound 1, gives a 3-fold increase in percent potentia-
tion. Benzotriazole 9 (188 nM, 106% pot.) is 3-fold
more potent than indole 5 with a similar level of
potentiation. Unfortunately, benzotriazole 9 shows
activity at mGluR3 (936 nM, 115% pot.), whereas in-
dole 5 does not.17 For this reason, as well as syn-
thetic ease and versatility, further SAR utilized the
indole ring system.


Next, we explored the potential for varied substitution
about the indole ring (Table 2). Initial work focused
on the indole nitrogen substituent. Starting from a
methyl group, lengthening the alkyl group

hmGluR2: GTPcS bindinga


EC50 (nM) % Potentiationb


788 73


na


na


559 98


1172 44


984 29


6367 12


188 106







Table 2. Indole substitution


Compound R1 R2 Ring substituent


hmGluR2: GTPcSa


EC50 (nM) % Potentiationb


10 Me nPr — na


11 nPr nPr — 652 57


12 nPent nPr — 598 74


13 iPr nPr — 1130 23


14 iBu nPr — 765 62


15 CH2cPr nPr — 755 82


16 CH2cHex nPr — 228 101


5 CH2CMe3 nPr — 559 98


17 CH2CMe3 H — 3591 47


18 CH2CMe3 Me — 1070 39


19 CH2CMe3 Br — 2263 62


20 CH2CMe3 nPr 2-Me 559 73


21 CH2CMe3 nPr 3-Me na


22 CH2CMe3 nPr 6-OMe na


a Values are means of two or more experiments (na, not active at 10 lM).
b Percent of maximal glutamate response (1 mM).
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(10 ! 11 ! 12) has a positive impact on both potency
and potentiation. Branched alkyls are beneficial when
the branching is one atom removed from the nitrogen
(13 vs. 14). Further increase in size (15 ! 16; 14 ! 5)
reveals the optimal substituents to be large lipophilic
groups such as neo-pentyl and methylenecyclohexane.
Additional compounds were made with non-alkyl sub-
stituents (acyl, sulfonyl, benzyl, and pyridyl) on the in-
dole nitrogen, but all were inactive. Cursory
investigation of the C4 substituent (17–19) shows no
improvement as compared to n-propyl. Additionally,
placing small substituents around the indole ring
slightly reduces (20) or completely eliminates (21, 22)
activity.


Finally, we examined the linker connecting the in-
dole ring to the phenyl tetrazole (Table 3). Short-
ening or lengthening the linker (23–25) significantly
reduces activity. However, the inclusion of confor-
mational constraints within the linker provides a
considerable benefit when oriented properly vide
infra (26–30). Installation of a trans-olefin (26)
slightly reduces both potency and potentiation.18


Direct incorporation of a phenyl ring (27, 28),
although detrimental to the overall activity, sug-
gests the existence of an orientational preference.
Expanding on this possibility, elimination of the
ether linkage between the two phenyl rings and
varying the position of the tetrazole gives com-
pounds 29 and 30 that are more potent than n-bu-
tyl-linked indole 5 and maintain the same level of
potentiation.

Having identified a new series of mGluR2-selective
potentiators with improved potency and potentiation,
we sought to demonstrate in vivo efficacy in an ani-
mal model for schizophrenia. Since mGluR2 is a
CNS target, we needed to first assess the brain pen-
etrability of the most potent compounds. Selected
compounds were dosed intraperitoneal (IP) at
20 mg/kg and at 2 h, brain and plasma levels were
taken (Table 4). As with our lead compound (1),
no compound was detected in the brain with
biphenyl-linked indoles 29 and 30. Fortunately, all
three n-butyl-linked benzazoles that we tested (5, 9,
and 16) were brain penetrant. Of these, compound
5 was best with an average brain level of 600 nM
and a brain/plasma ratio of 0.16. Subsequently,
the pharmacokinetic profile in rats for compound
5 was obtained (t1/2 = 2.2 h; Clp = 11 mL/min/kg;
%F = 12).13


With the identification of indole 5 as the most-
promising compound from this series, we examined
its effect in a behavioral model for schizophrenia,
the modulation of ketamine-induced hyperactivity in
rats (Fig. 1).19 As previously observed with
mGluR2/3 agonists,4 the mGluR2-selective potentia-
tor indole 5 attenuates the effect of ketamine on
activity levels.


In summary, we have disclosed the development of a
new series of allosteric potentiators for mGluR2.
Our studies led to the discovery of indole 5, an
mGluR2-selective potentiator that is moderately brain







Table 3. Linker modifications


Compound Linker Tetrazole


hmGluR2: GTPcSa


EC50 (nM) % Potentiationb


23 Para 1356 39


24 Para 3544 40


5 Para 559 98


25 Para 1010 51


26 Para 779 84


27 Para 451 73


28 Para 879 66


29 Para 318 94


30 Meta 134 107


a Values are means of two or more experiments.
b Percent of maximal glutamate response (1 mM).


Figure 1. Schizophrenia Model: modulation of ketamine-induced


hyperactivity. Rats (n = 10/group) were dosed with compound 5 (IP)


or vehicle (IP) 60 min prior to receiving ketamine (25 mpk SC). Data


are presented as the group mean (±SEM) recorded for the total


duration of the 120-min test period. Data were analyzed by a one-way


ANOVA followed by Dunnett�s t-tests, *p < 0.05 compared to vehicle/


ketamine-treated rats.


Table 4. Rat brain penetration dataa


Compound Brain level (nM) B/Pb


1 — <0.01


5 600 0.16


9 75 0.01


16 200 0.02


29 — <0.01c


30 — <0.01d


a 20 mpk IP, 2 h (n = 3).
b Brain level/plasma level.
c Plasma level was 22 lM.
d Plasma level was 7 lM.
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penetrant, has acceptable rat PK, and most important-
ly, is active in an animal model for schizophrenia.
Indole 5 represents an attractive lead for the develop-
ment of potent compounds for the treatment of
schizophrenia.







4072 S. P. Govek et al. / Bioorg. Med. Chem. Lett. 15 (2005) 4068–4072

Acknowledgment


We thank Merryl Cramer for performing the PK and
brain/plasma ratio studies.

References and notes


1. (a) Nakanishi, S. Neuron 1994, 13, 1301; (b) Schoepp, D.
D.; Jane, D. E.; Monn, J. A. Neuropharmacology 1999, 38,
1431; (c) Pin, J.-P.; Acher, F. Curr. Drug Targets CNS
Neurol. Disord. 2002, 1, 297.


2. (a) Helton, D. R.; Tizzano, J. P.; Monn, J. A.; Schoepp,
D. D.; Kallman, M. J. J. Pharmacol. Exp. Ther. 1998,
651; (b) Chavez-Noriega, L. E.; Schaffhauser, H.; Camp-
bell, U. C. Curr. Drug Targets CNS Neurol. Disord. 2002,
1, 261.


3. (a) Monn, J. A.; Valli, M. J.; Massey, S. M.; Wright, R.
A.; Salhoff, C. R.; Johnson, B. G.; Howe, T.; Alt, C. A.;
Rhodes, G. A.; Robey, R. L.; Griffey, K. R.; Tizzano, J.
P.; Kallman, M. J.; Helton, D. R.; Schoepp, D. D. J. Med.
Chem. 1997, 40, 528; (b) Monn, J. A.; Valli, M. J.; Massey,
S. M.; Hansen, M. M.; Kress, T. J.; Wepsiec, J. P.;
Harkness, A. R.; Grutsch, J. L., Jr.; Wright, R. A.;
Johnson, B. G.; Andis, S. L.; Kingston, A.; Tomlinson,
R.; Lewis, R.; Griffey, K. R.; Tizzano, J. P.; Schoepp, D.
D. J. Med. Chem. 1999, 42, 1027; (c) Nakazato, A.;
Kumagai, T.; Sakagami, K.; Yoshikawa, R.; Suzuki, Y.;
Chaki, S.; Ito, H.; Taguchi, T.; Nakanishi, S.; Okuyama,
S. J. Med. Chem. 2000, 43, 4893.


4. (a) Moghaddam, B.; Adams, B. W. Science 1998, 281,
1349; (b) Cartmell, J.; Monn, J. A.; Schoepp, D. D. J.
Pharmacol. Exp. Ther. 1999, 161; (c) Lorrain, D. S.;
Schaffhauser, H.; Campbell, U. C.; Baccei, C. S.; Correa,
L. D.; Rowe, B.; Rodriguez, D. E.; Anderson, J. J.;
Varney, M. A.; Pinkerton, A. B.; Vernier, J.-M.; Bristow,
L. J. Neuropsychopharmacol. 2003, 28, 1622.


5. (a) Schoepp, D. D.; Wright, R. A.; Levine, L. R.; Gaydos,
B.; Potter, W. Z. Stress 2003, 6, 189; (b) Grillon, C.;
Cordova, J.; Levine, L. R.; Morgan, C. A., III Psycho-
pharmacology 2003, 168, 446.


6. Schoepp, D. D. J. Pharmacol. Exp. Ther. 2001, 12.
7. (a) For pharmacological studies on the role of mGluR2


and mGluR3 in anxiety see Johnson, M. P.; Baez, M.;
Jagdmann, G. E., Jr.; Britton, T. C.; Large, T. H.;
Callagaro, D. O.; Tizzano, J. P.; Monn, J. A.; Schoepp, D.
D. J. Med. Chem. 2003, 46, 3189; (b) Linden, A.-M.;
Shannon, H.; Baez, M.; Yu, J. L.; Koester, A.; Schoepp,
D. D. Psychopharmacology 2005, 179, 284.


8. (a) Schaffhauser, H.; Rowe, B. A.; Morales, S.; Chavez-
Noriega, L. E.; Yin, R.; Jachec, C.; Rao, S. P.; Bain, G.;
Pinkerton, A. B.; Vernier, J.-M.; Bristow, L. J.; Varney,
M. A.; Daggett, L. P. Mol. Pharmacol. 2003, 64, 798(b)
also Ref. 7a.


9. Eli-Lilly: (a) Barda, D. A.; Wang, Z.-Q.; Britton, T. C.;
Henry, S. S.; Jagdmann, G. E.; Coleman, D. S.; Johnson,
M. P.; Andis, S. L.; Schoepp, D. D. Bioorg. Med. Chem.
Lett. 2004, 14, 3099; (b) also Ref. 7a.

10. Merck: (a) Pinkerton, A. B.; Vernier, J.-M.; Schaffhauser,
H.; Rowe, B. A.; Campbell, U. C.; Rodriguez, D. E.;
Lorrain, D. S.; Baccei, C. S.; Daggett, L. P.; Bristow, L. J.
J. Med. Chem. 2004, 47, 4595; (b) Hu, E.; Chua, P. C.;
Tehrani, L.; Nagasawa, J. Y.; Pinkerton, A. B.; Rowe, B.
A.; Vernier, J.-M.; Hutchinson, J. H.; Cosford, N. D. P.
Bioorg. Med. Chem. Lett. 2004, 14, 5071; (c) Pinkerton, A.
B.; Cube, R. V.; Hutchinson, J. H.; Rowe, B. A.;
Schaffhauser, H.; Zhao, X.; Daggett, L. P.; Vernier, J.-
M. Bioorg. Med. Chem. Lett. 2004, 14, 5329; (d) Pinker-
ton, A. B.; Cube, R. V.; Hutchinson, J. H.; James, J. K.;
Gardner, M. F.; Schaffhauser, H.; Rowe, B. A.; Daggett,
L. P.; Vernier, J.-M. Bioorg. Med. Chem. Lett. 2004, 14,
5867; (e) Pinkerton, A. B.; Cube, R. V.; Hutchinson, J. H.;
James, J. K.; Gardner, M. F.; Rowe, B. A.; Schaffhauser,
H.; Rodriguez, D. E.; Campbell, U. C.; Daggett, L. P.;
Vernier, J.-M. Bioorg. Med. Chem. Lett. 2005, 15, 1565.


11. The effect of these compounds was characterized in the
[35S]GTPcS binding assay using a cell line expressing
human mGluR2. See Ref. 8a for a detailed description of
this assay. First an EC10 (1 lM) of glutamate was added to
the cell line followed immediately by the test compound at
varying concentrations. The response was then compared
to a response using a saturating amount of glutamate
(1 mM) to give both an EC50 and a percent potentiation
(the response normalized to the maximum response of
glutamate alone). The same experiment was carried out in
the absence of glutamate to test if the compound was truly
an allosteric potentiator. Non-specific binding was deter-
mined by addition of 10 lM unlabeled GTPcS. All
compounds were tested to a minimum of n = 2. The
difference in EC50 was generally <2-fold and the difference
in percentage potentiation was generally <15% with
respect to the values quoted in the tables.


12. Compound 1 was inactive up to 10 lM at mGluR3 as well
as mGluRs 1, 4, 5, 7, and 8.


13. Sprague–Dawley rats; 2 mpk IV (n = 2); 10 mpk PO
(n = 3).


14. B/P = ratio of brain level to plasma level.
15. All compounds were synthesized by methods previously


described by us (Ref. 10). For installation of the C4 propyl
group see: Moody C. J. J. Chem. Soc., Perkin Trans. 1
1984, 1333. All final compounds displayed spectral data
(NMR, MS) that were consistent with the assigned
structure.


16. See Refs. 10a,b for general SAR; results with neo-pentyl
are not published.


17. Active compounds were screened for activity at mGluR3
using the [35S]GTPcS binding assay (see Ref. 11). All
compounds except 9 were inactive up to 10 lM.


18. A compound containing the cis-olefin was made in a
related series and showed no activity.


19. In healthy humans, ketamine induces behavioral disrup-
tions and cognitive deficits that mimic some aspects of
schizophrenia. Similar behavioral disruptions, typified by
increased locomotion (hyperactivity), are seen in keta-
mine-treated rodents. This model assesses the effect of a
compound on the locomotion of ketamine-treated ani-
mals. See Ref. 4.





		Benzazoles as allosteric potentiators of metabotropic glutamate receptor 2 (mGluR2): Efficacy in an animal model for schizophrenia

		Acknowledgment

		References and notes








Bioorganic & Medicinal Chemistry Letters 15 (2005) 4043–4047

Developing microcolin A analogs as biological probes


Amit K. Mandal,a John Hines,a Kouji Kuramochia and Craig M. Crewsa,b,c,*


aDepartment of Molecular, Cell, and Developmental Biology, Yale University, New Haven, CT 06520-8103, USA
bDepartment of Chemistry, Yale University, New Haven, CT 06520-8103, USA


cDepartment of Pharmacology, Yale University, New Haven, CT 06520-8103, USA


Received 9 May 2005; revised 5 June 2005; accepted 6 June 2005


Available online 1 July 2005

Abstract—Three microcolin A and B analogs have been synthesized. Their biological activity profiles were evaluated against several
cell lines, revealing the existence of a structural determinant whose role in mediating the antiproliferative effect of the microcolins
has heretofore gone unrecognized. While previously described as potent immunosuppressive natural products, we found that these
microcolin analogs possessed no selective cytotoxicity when comparing immune cell versus nonimmune cell proliferation. In addi-
tion, the amino-terminus of microcolin A has been modified to incorporate a biotinylated polyethylene glycol linker. The biological
activity of this biotinylated microcolin A analog was determined. This affinity reagent was shown to retain limited biological activity
and thus can serve as a useful probe for elucidating the mechanism of action of microcolin A.
� 2005 Elsevier Ltd. All rights reserved.

Pharmacological intervention aimed at suppressing the
immune system plays an important role in the manage-
ment of autoimmune diseases, the prevention of rejec-
tion after organ transplantation, and treatment of
graft versus host diseases. In recent years, many new
immunosuppressive drugs have been discovered and
developed for clinical use in organ transplantation.
The commonly used immunosuppressive drugs fall into
five groups with different mechanisms of action: (a) reg-
ulators of gene expression; (b) alkylating agents; (c)
inhibitors of de novo purine synthesis; (d) inhibitors of
de novo pyrimidine synthesis; and (e) inhibitors of
kinases and phosphatases. Despite phenomenal success
in this disease area, many of these drugs have trouble-
some side effects and high toxicity profiles. More effec-
tive and specific immunosuppressive therapy is needed
to further reduce the high morbidity due to infections,
malignancies, and graft loss due to chronic rejection
after organ transplantation. Thus, the search for more
efficacious and tolerant immunosuppressive drugs is vig-
orously pursued in both academia and pharmaceutical
industry. In our chemical biology program, we are inter-
ested in developing natural products as biological
probes to identify novel proteins for therapeutic inter-
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vention (target validation) and the exploration of cell
biology (chemical genetics).1


Microcolins A and B are potent antiproliferative and
immunosuppressive natural products discovered by
Koehn and co-workers from the Venezuelan blue-green
algae Lyngbya majuscule (Scheme 1).2–4 Microcolins A
and B were found to be potent in the human two-way
mixed lymphocyte response (MLR) assay with EC50 val-
ues reported in the subnanomolar to nanomolar
range.3,5 Despite this potent activity and potential
clinical use, the mechanism of action for the microcolins

Scheme 1. Retrosynthetic analysis.
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remains unknown. Furthermore, microcolins are dis-
tinctive in structure relative to other immunosuppressive
drugs. This suggests that the immunosuppressive prop-
erties of microcolins A and B might be mediated by a
novel mechanism.


Microcolin A has been synthesized by Decicco and
Grover6 as well as by Andrus et al.7 Koehn et al.5 pre-
pared several analogs by semisynthetic modification
and/or degradation of the natural product. They showed
that the C-10 free hydroxy functionality, as opposed to
general oxygen functionality, is important for the bio-
logical activity. Striking loss of activity occurs upon
reduction of the pyrrolenone ring C2–C3 olefin. The
EC50 value for 2,3-dihydromicrocolin A is 10,000-fold
less potent than native microcolin A in both murine
and human MLR. However, the C22 OAc can be re-
placed with OH without any significant loss of activity.
It suggests that the pyrrolenone function is an important
structural element for immunosuppressive activity. De-
spite considerable research to determine a structure–ac-
tivity profile, there have been no reported studies to
determine the role of C4 methyl group and 34,36-dim-
ethyloctanoyl side chain. We were particularly interested
to know the role of 34,36-dimethyloctanoyl side chain
because we would like to design a molecular probe based
on microcolin A without impairing biological activity
for our biochemical studies. In this communication, we
report the synthesis of three microcolin analogs. We also
describe the design and synthesis of biotinylated microc-
olin A for use as a molecular probe. The pharmacolog-
ical activity profiles of each analog against different cell
lines are also discussed.


A very expedient and highly efficient synthesis of tripep-
tide was developed (Scheme 2). Commercially available

Scheme 2. Synthesis of the tripeptide. Reagents and conditions: (a)


BOP-Cl, Et3N, CH2Cl2, rt, 12 h, 67%; (b) Ac2O, DMAP, EtOAc, rt,


6 h, 93%; (c) 4 N HCl, dioxane, 0 �C, 4 h, 89%; (d) BOP-Cl, 9, Et3N,


CH2Cl2, 8 h, 45%; (e) 10% Pd/C, H2, 96%.

Boc-threonine 5 was coupled in the presence of BOP-Cl/
Et3N to commercially available valine derivative 6, fol-
lowed by acetylation (Ac2O/DMAP) to produce the
known dipeptide 76 in 62% yield. Boc deprotection of
7 and coupling of the resulting hydrochloride salt
(BOP-Cl/Et3N) to commercially available N-methyl
Boc-leucine 9 and subsequent hydrogenation furnished
the tripeptide carboxylic acid 3 in 38% yield.6 The tri-
peptide 3 was accessed in five steps in 24% yield from
commercially available starting material.


Our route to synthesize the pyrrolenone fragment was
based on a modified version of pentafluorophenyl es-
ter-based protocol reported by Andrus et al. (Scheme
3).7 Following Silverman�s protocol, lactone 11 was
opened up in the presence of NaN3/MeOH to give
Cbz-protected cis-4-hydroxyproline methyl ester 12 in
99% yield.8 Silylation and hydrolysis gave carboxylic
acid, which was reacted with pentafluorophenol to pro-
duce 13.


This stable activated ester 137 was reacted with imidate
14 derived from commercially available racemic 5-meth-
yl-2-pyrrolidinone to produce mixed imide 157 and 16 in
40% and 45% yields, respectively. Both diastereoisomers
were separated by flash column chromatography. Each
diastereoisomer was then converted to pyrrolenone 4a7


and 4b following the three-step sequence (Pd/C, BOC2O,

Scheme 3. Synthesis of the pyrrolenone. Reagents and conditions: (a)


Ph3P, DEAD, THF, rt, 3 h, 55%; (b) NaN3, MeOH, 45 �C, 24 h, 99%;


(c) TBSCl, imidazole, DMF, rt, 36 h, 94%; (d) LiOH, THF/MeOH/


H2O, 0 �C, 24 h, 81%; (e) pentafluorophenol, DCC, EtOAc, 90%; (f)


(±) 5-methyl-2-pyrrolidinone, BuLi, THF, 15 min, 13, 3 h, 15 = 40%,


16 = 45%; (g) 10% Pd/C, Boc2O, H2, MeOH, 1 h; (h) LDA, �78 �C,
15 min, PhSeBr, H2O2, AcOH, H2O, 0 �C, 30 min; (i) 4 N HCl,


dioxane, 0 �C, 4 h, 4a = 57%, 4b = 51% over last three steps.







Scheme 5. Synthesis of microcolin A analogs. Reagents and condi-


tions: (a) BOP-Cl, Et3N, CH2Cl2, rt, 12 h, 21 = 67%, 22 = 73%,


23 = 56%; (b) 4 N HCl, dioxane, 0 �C, 4 h; (c) BOP-Cl, octanoic acid,


Et3N, CH2Cl2, 12 h, 24 = 63%, 25 = 50%, 26 = 43% over two steps.
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H2; LDA, PhSeBr, H2O2,
9 and HCl). Pyrrolenone 4c


was synthesized from Cbz-protected proline following
Andrus et al. protocol (Scheme 4). Enantiomerically
pure 5-methyl-2-pyrrolidinone was easily synthesized
from commercially available 18 according to the condi-
tions of Amstutz et al.10


The tripeptide carboxylic acid 3 was coupled with 4a, 4b,
and 4c separately to produce 21, 22, and 23, respectively,
in 67%, 73%, and 56% yields (Scheme 5).6 Hydrochloric
acid treatment produced the salt, which was then cou-
pled with octanoic acid in the presence of BOP-Cl/
Et3N to yield 24,11 25,12 and 26.13


Once these compounds were in hand, we next investigat-
ed their activity on different cell lines (Table 1). We have
found that the microcolin A analog 24 potently inhibits
both primary lymphocytes and immune cell lines with
EC50 values in the low nanomolar range. In fact, 24 is
similarly potent at inhibiting the proliferation of all cell
lines tested in this study, including nontransformed
(mouse) C2C12 myoblast cells and even primary (bo-
vine) endothelial cells. Rather curiously, this is the first
study ever to test whether microcolin A actually is selec-
tive for immune cells (all previous studies have relied
heavily on the mixed lymphocyte reaction and exclusive-
ly on immune-derived cells and cell lines to assess
microcolin A activity). This finding raises significant
doubts about the therapeutic potential of microcolins
as immunosuppressants, and rather points toward their
more likely usefulness as antineoplastic agents.


Analogs 25 and 26 displayed striking loss of activity: 26,
which lacks the C10 prolylhydroxyl group, was 100-fold
less potent than 24, thereby confirming the importance
of this functional group in mediating the antiprolifera-
tive effects of the microcolins. Interestingly, 25, which

Scheme 4. Synthesis of pyrrolenone. Reagents and conditions: (a)


Ph3P, CBr4, MeCN, 4 h, 73%; (b) Bu3SnH, AIBN, PhH, 70 �C, 3 h,
61%; (c) BuLi, THF, 15 min; (d) 10% Pd/C, Boc2O, H2, MeOH, 1 h,


90%; (e) LDA, �78 �C, 15 min, PhSeBr, H2O2, AcOH, H2O, 0 �C,
30 min, 60%; (f) 4 N HCl, dioxane, 0 �C, 4 h, 50%.


Table 1. Biological activity profiles of microcolin A analogs 24, 25,


and 26


Entry Cell name IC50


24 Mouse mixed lymphocyte reaction 32.8 nM


Mouse PMA ionomycin-stimulated lymphocytes 30.3 nM


EL-4 (mouse thymoma) 45.6 nM


Jurkat (human T-cell leukemia) 39.4 nM


P-388 (mouse T-cell leukemia) 66.7 nM


N1E-115 (mouse neuroblastoma) 35.9 nM


C2C12 (mouse myoblast) 43.4 nM


BAE (bovine aortic endothelial) 36.7 nM


25 EL-4 (mouse thymoma) 6 lM
P-388 (mouse T-cell leukemia) 7 lM


26 EL-4 (mouse thymoma) 6 lM
P-388 (mouse T-cell leukemia) 5 lM

differs from 24 in the stereochemistry of the C4 methyl
group, had a 100-fold reduced potency as well. More-
over, in a competition assay, the potency of 24 to inhibit
cell proliferation was unaffected by the presence of mo-
lar excess 25, indicating that the proper stereochemistry
of the C4 methyl group is important for target protein
binding. This finding, therefore, has identified a novel
structural determinant important for the antiprolifera-







Scheme 6. Synthesis of biotinylated microcolin A derivative. Reagents


and conditions: (a) dPEG4
TM-biotin acid, BOP-Cl, Et3N, CH2Cl2, rt,


12 h, 40%.


Table 2. Biological activity of biotinylated microcolin A


Entry Cell name IC50 (lM)


27 EL-4 (mouse thymoma) 10


P-388 (mouse T-cell leukemia) 10
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tive activity of the microcolins, and further corroborates
the notion that the pyrrolylproline functionality is the
active pharmacophore.


Biotinylated derivatives of the epoxide containing natu-
ral products fumagillin, parthenolide, epoxomicin, and
eponemycin have proven useful in the identification of
their intracellular targets.14–17 Structure–activity rela-
tionship studies by Koehn et al. and our studies involv-
ing the C4 methyl group of microcolin A established
that the pyrrolylproline C-terminus is the pharmaco-
phore. Our studies with the octanoyl analog demon-
strated that 34,36-dimethyl side chain plays an
anciliary role in imparting pharmacological activity.
Therefore, we decided to attach a biotin handle to the
amino-terminus of microcolin A (Scheme 6). The hydro-
chloride salt derived from 21 was coupled with commer-
cially available PEG-biotin carboxylic acid to furnish
biotinylated microcolin A 27 in modest 40% yield.18


Once the synthesis was complete, we measured the
inhibitory potency of the biotinylated microcolin A 27
(Table 2). Of all the analogs tested in this study, 27
had the least biological activity, with IC50 values be-
tween 200- and 300-fold less potent than 24 when tested
against P-388 cells and EL-4 cells, respectively. Never-
theless, at these readily achievable higher concentra-
tions, this reagent may prove useful in identifying the
target protein of these small molecules.


In conclusion, we have synthesized microcolin analogs
as well as designed and synthesized biotinylated microc-
olin A as a biological probe. It was also demonstrated
that microcolin A analog 24 is comparably potent to
the native microcolin A 1 and that, unexpectedly, shows
no immune cell selectivity in its antiproliferative activity
when tested on a wide panel of cell types. Our study has
revealed the importance of the C4 methyl group stereo-

chemistry in mediating the activity of these compounds.
Despite the impaired biological activity of biotinylated
microcolin A, it can still be useful as molecular probe
for biochemical studies. We now aim to identify and
characterize the molecular target of microcolin A by
employing affinity chromatographic techniques. We will
report our progress in this regard in due course.
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Abstract—Selectivity of enzymatic and chemical methods for transesterifications of cytarabine with divinyl dicarboxylates was
described. Catalysis by lipase acrylic resin from Candida antarctica (CAL-B) in acetone facilitated the single step synthesis of poly-
merizable 5 0-O-acyl cytarabine derivatives in high yields, while the use of alkaline protease from Bacillus subtilis (subtilisin) in pyr-
idine afforded the mixture products of 5 0-O-acyl and 4-N-acyl cytarabine derivatives. Interestingly, polymerizable 4-N-acyl
cytarabine vinyl derivatives can be selectively prepared by chemical transesterification in dioxane. The obtained series of cytarabine
derivatives would be useful for a significant monomer for a polymeric anticancer drug.
� 2005 Elsevier Ltd. All rights reserved.

Nucleosides are fundamental building blocks for biolog-
ical systems, with a wide range of biological activity.1


Especially, pyrimidine nucleosides analogs have shown
particular antiviral and antitumor activities.2,3 There-
fore, extensive modifications have been made to the het-
erocyclic base or the sugar moiety to improve biological
activity. In recent years, the search for new nucleoside
derivatives using clean, simple, and efficient enzymatic
methodology has been paid much attention by organic
chemists.4,5 Ferrero and Gotor6 have reviewed the utility
of biocatalysts for the modification of nucleosides, car-
bocyclic nucleosides, and C-nucleosides.


Cytarabine [1-b-DD-arabino furanosylcytosine (Ara-C)] is
an anticancer nucleoside analog widely used for the
treatment of both acute and chronic myeloblastic leuke-
mias.7,8 Appropriately designed cytarabine prodrugs,
such as acyloxyalkyl esters and phosphoramidates, are
reported to increase nucleoside triphosphate levels in
nucleoside kinase-deficient cell lines.9,10 However, these
prodrugs are usually 5 0-hydroxyl derivatives and mostly
obtained by conventional chemical methods using pro-
cess of blocking/deblocking step for the 4-amino has
higher activity than 5 0-hydroxyl.11 Moreover, few mod-
ified cytarabine prodrugs can be used for the prepara-

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2005.06.011


Keywords: Biocatalysis; Cytarabine; Enzymatic synthesis; Selectivity;


Vinyl ester.
* Corresponding author: Tel.: +86 571 87953001; fax: +86 571


87952618; e-mail: llc123@zju.edu.cn

tion of macromolecular nucleoside anticancer drugs,
which can effectively control the rate of the drug release
and be administered at low doses, increasing the thera-
peutic benefit.12


In this letter, a facile enzymatic selective synthesis of vi-
nyl cytarabine esters under mild conditions is described,
and the chemo- and regioselectivities by chemical and
enzymatic methods for cytarabine modification with
divinyl dicarboxylates are reported. 4-N-acyl and 5 0-O-
acyl cytarabine derivatives have been prepared through
two different methods, respectively.


The transesterification of cytarabine 1 with divinyl
dicarboxylates (2a–d, n = 2, 4, 7, and 8) in dioxane reflux
was first carried out for 24 h, giving the product 3a–d in
35%, 28%, 22%, and 33% yields, respectively. Then, four
commercially available enzymes, alkaline protease from
Bacillus subtilis (Subtilisin), lipase from porcine pancre-
as (PPL), lipase acrylic resin from Candida antarctica
(CAL-B), and immobilized lipase from Mucor miehei
(Lipozyme�), in a predominantly anhydrous medium
were chosen in catalyzing the transesterification for
comparison. The use of CAL-B or Lipozyme� in ace-
tone facilitated the single step synthesis of 5 0-O-acyl cyt-
arabine vinyl esters. While catalyzed by PPL in acetone
or THF, no product was detected. Interestingly, the
transesterification catalyzed by subtilisin in pyridine
gave the mixture of 5 0-O-acyl cytarabine vinyl esters
and 4-N-acyl cytarabine vinyl esters. The synthesis route
is shown in Scheme 1.
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Scheme 1. Synthesis of 4-N-acyl and 5 0-O-acyl cytarabine vinyl esters.
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A typical enzymatic experimental procedure for the syn-
thesis of 3d and 4d is illustrated in Scheme 1. The reac-
tion was initiated by adding 10 mg/ml subtilisin to 25 ml
anhydrous pyridine containing 0.5 g (2 mmol) cytara-
bine and 8 mmol divinylsebacate. The suspension was
kept at 50 �C and shaken at 200 rpm. The reaction
was terminated by filtering off the enzyme, and the fil-
trate was concentrated under reduced pressure. Forma-
tion of cytarabine ester was confirmed by TLC. The
products were separated by silica gel chromatography
with an eluent consisting ethyl acetate/methanol/water
(20/1/0.8, v/v/v). The obtained cytarabine esters were
characterized by 1H NMR, 13C NMR (Bruker DMX
500), IR (Nicolet Nexus FTIR670), and MS (Bruker es-
quire 3000 ESI-MS).13 The yields of the cytarabine
derivatives are summarized in Table 1.

Table 1. Chemo- and regioselective enzymatic acylation of cytarabine


Entry Acyl agent Enzyme Solvent t


1a 2a Subtilisin Pyridinec


2b 2b Subtilisin Pyridine


3b 2c Subtilisin Pyridine


4b 2d Subtilisin Pyridine 1


5b 2a CAL-B Acetone


6a 2b CAL-B Acetone


7b 2c CAL-B Acetone


8b 2d CAL-B Acetone


9a 2a Lipozyme� Acetone


10a 2b Lipozyme� Acetone


11a 2c Lipozyme� Acetone


12a 2d Lipozyme� Acetone


ND, not detected.
a Percentage of compounds calculated by HPLC after workup.14


b Isolated yields by silica gel chromatography.
c Solvents dried over 4 Å molecular sieves for 24 h prior to use.

To confirm whether pyridine has a catalytic effect in
the reaction, the transesterification of cytarabine with
divinyl dicarboxylates was carried out in pyridine in
the absence of enzyme. No 4-N-vinylsebacate or 5 0-
O-vinylsebacate was detected by TLC and HPLC
even after 3 days.14 Several solvents were screened
for the subtilisin-catalyzed synthesis of 4-N-vinylseba-
cate cytarabine (3d) and 5 0-O-vinylsebacate cytarabine
(4d). The transesterifications were carried out in pyr-
idine, THF, DMF, and dioxane at 50 �C. On the ba-
sis of HPLC analysis results, subtilisin showed high
activity in pyridine and very low activity in THF,
DMF, and dioxane. The high activity of subtilisin
in pyridine is also verified in our previous study
and other groups� research.15–18 Similar experiments
were carried out for CAL-B in acetone, THF,

(h) Yields of 5 0-O (%) Yields of 4-N (%)


12 58 14


72 46 12


96 55 22


20 54 23


24 52 ND


48 57 ND


96 68 ND


96 65 ND


24 12 ND


48 8 ND


72 15 ND


72 18 ND







Table 2. Chemical shifts of 13C NMR (DMSO-d6) of cytarabine and cytarabine esters


Carbon 1 3a 3b 3c 3d 4a 4b 4c 4d


2 155.5 155.0 155.0 155.0 155.0 155.5 155.6 155.6 155.5


4 166.0 162.3 163.6 162.7 162.7 166.1 166.1 166.1 166.1


5 92.8 94.5 94.5 94.7 94.7 93.0 93.1 93.0 93.0


6 143.4 146.9 147.0 147.1 147.1 143.3 143.3 143.3 143.3


1 0 86.3 87.0 87.2 87.4 87.4 86.7 86.7 86.6 86.6


2 0 76.9 76.4 79.8 76.6 76.6 77.2 77.2 77.2 77.2


3 0 75.3 75.2 75.3 75.1 75.1 74.8 74.8 74.8 74.8


4 0 85.3 85.8 86.2 86.2 86.2 82.1 82.3 82.2 82.3


5 0 61.3 61.2 61.3 61.5 61.4 64.7 64.3 64.2 64.2


–CH2 31.2 36.3 36.8 36.8 28.8 33.5 33.8 33.9


29.8 33.1 33.5 33.5 28.7 33.1 33.4 33.5


24.5 28.8 29.0 24.2 28.7 28.9


23.9 28.7 29.0 23.9 28.6 28.8


28.6 28.9 28.4 28.8


24.9 28.8 24.8 28.7


24.5 24.9 24.4 24.9


24.5 24.5


C@O 174.1 174.2 174.3 174.3 172.2 173.1 173.3 173.3


170.9 179.0 170.9 170.9 170.0 170.7 170.9 170.9


–CH@CH2 141.6 141.7 141.7 141.7 141.6 141.7 141.7 141.7


98.4 98.5 98.5 98.5 98.7 98.6 98.5 98.5
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isopropyl ether, and dioxane, and the best result was
obtained in acetone.


The amino group in cytarabine has higher activity in
chemical synthesis of polymerizable cytarabine mono-
mers; as a result, the substitution happened at N-4 posi-
tion and formed products 3a–d. Compared with the
chemical synthesis, the transesterification catalyzed by
CAL-B or Lipozyme� showed high chemo- and regio-
selectivities among amino group and three hydroxyl
groups, and the substitution happened at C-5 0 position
of cytarabine without any blocking/deblocking steps
and formed products 4a–d. To be mentioned is that
CAL-B was used three times without a noticeable loss
of activity. Interestingly, we also observed the mixture
of acylation at amino group of N-4 position and at
the primary hydroxyl group of C-5 0 position when cata-
lyzed by subtilisin in pyridine. However, the yields of
products 4a–d were higher than those of products 3a–
d, and this result indicated that the primary hydroxyl
group of C-5 0 position had higher activity than the ami-
no group of N-4 position in the subtilisin-catalyzed
transesterification.


The position of acylation was determined by 1H NMR
and 13CNMR,according to the general strategy described
by Yoshimoto et al.19 Acylation of a hydroxyl group of
substrate results in a downfield shift of the peak corre-
sponding to the O-acylated carbon and an upfield shift
of the peak corresponding to the neighboring carbon.
Characterization of the products 4a–d by 13C NMR, 1H
NMR, and IR revealed that vinyl cytarabine esters were
substituted at C-5 0 position of cytarabine, and the prod-
ucts 3a–d were substituted at N-4 position. The 13C
NMR data of products are summarized in Table 2.


In summary, the chemo- and regioselectivities by
chemical and enzymatic methods for cytarabine modi-

fication with divinyl dicarboxylates were described. 4-
N-Acyl and 5 0-O-acyl cytarabine derivatives can be
prepared by chemical transesterification in dioxane re-
flux and lipase-catalyzed transesterification in acetone,
respectively. However, the transesterification catalyzed
by alkaline protease from B. subtilis in pyridine affor-
ded the mixture products of 5 0-O-acyl and 4-N-acyl
cytarabine derivatives. The obtained vinyl cytarabine
esters derivatives would be useful as a significant
monomer for polymeric anticancer drug. The investiga-
tion of its chemical polymerization and further appli-
cation as a polymeric drug or functional material are
in progress.
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Abstract—A series of VLA-4 antagonist were synthesized wherein carboxylic acid was replaced by various acid surrogates. The effect
of these acid surrogates toward potency was evaluated in a binding assay. A number of acid surrogates were potent antagonist of
VLA-4, albeit significantly less potent than the corresponding carboxylic acid. Heterocyclic acid surrogate, oxadiazolidinone 3, dem-
onstrated an improved pharmacokinetic property when dosed intravenously.
� 2005 Elsevier Ltd. All rights reserved.

The adhesion molecule VLA-4 (very late activating anti-
gen-4, a4b1, CD49d/CD29) is a member of the integrin
family and is expressed on all circulating leukocytes ex-
cept platelets.1 VLA-4 is a receptor for vascular cell
adhesion molecule-1 (VCAM-1), which is expressed on
endothelial surface. This interaction is important for
the activation, migration, and proliferation of leuko-
cytes during normal and pathophysiological processes.2


It has been shown that anti-VLA-4 antibodies or VLA-4
antagonists3 inhibit leukocyte infiltration to extravascu-
lar tissue and prevent tissue damage in animal models of
asthma,4 multiple sclerosis (MS),5 rheumatoid arthritis
(RA), and inflammatory bowel disease (IBD).6 In addi-
tion, a humanized monoclonal anti-a4 antibody (Natal-
izumab) has shown efficacy for MS and Crohn�s disease
in clinical trials.7 Hence, there is a significant interest in
the development of small molecules VLA-4 antagonist
for the treatment of these diseases.


To date, the small molecule VLA-4 antagonists reported
in literature are primarily characterized by carboxylic
acids (Fig. 1).8 Removal of carboxylic acid moiety or
replacement by alcohol leads to complete loss of activi-
ty. Furthermore, these carboxylic acids are often charac-
terized by poor PK, high protein binding, and significant
shifts in potency in the presence of human serum
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albumin. There are several examples in the literature
from other targets, wherein acid surrogates have provid-
ed inhibitors with similar potency with improved PK
properties.9 In our laboratory, we undertook efforts to
evaluate the effect of acid surrogates toward potency
of VLA-4 antagonists.


The acid surrogates were chosen based on pKa properties
that were similar to carboxylic acids.10 Oxadiazolidinone
3 was synthesized from the corresponding dipeptide car-
boxylic acid 1 by converting the acid to nitrile 2 under
dehydrating conditions. The nitrile 2 was then allowed
to react with hydroxylamine and subsequent cyclization
with 2-ethylhexyl chloroformate to afford oxadiazolidi-
none 3 (Scheme 1). Tetrazole 4 was obtained by reaction
of the nitrile intermediate with an azide.


The 3-hydroxyisooxazole acid surrogate 7 was synthe-
sized from the corresponding dipeptide b-ketoester 6.11


The b-ketoester 6 was cyclized with hydroxyl amine
which upon treatment with concentrated hydrochloric
acid yielded compound 7 (Scheme 2). The b-ketoester
was also condensed with hydrazine in ethanol to yield
3-pyrrazol 8. In addition, N-trifluoroacetamide 9 and
N-trifluoromethanesulfonamide 10 were synthesized
by reaction of the corresponding amide with trifluoroace-
tic anhydride and trifluoromethanesulfonyl chloride,
respectively.


The seldom used acid surrogate 1,2,4-oxadiazolidone-
2,5-dione was easily incorporated into a a-amino acid
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Figure 1. VLA-4 antagonist.


Scheme 1.


Scheme 2.
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Scheme 3.


Table 1. Potency and relative off-rate for acid surrogates as inhibitors


of VLA-4


Compound R Calc. pKa
10 BURJ


(IC50nM)


RORa %


bound at 1 h


1 4.0 0.03 66


3 6.5 12 0


4 5.3 60 0


6 8.6 13 10


7 4.6 20 8


8 6.2 300 6


9 8.1 10 0


10 0.35 11 0


a ROR refers to the amount of compound bound to the receptor and


measured as competition between binding ligand and the acid


surrogates.


Table 2. PK of acid surrogates in rats


Compound IV-AUC (lM h) Vd (L/kg) t1/2


1 0.68 0.57 0.72


3 2.01 2.61 2.78


7 3.51 1.25 2.85


a Data from intravenous (i.v.) studies.
b Data from postoperative (p.o.) studies. nd: compound not detected, below


dissolved in 400 PEG/water (3:1) for i.v. and p.o. dosing.
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11 to yield 16 as described in literature12 and is shown in
Scheme 3.


The acid surrogates were evaluated as inhibitors using
binding assay of the non-activated state of VLA-4 on
Jurkat cells (BURJ assay).13 A secondary assay measur-
ing the relative off-rate under the non-activating state at
1 h was carried out to further distinguish them (Table 1).
In general, acid surrogates 3, 6, 7, 9, and10 were found
to be potent, albeit significantly shifted compared to the
parent carboxylic acid 1. In the heterocyclic series, 1,2,4-
oxadiazolidinone 3 and 3-hydroxyisoxoazole 7 were
more potent than the most often used acid surrogate
tetrazole 4. In the acylic series, b-ketoester 6, trifluoro-
acetamide 9, and trifluoromethanesulfonamide 10 had
potency similar to 3 and 7 but significantly less potent
than 1. The inhibitory potency of 1,2,4-oxadiazoli-
done-3,5-dione 16 (BURJ, IC50 = 6 lM) was found to
be 3000-fold less than that of the corresponding carbox-
ylic acid (BURJ, IC50 = 2 nM).


When compared to the parent carboxylic acid 1, the acid
surrogates demonstrated poor affinity for the receptor as
evidenced by its relatively poor off-rate. The differences
between the volume, dipole moment and polarizability
of the carboxylic acid, and those of the acid surrogates
may account for the differences in the binding affinity.


The heterocyclic acid surrogates were further evaluated
for their pharmacokinetic properties in rats to determine

(h)a Cl (ml/min/kg) % Fb Cmax (nM)b


38.2 n.d. 3.14


60 0.19 6.1


37.57 n.d. n.d.


the level of limit of quantification (<300 pM). The compounds were
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whether they offer any advantage over the parent acid 1
(Table 2). When dosed intravenously at 5 mpk, they
demonstrated an improved half-life and higher exposure
compared to acid 1. However, when dosed orally at
5 mpk, there was no significant improvement in oral bio-
availability or in exposure.


In summary, a series of carboxylic acid surrogates in
dipeptide series with moderate potency were identified,
as VLA-4 antagonists. The oxadiazolidinone acid surro-
gate 3 demonstrated an improved pharmacokinetic
property. These acid surrogates themselves represent
novel structures and will be further evaluated in animal
models of asthma and MS.
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Abstract—HTS and the following synthesis of a series of the compounds led us to the discovery of hydroxamic acid analogs as
potent dual inhibitors of phosphodiesterase (PDE)-1 and 5. These compounds have highly related structure and deviation of the
structure usually resulted in reduced potency. This result can be used to design other molecules that may be utilized for the therapy
of cardiovascular symptoms that relates to cGMP level.
� 2005 Elsevier Ltd. All rights reserved.

Figure 1. The known dual inhibitor and structure 1 as initial lead.

cGMP is one of the representative second messengers of
intracellular signal transduction and mediates various
cell functions. The signal transduction is based on the
phosphorylation of some target proteins that are cata-
lyzed by cGMP-dependent protein kinase. Phosphodies-
terase type 1 (PDE-1) and 5 (PDE-5) are the major
cGMP hydrolyzing enzymes in blood vessel,1 and regu-
late levels of the mediators with guanylyl cyclase which
catalyzes the synthesis of cGMP from GTP. PDE-1 and
-5 have also been identified in platelets.2 The inhibitors
of PDE-1 and -5 are expected as drug candidates for
cardiovascular diseases, such as hypertension, angina,
cardiac failure, and obstructive arteriosclerosis.
SCH51866 is known as a dual inhibitor of PDE-1 and
-5 (Fig. 1).3


We found hydroxamic acid derivative 1 (Fig. 1), which
showed dual inhibition of PDE-1 and -5, by high
throughput screening of ca. 100,000 compounds which
were selected at random from our in-house library.
Compound 1 shows potent inhibition toward PDE-5
(IC50 = 0.013 lM), while it shows moderate inhibition
for PDE-1 (IC50 = 2.41 lM, about 200-fold less potent
than PDE-5).4 We started exploratory studies for potent
dual inhibitors with strong inhibition of both PDE-1
and -5.

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2005.06.016


Keyword: Phosphodiesterase.
* Corresponding author. Tel.: +81664665194; fax: +81664665484;


e-mail: yamazaki@sumitomopharm.co.jp

1. Chemistry


We synthesized the 102 compounds that are listed in
Tables 1–3 by the synthetic routes shown in Schemes
1–3. Twenty-eight compounds are listed in a category
as Molecule I, and their chemical structures are repre-
sented in Table 1. Similarly, 27 compounds are listed
as Molecule II as shown in Table 2. And 47 compounds
in Table 3 are shown as Molecule III.


1.1. Synthesis of molecule I (Scheme 1)


Reduction of 2,6-pyridinecarboxylic acid diethyl ester
(I-1) by NaBH4, chlorination by SOCl2, coupling with
phenol and saponification under basic condition gave
a carboxylic derivative I-4. A series of desirable carbox-
ylic acid and hydroxamic acid derivatives were synthe-
sized by amide formation reaction with I-4 and
various kinds of aminobenzoate, amino phenyl acetate,
amino thiazole, amino thiadiazole, and amino pyridine
acetate derivatives and so on.
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Table 1. Preliminary modification of B-part


Entry X n R2 R3 R1 PDE1 IC50 (lM) PDE5 IC50 (lM)


1 1 1 H H –CONHOH 2.41 0.013


2 3 0 — — –CONHOH >10 2.66


3 4 0 — — –CONHOH >10 3.50


4 5 0 — — –CONHOH >10 1.47


5 9 0 — — –CONHOH >10 0.77


6 9 0 — — –COOH 4.48 4.99


7 1 1 H H –COOH >10 10.0


8 5 1 H H –CONHOH >10 0.040


9 5 1 H H –COOH >10 9.43


10 7 1 H H –CONHOH 0.92 0.19


11 8 1 H H –CONHOH 4.52 0.040


12 7 1 i-Pr H –CONHOH 3.90 2.42


13 7 1 n-Bu H –CONHOH 0.20 0.27


14 7 1 n-Bu H –COOH >10 6.49


15 7 1 i-Bu H –CONHOH 3.94 0.62


16 7 1 i-Bu H –COOH >10 6.25


17 7 1 –(CH2)5CH3 H –CONHOH 5.70 0.23


18 7 1 –(CH2)5CH3 H –COOH >10 4.58


19 7 1 Bn H –COOH >10 10.0


20 7 1 Bn H –CONHOH 1.36 0.83


21 7 1 –(CH2)2COOH H –COOH >10 10.0


22 7 1 Me Me –CONHOH 0.67 0.52


23 7 1 –(CH2)2COOH –(CH2)2COOH –COOH >10 9.28


24 7 1 –(CH2)2– –CONHOH 0.63 0.89


25 7 1 –(CH2)2– –COOH >10 8.58


26 7 1 –(CH2)2O(CH2)2– –CONHOH 2.93 2.49


27 7 1 –(CH2)2O(CH2)2– –COOH >10 10.0


28 7 1 @O –CONHOH >10 2.20
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1.2. Synthesis of molecule II (Scheme 2)


Protection of commercially available ethyl 2-amino-1,3-
thiazole-4-carboxylate (II-1) with allyloxycarbonyl
group and saponification with NaOH yield II-2.5 In
the meantime, the resin linked hydroxylamine II-3 was
prepared from Sasrin resin by three steps.6 Coupling
reaction with II-2 and the resin linked hydroxylamine
II-3, and removal of the allyloxycarbonyl group gave
an O-immobilized amino thiazole derivative II-4.7 Sol-
id-phase combinatorial synthesis was performed by cou-
pling with II-4 and various aryl acid derivatives and the
following deprotection reaction gave a hydroxamic acid
library.8


1.3. Synthesis of molecule III (Scheme 3)


Freidel–Crafts acylation of 4-ethylresorcinol (III-1) with
ZnCl2, condensation with III-3 and saponification gave
a carboxylic acid derivative III-4. A series of desirable
carboxylic acid, ester, and hydroxamic acid derivatives
were synthesized by amide formation reaction with the
III-4 and various kinds of amino acid, amino pyridine
acetate, amino thiazole, and amino thiadiazole deriva-
tives and so on.

2. Preliminary modification of B-part


Compound 1 can be retro-synthesized by condensation
of A-part and B-part (Fig. 1). First, we carried out
preliminary study on the effect of B-part using a corre-
sponding free acid of A-part (Table 1). Compounds
1–28 were obtained by amide formation with various
building blocks having amino group. Seven aromatic
moieties were selected for X as shown in Table 1 (X1,
X3–X5, and X7–X9). The number of Carbon linkers be-
tween X and carboxylic acid derivatives represented as n
was selected to be 0 or 1, and free carboxylic acid and
hydroxamic acid were synthesized.


Compounds 2–6 (n = 0) showed reduced (10- to 100-fold
less) inhibition of PDE-5 compared to compound 1.
Compound 6 with thiazole (X9) and carboxylic acid
showed weak but similar level of inhibition of PDE-1
and 5. Compounds 7–11, with unsubstituted methylene
linkers (n = 1), showed more potent inhibition than
compounds 2–6 (n = 0). Especially, compounds 8 and
11 showed comparable PDE-5 inhibition with com-
pound 1, but in the case of compound 1, only weaker
PDE-1 inhibition compared to PDE-5 (100-fold weaker)
was observed. On the other hand, compound 10, with







Table 2. Modification of A-part


Entry R PDE1 IC50


(lM)


PDE5 IC50


(lM)


29 3-(CF3)Bn >10 2.07


30 1-Phenylpropyl >10 6.19


31 1-Naphthylamino >10 3.81


32 >10 5.99


33 >10 3.16


34 2.80 1.28


35 Phenoxymethyl >10 5.62


36 4-Chlorophenoxymethyl 1.81 1.69


37 –(CH2)2COPh >10 4.52


38 –(CH2)5Ph 4.50 1.90


39 –(CH2)10CH3 >10 1.80


40 Ph >10 3.25


41 2-(F)Ph >10 7.56


42 3-(Me2N)Ph >10 5.47


43 3-(CF3S)Ph 1.72 0.43


44 3-(Bz)Ph 1.72 3.41


45 3,5-(Me)Ph >10 1.83


46 2,4-(Cl)Ph >10 4.25


47 2-(Br)-3-(Me)Ph 3.87 8.43


48 2,3,5-(MeO)Ph >10 2.58


49 2-Pyridyl 7.10 3.20


50 4-Chlorophenoxy-3-pyridyl 2.67 0.32


51 0.087 0.026


52 1-Naphthyl 1.00 1.10


53 2-Quinolyl 8.00 0.14


54 2-Quinoxalyl >10 1.84


55 1-(Ph)-4-Quinolyl 0.38 0.79
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unsubstituted thiazole (X7), showed considerably potent
inhibition (less than 1 lM) of both PDE-1 and 5.


Further modifications based on the structure of com-
pound 10 was carried out. Monoalkyl and dialkyl sub-
stitution was introduced to the methylene carbon of
compound 10 (compounds 12–22 and 23–28, respective-
ly). Both free carboxylic acid and hydroxyamic acid
were synthesized. In mono-substituted compounds 12–
21, PDE-5 inhibitory activity remained. PDE-1 inhibi-
tion was generally weak but compound 13 with n-butyl
group showed considerably potent PDE-1 and -5 inhibi-
tion. Among di-substituted compounds 22–28, dimethyl
derivative (22) and cyclopentyl derivative (24) showed

potent inhibition profile similar to compounds 10 and
13. Generally, conversion of carboxylic acid to hydroxa-
mic acid increased inhibitory activities.

3. Modification of A-part


Having compound 10, weak dual inhibitor of PDE-1
and -5, we carried out modification of A-part (Table
2). Appropriate carboxylic acid derivatives were selected
as starting material from commercially available re-
agents or in-house carboxylic acid library.


Compounds 29–39 have alkyl group or substituted alkyl
group as R group, but no potent PDE-5 inhibition was
found in these compounds, and several compounds did
not show PDE-1 inhibition. Substituted benzoic acid
derivatives are used as starting materials to synthesize
compounds 40–48. Only compound 43 among them
showed similar to slightly weaker inhibition than com-
pound 10, but the other compounds did not show satis-
factory inhibition.


Compounds 49–51, to which pyridine moieties were
introduced, showed very strong PDE-1 and -5 inhibi-
tion, especially compound 51 showed 10-fold stronger
inhibition than compound 10. Two-membered rings
were introduced to compounds 52–55 and these com-
pounds showed moderately strong PDE-5 inhibition.
Compound 55 showed comparable inhibition of
PDE-1 and -5 with compound 10.

4. Modification of B-part


After discovering compound 51, we once again fixed the
A-part to a substructure of compound 51, and screened
the optimized structure for B-part. The effect of nitrogen
atom of the pyridine ring in A-part was also examined.
X represents either one of three aromatic rings shown in
Table 1 (X1, X2, and X7) or nothing (R1 directly linked
to nitrogen). PDE-5 inhibition was evaluated first and
PDE-1 inhibition was evaluated only when considerable
PDE-5 inhibition was observed (Table 3).


Compounds 56–85 do not have a ring structure
(X = none). Compounds 56–61 have benzene ring
(Y1 = C, Y2 = C) and acetic acid moieties as R1. The ef-
fect of the nitrogen atom in the aromatic ring (Y1, Y2)
was generally small (Table 3). Compounds 63 and 66
with hydroxamic acid showed more potent inhibition
to PDE-5 compared to corresponding carboxylic acid
or esters. In compounds 64–74, various substituted alkyl
group were introduced to a-position of terminal acid
carbonyl group. Compounds 75–81 showed that intro-
duction of further carbon atom between terminal acid
moieties and nitrogen atom in R1 reduced PDE-5 inhibi-
tion. In compounds 82–85, various functional groups
were introduced to replace free acid and hydroxamic
acid, but no stronger inhibition was observed.


Compounds 86–89 have 1,3-substituted benzene as
a part shown as X. These compounds showed strong







Table 3. Modification of B-part


Entry Y1 Y2 X R1 R2 PDE1 IC50 (lM) PDE5 IC50 (lM)


56 C C — –CH2COOH H — 0.92


57 C C — –CH(Me)COOH H — 0.13


58 C C — –CH(Me)COOMe H — 2.13


59 C C — –CH(CH2OH)COOH H — 0.68


60 C C — –CH(CH2COOH)COOH H — 8.76


61 C C — –CH(CH2COOEt)COOEt H — 0.65


62 N C — –CH2COOH H — 1.70


63 N C — –CH2CONHOH H — 0.50


64 N C — (R)–CH(Me)COOH H — 1.03


65 N C — (S)–CH(Me)COOH H — 0.46


66 N C — –CH(Me)CONHOH H — 0.35


67 N C — –CH(iPr)COOH H — 1.24


68 N C — –CH(CH2OH)COOBn H — 8.62


69 N C — –CH(CH2COOH)COOH H — 2.93


70 N C — –CH(CH2OCOEt)COOH H — 6.68


71 N C — –CH(CH2OCO(CH2)6CH3)COOH H — 3.28


72 N C — H — 3.68


73 N C — H — 3.35


74 N C — H — 9.07


75 N C — –CH(OH)CH2COOMe H — 6.07


76 N C — –CH(CH2OH)CH2COOH H — 9.46


77 N C — –CH(CH2OH)CH2COOMe H — 3.10


78 N C — –CH(Ph)CH2COOH H — 1.45


79 N C — –(CH2)2COOH –CH2CH@CH2 — 9.87


80 N C — –(CH2)5COOH H — 7.65


81 N C — –CH(CH2OH)CH2CH2COOMe H — 2.64


82 N C — –C(CH2OH)3 H — 8.91


83 N C — H — 3.19


84 N C — H — 7.82


85 N C — H — 5.15


86 N C 1 –COOH H — 0.16


87 N C 1 –CONHOH H 0.39 0.028


88 N C 1 –CH2COOH H — 0.27


89 N C 1 –OCH2COOH H — 0.27


90 N C 2 –OCH2COOH H — 3.19


91 N C 2 –OCH2COOEt H — 6.09


92 C C 7 –CH2COOH H — 0.63


93 C C 7 –CH2COOEt H — 8.90


94 N N 7 –CH2COOH H — 1.51


95 N C 7 –CONHOH H 0.043 0.074


96 N C 7 –CH2COOH H 2.00 0.096
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Table 3 (continued)


Entry Y1 Y2 X R1 R2 PDE1 IC50 (lM) PDE5 IC50 (lM)


97 N C 7 –CH2CH2COOH H 2.70 0.074


98 N C 7 –CH2CH2CONHOH H 1.10 0.017


99 N C 7 –CH2COOEt Me — 2.72


100 N C 7 –CH2CONH2 Me — 6.35


101 N C 7 –CH2CONH2 Et — 1.21


102 N C 7 –CH2CONH2 1-Methylpropyl — 3.30


Table 4. The vasodilatory effects in isolated vessel of rat of compound


51 and 10


Entry IC50, lM Vasodilatory effects EC50, lM


PDE-1 PDE-5 PDE-3


10 0.920 0.190 >10 3.9


51 0.087 0.026 1.3 0.9


Scheme 2. Reagent and conditions: (i) Alloc-Cl, pyridine, rt, 15 h; (ii)


NaOH, MeOH-THF, rt, 15 h, then Dowex50W-X8(H+); (iii)


MeSO2Cl, DIEA, CH2Cl2, rt, 1 h; (iv) N-hydroxyphtalimide, Cs2CO3,


NMP, 80 C, 16 h; (v) anhydrous hydrazine, EtOH, rt, 20 h; (vi) DIC,


HOBt, DMF, rt, 16 h; (vii) Pd(PPh3)4, morphorine, THF, rt, 18 h.


Scheme 3. Reagent and conditions: (i) ZnCl2, AcOH, reflux; (ii)


phenol, K2CO3, DMF, rt, 16 h; (iii) LiOH, THF, rt, 1 h, then


Dowex50W-X8(H+).


Scheme 1. Reagent and conditions: (i) NaBH4,EtOH, 50 �C, 4 h; (ii)


SOCl2, CHCl3, rt, 1 h; (iii) phenol, K2CO3, DMF, rt, 16 h; (iv) LiOH,


THF, rt, 1 h, then Dowex50W-X8(H+).
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inhibition to PDE-5. Hydroxamic acid 87 showed com-
parable inhibition of PDE-5 to compound 51. But these
compounds showed weak inhibition of PDE-1. Com-
pounds 90 and 91, which have 1,4-substituted benzene

as X, showed reduced inhibition of PDE-5 compared
to the case of 1,3-substituted benzene.


Compounds 92–102 have thiazole moiety as X similar to
compound 51. Compounds 92, 94, and 96 showed the
effect of different aromatic ring in A-part. The order
of PDE-5 inhibition was Pyridine (Y1 = N, Y2 = C) >
benzene (Y1 = Y2 = C) > pyradine (Y1 = Y2 = N).
Hydroxamic acid derivatives were more potent than
their carboxylic acid equivalent (compound 92 and 93,
96 and 99). Compounds 95–98 showed comparable po-
tent inhibition of PDE-5, and compound 95 showed
more potent PDE-1 inhibition than compound 51.

5. Vasodilatory effects


Both compounds 51 and 10 showed relatively good met-
abolic stability. Therefore, we studied the vasodilatory
effects in isolated vessel of rat9 (Table 4). Compound
51, which was one of the potent dual inhibitors, showed
the expected potent vasodilatory effects (EC50 =
0.9 lM). On the other hand, compound 10 is about
10-fold less potent dual inhibitor than compound 51.
In a reflection of the effects for PDE-1 and -5, the
vasodilatory effects of compound 10 was weaker than
compound 51 (EC50 = 3.9 lM).


The level of cGMP in the conditions of compound 51 rose
3.4 times (10 lM), but the level of cAMP had almost no
variation (1.5 times at 10 lM). It was suggested that the
vasodilatory effects of compound 51 was not dependent
on the level of cAMP regulated mainly by PDE-3, but
cGMP was regulated by mainly PDE-1 and -5. In addi-
tion, selectivities for other PDEs, which are considered
to have no effects on vasodilation1, are not investigated.


In conclusion, we discovered several potent dual inhibi-
tors for PDE-1 and -5. It was noted that this potent inhi-
bition was found only in limited diversity of structure;
then we thought that it resulted from a highly specific
interaction between PDE and these inhibitors. Unfortu-
nately, bioavailability of these inhibitors are very low
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due to their aqueous solubility. Therefore, they are not
suitable for oral drug candidates. However, it is thought
that new dual inhibitors for PDE-1 and -5 will be found
efficiently by ligand-based virtual screening using the
data of the structure–activity relationships of hydroxa-
mic acid analogs. We will report the results about this
study in another article at an early date.
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Abstract—We report the synthesis of the novel scaffolds pyrazino[1,2-b]isoquinoline and pyrrolo[1,2-a]pyrazine displaying the
somatostatin pharmacophores. Both classes of compounds contain a pyrazine heterocycle, which can be prepared in a straightfor-
ward manner utilizing an intramolecular Fukuyama–Mitsunobu reaction. As both the families derive from amino acids, they can be
accessed in high optical purity.
� 2005 Elsevier Ltd. All rights reserved.

Figure 1. Compounds which have been shown to selectively bind with


high affinity to one of the five human somatostatin receptor subtypes.

As part of our efforts to design and synthesize com-
pounds displaying an increased selectivity to the
somatostatin subtype receptors and enhanced in vivo
stability,1–5 we were interested in a heterocyclic scaf-
fold-based approach to somatostatin analogs.


Although the native peptide hormone itself shows strong
binding in the nanomolar-range to the five receptors
subtypes, it is essentially lacking any selectivity for the
respective subtypes.6 Much progress has been made in
the design of small molecules that bind effectively and
selectively to one of the five known subtypes of the
somatostatin receptor families.7 Some of the small mol-
ecule somatostatin analogs reported in the literature
(Fig. 1) have been shown to bind in vitro to a specific
receptor subtype with selectivities of up to five orders
of magnitude over the other four receptors.8,9 It could
be argued that the molecular topology of these com-
pounds has little in common with the structural features
of the Phe7-Trp8-Lys9-Thr10 unit of somatostatin which
has been shown to be the pharmacophore region of the
peptide hormone.10,11

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2005.06.035


Keywords: Scaffolds; Pyrazino[1,2-b]isoquinoline; Pyrrolo[1,2-a]pyra-


zine; Fukuyama–Mitsunobu; Peptidomimetics.
* Corresponding author at present address: Department of Chemistry,


Princeton University, Princeton, NJ 08544, USA. Tel.: +1 609 258


8162; fax: +1 609 258 1980; e-mail: czapf@Princeton.edu
� Deceased June 1st 2004.

Inspired by the promising results of these small molecule
somatostatin analogs, we intended to extend this work
by a scaffold-based approach to nonpeptide somatostat-
in analogs. Recently, we were successful in designing and
preparing scaffold-based compounds which selectively
bound to the l- and d-opioid receptors.12 We were mind-
ful to design a scaffold that could incorporate a variety of
functionalities in an appropriate three-dimensional
arrangement and would allow late-stage diversification.
These concepts are of paramount interest to facilitate
the study of structure–activity relationships to optimize
the potency and selectivity of target molecules.



mailto:czapf@Princeton.edu





Scheme 2. Reagents: (a) SOCl2, MeOH; (b) 2-nitro-benzenesulfonyl


chloride, Et3N, DCM, 80%; (c) LiOH, MeOH, H2O, quant.; (d)


BF3ÆOEt2, BH3ÆSMe2, THF, 78%; (e) EDC, HOBt, Et3N, DMF, 77%;


(f) DIAD, PPh3, THF; (g) Boc2O, DMAP, CH3CN; and (h) PhSH,


DBU, DMF, 41%, three steps.


4034 C. W. Zapf et al. / Bioorg. Med. Chem. Lett. 15 (2005) 4033–4036

Our design focused on two structurally related scaffolds,
the pyrazino[1,2-b]isoquinoline 1 and the pyrrolo[1,2-
a]pyrazine 2 scaffold decorated with the pharmaco-
phores of somatostatin analogs that relate to the native
peptide: the indole nucleus, the aminoalkyl chain, and
the commonly occurring aromatic moiety (Scheme 1).
The attachment of the aminoalkyl chain to the second-
ary amine was to occur among the last synthetic steps.
This strategy provided an advanced intermediate which
could be utilized for structure–activity studies of the al-
kyl chain. Ring closure to produce the piperazine core
was to be accomplished via alcohol through a Mitsun-
obu-related reaction. Alcohol 3 was to derive from an
amide-bond formation utilizing the corresponding ami-
no alcohol 4 and tryptophan 5.


The key step in this reaction scheme is the cyclization
reaction furnishing the protected cyclic secondary amine
on the piperazine ring. It was our intention to take
advantage of a protecting group which allowed us to
form this carbon–nitrogen bond. Derivatization of
amines as the corresponding 2-nitro-benzenesulfon-
amide (nosyl-amide) allows the formation of C–N bonds
under Mitsunobu conditions utilizing alcohols.13


Previously, related scaffolds were synthesized by a simi-
lar route albeit for application toward solid-phase
chemistry.14–16


Synthesis of target compound 1 commenced with
DD-tryptophan 5 (Scheme 2) which was converted into
its methyl ester and subsequently allowed to react with
2-nitro-benzenesulfonyl chloride in the presence of
triethylamine yielding the protected tryptophan. Sapon-
ification of the methyl ester provided acid D-6 in 80%
yield over the three steps.


Amine 8 was obtained from the corresponding enantio-
merically pure (S)-tetrahydroisoquinoline carboxylic
acid (TIC, 7) which was reduced utilizing borane meth-
ylsulfide complex in the presence of boron trifluoride
diethyl etherate in THF.17 After recrystallization, the
amino alcohol 8 was obtained in 78% yield. The optical
rotation was in agreement with the value reported in
literature.18

Scheme 1. Retrosynthetic analysis of target structures 1 and 2.

Amide 9 was formed in good yield (77%) from acid D-6
and amine 8 utilizing 1-[3-(dimethylamino)propyl]-3-
ethylcarbodiimide (EDC) and 1-hydroxybenzotriazole
(HOBt) as the coupling reagents in DMF. As deter-
mined by 1H NMR, a single diastereomer was produced
for amide 9 which confirms the enantiopurity of amino
alcohol 8.


Amide 9 set the stage for the intramolecular Fukuyama–
Mitsunobu reaction to form the protected piperazinone
structure. Diisopropyl azodicarboxylate (DIAD) togeth-
er with triphenylphosphine was utilized to accomplish
the cyclization reaction. Following the intramolecular
cyclization reaction, the indole ring was Boc-protected19


yielding the indolylmethyl substituted tricyclic structure.


Among the various methods for the removal the nosyl
group reported in the literature, the use of thiophenol
in the presence of DBU was found to be the method
of choice for our purposes. This reagent combination
allowed the removal of the nosyl-protecting group pro-
ducing the cyclic secondary amine 10 in a 41% yield over
the three steps.


Amine 10 was acylated utilizing the amine-protected
acid 11 to produce the fully protected target structure
(Scheme 3). To minimize the steric bulk of the activated
carboxylic acid, PyBroP was employed as the coupling
reagent providing the desired amide in 80% yield. Subse-
quently, the protecting groups were removed from the
fully protected structure with 4 N HCl in dioxane pro-
ducing target compound 12.


Alkyl bromide 13, prepared from acid 11,20 was utilized
to alkylate the secondary amine 10 in the presence of







Scheme 5. Reagents: (a) 16, PyBroP, Et3N, DMF, 27%; (b) 4 N HCl,


dioxane, quant.


Scheme 3. Reagents: (a) 11, PyBroP,Et3N, DMF, 80%; (b) 4 N HCl,


dioxane, quant.; and (c) 13, DIEA, DMF, 31%.
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diisopropylethyl amine at elevated temperature produc-
ing the tertiary amine. The removal of the protecting
groups from this compound was accomplished quantita-
tively with 4 N HCl in dioxane producing target com-
pound 14.


Utilizing the same synthetic procedure leading to
compound 14 the corresponding diastereomer epi-12
(Scheme 4) was obtained starting from commercially
available LL-tryptophan methyl ester 15.


Intermediate epi-10, which is diastereomeric to second-
ary amine 10, lends itself for introduction of an element
of diversity as well. Coupling of lysine derivative 16,
which is acylated as a pivaloyl amide at the a-amine
and Boc-protected at the e-amine, gave rise to the corre-
sponding amide in a moderate yield. Incorporating the
sterically demanding pivaloyl amide side chain should
reduce the overall flexibility of the final target structure
17, which was obtained after deprotection with 4 N HCl
in dioxane (Scheme 5).


As indicated above, we contemplated a second class of
scaffolds which could serve as the basis for novel non-
peptidic somatostatin analogs. This scaffold is based
on a 1,4-diaza-2-keto-bicyclo[4.3.0]-nonane moiety 2
containing three asymmetric centers. As indicated in
Scheme 1, substituted prolinol 4 and tryptophan 5 serve
as starting materials from which the scaffold was to be

Scheme 4. The synthesis of epi-12 was carried out using LL-tryptophan.

synthesized. We recently reported on the asymmetric
synthesis of protected 4-alkylprolinols and prolines.21,22


Our newly developed method allowed for the effective
and diastereoselective incorporation of a wide range of
substituents onto the pyrrolidine ring.


With enantiomerically pure (2S,4R)-4-benzylprolinol 18
available, the amine was coupled to previously synthe-
sized nosyl-protected tryptophan L-6 utilizing EDC
and HOBt as the coupling reagents in the presence of tri-
ethylamine (Scheme 6). Amide 19 was obtained in 62%
yield and as a single diastereomer as determined by 1H
NMR.


Subsequently, the amide 19 was cyclized under Fukuy-
ama–Mitsunobu conditions furnishing the bicyclic core.
Boc-protection of the indole ring followed by removal of
the nosyl-protecting group produced the secondary
amine 20.

Scheme 6. Reagents: (a) EDC, HOBt, Et3N, DMF, 62%; (b) DIAD,


PPh3, THF; (c) Boc2O, DMAP, CH3CN; (d) PhSH, DBU, DMF, 33%,


three steps; (e) 11, PyBroP, Et3N, DMF, 80%; and (f) 4 N HCl,


dioxane, quant.







4036 C. W. Zapf et al. / Bioorg. Med. Chem. Lett. 15 (2005) 4033–4036

As before, the aminoalkyl side chain was installed via an
amide bond utilizing protected aminohexanoic acid 11.
The amide-bond formation was carried out with PyBroP
as the coupling reagent thus providing the fully protect-
ed target structure in 80% yield. The final molecule 21
was obtained in quantitative yield by treating this amide
with 4 N HCl in dioxane.


Figure 2 summarizes the five target structures synthe-
sized. On the basis of their elements of diversity, we
hope to be able to answer relevant questions with regard
to the utility of our designed scaffold. The main issues
which can be addressed with this series of somatostatin
analogs revolve around regiochemistry, stereochemistry,
steric constraints, and charge.


Valuable information about the stereochemical require-
ments for the tryptophan moiety will be obtained by
comparing somatostatin analog 12 with epi-12. Com-
pound 14 contains a tertiary amine which will be pro-
tonated under physiological conditions. This structural
feature will enable us to draw conclusions about the ef-
fects of a positive charge in the somatostatin ligand.
Analog 17, with the additional pivaloyl amide feature,
follows the established trend of incorporating steric hin-
drance to the ligand therefore reducing the overall flex-
ibility of the compound and thus increasing its binding
affinity. Bicyclic structure 21 with the substituted prolin-
ol building block represents a member of a potentially
large family of somatostatin analogs based on the 1,4-
diaza-2-keto-bicyclo[4.3.0]-nonane scaffold.


The design and successful synthesis of these two novel
scaffolds are not limited to the area of somatostatin.
As was shown previously, we have full control over
the stereochemical properties of these scaffolds as well
as the substituents which serve as pharmacophores.
We believe that the facile and efficient syntheses of these
scaffolds will lend themselves to the design of related

Figure 2. Series of compounds prepared by means of the intramolec-


ular Fukuyama–Mitsunobu reaction.

nonpeptidic analogs of other biologically relevant
structures.
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Abstract—In our continuing efforts to develop novel chemotherapeutic agents for prostate cancer, recently we reported the discov-
ery of 2-arylthiazolidine-4-carboxylic acid amides (ATCAAs) as a new class of cytotoxic agents. Several of them were very effective
in killing specific human prostate cancer cell lines with low/sub-micromolar cytotoxicity and high selectivity against control cells in
our sulforhodamine B assay. Encouraged with these preliminary results, we decided to further optimize this new scaffold to enhance
the potency and selectivity. Current work describes the synthesis, SAR, and biological evaluation of new compounds for their ability
to inhibit the growth of five human prostate cancer cell lines. The cytotoxicity data demonstrated that ATCAAs are sensitive to
simple modifications or changes, which allowed us to understand the minimum structural requirements of this class of compounds
to exhibit potent and selective anticancer activity against prostate cancer cells.
� 2005 Elsevier Ltd. All rights reserved.

Prostate cancer is the most common cancer and is the
second leading cause of cancer-related deaths in North
America.1 According to American Cancer Society,
approximately 30,000 men will die from prostate cancer
in the United States in 2005.2 One out of nine men over
65 years of age is frequently diagnosed with prostate
cancer in the United States.3 Age and hormone are
two known factors influencing the incidence of prostate
cancer. Recently, dietary pattern has been identified as
a major factor for the difference in prostate cancer
incidence between Western and Asian countries.3–5


Hormonal ablation, the basis of systemic therapy, will
invariably fail to control the progression of metastatic
prostate cancer in the long run.6 Patients with advanced
or metastatic prostate cancer develop hormone-refracto-
ry status that becomes fatal because of the growth of
androgen-independent tumor cells and the emergence
of tumor clones. Agents that induce apoptosis in meta-
static prostate cancer are necessary for the cancer che-
motherapy and are urgent for the clinical treatment.
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Recent signal transduction research has raised the idea
that intracellular signaling mechanisms triggered by
extracellular hormonal factors acting through heterotri-
meric guanine nucleotide-binding protein (G protein)-
coupled receptors (GPCRs) can mediate and sustain
prostate cancer pathologic process.7 Patients with ad-
vanced prostate cancer express elevated levels of GPCRs
and GPCR ligands, suggesting that the GPCR system is
activated in the cancerous gland and may contribute to
tumor growth.8 Importantly, inhibition of G protein sig-
naling attenuates prostate cancer cell growth in animal
models.7 However, the nature of intracellular signaling
pathways mediating mitogenic effects of GPCRs in pros-
tate cancer is poorly defined.


Apoptosis represents a general and delicately efficient
cellular suicide pathway. Most of the currently available
cytotoxic anticancer drugs mediate their effect via apop-
tosis induction in cancer cells.9 Apoptosis is suggested as
one of the major mechanisms for targeted therapy of
various cancers including prostate cancer.10–12 However,
cancer cells become resistant to apoptosis in case of ad-
vanced prostate cancer and do not respond to cytotoxic
chemotherapeutic agents.13 Thus, agents that induce
apoptotic death of hormone-refractory prostate cancer
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cells could be useful for the treatment of this
malignancy.


Recently, we reported the discovery of 2-arylthiazoli-
dine-4-carboxylic acid amides (ATCAAs) as a new class
of cytotoxic agents for prostate cancer14 (Fig. 1). These
compounds were obtained as third-generation antican-
cer agents derived from lysophosphatidic acid (LPA),
a small bioactive phospholipid that stimulates cell pro-
liferation, migration, and survival by acting on its cog-
nate GPCRs.15 Accumulating evidence suggests that
LPA�s actions are concordant with many of the hall-
marks of cancer,16 indicating an important role for
LPA in the initiation or progression of malignant dis-
ease. Indeed, LPA levels are significantly increased in
malignant effusions, and its receptors (LPA1/2/3) are
aberrantly expressed in prostate cancer cells.17 Further,
we showed that ATCAAs induce apoptosis in LNCaP
and PC-3 cells.14 Therefore, we hypothesize that AT-
CAAs represent a novel class of anti-prostate cancer
agents, which were very effective in the inhibition of
growth of human prostate cancer cell lines and capable
of inducing apoptosis. To further understand the struc-
tural features and their anticancer activity, we herein
propose synthetic optimization of ATCAAs toward
potency and selectivity. In this paper, we report the syn-
thesis, structure–activity relationship, and antiprolifera-
tive activity of new ATCAAs for prostate cancer.


The general synthesis of target compounds is shown in
Scheme 1. Accordingly, LL-cysteine (5a) or LL-penicill-
amine (5b) was allowed to react with appropriate
benzaldehydes (6a–6e) in ethanol at ambient tempera-

Figure 1.


Scheme 1.

ture to give cyclized products (7–11), which were con-
verted to the corresponding Boc derivatives 12–16 as
shown in Scheme 1. Reaction of Boc-protected car-
boxylic acids 12–16 with octadecyl or di-n-octyl amine
using EDC/HOBt gave corresponding amides, which
were treated with TFA to form the target compounds
17–22. All new compounds18 were characterized by
spectroscopy and, in certain cases, by elemental anal-
ysis. The structure and antiproliferative effects of syn-
thesized compounds along with previously reported
ATCAAs (for comparison) are listed in Table 1.


The prepared compounds were tested for their potency
and selectivity against five human prostate cancer cell
lines (DU-145, PC-3, LNCaP, PPC-1, and TSU-Pr1)
and RH7777 cells (control cell line) using the sulforhoda-
mine B assay according to a previously reported proce-
dure.14 RH7777 cells are rat hepatoma cells that does
not express LPL receptors. These cells were used as neg-
ative controls to understand whether the antiprolifera-
tive activity of ATCAAs was mediated through
inhibition of LPL receptors. To validate their use as neg-
ative controls, we also examined LPL receptor expres-
sion in these cells and showed that none of the LPL
receptors were expressed in RH7777 cells by RT-
PCR.14 5-Fluorouracil (5-FU) was used as a reference
drug. Analog 17 containing 4-hydroxyphenyl head group
was equally active in all five prostate cancer cell lines, but
was not selective compared to 1 (with 3-hydroxyphenyl
group) against RH7777 cells. Comparison of the IC50


values of 2 and 18 suggests that an increase in the alkyl
chain length of the ether leads to decreased cytotoxicity.
Examination of the cytotoxicity data of ATCAAs sug-
gests that electron-donating substituents on the 2-phenyl
ring increases the biological activity, and compound 3
with 3,4,5-trimethoxyphenyl head group emerged as
one of the most potent and selective cytotoxic agents
from our previous study.14 It was also observed that
3,4,5-trimethoxyphenyl analog was more active than
3,4-dimethoxy and 4-methoxyphenyl derivatives. To fur-
ther optimize the substitution pattern of methoxy groups
on the phenyl ring, 19 was synthesized which showed a
decrease in the potency compared to 3 in all prostate can-
cer cell lines.







Table 1. Antiproliferative effects of ATCAAs


Compound Structure IC50 (lM)


RH7777a DU-145b PC-3b LNCaPb PPC-1b TSU-Pr1b


1c 31.0 5.7 6.7 1.7 1.2 4.0


2c >20 8.7 19.0 2.1 1.5 19.6


3c 11.4 3.9 4.0 0.82 0.48 2.4


4c >20 5.3 6.0 1.6 1.1 3.0


17 5.4 3.1 5.3 1.6 0.82 3.0


18 >20 >20 >20 6.1 4.4 >20


19 >20 7.3 10.6 2.4 0.83 6.1


20 >20 >20 >20 8.7 14.1 >20


21 >20 >20 >20 >20 18.8 >20


22 >20 >20 >20 >20 >20 >20


5-FU NDd 11.9 12.0 4.9 6.4 3.6


a Control cell line.
b Prostate cancer cell lines.
c ATCAAs for comparison.
d ND, not determined.
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We showed that ATCAAs have demonstrated chain
length (lipophilic side chain)-dependent cytotoxicity
with shorter alkyl chain length containing compounds
being less active.14 However, the effect of branching in
the lipophilic tail region of ATCAAs on the biological
activity was not examined before. To investigate the
significance of amide group in ATCAAs, we decided
to replace the amide hydrogen with an alkyl group.
For these two reasons, compound 20 was synthesized
and tested against five human prostate cancer cell
lines. Analog 20 failed to demonstrate cytotoxicity at
concentration below 20 lM in three prostate cancer

cell lines except LNCaP and PPC-1 cells. Central
thiazolidine core in ATCAAs with two chiral centers
plays an important role in providing potency and
selectivity.14 We observed that replacement of the
thiazolidine ring with more stable thiazole ring result-
ed in loss of cytotoxicity.14 Compounds 21 and 22
were prepared to further optimize the central thiazoli-
dine core by dimethyl substitution at C-5 position.
However, this simple structural modification did not
improve the activity. Indeed, 21 and 22 were active
only above 20 lM against all tested five human pros-
tate cancer cell lines.
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In conclusion, 2-arylthiazolidine-4-carboxylic acid
amides represent a new class of cytotoxic agents for pros-
tate cancer. Furthermore, the anticancer activity of these
analogs is attributed to their ability to induce apoptosis in
prostate cancer cells. In our continued efforts to optimize
ATCAAs toward potency and selectivity, we have pre-
pared and evaluated a new set of compounds for their
ability to inhibit the growth of five human prostate cancer
cell lines. The SAR study revealed that (1) antiprolifera-
tive activity of ATCAAs is sensitive to the position of
the substituents on the phenyl ring, (2) introduction of
dialkyl (i.e., dioctyl) amide group into the tail region
decreases the potency, and (3)modifications to the central
thiazolidine core are not favorable. The present data com-
bined with our earlier SAR results provided an insight
into the important structural requirements of ATCAAs
for their anti-prostate cancer activity. On the basis of
these results, we conclude that our next focus will be to-
wards the synthesis of pure stereoisomers of 3 and their
pharmacological characterization in animal models, the
results of which will be reported in due course.
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Abstract—The effects of PEGylation of glucose-dependent insulinotropic polypeptide (GIP) on potency and dipeptidyl peptidase IV
(DPPIV) stability are reported. N-terminal modification of GIP(1–30) with 40 kDa polyethylene glycol (PEG) abrogates functional
activity. In contrast, C-terminal PEGylation of GIP(1–30) maintains full agonism and reasonable potency at the GIP receptor and
confers a high level of DPPIV resistance. Moreover, the dual modification of N-terminal palmitoylation and C-terminal PEGylation
results in a full agonist of comparable potency to native GIP that is stable to DPPIV cleavage. The results provide the basis for the
development of long acting, PEGylated GIP, GIP variants, or GIP-based hybrid peptide therapeutics.
� 2005 Elsevier Ltd. All rights reserved.

The incretin glucose-dependent insulinotropic polypep-
tide (GIP) is a 42-residue peptide involved in the regula-
tion of fat and glucose metabolism.1–3 The use of GIP or
GIP variants holds promise as a peptide therapeutic for
conditions such as diabetes and obesity.2,4 For example,
modified GIP peptides improve glucose tolerance in ro-
dents,4 and intravenous administration and continuous
infusion of GIP causes an acute stimulation of insulin
secretion in type II diabetic patients.5,6 The use of
unmodified GIP as a therapeutic, however, is limited
by the short in vivo lifetime of the native peptide.2


Two mechanisms largely account for the elimination of
GIP in vivo. The serine protease dipeptidyl peptidase IV
(DPPIV) provides one major mechanism for GIP inacti-
vation via cleavage of the two N-terminal amino
acids,7,8 which abrogates GIP receptor activation and
nullifies the insulinotropic property of native GIP.9


DPPIV proteolysis of GIP in humans occurs very rapid-
ly with a half-life of 5–7min.10,11 A second mechanism
of GIP elimination, common to all low molecular mass
peptides, is renal clearance.10,11 The DPPIV-digested
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product of GIP is cleared in humans with a half-life of
around 20 min.10,11 These metabolic fates of GIP need
to be circumvented to realize the therapeutic potential
of the peptide.


One approach to improve the in vivo half-life ofGIP is the
use of N-terminal GIP variants of improved DPPIV sta-
bility.4 Indeed, N-terminal variants of GIP that are resis-
tant to DPPIV cleavage improve glucose disposal in
normal and obese rodents.4 The use of peptide variants,
however, carries the risk of an immune response and such
variants are still subject to renal clearance. A second ap-
proach to extending the duration of action of peptide
therapeutics is conjugation with fatty acids, which reduc-
es renal clearance by inducing association with plasma
proteins. For example, N-terminal palmitoylation of
GIP improves DPPIV resistance in vitro,12 and N-termi-
nal and internally palmitoylated variants of GIP offer im-
proved glucose disposal over native GIP in mice.12,13


Conjugation of GIP with polyethylene glycol (PEG) of-
fers a third approach to increase the in vivo lifetime of
GIP. The pharmacokinetic properties of proteins are im-
proved by PEGylation, which decreases renal clearance
and increases stability to proteolysis.14,15 PEGylation
also offers the potential for reduced immunogenici-
ty,14,15 which is advantageous in the use of peptide
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Figure 1. cAMP production in a CHO cell line expressing the human


GIP receptor stimulated by GIP(1–30) (j), GIP(1–30)–PEG (h),


palm-GIP (�), palm-GIP–PEG (d), and PEG–GIP(1–30) (.). PEGy-


lation is functionally tolerated at the C-terminus, but not at the N-


terminus. In addition, the combination of C-terminal PEGylation with


the N-terminal modification of palmitoylation is functionally


tolerated.


Figure 2. Competition-binding displacement from the human GIP


receptor of 125I-GIP by GIP(1–30), PEG–GIP(1–30), and GIP(1–30)–


PEG. Binding activity is preserved upon PEGylation at the C-terminus


but not at the N-terminus.
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variants or hybrids. Finally, PEG conjugation can limit
blood–brain barrier penetration16 and hence reduce po-
tential side effects.


GIP is a 42-residue peptide that exhibits both insulino-
tropic and somatostatinotropic properties.1–3 The insuli-
notropic activity is localized to residues 1–30,17 which is
the region of GIP used here. The N-terminus was deriv-
atized with the fatty acid palmitate or with 40 kDa PEG,
and the C-terminus was derivatized with 40 kDa PEG
(Table 1).18 Site-specific PEGylation was performed at
a non-native Cys residue introduced at either N- or
C-terminus. In addition, the dual modification of N-ter-
minal palmitoylation and C-terminal PEGylation was
performed (Table 1).


The N- and C-terminal modifications have different ef-
fects on the activation of the GIP receptor (Fig. 1).19


GIP(1–30) is a full agonist with an apparent EC50 value
of 0.4 ± 0.1 nM (Table 1). N-terminal PEGylation is
functionally very detrimental and increases the apparent
EC50 value at least 250-fold to over 100 nM (Table 1).
This is not simply due to modifying the N-terminus,
since N-terminal palmitoylation has minimal effect on
receptor stimulation: palm-GIP has an apparent EC50


of 0.8 ± 0.1 nM (Table 1). Thus, N-terminal PEGylation
of GIP(1–30) is not tolerated functionally.


In contrast to N-terminal PEGylation, C-terminal
PEGylation only modestly affects functional activity:
GIP–PEG is a full agonist with an EC50 value of
2.6 ± 0.1 nM (Table 1). Moreover, the dual modification
of N-terminal palmitoylation and C-terminal PEGyla-
tion has an effect comparable to N-terminal palmitoyla-
tion alone on function (EC50 = 0.7 ± 0.1 nM) (Table 1).
Thus, C-terminal PEGylation of GIP(1–30) is function-
ally tolerated and certain N-terminal modifications (e.g.,
palmitoylation) can be combined with C-terminal
PEGylation and maintain functional activity.


Studies evaluating GIP(1–30) competitive binding give
similar results (Fig. 2).20 A small increase in the
apparent IC50 is observed upon C-terminal PEGylation
(Table 1). In contrast, N-terminal PEGylation leads to a
substantial loss of binding potency (IC50 > 1 lM;
Table 1), implying that N-terminal PEGylation affects
GIP receptor stimulation through direct disruption of
the binding interaction.


The stability to DPPIV proteolysis of the functionally
active PEGylated analogs GIP(1–30)–PEG and palm-

Table 1. Peptide sequences, modifications, and in vitro activities


Peptide Sequencea


GIP(1–30) YAEGTFISDYSIAMDKIHQQDFVNW


Palm-GIP(1–30) Palm-YAEGTFISDYSIAMDKIHQQDF


PEG–GIP(1–30) C(PEG)-YAEGTFISDYSIAMDKIHQQ


GIP(1–30)–PEG YAEGTFISDYSIAMDKIHQQDFVNW


Palm-GIP(1–30)–PEG Palm-YAEGTFISDYSIAMDKIHQQDF


a The peptide core corresponds to residues 1–30 of human GIP. Palm denotes


residue at either the N- or C-terminus that is conjugated with 40 kDa mPE
bValues are means of three experiments ± the standard error of the mean.

GIP(1–30)–PEG was evaluated with N-terminal Edman
sequencing.21 If proteolysis occurs, the appearance of
DPPIV products with a free N-terminal a-amino group
will be detected with Edman sequencing.


Upon incubation of GIP(1–30)–PEG with DPPIV,
N-terminal sequences corresponding to the appearance
of proteolytic products beginning at Glu 3 and Thr 5
are observed with Edman sequencing (Fig. 3). The sta-
bility of GIP(1–30)–PEG (50% intact after 7 days) is,

EC50 (nM)b IC50 (nM)b


LLAQK 0.4 ± 0.1 8 ± 1


VNWLLAQK-C 0.8 ± 0.1 28 ± 1


DFVNWLLAQK >100 >1000


LLAQK-C(PEG) 2.6 ± 0.1 34 ± 1


VNWLLAQK-C(PEG) 0.7 ± 0.1 19 ± 1


that the N-terminus is palmitoylated. C(PEG) denotes a non-native Cys


G2-MAL. All peptides are amidated at the C-terminus.







Figure 3. DPPIV proteolysis of GIP(1–30)–PEG. The appearance of


peptides corresponding to proteolytic products of GIP–PEG beginning


at residue Glu 3 (EGTFI. . .) and Thr 5 (TFISDY. . .), and the loss of


the full-length peptide (YAEGTFI. . .) were monitored with Edman


sequencing. The same experiment with palm-GIP–PEG showed no


appearance of proteolysis products, indicating that N-terminal palm-


itoylation stabilizes against DPPIV cleavage.


Figure 4. Relative rates of DPPIV proteolysis of GIP(1–30) and


GIP(1–30)–PEG shown as the appearance of proteolytic products with


time.


4116 A. I. Salhanick et al. / Bioorg. Med. Chem. Lett. 15 (2005) 4114–4117

however, significantly higher than GIP(1–30) (complete
degradation after 24 h under the conditions used here;
Fig. 4). C-terminal PEGylation, therefore, confers sig-
nificant but not complete resistance to DPPIV
proteolysis.


The stability of the C-terminally PEGylated analog to
DPPIV proteolysis is made essentially complete by
N-terminal palmitoylation. No degradation products
of palm-GIP(1–30)–PEG are observed by Edman
sequencing over a period of 7 days.


PEGylation often increases protease resistance,15 and this
is seen here for GIP(1–30) upon C-terminal PEGylation.
However, the protection afforded by C-terminal PEGyla-
tion is not sufficient to completely preclude DPPIV prote-
olysis. Modification of the N-terminus of GIP is also
required. The N-terminal amino group of DPPIV-bound
peptides forms binding interactions with DPPIV, as seen
in the crystal structures of DPPIV complexes,22,23 and
hencemodifications such as acetylation or palmitoylation
thatmodify theN-terminal amino groupwouldbe expect-
ed to protect DPPIV substrates to proteolysis. Indeed,
such modifications do confer DPPIV resistance.12,24 In

addition, N-terminal amino-acid variations also impart
DPPIV resistance,4 and such changes could be combined
with C-terminal PEGylation.


PEGylation can decrease the in vitro potency of a pro-
tein, which is compensated for in vivo by the extended
lifetime and associated prolonged in vivo efficacy of
the PEGylated protein.14 However, C-terminal PEGyla-
tion of GIP(1–30) has a strikingly less effect on in vitro
function than is seen with other PEGylated proteins.14


This finding suggests that the C-terminus of GIP(1–30)
is quite tolerant of changes in structure–function terms.
More generally, the results illustrate the importance of
site-specific PEGylation in maintaining activity, as op-
posed to the use of non-specific PEGylation that can im-
pair the in vitro activity of the derivatized protein.25–27


We conclude that GIP(1–30) can be modified at the
N-terminus (to impart DPPIV resistance) and PEGylat-
ed at the C-terminus (to improve lifetime, impart
DPPIV resistance and reduce immunogenicity) whilst
maintaining potency and full agonism of the GIP recep-
tor. The results provide the basis for the development of
long acting, PEGylated GIP, GIP variants GIP-based
hybrid peptide therapeutics of improved pharmacoki-
netic properties, improved in vivo efficacy, and extended
duration of action in vivo.
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Abstract—Dipeptidyl peptidase IV (DPP4) is a multifunctional type II transmembrane serine peptidase which regulates various
physiological processes, most notably plasma glucose homeostasis by cleaving peptide hormones glucagon-like peptide-1 and glu-
cose-dependent insulinotropic polypeptide. Inhibition of DPP4 is a potentially valuable therapy for type 2 diabetes. Synthesis and
structure–activity relationships of a series of substituted diprolyl nitriles are described, leading to the identification of compound 1
with a measured DPP4 Ki of 3.6 nM.
� 2005 Elsevier Ltd. All rights reserved.

Dipeptidyl peptidase IV (DPP4, EC 3.4.14.5; CD) is a
highly specific and multifunctional type II transmem-
brane serine peptidase which is widely distributed in
mammalian tissues and found abundantly in the kidney,
liver, and intestinal epithelium.1 DPP4 effects dipeptide
cleavage from the N-terminus of peptide substrates with
either proline or alanine at the penultimate position.2


Among the peptidic substrates cleaved by DPP4 are
several incretin hormones of physiological relevance to
the regulation of metabolic processes. These incretins
include glucagon-like peptide-1 (GLP-1) and glucose-de-
pendent insulinotropic polypeptide (GIP), which are re-
leased from the gastrointestinal tract in response to
nutrient ingestion, and which function to enhance glu-
cose-stimulated insulin secretion through activation of
signaling pathways via their respective receptors. How-
ever, GLP-1 and GIP are deactivated by N-terminal
cleavage by DPP4. Hence, blocking GLP-1 and GIP
degradation via inhibition of DPP4 activity represents

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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a potentially valuable means of treatment of type 2
diabetes.3 Several DPP4 inhibitors have advanced into
clinic trials, including P32/98,4 NVP-DPP728,5a,b NVP-
LAF237,5c and MK-04316 (Fig. 1). Clinical results with
P32/98 helped to provide proof of principle for the
application of DPP4 inhibitors as glucose lowering
agents.7 Additionally, 4-week placebo-controlled clinical
studies of NVP-DPP728 and NVP-LAF237, where
significant reductions in glycosylated hemoglobin
(HbA1c), fasting glucose and maximum prandial peak

Figure 1. Selected clinically studied DPP4 inhibitors.
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glucose excursions were observed in diabetic patients,
lend further support to the utility of DPP4 inhibition
in the treatment of type 2 diabetes.8


Small molecule inhibitors of DPP4 have been extensive-
ly studied for nearly two decades.9 The majority of
inhibitors reported to date share common structural fea-
tures and resemble the N-terminal dipeptide residues of
the enzymatic substrates: a penultimate N-terminal pro-
line mimic joined to an additional amino acid or similar
surrogate in the P2 position through an acyl linkage. A
common structural motif in DPP4 inhibitor design has
been the presence of an LL-amino acid with a protonat-
able N-terminal primary amine or the equivalent N-
substituted glycine occupying the P2 position.


Initial reports by Ashworth et al.10 demonstrated that
simple prolyl–prolyl nitriles were effective inhibitors of
DPP4. No further structure–activity relationships
(SARs) in this series were reported, suggesting an
opportunity for further investigation with cyclic LL-ami-
no acids in the P2 position.11 We were pleased to find
that 4-cis-substituted LL-prolines in the P2 position pro-
vided potent inhibition when linked to our previously
disclosed P1 group 4,5-methano-pyrrolidine.12 Herein,
we report the synthesis and structure–activity relation-
ships of cyclic amino acid P2 position DPP4 inhibitors
leading to the discovery of compound 1 (Fig. 2).


The general synthetic route employed for the prepara-
tion of compounds 6–18 involved a three-step procedure
(Scheme 1). Boc- or Fmoc-protected amino acids 213


were coupled to cis-4,5-methano-LL-prolineamide 3,12


followed by dehydration of the resulting amides to the

Figure 2. Cyclic P2 position analysis leading to inhibitor 1.


Scheme 1. Reagents: (a) EDC, HOBT, i-Pr2EtN, CH2Cl2; (b) POCl3,


pyridine; (c) TFA, CH2Cl2; (d) piperidine, CH2Cl2.

corresponding nitriles 4 and deprotection of the prolyl
nitrogen protecting group gave inhibitors 6–18. The
preparation of (S)-4-amino-(S)-prolyl-3,4-methanopro-
line nitriles 19, 20, and 1 involved further functionaliza-
tion (Scheme 2). Fmoc intermediate 4 (for the synthesis
of compound 18) was deprotected using piperidine to
give amine 5. Respective acylation, sulfonylation, or
alkylation of this common intermediate, followed by
subsequent Boc group deprotection, provided com-
pounds 19, 20, and 1 in good yields.


As an initial approach to develop more potent inhibitors
of DPP4, the effect of ring size of cyclic amino acids was
surveyed (compounds 6–9, Table 1). The results demon-
strated exquisite sensitivity to this parameter, and sug-
gested that a five-membered ring in the P2 position
was greatly favored over either a four-membered or
six-membered ring (compare piperidinyl analogue 6
and azetidinyl analogue 9 with prolyl analogue 7).
Moreover, the LL-prolyl analogue 7 (Ki = 305 nM) was
more potent than the corresponding DD-prolyl analogue
8, demonstrating that the LL-cyclic amino acid is pre-
ferred in the S2 pocket of the enzyme, following the
same trend observed for acyclic amino acids at this site.9


Interestingly, methano fused prolyl analogues 10 and 11
showed very different activities, with the 3,4-methano
fused prolyl 10 (Ki = 52 nM) exhibiting much greater
potency than the weakly active 4,5-methano fused prolyl
analogue 11. This finding suggested that the 3- and 4-
positions on the proline ring are very sensitive to struc-
tural changes and might be worthy of further explora-
tion to improve activity.


We began by examining the effects of proline ring substi-
tutions, probing a series of 3-position analogues 12–15
for DPP4 activity. Compound 12 (trans-methyl at the
3-position) showed a slight improvement in activity over
the unadorned proline P2 compound 7, and geminal
dimethyl substitution at this position (13) further en-
hanced activity. The trans-ethyl analogue 14 exhibited
an equal potency relative to proline analogue 7, while
the trans-isopropyl analogue 15 was 2-fold less potent.
This inverse correlation of potency with substituent size
perhaps reflects the strict limits of steric accommodation
in this region of the binding pocket.

Scheme 2. Reagents: (a) Piperidine, CH2Cl2; (b) t-butylacetyl chloride,


CH2Cl2; (c) p-chlorophenylsulfonyl chloride, CH2Cl2; (d) 2-chloro-4-


flouro-benzonitrile, i-Pr2EtN; (e) TFA, CH2Cl2.







Table 1. DPP4 inhibition for compounds 1 and 6–20


Compound P2 unit DPP4 Ki, nM


6 >10,000


7 305 ± 21


8 >10,000


9 >10,000


10 52 ± 5


11 >10,000


12 126 ± 14


13 37 ± 4


14 290 ± 23


15 695 ± 36


16 140 ± 17


17 492 ± 61


18 57 ± 16


19 133 ± 5


20 39 ± 1


1 3.6 ± 0.3


Figure 3. Compound 7 modeled in the DPP4 active site; the S2 pocket


is labeled.
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We then switched our emphasis to the examination of 4-
amino substitution of the P2 LL-proline. We first attempt-
ed to identify the favored stereochemistry by using a

Boc-protected amino group as a probe. The cis analogue
16 was found to be 3-fold more potent than trans ana-
logue 17, demonstrating that a cis substituent is favored
at the 4-position of proline, and that reasonably bulky
groups could be tolerated. Replacement of the Boc-ami-
no group with the isosteric t-butylacetamido group (19)
did not affect activity. However, the larger Fmoc-amino
substituent (18) enhanced activity, implying that aro-
matic substituents may be preferred. Targeted explora-
tion of aryl moieties which had proven effective at
enhancing binding interactions in the N-substituted gly-
cine P2 series reported by Villhauer et al.5c led us to
explore the para-chlorophenylsulfonamido (20) and
3-chloro-4-cyanophenylamino (1) analogues. Com-
pound 20 provided approximately 8-fold improvement
relative to the unsubstituted proline analogue 7. More
strikingly, compound 1, with a Ki of 3.6 nM, exhibited
nearly a 100-fold increase in potency. This series of com-
pounds had comparable potency with other 4,5-meth-
ano-pyrrolidine DPP4 inhibitors. However, these
compounds showed shorter half lives in solution stabil-
ity study, exemplified by compound 1 (t1/2 = 15 h at
37 �C and 10 lM in pH 7.0 buffer).12


The results shown here, that 3-, and in particular, 4-
substituted proline P2 groups exhibit potent DPP4
inhibitory activity, are further understood by modeling
these inhibitors in the DPP4 active site.14 One potential
binding mode for the LL-prolyl-proline compound 7 in
the DPP4 active site shows the cyanopyrrolidine portion
of the ligand partially obscured by the protein surface
(Fig. 3). The model suggests that substituents at the 4-
position have the best opportunity to fill the S2 pocket.
While both cis and trans substituents appear feasible,
the size and nature of trans substituents may be more
limited due to their proximity to the base of the S2 pock-
et. The prolyl substituents have the potential to favor-
ably interact with residues that line the S2 pocket,
including Arg125, Ser209, Phe357, Arg358, Tyr547,
and Tyr666. These residues are primarily but not exclu-
sively hydrophobic with strong aromatic character,
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indicating that complementary hydrophobic and/or aro-
matic substitutions on the proline should be preferred.


We have synthesized and studied the SAR of a series of
cyclic P2 amino acid 4,5-methanoprolinenitrile DPP4
inhibitors. The results demonstrate that the inhibitory
activity is greatly enhanced in the five-membered ring
cyclic amino acid (proline) relative to either the four-
membered or six-membered ring analogues, and that
the LL-cyclic amino acid is the preferred stereoisomer to
bind in the S2 pocket of the enzyme. Most importantly,
the 4-position of the P2 proline can comfortably accom-
modate cis substituents, and aromatic groups in this
region significantly enhance DPP4 inhibitory potency.
From this work, compound 1 has been identified as a
highly potent inhibitor of DPP4.

References and notes


1. Hegan, M.; Niedobitek, G.; Clein, C. E.; Stein, H.;
Fleischer, B. J. Immunol. 1990, 144, 2908.


2. (a) Yaron, A.; Nadier, F. Crit. Rev. Biochem. Mol. Biol.
1993, 28, 31; (b) Mentlein, R. Regul. Pept. 1999, 85, 9.


3. (a) Drucker, D. J. Expert Opin. Investig. Drugs 2003, 12,
87; (b) Weber, A. E. J. Med. Chem. 2004, 47, 4135.


4. Pederson, R. A.; White, H. A.; Schlenzig, D.; Pauly, R. P.;
McIntosh, C.H. S.;Demuth,H.-U.Diabetes 1998, 47, 1253.


5. (a) Hughes, T. E.; Mone, M. D.; Russell, M. E.; Weldon, S.
C.; Villhauer, E. B. Biochemistry 1999, 38, 11597; (b)
Villhauer, E. B.; Brinkman, J. A.; Naderi, G. B.; Dunning,
B. E.; Mangold, B. L.; Mone, M. D.; Russell, M. E.;
Weldon, S. C.; Hughes, T. E. J.Med. Chem. 2002, 45, 2362;
(c) Villhauer, E. B.; Brinkman, J. A.; Naderi, G. B.; Burkey,
B. F.; Dunning, B. E.; Prasad, K.; Mangold, B. L.; Russell,
M. E.; Hughes, T. E. J. Med. Chem. 2003, 46, 2774.


6. Kim, D.; Wang, L.; Beconi, M.; Eiermann, G. J.; Fisher,
M. H.; He, H.; Hickey, G. J.; Kowalchik, J. E.; Leiting, B.;
Lyons, K. A.; Marsilio, F.; McCann, M. E.; Patel, R. A.;
Petrov, A.; Scapin, G.; Patel, S. B.; Roy, R. S.; Wu, J. K.;
Wyvratt, M. J.; Zhang, B. B.; Zhu, L.; Thornberry, N. A.;
Weber, A. E. J. Med. Chem. 2004, 48, 141.


7. Sorbera, L. A.; Revel, L.; Castaner, J. Drugs Future 2001,
26, 859.

8. (a) Ahrén, B.; Simonsson, B.; Larssen, H. Diabetes Care
2002, 25, 869; (b) Ahrén, B.; Landin-Olsson, M.; Jansson,
P.; Svensson, M.; Holmes, D.; Schweizer, A. J. Clin.
Endocrinol. Metab. 2004, 89, 2078.


9. (a) Augustyns, K.; Ver der Veken, P.; Senten, K.;
Haemers, A. Expert Opin. Ther. Patents 2003, 13, 499;
(b) Villhauer, E. B.; Coppola, G. M.; Hughes, T. E. Annu.
Rep. Med. Chem. 2001, 36, 191.


10. Ashworth, D. M.; Atrash, B.; Baker, G. R.; Baxter, A. J.;
Jenkins, P. D.; Jones, D. M.; Szelke, M. Bioorg. Med.
Chem. Lett. 1996, 6, 1163.


11. During the course of our investigations, we noted the
disclosure of closely related compounds in the patent
literature: Kitajima, H.; Akahoshi, F.; Hayashi, Y. W.O.
Patent 200214271, 2002.


12. Magnin, D. R.; Robl, J. A.; Sulsky, R. B.; Augeri, D. J.;
Huang, Y.; Simpkins, L. M.; Taunk, P. C.; Betebenner, D.
A.; Robertson, J. G.; Abboa-Offei, B. E.; Wang, A.; Cap,
M.; Xin, L.; Tao, L.; Sitkoff, D. F.; Malley, M. F.;
Gougoutas, J. Z.; Khanna, A.; Huang, Q.; Han, S.-P.;
Parker, R. A.; Hamann, L. G. J. Med. Chem. 2004, 47,
2587.


13. For the synthesis of compounds 2 leading to inhibitors 14
and 15, see Tiba, O.; Overberger, C. G. J. Polym. Sci.
Polym. Chem. 1987, 25, 3437.


14. The binding model shown was obtained by sampling
conformations of LL-prolyl-proline in the gas phase using
the Monte Carlo tool in Macromodel v. 8.1031 (Schro-
dinger, Inc.) and minimizing representative structures in
AMPAC v. 6.55 (Semichem, Inc.) with the SAM1 Ham-
iltonian. Two low energy conformations were obtained,
distinguished by rotation of the P2 pyrrolidine. The
structures were overlaid on the bound ligand of pdb
structure 1N1M (Ref. 15) based on the common acylpyrr-
olidine substructure; one conformation was discarded due
to van der Waals clashes with the protein in the S2 pocket;
the remaining conformation (depicted in Fig. 3) places the
charged amino group close to that of the 1N1M ligand.
The figure was created with Maestro v. 7.0.110 (Schro-
dinger, Inc.) using a surface probe radius of 1.8 Å. The
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Abstract—High-throughput screening of an array of biphenylmethylamines synthesised by high-throughput solid-phase chemistry
resulted in the identification of compounds with high-affinity for the 5-ht5A receptor. The structure–activity relationship within this
series and further array synthesis led to the identification of the biphenylmethylamine derivative 11, a potent and selective 5-ht5A
receptor antagonist.
� 2005 Elsevier Ltd. All rights reserved.

5-ht5 Receptors are subdivided into 5-ht5A and 5-ht5B
receptors representing distinct gene products. To date,
the 5-ht5A receptor has been cloned from a number of
species including human1 and guinea pig.2 In contrast,
the 5-ht5B receptor is a pseudogene (not functionally ex-
pressed) in man.3 mRNA and receptor immunolocalisa-
tion studies have shown the 5-ht5A receptor to be
preferentially expressed in brain, including cortical and
limbic areas3,4 suggesting a potential role for the recep-
tor in higher brain function. Although the human 5-ht5A
receptor was cloned in 1994, the role of the 5-ht5A recep-
tor in brain function is still very poorly understood due,
at least in part, to the lack of selective ligands. This has
provided the impetus to perform a high-throughput
screen to identify novel ligands for the receptor that
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might serve as pharmacological tools for brain function-
al studies.

High-throughput screening of the in-house compound
collection using [3H]LSD radioligand binding2 resulted
in the identification of a series of active biphenylmethyl-
amine compounds. These screening hits originated from
an array of compounds 1, synthesised by high-through-
put chemistry. As the biphenyl moiety is known to be a
privileged motif for binding to 7-transmembrane (7-TM)
receptors,5 the array 1 was designed specifically to be
cross-screened against a range of 7-TM receptor targets.
It was synthesised by solid-phase chemistry according to
Scheme 1 employing a carbamate linker and a Suzuki
reaction–reductive amination–acylation sequence. The
synthesis platform utilised IRORIe microkans in a
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Scheme 1. Reagents and conditions: (a) Wang resin (1.7 mmol/g, 150–


300 lm), di-2-pyridylcarbonate, Et3N, CH2Cl2; (b) N-R1-3- or


4-bromobenzylamine, CH2Cl2, rt, or 1,2-dichloroethane, 70 �C; (c)


2-, 3-, or 4-formylbenzeneboronic acid, Pd(Ph3P)4, Na2CO3, 1,2-


dimethoxyethane–water (9:1), 80 �C under argon; (d) R2NH2, Na2SO4,


AcOH, NaBH(OAc)3, 1,2-dichloroethane; (e) R
3COCl, Et3N, CH2Cl2,


or R3NCO, CH2Cl2; (f) 20% CF3CO2H, 80% CH2Cl2.
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split-mix directed sorting combinatorial process6 to af-
ford the products as single compounds. After cleavage
from the resin, the individual products were obtained
as trifluoroacetate salts in quantities of up to 35 lmol.
The robust nature of the solid-phase chemistry is dem-
onstrated by the isolation of 6625 compounds in >80%
LCMS purity from the planned 6912 component array.
Only 45% of these products required purification, which
was achieved using parallel preparative LC techniques.7


A significant advantage of the high-throughput chemistry
approach is that analogues of screening hits are immedi-
ately available and SAR can be established quickly.
Although the array comprised six different biphenyl iso-
mer combinations, designed to allow the substituent
groups to be presented in different orientations, the com-
pounds with affinity for the 5-ht5A receptor consisted al-
most exclusively of the 4,4-isomers. Additionally, it was
clear that a basic group was required in the R2 substituent
and amides were generally much more active than ureas
(data not shown). The most potent compound from the
original array was derivative 2 (Table 1) with pKi 7.6.


Affinity was confirmed in the [3H]LSD radioligand-
binding assay by re-preparation of the most potent com-
pounds, and a new focused array (969 compounds) was
synthesised based on the initial SAR, using the solid-
phase chemistry in Scheme 1 in both cases. The two ar-
rays were instrumental in probing further SAR and
selectivity data for the 5-ht5A receptor.


A selection of illustrative SAR data is summarised in
Table 1. Compounds 2–4 exemplify the requirement for
a basic group in the R2 substituent for good affinity.
Replacement of the N,N-dimethylaminoethyl group in 2
with the less basic 3-pyridylmethyl substituent in 3 result-
ed in comparable affinity, whereas compound 4 with a
non-basic substituent was more than 10-fold less active.
From a range of R1 variables, the phenethyl substituent
gave by far the most potent derivatives, as illustrated by

the lower affinity of compounds 5 and 6. Varying the lipo-
philicity of theR3 substituent also had adramatic effect on
affinity.Replacement of cinnamoyl inR3 bybenzoylwhile
retaining optimum R1 and R2 substituents, as in com-
pound 7, resulted in reduced affinity. The phenyl urea 8
had comparable affinity to the benzamide 7, although
most ureasweremuch less active than amides. The pipero-
noyl derivative 9 retained moderate affinity while the
trans-3-phenylcyclopropanoyl compound 10 was only
slightly less active than the cinnamoyl analogue 2. How-
ever, the 3-cyclopentylpropionyl analogue 11a gave
enhanced affinity at the 5-ht5A receptor with a pKi of 8.2.


Keeping the favourable R3 3-cyclopentylpropionyl sub-
stituent constant, the effects of varying R1 and R2 were
probed further. Analogues 12 and 13, where R1 is H and
indanyl, respectively, were significantly less active, but
the 2-(2-pyridyl)ethyl (14) and 2-phenoxyethyl (15)
derivatives retained good affinity. Maintaining R1 as
phenethyl and R3 as 3-cyclopentylpropionyl, a range
of R2 substituents containing basic groups afforded
compounds which retained good affinity, e.g., derivative
16, but none of these matched that of 11a. The sulfon-
amide 17, analogous to amide 2, had reduced affinity
with a pKi of 6.6.


Receptor-binding affinities for a selection of the most
potent compounds against a range of relevant receptors
(5-HT, dopamine, and a-adrenoceptors) are shown in
Table 2. The compounds examined possess generally
good 5-ht5A selectivity when compared with binding
affinities at other 5-HT and dopamine receptor sub-
types, showing a range between 10- and 1000-fold. The
selectivity profile improves with increasing 5-ht5A bind-
ing affinity as demonstrated by compound 11a, which
is J 100-fold selective against the majority of the other
5-HT receptor subtypes. Similarly, amongst the ana-
logues tested, 11a shows the highest selectivity against
the adrenergic a1B receptor (ca. 50-fold). It does, howev-
er, possess significant affinity for the human serotonin
transporter.


The requirement for lipophilic groups in both R1 and R3


limits the opportunity to increase the hydrophilicity of
molecules in the active series. However, some com-
pounds lacking the R3 amide were found to possess
moderate affinity, e.g., the N-benzylpiperidinyl deriva-
tive 18. Interestingly, in this series the 4,3-isomer 19
maintained comparable affinity. However, amines of
the types 18 and 19 lacked selectivity against other
receptors in Table 2 (data not shown).


In another approach to reduce lipophilicity, analogues


20–23, in which each phenyl ring in turn is replaced by
a pyridyl moiety, were synthesised using variations of







Table 1. Affinities in 5-ht5A radioligand-binding assay


Compounda R1 R2 R3 pKi


2 7.6


3 7.3


4 6.3


5 5.2


6 6.0


7 Ph 6.2


8 NHPh 6.4


9 6.7


10 7.1


11a 8.2


12 H 5.5


13 6.6


14 7.5


15 7.1


16 7.6


a All compounds are trifluoroacetate salts.
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the chemistry in Schemes 1 and 2. Here, SAR differed
(Table 3) where the cinnamoyl compounds 20 and 22
were slightly more potent than their 3-cyclopentylpropi-
onyl counterparts. Although excellent affinity was re-
tained, especially in compound 20, selectivity was
noticeably poorer than in the biphenyl series, particular-
ly against the a1B receptor (20, pKi 7.8).

In summary, the compound identified from this ser-
ies with the greatest affinity and selectivity for the 5-
ht5A receptor is derivative 11a (di-trifluoroacetate salt
after array synthesis). It was re-synthesised using
solution-phase chemistry by the route shown in
Scheme 2, and converted to its dihydrochloride salt
11b.







Figure 1. 5-CT-induced stimulation of [35S]GTPcS binding to human


5-ht5A/HEK 293 cell membranes in the absence and presence of


compound 11b (1 lM). Data points represent means ± SEM of at least


three separate experiments. Results are expressed as percentage of the


maximal 5-CT response.


Table 2. Receptor-binding profiles of selected compounds


Receptora Affinity (pKi)


2 3 11a


5-HT1A 6.1 6 6.3


5-HT1B 6.2 6.2 6.5


5-HT1D 6.8 5.9 6.4


5-HT1E <5.0 <5.0 <5.0


5-HT1F <5.0 <6.0 <5.0


5-HT2A 6.4 6.1 6.1


5-HT2B 5.9 5.7 6.0


5-HT2C 6.2 6.0 6.4


5-ht5A 7.6 ± 0.07 7.3 ± 0.14 8.2 ± 0.05


5-HT6 <5.1 <5.7 5.4


5-HT7 6.0 5.9 5.4


Dopaminergic D2 6.1 5.9 5.9


Dopaminergic D3 6.0 5.8 6.2


Dopaminergic D4 5.9 5.8 6.1


a1B 6.7 6.5 6.5


SerT — — 7.6b


a Receptors and radioligands used in the binding assays: 5-HT1A


(human cloned receptors [HCR] in HEK 293 cells, [3H]-8-OH-


DPAT); 5-HT1B and 5-HT1D (HCR in CHO cells, [3H]-5-HT);


5-HT1E, 5-HT1F, and 5-HT2B (HCR in HEK 293 cells, [3H]-5-HT); 5-


HT2A (HCR in HEK 293 cells, [3H]ketanserin); 5-HT2C (HCR in


HEK 293 cells, [3H]mesulergine); 5-ht5A (HCR in CHO cells,


[3H]LSD); 5-HT6 (HCR in HeLa cells, [3H]LSD); 5-HT7 (HCR in


HEK 293 cells, [3H]-5-CT); D2, D3, and D4 (HCR in CHO cells,


[125I]iodosulpride); a1B (HCR in CHO cells, [3H]prazosin); serotonin


transporter (SerT) in LLCPK cells, [3H]citalopram.
b SerT data is for salt 11b. Data represent the mean of at least three


separate experiments except where mean pKi values are quoted as


<6.0 (n = 2).


Table 3. 5-ht5A Affinities of pyridyl analogues


Compound X Y R pKi (5-ht5A)


20 N CH 8.3


21 N CH 7.9


22 CH N 7.6


23 CH N 7.5


Scheme 2. (a) N1,N1-dimethylethylene-1,2-diamine, NaBH(OAc)3,


AcOH, CH2Cl2, 44%; (b) 3-cyclopentylpropionyl chloride, Et3N,


CH2Cl2, quant.; (c) 4-formylbenzeneboronic acid, Pd(PPh3)4, Na2CO3,


H2O/DME 1:9, 76%; (d) phenylethylamine, NaBH(OAc)3, AcOH,


CH2Cl2, 57%.
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Compound 11b was further evaluated in a human 5-ht

5A
receptor functional assay utilising 5-carboxamidotrypta-
mine (5-CT)-stimulated [35S]GTPcS binding to cell

membranes prepared from human embryonic kidney
cells transiently expressing the human receptor. At a
concentration of 1 lM it produced a parallel right-
ward-shift of the 5-CT concentration–response curve
(Fig. 1) giving an apparent pKB (mean ± SEM, n = 3)
of 8.0 ± 0.04, comparable to the pKi determined from
[3H]LSD binding (Table 2).


The biphenyl derivative 11b therefore shows a profile
consistent with competitive antagonism at the human
5-ht5A receptor.


A summary of the guinea pig pharmacokinetic profile for
compound 11b is shown in Table 4.8 After intravenous
dosing, compound 11b has a moderate blood clearance,
a large volume of distribution and a long half-life. Oral
bioavailability is low at 4% but bioavailability is im-
proved via the subcutaneous route (63%). CNS penetra-
tion was achieved via each dose route investigated (data
not shown). Further in vivo pharmacological studies into
the functional role of brain 5-ht5A receptors using the po-
tent and selective antagonist 11b as a tool compound are
ongoing and will be reported in a future publication.







Table 4. Guinea pig pharmacokinetic parameters for compound 11b8


Parameter Route of administration


iv po sc


Dose (mg/kg) 1 3 3


Cmax (ng/mL blood) — 20 388


t1/2 (h) 3.5 3.9 2.2


CLb (mL/min/kg) 22 — —


Vdss (L/kg) 6.1 — —


F (%) — 4 63
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Abstract—The synthesis and reactivity of hydroxy hydroxamates as models for a prodrug form of hydroxylamine are described.
c-Hydroxy hydroxamates were found to enable hydroxylamine release via lactonisation. Hydroxamates were found to undergo
esterase catalysed hydrolysis.
� 2005 Elsevier Ltd. All rights reserved.

Scheme 2. Schematic representation of hydroxyl N-hydroxylamides as


prodrugs.

Prodrugs have little or no pharmaceutical activity but
undergo transformation in the body to a therapeutically
active product.1 Use of the prodrug form of pharmaceu-
ticals can enable to be overcome pharmacokinetic and
pharmacodynamic barriers.2 However, a single modifi-
cation is not always sufficient to achieve the desired
alteration in the physicochemical or biological proper-
ties of the drug. One solution is to prepare a prodrug
of a prodrug (or pro-prodrug) by chemical modification
of a prodrug.3 Several pro-prodrug systems for amines,
alcohols and peptides have been developed by taking
advantage of facile intramolecular cyclisation reac-
tions.4–6 In this strategy, a latent nucleophile is un-
masked by biological or chemical processes that in
turn can initiate a cyclisation reaction to release the
parent drug (Scheme 1).

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2005.06.026


Keywords: Prodrug; Intramolecular cyclisation; Lactonisation; Ester-


ase; Hydroxylamine; Hydroxamates.
* Corresponding author. Tel.: +44 1865275625; fax: +44


1865275674; e-mail: christopher.schofield@chemistry.oxford.ac.uk


Scheme 1. A prodrug strategy that takes advantage of intramolecular


cyclisation.

To date there have been no reports of this type of pro-
drug system based on the release of hydroxylamine con-
taining pharmaceuticals. We have been interested in
developing hydroxamic acids and hydroxylamines as
inhibitors of enzymes involved in antibiotic resistance7


and the hypoxic response.8 Certain hydroxylamines are
known to possess important biomedical properties,9–15


for example, derivatives of O-benzyl-N-hydroxylamine
have shown the ability to inhibit the growth of the
malaria parasite Plasmodium falciparum in vitro
(IC50 < 10 lM)9 and o-(2-chloro-6-fluorobenzyl)hydrox-
ylamine was found to have potent inhibitory effects on
the replication of human immunodeficiency virus
(HIV-1) in cell cultures.10


Here we report studies on a prodrug system for hydrox-
ylamines based on cyclisation of an alcohol onto a
hydroxamate to give a lactone. It was envisioned that
a pro-prodrug ester form would be metabolised to the
prodrug via esterase mediated hydrolysis (Scheme 2).


Compounds 1–7 were synthesized via a one-step proce-
dure16 for the conversion of esters to hydroxamates using
organoaluminium-promoted amidation. From the re-
ports of the direct conversion of esters toWeinreb amides
(N(OCH3)CH3) using aluminium activated hydroxyl-
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Scheme 3. Synthesis and reactivity of compounds 1–8. Reagents and


conditions: (a) NH2OBn Æ HCl for 1–7 or NH2Bn Æ HCl for 8, AlMe3
(2 M in toluene), dry THF, 0 �C, 1–4 h, 50–99%; (b) spontaneous


lactonisation in CD2Cl2.


Scheme 4. Reagents and conditions: (a) N-hydroxysuccinimide, N,N 0-


dimethylaminopyridine, tert-butyl alcohol, toluene, reflux, 24 h: (b)


BH3:DMS, THF, rt, 24 h; (c) Ac2O, N,N 0-dimethylaminopyridine,


pyridine, rt, 3 h; (d) cat. TsOH, wet toluene, reflux, 2 h; (e)


NH2OBn ÆHCl, Et3N, EDCI, HOBt, CHCl3, rt, 7 h; (f) esterase from


porcine liver; (g) spontaneous hydroxylamine release.
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amine, a similar reagent17 derived from O-benzyl-N-hy-
droxylamine permits the simple preparation of the
hydroxamates. Thus, O-benzylhydroxylamine hydro-
chloride was treated with trimethylaluminium in THF
to provide (CH3)2AlNHOBn Æ HCl. This reagent was
then treated in situ with the appropriate lactone at 0 �C
to afford the corresponding hydroxy hydroxamate (1–
7),18 which were purified by chromatography (Scheme 3).


The rates of lactonisation of 1–7 were monitored by 1H
NMR in CD2Cl2. The results revealed that the rate of
liberation of hydroxylamine followed the order
2 > 1 > 3 > 6 � 4/5/7. In the case of 1–3, release of the
hydroxylamine was observed within 30–60 min, but in
the case of 6 lactonisation was slow with significant
amount of lactone (>5%) only being observed after a
week. Thus, it was concluded that under the conditions
of the assay, the preferred length of the alkyl chain
between the carbonyl and the nucleophile (OH) is 3
(n = 1, 1–4) consistent with reaction via a 5-exo-trig cyc-
lisation. With n = 2 lactonisation occurs (6), but at a
slower rate. Longer (n = 3, 7) or shorter (n = 0, 5) chains
do not permit the efficient liberation of the hydroxyl-
amine. Unlike the hydroxamate, amide analogue, 8,
did not undergo lactonisation despite having a suitably
positioned hydroxyl group. Substitution on the carbon
adjacent to the alcohol with small alkyl groups, such
as methyl or ethyl (2 and 3) had little effect on the rate
of hydroxylamine release (over 30 min). However, the
use of a phenyl substituent (4) halted lactonisation.


As anticipated,5,6 the rate of reaction was significantly
accelerated by acid catalysis, with even trace amounts
of acetic acid (e.g., from the ethyl acetate used in purifi-
cation) being enough to promote lactonisation, indicat-
ing that liberation of hydroxylamine in the acidic pH
environment of the stomach could be possible.


The pro-prodrug 13 was then synthesized (Scheme 4).
Direct acylation of alcohol 1 was difficult, due to facile
lactonisation. Hence ester 13 was synthesized by heating
succinic anhydride at reflux in tert-butyl alcohol to give
9, which was then reduced by borane to afford alcohol

10.19 The protection of the hydroxyl group as the acetyl
derivative 1120 was followed by deprotection of the tert-
butyl ester to give carboxylic acid 12,21 which underwent
condensation with hydroxylamine to give the desired
hydroxamate 13.22


The ability of an esterase enzyme to enable hydroxyl-
amine release was examined by reaction of 13 with por-
cine liver enzyme (Fig. 1). Surprisingly, 1H NMR
analyses in D2O, revealed that, rather than ester hydro-
lysis, the hydroxamate bond was preferentially cleaved
by the enzyme to liberate acid 14 (Fig. 1, ii). The esterase
catalysed hydrolysis of the acetyl group of 13 to give 1
occurred at a slower rate (Fig. 1, iii). Both 14 and 1 were
converted to 15 (Figs. 1, iii and iv). It was not possible to
determine if the production of 15 from 1 arose from
spontaneous lactonisation and/or esterase activity. Since
1 cyclises to c-butyrolactone under the incubation con-
ditions, the observation of 15 implies that the esterase
possess lactonase activity. The proposal was supported
by 1H NMR analyses of the incubation of c-butyrolac-
tone with the esterase, which clearly demonstrated cata-
lytic hydrolysis of the lactone to give 15.


The esterase was also incubated with prodrug 2 (Fig. 2).
This analogue of 1 was chosen because it not only poss-
eses a similar lactonisation reactivity to 1 (in CD2Cl2)
but also allows for easier monitoring of the reaction
by following the 1H NMR signal for the methyl group.
Three different methyl doublets were observed in the 1H
NMR spectrum, corresponding to starting material 2,
lactone 16 and c-hydroxy acid 17.


This experiment demonstrated that lactone formation
can occur in D2O at pH 7. In the absence of enzyme,
the rate of lactone formation from 2 at pH 7 is very







Figure 1. 1H NMR (D2O) spectra for the treatment of the pro-prodrug 13 with esterase.
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slow; as in CD2Cl2 it is acid catalysed proceeding signif-
icantly faster at pH 4 in D2O (data not shown). Thus,
some of the lactone formation at pH 7 in D2O may be
enzyme catalysed.


Although not the focus of the current investigation,
this observation suggests that the reactivity of c-lac-
tones with esterases to form acyl–enzyme complexes
may be reversible, as has been observed for certain
c-lactams with proteases.23,24 In contrast b-lactam
inhibitors react effectively irreversible with proteases
(and mechanistically related enzymes). This difference
has been suggested as an origin of the �special� nature
of b-lactam inhibitors; the current data suggests a sim-
ilar rationale that may apply to b- versus c-lactone
inhibitors of esterases.


Amide bonds are not efficiently hydrolysed by the ester-
ase was confirmed; 1H NMR analyses of the incubation
of amide analogue 1825 with esterase in D2O at pH 7, led
only to the observation of acetyl group hydrolysis to
give 8. There was no evidence of hydrolysis of the amide

bond even after all the ester group had been hydrolysed
(Scheme 5). Therefore, we conclude that porcine liver
esterase catalyses the hydrolysis of hydroxamates in
preference to amides and, at least in some cases, to that
of an acetyl group.


The hydroxamate analogue 1926 that does not contain
the nucleophilic alcohol, was synthesized by the same
procedure16 used for preparation of hydroxy hydroxa-
mates 1–7. Incubation of 19 with esterase in D2O re-
vealed hydrolysis, demonstrating that hydroxamates
could also be used as a prodrug form of hydroxylamines
(Scheme 6).


An N-hydroxylated peptide bond has been reported to
be cleaved faster by a-chymotrypsin than the analogue
peptide.27 In this work it was proposed that an intramo-
lecular H-bond enabled the increased hydrolysis rate for
the N-hydroxypeptide, although the inductive effect of
the oxygen was also considered. In our case, the results
indicate H-bonding is not important (Scheme 6) hence
the enhanced hydrolysis rate for the hydroxamates is







Figure 2. Result of the 1H NMR (D2O) experiment of 2 in the presence of esterase.


Scheme 5. Esterase activity on acyl protected c-hydroxylamide 18.


Scheme 6. Result of esterase activity on N-hydroxylamide 19.
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likely related to the inductive effect of the oxygen bond-
ed to nitrogen.


In conclusion, a series of hydroxy hydroxamates (1–7)
were synthesized as potential prodrug forms of hydrox-
ylamine. c-Hydroxy hydroxamates (1–3) were found to
enable release of hydroxylamine via lactonisation. The
pro-prodrug 13 of prodrug 1 was synthesized and the
enzyme catalysed release of hydroxylamine was ob-
served. Although the predominant enzyme activity was
not ester hydrolysis, the release of the hydroxylamine
drug occurred in an enzyme catalysed manner. The
hydroxamate hydrolysis activity of esterases may thus
enable the use of simple hydroxamate derivatives as pro-
drug forms of hydroxylamine, as well as enable the

release of acetyl protecting groups from hydroxylamine
under mild conditions.
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Abstract—A new series of compounds, in which the 2-amino-4-methoxyphenyl ring of phenstatin analogue 5 was replaced with 2- or
3-amino-benzoheterocycles, was synthesized and evaluated for antiproliferative activity and inhibition of colchicine binding. The
lack of activity of 3 0,4 0-dimethoxy- and 4 0-methoxy-benzoyl derivatives (8 and 9, respectively) indicates that the 3 0,4 0,5 0-tri-
methoxybenzoyl moiety is critical for the activity. Two compounds, 7 and 11, displayed potent antiproliferative activity, with
IC50 values ranging from 25 to 100 nM against a variety of cancer cell lines. Derivative 11 was more active than CA-4 as an inhibitor
of tubulin polymerization. The results demonstrated that the antiproliferative activity was correlated with inhibition of tubulin
polymerization.
� 2005 Elsevier Ltd. All rights reserved.

Despite the progress made in recent years in the sector
of new drugs endowed with antiangiogenic activity, this
sector of research is still considered as one of the most
promising fields for the discovery of new drugs for the
treatment of diseases characterized by abnormal angio-
genesis, and in particular for the treatment of tumors.1


Research oriented toward the discovery of new genera-
tion agents useful in cancer chemotherapy has identified
tubulin as a possible cellular target.2a


The microtubule cytoskeleton plays a very important
role in regulating cell architecture. The microtubule
systems of eukaryotic cells comprise a dynamic matrix
in which heterodimers of tubulin polymerize to form
microtubules both in neoplastic and normal cells. Con-
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sequently, natural and synthetic substances capable of
altering the polymerization or depolymerization of
microtubules have been effective as chemotherapeutic
agents.2b Combretastatin A-4 (CA-4, 1), isolated from
an African willow, Combretum caffrum (Combreta-
ceae),3 shows interesting anticancer potential due to
its antitubulin properties. CA-4 strongly binds to the
colchicine site of tubulin.4 This binding prevents tubu-
lin polymerization and causes an antimitotic effect.
CA-4 inhibits cell growth at low to mid-nanomolar
concentrations.3 The sodium phosphate prodrug of
CA-4 (CA-4P, 2) is water-soluble and has yielded
promising results in current Phase I human cancer
clinical trials.5 Its structural simplicity, along with the
ability to selectively damage tumor neovascularization,
makes CA-4 of great interest from the medicinal chem-
istry viewpoint.


For these reasons, a large number of CA-4 analogues
have been synthesized and evaluated in structure–activ-
ity relationship (SAR) studies.6 Replacing the ethene
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bridge of CA-4 with a carbonyl group furnished a ben-
zophenone derivative named Phenstatin (3), which was
found to be a very strong cytotoxic agent with the same
characteristics as CA-4.7 Changing the position of the
hydroxyl group from position C-3 to C-2, to furnish
the Phenstatin isomer 4, dramatically decreased bioac-
tivity.8 Replacing the hydroxyl moiety at the C-2 posi-
tion of the benzophenone ring (compound 5) with an
amino group increased cytotoxicity 100-fold as com-
pared with 4, indicating that the amino and hydroxy
groups were not bioequivalent at the C-2 position. The
2-amino benzophenone derivative 5 showed significantly
increased cytotoxicity against many human cancer cell
lines as compared with Phenstatin 3, but 5 was neverthe-
less slightly less potent than CA-4.8 Lack of the methoxy
group (compound 6) at the C-4 position resulted in sig-
nificantly decreased growth inhibitory activity.


In this article, we report the synthesis and biological
evaluation of new compounds 7–13, that are structurally
related to the 2-aminobenzophenones 5 and 6, in which
the 2-aminophenyl moieties of the latter derivatives were
replaced with various 2- or 3-aminobenzoheterocycles
such as benzo[b]thiophene, benzo[b]furan, and indole.
We confirmed that a number of these new compounds
are active cytotoxic agents with significant antitubulin
activity. Since the removal of either the C 0-4 or the C 0-
5 methoxy group causes a substantial loss of cytotoxicity
in the CA-4 system,9 through the synthesis of com-
pounds 8 and 9, we investigated the effect of the
3 0,4 0,5 0-trimethoxybenzoyl group in the 2-amino
benzo[b]thiophene derivative 7 on the antiproliferative
activity. The 3-(30,40,50-trimethoxybenzoyl)-indole, -benzo-
furan, and -benzothiophene molecular skeletons are the
core structure of a series of antitubulin agents (com-
pounds 14–16, respectively), which showed activity com-
parable to that of CA-4.10

Compounds 7–9 were synthesized by a four-step synthe-
sis described in Scheme 1.11 2-Amino-3-aroyl 4,5,6,7-tet-
rahydrobenzo[b]thiophenes 20–22 were obtained by the
Gewald reaction12 applied to b-ketonitriles 17–1913


and cyclohexanone. Acetylation of the amino group
using a mixture of acetic anhydride and pyridine, and
the subsequent dehydrogenation with Pd/C with heating
afforded the benzo[b]thiophene derivatives 23–25, which
were transformed by saponification into the final prod-
ucts 7–9.


The two ligands based on the 3-amino-benzo[b]thio-
phene molecular skeleton (10 and 11), along with the
3-amino-benzo[b]furan 12, were prepared in excellent
yield by a �one-pot� cyclization reaction between 2-cya-
nothiophenol 26, 4-methyl-2-cyanothiophenol 27, and
2-cyanophenol 28, respectively, with 2-bromo-3 0,4 0,5 0-
trimethoxyacetophenone 2914 and K2CO3 in acetone
(Scheme 2). Compounds 26 and 27 were synthesized
by the condensation of commercially available 2-nitro-
benzonitrile 30 and 2-nitro-4-methylbenzonitrile 31,
respectively, with benzylmercaptan anion and subse-
quent S-debenzylation with aluminium chloride.15


Compound 13 was prepared following the procedure
reported in Scheme 3. Derivative 3216 was reacted with
bromoacetophenone 29 to give the N-ethoxycarbonyl
indole intermediate, which was converted into the corre-
sponding N-unsubstituted indole 13 after alkaline
hydrolysis.


In Table 1, we report the in vitro antiproliferative activ-
ity of compounds 7–13 and 20 against a panel of tumor
cell lines, using CA-4 as reference compound. It is note-
worthy that the antiproliferative effects of 7–8, 10–11,
and 20 were more pronounced against Molt/4 and
CEM as compared with L1210 and FM3A. Compounds







Scheme 1. Reagents and conditions: (a) cyclohexanone, S8, morpholine, EtOH, 70 �C for 1 h then 18 h at rt; (b) Ac2O, pyridine, reflux; (c) 10% Pd/C


moistened with a 50% water, 130 �C, 18 h; (d) KOH, EtOH, reflux, 2 h.


Scheme 2. Reagents and conditions: (a) C6H5CH2SH, KOH, DMF; (b) AlCl3, C6H6; (c) K2CO3, acetone, reflux, 12 h.


Scheme 3. Reagents and conditions: (a) NaH, DMF, rt, 24 h; (b) NaOH, EtOH/H2O, reflux, 1 h.
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7 and 11 demonstrated substantial growth-inhibitory ef-
fects on the proliferation of murine leukemia (L1210),
murine mammary carcinoma (FM3A), and human
T-lymphoblastoid (Molt/4 and CEM) cells. However,
CA-4 was more potent than any of the new compounds
in all cell lines examined.

Comparing the molecules which possess the trimethoxy
benzoyl moiety, the benzofused heterocyclic compounds
containing a nitrogen (13) or an oxygen (12) atom in the
heterocyclic ring are much less effective than their sulfur
analogues 7 and 10. Comparing the two benzo[b]thio-
phene isomers 7 and 10, the latter was about 4-fold less







Table 1. In vitro growth inhibition activity of compounds 7–13, 20, and CA-4 against murine leukemia (L1210), murine mammary carcinoma


(FM3A), and human T-lymphoblast (Molt/4 and CEM) cells


Compound IC50
a (nM)


L1210 FM3A Molt4/C8 CEM


7 90 ± 3.2 100 ± 0 73 ± 9 74 ± 15


20 2240 ± 122 5680 ± 315 1580 ± 135 2150 ± 234


8 3700 ± 60 4700 ± 2500 1700 ± 200 1700 ± 500


9 >10,000 >10,000 9200 ± 200 >10,000


10 350 ± 320 1800 ± 300 290 ± 10 310 ± 20


11 58 ± 50 71 ± 5 34 ± 3 24 ± 2


12 >10,000 >10,000 >10,000 >10,000


13 >10,000 >10,000 >10,000 >10,000


CA-4 (1) 2.8 ± 1.1 42 ± 6.0 16 ± 1.4 1.9 ± 1.6


Data are expressed as means ± SE from the dose–response curves of at least three independent experiments.
a IC50, compound concentration required to inhibit tumor cell proliferation by 50%.


Table 2. Inhibition of tubulin polymerization and colchicine binding


by compounds 7, 10, 11, and 20


Compound Tubulin assemblya


IC50 ± SD (lM)


Colchicine bindingb


% ± SD


5 lM drug 2 lM drug


7 3.1 ± 0.3 57 ± 1 ND


20 >40 3 ± 0.3 ND


10 4.2 ± 0.7 39 ± 9 ND


11 1.3 ± 0.8 88 ± 9 77 ± 4


CA-4 (1) 2.0 ± 0.3 97 ± 6 95 ± 3


ND, not determined.
a Inhibition of tubulin polymerization. Tubulin was at 10 lM.
b Inhibition of [3H]colchicine binding. Tubulin was at 1 lM, [3H]col-


chicine at 5 lM.
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active than 7 with L1210, Molt/4, and CEM cells, and
almost 20-fold less active with FM3A cells. The reduced
antiproliferative activity of the 4,5,6,7-tetrahydro-
benzo[b]thiophene derivative 20 as compared with 7
demonstrates that the aromaticity of the benzene ring
fused with the thiophene is critical for activity.


The series of derivatives 7–9 demonstrates that all three
methoxy groups are essential for activity. Substitution
of the trimethoxybenzene group with 3 0,4 0-di-
methoxybenzoyl and 4 0-methoxybenzoyl moieties (com-
pounds 8 and 9, respectively), almost eliminated growth
inhibition activity.


Compound 10, with a 3-(3 0,4 0,5 0-trimethoxybenzoyl)-2-
amino-benzo[b]thiophene nucleus, had moderate anti-
proliferative effects on the growth of L1210, Molt4,
and CEM cells (IC50 = 290–350 nM) and about 5-fold
lower activity against the FM3A cell line. The introduc-
tion of a lipophilic and electron-releasing methyl group
at the C-6 position of 10, to afford the derivative 11,
resulted in an increase in the antitumor activity by one
order of magnitude. This compound was especially effec-
tive against CEM and Molt4/C8 cells, with IC50�s of 24
and 34 nM, respectively.


To investigate whether the antiproliferative activities of
these compounds were related to an interaction with
tubulin, compounds 7, 10, 11, and 20 were evaluated
for inhibition of the polymerization of purified tubu-
lin.17 The same compounds were also examined for
inhibitory effects on the binding of [3H]colchicine to
tubulin18 (Table 2).


Compound 20 did not greatly alter tubulin assembly at
concentrations as high as 40 lM nor did it inhibit colchi-
cine binding to tubulin. Compounds 7, 10, and 11 all
strongly inhibited tubulin assembly, and compound 11
seemed to be even more active than the reference com-
pound CA-4. Compound 7 was half as active
(IC50 = 3.1 lM) and 10 about one-third as active
(IC50 = 4.2 lM) as 11. Thus, the order of inhibitory
effects on tubulin polymerization was 11 > CA-
4 > 7 > 10 >> 20. This order of activity as inhibitors of
tubulin assembly correlates well with their order of

activity as cytotoxic agents, except that CA-4 was more
cytotoxic than compound 11.


When inhibitory effects on colchicine binding were eval-
uated, however, CA-4 proved to be somewhat more po-
tent than compound 11, which was the most potent of
the new agents, but otherwise order of activity in the
two tubulin-based assays was identical.


In conclusion, we have discovered a new type of inhibi-
tor of tubulin polymerization based on the 2-(3 0,4 0,5 0-
trimethoxybenzoyl)-3-amino-benzo[b]thiophene molec-
ular skeleton. Thus far the promising compound in this
series is the 2-(3 0,4 0,5 0-trimethoxybenzoyl)-3-amino-6-
methylbenzo[b]thiophene derivative 11. Compound 11
is a potent antiproliferative agent and inhibitor of tubu-
lin polymerization through binding to the colchicine-
binding site of tubulin. A noteworthy point was that
the preparation of 11 was carried out via an efficient
synthesis and it represents the lead compound of an
interesting new class of antitubulin agents with potential
utility for the treatment of human cancer.
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Abstract—A new intramolecular charge transfer fluorescence probe, namely, 4 0-dimethylamino-2,5-dihydroxychalcone
(DMADHC), exhibited dramatic enhancement of fluorescence intensity with an accompanying blue shift of the emission maximum
when the concentration of human serum albumin (HSA) was increased. Binding to HSA also caused a progressive shift in the
absorption spectrum of DMADHC, and a clear isosbestic point appeared. The binding site number and binding constant were cal-
culated. Thermodynamic parameters were given and possible binding site was speculated. The optimum conditions for the determi-
nation of HSA were also investigated. A new, fast, and simple spectrofluorimetric method for the determination of HSA was
developed. In the detection of HSA in samples of human plasma, this method gave values close to that of the Erythrosin B method.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


The quantitative analysis of protein continues to be a
very active area because it can be used as a reference
for the measurement of other components in biochemi-
cal analysis and clinical diagnoses. There are many tech-
niques such as ultraviolet and visible absorption (UV–
vis) spectroscopy,1 fluorescence spectroscopy,2,3 calo-
rimetry,4 light scattering,5 and capillary electrophoresis6


to detect the protein. Among them, the fluorescence
method stands out since it is more widely used in peptide
and protein chemistry than any other spectral detec-
tion7. Since the fluorescence emitted from the native
protein is very weak, the emphasis of fluorescence meth-
od for the detection of protein is focusing on the probe
of proteins. However, few researches were involved in
using the compound with intramolecular charge transfer
(ICT) behavior as a fluorescence probe for the determi-
nation of protein.


Some compounds containing both electron donor and
acceptor moieties exhibit ICT fluorescence behavior
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whose fluorescence is sensitive to the change in the sol-
vent properties. The emission state from ICT state has
attracted great interest both in photochemistry and bio-
chemistry.8–10 A series of substituted chalcones, 4 0-di-
methylaminochalcones, show strongly intramolecular
charge transfer behaviors and reasonable fluorescence
quantum yields in various aprotic solvents.11,12 A de-
tailed study of them should therefore be of immense
use in unraveling the nature of their interaction with dif-
ferent substances and other biological targets (e.g.,
membranes and protein) at the molecular level. In this
letter, we report a detailed study of the interaction of
substituted chalcone, namely, 4 0-dimethylamino-2,5-
dihydroxychalcone (DMADHC) (Fig. 1), with human
serum albumin (HSA) in aqueous solutions. The binding
characteristics are discussed. The performance of the

Figure 1. The molecular structure and intramolecular charge transfer


process of compound 4 0-dimethylamino-2,5-dihydroxychalcone


(DMADHC).
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analytical system involving the interaction of
DMADHC with HSA was explored and its application
in determining the protein is reported.

2. Materials and methods


2.1. Reagents


The investigated chalcone DMADHC was synthesized
and purified as described in the literature,13 and testified
by 1HNMR and IR spectroscopy. The HSA was pur-
chased from Biological Identification Institute of Shang-
hai. Phosphate buffer solution was used to control the
pH of the media. All other reagents were of analytical
reagent grade and were used without further purifica-
tion. Double distilled water was used throughout the
experiment.


2.2. Apparatus


Absorption and fluorescence spectrum were recorded on
TU-1901 UV–vis spectrophotometer (PGENERAL)
and F-4500 spectrofluorometer (HITACHI). Excitation
and emission bandwidths were both set at 5 nm. All pH
values were measured with a pHs-2 acidometer (The
Second Instrument Factory of Shanghai, China). All
experiments were carried out at 20 ± 1 �C.


2.3. Procedures


The concentrations of DMADHC in all the tested solu-
tions were 10�5 mol L�1. An appropriate amount of
HSA was added. All experiments were carried out at
pH 7.4 in phosphate buffer solutions except specifically
indicated. All test solutions were incubated at
20 ± 1 �C for 30 min. The standard curve method was

Figure 2. Normalized fluorescence spectrum of DMADHC in various solv


(4) acetone, (5) DMF, and (6) DMSO. The arrow direction indicates increa


The emission maximum versus the solvent polarity parameter ET(30).

used in the quantification of trace HSA in serum
samples.

3. Spectral characteristics of DMADHC in various
solutions


As can be seen in Figure 2, the fluorescence spectrum
suffers a strongly bathochromic shift as the solvent
polarity is increased. This red shift in the emission max-
imum, from 487 nm in carbon tetrachloride to 533 nm in
dimethyl sulfoxide, observably indicates that intensively
photoinduced ICT takes place within the molecule in a
singlet-excited state. The emission state of DMADHC
consists of three states, the primarily less polar emission
state E*, the subsequently more polar emissive state A*
(corresponding to the LE state and the TICT state), and
the apolar nonemissive state P*. The fluorescence of the
molecule is the sum of the fluorescence emissions from
states E* and A*.11 The peak wavenumbers in the fluo-
rescence spectrum of the compound in different solvent
polarity can be correlated with the empirical Dimroth
polarity parameter ET(30)


14 of the solvents (refer to
the inset of Fig. 2). A very good linear correlation was
obtained, implying potential application of this emission
parameter to probe the local microenvironment of
DMADHC.

4. Spectra characteristics of DMADHC binding to HSA


The spectra characteristics associated with the binding of
DMADHC to HSA can be revealed in Figure 3. Binding
to HSA may cause a progressive shift in absorption spec-
trum of DMADHC, and its absorption maximum shifts
from 413 to 422 nm. A clear isosbestic point was located
at 440 nm, indicating the existence of two forms of

ents: (1) carbon tetrachloride, (2) diethyl ether, (3) tetrahydrofuran,


sing solvent polarity. The inset displays the linear calibration curve of







Figure 3. Absorption spectrum of 1 · 10�5 mol L�1 DMADHC in different concentrations of HSA at pH 7.4. HSA concentration: (1) 0, (2)


1 · 10�7 mol L�1, (3) 2 · 10�7 mol L�1, (4) 5 · 10�7 mol L�1, (5) 1.0 · 10�6 mol L�1, and (6) 2.0 · 10�6 mol L�1. The arrow direction indicates


increasing concentrations of HSA.
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DMADHC, that is, free and bound ones. Each form of
DMADHC has a unique absorption.


Figure 4 shows the ICT fluorescence emission of
DMADHC in the presence of different amounts of
HSA. Addition of low HSA concentration caused
notable increase of DMADHC fluorescent intensity.
The maximum emission wavelength is strongly blue
shifted from 550 to 541, 536, 533, 531 or 530 nm,
respectively. The blue shift of the emission maximum
can be rationalized by the binding of DMADHC to
a less polar site in HSA. The enhancement effect con-
cluded that the DMADHC molecule has been included
into the hydrophobic pocket of the host HSA whose
size is consistent with DMADHC molecule where little
rotation of the probe occurs during the excited state.

Figure 4. Fluorescence emission spectrum of 1 · 10�5 mol L�1 DMADHC in


(2) 1 · 10�7 mol L�1, (3) 2 · 10�7 mol L�1, (4) 5 · 10�7 mol L�1, (5) 1.0 · 10


increasing concentrations of HSA.

The enhancement of the fluorescence was in proportion
to the concentration of HSA and according to this a
new method for determination of HSA has also been
established.

5. Binding constant and binding site number


For the interaction of small molecules with macromole-
cules, the Scatchard plot is commonly used to character-
ize the binding properties in terms of measuring the
binding constant and binding site number. The data
for Scatchard analysis are based on the measurements
of absorbance or fluorescence of interacting system,15


r=c ¼ kðn� rÞ; ð1Þ

different concentrations of HSA at pH 7.4 HSA concentration: (1) 0,
�6 mol L�1, and (6) 2.0 · 10�6 mol L�1. The arrow direction indicates
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where r is the molar ratio of bound DMADHC to HSA,
n denotes the binding site number, K represents the
intrinsic binding constant and c is the concentration of
free DMADHC. From the recorded fluorescence titra-
tion data, the binding constant and binding site number
of DMADHC with HSA can be calculated. The binding
constant was 1.03 · 104 L mol�1 and the binding site
number was 0.93. These results indicate that DMADHC
has intense affinity to HSA, and DMADHC–HSA com-
plex may only have one binding site.

a


6. Evaluation of the interaction between DMADHC
and HSA


The forces acting between a drug and a biomolecule are
composed of weak interactions of molecules such as
hydrogen bond formation, van der Waals forces, elec-
trostatic forces, and the hydrophobic interaction.16


From the thermodynamic standpoint, DH > 0 and
DS > 0 implies a hydrophobic interaction; DH < 0 and
DS < 0 reflects the van der Waals force or hydrogen
bond formation; with DH � 0 and DS > 0 suggesting
an electrostatic force.17 Because the temperature chang-
es of the binding interaction are minimal, the interaction
enthalpy change can be regarded as a constant. There-
fore, from the following equations:

12


11


10


9


8


F
/F


0


ln
k2
k1


¼ 1


T 1


� 1


T 2


� �
DH
R


; ð2Þ


DG ¼ DH � TDS; ð3Þ


DG ¼ �RT lnK; ð4Þ

7


0 10 20 30 40 50


12


DMADHC ( ×10-6 mol/L)


b


where the values of DH, DG, and DS are enthalpy
change, free energy change, and entropy change,
respectively. DH and DS were calculated to be
5249 J mol�1 and 186.27 J mol�1 K�1. It can be de-
duced that the interaction for the binding reaction be-
tween DMADHC and HSA is mainly a hydrophobic
interaction.
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Figure 5. (a) Effect of the concentration of DMADHC.


[HSA] = 1 · 10�6 mol L�1; pH 7.4. (b) Effect of pH on the DMADHC


standard assay. [DMADHC] = 1 · 10�5 mol L�1; [HSA] = 1 · 10�6


mol L�1.

7. Speculation of binding site of DMADHC and HSA


Analysis of HSA interactions within the IIA and IIIA
principal ligand-binding structural domains can suggest
the possible binding site for the probe molecule. Crystal
structure analysis has revealed that two major ligand-
binding sites, sites I and II, are located within the
specialized cavities in subdomain IIA and IIIA, respec-
tively. In particular, subdomains IIA and IIIA are
delimited by a hydrophobic surface on one side and a
positively charged surface on the other side, which al-
low them to specifically bind small aromatic carboxylic
acids and negatively charged heterocyclic legends of
average size, respectively.18 Actually, a large hydropho-
bic cavity is present in the IIA subdomain, and the

portion of the cavity in subdomain IIIA effectively
eliminates hydrophobic interactions. Since the interac-
tion for the binding reaction between DMADHC and
HSA is mainly a hydrophobic interaction, we confer
that DMADHC may penetrate into the hydrophobic
subdomain IIA.

8. Effect of the concentration of DMADHC


The concentration of DMADHC has distinct effect on
the fluorescence intensity ratio (F/F0) for HSA existence
and absence systems. Figure 5a showed the influence of
the probe DMADHC concentration on the fluorescence
intensities (F/F0). With increasing concentration of
DMADHC, the fluorescence intensity was gradually en-
hanced. But the intensity increased very slightly after the
concentration of the DMADHC solutions reached
5 · 10�6 mol L�1, and it dropped when the concentra-
tion reached 3 · 10�5 mol L�1. This phenomenon may
be due to the self-quenching behavior of DMADHC
at high concentration. Thus, the final concentration
of fluorescence probe DMADHC was kept at
1 · 10�5 mol L�1 in further experiments.







Table 2. Determination of HSA in human plasma samples


Sample


No.


Present


assay—found


protein (lg/ml)


(n = 5)


EB


assaya—found


protein (lg/ml)


(n = 5)


RSD


(%)


Recovery (%)


1 69.3 67.8 1.6 98.8


2 67.5 67.4 1.3 95.6


3 71.6 69.7 1.9 103.0


a Ref. 20.
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9. Effect of pH


Figure 5b shows the variation of fluorescence intensity
with the pH of solution. The fluorescence intensity of
DMADHC solution changes only slightly when pH val-
ue varies from pH 4.0 to 10.0, but decreased out of this
range. It can be inferred that the pH of solution has
scarcely any effect on the emission state of DMADHC
molecule except for strong acidic and alkaline environ-
ments in which HSA molecules may have been de-
stroyed. So pH 7.4 was chosen for the subsequent
experiments because it is the physiological acidity.

10. Influence of coexisting substances


Under the optimum conditions, the influence of coexis-
ting substances such as glucose, citric acid, amino acid,
and metal ions were tested. The criterion for interference
was fixed at a ±10% variation of the average fluores-
cence intensity calculated for the established detection
level of HSA.19 The experimental results are presented
in Table 1. From the results it can be seen that the coex-
isting substances test showed little or no influence.

11. The analytical characteristics


The linear calibration graph for determination of HSA
was constructed from results obtained under the optimal
condition. The linear calibration equation, precision,
and limit of the detection were obtained according to
the general procedure. The fluorescence system reported
here was used to determine HSA ranging from 1 to
95 lg ml�1 with a detection limit (3r) of 0.5 lg ml�1.
The correlation coefficient is 0.99. This method exhibits
good reproducibility, with a relative standard deviation
of 1.15% obtained from six separate determinations for
50 lg ml�1 HSA.

12. Determination of HSA in samples of human plasma


The proposed method was employed to determine HSA
in samples of human plasma. The samples of human
plasma, obtained from the hospital of Shanxi Universi-
ty, were stored below �5 �C and diluted appropriately
to be within the linear range of determination of HSA.
A portion (1.0 ml) of this sample solution was analyzed,
using the standard calibration method. Comparison of
this method with the EB assay20 is listed in Table 2.

Table 1. Influence of coexisting substances


Coexisting substance Concentration (·10�6 mol L�1) DF%


Glucose 2.02 �1.53


Citric acid 8.40 �3.72


Tryptophan 4.72 +5.89


Leucine 6.84 +4.46


Valine 6.12 +1.25


Cysteine 3.48 +2.01


Methionine 3.22 +4.53


[HSA] = 1 · 10�6 mol L�1; [DMADHC] = 1 · 10�5 mol L�1; pH 7.4.

As can be seen in Table 2, the results of these serum
samples in the present method are close to those ob-
tained by the EB assay. The recoveries of these samples
are 95.6–103.0%, demonstrating that the present method
offers an excellent, accurate, and precise method for the
determination of HSA in human plasma.


In conclusion, the fluorescence probe of DMADHC,
with intramolecular charge transfer characteristics, is
sensitive to microenvironment property. It is found that
new ICT-based fluorescent probe DMADHC could
interact with HSA, which resulted in the significant
enhancement of DMADHC fluorescent intensity. Based
on this, a means of sensitive determination of protein is
established. Detecting the protein in real sample vali-
dates its reliability and its result is satisfactory. There-
fore, this method is potential to apply to biochemistry
and clinical practice. Further work is necessary for a
more basic understanding of the mechanism of their
binding action.
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Abstract—Optimization of the biological activity of a new class of non-peptidyl, pyridazinone derived human melanocortin subtype-
4 receptor agonists is disclosed.
� 2005 Elsevier Ltd. All rights reserved.

Figure 1. Human MC4R agonist 1, 2, and 3.

The association between the melanocortin subtype-4
receptor (MC4R) pathway and the modulation of feed-
ing has been established through the course of a number
of elegant genetic and pharmacological studies, involv-
ing both animals and humans.1,2 These studies, in part,
have provided the impetus in drug discovery to identify
novel, small molecule agonists of the hMC4R for the
potential treatment of human obesity.3 In a recent re-
port from this laboratory, we described the discovery
of a structurally unique pyridazinone derived class of
functionally selective (vs hMC3R and hMC5R) hMC4R
agonists, exemplified by compounds 1–3 (Fig. 1).4


In this report, we disclose our endeavors to optimize the
biological activity of these compounds, with particular
emphasis on improving functional potency and selectiv-
ity. This article presents the syntheses and structure–
activity relationships (SARs) of both pyridazin-3(2H)-
ones and 4,5-dihydropyridazin-3(2H)-ones as potent
and subtype selective hMC4R agonists.


The general synthetic approaches to the pyridazinones
presented in this study are illustrated in Schemes 1–4.
We envisioned that modification of the aryl ring at-
tached to either the piperidine of 1 and 2 or the pyrrol-
idine of 3 would be a fertile area in which to investigate
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potency and selectivity. Assembly of these compounds
was executed through a late stage amide bond coupling
of the pyridazinone and the aryl piperidine/pyrrolidine
halves. The requisite aryl piperidine/pyrrolidine frag-
ments were synthesized using the procedures described
in Scheme 1.


Preparation of the 4-aryl piperidine fragment 9 began
with commercially available piperidone 4 (Scheme 1).
From the outset of the synthesis, we elected to replace
the N-benzyl protecting group with a t-butyl carbamate
derivative, since this would accommodate potentially
reducible functionality under catalytic hydrogenation
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Scheme 1. Reagents and conditions: (i) (a) H2 (50 psi), Pd/C, EtOH,


H2O, rt; (b) (Boc)2O, NaHCO3, NaCl, CHCl3, H2O, 60 �C; (ii) Tf2O,


DIPEA,CH2Cl2, �78 �C; (iii) arylboronic acid, Pd(dppf)Cl2, EtOH,


toluene, 2 M NaHCO3, 80 �C; (iv) Mg, MeOH, rt; (v) (a) Na, MeOH,


65 �C; (b) 5 N NaOH, MeOH, 65 �C; (vi) cat. TFA, CH2Cl2, 0 �C; (vii)
(a) HCO2NH4, Pd(OH)2/C, MeOH, 65 �C; (b) (Boc)2O, NaHCO3,


NaCl, CHCl3, H2O, 60 �C.


Scheme 2. Reagents and conditions: (i) arylboronic acid, Cu(OAc)2,


pyridine, 4 Å sieves, CH2Cl2, rt; (ii) 5 N NaOH, MeOH, 65 �C.


Scheme 3. Reagents and conditions: (i) 9, EDC, HOBT, CH2Cl2,


N-methylmorpholine, rt; (ii) HCl, EtOAc, rt.


Scheme 4. Reagents and conditions: (i) Zn, AcOH, 120 �C, 56–71%;


(ii) preparative normal phase chiral HPLC, Chiralcel� OD stationary


phase, 50% EtOH/hexanes mobile phase, 36% (25, faster eluting


diastereoisomer), 34% (26, slower eluting diastereoisomer).
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conditions, and facilitate late stage ease of removal.
Accordingly, palladium-catalyzed hydrogenolysis of 4
followed by BOC protection afforded piperidone 5. For-
mation of the enol triflate 6 and subsequent Suzuki-
Miyaura5 cross-coupling with an arylboronic acid
afforded 4-aryl tetrahydropiperidine 7. Reduction of
the tetrasubstituted alkene functionality under atmo-
spheric pressure of hydrogen furnished aryl piperidine

8 as a single cis diastereoisomer. Ultimately, a trans
disposition of the carboxamide and aryl groups was re-
quired, and although a direct conversion of 7 to trans-8
was not achievable in our hands, we discovered that 7
could be converted to an enriched mixture of trans-8/
cis-8 (P3:1, respectively) in the presence of magnesium
metal in methanol.6 Exposure of trans-8/cis-8 to sodium
in methanol afforded exclusively trans-8, which upon
base catalyzed hydrolysis of the ester functionality fur-
nished the racemic trans carboxylic acid 9.


3-Aryl piperidine 11 was prepared in an analogous fash-
ion to 9, starting with commercially available piperidone
10 (Scheme 1).


4-Aryl pyrrolidine 14 was prepared according to a
concerted cycloaddition strategy (Scheme 1). Thus,
azomethine-ylide [3+2] cycloaddition of benzyl-(meth-
oxymethyl)[(trimethylsilyl)methyl]amine and a trans
arylacrylate in the presence of a catalytic amount of tri-
fluoroacetic acid afforded trans pyrrolidine 12.7 Replace-
ment of the N-benzyl protecting group with a Boc
derivative for the aforementioned reasons, followed by
base catalyzed hydrolysis of the ester functionality pro-
vided the racemic trans carboxylic acid 14.


Investigation of an aryl piperazine variant of 1 was also
of interest, and the requisite coupling fragment was
prepared according to the general method delineated be-
low (Scheme 2). Arylation of known piperazine 15
according to the Evans–Chan8 protocol followed by
saponification of the ester functionality afforded the
racemic carboxylic acid 17.


Acylation of 184 with racemic acid 9 afforded an equi-
molar mixture of the target pyridazinone 19 and the
related trans diastereoisomer 20 (Scheme 3). These com-
pounds were conveniently separated by normal phase
flash chromatography on silica gel stationary phase.
Acid catalyzed removal of the Boc group afforded pyrid-







Table 2. Binding affinity and functional activity of compounds at the


human MC4R10,11


Compound R Binding IC50


(nM)


cAMP EC50


(nM) (%max)


2 Ph 130 240 (85%)


38 Ph-4-Cl 58 150 (101%)


39 Ph-2,4-diCl 36 2400 (30%)


40 Ph-4-F 66 110 (101%)


41 Ph-2-F 100 550 (75%)


42 Ph-4-CF3 200 710 (75%)


43 Ph-4-CN 45 120 (81%)


44 CH2Ph 750 36% at 10 lM
45 CH2Ph-4-F 390 630 (62%)


Table 3. Binding affinity and functional activity of compounds at the


human MC4R10,11


Compound R Binding IC50


(nM)


cAMP EC50


(nM) (%max)


3 Ph 98 400 (103%)


46 Ph-2-F 160 710 (82%)


47 Ph-4-F 70 110 (84%)


48 Ph-2,4-diF 60 200 (81%)
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azinones 21 and 22, respectively. Pyridazinones 27–55
were prepared uneventfully according to this general
method.


The synthetic strategy to dihydropyridazinones 25 and
26 is presented in Scheme 4. Reduction of 23 in the
presence of zinc metal and acetic acid provided 24
as a statistically equivalent mixture of C-4 epimers,9


which was resolved by preparative normal phase chiral
high performance liquid chromatography (HPLC).
Dihydropyridazinones 60–69 were prepared in an
analogous fashion.


Pyridazinones 1 (Table 1), 2 (Table 2), and 3 (Table 3)
were disclosed in an earlier report,4 and are displayed
here for comparative purposes. Investigation of the aryl
substituent attached to piperidine ring revealed a
marked preference for 4-substitution compared to 3-
substitution, as exemplified by compounds 23 and 27
versus 30 and 28, respectively (Table 1). In the case of
fluorine substitution, the 2-fluoro analog 31 was also
examined and showed binding affinity comparable to
that of 23, but intermediary functional activity between
23 and 30. Notably, while compounds such as 29, 32,
and 34 all demonstrated comparable binding affinity to
hMC4R relative to 23, they were significantly less effica-
cious hMC4R agonists. Since the binding and functional
assays are inherently different, it was not unexpected to
observe compounds which showed differences in binding
affinity to, and activation of the hMC4R. However, the
particularly large disconnect in IC50 versus EC50 for
compounds such as 32, 34, and especially 29 was inter-
esting considering the subtle structural differences
between the compounds. The binding affinity
(IC50 = 3.2 nM) and lack of functional activity (2% at
10 lM) observed with 29 suggested that this compound
might be a functional antagonist of hMC4R. Pyridazi-

Table 1. Binding affinity and functional activity of compounds at the


human MC4R9,10


Compound R Binding IC50


(nM)


cAMP EC50


(nM) (%max)


1 Ph 33 180 (77%)


27 Ph-4-Cl 2.4 210 (39%)


28 Ph-3-Cl 43 680 (37%)


29 Ph-2,4-diCl 3.2 2% at 10 lM
23 Ph-4-F 11 61 (71%)


30 Ph-3-F 490 29% at 10 lM
31 Ph-2-F 13 550 (58%)


32 Ph-4-CF3 3.8 >5000 (24%)


33 Ph-3-CF3 100 40% at 10 lM
34 Ph-4-Me 4.7 1100 (47%)


35 2-Naphthyl 17 12% at 10 lM
36 1-Naphthyl 89 22% at 10 lM
37 3-Thienyl 130 490 (82%)


49 Ph-4-Cl 45 230 (70%)


50 Ph-4-Me 28 750 (67%)


51 Ph-4-OMe 19 430 (67%)

none 29 was indeed found to be a functional antagonist
demonstrating KB = 3.1 ± 0.7 nM.12 In the 3-aryl piper-
idine and 4-aryl pyrrolidine series, a much closer corre-
lation between hMC4R binding affinity and functional
activity was observed (Tables 2 and 3). The 4-fluoro
and 4-chloro modifications were found to display the
optimum blend of hMC4R binding affinity, functional
activity, and receptor agonism, and overall, the 4-fluor-
ophenyl substitution pattern was preferred in each of the
three series. A more detailed hMCR activity profile of
pyridazinones 23, 40, and 47 is shown in Table 4. Pyrid-
azinone 23 showed the best combination of hMC4R
binding affinity, functional activity, and functional selec-
tivity (vs hMC3R and hMC5R) relative to 40 and 47,
although these differences while statistically significant
were subtle.


Replacement of the piperidine ring in 23 with a pipera-
zine variant resulted in a significant attenuation of
hMC4R functional activity, irrespective of the chirality
of the carboxamide group (52 and 53, Table 5). While







Table 4. Human MCR activity profile of 23, 40, and 4710,11


Compound Receptor Binding IC50


(nM)


cAMP EC50


(nM) (%max)


23 MC3 940 ± 92 6 ± 2% at 10 lM
MC4 11 ± 1.2 61 ± 19 (71 ± 3%)


MC5 840 ± 92 7 ± 1% at 10 lM
40 MC3 40% at 4 lM 45 ± 5% at 10 lM


MC4 66 ± 20 110 ± 17(101 ± 5%)


MC5 1200 ± 210 1 ± 1% at 10 lM
47 MC3 >3000 2400 ± 790 (24 ± 2%)


MC4 70 ± 13 110 ± 35 (84 ± 3%)


MC5 1400 ± 150 5 ± 1% at 10 lM


Table 5. Binding affinity and functional activity of 52–55 at the human


MC4R10,11


Compound C-3 0


stereo


C-300


stereo


Binding


IC50 (nM)


cAMP EC50


(nM) (%max)


52 R R or S 950 6% at 10 lM
53 R S or R 28 1100 (75%)


54 S R or S 1100 9% at 10 lM
55 S S or R 1000 38% at 10 lM


Table 6. Binding affinity and functional activity of 56–59 at the human


MC4R10,11


Compound Binding IC50 (nM) cAMP EC50 (nM) (%max)


56 28 470 (60%)


57 290 9% at 10 lM
58a 93 410 (94%)


59 4.7 320 (59%)


a 1:1 mixture of trans diastereoisomers.


4026 F. Ujjainwalla et al. / Bioorg. Med. Chem. Lett. 15 (2005) 4023–4028

53 demonstrated comparable hMC4R binding affinity
relative to 23, �20-fold attenuation in functional activi-
ty was observed, again highlighting the difference be-
tween binding to, and activation of the hMC4R.
Reversal of the stereochemical orientation of the methyl
group in the tether amplified this drop in potency (54
and 55). Elimination of the carbonyl functionality
(amide) resulted in attenuated hMC4R functional activ-
ity (56), which was further dramatized in the related
trans diastereoisomer 57 (Table 6). Pyridazinones 56
and 57 were prepared according to the Fukuyama meth-
od.13 Thus, the trans racemic primary alcohol derived
from borane reduction of carboxylic acid 9 (Ar = 4-
fluorophenyl) was coupled with the 2,4-dinitrobenzene-
sulfonamide derivative of amine 18. Subsequent diaste-
reoisomer separation and desulfonylation afforded
diamines 56 and 57. Capping the carboxamide function-
ality or the piperidine moiety with a methyl group did
not lead to compounds with substantially improved
hMC4R binding affinity or functional activity (58 and
59, respectively). N-Methyl amide 58 was prepared by
acylation of the amino methyl derivative of 18 with car-
boxylic acid 9 (Ar = 4-fluorophenyl), while 59 was pre-
pared using a reductive amination reaction between 23
and paraformaldehyde.


To optimize the functional selectivity of the pyridazi-
none series of compounds, we conceptualized the idea
of introducing additional chirality to this lead design,

with a prerequisite that overall molecular weight be con-
served. With this condition in mind, installation of a ste-
reogenic center at the C-4 position of the pyridazinone
core emerged as a seductive option, since the vectoral
disposition of the SAR-sensitive C-4 grouping would
be different from a center of tetrahedral (sp3) geometry
versus trigonal (sp2) geometry. This led to the C-4,5-
dihydropyridazinone modification, which for complete-
ness, was investigated in two stereochemical series. The
first, involved 23, 40, and 47, which possessed the pre-
ferred stereochemical disposition between the carbox-
amide and aryl groups on the piperidine/pyrrolidine
nucleus, and the second, involved the related trans dia-
stereoisomers, which featured an antipodal arrangement
of these groups (Table 7). Since the reductions of 23, 40,
and 47 were stereo-random, a set of two diastereoiso-
mers was generated for each compound, and these were
epimeric at the C-4 position. Dihydropyridazinones 26,
63, and 67, which originated from 23, 40, and 47, respec-
tively, showed improved hMC4R binding affinity com-
pared to their respective pyridazinone counterparts. In
the case of 26, �7-fold improvement in hMC4R binding
affinity was observed relative to 23, whereas for 63 ver-
sus 40 and 67 versus 47, the changes in hMC4R binding
affinity were less pronounced. HMC4R functional activ-
ity and receptor agonism were essentially unchanged by
partial saturation of the pyridazinone core. The full
hMCR activity profile of 26, 63, and 67 is illustrated
in Table 8, which demonstrates the inherent potential
of the dihydropyridazinone modification to modulate
hMC4R binding affinity, functional activity, receptor
agonism, and subtype selectivity (Table 8).


In conclusion, we have described the design and asym-
metric synthesis of a new class of non-peptidyl, MC4R







Table 8. Human MCR activity profile of 26, 63, and 6710,11


Compound Receptor Binding IC50


(nM)


cAMP EC50


(nM) (%max)


26 MC1B14 230 ± 0.0 12 ± 7% at 10 lM
MC3 420 ± 47 5 ± 2% at 10 lM
MC4 1.5 ± 0.2 40 ± 7.0 (67 ± 2%)


MC5 1100 ± 140 2400 ± 390 (27 ± 2%)


63 MC1B14 1100 ± 64 220 ± 41 (33 ± 8%)


MC3 4700 ± 92 1100 ± 280 (21 ± 3%)


MC4 22 ± 2.8 30 ± 5.2 (98 ± 3%)


MC5 3100 ± 290 7 ± 2% at 10 lM
67 MC1B14 290 ± 93 240 ± 31 (18 ± 2%)


MC3 1600 ± 1000 10 ± 2% at 10 lM
MC4 18 ± 3.6 66 ± 19 (90 ± 3%)


MC5 690 ± 132 5 ± 1% at 10 lM


Table 7. Binding affinity and functional activity of compounds at the


human MC4R10,11


Compound C-4 stereo Ra,b Binding


IC50 (nM)


cAMP EC50


(nM) (%max)


25 R or S 26 390 (72%)


26 S or R 1.5 40 (67%)


60 R or S 560 20% at 10 lM


61 S or R 690 4000 (32%)


62 R or S 540 480 (100%)


63 S or R 22 30 (98%)


64 R or S 1300 2000 (16%)


65 S or R 280 1400 (33%)


66 R or S 47 1200 (90%)


67 S or R 18 66 (98%)


68 R or S 780 4000 (26%)


69 S or R 430 740 (48%)


a Absolute stereochemistry.
b Ar signifies 4-fluorophenyl.
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agonists derived from a dihydropyridazinone architec-
ture. This SAR study has transformed the MC4R ago-
nists 1, 2, and 3 to the more potent and subtype
selective agonists 26, 63, and 67, respectively.
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Abstract—A series of novel amino acid and peptide derivatives of bleomycin (BLM) A5 were synthesized. All the compounds pos-
sessed significant antitumor activities in vitro against HL-60, BGC-823, PC-3MIE8, and MDA-MB-435 cell lines. Their antitumor
activities against MDA-MB-435 were 10-fold higher than BLM A5. The DNA cleavage studies indicated that the hydrophobic ami-
no acid or peptide derivatives of BLM A5 could induce higher cleavage ratio of double to single strand DNA than BLM A5. From
the DNA binding studies, we found that the derivatives containing either D-conformation amino acid or basic amino acid could
facilitate DNA binding of BLM.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Bleomycins (BLMs) are a group of structurally related
antibiotic compounds that were originally isolated from
the culture broth of Streptomyces verticillis as copper
chelates by Umezawa et al. in the early 1960s.1,2 This
family of compounds only differs at the C-terminus,
which contains several dozen natural congeners.3,4 The
BLMs have been used clinically for treatment of cancers,
including Hodgkin�s lymphomas, carcinomas of skin,
testicular tumors, and quamous cell carcinomas of the
cervix, head, and neck.5,6 The therapeutic efficacy of
BLM is believed to derive from its ability to bind to
and oxidatively degrade cellular DNA, and the process
is metal-ion and oxygen dependent.7–10 However, like
many other antitumor drugs, BLMs also manifest sever-
al clinical limits, at high doses BLMs can induce pul-
monary fibrosis and lead to fatal hypoxemia.11–13


Furthermore, BLMs are also severely limited by tumor
resistance and lack of cell selectivities.14,15


The structure of BLMs is generally divided into four
functional domains, as listed in Figure 1. The C-termi-
nus domain was believed to relate to their renal and lung
toxicity and antitumor activity.16,17 Our previous work,
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which focused on alteration at the C-terminus of BLMs
with different alkyl groups showed that the hydropho-
bicity of the C-terminus played an important role in
their DNA binding property and antitumor activity.18,19


It has been reported that many tumors contain elevated
levels of plasminogen activator and thus produce elevat-
ed levels of protease plasmin in the milieu of tumors,
and there are many differences in the enzyme system be-
tween tumor and normal cells.20 Based on these differ-
ences, some plasmin-activated prodrugs for cancer
chemotherapy had been designed and synthesized by
Charkravarty.21,22 These prodrugs contained Val-Leu-
Lys tripeptide, which exhibited about a 7-fold improved
selective cytotoxicity for tested tumor cells. In order to
increase the cell selectivity and bioactivity of BLMs, in
this paper, we introduced the tripeptide (Val-Leu-Lys),
related dipeptide and amino acid to the C-terminus of
BLM A5. We also studied the DNA binding and cleav-
age properties of these novel BLM analogs.

2. Chemistry


The BOC protected amino acid and peptide were syn-
thesized and purified by the general method according
to the literature.23 The method used to prepare peptide
and amino acid derivatives of BLM A5 (1) is illustrated
in Scheme 1, the primary amino group in b-aminoala-
nine moiety was protected by forming Cu(II) coordinate
complex 2 according to our previous reports.18,19 Com-
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Figure 1. Structures of BLM A5 (1) and BLM A5 derivatives.


Scheme 1.
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pound 2 was coupled with large excess corresponding
protected amino acid or peptide at �5 to 1 �C for 12–
24 h in the presence of N,N 0-dicyclohexylcarbodiimide
(DCC) and 1-hydroxybenzotriazole (HOBt) in MeOH,
providing 3a–i in 60–95% yields. Amino group that pro-
tected copper complexes 3a–i were treated with trifluo-
roacetic acid (TFA) in dichloromethane to remove the
BOC to afford the copper complexes 4a–i. Cu(II) was re-
moved from 4a–i by using 15% EDTA, and the products
were purified with HP-20 column to afford the desired
compounds 5a–i in 40–70% yields based on BLM A5.


24


The structures of all novel compounds were character-
ized by FAB-MS, TOF-MS, 1H NMR, and 13C NMR.
The conjugated position of amino acid or peptide to 1


was confirmed by comparing the 1H and 13C spectrum
between 1 and compounds 5a–i. Compared with 1, the
proton signals of the terminal methylene within the
C-terminal spermidine substituent of compounds 5a–i
shifted downfield (from 2.85 to 3.14–3.23 ppm, respec-
tively) in 1H NMR, while the carbon signals shifted up-
field (from 40.58 to 39.19–39.52 ppm, respectively) in
13C NMR, indicating that the position to which the
amino acid or peptide conjugated was the primary amino

group within the C-terminus spermidine substituent,
which is in accordance with our previous reports.18,19

3. Biological activity


The antitumor activities of novel BLM derivatives 5a–i
together with 1 against HL-60, BGC-823, PC-3MIE8,
and MDA-MB-435 cell lines in vitro were tested by
using the tetrazolium salt (MTT) assay.25 The 50%
inhibition concentrations (IC50) of the test compounds
are reported in Table 1. Compared with 1, the antitu-
mor activities of the novel BLM A5 derivatives 5a–i
were dramatically increased against MDA-MB-435 cell
line in vitro, but for other test cell lines (HL-60, BGC-
823, and PC-3MIE8), these compounds exhibited sim-
ilar antitumor activities. The results showed that the
amino acid or peptide derivatives of BLM A5 exhibit-
ed some selective cytotoxicities. From the data in Ta-
ble 1, it was found that the tripeptide derivative of
BLM A5 5i was the most effective compound among
the test compounds, which may have originated from
its higher permeability to cell membrane or uptake
by cells.







Table 1. In vitro antitumor activities of 5a–5i and 1 against human


tumor cell lines


Compound Cell line IC50 (lM)


HL-60 BGC-823 PC-3MIE8 MDA-MB-435


1 0.25 1.25 1.48 1.64


5a 0.66 1.39 1.83 0.13


5b 0.31 0.80 0.80 0.13


5c 0.37 0.73 1.27 0.17


5d 0.51 0.92 1.08 0.10


5e 0.63 0.87 1.32 0.32


5f 0.27 0.93 1.18 0.09


5g 0.98 1.01 3.32 0.22


5h 0.74 1.17 1.91 0.10


5i 0.07 0.60 1.14 0.07


Figure 3. The alteration of the melting temperature DTm (�C) for CT-
DNA bind to compounds 5a–i and 1.


Figure 4. The apparent binding constants (Kb) of compound 5a–i and


1 to CT-DNA.
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4. DNA cleavage


The therapeutic efficacy of BLM is believed to derive
from its ability to bind to and oxidatively degrade cellu-
lar DNA, and double-strand DNA cleavage has been
proposed to be important for therapy.26 The DNA
cleavage properties of 5a–i together with 1 to pSP64
plasmid DNA were tested, and the results are shown
in Figure 2. According to the results, all tested BLM
derivatives 5a–i exhibited similar or a little stronger
DNA cleavage efficiency to 1, but interestingly, com-
pounds 5a–c, e, f, and i induced extraordinarily high
double to single strand DNA cleavage ratio, and there
was nearly no Form II band (single DNA cleavage prod-
uct) found in the picture for compounds 5a–c, e, and f. It
seemed that the higher double to single strand cleavage
ratio was beneficial to the hydrophobic amino acid or
peptide conjugated to BLM A5 C-terminus.

5. DNA binding


DNA binding properties between BLM molecules and
DNA backbone determined by the C-terminus of
BLM are the basis for the DNA cleavage activity. In
order to compare the effects on DNA binding affinity
resulting from the alteration of C-terminus, we deter-
mined the DNA binding properties including apparent
binding constant (Kb) (Fig. 3) and thermal denaturata-
tion alteration (DTm) (Fig. 4) by using calf thymus

Fig. 2. Agarose gel illustrating the cleavage reaction of supercoiled


pSP64 by Fe(II)-compound. The reaction was performed in 20 mM


Tris–HCl, pH 8 buffer, each reaction mixture contained 200 ng pSP64


plasmid DNA in a total reaction volume of 15 ll and was incubated at


25 �C for 60 min. Lane 1, DNA alone; lane 2, 4.0 lM Fe(II); lane 3,


2.0 lM 1, 4.0 lM Fe(II); lane 4, 2.0 lM 5h, 4.0 lM Fe(II); lane 5,


2.0 lM 5g, 4.0 lM Fe(II); lane 6, 2.0 lM 5f, 4.0 lM Fe(II); lane 7,


2.0 lM 5e, 4.0 lM Fe(II); lane 8, 2.0 lM 5d, 4.0 lM Fe(II); lane 9,


2.0 lM 5c, 4.0 lM Fe(II); lane 10, 2.0 lM 5b, 4.0 lM Fe(II); lane 11,


2.0 lM 5a, 4.0 lM Fe(II); lane 12, 2.0 lM 5i, 4.0 lM Fe(II).

DNA (CT-DNA) with the methods reported.27,28


According to the results in Figures 3 and 4, BLM A5


derivatives with LL-lysine or LL-lysine as N-terminal pep-
tide conjugated to BLM A5 C-terminus (5d, g, h, and
i) exhibited much stronger DNA binding affinity than
hydrophobic amino acid or peptide conjugated BLM
A5 derivatives (5a–c, e, and f). These results were consis-
tent with those of DNA cleavage properties (Fig. 2). For
this kind of BLM derivatives, it seemed that lower DNA
binding affinity could enhance the double to single DNA
cleavage ratio. In addition, compounds 5a, e, and g
exhibited a little stronger DNA binding affinity than
compounds 5b, f, and h, respectively, which resulted
from the stereochemistry of the valine or valine at the
C-terminal peptide conjugated to the C-terminus of
BLM A5. The structure of D-conformation derivatives
seemed to facilitate the adoption of a compact bound
conformation of BLM for DNA binding.

6. Conclusion


In the aggregate, amino acid and peptide derivatives of
BLM A5 can be easily prepared by DCC condensation
in methanol. Compared with BLM A5, the C-terminus
of BLM A5 modified with amino acid and peptide could
exhibit similar antitumor activities in vitro against
HL-60, BGC-823, and PC-3MIE8 cell lines, and inter-
estingly, this series of compounds showed a little strong
selectivity of cytotoxicity against MDA-MB-435 cell
line. From the primary studies on the SAR, we conclude
that hydrophobic amino acid or peptide derivatives of
BLM A5 can induce higher double to single strand
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DNA cleavage ratio than BLM A5, and BLM deriva-
tives with D-conformation amino acid and basic amino
acid are easier to adopt for a compact and bound con-
formation of BLM for DNA binding than others.
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Abstract—Benzoylation of (hydroxy phenyl) phenyl methanone 2a–g to benzoyl phenyl benzoates 4a–g, a benzophenone analogue,
was achieved in good yield. All the newly synthesized compounds were evaluated for their phospholipase A2 [E.C. 3.1.1.4] and hyal-
uronidase [E.C. 3.2.1.35] enzyme inhibitory activity in snake venom as source and their structure–activity relationship with respect
to different groups is reported for the first time. The in vitro PLA2 enzyme inhibitory activity and in vivo anti-inflammatory activity
studies of benzoyl phenyl benzoates are illustrated.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Phospholipase A2 (PLA2) is a promising family of dis-
tinct enzymes that exhibits different substrate specifici-
ties, cofactor requirements, subcellular localization and
cellular functions.1 The PLA2 class of enzymes catalyzes
hydrolysis of the 2-acyl ester of 3-Sn phosphoglycerides
to yield arachidonic acid (metabolized to eicosanoids by
cyclooxygenase and lipoxygenase) and lysophospholip-
id, which is a rate limiting step of the production of
pro-inflammatory lipid mediators such as prostaglan-
dins, leukotrienes, lipoxins, and platelet activating fac-
tor.2–5 In many inflammatory diseases, high levels of
PLA2 enzymes are identified and are believed to be
responsible for part of the inflammatory reactions.
Injection of purified PLA2 enzyme from synovial fluid
and from snake venom into animal joints confirmed
the development of an acute inflammatory response
with edema, swelling of synovial cells, and hyperpla-
sia.6,7 Clinical results with cyclooxygenase and lipoxyge-
nase inhibitions demonstrate that inhibition of PLA2


enzyme results in reduction of both lipid mediators,
indicating that these PLA2 inhibitors can be used as
anti-inflammatory drugs.

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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The competence of benzophenone analogues as chemo-
therapeutic agents, especially as anti-inflammatory com-
pounds is well recognized.8–13 Recently, synthesis and
structure–activity relationship of benzophenones as nov-
el class of p38 MAP kinase inhibitors with high anti-in-
flammatory activity has been reported.14 Moreover,
Katsuichi et al. 15 have reported benzophenone ana-
logues as PLA2 inhibitors. In view of these observations
and due to our ongoing work on microwave tech-
nique,16,17 this investigation is directed towards the syn-
thesis and evaluation of benzophenone analogues as
anti-inflammatory agents.


The enzyme hyaluronidase and its substrate hyaluronan
are known to be involved in fundamental, physiological
and pathological, processes such as embryological devel-
opment, migration, adhesion, proliferation and differen-
tiation of cells, immune surveillance, inflammation,
wound healing, angiogenesis, tumorigenesis, virulency,
and venom.18 Hyaluronidases are present in virtually
all snake venoms.19 In snake venoms, the hyaluronidases
are generally referred to as spreading factors.20 The
spreading property of enzyme is presumed to be the
critical event in the spreading of toxins from the site of
injection to systemic circulation.21 This process is accom-
plished by the degradation of hyaluronan and eventual
loss of integrity in extracellular matrix of soft connective
tissue surrounding the blood vessels. This leads to the
easy diffusion of other toxic components of venoms.



mailto:skanth1@rediffmail.com





S. A. Khanum et al. / Bioorg. Med. Chem. Lett. 15 (2005) 4100–4104 4101

Distortion in the integrity of the extracellular matrix of
local tissue(s) due to degradation of hyaluronan with
an eventual dissemination of target specific toxins is pre-
sumed to be the critical event in the enzyme-mediated
spreading process.18 The infective nematodes release
hyaluronidase during the gastrointestinal invasive stage
and are thought to have a role in tissue degradation
and mucosal invasion, as well as in the pathogenesis of
the associated enteritis.21 Certain anti-inflammatory
drugs that are claimed as possessing hyaluronidase inhib-
itory activity include salicylates indomethacin, sodium
cromoglycate, and sodium auro-thiomalate.22 These
drugs may exert a portion of their inflammatory activity
by preventing the generation of small Hyaluronic acid

Scheme 1.

(HA) fragments, though the fragments of HA are potent
inducers of inflammatory cytokine release.23 Other drugs
that are used to suppress allergic reactions, such as diso-
dium cromoglycate, flavonoids, tannins, curcumins, gly-
cyrrhizin, cinnamic acid derivatives, and tranilast may
function as hyaluronidase inhibitors.24,25 Synthetic
inhibitors prevent venom induced systemic coagulopathy
and local tissue damage.26 No information is so far avail-
able on the active site residues and mechanism of hyalu-
ronan degradation by snake venom hyaluronidases.18


Inhibition of hyaluronidase(s) contributes toward the
better management of snakebites. It is likely that the
cocktail of the inhibitors are of great value as first aid
agents and further, incorporation would complement
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and enhance the efficiency of antivenom therapy as sys-
temically administered antivenoms have minimal protec-
tive effects on local tissue damage.19,20 This study
emphasizes the need for screening of compounds and a
thorough characterization of locally acting enzymes/tox-
ins and suggests for identification/designing of novel
inhibitor(s).

2. Chemistry


The synthetic sequence is outlined in Scheme 1. Com-
pounds 1a–g on thoroughly mixing with an equal
amount of montmorrillonite k 10 clay in the solid
state using vortex mixer and on subjecting to micro-
wave irradiation for 10–13 min afforded substituted
(hydroxy phenyl)phenyl methanone 2a–g in excellent
yield.16,17 Benzoylation of 2a–g with the respective
benzoyl chlorides 3a–d affords substituted benzoyl
phenyl benzoate 4a–g.13 The compounds 2a–g27 and
4a–g28 were characterized by IR, 1H NMR, and mass
spectroscopies.

3. Pharmacological evaluation


3.1. PLA2 activity


This was assayed with [14C]oleate-labeled autoclaved
Escherichia coli as the substrate.29 The reaction mixture,
350 ll contained 100 mM Tris–HCl, pH 8.0, 5 mM
Ca2+, and 3.15 · 109 autoclaved E. coli cells (corre-
sponding to 10,000 cpm and 60 nmol of lipid phospho-
rous). The amount of enzyme protein was chosen such
that 10–15% hydrolysis of substrate was obtained when
incubated at 37 �C for 60 min. The reaction components
were mixed in the following order: buffer, calcium,
water, and benzoyl phenyl benzoates. Adding labeled
E. coli substrate started the reaction. The reaction was
terminated by adding 100 ll 2.0 M HCl and 100 ll of
fatty acid free BSA (100 mg/ml). The tubes were vor-
tex-mixed and centrifuged at 20,000g for 5 min. An ali-
quot (140 ll) of the supernatant containing released
[14C]oleic acid was mixed with scintillation cocktail

Table 1. Neutralizing edema inducing activity and IC50 values in lM of com


Phospholipase A2 4a 4b 4c


Naja melanoleuca venom 73 60 57


(ND) (ND) (103 ± 6)


Echis carinatus venom 87 94 96


(ND) (ND) (ND)


Trimeresurus flavoviridis venom 75 69 108


(ND) (105 ± 2) (ND)


Synovial fluida 56 46 123


(101 ± 6) (109 ± 2) (ND)


Edema ratio (given in parentheses) = weight of edematous leg · 100/weight o


ND = not determined.


The PLA2 enzyme (1 lg): compounds 4a–g/ursolic acid (300 lM) mixture was


Values of edema ratio are expressed as mean ± SD (n = 4), P values < 0.05 w


t test.
a Amount of venom taken for each assay was 1.5 lg (600 ng).

and counted in a Hewlett Packard liquid Scintillation
Analyzer TRI CARB 2100 TR.


3.2. Determination of edema inducing activity


Groups of six mice (22–24 g) were injected in the right
footpads of hind limbs with 3 mM dose of benzoyl phen-
yl benzoates in 20 ll saline. The left footpads received
20 ll of saline, which served as control. After 45 min,
the mice were sacrificed by cervical dislocation and both
legs were cut at the ankle joint and weighed individually.
The increase in weight due to edema was calculated as
the edema ratio which equals the weight of edematous
leg · 100/weight of the normal leg Minimum edema dose
is defined as micrograms of protein causing an edema
ration. of 120%. The time-course of the edema-inducing
activity was obtained by injecting a fixed dose of protein
into mice footpads and killing them at regular time
periods. Edema ratio was calculated as defined.30


3.3. Hyaluronidase assay


Hyaluronidase activity was assayed by estimating the
amount of N-acetylglucosamine released.31 Snake ven-
om 100 lg each was separately incubated with 50 lg of
hyaluronic acid in 300 ll 0.2 M sodium acetate buffer,
pH 5.0 containing 0.15 M NaCl and 0.88 mM
4-(2-methylbenzoyl)-2-methylphenyl 4-methylbenzoate
derivatives at 37 �C for 2.5 h. The change in absorbance
was monitored at 585 nm. The results are shown in
Table 2.

4. Results and discussion


As shown in Table 1, among compounds 4a–g, f and g
demonstrated strong in vitro and in vivo PLA2 enzyme
inhibition. Compounds 4c and b inhibited the in vitro
PLA2 activity of Naja melanoleuca venom and Tri-
meresurus flavoviridis venom isoenzymes, respectively.
The edema ratio at 1 lg PLA2 enzyme concentration
dropped below 120% in the presence of 4a–g at
300 lM concentration with all used PLA2 isoenzymes.
Compounds 4f and g were more effective compared to

pounds 4a–g on PLA2 enzyme activity


4d 4e 4f 4g Ursolic acid


98 132 53 35 2.9


(102 ± 5) (ND) (104 ± 1) (101 ± 7) 101 ± 6


105 112 40 31 2.3


(ND) (ND) (103 ± 4) (101 ± 3) 101 ± 3


139 89 46 53 2.5


(ND) (ND) (105 ± 3) (109 ± 3) 102 ± 1


86 156 32 34.9 2.5


(106 ± 3) (ND) (102 ± 1) (103 ± 4) 101 ± 2


f normal leg.


preincubated at 37 �C for 1 h prior to injection into the mice foot pads.


ere considered significant when compared to the control by Student�s







Table 2. Effect of compounds 4a–g on hyaluronidase enzyme activity


Hyaluronidase enzyme source Percent inhibition of compounds (inhibitors)


4a 4b 4c 4d 4e 4f 4g


Naja naja naja 42.4 13.9 69.3 58.7 NI 85.3 89.3


Naja melanoleuca 36.7 NI NI 46.9 16.9 90.6 79.2


Vipera russelli russelli 36.9 28.2 46 NI 26.2 71.6 87.8


Trimeresurus elegans 48.9 NI 76.8 42.4 33.1 76.8 92.5


NI = No inhibition.


Values are presented as mean of four independent experiments. Heparin was used as known inhibitor in the same concentration as compounds 4a–g


and it showed 100% inhibition of hyaluronidase enzyme in all mentioned snake venoms as source.
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4c and e in both in vivo anti-inflammatory activity and
in vitro PLA2 enzyme inhibition.


Compounds 4a–g alone did not cause edema when
injected into mice footpads. Furthermore, it may be seen
from Table 1 that compounds 4f and g with a benzoyl
group at the ortho position carrying the electron-with-
drawing chloro group show higher inhibitory activity
than compounds 4a–e. In conclusion, it may be said that
4f and g in vitro inhibitory activity correlates with its in
vivo inhibition of edema induced by PLA2 enzyme iso-
forms. Similar trend has been observed in 4b and c with
T. flavoviridis venom PLA2 and Naja melanoleuca ven-
om PLA2. Synovial fluid PLA2 inhibitory activity was
higher with 4b than compounds 4a, c, and d. Our current
efforts are directed toward improving the anti-inflamma-
tory properties. We propose that 4f and g are potential
anti-inflammatory compounds.


As shown in Table 2, compounds 4a, f, and g demon-
strate inhibition toward Elapidae, Viperidae, and Crotal-
idae families of snake venom hyaluronidases and among
them 4f and g showed strong inhibition in the snake ven-
om used as source for hyaluronidase enzyme. Com-
pounds 4c–e, showed no inhibition to N. melanoleuca,
Vipera russelii russelii and Naja naja naja, respectively.
Further 4f and g were found to show good inhibition
of hyaluronidases in all species of snake venoms. So far
no information is available on the active site residues
and mechanism of hyaluronan degradation by snake
venom hyaluronidases. However X-ray crystallography
studies indicate the primary catalytic residues as Asn
349, His 399 and Tyr 408. The hyaluronidase enzyme
binds compounds 4f and g in which ortho-substituted
benzoyl group carries the electron-withdrawing chloro
group. Therefore a higher inhibition was obtained with
4f and g than with the corresponding compounds
4a–e. Our current efforts are directed toward identifying
and designing inhibitors for hyaluronidase enzyme.


Results from this preliminary study would be beneficial
in developing anti-snake venom preparations to treat
local wound effects, including hemorrhagic bullae and
muscle necrosis from naja and viper bites.
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Abstract—The structure–activity relationships for the �A-region� of N-(4-t-butylbenzyl)-N 0-[4-(methylsulfonylamino)benzyl]thio-
urea analogues have been investigated as TRPV1 receptor antagonists. The 2-halogen analogues showed enhanced antagonism
compared to the prototype antagonist.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


The vanilloid receptor subtype 1 (VR1 or TRPV1)1 be-
longs to the transient receptor potential (TRP) super-
family. Members of this family are nonvoltage
activated cation channel proteins and share a structural
characteristic of six transmembrane segments.2,3 The
receptor has been cloned from dorsal root ganglia
(DRG) of the rat,4 the human,5 the chicken,6 the guinea
pig,7 and the rabbit.8 Other vanilloid receptor homo-
logues were also cloned recently from different organ-
isms but are not believed to be sensitive to vanilloids.2


TRPV1 is a molecular integrator of nociceptive stimuli
expressed predominantly on unmyelinated pain-sensing
nerve fibers (C-fibers) and small Ad fibers in the dorsal
root, trigeminal, and nodose ganglia.

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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TRPV1 is activated by protons,9 heat,4 endogenous sub-
stances such as anandamide10 and the lipoxygenase
products,11 and natural ligands such as capsaicin
(CAP)12 and resiniferatoxin (RTX).13 Since TRPV1
functions as a nonselective cation channel with high
Ca2+ permeability, its activation by these agents leads
to an increase in intracellular Ca2+ that results in excita-
tion of primary sensory neurons and ultimately the cen-
tral perception of pain. The involvement of this receptor
in both pathological and physiological conditions sug-
gests that the blocking of this receptor activation, by
desensitization or antagonism, would have considerable
therapeutic utility. Among its therapeutic targets, pain is
of particular interest. The validation of TRPV1 as a
molecular target for the treatment of chronic pain was
confirmed using transgenic mice lacking functional
TRPV1 receptors. These mice exhibited impairment in
the perception of thermal and inflammatory pain.14


TRPV1 antagonists have attracted much attention as
promising drug candidates to inhibit the transmission
of painful signals from the periphery to the CNS and
to block other pathological states associated with this
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receptor. The therapeutical advantage of TRPV1 antag-
onism over agonism is that it lacks the initial excitatory
effect preceding the desensitization. The initial acute
pain associated with capsaicin treatment has proven to
be the limiting toxicity.


Previously, we have demonstrated that isosteric replace-
ment of the phenolic hydroxyl group in potent vanilloid
receptor agonists with the alkylsulfonamido group gen-
erated compounds which were effective antagonists of
the action of capsaicin on rat TRPV1.15,16 As shown
in Figure 1, substitution of 4-hydroxy-3-methoxyphenyl
in the potent agonist 117 with 4-(methylsulfonylami-
no)phenyl led to a prototype antagonist 2,15 which
showed high binding affinity and potent antagonism
(Ki = 63 nM and Ki(ant) = 54 nM in rTRPV1/CHO).
We have further described that 3-substitutents in the
A-region affected the extent of agonism/antagonism.
Thus, the 3-fluoro derivative 3 (Ki = 53.5 nM,
Ki(ant) = 9.16 nM in rTRPV1/CHO15; IC50 = 37 nM in
rTRPV1/DRG18) was a potent antagonist not only of
capsaicin stimulation of rTRPV1 but also of stimulation
by temperature and pH. Conversely, the 3-methoxy
derivative 4 showed a shift to partial agonism

Figure 1.


Scheme 1. Reagents: (a) for 5, 6: (Boc)2O, NaH, DMF, 85–95%; for 7: (i) Na


CHCl3, 40% for 4 steps; for 8: (i) (Boc)2O, CH2Cl2; (ii) (CH3)2CHBr, K2CO3


AIBN, CCl4, 40–60%; (c) NaN3, DMF, 90–98%; (d) TFA, CH2Cl2; (e) MsCl,


92–98%; (g) (4-t-Bu)PhCH2NCS, NEt3, DMF, 75–95%.

(Ki = 50.4 nM, 17.4% agonism and 84.1% antagonism
in rTRPV1/CHO).19


In order to optimize in vitro activities of 4-methylsulf-
onamide TRPV1 antagonists, we have investigated their
structure–activity relationships based on the structural
regions designated as A-, B- and C-regions.20The exten-
sive modification of the C-region led to the finding that
4-t-butylbenzyl is one of the most favorable groups for
high receptor binding affinity and potent antagonism
of TRPV1.21 As a continuation of our effort, we herein
describe the structure–activity relationships in the A-re-
gion of the high affinity lead compounds 2–4 in which
the B- and C-regions of the novel ligands were fixed as
thiourea and 4-t-butylbenzyl groups, respectively.

2. Chemistry


The target compounds were synthesized in general by the
coupling of 4-t-butylbenzyl isothiocyanate with the cor-
responding amines of the A-region. The syntheses of 2-
or 3-substituted analogues are outlined in Scheme 1.
Starting from commercially available 4-methylanilines,
the corresponding benzyl azides were prepared by t-bu-
toxycarbonyl protection of the amines, benzylic bromin-
ation (or hydroxylation), followed by conversion to
azides. The azides were reduced and finally coupled with
isothiocyanate to afford the thioureas 5–8 and 10–11.
The 3-hydroxy (9) and 2-trifluoromethyl (12) analogues
were prepared from 4-amino-3-hydroxybenzoic acid
and 4-bromo-3-(trifluoromethyl)aniline, respectively, by
straightforward conventional routes as described in
Schemes 2 and 3. The 3-methylsulfonylamino (13) and
4-(methylsulfonylamino)methyl (14) analogues were ob-
tained readily from the amines previously reported.16


The syntheses of 3-methylsulfide, sulfoxide and sulfone
analogues (15–17), shown in Scheme 4 started from 3-
mercaptobenzoic acid, which was converted to benzyl
azides with different oxidation states of sulfur. The
N-4-(methylsulfonylamino)phenyl (18) andN-4-(methyl-
sulfonylamino)phenethyl (19) analogues were prepared

SCH3, THF–dH2O; (ii) Fe, AcOH; (iii) (Boc)2O, EtOH; (iv) m-CPBA,


, DMF, 82% for 2 steps; for 10, 11: (Boc) 2O, THF, 90–95%; (b) NBS,


pyridine, 90–94% for 2 steps; (f) H2, Pd–C, MeOH or PPh3, H2O, THF,







Scheme 5. Reagents: (a) MsCl, pyridine, 99%; (b) H2, Pd–C, MeOH,


98%; (c) (4-t-Bu)PhCH2NCS, CH2Cl2, 94%.


Scheme 6. Reagents: (a) H2, Pd–C, MeOH, 99%; (b) MsCl, pyridine,


92%; (c) H2, Pd–C, conc. HCl, MeOH, 40%; (d) (4-t-Bu)PhCH2NCS,


CH2Cl2, 88%.


Scheme 2. Reagents: (a) H2SO4, MeOH, 76%; (b) MsCl, CH2Cl2, 85%; (c) LiAlH4, THF, 88%; (d) NaN3, BF3–Et2O, dioxane, 82%; (e) H2, Pd–C,


MeOH, 98%; (f) (4-t-Bu)PhCH2NCS, NEt3, DMF, 92%.


Scheme 3. Reagents: (a) MsCl, pyridine, 98%; (b) CuCN, NMP,


185 �C, 76%; (c) H2, PdAC, MeOH, 98%; (d) (4-t-Bu)PhCH2NCS,


NEt3, CH2Cl2, 90%.
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starting from 4-nitroaniline and 4-nitrophenylaceto
nitrile, respectively, in a conventional manner, as de-
scribed in Schemes 5 and 6. The syntheses of sulfonyl-
amino analogues 20–23 are depicted in Scheme 7. While
the sulfamide analogue (20) was prepared through N-
sulfonylation of N-Boc-4-aminobenzyl amine with sulfa-
myl chloride, compounds 21–23 were obtained through
key steps including N-sulfonylation with 2-chloro-
ethylsulfonyl chloride to provide (vinylsulfonyl)amino
and subsequent azidation with trimethylsilyl azide. The
syntheses of heterocyclic analogues are shown in
Schemes 8 and 9. Whereas the 2-methylsulfonylamino
pyridine analogue (24) was synthesized from 2-amino-
5-bromopyridine using a route similar to that described
in Scheme 3, the 5-methylsulfonylamino pyridine (25)

Scheme 4. Reagents: (a) CH3I, K2CO3, acetone, 98%; (b) LiAlH4, THF, 96%


(e) m-CPBA, CHCl3, 65% for n = 2; (f) H2, Pd–C, MeOH, 96%; (g) (4-t-Bu)

and pyrazine (26) analogues were prepared from 6-meth-
yl nicotinic acid and 5-methyl-2-pyrazine carboxylic
acid, respectively, employing Curtius rearrangement

; (c) DPPA, DEAD, PPh3, THF, 68%; (d) H2O2, AcOH, 85% for n = 1;


PhCH2NCS, CH2Cl2, 92%.







Scheme 7. Reagents: (a) (Boc)2O, THF, 90%; (b) ClSO2NH2, Et3N, CH2Cl2, 60%; (c) ClSO2CH2CH2Cl, Et3N, CH2Cl2, 97%; (d) TMSN3, MeOH,


DMF, sealed tube, 100 �C, 75%; (e) CF3CO2H, CH2Cl2; (f) (4-t-Bu)PhCH2NCS, NEt3, CH2Cl2, 80–90% for 2 steps; (g) PPh3, H2O, THF, 80%.


Scheme 8. Reagents: (a) (CH3SO2)O, CH2Cl2, 55%; (b) CuCN, NMP,


180 �C, 60%; (c) H2, Pd–C, conc. HCl, MeOH; (d) (4-t-


Bu)PhCH2NCS, NEt3, CH2Cl2, 50% for 2 steps.
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and the benzylic azidation method described in
Scheme 1.

3. Results and discussion


The binding affinities and agonistic/antagonistic poten-
cies of the synthesized TRPV1 ligands were assessed in

Scheme 9. Reagents: (a) DPPA, Et3N, t-BuOH, toluene, 85%; (b) m-CPBA,


X = C, 85% in X = N; (e) NBS, AlBN, CCl4, 80%; (f) CF3CO2H, CH2Cl2
Bu)PhCH2NCS, NEt3, DMF, 80% for 2 steps.

vitro by a binding competition assay with [3H]RTX
and a functional 45Ca2+ uptake assay using rat TRPV1
heterologously expressed in Chinese hamster ovary
(CHO) cells, as previously described.15,16 The results
are summarized in Tables 1 and 2, together with the
potencies of capsazepine and the antagonists 2–4.


Our previous findings on the SAR of N-(4-t-butylben-
zyl)-N 0-4-[(methylsulfonylamino)benzyl]thiourea antag-
onists indicated that the incorporation of 3-fluoro on
the A-region further enhanced antagonism, whereas a
3-methoxy group favored agonism. Therefore, we decid-
ed to explore the effect on potency as well as agonism/
antagonism of substituents at various positions in the
A-region. The incorporation of electron-withdrawing
groups, including the lipophilic 3-chloro (5, +r, +p),
3-nitro (6, +r, +p) and hydrophilic 3-methylsulfone (7,
+r, �p), led to much reduced potencies in binding affin-
ity (>20-fold lower) and antagonism (>7-fold lower)
compared to 2. Indeed, the 3-methylsulfone analogue
(7) was devoid of any receptor activity. The analogues
with electron-donating groups, such as the lipophilic 3-
isopropoxy (8) and hydrophilic 3-hydroxy (9), showed

CHCl3, 45%; (c) MsCl, Et3N, CH2Cl2, 78%; (d) NaN3, DMF, 80% in


, 82%; (g) MsCl, pyridine, 60%; (h) H2, Lindler cat, MeOH; (i) (4-t-







Table 1. Potencies of TRPV1 ligands for binding to rat VR1 and for inducing calcium influx in VR1/CHO cells


R1 R2 R3 Ki (nM)c binding affinity EC50 (nM)c agonism Ki (nM)c antagonism


CPZ 1300 NE 520


2 NHSO2CH3 H H 63 (±10) NE 54 (±8.7)


3 NHSO2CH3 F H 53.5 (±6.5) NE 9.16 (±1.6)


4 NHSO2CH3 OCH3 H 50.4 (±16.5) WEa 3.4 (±0.5)b


5 NHSO2CH3 Cl H 1160 (±110) NE 400 (±220)


6 NHSO2CH3 NO2 H 1300 (±120) NE 610 (±160)


7 NHSO2CH3 SO2CH3 H NE NE NE


8 NHSO2CH3 OCH(CH3)2 H 8072 (±1900) NE 3600 (±1100)


9 NHSO2CH3 OH H 750 (±72) WEa WEb


10 NHSO2CH3 H F 215 (±19) NE 27.3 (±8.6)


11 NHSO2CH3 H Cl 144 (±31) NE 45.5 (±2)


12 NHSO2CH3 H CF3 440 (±56) NE 119 (±21)


13 H NHSO2CH3 H 6000 (±1200) 4100 (±1500) NE


14 CH2NHSO2CH3 H H 6120 (±260) 1720 (±330) NE


15 H SCH3 H 580 (±26.4) WEa NE


16 H SOCH3 H 3600 (±1100) 1890 (±190) NE


17 H SO2CH3 H 1000 (±23) 1010 (±46) NE


aOnly fractional calcium uptake compared with that induced by 300 nM capsaicin (4, 17%; 9, 62%; 15, 23%).
b Only fractional antagonism (4, 84%; 9, 39%).
c Values represent means ± SEM from three or more experiments (Ki for 8 represents means ± range of two experiments). NE, no effect. WE, weak


effect (quantitation of fractional agonism/antagonism is from 1–3 experiments; compounds were tested at a maximal concentration of 10–30 lM).
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very low potencies both for binding and antagonism.
These findings indicated that steric factors at the 3-posi-
tion rather than electronic/lipophilic ones were most
important for receptor activity, since receptor potencies
diminished in proportion to the size of the 3-substitu-
ents. The small 3-substituents, such as hydrogen, fluoro
and methoxy groups in 2–4, were thus optimal for con-
ferring potent binding activity in this study.


The effect of substituents at the 2-position was also
investigated. The 2-fluoro analogue of 2 (10) exhibited
3.5-fold weaker potency in binding affinity but 2-fold
greater potency for antagonism compared to 2. The
other electron-withdrawing groups, such as 2-chloro
(11) and 2-trifluoromethyl (12), led to moderately re-
duced binding affinity (2- and 7-fold) but retention of
potencies for antagonism. The modification of substitu-
ents in the A-region revealed that the 3-fluoro group ap-
peared to be optimal for binding and antagonism to the
receptor.


In order to discern the positional significance of the 4-
methylsulfonylamino group in prototype 2 for antago-
nism, the corresponding 3-methylsulfonylamino (13)
and one-carbon elongated, 4-(methylsulfonylami-
no)methyl, analogues (14) were examined. As expect-
ed, both exhibited a dramatic loss in binding
affinity, ca. 100-fold compared to 2, as well as a shift
to full agonism. This result is consistent with a series
of N-(3-acyl-2-benzylpropyl)thiourea analogues report-
ed previously.16


Recently, SB-366791 identified through high-throughout
screening was a potent and selective hTRPV1 antago-
nist; structurally, it contains a 3-methoxyphenyl group

in the A-region.22 Thus, 3-methylsulfide, sulfoxide and
sulfone analogues (15–17) were investigated as its cong-
eners. Interestingly, these congeners showed agonism
rather than antagonism even though 15 was found to
be a partial agonist. Moreover, their binding affinities
were low.


To find the optimal pharmacophoric distance between
the A- and B-regions, we varied the distance with a
one-carbon shortened 4-(methylsulfonylamino)phenyl
(18) and a one-carbon elongated 4-(methylsulfonylami-
no)phenethyl (19) analogues. These also displayed a dra-
matic decrease in binding affinity and antagonism with
limited partial agonism.


From our previous SAR investigation on the 4-meth-
ylsulfonylamino group, we demonstrated that substitu-
tion of methyl with other alkyl groups diminished the
potencies of binding and antagonism as the sizes in-
creased.16,23 In capsaicinoid agonists, a 2-aminoethyl
group has been employed on the phenolic hydroxyl
group of the A-region. The suggested rationale is that
this substitution enhances metabolic stability in vivo,
and the analogues indeed were orally effective with good
analgesic potency.17 Thus, we replaced the methyl group
of 4-methylsulfonamido with other groups such as
amine, vinyl, 2-azidoethyl and 2-aminoethyl to provide
20–23. Unlike the methylsulfonamide derivative, the sul-
famide (20) and vinylsulfonamide (21) congeners func-
tionally proved to be a partial and a full agonist,
respectively, with 10- and 3.5-fold reduced binding affin-
ity compared to 2. It is noteworthy that, although sub-
stitution of the 4-phenolic hydroxyl of the A-region in
agonists with the 4-methylsulfonamido group shifted
the ligands from agonism toward antagonism, the







Table 2. Potencies of TRPV1 ligands for binding to rat VR1 and for inducing calcium influx in VR1/CHO cells


R Ki (nM)c binding affinity EC50 (nM)c agonism Ki (nM)c antagonism


2 63 (±10) NE 54 (±8.7)


18 9560 (±810) WEa 6800 (±2800)


19 3900 (±1100) WEa 699 (±81)


20 650 (±140) WEa WEb


21 231 (±90) 250 (±35.5) NE


22 145 (±5.4) NE 231 (±33)


23 4640 (±210) NE WEb


24 4100 (±1300) NE 177 (±25)


25 11900 (±3900) NE 4100 (±900)


26 NE NE NE


aOnly fractional calcium uptake compared with that induced by 300 nM capsaicin (18, 7%; 19, 18%; 20, 50%).
b Only fractional antagonism (20, 35%; 23, 50%).
c Values represent means ± SEM from three or more experiments. NE, no effect. WE, weak effect (quantitation of fractional agonism/antagonism is


from 1 to 3 experiments; compounds were tested at a maximal concentration of 10-30 lM).
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antagonism can be restored to agonism by even small
modifications such as transposition to the 3-position
(13), one-carbon elongation (14) and substitution of
methyl with vinyl (21). The 2-azidoethyl congener (22)
was an antagonist with moderately reduced binding
affinity (2-fold) and antagonism (4-fold), whereas the
2-aminoethyl congener (23) was a partial antagonist
with much reduced binding affinity (75-fold) compared
to 2. The result confirmed that other sulfonamides did
not improve the potency of methylsulfonamide for
receptor antagonism.


As a last series of modifications, we replaced the phenyl
ring of 2 with polar isosteres, such as pyridine and pyr-
azine, for which one might expect improved pharmaco-
kinetics. A series of 4-(2-pyridyl)piperazines, such as

BCTC,24 have been reported to show potent TRPV1
antagonism. Unfortunately, the pyridine analogues (24
and 25) exhibited much decreased receptor potencies
compared to 2 and the pyrazine analogue (26) was de-
void of activity.


In summary, we have modified the A-region of N-(4-t-
butylbenzyl)-N0-[4-(methylsulfonylamino)benzyl]thiourea
(2), a prototype TRPV1 antagonist with potent antago-
nism and high affinity, to analyze its structure–activity
relationships. The approaches included incorporation
of diverse substituents at the 2- and 3-positions, posi-
tional modification of 4-methylsulfonamide, 3-methoxy-
phenyl surrogates, variation of the distance between
A- and B-regions, methyl modification of 4-methylsulf-
onamide and phenyl substitution with isosteric rings.







4142 J. Lee et al. / Bioorg. Med. Chem. Lett. 15 (2005) 4136–4142

The 2-halogen analogues, namely 10 and 11, showed en-
hanced antagonism. However, the other modifications
generally conferred modest to the dramatic decreases
in binding affinities and antagonistic potencies or shifted
ligands from antagonism to agonism.


In the following paper, the extensive structure–activity
relationships at the B-region will be described.
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Abstract—Systematic SAR studies on the thiazole ring 5-substituent of TCAT derivatives revealed that the introduction of a b-alk-
oxy or an amino group enhanced the inhibitory activity significantly. The present compounds are representative of specific Co(II)-
MetAP1 inhibitors. Before the physiologically relevant metal ions for MetAPs are established, these small molecular compounds
could be used as tools for detailed biological studies.
� 2005 Elsevier Ltd. All rights reserved.

The methionine aminopeptidases (MetAPs) are a novel
class of dinuclear metalloprotease responsible for
removal of the initiator N-terminal methionine residue
of nascent proteins.1 It is widely found in prokaryotic
and eukaryotic cells and exists in two forms: type I
(MetAP1) and type II (MetAP2).2 The removal of
methionine represents a critical step in the maturation
of proteins for proper function, targeting, and eventual
degradation.3–6 MetAPs present good targets for new
antibiotic drug discovery because of their important
physiological functions.7–9 Moreover, MetAPs have
been shown, biochemically and structurally, to be the
molecular target of the antiangiogenesis agent fumagil-
lin and its derivatives.10 And inhibitors of MetAPs offer
hope as new treatments for bacterial and fungal infec-
tions and cancers.11


In the preceding paper, we obtained a new series of
potent MetAP1 inhibitors through simple bioisosteric
replacement from the PCAT series of compounds.12 Pre-
liminary systematic SAR studies of these TCAT series
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compounds demonstrated that the introduction of
b-methoxy to the 5-alkyl-substituted compounds
improved the inhibitory activity against the enzymes
dramatically. These series of b-methoxy-containing
compounds interested us particularly, because of their
prominent potency against EcMetAP1, as well as
the structural feature of b-methoxy-containing alkyl
substituents at the 5-position, which stimulated us to
investigate the effect of the heteroalkyl group at the
5-position on the inhibition of MetAP1s. In this study,
we report the synthesis and evaluation of a series of
heteroalkyl-containing TCAT derivatives (Fig. 1).


Initially, we synthesized a series of b-alkoxy-containing
compounds from the corresponding a,b-unsaturated
aldehyde using a similar method with the syntheses of

Figure 1.
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Table 1. Inhibition of EcMetAP1 and ScMetAP1a


Compound R IC50 (lM)


EcMetAP1 ScMetAP1


1b — 5.0 ± 0.8 7.0 ± 0.1


2 — 0.11 ± 0.02 2.26 ± 0.38


3a 0.074 ± 0.008 0.88 ± 0.08


3b 0.089 ± 0.006 0.50 ± 0.05


7a 0.15 ± 0.02 6.43 ± 0.57


7b 0.09 ± 0.02 4.25 ± 1.47


7c 0.069 ± 0.005 3.21 ± 0.47


7d 0.10 ± 0.01 0.45 ± 0.05


7e 0.028 ± 0.001 0.15 ± 0.02


7f 0.09 ± 0.01 0.50 ± 0.07


7g 0.054 ± 0.010 0.40 ± 0.01


7h 0.043 ± 0.002 0.44 ± 0.06


7i 0.023 ± 0.002 0.31 ± 0.07


7j 0.035 ± 0.006 0.57 ± 0.08


7k 0.057 ± 0.003 0.39 ± 0.08


Y.-M. Cui et al. / Bioorg. Med. Chem. Lett. 15 (2005) 4130–4135 4131

3a and 3b. As shown in Scheme 1, the Michael addition
reaction took place in the first Darzens reaction of ethyl
dichloroacetate and the a,b-unsaturated aldehyde with
NaOMe or NaOEt in Et2O, and the resulted intermedi-
ates reactedwith thiourea to form 2-aminothiazole-4-car-
boxylate 4a, 4c–g.13 Replacement of the 2-amino-group
with hydrogen and further basic hydrolysis gave 6a, 6c–
g, followed by condensation with 2-aminothiazole in the
presence of EDC in DMF afforded 7a, 7c–g. Similarly
compound 7b was synthesized from 3-benzyloxy-
propionaldehyde.


As shown in Table 1, all 7-alkoxy derivatives 7a–g
showed good inhibition of EcMetAP1 with IC50 values
less than 100 nM except 7a. In particular, the ethoxy
derivative 7e exhibited potent inhibition activity for
EcMetAP1 (IC50 = 28 nM) and ScMetAP1 (IC50 =
150 nM). Although the introduction of methoxy (7a)
or benzyloxy (7b) to the b-position had little effect on
the activity against the enzymes, the effect of adding a
methyl group to the end of 7a was striking (3a vs 7a).
However, an additional methyl group (7c) decreased
the ScMetAP1 activity and improved the EcMetAP1
selectivity. Both straight chain and branched chain alkyl
derivatives (7d and 3b, respectively) showed good activ-
ity against two enzymes. In addition, changing the meth-
oxy to ethoxy increased the activity (7e vs 3b). The
results may suggest that besides the importance of the
oxygen of the alkoxy, these alkyl groups are reaching
out to fill a hydrophobic pocket on the active site of
the enzymes. This hydrophobic pocket was able to
accommodate medium-sized alkyl groups such as isobu-
tyl and cyclohexyl (7f and g, respectively).


On the basis of the above analyses, we became interested
in the syntheses of analogues containing b-methoxy and
aryl groups at the 5-position of TCAT. However, at-
tempts to prepare analogous compounds by the conden-
sation of ethyl dichloroacetate with cinnamaldehyde

Scheme 1. Reagents: (a) NaOMe or NaOEt, Et2O; (b) NH2CSNH2,


MeOH, reflux; (c) NaNO2, H3PO2; (d) LiOH, MeOH–H2O; (e) 2-


aminothiazole, DCC, HOBt, DMF.


7l 0.037 ± 0.008 0.34 ± 0.05


7m 0.034 ± 0.002 0.27 ± 0.01


7n 0.033 ± 0.002 0.57 ± 0.13


7o 0.09 ± 0 0.52 ± 0.08


7p 0.17 ± 0.01 0.23 ± 0.05


7q 0.097 ± 0.020 7.53 ± 1.22


7r 0.061 ± 0.008 0.75 ± 0.04


7h(R) 0.036 ± 0.004 0.45 ± 0.02


7h(S) 0.066 ± 0.004 0.45 ± 0.03


a Assays were performed as previously described.12a


b See Ref. 12a.







Scheme 3. Reagents: (a) LiOH, MeOH–H2O; (b) 2-aminothiazole,


DCC, HOBt, DMF.
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were unsuccessful, and an unexpected mixture of prod-
ucts was obtained. Therefore, b-methoxy aldehyde was
first prepared, as shown in Scheme 2. Treatment of the
corresponding aldehyde with allylmagnesium bromide
gave homoallylic alcohol 8h–p in high yields. This prod-
uct was protected as the methyl ether 9h–p, which was
then converted into the corresponding aldehyde 10h–p
by ozonolysis in MeOH–CH2Cl2 solution followed by
reductive treatment with Me2S. The resulting b-methoxy
aldehydes were further converted to the corresponding
compounds 7h–p by using the same procedure shown
in Scheme 1.


As expected, all these nine compounds (7h–p) showed
good inhibitory activity against both EcMetAP1 and
ScMetAP1. The effects of substitution on the phenyl
group derived are summarized in Table 1. In general,
substituents on the phenyl ring are well tolerated,
regardless of their electronic properties, and a number
of very potent derivatives were obtained with IC50 val-
ues less than 50 nM against EcMetAP1. Except 7p, the
Cl- and F-substituted derivatives (7k–m, 7n–o) showed
good inhibitory activity against EcMetAP1. Although
not so obvious, all these compounds showed good inhi-
bition activity for ScMetAP1 (IC50 < 0.57 lM).


We also synthesized two typical a-methoxy-containing
derivatives 7q and r. Both could be prepared by the
corresponding brominated ester with replacement by
methoxide anion, hydrolysis, and condensation with 2-
aminothiazole (Scheme 3). As shown in Table 1, 7q
showed similar activity against the enzymes to 7a, and
7r showed weaker activity than 7h, which showed that
the b-methoxy derivatives may fit better in the pockets
of the enzymes.


To understand further the subtle stereochemical require-
ment of protein to small molecular inhibitors, because
its X-ray structure is currently unavailable, we synthe-
sized the enantiomers of 7h, as shown in Scheme 4.
The optical isomers of 3-methoxy-3-phenylpropionalde-
hyde 16 were prepared from cinnamyl alcohol in six
steps. Catalytic asymmetric epoxidation of cinnamyl
alcohol using LL-(+)-diethyl tartrate (DET) gave (�)-
(2S,3S)-2,3-epoxycinnamyl alcohol 11R.14 Regioselec-
tive reduction of 11R with Red-Al in DME gave
(R)-3-phenyl-1,3-dihydroxypropane 12R in high yield.15


Treatment of the crude diol 12R with 1.1 equiv
TBDMSCl led to monosilicified compound 13R. This

Scheme 2. The syntheses of compounds 7h–p.

product was protected as methyl ether 14R and then
desilicated by TBAF in THF giving the alcohol 15R.
Swern oxidation of 15R gave (R)-3-methoxy-3-phenyl-
propionaldehyde 16R, which could be converted into
7h(R) using the method described in Scheme1. Com-
pound 7h(S) was obtained similarly, except employing
DD-(�)-diethyl tartrate as the chiral ligand.


The results are shown in Table 1, from which we can see
that there is a nearly 2-fold activity difference between
the two stereoisomers of 7h(R) and 7h(S) against EcMe-
tAP1, although they showed similar activity against
ScMetAP1. These differences may reflect the subtle dif-
ferences in the active sites of EcMetAP1 and ScMetAP1.


To understand the subtle differences between the
enzymes and obtain some more potent and selective
inhibitors, we considered other hydrogen-bonding deriv-
atives. Starting from compound 8a, a hydrogen-bonding
acceptor alcohol, we synthesized a series of its deriva-
tives, such as the ester, sulfonamide and the results are
shown in Table 2. Compounds 8b–h were obtained by
acylation of 8a, which was obtained by debenzylation
of 7b with the corresponding carboxylic chlorides under
basic conditions (Scheme 5).


Except for compounds 8c and 8f, most of these com-
pounds showed moderate or weak activity against
ScMetAP1, and were selective EcMetAP1 inhibitors.
Although 8a showed weak activity against the enzymes,
its ester derivatives showed increased EcMetAP1 activi-
ty with increasing bulk of the end substituents (8a–e),
especially the aryl containing group (8d and 8e). Howev-
er, insertion of an ether and a methylene spacer (8f) or
increasing the bulk of the phenyl ring (8g) reduced the
EcMetAP1 activity. In addition, sulfonylation of the
alcohol oxygen (8h) dramatically reduced the EcMe-
tAP1 activity.







Scheme 4. The syntheses of enantiomers of 7h.


Table 2. Inhibition of EcMetAP1 and ScMetAP1a


Compound R IC50 (lM)


EcMetAP1 ScMetAP1


2 — 0.11 ± 0.02 2.26 ± 0.38


8a 0.47 ± 0.10 10.39 ± 4.78


8b 0.31 ± 0.06 17.92 ± 3.31


8c 0.14 ± 0.01 0.80 ± 0.05


8d 0.041 ± 0.011 3.08 ± 0.43


8e 0.033 ± 0.011 6.04 ± 0.51


8f 0.13 ± 0.01 0.55 ± 0.08


8g 0.16 ± 0.01 1.56 ± 0.43


8h 1.53 ± 0.11 3.72 ± 0.26


9a 0.025 ± 0.001 0.35 ± 0.007


9b 0.010 ± 0.001 0.075 ± 0.007


9c 0.045 ± 0.005 0.41 ± 0.04


9d 0.055 ± 0.003 1.76 ± 0.28


a Assays were performed as previously described.12a


Scheme 5. The syntheses of 8a–h.
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Finally, we synthesized several amino-containing deriv-
atives. As shown in Scheme 6, compounds 9a–d were
prepared by condensation of the anion of a 2-amino-
thiazole with the corresponding 5-substituted-thiazole-
4-carboxylic acid methyl ester in THF.


As shown in Table 2, all these four compounds 9a–d
showed good inhibition of EcMetAP1 with IC50 values
less than 60 nM. The introduction of pyrrolidinyl (9a)
or piperidinyl (9b) to the a-position of 5-methyl of
TCAT dramatically increased the activity, especially
for compound 9b, which is the best inhibitor described
in the literature to date with IC50 values of 10 nM for
EcMetAP1 and 75 nM for ScMetAP1. However, inser-
tion of an additional methylene spacer (9c) or oxygen
atom to the piperidine (9d) decreased the activity. This
may be due to the appropriate size and shape of the

Scheme 6. Reagents and conditions: (a) NaH, 2-aminothiazole; THF,


reflux.
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pockets in which MetAP1 accommodates its inhibitor.
Therefore, we did not attempt to prepare analogues con-
taining substituents of increased chain length.


Of the above TCAT inhibitors, we tested several typi-
cal compounds for antibacterial activity against Staph-
ylococcus aureus, Enteropathogenic Escherichia coli,
and Pseudomonas aeruginosa, and the activity is poor
(MIC > 16 lg/mL, data not shown). We also tested
the compounds more active in inhibiting ScMetAP1
for antifungal activity. Most of the inhibitors tested
showed no antifungal activity against Candida albicans,
Aspergillus niger, Trichophyton rubrum, Saccharomyces
cerevisiae, Epidermophyton floccosum, and Microsporum
canis (MIC > 128 lg/mL, data not shown). Although
we have obtained very potent inhibitors of S. cerevisiae
MetAP1 through rational structural modification, it
seemed that there was little relationship between the
in vitro inhibitory potencies for the Co(II)–ScMetAP1
and in vivo efficacy in antifungal activity. One possibil-
ity is that the poor antifungal activity may be derived
from poor penetration of the fungus wall. However,
in the case of these in vitro Co(II)–ScMetAP1 inhibi-
tors, the lack of antifungal activity might also be relat-
ed to the metal ion present in physiological situations.
The physiological metal ions for MetAPs have not
been established and are controversial at the moment.
MetAPs of bacteria and yeast have been categorized
as cobalt-dependent metalloenzymes, based on the
observations that the purified enzymes show highest
activity in the presence of cobalt as compared with that
of other divalent metal ions.2 A more recent study
showed that Zn(II) was a superior cofactor to Co(II)
for yeast MetAP1 because Co(II) did not stimulate
yeast MetAP1 activity in the presence of physiological
concentrations of reduced glutathione.16 Another study
demonstrated that the physiologically relevant metal
ion for E. coli MetAP1 was probably Fe(II), on the ba-
sis of whole cell metal analyses.17 Most recently, D�sou-
za et al. showed the kinetic and structural
characterization of manganese-loaded MetAPs from
E. coli and the hyperthermophilic archaeon Pyrococcus
furiosis, and implicated manganese as a metal cofactor
for MetAPs.18 Identification of physiological metal
cofactors for MetAPs is critical for discovery of small
molecule therapeutic inhibitors because their potency
may vary for different metal ions. In a study on yeast
MetAP1 that argues for Zn(II) as the cofactor, manga-
nese is also shown to induce enzyme activity both in
the absence and in the presence of glutathione. Manga-
nese is shown to be concentrated in bacteria over-
expressing E. coli MetAP1 by a factor of 2.2, similar
to the increase of iron, and it also induced E. coli Me-
tAP1 enzyme activity.2 More recently, Ye et al. report-
ed the discovery and characterization of two groups of
potent and highly metallo form-selective inhibitors of
the Co(II)-form, and of the Mn(II)-form, and an X-
ray structure of a di-Mn(II)-form of E. coli MetAP
complexed with the Mn(II)-form selective inhibitor
was also obtained.19 These results partially supported
the contention that Mn(II) ions could be physiological
metal cofactors for MetAPs. However, the relevant de-
tails of physiological metal cofactors for MetAPs will

still depend on the exact match of in vitro data and
their in vivo antibacterial activity.


Although the in vitro potency could not match the in
vivo activity, the present compounds are representative
of specific Co(II)–MetAP1 inhibitors. Before the physi-
ologically relevant metal ions for MetAPs are estab-
lished, these small molecular compounds could be used
as tools for detailed biological studies.


In summary, we obtained a new series of potent Me-
tAP1 inhibitors through simple bioisosteric replacement
from the PCAT series of compounds. The detailed SAR
showed that these TCAT series of compounds showed
different activity and selectivity compared with the cor-
responding PCAT compounds. These differences may
reflect subtle differences in the active sites of EcMetAP1
and ScMetAP1. Further efforts in modifying these and
other lead structures with the aim of improving potency
as well as specificity in vitro, and efficacy in vivo, are in
progress.
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Abstract—Vascular endothelial growth factor (VEGF) is a key stimulant of angiogenesis, which is the process of generating new
capillary blood vessels. Inhibition of the vascular endothelial growth factor receptor (VEGFR) kinase is known to result in blockage
of angiogenesis. A pharmacophore was developed based on the binding of ATP to the hinge region of the kinase domain of VEGFR
and a database search of 18,000 compounds was conducted. Selected hits were assessed for their ability to limit the induction of web-
like network of capillary tubes by the human umbilical vascular endothelial cells. Two compounds (1 and 4) showed good inhibitory
ability to prevent sprouting and closed polygon formation of the tubular networks, promising them to be lead compounds. Com-
pound 4 showed 60% inhibition at 0.05 lM.
� 2005 Elsevier Ltd. All rights reserved.

Angiogenesis, the process by which new blood capillar-
ies are formed from pre-existing blood vessels, occurs
during development and tissue regeneration, wound
healing, chronic inflammatory conditions, and in diabet-
ic retinopathy.1 Tumor angiogenesis is a critical process
required by most solid tumors to support their localized
growth and metastatic dissemination.2,3 Vascular endo-
thelial growth factor (VEGF) is one of the most impor-
tant factors involved in promoting tumor angiogenesis
and is secreted by almost all solid tumors and tumor-
associated stroma in response to hypoxia.4,5 Binding
of VEGF to its receptors triggers kinase activation
through tyrosine phosphorylation and begins the signal-
ing cascade that initiates angiogenesis. VEGF appears
to play a multitude of indispensable roles, including in-
crease in vascular permeability, which in turn may facil-
itate tumor dissemination via circulation;6,7 inhibition of
endothelial cell apoptosis by inducing expression of the
survival gene BCL-28 promote tumor growth and also
lead to resistance and further to cytotoxic chemothera-
py. Potential therapeutic approaches to inhibit angio-
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genesis include neutralizing antibodies against VEGF,
soluble receptors, ribozymes directed against VEGF
receptor, and VEGFR tyrosine kinase inhibitors that
target the intracellular signal transduction. A variety
of anti-angiogenesis therapies directed against the VEG-
FR kinase have been a promising and well-validated
therapeutic approach under active evaluation of their
safety and efficacy in multiple clinical trials.9,10 Most
of the small molecule inhibitors of VEGFR kinase are
ATP competitive, by binding to the ATP-pocket of the
kinase domain. Among the first generation, VEGFR ki-
nase inhibitors were the indolinones, SU5416, and
SU6668, which disappointed in clinical development
due to their adverse reactions in clinical trials.11 The
promising effects on the growth of colon tumors with
PTK78712,13 further encourage the development of sec-
ond generation VEGFR kinase inhibitors. New genera-
tions of anti-VEGFR compounds based on a variety of
chemical scaffolds are now emerging, as exemplified by
AAL993,14 CEP-7055,15 and CP-547632.16


Intrigued by the importance of VEGFR in solid tumors,
we embarked on the search for new lead compounds
that could act as potential inhibitors of angiogenesis.
On the basis of the known VEGFR kinase inhibitors,
a series of basic chemical scaffolds were built and a
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similarity search of our in-house database was carried
out. The compounds that emerged from the search were
analyzed for their angiogenesis inhibiting activity using
an in vitro angiogenesis assay. Two of the compounds
(1 and 4) with 1,3-dioxo-2,3-dihydro-1H-isoindol-amide
scaffold showed excellent angiogenesis inhibitory activi-
ty at 10 lM and the compound 4 showed good inhibi-
tion at 0.05 lM concentration.


The available crystal structure of the apo VEGFR-2/
KDR has several missing residues including the connect-
ing loops.17 Hence, the homology model was generated
using the program Modeller-6v2.18 The input alignment
for the Modeler was obtained with ClustalW,19 based on
the sequence of the human VEGFR-2/KDR kinase do-
main (PDB code = 1VR2).17 The homology model was
built using the tyrosine kinase domain of fibroblast
growth factor receptor 1 in complex with SU4984
(PDB code = 1AGW) as a template structure.20 The
missing loops were built using the �loop model� building
option in the Modeller-6v2.21 The model was refined
further by energy minimization routine of DISCOVER
module of INSIGHT II Accelrys Inc., San Diego, CA,
USA. The quality of the refined model was checked with
PROCHECK.22 The VEGFR-2 cavity residues were
identified based on the available crystal structure-bind-
ing model for staurosporine and SU4984,20 known
ATP-competitive inhibitors. Unity23 module of Sybyl
6.9 was used for the pharmacophore-based similarity
searches. To define the pharmacophore, the acceptor
(A) and donor (D) sites were defined with distance con-
straints, and it is measured from the backbone residues
Cys919 and Glu917 of the VEGFR-2 protein kinase
(Fig. 1). By using receptor site module, exclusion spheres
were defined up to 5 Å region from the pharmacophore
site to get appropriately docked structures. A database
search based on the above pharmacophore generated a
set of 769 hits. Further, the UNITY 2 D similarity
search was carried out using core structures depicted
by some of the VEGFR inhibitors such as SU5416
and CEP-7055. The 34 hits (ligands) obtained thus were
docked to VEGFR kinase domain.

Figure 1. Backbone residues defined as pharmacophores, depicting the


two residues (Glu917 and Cys919) with which the ligands interact by


making hydrogen bonds. A is the acceptor atom from ligand and D is


the donor. The hydrogen bond distances are shown by dashed lines


and the distance ranges utilized for database search are also shown.

Initial geometric optimizations of 34 ligands were car-
ried out using the standard MMFF94 force field, with
a 0.001 kcal/mol energy gradient convergence criterion
and a distance-dependent dielectric constant employing
Gasteiger charges. Additional geometric optimizations
were performed using the semi-empirical method molec-
ular orbital package (MOPAC).24 FlexX program was
used to dock 34 structures, which are identified from
similarity search. All the predicted binding models were
energy minimized using the DISCOVER module of In-
sight II.


Human umbilical vein endothelial cells (HUVEC) were
purchased from Cambrex Co. (East Rutherford, NJ,
USA) and maintained in endothelial growth medium
(EGM) supplemented with 2% FBS, 0.1% EGF, 0.1%
hydrocortisone, 0.1% GA-1000, and, 0.4% BBE. Mor-
phogenesis assay on Matrigel was performed according
to the manufacturer�s instructions (Chemicon Interna-
tional). The ECMatrixTM kit consists of laminin, colla-
gen type IV, heparan sulfate, proteoglycans, entactin,
and nidogen. It also contains various growth factors
(TGF-b, FGF) and proteolytic enzymes (plasminogen,
tPA, and MMPs) that are normally produced in EHS
tumors. The incubation condition was optimized for
maximal tube-formation as follows: 50 ll of EC Ma-
trixTM was suitably diluted in the ratio 9:1 with 10· dil-
uent buffer and used for coating the 96-well plate. The
coated plates were incubated at 37 �C for 1 h to allow
the Matrix solution to solidify. In the meantime, the
HUVEC that were cultured for 24 h in EGM with 2%
FBS was trypsinised and re-suspended in the growth
medium for cell counting. After 1 h pre-incubation of
the plate with Matrix solution, the HUVEC were plated
at 104 cells/well in the absence or in the presence of dif-
ferent VEGFR inhibitors (1 and 10 lM). After 8 h of
incubation at 37 �C, the three-dimensional organization
(cellular network structures) was examined under an
inverted photomicroscope. Each treatment was per-
formed in triplicates.


Protein kinases are highly conserved at the ATP-binding
site, which consists of a hydrogen-bonding region called
the hinge region. Inhibitors often achieve hydrogen
bonding to the hinge region by means of a bi-dentate
donor–acceptor system present in their structure.1 To
identify the small molecular inhibitors for VEGFR
activity, in our computational methodology, we initially
used pharmacophore search based on donor–acceptor
interactions with the backbone residues Cys919 N–H
and Glu917 C@O of VEGFR kinase (Fig. 1). Using this
simple pharmacophore model, we searched a database
that contains 18,000 structures using the Unity search.
At the end, a total of 769 compounds were identified
from the database that met the pharmacophore
requirements as specified in Figure 1. Accordingly, it
is anticipated that compounds satisfying those pharma-
cophoric points will have a high probability of being
biologically active, and the identified 769 compounds
are structurally diverse. Screening 769 compounds using
the in vitro angiogenesis assay would be quite time-
consuming; our goal was to identify good inhibitory
compound from our dataset of 769 structures, and
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similarity search was carried out using the isoindolinone
moiety. A total of 34 compounds were identified from
the similarity search, which were docked onto the
ATP-binding site of VEGFR-2 kinase homology model
built in our laboratory (Fig. 2). Two sets of compounds
1–3 and 4–6 representing (1,3-dioxo-2,3-dihydro-1H-
isoindol-4-yl)-amide and (1,3-dioxo-2,3-dihydro-1H-iso-
indol-5-yl)-amide (Fig. 3; referred to in this paper as
pthalimide) were taken up on the basis of the binding
features and tested for angiogenesis activity. The initial
hit list consisted of another series of compounds that
had a substituted 5,6-diamino-2-mercapto-3H-pyrimi-
din-4-one core. Due to the novelty of the core and their
viability for multiple hydrogen bonds with the protein,

Figure 2. Binding mode of compound 1 (A) and compound 4 (B) with VEGF


as yellow dotted lines; the ligand and interacting residues are shown as ball


Figure 3. Structures of compounds 1–8.

two compounds 7 and 8 (Fig. 3) were chosen with a rep-
resentative substitution pattern.


The efficiency of these compounds in inhibiting the
VEGFR kinase was measured by their ability to stabi-
lize or slow down the progression of angiogenesis. There
are many assays in existence that are known to be repre-
sentative of in vivo angiogenesis.25 A study of formation
of the three-dimensional web-like structures of intercon-
nected cells (cords) by the endothelial cells is one of the
popular and widely used qualitative assays.26 The for-
mation of the cellular networks progresses in a stepwise
manner with the initial migration and alignment of cells,
development of capillary tube like structures, sprouting

R kinase domain. The hydrogen-bonding interactions are represented


and stick models.







Figure 5. Dose–response curve for the compound 4.
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of new branches, and finally formation of cellular net-
works. The compounds 1–8 were subjected to the above
assay to understand their ability to inhibit the activity of
endothelial cells. The results are depicted in Figure 4 and
Table 1. As can be seen, compounds 1 and 4 inhibit pro-
gression of angiogenesis to a major extent at 10 lM con-
centration. The cells do not migrate and align, and they
do not sprout branches for network formation. Com-
pounds 2, 3, 5, and 6 also show inhibition of angiogen-
esis, but to a lesser extent. Compound 7 showed lesser
inhibition of angiogenetic process, perhaps, showed only
the final stage of the process. Compound 8 has negligible
inhibitory effect. The effectiveness of angiogenesis inhi-
bition shown by compounds 1 and 4 present these as
the most promising lead compounds. They make the re-
quired two hydrogen bonds with the hinge region resi-
dues Glu917 and Cys919 of VEGFR kinase. The
dose–response curve for the compound 4 is shown in
Figure 5. This compound has 60% inhibition at
0.05 lM concentration. Compound 1 makes additional
hydrogen bond with Cys919 by the side chain amide –
NH and the terminal amino group (Fig. 2A). One addi-
tional hydrogen bond is formed between the side chain
amide carbonyl of compound 4 and Gly922 of the

Figure 4. In vitro angiogenesis assay of compounds 1, 4, and 7. The


control is depicted as C.


Table 1. Scoring of the angiogenesis assay illustrated in Figure 4


Compound Concentration 10 lm


1 ++++


2 +++


3 ++


4 +++++


5 +++


6 +++


7 ++


8 +


The score is based on the extent of cellular networks:


(+++++) = individual cells, well separated, (++++) = cells begin to


migrate and align, (+++) = cells lineup but do not sprout,


(++) = visible sprouting, and (+) = closed polygons begin to form.

protein (Fig. 2B). These additional interactions could
be the contributing factors for the better inhibition of
angiogenesis.


Novel cores have been identified containing pthalimide
and 5,6-diamino-2-mercapto-3H-pyrimidin-4-one. Fur-
ther modifications of these cores will be carried out for
obtaining more potent angiogenesis inhibitors. Different
substitutions and heterocyclic ring extensions for the
side chain will be studied to improve the potency of
these lead compounds. Furthermore, it is necessary to
verify that these compounds inhibit directly the function
of VEGFR kinase in order to establish a connection be-
tween VEGFR kinase targets and angiogenesis.
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Abstract—We report the synthesis of a series of monoanionic phosphotyrosyl (pTyr) mimetic-containing tripeptides based on
�Fmoc-Glu(OBn)-Xxx-Leu-amide� (where Xxx = pTyr mimetic) and their N-terminally modified derivatives. The inhibitory poten-
cies of compounds were tested against YopH and human PTP1B enzymes. Several compounds exhibited noteworthy activity against
both YopH and PTP1B. Among the N-terminally modified analogues, 5-methylindole derivative 30 was found to be the best moiety
to replace base-labile Fmoc group. A mode of binding with YopH is proposed for tripeptides 21, 30, and 31.
� 2005 Elsevier Ltd. All rights reserved.

Yersinia pestis, a Gram-negative bacillus, is the causa-
tive agent of plague.1,2 The pathogenicity of Yersinia re-
lies on the activity of a bacterial virulence factor called
YopH, a eukaryotic-like protein tyrosine phosphatase
(PTP). YopH disrupts host signal transduction process-
es by dephosphorylating a variety of proteins associated
with the focal adhesion. This interferes with the immune
response of the host, including phagocytosis.3 Because
of its potential use for bioterrorism, YopH has recently
emerged as an important target for antiplague
therapeutics.


Protein tyrosine phosphatases (PTPs) constitute a large
family of signaling enzymes.Deregulation of PTP activity
can play a role in a number of diseases including diabetes,
cancer, and dysfunction of the immune system. For exam-
ple, PTP1B dephosphorylates the insulin receptor and
causes resistance to insulin. Thus, it has been implicated
in the development of type II diabetes.4 In recent studies,
a PTP1B knockout mouse exhibited an increased insulin

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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sensitivity and resistance to diet-induced obesity. As a re-
sult, PTP1B is now commonly accepted as a potential tar-
get for the treatment of type II diabetes and obesity.5,6


Since PTPs are important in a wide variety of biological
processes, there is currently significant interest in these en-
zymes as targets for therapeutic intervention and a great
deal of effort is being invested toward the development
of potent and specific PTP inhibitors.7


Progress has recently been made on the development of
highly potent and specific PTP inhibitors, offering prom-
ise in finding effective candidates that may serve as start-
ing points for drug development aimed at a variety of
diseases.8–13 Our ongoing efforts toward development of
novel PTP inhibitors have been based on the fact that
pTyr residues play major roles in PTP substrate binding.
Using nonhydrolyzable pTyr mimetics displayed in an
EGFR-derived peptide platform �Ac-Asp-Ala-Asp-Glu-
Xxx-Leu-NH2� (where Xxx = pTyr mimetic), we previ-
ously examined the inhibitory potencies against
PTP1B.14–16 In particular, recent studies using the trun-
cated tripeptide platform �Fmoc-Glu-Xxx-Leu-amide�
have shown that employment of a monoionic 4-(carb-
oxymethyloxy)Phe residue as pTyr mimetic combined
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Scheme 1. Reagents: (a) (Boc)2O, TEA, DMAP, AcCN; (b) LiOH,


THF:H O = 1:1.
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with Glu-OBn ester in the C-1 position endows the result-
ing derivatives with considerably enhanced inhibitory
potency against PTP1B andYopH.17–23 This was encour-
aging, since enhanced cell membrane permeability would
be expected to result from decreased charge. To date,
however, investigations of this tripeptide series carrying
other monoanionic pTyr mimetics have not been report-
ed. Additionally, it was of interest to examine the effects
of further modifications to the N-terminus of the tripep-
tides. Therefore, the current study was undertaken to
examine a new tripeptide series based on a similar plat-
form but carrying monocarboxy pTyr mimetics and/or
N-terminal structural modifications. Finally, docking
studies were carried out on compounds 21, 30, and 31
to investigate molecular interactions that may lead to
enhanced YopH inhibition.


Synthesis of tripeptides was accomplished using Rink
amide resin under standard Fmoc-based solid-phase
protocols as reported previously.22,23 Protected pTyr
mimicking residues 1–4 (Fig. 1) were prepared according
to the reported procedures24,25 and incorporated to the
tripeptide sequence �FmocHN-Glu(OBn)-Xxx-Leu-
amide�. The N-terminally modified analogs 25–34 were
prepared by piperidine-mediated N-Fmoc removal fol-
lowed by capping using acids 5–7, 9–14, or sulfonyl
chloride 8 (Fig. 2).

Figure 1. Structures of pTyr mimetic reagents.


Figure 2. Reagents used for N-terminal modification of 21 following N-Fm

Most capping reagents were commercially available
except for 10–12 and 14. 3-(5-Methyl-indol-1-yl)-pro-
pionic acid 10 and [2-(4-methoxy-benzyl)-2H-tetrazol-
5-yl]-acetic acid 14 were readily prepared following
the reported procedures.26,27 As shown in Scheme 1,
indolyl acids 11 and 12 were prepared from the corre-
sponding indolyl esters 17 and 18 by Boc protection
followed by saponification. Without amine protection,
the desired indolyl analogs could not be obtained. For
analog 35, commercially available Fmoc-Dap(OBn)-
OH 15 (where �Dap� indicates diamino propionic acid)
was employed, instead of Fmoc-Glu(OBn)-OH, in the
C-1 position of �FmocHN-Glu(OBn)-Xxx-Leu-amide.�
Similarly, symmetric amino acid-containing 36 was
prepared by use of 16, which was synthesized from
bis-bromo ester 19 (Scheme 2). Azidation followed

oc removal.


2


Scheme 2. Reagents: (a) i—NaN3, DMF; ii—H2, 10% Pd/C, 35 psi,


HCl/MeOH; (b) i—Fmoc-OSu, NaHCO3, aqueous dioxane; ii—concd


HCl, aqueous dioxane, 50 �C.







Table 1. Inhibitory potencies of tripeptides (21–36) against YopH and PTP1Ba


R3


R1


R2 HN
NH2N


O


O


O


H


Compound R1 R2 R3 IC50 (lM)


YopH PTP1B


21 –CH2CO2Bn 1.8 ± 1.0b 2.9 ± 1.3b


22 –CH2CO2Bn 2.4 ± 1.4 4.6 ± 1.8


23 –CH2CO2Bn 2.5 ± 1.6 3.1 ± 1.6


24 –CH2CO2Bn 1.9 ± 1.3 3.8 ± 1.8


25 –CH2CO2Bn 20 ± 4 13 ± 4


26 –CH2CO2Bn 30 ± 6 23 ± 5


27 –CH2CO2Bn 18 ± 2 12 ± 3


28 –CH2CO2Bn 22 ± 6 24 ± 7


29 –CH2CO2Bn 12 ± 2 6.4 ± 0.8


30 –CH2CO2Bn 5.6 ± 1.2 4.3 ± 0.7


31 –CH2CO2Bn >100 >100


32 –CH2CO2Bn >100 >100


33 –CH2CO2Bn >100 >100


34 –CH2CO2Bn >100 >100


35 –NHCO2Bn 2.1 ± 0.6 4.3 ± 0.7


36 4.0 ± 1.0 2.8 ± 0.4


a YopH and PTP1B assays were conducted as previously reported in Refs. 22 and 23.
bUpdated data in the current study.
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by catalytic reduction of 19 provided the crude methyl
3-amino-2-(aminomethyl)propionate 20,28 which was
then converted to bis-Fmoc-protected amino acid 16.
In the case of the anthracenyl derivative 29 and the
three indolyl derivatives 30–32, TFA:EDT:H2O was
used for final deprotection and cleavage from the res-
in, since use of TFA:TES:H2O gave undesired reduc-
tion in the aromatic ring. For reverse-phase HPLC
purification of the final peptides, basic or acidic condi-
tions were employed depending on their solubilities.29


The inhibitory potencies of the newly synthesized com-
pounds were measured against YopH and PTP1B that
is a prototypical mammalian PTP (Table 1). PTP1B
and the Yersinia PTP (YopH) were expressed in Esche-
richia coli BL21 (DE3) cells and purified according to
the previously published procedures.30,31 Enzyme inhibi-
tion assays were performed under standard assay condi-
tions following our earlier described assay protocol.22


As reported earlier,22,23 the monoanionic 4-(carboxym-
ethyloxy)Phe-containing tripeptide 21 is the most potent
YopH inhibitor among the �Fmoc-Glu(OBn)-Xxx-Leu-
amide� (where Xxx = pTyr mimetic) series. Accordingly,
tripeptides with similar monocarboxy-based pTyr
mimetics 22–24 were examined. Peptides with acetic
acid- or difluoroacetic acid-based pTyr mimetics (22
and 23, respectively) were found to exhibit significant
inhibitory effect against both YopH and PTP1B. The
corresponding ether-linked derivative 24 was found to
be a slightly better inhibitor, especially toward YopH.
However, substitutions in the 4-position of Phe affect
inhibitory activity only weakly.


In an effort to understand interactions of the tripeptides
with YopH at the molecular level, molecular modeling
studies were conducted based on the crystal structure
of �Ac-Asp-Ala-Asp-Glu-F2Pmp-Leu-NH2� bound to
YopH.32,33 Compound 21 was docked into the active

Figure 3. Computational model of 21 bound in the active site of


YopH. The local solvent-accessible surface is rendered in light blue.


Possible hydrogen bonds and non-bonded interactions are represented


by green lines.

site and minimized with the pTyr mimetic residue point-
ing toward the YopH catalytic P-loop. As shown in
Figure 3, the pTyr mimetic residue of 21 is coordinated
by ionic interactions with the side chain of the signature
Arg409 residue and the main chain amides of the P-
loop, which donate hydrogen bond interactions. This
is similar to the pTyr residue of a peptide substrate.
For backbone amides of the pTyr mimetic and the C-1
Glu(OBn) residues, additional hydrogen bonding is pos-
sible with the side chain of Asp231. Of note, the N-ter-
minal Fmoc group of 21 fills an empty charged pocket,
in which the fluorenyl ring makes p–cation interactions
with the side chains of Lys225 and Arg228 and p–p
stacking interaction with the side chain of Phe229.34


These extensive contacts, including additional interac-
tions with the charged pocket, may explain the tolerance
observed for the substitution pattern of the pTyr mimet-
ic residue displayed in �Fmoc-Glu(OBn)-Xxx-Leu-am-
ide� (where Xxx = pTyr mimetic).


A second group of peptides (25–34) that had replace-
ments of the N-terminal Fmoc group with a variety of
heterocycles, while maintaining the 4-(carboxymethyl-
oxy)Phe in place of the pTyr was also investigated. All
naphthyl derivatives with various linkers 25, 26, 27,
and 28 exhibited moderate YopH and PTP1B inhibitory
potencies. Acridine derivative 29, which is similar in size
to the fluorenyl-containing 21, provided better inhibi-
tion than the corresponding bicyclic derivative 27. The
lower potency of 29 as compared to 21 may be a result
of the flatness of the acridine ring, which might bind less
favorably within the charged pocket. Peptide 30, having
an N-terminal 5-methylindolyl group, showed potent
inhibition against both PTP1B and YopH, whereas in-
doles linked at the 3-position (31 and 32) lost activity.
Molecular modeling studies suggest that the 5-methylin-
dole moiety makes additional hydrophobic interactions
with Leu263 as well as p–cation interactions with
Lys225 and Arg228 (Fig. 4). However, the size of the

Figure 4. Overlay of the docked orientations for compounds 30 (dark


green) and 31 (cyan) bound to the active site of YopH.
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5-methylindole moiety of 30 is smaller than that of the
tricyclic Fmoc group. Consequently, this may result in
the loss of favorable p–p interactions with Phe229. Even
though 30 shows lower potency than 21 (1.8 vs 5.6 lM,
respectively), the 5-methylindolyl group would be the
best N-terminal moiety for replacing the base-labile
Fmoc group among the current series. The superim-
posed conformations of 30 and 31 reveal that the orien-
tation of the indole moiety of 31 is different from that of
30 or 21. Binding of 31 to the YopH catalytic site might
be hampered by its unfavorable steric interactions lead-
ing to loss of activity. Peptides 33 and 34 with thymine
and tetrazole moieties, respectively, demonstrated poor
inhibition of both YopH and PTP1B. Bis-amino tripep-
tides 35 and 36 were designed to explore the structural
transition from asymmetric monoamino acid analog 21
to symmetric bis-amino acid analog 36 via diamino-
propionic acid (Dap) containing 35. These were well tol-
erated and weakly influenced the inhibition against both
YopH and PTP1B.


In conclusion, modification of a promising series of pre-
viously described monoanionic pTyr mimetic-based
PTP inhibitors within a similar tripeptide platform 22–
24 resulted in significant inhibitory potencies but poor
selectivity against both YopH and PTP1B similar to the
previously reported 21. Introduction of the 5-methyl-
indolyl group at the N-terminus resulted in the potent
inhibitor 30, which indicated that the 5-methylindolyl
group is an effective replacement for the base-labile
Fmoc group. Molecular modeling studies examined
plausible interactions of the tripeptides with YopH at
the molecular level. Taken together, the current study
advances the understanding of structural features that
influence the PTP-inhibitory activity for this class of
compounds. It also offers new possibilities for improve-
ments in the selectivity index of tripeptides as potential
leads for PTP inhibitor design.
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extending 25.0 Å around the side chain sulfur atom of
Cys403. The system was initially minimized using 500 steps
of steepest decent and 2000 steps of conjugated gradient
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Abstract—Some commercial batches of dichloroacetic acid (DCA) contain traces of chloral (trichloroacetaldehyde). Using such
DCA to effect detritylation during solid-phase oligonucleotide synthesis results in the formation of a family of process impurities
in which the atoms of chloral (Cl3CCHO) are incorporated between the 5 0-oxygen and phosphorus atoms of an internucleotide link-
age. The structure was elucidated by HPLC with UV and MS detection, digestion of the oligonucleotide, synthesis of model com-
pounds, and 1H and 31P NMR spectroscopy. By understanding the chemistry behind its formation, we are now able to limit levels of
this impurity in synthetic oligonucleotides by limiting chloral in DCA.
� 2005 Elsevier Ltd. All rights reserved.

Synthetic oligonucleotides are widely used in molecular
biology and diagnostics. Recently, DNA and RNA ana-
logs have also emerged as potential drugs for treatment
of diseases through antisense mechanisms of action.1–4


The most advanced drug candidates are phosphorothio-
ate oligonucleotides (PS-oligonucleotides) in which one
of the non-bridging oxygens of the phosphate diester
internucleotide linkage of DNA or RNA is replaced by
sulfur. Automated synthesis of PS-oligonucleotides is
normally performed on a solid support using commer-
cially available nucleoside phosphoramidites as the start-
ing materials.5 The typical synthesis cycle (Scheme 1)
consists of four chemical reactions that are separated
by rinsing steps designed to remove excess reagents.
The four reactions are:


• Acid-induced removal of the 4,4 0-dimethoxytrityl
(DMTr) protecting group to liberate the 5 0-hydroxyl
group of the support-bound oligonucleotide (reaction
a).


• Extension of the oligonucleotide chain by coupling of
a protected nucleoside phosphoramidite in the pres-
ence of a weak acid (reaction b).


• Incorporation of a sulfur atom by oxidative sulfuriza-
tion of the trialkyl phosphite triester intermediate to
form a phosphorothioate triester (reaction c).
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• Capping of unreacted 5 0-hydroxyl groups to prevent
elongation of failure sequences (reaction d).


Repetition of this synthesis cycle allows for assembly of
PS-oligonucleotides on scales ranging from a few nano-
moles to several hundreds of millimoles. Cleavage and
separation of the oligonucleotide from the solid support,
deprotection steps, purification and isolation of the final
product complete the synthesis (reactions e). This syn-
thesis cycle was used to prepare the target PS-oligode-
oxyribonucleotide 1, the nucleotide sequence of which
is shown here: PS-d(TCCGTCATCGCTCCTC
AGGG).6 Despite recent advances in oligonucleotide
chemistry, the development of improved methods for
the synthesis of therapeutic grade oligonucleotides re-
mains an area of intense research.7–13 During the course
of studies aimed at optimizing synthesis of 1, we ob-
served the occurrence of low levels of an impurity that
had a mass of 147 Da more than the desired product.
In this report, we describe the structure elucidation of
this component and suggest a potential mechanism of
formation.


The strong anion exchange (SAX) HPLC chromato-
gram14 of a batch of 1 is shown in Figure 1. The chro-
matogram shows a later-eluting impurity (arrowed)
that accounted for 3% of the total UV area.


To facilitate identification of this component, we used
preparative SAX chromatography15 to obtain an en-
riched sample, which was then analyzed by HPLC with
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Figure 1. Strong anion exchange chromatogram of a batch of 1.


Scheme 1. Typical synthetic scheme for the solid-phase synthesis of phosphorothioate oligonucleotides.
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UV and MS detection (HPLC–UV–MS).16 The upper
panel of Figure 2 shows the chromatogram obtained
by HPLC–UV analysis. Two poorly resolved peaks were
visible; the average mass spectrum of the earlier eluting
peak (Fig. 2, middle panel) showed signals at m/z =
1269.0 and m/z = 1586.5 attributable to the �5 and �4
charge states, respectively, of 1 (MW Calcd: 6349.6,
found 6350.0). The later-eluting peak gave a mass
spectrum (Fig. 2, lower panel) that contained signals

at m/z = 1298.5 and m/z = 1623.3, attributable to the
�5 and �4 charge states of a component with a molec-
ular weight of 6497.4, or 147.4 Da more than that mea-
sured for 1.


We next converted the phosphorothioate diester linkag-
es of the enriched sample to phosphate diester linkages
using an iodine/N-methyl imidazole procedure17 and
analyzed the resulting mixture by HPLC–UV–MS.16


As expected, the average mass spectrum of the main
UV component (Fig. 3) showed signals that could be as-
cribed to the �5 and �4 charge states (m/z = 1207.9 and
m/z = 1510.2, respectively) of the phosphate diester ana-
logue of 1 (MW Calcd: 6045.6 Da, found: 6044.7). Also
present were signals due to the �5 and �4 charge states
(m/z = 1237.4 and m/z = 1547.0, respectively) of a com-
ponent with a molecular weight of 6192, or 147 Da more
than that found for desulfurized 1. The fact that the
mass difference between the two components was the







Figure 4. HPLC–UV analysis of the sample enriched in the 147 Da


impurity following desulfurization and enzymatic digestion.


Figure 5. Mass spectrum of region a of the UV chromatogram shown


in Figure 4. The mass spectrum was consistent with the addition of


C2HOCl3 to dinucleoside phosphate d(CpG) or d(GpC). Inset: The


calculated isotopic distribution pattern for d(CpG) + C2HOCl3,


[M�H]�.


Figure 2. Upper panel: HPLC–UV trace of a sample enriched in the


147 Da impurity. Middle panel: The average mass spectrum under


peak a. Lower panel: The average mass spectrum under peak b.


Figure 3. Mass spectrum of the sample enriched in the 147 Da


impurity following desulfurization.
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same following conversion to their phosphate diester
analogues indicated that the impurity, like 1, possessed
19 phosphorothioate internucleotide linkages.


We obtained further structural information by enzymat-
ically digesting the desulfurized sample using snake ven-
om phosphodiesterase and alkaline phosphatase.
HPLC–UV analysis18 of the digest showed, in addition
to the four natural nucleosides [dC (4.6 min), dG
(9.2 min), T (11.2 min), and dA (13.3 min)], a number
of small, later-eluting peaks (Fig. 4). Particularly inter-
esting were several groups of peaks that eluted between
19 and 25.5 min (labeled a to g).


HPLC–MS analysis18 of these regions showed the pres-
ence of a number of different compounds that had
molecular weights and isotopic distribution patterns
consistent with those calculated for a series of dinucleo-

side phosphates modified by the addition of two carbon,
one hydrogen, one oxygen, and three chlorine atoms.


For example, in region a, the observed masses and their
distribution were consistent with those calculated for the
�1 charge state of d(CpG), or d(GpC), plus C2HOCl3
(Fig. 5). Identical signals were noted in region b, along
with others that could be attributed to modified
d(CpC) and d(GpG). Region c contained masses attrib-
utable to modified d(CpG), d(CpA), d(ApG), and
d(TpC)/d(CpT), while masses in regions d and e indicat-
ed the presence of modified d(TpC)/d(CpT). Finally, sig-
nals in regions f and g could be attributed to modified
d(GpT) and d(ApT).19 The simplest way in which the
atoms 2C, H, O, and 3Cl can be added to an oligonu-
cleotide is in the form of chloral (trichloroacetaldehyde),
the most likely source of which is the DCA that is used
to promote detritylation at the beginning of each syn-
thetic cycle (Scheme 1, reaction a).20 Seeking to establish
a link between chloral and formation of the 147 Da
impurity, we synthesized 1 by standard solid-phase
phosphoramidite chemistry, using for the detritylation
reaction a solution of DCA in toluene9 to which we add-
ed 300 ppm chloral hydrate.21 Under these conditions,
the support bound oligonucleotide was exposed to
approximately 1.2 molar equivalents of chloral over a
period of 2 min during each detritylation reaction. Fol-
lowing synthesis and ammonolysis, the crude material
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was analyzed by HPLC–UV–MS.16 The results of these
analyses are shown in Figure 6.


The average mass spectrum under the main UV peak
(lower panel) contained a set of signals (m/z = 1661.9,
1329.3, and 1107.7) that corresponded to the �4, �5,
and �6 charge states, respectively, of DMTr-protected
1 (MW Calcd: 6651.8, found 6652.4) and another set
(m/z = 1698.8, 1358.9, and 1132.2) attributable to the
same charge states of the corresponding 147 Da impuri-
ty (MW 6799.3). These results confirmed the proposed
link between chloral and formation of the 147 Da impu-
rity of 1. In fact, in this experiment, the extent of mod-
ification was sufficient to allow detection of a signal at
m/z = 1388.2, consistent with the �5 charge state of a
component that had added two molecules of chloral.
By extracting and integrating the ion currents due to
the �5 charge states of the three components, we esti-
mated they were present in a 1.00:0.37:0.08 ratio, sug-
gesting that about 2% of molecules were modified
during each detritylation step under these conditions.22


We next sought to produce simple model compounds
that we anticipated would facilitate characterization
by NMR spectroscopy. Treatment of the four, sup-
port-bound 2 0-deoxynucleosides with a solution of
chloral hydrate (0.15% w/v) in DCA and toluene, fol-
lowed by ammonolysis at 60 �C for 5 h, however, gave
only unmodified nucleosides (data not shown). Reason-
ing that steps subsequent to the detritylation reaction
might somehow stabilize the chloral adduct, we treated
thymidine-loaded support under the same conditions,
this time following the detritylation reaction with
coupling, using 5 0-O-DMTr-N6-benzoyl-2 0-deoxyadeno-
sine-3 0-(2-cyanoethyl)-N,N-bis(diisopropyl) phospho-
ramidite, oxidation and detritylation steps. The
support-bound material was treated with ammonium
hydroxide and the crude products analyzed by
HPLC–UV–MS18 (Fig. 7).

Figure 6. Upper panel: HPLC–UV chromatogram of crude DMTr-protected


spectrum of the main UV peak.

The HPLC–UV chromatogram of the reaction mixture
showed, in addition to d(ApT) (tR = 15.0 min), the pres-
ence of two later-eluting impurities (tR = 23.2 and
25.2 min) that accounted for 23% of the total UV area
(Fig. 7, upper panel). Mass spectral analysis of the
tR = 23.2 min component (Fig. 7, lower panel) showed
signals at m/z = 700, 702, and 704 that were consistent
with those expected for d(ApT) following addition of
chloral. The signals at m/z = 565 and 567, and at
m/z = 574 and 576, respectively, were attributed to loss
of adenine and thymine in the gas phase.23 The average
mass spectra of the tR = 23.2 min and 25.2 min compo-
nents were identical. The chromatographic, UV, and
mass spectral properties of these components and the
modified d(ApT) dimer detected following desulfuriza-
tion and enzymatic digestion of the sample enriched in
the 147 Da impurity of 1 were also identical. With the
identity of the synthetic and authentic dimers confirmed
as the same, it was necessary to isolate sufficient quanti-
fy of the former to allow an unambiguous structural
determination by 1H and 31P NMR analysis.24 The re-
sults of these analyses led to the structure shown in
Chart 1.


The spectra were consistent with those expected of a dia-
stereoisomeric mixture of compounds in which the
atoms of chloral are inserted between the 5 0-oxygen
and phosphorus atoms of the internucleotide linkage
of 2 0-deoxyadenylyl-(3 0 ! 5 0)thymidine as pictured in
Chart 1.25 The acetal proton of each diastereoisomer ap-
peared as a doublet at 5.58 and 5.51 ppm (3JPH = 7.6
and 7.1 Hz, respectively).


Chloral reacts with the sulfur atom of phosphorothioate
diesters and a-thiotriphosphates to give the correspond-
ing phosphates,26 with amides and amines to give the
corresponding hemiaminals,27,28 and with alcohols and
diols to give the corresponding hemiacetals29 and ace-
tals,30 respectively. In the present case based in solid-

1 synthesized in the presence of chloral. Lower panel: The average mass







Figure 7. Upper panel: HPLC–UV trace of d(ApT) made in the presence of chloral hydrate. Lower panel: Average mass spectrum of the


tR = 23.2 min component.


Chart 1. Structure of chloral-modified d(ApT).
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phase oligonucleotide chemistry, we provide evidence
suggesting that low levels of chloral in the DCA used
to promote detritylation lead to the formation of a fam-
ily of oligonucleotides in which chloral is inserted be-
tween the 5 0-oxygen and phosphorus atoms of an
internucleotide linkage. Most probably this reaction
proceeds by way of an acid-catalyzed acetalation reac-
tion that gives a 5 0-terminal hemiacetal, the hydroxyl
function of which can react further with an activated
phosphoramidite in the subsequent coupling reaction.
The coupling step stabilizes the product toward ammo-
nia treatment, presumably by preventing degradation
via the haloform reaction, while the electron-withdraw-
ing nature of the trichloromethyl group prevents hydro-
lysis during subsequent acidic steps.31


The above observations, of course, suggest that some
commercially available lots of DCA are contaminated
with traces of chloral. By our initial SAX analysis of 1
(Fig. 1), we estimated that the 147 Da impurity was
present at about the 3% level, much less than the
approximately 40% that was formed by adding
300 ppm of chloral hydrate to the detritylation solution.
This suggested that the DCA used in our initial synthesis
of 1 contained a very small amount of chloral. Unfortu-
nately, we did not have access to this particular lot
of acid and so were unable to determine whether it
contained chloral. A survey of our drug substance
inventory, however, revealed several batches of phosp-

horothioate oligonucleotides other than 1 that also con-
tained the corresponding 147 Da impurity, for which we
were able to locate retained samples of DCA. Analysis
of these lots by gas chromatography confirmed they
contained traces of chloral.32 The amount of 147 Da ad-
duct formed will undoubtedly depend on the level of
chloral, the concentration of DCA in the detritylation
solution, the volume of solution used, and the detrityla-
tion time. Our results employing 10% w/v DCA in tolu-
ene9 suggest that using acid containing 100 ppm chloral
(or 10 ppm of the detritylation solution) leads to slightly
less than 1% of the 147 Da impurity under our standard
detritylation parameters. We have also demonstrated
that atmospheric pressure distillation of DCA is suffi-
cient to reduce chloral to undetectable levels.33


The above results highlight the power of HPLC–UV–MS
techniques for the routine analysis of phosphorothioate
oligonucleotides intended for use as therapeutics. In
addition, they indicate that the synthesis of high quality
oligonucleotides is dependent not only on a thorough
understanding of the manufacturing process, but also
on detailed knowledge and control of the raw material
supply chain. While it is certain that the quality of most
drug substances, including 1, benefit from post-synthetic
purification steps, it is often the case that avoiding for-
mation of an impurity is a more efficient strategy. Be-
cause of the work described in this paper, we are now
able to employ this second approach, and currently con-
trol levels of the 147 Da by controlling chloral in DCA.
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ethanol (1 mL) then washed with ethanol (1 mL) and
dried. Snake venom phosphodiesterase [from crotalus
adamanteus, 5 lL of a solution in 100 mM Tris–HCl,
10 mM with respect to MgCl2, pH 8.3 (2 U/mL)] and
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nosine loaded support. Detritylation was effected by
treatment with a 3% v/v solution of dichloroacetic acid
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